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PREFACE 


Ancient drawings on the walls of caves speak for the ageless intrigue that animal behavior holds for human beings. 
In those days, the fascination was certainly motivated in part by survival; our ancestors were both predators and prey. 
There is some evidence that early humans also found animal behavior to be intrinsically interesting; the myths and 
stories that come down to us from prehistory contain elements of what animals do in the world and what they mean to 
people. These are the oldest statements of human relationship with the natural world and the living things that inhabit it. 

Our ancestors would not recognize the far-flung universe of the modern science of animal behavior. Only 14 decades 
(approximately) have passed since Darwin first published The Expression of Emotions in Man and Animals — generally 
acknowledged as the starting point for the scientific study of animal behavior - and behavioral biologists now ask 
questions about topics ranging from the relationship of immunological phenomena and behavioral disorders in dogs, rats, 
and people to the integration of animal behavior and conservation. Experts in animal behavior provide commentary on 
the mating displays of rare primates, on television, where entire channels are devoted to the sensory worlds of insects and 
the ability of octopus to disappear in plain sight. In short, human fascination with animal behavior has produced a field 
that is rich beyond imagination, and frustratingly beyond the full embrace of any one person. 

The almost hopelessly dispersed primary literature of animal behavior reflects the reticulated evolution of the field, 
which comes to us from field studies; from laboratory experiments; from our understanding of nerves, muscles, and 
hormones; and from our grasp of social interactions and ecology. It is difficult to think of a major area of biological 
inquiry that has not been touched by a behavioral tendril or two. A temptation exists to surrender to this fragmentation - 
allowing our intellectual landscape to reflect increasingly small and disjunct patches of thought and discovery. 

Such surrender is, of course, distasteful to any scholar, but there is a more penetrating reason that makes it 
unacceptable: Anthropogenic change is occurring at a higher rate than ever before, and if we are to preserve our own 
habitat - the world that the ancients felt compelled to explain in their stories about animals - we must not fail in our 
attempts to understand its inhabitants. Those residents sustain our own habitat, and their requirements are varied, going 
far beyond calories and oxygen. They migrate and forage, choose mates, and defend territories, and all this behavior is 
influenced by hormones, external physical stimuli, trophic and social interactions, and eons of fitness outcomes. A fully 
integrated knowledge of animal behavior will be indispensable as scientists analyze changing populations, communities, 
ecosystems, and landscapes. Indeed, it will be indispensable for anyone who seeks to be an honest custodian of nature. 

This encyclopedia offers over 300 authoritative and accessible synopses of topics ranging from dolphin signature 
whistles to game theory. As library reference material, the encyclopedia serves a public that is increasingly challenged to 
be aware of scientific advances. It is designed as a first stop for the curious advanced undergraduate or graduate student, 
as well as for the researcher desiring to learn about developments in fields related to his or her own study or to enter a 
new phase of inquiry. 

In compiling this work, we contacted internationally known scientists in the broad array of fields that inform animal 
behavior. These accomplished men and women are the section editors, and they, in turn, invited some of the best scholars 
and rising stars in their subject areas to write for the encyclopedia. Thus, every contribution has been reviewed by 
experts. In short, the articles approach the best that our field has to offer, written by people whose passion for animal 
behavior is equaled only by their expertise. 

Creating the list of sections was as daunting as it was enjoyable. Of course, we included traditional, major areas like 
foraging, predator-prey interactions, mate choice, and social behavior, along with endocrinology, methods, and neural 
processes, to name a few. You will see those and more as you survey these volumes. We also included areas that have 
recently captured the attention of an increasing number of behavioral biologists; these include infectious disease, 
cognition, conservation, and animal welfare. Looking to the future, we invited contributors from robotics and applied 
areas. We realized that we could not do the study of animal behavior justice without some exploration of the model 
systems - the landmark studies - that have molded and continue to guide the development of the field. 
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viii Preface 


In general, you will not find human behavioral studies in this collection, although some articles are tangentially 
related to such work. That exclusion was a difficult decision, but was motivated not so much by some parochial 
commitment to a human/non-human divide as by the fact that the non-human literature itself is rich beyond description. 
Limiting the collection to non-human studies in no way removed the danger of intellectual gluttony. 

We remember two eminent behavioral biologists in the dedication of this work - Professors Christopher J. Barnard 
and Ross H. Crozier. Both of these men played important roles in the creation of this work, and neither lived to see it 
come to fruition. Professor Barnard (1952-2007) was the first editor-in-chief of the encyclopedia and developed the 
initial overview of topics, but had to step back from the process because of the illness that eventually took his life. 
Professor Crozier (1943-2009) was the section editor of Genetics until his untimely death in late 2009. Their immense 
and varied contributions enriched our knowledge of animal behavior and are cataloged in numerous locations. Those 
contributions are remarkable in their scope and influence, but they are nonetheless dwarfed by the legions of students, 
friends, and family members who feel fortunate to have known these scientists and who will carry their legacy forward. 

We are grateful to Dr. Andrew Richford, formerly the Senior Acquisitions Editor, Life Sciences Books, Academic 
Press, who guided us through the formative part of this project. His expertise in and enthusiasm for animal behavior 
provided significant momentum, not to mention some good fun. Simon Wood, Major Reference Works Development 
Editor, was indispensable to the project. He answered an amazing variety of questions from contributors and editors, kept 
the project organized and moving forward, and did all this without losing his fine sense of humor. Nicky Carter, Project 
Manager, guided us through the completion of the project, providing a pleasantly seamless interface between the 
scientific scribblers and other publishing professionals. We thank Kristi Gomez and Will Smaldon, also of Academic 
Press, for their roles in bringing the project to completion. Finally, working with the section editors (see pp. ix) was a real 
treat; their expertise and devotion to animal behavior is reflected in every page of this work. We particularly thank James 
Ha, Joan Herbers, James Serpell, and David Stephens for attending an organizational meeting to set the stage for the 
development of the project. 

We are pleased to see this culmination of effort on the part of hundreds of authors and co-authors. Each article is the 
distillation of expert understanding, acquired over many years. We are excited to be part of such a remarkable 
collaboration, one that opens so many doors to the future of animal behavior for undergraduates and professionals alike. 

Michael Breed, Boulder, CO 
Janice Moore, Fort Collins, CO 

August 2010 
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Introduction 

Until the advent of traffic, industry, and other noisy human 
activities, the dominant biogenic source of sound on earth 
was insects, and this remains the case in some parts of the 
world and, indeed, at some times of the day. It is perhaps not 
surprising that insects, being arthropods, are sound produ¬ 
cers; almost any movement is likely to bang one part of the 
hard exoskeleton against another, with acoustical conse¬ 
quences. However, insects have gone far beyond these inci¬ 
dental sounds, evolving specialized mechanisms to amplify, 
tune, and broadcast acoustic signals both through the air 
and through the substrate, as well as sensory systems to 
detect them. There are two main reasons why insects pro¬ 
duce sounds: to startle or warn off predators, and to com¬ 
municate with other members of their species. This review 
focuses on the latter, focusing on what is being communi¬ 
cated, how the signals are produced, and how they are 
detected and analyzed by their recipients. 

The familiar usage of the word ‘sound’ refers to a periodic 
variation in air pressure, which is detected by a pressure- 
sensitive receiver such as an eardrum or microphone dia¬ 
phragm. Sound in this sense is indeed used for communica¬ 
tion by insects, but they also use two other, related, types of 
signal. Close to a sound source, the molecules of air move 
back and forth coherently as the radiating sound source 
vibrates; in essence, this is rapidly oscillating wind. Because 
this only occurs close to the source (where ‘close’ means 
within a fraction of a wavelength), this is referred to as ‘near- 
field’ sound. Many insects communicate using near-field 
signals, which they detect with a variety of structures that 
are sensitive to the moving air mass. The coherence of air 
movement decays rapidly with distance, so communication 
with near-field signals is necessarily rather intimate, with the 
distance between the sender and the receiver typically only a 
few millimeters. Insects also communicate with substrate- 
borne vibrations that propagate from sender to the receiver 
through plant leaves and stems, as well as through the 
ground itself. This mode of signaling is covered in the 
article by Cocroft, and thus, will not be considered here. 


The Functions of Acoustic 
Communication 

Mate Attraction 

The insect sounds that are most conspicuous to humans, 
such as the chirps of crickets, the rattlings of grasshoppers, 
and the squawks of cicadas, are love songs produced by 
individuals, mainly males, seeking mates. These signals are 
detectable at long distances from the singer, typically tens 
of meters and, in extreme cases, up to a kilometer. They 
declare the presence and location of a potential mate. The 
listener, typically a female, responds by walking, hopping, 
or flying toward the singer, a behavior known as phono- 
taxis. These sex-specific roles of sender and receiver are 
not universal. In some grasshoppers and katydids, poten¬ 
tial mates sing a duet, in which a female answers a male’s 
song with her own. One or both partners may then 
approach the other, guided by acoustical beacons. 

Courtship 

There is more to reproduction than simply finding a 
potential mate: actual mating is also required, and in 
many insects, this too depends on acoustical signaling. 
Male crickets, once having attracted a female from a 
distance, woo her with a distinct song that elicits copula¬ 
tion. Similarly, fruit-fly males court nearby females with a 
near-field song that they produce by vibrating a wing. 
Courtship signals operate at close range, after male and 
female have come together, and typically are only one 
component of a multimodal display that may include 
chemical, visual, tactile, and vibrational signals. 

Territoriality 

This has been studied most thoroughly in crickets and 
katydids, where the same long-range signal used to attract 
females also serves to adjust spacing between neighboring 
males. Crickets also engage in fights that include a distinct 
acoustic signal, aggression song. 


1 
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Mechanisms of Sound Production 

Insects produce sounds using a variety of mechanisms, 
including forcing air through specialized spiracles 
(whistling) in Madagascar giant cockroaches, rubbing 
series of cuticular ‘teeth’ against hardened cuticular scra¬ 
pers in crickets, katydids, grasshoppers, and many other 
groups (stridulation), and buckling of ribs of cuticle in 
cicadas (think of ‘clicker’ toys). Although the acoustical 
mechanisms are diverse, all depend on the coordinated 
contraction of various muscles. In those cases that have so 
far been studied (crickets and grasshoppers), the timing 
and patterning of activation of motor neurons, and there¬ 
fore of muscles, is determined by circuits of nerve cells 
within the central nervous system that are known as 
Central Pattern Generators (CPGs). These neurons are 
situated in the thoracic ganglia of the ventral nerve cord, 
which are the centers controlling movements of the legs 
and wings. The CPGs are turned on or off by specific nerve 
cells in the brain, called ‘command neurons,’ which com¬ 
municate with the CPGs via axons that project from the 
brain to the thorax. When a cricket or grasshopper ‘decides’ 
to sing, it activates a command neuron that turns on the 
thoracic CPG. This type of hierarchical neural organiza¬ 
tion mirrors that found in a variety of animals, for other 
rhythmic motor behaviors such as walking and flying. 


The Information Content of 
Acoustic Signals 

Acoustic signals can inform their recipients of the species 
identity and fitness of the signaler, as well as of the 
signaler’s intentions: for example, whether the signal is 
an invitation to mate or a threat of impending aggression. 
This information is represented by the physical structure 
of the signal, chiefly its temporal pattern; insect songs are 
generally not melodious, and the information they contain 
is carried by rhythm rather than tune. Songs consist of 
a series of discrete sound pulses; features such as the 
durations of the pulses and the intervals between them, 
and their higher-order groupings into chirps, trills, and 
phrases, tend to be species-specific. Recipients of the 
signals are ‘tuned in’ to the rhythmic parameters of their 
own species’ songs, responding (e.g., with phonotaxis) 
only to stimuli that match the ‘correct’ signal parameters. 

When communication is long-distance, the receiver 
has not only to decode the message but also to localize 
its source. Sound pressure is a scalar quantity that con¬ 
tains no information about the location of the source. 
Rather, this must be deduced from determining the direc¬ 
tion in which sound is traveling, which in turn is based on 
the comparison of sounds at the two ears. The potential 
physical cues available for sound localization are binaural 


differences in amplitude and timing. Amplitude differs at 
the two ears because of the diffraction of sound around 
whatever separates them (for us, this is our heads), and the 
timing differs, because if the sound source is anywhere off 
the mid-saggital plane, the travel distance, and thus, the 
travel time, to the two ears will differ. Large organisms 
like us generate substantial binaural differences in both 
amplitude and timing, but this is difficult for insects 
because their small size limits both sorts of binaural 
difference. Insects have gotten around this constraint by 
evolving a variety of mechanical tricks that magnify the 
minute physical differences available at the ears. The 
details of how they do this are beyond the scope of this 
article, but the effectiveness of this strategy is demon¬ 
strated by the fact that a contender for the title of the 
world’s best sound localizer is a fly, the two ears of which 
are separated by only 0.5 mm! 

Neurobiology of Hearing 

Ears 

Hearing has evolved independently more than 20 times 
in insects, resulting in an astonishing diversity of ears. 
Pressure-sensitive hearing organs occur on the legs of 
crickets and tettigonnids, on the wings of lacewings, on 
the abdomens of grasshoppers, on the necks of beetles, 
on the throats of flies, on the chests of mantises, and on 
the chests, abdomens, or mouths of moths. Near-field- 
sensitive organs may be simple sensory hairs, or elaborate 
antenna. Despite the enormous variation in ear struc¬ 
ture and location, the underlying cellular machinery is 
highly conserved. In all insect ears, except those consist¬ 
ing of sensory hairs, mechanical energy is transduced 
into neurophysiological activity by multicellular sensory 
structures known as scolopidia. Each scolopidium includes 
one or more sensory neurons that are in close association 
with several accessory cells that serve to anchor the scolo¬ 
pidium within the body and to couple it to the source of 
mechanical input, for example, an eardrum. Insect ears may 
contain as few as one scolopidium (in some moths), or as 
many as several thousand (in some cicadas). 

The task of the sensory periphery is to translate behav- 
iorally relevant features of acoustic signals, such as the 
temporal pattern of sound pulses, sound intensity and, in 
some cases, sound frequency, into sequences of action 
potentials in sensory neurons. Although many insects 
are tone deaf, others (crickets, grasshoppers, and cicadas) 
are equipped with ears in which different sensory neurons 
are ‘tuned’ to different sound frequencies, so that, in 
principle, the spectrum of the signal can be determined. 
This capacity allows crickets to discriminate between the 
relatively low sound frequencies in cricket songs and the 
ultrasonic frequencies of bat echolocation calls, as well as, 
in some species, spectral differences between long-range, 
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mate attracting songs, and short-range courtship songs. 
Frequency discrimination also plays a role in communi¬ 
cation between duetting grasshoppers, where song spectra 
differ between males and females. Another possible role of 
frequency-tuned neurons is capturing information about 
the distance to the singer. As sound travels through the 
environment, high frequencies are attenuated more 
severely than low frequencies because they can be 
reflected by smaller objects, such as blades of grass, and 
also because frictional loss of energy to the air increases 
with sound frequency. The extent of this environmental 
low-pass fdtering, thus reflects how far the signal has 
traveled between the emitter and the receiver. Frequency 
tuning is also useful in tone-deaf insects. Although the 
different sensory neurons in their ears have similar tuning, 
they are nevertheless tuned, that is, they are more sensitive 
to some sound frequencies, usually those contained in 
behaviorally relevant signals, than to others. Thus, they 
serve as fdters that selectively attenuate irrelevant sounds, 
thereby enhancing the signal-to-noise ratio for what matters. 

As pointed out earlier, the information content of 
insect songs is encoded mainly in their rhythms, and this 
is generally represented faithfully in the responses of 
receptor neurons. Auditory receptor neurons tend to pro¬ 
duce action potentials at a rather high rate, typically on 
the order of 300-500 s -1 , and in some cases, approaching 
1000 s -1 . For the majority of insect sounds, in which the 
durations of sound pulses and of the intervals between 
them are on the order of tens of milliseconds, each sound 
pulse is answered by a burst of action potentials that lasts 
about as long as the stimulus, so that the duration and 
spacing of sound pulses can be read off rather easily from 
the responses of receptor neurons. Some insects, however, 
produce sound pulses at rates of 100s _1 or more (the 
individual pulses necessarily being brief). In these cases, 
each pulse may be marked by only a single action poten¬ 
tial, so that information about pulse duration is lost. And, 
although receptor neurons respond to stimuli having a wide 
range of temporal patterns, the precision with which they do 
so may vary according to the structure of the stimulus. For 
example, receptor neurons of grasshoppers mark rapid 
sound-pulse onsets, such as occur in grasshopper songs, 
with remarkable precision. The timing of the first action 
potential with respect to the beginning of the sound pulse 
may vary, from trial to trial, by as little as 0.15 ms. As 
discussed below, the relative timing of responses at the two 
ears can serve as a cue for sound direction, providing a 
possible behavioral role for this exquisite temporal acuity. 

In addition to capturing information about when sound 
pulses happen, the sensory periphery must encode the 
intensity of the signal, for several reasons. First, sound 
intensity is the main cue for distance to the singer, a 
parameter that is of interest both to females, who might 
be willing to risk a short trip to a potential mate but not a 
long one, and to males, who might want to distance 


themselves from potential rivals. Moreover, larger, stron¬ 
ger, individuals sing more loudly, so that the intensity can 
also be a clue to the fitness of the singer. Second, the 
difference in intensity at the two ears is the primary cue 
for sound location. As mentioned earlier, insect auditory 
systems embody mechanical specializations that can gen¬ 
erate substantial interaural differences in energy input to 
the eardrums, despite the small size of the insect. Stimulus 
intensity is encoded by receptor neurons in three ways. 
First, the different receptor neurons typically differ in 
sensitivity; some are able to respond to weak stimuli, 
while others respond only to stronger stimuli. The num¬ 
ber of neurons that respond to a signal, thus increases with 
increasing intensity as the less sensitive neurons are 
recruited. Second, once the threshold has been reached 
for a given neuron, the firing rate increases with sound 
intensity. Third, response latency decreases as intensity 
increases. Latency per se can be determined only by 
reference to an independent measure of when the stimu¬ 
lus occurs, which is not available to the insect (all it knows 
is what its receptor neurons tell it). However, interaural 
difference in latency can serve as a measure of interaural 
intensity difference, and thus, of sound direction. In 
behavioral tests (of crickets and grasshoppers) where the 
timing and intensity of sounds at the two ears are con¬ 
trolled separately, insects will turn toward the side where 
a sound stimulus is presented earlier (with no difference 
in intensity), and toward the side where the intensity is 
greatest (with no difference in timing). Thus, either the 
interaural difference in response timing or the difference 
in response magnitude (the number of responding neurons 
and their firing rates) can serve as a localization cue when it 
is presented alone. Under natural conditions, however, these 
two cues change in concert and thus, reinforce one another. 

Extraction of Information in the Central 
Nervous System 

Most of what we know about central processing comes 
from studies on three groups of insects in the order 
Orthoptera: crickets, grasshoppers, and katydids. These 
insects have garnered the lion’s share of attention for a 
number of reasons. First, with the notable exception of 
cicadas, it is their songs that are most conspicuous to 
humans. Second, presumably because of this conspicuous¬ 
ness, they have been the focus of a large number of 
behavioral studies (which are less convenient with cicadas 
because of their arboreal life styles). Finally, these insects 
are relatively large, which is an advantage for neurophys¬ 
iological studies. 

Early processing: thoracic interneurons 

Auditory receptor neurons terminate in the thoracic gang¬ 
lia of the central nervous system, where they provide 
synaptic input to interneurons. Within a species, specific 
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interneurons, which are recognizable by the nature of their 
responses to sound stimuli and by their anatomy (which 
was revealed by injecting single neurons with dyes), can be 
found in specimen after specimen. Many of these ‘identi¬ 
fied neurons’ can even be recognized in related species. For 
example, a number of specific interneurons have the same 
morphology and response properties in several grasshop¬ 
per species, and the same is true for several cricket inter¬ 
neurons. A few interneurons can even be recognized as ‘the 
same’ across wider taxonomic divides, for example, in 
crickets and katydids, or grasshoppers and mantises. 

The number of interneurons participating in this first 
stage of central processing varies from group to group, 
but in general, is rather small. In grasshoppers, about 20 dis¬ 
tinct bilateral pairs of neurons have been identified; the 
corresponding number for crickets and katydids is about a 
dozen. Of course, the possibility that additional neurons are 
yet to be discovered, cannot be ruled out; however, all three 
insect groups have been studied intensively for more than 
30 years, suggesting that most of the neurons have probably 
been described. In all three groups, some neurons seem 
specialized, by virtue of their sensitivity to ultrasound and 
large-diameter, rapidly conducting axons for mediating 
escape responses from echolocating bats, whereas others 
seem well suited for processing communication signals. In 
grasshoppers, different interneurons extract different 
behaviorally relevant features of the signal, dividing its 
information into parallel channels. For example, some 
neurons accurately mark the timing of sound pulses, but 
are not sensitive to stimulus direction, whereas others are 
highly directionally sensitive, but represent stimulus 
timing only poorly. Presumably, these separate channels 
are brought together in the brain. By contrast, in crickets, 
information about sound-pulse timing and stimulus direc¬ 
tion is combined in the responses of a single bilaterally 
paired neuron that represents the only, or at least the 
principle, channel for transmitting information about com¬ 
munication signals to the brain. This difference in the 
‘strategy’ for representing communication signals between 
grasshoppers and crickets, may reflect the different condi¬ 
tions under which hearing arose in these groups. In the 
grasshoppers hearing is believed to have evolved in the 
context of predator detection, whereas the primitive function 
of hearing in crickets is believed to have been communication. 

A common feature of all of these insect groups is the 
enhancement of directional information through contralat¬ 
eral inhibition. Neurons that receive input from one ear are 
inhibited by one or more neurons that receive input from the 
other ear, thus amplifying through central neural circuitry 
the binaural differences that are generated peripherally. 

The response properties of some of the thoracic inter¬ 
neurons show clear correlations with the behavioral 
requirements of communication. For example, a particu¬ 
lar interneuron in grasshoppers (named AN4) responds to 
models of grasshopper song only if they do not contain 


silent gaps of ~2 ms or more. Such gaps arise under 
natural conditions when a male has lost one of his two 
hind legs, presumably in an encounter with a predator. 
The song is produced by up-and-down scraping move¬ 
ments of the hind legs against the folded wings. A brief 
period of silence occurs with each reversal in leg direc¬ 
tion, but this is obscured in intact males because the two 
legs are slightly out of phase, ensuring that periods of leg 
reversal do not coincide. In one-legged males, however, 
the gaps are revealed. Field studies show that one-legged 
males have poor mating success, and in laboratory tests, 
females fail to respond to gap-containing songs. Gap de¬ 
tection by females, thus allows them to avoid mating with 
males that are presumably less fit than those that were 
able to avoid contact with predators. The gap-sensitivity 
of females was quantified by measuring the probability of 
their entering into a duet with computer-generated test 
songs having gaps of various lengths. This parallels exactly 
the gap-sensitivity of AN4, strongly suggesting a role for 
this neuron in the female’s assessment of song (and male) 
quality (Figure 1). 

In crickets, specific interneurons (named AN1 and 
ONI) that respond to stimuli with cricket-like sound 
frequency do so for a wide range of temporal patterns. 
However, the timing of action potentials accurately 
reflects the temporal structure of the stimulus (which 
behavioral experiments have shown is the basis for song 
recognition) only for the narrow range of sound-pulse 



Gap (ms) 

Figure 1 Gap-sensitivity in grasshoppers. The shaded area 
shows the probability of female responses to model songs 
containing gaps of varying durations. The lines show the 
normalized number of action potentials produced by AN4 in 
response to the same song models. The close correspondence 
between the neural and behavioral response functions suggests 
that AN4 plays a role in determining the female’s response. 
Reproduced from Stumpner A and Ronacher B (1994) 
Neurophysiological aspects of song pattern recognition and 
sound localization in grasshoppers. American Zoologist 
34: 696-705, with permission from Oxford University Press. 
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Figure 2 Temporal tuning in a thoracic interneuron of crickets. 
The shaded area shows the rates of amplitude modulation that 
occur in the songs of Teleogryllus oceanicus. The line shows the 
accuracy with which the pattern of amplitude modulation is 
captured by the timing of action potentials of the interneuron 
ONI. The close match indicates that the properties of the neuron 
are matched to the structure of the species’ communication 
signals. Modified from Marsat G and Pollack GS (2004) 
Differential temporal coding of rhythmically diverse acoustic 
signals by a single interneuron. 


rates that occur in the species’ songs (Figure 2). More¬ 
over, when response properties of ONI were compared 
between species that sing with different tempos, the range 
of pulse rates that are coded accurately was higher in the 
faster-singing species (this has not yet been studied for 
AN1), again revealing a striking correlation between neu¬ 
ronal properties and behavioral requirements. 

Correlations like those just described make a strong 
case for the involvement of specific neurons in behavior, 
but this can be shown conclusively only by manipulating 
the responses of neurons and studying the behavioral 
consequences of this. So far this has been only for crickets, 
where responses of AN 1 and ON 1 have been suppressed, 
during ongoing behavior, by manipulating their mem¬ 
brane potentials through intracellular current injection. 
Crickets were restrained in a manner that allowed them to 
turn an air-supported ball beneath their feet, and their 
turning behavior could be deduced from the movements 
of the ball. Under these conditions, they turn toward the 
side from which an attractive stimulus is played. However, 
when AN1 on one side was impaled with a microelectrode 
and negative current was injected to suppress its response, 
crickets turned toward the opposite side, no matter which 
side the sound was played from. For example, when the 
left AN1 was ‘turned off’ experimentally, crickets turned 
to the right even if the sound was played from the left. 
Similarly, suppressing the response of one of the ON Is 
biased walking direction toward the opposite side. Here, 
the effect was mediated through the removal of the con¬ 
tralateral inhibition that ONI provides to the opposite 
AN1; turning off the left ONI allows the right AN1 to 
respond more strongly, favoring turning to the right. 


These experiments, thus demonstrate that information 
carried to the brain by AN1 is indeed instrumental in 
shaping the cricket’s behavioral response. 

Processing in the brain 

The results of thoracic processing are relayed to the brain 
by the axons of ascending neurons. It is there that the 
‘decision’ of whether or not to respond to a signal is made 
and, if the response is phonotaxis, in which direction to walk 
or fly. Although many brain neurons have been recorded, 
the circuits that they form, and the mechanisms by which 
they process acoustic information, are not well under¬ 
stood. Most of the emphasis has been on how selectivity 
for temporal pattern arises. Two main ideas are at the 
forefront, one supported by experiments on crickets, and 
the other by experiments on katydids. The first idea is that 
neurons in the brain function as rate filters; some, denoted 
low-pass, respond best only to low sound-pulse rates, and 
others, called high-pass, only to high pulse rates, and indeed 
neurons with these properties have been recorded in the 
brains of crickets. The cellular mechanisms underlying 
these filtering properties are not yet known, but standard 
rate-dependent processes, such as synaptic depression and 
facilitation, could, in principle, do the job. The most inter¬ 
esting class of brain neurons, called band-pass, respond well 
only to a middle range of pulse rates that corresponds to the 
pulse-rate selectivity of females in behavioral tests. In prin¬ 
ciple, these properties could arise if the band-pass neurons 
respond strongly only when receiving simultaneous input 
from both low-pass and high-pass neurons, the responses of 
which overlap only in the behaviorally relevant range of 
pulse rates (Figure 3). Whether this circuit actually occurs, 
and whether the band-pass neurons are indeed responsible 
for behavioral selectivity, remains to be shown experimen¬ 
tally. However, the close match between the fdter proper¬ 
ties of the neurons and behavioral selectivity is intriguing. 

The second idea for pulse-rate selectivity posits a 
mechanism which does not require rate fdters in the 
usual sense. Instead, selectivity is hypothesized to arise 
from interactions between acoustically driven excitation 
and intrinsic oscillation of a neuronal resonator. Accord¬ 
ing to this model, arrival of a stimulus sets a neuron, or 
neural circuit, into oscillation, such that excitability alter¬ 
nately increases and decreases with a periodicity that 
matches the behaviorally preferred pulse rate (ionic and 
circuit mechanisms for producing intrinsic oscillations are 
well known in nervous systems). If auditory input arrives 
at the ‘correct’ pulse rate, then, input from successive 
sound pulses would coincide with successive cycles of 
the intrinsic oscillation, so that the summation of acousti¬ 
cally driven and intrinsic excitation would bring the oscil¬ 
lating neuron above the threshold. Input from improperly 
timed sound pulses would ‘miss’ the intrinsic peak in 
excitation, and thus, would be ineffective. The output of 
the system is maximal only when the input pulse rate 
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Figure 3 Temporal filters for pulse-rate selectivity. The red 
curve represents a high-pass neuron, that is, one that responds 
well only to high pulse rates, the blue curve represents a low- 
pass neuron, and the purple curve represents a band-pass 
neuron. The circuit at right is composed of the corresponding 
neurons; the purple neuron responds strongly only when it 
receives simultaneous input from the blue and red neurons. This 
happens only for the middle range of pulse rates, where their 
pass bands overlap. Reproduced from Pollack GS, Krahe 
R (2009) Signal identification: Peripheral and central 
mechanisms. In: Squire LR (ed.) Encyclopedia of Neuroscience, 
pp. 799-804. Oxford: Academic Press. 


matches the intrinsic resonance frequency, in a manner 
analogous to the importance of timing when pushing a 
child on a playground swing. A prediction of the model is 
that the output should be rather high not only for the 
‘correct’ stimulus rate, but also at integer submultiples of 
this. This is because pulses arriving at half the correct rate 
would coincide with every second cycle of the intrinsic 
oscillation; pulses arriving at one-third the correct rate 
with every third cycle, etc. (again, think of the swing 
analogy). Behavioral experiments with katydids showed 
that phonotaxis of females did indeed have response peaks 
for stimuli with one-half and one-third the species-typical 
pulse rate, a finding that cannot be explained by the rate- 
filter mechanism described earlier. 

It is at first glance surprising that two quite different 
mechanisms for pulse-rate selectivity have been proposed 


for crickets and katydids. These are closely related taxa, 
with similar methods of sound production (stridulation 
with the forewings) and similar auditory systems. In both 
crickets and katydids, for example, the ear is situated on 
the prothoracic tibia, and some identified interneurons 
(ONI, AN1) can be recognized in both groups. Some 
evolutionary biologists have proposed that acoustic com¬ 
munication arose in a common ancestor, but others have 
challenged this, holding that communication arose inde¬ 
pendently in these two groups. If the latter view is correct, 
then their use of different mechanisms for pulse-rate 
recognition might be less surprising than it appears. 

See also: Insect Flight and Walking: Neuroethologi- 
cal Basis; Predator Evasion. 


Further Reading 


Hedwig B (2006) Pulses, patterns and paths: Neurobiology of acoustic 
behaviour in crickets. Journal of Comparative Physiology A: 

192: 677-689. 

Hedwig B and Pollack GS (2008) Invertebrate auditory pathways. 

In: Dallos P and Oertel D (eds.) The Senses: A Comprehensive 
Reference: Audition, vol. 3, pp. 525-564. Amsterdam: Elsevier. 

von Helversen D and von Helversen O (1983) Species recognition and 
acoustic localization in acridid grasshoppers: A behavioral approach. 
In: Huber R and Markl H (eds.) Neuroethology and Behavioral 
Physiology, pp. 95-107. Heidelberg: Springer Verlag. 

Hennig RM, Franz A, and Stumpner A (2004) Processing of auditory 
information in insects. Microscopy Research and Technique 
63:351-374. 

Mason AC and Faure PA (2004) The physiology of insect auditory 
afferents. Microscopy Research and Technique 63: 338-350. 

Pollack GS (2000) Who, what, where? Recognition and localization 
of acoustic signals by insects. Current Opinion in Neurobiology 
10: 763-767. 

Pollack GS and Imaizumi K (1999) Neural analysis of sound frequency 
in insects. BioEssays 21: 295-303. 

Pollack GS and Krahe R (2009) Signal identification: Peripheral and 
central mechanisms. In: Squire LR (ed.) Encyclopedia of 
Neuroscience, pp. 799-804. Oxford: Academic Press. 

Schildberger K (1994) The auditory pathway of crickets: Adaptations for 
intraspecific acoustic communication. In: Schildberger K and Eisner 
N (eds.) Neural Basis of Behavioural Adaptations, pp. 209-226. 
Stuttgart: Gustav Fischer. 

Stumpner A and Helversen D (2001) Evolution and function of auditory 
systems in insects. NatunA/issenschaften 88: 159-170. 

Stumpner A and Ronacher B (1994) Neurophysiological aspects of song 
pattern recognition and sound localization in grasshoppers. 
American Zoologist 34: 696-705. 

Yack JE (2004) The structure and function of auditory chordotonal 
organs in insects. Microscopy Research and Technique 
63: 315-337. 







Acoustic Signals 

A. M. Simmons, Brown University, Providence, Rl, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Many species of animals use sounds to guide their behavior. 
Knowledge of the physical acoustic properties of the 
sounds made by animals in particular biological contexts 
can provide us with a window through which we can 
understand their behavior. Sounds convey such biologi¬ 
cally relevant information as location (of food, of a mate, 
of a predator, of a prey, of an interesting object in the 
environment), identity (species, gender, individual), social 
status (dominant or submissive), motivation (fear, anger, 
willingness to mate), and even the animal’s cognitive 
processes (in some species, different types of sounds are 
used to categorize different kinds of predators). The 
sounds used for these various purposes are typically com¬ 
plex in structure, but they usually can be described as 
being comprised of several simple sounds added together. 
Animals can control the information content of signals by 
actively changing their acoustic properties. The environ¬ 
ment through which the sounds propagate also has a 
major influence on the properties of the sound as it arrives 
at the receiver. The environment can either aid transmis¬ 
sion of the information carried by the sound or degrade 
the information by distorting the sound. 

A great deal of the research on the use of sounds by 
animals attempts to uncover what specific properties of 
acoustic signals are used for guiding particular behaviors. 
Animals use a wide variety of sounds in their acoustic 
signals. Nonetheless, all sounds are governed by the same 
physical principles. The focus of this article is to provide 
descriptions of the important physical properties present 
in natural sounds, and how these properties are influ¬ 
enced by the environment. 

Physical Properties of Simple Sounds 

Sound is a physical disturbance in some medium (air or 
water) produced by the displacement of molecules as a 
result of mechanical action. In response to this physical 
disturbance, whether produced by a larynx, a loudspeaker, 
or a musical instrument, molecules in the medium are 
moved alternately closer together and farther apart 
around their equilibrium position (the resting air or 
water pressure). These cyclic patterns of inward and out¬ 
ward movement are called condensations (molecules 
move closer together) and rarefactions (molecules move 
farther apart). Very close to the source of the disturbance, 


the molecules are physically displaced from their resting 
position in a flow called particle motion, which is the 
near-field component of sound. This is the ‘wind’ felt by 
sitting close to a large diameter bass loudspeaker in action. 
The cycles of condensations and rarefactions also pro¬ 
pagate away from the mechanical source through the 
medium as a pressure wave, with no net flow. At distances 
from the source greater than about one to three wave¬ 
lengths (see section ‘Frequency, period, and wavelength’), 
the pressure wave, or far-field component of the sound, 
predominates over the near-field component. In ordinary 
circumstances, for acoustic communication at biologically 
useful distances, signaling is mediated by propagating 
pressure waves, whereas particle motion is usually thought 
of as a vibration that can be sensed only at short ranges. 
However, the relative contributions of pressure and parti¬ 
cle motion depend on the nature of the organs for hearing. 
For most vertebrate animals, the ‘ears’ are sensitive pri¬ 
marily to the pressure component of sound, as are the ears 
of many insects. Many arthropods have sense organs that 
are sensitive primarily to particle displacement. Fishes, 
frogs, and toads have hearing organs that can detect both 
pressure and particle-motion components. 

A simple sound wave can be visualized as a periodic or 
sinusoidal motion of instantaneous air or water pressure. 
A sine wave is graphed in Figure 1 as cyclic pressure 
variations occurring over time. The peaks and troughs in 
the waveform represent the alternating cycles of conden¬ 
sation and rarefaction relative to the resting position 
(represented by the dashed line at zero amplitude in the 
graph or the zero-crossing point). There are four physical 
parameters that, taken together, define a sine wave uni¬ 
quely. These are its (1) frequency, (2) amplitude, (3) phase, 
and (4) duration. For humans, frequency and amplitude 
are associated with two of the primary psychological 
percepts of sounds - pitch and loudness. The psychologi¬ 
cal percept of timbre, or sound quality (which makes an 
A note on an oboe sound different from an A note on a 
flute), depends on the relations among the amplitudes 
and phases of different frequencies present in a multiple- 
frequency sound, which excludes pure tones (single¬ 
frequency sinusoidal signals) from having a timbre. The 
duration of a sound has different effects on human audi¬ 
tory perception depending on its absolute magnitude. 
Very short sounds are perceived as getting louder as 
their duration increases, up to a critical time length that 
is often called the integration time of hearing. Then, as 
sounds become longer yet, they come to be perceived as 
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Figure 1 Amplitude-time display of the first 12 ms of a 1000 Hz 
sine wave, digitally generated by Adobe Audition v. 1.5. The 
horizontal line at relative amplitude of zero shows the zero¬ 
crossing point (ambient or resting pressure). The gradual onset of 
the sine wave is indicated by the rise time. Its period, as shown 
by the time interval between two consecutive peaks, is 1 ms. 

longer, but not louder. It is important to appreciate that 
these psychological percepts, based on human auditory 
experience, are not simply equivalent to the physical 
parameters of frequency, amplitude, phase, and duration. 
For this reason, these psychological terms should be 
avoided when discussing animals’ perceptions of their 
own sounds. Nonetheless, animals do behaviorally dis¬ 
criminate among sounds varying in these four physical 
parameters, and often the behavioral data obtained from 
experiments with animals resemble those obtained 
from human listening experiments where judgments of 
pitch, loudness, or timbre are made. One important aspect 
of research on animal auditory perception is to examine 
the potential equivalence of these behavioral similarities 
for evidence concerning the brain mechanisms involved 
in creating human auditory percepts. 

Frequency, Period, and Wavelength 

Frequency (/) is the number of times the sound repeats 
within a certain time interval. It is measured as Hertz, 
cycles per second (s), or as kiloHertz, thousands of cycles 
per second. When a sinusoid has completed one full cycle 
of vibration (it ends on the same point of displacement at 
which it has begun), it has traveled one complete cycle. 
For example, if a sinusoid has completed 1000 complete 
cycles in one second, it is said to have a frequency of 
1000 Hz or 1 kHz. The amount of time taken to complete 
one cycle is called the period of the sound. Period (T) is 
the reciprocal of frequency ( T= 1 //). The period is typ¬ 
ically measured in milliseconds (ms), or thousandths of 
a second (ls= 1000 ms). The relationship between fre¬ 
quency and period is important, because we do not know 
if an animal perceives sounds in terms of frequency (num¬ 
ber of cycles) or period (cycle length), or both. The sine 


wave in Figure 1 has a period of 1 ms and a frequency of 
1000 Hz. 

The range of frequencies to which a species is sensi¬ 
tive is called its frequency range of hearing. Frequency 
range of hearing varies dramatically among different spe¬ 
cies. The human range of hearing lies between 20 and 
20 000 Hz. Frequencies higher than the upper limit of the 
human audible range are called ultrasonic, whereas fre¬ 
quencies lower than the human range are called infra- 
sonic. Cetaceans (dolphins and other toothed whales) and 
bats can hear higher frequencies than humans, up to about 
150 000 Hz. These ultrasonic frequencies are used for 
biological sonar, or echolocation. Most species of songbirds 
cannot hear frequencies above 10 000 Hz, although the acuity 
of their hearing above 6000 Hz is usually too weak to use 
these higher frequencies for song. In contrast, owls typically 
can hear up to 12 000 Hz. Elephants can hear sounds at 
frequencies lower than the 20 Hz limit of human hearing. 

The wavelength (T) of a sound is its most important 
spatial feature, as distinct from the time features of the 
waveform shown in Figure 1. Wavelength is the distance 
in space spanned by a single cycle of a sound (i.e., from the 
maximum condensation or peak of a cycle to the maxi¬ 
mum condensation or peak of the next cycle). Numeri¬ 
cally, it is the ratio of the velocity of sound (m s) -1 to the 
frequency (Hz). Because the speed of sound varies in 
different media, the wavelengths of sounds will also differ 
in these media. Thus, a single cycle of a sound wave at a 
particular frequency will travel farther in the ocean (where 
the speed of sound is approximately 1500 ms -1 , depending 
on depth, temperature, and salinity) than in air (where the 
speed of sound is approximately 343 ms -1 , depending on 
altitude, humidity, and temperature). The wavelength of 
sound in relation to the size and spatial separation of the 
ears has considerable impact on the ability of animals to 
locate sound sources in their environments. 

Table 1 shows the relationship between frequency, 
period, and wavelength (in both air and water) of some 
sine waves that are audible to different species of animals. 

Amplitude 

Amplitude is the magnitude of the sound pressure change 
or particle displacement caused by the physical distur¬ 
bance in the medium. After the sound has been picked up 
by a transducer such as a microphone or hydrophone, 
there are two different ways to express amplitude - 
peak-to-peak pressure or root-mean-square (RMS) pres¬ 
sure. The RMS pressure is obtained by squaring the 
numerical values of amplitude, which transforms the 
numbers from amplitude to power (power = pressure - ), 
and then taking the square-root, which turns the numbers 
back into amplitudes but also turns the positive and nega¬ 
tive numbers of the cycles all into positive numbers. That 
is, the sine wave is rectified. The use of peak-to-peak 
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Table 1 Relationships between sound frequency, period, 
and wavelength for some simple sounds 


Frequency (H z ) 

Period (ms) 

Air 

A (cm) 

Seawater 

100 

10 

343.3 

1500 

500 

2 

68.68 

300 

1000 

1 

34.3 

150 

2000 

0.5 

17.17 

75 

8000 

0.125 

4.29 

18.75 

12 000 

0.08 

2.86 

12.5 

20 000 

0.05 

1.717 

7.5 

50 000 

0.02 

0.6868 3 

100 000 

0.01 

0.343 

1.5 


versus RMS amplitudes originated in the use of different 
electronic instruments for visualizing the sound - the 
oscilloscope for displaying successive cycles, and the 
sound level meter for registering a longer-term average 
amplitude. To a large extent, use of these instruments has 
been supplanted by widely available sound-display and 
analysis software in laptop computers, but these programs 
can be used to obtain both types of amplitude measures 
using the cursors and toolbars associated with their com¬ 
puter displays. The sine wave in Figure 1 illustrates the 
utility of both measures. Individual cycles of the pictured 
waveform register their amplitude to the eye in terms of 
their height, which is the peak-to-peak sound pressure. 
This waveform shows the gradual increase in sound 
amplitude (called the rise time) from the beginning of 
the sound to its peak value (highest point). Biological and 
musical sounds usually have a corresponding fall time at 
the end of the sound, too. The duration of the sound’s rise 
or fall time is related to the mechanics involved in pro¬ 
ducing the sound, such as laryngeal function. Because the 
segment of the sound shown in Figure 1 changes in its 
amplitude over its duration, no individual cycle is a faith¬ 
ful reflection of the sound’s amplitude. The RMS sound 
pressure represents an average amplitude over the sound’s 
duration, and thus takes into account the gradual rise and 
fall in amplitude at the beginning and end of the sound. 
This point is important because few sounds in nature are 
short enough or stable enough in amplitude for peak-to- 
peak measurements to reflect the sound’s effective ampli¬ 
tude to the receiver in communication. However, both 
types of amplitude measures are of value in animal bio¬ 
acoustics. Analysis of the source’s mechanics requires 
tracking these short-term changes in amplitude from 
peak-to-peak measurements, whereas evaluation of the 
perceived strength of the sound by the receiver more 
often involves making RMS measurements to summarize 
the sound’s overall amplitude as a single number. 

Numerical values of amplitude are obtained from vol¬ 
tages delivered by the microphone and converted into 


pressure units called Pascals (1 Pa = 1 N m~ 2 ). However, 
the range of hearing in many animals from the weakest 
to the strongest biologically relevant sounds can span five 
or six orders of magnitude, which makes measurements 
in Pascals very cumbersome to use. For ease of expres¬ 
sion, and convenience in thinking about how a sound is 
heard by the receiver, sound pressure is expressed on 
a logarithmic scale that goes approximately from zero 
(weakest sound) to 100 units (strongest sound). In this 
system, the amplitude of a sound wave is quantified as 
the ratio between the measured amplitude in Pascals and 
a reference value, also in Pascals, that represents the 
average threshold of human hearing at a frequency of 
1000 Hz (where human hearing is very sensitive). This 
resulting unit is the decibel sound pressure level (dB 
SPL), a ratio of two sound powers, or pressures 2 . To 
calculate the amplitude of sounds on this scale, dB = 20 
log (p\/p 2 ), where p x is the pressure of the sound to be 
expressed, and p 2 is the standard, or reference, pressure at 
the threshold of human hearing. (The factor of 20 squares 
the pressures to get power, and then divides each single 
logarithmic step into 10 manageable dB steps). For sounds 
in air, this reference pressure is 0.00002 Pa (20 gPa), which 
is an RMS value. A sound measured by the dB scale is 
stated as having an amplitude of so many dB SPL. Sound 
level meters typically display their measurements directly 
in dB SPL, whereas peak-to-peak measurements initially 
are in Pascals. 

Along with their different frequency ranges of hearing, 
different animal species have different sensitivities to 
sound, and they communicate at different sound levels. 
The lowest sound amplitude audible to an animal at a 
particular sound frequency is called the threshold. For 
humans, thresholds lie around 0 dB SPL at their most 
sensitive frequencies of hearing. At certain frequencies 
of sounds, some animals (cats, for example) are even more 
sensitive than humans. Most animals communicate at 
levels well above their hearing threshold. Typical human 
conversations are in the range of 60-70 dB SPL, well 
above the thresholds for the frequencies present in speech 
sounds. Big brown bats emit their ultrasonic echolocation 
sounds at levels that can exceed 110-120 dB SPL; their 
thresholds of hearing at these frequencies are around 
0-10 dB SPL. Bats emit loud calls because they need to 
overcome environmental constraints on sound propagation 
out to and then back from objects, and because little of the 
original emitted sound reflects off the small insect-sized 
objects they are trying to detect with echoes. Insects that 
can hear the echolocation sounds of approaching bats 
have hearing thresholds 20-30 dB higher than bats, but 
they only have to detect the sounds as they travel one way, 
out from the bat. Besides the intrinsic hearing sensitivity 
of animals, background sounds from the environment can 
cause reduced sensitivity by masking communication sounds. 
Animals, such as birds living near fast-running streams, 
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use high-amplitude signals for communication to enable 
receivers to detect sounds against the background noise. 

Phase 

Phase refers to the location of a particular point in time 
along the condensation or rarefaction cycle, expressed 
relative to the sinusoidal wave rather than to absolute 
time. To fit different points at different frequencies into 
the same shape, phase is expressed as the angle along the 
sine cycle, not the time itself. Thus, a point at the start of 
a sine cycle, at an amplitude of zero with subsequent ampli¬ 
tudes going positive, is referred to as 0° phase, while a 
point half-way along the cycle, where the amplitude again 
is zero but with subsequent amplitudes going negative, 
is 180°. Thus, phase can be referred to as beginning- or 
onset-phase (the phase of the cycle at which the sound 
begins) or ongoing phase (the phase at some point during 
the sound with respect to some other event in time). In the 
sine wave in Figure 1, starting phase is 0°. Two different 
frequencies can have the same amplitude but differ¬ 
ent starting phases. Phase has biological meaning in two 
ways. The first concerns the relative phases of different 
frequencies that are in the same sound, particularly as 
these are affected by propagation from the source to the 
receiver. The second concerns differences in the time- 
of-occurrence of the same sound at two different recep¬ 
tors. In the case of vertebrates, with left and right ears, 
binaural time or phase differences are powerful cues for 
localization of sound. Phase differences in stimuli may 
also play a role in sound localization for animals, such as 
many fishes, that possess different types of receptors for 
sound particle velocity and sound pressure. 

Physical Properties of Complex Sounds 

Biologically produced sounds are typically not individual 
sine waves or pure tones, but are more often mixtures of 
tones with different frequencies at different amplitudes 
and phases. Sounds made up of multiple frequencies are 
called complex sounds. An example of a complex sounds, 
made up of five different frequencies (1000, 2000, 3000, 
4000, and 5000 Hz), all with a starting phase of 0°, is 
shown in Figure 2. Although this sound has a more 
complicated structure than the sine wave in Figure 1, it 
still shows a recurring, or periodic, pattern, in which the 
same set of wave-shapes repeats. In this sound, the time 
interval, or period, between repeating sets is 1 ms, the 
same period as the 1000 Hz pure tone shown in Figure 1. 
Thus, although the sound waves shown in Figures 1 and 2 
have the same period, they have a different frequency 
structure, and they are perceptually distinct. For humans, 
the period of a complex sound gives a psychological 
sensation of periodicity pitch, related to the frequency of 



Figure 2 Amplitude-time display of 10 ms of a complex sound 
with a period of 1 ms. The onset of the sine wave is not shown. 


the lower components. These two sounds are perceived as 
having the same low pitch, but they differ in their timbre. 
The fact that sounds with such different waveshapes have 
the same pitch is a perfect illustration of how the pitch 
of a sound is not simply the psychological equivalent of 
frequency. The actual wave shape of a complex sound 
depends on the phase angle of the individual frequency 
components. The specific structure (the frequencies, 
amplitudes, and phases of the individual components) of 
a complex sound is called its fine-structure. For humans, 
changes in fine-structure are perceived as changes in 
timbre. The psychological differences between periodic¬ 
ity pitch and timbre are easily explained in musical terms. 
The same note played by two different instruments can 
be identified as having the same pitch, even though the 
instruments can be identified as different because the 
notes sound different in timbre. The pitch of successive 
notes, nevertheless, carries the melody, not the identities 
of the instruments being played. Individual animals across 
a wide range of species can recognize each other from 
their vocal signals, suggesting that animals have percepts 
similar to periodicity pitch and timbre. 

Frequency Analysis 

Complex sounds can be mathematically described as being 
the sum of a series of component sine waves. Conversely, 
individual sine waves can be summed together to form a 
complex sound. The mathematical processes to describe 
these are called Fourier analysis and Fourier synthesis, 
respectively. Fourier analysis allows us to take a complex 
sound (or any continuous waveform) and decompose it 
into individual sine waves of specific frequencies, amplitudes, 
and phases. This process results in a frequency spectrum 
displaying the frequencies in the sound, together with their 
amplitudes and relative phases. Fourier analysis of recorded 
sounds is easily carried out by many widely available 
computer programs for characterizing sounds. Moveable 
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cursors built into the displays of these programs permit 
selecting segments of sounds or whole sounds to determine 
their spectra. Animal sounds recorded in field conditions 
are most often characterized by their frequency-amplitude 
spectra, which display the relative strengths of different 
component frequencies in relation to the strengths of the 
same frequencies in background noise. This kind of display 
can be used, for example, to plot the salience above the 
background noise of communication sounds recorded at 
different distances from the calling animal. Phase spectra 
are less useful for examining vocal communication because 
propagation of sounds through complicated surroundings, 
which often contain vegetation and include reverberation 
from multiple objects, perturb the relative phases of fre¬ 
quency components in a manner that is difficult to relate 
to the receiver’s perception of the sound, which depends 
chiefly on the amplitudes of the most critical frequencies. 

By far, the most common and most useful display of the 
characteristics of communication sounds is the spectro¬ 
gram. A spectrogram shows a running history of a sound’s 
frequency content to show how its frequencies change 
over the sound’s duration. It is created by dividing the 
sound into short overlapping segments and plotting the 
spectrum of each segment using Fourier analysis. Most 
computer programs for sound analysis have the capability 
of plotting spectrograms, and some can even display 
the spectrogram in real time as the sound progresses. 
A spectrogram does not, however, display the phases of 
different frequencies in the signal, but only the ampli¬ 
tudes. In a spectrogram, the relative amplitude of different 
frequency components of the sound is indicated by differ¬ 
ent colors or shades of gray. 

The left plot in Figure 3 shows the spectrogram of the 
1000 Hz sine wave whose amplitude-time display was 
shown in Figure 1. The spectrogram shows one frequency 
band at 1000 Hz that is stable in its position over the 
entire duration of the sound. The right plot in Figure 3 
shows the spectrogram of the complex wave whose 
amplitude-time display is shown in Figure 2. The spectro¬ 
gram of the complex sound shows that five frequency bands 
are present. These five bands are all of equal darkness in 
the plot, indicating that all five frequencies are of equal 


amplitude. The five frequency bands are also horizontal and 
parallel, indicating that the frequency structure is stable 
across time. These frequency bands are separated by a 
fixed vertical interval of 1000 Hz. This means that the 
frequency components are in an integer relationship - the 
upper four frequencies are all integer multiples of 1000 Hz. 
This complex sound is said to be harmonic, or to have 
harmonic structure. In a harmonic sound, all frequency 
components are integer multiples of a base or fundamental 
frequency. In this example, 1000 Hz is the fundamental 
frequency, and the other components are harmonics of 
this fundamental frequency. The reciprocal of the funda¬ 
mental frequency of a harmonic sound is the period of the 
entire sound. In the waveform shown in Figure 3, this 
period is 1 ms. This same period can be derived from the 
time interval between successive repeating units in the 
amplitude-time waveform, or from the frequency differ¬ 
ence between the adjacent harmonics in the spectrogram. 

Because of the nature of the vertebrate vocal tract, 
biologically produced complex sounds may not have 
their frequency components in exact integer ratios. For 
this reason, these sounds are more formally called quasi¬ 
harmonic sounds. Figure 4 shows amplitude-time (top) 
and spectrogram (bottom) displays of one note in the 
advertisement call of the male bullfrog (Rana catesbeiana). 
This note (top left) is about 450 ms in duration and has a 
gradual onset (rise time) and offset (fall time). Expanding 
the time axis (top right display) shows that the note has a 
periodicity of about 122 Hz (8.2 ms). The spectrogram 
shows that the note contains 15 distinct frequency com¬ 
ponents, ranging from about 200 to about 1800 Hz. The 
individual harmonics in the note are not of equal ampli¬ 
tude, as shown by the unequal darkness of the individual 
frequency bands. The fundamental frequency of 122 Hz 
is not well-represented in the note’s spectrum, but it can 
be calculated either from the frequency spacing between 
the harmonic bands, or from the repeating period of the 
waveform. Even when the fundamental frequency of a 
harmonic series is missing, male bullfrogs behave as if 
they can detect the period of their advertisement notes. 
Similarly, humans report that they detect a pitch at the 
missing fundamental frequency. 
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Figure 3 Spectrograms (displays of frequency over time) for the waves in Figures 1 and 2. The spectrograms were computed by 
Adobe Audition v. 1.5. The sine wave in Figure 1 contains one frequency, 1000 Hz. The complex sound in Figure 2 contains five 
frequencies. The fundamental frequency is 1000 Hz, and the harmonics are at 2000, 3000, 4000, and 5000 Hz (these are the second, 
third, fourth, and fifth harmonics of the 1000 Hz fundamental frequency). 
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Figure 4 One note in the advertisement call of a male bullfrog, recorded in the frog’s natural environment at a distance of 3 m away 
from the caller. The top left graph is the amplitude-time display of the entire waveform of the note. This note has a gradual rise time 
(onset) and fall time (offset), and has an overall duration of about 450 ms. The top right graph shows the waveform of a 100 ms segment 
of the note. The period of the note is 8.2 ms. The bottom graph shows the note’s spectrogram. The note contains approximately 
15 different frequencies, at a frequency spacing of about 122 Hz (the reciprocal of the period). The darkness of the frequency bands 
indicates the relative amplitude of the different frequency components. Most of the energy in the note is in the low-frequency range 
around 200-300 Hz. 



Amplitude Modulation 

Another note in the same male bullfrog’s advertisement 
call is shown in Figure 5. This note fluctuates several 
times in its amplitude over its duration (top left graph). 
This pattern of change in amplitude is called amplitude 
modulation. Formally, there are a number of mechanisms 
that generate such periodic variations in amplitude. For 
example, one form of amplitude modulation results from 
the multiplication of two individual sine waves with a 
nonzero baseline pressure (as would result from air blown 
over a larynx). This process creates additional frequency 
components in the sound called sidebands. The bullfrog 
note in Figure 5 still has the same 8.2 ms period (top right) 
as the unmodulated note in Figure 4, but its spectrogram 
differs by the relative darkness of some frequency bands, as 
well as gaps in the spectrum produced by the modulation 
process. The addition of amplitude modulation to a sound 
makes it perceptually distinct from an unmodulated call, 
and thus conveys additional information to the receiver of 
the call. Male bullfrogs behave as if they can discriminate 
between the modulated and unmodulated notes made by 
other bullfrogs. The advertisement and aggressive calls of 
the male green treefrog, Hyla cinerea , differ in their rates 
of amplitude modulation. Both male and female green 
treefrogs can behaviorally discriminate between these 
two types of calls, indicating that these animals detect 
the amplitude modulation as a cue. 


Frequency Modulation 

Other biological sounds vary in their frequency com¬ 
position over time. This process is called frequency mod¬ 
ulation. The left graph in Figure 6 displays the 
amplitude-time waveform of the advertisement call of 
the male gray treefrog (Hyla versicolor). This call consists 
of a series of very short notes or pulses (20 successive call 
notes in the 1 s interval shown here), each of which has a 
sharp onset and offset. The spectrogram of a portion of 
this call, shown in the right graph, illustrates that each 
note contains several frequency components, and that 
these components are frequency modulated. The three 
main frequency components (around 1500, 2500, and 
3500 Hz) sweep upward in their frequency over the 
note’s duration. These three frequencies are in a quasi¬ 
harmonic relation, with the frequency spacing or period 
around 1000 Hz or 1 ms. Some species of insects and most 
vertebrates discriminate between sounds that differ in the 
direction and the extent of their frequency modulation. 
The addition of frequency modulation to a call can assist 
in its propagation through the environment. 

Propagation of Sounds in the Environment 

A sound pressure wave propagates or spreads outward from 
the source of the mechanical disturbance. As it propagates, 
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Figure 5 Another note in the advertisement call of the same male bullfrog as in Figure 4, also recorded at a distance of 3 m from the 
source. The amplitude-time display shows that this note is approximately 650 ms in duration and has a gradual rise time and fall time. 
The note is amplitude-modulated - it varies in its amplitude over its 650 ms duration. The period of the note is still 8.2 ms, but the 
spectrogram shows changes in the relative darkness of some frequency bands resulting from the modulation process. 


4000 

TT 

> 3000 

o 

CD 

| 2000 

LL 

1000 


0.0 0.2 0.4 0.6 0.8 1.0 

Time (s) 

Figure 6 Amplitude-time display (left) and spectrogram (right) of the advertisement call of the gray treefrog, Hyla versicolor. The call 
was recorded in the frog’s natural environment by Joshua J. Schwartz. This call is 1 s in duration, and contains 20 short notes, each with 
a sharp onset and offset. The spectrogram shows that each note contains three frequencies, each of which is frequency-modulated 
upward. The three frequencies in each note are in harmonic register. 




Time 


it decreases in its amplitude as its wavefront spreads out to 
cover an ever-enlarging area of space, even as the total 
energy in the wave remains constant. Thus, the amplitude 
of a sound wave picked up at some point in space depends 
on the distance from the source. Eventually, the sound 
spreads out so much that it can no longer be detected at 
any one point. Moreover, in a natural environment, the 
propagating pressure wave is affected by the presence 
of other objects that interact with the sound to produce 
distortions in its waveform due to interference or reverber¬ 
ation. All of these affect the amplitude-time waveform of 
the signal, and they can affect the discreteness of frequency 
bands in the spectrogram. In cases where the presence 
and distinctiveness of closely spaced frequencies is critical 
for interpreting the message contained in communication 


sounds, receivers located far from the source are less likely 
to be able to decipher the message even though the sound 
may still be detectable. 

How signals propagate through the environment is 
important for understanding their biological function. 
Because of these environmental effects, within their 
range of hearing, different animal species use different 
sound frequencies for different communication purposes. 

Propagation in an Ideal Environment 

The amplitude, or pressure, of a sine wave in air decreases 
according to the inverse of the distance traveled. Specifi¬ 
cally, its amplitude decreases by 6 dB (a halving of ampli¬ 
tude) for every doubling of the distance from the source. 
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Figure 7 Attenuation of the amplitude of sound with distance 
as it propagates through the air. Attenuation is graphed as 
relative decibels, where OdB is the reference value. The solid 
dark line shows attenuation of sine waves as predicted by 
spherical spreading. The red line shows attenuation of a 5000 Hz 
sine wave, and the green line shows attenuation of a 20 000 Hz 
sine wave. Attenuation becomes more severe with higher 
frequencies, due primarily to atmospheric absorption. Data are 
replotted from Camhi JM (1984) Neuroethology: Nerve Cells and 
the Natural Behavior of Animals. Sunderland MA: Sinauer 
Associates. 

This is called spherical spreading, and it describes the 
attenuation of (decrease in) sound amplitude with incre¬ 
asing distance (Figure 7). Spherical spreading is not 
dependent on the sound’s frequency. Propagation of a 
sine wave over the horizontal surface of a body of water 
occurs by cylindrical spreading, or a decrease in ampli¬ 
tude by 3 dB for every doubling of distance, because the 
water prevents the formation of a spherical wavefront. 
Animals such as bullfrogs that call at the air-water inter¬ 
face thus experience less loss in the amplitude of their 
calls than if they were calling from a site on land. Under¬ 
water, the rate of sound propagation (whether spherical 
or cylindrical) depends on water depth and the physical 
distance of the sound source from the top (air-water 
interface) and bottom (seabed) boundaries. 

Propagation in the Natural Environment 

The rate of sound propagation in the natural environment is 
influenced by many variables, including temperature, 
humidity, turbulence (in air or in water), altitude (in air), 
depth (in water), presence of vegetation, and characteristics 
of the substrate (sand, mud, concrete). Sound waves also 
reflect from surfaces, resulting in a scattering or loss of 
energy. Moreover, in a natural environment, background 
noise, produced by other animals or by man-made objects, 
affects propagation and the fidelity of the sound at the 
receiver. Sounds can be distorted or undergo reverberation 
as they travel outwards from the source, and they can be 
reflected or scattered by objects or by boundaries. All of 


these influence sound frequency, amplitude, and phase. In 
some situations, the environment can aid propagation. 
Sound waves refract or bend when they encounter a surface 
where the speed of sound changes. Some sounds travel better 
if they are emitted at the air-water interface; some sounds 
travel better if the animal is elevated above the substrate. 
Underwater (SOFAR) channels are found at particular 
ocean depths where refraction is maximal. Sounds in the 
SOFAR channel can travel long distances without attenua¬ 
tion. These phenomena can result in sound propagation as 
good as or even better than predicted by the inverse square 
law, even in the midst of environmental noise. These areas of 
increased sound propagation are called sound windows. 

Outside of the ideal environment, sound attenuation 
occurs due to absorption of energy by the medium as well 
as by spreading losses. Such attenuation is affected by 
sound frequency (Figure 7). In effect, the propagating 
sound is robbed of energy that is absorbed by the medium, 
so the decrease in amplitude during propagation occurs 
faster than would be predicted by spherical spreading 
alone. Atmospheric absorption is a major constraint on 
the use of sounds for long-distance communication. 
High-frequency sounds attenuate more rapidly during 
propagation than do low-frequency sounds. This is 
because higher frequencies undergo more cycles of con¬ 
densation and rarefaction per second, and in each cycle, 
acoustic energy dissipates as a result of thermal energy 
generated by the vibration of the molecules. Thus, high 
frequencies suffer more absorption than low frequencies. 
Lower frequencies in a complex sound are relatively more 
preserved as they travel through the environment. An 
example of this is shown in Figure 8. Here, the same 
note in a male bullfrog’s advertisement call, as shown in 
Figure 5, where it was recorded at a distance of 3 m from 
the frog, is now recorded 40 m away from the frog. The 
waveform is, of course, at a lower amplitude, but the 
spectrogram plotted using the same digital settings as in 
Figure 5 illustrates the effects of atmospheric absorption 
and other consequences of propagation through a natural 
environment. Comparing the spectrograms in Figures 5 
and 8, only the low-frequency components of the call 
survive to be picked up at the 40-m recording site. The 
higher frequency components in the call have been 
absorbed, scattered, or attenuated by the environment. 

The impact of the true environment on sound propa¬ 
gation means, for long distance communication, animals 
are more likely to use low-frequency than high-frequency 
signals because low frequencies travel farther and suffer 
less propagation loss. Territorial or aggressive calls that 
are used for communication between social groups tend 
to contain low frequencies. Advertisement or mating calls 
used by males to attract females to a breeding site also 
tend to contain low frequencies. Conversely, sounds that 
are used for communication over short distances, such as 
alarm calls directed toward members of the social group, 
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Figure 8 Amplitude-time display and spectrogram of the bullfrog note shown in Figure 5, this time recorded at 40 m distance from the 
calling male. Note that frequencies in the note above 400 Hz are now no longer present, showing that low frequencies suffer less 
propagation loss with distance than do the higher frequency components. 


or contact calls between mothers and offspring, tend to 
contain high frequencies that will not propagate far from 
the source and possibly alert distant predators. The phys¬ 
ical structure of animal signals may, thus, give clues as to 
the biological functions of these signals, and to the per¬ 
ceptual abilities of the receivers of these signals. 

See also: Alarm Calls in Birds and Mammals; Anthropo¬ 
genic Noise: Impacts on Animals; Hearing: Vertebrates; 
Mating Signals; Sound Production: Vertebrates. 
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Introduction 

Electroreception, that is, the detection of naturally occur¬ 
ring electric stimuli by animals with specialized electro¬ 
receptors in their skin, can be found only in animals that 
live in water and thus is always coupled to an aquatic 
medium. Many marine and freshwater fishes, with the 
important exception of most (but not all) teleosts, are 
electroreceptive. Most electroreceptive animals detect 
weak electric fields, which originate in the biotic or abi¬ 
otic environment and stimulate their ampullary electro¬ 
receptors organs, a process called passive electrolocation. In 
contrast, animals that use active electrolocation actively emit 
electric signals and perceive them after they have been 
modified by the external world. In this case, objects are 
detected because they change the self-emitted signal in a 
way perceivable by the animal. 

Active electrolocation is only used by weakly electric 
fishes that produce electric signals with specialized organs 
(electric organ discharges (EODs)) and perceive them 
with epidermal electroreceptor organs. This combination 
can be found only in the South American gymnotiforms 
(or Knifefishes) and the African mormyriforms (mormyr- 
ids). Despite its surprising similarity at several levels, the 
ability to actively electrolocate has evolved indepen¬ 
dently in South America and Africa. 

While an EOD is emitted, an electrical field builds up 
around the fish in the water (Figure 1). For example, the 
field produced by the basically biphasic EOD of the 
mormyrid Gnathonemus petersii is an asymmetric dipole 
field with one smaller pole at the fish’s tail and the other 
pole constituting the entire body of the fish anterior to the 
electric organ. Because water is a conducting medium, 
alternating electric current flows through the water and 
enters (or leaves) the fish’s body mainly through the pores 
of the electroreceptor organs. The electroreceptor cells 
measure the electrical current flowing through them, 
which is proportional to the local electrical voltage 
between the inside and the outside of the fish. 

If the fish approaches an object with electric properties 
different from those of the surrounding water, the electric 
field is distorted. The three-dimensional field distortions 
lead to a change in the voltage pattern within the ‘electric 
image’ which the object casts onto the fish’s skin surface. 
Thus, the electric image is defined as the local modulation 
of the electric field at an area on the skin. In mormyrids, 
a typical electric image has a center-surround (‘Mexican 
hat’) spatial profile. For example, a good conductor (e.g., a 


water plant, another fish, or a metal object) produces an 
image with a large center region where the local EOD 
amplitude increases, surrounded by a small rim area 
where the amplitude decreases. The image of a noncon¬ 
ductor such as a stone (or a plastic object) has an opposite 
appearance: in its center, local EOD amplitude decreases 
while it slightly increases in the surrounding rim area 
(Figure 2). In order to gain information about objects 
during active electrolocation, the fish has to scan the 
electric image with its electroreceptors, which are inner¬ 
vated by primary sensory afferent nerve fibers that project 
to the brain. 

The Electric Organ Discharge 

Electric fishes produce electric impulses by a muscle or 
nerve-cell-derived electric organs, which in the case of 
mormyrids lies in the caudal peduncle. In both Africa 
and South America, two basic types of EOD can be 
found: pulse-type EOD, where the interval between two 
EOD is clearly longer than the duration of a single EOD, 
and wave-type EOD, where discharges are produced one 
after another resulting in a quasisinusoidal wave signal 
(Figure 3). 

In all cases, EOD are used for nocturnal orientation 
through active electrolocation and for electrocommunica¬ 
tion. For both processes, EOD waveform plays a critical 
role. The waveform of an EOD depends on the morphol¬ 
ogy of the electric organ and on the hormonal state of the 
animal. The electroreceptor organs involved in electrolo¬ 
cation are tuned to the characteristics of the self-produced 
EOD and thus can detect object-induced modifications 
of the local EOD. Most objects in the environment of the 
fishes are mainly resistive, but animate objects also have 
capacitive properties, which lead to waveform shifts of the 
local EOD in addition to amplitude changes. By detecting 
these waveform changes, weakly electric mormyrids can 
detect and identify capacitive objects. 

The Environment of Weakly Electric Fishes 

Weakly electric fishes live in freshwater habitats of Africa 
and South America. The about 200 different species of 
Mormyrids and the more than 150 species of Knifefishes 
have conquered many diverse habitats from small creeks to 
smaller and larger rivers and lakes. Most of these waters 
have a rather low electrical conductivity and a temperature 
well above 20 °C. In waters of cooler or more arid areas, the 


16 



Active Electroreception: Vertebrates 


17 


number of electric fish species greatly diminishes. G.petersii , 
for example, lives in rivers and stream of the rain forests of 
central Africa. During the day, the animals hide in the 
vegetation or in cavities at the bank of the rivers. During 
the night, they become active, leave their hiding places and 
search for food at the ground of the river. 

Different species of weakly electric fishes feed on a 
variety of food. Apparently most, if not all species are 
predators and insect larvae, such as chironomid larvae, 
constitute a high percentage of their diet, even for larger 
species. However, there are also fish predators, such as the 
mormyrids Mormyrops anguilloides , which grows up to a 
length of about 100 cm. In Lake Tanganyika, this species 
hunts in groups for sleeping cichlids at night, a behavior 
which is called ‘pack hunting.’ The great majority of 
weakly electric fishes are strictly nocturnal and in the 
absence of light, the major sense used for prey detection 
is the electric sense, in particular active electrolocation. 




Nonconductor 


Figure 1 Schematic two-dimensional drawings of the electric 
fields of G. petersii distorted ventrally by a water plant (good 
conductor, left) or a stone (isolator, right). The fish is viewed 
from the side. Electrical field lines are drawn as thin lines. 
Modified after von der Emde G (1999) Active electrolocation of 
objects in weakly electric fish. Journal of Experimental Biology 
202: 1205-1215. 


Perception of Objects During Active 
Electrolocation 

During active electrolocation, weakly electric fish not 
only detect and locate objects in their environment, but 
also identify several object properties. Fish can detect the 
electrical properties of the material an object is composed 
of. The electrical resistance of an object is determined by 
measuring the amplitude change imposed on the local 
EOD by the object. Mormyrids and gymnotiforms can 
also perceive capacitive object properties (‘capacitance 
detection’). Especially living objects have complex elec¬ 
trical impedances consisting of capacitive and resistive 
components. G. petersii is able to measure both compo¬ 
nents independently and quantitatively, thereby being 
able to categorically discriminate between living and 
inanimate objects. Thus, living prey items (e.g., chirono¬ 
mid larvae) acquire an ‘electrical color’ and thus pop out 
of an inanimate, electrical gray background. Depending 
on the frequency compositions of the EOD, only a certain 
range of capacitive values can be detected by a fish. In 
several species of mormyrids, the detectable range of 
capacitances corresponds to the range of capacitive values 
of animated objects found in their natural habitat. 

G. petersii can also localize nearby objects during active 
electrolocation. When presented with two objects at dif¬ 
ferent distances, the fish can learn to choose the object 
located farther away than the alternative one. This ability 
is based only on distance, and is independent of the size 
or electrical properties of the object. The fish thus have 
a true sense of depth perception and perceive a three- 
dimensional electrical picture of their surroundings. 

In addition to perceiving an object’s material and loca¬ 
tion, Gnathonemus also perceive an object’s shape. Fish can 



Figure 2 Electric images of a metal (left) or a plastic (right) object placed near the side of a G. petersii. The images on the fish’s skin 
are color coded with local amplitude-increases depicted in red and amplitude-decreases shown in blue. Above each graph, a single 
one-dimensional transect through the image is shown, which plots the local EOD amplitude change versus horizontal location along 
the midline of the fish. Note that both objects project Mexican-hat like images, however, of an inverted sign. 
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Figure 3 Electric organ discharges (EOD) emitted by a pulse fish (G. petersii) from Africa (left) and a wavefish (Eigenmannia) from 
South America. Note the different time scales. G. petersii emits single and brief pulses with long and variable pauses in between, while 
Eigenmannia emits a continuous sinusoidal signal. 


recognize a free-standing object of a certain shape after it 
was moved within an arena. G. petersii quickly learn to 
recognize objects of various shapes and to discriminate 
them from differently shaped objects. Shape recognition 
persists even when the object is rotated in space, indicat¬ 
ing a viewpoint-independent recognition of objects. In 
additional experiments, G. petersii demonstrated size con¬ 
stancy during object recognition, that is, they recognized 
an object of a certain shape even if its electric image 
appeared larger or smaller because of variations in dis¬ 
tance. Fish also could identify the size of an object inde¬ 
pendent of its distance. For analyzing the shape or the size 
of a new object, fish have to perform so-called probing- 
motor acts (PMA) (see later), that is, they have to swim 
around the object scanning it with their sensory surface 
from several viewpoints. This is in contrast to distance 
measurements, which can be achieved instantly and don’t 
require scanning movements. 

During active electrolocation, the electric images of 
two nearby objects will fuse in a nonlinear manner leading 
to a single, complex image. In spite of this effect, G. petersii 
is able to perceive the shapes of objects even when they 
are positioned right in front of a large background. This 
ability persists even if the object and the background are 
made from the same material. Fish are also able to detect 
small gaps in the millimeter range in a solid object. 

These findings show that weakly electric fish have a 
remarkable ability to analyze complex three-dimensional 
scenes and can identify single object’s properties even in a 
natural setting containing many bits and pieces of various 
sizes, shapes, and material. 

Electromotor Behavior During Active 
Electrolocation 

EOD are all-or-nothing events and their waveform cannot 
be modified by the animal on a short-term basis. However, 


the fish can change the temporal pattern of EOD pro¬ 
duced and thus influence the number of EOD emitted 
within a certain time window. In wave-type EOD, this 
results in different frequencies of the wave signal, while 
in pulse-type EOD, the sequence of pulse intervals (SPI) 
changes. In pulse fish, this SPI functions in electrocom¬ 
munication by conveying different types of information 
between the fish. During active electrolocation, the SPI is 
important for regulating the flow of information about the 
environment to the animal. 

In mormyrid pulse fish, typical SPI can be observed, 
when electrically inspecting an object or during foraging. 
The important parameter during active electrolocation of 
objects seems to be a regular pattern of interpulse intervals, 
as suggested by several authors for various species of 
mormyrids. All fish regularize their discharge activity 
during probing of an object, which is sometimes accom¬ 
panied by PMA (see section ‘Object Inspection: Probing 
Motor Acts’). These regular patterns contrast with the 
variable discharge rates during swimming and also during 
food search (see section ‘Foraging’). Regularization during 
object inspection may serve to keep receptors and asso¬ 
ciated brain structures on a constant level of adaptation, 
which may be especially important because of a high 
degree of plasticity of electrosensory brain structures. 
Regular SPI ensure that all changes of spike activity in 
the brain are caused by the object under investigation and 
not by changed conditions of nerve or receptor cells. 

Typical SPI during object probing can especially well 
be observed in fishes solving a conditioned object detec¬ 
tion task. Under these conditions, the animals are mainly 
engaged in active electrolocation, and the aspect of elec¬ 
trocommunication has only a small influence on electric 
signaling behavior. Figure 4 shows SPI of a G. petersii , 
which had to inspect an object in order to get access to an 
area in the aquarium that contained food. Identical train¬ 
ing experiments were conducted with three other species 
of mormyrids which emitted either shorter or longer 
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Figure 4 Sequence of pulse intervals (SPI) of a G. petersii during solving a conditioned electrolocation task. The graph shows 
interpulse intervals (IPI) versus time. Above, SPI during active probing (left) and during swimming (right) are shown in red as examples. 
The fish had to wait for the opening of a partition (‘waiting’) in a dividing wall of the experimental tank before it got excess to the 
electrolocation targets (‘probing’). When it reached a decision, the fish swam through the partition (‘passing gate’) and searched for 
its food reward on the ground of the tank (‘searching for and eating reward’). After this, it swam back through the partition and waited 
for the start of the next trial. Modified from Schwarz S and von der Emde G (2001) Distance discrimination during active electrolocation 
in the weakly electric fish Gnathonemus petersii. Journal of Comparative Physiology A 186: 1185-1197. 


lasting EOD. Even though all fishes showed regularization 
during ‘probing,’ its level differed among members of 
different species. Fishes emitting longer EOD had the 
tendency to discharge at lower rates compared to fishes 
with shorter EOD. 

Also, during food search mormyrid pulse fishes emit 
EOD at a high rate, which increases the amount of elec- 
trosensory input to the animal. However, no regulariza¬ 
tion behavior occurs. The significance of the lack of 
regularization during foraging remains to be examined, 
but one may assume that other factors (e.g., electrocom¬ 
munication) play a role. 

Locomotor Behavior During Active 
Electrolocation 

In addition to emitting a certain temporal pattern of 
electric pulses, mormyrids perform certain stereotyped 
swimming movements when engaging in active electro¬ 
location. Different locomotor behaviors can be observed 
during object inspection and during foraging. 

Object Inspection: Probing Motor Acts 

When investigating a novel object, mormyrids perform 
PMA, that is, characteristic behaviors composed of a 


series of swimming maneuvers in close proximity to the 
object. Six types of PMA have been described, which all 
may serve to position the fish optimally for some aspect of 
active electrolocation. During ‘lateral va-et-viens,’ the fish 
scans the object with its lateral (or ventral) body surface. 
By doing so, it might be able to centrally compare inputs 
from receptors at different body locations. During ‘radial 
va-et-viens,’ a behavior performed mainly when a fish 
is investigating a potentially dangerous object, the fish 
slowly approaches the object backward while simulta¬ 
neously displaying vehement lateral tail strokes to the 
left and right. This will modulate the input to all electro¬ 
receptors at one side of the body simultaneously. During 
the PMA called ‘stationary wriggling,’ the fish remains 
stationary lateral to the object and performs wriggling 
movements with the whole body, which continuously 
oscillates the distance between a fixed spot on the lateral 
body surface and the object. This allows the fish to com¬ 
pare inputs from the same electroreceptor organ at several 
distances to the object. When performing another type 
of PMA called ‘stationary probing,’ the fish rapidly 
approaches the object and suddenly stops when the head 
is only a couple of centimeters away. 

While all species of mormyrids investigated so far 
perform the types of PMA just mentioned in a similar 
way, there exists one PMA which is only performed by 
G. petersii. During ‘chin probing,’ G. petersii brings its 
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movable chin appendix, the so-called Schnauzenorgan , very 
close to the object, almost touching it. The fish then 
moves the Schnauzenorgan over the object, following its 
contours. This behavior resembles a haptic inspection of 
an object with the fingers of the human hand or the 
scanning movements of the fovea of the eye when looking 
at an object or inspecting a picture. The scanning of an 
object by these Schnauzenorgan movements will provide 
fine detailed electrical (and possibly touch) information 
about the shape of the object. 

Foraging 

When G. petersii is searching for small insect larvae (chir- 
onomidae) on the ground of the river, they never perform 
PMA. Nevertheless, characteristic and stereotyped beha¬ 
viors occur in these situations, which help to optimize 
sensory input about the prey. G. petersii employs several 
senses to find their food: vision, olfaction, the mechan- 
osensory lateral line, passive electrolocation and, most 
importantly, active electrolocation. This shows that food 
detection is a multisensory process, with several senses 
working together and being integrated by the brain. 

During foraging, G. petersii employs a characteristic 
swimming posture: they swim at a constant angle of their 
body axis of 18° ± 3.6° with their head toward the ground 
(Figure 5). With the tip of their Schnauzenorgan, they 
almost touch the ground, moving it in a stereotyped, rhyth¬ 
mic fashion from left to right while swimming forward. 
During these sweeping movements, the Schnauzenorgan 
scans an angle of about 110° during a full left-right cycle 


Figure 5 Photographs of a G. petersii during foraging taken 
from the side (above) and from above (below). The angle of the 
long axis of the fish toward the ground (blue, ot = 18° ± 3.6°) and 
the angle of the surface of the nasal region toward the ground 
(red, f} = 50° ± 5.8°) are shown. During foraging, the 
Schnauzenorgan is moved left and right and thus sweeps over a 
wide angle (white, y = 108° ± 44°) over the ground. 


(Figure 5), or 70°, if only a half-cycle is performed. During 
exploratory and foraging behaviors, Gnathonemus can move 
its Schnauzenorgan with a high velocity of up to 800° s -1 . 
These regular movements are often associated with high 
EOD emission frequencies of 55-80 Hz. 

When prey or another object of interest is encountered, 
the scanning movements of the Schnauzenorgan stop 
abruptly, and it is brought in a twitching movement 
toward the object for further exploration. In the case of 
prey, exploration is very brief and the fish tilts forward 
to soak up the insect larva. In order to acquire an object 
buried in the soil, the Schnauzenorgan is used as a bur¬ 
rowing stick in order to dig out the prey up to a depth of 
2 or 3 cm. 

The described slanted swimming position during prey 
search probably serves an additional function. It ensures 
that the nasal region, the skin area above the mouth and 
between the nares at the fish’s head, is held rather constant 
at an angle of about 50° relative to the ground (Figure 5). 
It thus points forward and slightly upward and might be in 
an optimal position to detect approaching objects such as 
obstacles, environmental landmarks, or swimming prey. 
When the fish approaches an obstacle, this object will 
project an electric image onto the nasal region and is 
thus detected and maybe identified. The nasal region, 
which contains an exceptionally high density of electro¬ 
receptors, is thus used like a fovea in the retina of the eye. 
The nasal region might also be used during catching of 
copepods suspended in the water. Because these prey 
items swim in the open water, they are usually not 
detected by the Schnauzenorgan, unless they happen to 
be very close to it. Instead, they will project an electric 
image on the nasal region, resulting in an orienting 
response of the Schnauzenorgan toward the prey, which 
then is followed by ingestion. 


The Electric-Fovea Hypothesis 

The term ‘fovea’ (literally meaning ‘small depression or 
pit’) has been originally used for an area in the human 
retina of the eye containing a high density of only cone 
photoreceptors giving it a high spatial resolution. In addi¬ 
tion, the fovea is strongly over-represented in the brain, 
with an overproportional number of neurons being 
devoted to process information coming from this retinal 
region. Behaviorally, the fovea is special, because during 
object inspection, eye movements let the fovea move over 
the object of interest and focus on important details. 
Lately, foveae have been reported to occur not only in 
visual systems but also in several other senses, including 
the acoustic fovea of echolocating cf-bats and the 
mechanosensory fovea of the star-nosed mole, which is 
located on 11th ‘foveal’ appendage. 
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Sensory systems can also contain double foveae. For 
example, pigeons have two specialized areas in each eye. 
One is used for long-range guidance, while the second is 
a shorter-range (food) detection system. The latter is a 
true foveal depression, which is located slightly below the 
retina’s center. It is specialized for wide field monocular 
perception of the visual area around and lateral to each 
side of the bird and is presumably used for predator 
detection and flight control. The second specialized 
fovea (the ‘area dorsalis’) lacks a depression and is located 
in the upper temporal retina. This area serves the frontal 
region below the bird’s beak and has presumably evolved 
for myopic foraging of food on the ground. 

The idea that G. petersii possesses two separate electric 
foveae was developed, when behavioral, anatomical, and 
physiological results had revealed several similarities 
between certain electroreceptive skin regions of the ele- 
phantnose fish and the eyes of pigeons. Around the same 
time, a similar hypothesis was put forward for South 
American weakly electric fish, which have an electric 
fovea and a ‘parafovea’ around their mouth. 

The two separate foveae in G. petersii constitute the 
Schnauzenorgan and the nasal region (Figure 6). Both 
regions independently fulfill the conditions of a fovea, 
because (1) the density of receptor elements in both 
regions is much higher than in the rest of the sensory 
epithelium; (2) both regions are over-represented in the 
brain of the fish, that is, there are more central neurons 
devoted to the processing of a single receptor element 
of the fovea compared to a receptor in the periphery; 
(3) there exist structural/morphological and physiologi¬ 
cal specializations of the receptors and accompanying 
structures within the foveae; and finally (4) the animals 
show behavioral adaptations for focusing a stimulus onto 
the fovea for detailed analysis. 

It follows that G. petersii has two separate foveae, which 
both fulfill the premises of a real fovea, respectively. In 
addition, it becomes clear that like in the pigeon eye, the 
two foveae serve different functions: the nasal region is a 
long-range guidance system that is used to detect obstacles 



Fovea 2 
nasal region 


Fovea 1 

Schnauzenorgan 


Figure 6 Schematic drawing of the posture of a G. petersii 
during foraging with the receptive beams of the two foveae 
indicated in yellow. The two foveae at the Schnauzenorgan 
(fovea 1) and at the nasal region (fovea 2) are sketched in red, 
the electric organ in the caudal peduncle in blue. 


or other objects in front of and at the side of the animal. 
The Schnauzenorgan, on the other hand, is short-range 
movable (prey-) detection system that is used to find and 
identify prey on the ground or inspect details of objects 
(Figure 6). Like in the pigeon, both systems work simulta¬ 
neously and ensure an optimal sensory inspection of the 
nocturnal environment of the fish. 


The Novelty Response 

African weakly electric mormyrid fish will respond to novel 
sensory stimuli that suddenly appear in their environment 
with a transient increase of the discharge rate of their 
electric organs (Figure 7). Similar ‘novelty responses’ can 
be found in the two unrelated groups of weakly electric 
pulse fishes from Africa and South America. This behavior 
will temporally increase the flow of sensory information to 
the fish allowing it to investigate in detail the new sensory 
environment and the cause of the change in sensory input. 
This function is backed by the association of the novelty 
response with several autonomic reactions, such as tran¬ 
sient changes in heart and ventilatory rates. The novelty 
response can therefore be regarded as an ‘orienting 
response,’ first described by Pavlov and found in all verte¬ 
brates, where it facilitates sensory processing of important 
sensory information. 

The novelty response of G. petersii occurs to all sensory 
modalities tested so far, that is, to mechanical, acoustical, 
electrical, and visual stimulation (Figure 7). Avery effec¬ 
tive stimulus is a sudden change in the electrical proper¬ 
ties of an object close to the fish, which is detected by 
active electrolocation. In G. petersii, novelty response para¬ 
meters such as duration, peak amplitude, and latency 
depend on stimulus intensity. In general, when stimulus 
intensity is high, the fish responds with a short latency, 
a high response amplitude, and a long-lasting novelty 
response. After repeated sensory stimulation, the novelty 
response will habituate, especially to nonsignificant, innoc¬ 
uous stimuli. Habituation of the novelty response follows 
a negative exponential function of the number of stimulus 
presentation, and is more pronounced the more rapid the 
frequency of stimulation and the lower the stimulus ampli¬ 
tude. Like a typical orienting response, the novelty response 
can be dishabituated by high-intensity stimuli of another 
modality. 


The Schnauzenorgan Response 

Both anatomical and behavioral evidence have shown that 
the moveable Schnauzenorgan is crucial for prey localiza¬ 
tion and object inspection. Recently, we observed another 
interesting reflex-like behavior of the Schnauzenorgan 
to nearby novel electrosensory stimuli. A sudden change 
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Figure 7 Examples of novelty responses of G. petersii to four 
types of sensory stimuli. Each graph shows the series of EOD of a 
single fish at the top with each EOD represented by a green 
vertical line. The middle diagram depicts the instantaneous 
frequency of EOD versus time. The third trace shows the 
occurrence of the stimulus, (a) The stimulus was a 10-ms light 
flash, (b) The stimulus consisted of a 20-s constant amplitude 
visual stimulus. Note that the fish responded with a novelty 
response both to stimulus on and off. (c) The stimulus was a short 
tone of ca. 750 Hz. (d) The stimulus consisted of a short-duration 
change in frequency from 500 to 600 Hz and back of an ongoing 
constant amplitude acoustical stimulus. Modified from Post 
N and von der Emde G (1999) The ‘novelty response’ in an 
electric fish: Response properties and habituation. Physiology & 
Behavior 68: 115-128. 


in the properties of an object located close to the chin 
evoked one or several fast twitching movements of the 
Schnauzenorgan (Figure 8). These movements, called 
‘Schnauzenorgan response’ (SOR), could be either evasive 
(movements away from the stimulus) or exploratory 
(movements toward the stimulus). When measuring the 
amplitude thresholds of this response, we could show that 
in contrast to the novelty response, the SOR only occurs 
to stimuli given next to the Schnauzenorgan or to a lesser 
degree near the head. In addition, SOR only occur reliably 
when stimuli are presented within about 3 mm of the fish’s 
skin, whereas the novelty response occurs distinctly 
beyond this distance. The probability of evoking a SOR 
depended on the magnitude of the amplitude change of 
the electric input, with bigger changes eliciting SOR more 
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Figure 8 (a) Six frames from a sequence of a Schnauzenorgan 
movement filmed at 128 frames per second. In each frame, the 
time in ms is given. The resistance of the dipole-object at the 
left of the fish (yellow outline) was changed at time 0 h. The 
beginning of the SOR occurred at time 343 (second frame). The peak 
displacement of the SO happened at time 624, indicated by the red 
outline of the fish, (b) Tracking data of the Schnauzenorgan’s 
displacement (72° s _1 ). (c) Instantaneous EOD-frequency as 
measured during the sequence shown in (a) and (b). Note that the 
SOR peaks about 400 ms after the novelty response. In (b) and (c), 
the time of stimulation is indicated by the green background color; 
the time of maximal SOR is denoted by the orange vertical line. 
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reliably. Similarly, increasing the distance of the stimulus 
reduced the probability of the response. 

While novelty responses are evoked by novel sensory 
stimuli of any modality (vision, audition, touch, electric, 
etc.), SORs are only evoked by electrolocation stimuli, 
which can, however, occur either during active or dur¬ 
ing passive electrolocation. Compared to the novelty 
response, the response latency of the SOR is much longer: 
about 300-500 ms versus ca. 40 ms of the novelty response 
(Figure 8). 

The SOR appears to be a reflex-like behavior that is 
engaged in object detection and inspection, probably to 
quickly orient the Schnauzenorgan-fovea toward a sud¬ 
denly emerging object during foraging. It appears to be 
mediated through a sensory motor loop from the recep¬ 
tors at the Schnauzenorgan (mormyromasts and/or 
ampullary electroreceptor organs) to the brain and back 
to the appropriate muscles of the lower jaw and the 
Schnauzenorgan. 

See also: Electroreception in Vertebrates and Inverte¬ 
brates. 
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Fisher argued that selection acted to maximize the 
intrinsic rate of natural increase (r) of a population. The 
basis of this argument is that r is a predictor of the size of a 
population in the next time period. If two groups differ in 
their rate of increase, over time the group with the higher 
value of r would dominate the population. Similarly, those 
individuals with the highest lifetime reproductive rate 
(R 0 ) have the highest fitness. Thus, there is a clear idea 
that selection acts to maximize fitness as measured by v 

Maximizing fitness rarely means maximizing any one 
trait. Rather, under most circumstances, fitness is maximized 
when different aspects of the phenotype are at intermediate 
values that are compromises among the various selective 
forces affecting reproduction. That is, maximizing fitness 
equates to finding the best balance between tradeoffs. 
Thus, reproductive success is maximized within a set of 
external constraints that are imposed by the environment 
or the biology of the organism. The idea of maximizing 
fitness subject to constraints is known as optimization. 

To study selection as an optimizing process, we must 
first identify constraints that most strongly produce trade¬ 
offs. One such constraint is the amount of energy available 
to an organism. In models that consider energy as a con¬ 
straint, the total amount of energy available to an organism 
is fixed, and the model searches for the optimal partitioning 
of that energy among different functions in which the 
organism is engaged. For example, in its normal functioning 
an animal has to use energy for metabolic functions, growth, 
repair, and reproduction. The fixed amount of energy must 
be partitioned among these various functions, and the par¬ 
titioning that maximizes the lifetime reproductive rate of 
the animal is by definition the optimal partitioning. 

The actual partitioning of energy into these various 
components changes over the lifetime of an organism as it 
undergoes development and is also a function of the organ¬ 
ism’s ecology. Juveniles devote a relatively large amount of 
energy to growth and no energy to reproduction, whereas 
at maturity, energy devoted to growth may decrease 
or cease entirely, and energy devoted to reproduction 
increases. Similarly, ecological variables influence optimal 
energy partitioning. Large animals, including condors, 
whales, and presumably many of the Pleistocene mega- 
fuana have a life history that is typified by delayed matu¬ 
ration, low reproductive rates, and extended parental 
care. This life history maximizes lifetime reproduction if 
adults experience low predation because high adult sur¬ 
vival counterbalances low reproductive rates. Conversely, 
mice are highly susceptible to predation throughout their 


lives and have quite different life histories. For mice, 
lifetime reproduction is maximized by early maturation 
with rapid and abundant reproduction at the expense of 
adult survivorship. 

Lack presented an early application of optimization 
that examined brood sizes for animals, especially birds. 
Lack reasoned that the given amount of energy available 
for reproduction must be partitioned among the offspring. 
He envisioned a tradeoff between having many small 
offspring, each receiving a relatively small amount of 
energy (and therefore a fairly low probability of survival) 
versus producing a few large offspring, each receiving a 
larger share of the reproductive energy, and thus having 
a greater chance of survival. Lack showed that the optimal 
clutch size, the one that maximizes the number of fledged 
offspring, is intermediate. A simple numerical example 
illustrates this fundamental insight. Consider a situation 
in which the probability of survival to fledging declines 
linearly with the number of offspring. In this case, the 
number of fledged offspring will be: 

Fledged offspring = Clutch size x Probability of an 

offspring surviving 

Suppose the offspring produced from a clutch size of 
1 gets 100% of the reproductive effort of the parents 
and has a probability of fledging of 90%. This decreases 
linearly such that with a clutch size of 10, each offspring 
gets 10% of the parental reproductive effort and has a 0% 
chance of survival (Figure 1(a)). In this example, the 
optimal clutch size is 5, which is expected to produce 
2.5 offspring (Figure 1(b)). Below this optimum, individ¬ 
ual offspring survive better, but because of the small 
clutch size fewer fledge. Above this clutch size, the num¬ 
ber fledging decreases because survivorship is low. 

It is important to note that what is optimal for the parents 
may not be optimal for the offspring. In the example given 
earlier, the optimal clutch size for the parents is 5 offspring, 
which maximizes the number or progeny that fledge. From 
the offspring’s perspective, the optimal clutch size is one, 
which maximizes its own survival. This simple example is 
the foundation of a body of theory called ‘parent-offspring 
conflict,’ and illustrates that when there are interactions 
among individuals the optimal solution for one party may 
not be the optimal solution for other members of the inter¬ 
action. Trivers provided the insight that as a result the final 
equilibrium may be a compromise among the different 
participants, and not optimal for any single individual. 
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Figure 1 The probability of progeny survival as a function of 
clutch size in a hypothetical example in which the available 
parental effort must be partitioned among offspring. In this 
example, there is a linear relationship between clutch size and the 
energy available per offspring, and as a result a direct relationship 
between clutch size and probability of survival. 


Foraging theory is another modeling tradition that 
uses an optimality approach. In its simplest form, optimal 
foraging focuses on energy, in the form of calories ingested. 
Thus, energy must be maximized, and the constraint that 
must be partitioned is time. That is, a foraging animal has a 
limited amount of time that must be partitioned between 
seeking food (e.g., prey), capturing it, and handling and 
processing it; the optimal diet is the one that maximizes 
the calorie intake per unit time. For example, a predator 
might focus on small, easily captured, but low-energy prey, 
or instead focus on larger, harder to capture, but high- 
energy prey. More sophisticated models take into account 
complications such as nutritional value of the food and risk 
of being captured by a predator while foraging. 


The important feature concerning both these modeling 
traditions is that they assume that there is some form of 
ecological tradeoff that cannot be relaxed. Thus, for clutch 
size models, the total amount of energy available for repro¬ 
duction is fixed and must be partitioned among offspring, 
and for optimal foraging theory the energy and handling 
time for each food type is a fixed quantity. A second, often 
unstated assumption is that adequate genetic variation 
exists for selection to reach a fitness optimum. 

Relating selective changes in phenotype to genetic 
changes requires the algebraic machinery of quantitative 
genetics. In quantitative genetic models, the change in 
phenotype due to selection can be shown to be equal to 
the additive genetic covariance between the trait and 
relative fitness: 

Az = COVa(z, w ) 

where Az is the change in the trait of interest, and 
cova( 2 , w) is the additive genetic covariance between 
the trait and relative fitness (Arnold and Wade, 1984). 
Thus, a trait changes as a result of natural selection only 
to the extent that it covaries with relative fitness. 

It is generally true that selection always favors those 
individuals with the highest relative fitness. As a result, 
selection on relative fitness is always directional. How¬ 
ever, the relationship between phenotypic traits and rela¬ 
tive fitness is rarely linear, and the highest relative fitness 
is attained at intermediate values for most traits. As a 
result, most traits are under stabilizing selection for an 
intermediate optimum. This provides a genetic concept 
of optimality: The optimal phenotype is the phenotype 
that is at the joint selective value for a set of traits 
that maximizes relative fitness. Typically, this will be an 
intermediate value for most or all traits. Methods for 
studying stabilizing selection on one or more traits are 
well developed. 

The classic example of stabilizing selection is human 
birth-weight. An early study in northern England identi¬ 
fied an optimum birth weight of approximately 8 pounds, 
with infant mortality increasing with either higher or 
lower birth weights. Today, optimal birth weight varies 
strongly across human populations, primarily as a function 
of maternal nutrition and access to health care. The exam¬ 
ple of human birth weight illustrates that selection pres¬ 
sures above and below the optimum may be very different. 
Increased mortality for low birth weight babies reflect 
problems in early development and ability to thrive that 
are associated with premature and very small neonates; 
increased mortality among large birth weight babies reflect 
complications associated with difficult childbirth. 

Even examples of strong directional selection even¬ 
tually resolve into stabilizing selection for an interme¬ 
diate optimum. Consider race times of thoroughbred 
horses. The fastest time for running the Kentucky Derby 
is currently held by Secretariat, a record set in 1973. 
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This record has stood for 35 years despite intensive selec¬ 
tion on horses to win races. Failure to break this long¬ 
standing record probably reflects that faster horses tend to 
be more prone to injury. Thus, the directional selection 
for speed imposed by generations of horse breeders is now 
countered by natural selection against horses that are 
easily injured. 

These examples raise the important point that although 
stabilizing selection can be modeled directly using a qua¬ 
dratic regression of phenotype on fitness, in most cases 
selection for an intermediate optimum involves ‘correla¬ 
tional’ selection. That is, the ‘optimum’ is typically a tradeoff 
between competing selective forces on different and corre¬ 
lated traits that maximizes the overall fitness of the individ¬ 
ual. The theory of selection on correlated traits has been 
well developed, and in general emphasizes the point that 
when two traits have a negative genetic correlation the rate 
of evolution toward the joint optimum slows drastically. 

Genetic correlations can arise in several ways. 
In genetic terms, they can be caused by pleiotropy, or by 
linkage. Pleiotropy occurs when one locus affects multiple 
traits. For example, a genetic locus that positively influ¬ 
ences the running speed of a horse may negatively affect 
the robustness of its leg. The second, less common, cause 
of genetic correlations is linkage disequilibrium. Two 
traits may have a genetic correlation because alleles at 
two tightly linked loci have become nonrandomly asso¬ 
ciated by chance, selection, or through the mixing of 
populations. Genetic correlations due to linkage disequi¬ 
librium tend to be transient and are generally considered 
to be less important than pleiotropy. 

Genetic correlations can also be defined from func¬ 
tional considerations. Genetic tradeoffs can result from 
fundamental physical, physiological, or phylogenetic con¬ 
straints. As an example, consider body size in insects. 
Insects ‘breathe’ through a set of tubes called trachea 
that allow for passive gas exchange. Efficient gas exchange 
can only occur over short distances, and so the size of 
insects is limited by their tracheal system and its ability 
to deliver oxygen to their tissues. Breaking the genetic 
correlation that produces both trachea and small body size 
would require a fundamental change in the organism’s 
physiology. Just as pigs cannot fly, insects cannot evolve 
very large body sizes. Yet other kinds of genetic correla¬ 
tions can be broken over evolutionary time, as was the 
case for resistance of Escherichia coli to T4 bacteriophage. 
In a classic study, Lenski showed that bacterial mutations 
conferring resistance to T4 substantially reduced compet¬ 
itive fitness in the early phases of selection. Over the 
course of 400 generations, however, resistant populations 
evolved to have competitive fitnesses approaching those 
of the sensitive populations even though they retained 
their resistance to the T4 virus. Similar amelioration of 
the deleterious effects of resistance to insecticides has 
been observed in insects 


Wright’s Adaptive Topography 

A graphical representation of evolution in multivariate 
space was suggested by Wright. Wright envisioned an 
adaptive topography in which a set of ‘horizontal’ axes 
represented phenotypes in a population and a single 
‘vertical’ axis represented fitness (Figure 2). Wright’s 
adaptive topography model reflects three major general¬ 
izations about how genes contribute to fitness, which he 
inferred from decades of working on the genetics of coat 
color in guinea pigs: 

1. Multiple factor hypothesis: The variations of most traits 
are affected by many loci 

2. Universal pleiotropy: Allelic substitutions generally have 
effects on multiple traits 

3. Universal epistasis: The effects of multiple loci on a trait 
generally involve a great many nonadditive interactions. 



Characteristics of the organism 

Figure 2 Wright envisioned his shifting balance process as a 
mechanism by which a species could shift from one adaptive 
peak to a second one. (a) Phase 1, the phase of genetic drift. 

(b) Phase 2, the phase of mass selection, (c) Phase 3, the phase 
of interdemic selection. See text for a full description. 
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Together, these generalizations led Wright to conclude 
that the adaptive topography has a complex shape with 
multiple adaptive peaks. In other words, there typically is 
more than one solution to the problem of achieving high fitness. 

Also central to the concept of adaptive topography is 
the idea of ‘adaptive gene complexes.’ Adaptive gene 
complexes has never been well defined, but may be con¬ 
sidered a suite of specific alleles at multiple loci that 
confer high fitness together, but interact in such a manner 
that high fitness is attained only when all these alleles are 
present in the genotype. 

Gene Interaction, Adaptive Topographies, 
and the Shifting Balance Process 

Traditional population genetics theory is built on the 
underlying assumption of additive gene action. This 
assumption that gene interaction has negligible effects on 
fitness is relaxed in certain cases. For example, the simplest 
form of gene interaction, dominance, is directly treated in 
many models. The most important class of gene interac¬ 
tions ignored by additive models is ‘epistasis,’ or interactions 
among different loci. Standard quantitative genetic models, 
often called ‘infinitesimal models,’ assume that populations 
are very large, and that traits are determined by a large 
number of loci, each with very small effect. Under these 
assumptions, and with random mating, the effect of an allele 
is adequately described by its average effect alone. That is, 
because each allele is found in all possible combinations 
with other alleles at other loci, and all genotypes are repre¬ 
sented in proportion to the underlying frequencies of 
their constituent alleles, the epistatic interactions average 
out and can effectively be ignored. Infinitesimal models 
usually have a single optimum genotype that maps to a 
phenotype that is itself an optimal compromise among 
traits. In adaptive topography terms, this would be repre¬ 
sented by an adaptive landscape with a single adaptive peak. 

Yet few situations in nature fit the infinitesimal model. 
Wright focused on small populations that were subject to 
genetic drift. In such populations, interaction variance 
(dominance and epistasis) can be converted to additive 
genetic variance upon which selection can act by shifting 
the local average effects of alleles. The average effect of an 
allele can be thought of as the effect of that allele on the 
phenotype of an individual. The local average effect is the 
effect of an allele on the phenotype measured in a partic¬ 
ular subpopulation. When there is gene interaction and 
genetic drift, the effect of the gene on the phenotype is no 
longer a function of the gene alone, but rather a function 
of the gene and the genetic background in which it is 
found. In most circumstances, that situation yields multi¬ 
ple solutions that maximize the fitness of the individual. 
These multiple genotypes with high fitness produce an 
adaptive topography with multiple adaptive peaks. 


The infinitesimal model finds the optimum genotype 
simply, through mutation and selection. Populations start¬ 
ing at any point on the adaptive topography move through 
the landscape via mutation and selection, eventually 
climbing to the top of the single adaptive peak. By con¬ 
trast, populations with multiple adaptive peaks may never 
reach the highest possible fitness. Mutation and selection 
alone lead a population to the nearest peak, the local 
optimum, rather than the highest peak, the global opti¬ 
mum. In many circumstances, the global peak may be 
separated from starting conditions for the population by 
a low fitness region of the adaptive topography. Crossing 
those low regions requires a different process altogether, 
one modeled by Sewell Wright as his Shifting Balance 
Theory (SBT). 

The Shifting Balance Process 

Wright realized that some process other than simple 
individual selection was needed if a population was to 
explore an adaptive landscape and arrive at a global opti¬ 
mum, rather than being stuck on a single local optimum. 
Wright’s SBT starts with a population structured as a 
metapopulation, a set of relatively small subpopulations 
linked by occasional migration. Because the subpopula¬ 
tions are small, genetic drift is far more important than it 
would be if the populations were not subdivided. In these 
subdivided populations, Wright thought that movement 
between peaks would follow a three-phase process: The 
phase of genetic drift, the phase of mass selection, and the 
phase of interdeme selection. 

Phase 1: The Phase of Genetic Drift 

During this first phase, evolution in small populations is 
dominated by genetic drift (Figure 2(a)). Genetic drift is a 
function of population size: in very small populations, 
even selected alleles tend to behave as if they are neutral. 
Wright envisioned that this drift occurring in subpopula¬ 
tions allows each to move across the adaptive landscape 
independently. Indeed, some subpopulations potentially 
drift ‘down hill’ on the fitness slope and eventually cross 
an adaptive valley. Thus, genetic drift is the feature of 
the SBT allowing a subpopulation to escape the influence 
of one adaptive peak, move through an adaptive valley, 
and come under the selective influence of a new 
adaptive peak. 

Phase 2: The Phase of Mass Selection 

In this phase, subpopulations that drifted through the 
adaptive landscape come under the domain of influence 
of a new adaptive peak (Figure 2(b)). If selection becomes 
the dominant evolutionary force, subpopulations climb 
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‘up’ the fitness slope to the nearest adaptive peak. For 
selection to outweigh drift, either selection must become 
stronger, or the subpopulation sizes must increase. Such 
shifts are not guaranteed, however. Subpopulations that 
are small enough to be dominated by drift may remain too 
small to enter phase 2. 

Phase 3: The Phase of Interdemic Selection 

In this phase, the metapopulation is split over two or 
more local adaptive peaks, with some at their original 
adaptive peak, and some subpopulations on different adap¬ 
tive peaks. Subpopulations at higher adaptive peaks experi¬ 
ence higher fitness by definition, allowing them to grow; in 
time, they would tend to send out migrants. Subpopulations 
on the highest adaptive peaks become net exporters of 
migrants, whereas those on lower adaptive peaks become 
net importers of migrants (Figure 2(c)). Subpopulations 
that export migrants maintain their genetic integrity, 
while those that import migrants tend to have their gene 
complexes disrupted. The net result is to drive those sub¬ 
populations toward the higher adaptive peak. Over time, 
then, all subpopulations converge on the global optimum. 

Modern Interpretations of Wright’s 
Shifting Balance Process 

Since Wright’s first formulation, models incorporating 
epitasis have shown that drift changes the amounts of 
additive genetic variance within subpopulations and the 
local average effects of alleles. Subpopulations coming 
under the domain of influence of a different adaptive 
peak in Phase 1 experience shifts in the local average 
effects of alleles so that the relative fitness advantage 
conferred by an allele changes as well. Interpretation of 
phase 2 has been modified for finite populations as well. 
With gene interaction, selection changes gene frequency, 
and in the process changes local average effects, again 
changing which alleles are favored by selection. Thus, 
the effects of selection on an individual locus depend 
upon the total genetic background. Finally, phase 3, the 
phase of interdemic selection, is again influenced by gene 
interaction in that it is the ‘adaptive gene complex’ rather 
than individual genes that determine the fitness differ¬ 
ences among subpopulations on different peaks. 

Controversy Over the Shifting 
Balance Theory 

The potential for the SBT to be an important model for 
evolutionary change has been a subject of considerable 
controversy. Recent theoretical and experimental studies 
have validated components of the SBT, and it remains an 


area of active research. Despite the controversy surround¬ 
ing details of SBT, the concept of an adaptive topography 
has permeated modern thinking about evolutionary 
change, especially of complex phenotypes like behaviors. 

Current research focuses on explicating relationships 
between phenotypes, genetic architecture, and fitness. 
The adaptive topography metaphor implies that the 
covariance between relative fitness and phenotypic traits 
of an organism will change in a different manner from the 
covariance between fitness and the underlying alleles. 
Numerous selection experiments have demonstrated 
that phenotypes often respond to selection according to 
predictions of infinitesimal models. However, molecular 
studies are confirming the primacy of gene interactions — 
supporting Wright’s generalization of universal epistasis. 
Furthermore, theoretical studies show that the smooth 
and predictable behavior of phenotypes may not translate 
into the smooth and predictable behavior of the underly¬ 
ing genes. Thus, the adherence of phenotypic selection 
experiments to predictions from additive genetic models 
may be more apparent than real. 


Conclusions 

Phenotypic models, such as optimal clutch size and 
optimal foraging, seek to find a solution from a set of 
possibilities bounded by ecological, physiological, and 
evolutionary constraints. These phenotypic models share 
an underlying assumption that genetic limitations do not 
allow the organism to break the assumed constraints 
imposed on the model. Quantitative genetics provides a 
means of making these genetic assumptions explicit; they 
also add complexity, such as the assumption that genetic 
correlations are constant. One of the important features 
of these quantitative genetic models is that they invite us 
to view evolution as movement on an adaptive topogra¬ 
phy. Because phenotypic models often produce multiple 
optima, they appear to fit the SBT better than a Fisherian 
additive genetic paradigm. Resolving how behavior is 
optimized via natural selection will require a full explica¬ 
tion of the interactions among behavioral phenotypes, 
fitness, and genetic architecture. 

See also: Cost-Benefit Analysis; Levels of Selection; 
Optimal Foraging Theory: Introduction; Queen-Worker 
Conflicts Over Colony Sex Ratio; Trade-Offs in Anti- 
Predator Behavior. 
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Introduction 

A central component of theories of natural selection is 
that individuals are competing for limited resources. 
In many species, individuals use territories to maintain 
access to resources and mates, and aggressive behavior is 
frequently used to enforce the boundaries of territories. 
Although maintaining access to a resource such as food or 
a courtship site has obvious benefits, aggressive behavior 
has important costs (Figure 1). Aggressive displays are 
usually energetically expensive, and fighting increases the 
risk of injury or even death. In some vertebrate and 
invertebrate species, the decision to be territorial can be 
dependent on the density of conspecifics, food abundance, 
and distribution, as well as levels of stored energy. While 
aggression itself in the form of direct conflict between 
individuals is a primary mechanism for defending a terri¬ 
tory, animals use a variety of other display behaviors to 
advertise their current ownership of a territory. Some 
species use brightly colored visual displays or advertise 
acoustically, while others deposit scent markings on the 
territory, particularly around the boundaries. When these 
signals are not sufficient to deter intruders, a territory 
holder may engage in physical aggression. 

Aggression can be operationally defined as overt 
behavior that has the intention of inflicting physical dam¬ 
age on another individual. Examples include wrestling 
between horned beetles, biting in rodents, and darting 
flights by birds. In many species, there is a positive corre¬ 
lation between territory quality and reproductive success, 
suggesting there are important fitness consequences for 
winning aggressive encounters. Given the high costs of 
territorial aggression, it is not surprising, then, that 
aggressive behavior is tightly regulated with multiple 
levels of control that integrate information about the 
physical and social environment. Interestingly, it also 
appears that the same set of aggressive behaviors can be 
stimulated by different hormonal or neurobiological 
mechanisms under different environmental conditions. 

Testosterone (T) is often a focus of studies examining 
hormonal mechanisms regulating aggression. Although it 
is usually assumed that T increases aggression, this rela¬ 
tionship is much more complex and often depends on 
seasonal or social cues. In addition, T is a dynamic hor¬ 
mone that can change rapidly during a single aggressive 
encounter. Under some conditions, long-term baseline 
T levels do not correlate well with behavior, whereas a 


short-term increase in T may be closely associated with 
aggression and territory defense. Mechanistically, short¬ 
lived changes in T have tended to be ignored, possibly 
because it is usually assumed that steroids such as T and 
estrogens require several hours or days to exert a behav¬ 
ioral effect. However, there is increasing evidence that 
steroids can affect behavior rapidly. In addition, circulating 
T can be converted in the brain into dihydrotestosterone 
(a more potent androgen) or estradiol (a potent estrogen). 
Thus, differences in how T is metabolized within the brain 
can have important consequences for how behavior is 
affected by T. 

Mechanisms of aggression have been studied in a wide 
variety of taxa, but due to space limitations, we will focus 
our discussions on studies conducted on rodents and free 
living birds. However, many interesting studies have iden¬ 
tified mechanisms of aggressive behavior in other taxa, 
including fish, insects, reptiles, amphibians, and primates. 

Studying Aggression in Birds and Rodents 

The majority of studies on birds are conducted in field 
settings. An advantage of field studies is that aggressive 
behaviors can be observed in a complex environment, 
along with the fitness consequences of aggressive beha¬ 
viors. A disadvantage is that because a field setting is less 
controlled, it is more challenging to conduct manipula¬ 
tions and physiological measurements. One of the most 
common methods for testing aggression in birds is the 
simulated territorial intrusion (STI), in which a caged 
male is placed near a resident male and a speaker is 
used to play songs. Typically, territory holders respond 
to STIs with a variety of aggressive behaviors, including 
producing song and darting at the intruder. 

Almost all studies on rodents are conducted in the 
laboratory, and the most commonly used behavioral para¬ 
digm used is the resident-intruder test. The focal male 
(the resident) is housed in a cage for 2-5 days, and then an 
unfamiliar intruder is introduced into the resident’s cage. 
In most species, male residents attack the intruder by 
biting the flanks or boxing with the forepaws. The fre¬ 
quencies of these behaviors can be a measure of the 
intensity of aggression. The motivation to fight can also 
be reflected by the latency to first attack. The resident- 
intruder test is designed to model a resident defending 
a territory, although it is only a rough approximation of 
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• Potential costs 


• Potential benefits 


- Energy expenditure - Access preferred food 

- Risk of injury - Access to shelter 

- Exposure to predation - Mating opportunities 

Figure 1 Potential costs and benefits to engaging in 
aggressive interactions. Distribution of resources and mating 
systems will influence the relative magnitude of the listed costs 
and benefits. Hawk photo by Steve Jurveston. 


natural interactions. The main advantage to laboratory 
studies such as the resident-intruder test is the ability to 
conduct a wide variety of manipulations and measure¬ 
ments. Using implants, it is possible to measure the heart 
rate or the neurotransmitter release in real time. It is also 
possible to conduct precise hormone manipulations that 
would be difficult or impossible in a field situation. 


Territoriality and Aggression in 
Seasonally Breeding Birds 

In many passerine birds, breeding occurs in the summer 
and males defend breeding territories. This territorial 
aggression is usually associated with increased baseline 
plasma T. In many species, males provide parental care by 
feeding their chicks, and both T and territorial aggression 
decrease while males are provisioning their chicks. Hor¬ 
mone manipulation experiments in several species show 
that artificially increasing T with an implant during the 
parental phase can restore territorial aggression, but at the 
expense of parental behavior. In some cases, however, the 
negative relationship between increased T and paternal 
behavior has been dissociated. In species such as the 
rufous-collared sparrow, Zonotrichia capensis , increasing 
T does not inhibit paternal behavior. This insensitivity 
to T may have evolved because paternal care is essential, 
or because the breeding season is so short that it is 
impossible to breed late in the season. 

Additional studies suggest that the relationship between 
T and aggression in birds is stronger during the breeding 
season. If a male song sparrow is removed from its terri¬ 
tory, neighboring males compete to take over the recently 
vacated territory. If the experiment is conducted during 
the start of the breeding season, then the competing males 
have increased T. However, if the experiment is con¬ 
ducted outside the breeding season (autumn), then T is 


not increased, even though competition over the vacated 
territory is intense. An STI conducted during the breed¬ 
ing season provokes an aggressive response by the resident 
as well as an increase in T. However, an STI conducted in 
the fall does not increase T, even though male residents 
respond aggressively. These studies suggest that 
T produced by the gonads is not essential for aggression 
outside of the breeding season, a hypothesis supported by 
observations that castration of male song sparrows does not 
reduce aggression during autumn STIs. Intriguingly, it 
appears that nonbreeding aggression is regulated by estro¬ 
gens that are synthesized in the brain and not the gonads. 

When male sparrows are treated with an aromatase 
inhibitor (to block synthesis of estrogens), aggression dur¬ 
ing the nonbreeding season is reduced. Interestingly, this 
effect is observed within 24 h, which is relatively fast for a 
steroid hormone manipulation. This is important because 
most changes in gene expression mediated by steroid 
hormones take several hours or days to occur. In contrast, 
physiological changes that do not depend on gene expres¬ 
sion changes (so-called ‘nongenomic’ effects) can occur 
more rapidly. Subsequent studies suggest that the source 
of androgens for estrogen production may be the adrenal 
gland, specifically, dehydroepiandrosterone (DHEA). 
DHEA is not in itself an androgen, but is converted to 
androstenedione (an androgen) in the songbird brain. 
This is significant because plasma DHEA levels are ele¬ 
vated in nonbreeding males. Nonbreeding birds treated 
with DHEA implants increase singing behavior but do not 
increase aggressive behaviors, suggesting the possibility 
that a minimal threshold level of DHEA is necessary to 
support estrogen-dependent aggression. This hypothesis 
is supported by observations that DHEA levels decrease 
when males are molting feathers, a period when males are 
not aggressive. 


Photoperiod and Aggression in Rodents 

In many mammalian species, seasonal changes in behavior 
can be induced by light cycles, or photoperiod. For exam¬ 
ple, in many species of rodents, reproduction is inhibited 
in winter months and this inhibition can be induced by 
exposure to short days. In males, reproductive inhibition 
usually involves regression of the testes and a sharp 
decrease in T levels. Conventional thinking would then 
suggest that aggression levels should be reduced in winter¬ 
like short days. However, male aggression across a wide 
variety of hamsters and mice is increased in short days 
despite reduced T. Evidence from several species suggests 
that the increased aggression observed in short days 
may be independent of changes in T. For example, in 
Siberian hamsters, Phodopus sungorus , there is natural vari¬ 
ation in the reproductive responses to photoperiod, and 
some individuals maintain large testes size and increased 
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T in short days. In a resident-intruder aggression test, 
these ‘nonresponsive’ individuals attack an intruder more 
quickly and more often than individuals housed in long 
days with equivalent testes sizes and T levels. Com¬ 
plementary evidence is seen in the California mouse 
(Peromyscus californicus ), a species in which short days do 
not reduce testes size or T levels. Despite the absence of 
reproductive responses, male California mice are more 
aggressive in resident-intruder tests when housed on short 
days. These studies suggest that changes in T secreted by 
the testes cannot explain the effect of short days on aggres¬ 
sion in rodents. 

In hamsters, adrenal steroids play a role in plasticity in 
aggression. For example, removing the adrenal cortex of 
Siberian hamsters blocks the effects of short days on 
aggression. The hormone(s) affecting aggression from 
the adrenal glands are, however, unclear. In addition to 
producing glucocorticoids, the adrenal cortex can also 
synthesize DHEA, which could be converted into andro¬ 
gens in the brain. Siberian hamsters have increased 
DHEA levels in short days. Based on the importance of 
DHEA in regulating aggression in male sparrows outside 
the breeding season, it was hypothesized that short days 
might increase aggression by increasing DHEA. This 
hypothesis was not supported in a study demonstrating 
that DHEA implants did not increase aggression in ham¬ 
sters housed in long days. Since removing the adrenal 
cortex blocks the effects of short days on aggression and 
increasing DHEA does not affect aggression, it may be 
that a minimal threshold of DHEx4 is required to promote 
aggressive behavior. It could also be that short days alter 
systems that were affected by DHEA or its metabolites. In 
birds, it appears that downstream estrogenic metabolites 
play a critical role in regulating aggression outside of the 
breeding system. A series of studies in the mice of the genus 
Peromyscus demonstrate that estrogens have important effects 
on male aggression, and that photoperiod plays an important 
modulating role. 

In Peromyscus , estrogens increase male aggression in short 
days, as would be predicted based on results from sparrows. 
However, the relationship between estrogens and aggression 
in Peromyscus is complex. In old field mice ( P polionotus), 
estrogens decrease aggression in long days, but in short 
days, estrogens increase aggression. Intriguingly, estrogen 
receptor a (ERa) expression in the brain increases in short 
days, whereas estrogen receptor (3 (ERp) expression in the 
brain increases in long days. These results appeared very 
relevant to aggressive behavior, because studies in estrogen 
receptor knock-out mice suggest that ERa increases aggres¬ 
sion and ERp decreases aggression. However, a different 
pattern of regulation was observed in Peromyscus. Drugs that 
selectively activate either ERa or ERp decrease aggression 
when mice are housed in long days, and these same drugs 
increase aggression when mice are housed in short days. It 
appears that short days change how estrogens act in the 


brain at a molecular level. When estrogen binds ERa or 
ERp in the brain, these receptors can act as transcription 
factors, altering gene expression. This is a slow process, and 
most studies manipulating steroid hormones such as T or 
estradiol allow for at least 1 or 2 weeks for hormone manip¬ 
ulations to affect behavior. 

To assess whether photoperiod influences how estro¬ 
gens regulate gene expression, microarrays were used to 
measure the expression of genes that are estrogen depen¬ 
dent. In the bed nucleus of the stria terminalis (a brain 
region that regulates aggression), estrogen-dependent 
gene expression was up-regulated in mice housed in long 
days compared to short days. These data suggest that 
estrogens may decrease aggression in long days by pro¬ 
moting gene expression. In contrast, gene expression does 
not appear to be a central component of estrogen action in 
short days. In California mice and old-field mice, a single 
injection of estradiol increases aggression within 15 min if 
the mouse is housed in short days. If the mouse is housed 
in long days, an injection of estrogen has no effect on behavior. 
Fifteen minutes is considered too short for changes in 
gene expression to occur, so the rapid effect of estrogen 
on aggression in short day mice is most likely mediated by 
nongenomic mechanisms. Recent work has highlighted 
that steroids such as estradiol can phosphorylate kinases, 
regulate ion channels, or alter neurotransmitter release. 
All of these effects could contribute to rapid changes in 
aggressive behavior. 

A final complicating factor is how studies conducted on 
rodents in short days compares with studies on nonbreed¬ 
ing birds. Although hamsters and many Peromyscus are 
reproductively suppressed in short days, there is important 
variability. For example, while most male Siberian hamsters 
have regressed testes under short days, some individuals 
are ‘nonresponsive’ and maintain their testes under short 
days. These ‘nonresponsive’ hamsters show high levels of 
aggression in short days, exactly like short-day hamsters 
with regressed testes. In addition, male California mice 
appear to be capable of reproducing throughout the year, 
yet expressed increased aggression levels in short days. 
A major unsolved question is why aggression in so many 
species of rodents is increased during short days when 
many individuals are not breeding. 

Effects of Experience on Aggression 

Within a season, individual variation in male territorial 
aggression may also occur. For example, in a contest over a 
territory, residents often have an advantage. The reasons 
vary with species, but can be related to traits intrinsic to 
the territory owner, such as fighting ability or size, or 
related to traits emerging from interactions between the 
territory owner and the physical environment, such as 
familiarity with the territory. Individual variation in 
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territorial aggression in response to social stimuli can also 
be induced through a variety of mechanisms. For example, 
the behavioral response to an intruder can vary based 
on familiarity. The ‘dear enemy’ phenomena suggests 
that there is a lower aggressive response to a neighbor, 
but this may only be accurate as long as the boundaries 
remain stable. This effect has been described in both birds 
and frogs. 

Another example of social influences is related to past 
experience such as the ability to win a contest with an 
intruder. The loser effect is well established and an indi¬ 
vidual that loses an encounter is more likely to lose future 
encounters as a result of long-lasting changes in the 
hypothalamic-pituitary-adrenal (stress) axis. Evidence 
for the winner effect has been established across a variety 
of species. Peromyscus mice have also become a model 
system for investigating this. The California mouse is 
strictly monogamous and defends territories year-round. 
In the laboratory, inexperienced male California mice are 
randomly assigned to win between 1 and 3 encounters as 
residents in the resident-intruder test. These tests were 
rigged so that the resident would always win. After this 
training phase, the residents were tested against a larger 
intruder. The residents accumulate an increased ability to 
win with an increased number of previous wins (winner 
effect). Because the residents were randomly assigned 
to experience different numbers of wins, it was demon¬ 
strated that the experience of winning (independent of 
intrinsic competitive ability) increased the probability 
of winning an aggressive encounter against a larger oppo¬ 
nent. Interestingly, while California mice display a rela¬ 
tively robust winner effect, the strength of the winner 
effect in a familiar area can differ between species. In 
contrast to the California mouse, the white-footed mouse, 
which is promiscuous and significantly less territorial than 
the California mouse, displays a substantially diminished 
winner effect. 

As described earlier, androgens play a significant role 
in facilitating aggressive behavior. Research related to the 
‘challenge hypothesis,’ originally formulated from avian 
studies, has revealed that androgens often rise briefly after 
a male is challenged by another male and social stability 
has not been attained. Recent studies in California mice 
have investigated the function of this transient increase in 
testosterone and find that it modulates both future aggres¬ 
sion and the ability to win. The ability of T to modulate 
future aggression appears to operate through androgen and 
not estrogen receptors in the brain (via conversion to 
estrogen through the enzyme aromatase). Furthermore, 
winning experience alone in males can induce an increased 
ability to win future encounters in an additive fashion with 
T. Interestingly, the white-footed mouse does not experience 
a testosterone surge at the same time after an encounter as 
the California mouse and, as stated earlier, it exhibits a 
much weaker winner effect. One variable that may influence 


this species difference is the effect of residency, with the 
California mouse being a territorial species and the white¬ 
footed mouse [P. leucopus) being less territorial and using a 
roving strategy for finding females. The results thus far 
suggest that the separate effects of past winning experi¬ 
ence and exposure to transient increases in T can induce 
changes in an individual’s aggressive behavior. This rela¬ 
tionship, however, is complex because of interactions 
between these two factors; T itself may influence future 
winning ability, but this influence is much stronger when 
it is coupled with the experience of winning a fight. 

The species comparison between California mice and 
white-footed mice also raises the hypothesis that residency, 
a critical component to territoriality, may influence the 
development of the winner effect. In fact, California mice 
do not display a fall robust winner effect unless they have 
the ‘home advantage,’ regardless of intrinsic fighting ability. 
Thus, interactions between the physical environment and 
the territorial resident can induce variation in the expres¬ 
sion of the winner effect. For territorial animals, an indivi¬ 
dual’s fitness depends on its ability to win aggressive 
disputes. During the establishment of a territory, frequent 
aggressive encounters may occur as individuals compete 
for or expand their territories. Because the costs of aggres¬ 
sion can be high, a residency-dependent winner effect 
might be adaptive because it would allow individuals to 
adjust their winning ability in a context-specific manner. 

xAJthough territoriality and aggression are typically 
overlooked in females, in some species they show high 
levels of aggressive behavior. This is especially prevalent 
in biparental species where males and females jointly 
defend territories. As in males, a role for androgens has 
been found in female territorial aggression, and seasonal 
context appears to be significant. In a neotropical song¬ 
bird (the spotted antbird, Hylophylax naeviodes ), females 
confronting an intruder show an increase in T during 
the prebreeding season, but no change in T during the 
breeding season. In the California mouse, male-female 
pairs defend territories together. During an aggressive 
encounter with another female, the dominant hormonal 
change is a rapid decrease in progesterone, similar in 
profile to the rapid increase in T observed during encoun¬ 
ters in males. An identical decrease in progesterone dur¬ 
ing aggressive encounters was observed in female African 
cuckoos. In addition, female cuckoos treated with proges¬ 
terone implants were less aggressive than females receiv¬ 
ing empty implants, suggesting that a transient decrease in 
progesterone may indeed facilitate increased aggression. 
Additional studies in other species are necessary to deter¬ 
mine whether the effects of progesterone on aggression in 
females are as widespread as the effects of T on male 
aggression appear to be. 

There is a multitude of hormones and neurochemicals 
that influence territorial aggression. One with an intriguing 
influence on territorial behavior is the neuropeptide 
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of experience on aggressive behavior. 


revealed the costs in a variety of species, including field 
manipulations with the Mountain spiny lizard (Sceloporus 
jarrovi) and dark-eyed juncos (Junco hyemalis). In the 
appropriate contexts, territorial aggression is highly ben¬ 
eficial for gaining access to resources. The study of 
mechanisms controlling these behaviors is proving to be 
rewarding because of the striking plasticity of the behavior. 
New neural mechanisms are continually being discovered 
that reveal the complexity of control of aggression. Inves¬ 
tigations into how different aspects of the environment 
influence territorial aggression through varying mechan¬ 
isms and how this information is integrated at a neural level 
represents an opportunity for researchers interested in 
plasticity of behavior and neural mechanisms. 


arginine vasopressin. In prairie voles, Microtus , variation in 
space use is related to the expression of the vasopressin la 
receptor in the areas of the brain implicated in spatial 
memory. Moreover, in estrildid finches, vasotocin (the 
nonmammalian homologue to vasopressin) neurons in the 
medial extended amygdala respond differently to social 
cues in gregarious versus solitary species. Space use is 
critical to the development of territorial behavior and 
can have a major impact on social systems. Vasopressin is 
also associated with aggression such that in the strongly 
territorial California mouse, the vasopressin receptor (V la ) 
antagonist reduces resident-intruder aggression in male 
California mice, but not in the less territorial white-footed 
mice. Within this same species, paternal behaviors, such as 
retrieval of pups, have a long-term impact on adult aggres¬ 
sion insofar as it increases aggression, as well as immuno- 
reactive vasopressin staining, in the brains of adult male 
offspring. Vasopressin antagonists also reduce dominance 
behaviors in golden hamsters. Overall, vasopressin and its 
homologues may exert a significant influence over territo¬ 
rial aggression (Figure 2). This may also be linked with 
androgens because these steroids often have a potent stim¬ 
ulatory effect on the vasopressin and vasotocin systems. 

Future Directions 

Territorial aggression is a major component of social 
systems that fluctuates seasonally as well as within breed¬ 
ing seasons. The plasticity in this behavior in response to a 
variety of physical and social aspects of the environment 
may reflect the multitude of selection pressures that can 
shape territorial behavior. Androgen manipulations have 


See also: Circadian and Circannual Rhythms and 
Hormones; Fight or Flight Responses; Hormones and 
Behavior: Basic Concepts; Stress, Health and Social 
Behavior. 
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Introduction and Definitions 

The process of communication involves information sent 
by a sender in the form of a signal that is detected by a 
receiver. The receiver, in making response decisions, uses 
the information content of the signal. The response of the 
receiver affects its own fitness, as well as that of the sender. 
In ‘true communication,’ both the sender and the receiver 
gain fitness benefits from their interaction. However, 
in some contexts, the sender suffers a fitness reduction 
(e.g., eavesdropping), or the receiver suffers a fitness 
reduction (e.g., deceit). More information on communica¬ 
tion is discussed elsewhere. The focus of this article is on 
the mechanisms and the evolution of agonistic signals - 
those signals that are used in conflict resolution. Indivi¬ 
duals often have conflict - especially over ownership 
of valuable resources such as food, territories used for 
foraging, territories used for breeding, and mates. Many 
animals use agonistic signals to minimize the costs of 
escalated violence. Such costs include the risk of injury, 
exposure to potential predators, as well as the energetic 
costs of fighting. Signals used in aggressive interactions 
function to resolve conflict and thus should benefit both 
the receiver and signaler, as escalated contests are costly 
to both senders and receivers. Signals used by senders in 
agonistic contests should be predictive of what the animal 
will do next if the intruder does not retreat. This could be 
an escalation of the intensity of the contest, or an impend¬ 
ing attack. In the following sections, the design considera¬ 
tions of agonistic signals, followed by a discussion of the 
evolution of signal honesty in conflict resolution, are 
presented. 

What Sensory Modalities Are Used in 
Agonistic Communication? 

The type of signaling modality used by a sender is shaped 
by the costs and benefits associated with transmitting the 
signal. The costs and benefits of signal transmission are 
influenced by the type of information being transmitted, 
as well as by the abiotic and biotic environment in which 
the signal is transmitted. Because conflicts over resources 
are generally initiated and resolved with close distance 
between the actors, agonistic signals should be designed to 
travel short distances, be directed at individual rivals and 
be highly locatable, and reveal the age, body size, or social 
status of the signaler. They are usually short, forceful and 
conspicuous, as they need to send a clearly aggressive 


message. Threat signals often incorporate body parts and 
movements used in fighting into the ritualized display. 
Baring teeth in biting mammals and display of horns in 
fighting antelope are two such examples. Submissive sig¬ 
nals often have the opposite states to aggressive signals 
and thus do not expose the signaler’s weapons and reduce 
the chance that the signaler is attacked. 

Signal modalities that are used in agonistic encounters 
include visual, acoustic, olfactory, electrical, and tactile. 
Because the signals are transmitted over short ranges, they 
do not need to travel long distances. Visual signals are 
generally limited to diurnal displays in open habitats that 
require the sender to always be present. For visual signals, 
individuals may use specific threat postures, coloration, or 
movement displays such as the territorial displays of Anolis 
lizards that include the extension of the brightly colored 
dewlap of males, as well as the headbob behavior. In 
addition, visual signals used in agonistic encounters are 
directed at the intended receiver (the rival) and are of 
short duration. Visual signals also convey information 
about the status or class (e.g., age, dominance) of the 
sender such as ‘badges of status.’ Badges of status are 
markings that may be used by animals to signal their 
size and dominance - they are indicators of rank. In 
many bird species, changes in color patterns or the devel¬ 
opment of badges of status are associated with an indivi¬ 
dual’s aggressive tendencies. In house sparrows (Passer 
domesticus), there is a positive correlation between an 
individual’s dominance level and the area of the status 
badge. Visual signals also convey information about an 
individual’s body size, which can be enhanced with color 
patterns or striping patterns that enhance signal efficacy. 
In addition to indicating status or size, visual signals can 
convey information about variable levels of motivation or 
fighting ability via modulation of the degree of intensity 
of the signal. In some fish, for example, aggressive signals 
can be indicated by intensification of body coloration 
(bars) whereas suppression of coloration can signal defeat 
or subordination. 

Acoustic signals are useful in defense of larger terri¬ 
tories, because unlike visual signals, environmental bar¬ 
riers do not limit their use. They are effective over long 
distances and around corners. As such, the signaler does 
not need to be in direct visual contact to defend its 
territory from intruders. Acoustic signals are also localiz- 
able such that the receiver can usually determine where 
the signaler is located while calling. Acoustic signals are 
generally loud. Sound frequency can indicate body size, 
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age, and sex. In addition, animals can modulate the inten¬ 
sity of acoustic signals by varying levels of call rate, call 
duration, frequency, and intensity. In frogs, acoustic sig¬ 
nals are related to body size: call frequency and body size 
are negatively correlated in many species. It has also been 
shown that in many species of frogs, males alter their 
acoustic signals during interactions with other males. For 
example, male green frogs, Ram clamitans , significantly 
decrease the dominant frequency of their calls during 
aggressive territorial encounters and males differentially 
alter their behavior according to frequency of their oppo¬ 
nent’s calls, suggesting that they may use this information as 
an indication of a rival’s body size. 

Olfactory signals used in short range agonistic com¬ 
munications are usually volatile and rapidly diffuse. They 
are also transmitted to the receiver more slowly than 
visual and acoustic signals and are not directional. Some 
olfactory signals are liquid secretions, such as urine, that 
are used in territorial marking in many mammals. Olfac¬ 
tory signals are hard to localize, so substrate marking with 
long durable scents is most effective for delineating a 
territory via numerous marks around the territory. Olfac¬ 
tory signals can also be directly sprayed at rivals, as is found 
in skunks. Other olfactory signals are derived from matura¬ 
tion hormones, and thus contain information about the 
sender. For example, olfactory cues from testosterone can 
provide information about age and dominance status. For 
example, in five African cichlid species (Neolamprologus pul- 
cher .; Lamprologus callipterus , Tropheus moorii, Pseudosimochromis 
curvifrons , and Oreochromis mossambicus) androgen levels 
increase in males in response to territory intrusions. Olfac¬ 
tory signals are difficult to modulate and are often coupled 
with signals in other modalities for modulation of the threat. 

Electrical signals consist of electric fields created by the 
electric organ discharge (EOD) that weakly electric fish 
use during agonistic encounters. Electric signals are local- 
izable but only over very short distances. The frequency of 
these emissions can be modulated during encounters and 
can indicate aggression or submission. For example, male 
brown ghost knifefish, Apteronotus leptorhynchus , modulate 
the frequency of their electric organ discharge (EODF) 
such that winners use increasingly more abrupt EODF 
(signal of dominance and aggression) and more rapid 
frequency increases than losers. 

Tactile signals occur via appendage movements of the 
sender that are detected by the receiver via nerve endings, 
such as pushing and pulling between rivals. For example, 
male thrips ( Elaphrothrips tuberculatus) align their bodies in 
parallel and bat at each other with their abdomens. This 
tactile exchange of signals reveals the body size of the 
individuals engaged in the interaction. The likelihood of 
attack by either individual depends on their absolute size. 

Some species use one signal to communicate in more 
than one context. For example agonistic signals used in 
territorial defense and signals used in mate attraction 


overlap, such as in many species of birds. These signals 
have a dual purpose: attracting conspecifics of the oppo¬ 
site sex and repelling conspecific rivals. In birds, both 
acoustic signals (calls and songs) and visual signals such 
as status badges may have this dual function. Often the 
signal itself is modulated between the functions where 
territorial songs may differ in length (usually shorter) than 
songs used in mate attraction (usually longer). An example 
of an honest signal of dominance or fighting ability that 
is sexually selected through male contest competition is 
found in red-collared widowbirds ( Euplectes ardens). In this 
species, carotenoid coloration indicates status, with increas¬ 
ing aggressiveness correlated with larger redder collars. 

For more detailed information on signal modalities, 
see other communication articles within this book. 

How Many Signals Are Used? 

Some animals use only a few displays in agonistic con¬ 
texts, while others use many displays depending on the 
level of risk. Three hypotheses have been proposed for 
why multiple displays used in agonistic encounters have 
evolved and this is known as the ‘intention signal contro¬ 
versy.’ The first hypothesis, proposed by Tinbergen, is 
that displays serve slightly different functions and/or are 
used in different situations. Here, different displays could 
be used in conflicts over different types of resources such 
as females, food, and territories, or to indicate different 
types of opponents such as neighbor versus intruder or 
adult versus younger individuals. In addition, different 
displays could indicate higher versus lower probability 
of attack depending on the threat posed by the opponent. 
Alternatively, the mode of the display might vary on the 
basis of the transmission needs where acoustic displays 
might be more effective for distant threats and visual 
displays for closer intruders. 

The second hypothesis, proposed by Andersson, is 
that threats lose their value over time and require the 
evolution of new threats. Andersson suggested that most 
threats evolve from intention movements — movements 
that indicate the animal is getting ready for an action. 
As these movements become ritualized the display may 
become decoupled from the subsequent action, and as a 
result, more bluffs occur until the point that the displays 
do not accurately predict what the sender will do next. 
Receivers are more likely to ignore these signals and focus 
on more reliable signals of the sender’s future behavior. 
The outcome is that new threat signals evolve and the 
nonreliable displays stop being used such that at any given 
time, both predictive and nonpredictive displays are 
within a species’ repertoire. The possibility of changes 
in sender and receiver strategies over time has been 
explored theoretically and empirically. Empirical evidence 
of changes in sender and receiver strategies over time as a 
result of inaccurate displays is still limited, as changes in 
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displays across populations can be due to other factors 
such as environmental differences. Models of communi¬ 
cation demonstrate that reliance on signals by receivers 
imposes intrinsic costs on senders that can only be made 
up if signals are honest and accurate. Theoretically, such 
conflict between senders and receivers should yield the 
evolution of new honest displays. 

A third hypothesis, proposed by Enquist, for the evo¬ 
lution of multiple agonistic signals is that displays provide 
information on different intentions or aggressive motiva¬ 
tion levels (termed ‘motivational signaling’). Displays may 
serve to signal submission, offensive threat, defensive 
threat, dominance maintenance, victory, or ownership. 
Different displays may also be associated with different 
levels of fear or aggressive motivation. The effectiveness 
of the display in deterring opponents is correlated with 
the cost of performing the display, resulting in honest 
displays. An example of graded threat display is seen in 
the red-backed salamander (Plethodon cinereus). In this 
species, males use the all trunk raised (ATR) posture as 
a threat and the extent to which they raise their body off 
the ground is indicative of the intensity of the threat such 
that intruders show an increase in the rate of submissive 
response from ATR1 to ATR5 in Figure 1. 

All three hypotheses probably work together, but evi¬ 
dence of signaling that are predictive of aggressive follow¬ 
up actions provides the strongest support for the third 
hypothesis of motivational signaling. To distinguish 
between the three hypotheses, future research must con¬ 
trol for the receivers response to a signal when examining 
the subsequent response of the sender, as a threat signal 
sends the message that an attack will occur if the receiver 
does not retreat and vice versa if the receiver is highly 
motivated to escalate in the conflict. 

Role of Agonistic Signals in Conflict 
Resolution 

Conflicts occur over ownership of resources. Conflict 
resolution includes the exchange of threat and submissive 


signals between individuals. Such agonistic signals are 
hypothesized to have evolved from selection favoring 
the exchange of threat and submissive signals over esca¬ 
lated violence. Empirical and theoretical studies have 
demonstrated that there are at least four factors that 
determine the outcome of conflicts over resources (con¬ 
test outcomes). The first is the relative fighting ability of a 
contestant (i.e., resource-holding potential, RHP). RHP is 
generally the main determinant of winning or losing 
agonistic encounters and is generally measured from the 
animal’s relative body size, which provides an indication 
of the individual’s relative fighting ability. However, other 
traits may also signal RHP, such as acoustic signals, that 
are correlated with body size. In addition, individuals 
of some species assess multiple components of RHP. 
For example, the acoustic agonistic signals of some frog 
species are honest indicators of body size as the signal 
frequency is constrained by body size. Visual cues that 
reveal RHP includes broadside threat displays that pro¬ 
vide accurate information about relative body size, and 
weapons such as horn displays in some mammals (e.g., 
mountain sheep, red deer) that may reveal relative fight¬ 
ing ability. 

Many studies of agonistic contests examine the ability 
of animals to assess and compare their own RHP with that 
of their rival, and to make decisions based on the esti¬ 
mated differences. If assessment in both directions is 
possible, then the individual with the lower RHP should 
terminate the contest immediately, thus reducing the time, 
energy, and risk of injury from an agonistic contest. As the 
difference in body size between opponents decreases, the 
average duration of contests and the variance in fighting 
duration should also increase. When size is not a good 
indication of RHP, repeated assessment is required to 
evaluate both resource value (RV) and relative fighting 
ability. In these cases, animals acquire more accurate infor¬ 
mation about the opponent with successive interactions, 
using repeated actions, because these reveal more accurate 
information about fighting ability. 

The second type of trait that affects contest outcomes 
is RV, which arises from asymmetries in the quality of the 









Figure 1 Gradational threat postures of P. cinereus. (a) A salamander rises from its resting posture to (b) ATR 1, low stance, to 
(c) ATR 2, high stance, (d) In ATR 3 the tail raised, or (e) in ATR 4 the back is arched, or (f) in ATR 5 both occur simultaneously. 
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contested resource (i.e., mate, food, nest, or territory). 
Fighting intensity varies with the quality of the resource 
as do the duration and the probability of victory. As the 
value of the resource increases, the contest duration should 
increase. When individuals value the resources differently, 
contests are likely won by the animal that places a greater 
value on the resource. While RHP alone can be an impor¬ 
tant factor in contest, many times RHP and RV both need 
to be evaluated and yield different predictive outcomes. 
For example, in some species such as hermit crabs ( Pagurus 
longicarpus) and house crickets ( Acheta domesticus ), size 
(RHP) is predictive of the winner of contests, but moti¬ 
vation based on the signaler’s assessment of their RV 
becomes the predominant factor when RV differs. 

The third determinant of the outcome of agonistic 
interactions is related to the underlying aggressiveness of 
a given individual (called the aggressive syndrome). It has 
recently been demonstrated that there is variation 
between individuals in aggressive behavior and these dif¬ 
ferences lead to differences in aggressive behavior across 
contexts (e.g., similar aggressiveness in mating and agonis¬ 
tic encounters) that are not always related to RV or the 
RHP. These conserved ‘personalities’ across contexts are 
called behavioral syndromes. For example, behaviorally 
aggressive funnel web spiders, Agelenopsis aperta , attack 
both prey and conspecific territorial intruders more 
quickly than do less aggressive spiders. 

Outside of consistently aggressive behavior, one main 
determinant of agonistic signal use is whether the main 
source of variation between contestants is in fighting ability 
or in RV. In species with large variation in body size or body 
condition, signals of fighting ability are expected. If the 
major source of variation is RV, then signals revealing 
aggressive motivation level should be used. This is expected 
in systems with little body size variation, in territorial 
systems with ownership asymmetries or those where prior 
contest outcomes affect subsequent behavior. This is so 
because signals indicating fighting ability via size are inef¬ 
fective because of small variation in sizes. 

A final determinant of the outcome of contests is prior 
ownership of a resource. Resident effects suggest that 
residents typically have higher probabilities of winning 
contests over territorial resources. Residents may have 
the advantage because they can base their decision on the 
true value of the resource and their relative fighting 
ability, whereas intruders can only base their decision 
on relative fighting ability. Studies of prior winner effect 
have found that prior fighting outcomes will affect 
subsequent fight outcomes where winners are more 
likely to win again. One study that examined why resi¬ 
dents generally win contests found that in speckled wood 
butterflies (Pararge aegeria) intrinsically aggressive males 
are more likely to be residents, and continue to win 
because of a prior winner effect. Thus, residency does 


not serve as an arbitrary cue for contest settlement in this 
species; instead the likelihood of being able to acquire a 
territory is linked to the subsequent success in defending 
that territory. 

Honesty or Deceit in Agonistic Signals? 

Agonistic signals, including both threat and submissive 
signals, are expected to be honest and should reliably 
indicate different levels of fear or aggressive motivation, 
because of the cost of performing displays. Costs include 
physiological constraints, production expense, or risk of 
retaliation from the receiver. Agonistic signals can be classi¬ 
fied as either ‘performance signals’ or ‘strategic signals.’ 
Performance signals (also referred to as unambiguous sig¬ 
naling, unbluffable signaling, assessment signaling, and 
revealing handicaps) are directly constrained by an indivi¬ 
dual’s RHP and therefore must be honest. An example 
of an agonistic performance signal is found in fish that 
exhibit mouth wrestling such as in the cichlid, Nannacara 
anomala. These fish lock jaws and attempt to push each other 
backwards. The smaller individual in the interaction is 
physically more constrained in the force they can generate 
while pushing than the larger individual. 

Strategic signals (also referred to as conventional sig¬ 
nals) can be used by all senders and are not necessarily 
correlated with the quality of a resource. Therefore, stra¬ 
tegic signals used in agonistic encounters can be deceitful, 
yet honesty could be maintained by costs, including pro¬ 
duction costs and the response of the receiver to the 
signal. One example of a strategic symbol is the status 
badge. In some species, receivers use badges to assess the 
agonistic abilities of strangers. In the wasp, Polistes domi- 
nulus , variable facial patterns function as badges and signal 
social status (Figure 2). Wasps assess these facial patterns 
and avoid opponents with badges that signal higher qual¬ 
ity and challenge opponents that signal lower quality. 
Such responses ensure signal honesty while minimizing 
the costs of conflict. 

The use of signals imposes on receivers intrinsic costs 
greater than the costs associated with signal processing 
alone. As a result, these costs can only be maintained if 
signals are sufficiently honest and accurate. Signals of 
intent in conflicts may provide information about the 
signaler’s aggressive motivation or about what the signaler 
may do next, such as attacking. Signals of intent in con¬ 
flict, however, are more susceptible to bluffing compared 
to those that are intrinsically constrained or costly to 
produce. If receivers impose costs via retaliation, then 
these signals can be stabilized. Individuals need to deter¬ 
mine whether or not agonistic signals are correlated with 
the underlying quality of a contested resource. Once 
signals no longer convey dependable information, then 
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Figure 2 (a-d) Portraits of four P. do minulus paper wasps illustrating some of the naturally occurring diversity in the size, shape, and 
number of black facial spots. Wasps are arrayed from low advertised quality (0 spots, (a)) to high advertised quality (2 spots, (d)). 


receivers should evolve to ignore these signals resulting in 
signalers ceasing to use them. 

Despite the prediction that agonistic signals should be 
honest, some evidence has been found for deceitful ago¬ 
nistic displays (sometimes referred to as bluffs). One 
example of deceit in an aggressive display is the meral- 
spread display used by stomatopod shrimp of the genus 
Gonodactylus. Both newly molted individuals and intermolt 
individuals use this display but newly molted individuals 
cannot follow through on the aggressive behavior, whereas 
intermolt individuals are fully capable of attacking. 
This deceitful display by newly molted individuals may 
be maintained, because they are relatively rare in natural 
populations. Another example of deceptive signaling 
occurs in species where males adopt alternative strategies 
whereby some males display and exclude other males 
from their territory while also attracting receptive females, 
whereas other males adopt roaming/sneaking strategies. 
These males lack the adult male secondary sexual charac¬ 
teristics used in territorial and mating displays and thus 
look like females, resulting in essentially deceptive signal¬ 
ing toward territorial males. Despite these examples, deceit 
in agonistic signals is generally considered uncommon and 
is unlikely to persist over evolutionary time. 

See also: Anthropogenic Noise: Implications for Conser¬ 
vation; Conflict Resolution; Deception: Competition by 
Misleading Behavior; Olfactory Signals; Punishment; 
Smell: Vertebrates. 
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Introduction 

Alarm signals are those that signal the presence of some 
kind of threat, such as the appearance of a predator. These 
signals include vocalizations, acoustic signals such as foot 
drumming, alert postures, and olfactory signals such as 
alarm pheromones. Such signals are produced in response 
to a situation that elicits a fear response on the part of the 
signaler. Although this fear response is usually elicited by 
the presence of a predator, it can also be a result of an 
attack or other disturbance that is perceived by an animal 
as a potential threat. Alarm signals employ a number of 
different modalities, such as vision, acoustic, olfactory, and 
tactile. Visual signals can involve tail flagging, such as the 
tail waving found among some ground squirrels, or white 
rump patches of escaping deer or antelope, or tail feathers 
of birds that are exposed when the bird is fleeing, or head 
movements by waterfowl, or staring by primates at a pred¬ 
ator. Olfactory signals tend to be composed of lower 
molecular-weight compounds, allowing for the rapid vol¬ 
atilization and fadeout of these signals. In some ant species, 
within an alarm pheromone, different compounds act dif¬ 
ferently depending on the distance from their release 
point. Some compounds attract ants at a distance, while 
other components of the alarm compounds induce the ants 
to attack and bite an intruder once the ants come nearer to 
the source of release of the alarm pheromone. 

Most of the work on the evolution of alarm signals and 
on their possible information content comes from alarm 
vocalizations, or alarm calls. Therefore, the focus of this 
chapter is restricted to alarm calls. 

Alarm Calls 

A number of bird and mammals species are known to make 
alarm calls. Alarm calls can be elicited by an aerial predator 
flying overhead, such as a raptor, or they can be elicited by 
terrestrial predators, such as lions, leopards, coyotes, bad¬ 
gers, or snakes. Alarm calls can sometimes be elicited by 
nonpredatory situations, such as leaves being moved by the 
wind in an unusual fashion, or anything that is unusual for a 
particular animal species that can provoke a fear response. 

Alarm calls have some acoustic characteristics common 
to a number of species. Some birds tend to have relatively 
high-pitched, pure tone alarm calls that can make them 
difficult to locate. Among some bird species, such as the 


reed bunting, blackbird, great titmouse, blue titmouse, and 
chaffinch, there appears to be a convergence in the acous¬ 
tic characteristics of the alarm calls, so that the calls 
produced by one species can probably be recognized as 
alarm calls by other species as well. Although some pre¬ 
dators may experience difficulty in localizing these 
high-pitched alarm calls, other species of predators are 
apparently not deterred by the ventriloquistic character¬ 
istics of such high-pitched alarm calls, and can locate their 
prey relatively easily by locating the source of the sound. 

One of the benefits and drawbacks of high-pitched alarm 
calls is that the sound does not travel for very long distances. 
Higher-pitched sound frequencies tend to drop out rapidly 
as a function of distance, whereas lower-pitched frequencies 
can travel over longer distances. So high-pitched vocaliza¬ 
tions can serve to alert other birds in the immediate vicinity 
of a predator, but they do not serve in alerting birds over 
longer distances. On the other hand, high-pitched alarm 
calls might not travel to the predator, and the predator 
might not be aware that it has been detected. Not all birds 
have high-pitched alarm calls. Some birds such as the 
scrubwren and fairy wren have broadband alarm calls that 
resemble those of terrestrial quadruped species. 

Terrestrial species generally have two types of acous¬ 
tically distinct alarm calls, though species differ in which 
one or both they use. One type of alarm call is a broad¬ 
band buzz, whistle, or sound that covers a wide range of 
frequencies, while the other type of alarm call consists of 
a number of harmonics. Harmonics are frequencies that 
are multiples of a fundamental or base frequency. For 
example, if a string vibrates at a fundamental frequency 
of 300 Hz (or cycles per second), there can be harmonics 
at multiples of 300 Hz, at 600, 900, and 1200 Hz. These 
calls tend to be more localizable, both by the predator and 
by the conspecifics of the calling animal. 

Evolution of Alarm Calling 

The evolutionary origin of alarm calls appears to have been 
simple vocalizations that had no communicative function 
that result from a fear response. This vocalization presum¬ 
ably evolved into a true signal that serves to alert conspe¬ 
cifics to the presence of a predator. There is some 
controversy about the evolutionary selective pressures that 
result in the maintenance of alarm signals in populations; 
a number of hypotheses have been proposed to address 
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this issue. The kin-selection hypothesis suggests that alarm 
calls serve to warn relatives. Although there is little docu¬ 
mentation that the alarm caller is at risk by calling, the kin- 
selection hypothesis suggests that even if the caller is caught 
by a predator, the caller’s relatives benefit by escaping, and 
consequently the genes that the caller and its relatives had 
in common receive a benefit from the caller’s action. 
Another hypothesis suggests that alarm calls can have a 
manipulative function by flushing out animals that are 
unaware of the presence of the predator. This reduces the 
risk of the caller being caught, because the caller knows the 
location of the predator, while those animals that were 
flushed out by the call are not aware of the predator’s 
location. A related hypothesis suggests that alarm calls 
synchronize the fleeing response of both the caller and 
other conspecifics, reducing the caller’s risk through having 
more safety in numbers. This assumes that any given prey 
individual is as likely to be taken as any other. If this 
assumption is valid, the more prey a caller can flush, the 
less likely the caller is to be taken by the predator. All of 
these hypotheses assume that the caller is signaling to con- 
specifics, but this may not always be true. 

Instead of signaling to conspecifics, alarm calls might 
have evolved as a pursuit-invitation or pursuit-deterrence. 
The pursuit-invitation or pursuit-deterrence hypotheses 
suggest that prey send a signal to the predator that they are 
capable of successful evasive action, and that there is no 
point in the predator investing its time and energy in 
pursuing them. For example, stotting gazelles tend to 
be pursued by cheetahs less frequently than nonstotting 
gazelles, and stotting is assumed to be a signal that a gazelle 
is vigorous enough to be able to evade the cheetah. In a 
number of species of rodents, species that are diurnal tend 
to give more alarm calls than nocturnal ones, regardless of 
whether the species are social or solitary. Diurnal condi¬ 
tions make it easier for a predator to evaluate the escape 
potential of an alarm-calling animal, and solitary species 
would not be expected to derive any evolutionary benefits 
from either kin-selection or from a synchronized fleeing 
response of conspecifics. Alternatively, the alarm vocaliza¬ 
tion of solitary species may simply be an expression of fear 
of a predator that is more easily detected by the alarm¬ 
calling animal under diurnal conditions. 


Signal Information Content 

Different levels of fear of the predator (part of what has 
been called a motivational or affective component) can 
generate information that other animals in a social group 
can find useful. This can take the form of response urgency, 
where an animal gives different signals depending on how 
urgently an escape response is required. For example, a 
diving hawk demands a more urgent response than a hawk 


that is merely circling overhead. Similarly, a predator who 
is running straight at a social group of animals demands a 
more urgent response than a predator who is passing by 
and showing no interest in hunting. With alarm calls, this 
often involves incorporating information about the dis¬ 
tance that a predator is from a calling animal, as, for 
example, the response of marmots to predators. 

Another level of information can be contained in ref¬ 
erential communication, in which an animal produces a 
signal that refers to some aspect of a predator. A number 
of animals as diverse as chickens, many ground squirrels, 
and suricates produce two types of acoustically distinct 
calls, one for aerial predators and another for terrestrial 
ones. A few animals produce different calls for different 
predators. Vervet monkeys produce three types of calls, 
one for leopard-like predators, another for eagle-type 
predators, and a third for snake-type predators. Diana 
and Campbell’s monkeys have two types of acoustically 
distinct calls, one for leopards and another for eagles. And 
prairie dogs have at least four different kinds of calls, one 
for humans, another for coyotes, a third for domestic dogs, 
and a fourth for red-tailed hawks (Figures 1-4) 

Beyond the referential calls for different kinds or species 
of predators, some animals incorporate a greater level of 
description of a predator, in the form of descriptive labels. 
Black-capped chickadees incorporate information into 
their calls about the size and degree of threat of potential 
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Figure 1 Alarm call of a Gunnison’s prairie dog (Cynomys 
gunnisoni), elicited by a coyote (Canis latrans). Frequency in hertz 
is on the vertical axis, and time in seconds is on the horizontal 
axis. This call illustrates frequency-modulation with a series of 
harmonics. 
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Figure 2 Alarm call of a Gunnison’s prairie dog (Cynomys 
gunnisoni), elicited by a domestic dog (Canis familiaris). 
Frequency in hertz is on the vertical axis, and time in seconds is 
on the horizontal axis. This call illustrates frequency-modulation 
with a series of harmonics. 




Figure 4 Alarm call of a Gunnison’s prairie dog (Cynomys 
gunnisoni), elicited by a red-tailed hawk (Buteo jamaicencis). 
Frequency in hertz is on the vertical axis, and time in seconds is 
on the horizontal axis. This call illustrates frequency-modulation 
with a series of harmonics. 



Figure 3 Alarm call of a Gunnison’s prairie dog (Cynomys 
gunnisoni), elicited by a human (Homo sapiens). Frequency in 
hertz is on the vertical axis, and time in seconds is on the 
horizontal axis. This call illustrates frequency-modulation with a 
series of harmonics. 


avian predators. Prairie dogs incorporate information about 
the size, shape, and color of humans and domestic dogs, as 
well as size and shape information about objects that they 
have previously never seen but could possibly be a threat. 


Response-urgency and referential communication are 
not incompatible, as it is possible to incorporate both a 
motivational and a referential component into the same 
vocalization. Suricates have both a response-urgency 
component and a referential component in calls for aerial 
and terrestrial predators. Prairie dogs will speed up their 
call rate if a predator starts traveling faster and becomes 
more of a danger. 


Signal Receivers 

Although the calls serve the primary function of alerting 
conspecifics to potential danger, other species can benefit 
from the calls. A number of species recognize the alarm 
calls of other species, and respond appropriately. 
Nuthatches respond to the alarm calls of black-capped 
chickadees, superb starlings respond to the alarm calls of 
vervet monkeys, and Diana and Campbell’s monkeys 
respond to each other’s alarm calls, even though the 
acoustic structure of each species’ calls might be quite 
different. 

In the past, alarm calls were considered to be simple 
expressions of fear and nothing else. More recent research 
is showing that alarm calls can contain much more com¬ 
plex information than fear, and that animal commu¬ 
nication systems might be far more sophisticated than 
previously imagined. 
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See also: Acoustic Signals; Co-Evolution of Predators 
and Prey; Defensive Avoidance; Ecology of Fear. 
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Introduction and Background 

When research with Alex, a Grey parrot, began in the late 
1970s, animal-human communication and its use for study¬ 
ing cognition in the United States involved subjects with 
either close genetic relationships to humans (e.g., great apes), 
or large brains (e.g., dolphins); avian studies at the time 
generally employed pigeons, which scored significantly 
lower on intelligence tests than apes, monkeys, and often 
even rats. Birds seemed to lack a critical brain area - the 
cortical region responsible for humans’ complex, cognitive 
processing - thus explaining avian failures. Furthermore, 
parrots were known for mindless mimicry: Prior studies 
to train meaningful speech, using standard psychological 
techniques (see section ‘Training’), failed miserably. There¬ 
fore, studying a parrot, with a brain the size of a shelled 
walnut, whose closest relative to humans was a ~280Mya 
dinosaur, seemed ridiculous. 

But research elsewhere, in ethology rather than psy¬ 
chology labs, suggested otherwise. Experiments in the 
1940s and 1950s in places like Germany demonstrated 
that birds - particularly Grey parrots - exhibited advanced 
capacities. On tests involving number sense, or figuring out 
how to obtain food from various contraptions, parrots and 
jackdaws performed at levels comparable to non-human 
primates. Neurobiologists determined that birds had brain 
areas that did not look cortical but that functioned corti- 
cally, that the relative size of these areas compared to the 
entire brain correlated with intelligence - and that parrots 
and corvids had the greatest relative sizes. Scientists exam¬ 
ining birds’ song acquisition found similarities with ways in 
which children learn language; that is, en route to produc¬ 
ing full song, birds engage in a child-like babbling period; 
that although a sensitive phase seemed to exist during 
which exposure to adult systems allowed species-specific 
song to develop most readily, social interaction could 
extend this learning period and enable birds to learn 
heterospecific songs, a bit-like human second-language 
learning; that some species learned multiple songs and 
appropriate contexts for their use (e.g., mate attraction vs. 
territorial defense); that parts of the avian brain were 
directly related to the learning, storage, and production 
of song and that these areas functioned in ways not unlike 
human brain areas responsible for language. And, notably, 
a German study showed that a particular training para¬ 
digm, the Model/Rival (M/R) technique, enabled Grey 
parrots to engage in apparently meaningful duets with 


humans. Might birds - at least Grey parrots - be appro¬ 
priate subjects for studying non-human intelligence and 
communication after all? 

Training: The M/R Technique, Referential 
Mapping 

Because much of Alex’s data resulted from M/R training, 
a brief explanation of the technique is necessary. Unlike 
operant conditioning, which involved starving a subject to 
80% of its normal weight, placing it in a featureless box, 
and playing it tapes of human speech, with food rewards if 
some imitation occurred, M/R training uses social inter¬ 
action to demonstrate the targeted vocal behavior and its 
use. Initially, labels are trained as requests for items, the 
items themselves being referential rewards; later, birds 
learn to separate labeling from requesting. 

Sessions begin with a bird observing two humans 
handling an item desired by the bird. One human trains 
the second human (the model/rival; i.e., presents and asks 
questions about the item, ‘What’s here?,’ ‘What toy?’). The 
trainer rewards correct identifications by physically trans¬ 
ferring this item (which thereby becomes an intrinsic 
reward), demonstrating referential and functional use of 
labels, respectively, by providing a 1:1 correspondence 
between label and item, and modeling label use to obtain 
the item. Training occurs with multiple exemplars of the 
items so the bird sees the label refer to a variety of related 
objects. The second human is a model for the bird’s 
responses and its rival for the trainer’s attention, and also 
enables demonstration of aversive consequences ensuing 
from errors: Trainers respond to a model/rival’s inten¬ 
tionally garbled or incorrect responses with scolding, 
temporarily hiding the item. The model/rival is told to 
speak clearly or try again, thereby allowing a bird to 
observe corrective feedback. Unlike some other modeling 
procedures, here model/rival and trainer reverse roles to 
show how the communicative process is used by either 
party to request information or effect environmental 
change. After humans model the interaction several 
times, the bird is asked to label the item. Initially, any 
novel utterance the bird makes related to the target label 
(i.e., ‘eee’ for ‘key’) is rewarded; labels for other items or 
sounds used for other purposes are not. Humans then 
resume modeling. In subsequent sessions, the bird must 
approximate the targeted utterance more closely, being 
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rewarded for successive approximations to a correct 
response; thus, training is adjusted to its level. Notably, 
if humans do not reverse roles during training, birds 
exhibit two behavior patterns inconsistent with interac¬ 
tive, referential communication: They respond only to the 
human who posed questions during training and do not 
learn both parts of the interaction. Thus role reversal 
promotes generalization of behavior. 

Another technique, referential mapping, was used after 
Alex had learned numerous labels. Often, after acquiring a 
label, he engaged in sound play, recombining parts of this 
label and other known vocalizations in novel ways. If an 
utterance related to actual objects (e.g., after learning 
‘grey,’ he produced ‘grape,’ ‘grate,’ ‘grain,’ ‘chain,’ ‘cane’) 
we immediately gave him the item (the fruit, a nutmeg 
grater, some seed, a paper clip chain, sugar cane) thus 
mapping the label to a referent; he immediately made 
the connection. 

Other training techniques, used with additional Greys 
in my laboratory, did not engender referential commu¬ 
nication. Exposure to audiotapes or videotapes in social 
isolation, exposure to videotapes or live video with human 
interaction but no modeling or referential reward, use 
of an LCD to avoid the disturbing flicker of CRT screens, 
use of a single trainer -all were unsuccessful. 

Acquisition of Labels and Concepts 

Label Acquisition 

Alex eventually labeled over 50 exemplars (objects, foods, 
locations), seven colors (rose (red), green, blue, yellow, 
orange, grey (charcoal to black), purple), 6 shapes (1-, 2-, 
3-, 4-, 5-, 6-corner), quantity to six (preliminary data exist 
for seven and eight), three categories (material, color, 
shape); he used ‘no,’ ‘come here,’ ‘wanna go X,’ ‘want Y’ 
(X, Y were appropriate location or item labels). His re¬ 
quests were intentional: Given Y after asking for X, he 
would toss Y back at the trainer. He combined these labels 
to identify, classify, request, or refuse ~100 items and alter 
his environment. Alex’s abilities were tested rigorously, 
with all possible controls for various types and forms of 
inadvertent cuing; testing procedure details are in refer¬ 
ences below. Alex demonstrated competence comparable 
to apes and cetaceans similarly trained, and to children at 
the early stages of acquiring communication skills. 

More importantly, he mapped human concepts, some¬ 
thing critics did not expect. Of course, in nature, birds 
must have some conceptual understanding of their world: 
food/not-food, mate/not-mate, predator/not-predator. 
They likely categorize food sources, nest sites, and even 
mates in terms of relative quality (e.g., more/less, better/ 
inferior). But Alex learned labels for various concepts, and 
many distinctions made by apes and human children. 


Concepts of Category 

Alex acquired both labels and concepts of category. For 
any given object, he labeled different hues, shapes or 
materials in response to vocal queries of ‘What color?,’ 
‘What shape?,’ ‘What matter?’ (for some objects, ‘What 
toy?’): An item could be ‘green,’ ‘four-corner,’ ‘wood,’ 
and ‘block.’ He understood that ‘blue,’ for example, is 
one instance of the category ‘color,’ and that, for any 
colored and shaped object, specific instances of these 
attributes (e.g., ‘blue,’ ‘three-corner’) represented different 
categories. He learned that different sets of responses - 
color, shape, and material labels - formed different hier¬ 
archical classes. These are higher-order class concepts, 
because individual color labels have no intrinsic connec¬ 
tion to the label ‘color’; likewise for ‘shape’ and ‘matter.’ 
The protocol, requiring categorization of one exemplar 
with respect different attributes, involved flexibility in 
changing the basis for classification. Such capacity for 
reclassification indicates the presence of abstract aptitude. 

In further tests of these abilities, Alex was shown seven- 
member collections and asked to provide information about 
the specific instance of one category of an item uniquely 
defined by conjunction of two other categories (e.g., ‘What 
object is color-A and shape-B?,’ ‘What shape is object-C and 
color-D?’). Other objects on the tray exemplified one, but 
not both, these defining categories. Specifically, each ques¬ 
tion contained several parts, the combination of which 
uniquely specified the targeted object; the complexity of 
the question was determined by its context (number of 
different possible objects from which to choose) and the 
number of its parts (e.g., number of attributes used to specify 
the target). Alex had to divide the query into these parts and 
use his understanding of each part to answer correctly. His 
accuracy, above 75%, matched that of marine mammals 
similarly tested and indicated he understood all elements 
in the questions. 

Concepts of Same-Different, Absence 

In the 1970s, same-different supposedly separated pri¬ 
mates from other animals. Comprehension of this concept 
is complex, and is not tested by tasks such as matching-to- 
sample (matching stimulus A to sample A rather than B), 
nonmatching-to-sample, choosing the odd item from a set 
of two matching and one nonmatching items, or distin¬ 
guishing homogeneity from nonhomogeneity. According 
to Premack, same-different requires use of arbitrary sym¬ 
bols to represent relationships of sameness and difference 
between sets of objects and to denote the attribute that is 
same or different. Animals would thus need symbolic 
representation - some elementary form of language - to 
succeed. Tasks listed above, in contrast, require showing 
only savings in the number of trials needed to respond 
to B and B as a match (or as a homogeneous field) after 
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learning to respond to A and A as a match (and likewise by 
showing a savings in trials involving C and D after 
learning to respond appropriately to A and B as non¬ 
matching or nonhomogenous). Responses might even be 
based on novelty or familiarity (i.e., on the relative fre¬ 
quency A vs. B samples are experienced). Understanding 
same-different, however, requires knowing that two non¬ 
identical red objects are related just as are two nonidenti¬ 
cal blue objects - in terms of color - that the red objects 
relate to each other as do two nonidentical square items 
but via a different category, and, moreover, that this 
understanding immediately transfers to any attribute of 
an item; likewise, for difference. 

Alex learned abstract concepts of same-different and, 
furthermore, to respond to their absence. When shown 
two objects that were identical or varied with respect 
to some or all of their attributes, and queried ‘What’s 
same/different?,’ Alex uttered the appropriate category 
label (color, shape, matter), or ‘none’ if nothing was same 
or different. He responded equally accurately to pairs 
of novel objects, colors, shapes, and materials, including 
ones he could not label. Furthermore, he responded 
to the specific questions, and not merely based on train¬ 
ing and physical attributes of the objects: He still responded 
above chance when, for example, asked ‘What’s same?’ 
for green and blue wooden triangles. Had he ignored 
the question and responded instead based on prior train¬ 
ing, he would have determined, and responded with the 
label for, the one anomalous attribute (here, ‘color’). 
Instead, he uttered one of two appropriate answers 
(i.e., ‘shape’). 

Alex’s use of‘none’ was significant: Understanding and 
commenting upon nonexistence or absence, although 
seemingly simple, denotes an advanced stage in cogni¬ 
tive and linguistic development. An organism reacts to 
absence only after acquiring a corpus of knowledge about 
the expected presence of events, objects, or other infor¬ 
mation in its environment, that is, only when it recognizes 
discrepancies between expected and actual states of 
affairs. (Such behavior differs qualitatively from learning 
what stimulus leads to absence of reward, wherein sub¬ 
jects learn what to avoid.) Many animal species, including 
Grey parrots, tested on absence using Piagetian object 
permanence, react to disappearance or nonexistence of 
specific items expected to be present; some songbirds 
react to absence of signs of territorial defense (e.g., song) 
from neighbors with positive acts of territorial invasion. 
Researchers in child development, however, suggest that 
both comprehension and verbal production of terms relat¬ 
ing to nonexistence are necessary before an organism is 
considered to understand absence. Experimental demon¬ 
stration of this concept thus can be difficult, even in 
humans, and Alex’s capacities were notable (see sections 
‘Concept of Relative Size’ and ‘Numerical Concepts’). 


Concept of Relative Size 

Alex understood categorical classes based on absolute 
physical criteria; what about relative concepts? Color 
and shape labels are symbolic and thus abstract but refer 
to concrete entities: Red is red. Relative concepts are more 
difficult; what is darker in one trial may be lighter in the 
next. Starlings, for example, preferred responding to sti¬ 
muli on absolute rather than relative bases; to obtain the 
latter response, the former somehow had to be blocked. 
Might Alex learn to respond facilely to relative concepts, 
specifically to bigger/smaller? Such data would provide 
direct comparisons with marine mammal research. 

After M/R training on ‘What color bigger/smaller?’ 
with a limited object set (yellow, blue, green cups, woolen 
felt circles, Playdoh rods), xAdex was tested on different 
familiar and unfamiliar items, achieving scores of almost 
80%; equivalent to that of certain marine mammals. He 
responded to stimuli outside of the training domain with 
80% accuracy; by uttering the label for an attribute (i.e., 
color), he responded to novel objects of shapes, sizes, and 
colors not used in training with an accuracy of almost 
80%. These objects were often of shapes or materials he 
could not label (e.g., styrofoam stars). We did not examine 
how close in size two objects must be before he could not 
discriminate a difference. 

Notably, without any training, he responded ‘none’ 
when exemplars did not differ in size and answered ques¬ 
tions based on object material rather than color. Thus he 
was not limited to responding within a single dimension, 
he was attending to our questions, and was able to transfer 
information learned in one domain (‘none’ from the 
same/different study) to another. Such transfer involves 
complex cognitive processing. 

Numerical Concepts 

Could xAdex form a new categorical class involving quan¬ 
tity labels; that is, reclassify a group of, for example, 
wooden objects known until now as ‘wood’ or ‘green 
wood’ as ‘five wood’? Success would mean understanding 
that a new set of labels (‘one,’ ‘two,’ ‘three,’ etc.), repre¬ 
sented a novel class: a category based both on physical 
similarity within a group and the group’s quantity, not 
only physical characteristics. He would need to generalize 
this new class of numerical labels to sets of novel objects, 
objects in random arrays, and heterogeneous collections, 
that is, develop a concept of number. German researchers 
had already demonstrated Grey parrots’ sensitivity to 
number: Koehler’s birds could open boxes randomly con¬ 
taining 0, 1, or 2 baits until they obtained a fixed number 
(e.g., 4). The number of boxes to be opened to obtain the 
precise number of baits varied across trials, and the num¬ 
ber being sought depended upon independent visual cues: 
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black box lids denoted 2 baits, green lids 3, etc. Koehler 
did not state, however, whether colors actually repre¬ 
sented particular quantities. Logler studied Grey’s num¬ 
ber behavior with light flashes and flute notes, going from 
visual representations to sequential auditory ones. Could 
Alex, like chimpanzees, progress to using number as a 
categorical label? 

Number labeling 

Alex learned to recognize and label quantities of physical 
objects up to 6, later 7, and 8. The sets needn’t have been 
familiar, nor placed in particular arrangements, such as 
squares or triangles (e.g., pattern recognition). Further¬ 
more, for heterogeneous collections (e.g., red and blue 
balls and blocks) he appropriately quantified any subset 
uniquely defined by the combination of one color and one 
object category (e.g., ‘How many blue blocks?’). His level 
was beyond that of young children who, if asked about 
subsets, generally label the total number of items in a 
heterogeneous set if, like Alex, they have been taught to 
label homogeneous sets exclusively. 

Number comprehension and zero-like concept 

Number label comprehension, crucial for assessing numer¬ 
ical competence, was also tested. Alex answered, without 
training, ‘What color/object (number)?’ for subsets of vari¬ 
ous simultaneously presented quantities (e.g., collections 
of 4 blue, 5 red, 6 yellow blocks or 2 keys, 4 corks, 6 sticks of 
one color). His accuracy, above 80%, was unaffected by 
array quantity, mass, or contour, demonstrating numerical 
comprehension competence comparable to that of chim¬ 
panzees and young children. Notable, however, was his 
unexpected behavior on one trial. 

Here, Alex was asked ‘What color 3?’ for a collection of 
two, three, and six blocks. He replied ‘five.’ The ques¬ 
tioner asked twice more; each time he replied ‘five.’ 
The questioner, unsure of his intent, finally said ‘OK, 
Alex, what color 5?’ Alex immediately responded ‘none.’ 
Remember, Alex had learned to respond ‘none’ in the 
same-different task and spontaneously transferred ‘none’ 
to the relative size study, but had never been taught the 
concept of absence of quantity or to label absence of 
an exemplar. The question was subsequently randomly 
repeated throughout other trials with respect to each 
possible number to ensure that this situation was not 
happenstance. On these ‘none’ trials, Alex’s accuracy was 
over 80%. His one error was labeling a color not on the 
tray. Now, in Western cultures, labeling a null set, whether 
by ‘zero’ or ‘none,’ did not occur until the 1500s. But zero 
was represented in some way by a parrot, without training. 
Furthermore, not only had Alex spontaneously used 
‘none’ to designate absence of a set of objects, but he 
also managed to manipulate the human into asking the 
question he wished to answer. 


Addition , counting , and more on zero-like concepts 

Alex’s addition experiments were unplanned. Students 
and I had begun a sequential auditory number session 
(training to respond to, e.g., three clicks with the vocal 
label ‘three’) with another bird, saying ‘Listen,’ clicking 
(this time, twice), then asking ‘Griffin, how many?’ Griffin 
refused to answer; we replicated the trial. Alex, who often 
interrupted Griffin’s sessions (e.g., ‘Talk clearly’ or to 
provide the answer), said ‘four.’ I shushed him, assuming 
his vocalization was not intentional. We repeated the trial 
yet again with Griffin, who remained silent; Alex now said 
‘six.’ I thus decided to replicate the Boysen and Berntson 
study on chimpanzee addition as closely as possible, and 
to further study ‘zero/none.’ 

x\lex summed physical quantities 0-6, without explicit 
training. He answered, ‘How many total X?’ for two col¬ 
lections of variously sized items - hidden under cups, 
placed on a tray, that were separately, sequentially, raised 
and lowered so that total quantities were covered - with 
vocal English number labels. His 85% accuracy, indepen¬ 
dent of mass or contour, suggested addition abilities com¬ 
parable to those of non-human primates and young 
children, particularly with respect to two sets of responses 
discussed next. 

Alex had difficulty with 5 + 0. He was statistically 
correct on 1+4 and 2 + 3 (i.e., fiveness was not the 
issue), but always erred on 5 + 0 when given the usual 
2—3s to respond, consistently stating ‘6.’ However, given 
10-15s to respond, his accuracy was 100%. He thus likely 
used different mechanisms to determine the answer in 
different situations. When given 2—3s for X + 0, X = 1 to 
4, he might, like humans, have subitized (i.e., used a rapid 
visual recognition system), but for X = 5 may have had 
time only to perceive five as something large and, ‘six’ 
being his largest label, used it as a default for anything 
above four. Given 10-15s for 5 + 0, may have used the 
additional time actually to count, possibly like humans, 
who subitize only up to four and then must count to be 
accurate. 

Alex also responded interestingly to nothing under any 
cup. These trials were interspersed with standard addition 
trials. On five trials, he looked at the tray and said nothing; 
on three trials, he said ‘one.’ His failure to respond on five 
trials suggested he recognized a difference from the stan¬ 
dard trials; that is, even if he did not understand what was 
expected, he knew his standard number answers would 
be incorrect. His response of‘one’ on some trials matched 
that of Matsuzawa’s chimpanzee Ai, who confused ‘one’ 
with ‘zero’ (i.e., answered from the low end of the number 
line). Alex thus could use ‘none’ to signify absence of 
an attribute (one set) in a collection, but not for absence 
of everything. His understanding of ‘none’ as a zero-like 
concept resembled that of young children, who lack full 
understanding until they are at least 4 years old. 
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Ordinality and inferential number abilities 

Alex also combined various capacities - labeling the 
color of the bigger/smaller object in a pair, vocally 
quantifying sets, and training to vocally identify Arabic 
numerals 1-6 without associating these Arabic symbols 
with their relevant physical quantities - to demonstrate 
a more advanced level of number comprehension. Here 
he viewed pairs of Arabic numbers or an Arabic numeral 
and a set of objects and was asked the color of the bigger 
or smaller one. Alex’s 75% accuracy showed he (1) under¬ 
stood physical number symbols as abstract representations 
of real-world collections, (2) inferred the relationship 
between the Arabic number and the quantity via use of 
the same English label for each entity, and (3) understood 
the ordinal relationship of his numbers. In a final study, he 
extended these abilities to 8. 

Symbolic representation and number 

Alex’s considerable training on human number labels may, 
of course, have enabled him to use representational abil¬ 
ities otherwise inaccessible to non-humans. This encultur- 
ation factor is consistent with data on the human Piraha 
tribe, who lack most number labels and whose numerical 
abilities (seemingly ‘one,’ ‘two,’ and ‘many’) appear to be 
far less complex than those of enculturated non-humans. 

Phonological Awareness 

Toward the end of his life, Alex began demonstrating 
skills that were somewhat linguistic. He was trained to 
associate wooden or plastic graphemes B, CH, I, K, N, 
OR, S, SH, T with their corresponding appropriate pho¬ 
nological sounds (e.g., /hi/ for BI). His accuracy, although 
above chance (about 50%, /?<0.01, chance of 1/9), was 
never high enough (i.e., ~80%) to claim mastery; he 
never progressed to tests on sounding out untrained letter 
combinations like young children. But he began con¬ 
structing targeted novel vocalizations from elements - 
trained grapheme sounds plus other labels - already in 
his repertoire. This combinatory behavior is a form of 
vocal segmentation, showing he understood that his exis¬ 
tent labels were comprised of individual units that could 
be recombined in novel ways to create novel targeted 
vocalizations. Previous data (e.g., sound play where he 
produced rhymed strings) suggested, but could not sub¬ 
stantiate, this behavior. 

Notably, this behavior contrasted with my parrots’ cus¬ 
tomary patterns of label acquisition. For example, when 
initially learning labels, Alex (and all my other, younger 
birds), progressed through specific steps - first a vocal 
contour, then introducing vowels, finally adding consonants; 
the latter might even require the esophagus to produce 
plosive sounds (imaging saying ‘p’ without lips). But now 
Alex demonstrated a different pattern. To produce ‘spool,’ 


he began using a combination of existing phonemes 
and labels:/s/(trained as noted above) and wool, to form 
‘s’-(pause)-‘wool’. He used this form for almost a year, at the 
end of which spontaneously produced ‘spool,’ perfectly 
formed, including appropriate adjustment of the vowel. 
Similarly, when learning ‘seven,’ he progressed from 
‘s-(pause)-one’ to ‘s-none’ to ‘seben.’ Alex’s ability was 
indeed a learned behavior, not uniquely human, and depen¬ 
dent upon having considerable experience with both 
English speech and sound-letter training. My younger 
birds, lacking such sound-letter training, do not engage in 
such behavior. 

Conclusions 

Over his lifetime, Alex demonstrated numerous complex 
cognitive capacities that were unexpected in a non-human, 
nonprimate, nonmammalian species. But what mechan¬ 
isms did he use to learn what were clearly more than 
simple associations, to transfer knowledge learned in one 
domain to another, to make subtle phonological distinc¬ 
tions? Neurobiologists now suggest that the brain areas 
involved are derived from the same precortical tissue as 
those of humans, but such data do not explain how Alex 
used this cortical-like area in so many striking ways. Alex 
was not likely an exceptional individual; other birds in my 
laboratory give evidence of similar abilities. What defined 
Alex (and the other birds now in the laboratory) was the 
socially relevant, referential training he received; the 
8-10 h day -1 of human interaction, of being treated in 
ways not unlike a human toddler. The results of this 
research not only show that parrots can learn to perform 
tasks once thought the exclusive domain of humans or 
non-human primates, but also that we must be open to 
the idea that animals that appear small-brained and that 
are evolutionarily remote from humans are nevertheless 
capable of complex, cognitive processing. 
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Introduction 

The orientation behavior of Amphibia concerns mainly 
the terrestrial part of their complex life cycle, as goal- 
oriented long-distance movements are restricted to this 
stage of life. There are usually two classes of long-distance 
movements: the postmetamorphic dispersal of mainly 
juveniles and rarely adults from the natal sites, and the 
return migrations of adults among different parts of the 
habitat such as breeding and hibernation sites, and day¬ 
time shelter. The spectacular mass migration of common 
toads Bufo bufo to their breeding pond in spring is a well- 
known example for return migrations because B. bufo as 
well as many other species show a high site fidelity to the 
natal pond. Still, the distances covered during movements 
are rather small-scaled compared with other vertebrates, 
ranging from a few meters in sedentary salamanders over 
about 15 km in the frog Ram lessonae during breeding 
migrations, to a maximum of nearly 50 km in dispersing 
cane toads B. marinus. Besides these active long-distance 
movements over ground, populations of some anuran 
species make use of passive displacement within streams. 
Common frogs Ram temporaria and common toads B. bufo 
cover distances of up to 10.5 km by drift. 

Since long-distance movements usually force amphi¬ 
bians to cross unfavorable habitats with a high mortality 
risk due to desiccation and predation, fitness increases by 
minimizing the walking distance to the goal. If the time 
spent for random walking to a goal is reduced in favor of 
close to line-of-sight movements, orientation behavior is 
required. Consequently, homing of passively displaced 
individuals is observed in many amphibian species, that 
is, the ability to relocate to known sites using directional 
cues and orientation mechanisms. 

In the following sections, I will briefly summarize the 
spatial range of migratory behavior, and introduce the 
environmental cues providing directional information 
for moving amphibians. The processing and integration 
of sensory information into different types of orientation 
mechanisms will form the final part of this article. 


The Spatial Range of Migratory Behavior 

Knowledge on the natural range of active movements of 
amphibians is necessary to address the question as to 


whether the homing ability of amphibians is restricted to 
the area of previous migratory experience. The appropriate 
answer is complicated to give because the migratory range 
of most members of a local population is small compared 
to that of the usually few dispersers which are responsible 
for the genetic exchange between neighboring popula¬ 
tions and for the colonization of new breeding sites. Con¬ 
sequently, the migratory range may vary dramatically 
among the members of the same population, as recently 
shown for B.fowleri in Canada. Smith and Green reported 
in their recent analysis of long-term recapture data that 
irrespective of gender, most toads were recaptured within 
a range of 100 m distance from their initial capture site. 
Still, almost every year, some individuals moved further 
than 7.5 km and one individual was recaptured 34 km 
away after 1 year. A meta-analysis of migration studies 
on 90 amphibian species revealed that 7% of the anurans 
and 2% of the urodeles may migrate further than 10 km. 
These new data demonstrate that the spatial range of 
migratory behavior has probably been grossly underesti¬ 
mated. Therefore, long-distance homing of passively dis¬ 
placed individuals cannot be taken as a proof of navigational 
abilities, that is, map-based orientation from unfamiliar 
localities, not even in the case of the newt Taricha rivularis 
which homed following a 30-km displacement. 


Brief History of Orientation Research 

As early as in 1892, George F. Romanes suggested in his 
book Animal Intelligence that frogs have a map sense (‘distinct 
idea of locality’) and that they perceive moisture from a 
great distance to localize breeding ponds. Thus, two basic 
features of modern concepts on orientation in Amphibia 
were already mentioned: (1) spatial orientation requires 
environmental information in which direction an individual 
should move to approach a goal at the shortest distance 
possible, and (2) homing and navigation are processes 
which may include a cognitive map to determine the 
current location relative to the goal. Still, it has been a 
long way from Romanes ideas to the current view on the 
sensory basis of orientation and the strategies employed to 
move goal-oriented. While the importance of environmental 
information for orientation was recognized early, research 
was long hampered by misconceptions about the nature of 
the directional cues used for homing. Considering that 
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research focussed on temperate zone amphibians which 
usually breed in ponds or streams, it seemed obvious that 
breeding-site orientation may be based on hygrotaxis, as 
proposed by Romanes. Experimental evidence suggests 
that moisture gradients are only perceived, if air humidity 
is below 50% RH. In the field, however, amphibians move 
within the almost water-saturated air close to the ground 
surface, and it is not surprising that neither Cummings in 
1912 nor later studies provided any evidence for hygrotactic 
orientation. In the beginning of the twentieth century, 
Buytendijk and Czeloth were the first to recognize that visual 
and olfactory cues may provide the environmental infor¬ 
mation needed for the goal orientation of toads and newts. 

The homing ability of amphibians remained widely 
enigmatic until the early 1960s, when several North 
American and European groups continued research on 
visual cues. Many species were reported to use celestial 
cues and visual landmarks. Some authors suggested the 
use of olfactory or acoustic cues, while others did not find 
supporting evidence. The main feature of this period of 
orientation research was the assumption that the homing 
ability of an amphibian species was based on the use of 
a single orientation cue. This paradigm was broken by 
Ferguson in 1971 who was the first to propose the still 
valid concept of a redundant, multisensory system which 
integrates all environmental directional information avail¬ 
able. Since the first proposal, additional sensory capabilities 
such as magnetoperception and the detection of polarized 
light have been demonstrated experimentally. 

To our current knowledge, Amphibia make use of 
acoustic, magnetic, mechanical, olfactory, and visual cues 
for homing. The species-specific and sometimes population- 
specific ranking of the sensory input obtained from the 
potential cues into a specific hierarchy optimizes the avail¬ 
able information in every habitat. Individuals of the same 
species may vary in their preferred directional cues as 
demonstrated in the natterjack toad B. calamita. Keeping in 
mind that the availability and the reliability of environmental 
cues differs considerably among habitats, controversial data 
on preferred directional cues, even of conspecific popula¬ 
tions, do not contradict the hypothesis that amphibians 
use modifications of the same basic system for orientation. 

The last three decades of a century-lasting research on 
the homing ability of amphibians were mainly dedicated 
to the analysis of the orientation mechanisms. Specifically, 
the group of John B. Phillips focussed on the role of 
magnetoperception and provided convincing evidence 
that the earth’s magnetic field may contribute information 
for both compass orientation and cognitive maps. Other 
studies emphasized the importance of olfactory beaconing 
and pilotage in homing amphibians. True navigation, that 
is, the ability of homing from unfamiliar sites outside the 
natural migratory range, has been demonstrated so far in a 
single salamander species (Notophthalmus viridescens). 


The Directional Cues of Homing 
Amphibians 

In this section, I will concentrate on the directional infor¬ 
mation provided by the environment and used by amphi¬ 
bians. Among the five classes of orientation cues, visual, 
olfactory, and magnetic cues, are often reported to play a 
major role in homing amphibians, whereas acoustic and 
mechanical cues seem to be restricted mainly to short- 
distance orientation. 

The first sensory system known to be involved in 
orientation behavior is vision, as evidenced for toads by 
Buytendijk in 1918. It is used for the perception of envi¬ 
ronmental cues at all developmental stages of life history 
and mediates short- and long-distance orientation. Visual 
cues fall into two broad classes, the fixed landmarks and 
periodically ‘moving’ celestial cues. Examples for fixed land¬ 
mark cues are shore lines for tadpoles and forest silhou¬ 
ettes for migrating adults, as already reported for newts by 
Czeloth in 1930. Their use for long-distance orientation 
seems limited. The celestial cues include sun, moon, and 
stars, reflecting or emitting visible light and also skylight 
polarization patterns. The use of celestial cues as directional 
references requires the compensation of their apparent 
movement by an endogenous clock. Two types of receptors 
are involved in the perception of visual cues, the lateral 
eyes for visible light and the extraocular photoreceptors 
of the pineal complex for polarized light. The impor¬ 
tance of the extraocular receptors was recognized in the 
1970s by derivation experiments reviewed in Adler (1982). 

In his 1930 paper on the spatial orientation of newts 
Triturus cristatus, Czeloth also mentioned that besides 
visual cues, odors may provide directional information. 
Now, there is a bulk of evidence that many urodele and 
anuran species employ olfactory information to detect 
mates or prey at short distances, or for long-distance 
homeward orientation. Olfactory deprivation often leads 
to initial disorientation in migrating toads and newts. 
T-maze choice experiments demonstrate that amphibians 
can distinguish between specific odors which they had 
previously learned to recognize. The chemical nature of 
directional olfactory cues is completely unknown, but the 
multitude of sources of odors suggests that it is unlikely to 
assume that only a certain class of molecules is involved. 
Odors emanating from breeding ponds are common direc¬ 
tional cues. The olfactory system of amphibians includes 
sensory epithelia which are located in the cavum princi- 
pale connecting nares and buccal cavity, and in the 
vomeronasal organ (^Jacobson’s organ). The sensory 
pathway involved in orientation behavior is still unknown. 

One of the more recently discovered sensory modalities 
of major importance is magnetoperception, that is, the use 
of the earth’s magnetic field for orientation. In 1977, 
Phillips demonstrated this capability for the first time in 
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amphibians when studying the salamander Eurycea lucifuga. 
Later studies revealed that adults and tadpoles of several 
more amphibian species share the same magnetic sensitivity. 
Line of evidence for magnetoperception bases on depri¬ 
vation experiments and on controlled alterations of magnetic 
field parameters in laboratory experiments. Deprivation of 
magnetic field information causes responses ranging from 
random directional choice to altered preferred directions 
under field conditions. The experimental variation of mag¬ 
netic parameters predictably modifies directional choice in 
the laboratory. Phillips and coworkers demonstrated con¬ 
vincingly that inclination, that is, the vertical component 
of the magnetic field intensity is sensed by orientating 
amphibians and many other vertebrates. The receptors used 
to sense magnetic field parameters are still enigmatic. In the 
newt Notophthalmus viridiscens , magnetoperception may be 
located in the extraocular photoreceptors of the pineal com¬ 
plex, a trigeminal nerve system, or in ferromagnetic mate¬ 
rial (magnetite) in the head. In this species - the only one 
thoroughly studied with respect of magnetoperception - two 
distinct types of receptors seem to be present. One receptor 
is sensitive to changes in the wavelength of ambient light, 
coupled with the visual system, and related to compass 
orientation. The second one is light-independent, sensitive 
to the polarity of the magnetic field, and related to the map. 

Acoustic cues seem to play a minor role in long-distance 
orientation and are mainly used for short-distance approaches 
within the mating behavior. Conspecific advertisement calls 
as orientation cues are exclusive features of anurans. Still, 
very few species produce calls with sound pressure levels 
which are audible at distances exceeding 100 m. Such an 
exception is the natterjack toad B. calamita in which males 
form loud choruses at potential breeding sites. Females 
were shown to move towards the less distant breeding 
chorus, that is, that with the highest sound pressure level 
from distances of up to 1 km. A recent study suggests that 
newts Triturus marmoratus use the advertisement calls of 
syntopic B. calamita for phonotactic homing, but it is not 
clear whether the newts’ ear is sufficiently well-tuned to 
use the heterospecific calls for long-distance homing. 
Sound receptors are the external ears, often including a 
tympanic membrane. Frequencies above 1000 Hz are 
routed via the columnella to the papilla basilaris of the 
inner ear, and frequencies below 1000 Hz via the opercu¬ 
lar complex and the papilla amphibiorum. 

Mechanical cues such as water surface-waves and seis¬ 
mic signals are used exclusively for short-distance orien¬ 
tation to fixed references within the range of a few meters. 

Orientation Mechanisms 

The sensory information collected from the environment, 
either during active outward movements or following 
passive displacement at the release site, is processed and 


filtered in the central nervous system to control the course 
and distance of resulting movements. Amphibians accomplish 
goal-oriented long-distance movements using at least 
five basic orientation mechanisms: path integration (dead 
reckoning), beaconing, pilotage, compass orientation within 
an area of familiarity, and true navigation requiring both 
map and a compass steps for homing. It is a matter of 
definition, if rheotaxis (orientation based on the perception 
of water currents) is a special case of beaconing or an 
additional orientation mechanism, but its role is limited to 
the short-distance orientation of mostly newts. In this 
section, I shall briefly describe the current knowledge on 
the orientation mechanisms detected so far and on their 
relative importance for long-distance orientation. 

The only orientation mechanism in which an active 
outward journey is mandatory is path integration (dead 
reckoning). Walking distance and direction is stored using 
kinesthetic senses. During return migration, the individual 
reverses the average walking direction, and based on the 
associated distance information, a straight homeward course 
is maintained. There is only one study on the newt Taricha 
torosa which suggests a role of path integration in homing, 
by Endler in 1970. It is still an open question whether the 
uninterrupted flow of information during the outward 
movement available to all active dispersers plays a signif¬ 
icant role for long-distance homing of other amphibians. 

If there is a direct sensory contact to the goal, home 
orientation becomes independent from outward journey 
information. The direct orientation along a gradient ori¬ 
ginating from the goal is termed beaconing and has been 
demonstrated in many urodeles and anurans. This simple 
type of orientation requires only the association of a 
gradually varying environmental cue with the goal and 
the ability to measure the intensity of the cue. Olfactory 
beaconing toward breeding pond odor is common in toads 
and newts. Acoustic beaconing (= phonotaxis) toward calling 
males is evident in female natterjack toads B. calamita and 
other anurans. Still, olfactory gradients are sensitive to 
wind influence and hardly stable over large distances, 
while advertisement calls are subject to environmental 
attenuation. Considering these constraints, it is reasonable 
to assume that beaconing plays only a minor role for long¬ 
distance homing. 

Pilotage and compass orientation do neither require 
active outward migrations nor direct sensory contact with 
the goal, but familiarity with the territory from which 
goal-oriented movements are started. Amphibians dispersing 
from their natal sites acquire some kind of a cognitive map 
which enables them to move goal-oriented within the area 
of familiarity. Pilotage is one of the first orientation 
mechanisms discovered in amphibians and enables homing 
by following a sequence of fixed references within the 
landscape. Heusser found in 1969 that homing common 
toad B. bufo used fixed visual landmarks such as forest. It is 
not yet known whether pilotage may also rely on a mosaic 
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map of local odors or sound sources. Previous studies on 
olfactory orientation have exclusively considered beacon¬ 
ing based on pond-emananting odors. 

A more sophisticated level of orientation is the use of 
compasses to steer a straight course towards the goal. 
A compass system allows the amphibian to be aware of 
the direction in which it is moving. This type of orienta¬ 
tion has been studied experimentally in individuals that 
have been passively displaced to familiar sites and deprived 
of outward journey information. Two compass systems have 
been analyzed so far, the celestial and the magnetic compass. 
The celestial compass was discovered first and related to 
the directional information provided by the positions of 
the sun, moon, and stars. As these celestial cues perform 
an apparent movement, an endogenous circadian clock is 
necessary to compensate for the cues’ movement. In fact, 
the presence of a clock was evidenced by the predictable 
effects of clock-shifting on the directional choice of 
amphibians. When Taylor and Ferguson (1970) demon¬ 
strated that amphibians can directly perceive the axis 
(e-vector) of linearly polarized light using the extraocular 
receptors, it became uncertain if the position of the sun 
itself really serves as the reference of the sun compass or 
polarization pattern of the sky which is visible even on 
overcast days. About 10 years later, Phillips provided the 
first evidence that newts N. viridiscens use a magnetic 
compass for shoreward orientation. The peculiar compass 
system is sensitive to the inclination of the earth’s mag¬ 
netic field as that of many other vertebrates. However, it 
only works properly, if the newts were tested under either 
natural or short-wavelength light, suggesting that the 
receptors form part of the visual system. Exposure to 
long wavelengths (>500 nm) caused newts to steer courses 
which were 90° counterclockwise from the correct home 
direction. It remains to be studied whether both compass 
systems interact by means of calibration. 

The most complex orientation mechanism is true nav¬ 
igation which is needed for homing if individuals are 
displaced to a site outside their natural migratory range. 
True navigation is thought to be a two-step process. The 
first step is to determine the individual’s location relative 
to the position of the goal on a cognitive map. The map 
must rely on information which can be reliably extrapo¬ 
lated from the area of familiarity to unknown areas. Once 
the individual’s position is known, the second step of 
orientation is to use a compass system to move straight 
toward home. There is only one amphibian species which 
has been experimentally shown to employ true navigation 
in homing, the eastern red-spotted newt N. viridescens. 

Adult newts are aquatic with a rather small migratory 
range, but the terrestrial efts may collect spatial experience 
outside the adult’s habitat. Phillips and coworkers focussed 
research on the nature of the map used by this newt for 
homing, specifically testing the magnetic map hypothesis. 
The most exciting results characterizing map features 


were obtained in laboratory experiments at distances of 
about 40 km from the home pond. Alteration of local 
inclination by ±2° produced predictable shifts in homeward 
orientation. Homeward orientation was observed on both 
the North-South and the East-West axes, suggesting a 
bicoordinate nature of the map. Finally, newts reverse the 
direction of homing orientation over a range of inclination 
of 0.5° spanning the home value, indicating that magnetic 
inclination (or its vertical and horizontal intensity com¬ 
ponents) is used to derive map information. These find¬ 
ings lent strong support to the magnetic map hypothesis. 

Yet, what is the ecological significance of a supposedly 
magnetic map in the natural habitat? Amphibians usually 
stay within a small area of previous migratory experience 
in which they can choose among several types of orienta¬ 
tion mechanisms for goal-directed movements. A map- 
compass system is clearly useful within the area of 
familiarity, too, but the reading of a magnetic map would 
require very sensitive magnetoreceptors. Considering a 
natural migratory range of about 1 km, a reasonable figure 
for most members of a population, an amphibian would be 
supposed to read the regular spatial variation of the earth’s 
magnetic field which is, on average, only about 3-5 nT km -1 
(0.01%) with respect to the total intensity and on average 
0.01° km -1 in inclination. Further complications for a 
small-scale magnetic map are magnetic storms and spa¬ 
tial irregularities. Thus, a determination of position using 
a magnetic map will often yield misleading or unreliable 
results at this scale and is probably backed up by alterna¬ 
tive orientation mechanisms. On a larger spatial scale, it is 
easier to imagine that the neural hardware of amphibians 
enables the reading of reliable positions from a magnetic 
map. As new data aforementioned suggest that the migra¬ 
tory range of some individuals of a population has been 
underestimated considerably, a magnetic map might be 
particularly useful for a disperser. The next century of 
orientation research will reveal if the navigational ability 
is an evolutionary relict from wider-ranging ancestors or a 
sophisticated orientation mechanism which is also 
employed within the area of familiarity to reduce mortal¬ 
ity risks during migrations. 

See also: Bird Migration; Magnetic Orientation in Migra¬ 
tory Songbirds; Maps and Compasses; Pigeon Homing 
as a Model Case of Goal-Oriented Navigation; Sea 
Turtles: Navigation and Orientation. 
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Non-humans Represent ‘Numbers’ 

Early reports of animal numerical abilities argued that 
number is an unnatural dimension for the animal mind. 
These early studies by Davis and Perusse claimed that an 
animal can only conceive of numerical values after exten¬ 
sive training in a laboratory. For example, Davis and 
Perusse once argued that if a rat or pigeon is given a 
judgment task testing stimuli that vary in size and number, 
the animal will base its judgment on size rather than on 
number. In this view, a proclivity to use numerical con¬ 
cepts is a uniquely human phenomenon. However, since 
these early studies, many studies have established that 
animals other than humans represent numerical values, 
and in many cases, they do so spontaneously. 

Animals as different as bees, fish, salamanders, birds, 
raccoons, rats, lions, elephants, and primates have been 
shown to make quantity discriminations. We can infer 
from this vast and diverse set of studies that all animals 
reason about quantities to some extent. Moreover, several 
studies such as those by Marc Hauser and Karen 
McComb suggest that animals attend to the quantitative 
attributes of their world naturally, spontaneously, and 
automatically. In the wild, groups of lions and chimpan¬ 
zees naturally avoid unfamiliar groups of their conspeci- 
fics when they are outnumbered. Honeybees have been 
shown to use the number of landmarks (e.g., trees) that 
they pass along their foraging route to locate a feeding 
site. Salamanders preferentially choose feeding sites with 
large amounts of food (fruit flies) over small amounts of 
food. And female mosquitofish show a natural preference 
for joining a school with a larger number of fish in order 
to avoid sexually harassing males. Thus, animals of all 
types spontaneously use quantitative information to 
make adaptive decisions in their natural environments. 

Laboratory studies by Cantlon and Brannon also indi¬ 
cate that animals have a spontaneous capacity for repre¬ 
senting numerical values. In contrast to many prior 
naturalistic reports, these laboratory studies ensured that 
animals truly represent ‘number’ as opposed to some 
other quantitative dimension such as size. This level of 
control is important in order to determine whether ani¬ 
mals are using pure numerical representations to make 
quantitative judgments instead of the total size or extent 
of the set (e.g., the cumulative surface area of the set). 
Under some circumstances, the number of items in a set is 
in quantitative conflict with the total size or extent of the 


set. For example, a group of six lions is numerically 
greater than a group of three elephants but, the group of 
three elephants takes up more space and has a greater 
cumulative surface area than the group of lions. This fact 
raises the question of whether animals use number and/or 
spatial extent to make quantitative decisions. 

In a recent laboratory study, Cantlon and Brannon 
tested monkeys with and without prior numerical training 
on a numerical matching task to determine whether 
explicit training is necessary for animals to conceive of 
numerical values. Number-experienced and number- 
naive monkeys were tested on a matching task in which 
they were allowed to freely choose the basis for matching 
from two dimensions: number, color, shape, or cumulative 
surface area. During this task, number was confounded with 
one of the other three alternative dimensions. For example, 
as shown in Figure 1 (a), in the shape and number condi¬ 
tion, if a sample array contained two circles, the monkey 
would then have to choose between two circles (shape and 
number match) and four lightening bolts (shape and num¬ 
ber mismatch) to find a match. The correct match could 
have been made on the basis of either number or shape, or 
both. Because number was always confounded with an 
alternative dimension during training, there was no explicit 
training for the monkeys to use number as the basis for 
matching. In fact, the monkeys could have completely 
ignored the numerical values of the stimuli and solved 
the task using the alternative dimension. 

After each monkey could successfully solve the match¬ 
ing task, probe trials were introduced in which number 
was pitted against the alternative dimension (color, shape, 
or surface area) as shown in Figure 1(b). The monkeys 
now had to choose which dimension they preferred as the 
basis for matching: number or color, shape, or surface area. 
During these probe trials, the monkeys were rewarded no 
matter which option they selected as the match so that 
they could freely indicate the dimension that guided their 
decisions. Remarkably, both number-experienced and 
number-naive monkeys chose to match the stimuli on 
the basis of numerical value across a substantial propor¬ 
tion of the probe trials. These findings demonstrate that 
pure numerical value is a salient feature of the environ¬ 
ment for monkeys, regardless of their prior training expe¬ 
rience. Claims that ‘number’ is an unnatural dimension for 
the non-human animal mind are therefore false. 

Taken together, studies of many different species using 
many different experimental protocols firmly indicate 
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Figure 1 Monkeys were trained to match stimuli (a) in which numerical value was confounded with a second dimension of shape, 
color, or surface area Cantlon and Brannon (2007). Then, they were tested on the same task with probe stimuli (b) in which numerical 
value was in conflict with each of these three dimensions. Even though this training did not require monkeys to use number 
(because they could always use the alternative dimension of shape, color, or surface area), the data from probe trials indicated that 
they did use number to solve the matching task. Redrawn with permission from Cantlon JF and Brannon EM (2007). How much 
does number matter to a monkey? Journal of Experimental Psychology: Animal Behavior Processes 33(1): 32-41. 


that non-human animals represent numerical values. 
Yet, such evidence does not imply that non-human animals 
are capable of ‘counting’ as adult humans do when they 
successively label elements with the verbal counting terms 
‘one,’ ‘two,’ ‘three,’ etc. to precisely determine the total 
number of items in a set. 

Non-human Animals Represent ‘Numbers’ 
Approximately 

As alluded to earlier, non-human animals cannot represent 
numerical values precisely because they lack symbolic lan¬ 
guage. Symbols such as count words (one, two, three, etc.) or 
Arabic numerals (1, 2, 3, etc.) are required in order to 
conceive of precise numerical values because these symbols 
are discrete representations of the values for which they 
stand. That is, the Arabic numeral ‘3,’ for example, always 
represents exactly three items. Non-human animals do not 
have a symbolic system for representing precise numerical 
values in this way. Instead of using discrete representations 
of numerical values, non-human animals represent numer¬ 
ical values approximately, which is akin to estimating. 
However, it is important to note that, like non-human 
animals, humans of all ages also represent numerical values 
approximately even after they learn to count and to use a 
precise numerical symbol system. Humans therefore possess 
both a precise and an approximate means of enumerating. 

The main behavioral signature of approximate numeri¬ 
cal representation is the numerical ratio effect: the ability to 


psychologically discriminate numerical values depends on 
the ratio between the values being compared. This effect is 
known more broadly as Weber’s law. An implication of the 
numerical ratio effect is that there is noise (i.e., error) in the 
psychological representation of each numerical value that is 
proportional to its value. Hence, larger values are noisier than 
smaller values. Numerical discriminations that exhibit a 
numerical ratio effect are approximate discriminations as 
opposed to precise discriminations because they are noisy. 

There is compelling evidence that animals and humans 
rely on the same system for representing number approxi¬ 
mately. When animals and humans are tested in the same 
nonverbal tasks, their performance is often indistin¬ 
guishable. In one study, monkeys and adult humans were 
required to choose one of two arrays that contained the 
smaller number of elements (Figure 2(a)). Humans were 
instructed to respond rapidly, without verbally counting the 
elements. When monkeys and humans were tested on iden¬ 
tical versions of this numerical comparison task, their pat¬ 
terns of performance were remarkably similar; both groups 
showed steady decreases in accuracy (Figure 2(b)) and 
increases in response time (Figure 2(c)) as the numerical 
ratio between the stimuli increases. Mathematically 
speaking, the larger the numerical ratio, the more similar 
two numerical values are to each other. In this study, as the 
numerical ratio approached one (a 1:1 ratio in numerical 
value), monkeys’ and humans’ performance approached 
chance accuracy (which was 50%), because the numerical 
values were too similar to be accurately discriminated by 
either group at larger ratios. 
















































Animal Arithmetic 57 






Ratio (min/max) 



(c) Ratio (min/max) 


Figure 2 In Cantlon and Brannon (2006), monkeys and humans were given a task in which they had to choose the smaller number of 
elements from two visual arrays like those in panel (a). Humans were prevented from verbally counting during this task. Monkeys and 
humans performed very similarly on this task. Both groups performed significantly better than chance (chance = 50%), indicating that 
they could accurately compare the numbers. For monkeys and humans alike, accuracy decreased (b) and response time increased 
(c) as a function of the numerical ratio between the two numbers in a given pair (minimum number/maximum number in a given pair). 
This pattern of performance indicates that for monkeys and humans, numerical comparisons become more difficult as the numerical 
ratio between values because more similar (i.e., closer to 1 on this scale which represents identical numbers or, a 1:1 ratio in numerical 
value). Redrawn with permission from Cantlon JF and Brannon EM (2006) Shared system for ordering small and large numbers in 
monkeys and humans. Psychological Science 17(5): 401-406. 


Similar parallels between human and non-human ani¬ 
mal numerical abilities also have been reported for 
pigeons and rats on other numerical comparison and 
estimation tasks. It seems that numerical approximation 
is a widespread strategy for numerical discrimination 
throughout the animal kingdom. 

A few studies such as those by Tetsuro Matsuzawa and 
colleagues have shown that animals can use discrete sym¬ 
bols, such as Arabic numerals, to represent numerical 
values. However, it is important to note that although 
non-human animals can be trained to associate a symbol 
with a particular numerical value, this association is not a 
precise numerical representation in these animals as it is 
in humans. For instance, macaque monkeys, chimpanzees, 
and pigeons can be trained to associate the Arabic numer¬ 
als (e.g., the numerals 1, 2, 3, and 4) with their 
corresponding values (e.g., sets of 1, 2, 3, and 4 objects). 
However, after months and even years of training, the 
animals continue to represent these symbols approxi¬ 
mately in that they exhibit a numerical ratio effect in 
their responses when they match the sets of objects to 


their symbols. In contrast, adult humans who are given 
unlimited time to assign an Arabic numeral to a set of 
objects perform almost perfectly and do not display a 
numerical ratio effect in their accuracy, because they can 
verbally count the items to determine the precise numeral 
that corresponds to the set. Thus, when animals use sym¬ 
bols to compare numerical values, they are limited to 
approximate numerical representations, whereas adult 
humans can employ precise numerical representations 
by counting. 

Despite the fact that animals cannot represent precise 
numerical values as humans do, they can appreciate the 
ordinal and continuous nature of numerical value. Studies 
testing animals’ abilities to assess relative numerical value 
(e.g., choose the larger or smaller) have provided evidence 
that animals understand the ordinal relationships among 
quantities. There is clear evidence that when trained on 
one subset of numerical values presented nonsymbolically 
as arrays of elements (e.g., 1, 2, 3, and 4 elements), 
monkeys can transfer an ordinal rule (such as ordering 
from least to greatest) to novel numerical values that are 
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outside that initial training range (e.g., 5, 6, 7, 8, and 9 
elements). For example, monkeys trained to order boxes of 
1, 2, 3, and 4 dots from least to greatest were able to 
spontaneously infer that 6 dots is less than 9 dots without 
being explicitly trained to order sets of 6 and 9 dots. Thus, 
when comparing quantities, animals appreciate numerical 
value as a continuum along which values can be ranked 
from least to greatest. 

Ordering is a simple form of arithmetic computation 
that requires an individual to determine the proximity of a 
given value to the numerical origin (e.g., zero for humans). 
Evidence of this simple type of arithmetic ability in 
non-human animals raises the question of whether they 
can perform more complex arithmetic operations. 

Non-human Animals Mentally Manipulate 
‘Numbers’ 

Arithmetic operations, such as addition, subtraction, divi¬ 
sion, and multiplication, require mental transformations 
over numerical values. For example, addition is an arith¬ 
metic operation that involves mentally combining two or 
more quantitative representations (addends) to form a 
new representation (the sum). That is, during addition, 
an individual has to mentally alter the information it is 
given (the addends) to create a new representation (the 
sum). The degree to which animals are capable of mental 
arithmetic therefore reflects their capacity to mentally 
transform numerical information. 

Many models of foraging behavior assume that animals 
calculate the rate of return: the ratio of the number of food 
items or the total amount of food they obtain to the time it 
took to procure the food. For example, ducks are more 
likely to congregate around a person throwing bread 


crumbs at a high rate than a person throwing crumbs 
at a low rate, showing that they are sensitive to the rate 
of return of a feeding site. Additionally, great tits (a kind 
of bird) visit feeding sites in direct proportion to the 
relative abundance of food at that site (e.g., if a site has 
food 75% or the time, the birds will visit that site 75% of 
the time). This probability matching behavior indicates 
that animals are sensitive to the proportion of instances 
that an individual feeding site pays off. Such reports 
predict that animals not only represent ‘number but 
that they also manipulate numerical representations arith¬ 
metically. Indeed, recent studies deliberately testing the 
arithmetic abilities of animals have confirmed that ani¬ 
mals are capable of manipulating their quantitative repre¬ 
sentations using arithmetic procedures such as addition, 
subtraction, and proportion (akin to division). 

Addition 

Several studies have tested animals’ abilities to add 
numerical values together. Moreover, recent studies have 
begun to test animals’ abilities to do mental arithmetic 
over large and complex ranges of addition problems. For 
instance, in one study, monkeys and adult humans were 
presented with two sets of dots on a computer monitor, 
separated by a delay. After the presentation of these two 
‘sample sets,’ subjects were required to choose between 
two arrays: one with a number of dots equal to the numer¬ 
ical sum of the two sets and a second, distractor array that 
contained a different number of dots. The addition pro¬ 
blems consisted of addends ranging from 1 to 16, tested in 
all possible combinations. Monkeys and humans (who 
were not allowed to verbally count the dots) successfully 
solved the addition problems, and the two species’ accu¬ 
racy (Figure 3(a)) and response times (Figure 3(b)) were 


Accuracy 



Response time 



Figure 3 Monkeys and humans were given a task in which they had to add together two sets of dots that appeared successively and 
then choose the sum from two visual arrays. Humans were prevented from verbally counting during this task. Monkeys and humans 
performed very well on this task in that both groups performed significantly better than chance (chance = 50%). Moreover, both groups 
showed the same pattern of difficulty: decreasing accuracy (a) and increasing response time (b) as the numerical ratio between the two 
choice stimuli increased. Redrawn with permission from Cantlon JF and Brannon EM (2007) Basic math in monkeys and college 
students. PLoS Biology 5(12): e328. 
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similarly constrained by the numerical ratio between the 
choice stimuli, or Weber’s law. A series of control condi¬ 
tions verified that monkeys’ successful performance was 
not based on simple heuristics such as choosing the array 
closest to the larger addend. Like humans, monkeys per¬ 
formed approximate addition over the numerical values of 
the sets. 

A series of studies by Michael Beran and colleagues 
tested non-human primates’ abilities to choose adaptively 
among several food caches containing different amounts of 
food. These studies have demonstrated that non-human 
primates can reliably identify the cache containing the 
largest quantity of food, even when this requires tracking 
one-by-one additions to multiple caches over long periods 
of time. Thus, non-human primates are capable of main¬ 
taining separate running tallies of different food caches. 

Hauser and Spelke have found that monkeys exhibit 
these kinds of arithmetic abilities even without prior 
training experience. For instance, when semifree ranging, 
untrained rhesus monkeys watched as two groups of four 
lemons were placed behind a screen, they looked longer 
when the screen was lowered to reveal only four lemons 
(incorrect outcome) than when the correct outcome of 
eight lemons was revealed. Monkeys’ longer looking time 
to the incorrect arithmetic outcome can be interpreted as 
‘surprise.’ Thus, as measured by their looking time, 
monkeys spontaneously form numerical expectations 
when they view addition-like events and are ‘surprised’ 
when an event violates their expectations. 

Other studies have trained animals to associate sym¬ 
bols with specific numerical values and then tested the 
animals’ ability to add the symbols. One study showed 
that pigeons reliably choose the combination of two sym¬ 
bols that indicates the larger amount of food. However, 
when the number of food items associated with the sym¬ 
bols was varied but total reward value (mass) was held 
constant, the pigeons failed to determine the numerical 
sum of the food items, suggesting that they performed the 
addition task by computing the total reward value repre¬ 
sented by the two symbols, rather than by performing 
numerical arithmetic. Although these data do not demon¬ 
strate pure numerical arithmetic in non-human animals, 
they do indicate that pigeons can mentally combine 
‘amounts’ to choose the larger sum of food. Moreover, 
this study shows that pigeons can compute total amount 
abstractly, using symbols to stand for, or represent, the 
different addends in the problems. 

A particularly impressive test of symbolic numerical 
arithmetic in a non-human animal was conducted on a 
single chimpanzee by Boysen and Berntson. In this study, 
a chimpanzee was trained to associate the x\rabic numerals 
1-4 with their corresponding values. After the chimpanzee 
was proficient at identifying the value that corresponded 
to each Arabic numeral (and vice versa), she was tested on 
her ability to comprehend the arithmetic sum of two 


Arabic numerals. Sets of oranges were hidden at various 
sites in a field. Each hidden set of oranges was labeled with 
two Arabic numerals the sum of which reflected the total 
number of oranges in the cache. The chimpanzee consis¬ 
tently chose the cache with a combination of Arabic 
numerals that corresponded to the greatest sum of hidden 
oranges. Additionally, this chimpanzee was able to view 
separate sets of oranges and then to identify an Arabic 
numeral that corresponded to its sum. These experiments 
demonstrate that non-human animals can use abstract 
symbols as representations of numerical values to compute 
approximate arithmetic outcomes. 

Subtraction 

While there is good evidence that animals can add, evi¬ 
dence that animals can subtract is very scarce. In fact, 
most studies report that animals struggle to compute the 
outcomes of subtraction problems. For instance, Hauser 
and Spelke tested semiwild monkeys’ ability to subtract, 
using the looking time method described earlier that 
relies on animals looking longer at events that are 
surprising. In this study, subjects were shown an empty 
container and then a small number of eggplants were 
placed inside the container after which the contents of 
the container were revealed to the subjects. In one condi¬ 
tion, two eggplants were placed inside the container, then 
one eggplant was removed (2 — 1 subtraction). When the 
contents of the box were revealed, the animals either saw 
one eggplant (not surprising) or two eggplants (surprising). 
In another condition, one eggplant was placed inside the 
container and then another was added to the container 
(1 + 1 addition). The contents of the box were revealed 
just as in the subtraction condition but, in this case, an 
outcome of one eggplant would be surprising whereas 
an outcome of two eggplants would be expected. 

Monkeys that saw the addition condition looked 
(appropriately) longer at the unexpected outcome of one 
eggplant. However, the results were more ambiguous from 
the subtraction condition: although the majority of 
monkeys looked longer at the surprising outcome of two 
eggplants than at the unsurprising outcome, the magni¬ 
tude of the difference in their looking time between 
surprising and unsurprising outcomes was not signifi¬ 
cantly different. One possibility is that monkeys found it 
significantly more difficult to predict the outcome of the 
subtraction event than the addition event. 

Similar difficulties with subtraction problems relative 
to addition problems have been reported in chimpanzees. 
In a study by Michael Beran, chimpanzees watched as food 
items were added to or removed from two different con¬ 
tainers. Then, they were allowed to choose one container to 
eat its contents. Chimpanzees chose adaptively, maximizing 
their food intake, when food items were added to contain¬ 
ers, but they were less successful when items were 
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subtracted from containers. However, although chimpan¬ 
zees were not as good at subtractions as they are at addi¬ 
tions, they were able to compute some simple subtraction 
outcomes. For example, when chimpanzees saw one food 
item removed from a container with anywhere from one to 
eight food items, they successfully chose the container with 
more items on the majority of trials. Thus, it was not the 
case that the chimpanzees failed to understand subtraction 
operations all together — they just failed to compute 
problems with large subtracted amounts. 

A study by Hauser and Spelke testing the subtraction 
abilities of wild rhesus monkeys on the same type of 
subtraction task arrived at a similar conclusion. In that 
study, monkeys successfully computed the outcomes of 
simple subtraction problems involving three or fewer total 
food items but failed on problems involving larger oper¬ 
ands. On the basis of these findings, the authors concluded 
that there might be an upper limit on the magnitude of 
the subtraction problems that animals naturally compute. 

Taken together, findings from subtraction studies sug¬ 
gest that non-human animals are capable of computing 
subtractions, albeit with limited accuracy relative to addi¬ 
tion. However, it may be the case that animals can perform 
better on subtraction problems in tasks that either do not 
present the elements of the problems as food items or that 
test the animals over a wider variety of problems with a 
more extended task exposure period. Due to the limited 
number of studies testing subtraction in animals, it is 
difficult to make a concrete conclusion about animals’ 
capacities for subtraction. 

Probabilities and Proportions 

A variety of non-human animal species use the proportion 
and probability of food abundance to guide their feeding 
choices. Proportion and probability operations are similar 
to division in the sense that they all require partitioning- 
one quantity as a function of a second quantity to derive a 
quotient. Two examples of this capacity, discussed earlier, 
described the use of rate of return and probability match¬ 
ing in foraging birds. These measures are employed not 
only by birds but can be observed also in the feeding 
behaviors of many mammalian species. Both the rate of 
return and probability matching require animals to calcu¬ 
late the total quantity of food divided by the total time 
foraging. Animals thus appear naturally sensitive to pro¬ 
portions such as rate and probability when these measures 
factor foraging time and food. 

Animals are also capable of computing other forms of 
proportions. For instance, piranhas seem to use length 
proportions in order to identify their prey. Piranhas only 
attack and devour fish that have a 1:4 height-length ratio 
or greater. The 1:4 proportion rule prevents piranhas from 
attacking each other, as well as several other types of fish 
whose height-length ratios fall beneath 1:4. This is a 


different kind of proportion computation from rate of 
return and probability matching in the sense that it 
requires dividing one dimension by a second dimension 
within the same object. 

Laboratory studies, such as those by Nieder and col¬ 
leagues, have demonstrated that non-human animals can 
use proportions to reason about problems beyond those 
they experience in their natural environments. These 
controlled laboratory studies ensured that animals are 
truly capable of using ‘proportion’ to solve problems, 
rather than using an alternative cue such as absolute 
size. For instance, a recent study by Vallentin and Nieder 
showed that monkeys can match sets of lines on the basis 
of their length proportions. 

They trained monkeys to look at a pair of lines, encode 
the ratio of the length of the first line to the second line, 
and finally, choose a pair of lines from among a few options 
that matched the initial pair in length ratio. Thus, if a 
monkey saw two lines in a 1:4 length ratio on a given 
trial, they should choose a pair of lines that was also in a 
1:4 ratio as opposed to a 2:4, 3:4, or 4:4 ratio. Examples of 
the length ratios that the monkeys were tested with are 
shown in Figure 4(a). Importantly, the absolute lengths of 
the lines were varied such that the animals had to encode 
the ratio of the lines to arrive at the correct answer; 
using the absolute length of either or both of the lines 
would lead to random performance. Monkeys’ perfor¬ 
mance was not random, however, showing that they were 
capable of basing their matching choices on proportion. In 
fact, monkeys performed about as well as adult humans 
who were tested on an identical task (Figure 4(b)). More¬ 
over, monkeys were subsequently tested with novel length 
ratios (3:8 and 5:8) and showed no decrement in perfor¬ 
mance on these novel ratios relative to the familiar ratios 
(1:4, 2:4, 3:4, and 4:4). Broadly speaking, this study demon¬ 
strates that monkeys are capable of calculating proportions 
flexibly, to solve novel tasks testing a range of problems. 

Pigeons have been tested in a similar paradigm to this 
primate study. Jacky Emmerton has tested pigeons’ abilities 
to calculate the proportion of red to green color within 
horizontal bars and arrays of squares. Half of the pigeons in 
this study were trained to choose stimuli with a greater 
proportion of green, whereas the other half chose stimuli 
with a greater proportion of red. Thus, unlike the previous 
primate study, this study did not require animals to identify 
a specific proportion (e.g., 1:4). However, the pigeons’ accu¬ 
racy indicated that they were sensitive to proportion: 
pigeons were much better at choosing the stimulus with 
the greater amount of their target color when the propor¬ 
tion was in a greater disparity (e.g., a 1:5 ratio of red to 
green was easier to discriminate than a 2:5 ratio). Further¬ 
more, a series of control tests revealed that pigeons actually 
encoded proportion as opposed to absolute amount. Thus, 
the ability to use proportion flexibly may extend to non¬ 
primate and even nonmammalian species. 




Animal Arithmetic 61 




0 

o 

03 

E 

b 

t= 

0 

Q. 

0 

CT) 

0 

0 

> 

< 




60 

40 

20 


Monkey 

Human 



2:4 3:4 

Proportion 



Figure 4 Vallentin and Nieder (2008) tested monkeys and humans on a length proportion matching task in which they had to match 
the length proportion of two lines to the proportion of another pair of lines (from a series of choices), regardless of the absolute sizes of 
the lines. As shown in (a), there were four different proportions (1:4, 2:4, 3:4, and 4:4) on which the animals were tested. Different 
exemplars of each proportion category are shown. Among proportion exemplars, the absolute lengths and positions of the lines vary. 
Monkeys and humans performed similarly on this task (b) in terms of their overall accuracy and in terms of which proportion categories 
they found most difficult. Redrawn with permission from Vallentin D and Nieder A (2008) Behavioral and prefrontal representation of 
spatial proportions in the monkey. Current Biology 18(18): 1420-1425. 


Several studies have also investigated animals’ abilities 
to make decisions on the basis of the probability of a 
reward pay-off. Recently, Yang and Shadlen demonstrated 
that monkeys are even capable of adding probabilities 
together to determine their sum. In this study, monkeys 
were shown different shapes that were each associated 
with a specific probability that one of two choice targets 
(a red circle or a green circle) would pay-off a reward (fruit 
juice). On each trial, the monkeys had to look at a shape 
and then choose either the red target or the green target. 
There were ten possible shapes whose probabilities of pay¬ 
off ranged from a 100% chance that the red target would 
pay off to a 100% chance that the green target would pay 
off. So, for example, a monkey might see a shape associated 
with a 70% chance that the red target would pay off and, in 
this case, he should choose the red target as opposed to the 
green target. Once the monkeys learned to choose targets 
appropriately on the basis of the probability of pay-off 
associated with each of the ten shapes, they were given a 
more complicated task. 

In the more complicated version of the task, the 
monkeys were shown a combination of four shapes and 
were required to choose a target on the basis of the sum 
of the probabilities of the four shapes (Figure 5). For 
example, a monkey might see a shape associated with 
a 70% chance of red paying off, a second shape with a 
90% chance of green paying off, a third shape with a 70% 
chance of green paying off, and a fourth shape with a 
70% chance of red paying off. In this example, the sum of 
these probabilities results in a 20% chance that green will 
pay off and the monkey should choose the green target. 
This example is shown in Figure 5. 

Across many trials, with many different combinations of 
shapes, the monkeys chose the correct target on the majority 
of trials on the basis of the cumulative probability of 
the shape combination. Of course, the monkeys computed 
these probabilities only approximately and thus, they made 


errors when the difference between the sum of the red- and 
green-target pay-off probabilities was slight. However, it is 
impressive that monkeys chose the appropriate target on the 
majority of trials, given that 715 different combinations of 
shapes were tested. This large number of possible shape 
combinations would have made it impossible for the ani¬ 
mals to learn or memorize the pay-off probabilities of the 
combined shapes. The animals therefore had to compute 
the sum of the probabilities across the four shapes to choose 


First, sum the probablities 


Then, choose a target 


(b) 

Figure 5 Each shape in panel (a) is associated with a 
probability that the red or green target will pay-off a juice reward. 
Monkeys were shown four shapes on a computer screen, and 
then they were required to choose either the red or green target 
(b). In order to choose the correct target, monkeys had to 
compute the probability that the red or a green target would pay¬ 
off by summing the probabilities from these four shapes for 
favoring the two targets. Using the scale in panel (a), the sum of 
the four shapes in panel (b) indicates that there is a 0.2 probability 
that the green target will pay-off and so, the monkey should 
choose the green target (Yang and Shadlen, 2007). Redrawn with 
permission from Yang T and Shadlen MN (2007) Probabilistic 
reasoning by neurons. Nature 447(7148): 1075-1080. 
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the appropriate target; this is analogous to performing 
a computation (addition) on a computation (probability). 
Evidence that non-human animals can compute complex 
calculations such as these raises the possibility that their 
minds are capable of computing a whole host of approxi¬ 
mate arithmetic computations. 

Conclusion 

Quantitative thinking appears to be an inherent aspect of 
decision-making throughout the animal kingdom. Studies 
of the behavior of animals in their natural habitats and 
during controlled laboratory tasks have revealed a level 
of arithmetic sophistication in non-human animals that 
once may have been considered uniquely human. So far, 
there is evidence that animals can add, subtract, estimate 
a proportion or probability, and add probabilities. Unlike 
humans, non-human animals are limited to entering 
approximate quantitative representations into these 
operations. However, regardless of differences in the pre¬ 
cision of human and animal representations, approximate 
arithmetic operations seem to function quite similarly in 
humans and other animals. Humans and non-human ani¬ 
mals perform at comparable levels of accuracy on arith¬ 
metic tasks that force humans to use approximate 
numerical representations by preventing them from ver¬ 
bally counting or labeling units. 

The parallels in human and non-human animal 
approximate arithmetic suggest an evolutionary link in 
their quantitative capacities. That is, the types of quanti¬ 
tative abilities described herein likely have been around 
for millions of years. Moreover, evidence of non-human 
animal arithmetic advances the hypothesis that quantita¬ 
tive reasoning is a component of a primitive cognitive 
system that exists even without language. Animals that 
do not use symbolic language to express their thoughts 
nonetheless possess the ability to perform arithmetic and 
quantitative computations. Together, these findings 
underscore the existence of extraordinary continuity in 
the thought processes of humans and other animals, 
despite the obvious differences between them. 

The parallels in human and non-human 

Although we have discussed some broad similarities in 
the quantitative capabilities of many animal species, the 
degree to which species subtly differ in their arithmetic 
abilities remains to be explored. For instance, animal spe¬ 
cies that naturally reason about length proportions in their 
environments (e.g., piranhas) may solve length proportion 


tasks more easily than species that do not. Studies that 
compare arithmetic capacities between species using 
comparable tasks are needed to address such questions. 
Additionally, in order to develop specific hypotheses 
for revealing differences among species, the degree 
to which animals face quantitative problems and use 
quantitative strategies in their natural environments 
needs to be explored in greater detail. This type of 
research would help to further delineate the evolutionary 
relationships among the quantitative abilities of different 
animal classes. 

See also: Categories and Concepts: Language-Related 
Competences in Non-Linguistic Species; Cognitive 
Development in Chimpanzees; Time: What Animals 
Know. 
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Early Humans 

The scientific study of animal behavior has its origins 
in the late eighteenth and early nineteenth centuries. 
However, animal behavior was a constant in the lives of 
the early humans and information on animal behavior 
accumulated over many centuries, first by oral traditions 
and art and later through writing and art. Thus, it is 
entirely appropriate to begin this section on the history 
of animal behavior with topics that commenced with early 
humans and end with the Renaissance. A subsequent entry 
covers developments from this juncture up to the begin¬ 
ning of the twentieth century when the modern study of 
animal behavior first emerged. 

Early humans made thoughtful observations of behav¬ 
ior and shared their knowledge about the natural world. 
Their survival depended on this knowledge. Archeologi¬ 
cal sites and associated evidence for fires, tools, art, and 
other cultural artifacts provide insight into the way early 
humans used their knowledge of animal behavior. The 
oral traditions of numerous indigenous peoples around 
the world, gathered from the 1600s onward, provide evi¬ 
dence of both the general and specific nature of these 
observations and their importance. 

For daily living, humans required two basic types of 
information, consisting of observations of animals that 
they could use as food on the one hand, and knowledge 
of organisms that were potential predators on the other. 
Knowing aspects of behavior, such as when the animal is 
active, seasonal variations in presence and activity level, 
what it eats, where it sleeps, whether it lives alone or in 
social groups, and many other traits would enhance the 
ability to capture and kill organisms for meat. Indeed, the 
means by which capturing and killing a prey animal would 
be dependent on this knowledge and some period of trial 
and error with snares, traps, spears, and other implements. 

Louis Leakey told a story about how early humans 
might have captured a rabbit. The method is based on 
the knowledge that when a rabbit feels threatened, it 
initially freezes, but when the source of threat moves too 
close, the rabbit will generally break to the left or right 
from its frozen position. So, if a hunter wants to catch and 
kill the rabbit, he would find a suitable stone and then 
look for a rabbit. Once spotted, and with the animal now 
frozen in hopes of not being discovered, the hunter moves 
steadily toward the rabbit. When the critical distance is 
reached, the rabbit will bolt in one direction or the other. 
The hunter makes a calculated guess and goes left or right. 


If correct, he will be nearly on top of the rabbit and can 
kill it with his stone. If he guessed incorrectly, perhaps he 
will turn and locate the rabbit for a second attempt. 

Having observed prey and their behavior, humans 
were able to select from several different strategies. 
One involves stalking the animal, moving behind some 
form of barrier, using camouflage, and working from the 
appropriate wind direction to reach a point where it could 
be captured or killed. This distance would depend on 
whether the prey was to be dispatched by hand, with a 
stone, using a spear, or by some other means. Clearly, 
knowing about the animals in the region where they 
lived would enable early humans to provide a supply of 
meat for themselves and a family or similar group. 

A second strategy, termed sit and wait, was used for 
animals that frequent a particular location such as a water 
hole. Remaining hidden near such a location, a hunter was 
able to use information gleaned from numerous previous 
visits to know when certain types of animals were most 
likely to return to the water hole. He would then be ready 
to kill or capture the animal. 

For peoples who lived near water and used fish as a 
steady source of meat and protein, similar observational 
knowledge was critical. Knowing the types of fish and 
their different swimming patterns, social groupings, and 
particularly their habitat, would make capture possible, 
using nets for example, or spearing bigger fish. 

Survival was also dependent on avoiding becoming a 
prey item for some other animal. Obviously, this concern 
was more relevant in some locations than others. There 
are a few large mammals that can kill and consume 
humans; bears are one example as are many of the large 
cats. Pack-dwelling canids can pose a threat as could large 
herds of grazing animals if they were startled and stam¬ 
peded. In the marine environment, sharks would be a 
primary threat. In some locations, reptiles such as snakes 
and crocodilians would pose a hazard. Thus, knowledge of 
the habits and habitats of each of these potential predators 
would be necessary on a daily basis. 

Various forms of artistic expression that came to be 
part of the cultural heritage of early humans also demon¬ 
strate their knowledge about animal behavior. Drawings 
in caves and the many of the petroglyphs and pictographs 
found throughout the world depict animals. Some of these 
artworks are of prey, some are of potential predators, and 
others appear to have a religious or spiritual connection. 
In all cases, there are examples where the art is true to life, 
with very accurate characteristics of the animal depicted, 
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and other examples where the representation is a carica¬ 
ture of some form, recognizable as a particular animal, but 
drawn with special features or only as a rough sketch. 
Some art of these types depicts canids or, in a few cases, 
hoofed animals, that were subjects of early attempts at 
domestication. In addition, at some locations, we find 
artifacts, such as small animal sculptures, exhibiting char¬ 
acteristics that show a firm knowledge of the anatomy and 
behavior of the animals in their world. 

Various early forms of communication were tied, in 
part, to information gathered about non-human animals 
and shared with others. The aforementioned artwork is a 
good example. Also, by some accounts, aspects of lan¬ 
guage originated from mimicking animal sounds; this is 
called onomatopoeia. Such oral communication could be 
used, for example, to lure prey closer and, of course, as a 
set of signals about prey locations and behaviors while the 
hunt was on. 

Finally, early humans were students of their own 
behavior. Most animals acquire a set of social skills and 
means of communication that derive, in part, from obser¬ 
vations of others. In order to function in a social group, 
early humans learned generally accepted norms as for 
example, their place in the progression of food sharing. 
They also used observation to gather useful information 
about individuals in their sphere, including personality 
quirks, habits, and preferences. 


Agriculture and Domestication 

As humans evolved in terms of their physical traits, so did 
they evolve culturally. Among the events that transpired, 
two in particular are dependent on knowledge of animal 
behavior. The rise of agriculture was a driving force in the 
appearance of towns and then cities; humans could con¬ 
gregate because food supplies were now produced in large 
quantities. These efforts to domesticate plants, such as 
corn or squash, required many decades of experimenta¬ 
tion, some almost certainly accidental, but accompanied 
by a growing knowledge of how to reproduce desired 
traits in subsequent generations. 

Animal behavior is important to these efforts in terms 
of a variety of pest organisms, during both the growing 
phase and when grains and other agricultural products 
were stored for use during nongrowing times of the year. 
Just as today, there are numerous insects, birds, mammals, 
and other organisms that can harvest the fruits of our 
labor before we do. Knowing the habits of these creatures 
would enable at least some attempts to prevent damage to 
the growing plants and fruit. However, as we know quite 
well, many of these issues are still with us today, whether 
it is insects like the bark beetle destroying forests in 
western North America or rodents consuming rice and 


other grains in the growing fields of the Philippines or 
countries of southeast Asia. 

Humans have been more successful in terms of storing 
grains and other products. The use of various kinds of 
containers or vessels generally prevents damage from 
rodents and birds, though insects can sometimes still be 
a problem. Placing foodstuffs in granaries that are hard to 
reach, as in the case of storage structures on cliff faces or 
in caves worked well for protecting the food supply. These 
means of successfully storing foods required a knowledge 
of what types of animals posed threats to the stored goods, 
when during the day or year the animals were active, 
and possibly exploring various means of discouraging 
the attempts to steal food. The latter involved, in some 
instances, plant compounds that acted like deterrents. 
Also important in this regard were domesticated canids 
that could warn of or help ward off larger predators that 
came to raid the fields or storage locations. 

Coincident with some early humans, several types of 
animals were domesticated. There are at least four ratio¬ 
nales for domestication: (1) companionship and protec¬ 
tion; (2) as a food supply; (3) to provide skins and fur for 
clothing, bones for utensils, intestines for water storage, 
and other animal parts used for various cultural artifacts; 
and (4) as an aid to transportation and travel. In all the 
cases, having a thorough knowledge of the habits of the 
animals would have been very necessary to have any 
degree of success with the sequence of steps involved in 
domestication. 

The most well known of the companion animals are 
the canids, primarily the wolf. Animals domesticated for 
food include large species such as cattle and swine, and 
many smaller species such as rabbits and guinea pigs. 
Among the species domesticated for clothing (and other 
purposes) were sheep and musk ox, though all of the 
animals eaten for food served as a supply of skins, bones, 
and other useful items. Animals used for transportation 
included horses, llamas, and camels. Each of these domes¬ 
ticated stocks derives from one or more wild ancestors. 
Humans in different locations around the globe often 
domesticated local animals for similar purposes, as exem¬ 
plified by those used for transport. Observing the wild 
animals over many generations provided an understand¬ 
ing of the behavioral traits, diet, and particularly the social 
and reproductive biology of the target species. In addition, 
early peoples likely determined that occasional introduc¬ 
tion of wild stock animals into the breeding program 
would help maintain genetic heterozygosity, avoiding 
potential problems associated with too much inbreeding. 

Domestication likely began as some form of close asso¬ 
ciation between humans and the wild mammals. As time 
passed, the symbiosis with humans increased and some 
controlled breeding, in captivity, followed. As with the 
domestication of crops, experimentation resulted in 
animals with traits that made them more suitable for 
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human uses. Much later, as human interest became more 
concentrated and economic in nature, different breeds of 
the domestic stocks were bred for specific traits and loca¬ 
tions with varying climates. This process continues even 
today with most of our livestock. Indeed, we often use our 
knowledge of the behavior and genetics of the organism to 
facilitate breeding programs. A few mammals and some 
birds have also been domesticated. These include rabbits, 
guinea pigs, chickens, and a variety of animals we now use 
for laboratory research, many of them being rodents such 
as mice and rats. 

Greeks and Romans 

Both Greeks and Romans made substantial contributions 
to the general understanding of animals, including com¬ 
mentaries on behavior. Among the major developments 
during this period extending from early Greeks (c. 2700 
BCE) to the Byzantine Empire (c. 600) with respect to 
animal behavior were (1) a better understanding of anat¬ 
omy and some physiology, (2) the beginnings of true 
natural history at the time of Aristotle and his develop¬ 
ment of a classification scheme for plants and animals, and 
(3) the application of science to agriculture and domestic 
livestock. 

Beginning by about 650 BCE, dissections of humans 
and other animals have led to some basic understanding of 
anatomy, particularly in terms of bones and muscles. This 
has led, in turn, to an early, but incomplete knowledge of 
how these systems worked, as for example in locomotion. 
Accompanying the anatomy was a basic understanding of 
the five senses and the manner in which we humans 
sampled our environment. In the Aristotelian view, the 
human mind was, at birth, a blank slate and the senses 
were a primary source of input and to aid in formulating 
the rules for processing this information. The attribution 
of human qualities to gods and to mythical creatures 
continued to be a major part of the spiritual life of the 
Greeks. Together these lines of evidence indicate that 
the Greeks were cognizant of the qualities of non-human 
animals with which they shared plant Earth. 

Aristotle (384-322 BCE) and his followers are the 
first major influence on what we would recognize as the 
scientific study of animal behavior. At least three lines of 
evidence support this statement. Systematic, recorded 
natural history observations provided a basis for under¬ 
standing both the immediate world surrounding them 
and, with time, the discoveries made in what were then 
distant places. His use of consistent methods in observing 
and recording became the basis for natural history for 
many centuries. His many hours spent watching marine 
organisms like starfish, mussels, and fishes produced the 
first ethograms, including daily activities, modes of repro¬ 
duction, and development from egg, to larva, to adult. 


The use of the comparative method, both in anatomy 
and in natural history began during this period. Aspects 
of animal reproduction were a common theme in many of 
Aristotle’s writings. Last, Aristotle organized what was 
then known about animals into a classification scheme, 
a basic ladder of the living organisms. Because he had 
limited exposure to land animals, his classification con¬ 
sists mainly of marine and fresh water aquatic organisms. 

The history of animal behavior during Roman times 
centered on applied topics, particularly with domestic 
stocks, which included, in addition to the farm animals 
with which we are familiar, treatises on birds and bees. 
Pliny the Elder (AD 23-79) compiled a 37-volume ency¬ 
clopedia of the natural world. He relied both on his 
own observations and a collation of written works from 
his many predecessors. Work by Galen (AD 129-200) 
extended the knowledge of anatomy through a series of 
dissections. These findings could then be extended to the 
understanding of body functions, like locomotion, feeding, 
and reproduction. 

The Middle East and Asia 

Peoples of Asia and the Middle East have produced 
extraordinary work in areas of astronomy, physics, medi¬ 
cine, and mathematics, but what little evidence we have 
suggests that there was some work done on domestic 
animals and little on observations of behavior in wild 
animals. Much care and thoroughness, and early develop¬ 
ment of the scientific method, including empirical data 
and experimental techniques, have characterized work on 
astronomy, but these same procedures were not used for 
animal study, or at least no records of this type of work 
have survived. Depictions of animals, particularly birds 
and mammals, in artwork and descriptions of the behavior 
of these animals in myths and stories indicate that some 
species were held in high regard. Art showing animals 
catching prey, feeding, nursing, copulating, and engaging 
in other behaviors is found at numerous sites from many 
cultures in this large region. 

Domestic animals included livestock, beasts of burden, 
and a strong affinity for cats and dogs. Cats in particular 
are depicted in a number of locations and situations; they 
were revered animals in some cultures, particularly in 
Egypt. This was particular true of house cats, domesti¬ 
cated from wild ancestors, used for capturing mice and 
rats, and then, over several millennia, elevated to the 
status of gods. Drawings, figurines, and other depictions 
of wild animals, including raptors and hoofed animals like 
ibex and water buffalo, show prey animals captured for 
food and other uses. 

Throughout this vast region, and extending, via Native 
American migrations to North and South America, there 
is a strong connection between animals, their behavior, 
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and religion. A variety of deities were defined in terms of a 
particular animal and were assumed to have the observed 
traits and features of that animal. In most of this region, 
animals like camels, elephants, and some horses were used 
for military purposes. To work with these animals, people 
using them needed to understand their behavior through 
direct experience and observation, and passed to future 
generations in oral or written form. 

In India, where Hinduism has long been the dominant 
religion, much work centered on animals used for com¬ 
merce, either as transportation or for trade, hunting, staged 
fights, and various sacrificial ceremonies. As a result, there 
are written works on topics like training and taming 
elephants, along with early schemes of classification that 
used, among other traits, the behavior of animals as a 
criterion. 

Several precursors of much more modern ideas in 
life science and ecology that have strong relevance to 
animal behavior appeared during this period. These 
were a product of what is sometimes called the Arab 
Agricultural Revolution, which transpired during the 
European Middle Ages. Among these were (1) the notion 
of food chains, (2) the struggle for existence among ani¬ 
mals, and (3) the effects of environmental determinism. 
The last is a topic that recurs in animal behavior up to the 
present. 

Precursors of Animal Behavior in Europe 

From c. AD 200 onward, the entire scientific enterprise 
in Europe entered a long decline and disintegration that 
lasted until the late 1300s. This period was characterized, 
among other things, by a return to the use of mythology 
to explain the behavior of humans and other animals. 
There was little interest in natural history. Religion was 
the dominant force and most knowledge was framed and 
characterized in terms of religious beliefs and traditions. 

With the beginning of the Renaissance (late fourteenth 
century through the sixteenth century) a return to basic 
and then experimental science resulted in renewed inter¬ 
est in animal behavior. An early beginning to this period, 
in the late twelfth century was curtailed by the black 
or bubonic plague that descended on Europe during 
the 1300s. As natural history observations became more 
thorough and sophisticated, information was organized 
by animal type, location, habitats, and other criteria. 
Astronomy and other physical sciences, and physiology, 
anatomy, and medicine dominated this period. 

However, there were important developments in areas 
of science that bear on what we now know as the study of 
animal behavior. In the early Renaissance, considerable 
information was collected and added to the general 
knowledge about the natural history of a variety of ani¬ 
mals from both Europe and neighboring regions such as 


northern Africa and western Asia. These findings were, in 
large measure, a function of increased trade, with visits 
made to an ever-widening circle of nations. The Age of 
Exploration began in the fifteenth century, resulting in 
voyages to many locations around the globe and observa¬ 
tions of wild animals and, in some instances, the collection 
of live specimens for the examination and viewing of 
diverse activities. The Linnaean classification scheme, 
with the notion of immutable species and a hierarchy of 
levels to fully characterize each organism’s place in the 
grand scheme emerged and became universal. Two fur¬ 
ther developments had enormous impact on human his¬ 
tory: the printing press and methods for illustration. The 
latter was particularly relevant for animal behavior in 
that depictions of animals engaging in various activities 
became part of the permanent record. 

As the Renaissance progressed, several advances bore 
directly on viewing and interpreting behavior. Descartes 
(1596-1650) promulgated the mechanistic notion of 
life. Animal motions and activities were all driven by a 
vital spirit. His theory encompassed all living matter and 
was the dominant view adopted by most scientists for 
the subsequent several centuries. Science was starting to 
expand, the Enlightenment, which began in the late 1500s, 
brought on a new era for science, with diverse approaches to 
many areas of knowledge and new methods to employ 
to study topics like animal behavior. At this time, we first 
begin to see the splitting of natural philosophy into various 
specific disciplines; areas like botany, biology, medicine, 
physiology, etc., that we recognize today. 

Conclusion 

As we know from history, the 1000-year period from the 
end of the Roman Empire (late fifth century) until the 
late fourteenth century is labeled as the Dark Ages fol¬ 
lowed by the Middle Ages. While it is certain that knowl¬ 
edge about animal behavior accumulated in this period, 
no major treatises on behavioral topics appear to have 
been written and what work was done with animal behav¬ 
ior was in conjunction with domesticated stocks and 
breeding programs. As travel to distant lands emerged 
in the fifteenth century, new varieties of wild animals 
were encountered and stocks of domesticated animals were 
transported between distant locations. 

Humans were involved with animal behavior from 
very early times. Many of the areas of behavior that 
were of interest to these early peoples remain important 
to us today. In various parts of the world, people still 
depend on wild game for portions of their diet and are 
keen observers of behavior patterns of their potential prey. 
Domestic animals abound, with more than 100 species of 
mammals and birds, and breeding for specific traits con¬ 
tinues. In addition, as time passed and philosophy became 
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subdivided, with modern science as one outcome, the 
planned study of animal behavior emerged. Between the 
early humans and those scientific studies, a long period 
of virtually no systematic investigation or descriptions 
of animal behavior was followed by world-wide travel, 
exploration, and accumulation of enormous information 
about animals and their actions. 

See also: Animal Behavior: The Seventeenth to the 
Twentieth Centuries. 
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The Seventeenth Century 

The view of biological phenomena during the first half of 
this century and beyond was dominated by the mechanis¬ 
tic perspective promulgated by Descartes (1596-1650) 
and his followers. All actions were thought to be the result 
of some vital force. His fondness for and deep understand¬ 
ing of the subject led to a conception of life as entirely 
driven by principles of mathematics and statistics. One of 
his most significant works ( Discourse on Method) contains 
an essay outlining his views on the proper approach to 
science. Among these principles are several that remain 
instructive today for scientists in the field of animal 
behavior. 

Among his tenets are the following. (1) Divide the 
problem under investigation into as many separate parts 
as possible and then work on each of these parts individu¬ 
ally. (2) Using this method, conduct the investigation in a 
stepwise fashion, to build up the larger answers pertinent 
to the entire problem. (3) All information used in con¬ 
junction with the problem and its constituent parts must 
be factual and obtained objectively. 

Although the study of animal behavior was an integral 
part of natural history, there is no separate or comprehen¬ 
sive treatment of the subject. Rather, it is important to 
understand that a series of developments in the seven¬ 
teenth century had significant consequences for the devel¬ 
opment of more specific studies of animal behavior during 
the eighteenth and nineteenth centuries. 

Several naturalists contributed to the understanding of 
animal behavior during the seventeenth century. Accurate 
descriptions of behavior, rather than the too often myth¬ 
like depictions of previous centuries, became the norm. 
Explorations of more distant lands and varied habitats 
provided much new information, expanding the ability 
to make comparisons, producing more general conclu¬ 
sions tying together form, function, and behavior. And 
the earliest recorded experimental work on the behavior 
of animals occurred during the seventeenth century. 

John Ray (1627-1705), an Englishman, was likely the 
most significant of this group that also included his stu¬ 
dent Francis Willughby (1635-1672), Jan Swammerdam 
(1637-1680), who elucidated insect metamorphosis, Rene 
Antoine Reaumur (1683-1757) and his work on ants span¬ 
ning two centuries, and Maria Sibylla Merian (1647-1717), 
who provided some of the earliest life history information 
on insects in Europe and South America. 


Ray produced plenty of work dealing with natural 
history, a classification scheme, and he and Willughby per¬ 
formed experimental work showing the rise of sap in trees. 
Ray and Willughby traveled extensively in Europe, 
gathering information on flora and fauna. Ray’s work cen¬ 
tered on plants with later work on mammals and reptiles. 
Willughby completed the treatises on birds and fishes prior 
to his early death. The descriptions of animal life included 
notes on life history and behavior. Ray wrote about instinct, 
noting that each bird species made nests with the same 
materials, even when hand reared with no prior access 
to the materials. At this time, religion still held strong influ¬ 
ence over science as evidenced by Ray’s volume The Wisdom 
of God in Creation. The number of different species was 
thought to be ordained by God and the task of the naturalist 
was to decipher and understand the wonders of nature. 

Other scientific developments during the century 
had indirect effects on the understanding of animal 
behavior. The work by Harvey on circulation and eluci¬ 
dation of other aspects of physiology provided the 
groundwork for later discoveries related to the interrela¬ 
tionships (causation) of behavior. The discovery, by van 
Leeuwenhoek, of the potential for using the microscope 
expanded the known world to include microbes and many 
smaller organisms not readily observed by the unaided 
eye. Much later, studies of behavior involving these small 
creatures would produce findings relevant to disease, 
pollution, and the roles of detritivores in ecosystems. 

During the seventeenth century, several scientific 
societies emerged and grew; many of them served as places 
for presentations and discussions of scientific work. These 
societies emerged from efforts to circulate abstracts, pri¬ 
marily in England and countries of Europe. Most of these 
learned societies involved just presentations, but a few, 
such as the Royal Society of London, had a component 
that involved conducting experiments. During the later 
half of the century, several societies began publications 
on a wide variety of scientific topics. Articles written for 
publication initially took the form of reviews of existing 
information in various disciplines, but shortly, articles that 
involved ongoing investigations were included as well. 
Only in the nineteenth century would specialized journals 
emerge and in the case of animal behavior, it was well into 
the twentieth century before journals specific to the field 
appeared. There was a publication, Journal of Animal Behav¬ 
ior in the first decade of the twentieth century but it lasted 
only for 5 years. 
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Although a few collections of animals, museums con¬ 
taining specimens, and scientific libraries existed at the 
start of the 1600s, all these types of institutions expanded 
in number and scope during the century. Since anatomy 
was a longstanding area of work, some of the earliest 
museums, dating back more than a millennium, were of 
anatomical specimens. Formal museums, containing ani¬ 
mal, plant, and mineral specimens, developed from indi¬ 
vidual collections generated by the scientists in the course 
of their work. Among the earliest of these was the British 
Museum in London, where these personal collections 
were combined, catalogued, and made available for wider 
use. The wide-ranging travels, both by sea and on land, 
resulted in acquisition of many previously unseen organ¬ 
isms. These exotic animals were often added to the collec¬ 
tions (zoos or menageries) at country estates of nobility. 
Perhaps the earliest zoological garden was the Menagerie 
due Parc established at Versailles in the 1660s. Zoos as we 
know them, with many different functions, and open to the 
public, did not emerge until the nineteenth century. 

A key feature of science is that information is stored in 
written form where it can be accessed by others, debated, 
and retested as needed. The scientific journals already 
mentioned were circulated to some individuals who had 
small libraries of their own. As volumes written on topics 
such as natural history were published, they too became 
part of these collections. Some colleges and universities 
had libraries, making materials available to scholars dur¬ 
ing the course of their work. Some of the early societies 
also maintained libraries of relevant books and journals. 
Eventually, some of these individual collections and small 
libraries coalesced to form true libraries open to scholars 
and students. A good example of this is the Bodleian 
Library at Oxford University, which opened in 1602. 


The Eighteenth Century 

The early decades of the century are best characterized by 
the work of individuals like Linnaeus (1707-1778), Buffon 
(1707-1788), and Lamarck (1744-1829) expanding on the 
naturalist tradition of previous centuries. Also Erasmus 
Darwin (1731-1802), the grandfather of Charles Darwin 
was a physician, botanist, and naturalist. His writings 
include mention of the idea of evolution and the interre¬ 
latedness of all living forms, as well as a poem about 
evolution. Thomas Malthus (1766-1834) is best known 
for his thoughtful combination of economics and demog¬ 
raphy, leading to the contention that population growth 
was a potential threat to continued human existence. 
Gilbert White (1720-1793) wrote The Natural History of 
Selbourne , a compilation of his observations of animals and 
plants. He was among the first to explore bird song as a 
means of differentiating related species. John Bartram 


(1699-1777), an explorer and the first great American 
botanist, wrote about animals he encountered in the south¬ 
eastern states. His son, William Bartram (1739-1823), 
continued in this tradition, becoming well known as an 
ornithologist and artist of natural history. 

Carolus Linnaeus was a Swedish biologist, equally 
adept at both plants and animals. His comprehensive 
knowledge of both living forms and the considerable 
attempts by others who preceded him to find a system to 
classify all of nature provided the basis for his hierarchical 
scheme for organizing plants and animals. His introduction 
of the binomial nomenclature served as the foundation for 
his scheme. Organisms were divided into distinct species on 
the basis of observable characteristics, including external 
features, anatomy, and for animals, some aspects of their 
behavior. His work on plants in particular provided some of 
the foundation for what we know today as ecology. 

Georges-Louis Comte de Buffon, responsible early in 
his career for key developments in mathematics related to 
probability theory, spent the bulk of his scientific career 
as a natural historian. At a young age, he moved to Paris 
and was appointed as the director of what is today the 
Jardin des Plantes, which he transformed from a king’s 
garden into a scientific establishment with plants from 
many locations around the world. For those interested in 
animal behavior, his most significant work was in the area 
of natural history. He compiled and wrote a 44-volume 
encyclopedic coverage of all that was known to that time 
about plants and animals. These writings contain a great 
deal about the behavior of animals, most of which was 
based on factual observations and reports, though with 
some errors and misconceptions. His work also included, 
for the first time, a systematic approach to the distributions 
of various animal and plants types; the forerunner of 
modern biogeography. The latter is important for animal 
behavior in that it becomes the basis for the comparative 
approach used, for example, to contrast animals with vari¬ 
ous adaptations to particular habitats such as deserts or 
tropical rain forests or to compare the dietary habits 
of marmots and marmot-like animals living on several 
different continents. 

Jean-Baptiste Lamarck is best known for the idea that 
animals could pass along to the next generation (inherit) 
characteristics acquired during their lifetime. His major 
focus was on plants, though he also provided insights into 
animals, with a major treatise on invertebrates. Where 
Buffon is credited with mentioning processes similar to 
evolution, Lamarck provided the first truly comprehen¬ 
sive notion of how change in form and function could 
occur over time. His work spans the last decades of the 
eighteenth century and the early portion of the nine¬ 
teenth century. A major tenet of his evolutionary theory 
was that organisms adapted to their environment. Thus, 
his claims had strong relevance to animal behavior in 
terms of the form, function, and action sequence. 




70 Animal Behavior: The Seventeenth to the Twentieth Centuries 


For defining the history of animal behavior, a little 
known Frenchman named Charles G. Leroy (1723-1789) 
played a major role. At mid-century, Leroy was the game- 
keeper at the menagerie maintained at the Versailles 
Palace. His book on animal intelligence was based on 
many years of keen observations of the animals, primarily 
mammals and birds that could be readily seen on the 
palace grounds and in neighboring regions. In the book 
he describes the need for accurately listing and defining 
behavior and he describes some traits of what we now 
know as an ethogram, a complete rendering of all of the 
habits and life history traits of an organism. Many sections 
of his book deal with comparisons between species, for 
example herbivores and carnivores. Further, he argued 
that animals were not completely mechanistic in their 
behavior; foreshadowing the longstanding debate about 
nature and nurture. He alludes to both the earlier claims, 
but mixes this with an understanding that animal actions 
can depend on differing motivations and needs. 

During the eighteenth century, collections of animals, 
called menageries initially and later zoos or zoological 
gardens, became important for the observation and study 
of animal behavior. In the ensuing two centuries, zoos 
built on three major functions: scientific study, conserva¬ 
tion, and education. In ancient times, some small mena¬ 
geries were maintained for pleasure, as in China, where 
deer herds were kept, for curiosity and novelty, and 
as happened with emperors, kings, and other nobility, 
and for use in the arena for example in staged fights 
involving bulls, bears, lions, many other animals, and 
humans. While some observations were undoubtedly 
made on these captive animals, the primary emphasis 
was on standard husbandry practices. By the mid¬ 
eighteenth century, zoos could be found in many cities, 
particularly in Europe. Most notable of these was the 
menagerie at Versailles outside Paris, France. The early 
collections were for aristocrats only, but a few such as the 
Tiergarten Schonbrunn in Vienna opened to the public 
in the later decades of the eighteenth century. Zoological 
gardens had not existed in America until the later half 
of the nineteenth century, that is, the decades after the 
Civil War. 

The First Half of the Nineteenth Century 
( 1800 - 1850 ) 

Several key developments, ongoing at the close of the 
eighteenth century, continued into the first decades of 
the nineteenth century, including the work by Lamarck. 
His theory on inheritance of acquired characteristics was 
accompanied by views that species did not originate from 
special creation and that transformations in form and 
function occurred over time. Many of his examples, such 


as the length of the neck for giraffes, are based, in part, on 
observations of behavior, as in feeding on vegetation high 
up in bushes and small trees. 

One of the most important events of this period 
involved a great debate between Georges Cuvier (1769- 
1832) and Geoffrey Saint-Hilaire (1772-1844). The debate 
between the two contemporaries was emblematic of a key 
controversy: were species and their traits fixed or were 
there ongoing transformations occurring in nature. Cuvier, 
working primarily in the laboratory, held that function was 
the result of form, whereas Saint-Hilaire proposed that, 
based on observations in nature as well as laboratory work, 
function was at least in part a manifestation of activity. 
A considerable portion of the evidence used was from 
comparative anatomy, but animal behavior was also consid¬ 
ered as part of the evidence for the differing points of view. 
Saint-Hilaire can be credited with providing some of the 
earliest ideas about the concept of homology, the idea that 
traits with common functions may be the result of some 
degree of common ancestry. Cuvier felt that common 
functions did not signal common ancestry. As with some 
earlier differences, this sounds a bit like the never-ending 
debate about nature and nurture, which has been an impor¬ 
tant stimulus for work in animal behavior for several cen¬ 
turies, including experimental research, which began in the 
last half of the nineteenth century. 

Ongoing advances in other areas of life sciences during 
the early nineteenth century were important for under¬ 
standing animal behavior and remain keys to our inter¬ 
pretation of animals in their natural world today. Growing 
from the emphasis on medicine and comparative anatomy, 
which characterized much of life science during the 
preceding several centuries, physiology became more 
involved with the synergy of form and function, one result 
being observed behavior. Principles, like the uniformatar- 
ianism, put forward by Charles Lyell (1797-1875), for 
understanding Earth’s geological history were based on 
the notion that all of nature involved slow, but gradual 
changes; these forces were thought to be still in effect and 
would remain so into the future. This idea is important to 
the thinking of Darwin later in the century. 

Ideas, some with roots extending back 1000 years, 
provided the basis for ecology, the study of interactions 
between organisms and their environment. These included 
notions of populations, communities, and various types of 
organismal interactions, involving both animals and 
plants. Much of this work, though in its infancy, set the 
stage for areas within animal behavior that emerged dur¬ 
ing the twentieth century. Animals and their behavior 
are at the middle of a ladder of life that extends from 
biochemistry to the biosphere. Thus, exploration of fac¬ 
tors that control and influence behavior is complemented 
by the understanding of the population and community 
importance of various behavioral actions. 
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The Second Half of the Nineteenth 
Century (1851-1900) 

The writings of Darwin (and Wallace) dominated think¬ 
ing in natural history for the last half of the nineteenth 
century. As scientists grasped the full meaning of evolu¬ 
tion by natural selection and grappled with the conse¬ 
quences of this view, a process was set in motion that cast 
new light on observed behavior patterns. This, in turn, led 
to further field observations with more specific intent, for 
example, details of courtship activities in birds and to 
experiments involving behavior. Brief synopses of work 
done by a variety of individuals over the course of the last 
half of this century provides insights into the shift from 
mostly natural observations to more experimental work 
with research conducted in both laboratory and field set¬ 
tings. Among the scientists active during this period were 
Douglas Spalding (1841-1877), George John Romanes 
(1848-1894), Charles O. Whitman (1843-1910), and 
C. Lloyd Morgan (1862-1936). Too often we think of 
animal behavior as starting in about the 1930s with the 
work of individuals like Tinbergen and Lorenz. But, as 
these examples show, there were many ideas, considerable 
research, and healthy discussion beginning at least 60 years 
earlier. As has been noted already, we can trace some of 
today’s work on animal behavior to these early roots. 

Spalding, from Great Britain, helped pioneer the 
experimental approach to behavior studies. He worked 
primarily with birds, performing tests of flight in fledg¬ 
lings. His conclusions, based on the research, supported 
the idea that observed behavior was a mixture of instinct, 
the idea that animals perform actions with no prior expe¬ 
rience, and developmental experiences. Another way to 
phrase this is that instinct guides learning. He is credited 
with being the first scientist to properly describe imprint¬ 
ing in birds. 

Romanes, a Canadian, worked primarily with inverte¬ 
brates, but his thinking and writing extended much fur¬ 
ther. He was a good friend of Darwin and generally 
supported the new ideas on evolution by natural selection. 
His books include topics involving insights regarding 
thought and how mental processes evolved: Animal Intelli¬ 
gence and Mental Evolution in Animals. He also published 
many of his observations on invertebrate physiology and 
related behavior and several volumes concerning Darwin’s 
theory and its corollaries. 

Whitman, an American who helped established the 
Marine Biological Laboratory at Woods Hole, Massachusetts, 
studied pigeons, moving his subjects each summer from his 
position at the University of Chicago to the laboratory on 
Cape Cod. He is remembered for his work to establish 
zoology as an independent discipline and for his work on 
the evolutionary bases for animal behavior. He retained a 
view that life was a progression of stages, ending with 
humans as the top species. 


Finally, Morgan, from Great Britain, was a major figure 
in launching the field of animal behavior. His work had 
importance for both comparative psychology and ethol¬ 
ogy. His book, Animal Behaviour, could be considered as the 
first ‘textbook’ in the field. A key tenet that he put forward 
is known as Morgan’s Canon. It reads: ‘in no case may we 
interpret an action as the outcome of the exercise of a 
higher psychical faculty, if it can be interpreted as the 
outcome of the exercise of one which stands lower 
in the psychological scale.’ This notion was directed at 
anecdotal observations and conclusions by contempor¬ 
aries as well as a tendency toward anthropomorphism. 
The simple-sounding phrase significantly impacted on 
empirical research and theoretical work in animal behav¬ 
ior. Morgan’s own work focused on several topics, and 
among them are the relationship between the animal 
and human mind and experiments on bird migration and 
nest building. He also stressed that both the objective and 
subjective approaches offered value in terms of explaining 
behavior. 

Others whose work during this period is important to 
the founding of animal behavior as a discrete subfield 
within both biology and psychology include Jacques 
Loeb (1859-1924), who worked with animal movements, 
particularly tropisms. Jakob von Uexkull (1864-1944) for¬ 
malized the concept of Umwelt, the notion that each 
animal is surrounded by a series of events and character¬ 
istics that give it a unique perspective. Thus, to properly 
and fully understand the behavior of an animal, it is 
necessary to look at its world from its perspective. William 
Morton Wheeler (1865-1937) is best known for his exten¬ 
sive work with ants, particularly their social life. In 1902, 
he wrote a short piece for Science in which he discussed 
zoology and ecology, and proposed that ethology was the 
best term for describing that segment of zoology involved 
in . their physical and psychical behavior towards their 
living and inorganic environment ..Jean Henri Fabre 
(1823-1915) championed the study of insects, including 
descriptions of and experiments on behavior. 

By the end of the century, the three threads that 
eventually merged in the last half of the twentieth cen¬ 
tury to become modern animal behavior were in nascent 
stages of development. These three threads are sometimes 
divided along geographical lines with respect to their 
main locus of thoughts and research. However, a bit of 
reading in the history of science provides a picture of 
emergence of the three threads across both Europe and 
North America. The three threads are (1) a tradition of 
animal observation centered primarily in Europe that led 
to the field of ethology, where explanations are sought 
concerning the evolution and functional significance 
of behavior, (2) a tradition of psychology, beginning 
with attempts to understand the human mind and 
how we think, and extending to comparisons with and 
among non-human animals that emerged in America, 
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and (3) a physiology-zoology tradition that involved 
examination of underlying body functions as they affected 
observed behavior. Today, ethology and animal behavior, as 
terms used to define a subfield, are used interchangeably. 

The discipline of study we call animal behavior or 
ethology has its origins with the earliest humans. As a 
scientific enterprise, various pieces of work in anatomy 
and natural history, and early formulations concerned 
with the different roles of genetics and experience affect¬ 
ing behavior, the manner in which animal interact with 
each other and their environment, and the classification of 
organisms - all affected the emergence of animal behavior 
in the later half of the nineteenth century. Of course, the 
major stimulus, both in his initial book on the origin of 
species, and in a number of subsequent volumes on topics 
that encompass many areas of animal behavior, Charles 
Darwin can properly be viewed as a principal founder of 
this field of study. 

By the end of the 1800s, several developments charac¬ 
terize the study of behavior. First, the diversity of organ¬ 
isms examined in field and laboratory was greatly 
increased. Second, the use of the experimental method 
became the acceptable way to explore behavior, though 
certainly the gathering of information via observation 
and natural history remained quite significant. Third, 
the topics being investigated were more diverse than in 
previous times. For example, there were books on topics 
like play behavior, and entire books devoted to the behav¬ 
ior of invertebrates. 

Transition to the Twentieth Century 

Growing from the critical, initial progress of the late 1800s, 
several key developments in the history of animal behavior 
occurred during the first two decades of the twentieth 
century. In the area of European ethology, major figures, 
in addition to those who overlapped between the nine¬ 
teenth and twentieth centuries, include Heinroth, Thorpe, 
Baerends, von Frisch, Lorenz, and Tinbergen. For com¬ 
parative psychology, a similar list includes, Thorndike, 
Lashley, Watson, Skinner, and Yerkes. In the case of 
American zoology, individuals who were part of the infant 
stages of animal behavior include, Allee and Noble. With 


reference to the point made earlier that this sort of history 
does not always lend itself to exact categorization, there are 
some individuals who made significant contributions to the 
progress in animal behavior, but who cannot be said to have 
an exact fit with the three threads. Notable among these 
would be Erich von Holst, who worked on neural mechan¬ 
isms, Sewall Wright, who made efforts in genetics and 
evolutionary theory, and Curt Richter, who worked at the 
intersection of genetics, biology, and psychology. 

The reader is encouraged to explore the entries on 
(1) developments in animal behavior from the early twen¬ 
tieth century to the 1960s and (2) the history of compara¬ 
tive psychology. 

See also: Behavioral Ecology and Sociobiology; Com¬ 
parative Animal Behavior - 1920-1973; Darwin and 
Animal Behavior; Ethology in Europe; Future of Animal 
Behavior: Predicting Trends; Integration of Proximate 
and Ultimate Causes; Neurobiology, Endocrinology and 
Behavior; Psychology of Animals. 
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Introduction and Definitions 

Ants, bees, and wasps belong to the Hymenoptera, a 220- 
My-old monophyletic order, which is among the largest 
and most diverse in the class Insecta (Figure 1). Among 
the characters that are common to all Hymenoptera, 
perhaps the one that is of greatest interest to the topic of 
this article (even if it eventually turns out to be only of 
historical interest) is haplodiploidy, a term that indicates 
that males are haploid on account of developing parthe- 
nogenetically from unfertilized eggs and females are dip¬ 
loid on account of developing from fertilized eggs. In spite 
of the size of this order (more than 250 000 described 
species), only a small fraction (<10%) of the species is 
social, and thus of interest to us here. Even among those 
that are social, there is a very large variation in the degree 
of sociality. To focus attention on the phenomena that 
give rise to the most sophisticated forms of sociality, it 
has become customary to demarcate the eusocial species 
from all ‘lesser forms of sociality. To qualify as eusocial, a 
species must exhibit cooperative brood care, differentia¬ 
tion of colony members into fertile reproductive castes 
(queens) and sterile nonreproductive castes (workers), and 
an overlap of generations such that offspring assist their 
parents in brood care and other tasks required for colony 
maintenance. The discussion in this article thus refers to 
the evolution of eusociality in ants, bees, and wasps. 

It is also customary to distinguish two subgroups within 
the eusocial species. Some species have relatively small 
colonies (<100 individuals) and their queens and workers 
are not morphologically differentiated. These species are 
often labeled primitively eusocial. In other species by con¬ 
trast, colony sizes are large (>100 individuals, often in the 
thousands or hundreds of thousands, sometimes over a 
million) and queens and workers are morphologically dif¬ 
ferentiated. These species are often labeled advanced or 
highly eusocial on the argument that they have acquired 
more traits that are unlikely to have been present in their 
solitary ancestors compared to the primitively eusocial 
species. There is one more remarkable fact about hymenop- 
teran sociality that needs to be mentioned. Feminine mon¬ 
archy, a phrase used by the cleric Charles Butler in 1634 to 
describe the honeybee society, applies to all hymenopteran 
societies, as they are all headed by one or a small number of 
fertile queens. Indeed, males eclose, usually leave the nest, 
mate, and die, playing no role in colonial life. As queens 
do little more than lay eggs, all tasks connected with 


nest building, brood care, and colony maintenance, are 
performed by the workers, and this leads to a society of 
female subjects headed by a female monarch. 


The Paradox of Altruism 

Queens mate and lay both haploid, unfertilized eggs and 
diploid, fertilized eggs. Workers are, by and large, sterile. In 
some ant genera, such as Pheidole , Pheidologeton , and Sole- 
nopsis , workers have altogether lost their ovaries. In others, 
they have much smaller ovaries compared to their queens 
and in some species, workers have lost the ability to mate. 
In any case, workers never or very rarely lay eggs when 
their queen is alive so that they usually spend their whole 
lives working to assist their queen to reproduce, while 
they themselves die without leaving behind any offspring. 
Sometimes, the sacrifice of the workers on behalf of their 
colonies is more dramatic. Honeybee workers defend 
their colonies by stinging their marauders but such sting¬ 
ing results in the death of the bee, as her sting is armed 
with barbs pointing outwards, and once inserted, cannot 
be withdrawn. She flies away leaving behind her sting, the 
poison gland, and a part of her digestive system only to 
die within a few minutes. The poison gland continues to 
pump venom into the body of the victim for up to 60 s, 
making this a very efficient venom delivery mechanism, 
but for the owner of the sting, it is an act of suicide. In the 
Brazilian ant Forelius busillus , a small number of workers 
perform preemptive self-sacrifice every day as they lay 
own lives, because the last workers involved in closing the 
nest entrance in the evening remain outside and die. 

Kin Selection 

How can such sterility and sacrifice, seen in tens of 
thousands of species, arise and persist in nature? Why 
does natural selection not eliminate these altruistic traits 
as they do not appear to contribute to the Darwinian 
fitness of their bearers? These questions remained unan¬ 
swered and often remained unrecognized as unanswered 
questions for over a 100 years after Darwin had proposed 
the theory of natural selection. But today, we have a 
powerful theoretical framework on account of which the 
evolution of altruism by natural selection is no longer a 
paradox, at least to the theoreticians, although empiricists 
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Figure 1 A portion of the nest of the Asian dwarf bee Apis flores 
showing the morphological differentiation between the single, 
large queen and the many small workers surrounding her (top), a 
portion of the primitively eusocial wasp Ropalidia marginata, 
showing a portion of the paper carton nest and the absence of 
morphological caste differentiation (bottom left), and a portion of 
leaf nest and workers of the Asian weaver ant Oecophylla 
smaragdina. Photos: Dr. Thresiamma Varghese. 


may have to wait a bit longer before they can claim to 
have demystified the evolution of altruism. 

The necessary theoretical framework was developed by 
W.D. Hamilton in 1964 and has come to be known popu¬ 
larly as kin selection. Hamilton argued that self-sacrificing 
altruism is not necessarily paradoxical if it is directed 
toward close genetic relatives who share genes with the 
altruist. This concept is known as inclusive fitness, implying 
that fitness can be gained not only by producing offspring 
(direct fitness) but also by aiding genetic relatives (indirect 
fitness). Hamilton showed that an altruistic trait can be 
favored by natural selection if the inequality 

b/r — c > 0 

is satisfied, where b is the benefit to the recipient, c the 
cost to the altruist, and r the coefficient of genetic relat¬ 
edness between the altruist and recipient. This has come 
to be known as Hamilton’s rule. There is now good evidence 
that this is a theoretically robust idea, but the hard part has 
been to show that ants, bees, and wasps, behave as if they 
obey Hamilton’s rule. There was initially a fascinating red 
herring. On account of haplodiploidy, a hymenopteran 
female can be more closely related to her full sister 
(r=0.75) than she would be to her own offspring 
(r= 0.5). This means that Hamilton’s rule can be rather 
easily satisfied and thus altruistic sterility can evolve 
rather more easily in the Hymenoptera than in diploid 
organisms. This haplodiploidy hypothesis had a great 


appeal for some time because it seemed to have strong 
empirical support — eusociality was known to have origi¬ 
nated at least eleven times independently in the Hyme¬ 
noptera compared to a single origin (termites) in the rest 
of the animal kingdom. The euphoria was unfortunately 
short-lived. 

Testing the Theory 

A major problem for the haplodiploidy hypothesis was 
that although workers can be related to their full sisters by 
0.75, they are related to their brothers by 0.25, bringing 
the average relatedness to siblings back to the diploid value 
of 0.5. This problem can, in principle, be surmounted if 
workers invest more in sisters than in brothers. But this 
would lead to a conflict between workers that would 
prefer a female-biased investment and their mothers 
that would prefer equal investment in sons and daughters. 
How this conflict is resolved and whether its resolution 
affirms or negates the role of haplodiploidy in social 
evolution are still being vigorously researched and debated. 
A more serious problem for the haplodiploidy hypothesis 
is the increasing evidence for reduction in relatedness 
among the workers themselves because of both multiple 
mating (polyandry) by the queens and parallel or serial 
polygyny (multiple queens). It is now widely accepted 
that the asymmetries created by haplodiploidy are, by 
themselves, inadequate to explain the evolution of euso¬ 
ciality in the Hymenoptera. 

The demise of the haplodiploidy hypothesis by no 
means weakens Hamilton’s rule, which has been often 
tested. Unfortunately, most tests ignore the benefit and 
cost terms, and test the limited prediction that altruism 
should be directed at close rather than distant relatives. 
This effort, combined with increasingly powerful DNA- 
based molecular techniques to measure genetic relatedness, 
has spawned a number of efforts to measure intracolony 
genetic relatedness. These values tend to be quite variable, 
often below 0.75 and even below 0.5. Social insect colonies 
are thus sometimes composed of rather distantly related or 
even unrelated individuals. Some specific phenomena are 
elegantly explained by the observed variability in related¬ 
ness values. For example, a comparison of intracolony 
genetic relatedness in honeybees and stingless bees ex¬ 
plains why daughter queens inherit the nest and mother 
queens leave to found their own nests in multiply mated 
honeybees, while the mother stays and the daughter leaves 
in singly mated stingless bees. Another well-known exam¬ 
ple is found in worker policing. In colonies with singly 
mated queens, workers should prefer to rear nephews 
(r= 0.375) rather than brothers (r= 0.25), while in species 
with multiply mated queens, workers should prefer to rear 
brothers (r=0.25) rather than nephews (r= 0.125). There 
is now good empirical evidence that in stingless bees which 
mate singly, worker oviposition is common and oophagy by 









Ant, Bee and Wasp Social Evolution 75 


other workers is not common. Conversely, oviposition is 
rare and worker policing is common in honeybees whose 
queens mate multiply. 

Nevertheless, the low values of genetic relatedness are 
somewhat embarrassing for the general idea of kin selec¬ 
tion, but some investigators now argue that lifetime monog¬ 
amy is a fundamental condition for the evolution of 
eusociality, and processes such as polyandry and polygyny 
that lead to lower relatedness are later elaborations. Others 
have given a near burial to kin selection itself by arguing 
that kin selection is only a weak force and that high genetic 
relatedness is more likely to be a consequence of eusociality 
rather than a factor in its origin. A potential problem is that 
Hamilton’s rule is seldom tested in its entirety, by simulta¬ 
neously measuring b, r, and c and when that is done, it does 
appear to have impressive explanatory power. It is another 
matter though that such tests point to the greater impor¬ 
tance of b and c, over r, which is tantamount to greater 
importance for ecology and demography over genetic relat¬ 
edness (Figure 2). 
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Figure 2 A graphical illustration of a unified model showing the 
parameter space where worker behavior is selected (unshaded) 
and the missing chip of the block where solitary nesting behavior 
is favored in the primitively eusocial wasp Ropalidia marginata. 
The model simultaneously considers the benefit, cost, and 
relatedness parameters in Hamilton’e rule and therefore 
incorporates genetic, ecological as well as demographic factors 
in the evolution of eusociality. The unified model predicts that 
about 95% of the wasps in the population studied should opt for 
the altruistic, sterile worker role and only about 5% of the wasps 
in the population should opt for the selfish solitary nest founding 
role. In striking confirmation of the predictions of the model, 
empirical field data indicate that about 92-96% of the wasps 
choose to nest in groups (where most of them will end up as 
altruistic sterile workers) and only about 4-8% of the wasps 
choose to nest solitarily and reproduce. Reprinted with permission 
from Gadagkar R (2001) The Social Biology of Ropalidia 
marginata - Toward Understanding the Evolution of Eusociality. 
Cambridge, MA: Harvard University Press. Copyright © 2001 by 
the President and Fellows of Harvard College. 


The Proximate Causation of Social 
Behavior 

Debates about the relative importance of understanding 
the so-called ultimate (evolutionary) factors and proxi¬ 
mate (causation) factors in the evolution of eusociality 
have waxed and waned much as they have in many other 
fields of animal behavior. By and large, investigations 
relating to the proximate causation of social behavior 
have lagged behind evolutionary studies, especially since 
the advent of kin selection. There is, however, a strong 
attempt to redress the imbalance in the past decade or so. 

Division of Labor 

The remarkable ecological success of social insects is 
attributed primarily to their sociality and in turn largely 
to the division of labor that social insects achieve in orga¬ 
nizing their work. Division of labor is therefore a topic that 
has successfully rivaled kin selection in attracting the 
attention of social insect researchers. A major early inter¬ 
est concerned how the morphologically differentiated 
subcastes among some species of ant workers increase 
the ergonomic efficiency of the colony by pursuing paral¬ 
lel rather than serial processing of tasks. Later, attention 
shifted to how a worker decides what it needs to do at any 
given time. There is considerable evidence that division 
of labor, especially in species that lack morphologically 
differentiated worker subcastes such as honeybees, is based 
on age polyethism. Thus, there is a strong correlation 
between what a bee does and its age - young bees begin 
their adult careers as cleaner bees and gradually move 
through the tasks of building the nest, nursing the larvae, 
unloading and processing the food, guarding the nest, and 
finally go out of the nest in search of food. In the 1990s, 
there developed an interesting debate about whether 
internal physiological factors such as age and hormone 
levels drive task allocation of the workers or whether it is 
governed by external factors such as prior experience and 
work availability at any given time. Supporters of the latter 
idea came up with the interesting phrase ‘tasks allocate 
workers’ to bring out the contrast with the idea that work¬ 
ers allocate themselves to different tasks based on their 
physiology. Like so many debates, this one too appears to 
have died down with time, without settling many of the 
interesting issues raised during the heat of the debate. 
Instead, discussion has moved on to other, perhaps more 
productive, topics. 

A theme that has gained currency and has produced a 
large body of extremely interesting, and indeed, practically 
useful knowledge, relates to the self-organization of work 
in large colonies. It is now recognized that workers in 
social insect colonies accomplish rather complex tasks 
not by any top-down control by a leader or foreman but 
by bottom-up control. In this scenario, individual workers 
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follow simple local rules but their collective labor leads to 
the emergence of complex patterns such as an architec¬ 
turally sophisticated nest or the choice of the shortest 
foraging path. This has come to be known as swarm 
intelligence, also known as distributed or collective intel¬ 
ligence. Swarm intelligence is flexible, robust, and self- 
organized. Flexible because the locally available workers 
can quickly respond to a change in their local environ¬ 
ment without waiting for the central authority to perceive 
that change or without a potential conflict with some 
physiologically programmed universal algorithm. Robust 
because even if some individuals fail to perform, there are 
others who can substitute for them. And self-organized 
because there is no need for supervision. The concept of 
swarm intelligence has led not only to a better under¬ 
standing of how social insects achieve the remarkable 
feats they do but also to a surprising degree of practical 
application in the context of the performance of human 
tasks. Based on our understanding of how ants, bees, and 
wasps utilize swarm intelligence, so-called ant colony opti¬ 
mization algorithms (AOL) are in regular use in the tele¬ 
communication industry, on the Internet, and in the cargo 
industry, and the number of such applications is growing. 

Regulation of Reproduction 

From a physiological point of view and especially for 
someone interested in controlling insect reproduction, the 
fact that a single queen maintains reproductive monopoly 
in colonies consisting of hundreds or thousands of poten¬ 
tially reproductive workers, is even more remarkable than 
anything we have discussed so far. Unfortunately, we do not 
understand the mechanism behind this feat in any degree 
of detail. Traditionally, it has been thought that queens in 
small colonies of primitively eusocial species achieve 
reproductive monopoly by suppressing worker reproduc¬ 
tion through physical aggression and intimidation. Workers 
are thought to succumb to such suppression even if they 
might get more fitness by laying a few of their own eggs 
because they have no choice - they are physically too weak 
to fight back and leaving the nest is worse than staying on 
and attempting to get indirect fitness. Queens in large 
colonies of highly eusocial species cannot obviously physi¬ 
cally aggress against every worker and hence behavioral 
dominance is not an option for them. They are known in 
many cases to produce pheromones that might serve the 
same purpose. In imitative language, queens of highly 
eusocial species have long been said to suppress worker 
reproduction by means of pheromones. In a thoughtful 
essay, Laurent Keller and Peter Nonacs (see Further 
Reading) pointed out that this idea is untenable. It is hard 
to imagine how queens can suppress worker reproduction 
against their interests by means of pheromones because 
workers can fight back by evolving enzymes or other 
chemical weapons that would neutralize the queen 


pheromone. Hence, it must be assumed that it is in the 
evolutionary interest of the workers themselves to refrain 
from reproduction and strive to increase the productivity of 
their colonies. The direct fitness they thus lose would be 
small, as they are no match to their large physogastric 
queens in terms of egg laying. 

This has led people to be cautious of the language they 
use, but even more importantly, it has led to the idea that 
the queen pheromone must be an honest signal not only of 
their superior fertility but also of their health and vigor at 
any given time. This has in turn spawned a plethora of 
studies attempting to detect and understand these signals. 
While honeybee queen pheromones were long thought to 
be volatile compounds produced by the queen’s mandib¬ 
ular glands, ant and wasp researchers have now drawn 
attention to cuticular hydrocarbons (CHC), mostly linear 
or branched long-chain hydrocarbons, present adsorbed 
to the wax coating on the cuticles of the insects. The 
primary function of the CHCs appears to be to protect 
them from dehydration and since they are highly variable, 
they are thought to have been co-opted to serve the 
function ol signals. Each individual may have a unique 
CHC profde that has led to the phrase ‘cuticular hydro¬ 
carbon signature.’ 

Ironically, it is not the honeybees or the ant species with 
large-sized queens and large numbers of workers that have 
been at the forefront of the CHC research. Instead, queen¬ 
less ponerine ants in which mated workers (gamergates) 
serve as the sole egg layers of their colonies, bumble bees in 
which the queens only modestly outsize their workers, and 
even primitively eusocial wasps without any morphological 
caste differentiation, have led this research from the front. 
This has had two consequences. First, CHCs have also been 
implicated in nestmate recognition, a function of crucial 
importance to all social insects (see section ‘Kin and 
Nestmate Discrimination’). Second, honest signaling of 
fertility is also being attributed to the queens of primi¬ 
tively eusocial species without morphologically differen¬ 
tiated queens. The whole field of CHC research is in its 
infancy; and there is rather scanty evidence yet that the 
insects themselves perceive the diversity in the CHC 
cocktail to a degree of precision and sophistication that 
can begin to match the increasingly sophisticated gas chro¬ 
matograms and multivariate statistical analysis tools that 
researchers now use to detect the compounds and discrim¬ 
inate different individuals. On the other hand, it might well 
be that the true suppression of worker reproduction by 
physical aggression and intimidation, even in the small 
colonies of primitively eusocial species, may be a myth, and 
the regulation of reproduction in all species of social insects 
may depend on CHCs and other similar honest chemical 
signals. It must be admitted that there is really no direct 
experimental evidence that physical aggression and intimi¬ 
dation are necessary and sufficient to suppress worker re¬ 
production. Future research in this area is eagerly awaited. 
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Kin and Nestmate Discrimination 

Low average intracolony genetic relatedness, if accompa¬ 
nied by high variance, is not really a difficulty for kin 
selection if there is good intracolony kin recognition so 
that altruism can be selectively directed to close kin. 
Hence, there has been an earnest search for the evidence 
of kin recognition. But that search has yielded nothing but 
disappointment. There are really no good examples of 
incontrovertible evidence for intracolony kin recognition 
in any ants, bees, or wasps. On the other hand, social 
insects have very well-developed abilities for nestmate 
discrimination. This suggests that keeping away nonnest- 
mates and thus maintaining colony integrity are more 
important in the daily lives of social insects than to pursue 
intracolony nepotism. For some 15 years after Hamilton 
proposed the idea of kin selection, there was no attempt to 
test whether animals had direct kin recognition abilities. 
Then the deluge began and the first pieces of evidence for 
nestmate recognition were enthusiastically welcomed as 
evidence for kin recognition and as further vindication of 
the kin selection theory. This error in judgment was soon 
realized and fortunately, it did not dampen the enthusi¬ 
asm for extending the studies of nestmate discrimination 
to scores of other species of social insects. Today, CHCs 
mentioned earlier in connection with the regulation of 
reproduction, are also thought to mediate nestmate dis¬ 
crimination. Whether the same set of molecules can 
simultaneously mediate both the discrimination of nest- 
mates and nonnestmates and queens and workers within a 
colony is still a matter of debate. Perhaps, the evidence 
today for the role of CHCs in nestmate discrimination is 
stronger than the evidence for their role in reproductive 
regulation. 

The Social Behavior Toolkit 

Theoreticians modeling the origin and evolution of social 
behavior posit a gene (allele) for altruism or other social 
traits and investigate how they might fare against compe¬ 
tition with their selfish or other ancestral counterparts 
under the action of natural selection. The implied idea 
of an allele for altruism should perhaps remain a meta¬ 
phor. But it is not uncommon for empiricists to take this 
concept literally and begin to look for genes for altruism, 
sterility, dominance, etc. To help disengage from this 
trend, Mary Jane West-Eberhard explicitly suggested 
what has come to be known as the Ovarian Groundplan 
hypothesis. The idea she emphasized is that apparently 
new traits shown by social insects may be a result of co¬ 
opting phenotypically plastic traits already existing in 
their solitary ancestors. This has now been developed 
into the Diapause Groundplan hypothesis, which argues 
that the worker and gyne castes of a primitively euso- 
cial wasp such as Polistes arise from the developmental 


pathway already present in bivoltine solitary insects. More 
generally, investigators refer to the Reproductive 
Groundplan Hypothesis, which can encompass species 
that do not diapause. 

Gyne is the term used for wasps eclosing in the fall in 
the annual colonies of social wasps such as Polistes, which 
overwinter and found new colonies in the following 
spring. In solitary bivoltine species, there are two genera¬ 
tions of females produced per year: a first generation of 
females (Gl) that reproduce soon after eclosion and a 
second generation of females (G2) that undergo diapause 
before reproduction. This hypothesis leads to the predic¬ 
tion that Polistes workers (who do not reproduce) corre¬ 
spond to Gl females who are programmed to reproduce 
and the gynes (who are the future reproductives) corre¬ 
spond to G2 females that have their reproduction turned 
off (Figure 3). This prediction at first seems counter¬ 
intuitive because workers are generally thought of as 
sterile and gynes as fertile. But these predictions are 
testable and there is now considerable evidence to support 
the diapause ground plan hypothesis. The idea that the 
social behavior toolkit of the ants, bees, and wasps are 
borrowed with some modification (and that modification 
is made possible because of phenotypic plasticity) from 
their solitary ancestors is not only powerful but also one 
that suggests many new lines of investigation. 

How Does Social Behavior Develop? 

Debates between the practitioners of the proximate and 
ultimate questions have by no means died down, and 
indeed they sometimes threaten to go out of hand. One 
way to reduce conflict is to introduce more players into 
the ring. Help to do precisely that and thus to channel 
these debates into more productive directions may come 
from an unexpected quarter - ethology’s Nobel laureate 
Niko Tinbergen. In an influential paper in the early 
1960s, Tinbergen argued that we should simultaneously 
be asking four different kinds of questions concerning 
any behavior: What is the current adaptive value of the 
behavior? What are the proximate factors that cause 
the behavior? How does the behavior develop in the life 
time of an individual animal? What is the evolutionary 
history of the behavior? The first two questions corre¬ 
spond to the ultimate and proximate questions we have 
already discussed. Tinbergen’s third question, which con¬ 
cerns the ontogeny of behavior, has only very recently 
begun to be asked in the context of social behavior in 
insects. Not surprisingly, ontogenetic questions have first 
and foremost been applied to understand how some indi¬ 
viduals in insect societies come to develop and behave as 
fertile queens, while others come to develop and behave 
as sterile workers. It has long been assumed that caste 
determination is not genetic but entirely environmental. 
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Figure 3 The Polistes life cycle incorporates the fundamental elements of the bivoltine ground plan, larvae respond during 
development to a food cue and diverge onto one of two trajectories. Scanty provisioning leads to the G1 pathway, which is signaled 
by slow larval development (due to low nutrient inflow), short pupation time, and no storage protein residuum in emerging adults. 
More abundant provisioning leads to more rapid larval development, longer pupation time, and residual storage protein in emerging 
G2 adults. G1 females have a ‘reproduce now’ phenotype, and they forage for protein, care for the brood, and construct nests. 

The expression of these behaviors is conditional, as indicated by branching points in the G1 sequence. If the queen is lost, a G1 female 
can develop her ovaries, mate if males are present, and become a replacement queen. If a queen is present but the number of workers 
is low, a G1 female will alloparentally express maternal behaviors (i.e., nest construction, nest defense, brood care, and foraging) as 
a worker at her natal nest. Finally, if a queen is present and the number of workers is high, a G1 female may depart from the natal nest 
and found a satellite nest in midseason. Because the cold tolerance of G1 females is low, they do not survive quiescence, and 
lifetimes are short. In contrast, G2 females have a ‘reproduce later’ phenotype. They express no maternal behaviors the first year, 
but after emerging from quiescence, they break reproductive diapause and shift to the reproduce now phenotype. Reprinted with 
permission from Hunt JH and Amdam GV (2005). Bivoltinism as an antecedent to eusociality in the paper wasp genus Polistes. Science 


308: 264-266. 


And there is plenty of evidence that environmental fac¬ 
tors, especially the nutrition in the early larval stage, 
influence the future caste of the individual. What is 
surprising, however, is that more than a negligible number 
of cases of genetic determination of caste, or at least 
genetic influences on caste ratios, are being thrown up 
when genetic, and more recently, molecular genetic tech¬ 
niques, are applied. These genetic influences remain 
poorly understood at the molecular or physiological 
level. But the mechanisms involved in nutritional influ¬ 
ence on caste have recently begun to be unraveled in an 
impressively sophisticated experimental paradigm. It is 
well known that honeybee larvae fed with royal jelly 


develop into queens, while those denied royal jelly 
develop as workers. Gene expression profiles determined 
using microarray analysis have shown that queen- and 
worker-destined larvae differ greatly in which genes 
they upregulate and which they downregulate, paving 
the way for tracing the ontogenetic development of 
caste-specific morphology, physiology, and behavior. 
A similar study but one that used adults of the primitively 
eusocial wasp Polistes canadensis also helps identify genes 
that are involved in producing caste-specific phenotypes 
in queens and workers. A more recent microarray study 
shows that gene expression in the brains of worker- 
destined wasps is similar to that of nest foundresses, both 
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Figure 4 Polistes metricus wasp brain gene expression analysis tests the prediction that maternal and worker (eusocial) behavior 
share a common molecular basis, (a) Similarities and differences in reproductive and brood provisioning status for the four behavioral 
groups analyzed in this study: foundresses, gynes, queens, and workers. Each individual wasp (total of 87) was assigned to a behavioral 
group on the basis of physiological measurements (b-d). Results for 28 genes selected for their known involvement in worker 
(honeybee) behavior, (b) Heatmap of mean expression values by group and a summary of analysis of variance (ANOVA) results for each 
gene. Genes were clustered by K-means clustering; those in red show significant differences between the behavioral groups. 

P. metricus gene names were assigned on the basis of orthology to honeybee genes; putative functions were assigned on the basis 
of similarity to Drosophila meianogaster genes, (c) Results of linear discriminant analysis show that foundress and worker brain profiles 
are more similar to each other than to the other groups, (d) Results of hierarchical clustering show the same result (based on group 
mean expression value for each gene). Reprinted with permission from Toth AL, Varala K, Newman TC, et al. (2007) Wasp gene 
expression supports an evolutionary link between maternal behavior and eusociality. Science 318: 441-443. 
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Figure 5 Phylogeny of genera of eusocial Hymenoptera (ants, bees, and wasps) for which female mating frequency data are 
available. Each independent origin of eusociality is indicated by alternately colored clades. Clades exhibiting high polyandry 
(<2 effective mates) have solid red branches, those exhibiting facultative low polyandry (<1 but <2 effective mates) have dotted 
red branches, and entirely monandrous genera have solid black branches. Mating frequency data are not available for the allodapine 
bees. Reprinted with permission from Hughes WOH, Oldroyd BP, Beekman M, and Ratnieks FLW (2008) Ancestral monogamy shows 
kin selection is key to the evolution of eusociality. Science 320: 1213-1216. 


of which specialize in maternal behavior, compared to 
queens and gynes, which do not display maternal behavior 
(see Figure 4). These kinds of studies are expected to 
usher in a new era in the study of insect sociality that, if 
integrated into the more classical approaches involving 
ultimate and proximate causation rather than pursued in 
isolation as a more modern and more correct alternative 
approach, should revolutionize the study of insect 
sociality. 


The Phylogeny of Social Behavior 

The good news is that we have also begun to put Tinber¬ 
gen’s fourth question to work for us. In the last decade or 
two, DNA sequencing has become routine, and powerful 
statistical techniques to construct molecular phylogenetic 
trees are being developed. This has made it possible to 
reconstruct the phylogeny of social insect lineages and 
trace the evolutionary history of social behavior to a level 
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of sophistication that Tinbergen could hardly have imag¬ 
ined. It is gradually becoming fashionable to investigate 
the salience of different traits to the origin of eusociality 
in the context of a phylogenetic tree. The first such study 
made on eusocial wasps identified nesting, oviposition 
into an empty nest cell, progressive provisioning of larvae, 
adult nourishment when they feed larvae, and inequitable 
distribution of food among nestmates, as the most impor¬ 
tant traits in the origin of vespid eusociality. Interestingly, 
no role was obvious for the asymmetries in genetic relat¬ 
edness created by haplodiploidy, although haplodiploidy 
was found to be important as a mechanism that permitted 
females to choose the sex of their offspring and produce 
an all-female brood. In contrast, a similar study that 
includes many more eusocial lineages in addition to the 
wasps says nothing explicit about haplodiploidy but shows 
that high relatedness expected from monogamy is ances¬ 
tral to all the eusocial lineages considered. It therefore 
suggested a high salience for genetic relatedness in the 
origin of eusociality (Figure 5). That these studies may, in 
the beginning, yield a contradictory and confusing picture 
is a minor problem compared to the expected long-term 
benefits of taking this approach. A more impressive and 
less controversial study of attine ants has helped trace the 
origin of five different agricultural systems of ants. There 
can be little doubt that these studies will multiply rapidly 
in the near future. What is less likely to happen automati¬ 
cally, which may therefore require some special effort, 
is the preservation of the climate required for a simulta¬ 
neous pursuit of all of Tinbergen’s four questions and a 
meaningful integration of the knowledge gained for these 
diverse approaches. 

See also: Division of Labor; Kin Selection and Related¬ 
ness; Recognition Systems in the Social Insects; Social 


Evolution in ‘Other’ Insects and Arachnids; Spiders: 
Social Evolution; Subsociality and the Evolution of 
Eusociality; Termites: Social Evolution. 
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Introduction 

The world is rapidly becoming more and more noisy. 
Most of us get used to it without realizing the every day 
cacophony around us. If you pay attention and listen, 
there is an amazing level and diversity of noise, when we 
are in traffic, in shopping malls, at sporting events, or just 
when we open the front door. The fact that we habituate 
to the rise of noise levels and that we have acknowledged 
the presence of many loud sounds associated with loca¬ 
tions and context does not mean that noise is not harmful. 
Noise pollution is a serious threat to human health and 
well-being. Traffic noise levels, especially, in combination 
with being annoyed by them are, for example, signifi¬ 
cantly correlated to the probability of ischemic heart 
disease. Children also show impaired cognitive develop¬ 
ment at schools when they are exposed to repetitive noise 
from overflying aircraft or nearby road or rail traffic. 
Animals have not received much attention until recently, 
but are also affected by noisy conditions. 

The impact of noise on animal health and well-being is 
often hard to assess. Correlational studies between noise 
levels and animal presence or condition can be suggestive, 
but the disturbing role of noise often remains speculative 
as many things may vary in concert with noisy conditions 
in urban and industrial areas or along highways. There¬ 
fore, there are still many questions that are not yet or only 
partly answered. For example, what impact does noise 
have on animals? Can they be annoyed like humans and 
can they also experience heart problems? Or what would 
the consequence of noise be in restricting the use of 
species-relevant sounds? And is there no way of getting 
around such problems of masking noise? Are all animal 
species equally affected, irrespective of which habitat they 
occupy? Or are some species better suited than others in 
their ability to cope with anthropogenic noise? 

To address these questions, I will first briefly touch on 
the role that sounds play in the life of animals and to what 
extent efficient hearing of relevant sounds may contribute 
to their survival and reproductive success (Figure 1). 
The fundamental features of sound that explain the dom¬ 
inant role of acoustic communication across the animal 
kingdom will be highlighted (Box 1), while the use of 
sounds in the variety of media in which animals live is also 
reviewed. The subsequent discussion of natural signal-to- 
noise ratios serves to provide insight into the potential 
harm of anthropogenic noise levels. The last part deals 


with what we actually know now about causes and con¬ 
sequences of artificially raised noise levels related to 
human activities. A case study on an avian urban survivor 
provides, probably, the best insight, to date, into why 
some species can cope with extreme noise levels and 
why others fail. 


The Importance of Sounds to Animals 

Many animal species produce sounds which may play an 
important role in communication among conspecifics. 
Correlations between acoustic variation in a signal and 
sender qualities, motivational state, or environmental con¬ 
ditions may broadcast a message that may be detected and 
perceived as meaningful by one or more receivers. 
A sound may provide information about the presence of 
a male individual of a specific species, or the distance 
between sender and receiver. Variation in acoustic signals 
within an individual may reflect condition or motivational 
state: whether an animal is in the mood of chasing others 
out of his territory, or whether it is in the mood of 
receiving a female partner at a freshly built nest. Acoustic 
signals or cues may also convey information about the 
presence of food or predators. In this context, sounds used 
for intraspecific communication or sounds generated by 
activities such as eating or moving around may be picked 
up by receivers of another species. 

There are several examples in which one species has 
specialized on exploiting the signals of another; for exam¬ 
ple, when bats find frogs by their mating calls or when 
parasitic flies home in on calling crickets. Bats are, of 
course, also well known for their use of echo-location: 
reflections of their own sounds that tell something about 
distance and shape of objects in their environment. 

Not all heterospecific use of signals is detrimental to 
the senders. Several newt species, which produce no or 
few sounds themselves, seem to listen for the calls of frog 
species which are indicative of the location of a suitable 
breeding pond, suitable for both the frogs and the newts. 
This phenomenon is called ‘soundscape orientation 7 and 
entails the use of any biotic or abiotic sound from the 
environment for orientation, which allows animals to 
find important resources such as feeding or breeding 
places or to pick out a suitable direction for dispersal or 
migration. 
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Figure 1 Illustration of the role of sound in the life of animals using a male frog as an example. Typically, male vocalizations serve 
to defend resources against competitors and to attract potential partners to mate. Sound is also used to detect and localize prey and to 
detect and avoid predators. In general, all sounds in the environment, such as calling conspecifics or heterospecifics or a waterfall 
can be used for soundscape orientation. 


Box 1: Fundamental Features of Sound 

The importance of sounds to animals in acoustic communica¬ 
tion or soundscape orientation is closely related to features that 
are specific to sound. First of all, sound can be transmitted over 
long distances and is not necessarily obstructed by obstacles in 
the landscape between senders and receivers. Sound does not 
rely on the presence of light and can be heard during day and 
night. Sound is also multidirectional, both from the perspective 
of the sound source, or the sender of a signal, as well as from 
the sound receiver. Acoustic signals or noises radiate away from 
a point source (a bird singing or an engine running) or a line 
source (the surf at the coast or a highway) in all directions. 
Similarly, receivers of sounds hear signals and noises coming 
in from all directions and do not need to face the source direc¬ 
tion to detect its presence acoustically. This directionality varies 
with the frequency of sound: high frequencies are more direc¬ 
tional than low frequencies and, therefore, high twitters or 
shrieks will more rapidly loose power in directions other than 
the one faced into by the sender. In addition, high-pitched 
signals attenuate relatively fast over distance as sounds of 
shorter wave lengths are more prone to medium absorption 
and scattering compared to sounds of longer wavelengths. 
Nevertheless, if the amplitude level at a receiver is above the 
detection threshold, high-pitched signals are more easily used 
for locating the signaller as shorter wavelengths allow the use of 
interaural differences in arrival times to assess the angle to the 
sound source. 


Sound Use Through Different Media 

Most well-known examples and well-studied model sys¬ 
tems of acoustic communication concern species trans¬ 
mitting signals through air. Roaring red deer, howling 
monkeys, singing birds, calling frogs, and chirping insects 
all have to deal with similar properties of attenuation 
and degradation inherent to sound transmission through 
air. And we should not forget: whether we whistle, clap 
our hands, speak, or honk a horn, we are also typical users 
of air-borne sounds ourselves. Some important properties 
of air that may lead to variation in sound transmission 
properties are temperature, humidity, and turbidity. 
Higher temperatures and lower humidity levels lead to 
higher sound energy absorption rates. So, if the target of 
an acoustic message is far away, it makes sense to sing or 
call when the air is cold and humid, such as during the 
night and early morning. Air turbidity leads to more signal 
attenuation as well as degradation. The result is that few 
animals spend much time trying to get their message across 
during very windy conditions. 

Although we are most aware of sounds in the air, not all 
acoustic signals and cues in the animal kingdom concern 
air-borne sounds. As a matter of fact, water is a much 
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better medium for sound transmission than air. There is 
less attenuation and less degradation of sound transmitted 
through water than for sound transmitted over the same 
distance in air, which can be explained by the higher 
molecular density of water. Many aquatic animal species 
are known to rely on sounds in a variety of contexts. 
Whales and dolphins are famous for their often elaborate 
vocal repertoire and intricate relationship between acous¬ 
tic similarities among individuals and their degree of 
social affiliation. Many fish species are also known to 
produce courtship sounds which are used to attract and 
seduce potential mating partners. Furthermore, fish are 
thought to depend heavily on their accurate hearing abil¬ 
ity for finding prey or detecting predators, while sounds- 
cape orientation in general is very likely a widespread 
phenomenon under water. 

Sounds may also transmit through solid matter and the 
soil, although with much higher attenuation and degrada¬ 
tion compared to water and air. Although soil is generally 
not an obvious medium for communication, some events 
are better audible by sounds radiating through the soil 
than by the air-borne component. You may think, for 
example, of native Americans listening for running bison 
beyond eye-sight with their ear against the ground, but 
also elephants can sense far-away rumbles of conspecifics 
through soil vibrations conducted through their toes. Male 
mole crickets call from a hole in the ground to attract 
overflying females, but these sounds also reach the holes 
of competing males through the substrate. Furthermore, 
many rodents use species-specific drum patterns in the 
context of territorial threat displays and predator alarm, 
while mole rats bang their heads against the ceiling in their 
underground burrows to reach next-door neighbors. 

Finally, vibrational communication through twigs and 
leaves is especially common among insects, such as lace- 
wings, cicadas, and spiders, but is also known from cha¬ 
meleons. The communicative vibrations can be generated 
by vibrating legs, abdominal shaking, or through the pro¬ 
duction of air-borne sounds which resonate in the plant 
substrate. These vegetation-borne signals do not often 
transmit over large distances, but they may reach intended 
receivers without attracting unwanted receivers with air¬ 
borne signals. Nevertheless, the vibrations can be detected 
by some predators such as birds, lizards, and frogs, and 
even humans may exploit them via special devices, for 
example, to assess pest insect infestation in agricultural 
crops or timber trees. 

Signal-to-Noise Ratios in the 
Natural World 

Natural environments are noisy. Successful information 
transfer among communicating animals is, therefore, not 
only dependent on signal amplitude, receiver sensitivity, 


and sound transmission properties, but also on signal 
interference through masking. More or less continuous, 
broadband sounds from rustling leaves, ocean surf, wave 
or wind turbulence, and fast-flowing streams and torrents 
may cause signal detection problems though masking. 
The same is true for the accumulation of sounds produced 
by the vocal animal community, especially, where sea¬ 
sonal and diurnal timing, as well as spectral range, overlap 
among community members. Detection of acoustic cues 
and conspecific signals implies the ability of extraction of 
relevant sounds from a background of detected but irrel¬ 
evant sounds. The subsequent perception of meaningful 
variation in an extracted acoustic signal also depends 
heavily on suitable signal-to-noise ratios at the receiver’s 
location. 

Both biotic and abiotic noise levels may fluctuate con¬ 
siderably through relatively long-term or short-term 
cycles. Incoming waves in tidal rock-pools may render 
courtship calls of male fish inaudible to female for large 
parts of the day. Deep inside a forest, grunting monkeys 
may be sheltered from strong winds and thereby have 
better noise conditions than at the forest edge. And espe¬ 
cially at the edge, wind can come in gusts, can gradually 
grow in power, but also suddenly diminish. Although wind 
may be the driving force of a dominant noise component 
in many open habitats, the very presence of trees often 
provides the noise-generating substrate: two birds may 
sing equally loud, but only one may hear the other well 
if one is on a bare rock and the other on a tree among 
rustling leaves. 

Noisy signaling conditions for vibrational communica¬ 
tion through soil or vegetation are not conceptually dif¬ 
ferent from the signal-to-noise ratios in air and water. 
Wind and rain drops can generate quite noisy conditions 
in the soil and vegetation, while air-borne noise can also 
be transferred into plant matter and interfere as such with 
vibrational signals. Wind generates movement, turbu¬ 
lence, and vibration in tree trunks, twigs, and leaves, for 
which low-frequency noise will be transmitted through 
trunk conduction into the soil. Wind and rain will deteri¬ 
orate signaling conditions in a wide frequency range with 
often dramatic peaks at low frequencies between 10 and 
50 Hz. Transmission properties are equally bad for signals 
and noise, although specific leaf size or stalk lengths may 
result in frequency-dependent resonance favoring trans¬ 
mission of some frequencies over others. 

The Rise and Nature of Anthropogenic 
Noise 

Anthropogenic noise levels have risen globally and are 
still on the rise. The human population is growing rapidly 
and most people rely heavily on motorized transport and 
all sorts of machinery for their well-being and luxury. 
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Truck and car traffic is one of the most dominating noise 
sources in cities, on highways, and far beyond. Therefore, 
we can derive the timing of noise development roughly 
from the numbers of cars in a region. Personal car owner¬ 
ship in Europe and the United States has grown signifi¬ 
cantly since the early 1920s and has led to the current 
conditions of one car per two persons in Europe and three 
for every four persons in the United States. The ongoing 
population growth and the rising number of cars per 
person still resulted in a 40% increase over the last 
15 years to, for example, over 250 million passenger cars 
currently driving around in Europe. 

Besides cars, there is an amazing variety of noise 
sources that ranges from leaf blowers, lawn mowers, and 
ghetto-blasters, to air conditioners, pumping systems, car 
alarms, church bells, and other calls to prayer. Busses, 
trains, and airplanes pass on the ground, underground, 
and overhead. There is hammering and sawing at con¬ 
structions sites, running engines and other noisy activities 
in industrial areas, container shipping and drilling in the 
ocean, and dredging and piling in and around river sys¬ 
tems. Irregular amplitude peaks are associated with out¬ 
door activities, such as concerts, festivities, manifestations, 
and large sporting events. Many recreational activities are 
also motorized and particularly noisy, such as with the use 
of motorbikes, all-terrain vehicles, speedboats, water 
scooters, or snow mobiles. Extensive windmill farms at 
sea, along dikes, or on top of windy hills have recently 
been added to this already spectacular soundscape of our 
modern globe. 

Most anthropogenic noise is heavily biased towards low 
frequencies. Car engines and most machinery generate 
wide-band noise with the majority of sound energy 
below 1.0 kHz, and gradually declining amplitudes at 
higher frequencies. Beeps, whistles, and sirens can have 
dominant frequencies that may be slightly higher but 
typically do not exceed 2.0 kHz. Some sources generate 


noise at a constant and predictive level, while others fluc¬ 
tuate in time and vary acoustically. There are sources of 
moderate levels and others that are extremely loud such as 
piling, sonar and seismic guns under water, or sonic booms 
when a jet fighter flies through the sound barrier. Like the 
abiotic and biotic sounds of nature, human-generated 
sounds also exhibit seasonal and diurnal cycles. Despite a 
growing awareness of the potentially detrimental impact 
on human health and well being, noise pollution is not 
expected to diminish any time in the near future. The 
economic values typically overrule ecological values, and 
people are not willing to leave their cars at home. 

Impact of Noise on Animals 

There are several ways in which noise may be harmful to 
animals (Figure 2). First of all, very loud sounds may 
cause physical damage depending on amplitude, but 
also on duration and repetition of exposure. It also matters 
whether sound reaches the ear through water or air, 
and not all species and age classes are equally sensitive. 
Under water, extremely loud sounds from, for example, 
seismic air guns or piling may even cause ruptures and 
internal bleeding in organs like swim bladders or eyes, 
which may induce death. Military sonar has been sug¬ 
gested to lead to the stranding of whales either due to 
hearing damage or decompression sickness after rapid 
surfacing in panic. In general, temporary or permanent 
hearing loss will lead to significant fitness loss, as hearing 
is critical to many natural activities that benefit survival 
and reproduction. 

Less, but potentially still, serious damage concerns 
noise-related stress. Domestic animals, several species of 
ungulates, as well as birds, have been shown to have a 
raised heart rate in response to noise of overflying air 
planes. Also, fish can exhibit increased secretion of the 



Figure 2 Schematic representation of the negative impact of anthropogenic noise on animals. At close proximity and extreme 
sound levels, noise may cause death. From the center of the figure outwards, noise exposure is less extreme and the severity of impact 
levels off; from physical injury and hearing damage to masking of communicative and other biologically relevant sounds. 
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stress-hormone cortisol in response to exposure to boat 
engine noise. Other indicators of stress are evasive be¬ 
havior, panic, or temporary interruption of activities. 
Repeated exposure can lead to habituation and thereby 
to a reduction in overt stress, but there are also examples 
of noise-related reductions in growth and rate of repro¬ 
duction in zoos and on farms. Especially, noises which are 
loud, low, and fluctuating unpredictably, seem to have a 
negative impact on health and reproductive success of 
animals in captivity. This may also be true for animals in 
the wild. 

Disruption of behavior or an increase in evasive behav¬ 
ior may be an indicator of stress, but can also imply a 
restriction on habitat availability and on the time and 
energy budget of animals. Many bird, bat, and frog species 
are known to avoid otherwise suitable habitat alongside 
highways, and noise may be the reason. Anecdotal evi¬ 
dence on great reed warblers revealed that territory den¬ 
sity in a reed bed alongside a road went up in 2 years of 
road closure and went down again in the spring of reopen¬ 
ing. Congruently, when given a choice, bats preferred to 
spend more time in a silent than in a noisy compartment 
of an experimental arena. Foraging efficiency of these bats 
was also negatively affected by traffic noise, which is 
ascribed to the masking of the rustling sounds of their 
prey. Many primates, birds, and fish make similar use of 
sounds while hunting and may be affected in the same 
way. For example, foraging efficiency of chaffinches also 
goes down with rising noise levels: they were shown to 
shift towards more visual scanning for predators at the 
expense of eating time, as auditory detection of danger 
became less reliable. 

Masking of acoustic communication is another threat 
to social relationships, reproductive success of individuals, 
and the survival of local populations. The continuous 
presence of cargo boat noise in the ocean has, for example, 
reduced the historical signal range of blue whales from 
thousands of kilometers down to about 50 km. A study on 
ovenbirds defending territories at artificial forest gaps in 
Canada, either close to noisy generators or close to silent 
wells, showed dramatic noise-related declines in success 
rate of mate attraction. Frogs of several species and geo¬ 
graphical regions were shown to be affected in their 
calling behavior by experimental exposure to airplane, 
highway traffic, or motorcycle noise. Some frog species 
stop or reduce calling, others seemed to be vocally trig¬ 
gered by noise and raise calling activity with noise. All of 
which may be detrimental to signal function, predation 
risk, and optimal allocation of energy and time. Fittle is 
known yet, but male fish, calling through water to attract 
female partners, will likely suffer from noise-related 
breakdown of the signal detection range. The same will 
be true for mole crickets emitting signals through the soil 
to competing neighbors. For vibratory communication 
through vegetation, we also know that leafhopper females 


are less attracted to signaling males when there is spectral 
overlap between signal and noise. The wideband noise of 
highway traffic will, therefore, likely render roadside veg¬ 
etation less suitable to vibratory insect courtship. 

Insights from Urban Survivors 

Noise is not a novel feature of natural environments, and 
animals for which sounds play an important role in life 
have evolved several strategies to overcome the problems 
of interference and masking. On the production side, 
animals may, for example, raise signal amplitude in 
response to a rise in noise levels (the Fombard effect). 
They may also produce longer calls or sing more repeti¬ 
tions to stand a better chance to get the message across 
through some gaps of relative silence. Redundancy of the 
same message in multiple acoustic characteristics may 
also allow receivers to extract the meaning under chal¬ 
lenging noise conditions. On the receiver side, animals 
may have highly specialized feature detectors, perceptu¬ 
ally tuned to the properties of conspecific acoustic signals, 
and adapted to fdter out noise spectra typical for their 
natural habitat. Several Asian frog species that live in an 
incredibly noisy environment with broadband river noise 
have evolved the ability to generate and hear ultrasonic 
sounds to get into an agreeable frequency channel for 
communication. 

Given that many species have specially evolved capa¬ 
cities to cope with naturally noisy conditions, it should 
not be surprising that there are animal species able to 
resist noisy conditions of anthropogenic origin. The great 
tit [Parus major) is one bird species successful in noisy 
urban areas, while still common in natural forest areas. 
The secret behind their success may be related to their 
singing style. Great tits in urban populations across 
Europe were found to sing, on average, with a higher 
minimum frequency than the populations in nearby for¬ 
ests (Figure 3). This pattern may have emerged because 
sound transmission through dense vegetation favors low 
frequency use; cities have more open space than forests. 
However, a complementary study within urban environ¬ 
ments in a single population suggests that environmental 
noise may be a dominant factor. Individual variation in 
signal frequency was correlated to local noise levels in 
individual territories, which were highly similar in terms 
of sound transmission properties. Male great tits inhabiting 
noisy territories sang with a higher minimum frequency 
than the nearby birds in relatively quiet territories. Given 
that cities are heterogeneous but still consistently noisier 
than forests as a result of low-pitched traffic noise, mask¬ 
ing avoidance by pitch shift may be the individual strategy 
determining the noise-related patterns at the individual 
and population level. A recent study with experimental 
noise exposure revealed the behavioral mechanism 
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Figure 3 Sonographic illustration of great tit songs. In the 
upper part of the figure, the same three-note song type is 
depicted without (a) and with (b) anthropogenic noise. 
Comparing these two sonograms, it will be clear that the 
low-frequency noise band typical of anthropogenic sound 
sources has the most dramatic masking impact on the lowest 
notes in great tit songs. In the lower part of the figure, two 
different two-note song types depict a typical example of a 
relatively slow song (two repetitions in half a second) with a low 
minimum frequency from forest habitat (c) and a typical example 
of a relatively fast (four repetitions in half a second) with a high 
minimum frequency from urban habitat (d). The yellow lines 
demarcate the spectral divergence in these examples. Listen to 
sound files 3(a) great tit in quiet forest, 3(b) great tit in noisy city, 3 
(c) forest song type SLOW and LOW, and 3(d) city song type 
FAST and HIGH, Recorded by the author. 


Box 2: Applications of Acoustic Repellents 

The increasing awareness of repellent effects of noise has led to 
applications in a variety of taxa and contexts. Ultrasonic devices 
are on the market to keep rats, mice, cats, or hedgehogs away 
from house or garden, and advanced scarecrows for birds often 
include audible booms or ultrasonic sound bursts. Underwater 
playbacks are applied by French fishermen to keep cormorants 
from exploiting their target fish populations and similar efforts 
are used to keep marine fish from exploiting mussel banks. 
People have also exploited the use of sound playback to hinder 
reproductive behavior of pest insects in agricultural crops and 
there are even ultrasonic teen repellents on the market which 
make young people feel uncomfortable and are used to keep 
them from lingering around shops or near doorways. Sonic 
weaponry above and below water is still more or less in a 
science fiction stage, but may be applied or under investigation 
by military and police forces. 


The sensitivity of dogs goes up higher to 40 kHz, while 
cats hear up to 60 kHz. Many bats and mice are not only 
sensitive to even much higher frequencies, but they can 
also be completely insensitive to low frequencies; for example, 
below 1 kHz. We can expect most vulnerable species to be 
birds that depend on relatively low pitch (<4 kHz), and 
also, especially, frogs and fish, as they typically rely exclu¬ 
sively on low-pitched signals and are most sensitive in the 
range between 50 Hz and 2.0 kHz, overlapping dramati¬ 
cally with typical anthropogenic noise. Notably, the insights 
into spectral overlap and sensitivity can be important to 
safeguard or conserve, but the repellent effects of sound 
can also be applied in the opposite way (Box 2). 


Concluding Remarks 


underlying the masking avoidance: great tits extend the 
bout duration of song types that do well under current 
noise conditions. They stop singing songs with low- 
frequency notes sooner when they hear loud traffic noise, 
and keep on going for longer if they happen to sing a song 
type without such low notes. 

These data on great tits draw special attention to the 
fact that masking is dependent on spectral overlap and 
that flexibility in frequency use may allow some animals 
to escape detrimental effects. However, many species may 
not be capable of such flexibility. As a result, masking of 
acoustic signals important to resource defense and mate 
attraction may be harmful to many birds, frogs, and fishes. 
Taking the typical bias towards low frequencies into account 
for anthropogenic noise, species-specific frequency use, 
and associated hearing range will provide a rough insight 
into which animals are more likely to suffer than others. 
Humans and many other mammals hear and use low- 
frequencies down to 60 or 40 Hz, but we also detect 
much higher frequencies (young persons up to 20 kHz). 


In conclusion, increasing amounts of human activities 
generate artificially loud low-frequency noise in nearly 
all habitats around the world. Noise affects animals across 
taxa and in all environments, including air, water, soil, and 
within vegetation. Animals close to extremely loud 
sounds are affected most dramatically and, especially 
under water, high noise levels may cause physical damage 
and even death. Not only amplitude, but also duration 
and repetition rate of noise exposure are critical to the 
damage. Although relatively little is known, more moder¬ 
ate noise levels can lead to hearing damage, stress, and 
disturbance, leading to restrictions in available habitat, or 
to a negative impact on feeding or breeding activities. 
Here, predictability will play an important role in deter¬ 
mining the strength of the impact, besides noise ampli¬ 
tude and the overlap with species-specific auditory 
sensitivity. 

The use of acoustic signals for communication is ubiq¬ 
uitous across the animal kingdom and is spread across all 
habitats. Masking of acoustic signals through anthropo¬ 
genic noise is, therefore, a potentially widespread 
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detrimental factor, which may reduce individual fitness 
and may harm population health. The need to extract 
communicative signals from a background of noise is not 
an evolutionary novel phenomenon and some species 
have evolved coping strategies that do well with anthro¬ 
pogenic noise. Data on the flexibility of such survivors in 
the cacophony of our modern society can provide insight 
into why other less-flexible species may not cope and flee 
or fail in noisy areas. 

Our world is not likely to become quieter any time in 
the near future. On the contrary, anthropogenic noise is 
one of the exceptional pollutants which is expected to 
remain on the rise. Hopefully, the increasing awareness 
about the detrimental effects of noise will not only lead 
to more advanced repellents, but also to more sensible 
control of anthropogenic noise, to the benefit of animals 
and ourselves. 
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Introduction 

Anthropogenic disturbance is a major cause of declines 
in biodiversity all over the world. To tackle the loss of 
species richness observed in many ecosystems, it is crucial 
for conservation biologists to understand the implications 
of manmade disturbance for animal populations. Anthro¬ 
pogenic noise pollution is an increasing problem that has 
received relatively little attention in the past, but aware¬ 
ness of its detrimental effects on animal populations is 
growing. 

The urbanization of our planet is ever-increasing and 
the amount of local and global traffic continues to rise, 
with more and more people and goods being moved from 
one location to another. Both urbanization and traffic, 
including road transport, air traffic and shipping, are 
projected to increase further in the next decades. As a 
result, anthropogenic noise levels are likely to rise even 
further and an increasing number of areas will be affected 
by noise pollution. 

In humans, noise at high levels and over prolonged 
periods is harmful to health, for instance, by causing 
hearing damage. However, even at low levels, environ¬ 
mental noise can have severe negative effects, such as 
sleep disturbance and induction of chronic stress, which 
in turn leads to heart diseases and psychiatric problems. 
Many animals are affected in similar ways by anthro¬ 
pogenic noise; in addition, some species also suffer 
impairment to their communication. From insects to 
mammals, a whole range of different taxa use sound to 
exchange vital information, for instance to find mating 
partners or to defend territories. This close relationship 
between acoustic communication and reproduction 
means that in many species variation in signaling effi¬ 
ciency is likely to have major fitness consequences. 

As the environmental noise level rises, a listening 
animal finds it increasingly difficult to detect and recog¬ 
nize acoustic signals. Above a certain threshold, acoustic 
signals can no longer be recognized and thus communica¬ 
tion breaks down. The degree to which an acoustic signal 
is masked by anthropogenic noise depends on the spectral 
and temporal overlap between signal and noise as well as 
the hearing sensitivity of the receiver. We know much 
about the hearing sensitivity of many species from labo¬ 
ratory studies that used comparably simple stimuli such as 
pure tones. However, much less is known about the effects 
of different types of anthropogenic noises on the percep¬ 
tion of species-specific signals in the wild. Such data are 


necessary to provide an accurate representation of noise 
effects on animal communication, since it is critical to 
understand how noise reduces the maximum distance at 
which one animal can detect, discriminate, and identify 
the acoustic signals of another in its natural habitat. Few 
studies have addressed this challenging task to date and 
much more are needed to better inform management 
policies. 

As we shall see, many species from various taxa have 
been found to be affected by the masking of their signals 
or the acoustic cues used in predator-prey interactions. 
However, we are only beginning to understand the impli¬ 
cations anthropogenic noise has for animal populations 
and how noise pollution is linked to the loss of biodiver¬ 
sity. In the following section, I will review some notable 
examples of how animal communication is impaired by 
environmental noise. 


Impairment of Signal Transmission 

Communication is the foundation upon which all social 
relationships in animals are built. Many species use acoustic 
signals to exchange information, and the messages conveyed 
may function, for instance, in finding a mate, synchronizing 
courtship, competing over resources, parent-offspring rec¬ 
ognition, and group cohesion. Therefore, disturbance of 
signal transmission by masking noise can affect the fitness 
of individuals and, in the long term, may have negative 
effects on whole populations. 

Insects 

Several neuroetholgical studies have investigated the 
capacity of insect auditory systems to detect and recog¬ 
nize acoustic signals in noise. These studies provide a 
good starting point for estimating the effects of anthropo¬ 
genic noise on the communication abilities of insects, and 
thus are potentially very useful for conservation purposes 
if combined with data on the noise and sound degradation 
characteristics of particular insect habitats. A very good 
example of how auditory perception can be linked 
to environmental acoustics is that of Romer and Lewald, 
who used the activity of an identified neuron in the 
auditory pathway of bushcrickets as a ‘biological micro¬ 
phone’ and measured signal transmission distances in the 
natural habitat. 
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Very recently, Samarra and coworkers investigated 
how environmental noise affects reproductive behavior 
in fruit flies. Male fruit flies produce a courtship song 
that is a prerequisite for mating to occur and which 
females use to select mates. Female sexual behavior was 
disrupted by an impairment of signal recognition, as 
females showed significantly decreased responses to 
courtship song in the presence of high levels of noise 
within the same frequency band as the courtship song. 
In this way, environmental noise can affect mate choice 
and thus potentially have a negative effect on the viability 
of insect populations in the long term. 

Fish 

Underwater noise pollution is a growing environmental 
problem, and in freshwater habitats the sounds produced 
by shipping are of particular concern. It has been shown 
that underwater ship noise in rivers and lakes causes stress 
in fish, as indicated by increased cortisol levels. Chronic 
physiological stress has detrimental effects on growth, 
immunological functions, and reproduction in fish. As a 
consequence, shipping noise may affect the conservation 
status of populations. In addition to physiological stress, 
impairment of communication may also be a negative 
effect of anthropogenic underwater noise. Several fish 
species use sounds to communicate and masking noise 
may impair signal exchange. Data from laboratory tests on 
hearing sensitivity in fish show that prolonged exposure to 
high-intensity noise can cause temporary hearing loss, 
which decreases the detection of short transient signals 
and the temporal resolution ability. However, without 
more information, we have only a very crude idea of the 
effect of environmental noise on the perception of 
species-specific acoustic signals in nature. 

Amphibians 

The global decline of amphibian populations is a long¬ 
standing concern. In the past, conservationists have 
focused their attention mainly on habitat destruction, 
climate change, and chemical pollution, and it was not 
until recently that the effects of anthropogenic noise have 
also moved into the focus of attention. Noise pollution 
will particularly affect frogs and toads which make up 
nearly 90% of all extant amphibians and are a very 
vocally active group. Males attract female mating partners 
by calling and females use male calls in mate choice. Thus, 
acoustic masking of anuran calls may impair their sexual 
behavior and breeding success which can potentially lead 
a decrease in populations over time. 

Male European tree frogs (Hyla aborea) decrease their 
calling behavior in the presence of traffic noise played 
back to them at realistic levels, which shows that anthro¬ 
pogenic noise may interfere with anuran communication 


and thus potentially have deleterious consequences on 
their reproduction. A similar decrease in calling activity 
has been found in a tropical mixed-species assemblage 
exposed to airplane and motorcycle noise. However, the 
suppression of calling behavior in a whole set of species in 
the assemblage also stimulated calling in one particular 
other species. Recently, Bee and Swanson used a phono- 
taxis assay to present female gray tree frogs (Hyla chrysos- 
celis) with male advertisement calls that were masked by 
realistic levels of road traffic noise. They found that in the 
presence of the noise, females took a longer time until 
they responded, they had considerably increased response 
thresholds, and a decreased orientation toward the target 
signal. This suggests that traffic noise can disturb frog 
communication in two ways, by suppressing male calling 
activity and, at the same time, by decreasing the females’ 
ability to locate calling males. 

Previous conservation studies on anurans have looked 
at the effects of roads in terms of habitat fragmentation 
and increased mortality due to road kills during spring 
migration to breeding ponds. Moreover, the latest evi¬ 
dence from bioacoustic studies indicates that the sound 
of roadway traffic may also be relevant. Future studies are 
needed to directly link levels of anthropogenic noise to 
reproductive success to develop reasonable action plans 
for noise abatement. 

Birds 

The effect of anthropogenic noise on avian communica¬ 
tion is receiving increasing attention from behavioral 
biologists and conservationists alike. A few years ago, 
it was found that urban birds exposed to high levels of 
traffic noise increase their song amplitude and sing at a 
higher pitch compared to conspecifics in less noisy areas. 
A noise-related increase in vocal amplitude has also been 
shown for begging calls of nestling birds. In playback 
experiments with feeding parents, white noise eliminated 
parental preferences for higher begging rates of their 
young, but the preference was restored when call ampli¬ 
tude was increased to the level that nestlings normally 
produce in response to noise of that level. 

These findings suggest that birds are able to, at least 
partly, mitigate acoustic masking by adjustments of signal 
structure and performance. Certainly, the scope of such 
mitigation is limited, and effective communication will 
break down as soon as these limits are crossed. For 
instance, it has been suggested that environmental noise 
pollution may affect the mating of songbirds that rely on 
acoustic signals to establish and maintain pair bonds. 
Indeed, it has been found that the pairing success of oven- 
birds (Seiurus aurocapilld) was lower in areas around noisy 
industrial sites compared with areas around noiseless facil¬ 
ities. Moreover, it is conceivable that noise-related changes 
in song structure (e.g., pitch or song syntax) could lead 
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to population differences that may also affect female pref¬ 
erence functions or even species recognition, which is 
clearly of conservation concern. 

Lohr and colleagues used operant conditioning to test 
the capacity of birds to detect and discriminate natural 
vocal signals in the presence of masking noise including 
traffic noise. They found that the thresholds for discrimi¬ 
nation between different calls are higher than those for 
detection, and that these thresholds are crucially affected 
by the level, spectrum, and spectral shape of the ambient 
noise. This study also provides a model to estimate dis¬ 
tances over which acoustic signals may be effective and to 
which extent this active signal space will be constrained 
by increased noise levels. Psychoacoustic studies like 
these are very relevant to the ecology of birds, as they 
provide a more accurate representation of noise effects on 
communication abilities. 

Mammals 

Over the past two decades, the impacts of anthropogenic 
noise on marine mammals have been a matter of concern, 
particularly the long-term effects on cetacean populations. 
In addition to physiological stress responses and possible 
tissue damage caused by high-intensity sound sources 
(such as air guns used for seismic exploration and military 
sonar), cetaceans are also vulnerable to interference of 
their communication. The main anthropogenic noise in 
the seas stems from the propulsion of ships, with most of 
the sound energy concentrated below 200 Hz. Such low- 
sound frequencies propagate particularly far, and in cer¬ 
tain places shipping has elevated underwater noise of up to 
100 times in this frequency band. As Tyack pointed out, 
many whale species use the same low-frequency band for 
acoustic long-range signals, and concern has been raised 
that the intense anthropogenic noise in the seas may inter¬ 
fere with their ability to communicate effectively and thus 
may ultimately be detrimental on normal cetacean behav¬ 
ior and breeding biology. 

Impairment of Cue Recognition 

Animals use the sounds produced by others in various 
ways to extract information about the environment. In 
addition to acoustic signals discussed in the previous 
section, animals may also extract meaning from acoustic 
cues that do not function primarily in communication. 
Such acoustic cues play a particular role in predator-prey 
interactions. 

On one hand, species that detect their prey acoustically 
undergo reduced foraging success in noisy areas, and 
on the other, many species potentially suffer increased 
predation in places where they cannot hear an approach¬ 
ing predator. 


Finding Food 

From insects to mammals, many animals find their food 
by listening to the sounds their prey produce, a capacity 
referred to as ‘passive listening.’ If environmental noise 
masks the acoustic prey cues, passive listening can be 
impaired, thereby reducing the foraging success of the 
predator. Such a noise-related impairment of foraging 
success has been demonstrated in greater mouse-eared 
bats (Myotis myotis). This species belongs to a group of 
bats that find their food by listening to the rustling sounds 
their arthropod prey produces while moving on the sub¬ 
strate. In a choice experiment with two foraging compart¬ 
ments, Schaub and colleagues investigated the influence 
of different types of background noise, including traffic 
noise, on foraging effort and foraging success. They found 
that the bats spent less time in the noisy foraging com¬ 
partment and preferred to search for prey in the quiet 
area, and the animals tested also caught considerably less 
prey in the compartment where noise was broadcast. This 
finding indicates how areas exposed to high levels of 
traffic noise could be less suitable as foraging areas for 
animals that use passive listening to locate their prey. 

Similar detrimental effects of anthropogenic noise on 
foraging success are also possible in species that use 
echolocation rather than passive listening to locate their 
prey, as some man-made noise extends well into the 
ultrasonic range (Figure 1). Echolocating animals include 
whale and bat species that are of conservation concern, 
but the possible interference of their prey localization 
abilities by anthropogenic noise has not received much 
attention yet. If the returning echoes of the echolocation 
signal cannot be discriminated from the background 
noise, prey detection (and orientation in general) will 
become increasingly difficult. A recent experimental 
study on free tailed bats (Tadarida brasiliensis) showed 
that these animals change the structure and performance 
of their echolocation calls to reduce masking from envi¬ 
ronmental noise. However, the scope for compensation is 
surely limited, and where large areas are subject to high- 
intensity noise pollution during significant times, it is 
conceivable that the impairment of foraging may affect 
populations. 

Avoiding Predators 

One potential negative effect of human disturbance on 
animal populations is increased predation in areas where 
acoustic predator cues are masked by anthropogenic 
noise. It is conceivable that predation risk rises with 
increasing noise levels, as an animal’s perceptual thresh¬ 
old to acoustically detect an approaching predator will be 
higher, the higher the level of masking noise is. However, 
some species may compensate the increased predation 
risk in noisy areas by an increase of vigilance behaviors. 
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Figure 1 Acoustic masking of Galapagos red bat (Lasiurus 
brachyotis) echolocation calls by traffic noise. In this rather 
extreme example, the bat was foraging above a small street in 
approx. 4 m height while a motorbike was passing by beneath 
the flying bat. Note that the sounds produced by the motorbike 
extend well into the ultrasonic range and overlap with the 
frequency band of the bat’s echolocation calls. Depending on the 
sound level and spectral properties of the traffic noise, it may 
impair signal recognition in hunting bats and thus reduce foraging 
success. In this way, anthropogenic noise pollution may reduce 
habitat quality and thus affect distribution patterns of species. 
Recording made by the author on Santa Cruz Island, Galapagos. 

Such noise-related changes in vigilance have been 
shown for foraging chaffinches (Fringilla coelebs) that 
were exposed to white noise. During the noise treatment, 
the birds had shorter interscan intervals spending shorter 
time with their head down compared to periods when no 
noise was played back to them. Moreover, no evidence for 
habituation to the noise was found, as the change in 
antipredator vigilance did not vary within or between 
successive trials. However, the increased vigilance came 
at a cost to the birds: during the noise treatment the birds 
made fewer pecks when feeding, which led to a reduction 
in food intake rate, suggesting that compensating for the 
increased predation risk could lead indirectly to a fitness 
cost. So, noise pollution has the potential to affect popu¬ 
lation viability either way, directly through increased 
predation or indirectly by reduced food intake due to 
higher vigilance. 

Animals Avoid Noisy Areas 

It has been reported that marine mammals avoid certain 
human underwater sound sources at ranges of many 
kilometers, which raised the concern about displacement 
from important habitats. Often, researchers find a corre¬ 
lation between environmental noise levels and changes in 
species composition or abundance. In particular, several 
studies have shown lower species diversity and density of 


breeding birds along motorways, and the negative effect of 
roads on bird populations has often been linked to noise 
pollution. However, as far as roads are concerned, it is 
difficult to pinpoint the impact of traffic noise because 
other factors, such as visual disturbance, road kills, edge 
effects, light pollution during night, chemical pollution, 
etc. could have similar detrimental effects on animal 
abundance. These factors can be excluded in controlled 
experiments that investigate the behavior of individual 
animals. In such an experimental setting, it has been 
demonstrated that foraging bats avoid traffic noise and 
prefer to forage at quiet sites where they perform much 
better at finding prey (see earlier). 

Recently, Bayne and colleagues investigated the abun¬ 
dance of songbirds in a boreal forest in which noise from 
energy-sector industries is rapidly increasing. They found 
that areas near noise-producing gas compressors (that 
serve to maintain the flow of gas through pipelines) had 
a significantly lower bird density than areas near noiseless 
energy facilities. Interestingly, the noise did not affect 
abundance in all the 23 species investigated, and it 
would be worthwhile to test whether the differences in 
noise vulnerability were related to the acoustic structure 
of the species-specific songs. Such a relationship between 
acoustic masking and abundance has been shown by 
Rheindt, who found that species with lower-pitched 
songs declined more strongly in abundance toward a 
motorway. Most likely, this was because higher-pitched 
songs (well above the low-frequency traffic noise) make 
birds less vulnerable to noise pollution. In general, birds 
that sing in a similar frequency band as that masked by 
environmental noise are more likely to be affected by 
noise than those whose songs overlap less. These species 
differences in vulnerability to noise are an important 
topic critical for conservation action. 

Overall, the current evidence indicates that the abun¬ 
dance of some species is negatively affected by manmade 
noise and - among other things - impairment of acoustic 
communication is one of the reasons for the decline. More 
studies measuring the effect of anthropogenic noise on the 
viability of populations are crucial for species conserva¬ 
tion and the advice of future action plans. 

See also: Anthropogenic Noise: Impacts on Animals; 
Conservation and Behavior: Introduction; Hearing: 
Vertebrates. 
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Introduction 

If it were possible to mark all the individuals of all the 
species of animals in an area with different colors of 
incandescent light so that their positions relative to each 
other could be observed from on high, it would be clear 
that the spacing between animals of different species is 
not random. Although spatial variation in food and water 
are often responsible for clumped distributions, predation 
is also an important factor: clumped distributions may be 
caused by animals sharing refuges where predators can 
not attack them, or actively joining other species in ways 
that reduce predation. 

This article reviews how animals use heterospecifics 
in predation contexts, proceeding from situations in 
which animals live in the same area but rarely meet, to 
examples of species that spend virtually their entire lives 
together. This article first discusses animals that eaves¬ 
drop on the information about predators available from 
heterospecifics in the same habitat; this information 
transfer does not effect the positions of the species rela¬ 
tive to each other. Second, the article describes mobbing, a 
behavior in which animals come together temporarily to 
confront predators. Third, other kinds of mixed-species 
groups are discussed - ranging from aggregations that form 
around food sources, to nesting colonies, to stable groups 
that reform everyday - in which many of the benefits of 
group-living are related to reducing predation. Finally, the 
article concludes by examining pairs of species that are 
highly dependent on each other for protection and often 
live together for life. 

The progression of the article is thus one of increas¬ 
ing complexity and co-evolution of species interactions, 
starting with commensalisms, such as eavesdropping on 
heterospecific information, and ending with well-studied 
examples of mutualism. Mobbing and other kinds of 
mixed-species groups are intermediate on this gradient 
because species that tend to lead the groups expend 
greater costs and received fewer benefits than other species 
that follow them. We hope to explain why some species 
play leading roles in mixed-species groups by examining 
their antipredatory behavior. To introduce this subject, 
we first discuss two kinds of antipredation benefits that 
can be derived from heterospecifics: information and 
protection. 


Heterospecific-Derived Information 
About Predators 

In a provocative article, Juanne-Tuomas Seppanen and 
colleagues suggest that in some cases, information obtained 
from heterospecifics can be more valuable than information 
obtained from conspecifics (Figure 1). Specifically, at short 
distances between individuals, competition between con- 
specifics can be high. In contrast, a nearby heterospecific 
may offer information that is relevant because of its spatial 
proximity, with less competition. 

Another potential benefit to heterospecific informa¬ 
tion is that the quality of the information may have 
some characteristics that are superior to conspecific infor¬ 
mation. Some characteristics of information that might 
vary among species are as follows: 

1. Detection : Species may vary in the kinds and breadth of 
stimuli that they detect, and the probability of detec¬ 
tion of each stimulus type. These differences may arise 
because of differences among species in their sensory 
capabilities, in the number of individuals per group, or 
in their different habitat preferences or spatial posi¬ 
tions. Species that are preferentially targeted by pre¬ 
dators and/or have relatively poor escape performance 
should be expected to invest more heavily in their 
ability to detect threats. 

2. Reliability. Species may make ‘false alarms’ because 
(1) they inaccurately detect a predator when none is 
present, or (2) even though they do not detect a poten¬ 
tial predator, they mistakenly make the signal anyway, 
or (3) they do not detect a predator but make a signal 
to manipulate the response of the receivers. Reliability 
may also depend on the species making and receiving 
the information: if species A is predated by only some 
of the same predators as species B, the reliability of 
species B’s calls for A will depend on what percent of 
B’s signals provide information about A’s predators. 

3. Production : Species may vary in the percentage of 
detected stimuli for which they will produce signals, 
due to the conspecific audience toward which they are 
directing the call. For example, an individual of a 
species that lives in groups of related individuals may 
be likely to give alarm calls, even at the risk of attract¬ 
ing the predator’s attention to itself. 
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Figure 1 Seppanen et al. (2007) argue that the value of 
information, measured by the effects the information has on 
fitness, is a function of the distance from the signaler to the 
receiver. Closer signalers produce more valuable information, 
but competition between them and the receivers is high. 
Information becomes adaptive for the receiver at some distance 
(shaded area). Hence, at some close distances the information 
produced by heterospecific signalers, which are assumed to 
compete less with the receiver because of differences in their 
ecological niches, may be more valuable than information from 
a conspecific. 

4. Transmission : Detectability of heterospecific signals 
may vary because of species differences in their capa¬ 
city to produce signals that travel long distances. 


Defensive Services Offered by 
Heterospecifics 

Particularly in those situations where heterospecifics live 
in close proximity, they may provide a variety of benefits, 
listed here, and referred to in later sections. Two different 
kinds of benefits can usefully be delineated: complemen¬ 
tary services are provided by species that are radically 
different from each other, and similarity-based services 
are those that are best used by species that are alike. 
Complementary services: 

1. Animals can consume predators of another species. 
Large, aggressive species can remove the predators of 
smaller species, and mobile animals can consume the 
predators of immobile animals that are unable to pro¬ 
tect themselves. 

2. Animals can serve as a refuge against predators, partic¬ 
ularly large species providing structural cover for 
smaller species. 

Similarity-based services: 

3. Species can associate with distasteful or toxic species 
which they imitate (i.e., Mullerian or Batesian mimicry). 


4. Species can dilute the risk of predation in a group, 

particularly if they appear similar to other group 

members. 

Responses to Heterospecific Alarm 
Signals and Cues 

The first category of heterospecific interactions that 
involve predation occur between generally noninteracting 
species that inhabit the same area. This is part of the larger 
phenomenon of ‘ public information : information that may 
be created by animals for their own function or to benefit a 
conspecific, but is accessible by eavesdropping to hetero¬ 
specifics, as has been reviewed by Sasha Dali and collea¬ 
gues. Such interactions are also known to occur in plants, 
which emit volatile chemicals when they are attacked by 
herbivores; these chemicals can be detected by other plants 
and used to initiate defensive mechanisms, or can be 
detected by parasitoids of the herbivore and used to locate 
a potential host. 

Chemicals are also used by aquatic animal species as 
indications of alarm. For example, many fish have spe¬ 
cialized club cells in the surface layer of the epidermis 
that rupture when attacked, releasing chemicals (origi¬ 
nally dubbed ‘Schreckstoff 7 or ‘fear substance 7 by Karl 
von Frisch) that fish rapidly respond to, including fish of 
other species. Amphibians and aquatic invertebrates have 
also been shown to respond to the chemicals released by 
heterospecifics in a predation event. Different chemicals 
are given out at different stages of the predation process: 
for example, disturbance chemicals are released when a pred¬ 
ator has been detected, whereas damage-released chemicals 
are emitted by animals that have been injured or killed by 
a predator. Because release of these chemicals appears 
involuntary, and because it is not clear how the animal 
that releases the chemicals benefits (although in some 
cases the chemicals may attract another predator that can 
attack the original one), such chemicals might be consid¬ 
ered cues rather than signals. Indeed, research by Douglas 
Chivers, Brian Wisenden, and colleagues has concluded 
that club cells evolved as a generalized defense against 
parasites and ultraviolet radiation, with fish evolving 
secondarily the ability to respond to the presence of the 
chemicals when released by predation. 

In terrestrial systems, alarm signals are usually acous¬ 
tically based (note: but chemical alarm systems do exist in 
terrestrial species, e.g., alarm cues emitted by rats and 
deer). It has been repeatedly shown that species that 
share the same predators and live in the same environ¬ 
ment can often recognize and respond to each other’s 
acoustic alarms. For example, species of the same family 
that live in the same area respond to each other’s alarms, 
as shown by a ground squirrel ( Spermophilus lateralis) and a 
marmot ( Marmota flaviventris) in North America, or by 
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the Madagascar primate species Propithecus verreauxi and 
Eulemurfulvus. Cross-taxa alarm recognition has also been 
found, starting with the work of Robert Seyfarth and 
Dorothy Cheney, who studied how vervet monkeys 
(Chlorocebus pygerythrus) respond to the alarm calls of the 
superb starling ( Spreo superbus). Since that pioneering 
work, examples of cross-taxa alarm recognition include 
squirrels responding to the alarm calls of jays, monkeys 
responding to alarm calls of deer, and antelope respond¬ 
ing to an especially vigilant bird known as the ‘go-away 
bird’ ( Corythaixoides leucogaster). The recognition of acous¬ 
tic alarms is not limited to birds and mammals or even to 
animals that are able to produce acoustic signals: Maren 
Vitousek and colleagues demonstrated that a marine 
iguana in the Galapagos can respond to the alarm calls 
of a mockingbird that inhabits the same habitats. 

The amount of information that animals can extract 
from heterospecific alarms is also impressive. For exam¬ 
ple, in their study of vervet monkeys discussed earlier, 
Seyfarth and Cheney showed that the monkeys are able to 
distinguish between two types of superb starling alarm 
calls: those made specifically to raptors and those made to 
a wide variety of predators. In the taxonomic reversal, a 
bird species, the Yellow-casqued hornbill ( Ceratogymna 
elata ), responds appropriately to referential information 
encoded in the alarm calls of Diana monkeys ( Cercopithecus 
diana). Diana monkeys, in turn, show further sophis¬ 
tication, in being able to discern a syntactical rule in 
the alarm calls of the Campbell’s monkey ( Cercopithecus 
campbelli) that indicates that the alarm is of low risk. 
Finally, a nuthatch [Sitta canadensis) is able to use infor¬ 
mation encoded in the mobbing calls of chickadees ( Poecile 
atricapillus) to judge the level of risk posed by a predator. 

The question of whether the recognition of heterospe- 
cific alarms is learned or innate remains a controversial 
one, and answers often differ between taxa. For example, 
the chemicals released by fish are highly conserved 
among related species, which may explain some hetero¬ 
specific recognition; however, some fish and amphibian 
species are able to learn predator-associated chemical 
cues. Bird alarms calls are also often similar to each 
other, perhaps due to convergence around certain acous¬ 
tic characteristics - narrow frequency bandwidth and 
relatively high frequency - that make the calls difficult 
to localize for predators. Yet in some of the examples of 
heterospecific response seen earlier, particularly those 
between distantly related taxa or those that include a 
large quantity of information, it is likely that the species 
learn to associate heterospecific information with danger. 

Heterospecific Mobbing 

Mobbing is an interesting phenomenon from the perspective 
of heterospecific groups because it is a predation-related 


activity that affects the relative spacing of individuals of 
different species, if only for a brief period of time. Mobbing 
has been best studied in birds, and it has been long known 
that birds will respond to the mobbing calls of hetero¬ 
specifics. For example, so many species in North America 
respond to the mobbing call of the Black-capped Chickadee 
(P. atricapillus) that these calls have been used by Andre 
Desrochers and colleagues as a method to census breeding 
birds. While heterospecific recognition of mobbing may 
be due to general acoustical similarities between most 
species’ mobbing calls, it may also be a learned behavior: 
Eberhard Curio and colleagues performed elegant experi¬ 
ments in the 1970s, demonstrating that birds could learn 
to mob a model if they watched other birds mob it, even if 
the model was harmless. 

Attracting heterospecifics may give benefits to a caller. 
First, it may reduce the level of risk to the caller simply by 
dilution, and animals may have less to lose (in kin or 
mates) if heterospecifics are attracted. Second, attracting 
heterospecifics may lead to an enhanced level of mobbing 
that may be more effective in driving off the predator. 
Indeed, some heterospecifics may be attracted that are 
aggressive or predators of the predator. Finally, Indrikis 
Krams and Tatjana Krama have argued that callers may 
also benefit if other species reciprocate by engaging in 
mobbing and calling at later times, and have suggested 
that species in stable communities (as opposed to tran¬ 
sient, migratory communities) would be able to monitor 
reciprocation. 

Mobbing and other similar forms of group defense also 
occur in mammals, especially primates, sciurids, and 
ungulates, and has been rarely reported in fish. To our 
knowledge, however, there have not been formal descrip¬ 
tions of heterospecifics associating during such mobbing 
in these taxa, although it is suspected to occur (Tim Caro, 
pers. comm.; Grant E. Brown, pers. comm.), and further 
study of this matter is warranted. 

Mixed-Species Groups in Relation to 
Predation 

Unlike mobbing, where the stimulus that induces the 
behavior is clearly the predator, mixed-species groups 
are not adaptations to predation solely. The adaptive 
functions of mixed-species groups are multiple, nonexclu¬ 
sive of each other, and similar to single-species groups, 
with the important exception that competition among 
individuals inside the group is generally assumed to be 
less, since different species will overlap less in their forag¬ 
ing preferences than conspecifics would. Increased for¬ 
aging efficiency, in particular, is an important benefit 
to many such groups. However, the evidence is strong 
that predation is an important, if not predominant, driver 
behind the formation of mixed-species groups: for example, 




Antipredator Benefits from Heterospecifics 97 


Jean-Marc Thiollay and colleagues have shown that spe¬ 
cies that are most vulnerable to predation tend to be found 
in mixed-species flocks of birds, and that more flocks are 
found where predators are most dense. Here we will ignore 
the other factors that lead to mixed-species group for¬ 
mation (e.g., foraging related benefits), and concentrate 
on factors that reduce predation. These factors apply to 
groups that vary in their stability: mixed-species assem¬ 
blages that form transitorily over sources of food, mixed- 
species roosts formed at night, mixed-species colonies 
formed during the nesting season, and mixed-species for¬ 
aging flocks that can often consist of the same individuals 
day after day. Such groups can be found in a variety of taxa, 
including spiders, amphibians, and fish, although the phe¬ 
nomenon of mixed-species grouping has been best studied 
in mammals and birds. 

Perhaps the most basic benefit to group living is dilu¬ 
tion of risk, both in terms of a predator finding the group 
and in terms of the risk for one individual to be predated 
once the group is found. This advantage holds only if 
larger groups do not attract more predators; large, persis¬ 
tent assemblages of species may indeed attract predators. 
In some cases, large assemblages of prey species that 
reproduce quickly (e.g., frogs) may be able to ‘swamp’ out 
predators, increasing their numbers more quickly than the 
predators can, in a manner similar to the way in which 
masting plants swamp seed predators. In addition, group¬ 
living animals that scatter at the approach of a predator 
may be able to confuse the predator (known as the ‘confu¬ 
sion effect’) and inhibit its ability to select an individual to 
catch. These potential benefits are found in single-species 
groups, and may also occur in mixed-species groups, espe¬ 
cially if the species resemble each other. If, however, the 
species do not resemble each other, odd members of the 
group might be easier to capture; such an ‘oddity effect’ 
has been demonstrated experimentally, especially with 
fish. Finally, one kind of possible dilution benefit to group¬ 
ing applies only to mixed-species groups: Clare Fitzgib- 
bon, who worked on mixed-species ungulate groups, has 
suggested that individuals of one species could benefit 
from such groups if predators preferred to prey upon the 
other species. 

A second benefit to grouping, and heterospecific group¬ 
ing in particular, may be related to mobbing or other kinds 
of physical protection against predators. This aggressive 
function of heterospecific groups would be most effective 
if large or aggressive animals were included in them. For 
example, in some monkey assemblages, it has been re¬ 
ported that smaller species join larger ones, perhaps for 
protection against some predators. Aggression is particu¬ 
larly applicable to nesting colonies of birds. Birds in the 
center of a nesting colony have been shown to be well 
protected from predators because of mobbing. Birds will 
also nest close to biting or stinging social insects or perhaps 
even crocodilians, as well as aggressive or predatory birds. 


Indeed, in a review in 2005, Tim Caro listed 30 studies 
that have documented a less aggressive species nesting 
with a protective bird species. These relationships can 
be mutualistic (if the less aggressive species contributes 
toward mobbing, or is consumed by the protector spe¬ 
cies at a low rate), commensal (e.g., stinging insects and 
birds), or even parasitic. As an example of the latter case, 
Martha J. Groom reported that nighthawks obtain greater 
fledging success when nesting near terns that aggressively 
mob predators. However, terns that had nighthawks nest¬ 
ing close to them spent more time in antipredatory defense 
and had reduced fledging success. 

A third predator-related benefit from mixed-species 
grouping is increased vigilance. As in the case of alarm 
calling among animals that live in the same locality, 
animals that participate in flocks often make alarm calls 
and respond to each other. The simple amalgamation of 
information from species that occupy different spatial 
positions in the flock may benefit individual group parti¬ 
cipants, as first argued by the ornithologist E. O. Willis. 
Also, if multiple species call at once and they differ in the 
qualities of their information discussed earlier, a member 
of a mixed-species flock would have more information 
about predators than a member of a single-species flock, 
as argued by E. Goodale and S. W. Kotagama (Figure 2). 

One pattern found in many mixed-species groups is 
that they form around species that are particularly vigilant. 
For example, the Stonechat {Saxicola torquata), a heathland 
bird, was found by P. W. Greig-Smith to be very vigilant 
about predators and to take flight at a large distance from a 
predator, and thus was followed by less vigilant species; a 
similar argument has been made for several different spe¬ 
cies of shorebirds that are associated with less vigilant or 
wary species. In mammals, other species are suspected of 
joining Diana monkeys because they are especially vigi¬ 
lant, and other dolphin species may follow the highly 
vigilant spinner dolphins ( Stenella longirostris). 

Some leading species are particularly vigilant because 
their foraging ecology makes them good detectors of 
danger. For example, Neotropical bird flocks are led by 
antshrikes and shrike-tanagers, and drongos play impor¬ 
tant roles in south Asian flocks. These species all ‘sally’ for 
prey - taking insects on the wing - and thus seem to be 
particularly vigilant because of their frequent scanning for 
insects; hence, they are often referred to as ‘sentinel 
species.’ Saddleback tamarins ( Saguinus fuscicollis) spend 
much time looking toward the ground and therefore are 
highly vigilant for ground predators, whereas moustached 
tamarins (S. mystax) spend more time looking up at the 
canopy and are better detectors of aerial threats. Differ¬ 
ences among species in their vigilance may also be due to 
purely morphological traits: for example, Thomson’s gazelles 
(Gazella thomsoni) may join Grant’s gazelles (G. granti) 
because Grant’s gazelles are taller and detect cheetahs at 
greater distances. 
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Figure 2 An example of alarm calls made by multiple species, from Goodale and Kotagama’s (2005) study of mixed-species bird 
flocks in Sri Lanka. Goodale and Kotagama argue that species have different characteristics of their alarm calls and that hence the 
information available to participants is richer in a mixed-species as opposed to single-species flock system. Species calls are manually 
traced on the spectrogram for emphasis. Species included: Drongo - Greater Racket-tailed Drongo (Dicrurus paradiseus), Bulbul - 
Yellow-browed Bulbul (lole indica), Babbler - Orange-billed Babbler (Turdoides rufescens), Monarch - Black-naped Monarch 
(Hyp o thy mis azure a ). 


Animals may also benefit by associating with species 
that have a high propensity to produce signals about 
predators because they live in groups of kin or associate 
closely with their mates. Many ‘nuclear species in mixed- 
species bird flocks - so called because they seem to play 
important roles in flocks and lead them - are gregarious 
and also tend to be cooperative breeders: traits that may 
make them more likely to participate in kin-selected 
behaviors such as alarm calling. Alarm calls can then be 
eavesdropped on by other species, as was shown in the 
classic studies of Kimberly Sullivan on vigilance by wood¬ 
peckers that follow gregarious groups of Black-capped 
chickadees; woodpeckers following chickadees scan less, 
eat more, and do not make their own alarm calls. 

Before concluding this section on mixed-species 
groups, a phenomenon called ‘social mimicry should be 
discussed, in which species of similar appearance group 
together. Martin Moynihan described several examples of 
this pattern in Neotropical bird flocks and explained the 
resemblances among species as adaptations to maintain 
group cohesion. C. J. Barnard argued against Moynihan’s 
interpretation, suggesting that similarity among group 
members may be due to selection against the oddity effect 
(see above, second paragraph under ‘Mixed-Species Groups 
in Relation to Predation’) or that group members may be 
mimicking species that were distasteful or toxic. In relation 
to the toxicity hypothesis, a very striking case of social 
mimicry was described in bird flocks of Papua New Guinea, 
in which the experienced researcher H. L. Bell took several 
years in order to fully distinguish between species. Interest¬ 
ingly, J. P. Dumbacher and colleagues later discovered that 


several of the nuclear species of that system are toxic, 
suggesting that Batesian mimics attempt to associate 
with the models that they imitate. 

Mutualisms Based on Antipredation 
Benefits 

In the discussion of some aspects of mixed-species groups, 
we touched on certain species (e.g., highly vigilant or 
aggressive species) that are particularly important to the 
organization of groups, or lead them. Thus, mixed-species 
groups may be viewed in part as commensalisms, with less 
vigilant or aggressive species following or attempting to 
associate with vigilant or protecting species (it should 
be acknowledged, however, that dilution benefits likely 
accrue to all parties). In contrast to such commensalisms as 
usually involve multiple species, here we discuss mutual¬ 
isms that occur between two coevolved species partners. 
We see two basic categories of such mutualists: those that 
benefit each other by sharing information about predators 
and those that physically defend each other. 

Information is usually traded between very dissimilar 
organisms. A well-studied case is that of goby fish and 
shrimp; about 100 species of gobies and 20 species of alpheid 
shrimp are involved in this mutualism (Karplus, 1987). 
The shrimp build burrows that the goby fish also dwell in; 
in turn, the fish warn the shrimp of predator presence 
through tactile communication. Andrew R. Thompson has 
shown that fish and shrimp are both negatively effected 
when either one is removed. An analogous mutualism that 
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occurs under very different ecological conditions is the 
interaction between mongooses and hornbills, studied by 
O. Anne Rasa. Here the hornbills warn of predators by 
giving alarm calls, and in exchange, forage on insects that 
are disturbed by the mongooses. This system is particularly 
interesting because of the degree of co-evolution between 
the species; hornbills appear to give alarm calls to predators 
that are dangerous to the mongooses but not to themselves. 

In other interactions between species in close proximity, 
physical protection is part of the exchange. Similar to the 
well-known phenomenon of ants defending plants, ants 
also protect sap-feeding insects, both hemiptera and lepi- 
dopterans, and receive nutritional benefits in exchange. 
Both in ant-plant relationships and in ant-insect relation¬ 
ships, variations abound in how facultative or obligate the 
relationship is, and there are several cases of interactions 
where mutualism has been replaced by parasitism. Other 
mutualistic partners provide protection in the form of a 
structural refuge. For example, corals provide crabs with 
protective structures as well as nutrition; in exchange, crabs 
consume potential competitors like algae. Another well- 
studied example is that of damselfish that seek protection 
among anemones and in exchange, consume specialized 
anemone predators. Such relationships represent the ex¬ 
treme of different species (large vs. small, mobile vs. immo¬ 
bile) giving diverse, complementary benefits to each other 
that similar species could not provide. 

Conclusion 

In reviewing the variety of associations between prey 
species that are related to predation, an interesting tension 
can be seen between mechanisms that appear to maintain 
similarity between species and mechanisms that facilitate 
very different species exchanging different kinds of bene¬ 
fits. In general, the kinds of benefits that maintain similar¬ 
ity (e.g., dilution, the confusion effect, the oddity effect, 
and mimicry between toxic and nontoxic species) apply to 
large assemblages or flocks in which there are many indi¬ 
viduals and often many species. In contrast, mutualistic 
species tend to be diverse in their taxonomy, morphology, 
and behavior, and to complement each other in the ser¬ 
vices that they provide. Such a separation is not a rule, 
however; we have also argued here that the multiple 
characteristics of species in groups could make the overall 
information available in the group greater, and that non- 
vigilant species associate with vigilant ones. 

There is much to learn about the role of heterospeci- 
fics in antipredator behavior. To better explore the idea of 
complementarity, we hope that species can be categorized 


by the ‘functional role’ that they play in heterospecific 
interactions and the services they offer heterospecifics. 
For example, alarm-calling species would compose one 
functional group, and food-disturbing species another. 
Studies are then needed to measure the dependency of 
species on each other, because while interdependencies 
are often known for mutualisms, they have not been well 
measured in mixed-species groups and in mobbing inter¬ 
actions. Having set such a foundation, we could then 
systematically investigate the conditions under which 
similar species are favored to interact and the contrasting 
conditions when species with different functional roles, 
such as alarm-calling species and food-disturbing species, 
are favored to associate together. 

See also: Defensive Chemicals; Defensive Coloration; 
Group Living; Interspecific Communication; Parasitoids; 
Risk-Taking in Self-Defense. 
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Introduction 

The great apes include the chimpanzee (Pan troglodytes), 
the bonobo (Panpaniscus), and the gorilla (Gorillagorilla) of 
Africa, and their more distant relative, the Asian orangu¬ 
tan (Pongo pygmaeus). Because the closest living relative of 
the chimpanzee is our own species (Homo sapiens), some 
authors also refer to humans as great apes. In this article, 
the focus is on non-human ape species, although some key 
comparisons with humans will be made. So little is known 
of social learning in the lesser apes, the gibbons (Hylobates 
spp.), that no mention will be made of them here. ‘Apes’ 
will refer to the great apes: chimpanzee, bonobo, gorilla, 
and orangutan. 

Apes have played a particularly prominent role in the 
study of social learning in animals, as a result of their 
long-standing reputation for learning from others (‘to ape’ 
has long been a turn of phrase), as well as the fact that they 
are the closest relatives of humans, for whom culture is 
massively important in shaping behavioral repertoires. 
The importance of studies of apes in the history of studies 
of social learning probably reflects the complexity of their 
social learning. However, progress has also been made 
because of the need to develop methods to meet the 
challenges inherent in studying these intelligent, dexter¬ 
ous, and socially sensitive animals. 

Experimental studies with captive apes began early in 
the twentieth century. However, I focus first on studies in 
the wild, which, although they started later, describe the 
important natural context to which apes’ capacities for 
social learning are likely to be adapted. 

The Study of Ape Culture in the Wild 

The first serious field studies of chimpanzees began in the 
1960s, followed by similar studies of gorillas and orangu¬ 
tans. The numbers of chimpanzee study sites gradually 
multiplied, with a subset of them being maintained for 
decades, providing unique opportunities to fully docu¬ 
ment the behavioral repertoires of different communities. 

As such records accumulated, local or regional differ¬ 
ences in behavior began to be noticed. Authors began to 
collate reports of such local variability in behavior and to 
treat such reports as providing circumstantial evidence of 
cultural variation in the behavioral repertoires of chim¬ 
panzee populations. However, relying solely on research¬ 
ers’ published descriptions of behavior is not, for several 


reasons, a satisfactory method for establishing the range 
of behavioral differences between populations. For exam¬ 
ple, authors do not necessarily publish complete catalogs 
of the behavior patterns common at their field site, and in 
particular, they do not necessarily document behaviors 
that are well-known elsewhere but absent in the commu¬ 
nity that they study. 

In the 1990s, a consortium of chimpanzee researchers 
therefore agreed to pool both their published and unpub¬ 
lished observations spanning several decades, permitting 
the first systematic analysis of regional variations in chim¬ 
panzee behavior. The resulting catalog identified a sur¬ 
prisingly large number of behavioral variations that were 
commonly seen in at least one community of chimpan¬ 
zees, but were absent in at least one other, without any 
obvious genetic or environmental explanations, such as 
local absence of a crucial raw material. Accordingly, 
researchers attributed the differences to social learning, 
an interpretation supported, in many cases, by youngsters 
intently observing adults’ expertise in a local skill, and 
subsequently practicing that skill for long periods without 
reward (e.g., attempting to crack nuts using hammer 
stones). These 39 putative cultural variants included a 
great diversity of types of behavior: foraging skills, forms 
of tool use, social behavior, grooming styles, and courtship 
gambits (Figure 1). 

The interpopulation variation in behavior was remark¬ 
able in two ways. First, the sheer number of cultural 
variants identified was unprecedented in studies of non¬ 
ape species. Second, each chimpanzee community had its 
own suite of behavioral variations, making its members 
culturally unique. In humans, cultures are defined by vast 
suites of traditions. That a similar phenomenon is recogniz¬ 
able in chimpanzees, though on a more modest scale, sug¬ 
gests that the common ancestor of humans and chimpanzees, 
living 6-7 Ma, is likely to have relied on a chimpanzee-like 
level of cultural learning. 

Studies of wild orangutans have revealed an array of 
putative cultural variations almost as numerous as those 
seen in chimpanzees. Like the traditions of chimpanzees, 
these cultural variations distinguish local communities. 
If one knows enough about the behavioral repertoire 
of a wild orangutan or chimpanzee, just as in humans, 
their local origin can be determined from their cultural 
profde alone. Accordingly, van Schaik and colleagues, 
who pooled long-term records of orangutan behavior to 
arrive at this picture, inferred that a level of culture 
marked by multiple traditions spanning different modes 
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Figure 1 The putative cultures of wild chimpanzees. Reproduced from Whiten A (2005) The second inheritance system of 
chimpanzees and humans. Nature 437: 52-55. ‘Customary’ acts are those typical in a community, ‘habitual’ are those less frequent yet 
consistent with social learning. Each community displays its own profile of such local behavioral variants, providing evidence of a unique 
culture for each locality. Numbers identify behavior patterns in the catalog attached to Whiten et al. (1999) and illustrated at 
http://culture.st-and.ac.uk/chimp. Whiten A (2005) The second inheritance system of chimpanzees and humans. Nature 437: 52-55. 


of behavior, such as tool use and social behavior, is likely 
to have originated at least 14 Ma in the ancestor of all the 
great apes. 

The excitement of these recent discoveries of putative 
traditions in great apes has to be tempered, however, by 
the difficulty of establishing compelling evidence through 
observations alone that the variations in behavior, so 
comprehensively and carefully documented in free-living 
animals, truly all depend on social learning. To be sure, 
youngsters often intently watch skilled adults performing- 
actions, such as tool-aided termite fishing, and later mas¬ 
ter the art themselves. It has even been found that young 
female chimpanzees, which are much more assiduous 
than their male peers in observing their mother’s termite 
fishing, are much faster to perfect the skill and even adopt 
their mother’s preference for particular lengths of tool, 
whilst the less-observant males do not. Many scientists 
believe such correlations provide compelling evidence of 
social learning, especially when seen within the totality of 
the observational evidence for cultural variation in the 
wild. Others are more skeptical, noting the possibility of 
undetected environmental or genetic factors that could 
generate the behavioral differences under discussion. 

A salutary lesson relevant to this issue was provided by 
studies of ant-dipping by Humle and Matsuzawa. Earlier 
work at Gombe in East Africa had shown that chimpan¬ 
zees strip a long wand of leaves and wipe this over swarm¬ 
ing safari ants (Figure 2). They then use the other hand to 
wipe the ball of ants off the wand and into their mouths. In 
the Ta'f Forest of West Africa, chimpanzees instead use a 
short stick to dip for safari ants and transfer the ants direct 
to their mouths from the stick. That this difference in 
behavior persists despite the much greater efficiency of 
the two-handed version of ant dipping was one reason that 
each local variant was assumed to be culturally main¬ 
tained. However, working at Bossou in Guinea, West 
Africa, Humle and Matsuzawa observed chimpanzees 
using both techniques. The chimpanzees used the longer 



Figure 2 Ant-dipping using long wands at Gombe (Photo 
courtesy of D. Bygott). 


wand to harvest a species of ant with a particularly painful 
bite, suggesting that the two techniques of ant dipping 
resulted from individual learning about avoiding bites 
rather than from social learning of arbitrary traditions. 
Intriguingly, further work comparing local communities 
around Bossou and in other parts of West Africa has 
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suggested that aspects of ant-dipping other than the use of 
long and short tools do vary culturally. The present pic¬ 
ture of ape culture in the wild has become far more 
complex than it was just a decade ago. 

Diffusion Experiments 

Experimentally, it is relatively straightforward to design a 
robust test for social learning. Subjects in an experimental 
condition are allowed to view an individual (the ‘model’ or 
‘demonstrator’) already proficient in a novel task. Subjects 
in a second group see no model, providing a control condi¬ 
tion that permits individual learning but not social learning. 
If the novel behavior is acquired only by observers in the 
experimental condition, then social learning has clearly 
occurred. This is precisely the degree of certainty that 
field studies lack because they do not have a powerful 
control condition to check that the behavior of interest is 
learned from others and not through individual learning. 
Consequently, laboratory social learning experiments are 
complementary to field studies. Each plays a crucial role in 
the study of social learning. Field studies are essential to 
map out the potential range of cultural phenomena in the 
wild. Laboratory experiments rigorously test for social 
learning and, as discussed further below, can even deter¬ 
mine the particular type of social learning involved. 

Because traditions and cultures are group-level phenom¬ 
ena defined by the spread of novel behaviors across popula¬ 
tions of animals, a particular kind of experiment, the 
diffusion experiment, has been used to examine evidence 
for cultural transmission. In diffusion experiments, the 
spread (or failure to spread) of a novel behavior is systemati¬ 
cally examined in a group of animals. This contrasts with the 
bulk of social learning experiments that typically permit only 
a single observer to witness the actions of a model before 
being tested alone to determine how well it has acquired 
the behavior that it observed. Only eight controlled diffusion 
experiments with primates have been completed, and of 
these, six used chimpanzees as subjects. Although, in princi¬ 
ple, such experiments could be executed in the field, the 
logistics are extremely challenging, and diffusion studies 
have been conducted only with captive apes. 

In the first of these diffusion studies, a high-ranking 
female chimpanzee was temporarily separated from her 
group and taught to use a stick to lift a blockage out of a 
foraging device (the ‘pan-pipes’) thus releasing trapped 
food. A female from a different group was shown how to 
use the stick in a completely different way, inserting it 
through a small flap to poke the blockage backwards so 
that the food fell and rolled towards the chimp. Once each 
model had attained proficiency in her respective tech¬ 
nique, she was reunited with her group. 

The first question was whether, relative to control 
groups whose members saw no demonstrations of either 


behavior, either of the two techniques would spread in the 
group into which it had been seeded. In fact, no control 
group solved the task. By contrast, all but one member of 
each of the 16 experimental groups did, clearly implicating 
social learning in the acquisition of solutions by group 
members. The more critical question was whether each of 
the two techniques would spread in the groups into which 
it had been seeded, or whether corruption would occur 
such that both groups behaved similarly, either both opting 
for one solution or showing a mixture of both solutions. 

In fact, the traditions of lifting and poking did spread in 
the groups into which they had been introduced. How¬ 
ever, some corruption in traditions occurred. Half the lift 
group, in particular, discovered, and increasingly used the 
poke method, at least initially. Intriguingly, however, over 
the next 2 months, there was a significant tendency for 
animals that had ‘strayed’ from the behavioral norm of 
their group to return to this norm, a pattern of behavior 
that the investigators interpreted as evidence of confor¬ 
mity, defined as preferring an option just because a major¬ 
ity of one’s group-mates exhibit it. The experiment 
showed, consistent with fieldworkers’ interpretations of 
regional differences in the behavior of wild chimpanzees, 
that chimpanzees will not only sustain different traditions 
by social learning, but they also show signs of the strong 
social learning tendency known as conformity. 

Further diffusion experiments have built on this early 
work, demonstrating other aspects of social learning. In 
one experiment, highly arbitrary actions that involved the 
relatively bizarre posting of a rubber ‘token’ into either of 
two different receptacles to gain food, spread in two 
groups, with only a single individual rejecting the local 
tradition. In another experiment, researchers introduced 
foraging tasks, in which the alternative actions needed to 
acquire food, that were more complex than those involved 
in retrieving food from the pan-pipes. These experiments 
required the chimpanzees to engage in a sequence of 
actions to gain access to food. Once again alternatives 
spread differentially in two groups. Even two further 
groups of chimpanzees that watched the activities of the 
founder groups acquired the behaviors of the group they 
had watched, as did a third pair of groups that watched the 
second group (Figure 3). The striking fidelity in copying 
may have been a result of the complexity of the actions 
involved, making it unlikely that individuals would acquire 
either behavior by individual trial and error learning. 

All of these experimental designs can be described as 
‘open diffusion’ designs because which members of a 
group watch or acquire the actions of a founder individual 
is not controlled, and identifying how much transfer is 
directly from a founder to the rest of its group or is, instead, 
stepwise through other group members, is difficult to 
determine. To examine the multiple transmission events 
that would be necessary for long-term, intergenerational 
preservation of traditions, experimenters use a diffusion 
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Figure 3 The results of diffusion experiments in captive chimpanzees. Reproduced from Whiten A, Spiteri A, Horner V, et al. (2007) 
Transmission of multiple traditions within and between chimpanzee groups. Current Biology 17:1038-1043. Each rectangle represents 
a chimpanzee with two-character ID codes. Tasks, named in the center, were available in both local populations named on either side, 
but different techniques, color coded here, were seeded in one individual, marked here as No. 1, each population. The Doorian 
experiment was run as a transmission chain, as indicated by the arrows ; all other experiments involved open diffusion, with no pre¬ 
determination of potential order of transmission. At Bastrop, transmission extended from group B1 to B2 and B3, and from group B4 to 
B5 and B6. Handclasp grooming spread spontaneously in the FS1 population. Numbers represent order of acquisition for each task. For 
further explanation, see text. These studies demonstrate the capacity of chimpanzees to sustain multiple-tradition cultures, consistent 
with the interpretation of regional variations among wild chimpanzees summarized in Figure 1. 


(or transmission) chain design. Here, model A is observed 
by individual B. Once B masters the task, B becomes the 
model for C, and so on along a potential chain of culture- 
bearers. Results can be compared with both a no-model 
control condition and with a chain that begins with a model 
demonstrating an alternative solution to the task at hand. 
Less than a half-dozen such experiments have been com¬ 
pleted with non-human animals and only one with chim¬ 
panzees. In this experiment, the alternative options 
involved obtaining food either by simply sliding a door to 
one side or by lifting a smaller door set in the sliding door. 
Despite the potential for corruption between these fairly 
subtle alternatives, fidelity of transmission was maintained 
over six experimental generations (Figure 3), which would 
correspond to about 90 years of mother-daughter cultural 
inheritance in wild chimpanzees. 

In sum, diffusion experiments have demonstrated that 
chimpanzees have the capacity to sustain different tradi¬ 
tions through social learning. 


A further question that arises from the discovery of a 
capacity for tradition in chimpanzees concerns the 
learning mechanisms that underlie their traditional beha¬ 
viors. Because of the ‘two-action’ alternatives built into 
the diffusion experiments described above, we know that 
such mechanisms must be sufficiently powerful to permit 
replication of behavioral alternatives. However, the ability 
to copy behavioral alternatives does not necessarily 
require reliance on imitation, in the strict sense often 
used in social learning research. To see why, I next focus 
specifically on the mechanisms involved in chimpanzee 
social learning. 

Social Learning Mechanisms 

To ‘ape’ means to copy or, in common parlance, to imitate. 
Both anecdotal reports and results of experimental studies 
carried out in the early twentieth century tended to 































































































































































































































































































104 Apes: Social Learning 


provide information consistent with the view that apes 
imitated. However, more recently, there has been consid¬ 
erable skepticism as to apes’ imitative competence, and 
acceptance of the hypothesis that apes can imitate has 
waxed and waned over recent decades. Fortunately, the 
controversy concerning apes’ imitative abilities led to 
increasingly rigorous scientific methodologies for exam¬ 
ining imitative abilities. 

Imitation and Emulation 

An important change in perspective in ape research that 
has also influenced the field of social learning more gen¬ 
erally, began with experiments by Tomasello, Call and 
colleagues. In an early experiment, chimpanzees wit¬ 
nessed a model using a stick as a tool to recover food 
that was out of reach. The chimpanzees failed to copy a 
skilled maneuver that facilitated success, although they 
did learn something basic about using the stick to rake in 
food that a control group that did not see a model using a 
stick to rake in food failed to discover. Tomasello con¬ 
cluded from this finding that chimps did not necessarily 
imitate in the strict sense of copying a skilled model’s 
behavior. Rather, chimpanzees learned about environ¬ 
mental affordances that the model’s behavior made 
salient, in this case, that the stick had potential as a rake. 
Tomasello labeled this mode of learning ‘emulation,’ 
describing it as intermediate between imitation and 
mere local enhancement. In local enhancement, observers 
simply have their attention focused on relevant items or 
locations by the actions of a model. Emulation involves 
more than this. 

Subsequent studies led Tomasello and Call to the 
conclusion that, in contrast with human children who 
are active imitators, apes are better characterized as emu¬ 
lators. The result of emulation may often superficially 
resemble imitation, thus explaining apes’ misleading rep¬ 
utation for being habitual imitators. 

Recognition of emulation has enriched the study of 
animal social learning, particularly in primates, and has 
fuelled continuing controversies about the nature of apes’ 
social learning. This controversy has been complicated by 
the tendency for ‘emulation’ to be used to refer to any lack 
of imitative fidelity (typically, in comparison to children) 
when the behavioral match between model and observer 
is limited to the final outcome of the action of interest, for 
example in the raking in of food described above. There is 
a consensus in the research literature that, compared to 
children, apes are relatively emulative. Human children 
have an extraordinary tendency to imitate any action they 
see performed. Apes are more likely to avoid imitating if 
they can instead use a more economical approach of their 
own devising to solve a task at hand, reaching an outcome 
they have learned about by observing the behavior of 
another, but using alternative means to achieve the same 


end. Consequently, apes may often complete observed tasks 
more efficiently than children, who on seeing an inefficient 
method demonstrated will often copy it with undue fidelity, 
a phenomenon described as ‘over-imitation.’ 

However, when emulation is defined more rigorously 
as learning about the environmental results of action 
rather than about the action itself, results of several 
recent experiments contradict the contention that apes 
are primarily emulators. In such ‘ghost’ experiments, 
a model is removed from the scene and objects that the 
model would normally manipulate are manipulated by 
devices such as pulling on a fine fishing line or manipu¬ 
lation of video displays, so objects move just as they 
would if a model had interacted with them. Observers 
now see just the components of a display that would 
normally be caused by the actions of a model, but no 
model is in view, so no behavior is to be seen. Experi¬ 
ments of this kind, in which the blockage in the pan¬ 
pipes described above was made to move as if by a 
ghostly chimpanzee, showed that observer chimpanzees 
were unable to learn from observing this ghost control, 
whilst they could learn from observing a chimpanzee 
model. Perhaps chimpanzees are not so neatly described 
as emulators. Recalling Thorndike’s concise nineteenth- 
century definition of imitation as ‘learning to do an act 
from seeing it done,’ chimpanzees could be seen as 
imitators insofar as to learn effectively they needed to 
see another ape perform an operation. 

Other experiments show, however, that such an inter¬ 
pretation would be an over-simplification. Although 
involvement of an ape as a model is important to observer 
apes, once such a model is in place, learning does involve 
processing information about aspects of the environment 
that change as a result of what the model does. For exam¬ 
ple, in an experiment where young chimpanzees watched a 
familiar human obtain a food reward from a box, subjects in 
one condition saw a stick tool first rammed into the top of 
an opaque box, then later used to extract food from a 
central tunnel (Figure 4). Chimpanzees in a second condi¬ 
tion saw exactly the same thing, except the box was trans¬ 
parent. Consequently, when the stick was rammed into the 
top of the box, it was evident that it did no useful work, 
merely hammering on a barrier above the tunnel with the 
food in it. When allowed their own attempt, chimpanzees 
given the transparent box were less likely to perform the 
initial ramming action, than were chimpanzees exposed to 
the opaque box. The chimpanzees appeared to be sensitive 
to perceptual cues about causality within the box. With the 
opaque box they were relatively imitative, copying the 
sequence of actions performed by the model, whereas 
with the transparent box they were more emulative, omit¬ 
ting part of what they witnessed, and focusing more on final 
results. These apes thus seem to have a portfolio of social¬ 
learning approaches that they employ appropriately in 
different situations. Such flexibility may explain some 
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past controversies about whether apes are ‘really’ imitators 
or are merely emulators. Apparently, they can be either, 
depending on circumstances. 

Other studies have identified situations in which apes 
learn more from observing changes in the environment in 
the absence of a demonstrator than they did in the ghost 
pan-pipes study described above. In a ghost experiment in 
which the task was simply to push a hatch to one side or 
another to reveal food, chimpanzees did show an initial, if 
fleeting, tendency to match what they saw, implicating 
emulation. In another experiment, chimpanzees observed 
an ‘artificial fruit’ that had been taken apart in either of 
two ways to reveal an edible core. These subjects later 
recreated the outcome they had observed, an emulative 
response that would misleadingly have appeared imitative 
if the subjects had watched a model perform only one 
way of opening the artificial fruit and subsequently did 
the same. 

To accommodate such results relating to the issue of 
whether chimpanzees imitate or emulate, it can be theo¬ 
rized that chimpanzees, and perhaps other apes as well, 
have a tendency to emulate when they can. Emulation will 
tend to occur when the task is relatively simple and 
solutions are therefore relatively readily available within 
the ape’s repertoire. More complex or novel tasks may 
require greater reliance on copying what a model actually 
does, and imitation may then become a strategy. 



Figure 4 Testing for imitation versus emulation. Reproduced 
from Whiten A (2005) The second inheritance system of 
chimpanzees and humans. Nature 437: 52-55. (a) Chimpanzee 
working on top part of task after watching model; (b) model 
probing in top of opaque box; (c) extraction of food from the 
opaque box; (d) model probing in top of transparent box, where it 
can be seen that this action is ineffectual, merely hitting a barrier. 


Copying Sequential and Hierarchical Action 
Structure 

Byrne and Russon have drawn a distinction between 
imitation at the action level (e.g., ‘lift tool’) and what 
they call program-level imitation, in which the overall 
structure of a complex action sequence is copied, with or 
without its attendant details. These authors speculated 
that complex actions ranging from feeding on difficult- 
to-process foods by wild gorillas to apparent attempts at 
fire-making by orangutans in a rehabilitation camp, 
might exemplify copying at the program level. This 
idea remains little tested, but chimpanzees have been 
shown to copy a laboratory task with its constituent 
elements in different sequential orders, either ABCD 
or CDBA. 

‘Do-as-l-Do’ 

A very different way to test for imitation other than the 
naturalistic approaches outlined above is to explicitly 
train a participant ape to copy in response to the request 
‘do this!’ using a set of training actions, then testing sub¬ 
jects on a battery of relatively novel actions different from 
those on which they were trained. The advantage of the 
‘do this’ approach is that it allows exploration of what a 
species can or cannot copy. 


One thorough test with an orangutan elicited 58% full 
imitations and 36% partial imitations of a battery of 48 
actions. Tests with chimpanzees have also shown signifi¬ 
cant but less impressive copying that included copying of 
actions involving parts of the body not visible to the 
subject, such as touching the back of one’s head. Interest¬ 
ingly, attempts to train monkeys to participate in ‘do-this’ 
tests have failed, leading to the hypothesis that among 
primates, only apes are able to grasp the concept of 
imitation necessary for success in ‘do this’ tasks. 

Conclusions 

The history of ape social-learning research over the last 
few decades has been one marked by much controversy as 
to whether apes can imitate, and consequently by consid¬ 
erable fluctuation in the attribution of imitative and cul¬ 
tural capacities ascribed to the higher primates. It is 
probably true that the pendulum has recently swung 
towards the end of the continuum that recognizes apes 
as having capacities for both imitation and cultural trans¬ 
mission unmatched by any other non-human species, but 
that still leaves them far short of the cultural capacities 
and inclinations of humans. Progress in understanding the 
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ability of apes to acquire behavior through social learning 
has involved, in part, discovery of the context dependence 
of their social-learning strategies. Such context depen¬ 
dence can cause great variation in apes’ copying fidelity. 
We now know an enormous amount about social learning, 
traditions and culture in our nearest relatives, probably 
more than about social learning in any other non-human 
animal. This article has been able to do no more than 
outline some central findings in what has by now become 
a very large literature. 

See also: Avian Social Learning; Imitation: Cognitive 
Implications. 
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General Biology 

Aplysia and its close relatives are sea hares, so named 
because their hunched back and earlike rhinophores give 
them a superficial resemblance to ‘real’ hares. They are 
actually snails, members of the order Anaspidea and class 
Gastropoda, part of the phylum Mollusca, which also 
includes squids and octopuses (Class Cephalopoda) and 
clams and oysters (Class Bivalvia). As molluscs, their body 
plan includes a head with a pair of eyes, tentacles that 
carry the chemical sense organs, a mouth, a foot, a visceral 
mass, and a mantle that protects the visceral mass and 
secretes the shell. A distinctive feature of sea hares is 
parapodia, which are lateral outgrowths of the mantle 
that protect the internal organs, create a respiratory cur¬ 
rent over the gills, and are used for swimming by some 
species. Another characteristic of sea hares is a greatly 
reduced and internalized shell, which may enhance certain 
forms of locomotion but removes one of the forms 
of defense typical of gastropods. This loss of a physical 
defense is compensated by a wealth of chemical defenses, 
which make these animals fascinating subjects for 
researchers interested in marine chemical ecology. 

Sea hares are represented by over 40 species in 10 
genera, most belonging to Aplysia. They are distributed 
throughout the world’s oceans. Most are endemic, but a 
few are cosmopolitan, such as Aplysia dactylomela , A. par- 
vula , and A.juliana. Almost all live in warm shallow waters, 
an exception being A. punctata , which also occurs inside 
the Arctic Circle. Local habitats are varied, even for 
individuals of the same species. For example, A. dactylomela 
can live in rocky shores, tidal pools, eelgrass beds, sand, 
and other habitats. 

Sea hares are herbivores, feeding mainly on green and 
red algae in various combinations and proportions. One 
notable exception is A.juliana , which eats only green algae 
and among these greatly prefers Ulva. Their choice of diet 
is extremely important, not only for nutritional reasons 
but also because they absorb algal secondary metabolites 
and utilize them as chemical defenses. They spend several 
hours each day feeding and may eat up to one third of 
their body weight. This is a prodigious amount for a cold¬ 
blooded animal and translates into a very rapid rate of 
growth. This explains why sea hares can be so large, 
despite brief life spans - the largest recorded A. californica 
tipped the scales at 6.8 kg! 


Reproduction and Life Cycle 

Copulation 

Sea hares are simultaneous hermaphrodites, meaning that 
each adult individual possesses both male and female 
reproductive structures that are mature at the same 
time. Although this could allow two individuals to recip¬ 
rocally exchange sperm, this is relatively rare, as is self- 
fertilization. Instead, in a mating pair of sea hares, one 
animal donates sperm and is thus a functional male, and 
the other animal donates eggs and is thus a functional 
female. The factors influencing which sexual role an 
animal assumes are not clear, but it is known that in 
A. juliana older animals tend to assume one role or the 
other while younger ones show no preference. Actual 
mating is preceded by a brief courtship in which the animal 
that will donate sperm generally takes a more active role, 
approaching its partner while waving its head side-to-side 
in a movement that is very similar to that performed 
before feeding. Upon making contact, and for a brief 
period of time, the active individual will crawl over and 
around the inactive one before copulation begins. 

Copulation generally involves several to many indivi¬ 
duals aggregating and forming chains in which one indi¬ 
vidual donates sperm to another one while receiving it 
from a third. In some cases, the first and last links of the 
chain copulate, thus forming a ring. These aggregations 
contain individuals that are copulating as females (which 
can simultaneously lay eggs), individuals that are laying 
eggs, individuals that are neither copulating nor laying 
eggs, and recently laid eggs. 

Egg Laying 

As mentioned earlier, sea hares in the female role are 
capable of simultaneously copulating and laying eggs, 
but egg laying can also follow copulation after several 
hours or even days, since accumulated sperm is viable 
for up to 15 days. Sea hares attach the eggs in strings, 
called cordons, to the substratum, using three stereotypi¬ 
cal head movements: up-and-down, possibly to prepare 
the substratum; sideways, to distribute the egg cordon; and 
in-and-out, to attach the egg cordon to the substrate. The 
choice of the substratum itself is also important, and 
different species have different preferences, with a com¬ 
mon theme being that they tend to avoid laying eggs in 
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the seaweed species that they prefer as food. In addition, 
individuals within a breeding aggregation tend to lay eggs 
on top of preexisting egg cordons, creating accumulations 
of unknown functional advantage. The amount of eggs 
laid can be enormous, as exemplified by an individual 
A. californica that was documented as laying 478 million 
eggs in 27 egg-laying episodes in a little over a month. 

Egg laying is under the control of the egg-laying hor¬ 
mone (ELH) and other peptide hormones released from 
bag cells when stimulated by as-yet unidentified neurons 
located in their central nervous system. ELH acts directly 
on the gonads to induce egg release and on neurons in the 
central nervous system to inhibit feeding. Other peptide 
hormones depolarize the bag cells as part of a positive 
feedback loop. Although ELH cannot depolarize bag cells, 
it can elicit a full-fledged bout of egg laying, which 
suggests that the performance of certain aspects of the 
egg-laying behavior influences other aspects of the same 
behavior. 

Development 

Egg development leads to the release of planktonic veliger 
larvae. These larvae live and grow in the water column for 
approximately 1 month, after which they are competent to 
settle and metamorphose. However, this process will not 
occur unless the appropriate chemical signal is present. 
This signal varies from species to species but its source is 
typically the seaweed that constitutes the preferred adult 
food. If this is present, the competent larvae stop swim¬ 
ming, reach the algae, attach to it, and metamorphose. 
The sea hares then begin to graze on the seaweed, and 
further develop into juvenile and adult phases. 

Pheromone Control of Reproductive Behavior 

Pheromones are important in controlling several aspects of 
the reproductive behavior of Aplysia. During the mating 
season, non-egg-laying individuals are attracted to each 
other, thus providing a mechanism for the initiation of 
the breeding aggregations. This attraction is chemically 
mediated, but the responsible compounds have yet to be 
identified. The mating and subsequent egg laying result in 
the release of a set of pheromones that increase the attrac¬ 
tion of other Aplysia , thus forming breeding aggregates. The 
laid egg cordons themselves contribute to this attraction. 
The albumen gland, which fabricates the egg-packaging 
materials, laces egg cordons with at least four peptide 
pheromones with wonderfully descriptive names: Attrac- 
tin, enticin, seductin, and temptin. These pheromones 
enhance the attraction of sea hares to each other and induce 
copulation. Thus, the result of breeding, namely eggs, 
attracts more breeders to the site. Interestingly, these pro¬ 
tein pheromones share similarities in sequence and struc¬ 
ture with the mammalian fertilin system, which is involved 


in egg-sperm interactions, thus raising the possibility of a 
common origin. 

Defenses 

Chemical 

Sea hares lack a well-developed shell to afford them 
mechanical protection from predation and they are slug¬ 
gish, so they are unable to use armor or speed to avoid fast 
predators such as crabs or fish. They have evolved other 
means of protection, including crypsis, large size, and an 
impressive array of chemical defenses (Figure 1). Chemi¬ 
cal defenses can be passive or active, depending on the 
involvement of the animals’ nervous system. Passive 
defenses are always present, consist mainly of the accu¬ 
mulation of toxic and/or unpalatable compounds in the 
animals’ tissues, and do not involve active behaviors — 
except the choice of algal diet and their constituent 
defensive compounds. Active defenses include one of the 
most striking behaviors in sea hares, called ‘inking.’ Inking 
typically involves the simultaneous release of both ink 
and opaline, each from a separate gland. Ink is typically 
a dark purple secretion. Its color is mainly due to the 
compound aplysioviolin, which is derived from phycoer- 
ythrobilin, a major photosynthetic pigment in the red 
algae favored in the hare’s diet. Opaline is a clear and 
viscous secretion. Both ink and opaline are complex mix¬ 
tures, and although of different chemical composition, both 
are effective chemical defenses against predators of sea 
hares such as fish, crabs, lobsters, and anemones. Ink and 
opaline are released to the mantle cavity, mixed there for a 
few seconds and then expelled via the siphon in the direc¬ 
tion of the attacker. The fact that both secretions are mixed 
before reaching the attacker is significant, because compo¬ 
nents in them interact to generate aversive compounds that 



Figure 1 A sea hare, Aplysia californica, releasing its defensive 
secretion of ink and opaline. The purple ink is clearly noticeable 
from its color, and the whitish opaline is less conspicuous. 

Photo courtesy of Genevieve Anderson. 
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are not present in either secretion alone. An example of this 
is the ‘escapin pathway.’ Escapin, an l- amino acid oxidase, 
is an enzyme in ink the preferred substrates of which are 
L-lysine and L-arginine, present in large quantities in opal¬ 
ine. This enzymatic reaction quickly gives rise to millimolar 
concentrations of the corresponding a-keto acids and 
hydrogen peroxide (‘intermediate products’), which then 
recombine spontaneously to form carboxylic acids (‘end 
products’). Hydrogen peroxide is a potent irritant to spiny 
lobsters and a feeding deterrent to blue crabs. In addition, 
intermediate products alone or in combination with hydro¬ 
gen peroxide, but not end products, are mild feeding deter¬ 
rents to wrasse. 

Although it was initially thought that inking was a 
high-threshold, all-or-nothing behavior, more detailed 
studies have shown that neither of these affirmations is 
accurate. Threshold is variable and, not unexpectedly, 
depends on factors such as the environment (animals 
living in turbulent environments have higher thresholds), 
fullness of the gland (animals with severely depleted but 
not empty glands tend to have very high thresholds), and 
relevance of the stimulus (lower thresholds for brief con¬ 
tact with an anemone tentacle and higher thresholds for 
relatively intense electrical shock). Regarding its all-or- 
nothing aspect, research has shown that the first supra- 
threshold stimulus received by a sea hare with full ink 
glands induces the sea hare to release approximately half 
of its ink, and each subsequent stimulus causes it to 
release 30-50% of its remaining ink. This implies that 
sea hares optimize the use of a limited resource and try to 
conserve it, which is important since a sea hare needs 
approximately 2 days to replenish the contents of its ink 
gland, provided it has access to the adequate food supply. 

Locomotion and Escape 

The normal mode of locomotion in sea hares is crawling 
on the substrate by undulating their muscular foot. When 
attacked or disturbed, they will attempt to escape, gener¬ 
ally by turning away from the source and locomoting 
either by crawling, galloping, or swimming. The preva¬ 
lence of swimming is somewhat controversial, as is the 
nature of the mechanisms employed. The two known 
species of the genus Notarchus , N. punctatus and N. in die us, 
swim by means of jet propulsion. The parapodia of these 
sea hares are fused around the mantle cavity except for a 
small anterior opening, which allows the water in the 
mantle cavity to be expelled with sufficient force to ele¬ 
vate the animal above the substrate. This results in an 
awkward, bursting form of locomotion that is not suitable 
for translocation from one place to another, but rather 
to remove the animal quickly from a perceived danger 
or disturbance. In the swimming species that lack fused 
parapodia, swimming is achieved by the rhythmical flap¬ 
ping of the parapodia, and sculling has been proposed as 


the mechanism by which they achieve movement. 
Animals that swim in this fashion may do so to escape a 
predator, but also to locomote from one point to another 
in search of food or mates, and there have been documen¬ 
ted swimming episodes lasting more than an hour. Finally, 
members of a primitive family, Akeridae, use a slightly 
different mechanism in which they open and close their 
parapodia much like an umbrella and swim with their 
bodies in a roughly vertical position with the heavy 
shelled part on the bottom, sometimes in large swarms 
of many individuals. However, little is known about these 
animals and it is by no means clear that the swimming 
behavior is executed to escape from predators. 

One exclusively escape-related mode of locomotion is 
known as galloping, and it involves an inchworm-like 
saltatory behavior that consists in detaching the leading 
edge of the foot from the substrate and extending the body 
before reattaching it, at which point the tail is detached 
and brought forward without contacting the substrate. 
Galloping is clearly faster than normal crawling and 
thus can enhance escape. But galloping also produces a 
discontinuous slime trail, which could aid sea hares in 
avoiding predators such as the snail Navanax that locate 
their prey by following them. 

The chemical defensive and locomotive means of 
avoiding predators can be linked behaviorally. Ink and 
opaline contain chemical alarm signals that cause neigh¬ 
boring sea hares to turn and gallop away. This antipreda- 
tory behavior is also elicited by the ink of other sea hares 
and even of cephalopods, suggesting that the mechanism 
may be widespread among mollusks. 

Aplysia as a Model for Learning and 
Memory 

Aplysia californica has been used extensively as a model to 
study the neural basis of learning and memory, because 
it presents two advantages for this kind of study: clear and 
easily elicited behaviors and an accessible and relatively 
simple nervous system. Studies of A. californica have con¬ 
tributed enormously to our understanding of how organ¬ 
isms acquire, store, and eventually use their experiences. 
This work led to the 2000 Nobel Prize in Medicine or 
Physiology being co-awarded to Eric Kandel. The recent 
sequencing of its genome promises to allow scientists to 
use A. californica to explore deeper into the molecular and 
genetic bases of behavior. The following section is a brief 
summary of our current understanding of the mechanisms 
underlying learning and memory on the basis of studies of 
A. californica. 

A. californica withdraws its gill and siphon when lightly 
touched, and this behavior can be modified by three well- 
known forms of learning. These include one form of 
associative conditioning - classical conditioning - and 
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two forms of nonassociative learning - sensitization and 
habituation. Sensitization is defined as an enhanced 
response to a stimulus due to experience with another 
stimulus. In the example of gill-siphon withdrawal 
behavior of Aplysia , application of an electric shock to 
the animal’s head or tail increases, or sensitizes, the 
intensity of the gill-siphon withdrawal to a standard 
touch to the siphon, and this enhancement lasts for sev¬ 
eral minutes after the shock. The sensitization survives 
longer if a series of electric shocks spaced over several 
days is used. Although it may seem similar to classical 
conditioning because two stimuli are involved, no tem¬ 
poral pairing of the two stimuli is needed to elicit sensi¬ 
tization. Habituation is defined as a diminished response 
to a stimulus due to periodic and repetitive presentation 
of that stimulus, because the animal learns to ignore it 
rather than through sensory adaptation. This diminution 
of response can also survive for long periods of time 
under the correct training conditions. The third form of 
learning, classical conditioning, involves a temporal pair¬ 
ing of a conditioned stimulus (CS), which does not pro¬ 
duce a certain response, and an unconditioned stimulus 
(US), which produces a response, eventually leading to 
the CS by itself producing the response. In the example 
of gill-siphon withdrawal, a weak tactile stimulus to 
the siphon that does not elicit gill-siphon withdrawal 
(CS) is temporally paired with an electric shock to the 
body that does elicit the gill-siphon withdrawal (US), 
causing the CS to take on the ability to cause the 
gill-siphon withdrawal. This learned response can be 
retained for long periods of time, again depending on 
the training conditions. This classical conditioning, a 
form of associative learning, is different from sensitiza¬ 
tion and habituation, forms of nonassociative learning, in 
that in the latter two the stimuli are not temporally 
paired or associated (sensitization) or there is only one 
stimulus (habituation). However, some authors contend 
that two stimuli are effectively involved in habituation, 
one being the stimulus itself and the other the context in 
which it is applied. 

A major strength of the Aplysia model is that the neural 
circuit underlying these behaviors is relatively simple, 
and it involves cells that are relatively invariant and 
identifiable from animal to animal and that are large 
enough for their electrical and biochemical properties to 
be studied. The siphon is innervated by 24 mechanosen- 
sory neurons that make both direct and indirect synaptic 
contacts with gill motor neurons. The direct contact is 
monosynaptic, and the indirect contact is mediated by 
both excitatory and inhibitory interneurons. Kandel and 
colleagues showed that this circuit is responsible for all 
three behaviors and is a crucial part of the three types of 
learning. They showed that memory is stored as modifi¬ 
cations in the sensory-motor synapses, thus providing an 


important link between synaptic plasticity and memory. 
This change in synaptic strength can be decremental as in 
habituation or incremental as in sensitization or their 
classical conditioning paradigm. Furthermore, each type 
of learning is mediated by different changes and pro¬ 
cesses. Habituation is a homosynaptic process, in which 
activity of the sensory and/or motor neurons decreases 
the synaptic strength, which is mirrored behaviorally by a 
reduction in the response to the stimulus. Sensitization is 
mediated by a heterosynaptic process, in which the activ¬ 
ity of one or more interneurons activated by the electric 
shock to the body enhances the sensory-motor synaptic 
strength by increasing the amount of neurotransmitter 
released by the sensory cells. Finally, classical conditioning, 
which involves pairing of touch of the siphon and electrical 
shock to the body, is explained by a combination of homo¬ 
synaptic and heterosynaptic processes. Since animals can be 
trained to exhibit both short- and long-term memory, the 
molecular and biochemical mechanisms mediating both 
types of memory have been studied. Short-term memory 
is maintained by covalent modifications of preexisting pro¬ 
teins, while long-term memory requires protein synthesis, 
dramatic morphological changes in existing synapses, and 
formation of new synapses. 

Ecological Context of the Withdrawal Reflexes 

Although traditionally the gill and siphon withdrawal 
reflexes have been considered defensive, some authors 
question this assertion. The rationale behind this is that 
the siphon is used by sea hares to direct the defensive 
secretions at an attacking predator, and thus it would be 
advantageous not to withdraw it when facing attack. In the 
same vein, the gill is normally protected by the mantle 
and parapodia, and the withdrawal could be a way to 
remove it from the path of ink and opaline. In support of 
this hypothesis is the fact that the presence of ink inhibits 
siphon withdrawal. 

Concluding Remarks 

We have given a brief panorama of what is known on the 
behavioral ecology of sea hares. Since some topics are 
better studied than others, they have been treated here 
in more detail. There is still much to learn about all of 
these behaviors. Of particular interest are the complexity 
of the ink and opaline secretions and the many different 
ways in which they affect predators, the mechanism of 
propulsion during swimming, and the nature of the inter¬ 
play between the different pheromones involved in mate 
attraction and mating. 

See also: Neuroethology: What is it?. 
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Introduction 

The notion of endocrine disruption was first introduced 
at the first World Wildlife Federation Wingspread Con¬ 
ference in 1991, which was convened in the light of 
numerous reports on the adverse effects of various envi¬ 
ronmental chemicals, including some pesticides, indus¬ 
trial chemicals, and pharmaceuticals, on hormonally 
mediated functions in various groups of vertebrates and 
humans. A new field of scientific inquiry, commonly 
referred to as endocrine disruption, was born thereafter. 
The original focus of endocrine disruption research was 
on sex steroids-regulated functions in vertebrates, since 
the initially documented adverse effects of anthropogenic 
chemicals on endocrine systems included phenomena 
such as demasculinization and feminization of male fish 
and birds, masculinization of female fish, decline in male/ 
female sex ratio in reptile and bird populations, and 
health problems in the children of women who had 
taken diethylstilbestrol (DES), a potent synthetic estro¬ 
gen. One of the mechanisms for the estrogenic effects 
of environmental chemicals is estrogen-mimicry. Some 
chemicals, such as the plasticizers bisphenol A (BPx4) 
and certain phthalates, render their estrogenic effects 
through mimicking the endogenous estrogen by binding 
to and activating the estrogen receptor, thereby turning on 
estrogen-sensitive genes in spite of the apparent lack of 
structural similarity between environmental chemicals 
and natural estrogens. 

Given the fact that the estrogen-like signaling is a per¬ 
vasive phenomenon, even found in the legume-rhizobial 
bacteria system where the estrogen-like signaling, vital for 
the symbiotic relationship between leguminous plants and 
Rhizobium bacteria, is also prone to disruption by environ¬ 
mental estrogens, McLachlan proposed the notion of envi¬ 
ronmental signaling to describe the signaling effects of 
environmental chemicals that ultimately lead to alterations 
in the expression of estrogen-regulated genes. The term 
environmental signaling, in my opinion, has a broad conno¬ 
tation and should encompass any signaling effects of envi¬ 
ronmental chemicals that directly or indirectly result in 
alterations in gene expression. To avoid confusion, it must 
be noted that environmental signaling in the context of 
environmental endocrine disruption does not include the 
signaling effects of physical environmental parameters 
such as photoperiod and temperature. After all, the field 
of vertebrate endocrine disruption has expanded to also 
include the disruption of thyroid hormone-regulated 


functions by the signaling of environmental chemicals. 
Environmental chemicals are also known to induce behav¬ 
ioral changes through disrupting chemical communication, 
which plays an important role in the mating and social 
interactions of many animals, or through altering endocrine 
and neuroendocrine processes. Therefore, the signaling 
effects of environmental chemicals that result in behavioral 
changes should also pertain to the realm of environmental 
signaling. 

Invertebrates constitute over 95% of known animal 
species. Because of the ecological importance of these 
animals and the commercial value of many invertebrate 
species, research attention is increasingly being paid 
to environmental signaling in these animals, especially 
among aquatic invertebrates. However, owing to the defi¬ 
ciency in the understanding of endocrine, neuroendo¬ 
crine, and chemical communication mechanisms of many 
aquatic invertebrates, much of environmental signaling 
research in aquatic invertebrates thus far is merely at the 
stage of defining the disrupting effects of environmental 
chemicals on endocrine functions, such as growth, devel¬ 
opment, and reproduction, as well as on behaviors, such as 
mating behavior, predator avoidance, and prey-capture 
behaviors, and swimming and burrowing behaviors. Only 
in the cases of gastropod imposex, a sexual abnormality 
which causes male sex organs to grow in a genetic female 
due to exposure to organotin, is the research currently at 
the level of unraveling the underlying molecular mechan¬ 
isms. The material presented here summarizes the current 
status of research on endocrine and behavioral disruption 
owing to environmental signaling in selected aquatic 
invertebrates, including cnidarians, rotifers, molluscs, 
crustaceans, and echinoderms. Insects are omitted in 
view of the fact that most insects are terrestrial and endo¬ 
crine disruption is commonly used as a mechanism for 
insecticide development. 

Cnidarians 

Endocrinology 

Cnidarians, including hydrozoans, anthozoans, and scy- 
phozoans, represent the earliest invertebrates that possess 
a nervous system. The cells that make up such a primitive 
nervous system are multifunctional, with the combined 
properties of sensory, motor, and interneurons. Strictly 
speaking, the term ‘endocrinology’ is not applicable 
to cnidarians since these primitive animals have neither 
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a true circulation system nor defined endocrine glands. 
Information on endocrine-like signaling in cnidarians is 
sporadic. Although cnidarians lack a defined endocrine 
gland, certain cells in the nervous system are known to 
produce neuropeptides, which are implicated in the regu¬ 
lation of metamorphosis and peristaltic contractions. Cni¬ 
darians often have a life cycle consisting of planula larva, 
polyp, and medusa stages. A neuropeptide, pGlu-Gln- 
Pro—Gly-Leu—Trp-NH 2 , induces metamorphosis of the 
marine hydroid from a hydroid planula larva to a polyp. 
Gonadotropin-releasing hormone (GnRH)-like peptides 
have been discovered in endodermal neurons of the sea 
pansy and the sea anemone. These GnRH-like factors 
inhibit the amplitude and frequencies of peristaltic con¬ 
tractions in the sea pansy, suggesting that these neuropep¬ 
tides may play a role in the modulation of neuromuscular 
transmission. Besides, the cnidarian nervous system 
synthesizes serotonin, which appears to function as a sig¬ 
naling molecule, being capable of stimulating rhythmic 
muscular contraction and spawning, and inducing meta¬ 
morphosis of hydrozoan larvae. 

The vertebrate steroids estrone and 17 (3-estradiol (E 2 ) 
have been detected in the tissue of the scleractinian coral, 
Montipora verrucosa. Tissue concentrations of estrone and 
E 2 in M. verrucosa reportedly vary during the year, with 
peaks for estrone occurring in April, a time of rapid 
gamete growth, and in early July, prior to spawning, 
while E? peaks preceded peaks for estrone, suggesting 
that estrogens may play a role in the regulation of coral 
gametogenesis and spawning. It is not clear whether these 
steroids are synthesized in the coral, derived from dietary 
sources or sequestered from the overlying water. While 
steroid signaling in cnidarians has not been confirmed yet, 
several nuclear receptors, including homologs to chicken 
ovalbumin upstream promoter transcription factor 
(COUP-TF) and retinoid X receptor (RXR), have been 
identified. The natural ligands for these receptors are still 
unknown. 

Disruption of Reproduction, Regeneration, 
Metamorphosis, and Symbiosis 

Although the pathway of steroid signaling has yet to be 
delineated, the effects of estrogenic compounds in cnidar¬ 
ians have been documented. The treatment of coral with 
exogenous estradiol prior to spawning causes the release 
of fewer egg-sperm bundles. Synthetic estrogen 17a- 
ethinylestradiol can reduce both the number of testes 
and the time for which the sperm remains active. This 
synthetic estrogen can also decrease the number of 
oocytes and shorten the time the oocyte is attached to 
the polyp. Besides, exposure to 17a-ethinylestradiol or 
BPA results in tentacle damage and regeneration inhibi¬ 
tion in the hydroid. Additionally, high doses of BPA elicit 
adverse effects on sexual and asexual reproduction in a 


hydroid, which are believed to be due to the general 
toxicity of BPA, rather than its estrogenic signaling. 

Organic pollutants, including lower alcohols, aliphatic 
and aromatic hydrocarbons, thiophenes, tributyltin (TBT) 
and crude oil, inhibit induced metamorphosis (the trans¬ 
formation of the freely swimming larvae into the polyps) 
in the colonial hydroid, with more hydrophobic agents 
exhibiting greater inhibitory potency. Since metamorpho¬ 
sis in the hydroid appears to be regulated by neuroendo¬ 
crine factors, it is likely that these organic agents could 
render their antagonizing effects through interfering with 
the signaling of neuroendocrine factors. 

Some anthozoans have a symbiotic relationship with 
protists (algae). The signaling between the anthozoan and 
its endosymbiont is crucial for both organisms. Exposure 
of the sea anemone, Aiptasia pallida , to the antifouling 
agent, TBT, not only disrupts symbiosis, via expulsion of 
the symbiosis partner zooxanthellae, but also produces 
other effects, such as increased mucus secretion, 
thickening of the pedal disc ectoderm, and a decrease in 
the number of undischarged nematocysts. However, it 
is not known whether this disruption of symbiosis in 
A. pallida by TBT is due to interference with the signaling 
between the host and its symbiotic partner. 

Rotifers 

Endocrinology 

Rotifers are a group of free-living, planktonic pseudocoe- 
lomates characterized by possessing a wheel of cilia called 
a corona at the anterior end. There is an alternation of 
parthenogenic and sexual reproduction in the life cycle of 
rotifers. At the beginning of the growing season, diploid 
parthenogenic females hatch out from the resting eggs 
of the previous season. Parthenogenic females reproduce 
unisexually by laying diploid eggs, which develop into 
females. Upon receiving appropriate environmental cues, 
rotifers switch the mode of reproduction from partheno¬ 
genic reproduction to sexual reproduction, wherein dip¬ 
loid sexual females are produced. Diploid sexual females 
then produce haploid eggs through meiosis, which develop 
into haploid males or resting eggs if fertilized by males. 

The minute size of rotifers makes it impossible to use 
the conventional injection/implantation techniques to 
study rotifer endocrinology. Much of the available infor¬ 
mation on rotifer reproduction control is obtained from 
aqueous exposure experiments. Exposure of the marine 
rotifer, Brachionus plicatilis, to several vertebrate and inver¬ 
tebrate hormones and neurotransmitters results in changes 
in reproduction. y-Aminobutyric acid (GABA), growth 
hormone (GH), human chorionic gonadotropin (HCG), 
and 5-hydroxytryptamine (5-HT) significantly increase 
population growth, whereas E 2 decreases population 
growth. Juvenile hormone (JH), 20-hydroxyecdysone or 
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triiodothyronine (T3) has no effect on population growth. 
An increase or decrease in the population growth of the 
rotifer, B. plicatilis , treated with an exogenous hormone, 
is obviously mediated by stimulatory or inhibitory actions 
of such an agent on parthenogenic reproduction. JH, 5-HT, 
GH, E 2 , GABA, and 20-hydroxyecdysone stimulate the 
production of sexual females, whereas neither T3 nor 
HCG has an effect on the production of sexual females. 
Furthermore, treatment of maternal rotifers with JH 
enhances the production of sexual females in the second 
and third generations, but has no effect on the production of 
sexual females in the first generation. Of these agents, 
GABA and 5-HT are endogenous to rotifers, suggesting 
that these two factors may be involved in the regulation of 
cyclic reproduction of rotifers. Recently, the sexual repro¬ 
duction-inducing signal has been identified. It is a 39 kDa 
protein released from the parthenogenic females under the 
crowding condition. This signaling molecule is believed not 
to interact directly with the oocyte before extrusion, but 
binds to a receptor on the mother, thereby initiating an 
internal signal that is transduced to the oocyte. Now, the 
question is how the simple signaling molecules, such as 
GABA and 5-HT, and the signaling protein coordinate to 
regulate the initiation of sexual reproduction in rotifers. 
Presumably, environmental cues, such as crowding, trigger 
the release of GABA and 5-HT from the nervous system, 
which directly or indirectly result in synthesis and release of 
this signaling protein that then ultimately leads to the 
differentiation of haploid males and the production of 
sexual eggs. 

A sex pheromone has also been identified in the 
marine rotifer, B. plicatilis. A glycoprotein, 29 kDa in 
molecular weight, bound to the body surface of the female 
rotifer, acts as a contact-mating pheromone. Recognition 
of this glycoprotein by the chemosensory receptors in the 
male corona initiates mating behavior. 

Disruption of Reproduction 

Endocrine and pheromone signaling plays a critical role 
in the life cycle of rotifers. Although the details of the 
signaling pathways have yet to be elucidated, these signal¬ 
ing processes are likely susceptible to perturbations by 
environmental chemicals, thereby resulting in disruption 
of reproduction. Pentachlorophenate (PCP) and chlor- 
pyrifos do not affect parthenogenic reproduction of the 
rotifer Brachionus calycijlorus , but reduce sexual reproduc¬ 
tion. This reduction in sexual reproduction is due to 
the inhibition of sexual female production. Chlorpyrifos 
also inhibits the production of males by sexual females. 
Additionally, the pesticides, diazinon, fenitrothion, iso- 
prothiolane, and methoprene, trigger resting egg produc¬ 
tion in B. plicatilis , but reduce the hatchability of resting 
eggs, the most sensitive parameter for detecting the effects 
of pesticides in rotifers. It is not known whether these 


effects arise from the disruption of hormonally regulated 
or pheromone-mediated processes. 

For the purpose of exploring the freshwater rotifer, 
B. calycijlorus , to be used as a screen for endocrine dis- 
ruptors, the effects of a suite of hormonally active com¬ 
pounds on the reproduction of rotifers have been assessed. 
Flutamide (an androgen antagonist), testosterone, and 
nonylphenol significantly inhibit fertilization of sexual 
females by decreasing the percentage of fertilized sexual 
females. Besides, testosterone reduces the proportion of 
unfertilized sexual females, while methoprene (JH ago¬ 
nist), precocene (JH antagonist), flutamide, or nonylphe¬ 
nol, elicits no effect on the percentage of unfertilized 
females. Since fertilization and resting egg production in 
rotifers are likely to be regulated by endocrine mechan¬ 
isms, it has been suggested that rotifer reproduction assay 
may be an effective screen for the detection of endocrine 
disrupting activities in aquatic invertebrates. In a similar 
study aimed to obtain suitable endpoints for the screening 
of endocrine disruptors, Radix and coworkers investigated 
the effects of endocrine disruptors and steroid hormones 
on the reproduction and the ratio ofsexual/parthenogenic 
females of the rotifer, B. calycijlorus. Nonylphenol, ethiny- 
lestradiol, and testosterone can decrease the intrinsic rate, 
an indicator of reproduction, of population increase of 
B. calycijlorus in a dose-response manner. Because of a 
clear dose-response relationship, these investigators con¬ 
cluded that the intrinsic rate of population increase is a 
suitable endpoint for the screening of endocrine disrup¬ 
tors. However, it is not specified as to whether this end¬ 
point is specifically for the screening of endocrine 
disruption in rotifers or for the detection of endocrine 
disrupting activities in aquatic invertebrates in general. 
In my opinion, any idea of using rotifer reproduction as a 
screen for vertebrate endocrine disruptors is premature 
until there is concrete evidence for the existence of steroid 
signaling in rotifers. A recent report shows that progester¬ 
one, a vertebrate steroid, appears to be active in the rotifer, 
Brachionus manjavacas. However, the progesterone effects, 
including enhanced resting egg production, increased 
male copulating behavior, and increased resting egg hatch- 
ability, are elicited at ppm (parts per million) concentra¬ 
tions of progesterone, and therefore could well simply 
arise from the general toxicity of this vertebrate steroid. 

Molluscs 

Endocrinology 

Mollusca consists of a diverse group of animals, including 
polyplacophores, gastropods, bivalves, and cephalopods. 
Because of the disparities in morphology and life history 
of various groups of molluscs, there are great variations 
in endocrine mechanisms among these discrete mollusc 
groups. Since gastropods and bivalves have received most 
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attention in studies of environmental endocrine disrup¬ 
tion, only the endocrinology of gastropods and bivalves is 
presented. 

Neurosecretory centers of gastropods and bivalves are 
located in the central nervous system, which consists of 
four ganglia, namely, the cerebral, pleural, pedal, and 
abdominal ganglia. Neuropeptides play an important 
role in the regulation of growth and reproduction. The 
egg-laying hormone (ELH), a neuropeptide secreted from 
a bag cell cluster in the abdominal ganglion, regulates 
gonad maturation and ovulation in Aplysia, while caudo- 
dorsal cell hormone (CDCH), produced from the cerebral 
ganglion, controls the development of female accessory 
sex organs, gonad maturation, and ovulation in Lymnaea. 
Penis morphogenic factor (PMF), produced from the 
pedal ganglion, induces differentiation of the penis, 
while a lysis neurohormone from the pedal ganglion con¬ 
trols the regression of the penis after the mating season 
is over. The chemical nature of the PMF has yet to be 
determined. Ala-Pro-Gly-Trp-amide (APGWamide), a 
neuropeptide produced in the pedal ganglion, appears to 
be a good candidate of the PMF. APGWamide is known to 
regulate male sexual activities in Lymnaea stagnalis and 
treatment with APGWamide induces the development 
of the penis in the mud snail, Ilyanassa obsoleta. 

Whether steroids are hormonally active in gastropods 
and bivalves is still not resolved. There have been reports 
suggesting that sex steroids are active in gastropods and 
bivalves. The vertebrate sex steroids E 2 , testosterone, and 
progesterone have been found to be endogenous to gas¬ 
tropods and bivalves. Enzymatic systems responsible for 
the synthesis and metabolism of sex steroids also exist in 
gastropods and molluscs. Changes in the levels of sex 
steroid correlate with the process of sexual maturation 
in several bivalve species, suggesting a role for steroids in 
the control of reproduction. Administration of the exoge¬ 
nous steroids can induce responses concerning sexual 
development and reproduction in bivalves. E 2 injection 
to the oyster, Crassostrea gigas, in the early stages of sexual 
development reverses sex from male to female. The 
administration of testosterone induces the development 
of male sex organs in gastropods. The injection of E 2 , 
testosterone, or progesterone stimulates oogenesis and 
spermatogenesis, while E? exposure triggers vitellogenesis 
and serotonin-induced egg release. However, the results 
of recent molecular studies do not support the notion that 
E 2 is active in the mussel, Mytilus edulis. Using the expres¬ 
sion of estrogen receptor and vitellogenin genes as end¬ 
points, Puinean and coworkers did not observe any 
significant induction of the mRNA of either gene in the 
mussel exposed to aqueous E 2 . 

It is generally known that the signaling of steroid 
hormones is mediated by receptors, whether they are 
located intracellularly or on plasma membranes. Thus 
far, molluscan estrogen receptors have been characterized 


in three gastropods, including Aplysia californica, Thais 
clavigera , and Marisa cornuarietis , and one bivalve, C. gigas. 
x\dditionally, two partial sequences of estrogen receptor 
genes of the mussel, M. edulis , have also been described. 
But the molluscan estrogen receptors, all constitutively 
active when transfected into mammalian cells, are not 
responsive to and have no affinity for E 2 . Therefore, it is 
unlikely that the molluscan estrogen receptors can medi¬ 
ate intracellular estrogen signaling leading to transcrip¬ 
tional activation. It has been theorized, though, that 
estrogen may act as a nongenomic signal inducer in mol¬ 
luscs and that estrogen signaling could be mediated by the 
membrane-bound receptor. The inconsistencies in the 
data regarding the effects of sex steroids in gastropods 
and bivalves warrant farther research for ultimate clarifi¬ 
cation of the hormonal roles of steroids in these animals, 
considering the fact that these animals are increasingly 
attracting research attention due to the disruption of 
sexual development and reproduction by environmental 
chemicals. 

Disruption of Sexual Development and 
Reproduction 

The best defined case of invertebrate endocrine disrup¬ 
tion is the imposex of neogastropods. Neogastropods, a 
group of prosobranchs, are normally gonochoristic. Impo¬ 
sex is a type of sexual abnormality wherein male sex 
organs, such as the penis and vas deferens, develop on 
the genetic female neogastropods as a result of exposure 
to low levels (ppt) of organotin, the active ingredient of 
antifouling paints. Since the male organs are super¬ 
imposed upon the female, this kind of sexual anomaly 
has been termed the imposex. The imposex phenomenon 
was first reported by Blaber in 1970 in the snail, Nucella 
lapillus. This sexual anomaly has now been described in 
over 140 neogastropod species from locations worldwide. 
In some species, such as /. obsoleta and Nassarius reticulates, 
the development of male sex organs does not appear to 
cause reproductive problems to the affected female, 
whereas in other species, such as Nassarius lapillus and 
Ocenebra erinacea , imposition of male sex organs can 
cause sterility of the female snail. The sterility of the 
affected females is caused by the blockage of the genital 
pore by convolutions of the vas deferens. Occurrences of 
imposex have been linked to the extinction of gastropods 
in some areas of high shipping and boating activities. 

As far as the environmental etiology of this sexual 
aberration is concerned, there are three theories, each 
backed up by experimental evidence. The first one, 
known as the testosterone theory, attributes the masculin- 
ization of the female snail after exposure to organotin to 
an elevation in testosterone titer in the snail. This theory 
is based on the fact that exposure of the female snail to 
organotin at an environmentally realistic concentration 




116 Aquatic Invertebrate Endocrine Disruption 


results in the occurrence of a penis, concurrent with an 
elevation in testosterone levels, that the exogenous testos¬ 
terone treatment of the female snail induces imposex, 
and that both antiandrogen and estrogen are capable of 
negating the imposex-inducing effects of organotin. An 
increase in the testosterone level in the female snail after 
exposure to organotin is caused by inhibition by the 
organotin of aromatase-mediated metabolism of testoster¬ 
one to E 2 , and by the suppression of testosterone elimina¬ 
tion. In spite of the evidence for the testosterone theory, 
Oberdorster and McClellan-Green argued that increased 
testosterone titers are not the cause for imposex induction 
because of the fact that organotin and testosterone induce 
the penis and vas deferens in as little as 2 weeks, with 
maximum induction occurring after 1 month, and that 
testosterone titers do not become elevated until 2 months 
after organotin exposure. Injection of the neuropeptide 
APGWamide, a possible candidate for the PMF, into the 
female mud snail, I. obsoleta , induces imposex develop¬ 
ment, which has led these investigators to propose an 
alternative theory, or the neuropeptide theory, for impo¬ 
sex etiology. According to this theory, organotin can cause 
the abnormal release of APGWamide from neurosecre¬ 
tory cells, triggering the development of the male sex 
organs, which then release androgens, possibly testoster¬ 
one, to maintain the male sex organs and spermatogenesis. 
Whether the actions of testosterone in gastropods are 
mediated by the receptor, as in the case with vertebrate 
systems, is still unknown. To date, no such receptor has 
been discovered yet in any molluscs. Both the testosterone 
and neuropeptide theories are somewhat discredited by 
the fact that the penis length induced by the exogenous 
testosterone or APGWamide is much shorter than that of 
the female snails inhabiting organotin-contaminated 
environments or of female snails exposed to organotin in 
the laboratory. Recently, the third theory, or the RXR 
theory, has been proposed to explain the imposex phe¬ 
nomenon. Given the data that organotin has affinity for 
the snail RXR and that 9-cis retinoic acid (9-cis RA), a 
natural ligand for RXR, induces imposex in the snail, 
T. clavigera , Nishikawa and his colleagues proposed that 
RXR mediates the signaling of organotin that leads to 
imposex development. The latest evidence is supportive 
of this RXR theory. The imposex-inducing effect of 9-cis 
RA and its affinity with the snail RXR have been corro¬ 
borated in another neogastropod, N. lapillus. It must be 
noted that the size of 9-cis RA-induced penis on the 
female snail is similar to that of the penis induced by 
organotin, but much bigger than the size of the imposex 
penis induced by either the exogenous testosterone or 
APGWamide peptide. 

Neogastropods are not the only molluscs adversely im¬ 
pacted by organotin. Both the giant abalone, Haliotis madaka , 
and Roe’s abalone, Haliotis roei , inhabiting organotin- 
contaminated waters are masculinized with an ovo-testis. 


The ovaries of the affected females have a small amount 
of testicular tissue in the process of spermatogenesis. 
Besides, the male/female sex is increased in the soft-shell 
clam, Mya arenaria , living in the tributyltin-impacted 
environment. 

Environmental contaminants other than organotin 
have also been found to cause sexual abnormalities in 
gastropods and bivalves. Treatment of the freshwater 
snail, M. cornuarietis , with environmental estrogens, BPA 
and octylphenol, induces a type of sexual abnormality 
called the ‘superfemale,’ where affected females are char¬ 
acterized by the formation of additional female organs, for 
example, a second vagina with a vaginal opening to the 
mantle cavity and/or an enlargement of the pallial acces¬ 
sory sex glands. Oviduct malformation and an enhance¬ 
ment of spawning mass production were also observed 
in superfemales. Similar sexual abnormalities were also 
observed in the marine snail, N. lapillus , treated with BPA 
or octylphenol, where accessory pallial sex glands were 
enlarged and oocyte production increased. The ‘super¬ 
female’ phenomenon also occurs in the freshwater mud 
snail, Potamopyrgus antipodarum , when exposed to estro¬ 
genic compounds, such as BPA, octylphenol, and nony- 
phenol. The ‘superfemale’ phenomenon has been linked 
to the estrogenicity of BPA and alkyl phenolic com¬ 
pounds. BPA reportedly acts as an estrogen receptor ago¬ 
nist since the super-feminization effect of BPA can be 
nullified by antiestrogens, such as tamoxifen and ICI 
182,780, and estrogen-specific binding sites appear to 
exist in M. cornuarietis. 

Disruption of Behaviors 

Besides affecting endocrine signaling, organotin contami¬ 
nation also appears to be capable of disrupting pheromone- 
mediated communication in gastropods. The attraction 
between sexually active male and female /. obsoleta is 
mediated by sex pheromones since it has been demon¬ 
strated in the laboratory that male snails are attracted to 
the water conditioned by sexually active females, and 
female snails attracted to the water conditioned by sexually 
active males. The chemical nature of the presumed snail 
pheromones remains unknown. In assays using snails from 
the high imposex site with severe organotin contamination, 
Straw and Rittschof found that neither normal females nor 
imposex females respond differentially to waters containing 
male pheromone and those with female pheromone, sug¬ 
gesting that the chemical communication ability of organo- 
tin-impacted snails is compromised. These investigators 
also noted that there is apparent absence of breeding activ¬ 
ity and egg deposition among morphologically normal 
snails at the high imposex site. The laboratory behavioral 
results, together with the field observation, imply that 
behavioral disruption may be enough to compromise snail 
sexual reproduction and that the sex attraction behavior 
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could be a sensitive measure of the toxic effects of organotin 
on snail reproduction. 

In bivalves, because of their limited locomotion capa¬ 
bility, burrowing behavior is generally believed to be 
adaptive and allows the animal to escape predation. 
Medetomidine, a novel antifouling agent, decreases the 
burrowing responses of the burrowing bivalve, Abra nitida. 
The presence of naphthalene, a petroleum contaminant, 
can not only stimulate mucus secretion but also inhibit 
the burrowing behavior of the tropical acrid clam, Anadara 
granosa , inhabiting an intertidal marine environment. The 
failure to burrow in the presence of naphthalene could 
make the clams more susceptible to predation. 

Crustaceans 

Endocrinology 

Crustaceans are one of the larger animal groups. There 
are over 66 000 known crustacean species, all aquatic, 
except some exclusively terrestrial isopods. Since most 
studies on crustacean endocrine disruption are concerned 
with sexual development, reproduction, and molting, only 
the endocrinology for these processes is presented. 

Sexual development and reproduction 

Crustaceans consist of diverse animal groups. There are 
two types of reproduction employed by these animals. 
Primitive crustaceans, such as cladocerans, artemians, 
notostracans, and most ostracods, have both partheno- 
genic and sexual reproduction in their life cycles, while 
most copepods and all cirripedes and malacostracans 
undergo only sexual reproduction. 

For crustaceans that are capable of both parthenogenic 
and sexual reproduction, the mode of reproduction 
depends upon environmental conditions. For instance, 
cladocerans under favorable conditions, such as right tem¬ 
perature, enough food, long day length and no crowding, 
undergo parthenogenic reproduction. However, when 
environmental conditions turn unfavorable, that is, 
extreme temperature, food scarcity, short day length, and 
crowding, cladocerans switch the mode of reproduction to 
a sexual one, with just males being produced initially. After 
receiving appropriate environmental cues, the partheno¬ 
genic female deposits male-producing eggs into the brood 
chamber. The crustacean terpenoid hormone methyl far- 
nesoate (MF), the unepoxidated form of insect juvenile 
hormone III (JH III), has been shown to be the determi¬ 
nant for male sex differentiation in Daphnia. Presumably, 
the reception of environmental cues leads to elevation in 
MF level in Daphnia , which results in the ovary to lay 
male-producing eggs. The critical period in sex deter¬ 
mination in Daphnia is about 1 h before egg deposition, 
suggesting that whether male- or female-producing eggs 
are laid depends on the environmental cues received 


during a very short time interval, and that the MF must 
complete its action rather quickly. The short time interval 
for Daphnia sex determination may be the reason that 
mixed broods containing both male and female daphnids 
have been observed by several investigators. 

Much of the knowledge on endocrine control of sexual 
development and reproduction has been obtained from 
malacostracan crustaceans because of their large body 
sizes. There is evidence suggesting the existence of a 
genetic sex-determining mechanism in malacostracans. 
In some species, such as the isopod, Asellus aquaticus , 
males possess a heteromorphic sex chromosome pair, 
while in other species, such as the prawn, Macrobrachium 
rosenbergii , and the crayfish, Cherax quadricarinatus , males 
are homogametic. In malacostracan crustaceans, the 
development and maintenance of male secondary sexual 
characteristics is solely controlled by the androgenic 
gland hormone (AGH), which is a protein. The AGH of 
the isopod, Armadillidium vulgare , is a 11-13 kDa peptide, 
while a similar peptide, 17-18 kDa in molecular weight, 
has been reported for the prawn, M. rosenbergii. The activ¬ 
ity of the androgenic gland is regulated by the gonad- 
inhibiting hormone (GIH) produced in the X-organ-sinus 
gland complex and the gonad-stimulating hormone 
(GSH) produced in the brain and in the thoracic ganglia, 
both of which are peptides. The rudiments of andro¬ 
genic glands have been found in second instar juveniles 
of both sexes of the amphipods, Orchestia cavimana and 
0. gammarella , but only in males do these rudiments 
develop further. The development of female secondary 
sexual characteristics, such as the ovigerous setae and the 
brood pouch, is controlled by the ovarian hormone pro¬ 
duced by the ovary. The chemical nature of this hormone 
is still not characterized. 

Both GIH and GSH regulate gonadal maturation. In 
females, GIH and GSH act directly on the ovary, which 
then secretes the ovarian hormone, while in males, GIH 
and GSH act on the androgenic gland. As mentioned 
above, the AGH not only directly controls the secondary 
characteristics of males but it also controls the develop¬ 
ment of the male reproductive system. 

Additionally, there is evidence that MF, produced by 
the mandibular organ, enhances ovarian maturation and 
stimulates the testicular development in malacostracan 
crustaceans. MF also controls male morphogenesis in 
the crayfish, Procambarus clarkii. However, the receptor 
for MF or its insect counterpart, JH III, has not been 
definitively recognized. There is evidence pointing to 
crustacean RXR being a candidate for MF receptor. 

Molting 

For growth to occur, crustaceans must periodically molt 
their rigid, confining exoskeleton. Molting in crustaceans 
is regulated by a multihormonal system, but is under the 
immediate control of steroid hormones called ecdysteroids. 
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In decapods, ecdysteroids are produced in the Y-organ 
whose activity is held in acquiescence during the intermolt 
stage by the molt-inhibiting hormone (MIH), which is a 
peptide, from the X-organ-sinus gland complex. When the 
animal enters the premolt stage, this inhibition of Y-organ 
activity by the MIH stops and ecdysteroidogenesis in the 
Y-organ intensifies. The ecdysteroid titer in the hemolymph 
is, therefore, elevated. However, this generally accepted 
model regarding the MIH-ecdysteroids dynamics during 
the molting cycle may need revision in light of the recent 
data obtained with the crab, Carcinus maenas. MIH transcrip¬ 
tion and translation in C. maenas are somewhat invariant 
during the molting cycle of C. maenas , and the most impor¬ 
tant step in controlling ecdysteroid synthesis appears to lie 
in intracellular signaling pathways within the Y-organ. 
Ecdysteroids regulate gene activities at the transcriptional 
level by interacting with the ecdysteroid receptor (EcR), 
which then heterodimerize with crustacean RXR. This 
EcR/crustacean RXR dimer binds to the DNA response 
elements of target genes. Besides, the MF may also be 
involved in molting control, since injection of mandibular 
organ extract accelerates molting in crustaceans. The molt- 
promoting effects of the MF could be mediated by the 
crustacean RXR, a putative MF receptor. 

Endocrine Disruption 

Disruption of sexual development and 
reproduction 

Concerns were expressed over the possibility that the 
same chemical agents capable of disturbing the male 
development of vertebrates can also interfere with the 
male differentiation of cladocerans. The proportions of 
male Daphnia in Lake Mendota, Wisconsin, have declined 
rather drastically over several decades. The decrease in the 
male/female sex ratio was hypothesized to be caused by 
some of the same estrogenic agents capable of disrupting 
the male development of vertebrates. Such field data have 
generated several investigations to examine whether estro¬ 
genic agents can interfere with male differentiation in 
Daphnia. DES, endosulfan, E 2 , TBT, dichlorodiphenyltri- 
chloroethane (DDT), or methoxychlor has no effects 
on male differentiation in Daphnia , whereas nonylphenol 
promotes male differentiation only at a low food concen¬ 
tration. The absence of effects of various estrogenic che¬ 
micals on sex differentiation of Daphnia , especially the lack 
of response to the natural estrogen E 2 and the potent 
synthetic estrogen DES, strongly suggests that the strength 
of a chemical’s estrogenicity is not a significant determin¬ 
ing factor for the shift of sex determination in Daphnia. 
This is not surprising, since the determinant for male sex 
differentiation in Daphnia is the crustacean hormone MF. 
MF and its analogs, such as fenoxycarb and pyriproxyfen, 
are all capable of inducing male differentiation in Daphnia. 
The decline in the proportions of male Daphnia in Lake 


Mendota, Wisconsin, over several decades must be attrib¬ 
uted to the disruption of MF signaling in Daphnia , instead 
of resulting from the estrogenicity of environmental che¬ 
micals in the lake. 

Abnormal sexual characteristics of copepods have also 
attracted much attention. Harpacticoid copepods nor¬ 
mally have separate sexes. However, intersexuality, an 
occurrence of an individual carrying sexual characteristics 
of both sexes, has been recorded in benthic harpacticoids 
in the vicinity of a large sewage discharge near Edinburgh 
in the United Kingdom. No evidence has been found for 
a correlation between intersex frequency and proximity to 
the sewage discharge. E?, estrone, or 17oc-ethynylestradiol 
has no effect on the female/male sex ratio in the copepod 
in laboratory studies. The field evidence, together with 
laboratory data, suggests that estrogenicity is not a factor 
behind the intersex problem in copepods and that the 
endocrine control for sexual development in copepods is 
different from that for vertebrates. 

Malacostracans are mostly gonochoristic, but inter¬ 
sexuality is common among certain parasitic isopods, 
caridean shrimps, and anomurans. Among these malacos- 
tracan crustaceans, two types of hermaphroditism have 
been recognized. One is called sequential protandrous 
hermaphroditism, in which individuals first mature as 
sperm-producing males, and then with increasing size, 
switch sex to become breeding females, and the other is 
called simultaneous hermaphroditism where an intersex 
individual can function as either a male or a female at any 
given time. 

Neither of these two types of hermaphroditism has 
been found in brachyurans. However, several forms of 
sexual abnormalities have been reported for brachyuran 
decapods. The fiddler crab, Uca pugilator, exhibits striking 
sexual dimorphism, with males characterized by a pair of 
asymmetrical chelipeds and a narrow abdomen, and 
females having two small, identical claws and a broad 
abdomen that covers the entire sternum. Four different 
forms of sexual aberrations have recently been discovered 
among the crabs purchased from the Gulf Specimen 
Marine Laboratories, Inc. of Panacea, Florida (Figure 1). 
In one form, the sexually abnormal crabs had a wide 
abdomen, female-type pleopods, and a pair of asymmet¬ 
rical chelipeds. In another form, the specimen possessed a 
pair of symmetrical, enlarged claws and a female abdo¬ 
men, along with the female-type pleopods. A specimen 
with reduced asymmetry in chelipeds, an intermediate 
abdomen, male-type pleopods (gonopods), and female- 
type apertures (female gonopores) was discovered. Repre¬ 
senting the fourth form is a specimen possessing a pair of 
uneven claws with reduced asymmetry, female gonopores, 
and an intermediate abdomen with both gonopods and 
female-type pleopods. Whether an environmental etiol¬ 
ogy underlies these sexual anomalies in U. pugilator is 
unknown. Sexually abnormal crabs, with the external 
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Figure 1 Forms of sexual abnormalities in the fiddler crab, Uca 
pugilator. gp, gonopod; pi, female pleopod. 


appearance of a complete male but having female genital 
openings, were at frequencies of 8-32% among the fresh¬ 
water crab, Geothelphusa dehaani , from ten rivers in the 
Nagasaki prefecture of Japan. This form of sexual aberra¬ 
tion is induced not at the early stages of male develop¬ 
ment but after sexual maturation, presumably, in response 
to long-term exposure to environmental chemicals. Male 
C. maenas inhabiting areas in the United Kingdom, known 
to render high estrogenic responses in vertebrates, bear 
morphometric abnormalities, such as reduced pleopod- 
length ratios and enlarged abdomen width, and have 
enhanced ecdysteroid levels and the presence of vitellin- 
like proteins in the hepatopancreas of male crabs. While 
the exact environmental etiology for these morphological 
and physiological abnormalities remains nebulous, estro- 
genicity does not appear to be a contributing factor since 
there is plenty of evidence that crustacean reproduction 
is not responsive to vertebrate sex steroids. The femi¬ 
nization observed in male C. maenas is most likely due 
to direct or indirect alterations of AGH and MF signaling 
by certain environmental agents that have yet to be 
identified. 


The amphipod, Gammarus pulex , collected from an 
unpolluted reference site, had a significantly higher 
male/female ratio than did those living below sewage 
treatment works (STW). The male/female size differen¬ 
tial was significantly reduced in G. pulex collected from 
one of the polluted sites. Additionally, the allometric 
relationships of the male secondary sexual characteristics, 
gnathopod and genital papillae, to body size for G. pulex 
living below STWs, were different from those from the 
reference site. Moreover, abnormal oocytes were observed 
in G. pulex collected from one of the polluted sites that is 
known to elicit estrogenic responses in vertebrates, while 
no significant difference was found in the gonadal struc¬ 
ture of males from the two polluted sites. These changes 
in male reproductive morphology were interpreted as 
being caused by interference with androgenic hormone 
signaling by substances in the sewage effluents, while the 
low number and aberrant distribution of yolk bodies in 
the abnormal oocytes are likely induced by steroid mimics 
in the effluents capable of interacting with ecdysteroid 
signaling. A laboratory investigation demonstrated that 
continuous exposure of the amphipod, Corophium volunta- 
tor (age < 5 days), to nonylphenol does not significantly 
affect the sex ratio, but induces elongation of the second 
antenna, which is a male characteristic, and enhances 
fertility, that is, the number of juveniles per female. The 
stimulating effect of nonylphenol on the second antenna 
is likely due to nonylphenol triggering hypersecretion 
of the AGH that controls the development of male sec¬ 
ondary sexual characteristics. The large second antenna 
would be a selective disadvantage to the males because the 
large antennae make the males more vulnerable to preda¬ 
tion in the field, which could lead to a skewed sex ratio 
and the subsequent population decline. 

The possibility that sexual and reproductive aberra¬ 
tions can be induced in malacostracans, particularly 
among decapods, by exposure to environmental pollution 
needs to be extensively investigated, considering the eco¬ 
logical and economic importance of many of the malacos- 
tracan species. Both field and laboratory studies should be 
done. The laboratory component needs to focus on altera¬ 
tions in the physiology of relevant hormonal cascades that 
regulate sexual development and reproduction. 

Disruption of molting 

Because of industrial and agricultural activities, aquatic 
environments are increasingly contaminated with various 
kinds of pollutants. Through feeding and direct uptake 
from water and sediments, these contaminants accumu¬ 
late in crustaceans living in various aquatic environments. 
Because of the generally high lipophilicity and refractory 
chemical nature of organochlorine compounds, these 
organic contaminants, such as polychlorinated biphenyls 
(PCBs), DDTs, hexachlorocyclohexanes (HCHs), hexa- 
chlorobenzene (HCB), heptachlor epoxide, dieldrin, 
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endosulfan, and chlordane, can readily accumulate in 
the fatty tissue, such as hepatopancreas, of crustaceans. 
Like organochlorines, polycyclic aromatic hydrocarbons 
(PAHs), the pollutants from the activities of petroleum 
and smelter industries, are also highly lipophilic and can 
easily accumulate in crustacean tissues. 

Several laboratory studies have demonstrated that 
organochlorine compounds, including Aroclor 1242 
(a PCB mixture), 2,4,5-trichlorobiphenyl (PCB29), endo¬ 
sulfan, methoxychlor, kepone and heptachlor, and aromatic 
hydrocarbons, including benzene and dimethylnaphtha- 
lene, inhibit molting of crustaceans. The stimulatory effects 
of xenobiotics on crustacean molting have also been 
reported. The nonsteroidal ecdysone mimic RH 5849 
and the pesticide emamectin benzoate are capable of 
accelerating crustacean molting. Since the adverse effects 
of environmental contaminants on crustacean molting 
are not readily visible in the field, the disruption of crus¬ 
tacean molting by xenobiotics has been termed the invisi¬ 
ble endocrine disruption. 

As mentioned above, molting in crustaceans is regu¬ 
lated by a multihormonal system, but is under the imme¬ 
diate control of ecdysteroids. An elevation in ecdysteroid 
titer in the premolt stage triggers secretion of molting 
fluid by the epidermis. This molting fluid contains hydro¬ 
lytic enzymes necessary for degradation of the chitinous 
exoskeleton that will be shed. In theory, any step in the 
cascade of endocrine events, for example, ecdysteroido- 
genesis, metabolism of ecdysteroids, and EcR binding, 
could be the target of xenobiotics. Should a chemical 
agent be capable of assaulting this hormonal system, the 
effect would be manifested at the terminal step, the activ¬ 
ity of the exoskeleton-degrading enzymes. Chitobiase, 
also known as N-acetyl-p-glucosaminidase, is one of the 
two chitinolytic enzymes found in the molting fluid, 
which are required for complete digestion of exoskeletal 
chitin. This enzyme is a product of the gene regulated by 
the molting hormone. The exposure of U. pugilator to 
molt-inhibiting xenobiotics decreases chitobiase activity. 
This inhibition of epidermal chitobiase activity can at 
least partly account for the slowing of molting caused by 
the molt-inhibiting xenobiotics because chitobiase is 
indispensable for the degradation of exoskeletal chitin. 
Since chitobiase is a biomarker for the actions of the 
molting hormone, inhibition of this enzymatic activity 
by molt-inhibiting chemicals strongly suggests that expo¬ 
sure to these xenobiotics disturbs the Y-organ-EcR axis. 

Disturbance of the Y-organ-EcR axis could arise from 
the actions of xenobiotics on ecdysteroid signaling in the 
epidermis through direct binding to the EcR or its hetero¬ 
dimerization partner RXR and through ligand-independent 
activation of these nuclear receptors. It has been shown that 
diethyl phthalate, an industrial chemical capable of inhibit¬ 
ing crustacean molting, produces antagonistic activity in an 
in vitro assay utilizing an ecdysteroid-responsive insect cell 


line. The inhibitory effects of diethyl phthalate on ecdys¬ 
teroid signaling can at least partly explain the inhibition of 
crustacean molting by this agent. 

The disturbance to the Y-organ-ecdysteroid receptor 
axis may also result from alterations in ecdysteroidogenesis 
in the Y-organ and/or changes in ecdysteroid excretion. 
Very little is known about the effects of environmental 
chemicals on ecydysteroid homeostasis. But attempts 
have been made to look into the effects of xenobiotics on 
the enzymatic system responsible for ecdysteroid metabo¬ 
lism. A new cytochrome P450 member, CYP45, which 
appears to be involved in ecdysteroid metabolism, has 
been found in the hepatopancreas of the lobster, Homarus 
americanus. Exposure of H. americanus larvae to heptachlor 
results in modulations in CYP45 expression and ecdyster¬ 
oid levels. This shift in ecdysteroid profile is attributed to 
the slowing of larval molting caused by this pesticide. 

Disruption of Behaviors 

Mating in the shore crab, C. maenas , coincides with the 
female molt and copulation takes place shortly after the 
ecdysis of female crab when the exoskeleton is still soft. 
Sex pheromone appears to mediate the attraction of male 
crabs to precopula female crabs. It has been demonstrated 
that male C. maenas typically responds to an inanimate 
object, such as a stone tainted with the water conditioned 
by precopula females, by grasping the stone and testing its 
hardness with its claws. Male C. maenas collected from sites 
around the coast of the United Kingdom where water is 
known to elicit estrogenic activity in vertebrates exhibited 
reduced responses to sex pheromone from the precopula 
females in comparison to males from reference sites. The 
disruption of sex pheromone communication is concurrent 
with morphological and physiological feminization of male 
crabs from contaminated sites. The failure of males to dis¬ 
play the stereotypical behavior to females, along with mor¬ 
phological and physiological abnormalities found among 
males, may be linked to exposure to endocrine disrupting 
chemicals. However, whether the estrogenicity of the envi¬ 
ronmental agents plays a role is unknown. Environmental 
chemicals could disrupt sex pheromone communication 
through direct suppression of pheromone reception capabil¬ 
ity of the male or via retarding male sexual development, 
thereby delaying male sexual readiness. 

A sexually mature female amphipod is only available 
for mating immediately after ecdysis when the shell is 
flexible enough to allow the eggs to be released into the 
brood pouch through the gonopores. There is only a brief 
window of opportunity for the male to deposit sperm into 
the brood pouch. Some amphipod species, such as G. pulex 
and Hyalella azteca , exhibit a type of male precopulatory 
behavior called mate-guarding behavior, wherein a 
mature male locates a mature female prior to the female’s 
ecdysis and guards her against other males until the 
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female sheds her exoskeleton and can be fertilized. There 
are two forms of mate guarding. In some species, such as 
G. pulex , the male grasps and holds the female until she 
molts, while in other species, such as Ampithoe lacertosa , the 
male does not carry the female but stays in close proximity. 
This amphipod mate-guarding behavior appears prone to 
disruption by environmental contamination. A field study 
by a group of British scientists has shown that G. pulex 
living near STW exhibit significantly less mate-guarding 
behavior than those from a reference site. The mate- 
guarding behavior of male amphipods can be reduced by 
laboratory exposure to lindane, esfenvalerate (a pyrethroid 
insecticide), Aroclor 1254 (a PCB mixture), or bleached 
kraft pulp mill effluent. Whether this behavioral disrup¬ 
tion by environmental pollution is pheromone-based 
awaits further investigations. 

Environmental pollution can also disrupt behaviors not 
directly associated with reproduction, including locomo¬ 
tor, prey capture, and burrowing behaviors. Locomotor 
behavior of the mysid, Neomysis integer, and the brine 
shrimp, Artemia salina , has been shown to be susceptible 
to disruption by exposure to organophosphate pesti¬ 
cides, with the chemically treated animals exhibiting 
compromise swimming ability. It is not unexpected that 
organophosphates can cause disruption to the locomotor 
behavior of crustaceans considering that these pesticides 
inhibit choline esterase in the nervous system, resulting in 
impairment to neural signal transmission. Grass shrimps, 
Palaemonetes pugio, inhabiting an environment impacted by 
landfills are less capable of capturing preys than those from 
a relatively un-impacted site. The presence of PAHs in 
sediments reduces burrowing activities of the estuarine 
copepod, Schizopera knabeni. 

Echinoderms 

Endocrinology 

Echinoderms, including sea stars, sea lilies, sea urchins, and 
brittle stars, are deuterostomes. Evolutionarily, echino¬ 
derms and vertebrates belong to the same lineage. It is not 
surprising, therefore, that vertebrate steroids are active in 
echinoderms. This is for three reasons. First of all, verte¬ 
brate sex steroids, such as testosterone, androstenedione, 
progesterone, estrone, and estradiol, are endogenous to 
echinoderms, and these animals possess enzymatic systems 
for steroid synthesis and metabolism. Second, sex steroid 
levels in the gonads vary during the reproductive cycle of 
echinoderms, with the peak levels corresponding to specific 
reproductive events. For example, testosterone and estra¬ 
diol levels in the ovaries of Asrerias rubens are highest at the 
onset of oogenesis. Third, reproductive functions of echi¬ 
noderms are responsive to exogenous steroids. Dietary 
administration of androstenedione or estrone stimulates 


gonadal growth of the male sea urchin, Pseudocentrotus 
depressus , while dietary treatment with E 2 promotes ovarian 
growth but inhibits oocyte growth, and testosterone stimu¬ 
lates oocyte growth in Lytecloinus variegates. Although the 
receptors for vertebrate steroids have not been character¬ 
ized, specific estrogen and androgen binding sites have been 
reported in echinoderms. 

Neural factors also play a role in the regulation of 
echinoderm reproduction. A gonad-stimulating substance 
(GSS), secreted from the radial nerves and also called the 
radial nerve factor (RNF), is known to be involved in the 
control of maturation and spawning of oocytes in echino¬ 
derms. The GSS stimulates the follicular cells that 
envelop each primary oocyte to produce the maturation- 
inducing substance 1-methyladenine. 1-Methyladenine 
then acts on the primary oocyte to stimulate its matura¬ 
tion and eventual spawning. An extrafollicular source of 
the maturation-inducing substance that mediates the 
actions of the GSS in an echinoderm has recently been 
reported. 

Echinoderms are well known for their striking regen¬ 
erative abilities. Three classes of regulatory molecules 
have been proposed as possible candidates for growth- 
promoting factors in regeneration. These molecules are 
monoamines, neuropeptides, such as substance P and 
SALMFamides 1 and 2, and growth factor-like molecules, 
such as nerve growth factor, transforming growth factor 
beta, and basic fibroblast growth factor. 

Disruption of Reproduction, Development, and 
Regeneration 

Information on endocrine disrupting effects of environ¬ 
mental chemicals on echinoderms is scarce. Exposure of 
the sea star, Asterias rubens , to Clophen A50, a PCB mix¬ 
ture, reduces ovarian growth and impairs the quality of 
the offspring. These adverse effects of the PCB mixture 
are related to a compromised ability of steroid synthesis in 
the pyloric caeca and gonads, since treatment with Clo¬ 
phen A50 inhibits steroid synthesis rates in the pyloric 
caeca and gonads of A. rubens. Treatment of the adult sea 
urchins, Anthocidaris crassispina , with phenol lowers sperm 
quality and reproductive success. While reproductive 
consequences are unknown, exposure of the crinoid, Ante- 
don mediterranea , to triphenyltin (TPT) or p,p'- DDE 
increases the testosterone level and triphenyltin exposure 
decreases the estradiol level. TBT, TPT, and PCBs can 
lead to reduced fertilization success and development 
malformations in the sea urchin, Paracentrotus lividus , 
while 4-octylphenol, BPA, and TBT stunt the develop¬ 
ment of sea urchin embryos. Additionally, BPx4 suppresses 
juvenile growth in sea urchins. 

Regeneration in echinoderms can be adversely affected 
by PCBs. Aroclor 1260, a PCB mixture, causes abnormal 
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arm growth, characterized by an accelerated growth of the 
regenerate, massive cell migration/proliferation, hyper¬ 
trophic development of the coelomic canals, and exten¬ 
sive rearrangement of differentiated tissues of the stump, 
in A. mediterranean whose three arms were amputated at 
the level of the autonomy plane. Whether the actions of 
Aroclor 1260 are mediated by steroid hormones or the 
growth-promoting factors remains unknown. TPT and 
fenarimol, a chlorinated pesticide, adversely affect regen¬ 
erative growth in A. mediterranean and induce malforma¬ 
tions in the internal anatomy and histopathological 
anomalies involving cell proliferation, migration, and dif¬ 
ferentiation which are likely regulated by steroid hor¬ 
mones. Interestingly, although TPT and fenarimol elicit 
the same morphological and histological alterations, the 
underlying biochemical mechanisms may be quite differ¬ 
ent since TPT elevates the testosterone level while fenar¬ 
imol enhances estradiol concentration. 

Disruption of Behaviors 

The presence of sex pheromones that are produced in the 
ovary and induce the spawning of conspecific males has 
been reported in several echinoderms. But the informa¬ 
tion on the effects of environmental pollution on phero¬ 
mone-mediated communication is nonexistent. 

Asteroid echinoderms are foraging predators in the 
marine environment. Asteroids locate their prey through 
chemoreception, being capable of detecting the source of 
prey odor with chemoreceptors concentrated in terminal 
podia. Laboratory tests have shown that petroleum con¬ 
taminants can disrupt chemoreception in asteroids, thereby 
impairing the ability of these animals to capture preys. 

Perspectives 

Invertebrates, which make up the vast majority of 
known animal species, have, in recent years, attracted 
much research attention to the possibility that environ¬ 
mental chemicals capable of perturbing the endocrine 
functions of vertebrates can also disrupt endocrine signal¬ 
ing or endocrine-like signaling processes in invertebrates. 
Although it is generally believed that growth, develop¬ 
ment, metamorphosis, and reproduction in invertebrates 
are regulated by hormones or hormone-like factors, our 
knowledge of the endocrinology of these diverse organ¬ 
isms remains fragmental or even nonexistent for many 
invertebrate groups. This deficiency in the understanding 
of invertebrate endocrinology has impeded the efforts to 
define the disrupting effects of environmental chemicals 
on signaling processes that underlie growth, development, 
metamorphosis, and reproduction of aquatic inverte¬ 
brates. Among the invertebrates covered in this article, 


the understanding of crustacean endocrinology is most 
advanced. The hormonal control of molting and the 
reproduction of malacostracan crustaceans is well under¬ 
stood, but little is known about the endocrine mechanisms 
for crustacean metamorphosis, a process that is possibly 
vulnerable to environmental pollution. The molecular 
aspects of the actions of crustacean hormones involved 
in the regulation of molting and reproduction still need 
to be elucidated. Information on the endocrinology of 
small-sized crustaceans, such as copepods and cladocer- 
ans, is scarce. For future investigations, more efforts 
should be directed toward the investigation of basic endo¬ 
crinology of various invertebrate groups. 

Based on the available information on invertebrate 
endocrinology, there appears to be only limited overlap 
between the endocrinology of invertebrates and that of 
vertebrates. First, vertebrate sex steroids appear to play 
a hormonal role in the regulation of echinoderm repro¬ 
duction. This is not unexpected, since echinoderms and 
vertebrates belong to the same evolutionary lineage, 
the deuterostomes. Second, the RXR, an ancient nuclear 
receptor, appears to mediate intracellular hormonal signal¬ 
ing in both invertebrates and vertebrates. Other than these 
two commonalities, profound differences exist between the 
endocrine mechanisms of nondeuterostome invertebrates 
and vertebrates. Solid evidence that vertebrate sex steroids 
play a hormonal role in nondeuterostome invertebrates, is 
still lacking. Although the orthologs of vertebrate estrogen 
receptors have been found in molluscs, none of these 
molluscan estrogen receptors are responsive to the natural 
estrogen. Therefore, caution must be exercised when extra¬ 
polating to nondeuterostome invertebrates the results of 
endocrine disruption studies with vertebrates. Conversely, 
it is inappropriate to suggest that an endocrine-disrupting 
effect in a nondeuterostome invertebrate can be used as 
a marker to monitor environmental endocrine disruption 
in vertebrates. 

Pheromone-mediated chemical communication plays 
an important role in the mating behavior of many inverte¬ 
brates. The presence of sex pheromones has been evi¬ 
denced in several invertebrate groups. Available data 
suggest that pheromone-mediated signaling is prone to 
disruption by environmental pollution, leading to reduced 
reproductive success. Environmental chemicals could dis¬ 
rupt pheromone signaling through inhibiting pheromone 
release or blocking pheromone reception. Pheromone 
signaling disruption could also be elicited by adversely 
impacting endocrine processes, thereby delaying the reci¬ 
pient’s physiological readiness. This latter effect would 
link endocrine disruption to behavioral disruption. Future 
studies should be directed toward chemical characteriza¬ 
tion of invertebrate pheromones, along with their recep¬ 
tors, and delineation of action pathways of environmental 
chemicals. 
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See also: Invertebrate Hormones and Behavior; Verte¬ 
brate Endocrine Disruption. 
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Introduction 

In 1921, birds described as tits (Paridae) were first seen 
to open milk bottles in the small, southern English town of 
Swaythling. Over the next 25 years, observations of birds 
opening milk bottles were reported from hundreds of 
other sites all over Great Britain, Ireland, and continental 
Europe. The first scientific article on the phenomenon 
was published in 1949. A short discussion of bottle open¬ 
ing by birds is a good introduction to the topic of avian 
social learning because the questions asked about milk- 
bottle opening are indicative of those that have governed 
almost all subsequent research on avian social learning: 
How did this behavior originate? Did its appearance in 
blue tits (Parus caeruleus) have anything to do with the 
cleverness or boldness of this species? Was the rapid 
spread of bottle-opening over many areas of Great Britain 
and Ireland due to cultural transmission? If so, were the 
birds imitating one another or was something simpler 
going on? Given that eleven species of birds were found 
to open bottles, did we see transmission between as well as 
within species? (Figure 1). 

Cultural Transmission of Foraging 
Behavior 

First of all, why did the new behavior appear in tits? In 
England, home delivery of bottled milk, which had started 
in the years before the First World War, was interrupted 
during that conflict, to be resumed shortly after its con¬ 
clusion. The fact that the instances of milk bottle opening 
by birds were first recorded after the resumption of home 
delivery of milk bottles suggests that the innovation might 
be less surprising than often thought. Tits, and in partic¬ 
ular, the species thought to have originated the new 
behavior, blue tits, are relatively tame, urbanized, and 
inquisitive birds, easily attracted to winter feeders and 
other sources of food provided by humans. One of the 
blue tits’ normal food searching behaviors is to peck and 
peel bark from trees to look for insects, a technique very 
similar to the one they use to open bottle caps. 

At the taxonomic level of the family, tits are also large¬ 
brained, ranking above all others in the parvorder Passer- 
ida (3500 species) in terms of the brain size corrected for 
body size. Several tit species, especially the great tit 
(P. major) and the blue tit, are known for other novel or 
unusual feeding behaviors, such as piercing the base of 


flowers to drink nectar, eating the brain of a pied fly¬ 
catcher, or folding paper to store food in it. 

Was the increase in bottle opening observed over the 
years due to cultural transmission? Culturally transmitted 
behaviors are sometimes said to ‘spread like wildfire.’ This 
description implies three things: rapid spread, a vast spa¬ 
tial scale, and a temporal pattern that starts off slowly and 
then spreads rapidly, until the spread eventually ceases for 
lack of new material to spread to. In mathematical terms, 
such a pattern of increase is called a logistic function and 
is characterized by an S shape. Milk bottle opening shows 
all the three features of ‘wildfire’: In 25 years, it spread 
from a single site to nearly 400 locations, with the number 
of milk bottle-opening birds presumably increasing from 
one to several hundred thousand; the spatial scale went 
from a single doorstep in one small town to several 
countries; the mathematical function that describes the 
spread of bottle opening shows two of the phases of a 
logistic, S-shaped curve, the slow start (1921-1936) fol¬ 
lowed by a sharp acceleration (1937-1947). The absence 
of the final slowdown phase of the logistic is probably due 
to the fact that, in 1947, the last year surveyed, there were 
still many places to which the new behavior could spread. 
However, the spread of bottle opening does not show one 
feature of mathematical models of cultural transmission. If 
an innovation originates in a particular place and spreads 
elsewhere through a kind of ‘wave of advance,’ then sites 
close to Swaythling should show early dates of bottle 
opening and sites progressively farther and farther away 
should show progressively later dates. This is not what we 
see. There is no clear relationship between distance from 
Swaythling and the time that has elapsed since the pre¬ 
sumed origin of bottle opening in 1921. 

This exception might lead us to think that something 
besides cultural transmission was behind the increase seen 
in bottle opening over time. What could that something 
be? Could many different birds all over the British Isles 
have discovered how to open milk bottles independently? 
Tits are very inquisitive. Consequently, it is quite possible 
that many of them could have invented the new behavior 
on their own. This possibility suggests a crucial control 
test that needs to be incorporated in any study of social 
learning. One or several observers placed in front of a 
knowledgeable demonstrator might very well adopt 
the new behavior, but they could be doing so on their 
own by trial-and-error learning, without actually needing 
demonstrations. In other words, tits might just be so 
exploratory that they easily discover by themselves that 
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Figure 1 Blue tit opening a milk bottle. Photo courtesy of 
BBC Devon. 


a bottle top can be pierced. Back in Britain, they might 
also have stumbled upon a bottle that had already been 
opened by another bird and drunk some leftover cream (it 
is the fat from the cream that the tits can digest, not the 
carbohydrates from the milk), without witnessing the 
bottle being opened by another tit. Even if naive observers 
profited from watching demonstrators, the social informa¬ 
tion they acquired might have been vague and served only 
as a basis for individual perfection of the complete tech¬ 
nique of milk-bottle opening. Researchers in Canada and 
Austria have set up laboratory analogs of bottle opening 
with captive tits and chickadees. Independent spontane¬ 
ous discoveries, learning by feeding on an open bottle, and 
social learning, all occurred in these experiments, sup¬ 
porting the view that bottle opening probably spread in 
the wild via independent innovations as well as several 
learning processes, both social and nonsocial. 

Imitation of Foraging Behavior 

Our discussion of the spread of milk-bottle opening in 
birds suggests that individuals can obtain many types of 
information from each other. Social learning is a very 
general term used to describe any process through which 
one individual (the ‘demonstrator’) influences the behav¬ 
ior of another individual (the ‘observer’) in a way that 
makes the observer more likely to learn the behavior in 
which the demonstrator engages. Imitation has always 
been the most popular social learning process to study. 
Milk-bottle opening would be an instance of imitation if 
an observer bird learned to copy the precise technique 
used by its demonstrator. Birds that invented milk-bottle 
opening on their own, without a demonstrator, or birds 
that obtained only vague social information about what to 
fiddle around with might use any technique such as pierc¬ 
ing the bottle cap with sharp downward pecks, or ripping 
it with a sideways motion. In contrast, an imitator would 
copy the precise technique that it saw demonstrated. 


To understand how you could demonstrate imitation 
in birds experimentally, we can examine in some detail 
a study Fawcett and colleagues conducted with starlings 
{Sturms vulgaris). The study has two important features, a 
‘two-action method’ and a ‘ghost control.’ The two-action 
method ensures that we can separate the effects on an 
observer of seeing the behavior of its demonstrator from 
the effects of seeing a demonstrator act on a particular 
object. The ‘ghost control’ ensures that the information an 
observer obtains is truly social, that is, that the informa¬ 
tion comes from observing the behavior of the demon¬ 
strator itself and not from observing the effects of its 
demonstrator’s behavior on the objects with which the 
demonstrator interacts. 

In the ‘two-action’ method, each observer sees a dem¬ 
onstrator use one of two actions directed toward exactly the 
same portion of the environment. In the case of the study 
with starlings, the demonstrators were trained to remove a 
plug from a box to gain access to food either by pushing the 
plug downwards into the box (Figure 2(a)) or by pulling it 
upwards out of the box (Figure 2(b)). In the ‘ghost control’ 
condition, the plug was pushed or pulled via a fishing line 
controlled by the researchers, independent of the actions of 
the bird in the demonstrator compartment. 

As is usual in such social learning experiments, the 
demonstrator and the observer were in adjacent but sepa¬ 
rate cages during training, so that the observer could 
watch the demonstrations but not interact with the dem¬ 
onstrator or the box during the experiment. In addition, 
the observer did not have access to a box of its own during 
the demonstration, so it needed to memorize the informa¬ 
tion it saw for later use. 

After numerous demonstrations, the demonstrator was 
removed and the apparatus was presented to the observer. 
In Fawcett’s experiment, observers that had seen a ‘Pull 
demonstrator’ were more likely to open the box by pulling 
the plug; those that had seen a ‘Push demonstrator’ were 
more likely to open the box by pushing the plug. Observers 
that had seen ghost control pushes and pulls were equally 
likely to push or pull. The fact that the observer starlings 
moved the plug in the same way as the demonstrator can¬ 
not be explained by any social learning process other 
than imitation. For example, observers were not simply 
attracted to the plug (stimulus enhancement) or to the 
same location as the demonstrator (local enhancement). 

Learning from Other Species 

As we mentioned before, several bird species learned to 
open milk bottles in Great Britain, Ireland, and continen¬ 
tal Europe. Did they learn by watching blue tits, the first 
and most frequent openers? One of the usual assumptions 
of social learning is that copying members of one’s own 
species should be more likely than copying members of 
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Figure 2 Typical response topographies of (a) a Push demonstrator and (b) a Pull demonstrator. Note the widely gaping beak of the 
Push demonstrator. Reprinted from Fawcett TW, Skinner AMJ, and Goldsmith AR (2002) A test of imitative learning in starlings using a two- 
action method with an enhanced ghost control. Animal Behaviour 64: 547-556, Copyright (2002), with permission from Elsevier Ltd. 


other species. Why? Because the goals of other members of 
one’s own species (food, mates, nesting sites, and predator 
avoidance), as well as the sensory equipment and the 
motor capabilities available to reach those goals, are 
more similar within than between species. If both a tit 
and a starling see a tit ripping open a milk-bottle top, the 
adequacy of the beak as a ripping instrument, the propen¬ 
sity to approach bottles or other man-made objects, and 
the motivational value of cream are all greater for an 
observing tit than for an observing starling. Despite all 
these reasons favoring social learning within species, we 
see a surprising amount of social learning between species. 

On the tropical island of Barbados in the West Indies, 
Carib grackles ( Quiscalus lugubris) and Zenaida doves 
(Zenaida aurita) often form mixed foraging flocks with 
bullfinches ( Loxigilla metis), Shiny cowbirds (Molothrus 
bonariensis ), and Ground doves ( Columbina passerina). 
Amid the many hotels, restaurants, and parks along the 
Barbados coast, members of all the five species readily join 
with others and feed together on food remnants left by 
humans. 

Although these five bird species are all opportunistic 
feeders, they belong to two distinct avian orders that 
differ greatly in cognitive ability. Zenaida and Ground 
doves are Columbiformes that show less innovative 
behavior, perform worse on learning tasks in captivity, 
and have smaller brains than do Passeriformes, the order 
to which the grackles, bullfinches, and cowbirds belong. 
The Carib grackle is particularly innovative, belonging to 
the genus with the second highest number of reported 
innovations of all passerines in North America. 

Carib grackles forage in small mobile flocks and are 
usually among the first birds to arrive when food becomes 
available. Although they boldly exploit feeding opportu¬ 
nities, grackles remain constantly vigilant for predators. 


As soon as one grackle in a flock detects danger, such as 
an approaching mongoose, monkey, dog, or threatening 
human, it gives alarm calls that induce flight and even 
more alarm calls in nearby grackles. Zenaida doves, in 
contrast, are rarely the first to discover a food source, feed 
alone or with their mates, and have no alarm calls of their 
own. They are territorial over most of Barbados and 
vigorously chase away other Zenaida doves that represent 
a threat to both mate and territory. However, Zenaida 
doves are rarely aggressive toward grackles. 

The assumption that learning from members of your 
own species is easier than learning from members of other 
species implies that doves will learn from doves. However, 
the feeding ecology of doves and grackles suggests other¬ 
wise. Grackles are useful informers about food and danger, 
whereas doves are territorial competitors that fight with 
one another when they meet. In accordance with this 
ecological and social scenario, only one of eleven Zenaida 
dove observers learned the solution of a feeding task from a 
dove demonstrator, whereas the majority of doves learned 
the solution when it was demonstrated by a grackle. 

Grackles, on the other hand, do not defend foraging 
territories against other grackles, and learned as readily 
from grackle as from dove demonstrators, copying the pre¬ 
cise technique that each of their demonstrator species used: 
closed beak pecking by doves, and open beak probing by 
grackles. Grackles also learned to treat a previously innocu¬ 
ous stimulus (a painted pigeon decoy) as a potential predator 
(a dog decoy) when grackle alarm calls were paired with it. 

Social Learning About Predators 

Although most research on avian social learning concerns 
song and feeding, some of the most elegant work on avian 
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social learning both within and between species has been 
done on habitat choice (see section ‘Social Learning 
About Habitats and Nest Sites’) and predator recognition. 
Curio and colleagues conducted the pioneering experi¬ 
ments on social transmission of predator recognition with 
European blackbirds {^Turdus merula). In the presence of a 
predator, these birds emit mobbing calls that summon 
nearby individuals to cooperate in attacking the predator. 

As a result of co-evolution between predator and prey, 
predator avoidance behaviors may become heritable, 
making individual trial-and-error learning about coevolved 
predators by their natural prey unnecessary. However, spe¬ 
cies change their ranges over time, predators’ diets change 
with changes in predator and prey abundance, and humans 
introduce nonnative species. Thus, birds may be preyed 
upon by evolutionarily unfamiliar species that they do not 
innately recognize as predators. Because a bird might not 
get a second chance after an encounter with a predator, 
social learning to recognize predators could be very 
valuable. 

For their experiments, Curio and colleagues devised 
an ingenious apparatus containing observer and demon¬ 
strator blackbirds in opposite compartments, separated by 
a hallway containing a presentation box (Figure 3). The 
compartment of the presentation box facing the observer 
contained an object that the blackbirds had never seen 
before, while the compartment facing the demonstrator 
contained a little owl (Athene noctua ), a familiar predator 
that triggered vigorous mobbing in demonstrators. 
Because the demonstrator and observer could not see 
the compartment of the apparatus that the other was 
able to see the observer was tricked into perceiving the 
demonstrator as mobbing the novel object. 

Curio used two novel objects similar in size to the little 
owl to test for cultural transmission of predator recogni¬ 
tion: a dummy of an Australian honeyeater (Philemon cor- 
niculatus ), a bird unfamiliar to wild blackbirds, and a 
multicolored plastic bottle. Observation of the demonstra¬ 
tor mobbing the owl led the observers to mob whichever 
novel object was presented in their compartment of the 
presentation box. Furthermore, the observers also 
mobbed that novel object when it was presented 2 h later 
in the absence of the demonstrator, showing that the 
observers had learned to treat that novel object as a 
predator. However, observers showed a stronger mobbing 
response toward the honeyeater than toward the bottle. 
This last result suggests that learning about danger is 
influenced by characteristics of the ‘dangerous’ stimulus. 

After the original blackbird demonstrator, who 
mobbed the owl, trained a first blackbird observer to 
mob the honeyeater, that observer was used as a demon¬ 
strator for a second observer. This second observer 
learned to mob the honeyeater and then became the 
next demonstrator for a naive blackbird, and so on. 



Presentation 

box 




Wire mesh wall 


Observer 


Figure 3 Experimental apparatus to test for social learning of 
predator recognition in blackbirds. The owl and novel object are 
positioned to elicit mobbing behavior in the observer towards the 
novel object through the demonstrator’s mobbing of the owl. 
Reproduced from Vieth W, Curio E, and Ernst U (1980) The 
adaptive significance of avian mobbing. III. Cultural transmission 
of enemy recognition in blackbirds: Cross-species tutoring and 
properties of learning. Animal Behaviour 28(4): 1217-1229, 
Copyright (1980), with permission from Elsevier Ltd. 



Information about the honeyeater passed along a chain 
of six blackbirds without any noticeable decrease in 
response strength. 


Social Learning About Mates 

The fitness of an animal depends not only on finding food 
and avoiding predators, but also on choosing a mate likely 
to maximize its reproductive success. If sampling candi¬ 
date mates and comparing their quality are costly in terms 
of energy and time, then learning from the mate choice of 
others might provide the most efficient way to obtain a 
good match. 
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In some polygynous species such as black grouse (Tet- 
rao tetrix ), sage grouse ( Centrocercus urophasianus ), and 
white-bearded manikins ( Manacus trinitatis ), males gather 
at a ‘lek,’ an area where each male has his own tiny 
territory to display to the female audience. Often, only a 
very small number of the many males displaying on a lek 
acquire the great majority of matings. 

Researchers studying black grouse in the field could 
not find any physical or behavioral traits that were con¬ 
sistently associated with the few successful males, while 
the pattern of female visits to leks suggested that females 
may simply copy the choices of females that mated before 
they did. If so, a male that was able to mate with a female 
that came to a lek early might well become overwhelm¬ 
ingly popular. In the field, however, it is difficult to 
separate social and individual factors governing mate 
choice, something that can be accomplished much more 
easily in laboratory experiments. 

In the laboratory, female Japanese quail ( Coturnix 
japonica ), given a choice between an unmated male and 
one that they had seen courting and mating with another 
female, preferred the previously successful male. Further¬ 
more, females that had watched a nonpreferred male mate 
with another female laid more fertilized eggs after mating 
with him than did females that did not see a nonpreferred 
male mate with another female. 

While domesticated Japanese quail will court and mate 
whenever the opportunity arises, zebra finches ( Taeniopy - 
gia guttata) form pair bonds that often last for life. One 
might expect mate choice copying to be rare in this and 
other monogamous species as compared to the polygynous 
quail and grouse species. However, in the dry areas of 
Australia where zebra finches abound, the time available 
for mate choice and reproduction is constrained; zebra 
finches have to be ready to reproduce whenever the unpre¬ 
dictable rainfalls provide necessary resources for rearing 
young. It might therefore benefit inexperienced females to 
copy the mate choices of others rather than spend time 
appraising mates for themselves. Indeed, laboratory experi¬ 
ments show that female zebra finches, like female Japanese 
quail, tend to copy the mate choices of other females of their 
species. More importantly for a monogamous bird, female 
zebra finches transfer their socially acquired preference to 
males similar to the one they had seen with a female. If a 
male seen mating wore a white leg band, virgin females 
presented with a pair of unfamiliar males preferred the one 
with a white leg band over the one with an orange leg band. 

Social Learning About Habitats and 
Nest Sites 

Imagine a young migratory bird, for instance, a collared 
flycatcher ( Ficedula albicollis), arriving later than most of its 


fellows at a breeding area. Young birds have little prior 
breeding experience and need to find a nest site and start 
laying eggs as soon as possible. They do not have time to 
explore an area for a couple of weeks to pick the best site 
for a nest. In these conditions, a young bird might rely on 
the information provided by birds that have already set¬ 
tled in an area. These settled birds might be individuals of 
its own species or they might be birds of a resident species 
that stays in the area all year round. Researchers from 
both France and Finland have shown that flycatchers use 
cues both from resident birds of other species and by 
monitoring the breeding success of birds of their own 
species that have settled in an area before them to choose 
their nesting sites. 

Doligez, Danchin, and colleagues manipulated the 
apparent breeding success of flycatchers by adding or 
removing chicks from a set of nests. Areas with added 
chicks were settled by a greater number of incoming 
flycatchers, while the opposite was true of areas where 
chicks were removed; control areas where chicks were 
simply taken from and put back in their original nest 
showed no change in the number of incoming flycatchers 
choosing to settle in them. 

In a conceptually similar experiment, Seppanen and 
Forsman put nest boxes in four 5-12 ha. forest patches, 
two in the Swedish island province of Gotland and two in 
the Finnish city of Oulu. Once resident great and blue tit 
species had started building nests in these boxes, the 
researchers painted white circles around the nest box 
entrances in one forest patch in Gotland and Oulu, and 
white triangles in the other forest patch. They placed an 
empty nest box with the opposite symbol on the nearest 
tree similar to that containing the occupied nest box, to 
create the impression that the nesting tits in the patch had 
all chosen nest boxes with a particular geometric symbol. 

The first males from the two migratory flycatcher 
species under study (Gotland: collared flycatchers 
F. albicollis-, Oulu: pied flycatchers F. hypoleuca) arrived in 
the forest patches after the resident tits had started to nest. 
The researchers placed additional pairs of empty boxes, 
one box with a triangle, the other with a circle, 25 m from 
the nearest tit nest (Figure 4). Female flycatchers arriving 
and laying their eggs early did not have a preference for 
either symbol. However, as the breeding season pro¬ 
gressed, female flycatchers started to match the nest box 
‘preference’ shown by the tits, and more than 75% of 
the last third of females arriving at the breeding area 
chose a nest box with the same symbol as that on the 
tits’ nest boxes. 

Nest site choice used to be considered an innate and 
inflexible behavior. This field study shows, however, that 
migratory birds can copy the nest site choice of resident 
birds when the date of arrival at the breeding area imposes 
time constraints on individual learning. 
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Figure 4 Experimental design to test for nest site copying 
between species. Once the resident great and blue tits had 
initiated nests, either a circle or a triangle was painted at the nest 
box entrance of all nests in a given forest patch. An empty box 
with the opposite symbol was placed 2-6 m away. Arriving 
migrant flycatchers were forced to choose between an empty 
nest box with the symbol ‘preferred’ by the resident tits and 
an empty nest box with the other symbol. Reprinted from 
Seppanen J-T and Forsman JT (2007) Interspecific social 
learning: Novel preference can be acquired from a competing 
species. Current Biology 17: 1248-1252, Copyright (2007), 
with permission from Elsevier Ltd. 


Is Avian Social Learning Rare and Limited 
to Large-Brained, Social Species? 

Blue tits are as good at individual learning as they are at 
social learning. They are far faster at both types of 
learning than are, for instance, Marsh tits (.P palustris , 
who are best at spatial learning). Across all species and 
individuals that have been studied in captivity, social and 
individual learning show positive correlations. Such posi¬ 
tive correlations led most researchers to view social and 
individual learning as the same process, rather than treat¬ 
ing them as separate cognitive modules that are adaptively 
specialized to different lifestyles. 

Do social and individual learning in birds also corre¬ 
late with brain size? Social learning does correlate with 
brain size in primates: the species that show the most 
social learning are also the ones that have the largest 
cortex. In birds, the trends are not as clear. In the field, 
the great majority of purported cases of avian social 
learning occur in a single suborder, the Oscines (song¬ 
birds). This bias precludes a fair analysis of overall trends 
throughout the class Aves. 

Birds also differ from mammals in that a species’ ability 
to imitate does not seem to vary with its brain size. Apes, 
for example, are far better imitators than are monkeys, and 
apes also have a larger cortex than any monkey species; 
similarly, large-brained dolphins are thought to be 


capable of imitation, whereas small-brained horses seem 
to be incapable of even the simplest form of social learning. 
In birds, even small-brained species such as Japanese quail 
and pigeons (Columba livid) seem to be able to pass the two- 
action test. At the other extreme of brain size, social 
learning in the kea (Nestor notabilis), an opportunistic, 
omnivorous, and large-brained parrot, has proved remark¬ 
ably limited in two field studies, and keas also showed little 
evidence for imitation in laboratory experiments. 


Inhibitors of Avian Social Learning 

Researchers have identified several behavioral mechan¬ 
isms that block or slow down social learning in birds: 
scrounging, bystanding, and territoriality. In many spe¬ 
cies, the discovery of a new food source, whether by social 
or individual learning, attracts the attention of others that 
often join the discoverer and feed with it. Joining can lead 
to theft or to simple scrounging. In scrounging, joiners 
unaggressively consume part of the food that the producer 
discovered rather than taking food away from its discov¬ 
erer. In many cases, joining allows close observation of a 
producer’s food finding behavior and seems to favor social 
learning by a scrounger. In other cases, however, scroung¬ 
ing can actually prevent social learning. In pigeons, com¬ 
peting with other scroungers, as well as identifying and 
following a given producer to its food discoveries, seems 
to interfere with observation of the producer’s food- 
finding technique. Scrounger pigeons that have followed 
a producer to hundreds of its food discoveries will not 
perform the food-finding technique themselves after the 
producer is removed. 

Like scrounging, the presence of bystanders seems to 
interfere with social learning in pigeons. If a caged demon¬ 
strator showing a food-finding technique is surrounded by 
several caged birds doing nothing but pacing in their cages, 
the observers’ social learning is worse than in situations 
where only a single observer watches a demonstrator. 

A final situation in which social learning appears to be 
impeded involves territorial boundaries. You may recall 
that in experiments on wild-caught birds, territorial 
Zenaida doves did not learn well from other doves. In the 
field, this implies that an innovation that occurs on one 
territory would not spread to adjacent territories. Unless 
grackles spread a new behavior, an innovation occurring 
on a dove territory would stay there. There are two exam¬ 
ples where feeding innovations are known to have 
remained localized in a territorial species. As we have 
seen, winter flocks of tits learn socially to feed on milk 
bottles. However, flower piercing, an innovation per¬ 
formed in the spring when tits defend territories, has not 
spread. A similar localized pattern characterizes the open¬ 
ing of sugar packets by bullfinches in Barbados. Rather 
than observing and learning from an intruder opening 
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sugar packets on its territory, a naive territory holder 
aggressively attacks the intruder, preventing the innovative 
sugar-packet opening behavior from spreading beyond a 
restricted area. Packets offered to bullfinches foraging only 
a few hundred meters from the site where other bull¬ 
finches routinely open sugar packets are ignored. 


Conclusion 

Research on avian social learning has come a long way 
since the publication, 60 years ago, of the pioneering 
article on milk-bottle opening by tits. Many questions 
remain, however, concerning (1) the rarity of social 
learning in birds compared to primates and (2) the fact 
that all birds tested so far seem to pass the two-action test 
for imitation, regardless of their brain size. Among the 
most promising directions today are field experiments on 
breeding sites and predator recognition. 

In tests of social learning about food in the wild, often, 
as we have seen in the case of bottle opening, it is impos¬ 
sible to separate individual and social learning processes. 
Only in controlled experiments can the effects of social 
and environmental cues about food be distinguished. 
In contrast, social and individual information can be 
manipulated separately when avian social learning tests 
involve alarm calls, mobbing calls, and the presence or 
success of others at breeding sites. In the coming years, 
field experiments in well-studied ecological settings on 


behaviors other than feeding should lead to rapid 

advances in research on avian social learning. 

See also: Apes: Social Learning; Imitation: Cognitive 
Implications; Vocal Learning. 
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Introduction 

Infection by parasites or pathogens usually puts a high 
burden on animals. Infected hosts generally achieve lower 
fitness: they either show lower growth rates, reduced 
reproductive output, or even lower survival than unin¬ 
fected members of their species. Therefore, animals are 
better off if they can avoid becoming infected with para¬ 
sites and pathogens in the first place. Not surprisingly, 
natural selection has favored many adaptations reducing 
the risk of infection. To avoid contact with parasites and 
pathogens, animals have developed numerous precontact 
avoidance measures (Figure 1). This first line of defence 
against parasites and pathogens is mainly behavioral. 
If the first line of defence fails, animals have a second 
chance to resist infections. This second line of defence 
consists of postcontact defensive measures of a behavioral, 
physiological, and/or immunological nature (Figure 1). 
Here, we focus our discussion on precontact avoidance 
measures, excluding mate choice. These involve a wide 
spectrum of behavioral adaptations serving to prevent 
infection, ranging from where to live or what to eat, all 
the way to whether or not to associate with other animals. 

Avoidance Is Not Free 

It is often said that there is no such thing as a free lunch: 
everything has a hidden cost. Thus, we cannot expect that 
avoidance of parasites is free. Whatever measures they use 
to prevent infections by parasites and pathogens, animals 
have to pay a cost in terms of reduced fitness (this also 
applies to postcontact defence measures, of course). For 
example, behavioral actions initiated to avoid parasites 
and pathogens may consume host energy that will subse¬ 
quently no longer be available for other purposes. Alter¬ 
natively, avoidance behaviors may take time away from 
other important activities such as searching for food or 
mates. The cost of avoidance may be small, but that does 
not mean that it is insignificant. In theory, in the complete 
absence of parasites and pathogens, these fitness costs 
result in a lower total fitness of resistant animals com¬ 
pared to susceptible ones (Figure 2). However, in the 
presence of parasites and pathogens, resistant animals 
achieve a higher total fitness compared to susceptible 
ones (Figure 2). The investment in avoidance measures 
pays off for potential hosts when the costs of avoidance are 
lower than the costs of infection. Only in this case will 


natural selection favor the evolution of avoidance 
mechanisms. In situations where the parasite is relatively 
benign, that is, it has hardly any effect on host fitness, and 
where avoiding it comes at some cost to the animal, we 
would not expect animals to bother trying to avoid 
infection. 

Note that in many cases avoidance mechanisms are 
inducible, that is, they are only triggered after parasites 
or pathogens are detected, such that their cost is only 
incurred when necessary. This is generally the case with 
behavioral avoidance measures: the animal only starts to 
behave in a defensive mode when the presence of para¬ 
sites is detected. Thus, the full cost of avoidance is not 
paid when there are no parasites around: this means that 
in Figure 2, the magnitude of the cost of avoidance would 
be even lower compared to the cost of infection. Inducible 
behavioral defences are also advantageous because by 
chance alone, many animals would never encounter para¬ 
sites anyway. Parasites are never distributed evenly among 
all individual hosts in an animal population, and thus it 
pays off to possess a defence mechanism that can only 
be turned on if and when needed. Behavioral avoidance is 
therefore a cheap method of preventing infection, one that 
should be greatly favored by selection in most animals. 

Ben Hart and others have stressed that two criteria 
have to be met before any particular avoidance measure 
can be accepted to function as an effective defence against 
parasites and pathogens. First, the parasites and pathogens 
in question have to exert detrimental effects on the host’s 
fitness. This may not always be as easy to demonstrate as 
one would think. Only in few cases are parasites and 
pathogens exerting dramatic effects on their hosts’ fitness, 
such as causing gross pathology or mass mortality. In the 
majority of cases, the effects of parasites and pathogens on 
their hosts are much more subtle. A healthy, well-fed, and 
nonstressed host may not suffer noticeably from moderate 
parasite and pathogen burdens. However, this might 
change when the host experiences periods of starvation 
and other environmental or social stressors, or when the 
host has to fight against conspecifics or has to escape from 
predators. In such cases, parasites and pathogens may act 
as additional stressors and cause a reduced fitness of 
infected hosts. Hence, seemingly benign parasites and 
pathogens may nevertheless have an important effect on 
their hosts under certain circumstances. Second, the 
avoidance measure in question has to be effective in pre¬ 
venting or reducing contact with parasites and pathogens. 
Although this is a logical criterion, the effectiveness of a 
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Figure 1 Examples of precontact avoidance measures as a first line of defence against different types of parasites and pathogens 
in birds. These are mainly behavioral measures to avoid contact with parasites and pathogens in the first place. Once a host has 
come into contact with parasites and pathogens, there is a second line of defence in the form of postcontact defensive measures 
that can be either behavioral, physiological, or immunological. 
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Figure 2 Mechanisms of parasite and pathogen avoidance or defence are costly and thus reduce the fitness of resistant hosts 
compared to susceptible hosts in the absence of parasites. However, in the presence of parasites, the fitness of resistant hosts is higher 
than that of susceptible hosts with the latter suffering more from the costs of an infection. Precontact avoidance and postcontact 
defensive measures can only evolve if the cost of infection exceeds the cost of avoidance and defensive measures. 
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particular behavior is often not rigidly tested and many 
reports of avoidance strategies are rather anecdotal. How¬ 
ever, circumstantial evidence generally supports the 
effectiveness of many avoidance behaviors, and there are 
also studies that quantitatively observed or experimen¬ 
tally tested the effectiveness of various avoidance mea¬ 
sures. The ideal test of these two criteria would involve 
the experimental manipulation of parasite burdens to see 
whether animals make the expected adjustments in their 
investment in avoidance measures, or the experimental 
impairment of avoidance mechanisms to see whether 
impaired hosts acquire more parasites than unimpaired 
controls, or some other rigorous experimental demonstra¬ 
tion. In the following section, various types of avoidance 
measures are discussed that animals have developed 
against parasites and pathogens, though it is pointed out 
right now that rigorous demonstrations of their adaptive 
nature is often lacking. 

Camouflage Against Infection 

Perhaps the simplest way to avoid infection is to avoid being 
detected by parasites. Just as prey species use shape and 
color to camouflage themselves from predators, potential 
hosts might use a similar approach to avoid attacks by 
parasites and pathogens. A particularly intriguing, though 
not properly tested, example of camouflage against parasites 
and pathogens involves the conspicuous pattern of black 
and white stripes of zebras. Jeff Waage has suggested that 
this peculiar fur coloration pattern may be a means to avoid 
bites by tsetse flies. Biting arthropods are generally attracted 
by large uniform surfaces, a behavior that is thought to 
help flies find large animals that serve as hosts. The patchy 
color pattern of zebras is thought to camouflage their actual 
size by breaking up the regular outline and shape of the 
animals, and may thus help to avoid fly bites. There is 
circumstantial evidence in support of this hypothesis. 
First, it seems that zebras are indeed rarely bitten by tsetse 
flies. And second, it appears that the color pattern is most 
pronounced in parts of Africa where the flies are most 
abundant. Hence, this avoidance measure seems to be effec¬ 
tive and could provide a benefit for zebras as it reduces the 
number of annoying and blood-letting bites as well as the 
risk of acquiring sleeping sickness or other pathogens trans¬ 
mitted by tsetse flies. 

No other examples of camouflage against parasites are 
known. However, it is easy to imagine that several aquatic 
animals could use chemical camouflage to avoid detection 
or recognition by the larval stages of digenean trematodes. 
The free-swimming infective larvae (miracidia or cercar- 
iae) of these parasites use chemical cues produced by their 
hosts to locate and identify animals such as snails or fish 
that they must penetrate and parasitize in order to survive 
and complete their life cycle. Trematode infection comes 


at a huge cost: parasitized snails are typically castrated 
permanently following infection, whereas other animals 
like fish that are infected by several trematode cercariae 
often incur greater risks of predation. Since trematodes 
use specific components of host mucus to find and recog¬ 
nize their hosts, one can speculate that natural selection 
would favor any host producing mucus with a different 
biochemical profile that would go unnoticed by the para¬ 
sites. There may indeed be many more cases of camou¬ 
flage, either visual or chemical, against parasite infection 
that have escaped the attention of biologists. 

Moving away from Parasites or Repelling 
Them 

x\nother way to avoid contact with parasites and patho¬ 
gens is simply to move away from them. Cattle sometimes 
literally run away when approached by biting flies, a 
behavior referred to as gadding. The same behavior can 
be observed in other large grazing mammals like mule 
deer and elk that, by doing so, avoid not only annoying 
and blood-letting bites but also potential additional infec¬ 
tions by pathogens transmitted by the flies. Fish can also 
avoid infections by moving away from infectious agents. 
Rainbow trout avoid eye fluke (trematode) infections by 
moving away from the infective cercarial stages of these 
debilitating parasites that use trout as second intermedi¬ 
ate hosts in their life cycle. The parasite encysts in the 
eyes of the fish and heavy infections cause cataract that 
impairs the vision of infected fish. This in turn reduces 
the feeding ability and growth of the fish, as well as 
increasing their risk of predation. Avoiding infections 
with eye flukes by moving away from infective stages is 
thus of obvious advantage for trout. 

Besides moving away from parasites and pathogens, 
staying away from potentially infected individuals is 
another avoidance strategy. In particular, avoiding contact 
with dead conspecifics may be a successful strategy because 
their death may have been caused by parasites or patho¬ 
gens. Wild geese provide an example of such behavior as 
they avoid close contact with birds that died of avian 
cholera and thus avoid contact with the contagious stages 
of the pathogen. More generally, staying away from sick- 
looking individuals would also be of great benefit. Who 
among us would get close to or willingly embrace a friend 
with a runny nose and a persistent cough? 

If moving away from parasites and pathogens is not an 
option, potential hosts can still avoid contact with some of 
them by various body movements. For example, there are 
various fly-repelling behaviors that effectively reduce the 
number of fly attacks. In ungulates, ear twitching, head 
tossing, leg stamping, muzzle flicking, muscle twitching, 
and tail switching are common ways to avoid attacks by 
flies. These behaviors help to avoid or reduce the pain and 
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loss of blood caused by biting flies, and also reduce the 
number of eggs deposited by parasitic warble or bot flies. 
They may also help against fly-borne pathogens. Small 
mammals and birds show similar avoidance measures like 
tail and ear flipping, face rubbing, foot stamping, bill 
snapping, head shaking, and wing flapping. These body 
movements protect them from loss of blood to mosquitoes 
and other flies as well as mosquito-borne pathogens like 
malaria. A less demanding way of avoiding parasites and 
pathogens may simply involve changes in body posture. 
The sleeping posture of birds, for instance, in which a bird 
often sticks its head under its plumage and stands on just 
one leg, can do the trick. This posture reduces exposure of 
the feather-free parts of the bird’s body to mosquitoes. As 
mosquitoes transmit serious pathogens like avian malaria, 
this behavior protects potential hosts from infection. 
Native Hawaiian birds reportedly slept with their heads 
and legs exposed and not covered in their plumage before 
the arrival of mosquito-borne avian malaria with intro¬ 
duced birds. Today, the sleeping posture of Hawaiian 
native birds is similar to that of birds from other localities 
where avian malaria is common, indicating that this 
behavior might be an effective pathogen-avoidance mea¬ 
sures that has been adopted by surviving native species. 

Habitat Choice, Habitat Modification, and 
Migration 

If parasites and pathogens are associated with certain 
habitats, animals can avoid infections by choosing a dif¬ 
ferent microhabitat within the area, modifying their habi¬ 
tat to make it less hospitable to parasites, or moving to 
another geographically distant habitat. As an example of 
microhabitat selection on a small scale, consider the ovi- 
position behavior of female mosquitoes. It has been shown 
experimentally that female mosquitoes avoid water con¬ 
taining heavily parasitized mosquito larvae when they lay 
their eggs. Although the trematode parasite infecting the 
larvae is not transmitted from larva to larva, infected 
larvae indicate the presence of the first intermediate 
snail host from which the cercariae that infect the larvae 
originate. Since trematode infection can be fatal to a 
mosquito larva, the mother’s decision to lay her eggs in a 
particular site can have a devastating consequence for her 
offspring, and the ability to use chemical cues to detect 
the presence of the parasite is very advantageous. By 
avoiding habitats with the snail present, female mosqui¬ 
toes in search of a pool of water in which to lay their eggs 
can thus reduce the infection risk for their offspring. 
Gray tree frogs show a similar avoidance behavior when 
depositing their eggs, that is, they use chemical cues to 
avoid sites where the snail intermediate host of a debil¬ 
itating trematode parasite is present. The right choice of 
habitat can protect offspring from parasites and pathogens, 


but it may also be an important avoidance measure for 
adult animals. For example, when horse flies are abundant, 
hippopotamuses avoid foraging on land and remain 
submerged in water for longer periods. 

In birds, the choice of nesting habitats can help to 
avoid parasites and pathogens. Several field experiments, 
mostly using next boxes in which parasites can be added 
or removed, have shown conclusively that birds are sensi¬ 
tive to the risk of infection when selecting a nest site. For 
example, great tits consistently choose parasite-free nests 
and avoid nests where ectoparasitic fleas are present. 
Similarly, cliff swallows are able to recognize old nests 
infected with ectoparasitic flies when they return to their 
nesting areas after migration, and then select only the 
cleanest nests. Sometimes the reuse of old nest sites will 
invariably result in high infection risk; in these situations, 
it pays to either modify these sites prior to reusing them 
or to create new ones. Many passerine birds do not bother 
to identify clean nests and prefer to build new, uninfected 
nests and thus avoid contact with ectoparasites by creating 
their own parasite-free habitat. An even more sophisti¬ 
cated way of ensuring a parasite-free habitat is the use of 
green plant material for nest construction that repels 
parasites and pathogens due to secondary plant metabo¬ 
lites. This practice has been particularly well documented 
in European starlings. These birds regularly include 
green leaves among the twigs making up their nest. The 
leaves are not just a random sample of leaves from local 
trees; instead, they are selected only from one or two 
specific tree species in which the leaves exude chemicals 
that either repel or even kill arthropod ectoparasites such 
as lice or mites. This good example of habitat modifica¬ 
tion leads to a parasite-free space in which the birds can 
rear their offspring. 

Habitat choice in relation to the presence of parasites 
and pathogens can also occur on a larger scale in the form 
of animal migration. For example, the seasonal migrations 
of reindeer may be, at least in part, related to a parasitic 
fly that lays eggs under the reindeers’ skin. The larvae 
leave the skin after 3-4 months and drop to the ground to 
pupate. With the emerging adults the cycle starts again, 
and the number of pupae on the pasture determines the 
infection levels experienced by reindeer. In migratory 
herds, fewer parasitic fly larvae are found in the skin, 
which probably results from lower numbers of pupae 
dropped within their summer pastures by migratory 
herds compared to the higher numbers on pastures 
where animals have been present all year round. Migrat¬ 
ing to habitats with a lower parasite and pathogen pres¬ 
sure is a strategy adopted also by caribous. During their 
summer grazing, they migrate to higher altitudes, where 
mosquitoes are less common compared to lower altitudes. 
Another particularly intriguing example of migration 
related to parasite and pathogen presence comes from 
Hawaiian birds. With the introduction of avian malaria, 
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many native birds became extinct at the beginning of the 
last century. In contrast to the introduced birds, the native 
species were highly susceptible to the pathogen. While 
the invaders subsequently took over the lowland forest 
areas, some native birds survived by moving to higher 
mountainous zones, where avian malaria is absent. The 
birds now migrate downwards to lower areas during the 
day to feed while the mosquitoes are largely inactive. 
They then return to their high-altitude roosts in the 
evening before the mosquitoes become active again. 
Animals are therefore not at the mercy of parasites within 
their habitat: they can move, on small or large scales, to 
habitats that present lower risks. 

Choosing What to Eat 

You are what you eat; or at least you harbor the parasites 
that you eat. In all cases where parasites and pathogens are 
acquired during foraging and food consumption, potential 
hosts can avoid infections by feeding selectively on safe 
food items. For grazers, a very simple strategy is to avoid 
foraging on patches of grass contaminated with the feces 
of other grazers. The feces of animals often contain eggs 
and larvae of parasites, and other animals can become 
infected by feeding on contaminated pasture. Intestinal 
nematodes are often transmitted in this manner, and they 
can be particularly costly in terms of host fitness (i.e., 
reduced growth) when they reach high numbers in a 
host. In order to avoid becoming infected with these 
parasites or other pathogens, horses, cattle, sheep, and 
presumably other ungulates avoid grazing or browsing 
on forage in close proximity to recently dropped feces. 
It is probably the odor of feces that helps to avoid con¬ 
taminated patches. Horses are reported to be even more 
restrictive in their feeding behavior, as they feed in certain 
areas and defecate in others. 

It is not just herbivores feeding on contaminated pas¬ 
ture that are at risk: carnivorous animals can also become 
infected with parasites and pathogens via infected prey. 
Many parasites use complex life cycles including inter¬ 
mediate hosts, and transmission to final hosts is often 
achieved by predation. In this case, a good avoidance 
measure for the predator serving as final host should be 
to avoid consuming infected prey. Infected prey can be 
identified either directly by, for instance, visual or olfac¬ 
tory clues, or by indirect estimates of the severity of 
infection using some kind of proxy. It must be pointed 
out here that prey serving as intermediate hosts for para¬ 
sites often display aberrant behaviors or appearance, in 
what appears to be a manipulation of the host’s phenotype 
by the parasite. The manipulated hosts are more visible, 
and often more susceptible to predation by the parasite’s 
final host. Why is it that if a parasitized prey is visually 
very distinct from a nonparasitized one, predators still 


choose the parasitized prey? Should natural selection 
not favor picky predators that discriminate against para¬ 
sitized prey and thus avoid acquiring parasites? Well, no, 
according to a cost-benefit analysis of these situations 
based on optimal foraging principles. There are costs 
associated with prey capture, such as time and energy 
spent searching for and handling the prey. Presumably, 
the more visible parasitized prey are cheaper in that sense, 
being easier to see and capture. If the cost that comes with 
acquiring a parasite from these prey is very small, that is, 
smaller than the total cost of prey capture, then the 
predator actually benefits from selectively feeding on 
parasitized prey. Thus, in their coevolutionary arms race 
with hosts, many parasites avoid discrimination against 
their intermediate hosts by predatory definitive hosts by 
being not harmful to the latter. 

The situation can be more complex, of course, as 
illustrated by the following example. Oystercatchers 
have been reported to reject their clam prey when it is 
infected with a particular trematode parasite, probably 
because they can notice the parasites because of their 
bright coloration. In this case, the predator can see the 
parasite directly, but otherwise parasitized prey are not 
easier to detect and capture than nonparasitized ones, and 
so they should be avoided. In cases where the direct 
detection of parasites is not possible, oystercatchers follow 
a different strategy. Their favorite prey are cockles, abun¬ 
dant bivalves infected with small larval stages of trema- 
todes that utilize the birds as final hosts. The infective 
stages are so small that visual inspection is not possible, 
and thus the oystercatchers employ an indirect avoidance 
strategy. In general, the energy intake to oystercatchers 
resulting from ingesting a single cockle is positively cor¬ 
related with the cockle size, but with increasing size 
cockles also contain higher loads of the larval trematodes 
(Figure 3). Although they would be more profitable in 
terms of energy intake, oystercatchers avoid large cockles 
and preferably prey upon smaller sizes. This is considered 
to be an avoidance mechanism against acquiring high 
parasite loads. However, total avoidance is not possible 
in this case as all cockle size classes are infected with 
parasites to some degree. 

There may also be food-related avoidance mechanisms 
in humans. For example, disgust as a human emotion 
might have evolved to protect us from the risk of disease 
by preventing us from ingesting potentially infectious 
food items. It might also work with nonfood acquired 
parasites, as disgust responses in test persons are also 
common to other objects in the environment that repre¬ 
sent potential threats in terms of infection, like images of 
wounds, sick people, and ectoparasites. Another way 
humans avoid contact with infective agents might be use 
of spices in cooking. When the frequency of spice use in 
meat-based recipes was compared among 36 countries 
and correlated with the local temperature regimes, an 
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Figure 3 Selective prey selection can help to avoid acquiring parasites and pathogens. Oystercatchers take smaller cockle prey 
individuals with suboptimal energy gains. Smaller cockles harbor fewer infective stages of trematode parasites (green dots), which 
utilize the birds as final hosts, compared to larger cockles. By preferring smaller cockles the birds thus reduce their parasite intake 
and avoid acquiring high loads of parasites. Total avoidance of parasites is not possible in this case because all cockle sizes are 
infected to some extent. Schematic graph based on Norris K (1992) A trade-off between energy intake and exposure to parasites in 
oystercatchers feeding on a bivalve mollusc. Proceedings of the Royal Society of London Series B 266: 1703-1709. 


interesting pattern emerged. As mean annual tempera¬ 
tures (being a proxy for the relative spoilage rates of 
unrefrigerated foods) increased, the proportion of recipes 
containing spices as well as the number of spices per 
recipe and the total number of spices used increased 
(Billing and Sherman, 1998). As spices often contain anti¬ 
microbial secondary metabolites (with garlic, onion, oreg¬ 
ano, thyme, cinnamon, tarragon, cumin cloves, lemon 
grass, bay leave, capsicums, and rosemary being effective 
against >75% of bacteria tested), the use of spice might be 
an effective prophylaxis against pathogen contact. Canni¬ 
balism taboos might serve a similar function and prevent 
contact with parasites and pathogens. Such aversion to 
cannibalism can also be found in various animals and 
might be a very general avoidance measure against para¬ 
sites and pathogens. 

Joining Others to Form Groups 

Group-living is often thought as mostly an adaptation 
against predation: think of a school of fish or a herd of 
wildebeests. Forming groups can also help to avoid para¬ 
sites and pathogens. In fish, schooling can protect individual 
hosts from free-swimming, blood-sucking crustacean para¬ 
sites. In experimental situations, sticklebacks exposed to 
the highly mobile crustacean ectoparasite Argulus canadensis 


formed larger schools than control fish kept in identical 
conditions but without parasites. In addition, the attack 
success of the ectoparasite decreased as the size of the 
school it attacked increased. Similarly, in birds and mam¬ 
mals, individual hosts experience reduced fly bites with 
increasing group size (dilution) as long as the larger group 
does not attract more flies per capita due to its higher 
visibility (encounter). This has been coined the 
encounter-dilution effect. A good example of this phe¬ 
nomenon is seen in heifers, which usually graze in a 
normally dispersed manner on the pasture. However, 
when heifers are attacked by horse flies, they form grazing 
lines and continue grazing by moving along parallel to 
each other with the dominant animals well protected in 
the center. If the horse fly attacks become more severe, the 
heifers will stop grazing and form bunches. With this 
behavior, the heifers reduce the number of bites per 
individual and thus protect themselves from annoying 
bites and also from transmission of arthropod-borne 
pathogens. However, this dilution effect resulting from 
grouping only works against attacks of biting flies that 
satiate after biting one or two hosts. Otherwise grouping 
might actually increase the risk of becoming bitten. 
Besides cattle, caribou, reindeer, horses, and primates 
are known to form larger groups when biting fly intensity 
is high, and some studies have shown that denser grouping 
actually reduces the number of bites per host. Grouping is 
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also an effective avoidance measure against parasites and 
pathogens in birds. Black grouse in Finland are often 
harassed by black flies during summer. By grouping 
together, grouse reduce their individual risk of getting 
bitten by these flies. As black flies transmit the two most 
common blood parasites of grouse, this behavior is an 
effective avoidance measure and a convincing example 
for the encounter-dilution effect in birds (Figure 4). 

To protect themselves even more, individual hosts can 
position themselves in the center of a large group and thus 
further reduce the risk of contact with parasites and 
pathogens. This is called the selfish-herd effect; it can 
help individual hosts to avoid fly bites and potential 
subsequent infections with pathogens if they manage to 
position themselves in the center of a group where expo¬ 
sure is lower than at the periphery (Figure 4). While there 
are only a few tentative examples from birds, this avoidance 
strategy has been well documented in mammals. In rein¬ 
deer calves parasitized by warble flies, individual parasite 
load not only decreases in larger groups because of the 
encounter-dilution effect, but also decreases with body 
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Figure 4 Forming groups can help to avoid parasites and 
pathogens. In birds and mammals, individual hosts suffer from 
reduced fly bites (green dots) per capita with increasing group 
size (dilution), as long as the larger group does not attract more 
flies due to a higher visibility (encounter). Positioning 
themselves at the center of a large group can also help 
individual hosts to avoid fly bites and potential subsequent 
infections via the selfish-herd effect. 


mass of individual calves. In reindeer, body mass is itself 
positively correlated with fitness and social status, and 
heavier individuals are thus better able to occupy the best 
central positions within the herd that provide protection 
from fly bites via the selfish-herd effect. 


The Evolutionary Ecology of Avoidance 

Avoidance is only the first line of defence, and natural 
selection has favored other safeguards in case avoidance 
fails. This second line of defence ranges from mechanical 
and physiological barriers, behavioral defences like 
grooming and preening, all the way to immunological 
defenses. We seem to know much more about the function 
and costs of these postcontact defensive measures, espe¬ 
cially immune responses, than we do about avoidance 
behaviors. Although some behaviors, like nest site selec¬ 
tion in birds, have been thoroughly studied using an 
experimental approach, many other apparently efficient 
avoidance mechanisms are only supported by anecdotal 
or circumstantial evidence. These suggest that much of 
what an animal does is aimed at avoiding parasites, and yet 
several important questions about the evolution and ecol¬ 
ogy of parasite avoidance remain unanswered. Most of 
these questions could be tackled using either an experi¬ 
mental or a comparative approach. What is the actual cost 
of avoidance behaviors? How have avoidance behaviors 
evolved, and were they originally serving a different pur¬ 
pose before being co-opted for defence against parasites? 
Is the diversity of avoidance behaviors shown by an ani¬ 
mal, or the time and energy invested in their expression, 
roughly proportional to the number of different parasite 
species, their virulence, or their local abundance, that this 
animal faces? Many more questions come to mind, but the 
main one concerns the effectiveness of avoidance beha¬ 
viors. Clearly, parasites are doing well: some estimates 
suggest that more than half of living species are parasitic 
and that all the remaining free-living animals have para¬ 
sites. Within any vertebrate population, it is almost 
impossible to find a single individual that does not harbor 
at least some parasites. It is easy to argue that many 
individuals escape predation and hence that antipredation 
behaviors must work. But no one escapes parasitism. Still, 
it may be that antiparasite defences are very efficient and 
that the average number of parasites per host would be 
several times higher without these defences. 

See also: Intermediate Host Behavior; Parasites and 
Sexual Selection; Threespine Stickleback. 
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An inhabitant of most of the Holarctic (with the exception 
of Greenland and Iceland), the barn swallow is the most 
widespread species of the swallow family, Hirundinidae. 
The extensive breeding range of the barn swallow is 
believed to be due to their close association with human 
populations. On the basis of human colonization patterns 
across Eurasia and recent studies of the colonization of 
swallows, it appears that this close association with humans 
has persisted for millennia. Indeed, nearly everywhere you 
find a barn, building, or bridge, especially if these are 
situated near water and fields, you find the swallow’s 
mud cup nest tucked in under the eaves or constructed 
along beams and planks. As such, the barn swallow, or 
simply the swallow as it is called throughout much of its 
range, is well known. Swallows are also well-loved as 
evidenced by hundreds of examples of their portraiture 
in fine and folk art. Some of the earliest discoveries of barn 
swallow art date back to the Bronze Age: Recent discov¬ 
eries of cave paintings from the ancient society, Thera, 
feature swallows in flight fighting over feathers used as 
nest lining - a behavior that persists even today! 

Formal studies of barn swallow behavior began with 
publications in the early part of the last century and 
number well into the high hundreds. These studies repre¬ 
sent a tremendous amount of breadth ranging from classic 
ethological studies of parental behavior to sophisticated 
molecular studies of physiology and reproductive biology. 
Much of the detail of this research is covered in one of two 
academic books published on barn swallows. The first, 
written by Anders Moller in 1994, focuses on sexual 
selection, with an emphasis on the author’s incredible 
long-term data set on swallows. The second, published 
very recently (in 2006, entitled The Barn Swallow) by 
Angela Turner is a comprehensive review, ranging from 
conservation status to taxonomy. In this short review, it is 
difficult to even scratch the surface of the incredible 
wealth of knowledge accumulated on this 17—20 g bird, 
and I will first focus on a trait that these birds are arguably 
the most famous for: their tail streamers. Indeed, much 
research on the barn swallow revolves around this trait 


(Figure 1), as their streamers impact mate-selection, nest 
construction, flight aerodynamics, parental care (Figure 2), 
and physiology. Moreover, the tale of tail streamers 
has as many interesting twists and turns as this trait 
causes its bearer to make in flight; the tail of the swallow 
appears to be constantly evolving and changing in differ¬ 
ent ways depending on where one studies it. Even within 
populations, there is much debate on the kind of informa¬ 
tion this trait conveys to conspecifics. In the latter half 
of this review, I summarize what is known about the 
fascinating variation in the social behavior of swallows. 

For Fancy, or Flight, or Both: 

The Controversy About Tails 

One of the best-known articles on barn swallows was 
written by Anders Moller in 1988. This article, published 
in Nature and cited over 300 times, employed techniques 
of tail manipulation pioneered by Make Andersson to 
examine the relationship between the streamer length of 
male barn swallows and their mating success. The elegant 
experimental design involved looking at the pairing dates 
of males randomly assigned to four treatment groups: 
males whose streamers were artificially elongated by 
20 mm, males whose streamers were artificially shortened 
by the same length, control males whose streamers were 
cut and reglued, and yet another control group of males 
whose streamers were not manipulated at all. 

That males with elongated streamers attracted mates 
earlier than their neighbors with short-streamers was the 
first demonstration of a causal relationship between male 
tail length and female mate choice. Indeed, since that 
article and the dozens that have followed it, tail streamers 
in the European population of the barn swallow H. rustica 
rustica have become a textbook example of sexual selec¬ 
tion. Experimental and correlational studies show that 
females prefer males with the longest tail streamers, and 
among paired individuals, female tail length is positively 
correlated with male streamer length, providing evidence 
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Figure 1 A North American swallow (H. rustica erythrogaster) in 
flight. In North American populations of barn swallows, ventral 
plumage color is typically darker compared to the European 
nominate subspecies (H. rustica rustica), whereas tail streamers 
are shorter. Photo credit: © Marie Read. 



Figure 2 A North American swallow attending young nestlings. 
Both males and females participate in feeding of shared 
offspring, although paternity is typically mixed within each brood. 
Interestingly, the degree to which males participate in incubation 
varies among subspecies of swallows, males participating to a 
greater degree in North America compared to Europe. Photo 
credit: © Marie Read. 


for assortative mating on the basis of this trait. Long-tailed 
males produce the most offspring (in their first clutch and 
total number of young per season) each year because they 
pair and breed earlier and successfully fledge more broods 
than males with shorter tails. 

Of course, merely counting the number of chicks in the 
nest that a male is provisioning is not enough to truly 
understand his evolutionary fitness. Barn swallows, like so 
many other social animals, have complicated sex lives. 
They form a cooperative social pair bond that can last 
throughout an entire breeding season, or longer, but they 
also pursue extra-pair mating strategies on the side. 
Indeed, molecular parentage analyses provide the only 
definitive way to measure the reproductive activities of a 


male; use of these methods allows for more accurate 
assessment of the amount of sexual selection associated 
with streamer lengths. 

To confirm the correlation between a male’s streamer 
length and his social mating success, researchers in 
Europe also showed that males with the longest streamers 
enjoy a significantly greater share of paternity in their 
nests and the nests of others, relative to their short- 
streamered neighbors. In fact, Saino and collaborators 
replicated Moller’s classic tail manipulation experiment to 
look for paternity differences among males in the four 
treatment groups and as predicted, found that males 
whose streamers were elongated sired more offspring 
in their nests and those of others compared to males in the 
shortened and control groups. Studies of extra-pair mating 
strategies in other populations of barn swallows (throughout 
Europe and North America) found that the percentage of 
broods with extra-pair young ranges from 33% to 50%. As 
shown in the Geographic Variation section of this article, 
the relationship between extra-pair mating success and 
ornamental traits becomes very important when comparing 
the role of sexual selection for shaping male appearance 
both within and among populations of swallows. 

But tail streamers are also critical to barn swallow 
flight performance, as they need to function efficiently 
for these acrobatic aerial insectivores. For evidence that 
tails are important outside of mating, one needs to look no 
further than female and juvenile barn swallows - they too 
exhibit extensively forked tails. Research has also shown 
that males with the longest tail streamers pay costs asso¬ 
ciated with bearing this trait. A year after publishing his 
first experimental paper on tail streamer manipulations, 
Moller demonstrated lower survival for males carrying 
elongated streamers, suggesting that these traits are cum¬ 
bersome in flight. 

If longer streamers impose a burden, this trait could 
convey honest information about a male’s ability to bear 
the costs of his long tail and also to maintain a high- 
quality nest location. Interestingly, rather than appearing 
to be solely under directional sexual selection (as would 
be predicted if long streamered males were always chosen 
as the favorite mates), this trait appears to be an interest¬ 
ing balance of both sexual and natural or survival-based 
selection. Previous studies suggest that individuals with 
longer streamers suffer from impaired aerodynamic per¬ 
formance that may result in lower foraging efficiency. 
Swallows with too short a set of streamers also suffer 
from reduced flight skills. The balance between too long 
and too short implies that natural selection already 
shaped the morphology of this species to accommodate 
elongation and sexual dimorphism of tail streamers. It 
appears that tail streamer lengths represent a tug of war 
consequence between sexual and natural selection; how 
much of each form of selection has contributed to the 
evolution of this trait has generated great controversy, 
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stirred by the elegant aerodynamic performance studies of 
Matthew Evans and colleagues since the 1990s. 

Recently, a novel set of experiments conducted by Jakob 
Bro-Jorgensen, Rufus Johnstone, and Matthew Evans uti¬ 
lized an individual-based approach to identify the extent 
to which variation in the length between a male’s strea¬ 
mers either reflects differential ability to withstand the 
costs of ‘too long’ streamers, as predicted by sexual selec¬ 
tion, or represents the individual-specific match between 
body size and tail streamer length to optimize flight and 
foraging performance, as predicted by survival-based natu¬ 
ral selection. Through the analysis of aerodynamic perfor¬ 
mance in a flight maze after a series of manipulations of the 
same individuals’ tail lengths, these researchers, working 
in a Scottish population of swallows, worked out the 
relative importance of natural and sexual selection con¬ 
tributing to the variation in the length of the tail streamer. 

The conclusions of this article are surprising as they 
found no evidence to support the prevailing view that the 
sexually selected component of this trait reflects individ¬ 
ual variation in some aspects of male quality which would 
serve as advertisements to choosy females or competitive 
males. Instead, the authors suggest that the optimal streamer 
length for flight varies significantly among males, but that 
the additional component of the streamer - assumed to be 
caused by sexual selection - does not. The conclusion, 
which counters the patterns predicted for variable sex- 
dimorphic traits under sexual selection, is that the naturally 
selected - and not the sexually selected - component of the 
streamer conveys information about a male’s flight and 
foraging performance, leaving open the question of why 
streamers are elongated past this optimal value. To interpret 
their findings, Evans and colleagues speculate that tail 
streamer lengths may simply serve to signal the age and 
sex of the individual (adult male vs. female or juvenile). 
Further experimental studies that adopt this highly power¬ 
ful within-individual experimental approach with addi¬ 
tional treatments related to mate-selection may provide a 
definitive test for understanding the likely contributions of 
both sexual and natural selection on this trait. 

Geographic Variation in Phenotypes 

The pursuit of whether natural selection, sexual selection, 
or likely both cause streamer elongation is far from over. 
Intriguing phenotypic differences in tail streamer length 
and plumage color exist among the six most well-known 
subspecies of barn swallows (it is speculated that there are 
several more subspecies throughout the enormous breed¬ 
ing range of swallows). Combinations of tail and color are 
not correlated, that is, dark color does not come with 
longer streamers and statistically, variation in one trait 
does not at all predict variation in the other. Looking at 
the average phenotypes of males from throughout the 


Holarctic region, one sees nearly all possible pair-wise 
combinations of color and streamer length. Males of 
European H. rustica subspecies swallows have nearly 
the palest ventral color and the most exaggerated tail 
streamer lengths of all of the barn swallows, while swallows 
from the North American populations are substantially 
more colorful, with streamers that are among the shortest 
of all subspecies (Figures 1 and 2). Intriguingly, popula¬ 
tions from the two Middle Eastern subspecies ( savignii 
along the Nile and transitiva throughout Israel, Lebanon, 
Jordan, and Syria) have combinations of dark plumage 
coloration with streamer lengths that are almost the 
same as those of the European subspecies. Populations in 
northern Asia ( H. rustica tyleri) possess intermediate values 
of streamer lengths and feather color relative to their 
conspecifics while H. rustica gutturalis, which occurs 
throughout much of Asia, has among the least exaggerated 
features of all, with the palest ventral color and shortest 
tail streamers. Though differentially sexually dimorphic 
with respect to both streamer lengths and color, differ¬ 
ences in female morphology are highly concordant with 
differences in males throughout the entire range of this 
species complex. Ongoing research is focused on deter¬ 
mining the underlying causes of these fascinating pheno¬ 
typic differences. 

Differential Sexual Selection? 

What causes differences in the phenotypic variation 
among the subspecies of barn swallows? Three ecological 
variables are likely to play a key role. First, most popula¬ 
tions are migratory but the Middle Eastern populations 
are not. Second, there are interesting differences in the 
extent to which males participate in parental care. Finally, 
latitudinal differences in streamer length (longer in the 
north for the most widespread populations in Europe 
and North America, though not a sweeping generalization 
for the species complex as a whole) are the rule, though 
this pattern remains unexplained. Sexual selection is 
also likely to be playing a role, since many of the phenotypic 
differences among populations are seen in sexually dimor¬ 
phic traits. The hypothesis that sexual selection operates 
differently on streamer length and color among various 
populations is under current study in three subspecies: 
H. rustica rustica , H. rustica erythrogaster. ; and H. rustica transi- 
tiva , for which phenotype manipulation experiments will 
likely reveal interesting differences in the role of mate- 
selection decisions related to these traits. 

Sexually selected traits are often sexually dimorphic, 
predict patterns in mate-selection, and show a relationship 
with various measures of reproductive success. While 
streamer lengths are sexually dimorphic in North America 
(though to a lesser extent than the dimorphism of strea¬ 
mers in western Europe), studies of the sexual selection of 
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tail streamers of North American populations of barn 
swallows have yielded mixed results, with an overall 
impression that sexual selection is at the very least a lot 
weaker on this trait in North America. For example, 
streamer variation in males and females does not predict 
patterns of assortative pairing in H. rustica erythrogaster ; as is 
the case in European populations. Male streamer length is 
not a predictor of many measures of seasonal reproductive 
success in most correlational data sets, with the exception 
of a paternity study conducted by Oddmund Eleven and 
colleagues that I describe later in this article. Collectively, 
these results may indicate reduced or absent sexual selec¬ 
tion on this trait in this continental population. 

Some other interesting comparisons between studies of 
males in North America and Europe are also noteworthy; 
Nicola Saino and colleagues reported a significant posi¬ 
tive association between streamer length and the propor¬ 
tion of offspring sired in first breeding attempts in a 
northern Italian population of barn swallows, whereas 
Colby Neuman and others found no association between 
these two variables in North America using the same test 
statistic. Likewise, Anders Moller and colleagues report a 
significant linear relationship between the proportion of 
offspring sired by the resident male of the nest in relation 
to his streamer length from a population near Milan, Italy, 
whereas no such relationship was found in males from 
Ithaca, New York, using the same type of data analyses. 
Anders Moller and Hakan Tegelstrom, in the late 1990s, 
reported a negative correspondence between the propor¬ 
tion of broods being sired by extra-pair males and the 
streamer length of the male nest owner in a population in 
Denmark, indicating that longer-tailed males are less 
likely to be cuckolded. However, using the same statistical 
data analyses, Rebecca Safran and colleagues found no 
such correspondence between a male’s streamer length 
and his probability of being cuckolded. 

To date, only one study has experimentally manipu¬ 
lated the streamer length of North American barn swal¬ 
lows. Unfortunately, this experiment, designed to replicate 
Moller’s 1988 study, is difficult to interpret because of 
the small sample sizes. Though Hendrik Smith and colla¬ 
borators found that males whose streamers were experi¬ 
mentally elongated attracted social mates earlier in the 
breeding season than those whose streamers were short¬ 
ened, these long-tailed males received less paternity from 
their social mates, compared to males with shortened 
tails. Interestingly, Oddmund Eleven went back to the 
same study sites in Ontario, Canada, nearly 15 years after 
the original experiment was published to conduct a large 
paternity study. Eleven and colleagues report that males 
with naturally long streamers received extra-pair benefits 
from females outside their social pair bond, but not within- 
pair benefits from their own mates, compared to their 
shorter-streamered neighbors. It is difficult to reconcile 
these results with others conducted on this subspecies; and 


as previously mentioned, large-scale tail manipulation 
experiments in North American populations of barn swal¬ 
lows currently underway, are sorely needed. 

The Color of Feathers 

If tail streamers do not drive mate choice, what does? 
Recently, Rebecca Safran and Eevin McGraw found that 
ventral coloration, not streamer length, is correlated with 
patterns of pairing and seasonal reproductive success in a 
population of North American barn swallows. Experi¬ 
mental manipulations of male coloration demonstrated 
that individuals use this trait to assess male quality. 
Feather color in barn swallows is derived from melanin- 
based pigments; these are produced by the birds and, as 
such, do not reflect an individual’s diet directly, as is the 
case with the beautiful pink feathers of the flamingo or the 
bright red beak of the zebra finch. Though we know little 
about why females might favor the use of color for mate- 
selection in one population and streamer length in 
another, Safran and colleagues recently demonstrated a 
causal relationship between coloration and testosterone, 
a sex steroid often linked with aggressive and sexual 
behavior. Darker males with higher levels of circulating 
testosterone in the early part of the breeding season may be 
more competitive for high-quality nesting territories. Fur¬ 
ther studies on the underlying production costs of strea¬ 
mers and ventral color would be particularly illuminating. 

Explanations for Geographic Variation 
in Tail Streamers 

There is mounting evidence that the function of elongated 
streamers varies between European and North American 
populations, and perhaps others including H. rustica tran- 
sitiva in Israel. 

Interestingly, despite latitudinal variation in streamer 
lengths in European populations so that males in Denmark 
have longer streamers compared to males in Italy, the 
function of streamers, in terms of the benefits of social 
and genetic reproductive success, does not vary tremen¬ 
dously between these two populations. Although the 
breeding latitude of males in North America most closely 
corresponds to males in the Italian study areas, there were 
no similarities in the benefits from elongated streamers 
in a population in New York compared to males in the 
intensively studied population near Milan. In the Italian 
population benefits associated with this sexual signal are 
apparent, while they are not in New York. Considered in 
concert, the results of studies in North America demon¬ 
strate that the pattern of sexual selection on tail streamers 
varies geographically. Hendrik Smith and Robert Mon¬ 
tgomerie suggest that this geographic variation may relate 
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to differences in male behavior during the incubation 
period, as male barn swallows in North American spend 
~12% of daylight hours on the nest during the incubation 
stage of the breeding cycle, while males in the European 
population do not participate in incubation. It is possible 
that the longer-tailed males in North America may be at a 
higher risk of tail streamer breakage during incubation at 
nests as streamers often brush against a wall or roof. The 
resulting broken streamers may be shorter than the aerody¬ 
namic optimum, thereby decreasing the fitness of the bird. 

This explanation is not entirely compelling because 
the average length of male streamers in North America 
is equivalent to those of females in Europe. The females’ 
streamers would be even more subject to abrasion during 
entry into the nest as the female is the sole incubating 
parent in that population. Potentially, males in North 
America have less time to forage because of their incuba¬ 
tion duties, and therefore they must be more efficient 
flyers. The additional time constraint of incubation may 
be sufficient enough to select against those individuals 
whose tails are beyond the aerodynamic optimum. Con¬ 
sistent with this explanation, previous studies have found 
that only a small distal region of the tail streamer 
(~10—15 mm) in the European population appears to be 
under sexual selection, while the majority of the tail 
streamer length has evolved to a naturally selected aero¬ 
dynamic optimum that is very similar to the shorter mean 
streamer length in the North American population. 

Because male ventral coloration predicts patterns of 
social and genetic reproductive success, in addition to 
influencing his mate’s rate of parental care (females feed 
more to shared offspring when paired to darker males, 
Figure 2), feather coloration may be a more reliable 
signal of male quality than tail streamer length in North 
American populations. As mentioned earlier, the jury is 
still out as to why this trait might be more informative 
than streamer lengths. 

Sociable Swallows 

The physical appearance of barn swallows is not the only 
highly variable feature of this fascinating species. In fact, 
early studies of this species by Barbara Snapp in Ithaca, 
New York, and later by Anders Moller in Denmark and 
William Shields in a separate population in northern 
New York focused on variation in the sociality of barn 
swallows. Throughout their extensive breeding range, 
barn swallows breed in solitary pairs or with groups of 
conspecifics; they are not obligately social breeders. Typi¬ 
cally, colony sizes range from 2 to 200 breeding pairs, with 
the majority of individuals breeding either solitarily or in 
groups ranging from 9 to 35 pairs. 

Early studies demonstrated few benefits and many costs 
for group breeding for barn swallows. Barbara Snapp’s 


pioneering studies of social behavior found none of the 
benefits to group-breeding barn swallows that are typically 
found in other highly social organisms. Barn swallows in 
her study area near Ithaca, New York, received no benefits 
from social foraging or collective predator defense. Snapp 
concluded that barn swallows breed in groups as a function 
of limited nest sites. Similarly, Anders Moller, working in 
Denmark, found no net social foraging benefits to group 
breeding, yet he did detect slightly shorter reaction times 
in larger colonies to the experimental presentation of a 
potential nest predator. 

Moller concluded that group breeding in barn swal¬ 
lows may be beneficial to older males and unpaired males. 
These males gain extra-pair mating opportunities in 
social groups, but this does not explain why females or 
younger males tolerate the costs of sociality. Moller 
defined the costs in terms of competition for food, infan¬ 
ticide, nest parasitism, and parasite transmission. Another 
long-term study of barn swallow sociality in New York by 
Shields and colleagues generated an overall assessment of 
group breeding that was similar to Snapp’s - that ideal 
nest sites are limiting. As a consequence, these researchers 
developed the traditional aggregation hypothesis , which pre¬ 
dicts that group breeding is related to nest-site selection 
behavior. 

Overall, research on group living in barn swallows has 
shown either a negative relationship or no relationship at all 
between average reproductive success and group size, leav¬ 
ing open the question of why individuals breed socially. 

A distinctive attribute of many species in swallow 
family (Hirundinidae) is the persistent use of mud nests 
across breeding seasons. The reuse of old nests is a pre¬ 
dominant nest-site selection strategy of barn swallows 
across their extensive breeding range. Anywhere from 
45% to 82% of pairs reuse old nests for their first breed¬ 
ing attempts. Once constructed, nests can persist in the 
environment for decades, and the majority of breeding 
pairs at a site attempt to refurbish or reuse these struc¬ 
tures instead of constructing new ones. Pairs settling in 
old nests for first breeding attempts lay eggs earlier and 
have greater numbers of fledged young compared to pairs 
that construct new nests at the start of the breeding 
season, regardless of their previous breeding experience. 
A primary benefit from reusing old nests is that these pairs 
breed earlier than those that construct new nests at the 
start of the season. Evidence also suggests that individuals 
avoid the costs associated with ectoparasites by selectively 
avoiding old nests with remnant mite populations. Because 
nests and nest scars are only rarely completely removed 
from sites between breeding seasons, it is logical to assume 
that these nests offer important information to individuals 
making decisions about where to breed. 

A fascinating consequence of nest reuse is that the 
number of old nests at a breeding site strongly predicts 
the number of breeding pairs that settle there. Because 
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site fidelity is the rule in barn swallows with prior breed¬ 
ing experience (natal philopatry - the return to the birth 
site in a following season - is incredibly low), group 
breeding persists even in the absence of old nests, suggest¬ 
ing strong benefits of site familiarity In order to truly 
demonstrate that group size is a function of individuals 
searching for old nests, a critical experiment tested for a 
relationship between the number of immigrants that settle 
at sites and the number of old nests at the site at the start 
of the season. In the same breeding population as Barbara 
Snapp’s studies but nearly three decades later, Rebecca 
Safran compared the return and immigration rates of 
adults at sites where all old nests had been experimentally 
removed and sites where old nests remained untouched 
between breeding seasons. That the proportion of immi¬ 
grants was significantly lower during removal years and 
the number of immigrants was positively related to the 
number of old nests collectively provided compelling 
evidence that group size is strongly influenced by the 
number of new breeders at a site. In turn, the number of 
immigrants was experimentally shown to be related to the 
number of old nests at a site at the start of the breeding 
season. This strong relationship between the number of 
old nests and the number of immigrants settling at a site 
suggests that not only do immigrants use old nests as a cue 
for settlement decisions, but they also settle with a proba¬ 
bility that is proportional to the number of old nests at a 
breeding location. Experiments designed to analyze fur¬ 
ther the benefits of site fidelity per se in the absence and 
presence of old nests would provide further resolution on 
the relationship between group size and the number of old 
nests present at a site. 

The Past, Present, and Future 

Having been featured so prominently in the biological 
literature, it is difficult to leave out the dozens of other 
reasons why barn swallows are wonderful subjects for stud¬ 
ies related to animal behavior. Besides being tractable, easy 
to handle, robust to manipulation both during and after 
handling, and fairly common, they are highly variable in 
so many morphological and behavioral dimensions. I have 
mentioned a few here and Further Reading is offered to 
provide more details. Angela Turner’s recent book will be 
extremely helpful to those who want more information. 

Sadly, it is common these days to conclude an article 
like this with the bad news. Like so many other species on 
our planet, barn swallow populations appear to be declin¬ 
ing. Formal demographic studies throughout Europe and 
anecdotal stories from elsewhere are providing sobering 
evidence that this once hugely abundant species is dwin¬ 
dling throughout its range. Though it is still common 
enough to observe swallows in flight almost everywhere 
you look, changes in agricultural practices and the move 


toward metal and concrete over the use of wood for barn 
construction, and the usual detrimental effects related to 
human population growth appear to be taking their toll. 
One can purchase artificial nests or provide wooden 
ledges within buildings that might otherwise prove inhos¬ 
pitable to these beautiful birds. Reduced pesticide use will 
also help boost the populations of aerial insects upon 
which these birds rely. 

Two comprehensive reviews of barn swallows have 
been published and are recommended here. The first is 
a treatment of sexual selection in European barn swallows 
published in 1994 by Anders Moller; as such, I provide 
suggestions related to sexual selection that were published 
after this book or that deal with sexual selection in North 
American populations. Many of the references given in the 
Further Reading are studies that were published after 
Angela Turner’s wonderful synthesis of recent literature 
on barn swallows in 2006. 

See also: Mate Choice in Males and Females; Social 
Selection, Sexual Selection, and Sexual Conflict; Visual 
Signals. 
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Introduction 

Migration is an essential feature of the life history of 
a substantial fraction of the world’s animal fauna. Among 
vertebrates, migration, which can be defined as a seasonal, 
usually two-way, movement from one habitat to another 
to avoid unfavorable climatic conditions and/or to seek 
more favorable energetic conditions, is common in fish 
and birds. It is less common in amphibians, reptiles, and 
mammals. Among volant vertebrates, it is much more 
common in birds than in bats, and birds migrate much 
longer distances, on average, than bats. Nonetheless, a 
considerable number of bats, including both temperate 
and tropical species, undergo significant seasonal move¬ 
ments between habitats. As I discuss in this article, these 
movements have important population and conservation 
consequences. In a world of global climate change and 
increased extinction risk for an estimated 25% of the 
world’s mammals, migratory species are especially vul¬ 
nerable to extinction risks and are of major conservation 
concern. These concerns include the effect of wind tur¬ 
bine farms on migratory bats and their roles as reservoirs 
for emerging diseases that can be fatal to humans. 

An Overview of Bat Migration 
Temperate Bats 

Until recently, migration in bats had mostly been studied 
in temperate regions of North America and Europe where 
migratory behavior is closely associated with hibernation. 
Results of those studies indicate that temperate bats exhibit 
three broad patterns of spatial behavior: (i) sedentary (non- 
migratory) behavior in which bats breed and hibernate 
within a 50-km radius or less; (ii) regional migration in 
which bats migrate 100-500 km between summer and winter 
roosts; and (iii) long-distance migrants in which bats migrate 
1000 km or more between seasonal roosts. Examples 
of European sedentary taxa include species of Eptesicus , 
Plecotus , and Rhinolophus and certain species of Myotis. Their 
North American counterparts include Eptesicus fuscus , 
Corynorhinus rafinesquii , and Antrozous pallidus. European 
regional migrants include several species of Myotis , and 
North American taxa include several species of Myotis and 
Pipistrellus (or Perimyotis) subflavus. European long-distance 
migrants include several species of Nyctalus as well as two 
species of Pipistrellus and Vespertilio murinus. Although they 
migrate relatively long distances between summer and 


winter roosts, they do so within, rather than between, 
continents, unlike many European migratory birds which 
are intercontinental migrants. In North America, long¬ 
distance migrants include species of Lasiurus, Lasionycteris 
noctivagans , and the subtropical/tropical seasonal migrants 
Leptonycteris curasoae , L. nivalis , Choeronycteris mexicana , 
and Tadarida brasiliensis. With the possible exception of 
Easiurus species, these taxa are also intracontinental 
migrants. Unlike other temperate migrants, these species 
do not hibernate. 

As is the case in birds, temperate zone long-distance 
migrant bats tend to differ morphologically from more 
sedentary species and are adapted for rapid, energetically 
efficient flight. They have wings with high aspect ratios 
(i.e., they are long and narrow), pointed wing tips, and 
high wing loading. As a result, most insectivorous long¬ 
distance migrants forage in uncluttered air space away 
from vegetation where slow, highly maneuverable flight 
is not needed. In addition, many long-distance migrants 
(e.g., the European species plus Lasiurus and Lasionycteris 
in North America) roost in small colonies (or are solitary) 
in trees and buildings rather than in large numbers in 
caves, as is often the case in regional migrants and seden¬ 
tary species. Exceptions to this include North American 
T. brasiliensis and L. curasoae which are highly gregarious 
cave dwellers year round. 

Not all individuals of species of temperate migra¬ 
tory bats undergo seasonal migrations. Partial migration 
occurs in a number of species, including long-distance 
migrants. In Europe, partial migrants include species of 
Nyctalus and Pipistrellus and V. murinus. In North America, 
partial migrants include Lasiurus cinereus , L. noctivagans , 
L. curasoae , and T. brasiliensis. In Europe, sedentary popu¬ 
lations of P. nathusii share hibernation caves with mig¬ 
ratory populations, whereas sedentary and migratory 
populations of V murinus have geographically separate 
ranges year round. A situation similar to that of V murinus 
is seen in North American T. brasiliensis in which western 
and southeastern populations in the United States are 
sedentary and seasonal populations in the south-central 
United States overwinter in Mexico. 

Regardless of the distances involved, most temperate 
zone migratory bats undergo a characteristic annual phys¬ 
iological and reproductive cycle that is closely tied to 
hibernation. This cycle includes hyperphagia and fat 
deposition in the fall and mating in the fall or winter. 
Unlike birds, which sometimes increase their body mass 
by 50% by fat deposition prior to migration, bats increase 
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their mass by only 12-26% by fat deposition. Also, unlike 
birds, bats must use most of the fat they deposit prior to or 
during migration as a fuel source during hibernation. 
Conservation of stored fat for use during hibernation is 
an important reason why many temperate bats migrate 
relatively short distances. Finally, the annual reproductive 
cycle of temperate bats usually involves mating in the fall 
prior to hibernation. In some species (e.g., N. noctula , 
P. nathusii ), mating occurs along female migratory path¬ 
ways with males defending roost sites which are visited by 
females for mating. In other species (e.g., Myotis species in 
North America), individuals of both sexes form ‘swarms’ 
at the entrances of hibernation or other caves, probably 
for mating. After mating, females of hibernating species 
store viable sperm in their oviducts during the winter and 
ovulate and undergo fertilization in the spring prior to 
migrating to their summer maternity roosts. In nonhiber¬ 
nating long-distance migrants such as Lasiurus borealis , 
L. curasoae , and T. brasiliensis , mating and fertilization 
occur simultaneously prior to or during spring migration. 

Tropical Bats 

Migratory behavior is much less common in tropical bats 
than in temperate bats and is never associated with hiber¬ 
nation. Whereas temperate bats migrate and hibernate 
to avoid habitats that are energetically and physiologi¬ 
cally unfavorable during winter, tropical, and subtropical 
bats usually migrate along food resource gradients or 
among seasonally ephemeral resource patches. A clear 
example of this is the nectar-feeding, long-distance 
migrant L. curasoae in Mexico and the southwestern 
United States. During the fall and winter, populations 
in western Mexico live in tropical dry forest and visit 
flowers produced by trees and shrubs during an annual 
flowering peak. After mating, many pregnant females 
(but few males) migrate 1000 km or more to the Sonoran 
Desert of northwestern Mexico and Arizona along a ‘nec¬ 
tar corridor’ of blooming columnar cacti. Once in the 
Sonoran Desert, they form maternity colonies and feed 
at a super-rich source of nectar and pollen produced 
by several species of spring-blooming columnar cacti. 
Populations of this species living in central or southern 
Mexico are more sedentary because their floral resources 
are available year round. In Africa, several species of 
fruit-eating pteropodid bats, including Eidolon helvum, 
Myonycteris torquata , and Nanonycteris veldkampi , migrate 
up to 1500 km away from equatorial forests to savanna 
woodlands to feed on seasonal bursts of fruit. In eastern 
Australia, the pteropodid bat Pteropuspoliocephalus contains 
sedentary coastal populations that feed on fig fruits year 
round and inland populations that migrate hundreds 
of kilometers between ephemeral but rich patches of 
flowering eucalypt trees. Finally, several species of insec¬ 
tivorous rhinolophid and vespertilionid bats undergo 


short-distance migrations between coastal and inland 
habitats in East Africa in response to seasonal changes in 
food availability. 

Methods for Studying Bat Migration 

Obtaining precise quantitative data on the distances that 
bats migrate and their migratory pathways has been tech¬ 
nologically challenging. From the 1930s until recently, 
placing numbered aluminum bands on bats was the pre¬ 
dominant method used to study bat (and bird) migration. 
This method involves banding bats at one roost (either a 
summer or winter roost), and then attempting to recapture 
banded bats (or recover their bands) somewhere else. This 
method is very labor intensive and inefficient because only 
a tiny fraction (=1%) of banded bats are usually ever 
recovered away from their original banding sites. For 
example, over 400 000 T. brasiliensis were banded in winter 
roosts in Mexico and summer roosts in the southern 
United States in the 1950s and 1960s, and only a handful 
were ever recovered away from their banding sites. 

In addition to banding, methods that are currently 
being used to study bat migration include analyses involv¬ 
ing DNA and stable isotopes and tracking studies using 
radio or satellite transmitters. Control region mitochon¬ 
drial DNA is potentially very informative about genetic 
connections among distant roosts from which migratory 
connections can be inferred. A study of L. curasoae using 
this technique, for example, was able to identify two 
pathways along which females moved from south-central 
Mexico into the Sonoran Desert and southeastern 
Arizona, respectively, using data from only 49 individuals 
captured at a total of 13 roosts. Since this species is 
federally endangered in the United States and Mexico, 
large-scale banding operations were not feasible and other 
methods were needed to determine the scale of its migra¬ 
tory movements. Genetic analysis proved to be a very 
efficient method to obtain this information and to identify 
roosts in Mexico of special conservation concern (e.g., mat¬ 
ing roosts). Other species whose migratory behavior has 
been studied using genetic techniques include Miniopterus 
schreibersii, N. noctula , and T. brasiliensis. 

Another analytical technique that has provided impor¬ 
tant new insights into the migratory behavior of hard-to- 
study bats is stable isotope analysis. Stable isotopes 
of carbon and hydrogen are especially useful for this. 
The 13 C stable isotope of carbon allows one to determine 
whether herbivorous animals are feeding on plants that 
use the CAM, C4, or C3 photosynthetic pathway. The 
first two pathways are used by succulent plants (e.g., cacti 
and agaves) or tropical grasses (e.g., corn), respectively, and 
are enriched in 13 C compared with the more common C3 
plants. By analyzing carbon stable isotopes in muscle tissue 
taken from museum specimens collected throughout its 
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geographic range in Mexico and the southwestern United 
States, Fleming and colleagues found that individuals of 
L. cumsoaeuse CAM plants (primarily columnar cacti in the 
spring and agaves in the fall) as food sources during migra¬ 
tion and C3 plants during the winter. Knowing that colum¬ 
nar cacti occur in the Pacific coastal lowlands of Mexico 
and that agaves occur in upland portions of the Sierra 
Madre, they were able to identify the likely ‘nectar corri¬ 
dors’ along which these bats fly during migration. 

Deuterium (D), the stable isotope of hydrogen, is use¬ 
ful for determining the migration distances of solitary 
roosting insectivores such as L. cinereus and L. noctivagans. 
Values of D vary inversely with latitude, elevation, and 
distance from coasts and can indicate approximately 
where bats were living when new tissue such as hair was 
produced. Since the aforementioned bats tend to molt 
before migrating in the fall, an analysis of hair samples 
from bats caught during migration or in their winter 
locations can be used to determine how far they migrated 
after molting. This technique has been used to determine 
migration distances of 1800-2600 km for both males and 
females of L. cinereus in North America. Some bats molt¬ 
ing during the summer in Canada were captured in 
Mexico in the winter. The researchers concluded that 
this technique holds considerable promise for studying 
long-distance migration in bats. 

Radiotagging and satellite tracking are two methods 
for directly studying the migratory behavior of bats. Radio 
transmitters weighing < 1 g are readily available and have 
been used to study the foraging and roosting behavior of 
many species of bats, including species weighing <10g. 
Except for the Australian Pteropus poliocephalis , which can 
carry transmitters with large batteries because of their 
large size, they have not yet been used to study bat 
migration for at least two reasons: (i) the battery life of 
these transmitters is short (about 2 weeks) and limits the 
amount of data that can be gathered from individual bats; 
(ii) since they migrate at night and sometimes at substan¬ 
tial altitudes (up to 2400 m), following radiotagged bats 
during migration involves potentially dangerous night 
time airplane flights over unknown terrain. Less danger¬ 
ous but more costly in terms of transmitters (which cur¬ 
rently cost US$1-3K) and daily or weekly downloads, 
satellite transmitters offer great potential for studying 
migration in bats, as it does for birds. Solar-powered 
satellite transmitters now weigh 12 g and have been used 
to study foraging and migration movements of one species 
of pteropodid bat that roosts in tree canopies (rather than 
in caves) during the day. Richter and Cumming studied the 
movements of four individuals of the 300 g frugivore Eidolon 
helvum that they tagged in central Zambia, Africa. These 
bats foraged up to 59 km from their day roost and traveled 
878-1975 km over a period of two or more weeks when 
flying north to the Democratic Republic of Congo. During 
the return trips, these bats averaged 90 km per night. 


Satellite transmitters equipped with conventional bat¬ 
teries (total package weight = 3 3-40 g) have been placed 
on two young males of Pteropus poliocephalus weighing 790 
and 857 g in south-eastern Australia. Over the course of 
about a year, these bats made round trips of >2000 km 
spanning over 4° latitude as they moved up to 400 km 
among roosts in response to changes in the local availabil¬ 
ity of eucalypt blossoms. 

Population and Genetic Consequences 
of Migration 

Migration can have strong effects on the population 
and genetic structure of bats. In temperate bats, males 
and females typically hibernate in the same caves and 
are largely trophically inactive during winter. During 
the trophically active season, the behavior of males and 
females of migratory species often differs with respect 
to distances they migrate and locations where they 
spend the summer. In many species, females migrate 
longer distances and form larger summer (maternity) 
colonies than males. As a result, the sexes are often geo¬ 
graphically separated at a variety of spatial scales during 
the summer. An extreme example of this is Lasiurus ciner¬ 
eus in which males spend the summer in the mountains 
of western North America and females roost in north- 
central and northeastern United States and Canada. 
Sex-biased migration and seasonal spatial segregation of 
males and females also occur in L. curasoae and T. brasiliensis 
in North America. In both species, females migrate north 
from south-central Mexico to form large maternity colo¬ 
nies in the Sonoran Desert and south-central United States, 
respectively. 

Seasonal movements can also have community conse¬ 
quences whenever regional and long-distance migrants 
move into and out of habitats containing resident species. 
In West Africa, for example, three species of frugivorous 
pteropodid bats migrate from equatorial forests to more 
northern savanna woodlands where they join a resident 
community of several species of frugivorous bats and 
birds. Differences in habitat and fruit preferences reduce 
potential competition among these species. A similar sit¬ 
uation is seen in East Africa where several species of 
migrant insectivorous bats join a community of resident 
insectivores during periods of increased insect availability. 
Differences in morphology and foraging behavior again 
allow these species to coexist. Finally, seasonal influxes of 
migrant nectarivores and insectivores increase the species 
richness of bats in Sonoran Desert communities during 
the summer. As in the other two examples, differences 
in diets and foraging behavior minimize competition 
between residents and migrants. 

As might be expected given their high mobility, the 
genetic structure of migrant species also differs from that 
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of nonmigrants in a predictable way: a lower degree of 
genetic subdivision and larger effective population sizes 
in migratory species. An extreme example of a sedentary 
species is the Australian megadermatid Macroderma gigas 
in which widely separated colonies seldom exchange 
genes. As a result, Wright’s index of subdivision F st for 
this species is about 0.87 (out of 1.0 for complete subdivi¬ 
sion; a value of 0.0 represents complete panmixia). At the 
other extreme is the long-distance migrant N. noctula 
whose F st is 0.006 and whose region of panmixia in central 
Europe has a diameter of about 3000 km. Other species in 
both mobility classes have less extreme levels of F st , but 
values for nonmigratory species are generally >0.10 
whereas those of migrant species are <0.10. 

Conservation Consequences of Migration 

Because their annual ranges often encompass substantial 
geographic areas that usually cross different federal or 
international boundaries, the conservation of migratory 
bats, like that of migratory birds, can be challenging. Con¬ 
sequently, conservation efforts need to be geographically 
and politically broad in scope. This conservation must 
involve protecting a variety of different roost sites, includ¬ 
ing those used for mating, migration, and maternity, as well 
as the foraging habitats around critical roost sites. In addi¬ 
tion, habitats used en route during migration, including 
stopover habitats where bats can refuel, need protection. 
Plant-visiting bats such as the nectarivore L. curasoae and 
the frugivore E. helvum likely migrate along specific food 
corridors that also need protection. Based on their satellite¬ 
tracking results, for example, Richter and Cumming noted 
that only a fraction of the migratory pathway along which 
E. helvum flies between the Democratic Republic of the 
Congo and Zambia is currently protected. Loss of forest 
habitat containing fruiting trees along this pathway could 
seriously disrupt its annual migration. Similarly, destruc¬ 
tion of parts of the columnar cactus ‘nectar corridor’ along 
the Pacific coast of Mexico would have a strong negative 
effect on migrating pregnant females of L. curasoae. Based 
on levels of fat that these bats deposit prior to and during 
migration, Fleming has estimated that the maximum flight 
range of these bats is about 550 km. If the average distance 
between rich patches of cacti exceeds this value, then the 
migration of thousands of bats could be disrupted. And 
because intact populations of fall-blooming agaves are 
also needed by this species to complete the return leg of 
its migration, habitat protection over a large portion of 
western Mexico is needed. Migration of insectivorous bats 
is usually much more diffuse geographically than that of 
plant visitors, but they also need intact foraging habitat, as 
well as protected stopover roost sites. A landscape that is 
devoid of safe caves, intact forests, and unpolluted lakes and 
streams is just as threatening to the existence of migrating 


insect bats as a landscape devoid of flowering and fruiting 
plants is to plant visitors. 

In addition to the usual litany of threats to bats and 
other wildlife (e.g., habitat destruction, pollution, and 
specifically for bats, malicious destruction of their colo¬ 
nies in caves and other roosts), a new threat to their 
conservation has emerged recently - wind turbine farms. 
In an effort to tap alternate sources of energy, wind 
farms have increased markedly in number and size in 
Europe, Australia, and North America in recent years. 
While these establishments clearly have positive value 
for energy production, they can have negative value for 
wildlife because they kill migratory birds and bats. 
In North America and Europe, for example, peak bat 
fatalities occur in late summer and fall and are heavily 
concentrated in long-distance migrants such as species of 
Nyctalus and P. nathusii in Europe and species of Lasius in 
North America. In the United States, wind farms located 
in forested parts of the east coast experience higher kill 
rates than those located in the Rocky Mountains and 
Pacific Northwest. Why lasiurine bats, which migrate in 
flocks despite being solitary roosters during the summer, 
are more vulnerable to fatal interactions with wind tur¬ 
bines is not yet known. Fatalities are most common on 
nights with low wind speed (<6ms _1 ) and before and 
after the passage of storm fronts when large numbers of 
bats (and birds) are likely to be migrating. Bat fatalities 
occur only when turbines are spinning, not when they are 
stationary. After reviewing available data, Arnett and col¬ 
leagues concluded that the number of bat fatalities at 
wind farms could be reduced substantially by temporarily 
stopping turbines at night at certain times of the year and 
under certain climatic conditions. 

My final topic - one that has important conservation 
implications, especially for migrant bats, as well as health 
implications for humans - is bats as reservoir hosts for 
emerging viruses. It has long been known that bats are 
important reservoirs for rabies virus and that they some¬ 
times (but rarely) transmit it to humans. According to a 
review by Calisher and colleagues, bats are known to 
harbor a substantial number of viruses only a few of 
which are known to be pathogenic when transmitted to 
mammals, including humans. In addition to rabies, these 
include other lyssaviruses (Family Rhabodviridae) as 
well as Hendra and Nipah viruses (Family Paramyxovir- 
idae) and possibly SARS-Coronavirus-like viruses (Family 
Coronaviridae). Hendra virus has been found in species of 
Pteropus in Australia; Nipah virus has been found in species 
of Pteropus in South and Southeast Asia and SARS corona- 
virus occurs in species of Rhinolophus in Eurasia. Both 
Hendra and Nipah viruses have been found in humans 
via transmission from intermediate host mammals (e.g., 
pigs). Ebola virus RNA has been found in three species 
of African pteropodids, including E. helvum , but not the 
virus itself. 
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Because they are geographically wide ranging, migrant 
bats have the potential to spread pathogenic viruses over 
wide areas. Outbreaks of rabies virus in Europe, for exam¬ 
ple, have occurred along the migration routes of P. nathusii , 
and different geographic variants of this virus have been 
found in two North American migrants, P. subflavus and 
T. brasiliensis. Migrant bats in general have a classic meta¬ 
population structure featuring discrete populations (roosts) 
interconnected by dispersal or migration; between-colony 
movements can expose resident as well as migrant popula¬ 
tions to new variants of rabies or exchange virus variants 
among colonies. Calisher and colleagues suggested that this 
kind of population structure has the potential for seasonal 
virus transmission, annual outbreaks of viral diseases, and 
periodic outbreaks among spatially separate populations. 
Geographically discrete outbreaks of rabies in the (nonmi- 
gratory) vampire bat Desmodus rotundus or outbreaks of 
Hendra virus in migratory Australian Pteropus bats may 
reflect this. Finally, the long-distance migrant E. helvum 
has the potential for spreading infectious diseases over 
large areas of sub-Saharan Africa. 

The conservation implications of the fact that bats 
harbor pathogenic organisms are enormous. A major rea¬ 
son why bats in general are persecuted throughout Latin 
America is the fear of‘vampiros y la rabia.’ The association 
between rabies and bats, in vampires or otherwise, is well 
known throughout the world, and bats tend to be maligned 
worldwide as a result. Because of this association, the 
ecologically beneficial ‘services’ provided by bats such as 
control of injurious insect populations (e.g., T. brasiliensis 
and cotton-boll worms), and the broad dispersal of pollen 
and seeds (e.g., by L. curasoae and E. helvum) tend to be 
overlooked. In truth, the positive benefits of migratory (and 
nonmigratory) bats far outweigh their negative aspects. 
Migratory bats play an important role in many ecosystems 
around the world, and their conservation is essential. 

Conclusions 

Many species of bats are migratory and serve as ‘mobile 
links’ between geographically separate habitats and 
ecosystems. They move energy and nutrients among eco¬ 
systems, help to control insects on a broad scale, and serve 


as wide disseminators of pollen, seeds, and pathogens. 
Like their avian counterparts, migratory bats have many 
morphological, physiological, and behavioral adaptations 
for ‘life on the move.’ Because of their mobile lifestyles, 
these bats have special conservation needs that must be 
addressed politically at the national or international level. 
Although they sometimes harbor pathogenic organisms, 
their positive attributes far outweigh their negative attri¬ 
butes. Increased public awareness of the lives of these 
fascinating bats worldwide is the key to their conservation. 

See also: Bats: Orientation, Navigation and Homing; Bird 
Migration. 
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Introduction 

Bats belong to the their own mammalian order, Chirop- 
tera, meaning ‘wing handed, 7 and are distinguished from 
all other mammals by their ability for sustained flight. 
Their most intriguing attribute, however, is their sophis¬ 
ticated use of biosonar in which they emit ultrasonic 
sounds and by listening to the returning echoes that are 
reflected from objects they ‘see 7 their world through 
sound. This form of biosonar, known as ‘echolocation, 7 
enables bats to orient in complete darkness and to hunt 
insects in the night sky. In the following sections, we first 
consider the various ecological niches that bats occupy 
together with the variety of echolocation signals different 
species use and why the signals emitted by each species 
are suited to the habitat in which it hunts. In the second 
part of this article, we turn to some of the pronounced 
adaptations in their cochleae that correlate closely with 
their echolocation calls. The third section deals with 
adaptations in the central auditory system. The theme 
here is that bats are mammals and nature did not invent 
a new auditory system for bats. Indeed, the bat’s auditory 
system is similar to the auditory system of all other 
mammals, with the same structures, wiring, and mechan¬ 
isms for processing information that are possessed by all 
other mammals. What distinguishes the auditory system 
of bats are not novel mechanisms, but rather that some 
common mechanisms and features are far more pro¬ 
nounced in their auditory systems than in other mammals. 
Moreover, the features and mechanisms that were empha¬ 
sized were highly adaptive and allowed the various species 
of bats to compete successfully for food resources in a 
wide range of different habitats. 

The Habitats of Bats 

The adaptations that allowed bats to fly and ‘see in the 
dark 7 with echolocation were among the most successful 
nature ever created. Bats were so successful that they 
invaded every region on earth, tropical and temperate, 
except for the polar ice caps. Bats may well be the most 
successful mammal on earth, in terms of the number of 
species (about 900 species of bats are known) and absolute 
numbers of individuals. There are, for example, about 
20 million bats in Bracken Cave in central Texas, and 
the vast majority of the Bracken bats are one species, 
Mexican free-tailed bats. 


As bats invaded the four corners of the earth, they 
exploited any type of food that was plentiful and different 
species focused their hunting strategies on a food resource 
that was plentiful in their habitat. Several examples are 
shown in Figure 1. Many species hunt insects in the night 
sky, others catch large ground-dwelling insects and ara¬ 
chnids, such as scorpions. Other species, the infamous 
vampire bats of Central and South America, even feed 
exclusively on blood. Others use their echolocation to 
orient in the jungle to exploit the rich supply of tropical 
fruits, while others seek night-flowering plants for their 
offerings of sugar and pollen. Yet others are even carnivo¬ 
rous, such as the frog-eating bats of Central and South 
America. Fishing bats even use their sonar to detect small 
fish swimming near the surface of a pond or lake. 

Each group tailored the physical features of their bod¬ 
ies, their tongues, teeth, noses, or claws to enhance their 
ability to exploit an abundant food supply. They not only 
evolved the physical structures for capturing or exploiting 
a particular source of food, but they also tailored their 
echolocation calls to suit one or another ecological niche. 
Thus, each species employs more or less unique echolo¬ 
cation calls characterized by their frequency content 
(spectral composition), call duration, how frequencies 
are emitted over time (temporal features of the calls), 
the frequencies that are emphasized in each call, and the 
intensities of their echolocation cries. 

Bats Emit Three Major Types of 
Echolocation Calls 

Although there are a wide variety of echolocation calls 
emitted by bats, the various types fall into one of three 
general categories. The first are loud, frequency modu¬ 
lated (FM) calls (Figure 2). These are brief FM signals 
with durations of about 1.0-5.0 ms that sweep downward 
about an octave in frequency over the duration of the call 
and are typically emitted at 100 dB SPF or more. The 
calls are rich in frequencies as they are emitted with one 
or more harmonics. I shall refer to bats that emit these 
signals as loud FM bats. 

The second signal type is soft FM calls. These are also 
downward FM sweeps that are spectrally similar to the 
loud FM calls but are emitted at a substantially lower 
intensity, typically about 70 dB SPF. The bats that emit 
these signals are sometimes called ‘whispering bats, 7 and 
the justification for distinguishing the two types of FM 
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Figure 1 Four bats displaying different hunting strategies. Reproduced with permission from Bat Conservation International. 
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Figure 2 Sound spectrographs of echolocation calls showing 
how frequency varies over time. The call on the left illustrates the 
brief, downward sweeping frequency modulated (FM) calls 
emitted by both loud FM and whispering FM bats. The call on the 
right is for CF-FM bats. Echolocation calls are emitted with one 
or more harmonics. The harmonic with the greatest energy is 
shown in black while gray indicates lesser energy. 


bats is that whispering bats occupy different habitats from 
those of the loud FM bats and use the calls in ways that are 
somewhat different from those of the loud FM bats (see 
later). The third signal type is also emitted at a high 
intensity (~100dB SPL) and is characterized by an initial 
‘long’ constant frequency (CF) component whose dura¬ 
tion ranges from about 15 ms up to about 80 ms, depend¬ 
ing upon the species (Figure 2). These calls are also 


emitted with one or more harmonics. The CF component 
of the mustache bat, for example, has a fundamental 
frequency of 30 and harmonics at 30, 60, and 90 kHz 
(Figure 4). However, most of the energy, by far, is in 
60 kHz, the second harmonic of the calls. The end of 
each call always has, a brief, downward sweeping FM 
component, similar to the signal emitted by loud FM 
bats. Bats that emit these calls are known as CF-FM bats. 


Echolocation Calls and Habitat 

Loud FM Bats 

Natural selection tailored their biosonar systems, as well 
as other features of their bodies, to enable each species to 
exploit one or another type of food supply in their envi¬ 
ronment. In general, bats that emit loud FM signals hunt 
insects in the night sky where there is little or no clutter 
from echoes of other objects (Figure 3). Some loud FM 
bats hunt in the open sky, away from trees and other 
objects, while others hunt insects that occur around the 
edges of trees or other foliage. The calls of all of these bats 
are loud FM chirps, but the spectral composition of the 
calls emitted by bats that hunt in the open sky is slightly 
different from those that hunt around the edges of foliage. 
Specifically, the FM echolocation calls of the bats that 
hunt around edges sweep over a larger frequency range 
(have a broader bandwidth) than those that hunt closer to 
foliage. Even those differences in spectral composition are 
adaptive in that the broader bandwidth emitted by some 
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Figure 3 Hunting habitats of bats. Loud FM bats hunt either in the open sky (bat at top left) or around edges of vegetation (bat shown 
at bottom on far left). CF-FM bats hunt within vegetation and are specialized to detect the echoes of fluttering insects among the echo 
clutter reflected from trees, bushes and other objects in their foraging areas. Whispering bats hunt close to the ground where they 
typically listen passively for prey-generated noise. Adapted from Neuweiler G (1984) Foraging, echolocation and audition in bats. 
Naturwissenschaften 71: 446-455, with permission. 


species enhance their abilities to detect targets in the 
more cluttered environment in which they hunt. 

The Whispering FM Bats 

Whispering bats, in contrast to loud FM bats, do not hunt 
insects in the open air. Many species prey upon terrestrial 
insects or even terrestrial vertebrates while others forage 
on fruits or flowering plants (Figures 1 and 3). Some 
whispering bats are gleaners in that they hover over tree 
trunks and walls and use their low-intensity biosonar 
signals to scan for moving prey, but others utilize echolo¬ 
cation primarily for orientation rather than for prey cap¬ 
ture. Others feed on nectar and pollen, where they 
pollinate night-flowering plants that have structural adap¬ 
tations designed to attract the bats. Yet other whispering- 
bats have what is in essence ‘two separate 7 auditory sys¬ 
tems, one designed for orientation via echolocation and 
the other for detecting and locating the sounds made by 
prey by listening passively for prey-generated sounds. 
Three examples are especially interesting. One is the 
frog-eating bat, Trachops cirrhosis. These neotropical whis¬ 
pering bats orient with echolocation and simultaneously 
listen for the advertisement calls of tungara frogs, one of 
their favorite prey items. Frog-eating bats not only detect 
the mating calls of tungara frogs, but they also distinguish 
those calls from the advertisement calls of poisonous 
sympatric species. Another example is the infamous vam¬ 
pire bat, Desmodus rotundus, a species that feeds exclusively 
on the blood of large mammals. Vampire bats are found 


throughout Central and South American and also orient 
through the forest with echolocation. However, they iden¬ 
tify their prey not with echolocation but rather from the 
breathing rhythms of the mammals they prey upon. 
Finally, there is the pallid bat, Antrozous pallidus (Figure 1). 
These bats are found in the deserts of the southwestern 
United States, and like the vampire and frog-eating bats, 
pallid bats use echolocation for detecting obstacles and 
orientation and listen for prey-generated noise that they 
use to detect, locate, and capture their prey. The sounds 
of interest to pallid bats are the noisy sounds arthropods 
make as they scurry over leaves and other foliage on the 
desert floor. In a later section, we consider the neuro¬ 
physiological studies that have revealed an elegant par¬ 
titioning of the auditory system where one portion is 
specialized for the processing of the FM signals used in 
echolocation and the other specialized to respond to 
prey-generated noise. 

The CF-FM Bats 

Bats that emit CF-FM signals include one species found 
in the new world, the mustache bat, Pteronotus parnellii 
(Figure 4), and numerous species found only in the old 
world, the horseshoe bats and the hipposiderid bats. 
These bats use echolocation for both orientation and 
hunting. They hunt under the forest canopy where the 
echoes from bushes, trees, and other objects generate a 
massive clutter that the bats have to distinguish from 
echoes generated by the insects flying among the foliage. 
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Figure 4 The echolocation calls emitted by mustache bats. 
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Figure 5 Schematic of the 60-kHz emitted CF component 
and Doppler-shifted echoes in three successive pulses to 
illustrate Doppler-shift compensation by the mustache bat. 

The first pulse is emitted by a stationary (nonflying) bat in which 
the echo has no Doppler shifts and returns at the same frequency 
as the emitted pulse. The second pulse is emitted by a flying 
bat that receives a Doppler-shifted echo. The third pulse is 
emitted at a lower frequency that compensated for the Doppler 
shift in the previous echo. Consequently, the Doppler-shifted 
echo returns at a frequency that is almost the same as the echo 
frequency received when the bat was not flying. 


The key feature for detecting and recognizing prey under 
those conditions is the CF component and the way these 
bats manipulate the frequency of the CF components they 
emit during echolocation. 


CF-FM Bats and Doppler-Shift 
Compensation 

CF-FM bats exhibit a unique behavior called ‘Doppler- 
shift compensation,’ a behavior illustrated for the mustache 
bat in Figure 5. The frequency of the CF component 
emitted by a bat that is not flying is almost constant, 
varying by only 50-100 Hz from pulse to pulse. As they 
fly under the forest canopy, the CF component of the echo 
is shifted upward in frequency due to Doppler shifts caused 
by the relative movement of the bat toward the stationary 
background. The amount of Doppler shift is determined by 
the bat’s flight velocity relative to the stationary back¬ 
ground. Thus, the CF echoes returning to the bat’s ears 
are replicas of the emitted CF component, basically pure 
tones, but are higher in frequency and lower in amplitude. 
These bats compensate for the Doppler shifts in the echoes 
they receive by lowering the frequencies of their emitted 
CF components by an amount nearly equal to the upward 
frequency shift in the echo. Consequently, the bat ‘clamps’ 
the echo CF component and holds it within a narrow 
frequency band that varies only slightly from pulse to pulse. 

Although the flight velocity, the relative movement of 
the bat toward stationary background, is the feature that 
creates the Doppler shifts, relative flight velocity, is not 
the acoustic feature of interest to the bats. Rather, the bats 
are interested in the flutter caused by the beating wings of 


an insect that happened to fly among the background 
foliage in the bat’s acoustic space. The acoustic cues gen¬ 
erated by flutter, that is, the up and down motion of the 
insect’s wings are periodic frequency (FM) and amplitude 
(AM) modulations. The frequency modulations are 
imposed on the echo CF by the Doppler shifts created by 
the motion of the insect’s wings and amplitude modulations 
are generated by the changes in the reflective surface area 
as the wings move up and down (Figure 6). The echo CF 
therefore has both AM and FM, very much like the signals 
received by a radio. Radios have a tuner that the listener 
adjusts to receive the particular frequency that carries the 
AM or FMs. In a comparable way, CF-FM bats tune into 
a carrier frequency by Doppler-shift compensation, where¬ 
by the bat adjusts its voice, the emitted CF, to hold or tune 
into the CF component of the echo, the frequency that 
carries the information generated by the beating wings of 
an insect. 

Cochlear Specializations 

The cochleae of bats exhibit a number of specializations 
that enhance and overrepresent the frequencies that each 
species depends most heavily upon for its survival. The 
specializations that have been examined primarily con¬ 
cern features of the basilar membrane, the membrane that 
transforms frequency into a place of maximal vibration 
along its length, the structures that couple the basilar 
membrane to the organ of Corti, the structure that sup¬ 
ports and contains the hair cells, and the density of neural 
innervation along the cochlear partition. Not surprisingly, 
the bats with the most specialized behaviors have the most 
prominent specializations. 
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Fluttering wings of an insect generate frequency and 
amplitude modulations on the echo CF component 



Figure 6 Drawing of a flying mustache bat and small insect 
to illustrate the periodic frequency modulations that are imposed 
on the echo CF component by the moving wings of the insect. 
Reproduced from Poliak GD and Casseday JH (1986) The Neural 
Basis of Echolocation in Bats. New York, NY: Springer-Verlag, 
with permission. 

The cochleae of the loud FM bats are typically mam¬ 
malian and exhibit the least pronounced specializations. 
One example is the Mexican free-tailed bat, a loud FM 
bat. The frequencies in its echolocation calls sweep down¬ 
ward from about 30 to 15 kHz, but the fundamental fre¬ 
quencies of its communication calls are often lower, 
extending down to 10 kHz or below. In general, the basal 
portion of the basilar membrane, representing frequencies 
from about 80 to 30 kHz, is typically mammalian with no 
exceptional features. The specializations are seen in the 
region representing 30-13 kHz, which is expanded, in that 
an equivalent range of higher frequencies (in terms of 
octaves) occupies a smaller stretch of membrane. This is 
the range of frequencies to which the bat is most sensitive, 
both behaviorally and neurophysiologically, and at which 
neurons exhibit the sharpest tuning (i.e., neurons most 
sensitive to frequencies between 30 and 10 kHz respond 
to a narrower range of frequencies than other neurons and 
thus are more selective for frequency). In addition, there 
are morphological specializations in the basilar mem¬ 
brane in the region representing 30-13 kHz that enhance 
sensitivity and tuning sharpness. In summary, although 
there are some specializations of the basilar membrane 
in the portion representing 30-13 kHz, the specializations 
are subtle and are not nearly as dramatic as those seen in 
the CF-FM bats, bats that possess the most specialized 
cochleae of any mammal. 

The cochleae of both the mustache bat, Pteronotus par- 
nellii , and the greater horseshoe bat, Rhinolophus ferrume- 
quinum, have been the most thoroughly studied and both 
bats have features that greatly emphasize the responses 
to frequencies that correspond to the echo CF component 
of their echolocation calls. In both bats, the region of the 
cochlea representing the CF component, 60 kHz in mus¬ 
tache bats and 83 kHz in horseshoe bats, is greatly 


expanded, has a pronounced innervation density, and 
expresses a number of specializations in the basilar mem¬ 
brane and tectorial membranes that both sharpen and 
enhance the responses to the echo CF component. The 
sharpening is most prominent in the cochlear microphonic 
audiogram of the mustache bat. Cochlear microphonics are 
electrical potentials generated by the responses of outer 
hair cells to sound and reflect the mechanical motion of 
the basilar membrane. As shown in Figure 7, the cochlear 
microphonic audiogram of the mustache bat is sharply 
tuned to 60 kHz and is by far the most sharply tuned 
cochlear microphonic audiogram of any known animal. 
The exact frequency to which the cochlea is tuned varies 
from about 60 to 63 kHz among individual bats, but each 
bat is sharply tuned to one frequency, the frequency at 
which it clamps the CF of the echo during Doppler-shift 
compensation. 

The sharp tuning at ‘60’ kHz is due to a pronounced 
resonance in the ear that is generated in large part by the 
specialized morphological features on the basilar and 
tectorial membranes. The resonance greatly enhances 
the amplitude of the cochlear microphonic response 
evoked by 60 kHz and acts to create auditory nerve fibers 
with tuning curves that are also sharply tuned. Indeed, the 
sharpness of the tuning curves of auditory nerve fibers 
that innervate the 60-kHz portion of the basilar mem¬ 
brane, and thus are most sensitive to 60 kHz, is 1-2 orders 
of magnitude sharper than the tuning curves of fibers that 
innervate other regions along the basilar membrane or of 
auditory nerve fibers in other bats and other mammals. 
Not only are the auditory nerve fibers that are most 
sensitive to ‘60’ kHz sharply tuned, they comprise about 
one-third of the total population of the entire auditory 
nerve. In other words, the range of frequencies to which 
the population is most sensitive ranges from about 10 kHz 
to over 120 kHz, but one-third of entire population is 
most sensitive to one frequency, the frequency of the 
echo CF component. 

Horseshoe bats also have a greatly expanded cochlear 
region with multiple specializations at the region repre¬ 
senting 83 kHz, specializations that produce a dispropor¬ 
tionately large population of auditory nerve fibers sharply 
tuned to 83 kHz. Since mustache and horseshoe bats 
evolved independently, horseshoe bats in the old world 
and mustache bats in the new world, the specializations in 
the two species are different, although the different spe¬ 
cializations converged on the same result in the two 
groups. The common result is that the sharply tuned 
regions of the cochleae in these bats’ act as an acoustic 
fovea. Just as foveation in vision, where we move our eyes 
to keep an object of interest focused on the fovea of the 
retina that has densely packed receptors with small recep¬ 
tive fields, CF-FM bats actively manipulate the frequency 
of their voices through Doppler-shift compensation so 
that the echo CF always falls on the region of their cochlea 
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Figure 7 Audiogram showing the sensitivity of cochlear microphonic responses (CM) evoked from the cochlea of a mustache bat 
by various tonal frequencies. The audiogram is sharply tuned to 60 kHz, the same frequency at which the bat clamps the frequency of 
the echo CF component when compensating for Doppler shifts. Reproduced from Poliak GD and Casseday JH (1986) The Neural 
Basis of Echolocation in Bats. New York, NY: Springer-Verlag, with permission. 


that is innervated a large population of sharply tuned 
neurons. As described in the following section, the large 
populations of sharply tuned neurons provide the neural 
substrate for analyzing the fine structure of the their 
targets, just as comparable features of retinal ganglion 
cells in the fovea allow for the resolution of fine details 
of objects that we are looking at. 

Processing in the Auditory Pathway in the 
Central Nervous System 

The purpose of the cochlea is to transduce, that is, change, 
the mechanical motion along the basilar membrane into the 
language of the nervous system, trains of action potentials 
evoked by sound. The information generated by each 
frequency is then conveyed into the central nervous sys¬ 
tem where the spike trains of the auditory nerve fibers 
are initially processed in the cochlear nucleus (CN), the 
first synaptic center in the ascending auditory pathway 
(Figure 8). 

The principal effect of processing is that a particular 
feature or features of the sound that is encoded by the 
incoming spike trains are transformed. The transforma¬ 
tion is expressed as a difference in the vigor of responding, 
the timing of the discharge patterns or more importantly, 
as response selectivity, whereby the incoming spike trains 


are evoked by a wide variety of stimuli while the neuron’s 
output, its discharge train, is evoked by only a select group 
of stimuli, whereas other stimuli evoke no action poten¬ 
tials. Before turning to the types of transformations 
expressed by auditory neurons in different centers along 
the auditory pathway, a brief review of the flow of infor¬ 
mation and the major organizational features of the mam¬ 
malian auditory system are given in the following section, 
so that the adaptations seen in bats can be placed in 
context. 


Principles of Organization in the 
Mammalian Auditory System 

The central auditory pathway is composed of a number of 
nuclei and complex pathways that ascend within the 
brainstem and end in the cortex (Figure 8). The pathways 
are even for experts, terribly complex and the details of 
the various connections are, for our purposes, not impor¬ 
tant. The pathway into the brain begins with auditory 
nerve fibers that project from the cochlea into the brain 
where they first make synaptic connections with other 
neurons in the CN. The axons from the neurons in the 
CN project deep into the medulla where they make synap¬ 
tic connections with a group of nuclei called ‘the superior 
olive complex.’ The axons of neurons in the superior olive 
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Auditory cortex 



Figure 8 The basic wiring of the mammalian auditory 
system. Auditory nerve fibers coming from the cochlea branch 
to innervate the various cell groups in the cochlear nucleus (CN). 
The CN cells send their axons into the brain as a series of 
parallel pathways. One pathway innervates the neurons in the 
superior olivary complex, shown as the medial nucleus of the 
trapezoid body (MNTB), the medial superior olive (MSO), and 
the lateral superior olive (LSO). The MSO and the LSO are the 
first regions of the auditory system that receive innervation from 
the two ears. The projections from the superior olive, as well as 
from other groups, shown as the nuclei of the lateral lemniscus, 
then converge at a common site in the inferior colliculus (1C), the 
nexus of the auditory system. The projections from the 1C then 
innervate the medial geniculate (auditory thalamus) and 
projections from the medial geniculate provide the major 
innervation to the auditory cortex (AC). Reproduced from Poliak 
GD and Park TJ (1995) The Inferior Colliculus. In: Popper A and 
Faye RR (eds.) Hearing by Bats, Springer Handbook of Auditory 
Research, pp. 296-367. Berlin-Heidelberg: Springer-Verlag, with 
permission. 


in turn project to yet other nuclei. Ultimately all the 
projections from the lower nuclei terminate in the audi¬ 
tory midbrain, the inferior colliculus (IC). The outputs of 
the IC are sent to the medial geniculate body, the auditory 
thalamus, and then to the auditory cortex (AC) in the 
temporal lobe. 

The most fundamental organizational feature of the 
auditory system is the topographic remapping of the sen¬ 
sory (cochlear) surface upon each succeeding higher 
neural center. Figure 9 shows that the orderly representa¬ 
tion of frequency in the cochlea, a feature called ‘tonotopic 
organization’ or ‘tonotopy,’ is preserved in the projec¬ 
tions to the CN, the first auditory nucleus in the central 
auditory system, and in the projections to every higher 
auditory region, from CN to AC. Stated differently, the 
same tonotopic organization that was first established in 
the cochlea is imposed on each auditory nucleus in the 
ascending auditory system. 


Tonotopy 

The remapping of the sensory surface in the brain 
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Figure 9 Projection patterns that underlie the tonotopic 
organization of the auditory system. 


The representation of a particular frequency in the 
CN (and other, higher regions) is not a single neuron 
but rather is composed of a sheet of neurons, all having 
the same ‘best frequency,’ the frequency to which the 
neuron is most sensitive, and which reflects the point on 
the cochlea from which the neuron received its innerva¬ 
tion (Figure 10). This sheet of isofrequency cells is ‘the 
unit module’ because it represents the total processing 
that occurs for that frequency in each nucleus. 

As illustrated in Figure 10, each isofrequency sheet 
in the CN is composed of a variety of cell types. Each 
cell type extracts some aspect of the information 
contained in the spike train of auditory nerve fibers, 
and the information extracted by that particular neuro¬ 
nal type is different from the information extracted by 
the other neuronal types. Each CN cell type, in turn, 
sends its axonal projections into the brain stem as a 
series of parallel projections, where each projection 
innervates one or a few of the various auditory nuclei 
in the brainstem in a tonotopic fashion. Interestingly, the 
cells are fairly homogeneous in each nucleus above 
the CN, and thus each nucleus extracts some aspect of 
information that is different from the information 
extracted by each of the other lower nuclei. The neurons 
in each of the lower nuclei send their axonal projections 
to terminate in corresponding isofrequency sheets of the 
IC in the midbrain. Thus, the IC receives the convergent 
projections from almost all lower nuclei and is, there¬ 
fore, the nexus of the ascending auditory system. The 
output of the IC, in turn, is sent to the medial geniculate 
body and then to the AC, where the projections termi¬ 
nate tonotopically. 

The remainder of this article will be concerned with 
only two regions of the auditory system: (1) the auditory 
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Figure 10 Schematic representation of projections of auditory nerve fibers to CN cell groups as they occur for different frequencies 
across the cochlear surface. Lower panel shows the response pattern of an auditory nerve fiber to a tone burst at the frequency to which 
the fiber is most sensitive (its best frequency). Notice that although each of the neurons in the CN is innervated by the same auditory 
nerve fiber, the response patterns of each of the neurons are different from that of the auditory nerve fiber that innervated all the 
neurons. Reproduced from Kaing NYS (1975) Stimulus representation in the discharge patterns of auditory neurons. In: Tower DB (ed.) 
The Nervous System, Human Communication and Its Disorders, vol. 3. New York, NY: Raven Press. 


midbrain or IC because the IC receives the convergent 
projections from almost all lower auditory nuclei; and 
(2) the AC because it is the highest center in the ascending- 
auditory system. Focus will be on a comparison of two 
features of the central auditory systems: (1) the tonotopic 
organization of their auditory nuclei; and (2) the processing 
of frequency modulations, the signals that are so prominent 
in both the echolocation and the communication signals 


emitted by bats. The two neural features will be illustrated 
for three bats: (1) the big brown bat, which is a loud FM 
bat; (2) the mustache bat, which is a CF-FM bat; and 
(3) the pallid bat, a whispering bat. This comparison is not 
comprehensive but will serve to illustrate the ways that 
basic organization and response features were adapted 
in different types of bats to suit the particular habitat in 
which they hunt. 
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The Inferior Colliculus in Loud FM Bats 

The tonotopic organization of the IC in loud FM bats is 
similar to that of other less specialized animals and thus 
is typically mammalian. Like all other mammals, the IC is 
composed of sheets of isofrequency neurons, that is, neu¬ 
rons tuned to the same frequency, where the sheets are 
stacked one on top of the other. The sheets representing 
low frequencies are located dorsally with sheets repre¬ 
senting progressively lower frequencies located ventrally. 
The frequency representation in the IC however is not 
uniform in that the frequencies of greatest importance to 
each species are overrepresented, as they are in the 
cochlea. The tonotopic organization in the IC of the big 
brown bat, Eptesicus fuscus, a prototypical loud FM bat is 
shown in Figure 11. 

One of the most important features of some neurons in 
the IC is that they express selectivity for the direction of 
FM sweeps, whether it sweeps upward or downward. In 
lower regions of the auditory system, neurons generally 
respond to both upward and downward FM sweeps with 
equal vigor. Neurons in the IC, in contrast, respond only 
or far more strongly to FM signals that sweep in one 
direction than in the other direction. Thus, FM direction¬ 
ality is one of the major transformations that occur in the 
IC. It should be emphasized that selectivity for FM direc¬ 
tion is not a feature unique to the IC to bats but rather is a 
feature seen in the IC of all mammals that have been 
studied. Loud FM bats, however, emphasize this selectiv¬ 
ity and display a preference for downward FM sweeps, the 
types of FM sweeps in their echolocation calls, compared 
to preferences for upward FM sweeps. 



V 

Figure 11 Tonotopic organization of the IC of the big brown 
bat. Each line indicates a sheet of isofrequency cells. 
Reproduced from Poliak GD and Casseday JH (1986) 

The Neural Basis of Echolocation in Bats. New York, NY, 
Springer-Verlag, with permission. 


The Auditory Cortex of Loud FM Bats 

The AC of big brown bats, like the auditory corticies of all 
mammals, is tonotopically organized (Figure 12) and also 
has a population of FM directionally selective cells. 

Many cortical neurons however also display an adap¬ 
tation called ‘delay tuning,’ an adaptation that is espe¬ 
cially well suited for echolocation. Delay-tuned neurons 
respond weakly or not at all to a single FM signal but 
rather respond vigorously to two signals presented with a 
particular temporal period between the first and second 
signals (Figure 13). The first signal can be thought of as 
the emitted pulse and the second signal as the echo. Thus, 
the neurons respond best to a particular ‘pulse-echo’ 
delay. Different neurons respond best to different delays. 
The delay between the emitted pulse and the returning 
echo is determined by the distance between the bat and 
its target, and pulse-echo delay is the cue bats use to 
determine the distance to their targets. Thus, many inves¬ 
tigators consider these neurons to code for target distance 
or range. 

One problem with this interpretation is that delay- 
tuned neurons are broadly tuned and respond to a wide 
range of pulse-echo delays that differ by several millise¬ 
conds. For example, one of the neurons in Figure 13 fires at 
80% of its maximal discharge rate to a 7 ms range of pulse- 
echo delays. Bats can resolve target distances that differ by 
as little as 1.0 cm, which represents a pulse-echo difference 
of about 75 ps between the two signals; that is, if the bat 
were presented with two targets where one is closer to the 
bat by 1.0 cm, the bats can resolve that difference in range. 
How neurons that are so broadly tuned for delay can 
distinguish between two targets in which the pulse-echo 
delays differ by only 75 ps is difficult to explain. 

Dear et al. (1993) have offered an alternative hypothesis. 
Their hypothesis holds that what the delay-tuned neurons 
are doing is to partition distance into smaller segments, 
where a population of neurons tuned to shorter delays 
process information from closer targets and the population 
of neurons tuned to longer delays process information from 
targets located at progressively longer distances. Thus, the 
acoustic scene, all targets in the bat’s acoustic space, are 
each processed by a different population of neurons where 
nearer targets are processed by the population of neurons 
tuned to shorter delays, while the farther targets are pro¬ 
cessed by the population tuned to longer delays. In other 
words, the neurons do not provide information about the 
exact distance of each target, but rather break the scene up 
where each population ‘looks’ at a particular depth in the 
acoustic field. 

The mechanism that underlies delay tuning is a feature 
called ‘paradoxical latency shift.’ Auditory neurons almost 
always respond to softer stimuli with longer latencies 
and louder stimuli with shorter latencies. Neurons with 
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Figure 12 Brain of the big brown bat. Auditory areas include the CN, 1C, and superior colliculus (SC). Shaded area defines AC. 

The lower panel shows the AC in greater detail and its tonotopic organization. Adapted from Dear SP, Fritz J, Haresign T, Ferragamo M, 
and Simmons JA (1993) Tonotopic and functional organization in the auditory cortex of the big brown bat, Eptesicus fuscus. Journal of 
Neurophysiology 70: 1988-2009, with permission. 


paradoxical latency shifts, in contrast, respond to softer 
stimuli with shorter latencies and to louder sounds with 
longer latencies. The idea then is that the louder emitted 
pulse (first signal) evokes a long latency discharge and 
that the softer echo evokes a short latency discharge 
(Figure 14). The delay-tuned neuron is constructed by 
receiving innervation from neurons with paradoxical 
latency shifts, where the neuron’s best delay (BD) is 
determined by the difference in latencies evoked by neu¬ 
rons that have a longer latency to the louder pulse and 
those with shorter latencies evoked by the softer echo. If 
that latency difference is 10 ms, then the excitation arriv¬ 
ing from both neurons will occur for a delay of 10 ms and 
the neuron will fire most vigorously at that delay. For 
other neurons, the difference in latencies will be either 
shorter or longer, thereby generating the variety of delay- 
tuned neurons in the cortex. 

Paradoxical latency shifts, however, are not unique to 
bats. Indeed, they have been seen in the auditory systems 


of frogs. Whether neurons in other mammals combine 
different delays to generate delay-tuned neurons is 
unclear since that feature has not been evaluated in 
other mammals. Nevertheless, it seems reasonable to 
assume that the particular ways by which bats combine 
the innervation from neurons with paradoxical latency 
shifts to create a population of delay-tuned neurons hav¬ 
ing delays that correspond closely to the pulse-echo 
delays they actually receive in nature is almost certainly 
a unique adaptation of bats. 

Whispering Bats 

As mentioned previously, whispering bats comprise a 
diverse group of bats that occupy a wide variety of 
habitats and feed upon an equally wide variety of food 
sources, but they do not prey upon flying insects as do 
the loud FM and CF-FM bats. Many whispering bats 
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Figure 13 Delay-tuned neurons in the AC of the big brown bat. Left panel shows stimuli used to evaluate delay tuning. Two stimuli are 
presented, the first (pulse) was louder than the second (fainter echo). The delay between the pulse and echo was varied and the 
discharges evoked by each pulse-echo pair are shown. For this neuron, the best delay (BD) was about 6.5 ms. Adapted from Sullivan 
WE (1982) Possible neural mechanisms of target distance coding in auditory system of an echolocating bat. Journal of Neurophysiology 
48: 1033-1047. Right panel shows plots of delay tuning for three cortical neurons, each having a different BD. The delay tuning is 
broad and encompasses several ms in each neuron. For the neuron with a BD of 20 ms, the delays that evoked firing rates that were 
80% of the maximal rate spanned 7 ms. Adapted from Dear SP, Simmons JA, and Fritz J (1993) Nature 364: 620-623, with permission. 
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Figure 14 Paradoxical latency shifts that underlie delay tuning. 
The subthreshold response to the loud emitted pulse (top panel) 
has a longer latency than the subthreshold response to the fainter 
echo (middle panel). When the echo is delayed such that its 
response coincides in time with the louder pulse, the two 
subthreshold events summate to evoke a large response that 
evokes a strong series of discharges (bottom panel). 


use echolocation primarily for orientation and hunt by 
passively listening to the sounds made by their prey. 
Although the processing of acoustic information in whis¬ 
pering bats has received less attention than in loud FM 


or CF-FM bats, several neural adaptations in the pallid 
bat are especially interesting. 

Recall that pallid bats are found in the deserts of the 
southwestern United States, and use echolocation for 
orientation while simultaneously listening for the noisy 
sounds made by insects or other small animals as they 
scurry on the desert floor. The echolocation calls are FM 
signals that sweep downward from about 60 to 30 kHz 
over a duration of 2-4 ms. Prey-generated noise, in con¬ 
trast, is composed of frequencies from about 5 to 35 kHz. 
The remarkable feature of the IC and AC of pallid bats is 
that both structures are functionally divided into two 
regions, one adapted for processing the FM components 
in their echolocation calls and the other for processing the 
noise produced by their prey. 


The Inferior Colliculus of the Pallid Bat 

The IC of the pallid bat has medial and lateral divisions, 
as shown in Figure 15. The medial division is tonotopi- 
cally organized in a manner similar to the IC of loud FM 
bats. Low frequencies are represented by sheets of isofre¬ 
quency neurons located dorsally, while high frequencies 
are represented in sheets in more ventral locations. Neu¬ 
rons tuned to low frequencies, which are located in the 
dorsal isofrequency sheets, are less specialized than those 
tuned to the high frequencies in the ventrally located 
sheets. The high frequencies, from about 30 to 60 kHz, 
correspond to the frequencies in the pallid bats’ 
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Figure 15 Tonotopic organization of the pallid bat 1C. 
Isofrequency sheets together with the frequencies to which each 
sheet is tuned are shown. The nucleus is also functionally 
partitioned into dorsal, ventral, and lateral areas. The ventral area 
is tuned to the frequencies in the bat’s echolocation calls and 
most neurons are sensitive to the direction the FM sweep. 
Neurons in the lateral area are tuned to lower frequencies and are 
specialized for responding to prey-generated noise. Courtesy of 
Zoltan Fuzessery. 


echolocation calls. Low-frequency neurons respond (dis¬ 
charge) to many types of signals, which include tones and 
FM sweeps, but generally are unresponsive to noise. 
These neurons may play a role in the processing of their 
social communication calls that often have frequencies 
considerably lower than those in the echolocation calls. 
High-frequency neurons, in contrast, respond poorly to 
tones and noise but respond vigorously to FM sweeps. 
Moreover, they respond preferentially to downward FM 
sweeps that have particular sweep rates, features that 
correspond closely with the sweep direction and sweep 
rates of the FM signals pallid bats use for echolocation. 
Thus, the high-frequency neurons in the ventral isofre¬ 
quency sheets in the medial portion of the IC are 
specialized for processing echolocation calls. It should 
also be noted that the mechanisms that generate the FM 
directional selectivity in the high-frequency neurons are 
the same mechanisms that generate FM directional selec¬ 
tivity in other bats and other mammals. 

The lateral portion of the IC is markedly different than 
the medial portion of the IC. Frequencies represented in 
the lateral region are biased toward low frequencies, from 
about 5 to 40 kHz, frequencies that are prevalent in prey¬ 
generated noise but are lower than the frequencies in the 
pallid bat’s echolocation calls. Neurons in the lateral 


portion respond weakly to tones and FM signals but 
respond strongly to noise, the signals that are generated 
by the terrestrial insects these bats feed upon. Thus, the 
IC of the pallid bat is functionally divided into three 
major regions: (1) low-frequency neurons in the dorsal 
medial portion of the IC; (2) high-frequency neurons in 
the ventral medial portion of the IC that are specialized 
for processing echolocation calls; and (3) neurons in the 
lateral portion of the IC that are specialized for proces¬ 
sing prey-generated noise. 

The species-specific features that emerge in the IC are 
then imposed on the AC of pallid bats. Its AC contains a 
tonotopic map, as in the AC of all other mammals. As in 
the IC, the high-frequency representation, frequencies 
between 30 and 60 kHz, is dominated by neurons sensitive 
to FM sweeps, and thus the neurons in this region are 
important for processing echolocation calls. The neurons 
tuned to lower frequencies have not been as intensively 
studied but many low-frequency neurons respond to FM 
and tones whereas others respond most vigorously to 
noise and thus are important for the detection and locali¬ 
zation of prey-generated sounds. 

The Inferior Colliculus of the 
Mustache Bat 

Ethological influences on the central auditory system are 
perhaps most elegantly and dramatically expressed in the 
tonotopic organization in the IC of CF-FM bats. The 
organization reflects the overrepresentation of the fre¬ 
quencies in the cochlea that comprise the bat’s acoustic 
fovea and re-emphasizes the importance that Doppler- 
shift compensation plays in the acoustic behavior of the 
animals. These features are illustrated in the IC of the 
mustache bat (Figure 16), which shows that one-third of 
the entire volume of the mustache bat’s IC is devoted 
to one frequency, 1 ‘60 kHz,’ the frequency at which the bat 
clamps the frequency of its echo CF component during 
Doppler-shift compensation. The overrepresentation dis¬ 
torts the normal tonotopic arrangement seen in all other 
mammals, where sheets of cells representing frequencies 
from low to high are stacked dorsoventrally as in the IC of 
the loud FM bat. The greatly expanded representation of 
60 kHz literally pushes the sheets of cells representing 
frequencies lower than 60 kHz forward while simulta¬ 
neously pushing the sheets of cells representing frequen¬ 
cies higher than 60 kHz more medially. 

The cells tuned to ‘60 kHz’ are not only over¬ 
represented, but they are also much more sharply tuned 
than cells tuned to other frequencies. That is, 60-kHz cells 
respond only to a very narrow range of frequencies that 
can be as small as 100-200 Hz (Figure 17). Both the sharp 
tuning of 60-kHz cells and their overrepresentation are 
features that were first created in the cochlea and are 
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Figure 16 Schematic drawing of a dorsal view of the mustache bat’s brain to show the location of the 60-kHz region in the 1C. The 
hypertrophied inferior colliculi protrude between the cerebral cortex and the cerebellum. In the left colliculus are shown the isofrequency 
sheets as determined in anatomical and physiological studies. Low-frequency sheets, representing an orderly progression of 
frequencies from about 59 to 10 kHz and high-frequency sheets from about 59 to 120 kHz, are shown on either side of the greatly 
enlarged 60-kHz isofrequency region that occupies about one-third of the entire 1C. Reproduced from Poliak GD and Casseday JH 
(1986) The Neural Basis of Echolocation in Bats. New York, NY: Springer-Verlag, with permission. 


simply imposed on the IC due to the tonotopic projec¬ 
tions of the ascending auditory pathway. The sharp tun¬ 
ing, moreover, endows 60-kHz cells with exceptional 
abilities to encode the frequency modulations on the 
echo CF component that are imparted by the fluttering 
wings of an insect, as described previously. Even the 
smallest frequency excursions generate discharge trains 
that are tightly locked to the wing-beat frequencies. As 
shown in Figure 18, frequency modulations as small 
as ±10 Hz evoke discharges in 60-kHz neurons that are 
locked to each modulation cycle. The locking of dis¬ 
charges is evoked by the frequency modulations as fre¬ 
quencies move in and out of a 60-kHz neuron’s sharp 
tuning curve. This creates a unique pattern of discharge 
activity across the population of 60-kHz cells and pro¬ 
vides the neural substrate for insect recognition. 

Many neurons in the mustache bat’s IC, including 
those tuned to 60 kHz, have an unusual feature; they 
respond much more vigorously to two tones that have a 
specific frequency relationship and temporal relationship 
than they do to a single tone at their ‘best frequency,’ the 
frequency to which they are most sensitive. These neurons 
are called ‘combination-sensitive neurons’ because they 
are far more responsive to combinations of tones than 
to single tones (Figure 19). These cells are similar to 
the delay-tuned cells of loud FM bats, described previ¬ 
ously, except that combination-sensitive cells require both 
a specific temporal interval between the two tones and 


a specific frequency difference. As illustrated in Figure 19, 
most of these cells fire best or most vigorously when the 
frequency of the first tone corresponds to the fundamental 
frequency of either the CF component or FM sweep of 
mustache bat’s echolocation calls, about 30 kHz, and the 
second tone to the frequency of either the CF or FM 
sweep in the second or third harmonic of the calls, 60 
or 90 kHz. 

One of the functional attributes assigned to combinato¬ 
rial neurons is for coding the range or the distance between 
the bat and its target. The rationale is that the temporal 
intervals that many, although not all, combination-sensitive 
neurons respond with facilitated responses vary from about 
1 to 20 ms. These intervals would be generated by target 
distances of about 0.3-3.0 m and correspond to the timing 
differences between the pulse and the echo that the bats 
receive during echolocation. While ranging is an appealing 
hypothesis for these neurons, it should be noted that, like 
the delay-tuned neurons in loud FM bats, the delay tuning 
of these neurons is also broad, sometimes encompassing 
pulse-echo delays of up to 10 ms. It is also significant that 
combinatorial neurons are not unique to CF-FM bats but 
also have been found in the IC of mice. In mice, and in bats 
as well, the combinatorial neurons are most likely impor¬ 
tant for the processing of communication calls, which are 
broadband signals that have specific temporal features. 
The requirement that specific frequencies be combined 
and that the various frequencies must also have a specific 
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Figure 17 Cochlear microphonic audiogram (top panel), 
distribution of best frequencies (middle panel), and tuning 
sharpness of neurons tuned to various frequencies (lower panel) 
recorded from the mustache bat’s 1C. Tuning sharpness is shown 
as Q values defined as the range of frequencies that evoke 
discharges at 10dB above threshold divided by the neuron’s 
best frequency. The higher the Q value, the sharper the tuning. 
A disproportionate number of neurons have best frequencies that 
correspond to the sharply tuned notch of the cochlear 


timing relationship is important for generating response 
selectivity where neurons respond more vigorously to cer¬ 
tain calls and less vigorously or not at all to other calls, even 
though the frequency composition of the various calls 
would share common frequencies. 


Auditory Cortex of the Mustache Bat 

The AC of the mustache bat has been intensively studied 
by Nobuo Suga and his students and is the most elegantly 
organized cortex of any mammal. The organization of the 
mustache bat cortex is a highly elaborated version of 
the features described previously for the IC, but in the 
cortex, each of the features in the IC is spatially segregated, 
in that specific features are represented in their own func¬ 
tional regions (Figure 20). 

Three regions of the mustache bat AC are especially 
prominent: one tonotopically organized region and two 
others that are composed entirely of combinatorial neu¬ 
rons, but the type of combinatorial neuron in the two 
regions is different and distinctive (Figure 20). The ton- 
topically organized region is similar to the tonotopic orga¬ 
nization in the corticies of other mammals, except that 
60 kHz is greatly overrepresented, as it is the mustache 
bats’ IC. Indeed, Suga and his colleagues refer to the ‘60’ 
kHz representation as the ‘Doppler-shifted constant fre¬ 
quency’ (DSCF) area, because all the neurons are tuned 
to the frequency at which the bat clamps the 60-kHz CF 
component of echo while Doppler compensating. 

The most interesting and unique features of the mus¬ 
tache bat cortex are two other regions composed of combi¬ 
natorial neurons, each of which lie near to but are separate 
from each other and from the DSCF area, the tonotopically 
organized region. One region, the so-called CF-CF area, 
contains neurons that are only responsive to the CF com¬ 
ponents of the echolocation calls, and require that particu¬ 
lar combinations of CF harmonics to evoke a response. 
Thus, the neurons in one region require that the signal be 
composed of a 30- and a 60-kHz tones (the 30-kHz tone is 
the fundamental frequency, while the 60-kHz tone is the 
second harmonic frequency of the bat’s calls), whereas 
others are sensitive to 30- and 90-kHz combinations. The 
exact frequency combinations of 30- and 60-kHz and 30- 
and 90-kHz differ slightly from neuron to neuron, and thus 
these neurons are probably responding to Doppler-shift 
magnitude. The other combinatorial region, the FM-FM 
region, is even more interesting. Here, the neurons require 
two FM sweeps, one having the frequencies of the 


microphonic audiogram and those neurons have much higher Q 
values (and are more sharply tuned) than neurons with best 
frequencies either below or above 60 kHz. Reproduced with 
permission from Poliak GD and Casseday JH (1986) The Neural 
Basis of Echolocation in Bats. New York, NY: Springer-Verlag. 
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Figure 18 A neuron in the mustache bat 1C sharply tuned to 
60 kHz responds to each cycle of sinusoidally FM signals. The 
neuron displays discharges to each cycle of modulated signals in 
which the frequency varies by only ±10 Hz around a carrier 
frequency of 62.87 kHz. Reproduced from Poliak GD and Park TJ 
(1995) The inferior colliculus. In: Popper AN and Fay RR (eds.) 
Hearing by Bats. Springer Handbook of Auditory Research. 

New York, NY, with permission. 


fundamental (i.e., from about 30 to 23 kHz) and the 
other the frequencies of either the second harmonic (i.e., 
from about 60 to 45 kHz) or third harmonic (i.e., from about 
90 to 70 kHz) of the echolocation calls. Moreover, the 
neurons are delay tuned and thus also require a specific 
temporal interval between the first harmonic FM and 
the other harmonic that ranges from a few milliseconds 
to about 20 ms. Thus, these neurons respond selectively to 
echo delay, similar to the delay-tuned neurons in the 
mustache bats’ IC. What these features show is that the 
cortex of the mustache bat is specially adapted for proces¬ 
sing the acoustic features that it normally receives during 
echolocation. 


Conclusions 
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Figure 19 Combination-sensitive delay-tuned neuron in 
the mustache bat IC. Left panel shows the various harmonics 
in a mustache bat echolocation call and a Doppler-shifted 
echo that returns several milliseconds after the emitted pulse. 
The right panel shows the weak responses to two tones, one at a 
frequency corresponding to the fundamental frequency of the 
emitted pulse (30 kHz) and the other at a frequency in the 
second harmonic of the echo (60 kHz). The neuron responds 
weakly to each signal presented alone. When the 30-kHz 
signal (pulse) is presented first and the 60-kHz (echo) signal is 
presented shortly thereafter, the responses are still weak 
except at a particular pulse-echo delay that evokes a strong 
response. The number of spikes evoked at each delay is 
plotted in the graph in the lower left and graphically shows 
that the neuron responds weakly at all pulse-echo delays 
except for the BD, at which it responds strongly. 


are primarily, although not exclusively, a matter of quan¬ 
tity, where a species expresses certain features that are 
shared by other species but to a greater degree or in a 
more pronounced form, rather than expressing wholesale 
qualitative changes in the mode of processing. The idea 
that each species evolved neural adaptations suited to 
their habitat is a universal feature of all sensory systems 
in all animals, and is especially well illustrated in the 
auditory systems of bats because of the diverse habitats 
in which these animals live. 


This brief tour of the neuroethology of bats illustrates 
how the auditory systems of different bats are adapted 
to enable each species to exploit one or another type of 
food supply in the environment in which they hunt. The 
adaptations in their auditory systems, like the adaptations 
of their bodies, did not involve new inventions but rather 
took basic features present in all mammals and empha¬ 
sized one or more features that were adaptive for a partic¬ 
ular habitat. Thus, the adaptations in the auditory system 


See also: Bat Migration; Bats: Orientation, Navigation 
and Homing; Hearing: Vertebrates. 
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Figure 20 AC of the mustache bat showing the tonotopically organized region and the specialized combinatorial regions, the CF-CF 
and FM-FM regions. The tonotopically organized region has a disproportionately large representation of 60 kHz, the DSCF region. 
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Introduction 

In 1948, Angus Bateman, a botanist, published a review 
destined to become the most important paradigm in most 
studies of sexual selection for the next 50 years; he never 
again wrote on sexual selection. By a paradigm, I mean 
here a particular world view, or set of interconnecting 
ideas, that comes to permeate a field and is accepted as 
self-evident by most researchers in a discipline. Bateman’s 
paradigm, for example, has dominated much of the think¬ 
ing on sexual selection theory, parental investment theory, 
evolution of mating systems, and the evolution of parental 
care, among other areas of study. 

Because of the influence of a 1994 study by Steve 
Arnold, parts of Bateman’s ideas have in modern times 
become known as Bateman’s principles. Although there is 
still some confusion about what exactly should be included 
under Bateman’s principles, the general consensus is that 
they include the following predictions: (1) male RS 
increases with number of mates, while female RS does 
not; (2) male RS will show greater variance than female 
RS; and (3) the sex with the greater variance in RS (i.e., 
males) will be more greatly affected by sexual selection. 
The acceptance of these ideas has led to the conclusion that 
males have greater variance in number of mates and in RS 
and, consequently, that they undergo more intense sexual 
selection when compared with females. The only excep¬ 
tions to this would be found in so-called sex-role-reversed 
species in which females compete for males and males take 
care of the young, and in which the number of matings and 
RS of females is potentially higher than those of males. 

In effect, Bateman’s principles have become a corner¬ 
stone of sexual selection theory and have influenced 
numerous areas of behavioral ecology. Here, I review 
Bateman’s original experiments and recent criticisms of 
this research. Additionally, I provide an overview of mod¬ 
ern data that support Bateman’s ideas, as well as of data 
that contradict, or otherwise throw into question, some of 
Bateman’s assumptions and conclusions. 

In summary, Bateman’s research has been responsible 
for an impressive body of work and his principles appear 
to be valid in some species. However, an increasing litera¬ 
ture, both theoretical and empirical, suggests that not all 
of Bateman’s ideas can be supported as universal princi¬ 
ples. Rather, it is likely that much variation exists from 


species to species and that, in many species, at least some 
aspects of Bateman’s principles will need to be abandoned 
or recharacterized as hypotheses. 

A Historical Perspective 

In 2004, Donald Dewsbury reviewed the history of 
Bateman’s study, ‘Intra-sexual Selection in Drosophila .’ 
The first point to make is that Bateman saw his study on 
Drosophila as a test of Charles Darwin’s ideas on sexual 
selection. While Darwin’s theory of natural selection had 
been relatively widely accepted, his suggestion that a 
different process, sexual selection, could explain sexual 
dimorphism in animals had been, for the most part, met 
with skepticism. In fact, even Alfred Russel Wallace, the 
codiscoverer of the concept of natural selection, once 
wrote to Darwin and accused him of being un-Darwinian’ 
because of the latter’s advocacy of sexual selection. 

As envisioned by Darwin, sexual selection consisted of 
two different processes: (1) intrasexual selection, which 
involved direct combat among members of the same sex 
(usually thought to be more common in males) for access 
to members of the opposite sex and (2) intersexual selec¬ 
tion, which required individuals of one sex (usually 
thought to be more common in females) to choose 
among individuals of the opposite sex. Thus, the traits 
selected by intrasexual selection tended to be size, vigor, 
strength, and fighting ability, traits believed by Darwin to 
be mainly characteristic of males. Intersexual selection 
resulted in the evolution of traits that made their owners 
more ‘attractive’ to the opposite sex. For example, male 
ornaments such as long tails, brightly colored plumage, 
or complex songs or calls were all considered to have 
evolved because females preferred males that exhibited 
these traits as mates. These two forms of sexual selection 
came to be known as male-male competition and female 
choice, respectively (although Darwin knew and acknowl¬ 
edged that, in a some species, females are the more orna¬ 
mented sex and may physically compete for males, while 
males are less showy and do the choosing of mates). 
Relying on the fact that males produce large numbers of 
small sperm and females produce relatively few, costly 
eggs, Darwin implied that females can be expected to be 
more sexually passive, while males should be sexually 
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active in their search for mates. In 1972, these ideas were 
farther elaborated by Robert Trivers, and by Geoff Parker 
and his collaborators. These authors took Darwin’s com¬ 
ments on gamete size and numbers, and his comments on 
passive females and profligate males, and reified them into 
a modern cost-benefit analysis that ‘explained’ the differ¬ 
ences between the sexes: a female’s eggs are few and costly 
and she should, therefore, guard them carefully and be 
coy, mating only with the best male (in terms of male 
quality) available to her. She could afford to mate with 
only one male because that male would produce enough 
sperm to fertilize all of her eggs. The male, on the other 
hand, could produce unlimited numbers of cheap sperm; 
he could afford to mate with all and any females because 
he incurred no serious costs by doing so. 

Bateman’s experiments and his interpretations (see 
section ‘Bateman’s Research’) concurred with Darwin’s 
ideas and later with those of Trivers and Parker. This is 
because Bateman proposed that, in the case of males, RS is 
a function of the number of mates a male can obtain. On 
the other hand, Bateman concluded that the peak of 
female RS is reached after mating with only one male 
and that additional matings will not increase a female’s 
RS. This led him to propose that females should be 
sexually cautious and very discriminating, and that 
males should behave promiscuously. 

An interesting aspect of the Bateman history is that his 
ideas lay dormant for ~26 years, until Trivers revived 
them when he published his now classical study ‘Parental 
Investment and Sexual Selection,’ which relied heavily 
on Bateman’s work. Prior to the Trivers’ publication, 
Bateman’s study had been cited a total of 24 times. Yet, 
between 1973 and 2002, a period of 29 years, Bateman’s 
work was cited 601 times, and this upward trend has 
continued unabated until the present with ~1000 total 
citations. 

In summary, what could be called the Darwin- 
Bateman-Trivers-Parker paradigm has been, and among 
many researchers continues to be, the guiding principle 
and cornerstone for much of sexual selection theory. Up 
until very recently, the unquestioned assumptions under¬ 
lying the study of sexual selection have been that eggs are 
expensive while sperm are unlimited and cheap, that 
males should therefore be promiscuous while females 
should be very choosy and should mate with only the 
one best male, and that there should be greater reproduc¬ 
tive variance among males (as compared to females) 
because it is males that compete for females and mate 
with more than one female. Since females are, presum¬ 
ably, mating with only one male, this means that some 
males may mate with many females, while others may 
mate with few or none. This reproductive variance is then 
responsible for the sexual selection of traits possessed by 
the more successful males. 


Bateman’s Research 

Bateman conducted six series of experiments using fruit- 
flies, Drosophila melanogaster. He placed equal numbers of 
male and female flies (3-5 of each sex) in bottles and 
allowed them to mate for a variable number of days 
(3 or 4). In some experiments, he transferred the flies 
(and eggs and larvae) to a new bottle every day, while in 
others he left the flies in the same bottle throughout the 
experiment. Additionally, in different experiments, the 
flies varied in age from 1 to 6 days old. The flies were 
from several inbred strains that contained mutant markers 
that he could then use to identify the parentage of the 
progeny (both the mother and the father). In some tests, 
some of these flies were backcrossed to other inbred 
strains for several generations, in an attempt to increase 
heterozygosity. However, as pointed out by graduate stu¬ 
dent Brian Snyder and his advisor, Patty Gowaty in 2007, 
even then, the flies would have been nearly genetically 
identical except for the mutations. 

With regard to behavior, Bateman never actually 
observed copulations by his flies but, rather, inferred the 
number of mates based on the number of young sired by 
different males in any one female’s offspring. For example, 
if a female’s offspring all had the same father (based on the 
genetic mutation markers), Bateman concluded that the 
female had only mated with one male. If her offspring 
were sired by two males, he concluded she had mated 
with two males. Thus, matings that, for any reason, did 
not produce offspring were not detected or counted by 
Bateman in any of his analyses. In other words, if a female 
mated with three males, but only the offspring of one male 
survived, Bateman had no way of knowing that she had 
actually mated with three males. 

The six series, including 4—9 replicates of each series, 
were analyzed as two separate sets of combined data 
(Figure 1). The first set consisted of series 1-4. The results, 
presented as Graph 1 in Bateman’s study, showed that RS of 
males (‘relative fertility’ in Bateman’s graph) increased 
steadily with the number of mates (meaning, of course, 
the number of females that a male fathered offspring with) 
up to three mates, then declined somewhat at four mates. 
Females’ RS also increased, but slightly less steeply, up 
to three mates, and no females had young sired by more 
than three mates. The second set consisted of series 5 and 6 
and the results are presented in Graph 2 of Bateman’s 
work. In this case, the results are strikingly different. Male 
RS climbs continuously with each mating up to four 
mates. However, female RS peaks at one mate and then 
plateaus. That is, females gain nothing in RS by mating 
with more than one male. Snyder and Gowaty pointed 
out that Bateman’s stated reason for presenting his data in 
two different graphs was that the results obtained in series 
5 and 6 looked different from those obtained in series 1-4. 
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Figure 1 The two graphs produced by Bateman in his two series of experiments. Dashed lines represent females while solid lines 
represent males. See text for details. Reprinted from Bateman AJ (1948) Intra-sexual selection in Drosophila. Heredity 2: 349-368, 
with permission from Macmillan Publishers Ltd. 


It is interesting that, although Bateman presents both 
graphs and all of his data in the paper, in his discussion 
he emphasizes primarily the results of the second set of 
experiments. Consequently, he concludes that females 
will be choosy and mate with only one male because they 
have nothing to gain by mating with more than one male. 
Males, on the other hand, have everything to gain by 
mating promiscuously with many females. Moreover, he 
presents evidence of male reproductive skews and con¬ 
cludes that the slopes of the lines in his graphs (now known 
as ‘Bateman Gradients’ or ‘sexual selection gradients’) 
represent the strength of sexual selection for each sex. 

Perhaps more remarkable is what then happened to 
Bateman’s two graphs. With a few exceptions, most 
subsequent researchers presented and relied only on the 
data from Bateman’s series 5 and 6 (Bateman’s second 
graph). General discussions of sexual selection, and even 
textbooks in animal behavior, almost always presented 
only the second graph and the discussion was limited to 
these results, usually as an explanation of why males are 
promiscuous and females coy and choosy. The results of 
series 1-4, and any discussion of increases in female RS as 
a function of the number of males the female mated with, 
for all practical purposes disappeared from the literature. 
The only exceptions appear to be a few theoretical models 
by Steve Arnold and his colleagues who re-examined 
Bateman’s findings. 

Methodological and Statistical Problems 

Certain problems inherent in Bateman’s methodology were 
discussed in a review by Zuleyma Tang-Martinez and 
graduate student T. Brandt Ryder. First, the use of inbred 
strains raises the possibility that the mating behavior of 
the mutants was not normal. Second, the age of the females 
may have been a factor. Female D. melanogaster do not 


mature sexually until they reach 4 days of age (males are 
generally mature at 1 day of age). Consequently, females 
that were less than 4 days of age at the beginning of the 
experiments could be expected to have mated fewer times, 
as compared to older females or males. Third, it is not clear 
whether there was food limitation for the larvae in those 
experiments in which the flies were not transferred to a 
new bottle every day. Food limitation could have meant 
that larvae carrying certain mutations might have survived 
less well because they were less competitive in the face of a 
limited resource. Fourth, Drosophila males may have pro¬ 
duced pheromones, or ejaculated secondary compounds 
that either inhibited the receptivity of the females with 
which they mated (causing them to become less attractive 
to other males), and/or resulted in the females having 
longer remating latencies. Fifth, the length of each experi¬ 
ment (number of days the experiment lasted) could have 
influenced how many females mated more than once. This 
is because D. melanogaster females can store sperm for a 
variable number of days (up to 2 weeks) and may not need 
to remate and replenish sperm supplies in experiments 
that lasted only 3-4 days. Lastly, anything that would have 
affected offspring mortality in a systematic way could 
have biased the results because only surviving offspring 
were included in the analysis. Examples of factors that 
could have affected mortality include lethal mutations 
(and most of Bateman’s mutations were homozygous 
lethals), mutations that decrease survivorship for various 
reasons (e.g., heterozygous effects on viability, reduced 
competitive ability possibly as a result of food limitation), 
and maternal effects that affect survivorship of larvae as a 
function of maternal age. 

Bateman recognized some of the concerns summarized 
in the preceding paragraph and attempted to control for them. 
Based on analyses of variance, he concluded that age, 
mutations, and population differences in the various 
experiments and bottles did not affect his results. 
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Despite the widespread acceptance of Bateman’s prin¬ 
ciples, there has been a number of significant theoretical 
critiques of his research. For example, in 1985, William 
Sutherland devised a model that looked at the handling 
time of matings and their aftermath, searching time for 
new mates, and random rates of mating encounters. He 
concluded that Bateman’s sexually dimorphic differences 
in behavior could be explained by chance alone. In 1987, 
Steve Hubbell and Leslie Johnson extended Sutherland’s 
model to include two constraints: effects of survival prob¬ 
ability over time (taking into account that everyone even¬ 
tually dies) and also that, in diploid, sexually reproducing 
species, mean mating success for males and females must 
be equal among all mating individuals. They then exam¬ 
ined the effects of these variables on lifetime mating 
success. They concluded that the variance in lifetime RS 
can be due to stochastic and nonheritable factors that 
affect time allocation budgets for mating. These results 
brought into question some of the accepted conclusions 
that form part of Bateman’s principles. 

Gowaty and Hubbell emphasized in 2005 that all these 
factors, alone or in combination, can affect choosiness or 
indiscriminate sexual behavior regardless of sex. Conse¬ 
quently, their model emphasizes that mating strategies 
can be flexible, that under certain conditions males may 
be choosy and females indiscriminate, and that individuals 
may be able to switch sex roles. Moreover, it highlights the 
importance of random forces and nonheritable factors 
that can affect variance in RS and mating success without 
influencing sexual selection. 

Recently, a very substantive critique of Bateman’s 
methodology has been presented by Snyder and Gowaty. 
In addition to addressing several of the confounds and 
difficulties already mentioned, they did an extensive 
reanalysis of Bateman’s data. Among the problems they 
identified are: 

1. Bateman’s sampling was likely biased. In many cases, 
Bateman was able to assign partial parentage to either 
the mother or the father of an offspring, but not both. 
As a result, in 5 out of the 6 series, his males and 
females did not have equal mean RS, an impossibility 
for diploid species with equal sex ratios, when sampling 
is complete and unbiased. Moreover, because means 
and variances in RS are correlated to one another, this 
methodology may well have affected the reliability of 
his interpretations, throwing into doubt his conclusion 
that males have higher variance in RS than do females. 

2. There were mathematical mistakes in Bateman’s cal¬ 
culations of variance in number of mates. Snyder and 
Gowaty found that due to either rounding errors or 
mathematical miscalculations, three of the calculations 
of variance in number of mates for both males and 
females were incorrect. Moreover, a statistical analysis 
of these data found significant differences in only two 


of nine recalculated ratios of the variance in number of 
mates. Bateman had presented these data in a table but 
had not subjected them to statistical tests. Given that 
the putative sex differences in variance in number of 
mates is a crucial component of Bateman’s principles, 
the failure to find consistent significant differences in 
this measure raises serious doubts about Bateman’s 
conclusions. 

3. Bateman’s analysis of variance in RS suffers from pseu¬ 
doreplication. An examination of the data and analyses 
presented by Bateman demonstrates that he calculated 
the degrees of freedom as N— 1, where N= the total 
number of adult flies in each treatment, rather than the 
total number of populations in each treatment, which 
constituted pseudoreplication. The appropriate analy¬ 
sis would have been to use N— 1, where N= the num¬ 
ber of populations. Again, the fact that males are 
supposed to have higher variance in RS as compared 
to females is a central canon of Bateman’s principles. 
Modern statistical techniques consider pseudoreplica¬ 
tion completely inappropriate (although this was not 
the case at the time Bateman analyzed his data). Con¬ 
sequently, his use of pseudoreplication and his use of 
variance in RS as a characteristic of individuals, rather 
than populations, raise additional questions about the 
validity of his interpretations. 

4. A reanalysis of Bateman’s data shows that RS of both 
males and females increases as a function of number of 
mates. Snyder and Gowaty attempted to do a combined 
probability analysis of the data presented in Bateman’s 
two graphs but were unable to do so because the 
relevant data (individual reproductive success) were 
not included in the review. Instead, they used the next 
best analysis, a regression of the pooled mean number of 
offspring with the number of mates. Results showed that 
the slope for females is slightly lower, but very close to 
the slope for males. Moreover, the fact that means are 
used and that there were sampling errors (see point 1, 
this section) suggests that the actual difference in RS of 
males and females as a function of number of mates may 
have been even smaller. Graph 2 is widely used to 
support Bateman’s conclusions about the effect of num¬ 
ber of mates on RS in males versus females. The reanal¬ 
ysis described here shows that there likely has been a 
misguided over-reliance on this graph. 

5. Arbitrary decisions made by Bateman could have 
biased his results. As discussed earlier, Bateman 
decided to split his data into two different graphs for 
reasons that can only be considered arbitrary (i.e., that 
the two series yielded results that he said looked 
different’). Snyder and Gowaty argue that if Bateman 
had grouped his data differently, for example by ana¬ 
lyzing series 4 together with series 5 and 6, he might 
have obtained different results and reached different 
conclusions. 
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Overall, Snyder and Gowaty conclude that the problems 
with Bateman’s analyses and conclusions are so serious 
that the tenets of Bateman’s principles are questionable 
and unreliable. They recommend instead that investiga¬ 
tors consider Bateman’s ‘principles’ as ‘hypotheses’ await¬ 
ing further testing. It is particularly surprising that, given 
the central place of Bateman’s principles in modern 
behavioral ecology and in the study of sexual selection, 
there have been few attempts to replicate his results until 
very recently. 

Modern Studies in Support of Bateman 

Despite the criticisms reviewed, there have been a num¬ 
ber of theoretical and empirical studies that support all or 
part of Bateman’s findings and conclusions. For example, 
based on a mathematical model and selection theory from 
quantitative genetics, Steve Arnold and David Duvall 
found strong support for the principle that the relation¬ 
ship of mating success (number of mates) and RS influ¬ 
ences the strength of sexual selection. Thus, they 
concluded that Bateman’s gradients are critical to under¬ 
standing the operation and intensity of sexual selection. 
Sexual selection will be stronger in whichever sex has the 
steeper partial regression slope of fecundity plotted as a 
function of number of mates. 

In a subsequent theoretical model, Arnold tested 
whether Bateman’s prediction that males should always 
show stronger selection as compared to females (based on 
the male and female sexual selection gradients obtained in 
Bateman’s experiments) is applicable to all other species. 
This was an important question because this relationship 
and prediction had been assumed to be a universal char¬ 
acteristic of all sexually reproducing species. The results 
showed that the relationship between fecundity and mat¬ 
ing success demonstrated by Bateman’s fruitflies cannot 
be considered a universal attribute. In fact, under some 
conditions and in certain mating systems, females may 
undergo sexual selection more intensely than males. 

Both these studies were important in examining 
Bateman’s hypotheses at greater depth. Interestingly, while 
one study supported the importance of Bateman gradients 
in predicting the intensity of sexual selection, the other 
found that the assumption that males would invariably be 
subject to more intense sexual selection could not be sup¬ 
ported (see section ‘Modern Research’). 

More recently, sex-role-reversed species have featured 
prominently in attempts to test Bateman’s perspectives. 
Sex-role-reversed species are ones in which the male takes 
care of the young and the females compete for mates and 
experience stronger sexual selection. If Bateman was cor¬ 
rect, then one would expect that the females in these species 
would have steeper Bateman gradients as compared to the 
males. Adam Jones and colleagues tested this prediction in 


the pipefish, Syngnathus typhle ; a species in which males are 
choosy, carry the eggs and embryos in a pouch throughout 
‘pregnancy,’ and give birth. Females mate multiply and 
compete aggressively for mates. Because of the reproduc¬ 
tive dynamics (the father fertilizes the eggs once they are 
in the pouch), certainty of paternity was 100% and could 
be assigned unequivocally. Maternity was assigned by the 
use of microsatellite loci. The investigators found that the 
females in this species have steeper Bateman gradients. 
That is, there is a stronger correlation between number 
of mates and RS in the females, results that are consistent 
with Bateman’s predictions. 

In a second study, Jones and his collaborators tested 
Bateman’s principles in the rough-skinned newt, Taricha 
granulosa , a species which is not sex-role-reversed. Female 
and male newts were captured in the field after copula¬ 
tions but prior to egg laying. The offspring were sampled 
genetically to determine paternity (in this case, the 
mothers were always known because the females were 
housed individually before they began laying eggs). Mor¬ 
phological measurements suggested that there was strong 
sexual selection in males but not in females. Analyses 
showed that males had greater variance in both mating 
success and RS, and that Bateman gradients were signifi¬ 
cantly steeper for males as compared to females. All these 
findings are in accordance with Bateman’s principles and 
predictions (Figure 2). 

A particularly interesting case involves the redback 
spider, Latrodectus hasselti , a species that exhibits ‘terminal 
investment’ by males. In this species, the male typically 
mates only once and is usually killed (and eaten) by the 
female (Figure 3). However, a few males do survive and 
manage to mate a second time. Maydianne Andrade and 
Michael Kasumovic tested Bateman’s principle by allow¬ 
ing females to mate with 1, 2, or 3 males; males were 
rescued after the first mating and allowed to mate with a 
second female (males are incapable of mating more than 
twice). The sexual selection gradients concurred with 
Bateman’s prediction that males should have steeper gra¬ 
dients. Despite the very high reproductive investment of 
these males (usually their lives under natural conditions), 
males were highly competitive and their RS (number of 
offspring) increased markedly with number of mates (but 
note that the maximum number of mates was only 2, and 
that, under natural conditions, most males only mate 
once). Females, on the other hand, showed only a weak 
increase in RS as their number of mates increased from 
1 to 3 (Figure 2). 

A final and notable example is a recent study by Adam 
Bjork and Scott Pitnick which seems to be the first 
attempt to partially replicate Bateman’s experiments. 
These investigators generated Bateman gradients using 
several species of Drosophila, including D. melanogaster, the 
same species employed by Bateman. They were particu¬ 
larly interested in the effects of anisogamy, the difference 
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Figure 2 Bateman gradients for species reported to be consistent with Bateman’s predictions: (a) female redback spider, Latrodectus 
hasselti (dashed line represents laboratory matings; solid line represents matings in the field adjusted by estimate of females that do 
not mate in nature) and (b) male redback spider (Andrade and Kasumovic, 2005; Courtesy of Oxford University Press), (c) Fruitfly 
Drosophila melanogaster, dashed line represents females and solid line represents males (Bjork and Pitnick, 2006; Courtesy of the 
authors), (d) The rough-skinned newt, Taricha granulosa ; dashed line is for females and solid line is for males (Jones et al., 2002). 


in size between male and female gametes. They predicted 
greater sexual differences in Bateman gradients when eggs 
and sperm were very different in size (as in D. melanogaster) 
and little or no difference when eggs and sperm were 
relatively more isogamous (i.e., more similar in size, as is 
the case in D. bifurca). D. melanogaster used in this experi¬ 
ment were outbred but had been held in the laboratory for 
more than 250 generations. D. bifurca were descendants of 
flies that had been trapped in the field and brought into the 
laboratory. For each species, groups of four males and four 
females were placed in experimental vials, copulations 
were recorded, and the number of eggs that hatched was 
counted. In D. melanogaster, sexual selection gradients were 
steeper for males as compared to females. On the other 
hand, in D. bifurca , selection gradients of males and females 
were not significantly different. These results and the 
degree of the differences in the slopes of the selection 


gradients, apparently as a function of the relative size of 
eggs and sperm, are consistent with Bateman’s findings and 
conclusions. 

Modern Research That Is Not Consistent 
with Bateman’s Hypotheses 

Up until the advent of new genetic technologies that allow 
for parentage analyses, few studies ever attempted to 
rigorously determine the RS of males and females as a 
function of number of mates. In fact, in most cases, it was 
simply assumed that males increased their RS with an 
increase in number of mates and that females did not. 
A number of studies have now demonstrated that this is 
not always the case (Figure 4). For example, studies of 
juncos ( Junco hyemalis ) and brown-headed cowbirds 
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Figure 3 Species with sexual selection gradients that are consistent with Bateman’s predictions: (a) Redback spider (Latrodectus 
hasselti) female with dead male in the foreground and a second male below (photo by Ken Jones; copyright MCB Andrade); (b) Fruitfly 
Drosophila virilis (drawing by A. J. Patterson, courtesy of Scott Pitnick); (c) Pipefish, Syngnathus typhle, a sex-role-reversed species 
(photo by Anders Berglund). 


(Molothrus ater ) found that sexual selection gradients for 
males and females are essentially the same. More recently, 
Andrew DeWoody and colleagues reported that in the 
small-mouthed salamander (. Ambysoma texanum) not only 
is there no difference in the slope of the Bateman gradi¬ 
ents between the sexes, but females engage in multiple 
matings significantly more than males and have greater 
standardized variances in mating success. They obtained 
similar results in tiger salamanders (A. tigrinum ), although 
in this case males had greater variance in mating and 
reproductive success. In the katydid ( Conocephalus nigro- 
pleurum), Patrick Lorch and coworkers reported that 
females have gradients that are steeper than those of 
males (Figure 5). Additionally, in the yellow-pine chip¬ 
munk ( Tamias amoenus ), the slope of the sexual selection 
gradient for males was only marginally higher than that 
for females (RS in both sexes increases with the number of 
mates). The RS of female Gunnison’s prairie dogs 
(Cynomys gunnisoni) and mealworm beetles ( Tenebrio moli- 
tor) also increases as a function of number of mates. Thus, 
there is now ample evidence that in some species female 
sexual selection gradients, acting through variance in 
number of mates, are as steep, or almost as steep, as 
those of males. In fact, in recent years, the number of 
studies reporting on species in which female sexual selec¬ 
tion gradients are nearly identical to those of males 
appears to be increasing. 

A special case that challenges (or at least modifies) 
Bateman’s predictions occurs in cooperatively breeding 
species in which one pair reproduces, while the remaining 
adult members of the group are reproductively suppressed 


and help in the care of the breeding pair’s young. Mark 
Hauber and Eileen Lacey conducted a meta-analysis of 
such species among birds and mammals and found that 
females typically have greater variability in RS as com¬ 
pared to males. The obvious inference based on these 
findings is that females in these species are likely subject 
to more intense sexual selection as compared to males. 

Lastly, Bateman’s hypotheses may not always be appli¬ 
cable to externally fertilizing species. For example, Don 
Levitan examined a sea urchin, Strongylocentrotus francisca- 
nus , and concluded that the intensity of sexual selection 
on the two sexes is dependent, at least in part, on mate 
density. Additionally, variance in RS was lower in males 
than in females, contrary to Bateman’s predictions. 

Modern Data on Corollaries and 
Assumptions 

One of the basic, underlying assumptions of Bateman’s 
principles is that sperm are cheap and produced in unlim¬ 
ited numbers, while eggs are costly and produced in 
limited numbers. Based on this, the prediction is that 
males should be promiscuous and indiscriminate, always 
attempting to mate with as many females as possible (note 
that this exactly parallels Bateman’s gradients: as a male’s 
number of mates increases, so does his RS). The con¬ 
comitant prediction is that females will be sexually 
uninterested, and very choosy, in most cases mating only 
with one ‘best’ male who produces enough sperm to 
fertilize all the female’s eggs. Again, this idea reinforces 
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(a) Number of mates 




Figure 4 Bateman gradients for species that are not consistent with Bateman’s predictions, (a) Tiger salamander Ambystoma 
tigrinum; dashed line and dark triangles represent females while solid line and open circles represent males (Williams and DeWoody, 
2009; Courtesy of Springer), (b) Katydid Conocephalus nigropleururrr, line with open circles represents females and line with solid 
circles represents males (Lorch et al., 2008; Courtesy of Brill), (c) Female dark-eyed juncos, Junco hyemalis (abstracted from 
Ketterson et al., 1998; Courtesy of Allen Press and the American Ornithologists’ Union). 


Bateman’s conclusion that females will achieve peak RS 
after only one mating. 

Modern data have revealed that the assumptions about 
cost of sperm and the corollaries that predict differences 
in male and female sexual behavior, may not be always 
valid, a point that was emphasized by Tang-Martinez and 
Ryder. Specifically, it is now clear that the comparison of 
the costs of one sperm with one egg makes very little 
sense. In order to fertilize even one egg, males typically 
produce millions of sperm as well as accessory gland 
secretions that constitute semen. In some cases, males 
must ejaculate multiple times in order for fertilization to 
occur. Therefore, a more meaningful comparison would 


be that between the cost of one egg and the cost of the 
total number of ejaculates needed to fertilize that egg. 

Moreover, there is now evidence from several species 
that demonstrate that sperm production can be quite 
costly. In the nematode Caenorhabditis elegans , mutants 
that do not produce sperm but are otherwise normal, 
have a 65% longer life span as compared to males that 
do produce sperm. Similarly, male adders, Vipera berus , 
lose as much weight during quiescent periods of sperm 
production as during periods during which they actively 
search for mates. Furthermore, it is now well established 
that sperm depletion is a problem faced by males of many 
species - the quantity of sperm that can be produced in 
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Figure 5 Species with sexual selection gradients that are inconsistent with Bateman’s predictions, (a) Katydids, Conocephalus 
nigropleurum (photo by Michelle Prytula); (b) Brown-headed cowbird, Moluthrus ater (photo by Adrian Aspiroz); (c) Flour beetles, 
Tenebrio molitor, mating (photo by Bradley Worden); (d) Small-mouthed salamander, Ambystoma texanum (photo by Andrew 
DeWoody). 


any given interval of time is limited. As emphasized by 
Wedell and colleagues and Tang-Martinez and Ryder, this 
means that males will often carefully allocate sperm (i.e., 
tailor the size of their ejaculates) based on aspects of a 
female’s quality or previous mating status. This allocation 
of sperm is a form of male choice and discriminating 
sexual behavior that would not be expected if sperm 
were very inexpensive and produced in unlimited 
numbers. 

The widespread existence of polyandrous behaviors in 
females further draws into question the predictions 
regarding sexual passivity and coyness in females. Females 
of many species are now known to engage in multiple 
copulations with the same or different males. Moreover, 
extra-pair copulations and extra-pair fertilizations are 
extremely common in species that are socially monoga¬ 
mous. As examples, multiple paternity of a female’s off¬ 
spring has been found in many species of birds, mammals, 
and insects. What is even more telling is that, in many 
cases, females are known to play an extremely active role 
in seeking and soliciting multiple males for copulations. 
Thus, Bateman’s predictions about female behavior are 
not in accordance with current information on the active 
role played by females in sexual interactions. In fact, 
polyandrous behavior by females is so common that 
many different hypotheses have now been formulated to 
explain how females might benefit from multiple matings. 


Leks have been considered classical examples of mat¬ 
ing systems in which there is very high variance in male 
RS and very little variance in female RS. The reason is 
that, based on behavioral observations, it appeared that 
one or a very few males in the lek aggregation obtained all 
or most of the copulations, while the majority of males 
obtained none. Females, on the other hand, were believed 
to enter the lek, choose the highest quality male to mate 
with, then leave the lek. The assumption was that she 
mated only with the one, most attractive male in the lek. 
Recent evidence turns these assumptions and predictions 
on their head. Females in a growing list of lekking species 
(primarily in birds) are now known to mate multiply, 
sometimes with more than one male within a lek, and 
sometimes with males in different leks. One of the most 
interesting examples involves the buff-breasted sandpiper, 
Tryngites subroficollis, studied by Richard Lanctot and col¬ 
leagues. Behavioral observations over a 2-year period 
yielded results that closely adhered to the traditional 
view of lekking behaviors: females appeared to be mating 
with only one male, and variance in male RS appeared to 
be extremely high because most males in the leks were 
never observed to mate. However, this traditional pattern 
completely broke down when parentage was determined 
using microsatellite DNA analyses. Genetic results dem¬ 
onstrated that multiple paternity was quite common in 
egg clutches (i.e., that females were mating and having 
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young with multiple males), that most males were mating 
and siring young, and that most males were fathering 
offspring in only one clutch. These results were totally 
contrary to the long-standing and time-honored view of 
leks. In retrospect, it seems likely that the true dynamics 
of many lekking systems were not understood in the past 
because little attention had been given to the behavior of 
females, and because without the new molecular genetic 
technologies, it had not been possible to examine and 
accurately determine paternity of clutches. 

Conclusions 

This review has attempted to highlight the evidence that 
favors Bateman’s paradigm as well as the criticisms of 
Bateman’s ideas and experiment. It should be mentioned, 
however, that despite its many problems, at the time it was 
conducted, Bateman’s experiment was imaginative, used 
up-to-date-technology, and included quantification and 
statistical analyses, something that was relatively uncom¬ 
mon in the 1940s. Moreover, some of the problems that 
have been identified more recently were not recognized 
in Bateman’s time. A case in point is pseudoreplication, 
which was not acknowledged as a serious problem in 
statistical analyses until the 1980s. There can also be no 
doubt that Bateman’s principles and ideas have provided 
a framework for modern studies of sexual selection and 
have spawned a very large body of research that has 
attempted to elucidate the dynamics of sexual selection. 

So, where do we stand with Bateman’s Principles? 
Probably the one aspect of Bateman that is the least 
controversial is that the slopes of Bateman gradients (i.e., 
sexual selection gradients) are indicative of the intensity 
of sexual selection. Much more problematic is Bateman’s 
universal’ prediction that males will have more steep 
gradients than females and, consequently, that males will 
undergo stronger sexual selection than females. Certainly, 
there are species which fit Bateman’s principles and pre¬ 
dictions. However, an increasing number of studies have 
found species in which female RS increases as a function 
of the number of mates, and in which there is little or no 
difference between the Bateman gradients of males and 
females. In such species, the parsimonious assumption is 
that females are also undergoing intense sexual selection. 

There are, however, frequently neglected problems in 
many studies that have attempted to test Bateman’s 
hypotheses. For example, one common criticism is that 
most of these studies do not test the null hypothesis to 
determine whether the observed results are due to chance, 
as was first suggested by Sutherland as early as 1985. 
A failure to test the null hypothesis leaves otherwise 
convincing studies open to debate. Specifically, given 
that sex differences in the variance of lifetime mating 
and RS can be due to stochastic and nonheritable factors, 


and not exclusively to sexual selection, the results of 
studies that do not control for these factors may be ques¬ 
tionable. To accurately measure the effects of sexual 
selection, it is necessary to partition out the effects due 
to sexual selection from those due to random and non¬ 
heritable factors, a point first noted by Hubbell and 
Johnson in 1987, and later reemphasized by Gowaty in 
2004 and by Gowaty and Hubbell in 2005. 

A related and important issue is that studies that examine 
male and female sexual selection gradients to compare the 
intensity of selection on the two sexes implicitly assume that 
sexual selection in females is mediated primarily through 
number of mates. It is possible, however, that other factors, 
such as the quality of mates, have a stronger impact on the 
intensity of sexual selection in females. 

Lastly, there can be no doubt that Bateman and Darwin’s 
predictions about female sexual behavior were incorrect. 
Females of many species are actively engaged in sexual 
solicitation and mate with multiple males. This has led 
some investigators to conclude that the most common 
mating system is probably polyandry or complete promis¬ 
cuity (i.e., by both males and females). As mentioned ear¬ 
lier, in at least some cases, it has been well established that 
females that mate with multiple males have increased RS. 
Although many interesting hypotheses have been proposed 
to explain the benefits of multiple matings in females, no 
consensus has been reached and it is probable that the 
relevant selective pressures will vary from species to species. 

In summary, Bateman’s ideas have been extremely 
influential for the last half century and will likely continue 
to be so in the future. Nevertheless, we are currently 
experiencing a thorough re-evaluation of these ideas, 
including their assumptions, predictions, and corollaries. 
This reassessment may lead to a shift in paradigms and in 
our understanding of sexual selection and other forces 
that undoubtedly influence male and female lifetime RS. 

See also: Helpers and Reproductive Behavior in Birds 
and Mammals; Mate Choice in Males and Females; 
Monogamy and Extra-Pair Parentage; Social Selection, 
Sexual Selection, and Sexual Conflict; Sperm Competition. 
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Introduction 

Bats represent one of the most diverse orders of mammals 
with nearly 1000 extant species. They are most famous for 
their nocturnal lifestyle and ability to orient and catch 
prey, using echolocation. Echolocation most probably 
evolved in bats initially for spatial memory, allowing 
them to find their way in the dark. Even relatively small- 
scale orientation in the dark presents a number of chal¬ 
lenges that bats are able to achieve with apparent ease. Bats 
are also one of the only two vertebrate taxa to have evolved 
flight. This gives them the possibility to range over a wide 
area at a rapid speed. Such ability means that the animal 
can quickly travel beyond an area that it is familiar with, 
out of range of familiar visual or echo-acoustic landmarks. 
Indeed, some bats are known to make large seasonal 
migrations in excess of 1000 km, and other bats may forage 
over large distances. Bats, therefore, face the challenge of 
orientation and navigation at many spatial scales, from a 
few centimeters to thousands of kilometers. 

Many migrating bats return to the same roost every year, 
and resident bats are often faithful to a single roost. If a bat 
needs to return to a familiar roost, then it must have a 
mechanism by which to achieve this from an unfamiliar 
place, in effect, something akin to our Global Positioning 
System (GPS). The biological equivalent of a GPS is true 
navigation, the ability to locate a final goal without using 
cues that emanate from it, or that are learned en route. Only 
cues available at their current, unknown position need to be 
used. It has been suggested that bats and birds are the only 
animals capable of performing such a feat. A true navigation 
ability is highly adaptive as, if an animal possesses a global 
scale navigation system, then it will never truly be lost. 
Displacements by climate or geographical barriers can be 
corrected by such a system. While there is evidence that 
birds are able to perform true navigation, the situation is 
less clear in bats, mainly through a lack of evidence. 

If we compare a Web of Science search for navigation 
AND bats with navigation AND birds, the former brings 
up 72 records, whereas the latter brings up 1182 records. 
Navigation AND crustaceans brings up twice as many 
records as bats. Navigation in bats is, thus, one of the most 
poorly understood topics in animal behavior. Echolocation 
AND bats brings up 1015 records, highlighting the differ¬ 
ence between our understanding of the short-range orien¬ 
tation behavior of these animals with their long-distance 


navigation abilities. This article therefore focuses on the 
latter, in an attempt to stimulate further research on long¬ 
distance orientation and navigation in bats. 

Why do we know so little about how bats navigate over 
long distances, compared to birds and other animals? The 
problem lies in the challenge of studying them, notably 
in the lack of suitable model species or techniques. In 
birds, there are two lines of research that have facilitated 
50 years of study of the mechanisms of navigation in this 
taxon. First, researchers have used the homing pigeon, 
a semidomesticated species that is highly motivated to 
return to a home loft as a field-based model for orien¬ 
tation and navigation. When released from unfamiliar 
places, homing pigeons are very quickly oriented in the 
direction of their home loft, often only minutes after their 
release. By recording the bearing at which pigeons vanish 
from sight through binoculars, scientists can measure the 
orientation performance of a group of pigeons. Second, 
migratory passerine birds display a syndrome known as 
migratory restlessness when kept in a cage at the time of 
their normal migration. They will become highly active, 
and if the direction of this activity is measured, it normally 
corresponds to their species’ normal direction of migration. 
This provides a system whereby the orientation of migra¬ 
tory birds that normally move thousands of miles can be 
measured by watching them hop around in a small area of 
a few centimeters. Using these two model systems, a number 
of important discoveries on the orientation and navigation 
of birds have been made. 

In bats, no such model systems exist. There are no semi¬ 
domesticated species, and to our knowledge, captive bats 
do not display migratory restlessness. This has left the only 
option of studying the behavior of wild caught animals in a 
natural setting. This represents a challenge and is possibly 
one of the most important directions for research on 
animal behavior in the twenty-first century: the study of 
wide-ranging animals in a natural setting. Bats are small, 
fast-moving animals that are active at night. This makes 
observing them in the wild difficult and goes a long way to 
explaining the relative lack of research on their orientation 
and navigation abilities. Nevertheless, a number of tech¬ 
niques do exist for the study of such animals, and this 
article explains how orientation and navigation in bats 
can be studied, the breakthroughs that have been made, 
and future directions for research on these incredible animals 
in their natural setting. 
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Techniques 

How can the movement of animals that are small, cryptic, 
and faster than the observers (if on foot) be studied in the 
wild? A number of techniques have been developed to 
study the movement of animals and all have been used in 
an attempt to learn more about the ability of bats to 
navigate. 

Banding 

Banding is a technique that has been used extensively to 
learn about the movement of both migratory bats and 
birds. In this, a small metal band is placed on the forearm 
of the bat and it can then be identified upon recapture. 
Banding is most commonly used to inform about the 
seasonal movement of migratory animals, but in the case 
of bats, was used extensively to study the homing ability of 
these animals in the 1950s and 1960s. However, concerns 
about the impact of the bands on the health of bats led to a 
cessation of such study in the 1970s. Banding is also limited 
in that it indicates only start points and subsequent points 
of capture. If an animal is not captured in a homing task, 
does this mean that it did not home or that it just evaded 
capture? Banding studies are thus an important first step in 
studying the movement of wild animals but not suffi¬ 
ciently detailed to make a full investigation of the cues 
and mechanisms involved in navigation. 

Tracking 

To study the movement of animals and thus the decisions 
they make in response to behavioral challenges, it would 
be ideal to monitor their movement over all parts of their 
journey. The past 30 years have seen great advances in 
technology to allow us to use such methods to track animals, 
but with tracking devices, there are limitations on the 
extent to which this technology can be used depending 
on how heavy the animal is. To track an animal, it is 
necessary to attach a device that allows the researcher to 
record the animal’s position. Ideally, this device should 
not affect the behavior of the animal, and the general rule 
for vertebrates is that if the device weighs <5% of the 
animal’s body weight, it should not do so. There are two 
types of tracking technology available, satellite tracking, 
which allows the animal to be tracked on a global scale, 
and radio tracking, whereby the researcher must maintain 
contact with the transmitter attached to the animal to 
locate it. 

Satellite tracking 

It is now possible to track animals globally, using satellite 
transmitters. These devices calculate their position, using 
the GPS satellite system and then relay the data, using the 
ARGOS satellite back to a storage server. Once the animal 


has been tagged, it is then possible to track its position 
without having to leave the comfort of an office. Two 
species of migratory fruit bat have been successfully 
tracked by these means. However, satellite transmitters 
currently weigh in excess of 5 g; this limits the size of the 
animal that can be tracked to 100 g. All temperate-zone 
bats fall below this cut-off, and many of these animals 
make the longest seasonal migrations. Tracking these 
animals globally using satellite transmitters is thus cur¬ 
rently out of reach for a majority of bats. 

Radio tracking 

Animal radio tracking was developed in the 1960s by Bill 
Cochran of the Illinois Natural History Survey. It requires 
the attachment of a transmitter to the animal. The trans¬ 
mitter emits a radio pulse that can be detected using a 
radio receiver as long as the observer maintains the line of 
sight and range to the animal (Figure 1). Therefore, unlike 
satellite tracking, the researcher must maintain active con¬ 
tact with the animal to locate its position. While in theory 
it is possible to lose contact and later relocate the animal, 
this becomes difficult in practice for animals that move 
over large distances. With the advent of satellite tracking, 
radio tracking has come to be viewed as a poor relation, 
because of the labor-intensive nature of collecting the data. 
However, for small animals (<100 g) such as insectivorous 
bats, it is still the only technology small enough to allow 
the movement of the animal to be tracked with any detail. 
Several recent breakthroughs in the study of bat navigation, 
which are discussed later in this article, have used radio 
tracking to study the movement of the animals. As the 
transmitters can now be as small as 0.2 g, they are well 
within the 5% limit of weight carried. Tracking with this 
technique is still relatively labor intensive, but if plans to 
create a satellite to detect these transmitters from low 
Earth orbit come to fruition, then the field of orientation 
and navigation in bats will blossom. 

Theory and Practice of Animal Navigation 

The theory of how animals achieve true navigation 
has remained relatively unchanged since the proposal by 
Gustav Kramer in the 1950s that animals must use a 
system that corresponds to our map and a compass. In 
effect, therefore, animals must be able to locate their 
position with respect to their goal and then take up the 
direction needed to return to it. These two steps must be 
achieved using the cues available in the environment that 
can be detected by the animal’s senses. The cues available 
for use as a map and compass have been reviewed many 
times and have most recently been covered comprehen¬ 
sively by Wallraff in his excellent book ‘Avian Navigation: 
pigeon homing as a paradigm’. For the purposes of this 
article, it is important to have an idea of what cues have 
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Figure 1 Animals can be radio-tracked on foot (a), by motor vehicle (b), or by aircraft (c). For monitoring long-distance movement 
by migratory flying animals, an aircraft gives the best chance of maintaining contact with the signal from the radio transmitter, but 
both vehicle and foot-based tracking have been successfully used to investigate navigation behavior in bats and birds. 


been demonstrated to play a role in true navigation to 
discuss their possible role in bats’ orientation and naviga¬ 
tion. The cues used to provide direction (compass) have 
been shown to include the sun, the stars, and the Earth’s 
magnetic field. How animals are able to locate their posi¬ 
tion is more controversial, mainly because, despite a num¬ 
ber of proposed cues, there is no clear evidence that any 
one of them solves the mystery of how animals can locate 
their position with respect to their goal in an area they 
have never previously visited. If the animals were in a 
familiar place, then it would be a simple matter of recog¬ 
nizing the local landmarks and working out where that 
placed them with respect to home. In an unfamiliar place, 
there are no learned landmarks to rely on and so, according 
to theory, the animals must extrapolate on the basis of their 


experience from a familiar area. If the animal can recog¬ 
nize that if at least two environmental cues or gradients 
vary predictably in its familiar area, one on a north-south 
axis (latitude) and one on an east-west axis (longitude), 
then if these cues continue to vary predictably outside the 
animal’s familiar area, then they can be used to locate the 
animal’s position with respect to its goal in a familiar area. 
This has been called a bi-coordinate gradient map and is 
the best explanation we have for how animals are able to 
return to a familiar roost, wintering, or breeding ground 
after their displacement (Figure 2). 

In birds, recent experiments have shown that even after 
displacements of over 3500 km, migrating adults can correct 
and head back to their known wintering area from a place 
that they cannot have been before. Despite the soundness of 
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Figure 2 In a bi-coordinate gradient map, animals learn that at 
least two cues, ideally intersecting at 90°, vary in strength within 
the home range, and the animal assumes by extrapolation that 
they continue to vary in this way outside the home range. In the 
case of many long-distance migrants, these cues would need to 
vary consistently on a global scale, but at the very least on the 
basis of current evidence, on a continental scale. In the 
schematic shown, if the animal finds itself at A5, B5, then even 
though it has never encountered these values in its home range, 
they are both increasing values. As gradient A increases 
northward and gradient B increases westward within the home 
range, this means that it is north and west of its home range and 
must fly south east to return. 


the framework provided by the bi-coordinate gradient map, 
there is actually little evidence that animals use such a map. 
There are a number of ways in which the latitude could be 
determined, including the altitude and arc of the sun, and 
the intensity or inclination of the magnetic field. No animal 
tested so far has been shown to use the sun’s arc or altitude, 
however. The Earth’s magnetic field has been proposed to 
be the most likely parameter using which animals detect 
their latitude, but although there is evidence that animals 
can detect the intensity of the Earth’s magnetic field, proof 
that it is used as part of a bi-coordinate gradient map is still 
lacking. How animals determine longitude is even more of a 
mystery, and was a challenge that humans only solved in the 
eighteenth century. 

Since animals had been making long migratory journeys 
successfully for thousands if not millions of years, it must 
be assumed that they had solved the problem much earlier, 
but we still do not know what cues they use. The possibility 
that they use the stars, as humans did to solve the longitude 
problem, has not yet been ruled out. It is also possible that 
they use the Earth’s magnetic field, which varies in intensity 


longitudinally in some (but not all) places. One of the 
biggest mysteries of animal navigation, however, is that 
the best evidence that exists for the cues used by animals 
to navigate comes from homing pigeon navigation. Research 
in the 1970s demonstrated that homing pigeons, which are 
normally able to return to their home loft from unfamiliar 
places, are unable to do so when their sense of smell is 
removed. A vast array of follow-up studies has confirmed 
these findings. This does not seem to fit into the bi¬ 
coordinate system, however, as it has been shown that 
pigeons can still successfully navigate without magnetic cues. 

While the theory of how animals navigate is sound, this 
section indicates that in some respects, our knowledge of 
bat navigation is not that far behind other animals, if only 
because the question of how animals can locate their 
position in an unfamiliar place is yet to be answered. 
What evidence exists for how bats orient and navigate? 
Thanks to some old experiments and some recent break¬ 
throughs, the cupboard is not entirely bare, and there is 
much to be optimistic about for future research. 

Evidence for Orientation and Navigation 
in Bats 

Are bats true navigators? While we cannot yet be certain 
of that fact, evidence from a number of displacement 
experiments in the 1950s and 1960s using recapture of 
banded animals, indicates that bats certainly have some 
impressive homing abilities. Summarized in an excellent 
review by Davis, in general, performance in these studies 
was measured in terms of the percentage of bats returning. 
It appeared that both the distance of release and experi¬ 
ence were factors in the return rate; in general, bats 
returned more often when released close to their home 
roost, and adults were more likely to return than juveniles. 
A few of the studies were performed on species that are 
long-distance migrants, and none during migration. The 
longest return was performed by a nonmigratory species 
(.Eptesicus fuscus ), of 450 miles. This compares with the 
maximum normal range of movement ol 142 miles for 
this species. The homing percentage was very low (4.6% 
of 155 bats), and by today’s standards, would possibly not 
be considered as evidence of navigational ability. How¬ 
ever, it is hard to see how an animal could locate its home 
roost by random search from such a distance. 

In general, the studies of homing after displacement 
provide inconsistent results, but do occasionally show 
relatively high return percentages from within 100 miles. 
The return performance is a relatively crude measure of 
navigational ability as it relies on recapture of the indi¬ 
viduals. When an animal did not return, it is unknown 
whether it was simply not detected or had failed to home. 
Roost switching is known in many bat species, and so, bats 
may have headed to a different roost when not recorded 
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at the site of capture. These experiments do indicate that 
at least some bats are capable of homing, and certainly can 
return from outside an area that would be considered 
familiar to them. This suggests that bats might be capable 
of true navigation. 

What sensory cues do bats use for navigation? Early 
experiments, again based mainly on homing performance, 
indicated that vision plays a crucial role, at least beyond 
12 km. Studies in which displaced bats were blindfolded 
and then displaced from 5 km up to 100 km from their 
roost indicated better performance within 12 km than at 
any other distance. Deafening bats reduced performance 
within this region, which suggests that echolocation was 
used within this area to return home. This may not initi¬ 
ally seem surprising, but given that the range of echolo¬ 
cation is at best 30 m, it is actually an incredible feat to 
become familiar with a 10 km area using this sense alone. 
Beyond this distance, it seemed that vision was essential 
for successful homing, although again, the use of banding 
to determine homing performance did not allow firm 
conclusions on the relative success of blindfolded versus 
sighted bats. Given the importance of the visual system to 
motivation, it is difficult to know whether these experi¬ 
ments represented disruption of a visual-based navigation 
system or simply reluctance to fly from an area they did 
not recognize from their echolocation system. 

These questions suggested follow-up investigations, 
but fears about the detrimental effect of banding all but 
stopped the study of bat orientation and navigation at the 
beginning of the 1970s. Little new research on bat navi¬ 
gation was performed in the next 30 years. However, 
recently, there have been new breakthroughs, based both 
on radio-tracking of animals in the wild and lab studies. 
Along with coresearchers, I have investigated the possi¬ 
bility that bats orient using a magnetic compass and/or 
the stars. These are known to be among the primary 
reference cues used by birds for orientation. A recent 
experiment indicating that migratory thrushes calibrate 
the magnetic compass by the sunset was used as a model 
for the investigation of these cues. It was observed that big- 
brown bats, E. fuscus, rapidly return to their home roost if 
displaced 20 km north of it. This gave a baseline to inves¬ 
tigate the possible role of the stars and the Earth’s mag¬ 
netic field in their orientation. By exposing the bats to an 
altered magnetic field at sunset and until only stars were 
visible, it was possible to test whether bats used the Earth’s 
magnetic field or the stars as a compass (Figure 3 for 
predictions). Bats were deflected according to the predic¬ 
tion expected for the use of a magnetic compass calibrated 
by the sunset (Figure 4), indicating that bats have a magnetic 
compass for orientation and that like birds, they may 
calibrate it to the direction of sunset. This would allow 
them to correct for the difference between true north and 
magnetic north (declination), and also to calibrate for 
anomalies in the magnetic field. 


A subsequent experiment by Wang and coworkers 
investigated the way in which bats use the magnetic field 
to indicate direction. It is possible to derive directional 
information from the Earth’s magnetic field in two ways 
(Figure 5). The polarity can be used, which indicates the 
direction of the magnetic north pole, or alternatively, 
the inclination (i.e., the angle the magnetic field forms 
with the earth, ranging from 90° at the poles to 0° at the 
equator) could be used to indicate whether the animal is 
flying toward the pole (increasing inclination) or toward 
the equator (decreasing inclination). Current evidence 
suggests that birds use the inclination of the magnetic 
field to orient, and they are unaffected by artificial changes 
in polarity when tested in orientation cages, whereas the 


Natural condition During treatment At release site 



Figure 3 Schematic diagram to illustrate the predictions for 
direction of orientation after exposure to a magnetic field shifted 
clockwise (CW) through sunset depending on the interaction 
between magnetic and celestial cues. The three lined arrows in 
each diagram represent the magnetic field direction and the solid 
arrow represents the perceived direction of the home site for bats 
displaced north of home, (a) If there is a simple dominance of the 
magnetic compass or a star compass, with no calibration, then 
when released in a natural magnetic field at the release site, the 
bats should fly south regardless of the direction of the field during 
treatment, (b) If the magnetic field calibrates a star compass, 
then during treatment, the field is shifted CW, making the bat 
perceive north as east and therefore, south as west. When 
released, a bat trying to fly south to reach home would thus fly 
west, (c) If sunset cues calibrate a magnetic compass, then when 
the field is shifted east at sunset, the bat will perceive that 
geographical south is 90° CW to the magnetic field direction. 
When released in a normal magnetic field, flying 90° CW to it will 
result in the bat flying east. Reproduced from Holland R, Thorup K, 
Vonhof M, Cochran W, and Wikelski M (2006) Bat orientation using 
Earth’s magnetic field. Nature 444: 653. 
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Figure 4 (a) Control and experimental tracks of bats followed by radio telemetry, as reconstructed from GPS waypoints. 

Red = counter clockwise rotation of the magnetic field at sunset (CCW), blue = clockwise (CW) rotation of the magnetic field at sunset, 
and green = control. R = release site, H = home, (b) Circular diagram of headings all groups released at the site 20 km north of home. 
Red = counter CCW rotation of the magnetic field at sunset, blue = CW rotation of the magnetic field at sunset, and green = control 
bats. The single-headed arrow outside the circle indicates the home direction (South). Reproduced from Holland R, Thorup K, Vonhof M, 
Cochran W, and Wikelski M (2006) Bat orientation using Earth’s magnetic field. Nature 444: 653. 


only mammal tested so far, the mole rat, appears to use the 
polarity of the magnetic field. 

While investigating their roosting behavior, it was dis¬ 
covered that captive Nyctalus plancyi , the Chinese noctule 
bat, preferred to roost at the north end of its cage. When 
these bats were tested for their roosting preference in 
artificial magnetic fields that had either the polarity or 
the inclination reversed, changing only the polarity 
changed the roosting preference of the bats to the south 
end of the cage. Thus, unlike birds, which appear to use 
the inclination of the magnetic field, that is, fly pole wards 
or equator wards, these bats use the polarity of the mag¬ 
netic field, in the same way as our needle compass works. 

How do bats, or indeed, any animal, detect the mag¬ 
netic field? There are no obvious sensory organs to do 
so, and initially there was resistance to the idea that 
animals could actually use the magnetic field, given the 
lack of evidence for a way to detect it. However, a large 
body of evidence was gathered, especially from birds, 
indicating that manipulation of the magnetic field could 


alter the orientation direction of animals, and so it became 
clear that a way to detect it must exist. There are now two 
theories as to how animals can detect the magnetic field, 
and they are often set up as competing, although it may be 
that in some animals, they are actually complementary 
systems. The first theory is based on the discovery of iron 
oxide particles called magnetite in the cells of nearly all 
organisms that have been studied. It has been proposed 
that animals can use these like tiny compass needles to 
indicate the direction of the magnetic field, and can also 
use the movement (possibly measured by torque) of these 
particles in the magnetic field to detect its strength. This 
is the magnetite hypothesis. The second theory is based 
on the knowledge that certain chemicals react to the 
magnetic field, which changes their chemical state. Cer¬ 
tain light-sensitive molecules (such as cryptochromes) 
involved in vision appear to behave in this way, and it 
has been proposed that these reactions could be detected 
by the visual system, allowing animals to effectively see 
the magnetic field. Since removing certain wavelengths of 
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Figure 5 The Earth’s magnetic field can be used to indicate the 
direction in two ways. The inclination angle of the field lines in 
relation to the Earth’s surface (A) indicates the direction in terms 
of whether flying towards (decreasing inclination) or away from 
(increasing inclination) the equator. The polarity of the magnetic 
field (B) can also be used to indicate the direction, in the same 
way as a magnetic compass needle works. Birds appear to use 
inclination, they are unaffected by changes in polarity, whereas 
the reverse is true in the only species of bat tested so far. 


light appears to disrupt the ability of some animals to use 
the magnetic compass, as predicted by this mechanism, 
this has been labeled the light-dependent hypothesis. 

The evidence for these two systems is reviewed in a 
number of recent papers (see Further Reading), but in 
birds, it appears that both the systems may be in operation. 
They seem to use the light-dependent mechanism for 
orientation, using their compass, but additional studies 
indicate that magnetite plays a role in orientation in the 
absence of light as well as in the orientation of adult 
migrating birds. 

A recent experiment has indicated that magnetite 
plays a role in the navigation behavior of bats. It tested 
for the use of magnetite to detect the Earth’s magnetic 
field, using a technique that was first used in magneto¬ 
tactic bacteria, that of pulse remagnetization (Figure 6). 
Bacteria, which contain magnetite and are normally pas¬ 
sively north seeking because of this magnetic material 
within their cell, can have their orientation reversed by 
changing the magnetic moment of the magnetite. This was 
done by exposing the bacteria to a brief and strong mag¬ 
netic pulse in the opposite direction of the normal mag¬ 
netic field. If animal cells contain magnetite and this is 
used for detecting the magnetic field, then a similar brief 
pulse should disrupt the orientation behavior of the ani¬ 
mal. In birds, such a pulse disrupts their ability to orient, 
and changes their direction, but it does not change their 
magnetic compass use, suggesting that the magnetite is 
being used in the map, not the compass. In the experi¬ 
ment, one group of bats was exposed to a strong pulse 
5000 times that of the Earth’s magnetic field in the direc¬ 
tion opposite to that of the normal magnetic field, that is, 
antiparallel. This was strong enough to overcome the 



Figure 6 A schematic representation of the theoretical 
behavior of magnetite chains in a sensory cell if they are free to 
rotate. Normally, the chain aligns to the Earth’s magnetic field as 
in (A). One end is ‘painted red’ to indicate the direction of the 
magnetic field. How the cell signals this in practice is still 
unknown. The strength of oscillations around this direction is one 
possible way in which the intensity of the magnetic field might be 
measured. In (B), if a strong, short-duration magnetic pulse is 
applied to the magnetite when aligned with a biasing field 
stronger than the earth’s, if the magnetite is free to rotate, it will 
flip its orientation, and the ‘compass needle’ will now be pointed 
south instead of north, causing the animal to reverse its 
orientation. 


natural magnetization of magnetite and reverse its mag¬ 
netic direction. Another group of bats received the same 
pulse but in the same direction as the Earth’s magnetic 
field, that is, parallel. In bacteria, this pulse had no effect, 
but in birds, it disrupted their orientation in the same way 
as an antiparallel pulse. 

When this strong magnetic pulse was applied to Big 
Brown Bats ( E. fuscus ) and they were then released 20 km 
north of home, the parallel-pulsed group flew south, 
whereas the antiparallel-pulsed group was split: half flew 
north and half flew south (Figure 7). This difference in 
behavior between the two groups indicated that as there 
was a difference between the parallel and antiparallel 
groups (control bats also flew south), the bats must have 
been using magnetite to detect the Earth’s magnetic field 
and were using that information to take up a direction. 
If all the bats in the antiparallel group had flown north, this 
would have been a clear indication of the magnetite rotat¬ 
ing in the same way as a compass needle and, therefore, 
that the magnetite was being used to indicate the compass 
direction. However, the split behavior of this group means 
that the interpretation is still open; the pulse disrupted the 
magnetite, but this may mean that the bats’ ability to detect 
north was changed or that their ability to detect magnetic 
intensity was altered. Nevertheless, these experiments 
demonstrate at least one of the mechanisms by which 
bats detect the Earth’s magnetic field. 
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Figure 7 Circular diagram indicating the orientation of bats subjected to a strong magnetic pulse, (a) Control, (b) antiparallel pulsed, 
and (c) parallel-pulsed bats. The mean direction and 95% confidence interval are shown. The arrow on the edge of the circle indicates 
the home direction. Reproduced from Holland RA, Kirschvink JL, Doak TG, and Wikelski M (2008) Bats use magnetite to detect the 
Earth’s magnetic field. PLoS ONE 3: el 676. 


Future Directions 

The three recent experiments on navigation in bats indi¬ 
cate possible directions of research in this taxon. We now 
have a field-based method to study the orientation and 
navigation of bats, and a laboratory-based method to 
study their compass orientation. Together, these two tech¬ 
niques should combine to reveal much more about the 
mysteries of navigation in bats. There are a number of 
open questions to be addressed and they are summarized 
as follows in the hope of stimulating farther empirical 
research on these animals. 

1. Are bats true navigators? In birds, the ability of migrat¬ 
ing animals to correct for massive displacements to 
places they cannot have previously visited, with appro¬ 
priate responses to this displacement, is an indication 
of their true navigation ability. In a recent experiment, 
Kasper Thorup and coworkers displaced adult and 
juvenile white-crowned sparrows (Zonotricia leucophrys) 
from Seattle to Princeton (i.e., from east to west coast 
of the United States). They found that by 25 km from 
the release site, juveniles were heading south, as their 
species would during normal migration on the west coast, 
but adults were heading west south west, toward the 


wintering grounds of the species in California. The 
conclusion, which confirmed an experiment by Perdek 
nearly 50 years earlier, was that adults used a true 
navigation map to correct for the displacements, whereas 
juveniles used an innate, population-specific compass 
direction. There are bats that migrate over 1000 km, but 
little is known about their ability to correct for dis¬ 
placement, or whether juveniles migrate alone using an 
innate compass direction or follow adults in social 
groups. Displacement experiments have been performed 
before but never on bats that migrate. 

2. What are the cues used in the map? This is an unan¬ 
swered question not just for bats but also for birds. How 
do animals detect their longitudinal and latitudinal 
position? The demonstration that bats use magnetite 
in homing behavior indicates the potential for them to 
use magnetic intensity to locate their latitudinal posi¬ 
tion, although it has not yet been conclusively demon¬ 
strated that they can actually detect the intensity of the 
magnetic field. Birds have been shown to use the 
intensity or inclination of the magnetic field as a signal 
to start refueling, but it has not yet been conclusively 
demonstrated to play a role in their map. Olfactory 
cues have also been indicated to play a role in true 
navigation in homing pigeons. They have additionally 
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been shown to be used in homing by migratory birds 
but not yet been demonstrated to play a role in naviga¬ 
tion during migration. 

3. Do bats use only magnetite to detect the Earth’s mag¬ 
netic field? The experiments discussed in the previous 
section together indicate a polarity-based magnetic 
compass. As the proposed light-dependent mechanism 
is not thought to be able to detect polarity, this suggests 
that the mechanism must be magnetite, but the lab-based 
alignment behavior shown by Wang and colleagues has 
not been confirmed in a field-based navigation task. And 
the experiment demonstrating magnetite as a detection 
mechanism was not conclusive in determining whether 
the compass or a possible map cue was affected when 
pulses disrupted the orientation of Big Brown Bats. 

4. To what extent do bats use echolocation to remember 
their location in flight? The experiments in the 1960s 
suggest that it is possible that they could use this sense 
to home from as much as 12 km from their roost, but 
this is at odds with a sensory system that has a range of 
30 m at best. If bats can really remember their location 
over this distance, using echolocation, then further 
investigation is needed to discover how they achieve 
this remarkable feat. 

5. What other compass cues do bats use for orientation? 
The experiment by me and my colleagues indicated 
that bats that were misdirected by changed magnetic 
fields could correct for this faulty orientation eventu¬ 
ally and return home. They must have been able to 
switch to another compass mechanism. The stars are 
the most obvious candidate but bats may possess a 
system hitherto unknown. 

These questions are just a beginning. Bat navigation 
research is 50 years behind bird navigation, but the methods 
are now available to discover how these most fascinating of 
animals are able to orient and navigate during their nightly 
foraging trips, or their seasonal migrations. The next 50 years 
should bring a wealth of data to redress the shortfall. 


See also: Bat Migration; Behavioral Endocrinology of 
Migration; Bird Migration; Magnetic Orientation in Migra¬ 
tory Songbirds; Maps and Compasses; Pigeon Homing 
as a Model Case of Goal-Oriented Navigation; Spatial 
Memory. 
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Introduction 

Behavioral ecology and sociobiology are relatively new 
scientific disciplines. They rose to prominence in the 
1960s and 1970s as parts of other disciplines, and then 
solidified their status as new disciplines in the 1980s and 
1990s as new mathematical and molecular tools became 
available. 


What Are Behavioral Ecology and 
Sociobiology? 

Behavioral ecology and sociobiology are terms that desig¬ 
nate an approach to the study of behavior in which inquiry 
typically focuses on how behavior has evolved by natural 
selection, especially how behavioral differences among 
species have arisen in relation to their natural environ¬ 
ments. As sociobiology, which is limited to social behavior, 
is essentially included within the term behavioral ecology, 
custom has come to favor use of the more inclusive term 
behavioral ecology. The dominant integrative theme of 
behavioral ecology, namely the role of natural selection, 
is unfortunately not explicit in either of these terms. 
Nevertheless, both involve the close integration of ideas 
from ecology, evolution, and ethology. 

Recognition of a New Field 

The First Books and Journals 

The origins of behavioral ecology as a recognized field 
may be documented using the earliest published docu¬ 
ments that employ the term. The first book to use ‘behav¬ 
ioral ecology’ in its title was a slim textbook in 1962 
by Klopfer containing treatment of selected subjects 
emphasizing behavioral aspects of community ecology. 
Klopfer’s books contained examples of behavioral ecol¬ 
ogy, but did not develop the field in the manner that 
was popular in later literature. The term ‘sociobiology’ 
entered the public attention in 1975 with Wilson’s tome 
by that name. He intended it as an expansion of his 
1971 book on ‘The Insect Societies’ to include all animals. 
The first of a series of textbooks that focused explicitly on 
behavioral ecology with comprehensive coverage appeared 
in 1978. These were at two levels, graduate (Krebs and 
Davies, 1978) and undergraduate (Krebs and Davies, 1981). 


Other early surveys appeared in 1980 by Morse and 1985 
by Sibly and Smith. The social behavior of birds received 
much attention in all these books, especially as most 
of the authors and editors had worked on birds to 
some extent. 

Origin of the International Society for 
Behavioral Ecology 

The field’s first journal, Behavioral Ecology and Sociobiology .; 
began publication in 1976 but was too expensive even for 
some libraries. An affordable journal for individuals had to 
await a new scientific society. 

Despite the growth and influence of behavioral ecol¬ 
ogy as a scientific field, as late as the early 1980s there was 
no society that gave primary consideration to this field. 
Therefore, there were few opportunities for many people 
interested in behavioral ecology to come together to listen 
to each other’s research contributions. Consequently, the 
bird people went to ornithological meetings, the insect 
people to entomological meetings, and so on. The socie¬ 
ties in North America that might have brought the differ¬ 
ent taxonomic varieties of behavioral ecology together 
were the Animal Behavior Society, the Ecological Society 
of America, American Society of Naturalists, the Inter¬ 
national Society for the Study of Evolution, and a few 
others, but these represented many other interests, and in 
some ways, these societies were too specialized. Theorists, 
geneticists and empiricists still tended to go to different 
meetings, so far as behavior was concerned, and this 
impeded exchange of ideas among scientists interested 
in behavioral ecology. 

In October 1986, the first International Behavioral 
Ecology Meeting was held in Albany, NY, USA. The orga¬ 
nizers were faculty members and students at the State 
University of New York at Albany; they had no formal 
relationships to any previous society. Twenty-two speakers 
were invited from five countries to cover a wide range of 
topics of general interest to behavioral ecologists and to 
bring together people who might not otherwise attend the 
same meeting. The meeting was attended by 370 partici¬ 
pants and was considered to have been very successful. 
By the next meeting in October 1988, the fledgling society 
had a name, a constitution, officers, a newsletter, and plans 
for the new journal, which became known as Behavioral 
Ecology. Membership in the society increased to about 1350 
by 1998 and since then has remained close to that level 
(http: // www.behavecol.com / pages/society / welcome.html). 
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Origins of the Ideas and Approaches 
in the 1960s and 1970s 

Here we examine the development of the major ideas that 
preceded the recognition of behavioral ecology as a field 
of its own. Behavioral ecology had its roots in the 1960s 
when cost-benefit studies of social behavior became 
interesting and when foraging theory and Hamilton’s 
kinship theory were introduced. It was at first largely 
expressed in studies of the population biology of social 
behavior: a trend that solidified with books by Alcock, 
Brown, and Wilson published in 1975. Later treatments by 
Krebs and Davies unified the field in 1978 by joining 
foraging behavior with social behavior under the general 
framework of behavioral ecology. 

In the 1960s ethology, the study of animal behavior, 
made major contributions and was honored by a Nobel 
Prize awarded to three of its most prominent scientists, 
Lorenz, von Frisch, and Tinbergen While ethologists 
deserved their honors, there were great gaps in the ethol¬ 
ogy of those years (elaborated in Brown, 1994). 

The Population Biology of Behavior 

One major gap in ethology, as practiced by Lorenz, von 
Frisch, and Tinbergen in the decades leading up to the 
1960s was the lack of a population biology of behavior, 
which developed rapidly later in the 1960s (see below). 
No doubt Tinbergen and his students were early contri¬ 
butors in this area, but in my opinion, the principal 
impetus to behavioral ecologists among Americans, such 
as Orians, Fretwell, MacArthur, and I, and Europeans, 
such as Hamilton and Maynard Smith, came from popu¬ 
lation biology, and not from ethology. 

Reflecting this foment, in 1975, the three books already 
mentioned, by Alcock, Brown, and Wilson, appeared. 
These emphasized a new perspective among textbooks 
on behavior, namely that of natural selection. Previous 
texts had emphasized the developmental and physiologi¬ 
cal Mechanmns of Animal Behavior (Marler and Hamilton) 
or had attempted a ‘synthesis of ethology and comparative 
psychology’ (Hinde). In contrast, the ‘central unifying 
theme of biological evolution’ characterized Brown’s 
text; I wrote that ‘the central concepts in this book are 
concerned with populations.’ Although the primary mes¬ 
sage of Wilson’s Sociobiology was interpreted by social scien¬ 
tists to mean an emphasis on nature rather than nurture (an 
argument summarized by George Barlow), for ecologically 
minded behaviorists, it was a heavy dose of population 
biology. Alcock’s textbook (1975 and later editions) also 
emphasized natural selection rather than physiological or 
developmental mechanisms. Thus, the 1970s were a period 
of major synthesis in which bridges between behavior study 
and population biology were built - at some cost to the 
study of mechanisms and development. 


Although these three books had some influence of their 
own, they clearly reflected an already substantial existing 
trend. Behavioral ecology and sociobiology did not origi¬ 
nate in these books. Even without these textbooks, the 
trend toward fusion of population ecology, genetics, and 
behavior was booming and would have continued. 

An unexpected new dimension in this rather obscure 
scientific field was the media. The unprecedented front¬ 
page promotion of Sociobiology in the 28 May 1975 issue 
of the New York Times before the book had even been seen 
by most interested scientists (including myself) and the 
Sunday-supplement treatment by the Times (12 October 
1975) made this scholarly book a media event and conse¬ 
quently a political issue. Actually, anthropology had already 
absorbed lessons from the fusion of ethology and ecology as 
highlighted by Tiger. The animal nature of‘the naked ape’ 
had intrigued the common man well before Wilson’s tome 
and had been a particular point of interest to Lorenz and 
other popular authors. 

What then were the origins of these trends, if we 
cannot attribute them to textbook writers? I would nomi¬ 
nate two sources, the population ecology of David Lack 
and the population genetics of W. D. Hamilton. Certainly 
these writers influenced many ornithologists and ento¬ 
mologists for decades. Two continuing themes in Lack’s 
writings from 1947 to 1968 were the ecology of populations 
of birds and the evolution of reproductive rates by individ¬ 
ual rather than ‘group’ selection (an idea with a long history 
before Lack). Although Lack had already convinced most 
ornithological readers of the supremacy of individual selec¬ 
tion, the opposing view favoring population- or deme-level 
selection was presented conspicuously by Wynne-Edwards 
in his controversial 1962 book. The theme was not original 
with Wynne-Edwards, but he published a lavish and pon¬ 
derous elaboration of it. Squid-like, this book propelled the 
population biology of social behavior backward in a cloud 
of black ink. 

Reaction was strong and immediate. Although some 
sophisticates chose to ignore the crude reasoning of 
Wynne-Edwards because it was so obviously wrong as a 
general explanation, others attempted to refute his argu¬ 
ments; and still others felt that this was the time to elabo¬ 
rate the ways in which social behavior could be influenced 
by individual selection. For example, territoriality was 
Wynne-Edwards’ prime example of a population-limiting 
behavior, but I presented a general model that showed how 
various kinds of territorial behavior could evolve by indi¬ 
vidual selection - without the need for population-level 
selection. Similarly, Orians advanced a graphical model to 
explain the evolution of mating systems on the basis of 
individual selection. Similar arguments on behalf of indi¬ 
vidual selection were made by others for a variety of avian 
social systems. Many of the papers of this era were 
concerned with spacing behavior and its effects on popula¬ 
tions. Together these led to a comparative ecology of social 
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systems. An even more global approach was taken by 
George C. Williams, who attempted to outline how adapta¬ 
tions in general could evolve by individual rather than 
group selection. These items of work and many others 
established a consensus position on the side of individual 
selection. They created an atmosphere that was hostile to 
any mechanism that seemed to differ from ‘old-fashioned’ 
individual selection. This conservative view proved to be an 
impediment to the acceptance of some exciting new ideas. 

The most influential new idea in the realm of selection 
thinking was the theory of inclusive fitness launched by 
Hamilton (Hamilton, 1963, 1964). To prevent this kind of 
selection from being confused with ‘group selection,’John 
Maynard Smith coined the term kin selection, including 
both direct and indirect components of inclusive fitness. 
While it was not spelled out explicitly, confusion of group 
and kin selection was implicit in some of the early litera¬ 
ture attacking the use of the inclusive fitness theory as 
part of an explanation for helping behavior in birds. 
Whether for this reason or for others, such as recoiling 
from the term altruism, the inclusive-fitness thinking met 
a hostile reception that was based partly on the misunder¬ 
standing of the concept, as shown by Dawkins in his 1979 
article, and partly on old-fashioned conservatism. It 
would take three decades for facts and reason to overcome 
this resistance. 

Thus, the principal origins of what we now know as 
sociobiology were on the one hand from the tremendous 
impetus that Hamilton’s theory gave to the study of social 
insects and sociality in general in the 1960s and, on the 
other hand, from what I have termed the comparative 
ecology of social systems that developed in the 1960s 
among ornithologists. This fusion of population genetics 
and the work of avian field ecologists in the tradition of 
David Lack provided at least part of the wave of interest 
that resulted in the syntheses of 1975 and certainly was a 
strong stimulus to the study of avian social behavior in 
the 1970s. 

Behavioral Ecology Emerges 

Add optimal foraging theory to sociobiology and you have 
behavioral ecology - or close to it. Optimal foraging 
theory arose from theories of niche exploitation written 
by the messiah of American ecology, Robert MacArthur 
and one of his prominent students Eric Pianka and by 
John Emlen. MacArthur’s followers were influential, and 
they quickly expanded this approach into a flourishing 
field. Although foraging is usually not considered to be 
social behavior, ideas from optimal foraging theory 
provided the best-developed applications of optimality 
methods to behavior, and these methods came to be 
applied also to conventional social behavior. For example, 
Caraco showed how the transition between flocking and 
territoriality in juncos could be predicted on the basis of 


foraging and predation hazard. Caraco and Wolf’s paper 
on optimal group size in lions spawned a series of inter¬ 
esting papers on optimal group size in birds. Optimality 
theory was further developed for the social insects by 
George Oster and E. O. Wilson, and it later applied to 
helping behavior in birds; but in general, it has been more 
useful for foraging than for social behavior. Perhaps this 
was so because foraging behavior is more susceptible to 
simple models and experiments. 

Territorial behavior and resources 

Because of its relevance to population stability, the terri¬ 
torial behavior of birds received considerable attention in 
the 1960s. This subject had been considered at length both 
by Lack in the 1950s and by Wynne-Edwards in his book. 
With the focus of interest turned to cost-benefit theories, 
however, attention shifted to the energetic consequences 
of territorial behavior. An influential study of costs and 
benefits of territorial behavior in nectar-feeding birds 
in Africa was the culmination of a productive research 
program led by Wolf on nectar-feeding birds in North 
America. These studies generally agreed with the expec¬ 
tations raised by cost-benefit theories. 

Studies of the transition between territorial and flocking 
behavior in the nonbreeding season were pursued in a 
variety of species. Both experimental and optimality meth¬ 
ods were employed. Many predictions of a cost-benefit 
nature were tested and the theory was further elaborated 
with respect to avian social behavior. 

The ideal free distribution and resources 

When territories are compressible, increasing density of 
breeders may depress reproductive success. This depres¬ 
sion lowers the value of a territory in a good habitat so 
that a newly arriving bird might have better success by 
breeding in a poorer habitat with lower density than a 
better habitat with a higher density. This tradeoff between 
the habitat quality and density was first formalized into an 
optimality model now known as the ideal free distribution 
(IFD) and tested with data by Brown. A similar tradeoff, 
although complicated by additional factors, is inherent 
for females in Orian’s model. The density-habitat trade¬ 
off was again formalized using elementary algebra by 
Stephen Fretwell and Lucas, who named it the IFD 
of competitors. Fretwell, an ornithologist, promoted the 
global applicability of this concept in a 1972 book. 
Ornithologists at first paid little attention to the IFD but 
after a convincing experimental demonstration of it in 
fishes by Milinski, it became a popular topic for modelers 
and lab tests in behavioral ecology. A study of ‘ideal free 
ducks’ demonstrated the tradeoff in free-living birds. 
Its relevance to community ecology has been developed 
at length by Rosenzweig’s group using hummingbirds 
among their test animals (reviewed in Rosenzweig, 1991). 
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Mating systems 

As cost-benefit modeling became popular in the 1960s, 
attention turned to mating systems. Early work done on 
North American Icteridae by Orians in 1961 led to a 
graphical polygyny threshold model. In it a decisive role 
was assigned to evaluation by females of territory quality 
and other conditions that affect female reproductive 
success. The classification of Emlen and Oring, in contrast, 
named and explained avian mating systems on the basis of 
the male’s behavioral response to various kinds of environ¬ 
ment. More recently, from the 1980s to 1990s, research on 
avian mating systems has focused on the role of sexual 
conflict and the variability of mating systems. 

Sexual selection 

A major change in the way ornithologists viewed sexual 
selection occurred in the 1980s. An anecdote from my 
own experience illustrates it. In 1975,1 gave modest space 
in an article on sexual selection to Fisher’s ideas and 
raised the unpopular possibility of the importance of 
female choice in birds. In 1978, at a meeting of behavioral 
ecologists at Ann Arbor, this passage was cited in a nega¬ 
tive way; for the dogma then among ornithologists was 
that sexual selection in birds was caused only by aggres¬ 
sive competition among males, which could be easily seen, 
as in LeCroy’s explanation of sexual selection in birds 
of paradise, and not at all by competition among males 
through attraction and persuasion of females. Aggression 
is more easily documented objectively than persuasion. 

The landmark study in this area and one that killed the 
old dogma with a single blow was a carefully controlled 
field experiment by Andersson on the Long-tailed Widow 
(Steganura paradisaed). The data allowed the hypothesis of 
aggressive competition to be rejected, leaving competition 
by persuasion and attraction as the remaining alternative. 
This empirical study together with Zahavi’s reshuffling of 
Fisher’s and John Emlen’s ideas into the ‘handicap’ theory 
stimulated much work on mate choice in birds. 

Accepting that female choice had to be taken seriously 
for birds, modelers turned their attention to the reasons 
why females preferred particular traits under conditions 
in which resources were not at stake. Did females prefer 
males with exaggerated signals because they identified 
genes that would make sons superior at attracting females, 
or did females prefer such males because they identified 
genes that would make both sons and daughters more 
viable, or both? Models of the former situation allowed 
the initial stage of the male trait ‘before’ selection to be 
entirely neutral. The eminent geneticist and statistician, 
R. A. Fisher, however, had earlier thought that the process 
would begin with traits that were correlated with general 
good condition and that females would choose on the basis 
of male condition. In other words, he combined the two 


processes. Many authors have chosen to present these 
theories as alternatives, thus polarizing the field and tending 
to delay compromises. It seems possible to me that many 
sexual signals in birds identify males whose progeny will be 
both more viable and more sexually attractive. There should 
be a continual tendency for selection to carry condition- 
sensitive traits ‘too far,’ with their ‘dishonest’ character only 
being selected against after some delay. 

Aid-giving behavior 

A good example of behavioral ecology as a new and 
exciting discipline before it was formally recognized as 
such was provided by the study of aid-giving behavior in 
the 1960s. Traditionally, it was accepted that parents aid 
their offspring because the offspring carry genes of their 
parents. Such aid is known as parental care. It had long 
been known, however, that in some species some indivi¬ 
duals behaved as parents toward offspring that were not 
their own, as in the workers of social insects and the help¬ 
ers in some species of bird and other vertebrates. Without a 
discrete theory to explain such anomalous observations, 
they received little attention. In 1963, in the first of 
W. D. Hamilton’s many major contributions to behavioral 
ecology, he revolutionized the study of aid-giving by view¬ 
ing it in relation to relatedness but in a broader sense than 
simple parent-offspring relationships. Undoubtedly, this 
single contribution was a major stimulus to sociobiology. 

Science works best when there are clear alternative 
hypotheses. In this case, an alternative was provided by 
Trivers in what came to be called reciprocal altruism, an 
obvious idea that became formalized by Axelrod and 
Hamilton as the game called Prisoner’s Dilemma. The 
significance of these theories is still being evaluated. 


New Tools, New Directions 

Research in behavioral ecology from the 1960s has been 
mainly theory driven and led most conspicuously by the 
many ideas of W. D. Hamilton. In this vein, the field of 
behavioral ecology has been enriched relatively recently 
by a new theoretical orientation derived from game theory 
but adapted to the context of natural selection. During the 
same period, tools derived from the rapidly developing 
field of molecular biology began to be employed to answer 
questions about paternity and evolution. As a result, behav¬ 
ioral ecology became more method driven, with theoretical 
insights being informed by detailed knowledge of genea¬ 
logical relationships among animals in populations. 

See also: Cooperation and Sociality; Group Foraging; Kin 
Recognition and Genetics; Levels of Selection; Optimal 
Foraging Theory: Introduction. 
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Introduction 

When you search online for the term migration, a multitude 
of definitions appear regarding the movement of every¬ 
thing, from large charismatic mega fauna - whales and 
elephants - to the repositioning of atoms within a molecule 
and from the monumental treks of ancient human populations 
across continents to the recent heart-wrenching tales of 
people seeking political asylum. The underlying thread 
of all these definitions is the movement from one location 
to another. Migration, as intended here, is the movement 
of organisms between distinct geographical locations. 
Such regular migrations, in general, involve outward and 
return journeys, one for breeding and the other for non¬ 
breeding, each offering seasonal resources that increase 
the overall fitness of an individual. The migration life 
history stages (i.e., outward and return) have evolved mul¬ 
tiple times across phyla, creating diverse forms and striking 
parallels, all providing a rich platform for investigating 
multiple pathways for this adaptation and the endocrine 
mechanisms underlying it. 

Historical Perspective of Migration 

Knowledge of the major movements of organisms has 
been appreciated since ancient times. Seasonal appear¬ 
ance of prey is a vital cue for predators to time breeding. 
In fact, there are biblical references to the predictable 
return of the delectable European Quail ( Coturnix cotur- 
nix) to the Middle East in autumn. The Paleolithic cave 
paintings of the Ardeche region of France depicting herds 
of mammals suggest a keen awareness of predictable ani¬ 
mal movements representing a seasonal food source for 
primitive peoples. However, not all migratory movements 
are predictable or constructive. The sporadic appearance 
of plague species such as the migratory locusts ( Schisto - 
cerca gregaria , Chortoicetes terminifera), African armyworms 
(.Spodoptera exempta ), Brown Plant hoppers ( Nilaparvata 
lugens ), aphids ( Toxoptera graminum), and the avian Red¬ 
billed Quelea ( Quelea quelea ) can denude fields of planted 
crops at a devastating speed and present serious problems 
to agriculture and the livelihood of people. 

Seasonal movements did not evade such keen obser¬ 
vers of nature as Aristotle and Linnaeus. Their writings 
noted that swallows, namely, Hirundo rustica , would appear 
in early spring, flying low over open water, hunting 
insects. At the end of the summer, the birds vanished 


mysteriously. Little did the observers realize that at 
departure, the birds were embarking on a long-distance 
migration that would take them from breeding grounds in 
Europe to wintering sites in South Africa, some 7000 km 
away. Rather, it was thought by some that the birds had 
dove into the water and were hibernating in the mud at 
the bottom of the ponds and lakes where they were last 
seen hunting at the close of summer. To accomplish this, 
the birds would have to transform to an alternative state 
allowing them to withstand the cold and anoxic condi¬ 
tions. These ideas held sway over some naturalists, but the 
writings of Reverend Gilbert White in his treatise, the 
Natural History of Selbourne in the eighteenth century, 
describe how he actually observed birds leaving for the 
south and never saw any diving into the water. In spring, 
they would return flying from the south. Such astute 
observations by White and others herald the beginning 
of the study of seasonal movements - migration. 

Migration: A Response to Living in a 
Changing Environment 

Organisms that live in locations with distinct seasonal 
changes alter their behavior, physiology, and morphology 
to minimize mortality and maximize fitness under diverse 
sets of conditions. To be successful, organisms must be able 
to perceive and respond to changes in the environment. 
These changes fall into three basic categories. First, pre¬ 
dictable or seasonal changes include the phenological fluc¬ 
tuations of resources, including food, water, and shelter. 
Second, the unpredictable changes in weather, predator 
numbers, and ecological features may occur at any time 
of the year. Third, the impact of social interactions, that 
is, competition (dominant-subordinate relationships), can 
affect access to valuable resources, that is, food and shelter, 
for certain members of a group. All the three environmental 
conditions can influence individuals by forcing them to 
move to breed or to survive. In the discussion that follows, 
each of these three conditions serves as selective agents 
molding the diversity of migratory patterns across taxa. 

Considering Migration as Life History 
Stages of the Life Cycle 

The annual cycle of species that live for more than 1 year 
is made up of a repeating sequence of unique stages of 
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specific activities, each representing adaptations for the 
environmental conditions that exist at a location at 
a specific time of the year. Such species are referred to 
as iteroparous signifying the annual cycle reiterates or 
cycles. For example, the life history stages for a migratory 
bird can include wintering, prealternate molt, spring 
migration, breeding and prebasic molt, and autumn 
migration stages (Figure 1). Each of the stages may be 
considered an alteration in the expression of morpho¬ 
logical, physiological, and behavioral traits representing 
phenotypic flexibility throughout the annual cycle. Upon 
closer inspection, each stage is composed of three phases - 
development, mature expression, and termination - that 
involve the differentiation of cells, tissues, and organs 
resulting in specific behaviors and physiology. Factors 
that regulate the onset, progression, and termination of 
each stage are largely unknown but environmental con¬ 
ditions and endogenous rhythms play a major role. For 
organisms that live for 1 year or less, including many 
invertebrates, particularly insects, passage through the 
stages occurs only once in a lifetime. Thus, the variations 
observed in their morphology and physiology may be 
attributed to genetic differences or phenotypic plasticity. 

The following are some examples of various forms of 
migration across invertebrates and vertebrates that illus¬ 
trate both phenotypic plasticity as well as flexibility 
within a phenotype. Hormonal bases, where known, of 
these migratory patterns are also discussed. 


Wintering, 

nonbreeding 


Molt 



Autumn 

migration 




\ 


Vernal 

migration 



Molt 



Breeding 


Figure 1 Life history stages of the annual cycle of a 
seasonal migrant. Peripheral arrows indicate the clockwise 
direction of the cycle. Central arrows illustrate annual change 
in photoperiod with increasing light coloration representing 
lengthening photoperiods of spring and summer and the 
darkening portions signifying short day lengths of autumn 
and winter. Points of contact of medial arrows represent 
winter and summer solstices. 


Phenotypic Plasticity 

Intergenerational Migration: Monarch 
Butterflies 

Multivoltine species such as the Monarch butterfly 
(Demons plexippus) produce several generations annually 
and together complete a migratory route that is an inter¬ 
generational roundtrip. This complex system accommo¬ 
dates the acquisition of a preferred food source and an 
overwintering site that provides constant temperature for 
diapause. One population migrates as far north as the 
Great Lakes region and the northeastern corridor of the 
United States during spring and summer months and then 
returns to overwinter in the highly localized Oyamel fir 
forests (Abies religiosa) of the transvolcanic mountains of 
Central Mexico (Figures 2-4). Phenotypic plasticity of 
longevity is apparent in this species with the adult popu¬ 
lation that migrates from the northern extent of the 
range south in autumn and overwinters in reproductive 



Figure 2 Round trip intergenerational route of the eastern 
population of Monarch butterflies. Multiple generations of 
summer breeding adults move north and east to breed 
throughout the summer range (pink-filled area). In autumn, the 
most northern populations commence a southward migration to 
the overwintering site (green-filled circle) in the Oyamel fir forests 
of the transverse neovolcanic belt of Mexico. Here, adults 
congregate en masse in reproductive diapause in the fir trees. 
The forest conditions and large number of individuals contribute 
to maintaining optimal temperatures for diapause. In March, the 
adults emerge from this state of repose and migrate to the gulf 
coast, identified as the spring range (gray-filled area), where they 
breed and oviposit on the southern milkweed plants (Ascelpias) 
and then succumb. Larvae hatch, feed on the milkweed, and later 
metamorphose into the summer, breeding adults to migrate into 
the breeding range. Successive generations move north throughout 
the summer months relying on the phenology of the northern 
milkweed. In autumn, the last breeding population migrates south 
and west to the Oyamel forests. Outward spring routes are 
indicated by hatched arrows and return autumn routes by solid 
black arrows. Portions of Rocky Mountain Range are indicated by 
small triangles. Modified from Brower LP (1996) Monarch butterfly 
orientation: Missing pieces of a magnificent puzzle. Journal of 
Experimental Biology 199: 93-103. 
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Figure 3 Swarms of Monarch butterflies moving south in 
autumn enroute to the Oyamel fir forests. Photograph by Karina 
Pais, National Public Radio. 



Figure 4 Monarch butterflies spend the winter months in 
reproductive diapause in the Oyamel fir forests of Central 
Mexico. Photograph by John Edwards. 


diapause for a period of 7 months before they breed and 
die. In contrast, the summer breeding adults migrate north 
in shorter distances from locations where they hatch to 
reach the successive flowering crops of milkweed plants 
(Asclepias sp.). Once they have fed, they breed and suc¬ 
cumb. The lifespan of the spring adults is reduced to 
2 months. 

Such phenotypic plasticity is attributed to a distinction 
of the migratory syndrome within this population and 
regulated by the endocrine system. Onset of the breeding- 


stage is regulated by juvenile hormone (JH), an acyclic 
sesquiterpene, produced by the neuroendocrine gland, 
the corpora allata. During the ontogenetic stages, JH 
regulates the development of immature characteristics. 
However, in the adult stage, the elevated hormone levels 
influence gonadal development and breeding behavior. 
For the Monarch Butterfly, JH-directed breeding is fol¬ 
lowed in quick succession with death. Synthesis of the 
active forms of juvenile hormone (JH I, II) is suppressed 
under reduced photoperiod and low environmental tem¬ 
peratures experienced by the adult Monarchs during 
autumn and winter months. In spring, increased photope¬ 
riod and elevated temperatures release the inhibition of 
JH I, II and promote migration, breeding, and eventual 
death. Studies of gene expression of Monarchs have noted 
that a suite of 40 genes with differential expressions 
appear to influence the behavior and physiology of these 
two states. The results link key behavioral traits with gene 
expression profdes in the brain that differentiate migra¬ 
tory from summer butterflies and thus show that seasonal 
changes in genomic function help define the migratory 
state. It is thought that the Monarch’s locate the fir forests 
by relying on environmental cues that are dependent upon a 
genetic vector system integrated into an endogenous program. 

One-Way Migrations: Desert Locusts 

In contrast to other species, the migratory routes of most 
insects are not round-trip but one-way migrations. The 
adults do not necessarily return to locations where they 
were hatched. Though speculative, one explanation for 
this phenomenon is that migratory insects are ‘hedging 
their bets’ by depositing offspring in a wide variety of 
locations, which may prove productive for the next gen¬ 
eration. Another possibility is that if food availability is 
unpredictable, then a strategy of nomadism relying on 
cues in the environment that may indicate spatial oppor¬ 
tunism could be a decisive factor. A prime example of this 
is the desert locust, S. gregaria , a migratory species that 
shows extreme phenotypic plasticity. The ontogenetic life 
cycle is represented by a hemi-metabolous metamorpho¬ 
sis typical of the more advanced insects. This process 
consists of the egg, the multiple nymphal stages, and the 
adult. The nymphs (instars) or immatures resemble the 
adult in form and eating habits but differ in size and 
genitalia, and lack wings (Figure 5). Phenotypic plasticity 
is apparent among the adults and induced by the environ¬ 
mental variable - population density. When density is low, 
the solitary phenotype is prominent. Adults of this phe¬ 
notype breed but are rarely observed in groups and are 
intolerant of close contact. If the density increases, the 
morphology, physiology, and behavior of individuals 
switch in short order (2 h) to the gregarious phenotype. 
In this form, individuals no longer show mutual repulsion. 
Rather they form massive swarms of up to 10 11 individuals 
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Wingless nymph stages 



Adult winged forms 



Figure 5 Ontogenetic life history stages of the migratory desert 
locust (Schistocerca gregaria). The fertilized egg hatches into 
four successive instars each of increasing size and development. 
All are wingless and terrestrial. The fifth instar has vestigial wings. 
The final instar molts into one of two fully winged adult 
phenotypes depending upon the environmental conditions. In 
low densities, the solitary form appears and is rarely observed. 
Yet, under crowded conditions, the gregarious form is apparent, 
forming huge swarms and migrates to locations where food is 
available, but which can be demolished in short order. 
Photograph by Tom Fayle. 


that migrate en masse and land in agricultural areas where 
they deplete crops with devastating speed. Upon landing, 
adults may breed multiple times and at various locations 
throughout the broad geographical range of this species 
(Figure 6). Following this, the adults succumb. 

Recent studies have identified a hormonal factor asso¬ 
ciated with the trigger for phenotypic transition from the 
solitary to gregarious phenotype. The levels of the neuro¬ 
peptide, serotonin (5-hydroxytryptamine, 5-HT), increased 
in the thoracic ganglia in solitary adults following expo¬ 
sure to crowded conditions and acquisition of gregarious 
behavior. A highly conserved indolamine, 5-HT has been 
associated with neuronal plasticity in vertebrates, but the 
effect on the large-scale changes of population dynamics 
and on the onset of mass migrations, is recent. 


Round Trip Routes 

Ontogenetic migrations 
Semelparous fish 

Migratory movements are not restricted to the adult life 
history stage but may occur during ontogeny. Such migra¬ 
tions, however, transpire only once and do not cycle on an 
annual basis. A common example of this includes semel¬ 
parous species that breed once and die and include diad- 
romous fish that migrate between fresh and seawater. The 
most prominent organisms in this group are anadromous 
species — two Agnathan genera of lamprey (Petromyzon and 
Lampetrri), teleost fish such as Pacific Salmonids ( Oncorh- 
rynchus sp.) and Eels (Aguilla sp.), and a catadromous 



Figure 6 Map depicting portions of Africa, Southern Europe, 
Middle East, Southern Asia. Shaded areas indicate the 
geographical distribution of Schistocerca gregaria. 



Figure 7 Life cycle of Pacific salmon (Oncorhrynchus sp.) 
drawn by Kathleen Neely, NOAA, Seattle, WA. 


teleost. Although there is variation among these species, 
the general life cycle of the Pacific salmon provides an 
illustrative example involving the following: at hatching, 
alevins emerge from the gravel of fresh water streams with 
yolk sacs attached and develop into fry, followed by the 
parr stage that can be identified by vertical line markings 
and the exhibition of rheotaxis (Figure 7). In preparation 
for seawater entry, the parr metamorphose into the smolts 
(called smoltification) with dramatic changes in physiol¬ 
ogy and behavior to accommodate saline conditions. 
Increases in thyroid hormones are thought to initiate 
the metamorphosis with prolactin and cortisol aiding in 
osmoregulatory changes as salinity changes. At this point, 
smolts enter seawater (sea run form) and travel into the 
Pacific Gyre where they spend differential amounts 
of time depending upon the species to complete growth. 
At the climax of this stage, sexual maturation is initiated, 
the hypothalamic pituitary gonad axis is activated and 
spawning migration begins as fish prepare for entry into 
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fresh water navigating back into natal streams and rivers 
to spawn. Navigation to the natal waters has been attrib¬ 
uted to imprinting of the chemical composition of the 
natal streams experienced by smolts during first migration 
to open water and guided by the memory of the olfactory 
cues accumulated earlier in life. Again, prolactin and 
cortisol are thought to regulate osmoregulatory changes 
as fish enter fresh water. Navigation back to natal streams 
is considered to be influenced by cortisol, which may 
prime or activate regions in the teleost brain, namely, 
hippocampus and other olfactory regions to recall mem¬ 
ory and help to guide during the return trip. Increasing 
levels of sex steroids as gonads mature control changes in 
the morphology and behavior, leading to territoriality 
and reproductive behavior. Castration tends to prolong 
life, but only for a few months, suggesting that death 
postspawning is, indeed, programmed. The connection 
between reproductive hormones and programmed cell 
death in semelparous vertebrates is reminiscent of the 
life histories of the insect systems described earlier and 
presents a fruitful avenue for further comparative 
investigations. 

Evolutionary explanations for Salmonid semelparity 
revolve around a combination of factors that include 
distance and arduousness of the return trip, which leave 
adults spent after the production of a multitude of 
gametes. Also, streams in which the young hatch are 
largely nutrient-poor, and the decaying carcasses of mor¬ 
ibund adults can deliver dissolved elements, including N 2 
and P, which serve to enrich the nursery conditions for the 
young fish. 

African black Oystercatcher: a ploy to avoid adults? 

In birds, another example of an ontogenetic migration is 
found among juvenile African Black Oystercatchers ( Hae- 
matopus moquini). In this species, adults are sedentary and 
remain year round on the breeding grounds on the south¬ 
ern coasts of Namibia and South Africa. Following the 
postfledgling molt, young birds migrate away from the 
breeding grounds to specific locations along the coast 
called nurseries. After a period of years, the birds return 
to the natal territories to breed, assume a sedentary life¬ 
style, and never again migrate. Nothing is known of the 
endocrine mechanisms involved in the juvenile move¬ 
ment. Although speculative, the explanation for the onto¬ 
genetic migration may be that availability of specific 
foods, reduced competition, or low predation pressure at 
the nursery sites could play roles for the appearance and 
maintenance of this migratory pattern. 

White Stork: delayed migration and breeding 

White storks (Ciconia cionia) present an intriguing condi¬ 
tion of delayed maturity in that the birds do not normally 
breed until they reach 3 or 4 years of age. This is a 
migratory species with populations that breed extensively 


from the northwestern tip of Africa north through Spain 
and extending eastward into Europe and beyond. Follow¬ 
ing breeding, birds return in autumn via western and 
eastern routes to overwinter in the south of the Sahara 
in eastern and southern Africa. At the end of breeding, 
young birds migrate with adults in autumn to the over¬ 
wintering sites. However, in spring a few young birds 
return with the adults to breed. Most second-year birds 
remain south of the Sahara. Third and most fourth-year 
birds migrate north in spring for increasing distances but 
most neither complete the full trip nor breed successfully 
until their fifth and sixth years. This ontogenetic pattern 
of failure to complete the spring migratory route and 
delayed breeding suggests a tight linkage between both 
functions. The cycles of molt, body mass, fat, and repro¬ 
ductive hormones appeared similar between the juvenile 
and adult birds indicating that these regulatory mechan¬ 
isms are not involved. Possibly, the capacity, to complete 
the spring migratory route and to breed require full 
maturation of the behavioral and physiological systems. 
Storks are diurnal migrants and rely on rising thermals to 
support soaring during migration which reduces the 
requirement of powered flight and energetic costs. Ther¬ 
mals are created during daylight hours as heat rises off the 
surface of the land or slopes in vertical columns of warm 
air rising through the atmosphere. Thus, storks avoid 
crossing open bodies of water, including the Mediterra¬ 
nean, effectively lengthening the flight distance for the 
outward and return journeys. Diurnal flight also leaves 
little time for feeding, replenishing fuel stores, and rest on 
a daily basis at stopover sites. Adult birds may be more 
competent in acquiring and storing fuel for flight at take 
off or locating novel food resources during the brief 
period of stopover. Juveniles could lack the ‘know-how’ 
to maintain themselves during spring migration. The 
delayed pattern of migration and breeding, therefore, 
may represent the time required to gain the experience 
necessary to successfully complete spring migration and 
arrive on the breeding grounds in condition to breed. This 
example suggests that both environmental conditions and 
migration strategies play a role in molding ontogenetic 
migration. 

Seasonal Roundrip Migrations 
Spiny lobster 

The Caribbean spiny lobster (Panulirus argus ) is found in 
the tropical and subtropical waters of the Atlantic and 
Caribbean Oceans extending into the Gulf of Mexico. It is 
nocturnally active, spending daylight hours in crevices 
and holes within the coral reefs. At night, animals move 
away from these protective sites to feed on a wide variety 
of marine invertebrates as well as scavenge for detritus 
along the ocean floor. In early autumn, juvenile and young 
adults are found feeding over a wide area in the Caribbean 
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at depths of 3-10 m, a region of minimal cover with few 
rock and coral outcrops, patches of sea grass, and large 
colonies of sponges. However, by the end of autumn, these 
locations are plagued with seasonal disturbances asso¬ 
ciated with the southeastern hurricane season. Water 
temperature in the shallow areas drops as the ocean swells 
and wave action stirs up the sandy bottom, the turbidity 
increases, hampering feeding by lobsters. Autumn storms 
are thought to instigate mass movements of lobsters to 
deeper water where there is little effect of storms, and 
water temperatures are elevated above those of the 
shallows. 

During migration, individual lobsters line up in a sin¬ 
gle fde called queuing, with each resting its long antennae 
over the carapace of the individual in front to increase 
laminar flow and reduce drag (Figure 8). During the 
outward migration, the queue moves generally in a south¬ 
erly direction and covers 30-50 km to reach reefs at 
depths from 10 to 30 m. The movement is recorded to 
occur during the night as well as by day, and animals have 
been shown to navigate by an internal magnetic compass 
using the earth’s geomagnetic field. On the return migra¬ 
tion, the spring movements appear to be less synchronized 
as animals reappear in the shallow areas in smaller num¬ 
bers. At this time, breeding and molt ensue during the 
spring and summer months (Figure 9). Unlike other 
migratory systems, the mass migrations of spiny lobsters 
are not associated with reproduction directly but are 
rather thought to indicate an avoidance of cold water that 
impairs development, spawning, and survival of adults, 
particularly during molt. The endocrinology of this system 
is not well understood and deserves further attention. 

Migratory song birds 

The life cycles for many iteroparous migratory songbirds 
are variable and complex, and by far the most well stud¬ 
ied. Some birds migrate between the breeding and over¬ 
wintering sites solely. Others may migrate to special 
locations after breeding to molt, and when completed, 
will continue on to an overwintering location. Migratory 


patterns also vary within a species. For example, some 
members of populations, usually adults, will show no 
migratory activity and remain on the breeding territories 
year round. While other members, usually juveniles, 
migrate from the breeding grounds in autumn and over¬ 
winter in a location, but return the following spring to 
breed. In this case, the migratory pattern of the population 
is described as partial migratory. 

A differential migratory pattern refers to the different 
wintering sites utilized by the members of a population. 
Here, males may overwinter at locations in closer prox¬ 
imity to the wintering grounds, whereas females (juvenile 
and adults) may migrate further away. In both partial and 
differential migratory patterns, competition over limited 
resources is usually the selective force influencing the 
mode of migration. These diverse patterns of migra¬ 
tion represent distinct selective pressures on individuals 
within a population and illustrate the diversity of adapta¬ 
tions to seasonal variations and availability of resources. 

For all taxa, the migratory life history stages are prob¬ 
ably best known from the studies of passerine birds that 
have been the focus of scientific investigations for well 
over 100 years. The descriptions that follow are based on 
the migratory bird literature with a particular emphasis 
drawn from a long-distant migrant, the White-crowned 
Sparrow (Zonotrichia leucophrys gambelii) (Figure 10). Both 
the vernal and autumn migratory life history stages are 
composed of three phases (Figure 11). The first is the 
developmental phase in which all the cellular and molec¬ 
ular aspects of migration are set in place. The trigger 
for initiation of the spring developmental phase for 
many species is the vernal increase in day length, but for 
others, endogenous rhythms are most prominent, partic¬ 
ularly for species that overwinter on or near the equator 
where changes in photoperiod are negligible. The trigger 
for the autumn phase, however, is poorly understood 
but is thought to be related to photorefractoriness that 
occurs at the termination of the breeding stage. The 
developmental phase for migration involves morphologi¬ 
cal changes that include muscle and liver hypertrophy, 



Figure 8 Migratory queuing of spiny lobsters (Panulirus argus). Photography by Manuel Mola, Copyright 2003. 
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and the physiological changes in the expression of 
enzymes that direct the synthesis and deposition of fuel 
for flight, namely, lipid and protein as well as the catabo¬ 
lism necessary for utilizing the stored fuels once flight 



Figure 9 Life history stages of spiny lobster (Panulirus argus). 
Throughout late spring and summer months, juveniles and adults 
are found in the shallow waters (light blue-filled boxes) off the 
southeastern coast of the USA. In early autumn, individuals 
migrate in large numbers in lines or queues to deeper waters 
(dark blue-filled box) to avoid storm conditions in the shallow 
waters. By early spring, individuals return to the shallows to hatch 
young, molt, and breed. 



Figure 10 White-crowned sparrow (Zonotrichia leucophrys 
gambelii). Photo by John C Wingfield. 


begins. Also, the oxygen-carrying capacity of the blood 
improves with an increase in red blood cells as measured 
by hematocrit. This process entails the synthesis of the 
protein growth factor erythropoietin by the liver and 
kidney that is thought to be regulated by gonadal andro¬ 
gen and thyroid hormones. Behavioral changes include 
hyperphagia or an increase in appetite, and changes in 
social behavior, all of which culminate in the mature 
capability phase when migration actually begins. 

During this phase, all the aspects that were developed 
in the preceding phase are now expressed, namely, cycles 
of fueling and flight. Fueling occurs both at the outset and 
throughout the migratory period at specific locations 
called stopovers. For birds and other species that do not 
feed while migrating, stopovers are a critical factor for 
refueling and rest. If prohibited, owing to the restriction of 
stopover sites because of ecological disturbance and 
reduction in resource availability, the success of migration 
is greatly jeopardized. Fueling is achieved by hyperpha¬ 
gia, lipogenesis, fat deposition, increased length of the gut 
and size of the digestive organs as well as flight muscle 
hypertrophy. The vernal increase in day length acts in 
conjunction with testosterone to organize the hypotha¬ 
lamic feeding centers in the brain to regulate feeding. 
NYP, central prolactin, and possibly, CCK, appear to 
play important roles, but the specific mechanisms in rela¬ 
tion to migration are not well understood. The hormonal 
mechanisms regulating the digestive organ size and flight 
muscle are not well known. 

At the end of this refueling substage, feeding ceases 
and birds rest prior to departure. In captivity, this state is 
described as the quiescent phase, which serves as a transi¬ 
tion between the anabolic and catabolic stages, and may 
be required for an orderly transition. The plasma gluco¬ 
corticoid, corticosterone, increases prior to departure, 
which is thought to be involved in the transition and/or 
preparation for flight. Factors that influence the timing of 
actual take-off may involve atmospheric conditions, lunar 
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Figure 11 The three phases of the adult migration life history stage drawn from the literature of migratory passerine birds. 
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phase, or social inducement from flock members, but 
much remains unknown. After flight ensues, the levels of 
corticosterone rise further in conjunction with other med¬ 
iators of lipid and protein utilization, all of which serve to 
meet the energetic demands of flight. Concomitantly, the 
digestive organs that were built up during the fueling 
phase are reduced in size and this is as a weight-saving 
strategy. At stopovers, the cycle begins again, with the 
anabolic functions taking over to replace lost fuel. How 
quickly and effectively birds regain their lost mass, fat, and 
muscle enroute is not known, but such information is 
critical to understanding the true costs of migration. 

In addition to the physiological parameters, the beha¬ 
viors expressed during migration change radically. Some 
species are nocturnal migrants in that they migrate during 
the night. Others are diurnal or day migrants and fly 
during the daylight hours. The distinction here is that 
the movement is oriented and the distances covered are 
much increased over daily activities observed in the pre¬ 
vious or subsequent life history stages. To orientate and 
navigate to a specific location, migrants rely on a variety 
of exogenous cues. Many species utilize the earth’s mag¬ 
netic field, and solar and celestial cues; some even rely on 
olfaction. How birds know the route is an interesting- 
point. Some species fly with adults and learn the routing. 
In other cases, young birds must rely on ‘genetic knowl¬ 
edge’ at least for their first autumn flight. Studies have 
shown that the route and ability to correctly perceive cues 
for orientation are ‘learned’ over time and resemble at 
some level the systems apparent in semelparous fish dur¬ 
ing spawning migration. Upon reaching the destination 
(overwinter or breeding sites), all the behavioral and 
physiological attributes of the migratory life stage are 
terminated allowing progression to the next stage, be it 
breeding or overwintering. 

Irruptive and Nomadic Migrants 

The Red-crossbill (Loxia curvirostriri) is a classic example 
of an irruptive and nomadic migrant (Figure 12). This 
species relies on coniferous cone seeds that nourish both 
the adults and the young. Cone crops mature at regular 
intervals but in irregular quantities; thus, the amount of 
seed and how long it is available are unpredictable in space 
and time. Studies have demonstrated that fat deposition 
and migratory movements display a seasonal component 
that is linked to photoperiod and endogenous cycles. For 
example, in spring, birds show regular seasonal fattening 
and migratory movements. This is a time when seeds 
likely develop and are possibly easy to find with nomadic 
movements. Birds locating a sufficient supply will stop 
and commence breeding. 

By midsummer, breeding is interrupted as birds com¬ 
plete their prebasic molt. In most years, locating mature 
seeds in the autumn is highly unpredictable. In response 



Figure 12 Red crossbill (Loxia curvirostria). Photo by Eric 
Bjorkman. 


to this seasonal uncertainty, birds show a second peak of 
fattening as an insurance policy in case food is not located. 
Should local cone crops be sufficient, birds may remain in 
the area and breed again. If, however, the seed crop at this 
site is poor, birds will respond with irruptive movements 
and commence searching for more productive coniferous 
stands. Should a rich cone crop be found, a second round of 
breeding can occur, but this time, during the winter months. 
The irruptive movements have been associated with eleva¬ 
tions of plasma corticosterone. Experimental studies of 
captive birds have revealed that reducing or eliminating 
food results in increased locomotor activity as well as 
plasma corticosterone. It is suggested that this endocrine 
link plays a role in the initiation of the irruptive movements. 

Conclusion 

Considering migration as a life history stage within the 
context of the annual cycle provides a heuristic model for 
determining mechanisms. Compartmentalizing each life 
history stage allows of an investigation of the environ¬ 
mental factors that affect the onset, expression, and ter¬ 
mination of each phase. Migration is an organism’s 
solution to solving the problem of variable environments. 
This solution may be an expression of multiple pheno¬ 
types or phenotypic flexibility within the year, each 
matching the conditional requirements of ecology present 
at a given location. Or it may come in the version of 
multiple phenotypes at a particular time to match the 
conditions at that point as seen in insects (phenotypic 
plasticity). Thinking broadly, such ideas harken back to 
the earlier misconceptions of migration presented at the 
outset of this article. Certainly, migration is not a trans¬ 
formation of form from an aerial aerobic passerine to one 
capable of withstanding the conditions of winter by assum¬ 
ing a subaquatic (benthic) and anaerobic form. But the 
concept of alteration of form is, nevertheless, compelling. 
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Migrants prepare, express and terminate characteristic 
traits that allow for movement from local to distant habitats 
for breeding or survival. In doing so, the phenotype that 
is expressed, whether it is plasticity or flexibility, then 
matches the demands of the current local conditions. 
Thus, studies of migration that consider the concepts of 
alteration, coupled with movement, are key and propel 
future studies and advancements in the topic of migration. 

See also: Bat Migration; Bats: Orientation, Navigation 
and Homing; Bird Migration; Collective Intelligence; Fish 
Migration; Food Intake: Behavioral Endocrinology; Insect 
Migration; Irruptive Migration; Magnetic Orientation in 
Migratory Songbirds. 
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Description and Natural History 

Male Betta splendens have a body size of about 3 cm, with 
long flowing fins of an additional centimeter or more; 
adult males may exceed 6 cm in total length. Females are 
smaller, and have shorter fins. Coloration in domestic 
males ranges from deep red to deep blue, including 
purple, turquoise, green, orange, and even white. Some 
individuals may be combinations of these colors. Females 
are generally less colorful than males; the main color 
tends to be gray to brown, but with a slight hue of the 
colors found in males. Females also have a vertical striping 
pattern that darkens when they are sexually receptive. 
The dorsal, caudal, anal, and ventral fins of a male are 
very long, frequently as long as the body of the male fish 
itself. When not aroused, the male holds these fins in a 
relaxed, flaccid position. Upon arousal, the male erects 
these fins, forming the colorful, characteristic display of 
this species. 

B. splendens are native to shallow freshwater ponds, 
including rice paddies, in Southeast Asia. Their labyrinth 
organ allows them to obtain oxygen by gulping air at the 
surface, which helps these fish tolerate low dissolved oxy¬ 
gen levels. Various strains of Bettas have been kept for 
ornamental and fighting purposes for centuries, creating a 
legacy of human selection for certain traits such as color, fin 
length, and temperament. Wild-type bettas tend to be less 
colorful, have shorter fins, and are less aggressive. 

The behaviors of most interest to scientists and hob¬ 
byists alike center around the species’ mating behaviors. 
Males establish and vigorously defend territories against 
other males, as well as court females, with a series of stereo¬ 
typical behaviors. These behaviors include fin erection, 
flaring of the gill opercula and branchiostegal membrane, 
frontal and lateral displays, tail beating, exaggerated swim¬ 
ming motions, and, if allowed, chasing and biting of the 
other fish. These encounters may result in injury or death 
of one combatant. Also of interest is the parental care 
provided by males in a bubble nest they construct within 
their territory. The study of these behaviors has proved to be 
fertile territory for developing insights into animal commu¬ 
nication, territoriality, sexual selection, and parental care. 
B. splendens also possess some basic cognitive abilities such as 
learning and memory. Thus, many researchers utilize the 
performance of stereotypical agonistic behaviors as a means 
to gain deeper insights about the organization of the neuro¬ 
logical system of a nontetrapod model system. Finally, the 
ease with which the social and chemical environment of the 


fish is manipulated allows for investigation of the hormonal 
regulation of agonistic and sexual behaviors. 

The Display 

The agonistic and courtship displays of B. splendens 
include both morphological and behavioral visual cues. 
Morphological characters include color, body size, and fin 
length, while behavioral cues include posture, erection of 
fins and gill opercula, and swimming motions. Behavior- 
ists have focused on these various aspects of the display 
to answer general questions about intra- and intersexual 
communication. 

Male and female B. splendens distinguish sex on the basis 
of color pattern and fin length. When presented models 
of varying color pattern and fin length, males respond 
aggressively to unpatterned bodies and long fins. This 
combination of characters mimics a rival breeding male. 
Males also display courtship behaviors toward female- 
mimicking models with short fins and breeding pattern 
coloration. Females also appear to use these cues, as well 
as the behaviors of the fish they encounter, to distinguish 
among displaying females (a potential rival), courting 
males (a potential mate), and other fish. 

Dorsal, caudal, anal, and ventral fins of domestic male 
bettas are considerably longer than wild-type males, and 
reflect a history of selection for the character. The trait 
appears to be under genetic and hormonal control. A domi¬ 
nant allele is responsible for long fins in the domesticated 
line; wild-type males are homozygous recessive for this 
allele. The manifestation of the long-fin morphology 
depends on the presence of sufficient androgen hormones. 
The levels of different hormones, and therefore fin mor¬ 
phology, in males are affected by the social environment in 
which the male develops. Males reared in isolation develop 
longer fins than communally reared males. Steroid levels 
reflect this morphological difference; long-finned isolated 
males have high levels of 11-oxysteroids and low levels of 
5-p steroids, a steroid common in juvenile bettas. In contrast, 
communal, short-finned males had low 11-oxysteroid and 
high 5-p steroid levels. Further investigation of the commu¬ 
nal males reveals a relationship between position in the 
dominance hierarchy and (i) fin length, (ii) 11-oxysteroid 
levels, and (iii) 5-p steroid levels. Dominant individuals have 
long fins, higher 11-oxysteroid, and lower 5-p steroid. Thus, 
fin length and sexual maturation are arrested in subordinate 
males when they are reared in a communal situation. 
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Body size and behavior interact in complex ways to 
affect the receptivity of females toward males. Domestic 
female bettas prefer larger males, but not necessarily the 
males with the most vigorous display In fact, females that 
experience being around male bettas for a period of time 
will subsequently learn to avoid males and their harassing 
behavior. Thus, it might be that more vigorously displaying 
males are less attractive to females if the females associate 
display intensity with higher levels of harassment. Research 
on wild-type B. splendens found that these female bettas 
show no size preference on the basis of male size. Rather, 
larger wild betta males win more male-male contests. This 
might indicate that the importance of size and behavior in 
inter- and intrasexual selection varies between domestic 
and wild populations of B. splendens. 

Honest Signaling 

The charismatic morphology and behavior of B. splendens 
have made them useful model animals for investigating 
hypotheses arising from the theory of honest signaling. 
This theory proposes that accuracy of communicatory 
signals is enforced by the cost of sending the signal. If a 
signal is expensive or dangerous to send, then only strong 
individuals are capable of sending the signal correctly; it is 
too costly for less fit individuals to perform, which pre¬ 
vents cheating. As such, behaviorists have sought to test 
this theory by investigating the costs associated with vari¬ 
ous signals, the accuracy of the signal, and the fitness of 
the senders. 

One of the earliest tests of honest signaling in bettas 
measured the overall display vigor and resource-holding 
power of males. Males with the more vigorous display 
were the victor of agonistic interactions in 11 of 12 trials: a 
result that supports the hypothesis that display vigor is an 
honest signal of fighting ability. 

If display vigor is an honest signal, then one would 
expect this display to be costly. Measurements of the 
metabolic costs of aggressive encounters reveal an overall 
reduction in the muscular amino acid content, followed 
by a reduction of glycogen and an increase in free glucose. 
This is a clear demonstration that the overall agonistic 
encounter is metabolically expensive. But what of the vari¬ 
ous components of the agonistic display? Recent research 
on the costs associated with the erection of the opercula 
and branchiostegal membranes quantify oxygen consump¬ 
tion of displaying males and their ability to maintain the 
display in low oxygen water. During an agonistic encounter, 
males consume more oxygen. Males perform less opercula 
erection in hypoxic water. Erection of the opercula and 
branchiostegal membrane make oxygen exchange in the 
gills less efficient; therefore, this behavior fulfills the pre¬ 
dictions of honest signaling as it is an expensive behavior 
to perform. 


Cheaters should be rare in systems with honest com¬ 
munication, because of the high cost of dishonesty. Exper¬ 
imental tests of this hypothesis were performed by creating 
experimental conditions that induced males to cheat. 
Prior research (discussed below) indicated that isolated 
males briefly shown another betta will interact hyperag- 
gressively. Thus, these isolated males were induced to 
cheat in the agonistic interaction by escalating to overt 
aggression, such as biting, much sooner than would be 
warranted in a normal male-male interaction. However, 
these isolated, hyperaggressive males were not of higher 
quality than their opponents; as such, they exhausted 
themselves at the beginning of the interaction and were 
usually defeated. Noncheating males went through the 
stereotypical series of agonistic displays and lost fewer 
fights than the cheaters. This demonstrates that ritualized 
agonistic behaviors can be stable in a population if dishon¬ 
esty is costly. 

Audience 

Despite the territorial and aggressive nature of B. splendens , 
an important aspect of their behavior seems to be the 
presence of an audience during agonistic interactions. 
The audience effect changes the behavior of both the 
interactants and the observer. There are important social 
cues transmitted and obtained depending on the outcome 
of the interaction, as well as the sex and status of the 
observer. These studies have broadened our understand¬ 
ing of communication from considering it just as an inter¬ 
action between the sender and the receiver to recognizing 
the importance of the social context in which communi¬ 
cation occurs. 

Observers of agonistic interactions gain information 
about the relative strength of the two interacting males. 
How this information is used by male observers has dif¬ 
fered among some studies. Observer males hesitate longer 
before engaging with a male they have seen win an 
encounter than a male they have seen lose; this same 
male makes no distinction in attack latency between win¬ 
ners and losers of interactions it did not observe. Clearly, 
the outcome of the male-male interaction affects the way 
the observer interacts with the males it observed. How¬ 
ever, once the observer engages with the winning male, 
the observer escalates the attack more rapidly, suggesting 
the observer has identified the winning male as a stronger 
opponent. 

A separate investigation of how observation affects 
male behavior presented male observers with apparent 
male-male contests. The demonstrating fish actually inter¬ 
acted with separate, unseen fish, but to the observer male it 
appeared that the two males were interacting with each 
other. This may have created a more ambiguous distinction 
between winners and losers of these interactions, as it was 
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possible that the demonstrating fish could have both won 
the interactions in which they were actually involved. 
The observing males responded more rapidly to the dem¬ 
onstrator male that had displayed more vigorously, that is, 
the apparent winner of the interaction as the observer saw 
it. This shorter latency to attack the winner is in contrast 
to the findings reported earlier, but both are in agreement 
that once initiated, the observer escalates the attack more 
rapidly. 

In a similar study manipulating the appearance of com¬ 
petitive interactions, researchers allowed subject males to 
observe two demonstrator males in adjacent tanks. In this 
case, there were mirrors directly adjacent to, or 5 cm away 
from, the tanks between the two demonstrating males. 
To the observer, it appeared that these males were dis¬ 
playing to each other, when actually they were displaying 
to their own mirror image. The more distant mirror 
yielded lower levels of aggressive behavior in the demon¬ 
strator than the mirror immediately next to the tank. 
Therefore, the observer witnessed apparent interactions 
in which one male clearly behaved more aggressively than 
the other male. In these experiments, observer males be¬ 
haved more aggressively toward the more aggressive male 
the apparent opponent of which had been artificially 
induced to behave less aggressively. 

The effect of witnessing an aggressive encounter also 
affects how males interact with other males they did not 
observe. Bystanders of an aggressive encounter are motivated 
to behave more aggressively toward unfamiliar, nonbystan¬ 
der males. Naive males are significantly less aggressive than 
males that have themselves witnessed aggression, suggesting 
that aggressive behavior in male bettas may be ‘primed’ 
merely by witnessing these kinds of interactions. 

Females may also use the information they attain by 
witnessing an agonistic encounter between males. Female 
bettas allowed to observe agonistic encounters spend 
more time near the winning male. 

Observing an agonistic encounter can provide impor¬ 
tant information about the relative quality of the inter¬ 
acting males for both male and female observers. 
However, the presence of an audience is not neutral in 
its influence on the combatants; the interacting males 
themselves are also affected by the presence and sex of 
an audience. 

The mere presence or absence of other bettas affects 
aggression levels in males. Social isolation causes males 
to be less ready to perform aggressive displays initially. 
However, once isolated males are primed by observing a 
releasing stimulus, their levels of aggression increase 
steadily and exceed that of the nonisolated males. One 
model of aggression proposes that neural circuits respon¬ 
sible for agonistic behavior become miscalibrated in 
socially isolated fish because these circuits are never 
stimulated. Thus, an isolated fish lacks in readiness to 
respond to a challenger, but once it begins to respond, 


it does so with more vigor than would be typical of a 
nonisolated betta. 

Recent research demonstrates the effect of an audience 
as a primer of aggression in male bettas. Males are more 
aggressive if an audience is present prior to an agonistic 
encounter than if the audience and rival male are pre¬ 
sented simultaneously. This difference holds even if the 
audience is viewed before the encounter, and then 
removed. This result suggests that at least a portion of 
the audience effect on interacting males is due to the 
priming of agonistic behavior by the presence of another 
fish. In the absence of this primer, aggression levels are 
lower; when present, aggression levels are higher. 

The sex of the audience also influences how males 
interact with each other. Males behave differently in 
front of a female audience than in front of a male or no 
audience. When a female observer is present, males per¬ 
form more displays such as gill erection and tail beats and 
fewer bites. The moderation of injurious fighting behavior 
in front of females might result in a lower likelihood of 
driving away the prospective female, while higher levels 
of aggression, including injurious behaviors such as biting, 
in front of a male audience may demonstrate a willingness 
to fight to an observer male. 

Audience and nesting status interact to affect male 
motivation to fight. Without an audience, males are less 
aggressive when both own a nest than when one or neither 
owns a nest. When one or neither male owns a nest, 
male-male interactions are more vigorous in the presence 
of male observers than in the presence of female obser¬ 
vers. Hormonal profiles of these interacting fish reflect 
their behavioral status. Regardless of the nest status, the 
presence of a female audience results in lower levels of 
11-ketotestosterone. However, in the presence of a male 
or no audience, 11-ketotestosterone levels are low when 
both males have nests, but high when neither males have 
nests. These complementary studies demonstrate the 
importance of multiple interacting environmental cues 
modulating hormonal and behavioral responses. 

A final use of information about one’s audience is 
demonstrated by males that lose a fight in the presence 
of a female. When presented with the option to court 
either a female that watched them lose, or a naive female, 
defeated males display significantly more courtship 
behavior toward the naive female. The victorious males 
spend equal amounts of time displaying both to the female 
that observed them win as to the nai've female. This 
suggests that the defeated male is making an optimal 
decision in which female it should court; its chances of 
successfully courting the observer female are low com¬ 
pared to the nai've female. This remarkable behavior 
could be accomplished through a simple behavioral pro¬ 
gram, such as ‘if lose, court unfamiliar female.’ Alterna¬ 
tively, these results might suggest the ability of male bettas 
to understand the information available to, and motivations 
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of, another individual - the observing female. The abilities 
to attribute mental states to one’s self and to others are 
components of a ‘theory of mind,’ a cognitive capacity 
normally reserved for more ‘advanced’ vertebrates. 

When kept in tanks with other individuals of the same 
sex, males and females both form dominance hierarchies. 
Dominant individuals get more food, display more fre¬ 
quently and for longer periods, and attack others more 
frequently than subordinate individuals. Furthermore, 
fish of similar rank interact agonistically with each other 
more frequently than with fish of very different rank in 
the hierarchy. It should be noted that these experiments 
were performed in situations of very high fish abun¬ 
dances; four fish were placed in less than 7 1 of water, 
creating conditions of intense crowding with no possibil¬ 
ity of escape. It is not clear whether the formation of a 
dominance hierarchy is a function of lab crowding or 
whether this level of social organization ever has the 
opportunity to arise in the wild. 

Despite their cantankerous nature, bettas often 
choose to associate with other bettas rather than to 
be alone. Males and females given the opportunity to be 
with (i) another male versus alone, (ii) another female 
versus alone, (iii) three females versus alone, (iv) another 
female versus three females, and (v) a single male versus 
three females regularly choose the more social situation. 
The exceptions are that females choose solitude over a 
single male, and males do not distinguish between a single 
male and three females. 

The habituation to neighbors by males results in a 
diminution of their fighting ability. Even though habitu¬ 
ated males continue to display to other males by erecting 
fins and opercula, they reduce their biting attacks. Hence, 
when paired with a nonhabituated male, this reduction in 
the willingness to bite results in the defeat of the habitu¬ 
ated males. 

Domestic strains of B. splendens exhibit hormonal and 
behavioral differences from the wild strain. Comparisons 
of the aggressiveness of domestic and wild bettas against 
(i) a rival, (ii) a mirror, and (iii) a video of a displaying male 
demonstrate that bettas are significantly more aggressive in 
male-male interactions, attesting to the effect of centuries 
of selective breeding for this trait. Interestingly, there is no 
difference in aggression level between domestic and wild 
males when faced with a mirror or a video. Communica¬ 
tory cues present in the actual male-male encounters may 
be critical in modulating aggression levels; these cues are 
absent in the mirror and video trials. 

Behavioral and hormonal responses to the stresses of 
a novel environment and confinement differ between 
domestic and wild strains, as well. Both have increased 
opercular rate and cortisol levels during confinement, but 
only the wild strain respond in this way to a novel envi¬ 
ronment. Domestic fish are more placid during confine¬ 
ment, while wild fish are very active. These differences in 


response to stressful situations demonstrate that domestic 
fish are less anxious than wild bettas. 

Parental Care 

Upon mating, male bettas gather the fertilized eggs and 
deposit them in their bubble nest floating at the surface in 
their territory. The nest size varies among males and is 
positively correlated with the male body size. Females do 
not distinguish among males on the basis of the size of 
their nests, nor does the nest size correlate with male 
fighting ability. However, female preference for larger 
males should result in their also choosing males with 
larger nests. Male nest-holders vary in their aggressive¬ 
ness at different times of the breeding cycle, with a peak in 
aggression after hatching of the eggs. During this time, 
males are most aggressive toward other males, moderately 
aggressive toward unfamiliar females, and least aggressive 
toward the egg-laying female. 

Cognitive Abilities 

B. splendens have been useful model organisms for investi¬ 
gating aspects of learning, memory, perception, and neu¬ 
rophysiology in the fish brain. The history of successful 
and failed agonistic interactions affects how bettas behave, 
suggesting some capacity for learning and memory. For 
example, winning males behave more aggressively in 
subsequent interactions, and losing males behave more 
submissively. The discovery that presentation with an 
agonistic stimulus, such as a mirror, could serve as a rein¬ 
forcer has allowed for further investigation of the learning 
and memory abilities of bettas. Learning behaviors in 
response to agonistic stimuli is not limited to male bettas. 
Females also learn to perform a behavior, such as swim¬ 
ming through a ring, reinforced by exposure to a mirror. 
Male bettas learn best if given immediate reinforcement, 
less well with a 10 s delay in reinforcement, and poorly 
with a 25 s delay in reinforcement. A variable reinforce¬ 
ment schedule does not result in learning of the response, 
nor does it cause the fish to retain the behavior it learns. 
These are important differences in the effect of reinforce¬ 
ment schedule on bettas compared to tetrapod model 
organisms in which variable reinforcement elicits strong 
retention of the response. 

Research on negative reinforcement of natural beha¬ 
viors, such as agonistic displays, in bettas has yielded 
interesting results. Intermediate severities of punishment 
result in higher levels of performance of agonistic displays 
relative to unpunished trials, while severe punishment 
diminishes the performance of the agonistic behavior. 
This demonstrates that behaviors motivated by aversive 
stimuli, such as the presence of a rival, is enhanced by 
moderate punishment, such as a mildly painful shock. 
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The aggression bioassay has also been used to explore 
aspects of betta visual perception and processing. For 
example, this method has shown that texture is an impor¬ 
tant component of the eliciting stimulus. Models with a 
scale pattern elicit a vigorous agonistic response, while 
models lacking this texture do not. Another experiment 
using the aggression bioassay demonstrates brain laterali¬ 
zation in bettas by showing that individual males reliably 
display threats or courtship in postures that favor either 
their left or right eye. Finally, bettas are susceptible to 
subliminal stimuli. A brief, 1 s exposure to a mirror or to 
an image of a fish in the aggressive frontal display did not 
prompt a response in the exposed fish. However, these 
exposed fish were hyperaggressive in subsequent agonistic 
interactions. Susceptibility to subliminal stimuli may be 
an ancient cognitive property. 

In bettas, the visual center of the brain (the optic tectum) 
is attuned to certain visual stimuli. Motion of the rival male 
or model is necessary to elicit activity. Furthermore, activity 
in this region of the brain spikes during specific portions of 
the observed display; when the rival male turns to face the 
observer, the optic tectum is most active. This motion and 
position give the most prominent view of the rival’s erect 
opercula, and may be the height of the agonistic display. 

B. splendens may also be a useful model organism in 
the study of the neurophysiology of aggressive behavior. 
Measurements of the effect of serotonin, its receptor 
agonists and antagonists, and selective serotonin reuptake 
inhibitors (SSRIs) on betta behavior show that administra¬ 
tion of serotonin and its receptor agonist results in reduced 
aggression. Increased receptor antagonist does not increase 
aggression. Treatment with SSRI injections reduces brain 
serotonin levels, but does not alter fish behavior. However, 
treatment with Prozac, a SSRI drug, dissolved in the water 
did affect male behavior. Exposure to as little as 3 pgml -1 
dissolved in the water for 3 h significantly reduced male 
aggression. 

Sex determination in B. splendens is the result of 
both genetic and hormonal influences. Genetic females 
that have been ovarectomized may undergo a sex role 
reversal, including the elongation of fins, male-typical 
courtship and territorial behavior, and production of via¬ 
ble sperm. These so-called ‘neomales’ sire both female 
and male offspring, suggesting that, as in other teleosts, 
sex determination is not purely due to an XX/XY homo-/ 
heterogamous system. The assumption of male-typical 
morphology and behavior is likely due to androgens pro¬ 
duced by the newly developed testes in the ovarectomized 
females. Treatment of females with testosterone results in 
a reduction in aggression toward females and an increase 
in aggression toward males. If kept in a social situation, 
these treated females maintain their new hormonally 
induced social role after cessation of treatment. How¬ 
ever, isolated treated females revert to female-typical 


behaviors. Thus, sexual identity and behavior are the 
result of a complex interaction between genes, endocri¬ 
nology, and social environment. 

See also: Aggression and Territoriality; Agonistic Signals; 
Communication and Hormones; Honest Signaling; Hor¬ 
mones and Behavior: Basic Concepts; Mate Choice in 
Males and Females; Mating Signals; Memory, Learning, 
Hormones and Behavior; Parental Behavior and Hor¬ 
mones in Non-Mammalian Vertebrates; Vision: Verte¬ 
brates; Visual Signals. 
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Introduction 

Since the beginning of recorded history, the migration of 
birds has attracted the attention and intrigued the imagi¬ 
nation of humans. Not surprisingly, the subject has gar¬ 
nered considerable interest from biologists who have 
sought answers to ‘how’ and ‘why,’ and their studies have 
produced a staggering amount of data and published 
findings on all aspects of bird migration. Many of the 
studies have been summarized in books devoted to the 
subject, and several of the more recent volumes can be 
found in the suggested readings at the end of this article. 
Because of the volume of literature on bird migration, 
even the most comprehensive reviews have been able to 
provide little more than a sketchy overview of the subject. 
This article reviews some of the findings about the behav¬ 
ioral aspects of bird migration: the flight directions and 
routes, the seasonal and daily timing of movements, the 
altitude of migratory flights, and the influence of weather 
on the density of migration. 

Migration is a behavioral response to adversity that 
takes migrants from geographical areas of low suitability 
with respect to food availability, habitat, and climatic 
conditions to locations of higher suitability. Migration in 
birds is a continuum from partial migration where only 
some individuals of a population migrate to complete migra¬ 
tion where all populations leave the breeding range of the 
species and move in some cases considerable distances to 
occupy a nonbreeding range of the species. Because of the 
annual climatic cycle, the suitability of temperate latitudes 
shows the greatest seasonal variability, and many migra¬ 
tory birds exploit the abundance of resources during the 
warmer months and breed and vacate these latitudes dur¬ 
ing the colder months when resources decline and disap¬ 
pear. Some species move relatively short distances and 
remain at temperate latitudes during the nonbreeding 
season (short-distance migrants), while others move to 
tropical latitudes and beyond (long-distance migrants). 
For western Europe, the proportion of breeding species 
that vacate and migrate farther south increases 1.3% on 
average for every degree of latitude. In eastern North 
America, the mean increase is 1.4% per degree of latitude. 
For the same latitude, about 17% more breeding species 
vacate eastern North America than Western Europe, 
because winters are colder in eastern North America. 
In the tropics, similar movement and breeding patterns 
occur in response to seasonal precipitation patterns. 
According to Peter Berthold, over 50 billion birds show 


some form of seasonal migration between breeding and 
nonbreeding areas. 

Migratory Routes 

The longitudinal separation of species and populations of 
migratory land birds that characterize the breeding distri¬ 
bution often persists during the migration phase and the 
nonbreeding season. At a continent-wide scale, the reasons 
for these migration patterns are varied and likely relate to 
the locations of breeding and nonbreeding areas, major 
topographical features, availability of suitable resources 
on the migration route, peculiarities of life history, and 
prevailing directions of winds during the migration sea¬ 
sons. Among North America wood warblers (Parulidae) 
that migrate to the Neotropics, 40 species occur east of the 
Rocky Mountains, and 15 species are found west of these 
mountains. The western species winter almost entirely 
within a narrow strip of western Mexico from Sonora 
south through Guatemala. The eastern species generally 
winter in geographically separate areas of the Bahamas, 
West Indies, eastern Mexico, Central America, and north¬ 
ern South America. This pattern is found in other species 
as well. Western Tanagers ( Piranga ludoviciana) breed west 
of the Great Plains and migrate to southern Mexico and 
the Pacific slope of Central America, and Scarlet Tanagers 
(.Piranga olivacea) breed in the eastern United States and 
migrate to northwestern South America (Figure 1). 

There is in general considerably more bird migration 
in the eastern two-thirds of the United States than in the 
western one-third. One reason for this pattern is that more 
migrants (species and individuals) breed in the East, but 
another contribution comes from species with breeding 
ranges that extend toward the northwest into Canada that 
migrate through the eastern United States. Although the 
breeding range of the Rose-breasted Grosbeak ( Pheucticus 
ludovicianus) extends from the Atlantic Coast to the 
Northwest Territories of Canada, the migration of this 
species is primarily through the eastern half of the United 
States (Figure 2). The Swainson’s Thrush ( Catharus ustu- 
latus) of North America is another species that shares this 
pattern. The two subspecies that breed in Pacific coastal 
woodlands west of the British Columbian Coastal Moun¬ 
tains, the Cascades, and the Sierra Nevada migrate south¬ 
ward along the coast to nonbreeding areas from Mexico to 
Costa Rica, but the two continental subspecies that breed 
east of these mountains migrate eastward before turning 
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Figure 1 Breeding and nonbreeding ranges of two Neotropical migrants, (a) Western Tanager. (b) Scarlet Tanager (dotted red line 
delimits boundaries of migration route). Reproduced from Lincoln FC, Peterson SR, and Zimmerman JL (1998) Migration of Birds. 
Washington, DC: US Department of the Interior, US Fish and Wildlife Service. Circular 16. Jamestown, ND: Northern Prairie Wildlife 
Research Center Online, http://www.npwrc.usgs.gov/resource/birds/migratio/index.htm (Version 02APR2002). 


southward to winter from Panama to Bolivia. Work with 
molecular genetic markers suggests that the breeding 
range of these subspecies expanded rapidly following- 
glacial retreat. The east-then-south fall migration route 
of the continental subspecies is in keeping with birds 
returning to nonbreeding areas by ‘backtracking’ along 
their ancestral route of breeding range expansion. Approx¬ 
imately 33 species of land bird migrants in North America 
conform to this pattern. Thus, even though a number of 
land bird migrants breed considerably farther west and 
north of the eastern forests of the United States, they 
migrate through the eastern states. 

Migration routes, timing, and duration obviously differ 
between different species, and in some cases, different 
populations within a species (e.g., the Swainson’s Thrush). 
Individuals within a population of a species may differ 
with respect to these attributes not only because of age 
and sex differences (differential migration) but even 
within a group of individuals of the same sex and age. 
Although field observations and bird banding (ringing) 
and recovery of banded birds have produced a wealth 
of knowledge about migration routes of birds, the use of 
modern technology (satellite telemetry and geolocators) 


has produced detailed, high-quality information about 
the route and timing of migrating individuals. Because 
small birds cannot carry satellite transmitters, most of the 
information gathered with satellite transmitter technol¬ 
ogy to date has come from larger birds. 

Satellite telemetry has been used to study the fall migra¬ 
tion patterns of the Osprey (Pandion haliaetus) in North 
America and Europe. For North America, the routes of 
migration differ among populations from the northwestern, 
central, and eastern United States (Figure 3). Birds from 
the northwestern population migrate mostly through 
California and winter mainly in Mexico, with some birds 
moving to El Salvador and Honduras. Birds from the 
central population follow three different routes to reach 
their nonbreeding areas in Mexico and locations south to 
Bolivia: (1) through the central United States and then 
along the eastern coast of Mexico, (2) along the Mississippi 
River Valley and then across the Gulf of Mexico and 
(3) through the southeastern United States and then across 
the Caribbean. Eastern populations migrate along the 
Atlantic Coast through Florida and across the Caribbean, 
and eastern birds wintered from Florida to Brazil. Depar¬ 
ture dates differ among populations and females departed 
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Figure 2 The breeding distribution and migration corridor of the Rose-breasted Grosbeak (Pheucticus ludovicianus). Although the 
breeding range of this species extends into northwestern Canada, its migration through much of the United States is confined to 
the eastern half of the country. Reproduced from Lincoln FC, Peterson SR, and Zimmerman JL (1998) Migration of Birds. 
Washington, DC: US Department of the Interior, US Fish and Wildlife Service. Circular 16. Jamestown, ND: Northern Prairie 
Wildlife Research Center Online, http://www.npwrc.usgs.gov/resource/birds/migratio/index.htm (Version 02APR2002). 



Figure 3 Migration routes of Ospreys carrying satellite telemetry transmitters, (a) Fall migration routes of North American nesting 
Ospreys. Dashed lines indicate movements of only one bird. Reproduced from Martell MS, Henny CJ, Nye PE, and Solensky MJ (2001) 
Fall migration routes, timing, and wintering sites of North American Ospreys as determined by satellite telemetry. Condor 103: 715-724. 
(b) Migratory routes of Florida breeding Ospreys. The circles indicate locations during migration, and triangles indicate nonbreeding 
areas. Reproduced with permission from Martell MS, McMillian MA, Solensky MJ, and Mealey BK (2004) Partial migration and wintering 
use of Florida by Ospreys. The Journal of Raptor Research 38: 55-61. 
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Figure 4 Maps of the migration routes of Ospreys tracked by satellite from the breeding site in Sweden to nonbreeding areas 
in Africa, (a) Five males, (b) Six females. Reproduced with permission from Flake et al. (2001). 


from breeding areas before males. Females from the same 
population travel greater distances than males and have 
nonbreeding areas south of male nonbreeding areas (dif¬ 
ferential migration). 

Ospreys equipped with satellite transmitters from sev¬ 
eral European countries have been tracked on autumn 
migration. Females start migration 2-3 weeks before 
males and young. Birds from the United Kingdom cross 
the English Channel pass through France and Spain into 
northern Africa and then some follow the coastline of 
western Africa and others cross the Sahara Desert. Most 
of the United Kingdom birds have nonbreeding areas in 
western Africa (e.g., Senegal). Birds tracked from Sweden 
moved from breeding areas through Spain, Italy, and the 
central Mediterranean, and a single female followed a 
more easterly route through the Red Sea (Figure 4). 
Most of the birds moved to nonbreeding areas in West 
Africa south of the Sahara (Gambia to the Ivory Coast), 
but one juvenile went to Cameroon and the female that 
followed the easterly route went to Mozambique — a 
10 000-km journey. The average distance traveled between 
Sweden and nonbreeding areas was 6742 km (average 
of 174kmday _1 with stopovers included). When actively 
migrating, birds averaged 257 km day -1 with males mov¬ 
ing fastest. Adults followed very straight routes toward 
a mean direction of 185-209° with angular deviation of 
only 6-33°. Young showed more variation in departure 
direction and orientation. Although most of the flights 
of Swedish birds occurred during the daylight hours 
(08.00-17.00 h) when the birds could exploit atmospheric 
thermals to minimize their cost of transport, there is evi¬ 
dence from other studies that some Ospreys migrate at 
night particularly over large bodies of water. 


Robert E. Gill Jr., a biologist with the US Geological 
Survey, and colleagues used satellite telemetry to track 
the autumn migration of nine bar-tailed godwits (Limosa 
lapponica baueri) from breeding areas in western Alaska to 
nonbreeding areas in New Zealand. The birds departed 
Alaska between 30 August and 7 October on initial tracks 
strongly oriented in a southerly direction (193°) and 
crossed the entire Pacific Ocean within a 1800-km wide 
corridor. Tracking distances from Alaska to the first known 
landfall for seven females with surgically implanted PTTs 
ranged from 8117 to 11 680 km (10 153 =h 1043 km stan¬ 
dard deviation), and for the two males with externally 
attached PTTs the distances ranged from 7008 to 
7390 km. Duration of the flights for the females with 
implants ranged from 6.0 to 9.4 days (7.8 ± 1.3 days stan¬ 
dard deviation) and for the two males with externally 
attached PTTs the flight durations were 5.0 and 6.6 days. 
Track speeds for the nine godwits on southward flights 
averaged 16.7 ±0.6 ms -1 with a range of 8.7-25.5 ms _1 . 
These nonstop flights establish a new record for flight 
performance in migratory birds and have important impli¬ 
cations for navigation and the physiological mechanisms 
that regulate migratory flight. 

Because small birds cannot carry satellite transmitters, 
another technology has been used to monitor the migra¬ 
tion of smaller birds. Engineers of the British Antarctic 
Survey developed a very small and low-weight (1.3-1.5 g) 
solar geolocator that records the change in light levels 
(time and intensity of sunlight) at different latitudes and 
longitudes and enables researchers to record the flight 
paths of smaller migrating birds. Because the device uses 
very little power and the recorded data are compressed, 
the device can record data for many years; however, the 
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bird must be recaptured to download the recorded data. 
Scott Shaffer of the University of California at Santa Cruz 
and colleagues used miniature solar geolocators to track 
the migrations of Sooty Shearwaters (Puffinus griseus) 
and found that the birds follow a figure ‘eight’ pattern 
over the Pacific Ocean and cover as much as 
64037 ± 9779 km on their annual migratory circuit of 
262 ±23 days. Birds traveled at rates as high as 910 ± 186 
km day -1 , and each shearwater had a prolonged stopover 
in one of three areas offjapan, Alaska, or California before 
returning to New Zealand via a narrow pathway through 
the central Pacific Ocean. 

Bridget Stutchbury of York University in Toronto and 
colleagues used solar geolocators to track the migration of 
14 Wood Thrushes (Hylocichla mustelina) and 20 Purple 
Martins (Progne subis ) from their breeding areas in Penn¬ 
sylvania in the fall of 2007 (Figure 5). The following 
summer, the geolocators were retrieved from five Wood 
Thrushes and two Purple Martins, and the data were 
downloaded to examine migration routes and nonbreed¬ 
ing areas with an accuracy of ±300 km. Both species 
showed rapid long-distance movements and periods of 
stopover. The two Purple Martins covered 2500 km to 


reach the Yucatan Peninsula in 5 days (500 km day -1 ), 
stayed in this area for 3-4 weeks, and then continued 
their migration to Brazil. Four Wood Thrushes stayed 
3-4 weeks in the southeastern United States and then 
flew across the Gulf of Mexico to Yucatan Peninsula 
where two of the birds remained for 2-4 weeks before 
continuing migration to Honduras and Nicaragua. The 
overall rate of the return migration to the breeding areas 
in spring was 2-6 times faster than the southward migra¬ 
tion in fall, and a Wood Thrush that flew around the Gulf 
of Mexico instead of across the Gulf took significantly 
longer to complete its spring migration (29 days vs. 
13-15 days). 

During discussions of migratory routes, the topic of 
migratory flyways often surfaces. Boere and Stroud have 
examined the flyway concept and suggest that although 
it is useful for water birds, the concept simplifies informa¬ 
tion about differences between-species and within-species 
with respect to migratory routes, and they recommend 
‘caution in applying the flyway concept to other migra¬ 
tory birds, given that ringing recoveries of passerines indi¬ 
cate widespread broad front migration across continental 
land-masses.’ 
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Figure 5 Migration tracks of birds breeding in Pennsylvania based on data from geolocation devices, (a, b) single purple martins; (c, d) 
single wood thrushes. Fall migration (blue), movement in nonbreeding area (yellow), and spring migration (red). Dotted lines indicate 
latitude could not be determined. Inset shows locations of nonbreeding territories within species nonbreeding range (shaded) with the 
standard deviation for individual. Reproduced with permission from Stutchbury BJM, Tarof SA, Done T, et al. (2009) Tracking long¬ 
distance songbird migration by using geolocators. Science 323: 896. 
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Seasonal Timing 

Much of what we know about the seasonal timing of bird 
migration comes from the work of field observers and bird 
banders, and their findings have been summarized in 
seasonal occurrence charts in state checklist and regional 
and national bird books. Migration schedules appear to 
be either ‘hard-wired’ in species that are considered cal¬ 
endar migrants or ‘facultative’ and flexible in species that 
are considered weather migrants. Calendar migrants 
begin migration irrespective of local conditions, whereas 
weather migrants may delay fall migration as long as local 
conditions (e.g., food availability, temperatures) remain 
favorable in the breeding areas. In spring, variation in 
weather conditions can greatly affect the timing of spring 
migration in some species. In an analysis of the variation 
in the timing of spring arrivals among 50 different species 
in comparison with the mean 40-year arrival dates, it was 
found that in late, cold springs migrants arrived later than 
in early, warm springs. Cold springs often have prolonged 
periods of cold, adverse winds from the north, while warm 
springs have prolonged periods of warm southerly winds. 
Thus, the advancement or retardation of the seasonal 
timing of migration can vary with year-to-year changes 
in continental wind patterns. Mathematical analysis of the 
timing of spring and fall migration has shown that those 
species that move north early return to southern latitudes 
late (e.g., waterfowl, sparrows). Breeding birds occupy 
their summer habitat as soon as it is habitable and depart 
as soon as they have finished breeding. The standard 
deviation of the timing of a species’ migration is less 
in spring than in fall; hence, the birds are better syn¬ 
chronized in spring. During fall migration, some species 
show an almost bimodal timing with young and adults 
traveling at somewhat different times (differential migra¬ 
tion). In spring, males of most species arrive before the 
females, and adults precede young. In waterfowl where 
pair bonds form on the nonbreeding grounds, females 
and males migrate in pairs and females show philopatry 
and site fidelity. 

A number of factors must be considered when examin¬ 
ing the seasonal timing of migration. The more important 
of these are vegetation development in the spring, food 
availability, and climatic factors in spring and fall. In a 48- 
year study of spring arrivals of migrants in Montana, 
W. Weydemeyer found that ranges in dates of arrival 
were greatest during late March and April and least in 
late May and June. In Norway, T. Slagsvold found that for 
the country as a whole there was a 6-day delay in bird 
arrival for each 10-day delay in vegetation development. 
Thus, the arrival of migrants at higher latitudes and ele¬ 
vations was faster than the development of vegetation. 
Earlier-arriving species varied considerably in arrival 
date at a particular locality from year to year, but late- 
arriving species had much less variation in arrival time. 


In southern Michigan over a 7-year period, B.C. Pin- 
kowski and R.A. Bajorek examined the spring arrival 
dates of 29 common or conspicuous migrants and summer 
resident species. They concluded that granivorous, 
omnivorous, and aquatic species tend to arrive earlier 
than strictly insectivorous species, and that earlier-arriv¬ 
ing species have a greater variance in arrival time than the 
later-arriving species. 

Daily Timing of Migration 

The majority of small birds, including most passerines, 
migrate at night, and most waterfowl and shorebirds migrate 
both at night and during the day. Raptors, several wood¬ 
peckers, swallows, several corvids (crows, jays, and mag¬ 
pies), bluebirds, and blackbirds migrate during daylight 
hours. The determination of whether a species migrates at 
night or during the day has come from laboratory studies of 
Zugunruhe- migratory restlessness in caged birds; from data 
gathered when migrating birds collide with transmission 
and communication towers, buildings, or power lines or 
when migrants are attracted to, and killed at, lighthouses 
and ceilometers; and from direct visual studies of daytime 
migration in progress. Although some waterfowl and waders 
flock at night and during the day when migrating, the 
majority of songbirds migrate individually during the 
hours of darkness. When individually migrating nocturnal 
migrants are forced to fly during daylight hours (as when 
they are crossing the Gulf of Mexico), they form species- 
specific flocks just before dawn. 

According to data gathered by surveillance radars at 
several localities in the United States and Canada, con¬ 
siderably more birds migrate at night than during the day. 
A number of studies have shown the temporal pattern of 
nocturnal migration. The initiation of nocturnal migra¬ 
tion occurs about 30-45 min after sunset; the number of 
migrants aloft increases rapidly, peaking around 23.00 h in 
the spring and between 21.00 and 23.00 h in the fall. 
Thereafter, the number of migrants aloft decreases 
steadily until dawn, indicating that many migrants are 
landing at night. Daytime migration is initiated near 
dawn (sometimes earlier), peaks around 10.00 h, and 
declines to minimal density shortly after noon. 

Directions of Bird Migration 

Although considerable attention has been directed to 
laboratory studies of direction finding in migratory 
birds, there is an increasing emphasis on field studies of 
migratory orientation using direct visual means, radar, 
and satellite telemetry. Radar can provide detailed infor¬ 
mation on the direction of migratory movements when 
conditions for direct visual studies are poor and sample a 
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Figure 6 Displays of bird migration on Doppler weather radar located at Wakefield, Virginia, on 19 October 2009 at 05.25 UTC. 

(a) Relative reflectivity (dBZ) indicates the density of birds in the atmosphere. Note greater density at lower altitudes and reduced 
density as the 1° radar beam tilted 0.5° samples higher and higher altitudes. The edge of the pattern is where the radar beam is 
completely above the layer of migrating birds. Also note the return from some rainfall to the SE and E sectors of the display, (b) Radial 
velocity (measured in nautical miles per hour or knots) is the proportion of the velocity of birds directed toward the radar. Birds flying 
perpendicular to the radar beam have zero radial velocity (gray in image), while birds flying directly toward or away from the radar have 
maximum radial velocity (true ground speed). Negative velocities are for targets approaching the radar (cool colors) and positive 
velocities are for targets moving away from the radar (warm colors). Ambiguous velocities result from range folding (purple). Velocity 
corrected for wind direction and speed can be used to discriminate the types of targets (e.g., insects, birds). 


fairly large geographical area. In the United States and in 
Europe, Doppler weather radars are operated at weather 
stations and many medium-sized and large airports. 
These radars readily detect migrating birds and in addi¬ 
tion to estimating the density of birds aloft, information 
on their velocity and direction of movement can be 
obtained from the radial velocity of the targets (Figure 6). 
Smaller marine radars and tracking radars can be used 
to study bird movements in the atmosphere within 
12—14 km of the radar, and these units are particularly 
useful for gathering detailed information on the flight direc¬ 
tion, speed, and altitude of individual birds and flocks. 

Although there are many geographical gaps in the 
coverage, a continental pattern of bird migration in 
North America is beginning to emerge. The axis of migra¬ 
tion for most passerines is northeast to southwest in the 
eastern two-third of the United States, but in central 
southern Canada the axis of passerine migration is north¬ 
west to southeast. Wind direction exerts a strong influence 
on the direction and timing of migration, and the routes 
birds follow appear to be determined, at least in part, by 
the prevailing wind patterns in North America during 
spring and fall. Many species of shorebirds that migrate 
northward from nonbreeding grounds in Central and 
South America cross the Gulf of Mexico and arrive on 
the upper Texas coast and the coast of southwestern 
Louisiana. They continue their migration through the 
grasslands of the central United States to reach their 
breeding grounds in the Arctic. In the fall, the migratory 
routes southward are shifted considerably eastward as the 


birds make their way toward their nonbreeding grounds. It 
is thought that the prevailing winds aloft from the east at 
lower latitudes bias the northward flights toward the west 
and the prevailing winds aloft from the west at higher 
latitudes bias fall flights toward the east. 

In northwestern South Carolina, in spring, the prevail¬ 
ing winds blow to the northeast, and the average distribu¬ 
tion of the directions of nocturnal migration in spring on 
calm nights (when wind directions are not an influencing 
factor) is toward the northeast (29.5°). Thus, in spring, the 
preferred direction of nocturnal migrants closely matches 
the prevailing wind direction. In fall, the winds in the 
same area usually blow toward the southwest, and the 
average direction of nocturnal migration on calm nights 
is toward the southwest (231.5°). These data were gath¬ 
ered using moon watching and ceilometer watching, but 
data gathered from radar show similar patterns. Wind 
direction in relation to the normal direction of migration 
can also influence the altitude of migration as well as the 
number of migrants aloft. 

Altitude of Migration 

Radar has provided the best data on the altitude of bird 
migration, and radar studies have shown that the altitude of 
bird migration varies considerably depending on the winds 
aloft. Most migration occurs below 1.5 km above ground 
level (agl) and density decreases up to 3 km or more. Radar 
studies in North America and Europe show that migration 






218 Bird Migration 


occurs at higher altitudes in spring than in fall, and except 
for certain geographical areas (e.g., the northern coast of 
the Gulf of Mexico) migration at night is at higher 
altitudes than migration during the day. In general, the 
larger the bird species and the faster its airspeed, the higher 
it flies during migration for minimum cost of transport. 
Bar-headed Geese have been seen and heard crossing 
some of the highest peaks of the Himalayas from India to 
central Asia at an altitude estimated to be 8840 m. 

The distribution of nocturnal migrants in the airspace 
typically is strongly skewed to the lower altitudes. In a radar 
study of nocturnal migration in southeastern Louisiana, 
70% of the migrants flew between 247 and 1127 m agl, 
and within this zone ~75% flew between 241 and 492 m 
agl. An analysis of weather radar measurements of the 
altitude of nocturnal migration on 70 spring nights and 
35 fall nights at weather stations in New Orleans and Lake 
Charles, Louisiana; Athens, Georgia; and Charleston, 
South Carolina, showed that for 73% of 79 altitude mea¬ 
surements in the spring and 56% of 39 measurements in 
the fall, altitudes of peak densities of migrants were 
~300m agl. On some occasions, the altitude at which 
most birds were migrating was considerably higher than 
the usual 300 m, and on those occasions the peak densities 
were associated with favorable winds at those altitudes. 
With the exception of some shipboard navigation radar, 
most radar cannot detect birds very close to the ground, 
and consequently the minimum altitude of nocturnal 
migration displayed on radar cannot be measured accu¬ 
rately. Studies using direct visual means to detect migrat¬ 
ing birds as they pass through a narrow vertical beam of 
light or the field of a vertically directed thermal imaging 
camera suggest that a considerable number of birds fly 
within 100 m of the ground at night. This is particularly so 
within an hour after the initiation of nocturnal migration 
and at the time birds are landing during the night. On some 
misty, cloudy nights, tremendous numbers of call notes 
from migrants aloft can be heard, and on many of these 
occasions the distance of the call notes overhead indicates 
the birds are flying within a few meters above the trees. 
The altitude of migration changes throughout the night. 
Usually, the maximum mean altitude of migration is 
reached about 2 h after initiation and thereafter slowly 
declines as birds begin to terminate their nightly migration. 

Daytime migration usually occurs at altitudes below 
300 m, and quite often flocks of daytime migrants can be 
seen moving just above tree level. This, however, is not 
always the case. When migrants are arriving on the north¬ 
ern coast of the Gulf of Mexico in spring during daylight 
hours after a trans-Gulf flight, they are usually at altitudes 
above 1500 m. A few flocks of arriving trans-Gulf migrants 
may reach altitudes of 3500-4500 m. When the migrants 
encounter powerful cold fronts and strong headwinds 
before they make their landfall, they will often fly within 
a few meters of the water’s surface. On these occasions 


when the flights are delayed and most of the migrants 
arrive at night, many will strike wires, towers, and other 
man-made structures, particularly if the structures have 
continuously illuminated lights and the weather is poor 
(low ceiling and misty). Migrants flying during the day 
will fly lower when there is poor visibility, dense cloud 
cover, and drizzle. When the migrants encounter weak, 
shallow cold fronts and headwinds as they cross the Gulf 
of Mexico in spring, they often gain altitude and fly in 
favorable winds above the cold front. 

Weather Influences on the Density of 
Migration 

Once calibrated, radar can be used to measure the quantity 
of migration, and it is possible to study the weather factors 
responsible for the night-to-night variation in the quantity 
of migration. It is generally accepted that in spring more 
migration occurs behind a warm front on the west side of a 
high pressure system and before a cold front and low 
pressure system. In fall, very large migrations occur just 
after cold fronts on the east side of high pressure systems. 
But what weather factors or combination of weather factors 
influence the density of migration? A number of studies 
have attempted to answer this question. Because weather 
factors interact in complex ways and show considerable 
covariation, multivariate statistical analyses (e.g., factor 
analysis, discriminant function analysis) must be used. 
The weather factors that have been shown to significantly 
influence the quantity of migration include: wind, rain, 
temperature, barometric pressure, and cloud cover. Of all 
the weather factors listed, rain, wind, and temperature are 
clearly the most consistently important factors. Rain usu¬ 
ally prevents the onset of a migratory flight or terminates a 
migratory flight in progress if the migrants can land. Both 
wind and temperature are significantly interrelated. Thus, 
the largest spring migrations occur with winds from the 
south and southwest, which bring warming temperatures 
to a region, and the densest fall migrations occur with 
winds from the northwest and north, which usually bring 
colder temperatures to an area. Another point regarding 
the influence of weather on the quantity of bird migration 
should be mentioned. The amount of night-to-night vari¬ 
ation in the quantity of migration explained by weather is 
50-60% on average. The remaining variation is undoubt¬ 
edly attributable to the actual number of migrants in an 
area physiologically ready to migrate. If weather conditions 
are excellent for migration and few migrants are physiolog¬ 
ically ready to migrate, then the migratory movement 
will be a minor one. The weather conditions most often 
associated with migrants colliding with man-made objects 
(poor visibility, low ceiling, mist, and drizzle) are not those 
conducive to very large migratory movements. Why, then, 
do numbers of migrants occasionally collide with the guy 
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lines of tall towers, tall buildings, and other obstructions 
during migration? The answer to this question is straight¬ 
forward. When birds initiate a migration with favorable 
weather conditions, they sometimes move into areas 
where the weather has deteriorated (e.g., a stalled frontal 
system with low ceilings, mist, and drizzle), and these con¬ 
ditions cause the birds to fly at low altitudes where collisions 
occur. Occasionally, collisions happen under ideal weather 
conditions for migration, particularly when communication 
towers reach altitudes where birds typically migrate at night. 

Future Research 

Future discoveries related to tracking bird migration will 
come with advancement in technology. Perhaps the great¬ 
est need at present is the ability to track small birds over 
great distances with telemetry devices. The ideal device 
would weigh a small percentage of the bird’s weight 
(preferably < 20%) and provide information on geo¬ 
graphical location, altitude of flight, and some physiolog¬ 
ical measurements (e.g., body temperature, heart rate). In 
the meantime, work with color-banded birds, geolocators, 
stable isotopes, and genetic markers must continue and 
must be expanded to include additional species. Our 
understanding of the influences of competition, preda¬ 
tion, and weather conditions on migratory behavior is its 
infancy, and if we are to measure responses of migratory 
birds to manipulation of these variables, we need to be 
able to monitor the migratory behavior of individuals over 
great distances and for months at a time. Only then will 
we start to understand the mechanisms that regulate these 
incredible seasonal journeys. 

See also: Behavioral Endocrinology of Migration; Mag¬ 
netic Orientation in Migratory Songbirds; Migratory 
Connectivity; Pigeon Homing as a Model Case of Goal- 
Oriented Navigation. 
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Introduction 

Diverse aspects of sulid biology have been studied in 
recent years, including social behavior, sex ratio evolution, 
demography, life history evolution, dispersal, incubation, 
reproductive endocrinology, phylogeography, and specia- 
tion. This review is limited to the social behavior that 
has been most thoroughly explored: the mating system of 
the blue-footed booby and lethal sibling competition in 
the broods of three species of booby. Boobies are long- 
lived pelecaniform birds that nest on tropical oceanic 
islands and feed mostly by repeatedly plunge diving for 
small fish in the course of lengthy foraging trips. Blue¬ 
footed {Sula nebouxii), Nazca (S. granti ), and brown boobies (S. 
leucogaster) periodically face severe food shortage when fish 
stocks are decimated by warm-water events of El Nino 
Southern Oscillation (ENSO). All three species nest colo- 
nially on the ground and show some degree of reversed 
sexual size dimorphism, and the blue-footed and Nazca 
boobies are highly philopatric. 

Mating System of the Blue-Footed Booby 

Blue-footed boobies are socially monogamous, partner 
fidelity in successive seasons is common, and social part¬ 
ners share all the duties of parental care roughly equally. 
Yet sexual conflict is rife: both members of a pair are liable 
to switch partners within or between seasons or have extra¬ 
pair relationships with colony neighbors, females some¬ 
times dump eggs in the nests of their extra-pair partners, 
and the risks posed by infidelity and dumping are 
addressed by countermeasures such as vigilance, aggres¬ 
sion, and infanticide. The following account is based 
mostly on studies by Hugh Drummond, Roxana Torres, 
Alberto Velando, and their collaborators on Isla Isabel, off 
the Pacific coast of Mexico. 

Pair Formation and Copulation 

Annually, blue-foot males stake out nesting territories of a 
few square meters on the ground and defend them against 
neighbors by fencing, jabbing, wingflailing, and pecking. 
Typically, females walk through the colony assessing ter¬ 
ritorial males, who may respond with parading, spectacu¬ 
lar skypointing displays (Figure 1), and even aerial 
displays, until each female strikes up a relationship of 
mutual displaying with a particular male and joins with 


him in territory occupation and defense. During the fol¬ 
lowing days or weeks, each of the two partners progres¬ 
sively increases its attendance in the territory to about 8 h 
per daylight period; then the female lays an egg in one of 
the potential sites over which they have previously nego¬ 
tiated. Between pair formation and laying of the first egg, 
the two partners court reciprocally and copulate on the 
territory, peaking at 1.7 copulations per day in the 5-day 
presumed fertile period just before laying. If further eggs 
are to be laid, copulation continues until the clutch is 
completed 5-10 days later. Copulations are frequently fol¬ 
lowed by courtship, but females sometimes expel presumed 
ejaculate from their cloacas after the male steps down. 

Assessing Mates 

Bluefoots may assess the quality and condition of partners 
and potential mates on the basis of voice, morphology, or 
behavior, but one trait is particularly salient during court¬ 
ship, that is, displaying foot color, which varies from 
turquoise to deep blue and differs between the two sexes 
(Figure 2). The highly vascularized webs reveal the male 
booby’s condition: they brighten during the period of 
courtship, darken with age and after a day of unsuccessful 
fishing, and dull down during incubation and brood care. 
When her partner’s feet are artificially darkened before 
she lays, a female displays to him less intensely and 
copulates with him less frequently; and if they are dark¬ 
ened after she lays her first egg, she makes her second egg 
smaller and lighter (and less viable). A fostering experi¬ 
ment showed that chicks cared for by males with naturally 
dull feet grow slowly, implying that such males are in poor 
condition and feed chicks less. Females have duller feet 
than males during courtship, but their webs reveal condi¬ 
tion too: females in good nutritional condition have 
brighter feet and lay larger clutches, and they are courted 
more intensely by males. 

Extra-Pair Behavior 

In dense neighborhoods, territories are often contiguous 
and boobies interact extensively with their neighbors, 
repelling territorial intrusions and engaging in extra-pair 
liaisons. Before they start incubating, all males court extra 
females and roughly half of females establish an extra-pair 
sexual relationship with one or more male neighbors 
(Figure 3). As in within-pair relationships, extra-pair mates 
interchange courtship displays and copulate repeatedly 
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Figure 1 The female blue-footed booby skypoints to her male 
partner during an exchange of courtship displays on the pair’s 
territory. Photo: Pablo Cervantes. 



Figure 2 After a storm, the webs of the male (left) blue-footed 
booby are even more green than usual and those of his female 
partner even deeper blue than usual. Web color reflects a booby’s 
sex, age, nutrition, health, breeding stage, breeding history, and 
capacity for caring for offspring. Photo: Hugh Drummond. 


(in the territory of one of them), and copulations by 
females increase in frequency as laying approaches, peak¬ 
ing at 0.6 copulations per day in the presumed fertile 
period. Unfaithful females copulate roughly three times 
as often with their partners as with their extra-pair mates 
and their last two copulations before laying are usually 
with their partners, but new molecular data are showing 
that extra-pair males sometimes achieve fertilization. 

Males and especially females tend to conduct their 
extra-pair liaisons on or near their territories. In the 
absence of their partners, males copulated with extra 
mates at twice the normal rate and females at six times 
the normal rate, but boobies forage at sea daily and every 
mated female and male is alone (unmonitored) during 
one-quarter of its time on territory. Both sexes double 
their rate of intrapair courtship after their partners court 




Figure 3 (a) A paired blue-foot male (left) pauses at the border 
of the territory of his extra-pair partner because her male partner 
(squatting behind grass) is threatening him with a yes-headshake 
display, (b) Later, the male (left) visits his extra-pair partner in her 
territory after departure of her male partner. Two extra-pair 
copulations followed. Photo: Hugh Drummond. 


with other individuals and sometimes attack those indivi¬ 
duals, but there is no evidence that these behaviors inhibit 
infidelity. Mere presence may be key to monitoring and 
dissuading infidelity, and unfaithful boobies seem to 
evade monitoring: unfaithful females modify their daily 
pattern of presence on territory (although their partners 
match the modification), and both sexes tend to put a few 
extra meters between themselves and their partners 
before performing extra-pair activities. 

For females at least, it seems that there is a penalty for 
creating suspicion that offspring might have been sired by 
extra-pair mates: if we briefly truncate a male’s opportu¬ 
nity to monitor his partner’s faithfulness by experimen¬ 
tally kidnapping him for 11 h in her presumed fertile 
period, there is an even chance that a few days later he 
will destroy the first egg she lays rather than incubate it. 
That this infanticide functions as a guard against investing 
parental care in a chick sired by another male is indicated 
by the observation that the male does not destroy the egg 
if kidnapped prior to the fertile period. 
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Quasiparasitism 

Both paired and unpaired females sometimes lay single 
eggs in the empty nest sites of other boobies when laying 
by the resident female is imminent. All four cases of such 
dumping that were directly observed occurred when the 
resident male and female were simultaneously absent 
from their territory or distracted by a territorial defense 
battle, and in every case the dumper had copulated with 
the resident male a few days before. After laying, dumpers 
incubate their egg, defend it briefly against the returning 
residents, then yield and depart permanently, leaving the 
residents to take over incubation (which they do sponta¬ 
neously after driving away an intruder). 

Certainly, dumpers deploy a subtle strategy to parasit¬ 
ize the parental care of other boobies, but are male resi¬ 
dents complicit (i.e., is this quasiparasitism) or are they 
dupes? Active complicity in dumping seems to be absent; 
all four dumpers apparently waited for the male to be 
absent or distracted before intruding and laying, and the 
only paired male that was present during dumping 
promptly destroyed the dumped egg. Males that returned 
to their territories after dumping showed only halfhearted 
nest defense and failed to drive the dumper away, possibly 
because they had some expectation of being the father of 
the dumped egg (molecular data have confirmed that this 
can happen). Unfortunately, we do not know whether 
paired males are more aggressive to dumpers with which 
they have not copulated (if such exist) than to those with 
which they have copulated. Maybe dumpers manipulate 
paired males into partially tolerating their dumping by 
courting and copulating with them, and more effective 
countermeasures have not evolved because manipulated 
males are often the fathers of dumped offspring. Other 
direct observations showed that fertilized unpaired 
females sometimes dump in the territories of unpaired 
males, which may enable them to instantly acquire a 
partner and territory. 

Sibling Competition 

Facultative Siblicide in the Blue-Footed Booby 

Bluefoots lay one, two or, less commonly, three eggs at 
approximately 5-day intervals in a shallow scrape, where 
they incubate them immediately. Chicks hatch at 4.0-day 
intervals, resulting in substantial asymmetries in size and 
maturity that largely dictate the development of their 
dominance relationships. Hatching failure is common¬ 
place, as is the death of the first-hatched, and especially 
the second- and third-hatched chicks during the first few 
weeks of life, but survival of complete broods is by no 
means unusual and 20% of three-chick broods survive 
intact through age 70 days. If parental food provision falls 
short before fledging, one or two nestlings are sacrificed, 


a system of resource tracking known as facultative brood 
reduction. Hence, second and third eggs of blue-foots can 
function either to insure against failure of the first egg/ 
chick or to furnish an extra fledgling when parents can 
satisfy the demands of their brood. 

In many species of birds, facultative brood reduction 
occurs through begging competition, differential alloca¬ 
tion of food, and selective starvation. In the blue-foot, it is 
mediated by sibling aggression and death can occur 
through enforced starvation or by expulsion from the 
nest followed by heat stress, starvation, or attacks by 
adult colony neighbors. 

Dominance-subordination 

Dominance-subordination is a learned relationship that is 
constructed in every dyad of blue-foot broodmates after 
hatching and maintained throughout the 3-4 month nest¬ 
ling period or until one chick (usually the subordinate) 
dies. This relationship secures feeding priority and supe¬ 
rior growth for the dominant broodmate during the first 
few weeks and, more importantly, assures the survivor slot 
in the event of brood reduction. Surprisingly, subordinates 
catch up with dominants in growth by the time they 
fledge, implying that dominants eventually renounce or 
lose their feeding priority after the first few weeks. 

In the typical two-chick brood, the elder chick starts 
pecking and biting the younger chick around the cranium, 
eyes, and nape as soon as it is able to do so (at about 
8-10 days; Figure 4), then increases its daily attacking 
over the first few weeks of life. The younger chick is 



Figure 4 As soon as its developing motor coordination 
permits, the first-hatched blue-footed booby chick (here about 
10 day old) begins to peck at the head of its younger broodmate, 
to train it into submission. Photo: Hugh Drummond. 
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Figure 5 At age 17 days, the second-hatched blue-footed 
booby chick readily adopts a submissive bill-down-and-face- 
away posture when threatened by its dominant broodmate. 
Photo: Hugh Drummond. 


also initially inclined to attack, but is overwhelmed by its 
stronger rival and progressively learns to respond to 
attacks with a submissive bill-down-and-face-away pos¬ 
ture that presumably inhibits attacking. The more pecks 
and bites it receives, the more submissive it becomes, until 
by age 17 days when it is absorbing five attacks per hour, it 
is submitting to 87% of them (Figure 5). Development of 
distinct agonistic personalities by the two broodmates was 
demonstrated by briefly pairing similar-sized unfamiliar 
chicks from different broods: two dominants fought 
fiercely, two subordinates stood there cheeping harm¬ 
lessly and when a dominant and subordinate were paired 
each one assumed its accustomed role. Furthermore, 
when subordinates were fostered into nests with (slightly 
smaller) singletons (solitary chicks with no broodmate 
experience), they submitted to the singletons consistently 
over 10 days or longer, whereas dominants fostered with 
(slightly larger) singletons fought them fiercely and suc¬ 
cessfully on the first 2 days but by day 6 were equally 
likely to be losing. These experiments (involving no phys¬ 
ical harm or effects on growth or survival) show that 
subordinates are trained losers and dominants are trained 
winners; they also imply that trained losing is a stronger 
learning effect. 

In principle, the agonistic relationship between brood- 
mates could be manipulated by parents to thwart or 
facilitate siblicide, modify its timing, or reduce the cost 
of broodmate strife. No blatant interference in agonism 
has been observed, but mothers could exercise subtle 
control through the relative size or composition of first 
and second eggs. Second eggs (laid near the end of a long 
ENSO event) did not differ from first eggs in total mass 
or in concentration of testosterone, androstenedione, or 
5a-dihydrotestosterone (corticosterone was not measured), 
but did contain 10% less yolk. Possibly blue-foot mothers 
prepare their second chicks to thrive in a subordinate role 



Figure 6 Training effects trump size difference. In a dense 
blue-footed booby neighborhood, a dominant chick was 
accidentally adopted into a neighbor’s brood of two older and 
larger chicks. Here the adoptee bites the resident subordinate 
chick, which signals submission despite being larger and more 
mature than its assailant. Photo: Hugh Drummond. 

not by adjusting hormone titers but by providing them with 
less yolk than their siblings and hatching them roughly 
4 days later. However, reduction of the size and androgen 
content of second eggs laid after sudden artificial darkening 
of a male partner’s feet varied with ecological circum¬ 
stances, hinting at facultative adjustment of egg character¬ 
istics by laying females. 

After roughly the first 3-4 weeks, the dominance- 
subordination relationship of blue-foot broodmates is well 
established, aggression of dominant chicks declines to a 
modest two attacks per hour, and the two broodmates 
cohabit in relative peace. Experimental pairings showed 
that subordinates continually monitor the relative size and 
aggressive demeanor of their broodmates and will go on 
the offensive if they detect vulnerability, sometimes even 
overthrowing the dominant chick. But a rebellious subor¬ 
dinate can be beaten into submission by a substantially 
smaller dominant, so the attempt is seldom made. Likewise, 
in broods where the first-hatched chick is male and the 
second-hatched chick is female (the larger sex), and where 
consequently the subordinate chick outgrows its dominant 
broodmate at age 37 days, training effects prevail and 
dominance is stable through fledging (Figure 6). 

Food deprivation and aggression 

Ordinarily, dominants use restrained aggression to secure 
a moderate feeding advantage, but if parental provisioning 
declines they increase their attacking to the point where 
broodmates starve or depart in search of adoption in a 
neighbor’s nest. Under experimental food restriction (with 
no long-term effects), young (<6 weeks old) dominant 
chicks suffered weight loss and tripled their rate of 
attacking, and their feeding advantage increased from 
37% to 57% more attempted parental feeds than their 
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broodmates received. After resumption of normal feeding, 
aggression and food allocation returned toward baseline 
values, implying a reversible mechanism. 

Aggressiveness of dominant chicks is greater when a 
short hatching interval makes broodmates similar in size, 
but is not directly influenced by the number of brood¬ 
mates. Parents never appear to suppress or encourage 
broodmate aggression, but they could certainly regulate 
it by controlling hatch intervals, food ingestion, and even 
egg composition, and David Anderson has suggested that 
they suppress siblicide by making deep nests that thwart 
expulsion of the subordinate chick. 

Dominance hierarchies 

Broods of three chicks usually form a linear dominance 
hierarchy, in which ranks are initially assigned by age- 
related differences in maturity and size, then reinforced 
and maintained by trained winning and losing (which may 
be two largely independent axes of learning). It is quite 
possible that chicks do not recognize other chicks as indi¬ 
viduals and an experiment suggested that intermediate- 
rank chicks are not trained to an intermediate level of 
aggressiveness. Rather, the generally stable dominance rela¬ 
tionship between second and third chicks during the first 
few weeks may depend more on ongoing responsiveness to 
relative size. 

Dominance and androgens 

At age 11-20 days, the level of circulating corticosterone in 
subordinate bluefoots is twice as high as in dominants or 
singletons, implying that extra corticosterone is secreted in 
response to aggressive subordination or to the food depri¬ 
vation that accompanies it. Two days of experimental food 
deprivation, with consequent weight loss, induced increase 
in corticosterone not only in subordinates but also in 
dominants and singletons, implying that food deprivation 
may be the main cause of elevated baseline corticosterone 
in subordinates. However, in 4-h pairings of singletons with 
either a dominant chick or a subordinate chick, singletons 
and dominants (only) showed an increase in circulating 
corticosterone, implying that corticosterone can increase 
with the stress of a novel challenge (both singletons and 
dominants are unused to receiving aggression). But does 
corticosterone facilitate submissiveness? Corticosterone 
implants in subordinate chicks led to increased activity/ 
wakefulness in their broodmates, but there was little sign 
that implanted subordinates submitted to attacks more 
readily. 

The challenge hypothesis predicts that dominant 
chicks should show more circulating testosterone than 
subordinates and singletons during establishment of 
dominance-subordination, and an increase in testosterone 
when experimentally challenged by a nonsubmissive nest- 
mate or provoked by food deprivation into increasing 


attacks on their broodmates, but tests of these effects 
have so far drawn a blank. 

Long-term effects of dominance and 
subordination 

Subordinate chicks in two-chick broods grow up under 
severe disadvantages: daily impacts on the head and face 
(although this violence is increasingly substituted by 
threats as they age), psychological subordination during 
3-4 months, early starvation (later followed by compensa¬ 
tory growth), and elevated circulating corticosterone. 
Such disadvantages in the infancy of a vertebrate are 
widely thought to engender deficiencies and poor perfor¬ 
mance in adult life, although confirmation of this has 
come largely from experimental studies where it is not 
always certain whether the challenges posed to infants are 
within the range experienced in nature. 

Comparisons of 1167 fledglings from two-chick broods 
observed for up to 10 years disclosed surprisingly few 
differences between first-hatched and second-hatched 
birds (assumed to be mostly dominant and subordinate 
nestlings, respectively). Even more surprisingly, where 
there were differences these tended to favor subordinates. 
Although in some cohorts dominant fledglings were more 
likely to recruit into the breeding population than subor¬ 
dinate fledglings, across the whole sample recruiting rates 
were 41% and 37%, respectively, a statistically nonsignif¬ 
icant difference. In reduced broods, the longer a fledgling 
cohabited with its broodmate (before the latter’s death), 
the less likely was it that the fledgling would recruit, 
indicating that growing up with a broodmate is costly; 
but this effect did not differ between dominant and sub¬ 
ordinate fledglings, implying that it is no more costly to 
suffer the oppression of a dominant broodmate than to be 
oppressing a subordinate broodmate. Nor did dominant 
and subordinate fledglings differ in their age, date, brood 
size, or nest success at first production or in their summed 
brood sizes or total nest success over the first 10 years of 
life. Contrary to expectation, in 81 pairs of broodmate 
fledglings that both recruited, subordinates tended to 
outperform dominants, for example hatching more chicks 
over the first 5 years of life. 

Obligate Siblicide in the Nazca Booby and 
Brown Booby 

Nazca and brown boobies are similar in ecology and 
populations of both species produce clutches of one or 
two eggs in roughly similar numbers, but only one chick is 
ever raised all the way to fledging. At Punta Cevallos on 
Isla Espanola in the Galapagos Islands (the focal Nazca 
booby population of this review, studied by David 
Anderson), two eggs are laid by higher-quality females 
and females given food supplements, so it is likely that 
food limitation constrains clutch size. Second eggs hatch 
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5.4 and 5.1 days after first eggs in Nazca and brown 
boobies, respectively, resulting in larger asymmetries in 
size and maturity between hatchling broodmates than 
occur in blue-foots. In Nazca boobies, longer hatching 
intervals accelerate siblicide and evidence suggests the 
hatching interval of this species is calibrated to ensure a 
prompt death of the second chick. Second eggs of Nazca 
boobies and probably brown boobies offer only insurance 
benefit. In the former, 99.95% of two-chick broods were 
reduced to one-chick broods, and of second chicks that 
survived, 70% substituted for first eggs that failed to hatch 
and 30% for first chicks that died. Experimental manipu¬ 
lation of clutch size showed that Nazca boobies are more 
likely to produce a fledgling from a two-egg clutch than 
from a one-egg clutch. 

Parents of these two species are widely assumed to be 
unable to adequately feed two chicks through fledging 
and independence, and yet the estimated foraging capac¬ 
ity of the Nazca booby is sufficient for this task. Fur¬ 
thermore, when Nazca boobies on Isla Espanola were 
prevented from killing their siblings some pairs of brood- 
mates survived a few weeks, and on Isla San Pedro Martir 
in the Sea of Cortez (the focal population of this review), 
7% of two-egg brown booby clutches gave rise to two 
broodmates that grew up together for several weeks. 
However, the pairs of Nazca booby broodmates were 
undersized (wing chords 10-23% shorter and bodymass 
12-17% lighter than single chicks), and in neither popu¬ 
lation was it shown that two broodmates can survive 
through independence and in good enough condition to 
be viable, or that parents’ inclusive fitnesses are not com¬ 
promised by caring for two chicks during 4 months or 
more. In theory, natural selection could favor first chicks 
eliminating their siblings despite parents being able to 
raise the whole brood, provided elimination of their com¬ 
petitor for parental investment improved their own inclu¬ 
sive fitness, even if elimination prejudiced their parents’ 
inclusive fitness. 

Dominance without subordination 

In the obligate brood reduction of both species, the first 
chick attacks its broodmate at the earliest opportunity and 
sustains its pecking, biting, and pushing until the brood- 
mate tumbles over the rim of the grass and twig nest to its 
eventual death. While in the nest, second brown booby 
chicks receive less than a quarter of the food their brood¬ 
mates receive at the same age, and nearly all second chicks 
of Nazca and brown boobies die within 10 days of hatching. 

Behavior of the second chick is hard to observe 
because the chick is short lived, normally concealed 
under a parent, and often overwhelmed by attacks when 
visible. But when 7-day-old brown booby second chicks 
were fostered for 11 days into blue-foot nests where the 
single 5.5-day older resident blue-foot chick was expected 
to dominate but not kill them, they did not respond 


to attacks with submissive postures or show submission. 
Although they temporarily crouched and hid when attacked, 
these second chicks did not learn a subordinate role and 
were frequently aggressive. Some attacked their larger 
nestmate relentlessly, even managing to intimidate and 
expel it from the nest. Similarly, in those rare brown 
booby broods on San Pedro Martir where second chicks 
survived alongside their broodmates to age 30-60 days, 
they continued to attack at extremely high rates, fighting 
their natural broodmates tooth and nail on a daily basis. 

This aggression-aggression relationship of the brown 
booby contrasts with the learned aggression-submission 
of the blue-footed booby. According to the Desperado 
Sibling hypothesis, despite the heavy odds against it the 
second brown booby chick goes on the offensive rather 
than acquiescing in subordination because it is doomed, 
and the only route to survival is by overthrowing and 
replacing its broodmate. And the urgent, uncompromising 
aggressiveness of the first brown booby chick is an evolved 
response to the threat from the second chick, which must 
be eliminated before the threat grows. More broadly, the 
agonistic strategy of younger broodmates in avian species 
with broodmate aggression is hypothesized to be a func¬ 
tion of the cost of subordination: subordination is resisted 
to the extent that it reduces the probability of surviving. 
And the strategy of elder broodmates is an evolutionary 
response to the younger broodmates’ strategy: the more 
they are likely to resist, the more they must be beaten into 
submission. 

Parents of these two boobies build a shallow nest cup 
that may facilitate siblicidal expulsions, but in the brown 
booby at least, just as important in successful siblicide is 
the first chick’s expulsion pushing (Figure 7), a motor pat¬ 
tern involving seizing and rushing forward that is 



Figure 7 The brown booby first chick kills its sibling by 
expelling it over the nest rim. Outside the nest and unable to 
climb back in, the sibling will soon succumb to heat stress, 
predation, or starvation. Photo: Andres de la Fuente. 
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apparently absent from the blue-foot’s behavioral reper¬ 
toire. Aggression is not expected to be conditional in 
obligate brood reducers, but an experiment showed that 
the less food brown booby first chicks ingest, the greater 
their rate of expulsion pushes. David Anderson inferred 
that Nazca boobies show high hatchling testosterone levels 
(compared to blue-foots), increase in circulating testoster¬ 
one of both broodmates during fights, and long-term patho¬ 
logical effects of early androgen exposure on adult 
behavior. 

See also: Aggression and Territoriality; Conflict Resolu¬ 
tion; Dominance Relationships, Dominance Hierarchies 
and Rankings; Flexible Mate Choice; Food Intake: 
Behavioral Endocrinology; Infanticide; Mate Choice in 
Males and Females; Monogamy and Extra-Pair Parent¬ 
age; Parent-Offspring Signaling; Social Selection, Sexual 
Selection, and Sexual Conflict; Spotted Hyenas. 
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Introduction 

Many ornithologists would concede that the behaviorally 
complex bowerbirds are at least as, if not more, interesting 
as any group of living birds. Indeed several eminent early 
ornithologists expressed the view that, in view of their 
behavior, bowerbirds should be set aside from all other 
birds as a distinct avian Class! 

Bowerbirds are stout, typically heavy-billed, and 
strong-footed songbirds that range from the size of a 
Common Starling Sturnus vulgaris to that of a small slim 
Jackdaw Corvus monedula. To Europeans, many bowerbirds 
look generally not unlike a Common Starling or Eurasian 
Golden Oriole, Oriolus oriolus , or to Americans a Common 
Starling or a Gray Jay, Perisoreus canadensis , in general 
shape and proportions. The bowerbirds include both sex¬ 
ually monochromatic and strikingly sexually dichromatic 
species. Three socially monogamous and territorial spe¬ 
cies are known as catbirds and the remaining 17 species 
are confirmed or presumed to reproduce polygynously 
and apparently without defending territory other than 
their immediate bower or nest sites. 

The promiscuous males of the polygynous bowerbird 
species are remarkable for their bower-building habits. 
They not only construct architecturally elaborate struc¬ 
tures of sticks and other vegetable matter but also deco¬ 
rate them with numerous and various, often colorful, 
natural and (where available) human-made objects. In 
some species, parts of the bower structures are ‘painted’ 
with natural pigments prepared by the males and some¬ 
times applied with a ‘tool’ of vegetable matter held in 
the bill to aid control and application of their ‘paint.’ 
In the light of these extraordinary abilities, and associated 
complex courtship behavior and vocalizations, bowerbirds 
have long been associated with high intelligence and 
artistic or esthetic senses beyond those of other birds 
(Diamond, 1982, 1987; Frith and Frith, 2008). 

So structurally complex and ‘artistically’ decorated can 
some bowers be that some early European explorers 
reaching remote bowerbird habitats could not believe 
their local informants when told that the bowers were 
built by small birds. They therefore assumed that the 
attractive structures were built and decorated by human 
parents for the entertainment of their children. 

The people of New Guinea (particularly the men) 
greatly admire bower-owning male bowerbirds for their 
industry in bower building, acquiring and retaining bower 
decorations, and their apparent artistry in displaying 


them. Papuan men perceive the birds’ accumulated and 
defended bower decorations to be just like the wealth 
(some of which typically involve the feathers of birds 
of paradise, and rarely, those of bowerbirds) they must 
themselves accumulate to pay a ‘bride-price’ in order 
to acquire wives (for the men are polygamists). Past gen¬ 
erations of Papuans living among bowerbirds doubt¬ 
less had appreciated the biological significance of their 
bower structures, their decorations, and the associated 
behavior of their owning males thousands of years before 
science did. 

Other than typically loud and harsh territorial (cat-like 
calls in the case of the catbirds) and bower advertisement 
calls, the vocalization of polygynous bowerbirds includes 
remarkably impressive vocal avian mimicry, mimicry ot 
other animals, of mechanical sounds, and even of the 
human conversational voice. 

The bowerbird literature is inundated with terms 
expressing a fundamentally erroneous interpretation of 
bowers and the behavior of birds at them. Thus, 
ornithologists commonly referred to bowers as ‘play¬ 
houses’ (and even as nests) and bird behavior at them as 
‘play.’ Australian academic A. J. (Jock) Marshall, founding 
Professor of Zoology at Monash University in Melbourne, 
took exception to this widespread anthropomorphism 
and undertook bowerbird studies that sought to show that 
their bower building and associated behavior were exclu¬ 
sively dictated by the physiology of reproduction. In this, 
he was successful and he summarized his work in an impor¬ 
tant book about the bowerbirds (Marshall, 1954). His 
work and much subsequent, more sophisticated, research 
have failed to entirely quash the widespread misconcep¬ 
tion that bowers are some kind of nest or that the birds’ 
activities at them represent some kind of avian recrea¬ 
tional activity. 

Origins, Relationships, and Taxonomy 

Bowerbirds were long and widely considered most closely 
related to the birds of paradise (Family Paradisaeidae). 
Indeed several authorities placed both groups in the sin¬ 
gle family Paradisaeidae. Recent anatomical, behavioral, 
and genetic studies clearly demonstrate, however, that the 
two groups are quite distinct. Bowerbirds are placed 
within the Parvorder Corvida, which is an ancient lineage 
of Australo-Papuan passerine, or perching, birds derived 
from Gondwanan ancestors. The bowerbirds’ radiation is 
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thought to have occurred during the past 60 My, the 
group having diverged from the Australian lyrebirds 
(Family Menuridae) and scrub-birds (Family Atrichor- 
nithidae) some 45 Ma. Molecular studies time the separa¬ 
tion of bowerbirds (superfamily Menuroidea) from the 
other corvines (superfamily Corvoidea, including the 
birds of paradise) at some 28 Ma. They also suggest that 
major lineages within the bowerbirds originated about 
24 Ma. Several molecular studies indicate the close 
relationship between the bowerbirds, lyrebirds, and the 
Australian scrub-birds, these together forming a basal 
(or primitive) group of Australasian songbirds (Frith and 
Frith, 2004 and references therein). 

The only known bowerbird fossils (from sites in 
Victoria, Australia; two from the Holocene and one the 
Pleistocene) are of the Satin Bowerbird Ptilonorhynchus 
violaceus. These are from locations remote from present- 
day wet forests and thus living Satin Bowerbirds, this 
attesting to more extensive subtropical rainforests in 
Australia’s geological past. The Australian gray, Chlamy¬ 
dera , bowerbirds adapted to the steadily drying Australian 
continent from rainforest-dwelling ancestors of Sericulus- 
Ptilonorhynchus stock, and this heritage can be discerned 
in some of their plumage and courtship display traits 
(Frith and Frith, 2004). 

As contemporary biomolecular studies have resulted 
in a taxonomic classification radically different in the 
number of bowerbird genera and constituent species 
(Kusmierski et al., 1993; Christidis and Boles, 2008) from 
traditional usage (reviewed in Frith and Frith, 2004), it 
is desirable and pertinent to clarify this situation here. 
The bowerbird genera and species had, except those 
suggested by one author in a regional avifaunal species 
list lacking discussion or justification, long remained sta¬ 
ble. Almost all authors consistently acknowledged three 
major lineages within the family as follows: (1) Ailur- 
oedus , (2) Scenopoeetes—Amblyornis—Archboldia—Prionodura , 
and (3) Sericulus— Ptilonorhynchus— Chlamydera. The tradi¬ 
tional and the suggested new classification is shown 
in Table 1. 

This new taxonomy suggests that the traditional eight 
bowerbird genera be reduced to five. It also shows a 
different location of the Fawn-breasted Bowerbird within 
the enlarged genus Ptilonorhynchus and a change of 
spelling of two specific names (to maculatus and guttatus). 
If this new taxonomy is accepted, the members of the 
genus Sericulus will probably also need to be combined 
within the enlarged Ptilonorhynchus of the new classifica¬ 
tion, because the external morphology of Lauterbach’s 
Bowerbird is clearly intermediate in character between 
those of the traditional Chlamydera and Sericulus spe¬ 
cies. Thus, those that were traditionally treated as 
species of Ptilonorhynchus and Chlamydera (to now form 
only Ptilonorhynchus of the new classification) will all 
have to become species of Sericulus because Sericulus was 


Table 1 


Traditional classification 

New classification 

Monogamous species without a court or bower 

Genus Ailuroedus 

Genus Ailuroedus (catbirds) 

White-eared Catbird 

White-eared Catbird 

A. buccoides 

A. buccoides 

Black-eared Catbird 

Black-eared Catbird 

A. melanotis (Figure 1) 

A. melanotis 

Green Catbird 

Green Catbird 

A. crassirostris 

A. crassirostris 

Polygynous species with a court or bower 

Genus Scenopoeetes 

Genus Scenopoeetes (court 

Tooth-billed Bowerbird 

clearer) 

S. dentirostris (Figure 2) 

Tooth-billed Bowerbird 

Genus Amblyornis 

S. dentirostris 

Macgregor’s Bowerbird 

Genus Amblyornis (maypole 

A. macgregoriae (Figure 3) 

bower builders) 

Streaked Bowerbird 

Macgregor’s Bowerbird 

A. subalaris 

A. macgregoriae 

Vogelkop Bowerbird 

Streaked Bowerbird 

A. inornatus 

A. subalaris 

Yellow-fronted Bowerbird 

Vogelkop Bowerbird 

A. flavifrons 

A. inornatus 

Genus Arch boldia 

Yellow-fronted Bowerbird 

Archbold’s Bowerbird 

A. flavifrons 

A. papuensis (Figure 4) 

Archbold’s Bowerbird 

Genus Prionodura 

A. papuensis 

Golden Bowerbird 

Golden Bowerbird 

P. newtoniana (Figure 5) 

A. newtoniana 

Genus Sericulus 

Genus Sericulus (avenue 

Masked Bowerbird S. aureus 

bower builders) 

Flame Bowerbird S. ardens 

Masked Bowerbird S. aureus 

Adelbert Bowerbird S. bakeri 

Flame Bowerbird S. ardens 

Regent Bowerbird 

Adelbert Bowerbird S. bakeri 

S. chrysocephalus (Figure 6) 

Regent Bowerbird 

Genus Ptilonorhynchus 

S. chrysocephalus 

Satin Bowerbird 

Genus Ptilonorhynchus 

P. violaceus (Figure 7) 

(avenue bower builders) 

Genus Chlamydera 

Satin Bowerbird P. violaceus 

Lauterbach’s 

Lauterbach’s Bowerbird 

Bowerbird 

P. lauterbachi 

C. lauterbachi 

Spotted Bowerbird 

Fawn-breasted 

P. maculatus 

Bowerbird 

Western Bowerbird P. guttatus 

C. cerviniventris 

Great Bowerbird P. nuchalis 

Spotted Bowerbird 

Fawn-breasted Bowerbird 

C. maculata 

P. cerviniventris 

Western Bowerbird 


C. guttata 


Great Bowerbird 


C. nuchal is (Figure 8) 



the first of these genera to be named and therefore must 
have priority under the rules of zoological nomenclature. 

While hybridization between members of different 
bowerbird genera (intergeneric) is unknown, hybridization 
does occur, extremely rarely, within genera (intrageneric), 
being confirmed between two congeneric species of 
Amblyornis of Sericulus , and of Chlamydera (Frith, 2006). 
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Figure 1 Black-eared Catbird. One of the three monogamous 
bowerbird species, that are known as catbirds. Copyright 
Clifford Frith. 



Figure 2 The Tooth-billed Bowerbird. The only court-clearing 
bowerbird. Seen here is an adult male calling over his leaf¬ 
decorated court. Copyright Clifford Frith. 



Figure 3 Macgregor’s Bowerbird. One of the mapole bower 
builders. An adult male is here perched at the edge of his bower 
mat. Copyright Clifford Frith. 



Figure 4 Archbold’s Bowerbird. Builder of a dispersed 
maypole bower that is mostly a mat of fern fronds. Flere an adult 
male adds a decoration. Copyright Clifford Frith. 


For continuity and convenience, the traditional clas¬ 
sification, the presently familiar one and that found 
in all standard ornithological works of reference, is 
used herein. 


Morphology and Diet 

Bowerbird species vary in size from 21 to 38 cm in body 
length and 70-230 g in weight. Males are larger than 
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Figure 5 Golden Bowerbird. One of the maypole bower 
builders. Here an adult male attends to his bower decorations. 
Copyright Clifford Frith. 


Figure 7 Satin Bowerbird. This avenue bower building species 
is the best studied bowerbird. An adult male reviews his 
decorations. Copyright Clifford Frith. 




Figure 6 Regent Bowerbird. Here an adult male displays to 
an immature male in his avenue bower. Copyright Clifford Frith. 


females in all species except the Golden Bowerbird and 
the ‘silky’ bowerbirds of the genus Sericulus , in which 
males are smaller. Bowerbird family members include 
approximately 50 or so different plumages, given that 



Figure 8 Great Bowerbird. This bowerbird, and some other 
members of its genus, add heavy stone pebbles to their bower 
decorations. In addition to representing ‘rare’ items on bowers 
distant from water, their significant weight may also tell females 
something of the owning male’s strength and vigour. Copyright 
Clifford Frith. 

most species wear a juvenile one followed by an adult 
male or female one, with some species also wearing a 
subadult male plumage for at least one year. Plumages of 
juvenile and immature individuals are similar to those 
of their respective adult females. Males of the polygy- 
nous species may wear female-like immature feathering 
for 6-7 years, before attaining their first adult plumage 
and presumably entering the breeding population. Females 
may, however, first breed when 2 years of age. Adult 
bowerbirds enjoy a high average expectancy of life, indivi¬ 
duals of some species being recorded attaining an age of 
20-30 years. 

The three socially monogamous Ailuroedus catbird spe¬ 
cies are sexually monochromatic, while the polygynous 
genera are typically sexually dichromatic to some degree. 
Catbird sexes are alike, being green overall with white 
spotting on their breast, wings, tail, and about the head 
















Bowerbirds 23 7 


and throat. Sexes of the polygynous Tooth-billed Bower- 
bird are identically olive brown above and heavily 
streaked brown on whitish under parts. Adult males of 
other polygynous species of forest habitats are brightly 
pigmented gold or orange and black in Masked, Flame, 
Adelbert, Regent, and Archbold’s Bowerbirds; glossy 
blue-black in the Satin Bowerbird; canary yellow and 
golden-olive in the Golden; or overall olive-brown with 
an orange or yellow crest in most ‘maypole’ bower build¬ 
ing Amblyornis bowerbirds. The ‘avenue’ bower building 
Chlamydera bowerbirds of more open habitats are gray or 
brownish with only a small pinkish nape crests in three 
species. Females of the promiscuous species are drably 
plumaged in browns, olives, or grays and often with ven¬ 
tral spotting or barring. 

Bowerbirds have an exceptional 11-14 secondary wing 
feathers (including the tertials), whereas typical songbirds 
have 9-10. An enlarged lachrymal (a part of the cranium 
near the orbit) is also a bowerbird trait that is otherwise 
found only in the Australian lyrebirds (Family Menuri- 
dae) within songbirds. 

Bowerbirds have stout and powerful bills typical of a 
generalist avian omnivore. Exceptions to this are a longer 
and finer bill in Regent Bowerbirds as an adaptation 
to flower nectar feeding and a falcon-like toothed bill 
in Tooth-billed Bowerbirds as an adaptation to leaf eat¬ 
ing. Complex structures on the Tooth-billed Bowerbird’s 
inner mandible surfaces are used to masticate their 
unusual songbird diet. Most bowerbird species are pre¬ 
dominantly frugivorous, but flowers, nectar, arthropods 
(mostly insects), and other animals, including smaller 
vertebrates, are eaten. Figs form a major component of 
catbirds’ diets and they store, or cache, fruits about their 
territories, as do males of some polygynous species about 
their bower sites. Animal foods are important to the nest¬ 
lings of the polygynous species. Some avenue bower 
building species form winter flocks (that may damage 
commercial fruit crops) and flocking Satin Bowerbirds 
will ‘graze’ on the ground on herbs and grasses (Frith 
and Frith, 2004). 

Distribution and Habitats 

Bowerbirds as a group inhabit tropical, temperate, and 
montane rainforests, riverine and savanna woodlands, 
rocky gorges, grassland, and arid zones of only New Guinea 
and Australia. Ten species occupy only New Guinea, eight 
only Australia, and two species are common to both 
places. Most species inhabit wet forests, up to 4000 m 
above sea level in the case of Archbold’s Bowerbird. Sev¬ 
eral are highly localized (e.g., the Adelbert Bowerbird 
being confined to the Adelbert Mountains of Papua 
New Guinea, and the Golden and Tooth-billed Bower¬ 
birds to rainforests above 900 m of the Atherton Region 


of north Queensland, Australia), while others, notably 
New Guinea’s Flame and Australia’s Spotted and Great 
Bowerbirds, are distributed extensively. 

Types and Functions of Bowers 

The three catbird species do not clear a court or build a 
bower of any kind, their courtship involving a little more 
than a male chasing his mate through the trees of their 
traditional territory. 

The Tooth-billed Bowerbird builds no bower but 
meticulously clears a forest floor court of debris before 
laying large leaves upon it, their paler undersides upper¬ 
most, as contrasting decoration. 

The species of Amblyornis , Archboldia , and Prionodura all 
build a bower of the ‘maypole’ type, involving stacking or 
hanging sticks or other vegetable matter about or from a 
vertical sapling trunk or horizontal branches and laying 
out a mat of mosses or ferns beneath their structure. 
These bower mats are decorated with various colorful 
items that include fungus, tree resin, insect wings, fruits, 
flowers, snail shells, and more. 

Males of the Satin Bowerbird ( Ptilonorhynchus ), the 
silky bowerbirds ( Sericulus spp.), and the gray bowerbirds 
(Chlamydera spp.) all build ‘avenue’ bowers. The basic 
nature of the, traditionally sited, avenue bowers consists 
of two parallel walls of sticks erected vertically upon and 
into a foundation ‘platform’ of sticks laid haphazardly 
upon the ground. Simple avenue bowers consist of no 
more than this, being smaller and frailer in the Sericulus 
species, of medium size and strength in Ptilonorhynchus , 
and larger and stronger in the Chlamydera species. In the 
Fawn-breasted Bowerbird, the avenue bower is, however, 
elaborated upon by being built atop a bulky and tall foun¬ 
dation platform and in Lauterbach’s Bowerbird, it is elabo¬ 
rated further by an additional wall being added at right 
angles to, and across, the entrances of the basic avenue. 

American ornithologist E. Thomas Gilliard (1969) 
made the observation that adult males of the two latter 
Chlamydera species, which build the more complex and 
elaborate bowers, lack the colorful crest worn by other 
members of their genus that build simpler bowers. He 
noted this same correlation between bower complexity 
and adult male plumage within the Amblyornis bowerbirds. 
Adult males of each Amblyornis species differ in the extent 
of their colorful crest relative to the complexity of their 
bower structure; Macgregor’s and Yellow-fronted Bower¬ 
birds wear a large orange-yellow crest and build a simple 
maypole bower, Streaked Bowerbirds wear a smaller and 
duller crest but build a more complex and roofed maypole 
bower, and Vogelkop Bowerbirds have no crest but build a 
most complex roofed maypole bower. 

Gilliard concluded that as a species evolves a more 
complex and elaborate bower, its secondary sexual 
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characters of adult male plumage are transferred to 
bower architecture and colorful bower decoration. Sexual 
selection, through female choice, has apparently caused 
this transfer of colorful visual sexual signals from the 
plumage of adult males to their bowers and decorations. 
Females selectively mate with males owning superior 
bowers and in doing so, enhance bower architecture 
because males with inferior bowers fail to reproduce. 
The disadvantage (cost) of bright male plumage, in 
attracting predators to the bird and its bower (where 
males spend much time), would enhance the loss of such 
plumage (through natural selection) as the transfer of 
secondary sexual characters to the bower progressed. 
This hypothesis, known as the Transferal Effect (Gilliard, 
1969), remained robust until a phylogenetic analysis 
of the bowerbirds indicated a lack of support for it 
(Kusmierski et al., 1993). 

A number of hypotheses have recently been advanced 
to explain the function of bower structures. These 
include: the rape hypothesis, which suggests that females 
gain protection from forced copulations by a courting 
(or any other) male; the threat reduction hypothesis, 
which suggests that the bower provides a screen that 
females interpose between themselves and courting 
males in order to reduce the supposed threatening 
nature of males’ sexual advances; and the hide-the- 
female hypothesis, which suggests that bowers may func¬ 
tion to conceal the female from rival males while the 
bower owning male is attempting to court her (see Frith 
and Frith, 2004, and references therein). Future research 
will suggest other ideas about the function(s) of bower 
structures and it is quite possible that no one idea will 
provide an adequate answer to all bower types, if for 
even a single bower type. 

Mating Systems and Nesting 

Socially monogamous catbird pairs defend an all-purpose 
territory within which they nest and forage, pairs remain¬ 
ing together over several seasons if not for life. 

Bower structures have nothing whatsoever to do with 
nests or nesting but are critical to the reproductive success 
of males of the polygynous bowerbirds. Males build 
bowers as a traditional focal point to which they attract 
multiple females for courting and mating each season. 
Thus, bowers function by representing symbols of each 
individual male’s fitness ‘symbols that are external to the 
males’ body and that can, thus, be viewed and assessed 
even in the absence of the male owner. Such assessment 
is the concern of the females, and by comparing the bower 
sizes, materials, construction quality, numbers, types, 
and quality of bower decorations, females can obtain a 
measure of relative male fitness. To this, choosy females 
add an assessment of the health and vigor of males, their 


plumage, and the intensity and quality of their courtship 
display movements, posturing, and vocalizations at their 
bowers, before soliciting the one of their choice. 

If a female satisfies herself that the bower and its 
decorations, the male, and the frequency and intensity of 
his displays are acceptable, then she will solicit her chosen 
mate to be fertilized by him, typically within or at his 
bower. Once fertilized, females have no more to do with 
males and their bowers for that particular breeding sea¬ 
son, unless the loss of a clutch or brood (i.e., to a predator) 
dictates the need to nest again in that season. 

Older males, with greater experience, skills, and 
survival, are those typically selected by females and are 
thus more successful in obtaining matings. Courts and 
bowers are sited on topography exhibiting one or more 
required environmental features. No evidence of typical 
lekking by adult male bowerbirds exists except for the 
courts of Tooth-billed Bowerbirds, which appear to be 
unevenly dispersed through habitat to form denser aggre¬ 
gations. Because the males forming these aggregations are 
not in visual (only vocal) contact, they form ‘exploded 
leks’ as opposed to true ones (in which males are in 
visual contact). 

Bower sites are occupied for decades, with individual 
males exhibiting long-term fidelity to them, with some of 
the Satin Bowerbird being occupied for 50 years or more. 
Because Golden Bowerbird bowers remain intact from 
one year to the next, it is conceivable that the same basic 
structure is actively in use for many decades. Female- 
plumaged immature male bowerbirds spend up to 5 or 
6 years visiting rudimentary, or practice, courts or bowers 
of their own construction as well as bowers of adult males. 
Here, they acquire and learn the skills required for bower 
building, decorating, and displaying. Initially, they build 
inferior bower structures, which improve with experience. 

Socially monogamous catbird pairs defend an all¬ 
purpose territory year round. Only female catbirds build 
nest, incubate the clutch, and brood the nestlings, but 
their mates feed them during these activities and do 
share in provisioning the nestlings to their independence. 
Offspring have a long period of post-nestling parent 
dependency. Females of the polygynous bowerbirds nest 
build, incubate their clutch, and raise their offspring 
entirely alone and unaided by the father or by any other 
conspecifics. Their nests are bulky open cup or bowl¬ 
shaped structure built upon a foundation of twigs, leaves, 
and vine tendrils into a tree fork, vine, or mistletoe tangle. 
Only the Golden Bowerbird nests in a tree crevice. The 
clutch consists of one to two, rarely three, eggs that are 
plain off-white to buff or blotched and vermiculated with 
pigmented scrawling lines, predominantly about their 
large end. Unlike those of most songbirds, bowerbird 
eggs of a clutch are laid on alternate days. The incubation 
period lasts about 21-27 days, and the nestling period 
approximately 17-30 days. 



Bowerbirds 239 


The Study of Bowerbird Behavior 

Ever since they were first made known to the scientific 
world, people have studied the complex behavior of bow¬ 
erbirds. Since the invaluable 1969 summary of Thomas 
Gilliard’s life work, such studies have, however, increased 
exponentially The majority of this recent work has involved 
those species more easily accessible: the Black-eared and 
Green Catbirds, Tooth-billed, Macgregor’s, Archbold’s, 
Golden, Regent, Satin, Spotted, and Great Bowerbirds and 
in terms of more experimental approaches the three latter 
species. Most long-term qualitative experimental studies 
have involved the Satin Bowerbird and the use of large 
numbers of automatically controlled video cameras at 
numerous bowers. These and other studies provide valuable 
insights into various aspects of bowerbird behavior and 
sexual selection. These include relationships between 
bower quality and mating success; the high skew among 
males in mating success, paternity; bower orientation; the 
function of bower paint; sexual competition through bower 
destruction and decoration theft by rival males; the cost of 
male displays; male mating success relative to their parasite 
loads and plumage condition; the function and significance 
of courtship vocalizations, with particular reference to vocal 
avian mimicry; the cost of bower display to males; mate¬ 
searching tactics by females; visitation patterns to the bowers 
of adult males by immature males; how males adjust their 
displays to the response of females; various other aspects and 
details of female choice including male avian vocal mimicry 
and other vocalizations; and more (for reviews see Borgia, 
1995; Patricelli et al., 2004; Frith and Frith, 2004, 2009; 
Reynolds et al., 2007 and references therein). 

Bowerbirds are ‘Brainy’ 

A recent study demonstrated that bowerbirds do in fact have 
a brain that is relatively large compared with that of ecolo¬ 
gically similar songbirds of their body size and zoogeograph- 
ical distribution. The same author showed that the brain of 
bower-building species is larger than that of the non-bower- 
building species (Madden, 2001). A further study demon¬ 
strated that it is the temporalis fossae, or rear brain cavity, 
that is the enlarged part of the brain in the bower-building 
bowerbirds (Day et al., 2005). However, a larger brain does 
not necessarily dictate any level of corresponding higher 
intelligence, but may merely relate to more acute visual or 
other kinds of instinctive perceptions or abilities. 

Some contemporary research has literally been looking 
at bowerbirds’ bowers and their decoration in a different 
light (Endler and Day, 2006 and references therein). Bower¬ 
birds, like all birds, perceive color in a very different way 
compared to human beings in that they are far more sensitive 
to the ultraviolet. Thus, interpretations of the colors of 
bower structures, their decoration, and of the plumages of 


the birds themselves are potentially fraught with dangers, as 
recent studies of such traits demonstrate. For example, male 
bowerbirds preferentially select certain colors for their UV- 
reflective qualities rather than for the colors as perceived by 
people. This opens up an entirely new field of investigation 
into the function and significance of both the plumage and 
external (bowers and bower decorations) secondary sexual 
characters of bowerbirds. In this field of study, as in the 
numerous others that their extraordinary behavior presents, 
a great deal of deeply interesting research remains to be 
performed on all bowerbird species (for a review see Frith 
and Frith, 2004 and references therein). 

See also: Mate Choice in Males and Females; Mating 
Signals; Social Selection, Sexual Selection, and Sexual 
Conflict; Visual Signals. 
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Introduction 

Many of us have observed the behavior of marsh tits or 
black-capped chickadees at a bird feeder. A particular bird 
will return at 1-min intervals, each time grabbing a peanut 
or sunflower seed and disappearing quickly into neigh¬ 
boring trees. If we follow an individual bird more closely 
through binoculars, it soon becomes obvious that the bird 
is not eating. Instead, it caches the nuts in bark crevices or 
under lichens. This behavior makes it possible for this 
little bird to secure a supply of food that it can retrieve 
and eat later, when the feeder is empty. 

Animals need energy continuously but most animals 
obtain their food in discrete bouts of eating. This means 
that the intermittent events when energy is acquired from 
the environment must be buffered over short or long time 
intervals. In a short time perspective, digestion of food in 
the gut and hormonal regulation of the glucose level in 
the blood may be sufficient. In a longer perspective, for 
example when a hungry animal cannot eat, stored energy 
must provide the buffering effect. 

Energy storing can occur both in- and outside an 
animal’s body. Inside the body, energy will primarily be 
stored as carbohydrates or fat. In many cases, however, 
internal energy stores are not sufficient. Especially ani¬ 
mals with well-developed cognitive abilities will also store 
food externally to buffer the energy need, a phenomenon 
called ‘food hoarding’ or ‘caching.’ 

A few words about the terminology: The term ‘hoard¬ 
ing’ is more specific than the general term ‘storing’; clearly, 
body fat deposits are stored but not hoarded. Even more 
specific is the commonly used ‘caching,’ a term that 
should be reserved for cases when hoarded food is actively 
concealed in some way. Concealment could be achieved 
by burying or covering caches or by storing them in a way 
that make them cryptic. The behavior of snowy owls that 
pile lemmings around the nest or acorn woodpeckers 
that store acorns in open holes in tree trunks can thus 
be categorized as ‘food hoarding,’ but not in a strict sense 
as ‘caching.’ I will use ‘food storing’ and ‘hoarding’ as 


alternatives for storing of food in general but ‘caching’ 
only for cases when animals conceal their hoarded food. 

Little is known about possible differences in nutri¬ 
tional quality between hoarded and fresh food. Hencefor¬ 
ward, I will consider hoarded food mainly from an energy 
perspective and not deal with its nutritional composition. 


Food Hoarding in the Animal World 

Food storing is especially well known in mammals and 
birds but also occurs in some invertebrates. To humans, 
the most familiar case of invertebrate food storing is honey 
production in bees. In summer and autumn, honeybees 
will gather nectar from flowers. They will transform the 
nectar into a form that is more durable for long-term 
storing, that is honey. The honey will then provide the 
colony with energy over the winter, unless, of course, a 
beekeeper replaces the honey by sugar water. 

Among mammals, most predators will store the por¬ 
tion of their kill that remains after they have become 
satiated. Also, small predators such as shrews and moles 
may hoard surplus food. In its underground burrows, a 
single European mole may store 1-2 kg of earthworms. 
The mole keeps the worms in a half-alive ‘zombie’ state 
that maintains their freshness. To achieve this, the mole 
decapitates the worm and pushes its end into the earth 
wall, where it must stay until the mole eats it. Large-scale 
hoarders among mammals include rodents such as squirrels, 
mice, and beavers. In autumn, beavers will fdl their pond 
with submerged parts of trees and bushes. In winter, they 
can use this supply. 

Some bird species are widely known for their food¬ 
hoarding habits. The Corvidae (crows, jays, magpies, and 
their allies) is a passerine family that contains many food¬ 
storing species. Among these, nutcrackers and jays are espe¬ 
cially well known. Some of these may store many thousands 
of separate caches scattered over a large area. They can 
remember these locations for at least a year if necessary. 
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Nutcrackers may be the most highly specialized hoarders 
in the animal world. Below the beak, they have a special 
pouch that can be filled with up to 20 hazelnuts or the 
equal volume of pine nuts. When a load of nuts has been 
collected, the nutcracker may fly many kilometers (or 
miles) to reach especially suitable storing areas, for exam¬ 
ple, their breeding territory or areas where snow cover 
will be thin. Thin snow cover facilitates cache retrieval 
in winter. Most of the winter food for a nutcracker consists 
of stored nuts. 

Nutcrackers have an almost 100% accuracy in nut 
recovery, even when they have to make excavations through 
deep snow months after storing. There are other corvids 
that are almost as specialized hoarders as nutcrackers, for 
example, pinyon, European, gray and Siberian jays, and 
the European rook. 

Also, some species of nuthatches and titmice are food 
hoarders of this magnitude. There are a number of food 
hoarders in the family Paridae (chickadees and titmice), 
for example willow and marsh tits, and their American 
close relatives the black-capped and boreal chickadees. 
A single individual of one of these species may store 
50-100 000 seeds and nuts in an autumn. The pygmy 
owl is an important predator of small northern birds 
such as chickadees and titmice. Even though these small 
owls are not scatter hoarders like corvids or parids, they 
deserve to be mentioned here for another reason. In 
winter, they hunt during the day, ambushing small birds 
that fly by them. willow tit may store a large supply of 
seeds as winter food, whereas a pygmy owl may fill up 
cavities and nest boxes with willow tits! 

The acorn woodpecker that occurs in Western North 
America is famous for its large and conspicuous larders. 
Acorns are wedged into small holes into one or a few 
adjacent tree trunks or telephone poles. These surfaces 
may be pierced by tens of thousands such holes. These 
granaries are not inconspicuous or covered. Instead, they 
are maintained and defended against acorn pilferers by a 
family group of woodpeckers. When acorn woodpeckers 
happen to make a hole in some man-made structure such 
as the wall of a box, they may continue to drop acorns in 
the empty space behind the wall even if they cannot 
retrieve the acorns. 

Food Storing and Climate 

Some types of food storing seem to occur irrespective of 
climate. As mentioned earlier, large predators may hide 
the remnants of a kill and return to the carcass later. 
Large-scale scatter hoarding, on the other hand, is a 
strategy that occurs in species that inhabits boreal or 
cool temperate regions. It can primarily be seen in 
autumn, thus being a strategy to increase food availability 
in winter. Typical examples are specialist hoarders such as 


jays, titmice, and squirrels in the northern forests but also 
desert-dwelling rodents such as kangaroo rats may rely 
heavily on food hoarding. 

The smaller an animal is, the less heat-producing body 
mass it will have compared to its body surface. This means 
that small birds that spend the winter in the boreal conif¬ 
erous forests face a considerable energetic challenge. Spe¬ 
cies that weigh only 10-12 g, such as boreal chickadees, 
willow tits, and Siberian tits, are all highly specialized 
food hoarders that will store a large proportion of their 
winter food in the autumn. At high latitudes, low tem¬ 
peratures in combination with short days make their win¬ 
ter residency a remarkable feat. Undoubtedly, it is their 
massive food-storing effort in the autumn that makes it 
possible. 

History of Food-Hoarding Studies 

Early Studies 

Food hoarding is a conspicuous behavior that has been 
noted by human observers for a long time. A food-hoarding 
study that was amazingly modern in its design was pub¬ 
lished already in 1720. In Angenehme Landlust’ (agreeable 
country pleasures), Baron Johan Adam von Pernau describes 
how to make marsh tits store food in captivity. The marsh 
tit is a European close relative to the chickadees in America. 
The baron tells us that someone that searches for some 
kind of mind in animals should bring a marsh tit indoors, 
put a tree in the room, and let the bird get used to the 
environment. Just like in modern hoarding experiment, 
the baron then starved the bird for half a day to increase 
its motivation. Then, he provided it with hemp nuts and 
allowed it to store these. When the bird later was allowed 
to recover its stores, the baron concluded that the pur¬ 
poseful retrieval behavior showed that the bird considered 
its caching locations in such a way that its behavior cannot 
be explained by instinct. 

In the 1940s and 1950s, ornithologists made long-term 
field studies of the hoarding behavior in several bird species. 
In Sweden, PO Swanberg described the high recovery 
success of nutcrackers. When nutcrackers make recovery 
excavations through snow, they usually leave cracked nutshells 
behind if they have been successful. Throughout the winter, 
the average success rate was almost 90%. Considering that 
some caches may have rotted, others pilfered, etc., the 
memory accuracy in the nutcrackers must have been 
almost 100%. 

In Norway, Svein Haftorn described the hoarding 
behavior in three European parids that inhabit the conif¬ 
erous forest, the willow tit, the crested tit, and the coal tit. 
Among other things, he showed that seeds that only were 
available in the autumn constitute an important part of 
the winter diet. He could show this by examining stomach 
contents of birds that he shot in late winter. 
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In the 1960s, a Soviet scientist, Krushinskaya, allowed 
Eurasian nutcrackers to store in an aviary and then per¬ 
formed hippocampus surgery (unanesthesized, with a 
spoon!) in the hoarding birds. Birds with hippocampus 
lesions stored normally but could not relocate the caches 
afterward. Similar studies (using anesthesia!) have been 
made afterward, both on nutcrackers and titmice. These 
confirm that nutcrackers use visual memory based on 
landmarks during retrieval and that hippocampal damage 
will impair retrieval success. 

Modern Studies 

The era of modern studies started with a game theoretical 
study by Andersson and Krebs, published in 1978. They 
showed that a costly and time-consuming behavior such 
as large-scale food hoarding has to pay for the individual 
hoarder if it should evolve. This means that there must be 
some mechanism that ensures that a hoarder has higher 
probability to relocate caches than scroungers. For species 
that scatter many caches widely, memory is a mechanism 
that evidently would provide such an advantage. 

The same year, 1978, Stapanian and Smith published a 
study that spurred a number of studies of how animals 
should distribute scatter-hoarded food to minimize cache 
loss. Their idea was that a scrounger that happens to find a 
cache will search nearby potential caching locations. To 
reduce cache loss, a hoarder should disperse caches 
widely enough to reduce cache loss, at what they labeled 
‘optimal cache density.’ Stapanian and Smith combined 
predictions from a theoretical model with empirical data 
on fox squirrels hoarding walnuts. 

In some cases, coevolution has been demonstrated 
between scatter hoarders and the nuts that they store. 
Most large-seeded pines, for example, seem to depend 
on nutcrackers for their dispersal. In the same way, the 
Eurasian jay is important for dispersal of English oak and 
the blue jay for dispersal of pin oak. It may seem detri¬ 
mental for a tree to gets its nuts taken by scatter-hoarding 
nut eaters. However, not all nuts are retrieved; many are 
left intact in the ground and hence already adequately 
planted. 

Two other influential studies have been important for 
modern studies of scatter hoarding, spatial memory, and 
the hippocampus. In 1989, Krebs and coworkers and Sherry 
and coworkers showed that passerine families that contained 
hoarders on average have larger hippocampi than families 
with nonhoarders. The hippocampus is a brain structure 
that is important for the storage of memories in the brain. 
After these two studies, a number of comparative studies 
of hippocampal volumes in the context of food hoarding 
have been published. The phylogenetical level in these 
has ranged from family and species comparisons down to 
comparisons of geographically separated populations within 
one species. 


Food-Hoarding Strategies 

Stored food is an investment that must be protected in 
some way. There are two distinct strategies for this. The 
collected food can be gathered in one or a few caches, a 
behavior called ‘larder hoarding.’ Alternatively, food items 
can be spread out widely with only one or a few items in 
each cache, a behavior called ‘scatter hoarding.’ Although 
both types of caches can be protected for example by 
burying them, there is a difference in how they are pro¬ 
tected. Scattered caches are primarily protected by con¬ 
cealment, whereas larders in many cases must be protected 
by physical defense. 

Larder Hoarding 

A chipmunk or mouse that stores nuts in a burrow may be 
safe from avian scroungers such as jays, but the cache may 
not be safe from other chipmunks or mice. If a competitor 
tries to take over the cache, it must be defended or it will 
be lost. The chipmunks of eastern North America provide 
an illustrative example. Dominant older individuals can 
defend their burrows, and hoard in larders, although 
younger, subordinate individuals cannot defend burrows 
and they are scatter hoarders. 

Most birds that store nuts are scatter hoarders that 
cache their food. A group of acorn woodpeckers, however, 
store thousands of acorns in a so-called acorn granary. 
Acorns are clearly visible in holes in the tree trunks. 
However, they are wedged tightly into the perfectly sized 
holes, making it hard for squirrels to extract them. The 
woodpeckers can easily crack the acorns with their bills. 
Of course, the woodpeckers still have to defend their 
granary actively, for example against jays and other 
woodpeckers. 

Beavers will stick trunks and limbs of trees in the 
bottom of their pond so that the upper ends protrude 
through the water surface. When winter comes, the trunks 
will freeze into the ice cover and the beavers can eat from 
the parts below the ice. The exit from the beaver lodge is 
below the water surface, meaning that the beavers can stay 
in their safe hut or below the ice as long as they have 
stored food left. 

Scatter Hoarding 

The term ‘scatter hoarding’ was coined in 1962 by Des¬ 
mond Morris, who studied hoarding in the green acouchi, 
a South American rodent. He provided captive animals 
with trays that were fdled with sand as hoarding substrate. 
He found that the acouchis distributed caches evenly 
between the trays in order to optimize dispersion. 

Scatter hoarding occurs in many mammals, but the 
most striking examples are found among birds. Both the 
Eurasian and Clark’s nutcrackers have been estimated to 
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make 8000-10 000 caches in one autumn. Each cache will 
contain a ‘pouch load’ of pine or hazel nuts, making the 
total number of nuts more than 100 000. In the White Sea 
region in Northern Russia, individual Siberian and willow 
tits may cache up to 150 000 food items during the 
autumn. Tits place each item in a separate position. The 
tits cannot guard such a huge number of caches scattered 
over a large area, so they conceal them. These species (and 
their American close relatives the chickadees) will frequently 
store in trees. Caches are wedged into bark crevices or 
under loose fragments of bark or pushed in under pieces 
of lichen. The Eurasian nuthatch is even more elaborate 
when it caches. It excavates a small hole, for example in a 
tree trunk and then pushes a nut into this hole. After 
storing, it may push fragments of bark into the hole and 
cover the nut completely. 

Nutcrackers and jays will cache acorns and nuts in the 
ground on the forest floor. First, they will make an exca¬ 
vation, then fill this with nuts, and, finally cover it with 
moss, grass, or leaves. The fact that some of these nuts will 
be left or forgotten is shown by that single oaks or hazels 
are growing in the coniferous forest, far from other trees 
of the same species. The rook is a crow-sized colonially 
nesting corvid that occurs in towns and in farmland in 
Europe. In the autumn, it will store hazelnuts, walnuts, 
and acorns until trees carrying these in the surroundings 
are emptied. The nuts are stored in substrates such as 
lawns where the rooks push them under the grass surface 
with their strong bills. In winter, the birds will spend 
much time managing their investments. They spend con¬ 
siderable time retrieving caches seeds, not consuming 
them, but moving them a short distance before they are 
stored in a new position. 


Benefits of Food Hoarding 

The benefit of food hoarding can be summarized in one 
sentence: it evens out the food supply. However, this 
benefit is valid for all types of energy storing. This 
makes it necessary to be more precise to identify the 
specific benefits of food hoarding. There are at least five 
more or less separate benefits: 

1. Hoarding may increase the proportion of an ephemeral 
food source that a forager can secure. The difference in 
behavior between crows and gulls at a pile of fish parts 
can serve as an illustration of this. Gulls will typically 
scream and fight over the fish parts, and this conspicu¬ 
ous and loud behavior will attract more gulls. The 
scene may develop into something of a feeding frenzy; 
every time a gull succeeds in grabbing a large piece, it 
will be harassed by other gulls trying to steal the food. 
Most individual gulls seem to be rather unsuccessful. 
Crows, on the other hand, will calmly wait for the right 


opportunities and methodically cache as much fish 
guts they can, returning to eat later when the gulls 
have left. 

2. Hoarding may increase the food supply during long 
periods of food scarcity. The large-scale food hoarding 
observed in autumn in many animals is a way of 
increasing the food supply during the winter. Bird 
species that are critically dependent on specific types 
of stored food will irrupt in irregular migration during 
years when their preferred crops fails in autumn. 

3. The insurance effect. The mere existence of stored 
food may be beneficial even in cases when the food is 
not consumed. A hoarder that has access to stored 
supplies can afford to carry smaller internal fat depos¬ 
its reserves than a nonhoarder. The stores make the 
hoarder less susceptible to rare periods with extremely 
bad foraging conditions. Imagine a morning in a northern 
forest when an overnight blizzard has covered many 
foraging substrates that normally are available to small 
birds. A nonhoarder that wakes up with small body fat 
reserves such a day may die, whereas a hoarder can 
change foraging strategy and start retrieving caches. 

4. Food hoarding may decrease predation risk. The 
beavers mentioned earlier suffer very small predation 
risk as long as they can stay in the pond and eat pieces 
of trees that have been stored under the ice. The same 
is true for a rodent that keeps its winter food in its 
burrow and thereby can avoid exposure to owls. 

5. Food storing may increase breeding success. The north¬ 
western crow in North America eats animals such as 
clams that become available when tide is retreating. 
During breeding, the male will store such animals 
during retreating tide and then provide it later to the 
incubating female. The even supply of food makes it 
possible for her to spend more time on the nest. 


Retrieval of Scatter-Hoarded Caches 

Food that is stored in a central larder is easy to retrieve 
when needed. Food that is stored in thousands of scat¬ 
tered, cryptic caches, on the other hand, may be difficult 
to relocate. The obvious retrieval mechanism for a scatter 
hoarder is a precise memory for its caching locations. To 
remember thousands of caching locations, however, may 
be costly as it requires an advanced brain. 

It is well known that many scatter-hoarding bird spe¬ 
cies excel in spatial memory capacity. The discovery by 
Swanberg that Eurasian nutcrackers seem to remember 
caching locations made in autumn throughout the winter 
has been verified experimentally on its close American 
relative, Clark’s nutcracker. Birds that stored in captivity 
showed a slight decrease in retrieval success a year after 
storing, but not before that. Specialist hoarders not only 
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remember caching positions accurately for a long time, 
but they also remember many such positions. Estimates 
indicate that a single nutcracker creates between 7000 and 
10 000 caches in a year. 

Parids (titmice and chickadees) do not seem to possess 
such a long-term memory. Many experiments have 
demonstrated an accurate caching memory in members 
of this family, but the retention intervals before retrieval 
have been short. Two species, the black-capped chickadee 
and the willow tit, have been subject to memory decay 
experiments. Captive birds were allowed to store and 
retrieve after various retention intervals in indoor avi¬ 
aries. Both species relocated caches accurately shortly 
after storing, but retrieval success was down to chance 
levels in about a month. In the field, parids have been 
demonstrated to retrieve caches successfully months after 
storing. If they do not possess a cache memory of this 
duration, they must use other mechanisms, for example 
individual preferences for different types of hoarding 
substrates, individually separated hoarding niches, etc. This 
can be thought of as when people hide an extra front door 
key. Some will put it under a flower pot, others below the 
door mat, yet others behind a loose front board, etc. 

Theoretical Models 

Various phenomena in food-hoarding animals have been 
investigated with theoretical models. Many of these have 
been made in the framework of stochastic dynamic pro¬ 
gramming. Topics that have been modeled in this way include 
optimal daily fat gain trajectories in hoarders versus non¬ 
hoarders, effects of daily variation in predation risk, the 
significance of short-term hoarding versus long-term 
hoarding, effects of variations in food predictability, etc. 

In evolutionary game theory, various behavioral stra¬ 
tegies are compared, and the optimal solution is usually 
an evolutionary stable strategy, ESS. An ESS is a strategy 
that cannot be outcompeted by an alternative strategy 
when it dominates a population. Besides Andersson and 
Krebs (who compared hoarding and nonhoarding strate¬ 
gies), at least two game theoretical models have been 
published on food-hoarding behavior, one investigating 
if there are conditions when hoarding can evolve without 
a recovery advantage for hoarders, the second investigat¬ 
ing how dominance rank within a group should affect 
optimal hoarding investment. The first one showed that 
for species that live in stable groups at least a mixed ESS 
(hoarding/nonhoarding) can evolve also without recovery 
advantage. The second shows that dominant individuals 
should store less than subordinate ones, but that optimal 
behavior for dominants depends on how predictable winter 
conditions are. 

Other models have shown that caches in many 
cases should be considered as an alternative to body fat 


deposits. The reason is that, especially for small birds, it 
might be costly to carry much body fat. For example, a 
heavy bird could be easier to capture for a predator. If we 
compare a hoarding small bird species with a nonhoarding 
relative of the same size, the optimal level of body fat will 
differ since the hoarder can keep some of its energy reserves 
outside the body. However, there are always strategic differ¬ 
ences between these types of supplies; the fact that small 
birds are scatter hoarders becomes important here. 
A starving animal may not have time to search for food. 
In order for caches to be an equal alternative to body fat, they 
must be reliably accessible. This means that they must be 
easy to retrieve (i.e., exact locations remembered or they 
must be stored in a larder) and predictably safe (i.e., not 
exposed to high pilfering risk). 

Some Current Questions 

Memory research on food-hoarding birds has broadened 
into studies of other types of cognitive abilities is food¬ 
hoarding birds. For example, it has been demonstrated 
that scrub jays, a food-hoarding American jay, possess an 
episodic memory of similar type as humans. 

The comparative approach to the correlation between 
cognition (e.g., memory) and brain specialization (e.g., in 
the hippocampus) has been criticized by Bolhuis and 
others. The critics argue that the whole approach is 
flawed and that we cannot draw conclusions about function 
from morphology. This has spurred an intensive debate 
known as the ‘neuroecology debate.’ The most convincing 
comparative study this far is a comparison of black- 
capped chickadees across a climate gradient, from Alaska 
through Canada down to Central USA. Populations sam¬ 
pled from five locations showed a significant correlation; 
both hippocampal volume and hoarding propensity 
increased toward the north. 

An enlargement of the hippocampus in food hoarders 
could depend on selection for increased memory capacity 
over evolutionary time. There could also be a direct physio¬ 
logical effect, during periods of intensive caching (and hence 
memorization) the hippocampus could grow, for example 
due to increased incorporation of baby neurons, increased 
vascularization, etc. In that case, training the brain would 
be comparable to training skeletal muscles. However, induced 
enlargement of the hippocampus in adult individuals has 
been questioned and proved hard to verify. Some current 
research is therefore attempting to measure hippocampal 
volume in living birds with MR (magnetic resonance) imaging 
techniques. 

The coevolution between scatter hoarders and the nuts 
they store is another field in current research. As some 
trees seem to be more or less dependent on dispersal by 
corvids, knowledge about these systems may be important 
for future forestry practices. 
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See also: Ecology of Fear; Economic Escape; Empirical 
Studies of Predator and Prey Behavior; Internal Energy 
Storage; Risk Allocation in Anti-Predator Behavior; 
Spatial Memory; Trade-Offs in Anti-Predator Behavior; 
Vigilance and Models of Behavior. 
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Introduction 

Caste is one of the defining features in eusocial insects. 
At the most basic level, this system is characterized by 
morphology associated with the reproductive division of 
labor between sexually reproductive individuals and non- 
reproductive individuals who care for the reproductive’s 
offspring. In the more derived groups of social insects, 
developmentally discrete castes fulfill these different 
behavioral roles. Reproductive division of labor is one of 
the defining characteristics of eusociality; eusocial insects 
include termites (Isoptera), ants (Hymenoptera), some 
bees (Hymenoptera), and some wasps (Hymenoptera). 

In Hymenoptera caste divides individuals into one 
of the three categories: reproductive females (queens), 
reproductive males, and functionally sterile females (work¬ 
ers). Queens typically disperse, mate, find new colonies, 
and subsequently provide the reproductive function of 
the colony. Males disperse and mate with virgin queens; 
although there are some exceptions, males seldom perform 
any other activities and die shortly after mating. Workers 
perform all other tasks, including caring for young, nest 
building/maintenance, guarding, and foraging. All females 
are diploid and derived from fertilized eggs, while males 
are haploid and derived from unfertilized eggs. Female 
eggs are usually totipotent, that is, they have the potential 
to develop into either queens or workers. Developmen¬ 
tally, females are highly plastic and their physiology 
and morphology are influenced by various mechanisms, 
which result in caste differentiation. Developmental dif¬ 
ferentiation is primarily governed by nutritional stimuli, 
but other environmental factors such as climate and social 
interactions, as well as genetic effects (in some taxonomic 
groups), are important as well. 

Termites (Isoptera) live in eusocial colonies with 
a similar system of reproductive division of labor to that 
of Hymenoptera. As with ants, bees, and wasps, a spe¬ 
cialized sexual caste performs all reproductive functions 
for the colony, and a worker caste performs all other nest 
and foraging tasks. However, both termite sexes are 
derived from diploid, fertilized eggs, and thus both 
males and females are capable of developing into either 
workers or reproductives. Termite colonies are estab¬ 
lished by a winged queen and a winged king, which are 
known as primary reproductives. After colony founding, 
they shed their wings and begin producing workers. In 
many termite species, colonies produce secondary repro¬ 
ductives; these sexually capable individuals do not have 


wings and are capable of superceding sick, injured, 
or absent parental primary reproductives. The worker 
caste is wingless and sterile. In some termite species 
in the families Kalotermititdae and Hodotermitidiae, 
a true worker caste has been replaced by preadult instars 
(referred to as nymphs or sometimes larvae). These pre¬ 
adult workers are not constrained from developing into 
reproductives later. Termites are hemimetabalous insects; 
unlike the holometabalous Hymenotpera, they do not 
undergo a pupal stage. Nymphs, or larvae, are physically 
similar to adults, and their metamorphosis is gradual. Thus, 
termite larvae function as efficient members of the colony 
workforce even before maturity. While less well-studied 
than Hymenoptera, termite caste determination appears 
to be affected by similar mechanisms, such as social inter¬ 
actions and endocrine cues. 

In addition to the dichotomy between reproductive 
and nonreproductive individuals, many ant and termite 
species produce a polymorphic worker caste (e.g., workers 
vs. soldiers). In some ant species, extreme morphologi¬ 
cal differences exist among functionally sterile workers. 
In one pattern, exemplified by the red imported fire 
ant, Solenopsis invicta , variation is continuous, with workers 
ranging evenly throughout the entire gamut of body 
size. In others, like many Pheidole species, worker poly¬ 
morphism is bimodal (or, in some cases, trimodal), and 
workers develop into small minor workers or large major 
workers. In termites, many species have distinct worker 
and soldier castes. Soldiers are generally larger and have 
more robust heads, usually with structures evolved spe¬ 
cifically for defending the colony. 

In both ants and termites, strong allometric scaling, in 
which the head or other stuctures grow disproportion¬ 
ately large relative to the rest of the body, is also observed. 
In these cases of allometry, major workers (or soldiers) 
increase not only in total size, but some characters (e.g., 
the head) grow nonlinearly, relative to the rest of the 
body. Most of the developmental determinants of repro¬ 
ductive caste are also key factors controlling worker caste 
polymorphisms. 

Haplodiploid Sex Determination in 
Hymenoptera 

In addition to differentiation between reproductive and 
nonreproductive castes, Hymenoptera have a unique sys¬ 
tem of sex determination. All Hymenopteran species are 
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haplodipoid; males derive from unfertilized eggs, and are 
thus haploid. Females are derived from fertilized, diploid, 
eggs. When a reproductive female lays a male-destined 
egg, no sperm is released for fertilization; however, when a 
female-destined egg is laid, sperm is released and the egg 
is fertilized prior to oviposition (Figure 1). Eusocial 
Hymenoptera colonies are female-dominated, and male 
tasks are usually limited only to dispersal and mating. 
Thus, it is important that the queens regulate the sex of 
their eggs, or the colony will be burdened with useless 
males at inopportune times of the colony life cycle. 

In honeybees (Apis mellifera ), the decision to fertilize an 
egg is based on the cell type in which the egg is to be laid; 
in the comb, workers create different cell types for males, 
workers, and queens. Therefore, the workers produce 
appropriate numbers of each cell type and the queen 
must be able to differentiate among them and then lay a 
fertilized or nonfertilized egg as necessary. In other 
Hymenoptera, the mechanism underlying the queen’s 
decision is not completely clear. 


Physical Features of Caste 

In most eusocial Hymenoptera, caste differentiation is 
based primarily on environmental factors experienced dur¬ 
ing egg and larval development. Morphological differences 



Figure 1 Model of differentiation possibilities of a totipotent 
Hymenoptera egg. If the egg is left unfertilized, it will develop into 
a haploid male. However, if fertilized, the egg can become a 
queen or a worker. The switch point between these caste fates is 
predominantly due to differential feeding regimens, with 
queen-destined larvae receiving more, and better quality, food. 
In some species, another switch point exists in which 
differentiation between worker morphological castes occurs 
(e.g., minor (small) vs. major (large, a.k.a. soldier)). In addition to a 
relationship with feeding regimen, hormonal changes also affect 
these switch points (e.g., Figure 2). 


related to caste-specific tasks arise due to developmental 
differences triggered during growth and development. 
In general, reproductive females are larger, have larger ovar¬ 
ies with more ovarioles, and possess a spermatheca (an organ 
used for long-term storage of sperm). Workers are smaller, 
have smaller ovaries with fewer ovarioles, lack spermathecae 
(in more highly derived species), and have features more 
useful in nonreproductive tasks (e.g., the corbicula, or 
‘pollen basket’ leg structure of honeybee workers). 

Termite primary reproductives are generally larger, 
possess autotomous wings, and have larger and more 
well-developed eyes and a more heavily sclerotized body 
than nonreproductives. After shedding their wings, primary 
reproductive queens enlarge their ovaries, causing abdomi¬ 
nal swelling. Workers usually lack compound eyes, are 
more lightly sclerotized, and are smaller. These develop¬ 
mental differences can result from a combination of several 
environmental factors, such as nutrition, the social envi¬ 
ronment of the colony, and climatological effects, as well as 
genetic factors. 

Nutritional and Endocrine Controls of 
Caste Determination 

With a few important exceptions, female eggs of eusocial 
Hymenoptera are not predestined for a specific caste fate 
and are genetically and morphologically indistinguishable 
from each other. After oviposition, however, environmen¬ 
tal stimuli come into play to determine caste-specific 
developmental trajectory. In species across the spectrum 
of eusocial evolution, the predominant environmental 
factor in caste determination is nutrition. Specifically, a 
nutritional switch during development is the point of 
divergence between the reproductive and nonreproduc¬ 
tive castes. The developmental timing of this switch is 
highly variable between species; generally, species with an 
earlier switch exhibit larger differences between the 
castes, since more developmental time is allotted towards 
caste-specific growth. 

Nutritional determination of caste is best known from 
studies of the honeybee. As pointed out above, castes 
are reared in specific cell types in the comb. The cell 
type is important for determining the treatment of 
the larvae by workers; the nutrition delivered to the 
larvae determines the caste fate of any given individual. 
Honeybee larvae are fed with a mixture of mandibular 
gland secretions, hypopharyngeal gland secretions, pollen 
(a protein source), and sugar (from honey, a carbohydrate 
source); both queen- and worker-destined larvae are fed 
with all of these substances, but quantity and ratio differ. 
Queen-destined larvae are fed in high quantity with what is 
commonly referred to as royal jelly, a mixture of these four 
components that contains a higher concentration of man¬ 
dibular gland secretion and sugar than what is provided 











Caste Determination in Arthropods 249 


to worker-destined larvae. Thus, queen-destined larvae 
are provided with a larger amount and higher quality 
food source, and the nutritional switch is flipped to push 
their development towards the reproductive phenotype 
(Figure 1). While ant, wasp, and other eusocial bee larvae 
vary in diet, this same basic pattern of nutritional caste 
determination applies in these groups. 

The underlying causes of these trajectory shifts are 
likely due to changes in the larval endocrine system in 
response to nutritional stimulation during key periods. 
As larvae pass a critical size due to increased food intake, 
physiological changes that influence development are 
triggered, and the larvae proceed down the queen-specific 
developmental pathway. For example, juvenile hormone 
(JH), a sesquiterpenoid hormone known to govern devel¬ 
opmental functions across insect taxa, is upregulated in 
response to increased nutrition. As food intake increases, 
so does body size and JH level; thus, larvae reach a critical 
threshold and the developmental pathway is changed to 
the larger form (e.g., from worker to queen, or from minor 
to major worker; see Figure 2). 

In addition to JH, the IGF-1 IIS pathways (insulin/ 
insulin-like growth factor-1-like signaling) have been 
implicated in controlling queen-worker differentiation. 
In the honeybee, several IIS genes are upregulated in 
queen-destined larvae compared to worker larvae. Also 
in honeybees, knockdown of the expression of target of 
rapamycin (tor), a central component in growth regulation 
response to nutritional stimuli, results in prevention of 
queen development, even in the presence of queen- 
specific nutritional cues. This emerging research focus 
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Figure 2 General diagram of developmental control points 
where juvenile hormone (JH) is known or suspected to play a role 
in caste determination. Those in larval or early pupal 
development are probably associated with nutritional switches. 


on the molecular level of metabolic pathways should 
shed light onto how the nutritionally mediated orchestra¬ 
tion of caste determination is operating at the endocrine, 
genetic, and molecular levels. 

This focus on the endocrine and physiological rela¬ 
tionships in social hymenoptera has led to new ideas 
relating to the evolution of eusociality in insects. Work 
by West-Eberhard, and later Amdam and Page, has led to 
the presentation of what is known as the reproductive 
ground plan hypothesis, a framework that explains how 
the physiological mechanisms regulating reproductive 
behaviors in solitary ancestors may have been co-opted 
for the regulation of nonreproductive behavior in workers 
of extant social insects. In line with this hypothesis is the 
idea that, for eusocial societies to operate, a finely tuned 
relationship between both social environment and devel¬ 
opmental responsiveness must evolve. 

In many primitively eusocial bees and wasps, all 
females are potentially queens. Despite the variation in 
their size, all have complete reproductive systems and can 
lay both fertilized and unfertilized eggs after mating. In 
these systems, caste is determined less by larval develop¬ 
ment and more by behavioral dominance among adults. 
Some individuals may be larger, and can thus more capa¬ 
bly dominate nestmates, but this is the point at which any 
developmental caste-differentiation ends. Since increased 
size usually denotes queen behavior/placement in the 
dominance hierarchy, larval nutrition and growth are 
also keys to the development of different caste roles. 
Recent research by Hunt has shown that, at least in the 
paper wasp Polistes metricus , some developing larvae facul¬ 
tatively go through diapause, resulting in increased stor¬ 
age protein synthesis and sequestration, and are thus 
more likely to express the queen phenotype as adults. 
In addition, the mechanisms of Polistes diapause have 
been proposed as an antecedent to sociality; similar to 
the predictions of the reproductive ground plan hypothe¬ 
sis, this work explains how the dichotomy between Polistes 
workers and queens may be based on the co-option of the 
bivoltine wasp life history seen in solitary species, which is 
split between early season nondiapausing individuals and 
late season diapausing individuals, for regulation of the 
social systems seen in Polistes wasps. 

Termite caste differentiation is fundamentally dif¬ 
ferent than that of Hymenoptera because the hemimetab- 
olous developmental cycle of termites allows for larvae 
to be active members of the colony work force. However, 
like Hymenoptera, hormones are important regulators 
of caste differentiation. When larvae molt into their 
next instar, variation in endocrine activity can alter 
gene expression and produce caste-specific phenotypes. 
This system is poorly understood because studies on 
endocrine influences in termite caste determination are 
rare. The available evidence suggests that immature indi¬ 
viduals that molt with low JH titers are able to express the 
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reproductive phenotype, but those with higher JH titers 
have constrained gonad development and retain a worker 
phenotype. For example, in Zootermopsis angusticolis , winged 
queens require an increase in ecdysteroid levels and a 
decrease in JH levels to begin actual reproductive activity 
While most studies have focused on JH, the underlying 
controls of caste fate in termites are most likely a compli¬ 
cated network of processes driven by JH, ecydsteroids, and 
other factors. Future research is needed, however, to eluci¬ 
date the exact mechanisms behind these developmental 
changes. While this is true of all insect groups, termites 
are particularly understudied, especially compared to 
eusocial Hymenoptera. 

Climate Effects on Caste 

In many ant species, such as some Formica and Myrmica , 
larvae are more likely to develop into queens if they are 
exposed to winter or winter-like chilling effects. This is 
most likely an adaptation to prevent production of sexual 
castes during inopportune times of the year. If larvae that 
have not overwintered are less likely to develop into 
queens, the colony will be less likely to produce unneces¬ 
sary virgin queens during nonmating seasons when the 
investment would be wasted. 

Social and Maternal Influences on Caste 

Since caste determination is usually based on nutritional 
and endocrine factors, the ultimate determinant is the 
treatment of the developing larvae. As larvae are com¬ 
pletely dependent on workers for care, worker behavior 
is a key factor influencing caste determination. In many 
species of bees, wasps, and ants, worker behavior is modu¬ 
lated in some way by the mature queen. The queen’s 
influence can change worker treatment of developing 
larvae and prevent the necessary dietary stimuli during 
key periods of larval development. In eusocial insects with 
relatively small colonies, queens can affect worker behav¬ 
ior with direct physical domination or intimidation, and 
thus influence the rearing/fate of developing larvae. 
More often, however, colonies are too large for a queen 
(or queens) to physically interact in such a manner. In 
these cases, queens instead release pheromonal signals 
that prevent workers from treating developing larvae 
appropriately to produce sexuals, or by inhibiting larval 
development directly. 

For example, honeybees are noted for their use of 
queen pheromone to affect caste determination. When 
the queen produces this pheromone, workers will not 
build queen cells; without these larger, queen-specific 
structures, the expression of queen-rearing behavior can¬ 
not or will not occur. Queen pheromones, which are 


produced in the queen’s mandibular gland, are primarily 
made up of 9-keto-(£)-2-decenoic acid (90DA) and 
9-hydroxy-(£)-2-decenoic acid (9HDA), both of which 
are highly specific in their effects on biological activity. 
The production of these compounds varies over a queen’s 
lifetime, depending on her age, mating status, as well as 
the seasonality of the colony. For example, older queens 
will change their production to allow the workers to raise 
virgin queens and prepare for colony fission. 

Thus, in honeybees, the queen influences caste deter¬ 
mination even before egg-laying, let alone larval develop¬ 
ment by using pheromonal secretions to prevent the 
worker behaviors necessary for queen-destined larval 
development. 

A similar method of worker control exists in vespine 
wasps, although the effects are somewhat reversed. Again, 
queen development is contingent on the production of 
appropriate cells by workers. Whereas queen pheromones 
prevent this from occurring in honeybees, Ikan’s work 
showed that these cells are only produced when the 
wasp queen produces pheremonal secretions. 

In some ant species, such as Plagiolepis pygmaea , Tetra- 
ponera anthracina , and Myrmica rubra , pheromones have 
other caste determining effects on larvae. Pheromones 
released by the queen can inhibit the development of 
queen-destined larvae via inhibition at a critical develop¬ 
mental window during the larval cycle. In species that 
require overwintering for queen production, pheromones 
can prevent larval hibernation from occurring. By pre¬ 
venting this key stage, the queen effectively removes the 
potential for queen development. Bumble bees, Bombus 
terrestris , exhibit a similar system in which exposure of 
developing larvae to a queen pheromone also precludes 
any chance of those larvae developing into queens them¬ 
selves. Only when this pheromone is no longer produced 
can queen-destined larvae be reared. 

In addition to pheromonally mediated inhibition of 
sexual development, queens can also influence the caste 
fate of their offspring during the egg stage. In some ant 
species, such as Formica polyctena , queens can bias other¬ 
wise totipotent eggs towards queen development by giving 
them a nutritional boost before oviposition. These eggs are 
larger and have better nutritional content than worker- 
destined eggs, which appear to lower the further nutritional 
stimulation necessary to switch larvae to queen develop¬ 
ment. Another method of maternal influence on egg fate is 
the sequestering of variable hormone quantities in eggs. In 
Pogonomyrex harvester ants, for example, queen-destined eggs 
have significantly lower levels of ecdysteroid hormones. 
This is in accordance with previous research, which has 
shown that JH application to a queen or her eggs results 
in significantly more queens, because JH depresses ecdys¬ 
teroid level. In any case, larvae in species in which this 
occurs are not capable of as much caste plasticity, since 
their caste fate is determined in the egg stage. 
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Termites are poorly understood when compared to the 
eusocial Hymenoptera, but mechanisms of social control 
of caste determination appear to exist in termite colonies. 
The social interactions influencing reproductive status 
are often complex due to the presence or potential pres¬ 
ence of both primary and secondary reproductives in 
termite societies. In some species, production of primary 
reproductives is thought to be regulated by worker 
manipulation of the developing larvae. In several species, 
workers destroy the wing buds of developing primary 
reproductives, removing their ability to disperse. Evi¬ 
dence in more primitive termite species, however, has 
shown that, like in many Hymenoptera, reproductive 
development may be mediated by inhibitory stimuli pro¬ 
duced by current adult reproductives, though the mecha¬ 
nism of this inhibition is still unclear. 

The production of secondary reproductives in estab¬ 
lished termite colonies can vary widely between species. 
In species that lack a true worker caste, in which nonrepro- 
ductive tasks are performed only by immature individuals 
(pseudergates), secondary reproductives seem to derive 
from either older larvae or immature primary reproduc¬ 
tives. The switch of an individual to a secondary repro¬ 
ductive role may result from changes in developmental 
timing, which produces an incomplete primary reproduc¬ 
tive (i.e., wingless). In termite species with a true worker 
caste (that is, a caste of individuals that, even as adults, 
perform worker tasks), secondary reproductives can be 
derived from reproductively inactive primary reproduc¬ 
tive offspring, or by the subsequent development of larvae 
or workers into reproductive morphology. The control 
over the sexual maturation of these individuals appears 
to belong to the functioning reproductives present in 
the colony, but, again, the mechanisms are unknown. In 
some species, primary reproductives physically dominate 
potential secondary reproductives, changing their caste fate 
before maturation. In other cases, functioning reproduc¬ 
tives may inhibit sexual development via pheromone 
action on developing larvae, but there is no evidence to 
support this. Additionally, functional reproductives may 
also influence worker treatment of larvae, thus indirectly 
influencing caste determination. For example, workers of 
some species are known to remove extra secondary repro¬ 
ductives from the nest. 

Genetic Effects 

While there is extensive evidence for the environmental 
basis of caste determination across many taxa, findings 
in some taxonomic groups show that genetic factors can 
have significant effects on adult caste. Heritable variation 
in caste is seen in some ant, bee, and termite species. 

Perhaps the best known case is the genetic caste deter¬ 
mination seen in some Pogonomyrmex harvester ants. 


Research on Pogonomyrmex exhibiting genetic caste deter¬ 
mination revealed two distinct genetic lineages within 
individual colonies; queens are homozygous and belong 
to one of the two possible lineages, while workers are 
heterozygotes derived from cross-lineage mating. When 
the queen produces fertilized eggs, the lineage of the male 
whose sperm is used determines the caste of the newly- 
laid egg; one lineage of male results in queen develop¬ 
ment, while the other results in worker development. 
While the mechanism is still unclear, incompatibilities 
between the lineages that prevent queen production 
from heterozygous matings are proposed to exist. This 
system is particularly interesting because, for a queen to 
found a successful colony, she must mate with males from 
both lineages in order to produce both female castes. 

Another example of genetic differences between castes 
is seen in the little fire ant, Wasmannia auropunctata. In this 
species, workers are produced normally, from fertilized 
eggs; queens, however, are produced from thelytokous 
parthenogenesis in which meiotic cells are fused in 
order to parthenogenetically produce unfertilized diploid 
eggs. Thus, diploid eggs are produced solely from queen 
gametes. This life history strategy has caused an almost 
complete separation of queen and male gene pools. 

In some species of ants, such as Dinoponera australis , a 
true queen caste has been completely lost. Similarly, 
in the Cape bee, Apis mellifera capensis , colonies can repro¬ 
ductively operate in the absence of a queen. Without a 
queen present, some workers must reproduce. In many ant 
species with this trait, workers retain a spermotheca, and 
can thus successfully mate and reproduce normally. In the 
Cape bee, however, a reproductive worker produces males 
via unfertilized eggs and females via thelytokous partho- 
genesis, similarly to IV. auropunctata queens. 

In termites, genetic caste determination has been iden¬ 
tified in the species Reticulitermes speratus, a single sex-linked 
locus with two alleles produces sex-specific traits. These 
alleles play a key role in the caste fate of the offspring. 

The existence of the genetically influenced systems 
represents a puzzling evolutionary question. What is the 
benefit of reduced flexibility in caste production? The loss 
of totipotency results in a reduction in the ability of the 
colony to more fluidly adapt to quickly changing scenar¬ 
ios by changing/controlling caste ratios. For example, in 
the Pogonomyrmex genetic caste determination systems, 
queens are produced at proportions in line with predicted 
genotypic ratios independent of the age and colony size. 
In this scenario, colonies are unable to stop queen egg 
production, even at a very young colony age, when queen 
production is unnecessary and unwanted. While it has 
been shown that nascent colonies of Pogonomyrmex do not 
actually raise queen-lineage eggs to adulthood, the laying 
of these eggs at all still represents a potential waste of 
resources during a key time in the colony life cycle, and 
how this strategy is evolutionarily stable is puzzling. 
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Polymorphic Worker Castes 

Among the eusocial Hymenoptera, only ants, and to 
a lesser extent, bumble bees, produce workers with mor¬ 
phologically complex worker castes. While relatively few 
ant genera produce polymorphic workers, some of the most 
ecologically successful often produce highly polymorphic 
work forces (e.g., Pheidole and Camponotus). Species with a 
broad spectrum of worker morphs tend to have a very early 
developmental switch for queen-worker differentiation, 
providing a maximum developmental time frame for intra¬ 
worker caste differences to develop (Figure 3). 

The extreme variation seen between workers in ant 
species with a polymorphic worker caste has been explained 
by the reprogramming of the developmental pathways 
present in all eusocial Hymenoptera, specifically a revision 
of critical size and growth rules. While the framework is 
reprogrammed, development is still influenced by many of 
the same environmental stimuli that affect queen—worker 
differentiation, primarily larval nutrition. 

The critical size of a larva is simply the size threshold 
it must reach to begin the developmental pathway into 
the next largest morph. Variation in the critical size 
needed for this transition (due to variable reaction 
norms of larvae) can give rise to polymorphic worker 
castes with continuous variation. Additionally, more strictly 
controlled thresholds exist, which can result in the produc¬ 
tion of more discrete worker size classes. Growth rules 
correspond to the allocation of energy to the growth and 
development of different body structures, which results in 
differences in the growth rate and final size of body char¬ 
acters, producing allometries. Both critical size threshold 
and the patterning of growth rules can be influenced during 
sensitive windows during development, and thus produce 



Figure 3 Example of different castes developed from 
totipotent eggs of the harvester ant Pogonomyrmex badius. 

(a) Queen (unmated, with wings still attached); (b) minor worker; 
(c) major worker; (d) male. Photo courtesy of Adrian A. Smith. 


wide variations in worker morphology and size, even in 
colonies of highly related individuals. The location in 
developmental time where larvae actually make the switch 
to the larger caste-type is highly variable between species. 
Generally, the later the switch occurs during larval devel¬ 
opment, the more flexible the system; in species where the 
switch point occurs during the final instar, decisions about 
caste ratio can be made even at the figurative last minute of 
larval development (Figure 1). 

Many species of termites also produce a soldier caste 
in addition to normal workers. In several species, increased 
JH levels in circulating hemolymph promote expression 
of the presoldier or soldier phenotype. This increase 
seems to coincide with the initiation of molting, caused 
by peaking levels of ecdysteroid hormones. These changes 
have been proposed to promote mandibular development 
and a more robust cuticle; recent evidence has also shown 
that these hormonal changes during development induce 
shifts in gene expression patterns to produce the soldier 
phenotype. 

In addition to environmental factors like presence of 
predators or competitors and food availability, soldier 
production may also be limited by the same types of social 
influences that affect reproductive caste development. 
Soldiers, possibly through secretory products from the 
head, are able to use pheromones to inhibit the differen¬ 
tiation of developing larvae into new soldiers. In addition, 
there is some evidence that functioning reproductives are 
able to stimulate soldier production. The ability of the 
colony to regulate soldier number in these ways is most 
likely an adaptation to regulate caste ratio to maximize 
colony efficiency. 


Conclusion 

As noted, one of the defining features of social insect 
biology is the variation in caste between highly related, 
if not effectively identical, individuals within a colony. 
Undoubtedly, the determination of caste during develop¬ 
ment is affected by many factors, both within and between 
taxonomic groups. However, research into this field has 
led to many advances in our understanding of the various 
roles played by nutrition, hormones, climate, social orga¬ 
nization, and genetics. While many questions remain 
unanswered as to the complexities underlying caste deter¬ 
mination in insects, new tools in these fields of research 
continue to emerge and should prove invaluable in 
providing future information about the underlying factors 
influencing caste. 

See also: Pheidole : Sociobiology of a Highly Diverse 
Genus; Termites: Social Evolution. 
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Introduction 

Eusocial insects dominate many ecosystems. Key to their 
success is the specialization of colony members into royal 
and worker castes. Royals are specialist reproducers, while 
workers are typically sterile or subfertile. The question of 
what determines whether a young social insect will 
become a royal or a worker has interested biologists for 
over a century. In the early to mid-twentieth century, 
there was disagreement on the relative importance of 
genotype in caste determination. Some proposed that 
each social insect larva had an equal capacity to develop 
into either the royal or worker caste, and that environ¬ 
mental factors alone decided their developmental fate. 
Others believed that an individual’s genotype predisposed 
it to developing into a particular caste. Early experimental 
evidence supported the first hypothesis. A classic example 
of ‘environmental caste determination’ (ECD) was the 
development of honeybee larvae into queens when fed 
relatively high amounts of royal jelly, and into workers 
when fed a diet with low amounts of royal jelly. A variety 
of studies on caste determination in ants and termites also 
demonstrated the importance of environmental factors. 

These results were in agreement with theoretical pre¬ 
dictions that caste determination should be environmen¬ 
tally, rather than genetically, determined. Any allele or 
gene predisposing an individual to become a worker 
would be expected to be lost from the population, because 
of the sterile or subfertile nature of its bearer. Although a 
few early examples of‘genetically influenced caste deter¬ 
mination’ (GCD) were reported, by the end of the twen¬ 
tieth century it was widely believed that ECD was the rule 
in social insects. 

Since the turn of the millennium, there has been a 
sharp increase in the number of demonstrations of GCD. 
Genotype has been shown to have a strong influence not 
only on the worker versus royal dichotomy, but also on the 
development of different forms of workers (e.g., large 
workers, small workers, and soldiers). This article presents 
an overview of the various examples of GCD, focusing on 
the royal versus worker dichotomy, and discusses the 
factors that may have led to their evolution. The term 
‘royal’ is used only in reference to the winged, dispersing 
caste that initiates new colonies either alone, with a sexual 
partner, or with a swarm of workers. In some ant and 


termite species, a subset of individuals that are morpho¬ 
logically similar to workers (e.g., wingless) may become 
reproductive; these are termed ‘ergatogynes’ or ‘ergatoids’ 
respectively. 

GCD, as defined here, includes a spectrum of caste 
determination mechanisms, ranging from cases where 
genotype has a slight, but significant influence on caste, 
through to cases where an individual’s caste is essentially 
hard-wired on the basis of its genotype. Environmental 
stimuli thus play an important role in many, if not most, 
cases of GCD. In ECD, genotype has no significant effect 
on the probability of becoming one caste or the other. 

Empirical evidence for GCD has primarily come from 
two methods. The first method is comparison of an indi¬ 
vidual’s caste with its genetic profile - usually obtained 
using microsatellite markers. The advent and widespread 
use of this relatively straightforward method over the last 
two decades have enabled most of the examples of GCD 
to be discovered. A second method for detecting GCD is 
crossing of royals and ergatogynes/ergatoids and exami¬ 
nation of the caste of offspring. 

The examples presented here come primarily from the 
hymenopteran social insects ants and bees. As shown in 
Figure 1, these insects have a haplodiploid sex determi¬ 
nation system. Unfertilized eggs are haploid and become 
male, while fertilized eggs are diploid and become female. 
Queens may be monoandrous (mating with only one 
male) or polyandrous (mating with two or more males). 

Stingless Bees of the Genus Melipona 

The first evidence for a genetically based mechanism of 
caste determination came from the Meliponini: a tribe of 
primarily monoandrous, stingless bees from tropical 
regions. Several species have been domesticated for 
honey production. In the 1940s, Warwick Kerr noticed 
that in the genus Melipona , queens and workers are reared 
in identical cells, are fed identical food, weigh the same 
after emergence, and that queen pupae are scattered ran¬ 
domly through the brood comb. This suggested that caste 
determination in Melipona was not determined by differ¬ 
ential feeding or other environmental means. 

Kerr examined the brood of several Melipona marginata 
and M. quadrifasciata colonies and noticed that the ratio of 
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queens to workers in the brood was —1:3 and 1:7 respec¬ 
tively. He realized that these ratios could be explained by 
the segregation of two or three caste-determining genes, 
respectively. Kerr proposed that queens are heterozygous 
at all caste-determining loci, whereas workers are homo¬ 
zygous at one or more caste-determining loci as shown in 
Figure 2. Notice how all M. marginata queens are AaBb 
and will therefore produce four kinds of gametes at equal 
frequency from a simple Mendelian segregation: 1 AB: 1 
Ab: 1 aB: 1 ab. As with all other Hymenoptera, the Meli- 
ponini are haplo-diploid: the females are diploid, but the 
males are haploid and arise from unfertilized eggs. There¬ 
fore, males are produced by the doubly heterozygous 
M. marginata queens in this exact same genetic ratio. This 
means that there are four kinds of males in the population. 
For each of the four kinds of males, 1/4 of their diploid 
female offspring will be queens because they can only 
mate with doubly heterozygous queens (Figure 2). Simi¬ 
larly, for M. quadrifasciata , and six other species, 1/8 of 
female progeny will be queens. Thus, the proportion of 
potential queens in the population is kept constant 
because of genic balance at the caste-determining loci. 
The proportions of each allele are kept equal in the 
population: any rare allele is at a strong selective advan¬ 
tage because it is likely to be found in heterozygotes and 
thus passed on by queens, while any common allele is at a 


disadvantage as it is more likely to be present in homozy¬ 
gous workers and thus not passed on. 

What happens to all the extra queens? Melipona colo¬ 
nies are founded by swarms that contain large numbers of 
workers (as opposed to independent colony founding by 
queens) and there is only one single-mated queen per 
colony. Thus, even with the three-locus system, where 
‘only’ 1 /8 of female brood becomes a queen, an excess of 
queens is produced. Queens emerge continuously, and 
whenever there is a laying queen in the colony, they are 
killed by the workers. Nonetheless, Melipona colonies have 
at least some capacity to reduce the number of queens 
produced when they are not required, for the number of 
queens produced declines in unfavorable seasons when 
food resources are scarce. Thus, there is a strong environ¬ 
mental component to the caste determination mechanism. 

Melipona workers have five ventral nerve ganglia, 
whereas most queens have four, presumably because the 
two distal ganglia become fused at the pupal stage. 
Intriguingly, a small proportion of workers show the 
four ganglia typical of queens, and these were interpreted 
by Kerr as being genetic queens that had failed to develop 
phenotypically because of inadequate nutrition. The 
quantity of food provided to the brood cells by nurse 
workers seems to be the determinant of whether a genetic 
queen can develop the fall queen phenotype. 
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Melipona is the only genus of social bees that has equal¬ 
sized cells for workers and queens, and the only bees 
for which GCD has been proposed. Perhaps the reduced 
ability of workers to influence the caste of larvae devel¬ 
oping in sealed cells is the reason why the GCD mecha¬ 
nism has evolved in these bees. It should be noted that 
Kerr’s model has been questioned by some researchers, 
who suggest that a more complex model may be required. 

The Slave-Making Ant Harpagoxenus 
sublaevis 

In the slave-making ant Harpagoxenus sublaevis, colony 
initiation involves a queen finding a host colony, killing 
off all adults, and capturing the brood. Newly hatched 
workers then tend the eggs that she has laid. The queens’ 
workers are able to raid other colonies for new slave 
brood. 

Two forms of reproductives are known in H. sublaevis-. 
winged queens, which are relatively rare within popula¬ 
tions and wingless ‘ergatogynes,’ the most common 
form. Workers are morphologically very similar to ergato¬ 
gynes, though slightly smaller and anatomically less com¬ 
plex. Following a series of crosses, Alfred Buschinger and 
coworkers proposed that the wing polymorphism is under 
the control of a single locus with two alleles: e and 
E. Queens are always e/e, while ergatogynes are either 
E/e or E/E. Workers can be of any genotype; however, 
e/e females have a significantly higher chance of becoming 
queens than E/e individuals have of becoming ergatogynes. 
E/E individuals have the lowest chances of becoming 
reproductives (i.e., ergatogynes). Thus, E is a dominant 
allele for winglessness and appears to slow development. 
Genotype thus determines whether a larva will become 
winged or wingless and whether it can become a queen. As 
for the case of Melipona stingless bees, environmental fac¬ 
tors still play an important role in mediating phenotype 
(i.e., worker or reproductive). However, unlike Melipona, 
the alleles in the population are not balanced, and thus 
different caste ratios occur depending on the different 
types of crosses. 

It has been speculated that the primitive condition of 
caste determination in the ancestors of H. sublaevis was 
environmental (i.e., fixation of an ‘e’-like allele in popula¬ 
tions). Mutation of e to E then occurred at some stage 
during the transition from the free-living, cl austral 
colony-founding form to the parasitic, slave-making form. 
H. sublaevis initiates colonies via parasitism, whereby the 
founding queen invades an established colony of a related 
species. Selection may, therefore, have favored mating by 
individuals without wings, because of energetic benefits. 

The GCD mechanism found in H. sublaevis has also 
been found in the ants Leptothorax sp. and Myrmecina 
graminicola, both of which are nonparasitic. The evolution 


of the equivalent version of the E allele in these cases may 
have been favored by the presence of patchy habitats, 
which favor colony foundation in close, rather than dis¬ 
tant, sites and therefore do not require founding females 
to have wings. It remains to be seen whether a GCD 
mechanism underlies other cases of the queen/ergato- 
gyne dichotomy, which is fairly common in ants. 

Harvester Ants of the Genus 
Pogonomyrmex 

Two Pogonomyrmex species, P barbatus and P. rugosus, exist 
sympatrically in southwestern North America. Previous 
hybridization events between these two ‘parental’ species 
have resulted in three ‘lineages’ (HI, H2, and Jl) with 
chimaeric genomes. There is little or no gene flow 
between lineages (or between lineages and the parental 
species). The three lineages, along with a fourth lineage 
(J2, which is either a divergent lineage of P. barbatus, or 
another hybrid lineage), have developed a GCD mecha¬ 
nism that differs greatly from the mechanism present in 
the parental species P barbatus and P. rugosus. GCD in 
these lineages was discovered via microsatellite, allozyme, 
and mitochondrial genotyping studies. 

Like the parental P. barbatus and P. rugosus, members 
of all four lineages are polyandrous. When a female 
and male of the HI lineage mate, their offspring are 
able to develop only into queens (Figure 3). However, 
when an HI female mates with an H2 male, their 
offspring develop into workers. Thus, an HI female 
must mate with males of both HI and H2 in order to 
produce both workers and queens. Similarly, matings 



Male Queen Worker 

Figure 3 Colony reproduction in Pogonomyrmex lineages. 

The only way that a harvester ant queen (HI) can produce a fully 
viable colony with both workers and queens is by mating with 
males of both HI and H2 lineages. Because she can only 
produce HI males, she is reliant on male production by H2 
queens for her worker production. 
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between H2 males and females result in queens, while 
female H2/male HI matings result in workers. The 
same system is found in J1/J2 lineages. Each lineage 
effectively parasitizes the males of the other lineage to 
make workers and are therefore known as ‘dependent 
lineages.’ Matings between the H and J lineages and 
between the H, J, and parental lineages lead to inviable 
offspring. 

It has been speculated that this GCD mechanism 
evolved as a result of queen-daughter conflict. To maxi¬ 
mize their inclusive fitness, daughters are selected to 
avoid becoming workers and to enhance their chance of 
becoming queens. On the other hand, queens are selected 
to coerce their daughters into becoming workers rather 
than queens, thus enabling their young colonies to 
develop more rapidly. Indeed, in parental P. rugosus as 
well as dependent lineages, a maternal effect in incipient 
colony queens results only in workers being produced; 
overwintering is necessary before the queen caste can 
develop. The H and J lineages may represent cases in 
which the queen is no longer able to stop members of 
her own lineage from developing into queens. However, 
she is still able to influence hybrid offspring of the other 
lineage into becoming workers. An outcome of this is that 
intralineage offspring, which are able to become only 
queens, either die or do not develop properly during 
colony foundation. 

The caste determination system of one of the parent 
species, P rugosus, has recently been shown to be under 
genetic influence; however, it is very different from that 
present in the dependent lineages. In P. rugosus, the prob¬ 
ability of becoming one caste or the other depends on the 
compatibility between the parental genomes. Thus, the 
offspring of a female who has mated with several different 
males have significantly different probabilities of becom¬ 
ing a queen. However, if the same males mate with a 
different female, these probabilities change. It is the com¬ 
bination of the two genomes that influences caste. Envi¬ 
ronmental factors play a much larger role in this system 
than in the dependent lineages: caste totipotency is 
retained in the former, but has been lost in the latter 
(at least in the case of intralineage matings). 

A somewhat similar system to that found in the Pogo- 
nomyrmex dependent lineages has been discovered in a 
hybrid system involving the fire ants Solenopsis geminata 
and S. xyloni. Workers were hybrids of these two species, 
while almost all the queens were of pure S. xyloni ancestry. 
S. xyloni females have become developmentally con¬ 
strained to become queens and are unable to become 
workers, even if there are no hybrid workers in the colony. 
On the other hand, hybrids can still become queens, but 
this happens only rarely, in the absence of pure S. xyloni 
offspring. In contrast to the Pogonomyrmex lineages, recip¬ 
rocal hybridization is rare or does not occur: offspring 
of S. geminata queens are invariably fathered by other 


S. geminata males, rather than S. xyloni males. Another 
difference is that Solenopsis colonies contain multiple, 
singly mated queens, rather than single, multiply mated 
queens. To produce both workers and queens, a colony 
must therefore contain both heterospecifically and con- 
specifically mated queens. This sets the stage for conflict 
between queens, since heterospecifically mated queens 
can gain direct fitness only via males. 

The Japanese Termite Reticulitermes 
speratus 

The majority (~80%) of termite species have an irrevers¬ 
ibly wingless worker caste; larvae can follow one of two 
main developmental lines: the ‘nymph’ line (leading to 
alates) or the worker line (Figure 4). Since termites are 
hemimetabolous, two forms of immature ‘neotenic’ repro- 
ductives (one from each developmental line) can arise 
under certain conditions (e.g., in the absence of the 
queen or king). Laboratory crossing experiments of neo¬ 
tenic reproductives from the Japanese wood-feeding spe¬ 
cies Reticulitermes speratus, collected in Eastern Japan 
(Ibaraki), have shown an influence of genotype on caste 
determination in this species. Following four different 
crosses of nymphoids and ergatoids, eggs from each 
cross were reared under identical conditions (in the 
absence of the king and queen), and the caste and sex of 
offspring were examined. The same experiments were 
performed on offspring from parthenogenetic nymphoids 
and ergatoids. Parthenogenesis occurs via thelytokous 
automixis, resulting in highly homozygous offspring. 

The four neotenic crosses and two parthenogenetic 
treatments resulted in very different offspring types; this 
was neatly explained by the presence of an X-linked locus 
named worker ( wk ) with two alleles A and B (Figure 5; 
unlike ants and bees, termites are diplo-diploid, and usu¬ 
ally have an XY sex-determination system). 

In the model, females inheriting two copies of A 
(i.e., wk AA ) become nymphs (i.e., future queens), while 
those inheriting one copy of A and B (wk AB ) become 
workers. Males inheriting a single copy of A (wk A Y) 
become workers, while those inheriting a single copy of 
B ( wk B Y ) become nymphs (i.e., future kings). The geno¬ 
type wk BB is lethal. Environmental factors still play an 
important role in the GCD mechanism. When reproduc¬ 
tives are present during development, individuals with a 
worker genotype remain workers; however, 25% of 
females with a nymph genotype are modified into workers 
(male nymph genotypes have not been tested). Environ¬ 
mental stimuli, most likely pheromones, also control the 
development of nymphoids, ergatoids, and soldiers from 
their precursor castes. 

The selective advantage of the GCD system may be 
enhanced inhibition of selfish reproduction by offspring. 
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As shown in Figure 5, offspring produced in developing 
king—queen R. speratus colonies have a genetic bias toward 
the worker, rather than the nymph, pathway. Workers have 
a relatively low propensity to develop into ‘selfish’ neo- 
tenics, requiring two molts and ^30 days, compared with 
one molt and ^12 days for nymphs. The evolution of 
genetically biased workers with a reduced capacity to 
become reproductive may have facilitated increased for¬ 
aging behavior, permitting increased colony size and 
ecological dominance. 


The predictions of the model in Figure 5 have yet to 
be examined in field colonies from Ibaraki; a subsequent 
study of colonies in Central Japan (Kyoto), which 
employed microsatellite genotyping of colony members, 
showed that the model does not hold for colonies of this 
population. These colonies were almost always headed by 
a single king and numerous nymphoid neotenics, the 
latter of which parthenogenetically produced by the 
founding queen. No ergatoids were found, and both work¬ 
ers and nymphs in these colonies were shown to have 
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Miyata FI, and Kitade O (2007) Sex-linked genetic influence on caste determination in a termite. Science 318: 985-987, with permission 
from the American Association for the Advancement of Science. 
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alleles from both the king and the nymphoid queens. 
These results are not congruent with the predictions of 
the model shown in Figure 5, since inbreeding is not 
required to produce nymphs. The breeding biology of 
R. speratus in different parts of Japan is known to be 
variable. Colonies from some areas have been shown to 
contain ergatoid reproductives, which differs from the 
situation in populations from Kyoto. The caste determi¬ 
nation systems Kyoto and Ibaraki may, therefore, have 
somewhat different caste determination mechanisms. 
Alternatively, the system proposed in Figure 5 may be 
strongly overridden under field conditions. 

The Fungus-Growing Ant Acromyrmex 
echinatior 

The leaf-cutting and fungus-growing species Acromyrmex 
echinatior is found between Mexico and Panama. Queens 
of A. echinatior mate with multiple males, and, as a result, 
their offspring (queens or workers) consist of a number of 
full-sister lineages (patrilines; Figure 1). Ants of different 
patrilines are half-sisters. Two different-sized workers 
exist: small (SW), which specialize in tending the fungus 
garden, and large (LW), which forage outside the nest for 
plant material to feed the fungus with. It has been shown 
that one fifth of patrilines cheat on their nestmates by 
having a much higher chance of becoming a queen than 
a worker. These royal patrilines are shown to be rare 
both within individual colonies and in the population as 
a whole. 

‘Normal’ patrilines are represented roughly equally 
among small and large workers and queens, whereas 
‘royal’ patrilines show a bias toward queens and a bias 
toward either large workers (royal-LW patrilines) or small 
workers (royal-SW patrilines). As larvae destined to 
become LW also need to be fed more, the slightly higher 
than expected contribution of royal-LW patrilines toward 
queens is most likely a result of some larvae of these 
patrilines being fed extra to allow them to become queens. 
These patrilines are equally abundant as ‘normal’ patri¬ 
lines within colonies. The real cheats are the royal-SW 
patrilines, which hardly contribute to the production of 
workers, and, if they do, produce mostly SW. Hence, 
feeding does not explain the bias toward queens in 
royal-SW patrilines. Cues that lead a larva to develop 
into one caste or another may be more complex than 
feeding alone. Royal-SW patrilines were shown to have 
an increased fitness of almost 500% relative to normal 
patrilines, whereas the fitness of royal-LW was not much 
higher than that of normal patrilines. 

Despite the enormous increase in fitness, royal-SW 
patrilines are rare, as evolutionary theory would predict 
for real cheats. Most likely, the frequency of cheating 
genotypes is constrained by colony-level selection: colonies 


that contain too many royal cheats suffer a reduction in 
reproductive output. In addition, the direct feeding of ant 
larvae by workers gives nurse workers some control over 
the caste fate of larvae by evolving the capacity to recog¬ 
nize potential cheats (although such recognition has not 
yet been demonstrated; the rarer the cheats are, the more 
error-prone such recognition will be). 

The Parthenogenetic Ants Cataglyphis 
cursor , Wasmarmia auropunctata , 
and Vollenhovia emeryi 

The ants Cataglyphis cursor, Wasmannia auropunctata , and 
Vollenhovia emeryi each have an unusual breeding system, 
whereby queens are produced parthenogenetically and 
workers are produced by sexual reproduction (queens 
are multiply mated in each case). In the case of C. cursor, 
and probably V emeryi, automictic parthenogenesis occurs, 
leading to increased homozygosity of offspring, but not 
clonally produced offspring. In W. auropunctata, no meiosis 
occurs, resulting in clonally produced queens. Addition¬ 
ally, in W. auropunctata and V emeryi, males (haploid) are 
clonally produced, apparently via elimination of the 
maternal genome in eggs. In all three cases, parthenogen¬ 
esis allows queens to take advantage of the twofold 
increase of asexual production when producing further 
queens, while sexual production of workers provides the 
benefits of a genetically diverse worker population. 

Although the genotypes of workers and queens in these 
species are clearly differentiated by high versus low het¬ 
erozygosity, they do not necessarily have GCD, as defined 
here. In C. cursor. ; the caste determination system appears 
to be environmental. Studies of larval development in 
laboratory colonies indicate that both parthenogenetically 
and sexually produced eggs are not biased toward one 
caste or the other. Rather, it is the physiological state of 
nurse workers that determines the caste of larvae. In the 
field, queens lay parthenogenetic eggs in the spring, which 
then become queens. At other times, eggs are fertilized 
and develop into workers. Thus, cold temperatures are 
important in the switch of development of larvae from 
workers into queens. 

The HoneyBee Apis mellifera 

In large measure, the honeybee (Apis mellifera) was respon¬ 
sible for the development of the paradigm that caste 
determination is environmentally determined - indeed 
the queen bee production industry depends on ECD for 
the conversion of worker larvae into queens for sale. 
But even in the honeybee, it now appears that not all 
female larvae are created equal. When a queen honeybee 
dies, the workers select 5-20 female larvae (out of the 
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several thousand that are available) and lavishly feed them 
so that they develop into queens. All the rest develop into 
workers. This seems strong evidence for ECD, but recent 
pedigree analyses using genetic markers show that some 
patrilines are strongly over represented in the queen 
larvae. Some scientists now believe that there are genetic 
determinants that make these larvae more attractive for 
rearing as queens. So even in honeybees, there may be a 
bit of GCD after all. 

Conclusions 

Evolutionary theory predicts that all individuals will 
behave selfishly, provided the cost of expressing such 
behavior (e.g., colony level costs) does not outweigh the 
benefits in terms of inclusive fitness. Hence, when female 
brood are totipotent, every individual ‘prefers’ to develop 
into a queen and prefers that her sisters develop into 
workers. This is so because an individual’s relatedness 
to its own offspring is higher than its relatedness to those 
of sisters. Because the expression of selfish behavior by a 
large number of individuals will result in a reduction 
in inclusive fitness of most individuals, the outcome of 
selection at multiple levels (individual- and colony-level) 
will be the suppression of selfish behavior to a sustainable, 
low level. 

How can the expression of selfish behavior be sup¬ 
pressed? In the case of Hymenopteran social insects, it is 
generally argued that adult workers hold the greatest 
overall power for several reasons. Because workers are 
mobile and numerous, they have access to more and better 
information than larvae. This is especially important 
when timing of queen production plays a role. Workers 
are the main brood-rearers and therefore have more 
opportunities to manipulate developing females by 
controlling larval nutrition and rearing temperature. For 
example, such manipulation prevents female larvae of the 
ant Hypoponera from cannibalizing other larvae and devel¬ 
oping as queens (this is possible as size differences 
between queens and workers are small), since workers 
actively keep brood of different sizes separated to reduce 
such cannibalism. Being physically stronger gives workers 
the ability to kill noncompliant female brood. In Myrmica 
ants, workers not only feed larvae a spartan diet but also 
physically harass the larvae by biting them so that they 


metamorphose and develop into workers. Manipulation 
by workers also occurs in termites, although it is not 
known how frequently. In the termite Pterotermes occidentis .; 
immature individuals are prevented from metamorphos¬ 
ing into alate reproductives by other colony members, 
which bite and destroy their wing buds. Lastly, workers 
act as a collective, sharing an interest as they are equally 
related to female brood or, if within-colony relatedness 
varies, are assumed to be incapable of discriminating 
among different classes of kin. Being united into a ‘com¬ 
munity of interest’ is likely to tip the balance of power 
further toward the workers. 

GCD may have evolved as a means of curtailing selfish 
behavior by totipotent female brood, in cases where 
the collective workers are less able to directly influence 
the caste fate of female brood. This may be relevant to the 
cases of Melipona , Pogonomyrmex , and Reticulitermes , but not 
to Harpagoxenus laevis and other ants with a similar caste 
determination mechanism. The understanding of the 
molecular genetic basis of the cases of GCD described 
here may provide additional clues as to the selective 
forces governing its evolution. 

See also: Caste Determination in Arthropods; Coopera¬ 
tion and Sociality; Kin Selection and Relatedness; Social 
Insects: Behavioral Genetics. 
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Introduction 

The human mind thinks about its world in a limitless and 
often unexpected way. This process is anything but effort¬ 
less or immediate, and frequently goes wrong. Language 
and - more generally — the ability to form symbolic 
representations enables us to split and lump objects and 
events together in countless numbers of ways. This ability, 
most commonly called categorization, has thus been viewed 
as the groundwork of cognition, as a process by which the 
brain assigns meaning to objects or events by treating 
them as equivalents. However, while language depends 
on categorization, categorization does not depend on lan¬ 
guage. Therefore, non-human animals are adequate mod¬ 
els to investigate the ‘middle’ range of categorization 
mechanisms — lying between perceptual discrimination 
of elementary stimuli and the linguistic manipulation of 
classes of objects, events, or ideas by using symbolic 
representations and by attaching to them verbal names. 
It can be viewed as the ability to treat similar but non¬ 
identical things as somehow equivalent, by sorting them 
into their proper categories and by reacting to them in the 
same manner. 

In general, it is useful to distinguish between categori¬ 
zation and recognition. Categorization (or classification) 
refers to the perception of an object as belonging to a 
general class, while individual recognition is the identifi¬ 
cation of different images as depicting the same object, 
such as a specific face, despite changes in the viewing 
conditions. The brain of many animals solves both cogni¬ 
tive tasks in a natural, effortless manner and with an 
efficiency that is difficult to reproduce in computational 
models and artificial systems. How is this accomplished? 
What brain mechanisms have been evolved in the service 
of these tasks? Cognitive psychologists, ethologists, and 
neurobiologists have investigated these questions for dec¬ 
ades and have converged on the common understanding 
that many different mechanisms have evolved to make 
categorization an adaptive cognitive trait. At least three 
different levels have been identified at which the individ¬ 
ual groups objects or events: the perceptual, the associative, 
and the conceptual level. Most recently, neuroscientists 
have disentangled some neuronal processes underlying 
object recognition and categorization, by identifying the 
neuronal pathways and time courses of the processing and 
coding of category-relevant information. 


Function 

Considering, on the one hand, the vast amount of infor¬ 
mation arriving at the perceptual systems of mobile 
organisms and, on the other hand, the few behavioral 
output patterns possible in non-human animals, categori¬ 
zation may thus be conceptualized as an adequate solution 
to this ‘informational bottleneck.’ The drastic information 
reduction is a fundamental principle of cognitive economics 
and therefore widely dispersed among species. The evolu¬ 
tionary pressures to minimize processing requirements in 
small information-processing systems such as non-human 
animals are self-evident. Nevertheless, the specific solutions 
found by a wide range of species to compress the amount of 
retained information vary at different levels, from the purely 
perceptual (selective attention) to the level of learning or 
representation and finally, to the level of reasoning. 

A good starting point is to consider an animal’s stimu¬ 
lus problem in nature. In order to behave appropriately, 
an animal needs a description of the stimuli in any envi¬ 
ronment that results in little variation of the predictors 
of significant consequences of behavior. Somehow the 
animal must select particular aspects of experience to 
use as a basis for judgments on lumping and splitting. 

balance must then be struck between the two kinds of 
processes. Different occasions may thus dictate different 
descriptions and different dimensions of invariance. Thus, 
categories are neither purely perceptual nor merely func¬ 
tional, but both. Categorization problems are jointly deter¬ 
mined by physical variation in stimuli and the consequences 
of behavior. The evidence suggests that natural selection has 
equipped animals with considerable adaptations for dealing 
with the categorization problem in this sense. 

Whether grouping is difficult or easy depends on at 
least three factors: (1) the relations among the objects, 
(2) the consequences of actions in their presence, and (3) 
the perceptual capabilities of the individual. Generally, 
the more variable an object class is, the more difficult the 
grouping is. Furthermore, the contingencies may be con¬ 
ditional, depending not on any particular object, but for 
example, on conjunctions and disjunctions of particular 
configurations (spatial or temporal) of objects. Therefore, 
researchers are now studying not only object recognition, 
as it has been done in the lab for a long time by presenting 
very impoverished stimuli, but also scenes, which are 
composed of many objects. 
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Sources of Natural Variation 

Conceptually, it is helpful to distinguish between recog¬ 
nition (object constancy) and categorization. When is it 
justifiable to speak about natural categories rather than 
variations in the appearance of objects? Unsurprisingly, 
the distinction between natural categories and natural 
objects is a matter of degree rather than of kind. Natural 
objects are likely varying as the result of (1) the different 
physical conditions under which they are perceived, 
(2) the physical changes occurring to the object over 
time, or (3) their generative history, which is determined 
by more general sets of information. 

Natural object classes - in the great majority - comprise 
of organisms or their products. These vary considerably, but 
not in a purely random manner. Biological diversity is varia¬ 
tion of life at all levels of biological organization, a product 
of genetic variability among the populations and the indivi¬ 
duals of the same species. The most important sources 
of biological variation are mutation, recombination, noise 
in pattern formation, and genetic drift. Developmental and 
functional constraints have restricted and channeled natu¬ 
ral variation, thereby producing hierarchically organized 
(‘nested’) fields of similarities. These divergent lines of vari¬ 
ation offer opportunities for lumping and splitting (‘carving 
nature at its joints’) to both animals and taxonomists alike. 

The Structure of Natural Classes 

Prototypical natural classes are open-ended, variable, and 
polymorphous. As such, the borders between classes are 
not fixed but vary, as they depend on the dynamic inter¬ 
action between an organism and its environment. From 
the perceiver’s point of view, the same object may deserve 
several responses in different contexts or times. This is 
especially true if the stimuli are themselves reactive, like 
other animals. For example, the same group mate may be a 
friend or foe when encountered on different occasions. 
Furthermore, the functional meaning of a stimulus is sel¬ 
dom determined by the mere presence or absence of one or 
few of its features, but on more complex concatenations of 
stimulus descriptors. The vast majority of natural classes are 
polymorphous. This means that no single isolated feature is 
necessary or wholly sufficient, but each contributes to some 
degree to determining class membership. Of course, we can 
list the so-called diagnostic features belonging to a certain 
category, but it is seldom possible to identify one single 
(‘essential’) property that reliably distinguishes that cate¬ 
gory from all others. Instead, each feature correlates - not 
necessarily perfectly, but to some extent - with category 
membership and determines the latter only in combination 
with other features typical of the respective category. 

Given the evolutionary history of the most impor¬ 
tant stimulus classes for certain species, it is conceivable 
that perceptual and behavioral contingencies became 


conjointly correlated with environmental dimensions of 
variance. By virtue of natural selection, visual classes 
and natural categories were rendered coextensive. An 
illustrative example of this kind of co-evolution is the 
human face. It provides information about the age, sex, 
emotion, race, and cognitive states of the individual. The 
human-encoding system contains evolved and acquired 
(‘expertise’) components to interpret these kinds of infor¬ 
mation quickly and accurately. Because the fit between 
perceiver and signaler is never complete, it needs to be 
adjusted (‘tuned’) during lifetime. The accomplishment 
of this modification depends on learning and memory. 
Animals are equipped with several neuronal mechanisms 
to learn about and to store the relevant information in 
order to solve the categorization problem. Humans’ abil¬ 
ities in this respect are not unique, nor did they arise de 
novo; rather, they may have clear non-linguistic parallels 
and origins in other (non-human) animals. 

Categorization Mechanisms 

Animals may represent (encode) classes of stimuli in 
(at least) six rather distinct ways: (1) pictorially (imagin¬ 
ably) as arrays of features or elements defined in their own 
absolute values, thus being a matter of assessing similarity; 
(2) associatively as collections of objects or events signaling 
the same consequence or follow-up event; (3) functionally 
as collections of items with the same inherent function; 
(4) abstractly as relations between two or more objects 
or events; (5) analogically as relationship between two or 
more other relationships; and (6) symbolically as relations 
to other classes. 

Perceptual Classes 

In fact, there are various ways in which an animal may 
generate image representations to solve a categorization 
task. First, the ability to categorize may depend on remem¬ 
bering each instance as well as the category to which it 
belongs, as purported by exemplar models. Second, as 
claimed by feature models, categorization may be based 
on the learned attention to diagnostic features, that is, 
a necessary set of defining features that characterize 
members of the same category. Discrimination and gen¬ 
eralization are the primary candidates for the underlying 
mechanisms. Finally, according to prototype models, cat¬ 
egorization may be accomplished by the generation of a 
summary representation of a category that corresponds to 
the average, or central tendency, of all the exemplars that 
have been experienced. 

Exemplar theory 

According to the exemplar theory, intact stimuli are 
stored in memory and classification of a novel stimulus 
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is determined by the degree of its similarity to stored 
exemplars. This means that the item or idiosyncratic 
information is used for classification decisions and the 
individual exemplars have to maintain their memorial 
integrity More sophisticated versions acknowledge the 
importance of single stimulus aspects that can be weighted 
differently and assume that classification is based on 
retrieving only a subset of the stored exemplars, presum¬ 
ably the most similar ones. Moreover, some exemplar mod¬ 
els predict sensitivity to context, category size, exemplar 
variability, and correlated features. Nevertheless, the criti¬ 
cal assumption of even those more liberal models is that 
stored exemplars play the dominant role in categorization. 

Learning about perceptual classes in nature by recog¬ 
nizing a huge amount of instances may sound like an 
impossible feat, but some animals have quite striking capa¬ 
cities to retain long-term picture-response associations. 
For instance, Clark’s Nutcrackers (Nucifraga columbiana) 
cache pine seeds in up to 6000 locations during the 
autumn and retrieve up to 90% of them months later 
with a high degree of accuracy. They use visual landmarks 
and a spatial memory system, which is robust and of long 
duration, to recover their caches. Some have argued that 
such impressive memory capacities are exhibited only by 
some specialists and is restricted to the specific domain 
for which it has been selected (e.g., food-caching). Recent 
comparative research with baboons (Papio papio) and 
pigeons, however, revealed very large capacities in nonstor¬ 
ing species to learn and remember visual images. Pigeons 
can memorize about 1000 arbitrary picture-response asso¬ 
ciations before reaching the limit of their performance, and 
baboons had not reached their limit with 5000 pictures 
after more than 3 years of testing. If extrapolated from the 
retention curves, baboons may be able to remember up to 
14000 pictures and their consequence. In both species, and 
possibly in many more, their capacity represents a rich 
library of information and experience to draw on during 
their daily activities. 

Despite such huge capacities of item memorization, 
animals may use feature rules under different conditions. 
Actually, it seems as if the brain would be able to store two 
types of information simultaneously, item- and category- 
specific, and uses predominantly the type that is func¬ 
tional in a given task. The first type of information is 
needed to discriminate between instances of the same 
class, the second to discriminate between instances of dif¬ 
ferent classes. For instance, pigeons, it has been shown, are 
able to tell male human faces apart using item-specific 
information, but when required to discriminate between 
male and female faces, they use the sex-specific categorical 
information to solve the task. 

Differential within-versus-between-class generaliza¬ 
tion is commonly considered a key feature of visual cate¬ 
gorization in animals. If no category-specific information 
is available as a kind of relational information about 


common properties of a category, then classification 
learning is restricted to learning about each individual 
stimulus separately and distinctly. If it were available, 
learning to use it would significantly facilitate classifica¬ 
tion, both in terms of acquisition and transfer to novel 
instances. The classic procedure to distinguish between 
rote learning and learning about category-specific fea¬ 
tures is the ‘pseudo-concept’ task, which involves the 
arbitrary assignment of category (e.g., ‘tree’) and noncate¬ 
gory exemplars (‘nontree’) to positive and negative rein¬ 
forcement, respectively. If, as was in fact shown in many 
cases, pseudo-concepts are much harder to learn than 
‘natural categories’ (e.g., tree vs. nontree), the latter was 
not learned by rote, thereby supporting the feature theory 
of categorization. 

Feature theory 

Proponents of feature models emphasize learning about 
features characteristic of the category. Acquisition of 
item-specific knowledge in categorization tasks is not 
denied, but is thought to be rendered nonfunctional and 
successively overshadowed by category-specific informa¬ 
tion during learning. In many experiments, the tested 
species have demonstrated some flexibility in both feature 
creation and selection. This means that in the course of 
categorization training diagnostic features are progres¬ 
sively extracted and continuously adapted to the current 
demands of categorization (‘feature learning’ and ‘acquired 
distinctiveness’). The classifying individual exhibits flexi¬ 
bility not only with respect to the feature rule, but also with 
respect to the features themselves. In contrast to static 
conceptions of similarity, features are considered dynamic 
(i.e., varying with the context and the task) and to be a 
product of the perceiver, rather than of the objects them¬ 
selves. As such the categorization process is a kind of 
perceptual carpentry, in which differential reinforcement 
selects from the available stimulus dimensions those that 
most accurately differentiate positive and negative instances 
and furthermore changes their saliency as a function of 
experience. 

Recent experiments have shown that animals are able 
to decode various features from different dimensions and 
levels of complexity. For instance, pigeons have proved 
able to discriminate several categories at the same time, to 
use global and local stimulus properties, and to recognize 
isolated stimulus components, but if necessary, to com¬ 
prehend the configuration of a stimulus: they may rely on 
‘simple’ physical dimensions (e.g., intensity or color) in 
one task, but respond to a polymorphous class rule (some 
‘higher’ feature) in another. With sufficient experience, 
pigeons may also become sensitive to spatial relationships 
among features. Altogether, it has become increasingly 
evident that the animals may form representations includ¬ 
ing complex feature rules rather than simple feature lists. 
Feature rules refer to some conjunctive, disjunctive, or 
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additive combinations of features. Polymorphous cate¬ 
gories seem to be represented best by an additive combi¬ 
nation of features plus a threshold criterion (e.g., the 
‘m-out-of-n’ rule). 

Whether individuals try to find the diagnostic features 
or memorize whole pictures depends on both the content 
of the category members and the structure of the cate¬ 
gories. Critical factors of the former are whether the 
diagnostic features vary independently and whether they 
are localized in contrast to a more configural, correlative 
compound of these. What matters for category structure is 
the size of the category, that is, how many instances are 
encountered, the similarity among members of the same 
class in relation to the (dis)similarity between classes, and 
the concatenation of class descriptors. If stimulus classes 
are composed like variations of a common theme, with 
the variations unlikely to follow along identifiable fea¬ 
ture dimensions, the categorization strategy employed by 
humans has been described in terms of the prototype 
theory. 

Prototype theory 

Prototypes are viewed as a kind of summary representa¬ 
tion of a category that corresponds to the average, or 
central tendency, of all of the exemplars that have been 
experienced. New exemplars can be classified on the basis 
of their similarities to this ‘best example.’ Intuitively, the 
prototype theory bears some validity, because if we are 
asked to imagine a category, usually the most typical 
instance of this category comes to our mind. In the labora¬ 
tory, the theory gains empirical support from the so-called 
prototype effect. It refers to the fact that the prototype, 
or exemplars that bear a close resemblance to it, are 
instantaneously classified, sometimes even more readily 
than those exemplars of the category that have already 
been experienced. 

Whether animals can form prototypes is not clear 
at the moment, and evidence in its favor is often over¬ 
shadowed by simpler accounts like, for instance, in terms 
of ‘peak shift.’ The best evidence to date for prototype 
formation comes from experiments in which polymor¬ 
phous stimulus classes have been composed of many 
stimuli that share a ‘point of departure’ or origin, but 
that cannot be separated in terms of simple feature rules. 

Associative and Functional Classes 

Many psychologists have been inclined to take feature or 
prototype learning as a sufficient criterion for saying that 
an animal has acquired a ‘concept.’ Others have restricted 
this assignment to cases that lack a perceptual basis for 
categorization. In the simplest case, the instances of a 
category share a common function. Such a common func¬ 
tion as signaling food can be purely arbitrary as in the 
pseudo-concept tasks, or inherent as it is for edible items. 


However, arbitrary classes lack two important properties 
of true functional (or equivalent) classes. Learning cannot 
be transferred to novel items and the members are not 
(i.e., independent of training) tied together a priori so that, 
if the reward contingency of one item changes, the con¬ 
tingency of the remaining ones is changing, too. 

Ties between items of a class can emerge through 
special kinds of training, the result called ‘acquired equiva¬ 
lence.’ As a consequence, a change in response tendencies 
to some members of the class generalizes spontane¬ 
ously to other members of the class, or the members of 
the class become interchangeable. Natural examples are 
‘food,’ ‘tool,’ or ‘enemy.’ If the members of a class are tied 
together by a common function, the class as such can be 
easily manipulated and related to other classes. This kind 
of mental manipulation was exactly what some theorists 
have seen as the essence of concepts, thereby proposing 
the possession of a unique mental structure that is active 
when and only when an instance of that concept is pre¬ 
sented. Of course, the concept would be more than the sum 
of its component features or component instances. For 
example, olive baboons were trained to discriminate only 
two pictures of objects, one food and one nonfood item. 
When subsequently tested, they immediately transferred 
this discrimination to many novel items of both classes. 
Even more impressive, chimpanzees learned first to cate¬ 
gorize real items in food and tools, and then rapidly trans¬ 
ferred their categorization to novel objects and later to 
pictures and arbitrary symbols (lexigrams) of the respec¬ 
tive categories. This demonstrates that the apes could 
easily switch between different instantiations of the func¬ 
tional classes (picture-object-symbol equivalence) rather 
than generalize from stored features or exemplars. 

Can other nonprimate animals also construct categories 
on the basis of their functional, rather than perceptual, 
properties? The answer is a qualified yes. For instance, 
pigeons can form functional equivalence classes via asso¬ 
ciations with a common response key, or a common delay, 
a common reinforcement history, or a common quantity of 
reinforcement. A particularly sophisticated method to test 
animals on the ability to form functional equivalence clas¬ 
ses is the many-to-one mapping procedure. For example, 
in an experiment with sea lions, two perceptually distinct 
stimuli (let’s say samples A and B) have been tied together 
via a third stimulus, comparison C, with which they were 
conditionally associated in separate trials. Their member¬ 
ship in a common equivalence class could be shown by an 
independent test following an intermediate training in 
which one of the two sample stimuli (say A) has become 
associated with a new comparison stimulus D. Evidence 
that something new has tied together samples A and 
B came from the test in which the sea lions spontaneously 
grouped sample B with comparison D. The nature of this 
so-called ‘emergent relation’ is a common representation 
of the two sample stimuli. 
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Relational Classes 

A farther question is whether animals themselves can find 
the binding relation among the members of a class, rather 
than learning it associatively. One of the most investigated 
and interesting relational concepts is ‘sameness,’ the abil¬ 
ity to figure out that the members of a class share the 
common property of identical components. Sophisticated 
training procedures are necessary to prevent the animal 
from learning the stimulus differences in absolute, rather 
than in relational, terms. For instance, pigeons found a 
perceptual clue to solve the task. When trained to peck at 
pictures containing an array of identical icons, and to 
withdraw from pictures with nonidentical icons, they 
used the entropy difference between these two picture 
sets as a discrimination cue. Remarkably, honeybees {Apis 
mellifera) have learned to discriminate visual images on the 
basis of sameness in a matching to sample task. After 
reaching criterion, they were tested with novel images 
and learned to choose the correct ones much faster. How¬ 
ever, only the spontaneous mastery of a test with radically 
novel stimuli, as for instance, stimuli perceived in other 
sensory modalities (sounds or smells), would determine 
whether the animals had acquired a true understanding of 
sameness as classificatory principle, uncontaminated by 
perceptual cues that covary with the abstract concept. 

A further, even more difficult stimulus relation is ‘tran¬ 
sitivity.’ It is an emergent relation among stimuli that are 
compared subsequently. If, for instance, A is bigger than 
B and B is bigger than C, an inference can be made that A is 
bigger than C. Here again, sophisticated experimental 
research has been required to control for purely associative 
accounts as alternative to a true inferential relationship. In 
nature, transitive inference may be part of a cognitive 
toolkit of social animals that are required to track and 
assess relationships among group members. As it seems 
unlikely that an individual in a large social group could 
ever observe interactions between all possible combina¬ 
tions of group members (in monkey groups of 80 animals, 
more than 3000 dyadic and more than 82 000 triadic com¬ 
binations), it would be advantageous to conclude that 
if A is dominant to B and B is dominant to C, then 
A would probably also dominate C, even if it has never 
seen A and C interacting. Earlier studies of social catego¬ 
rization in primates, involving mother—infant bond and 
dominance—subordination relation in vervet monkeys and 
macaques were indicative, but not conclusive in this respect. 
More recent studies with social corvids, however, have 
provided clear-cut evidence that non-human animals can 
infer the dominance status of group members by represent¬ 
ing somehow the transitive logic. 

Emergent relations may also explain the human com¬ 
petence to classify despite inconsistent or incomplete 
information. A straightforward way to deal with this prob¬ 
lem is to use inferential reasoning, the ability to associate 


a visible and an imagined event. ‘Inference by exclusion,’ 
sometimes called ‘fast mapping,’ is defined as the selection 
of the correct alternative by logically excluding other 
potential alternatives. Humans are known to learn by 
exclusion, which is particularly evident in vocabulary 
learning by children. The ability to map a newly heard 
word to an object that does not have a known lexical entry 
is already present at a very early age. In animals, the first 
step to determine whether an individual is able to draw 
such inferences usually consists in investigating whether it 
will choose an undefined (no associated category mem¬ 
bership) stimulus over a defined (already associated) one. 
The second step involves the choosing of the previously 
undefined, but then by exclusion defined, stimulus over a 
further undefined one. Only if the stability of the novel 
association in the presence of unfamiliar rather than 
familiar alternatives is shown, reasoning by exclusion 
can be inferred. Several studies with non-human species 
have suggested that at least some animals may also be able 
to solve inferences by exclusion. So far, only chimpanzees, 
sea lions, and domestic dogs have shown conclusive evi¬ 
dence for this. 

Analogical and Symbolic Representations 

The most advanced form of relational classes is based 
on the relations between relations, which are called 
analogies. One task that has been used for non-human, 
that is, non-linguistic animals, is analogical or relational 
matching-to-sample. The solution to this task requires the 
animal to attend to the higher-order relations between 
relations, because none of the items in the sample set is 
presented in either of the two choice sets. So, for instance, 
in relational identity matching, the sample consists of one 
out of many pictures containing a set of several identical 
icons (‘same’) and then the animal has to choose from two 
comparison pictures the one that also contains a set of 
several identical icons (identity relation). To date, only 
great apes and a gray parrot called Alex proved able to 
understand analogies, but only if having received explicit 
symbol training before. 

Summary 

Memorization, feature learning, and acquired equivalence 
based on a common history of association are sufficient to 
account for many instances of categorization. The under¬ 
lying perceptual and associative processes seem to be 
widely distributed across the animal kingdom. There 
is evidence that some corvids and parrots, as well as 
dolphins, some monkeys, and apes, show excellent transfer 
to wholly novel stimuli after training on relational classes. 
Bees and pigeons can do as well, but they would require 
much more stimuli to show a convincing transfer 
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performance. Monkeys and pigeons have so far failed to 
acquire symbolic referential meaning for categorical rela¬ 
tions of identity Finally, the learning and understanding 
of higher-order relations between relations seems to 
require explicit symbol training. Only a few chimpanzees 
and a gray parrot, all of them having a kind of language 
training (e.g., lexigrams, sign language, vocalizations) 
before, have been shown to be able in this respect so far. 
Even so, this ability does not match the respective abilities 
of humans, of course, who have extensive practice with 
relational concepts and have made them an integral part 
of language. 

See also: Alex: A Study in Avian Cognition; Animal 
Arithmetic; Decision-Making and Learning: The Peak 
Shift Behavioral Response; Metacognition and Meta¬ 
memory in Non-Human Animals; Multimodal Signaling; 
Non-Elemental Learning in Invertebrates; Referential 
Signaling; Social Recognition. 
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Introduction 

Darwin’s theories of sexual selection and natural selection 
furnish powerful frameworks to interpret two prominent 
aspects of animal behavior: competition and cooperation. 
Our current understanding of male-male competition derives 
largely from the sexual selection theory. Because females 
typically invest more in offspring than males do, the num¬ 
ber of reproductively active males exceeds the number 
of reproductively active females at any given time. As a 
consequence, males compete vigorously between them¬ 
selves to obtain matings with females. Cooperation involves 
behaviors that increase the fitness of others, and creates a 
paradox for natural selection, a process that Darwin envi¬ 
sioned as . acts solely by and for the good of each.” 
Cooperation between males is especially puzzling because 
the primary resource over which these individuals compete, 
namely fertilizable females, is neither easily divided nor 
shared. Here, evolutionary theory predicts, and empirical 
research shows, that individuals nevertheless cooperate to 
increase their own fitness or to obtain indirect fitness benefits. 

Chimpanzees ( Pan troglodytes) represent a model system 
to investigate competition and cooperation in animals. 
Recent observations from long-term field research reveal 
that chimpanzees display these twin facets of behavior in 
somewhat surprising ways, with females competing for 
food, for space, and to reproduce, and males cooperating 
with others in interactions within and between commu¬ 
nities. In this contribution, I summarize our current under¬ 
standing of female competition and male cooperation in 
chimpanzees. This knowledge draws on long-term observa¬ 
tions made on wild chimpanzees, and I begin with a brief 
description of the major field studies of these animals. I then 
provide a biological context for my discussion of female 
competition and male cooperation in chimpanzees by out¬ 
lining selected aspects of their ecology, social organization, 
and life history. 

Chimpanzee Field Studies 

Along with their sister species, the bonobos, chimpanzees 
are humankind’s closest living relatives. The close evolu¬ 
tionary relationship between chimpanzees and humans 
furnished the impetus to study their behavior in the wild, 
and chimpanzees are now one of the most intensively studied 
of all animals. Jane Goodall’s well-known fieldwork on 
chimpanzees at the Gombe National Park, Tanzania, now 


approaching its fiftieth year, is the longest continuous 
study of any animal in the wild. Shortly after Goodall 
began her pioneering work, Toshisada Nishida started an 
equally important and long-running field study in 1965 
at the Mahale Mountains National Park, also in Tanzania. 
Research at Gombe and Mahale stimulated others to 
initiate field research on chimpanzees at other sites across 
x\frica. Additional long-term studies include projects at 
Bossou, Guinea (1976-present), Ta'i National Park, Ivory 
Coast (1979-present), Kibale National Park, Uganda 
(Kanyawara: 1987-present; Ngogo: 1995-present), and 
Budongo Forest Reserve, Uganda (1992-present). As a result 
of this research, we now possess a considerable amount 
of data on the behavior of wild chimpanzees derived from 
over 200 person years of fieldwork. This body of research 
forms a solid basis for describing the natural history of 
chimpanzees, including aspects of their ecology, social 
organization, and life history. 

Chimpanzee Ecology 

Chimpanzees are found only in Africa, with three gener¬ 
ally recognized subspecies occupying geographically cir¬ 
cumscribed areas in the western (. Pan troglodytes verus ), 
central ( Pan troglodytes troglodytes), and eastern ( Pan troglo¬ 
dytes schweinfurthii) parts of the continent. Chimpanzees 
are an extremely wide-ranging and cosmopolitan species 
and live in a variety of habitats. Most chimpanzees can be 
found in primary tropical rainforest, with others living in 
secondary forests and open woodlands. Some populations 
range across desert-like, xeric conditions. Regardless of 
the kind of habitat they occupy, chimpanzees live at 
extremely low population densities that rarely exceed 
five animals per square kilometer. 

Like many non-human primates in the wild, chimpan¬ 
zees spend most of their waking hours searching for, 
handling, and ingesting food. Chimpanzees are highly 
eclectic and catholic feeders and eat a variety of foods. 
These include the vegetative parts of plants, leaves and 
bark, the reproductive parts of plants, fruits and flowers, 
and other animals, both invertebrates and vertebrates. 
Despite their extremely varied diet, chimpanzees show a 
clear preference for ripe fruit, eating significantly more 
ripe fruit than do other fruit-eating primates with whom 
they live sympatrically. 

The consumption of invertebrate and vertebrate prey 
is one aspect of chimpanzees’ feeding behavior that 
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has generated considerable interest and research. Early 
field observations by Goodall and Nishida revealed how 
chimpanzees make and use tools to harvest and ingest 
hard-to-obtain invertebrate prey, such as termites and 
ants. Goodall was the first to document hunting and 
meat eating by wild chimpanzees. Subsequent research 
at Gombe and elsewhere indicates that chimpanzees con¬ 
sume over 40 species of mammals. Most of these are other 
primates, with the red colobus monkey (genus: Procolobus) 
being the favored prey of chimpanzees wherever these 
two species live together. Chimpanzee predation on red 
colobus monkeys varies over time, with seasonal ‘binges’ 
or ‘crazes’ occasionally resulting in rates of predation that 
exceed one kill per day. 

As they search for food, chimpanzees range over very 
large areas between 7 and 38 km". Most of the variation in 
territory size is due to the differences in habitat quality, 
with chimpanzees in poor habitats moving over larger 
areas than chimpanzees that occupy more productive 
habitats. Wherever multiple communities occupy contig¬ 
uous space, chimpanzees display territorial behavior. 
Interactions between the members of different commu¬ 
nities are typically hostile and characteristically involve 
physical aggression, chasing, and vocal battles. During 
some particularly severe interactions, hostilities escalate, 
and an individual sometimes falls victim and dies. Adult 
male chimpanzees are the primary participants in territo¬ 
rial encounters, although younger males and adult and 
adolescent females also participate occasionally. Male 
chimpanzees cooperate in the context of territoriality 
(see below), a striking feature of their behavior that can 
only be interpreted and understood in terms of their 
unusual social organization. 


Chimpanzee Social Organization 



Figure 1 A chimpanzee party. Within communities, individual 
chimpanzees fission and fuse to form temporary subgroups or 
‘parties’ that vary in size and in composition. 



Figure 2 Male chimpanzees are gregarious. Males affiliate in 
several contexts, for example, by grooming each other. 


In most primate species, individuals are social. Chim¬ 
panzees are no exception. Instead of moving around in 
stable and spatially coherent groups, however, chimpan¬ 
zees live in fluid communities that vary in size between 
20 and 160 individuals. The fluidity of chimpanzee com¬ 
munities is created by its members who fission and fuse to 
form temporary subgroups or ‘parties’ (Figure 1). Parties 
constantly change in size and composition, with large 
parties typically forming during times of ripe fruit abun¬ 
dance. During periods of fruit scarcity, feeding competition 
escalates, and chimpanzees reduce the levels of competi¬ 
tion by gathering in small parties or by moving alone. Male 
chimpanzees also form relatively large parties whenever 
females come into estrus. Because female chimpanzees 
reproduce very slowly (see below), they are in estrus rarely, 
making large gatherings around them infrequent events. 

Although chimpanzee parties change over time, they 
do not form randomly Seminal observations made by 


Nishida over 40 years ago revealed that male chimpanzees 
are more social than females are. Male chimpanzees fre¬ 
quently affiliate by grouping together in parties. In addition, 
they groom each other often and maintain close spatial 
proximity to one another (Figure 2). Male chimpanzees are 
also well known for cooperating in several contexts. Males 
cooperate by forming short-term coalitions and long-term 
alliances, sharing meat with each other, and via joint 
participation in territorial boundary patrols (see below). 
In contrast, female chimpanzees, especially those in East 
Africa, often move alone or with their offspring. Although 
female chimpanzees form long-lasting relationships with 
their offspring, they affiliate and cooperate significantly 
less often than do males. Sex differences in chimpanzee 
affiliation and cooperation are due in part to a pronounced 
sex bias in dispersal, a process that plays a central role in 
the life history of female chimpanzees. 
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Chimpanzee Life History 

As noted earlier, chimpanzees live at very low population 
densities in the wild. These low densities are partly attrib¬ 
utable to the extremely low reproductive rates of female 
chimpanzees, which give birth only once every 5—6 years on 
average (Figure 3). Infant mortality is high, reaching up to 
30% during the first 2 years of life. Disease, predation, 
infanticide, and maternal death are four factors that con¬ 
tribute to this high rate of mortality. Males which survive 
pass through successive stages juvenility (5-7 years) and 
adolescence (8-15 years) before reaching adulthood and 
physical and social maturity at 16 years of age. Male chim¬ 
panzees remain in their natal communities throughout their 
lives. They form enduring relationships with their maternal 
siblings and other male allies, a factor that accounts for their 
general gregariousness and sociability. 

If females survive infancy, they start to show their 
first sexual swellings, a physical sign of estrus, when 
they are about 10 years old. Females continue to reside 
in their natal groups for another year, dispersing to 
another community at an average age of about 11. Virtu¬ 
ally all females emigrate at sites where multiple commu¬ 
nities of chimpanzees exist. At some sites, only isolated 
communities of chimpanzees have been studied, for 
example, Gombe and Bossou. With dispersal options 
limited in these situations, females do not always emi¬ 
grate. After moving to new communities, young females 
continue to display sexual swellings and to mate males. 
But they experience a period of adolescent sterility for 



Figure 3 Female chimpanzee and infant. Female chimpanzees 
in the wild give birth rarely, only once every 5-6 years. 


the next 2-3 years, after which they give birth for the first 
time when they are 13-14 years old. One topic that has 
been the subject of persistent debate concerns whether 
female chimpanzees undergo menopause, the cessation 
of reproductive function before death. A recent compi¬ 
lation of long-term data from six populations of free- 
ranging chimpanzees indicates that females continue to 
reproduce till late in life, a finding consistent with the 
hypothesis that they do not experience menopause. Instead, 
menopause appears to be a uniquely human trait. Like 
humans, however, chimpanzees live an extremely long 
time, with animals in the wild occasionally reaching the 
age of 50 years. In sum, female chimpanzees display extremely 
slow life histories, characterized by prolonged develop¬ 
ment, delayed reproduction, and low reproductive rates. 
These factors set the stage for competition in the contexts 
of feeding and the use of space. 

Female Chimpanzee Competition 

Early field observations emphasized competition between 
male chimpanzees. Males are extremely gregarious, engaging 
in noisy, highly charged, aggressive confrontations daily. 
Because of their relatively asocial nature, female chimpan¬ 
zees interact with other conspecifics rarely, and social 
relationships between them have been difficult to decipher. 
Showing scant inclination to strive for status, female chim¬ 
panzees are also notoriously hard to rank. Dominance rank 
relationships between females can be discerned, but usually 
only after several years of observation. As a consequence, 
female chimpanzees are often depicted as comparatively 
shy, secretive, and noncompetitive. Data derived from 
long-term research conducted at several study sites are 
beginning to transform this image of female chimpanzees, 
revealing a heretofore, unsuspected competitive nature. 

Because female parental investment typically exceeds 
male investment, female reproduction is limited primarily by 
their ability to convert environmental energy directly into 
offspring. Female chimpanzees are, therefore, expected to 
compete mainly for food. As specialized feeders on ripe 
fruit, chimpanzees face a limited and unpredictable food 
supply that fluctuates in space and in time. To deal with 
the challenge created by their foraging regime, female 
chimpanzees move alone or with their dependent offspring 
over relatively small ‘core areas’ within the larger communal 
territory. Females settle in different core areas and remain 
faithful to them over time, becoming intimately familiar 
with the locations of food in the process. A growing body 
of evidence now shows that instead of competing directly 
for food during face-to-face encounters with others, 
female chimpanzees compete for high quality core areas. 

Core areas occupied by females differ because chim¬ 
panzees range over heterogeneous habitats. Recent field 
studies reveal that high ranking female chimpanzees 
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inhabit more productive core areas than do low ranking 
individuals, with dominant females living in areas that are 
smaller and possess more preferred foods than do subordi¬ 
nate animals. At Gombe, the size of core areas changes over 
time, and during periods of fruit scarcity when competition 
for food is heightened, the difference in size between the 
core areas of high and low ranking females grows larger. 
Additional observations indicate that rates of female aggres¬ 
sion increase when new females immigrate into communities 
and attempt to establish core areas, with the immigrants 
eventually settling in areas away from those occupied by 
high ranking, resident females. 

The preceding observations suggest that high ranking 
females out-compete low ranking females, with the for¬ 
mer forcing the latter to settle in poorer habitats and to 
range more widely to search for food. With increased 
access to food, high ranking females spend less time 
foraging and eat higher quality foods than do low ranking 
females. Dominant females reside in prime feeding habi¬ 
tat and are heavier and show less variation in weight 
across seasons than do subordinate females. Finally, for¬ 
aging success affects the reproduction of high ranking 
females in important ways. High ranking females live 
longer and have shorter birth intervals than low ranking 
females. Dominant females also give birth to more surviv¬ 
ing offspring and produce daughters that reach sexual 
maturity earlier than those born to subordinate mothers. 

The prior findings indicate that female chimpanzees 
compete with each other, albeit in indirect and subtle 
ways. Recent observations indicate that female-female com¬ 
petition can escalate dramatically during periods of 
increased competition for space. This occurs as females 
immigrate into new communities and attempt to establish 
a core area. When this happens, new immigrants receive 
considerable aggression from resident females. At Gombe 
and the Budongo Forest Reserve, resident females have been 
observed to form coalitions to attack and kill the infants of 
immigrant females. Cooperative behavior between female 
chimpanzees, illustrated by these coalitionary attacks, is 
relatively rare. In contrast, male chimpanzee cooperation 
is varied and has few parallels in the animal kingdom. 

Male Chimpanzee Cooperation 

Like female chimpanzees, male chimpanzees compete 
with members of their own sex. The extremely long 
interbirth intervals of female chimpanzees create male 
biased operational sex ratios, with many more repro¬ 
ductive ly active males at any moment in time than reproduc- 
tively active females. With so few females available, male 
chimpanzees compete intensely for mates and reproduc¬ 
tive opportunities. 

Male-male competition in chimpanzees occurs both 
within and between communities. Within communities, 


male chimpanzees compete vigorously for status. Male 
chimpanzees continuously strive to dominate others and 
form linear dominance hierarchies, with individuals who 
achieve high rank obtaining substantial fitness benefits. 
Behavioral observations indicate that high ranking males 
mate more often than do lower ranking individuals, and 
paternity studies utilizing genetic markers reveal that 
males who rise to alpha positions sire up to 30-50% 
of all infants born during their tenures at the top of 
the dominance hierarchy. Male chimpanzees also compete 
with members of other communities via group territorial 
behavior. 

While competition is a striking feature of male chim¬ 
panzee life, male chimpanzees are also well known to coop¬ 
erate as they attempt to dominate others inside and outside 
their communities. Coalitionary behavior, meat sharing, 
and territorial boundary patrolling are three prominent 
examples of male chimpanzee cooperative behavior. 

Coalitions 

In several species of non-human primates, individuals 
form coalitions. Coalitions involve situations where two 
or more individuals cooperate and join forces to direct 
aggression towards others. Coalitions are a particularly 
conspicuous feature of male chimpanzee behavior, with 
males forming coalitions quite frequently in over one 
quarter of all aggressive interactions in which they are 
involved. High ranking individuals participate more often 
than low ranking animals, and coalitions play an integral 
role in male chimpanzee status competition. Specifically, 
males achieve and maintain high dominance rank via 
coalitionary support. 

Revolutionary coalitions in which two low ranking indi¬ 
viduals cooperate and direct aggression towards higher 
ranking animals occur very rarely in primates. In these 
cases, high ranking animals who are targeted are likely to 
counterattack, making it costly for coalitionary partners to 
cooperate. Such coalitions nevertheless occur occasionally 
between male chimpanzees, even when the dominance 
hierarchy is stable. In contrast, male chimpanzees form 
revolutionary coalitions much more frequently during per¬ 
iods of rank instability as males vie for alpha status. Anec¬ 
dotal observations from several field sites indicate that male 
chimpanzees typically achieve the alpha position only with 
coalitionary support provided by others. 

Although rare, revolutionary coalitions involving male 
chimpanzees have received considerable research atten¬ 
tion because of the dramatic effects they have on male 
dominance relations and ultimately male fitness. Most 
coalitions that take place between male chimpanzees, 
however, do not upend social relations, but instead rein¬ 
force the status quo. Conservative coalitions involve situa¬ 
tions in which two high ranking individuals cooperate to 
attack a lower ranking animal. By acting together in such 
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coalitions, male participants reinforce their positions in 
the established dominance hierarchy. Conservative coali¬ 
tions occur often, up to three quarters of the time, when 
the male dominance hierarchy is relatively stable. 

Why do male chimpanzees cooperate by forming coali¬ 
tions? In some cases, individuals improve their own fitness 
via coalitionary behavior. This clearly applies to males who 
participate in conservative coalitions. In these situations, 
both males benefit by maintaining their positions in the 
dominance hierarchy. Males who form revolutionary coali¬ 
tions cooperate in an attempt to achieve higher dominance 
status, and may, therefore, benefit directly as well. Addi¬ 
tional observations indicate that alpha males occasionally 
trade mating opportunities for coalitionary support. In these 
cases, males permit their allies to mate in their presence in 
exchange for support that they require to maintain their 
alpha position. Further studies reveal that males recipro¬ 
cally trade coalitionary support and exchange other goods 
and services, such as grooming and meat, for support. These 
data are consistent with the hypothesis that males obtain 
direct fitness benefits by participating in coalitions via reci¬ 
procity. Finally, male chimpanzees form coalitions much 
more frequently with their maternal half siblings than do 
males who are distantly related or unrelated. In these situa¬ 
tions, individuals gain indirect fitness benefits by helping 
their close relatives. 

Meat Sharing 

Wild chimpanzees frequently hunt and eat meat. They also 
often share the meat they obtain in hunts with conspecifics 
(Figure 4). At first blush, meat sharing appears paradoxical. 
Meat, after all, is a scarce and valuable resource and is 
highly prized. In addition, meat is very difficult to obtain. 



Figure 4 Chimpanzee meat sharing. Male chimpanzees 
frequently share meat they obtain in hunts with each other. 
Reproduced from Mitani J C (2009) Cooperation and competition 
in chimpanzees: Current understanding and future challenges. 
Evolutionary Anthropology 18: 215-227. 


At some field sites, chimpanzees engage in prolonged ‘hunt¬ 
ing patrols,’ during which they move slowly and apparent 
deliberate fashion across their territory in search of prey, 
typically red colobus monkeys (see above). Hunting patrols 
can cover long distances and last up to 5 h of a 12-h active 
day. Chimpanzees may hunt red colobus monkeys upon 
encounter, but hunting is potentially costly because male 
colobus monkeys frequently mob chimpanzee predators, 
sometimes wounding them severely in the process. Because 
hunts are energetically costly and involve risks for hunters, 
it is puzzling why male chimpanzees share their hard- 
earned spoils with others. 

Three hypotheses have been proposed and investi¬ 
gated to explain meat sharing by wild chimpanzees. The 
‘sharing under pressure’ hypothesis takes its lead from the 
observation that successful hunts generate considerable 
frenzy. Several chimpanzees typically gather around indi¬ 
viduals who possess meat, with the former harassing and 
attempting to grab pieces from the latter. This hypothesis 
suggests that meat sharing represents a form of ‘tolerated 
theft,’ and that possessors share meat primarily to reduce 
the costs of harassment imposed by beggars. Some evi¬ 
dence is consistent with this proposal, which helps to 
explain why chimpanzees share in certain situations. 
The hypothesis nevertheless fails to explain why alpha 
males, who frequently possess meat and are not especially 
vulnerable to harassment, readily share with others. Fur¬ 
thermore, the sharing under pressure hypothesis does not 
account for voluntary transfers that are frequently made 
by others. 

Two additional hypotheses suggest important roles for 
cooperation between and within the sexes. The ‘meat-for- 
sex’ hypothesis proposes that male chimpanzees share 
meat selectively with estrous females to obtain matings 
with them. Data derived from most study sites do not 
support this provocative hypothesis. First, male chimpan¬ 
zees do not always share meat with estrous females who 
beg. Second, matings do not regularly ensue between 
estrous females and males who share with them. Third, 
males who share meat with females do not mate more 
often than males who fail to share. Despite these findings, 
a recent study of chimpanzees in the Tai' National Park, 
Ivory Coast, indicates that female chimpanzees there 
mate frequently with males who share meat with them 
over a relatively long period of time. Additional research 
will be necessary to resolve these conflicting results. 

A third hypothesis suggests that male chimpanzees 
use meat as a political tool to maintain social bonds 
with others. Nishida and colleagues used observations 
of one particularly powerful alpha male at Mahale 
to generate this ‘male social bonding’ hypothesis. This 
male shared meat with others, but he did so selectively, 
typically only with his coalitionary partners. Coalition¬ 
ary support provided by these individuals helped the 
alpha male maintain his top spot for over 15 years. 
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Observations of male chimpanzees living at Ngogo, Kibale 
National Park, Uganda, are largely consistent with hypoth¬ 
esis. Male chimpanzees there share meat nonrandomly 
with each other. In addition, males share meat reciprocally. 
Finally and significantly, male chimpanzees at Ngogo 
exchange meat for coalitionary support. In sum, these data 
provide a compelling example of how and why male chim¬ 
panzees cooperate with others in their own community. 
Group territoriality furnishes another case of cooperation, 
but one that involves individuals living in different 
communities. 

Group Territoriality 

Some of the most startling aspects of chimpanzee behav¬ 
ior occur in the context of territoriality. Male chimpan¬ 
zees are extremely aggressive towards members of other 
communities and occasionally launch lethal coalitionary 
attacks on them. Boundary patrol behavior is an integral 
part of chimpanzee territoriality. During patrols, several 
chimpanzees, typically male, gather and move in single¬ 
file fashion to the periphery of their territory (Figure 5). 
When they arrive at the boundary, the behavior of patrol¬ 
lers changes dramatically. Chimpanzees fall completely 



Figure 5 Territorial boundary patrol. Male chimpanzees 
patrol their territories by moving in single file fashion, 
occasionally making deep incursions into neighboring territories. 
Reproduced from Mitani J C (2009) Cooperation and competition 
in chimpanzees: Current understanding and future challenges. 
Evolutionary Anthropology 18: 215-227. 


silent. They scan the environment, paying close attention 
to any movement in the tree canopy, and sniff the ground, 
inspecting signs left behind by other chimpanzees, 
such as feces and fruit remains discarded after feeding. 
Patrolling chimpanzees sometimes continue farther, mak¬ 
ing deep incursions into the territories of their neighbors. 
Taken together, these observations suggest that patrollers 
actively seek information about or contact with neigh¬ 
boring chimpanzees. 

Considerable heterogeneity exists in patrol participa¬ 
tion. While some males patrol frequently, others do so far 
less often. These data represent a classic cooperation 
problem. Why do some males fail to participate, and by 
opting out, allowed to reap the communal benefits of 
territorial defense without paying the costs? Additional 
observations suggest that this problem may be more illu¬ 
sory than real. At Ngogo, males who patrol frequently mate 
more often than do males who patrol less frequently. These 
observations support the hypothesis that some males may 
derive greater fitness benefits by patrolling than others. 
Males who patrol often may do so to protect themselves, 
females in their community with whom they mate, and most 
importantly, their present and future offspring. 

During patrols and other times, chimpanzees occasion¬ 
ally encounter members of other communities. Chimpan¬ 
zees will attack strange conspecifics in these situations, but 
only if they possess overwhelming numerical superiority 
over their adversaries. By eliminating rivals, these coopera¬ 
tive group attacks effectively reduce the strength of neigh¬ 
boring communities and permit chimpanzees to expand 
their territories. Territorial expansion, in turn, increases 
the food supply, which has concomitant fitness conse¬ 
quences. Long-term observations from Gombe indicate 
that the size of chimpanzee territories changes over time 
and that the reproductive performance of females increases 
during periods of territorial expansion. 

Concluding Comments 

Chimpanzees are extremely long-lived animals, and yield 
the secrets of their lives only very slowly. The preceding 
findings, derived from years of dedicated work by multi¬ 
ple researchers at several sites, stand testament to the 
value of long-term field research. Whether it will be 
possible to continue this research in the future, however, 
is unclear as chimpanzees in the wild are highly endan¬ 
gered. Habitat destruction, a thriving bush meat trade, 
and recurrent outbreaks of infectious disease threaten 
the populations of chimpanzees throughout the African 
continent. A catastrophic decline in the number of wild 
chimpanzees during the past 30 years portends a grim fate 
for them. Effective action is required now to ensure that 
future students of animal behavior are able to continue 
to study and learn from these remarkable creatures. 
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See also: Cooperation and Sociality; Darwin and Animal 
Behavior; Kin Selection and Relatedness; Social Selec¬ 
tion, Sexual Selection, and Sexual Conflict. 
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Introduction and Definitions 

What are Circadian Rhythms? 

Circadian rhythms are daily cycles in behavior and phys¬ 
iology, driven by an internal time-keeping system. These 
rhythms are important because they allow organisms to 
coordinate their activities with regularly recurring events 
in the environment, such as lighting, the timing of food 
availability, the presence of predators, and or the yearly 
cycles of changing seasons. Circadian rhythms are differ¬ 
ent from externally driven rhythms in that they persist 
even in the absence of environmental cues. For example, 
mice kept in constant darkness display rhythmic locomo¬ 
tor behavior on the basis of the timing of their internal 
clocks. Circadian rhythms are also present in physiology 
as seen in melatonin secretion by the mammalian pineal 
gland. If an animal goes into a deep cave with no cues 
to time of day, the daily cycle of changes in melatonin 
persists, with peaks starting at about the time that was 
previously night. This persisting rhythm is said to be free- 
running and has the periodicity of the internal clock. 

While circadian rhythms occur in the absence of exter¬ 
nal cues, they are synchronized to the local environment; 
the process of synchronization is called entrainment. In 
order for synchronization to occur, the internal timekeeper, 
or clock, must be set to local time. The pacemaker’s signal 
for local time can be one of a number of environmental 
cues, called zeitgebers, and include light, food availability, 
and social cues. The output signal from this clock can 
synchronize other tissues of the brain and body. This pro¬ 
cess can be seen in the example of melatonin secretion. In 
mammals, light (input) is transmitted to a brain clock (the 
timekeeper), which sends information about the light-dark 
cycle to the pineal gland. In the presence of light in the 
environment, the secretion of melatonin (output) is sup¬ 
pressed and the rhythm of melatonin is shifted. While 
we have focused on pineal melatonin secretion in this exam¬ 
ple, circadian rhythms can be seen in almost any number of 
physiological and behavioral processes one cares to measure. 

Circadian rhythms in behavior are observed by exam¬ 
ining activity under constant conditions and in response 
to environmental cues. In order for entrainment to occur, 
the timing of physiological and behavioral rhythms must 
be shifted. Some animals have biological clocks that free- 
run with a period longer than 24 h. For example, the human 
endogenous clock tends to be slightly longer than 24 h. 
This is analogous to a watch that runs too slowly. It has to 
shift forward each day to stay entrained to local time. 


Other animals, such as mice, have an internal clock with 
a period shorter than 24 h, like a watch that runs too fast. 
These clocks must shift back each day to stay entrained to 
local time. In both cases, the internal clocks must adjust 
to local time on a daily basis. The resetting of the clock by 
an external cue is known as phase-shifting and occurs when 
a cue alters the temporal relationship between the timing 
of the stimulus and the phase of the endogenous rhythm. 
The degree and direction of the shift depends on both the 
time at which the stimulus is presented and its strength. 
Examples of circadian rhythms of behavior in the absence 
and presence of external cues can be seen in Figure 1. 

Criteria for Identification of Endogenous 
Rhythms 

To evaluate whether any particular response is under 
circadian control, three criteria must be met. First, the 
response must persist under constant conditions, that is, 
without any external cues from the environment, such as 
the example given earlier, in which an animal in a cave 
continued rhythmic secretion of melatonin. Second, the 
phase of the response must be reset by exposure to an 
external stimulus, or zeitgeber. Third, it must exhibit tem¬ 
perature compensation such that the rhythm is stable over 
a range of temperatures. This is important as many chemi¬ 
cal processes are faster at high temperatures and slower in 
the cold. The circadian timekeeping mechanism compen¬ 
sates for fluctuations in temperature and circadian rhythms 
are not changed by thermal fluctuations. 

Internal clocks are important not only for synchroniz¬ 
ing the organism to daily time, but also for annual cycles, 
thereby helping to anticipate seasonal changes. Circann¬ 
ual rhythms are biological activities that occur each year 
and are synchronized with the seasons. Such seasonal 
activities include the timing of mating in fall or spring, 
optimized so that birth coincides with the greatest avail¬ 
ability of food, and hibernation in the winter, which 
occurs as a way to conserve energy. This seasonal clock, 
like the circadian clock, functions in constant conditions; 
however, it too needs to be reset by environmental cues. 
Similar to circadian clocks that run close to 24 h, circann¬ 
ual clocks run close to 12 months. For example, ground 
squirrels have endogenous circannual clocks that control 
reproductive processes. In the absence of external cues, 
this clock has a period of about 10.5 months. Because it is 
slightly shorter than 12 months, it relies on external cues, 
such as day length, for resetting. 
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Figure 1 Hypothetical actograms depicting wheel running activity in a nocturnal animal. Black lines indicate wheel revolutions and 
signify periods of activity. In constant conditions (complete darkness), an animal displays free-running behavior based on its 
endogenous period. In this example, the animal’s period is shorter than 24 h and so it begins its activity slightly earlier each day (left). 
When exposed to a pulse of light (white circle) an animal will shift its activity so that its next cycle of activity will begin based on the time 
of light exposure (center). An animal will entrain to a light/dark cycle so that it is active when the lights are off (black bar) and inactive 
when the lights are on (white bar) (right). 


Evolution and phytogeny of circadian rhythms 

Almost all living organisms, from single-celled bacteria to 
primates, display rhythmic cycles of biological activity 
with a period close to 24 h. This system is of great impor¬ 
tance as it controls a number of biological functions includ¬ 
ing, bioluminescence in cyanobacteria, pupal eclosion in 
insects, and hormone production and secretion and the 
sleep/wake cycle in mammals. The simplest clock mechan¬ 
isms are found in prokaryotic cyanobacteria and the fungus 
Neurospom. Clock machinery is found in the fruit fly, Dro¬ 
sophila melanogaster .; and more complex components exist in 
vertebrates. Though differences in exist in complexity 
across species, all organisms have an internal pacemaker 
that detects and utilizes cues from the environment to 
synchronize physiological and behavioral outputs. 

Circadian rhythms evolved to allow an organism to 
optimize its biological processes on the basis of predict¬ 
able, recurring, daily, and seasonal events. For example, 
circadian rhythms in the earliest cells protected cellular 
processes, such as DNA replication, against the damaging 
effects of UV light during the day. In plants and some 
prokaryotes, an internal time-keeping system was needed 
to temporally separate the processes of photosynthesis, 
which relies on light from nitrogen fixation, which occurs 
during the night. In higher order animals, rhythms such as 
the sleep/wake cycle have likely evolved as way of con¬ 
serving energy. Also, rhythms in organ systems, such as 
the digestive system, might have evolved to use and obtain 
nutrients most efficiently. 

Mechanisms underlying rhythms in behavior 
and physiology 

Rhythms in behavior and physiology are synchronized to 
daily and seasonal environmental changes. In some cases, 
animals rely solely on environmental cues to drive sea¬ 
sonal changes. For example, when days become longer, 
Syrian hamsters exhibit enlarged gonads and are repro- 
ductively competent. When the days shorten (predicting 
winter and decreased resources), the gonads regress and 


reproductive hormone levels decrease. For this regression 
to occur, the Syrian hamster must first experience a period 
of long days. This suggests that the change in day length 
acts as a cue to the prevailing conditions for reproduction. 

While Syrian hamsters rely on changes in the environ¬ 
ment to predict the seasons, other animals rely on an endog¬ 
enous clock. Temporal regulation of hormones also allows 
an organism to detect seasonal changes in the absence of 
environmental cues. While expressed as an endogenous 
rhythm, melatonin levels are synchronized with changes in 
day length; as the duration of night decreases, so does the 
duration of melatonin production. This mechanism enables 
seasonally breeding animals to anticipate seasonal changes 
and to time reproductive processes. By timing their breeding 
to in accordance with changes in day length, animals are 
able to ensure that offspring will be born at a time when the 
environment provides the best chances for survival. For 
example, shortening of days stimulates breeding in sheep, 
but inhibits breeding in Syrian hamsters. Sheep breed in 
the fall months, while hamsters breed in the spring, though 
both give birth in the spring during a time when the 
environment is favorable for their young. 

The brain has a circadian clock and the eye 
provides entraining cues 

The phenomena associated with daily and seasonal cycles 
suggest that there is an internal clock that is synchronized 
to the local environment by light. In mammals, this master 
clock is located in the suprachiasmatic nuclei (SCN) of 
the hypothalamus. The SCN is a bilateral structure that 
lies above the optic chiasm, comprising about 10 000 
neurons in each side of the nucleus. The SCN is a hetero¬ 
geneous structure made of different types of cells. Circa¬ 
dian rhythms in activity occur within individual cells in 
the dorsal or shell area of the SCN. Even if these cells 
are dispersed and thus disconnected from each other, 
they still show circadian rhythms of electrical activity. In 
order for the SCN tissue as a whole to produce a coordi¬ 
nated output, however, the individual cells need to be 
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synchronized to each other. Synchrony is achieved by 
several mechanisms acting simultaneously, including syn¬ 
aptic connections, gap junctions, and perhaps diffusible 
signals. Cells in the ventral or core part of the nucleus 
receive photic input directly from the retina, and then 
communicate this information to the oscillators of the 
dorsal SCN. Once synchronized to each other and to the 
environment, the cells in the dorsal SCN produce a 
coordinated output signal to other brain regions 
(Figure 2). 

The evidence that the SCN serves as the body’s ‘mas¬ 
ter clock’ is very robust as it comes from many converging 
lines of evidence. Destruction of the SCN and blockade 
of its output by applying the sodium channel blocker 
tetrodotoxin eliminates all rhythms including drinking, 
locomotor activity, body temperature, and hormone secre¬ 
tion. The intrinsic physiological properties of SCN neurons 
are responsible for generating circadian oscillations because 
electrophysiological recordings from cultured SCN neu¬ 
rons and slice preparations show that oscillations in firing 
rates persist for several days in vitro. Finally, when SCN 
neurons are transplanted into the brains of animals whose 
SCN have been ablated, behavioral rhythms are restored 
with a period corresponding to that of the donor animal. 

The free-running rhythm of the SCN is reset or 
entrained by signals from the environment and internal 
signals from the body. In mammals, the most potent 
entraining stimulus is light. Light enters the retina and 
the information is transmitted to the SCN, which is then 
synchronized to the day-night cycle. Information about 
light-dark cycles reaches the SCN directly by way of 
projections from the retina via the retinohypothalamic 
tract (RHT) and indirectly via the geniculohypothalamic 
tract (GHT). It was long thought that in mammals, the 
only light-sensitive cells in the body were those of the 
rhodopsin-containing rod and iodopsin-containing cone 
photoreceptors located in the outer retina. However, this 
notion was overthrown with the discovery of a novel 
opsin, termed melanopsin, a photopigment expressed in 
Xenopus oocytes and later found in mammalian retinal 
ganglion cells. Within the mammalian retina, ganglion cells 
receive light information from rod and cone driven pathways 

Inputs SCN Outputs 



Figure 2 The suprachiasmatic nuclei (SCN). Cells in the ventral 
SCN receive light input from the retina and transmit it to cells of 
the dorsal SCN. These rhythmic cells are coordinated by input 
from the ventral cells and then produce output to other areas of 
the hypothalamus. 


and provide output from the retina to light-responsive 
parts of the brain. Melanopsin is found in 1-2% of retinal 
ganglion cells and renders these neurons intrinsically 
photosensitive. Melanopsin-containing retinal ganglion cells 
project directly to the SCN via the RHT, and in this way, 
they transmit light information to the brain along with 
rods and cones. In fact, the rods and cones synapse onto 
melanopsin-containing retinal ganglion cells and thereby 
exert their effects on the SCN through these cells. Though 
present in vertebrates and invertebrates, melanopsin is 
closely related to invertebrate opsins, suggesting that this 
photopigment was conserved throughout evolution. 

Although the eye is the only light-sensitive organ in 
the body of mammals, nonmammalian vertebrates have 
additional sources of photic input. These include deep 
brain photoreceptors, which are located within the hypo¬ 
thalamus and the pineal gland, which lies between the 
forebrain and the cerebellum. The deep brain photo¬ 
receptors are composed of neurons that contact cerebro¬ 
spinal fluid and transmit information about environmental 
lighting to the median eminence region of the hypothala¬ 
mus and from there to the pituitary gland. These cells 
express specific opsin-like photopigments and are found 
within fish, amphibians, reptiles, and birds. They play 
important roles in circadian rhythmicity. Light penetrates 
the skull, reaches the brain, and enables entrainment. In 
some bird species, reception of light information by deep 
brain photoreceptors leads to testicular growth, implicating 
a role of these neurons in seasonal reproductive processes. 
In addition, illumination of the hypothalamus induces 
migratory behavior in birds, indicating that deep brain 
photoreceptors also plays a role in this aspect of circannual 
rhythms. 

In nonmammalian vertebrates, the pineal gland pro¬ 
vides an additional source of light sensitivity for photo¬ 
entrainment. In mammals, the pineal does not respond to 
light directly, and information about the light: dark cycle 
reaches this gland only via the SCN. In nonmammalian 
vertebrates, the pineal itself is photosensitive and responds 
directly to light. In both mammalian and nonmammalian 
vertebrates, the pineal secretes melatonin during the night. 
The nightly secretion of melatonin occurs in proportion 
to the duration of darkness, while environmental light 
suppresses the secretion of pineal melatonin. In many 
nonmammalian species, including zebrafish, house sparrows, 
and chickens, the pineal organ has oscillator cells and is 
also capable of generating circadian rhythms and thereby 
supporting both photoreception and endogenous rhythm 
generation. By way of its role in tracking the duration of 
light and in producing melatonin, the pineal organ is 
important for regulating both daily and seasonal rhythms. 

While light is the most salient, temperature is also an 
effective entraining cue. Small daily fluctuations in internal 
body temperature appear to directly entrain the mammalian 
SCN. Temperature sensitivity has also been demonstrated 
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in isolated SCN in vitro; the cultured SCN shifts its rhyth- 
micity following temperature pulses. This suggests that 
changes in hypothalamic temperature can entrain the 
master clock. Similarly, changes in body temperature 
can entrain peripheral oscillators. This is true of mice 
kept in different ambient temperatures show entrainment 
of clock genes in liver in response to changes in environ¬ 
mental temperature. 

Molecular clocks 

The discovery of molecular mechanisms underlying the 
intrinsic rhythmicity of individual cells has had a tremen¬ 
dous impact on our understanding of the circadian timing 
system and has enabled our exploration of the fundamen¬ 
tal nature of these mechanisms. In 1971, Konopka and 
Benzer identified a gene in Drosophila that led to changes 
in the fly’s endogenous rhythms. Mutations in this gene 
caused three phenotypes: a shortened period, a length¬ 
ened period, and arrhythmicity. This was a landmark 
finding in that it demonstrated a direct relationship 
between changes at the level of genes and behavior. This 
genetic basis for behavior led to a clearer understanding 
that the endogenous rhythms exhibited in the behavior of 
animals were actually gene-driven. The gene was termed 
period and was the first gene isolated that displayed a 
circadian phenotype. Additional so-called, ‘clock genes’ 
were later discovered and shown to be important not only 
in flies but also in mammals. Clock genes and their protein 
products comprise a transcription-translation loop with 
positive and negative feedback regulation. The rhythmic 
expression of clock genes is important for maintaining a 


functioning circadian clock, and disruption of these genes 
causes arrhythmicity (Figure 3). 

Cellular clocks occur not only in the SCN but also in 
other brain areas and in peripheral tissues. Circadian 
clock gene expression in mammals has been detected in 
the liver, heart, muscle, kidney, pancreas, adipose tissue, 
and lung. The function of the SCN is to coordinate tissue- 
specific rhythms in the rest of the brain and the body, with 
each other and with external stimuli. When isolated from 
the SCN, individual peripheral cells drift out of phase 
with each other and the overall rhythm of the tissue as a 
whole dampens. When the intracellular processes within 
these cells are synchronized by the SCN, peripheral tis¬ 
sues are able to produce coherent rhythmic outputs. 

Development of circadian rhythms 

A number of rhythmic processes have been detected in 
utero, a time when regulation of nutrients and hormones 
may be important for normal growth and development. 
These processes include heart rate and breathing. While 
these rhythms are endogenous to the fetus, they are 
entrainable by maternal signals such as body temperature, 
metabolic pathways, uterine contractions, and hormones, 
including melatonin. The purpose of in utero entrainment 
is not clear; however, it probably occurs in order to 
prepare the fetus for its novel environmental conditions. 
Interestingly, even after birth, newborns are still entrained 
by signals from the mother. This has been demonstrated in 
rats in which lesioning the SCN of the mother causes 
desynchronization of rhythms among pups within the litter. 



Figure 3 Diagram of the circadian clock mechanism. (1) The clock proteins, CLOCK (yellow) and BMAL1 (pink), drive the expression 
of clock genes (Per, Cry and Rev-erboc) in the nucleus. (2) PER (red) and CRY (light green) proteins in the nucleus inhibit CLOCK/BMAL1 
action through negative feedback. They also down-regulate Rev-erboc (dark green). (3) When REV-ERBoc protein is absent, Bmall (and 
possibly also Clock) genes are disinhibited and transcribed to produce new CLOCK/BMAL1 transcription factors that initiate a new cycle. 
Adapted from Albrecht U and Eichele G (2003) The mammalian circadian clock. Current Opinion in Genetics & Development 1 3: 27 1- -277. 
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While entrainment and circadian rhythmicity are seen 
before birth, fall maturation of the circadian system occurs 
after birth. For example, rhythms in within the SCN are 
detectable before birth. In children, a regularsleep-wake 
rhythm at about 3 months, though after this stage infants 
often have disrupted sleep because of hunger or teeth¬ 
ing discomfort (Figure 4). This time course of rhythm 
maturation is likely attributable to the development of 
connections from neurons of the SCN to target sites in 
the brain, and maturation of connections among SCN 
neurons themselves, thus, the networks that allow for 
synchronization of rhythmic cells are also not established 
until later in development. 

The functions of circadian rhythms 

The circadian timing system controls a vast number of 
physiological and behavioral processes including the 



Time of day 

Figure 4 Sleep rhythms in infants. Dark bands are sleep 
periods of an infant over a 24-h day followed for several months. 
Adapted from Kleitman N and Engelmann T (1953) Sleep 
characteristics of infants. Journal of Applied Physiology 6: 269-282. 


sleep-wake cycle, feeding, core body temperature, and hor¬ 
mone production. A key problem in understanding the 
function of the circadian system is the determination of 
how the rhythmicity is coordinated among various brain 
regions and how this affects other organ systems. Many 
breakthroughs in research occurred with the discovery of 
clock cells, in particular, that they were expressed through¬ 
out the entire organism. This led to the understanding that 
the SCN was not actually the driver of rhythms, but that the 
rhythms were generated within each cell so that it could 
display rhythmicity on its own. It then became clear that the 
role of the master clock in the SCN was to set the phase of 
these peripheral clocks, thereby synchronizing them. 

Peripheral tissues can also be entrained without 
affecting the SCN phase. The brain clock provides timing 
information to the rest of the body to activate certain 
behaviors, such as when to eat. The nutrients provided by 
food stimulate the production of hormones and enzymes 
that act to set the phase of oscillators in peripheral tissues 
such as the liver. This phase setting, however, does not 
impact the phase of the SCN but only acts at the level of 
peripheral tissues (Figure 5). 

Outputs of the SCN project to other parts of the 
hypothalamus, where they synchronize oscillators found 
in extra-SCN brain sites thereby modulating the timing 
of synthesis and/or secretion of neurotransmitters and 
neurohormones. The SCN communicates by direct 
synaptic connections with neurosecretory cells, such as 
gonadotropin-secreting neurons, and indirectly via multi- 
synaptic autonomic pathways to endocrine glands, such as 
the adrenal gland through hormonal release (Figure 5). 
In this way, the SCN exerts neural and hormonal con¬ 
trol over the physiology of the body. This is important 
for many processes. The circadian control of hormone 
production is important for reproductive processes 
including ovulation, estrus, fertilization, and pregnancy. 
Thus, the SCN projection to gonadotropin-releasing 
hormone (GnRH) neurons stimulates production of gona¬ 
dotropins, such as luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH). A close temporal regulation 
of LH is necessary for ovulation. Also, after ovulation, 
prolactin production is needed at a particular time to 
maintain pregnancy and promote lactation. In addition, 
in mammals, levels of corticosterone are under circadian 
control, expression rises prior to waking. It is thought that 
this rise allows animals to prepare for activity onset. 


Looking Ahead: Applications of 
Research in Circadian Rhythms 

Alterations in circadian rhythms have profound effects on 
the health of an individual, as a number of disorders are 
associated with circadian dysfunction. Phase shifting is 
seen in individuals experiencing jet lag. In this case, one’s 
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Temporally organized processes and behavior 


Figure 5 SCN and peripheral tissues. The circadian system is controlled by neural and diffusible signals originating from the 
SCN. Peripheral tissues may be differentially regulated by SCN signals via local clocks allowing for more specific responsiveness 
based upon local needs and time of day. 


rhythms must undergo phase adjustment to account for 
the change in local time. During the period of transition to 
the new conditions, the SCN and peripheral organs 
become desynchronized, and one experiences the fatigue, 
irritability, and insomnia of jet lag. Eventually, the various 
bodily rhythms entrain to the new phase, and return to 
appropriate synchrony with each other. 

People who work night shifts also need to phase adjust, 
and the consequences appear to be more severe than for 
jet lag sufferers. Shift worker’s schedules are not in phase 
with the light-dark cycle and they are therefore exposed 
to environmental light at the wrong time. When shift 
workers conform to the schedule of a typical day-night 
cycle on their days off, the rotation can lead to major 
disruptions of the circadian time. This leads to sleep 
deprivation and in more serious cases, cardiovascular dys¬ 
function, altered metabolism, and mood disorders. Studies 
have shown that the incidence of on-the-job mistakes and 
industrial accidents is dramatically increased during night 
shifts, compared to day shifts. Because of the growing need 
in our society for around-the-clock work, understanding 
how to address the issues of circadian dysfunction is 
becoming increasingly important. Light and drug therapy 
have been used to treat circadian-based sleep disorders, 
seen in advanced and delayed sleep phase syndrome, jet lag, 
shift work and aging. Treatment protocols require careful 


attention to circadian phase of light or drug application 
since these variables impact on the effectiveness of the 
treatment. 

The disruption of circadian rhythms has widespread 
effects on the health of all organisms and therefore it is 
important for current and future research to address the 
potential impact of changing environmental conditions. 
This may be especially relevant in an age of global warming, 
where temperature conditions and resource availability are 
changing rapidly. While light is the most potent entraining 
stimulus in mammals, temperature affects clock gene 
expression and modulates the effects of photoperiod on 
the reproductive axis in birds. A better understanding of 
the effects of temperature on reproduction through effects 
on circadian and seasonal rhythms will be useful. 

See also: Amphibia: Orientation and Migration; Bat 
Migration; Bats: Orientation, Navigation and Homing; 
Bird Migration; Fish Migration; Hibernation, Daily Torpor 
and Estivation in Mammals and Birds: Behavioral 
Aspects; Insect Migration; Insect Navigation; Irruptive 
Migration; Magnetic Compasses in Insects; Mammalian 
Female Sexual Behavior and Hormones; Maps and 
Compasses; Memory, Learning, Hormones and Behav¬ 
ior; Migratory Connectivity; Neural Control of Sexual 
Behavior; Parental Behavior and Hormones in Mammals; 
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Parental Behavior and Hormones in Non-Mammalian 
Vertebrates; Pigeon Homing as a Model Case of Goal- 
Oriented Navigation; Reproductive Skew, Cooperative 
Breeding, and Eusociality in Vertebrates: Hormones; Sea 
Turtles: Navigation and Orientation; Seasonality: Hor¬ 
mones and Behavior; Sleep and Hormones; Time: What 
Animals Know; Vertical Migration of Aquatic Animals. 
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Introduction 

From deadly toxins to stinging spines, from inconceivably 
accurate camouflage to wild warning colors, the elaborate 
antipredator mechanisms that animals employ in their 
own defense beg evolutionary explanations for why such 
adaptations should go so far in their protective abilities. 
The answer lies in a dynamic process in which evolution¬ 
ary pressures are continually ratcheted forward, where 
selection itself evolves and becomes more intense with 
time, and the level of defense that is sufficient now will be 
left behind just a generation or two down the road. 

Predator-prey co-evolution is an inherently reciprocal 
process in which defensive adaptation by prey results in 
stronger selection on predators to exploit those defenses. 
Evolutionary advances by predators, in turn, represent 
stronger selection for defense in prey. In this way, adaptive 
responses by one species merely result in the strengthen¬ 
ing of selection for further responses in that same species. 
This seems an intuitive process, and it is tempting to 
assume that many of the elaborate defense or predatory 
mechanisms that we observe in nature have arisen from 
such an evolutionary feedback loop, but that perspective 
too quickly draws conclusions about process only from 
patterns of outcomes. The defining characteristic of co¬ 
evolution is reciprocity in adaptation. 

The Phenotypic Interface of Co-evolution 

Although co-evolution is often characterized as occurring 
between populations or species of predators and prey, the 
ecological interactions that ultimately drive coevolution¬ 
ary change occur at the level of traits. The phenotypic 
interface of co-evolution is the set of traits in both players 
that mediate the outcome of interspecific interactions 
(Figure 1). For predators and prey, the interface might 
be centered on the amount of a defensive chemical in prey 
and the resistance to that chemical in predators. Each trait 
in the phenotypic interface acts as both a target and an 
agent of selection, thus each trait simultaneously evolves 
and drives the evolution of the opposing trait. 

Traits found at the phenotypic interface are rarely 
simple, discrete traits but rather ‘performance’ pheno¬ 
types comprised of multiple underlying components that 
together determine the success of individuals involved 
in an interaction. Thus, while selective pressure may be 
acting on performance directly, it is the evolution of these 


underlying components that ultimately determines the 
manner in which participating populations will evolve. 
Fleeing speed may be the performance phenotype that 
determines escape for a prey, but speed is determined by 
muscle mass and coordination, enzyme activities, metabolic 
rate, and many other traits. Components involved in organ- 
ismal performance may be the targets of selection on multi¬ 
ple fronts (e.g., sprint speed may be a function in both 
antipredator and foraging contexts), farther complicating 
the process of co-evolution. 

The ecological interactions that drive reciprocal selec¬ 
tion are only one of the requisites for co-evolution. The 
traits mediating interactions must also have the potential 
to respond evolutionarily to that selection. This potential 
is captured in genetic complementarity, or heritability of 
the traits on both sides of the phenotypic interface. Heri¬ 
tability is a measure of the genetic variation underlying a 
trait - some variation in traits may be caused by environ¬ 
mental factors, and this variation is generally unavailable 
for evolutionary response. In order for reciprocal selection 
to result in adaptation by both species in an interaction, the 
traits at the interface of co-evolution must be heritable. 

Coevolutionary Arms Races 

Perhaps the most popular and intuitive metaphor for coevo¬ 
lutionary interactions between natural enemies is that of 
an ‘arms race’ (Figure 2). Reflecting on the Cold War 
process in which countries escalated and reciprocated with 
military might, in 1979 Dawkins and Krebs described the 
evolutionary interaction between predators and prey as an 
arms race. Just as each new submarine is better designed 
to sink enemy ships and new ships are better able to avoid 
destruction, predators and prey are caught in a counter 
escalating arms race of defense and exploitation. In a meta¬ 
phorical race between foxes and hares, foxes may evolve, 
over time, greater running speeds to catch more hares, 
forcing hares to evolve greater speeds themselves. 

Despite the appeal of the arms race metaphor, the direc¬ 
tional evolutionary escalation of phenotypic traits implied 
in arms races is, in fact, uncommon in natural predator—prey 
systems. In a 1986 paper, John N. Thompson discussed 
many of the constraints to which arms races are subject. 
Because a one-to-one relationship rarely exists between 
phenotypes and underlying alleles, evolution of improved 
attack or defensive ability may simply cause the opposite 
member of the interaction to adjust its phenotypic or 
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Figure 1 The phenotypic interface of co-evolution. The reciprocal selection that drives co-evolution takes place between traits in 
at least two species. These traits at the interface of co-evolution determine the outcome of interactions between individuals, and may 
in turn be comprised of other component traits. 
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Figure 2 Coevolutionary dynamics. Co-evolution can follow a 
variety of dynamics, including the ‘arms race’ and ‘red queen’ 
processes. In an arms race, escalation by one species is followed 
by counter escalation in another, with the evolution of ever 
increasing abilities in both players. In a Red Queen, advances by 
one species are met with advances by the other, but frequency 
dependent processes cause the best fit type to change. This 
in turn creates cycles of genotype or phenotype frequencies 
over time. 


behavioral response without having an effect on the under¬ 
lying genes (i.e., counter escalations may be plastic rather 
than genetic, and therefore temporary in an evolutionary 
sense). Additionally, arms races are unable, once begun, to 


continue indefinitely. Limited genetic variation, as well as 
physiological and environmental constraints, places a limit 
on the level of exaggeration that can be obtained while 
asymmetric rates of evolution can result in one species 
evolving phenotypic traits beyond that which can be 
matched by the other member of the race. 

The Life-Dinner Principle and Asymmetrical 
Selection 

The relative rarity of coevolutionary arms races is often 
cited as being due, in part, to asymmetric selective pres¬ 
sures experienced by predators and prey. Dawkins and 
Krebs characterized this inequity as ‘the life-dinner prin¬ 
ciple,’ which claims that prey species experience greater 
selective pressure to win the race as a result of the relative 
severity of the alternative outcomes: a hare that loses the 
race has lost its life and all future reproduction, while a 
fox that loses the race has merely lost a meal, a relatively 
meager cost that potentially allows the predator to repro¬ 
duce in future. The asymmetry is expected to result in 
greater evolutionary rates in the prey, thus allowing it to 
‘outrun’ the predator and escape from the arms race, or 
the predator may simply fail to enter the race altogether. 

This caricature, however, is a far too simplistic view 
of predator-prey interactions that, most conspicuously, 
underestimates the selective pressure experienced by pre¬ 
dators. While the loss of a single meal may not directly 
result in the death of a predator, the loss of multiple meals 
certainly will. The rarity of predator-prey arms races is 
perhaps better explained in terms of the consistency with 
which predators and prey experience the consequences of 
a given interaction. Prey that fail to escape will immedi¬ 
ately and consistently experience the consequences of the 
interaction, whereas predators are sometimes able to avoid 
many of the selective consequences that are possible 
within an interaction. Even if a predator ‘only’ loses a 
meal, the consequences of that lost meal may vary depend¬ 
ing on the physical condition of the predator as well as the 
life history of that predator: generalist predators may be 
better able to cope with a lost meal because of the avail¬ 
ability of alternative prey items, whereas specialist preda¬ 
tors rely more closely on a specific prey species and so may 
view the lost meal as a rather more drastic consequence. 
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A predator that fails to capture a prey also often fails to 
physically interact with that prey, thus allowing itself to 
avoid any damage that may be inflicted directly by prey 
defenses, such as that caused by claws and toxins. In 1999, 
Brodie and Brodie explained how this difference in the 
predictability of fitness consequences might lead to gener¬ 
ally weaker selection on predators than on prey. 

In cases where predators and prey are forced to inter¬ 
act directly, many prey defenses, such as with spines and 
toxins, physically damage or even kill predators. These 
defenses can exert strong, consistent selective pressure on 
the predator, thus evening the playing field and allowing 
coevolutionary arms races to take place. One such exam¬ 
ple of a dangerous prey is the toxic newt, Taricha granulosa, 
found along the western coast of North America, from 
central California to southeastern Alaska. T. granulosa , 
commonly known as the rough-skinned newt, defends 
itself from predation by secreting, from glands in the 
skin, one of the most potent neurotoxins known: tetrodo- 
toxin (TTX). TTX binds to voltage-gated sodium chan¬ 
nels in muscles and nerves, blocking action potentials and 
resulting in the complete cessation of electrical current in 
blocked tissues. TTX poisoning generally results in the 
death of the potential predator via respiratory failure. 
However, some species of garter snakes, including Tham- 
nophis sirtalis , have evolved resistance to TTX, in part 
due to mutations in the sodium channel genes that reduce 
the binding affinity of TTX. T. sirtalis are able to consume 
newts, though most do not fully escape the negative effects 
of TTX - even if the snake is not killed outright, TTX can 
act to inhibit locomotor performance in the predator. 
Depending on the toxicity of the newt and resistance of 
the snake in question, a snake may suffer only limited 
effects or be completely immobilized for several hours, 
rendering it unable to escape from predators or thermo- 
regulate properly. In this manner, a selective advantage is 
gained by the most resistant snakes capable of escaping the 
more drastic effects of TTX poisoning. On the other side, 
newts often survive unsuccessful attacks from insuffi¬ 
ciently resistant predators, either by crawling from the 
mouth of the dead or immobilized snake unharmed, or as 
a result of a behavioral response in the predator in which, 
for example, garter snakes actively reject too-toxic prey up 
to an hour after initiation of the process of ingestion. 

Chase-Away Selection 

Predator-prey co-evolution is not restricted to simple 
one-on-one interactions. Some of the most interesting 
dynamics occur when the strongest reciprocal selection is 
between two or more prey species eaten by a common 
predator. Many dangerous or unpalatable prey have 
evolved an additional level of defense against predators in 
the form of warning signals, often aposematic coloration, 
meant to deter predators prior to attack. Such is the case for 


many butterfly species that sequester toxic compounds 
from their food plants, brightly colored salamanders and 
frogs that secrete nasty compounds from their skin, and a 
range of other organisms that are chemically defended. The 
utility of warning signals depends largely on predator psy¬ 
chology, with predators learning to associate adverse effects 
with the visual or other sensory signals displayed by a prey 
item prior to capture. Unpalatable prey, therefore, only reap 
the benefits of a warning signal if the predator has previ¬ 
ously attempted to consume a prey item displaying the 
same signal and found the result undesirable. 

This avoidance of a particular signal by predators sets up 
a selection scenario on color patterns that drives reciprocal 
selection between prey. Undefended prey gain an advan¬ 
tage by resembling dangerous prey, so that predators con¬ 
fuse their identity and avoid both prey types. In such a 
mimicry system, usually labeled Batesian mimicry, one 
prey species is defended and others not. Predators learn 
to avoid the common pattern by experiencing the defended 
prey, but learn to eat the pattern when they encounter 
an undefended prey. This inequity generates to a tense 
dynamic because defended prey gain the biggest advantage 
when they are unique, but undefended prey adapt to resem¬ 
ble the defended species. In evolutionary terms, this leads to 
‘chase-away’ co-evolution - predation drives the evolution 
of more precise mimics, resulting in directional selection 
on the defended prey away from the mimetic phenotype. 
Mimics effectively ‘chase’ models toward new phenotypes. 

Other forms of mimicry involve multiple well- 
defended species of prey. In such Mullerian systems, all 
of the similar prey can help ‘teach’ individual predators to 
avoid a pattern. The most famous of these systems involve 
the South American Heliconius butterflies, which as larvae 
feed on Passiflora plants and sequester toxins leaving them¬ 
selves well defended against predators as day-flying adults. 
Many species of Heliconius that inhabit an area share a 
common red, black, and yellow pattern. The dynamic 
here is not a chase-away, but rather a mutualistic conver¬ 
gence on a single pattern. Because a predator learns from 
encounters with any of the defended prey, individuals with 
the most common pattern will always have an advantage 
regardless of species. This force should generate stabiliz¬ 
ing selection that pushes all the species to a common 
warning signal. Despite this prediction, some Mullerian 
systems still maintain a large degree of variation in color 
pattern. Understanding the forces that maintain this poly¬ 
morphism is one of the major directions in current 
research on the mimicry process. 

The Red Queen 

When first introduced to the scientific community by Van 
Valen in 1973, the ‘Red Queen hypothesis’ was presented 
as a way to explain loglinear extinction rates observed in 
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broad taxonomic groups. Van Valen proposed that the 
effective environment experienced by a group of species 
was comprised primarily of other organisms and that as one 
member of the ecosystem evolved, this caused a change in 
the effective environment to which all members of the 
ecosystem must adapt or face extinction. Across macroevo¬ 
lutionary time periods, therefore, continuous evolution in 
response to an ever-changing biotic environment was nec¬ 
essary to avoid extinction, even with a constant abiotic 
environment, and past adaptations did not improve the 
ability of a given taxon to adapt to future environmental 
changes. Van Valen likened this to the world in Lewis 
Carroll’s book, Through the Looking Glass , wherein the Red 
Queen informs Alice that in that world .. it takes all the 
running you can do to keep in the same place.’ 

This metaphor has led the Red Queen hypothesis to be 
viewed as a large-scale manifestation of the concept of co¬ 
evolution, with evolutionary change in one species or 
group of species driving the evolution of other groups. 
However, a second, more specific, Red Queen has emerged 
that has come to refer directly to coevolutionary or popu¬ 
lation dynamics that proceed in a cyclical manner at the 
population level. Unlike arms race dynamics, cyclical Red 
Queen dynamics can be stable for long periods of time, 
with regular switches in the direction and intensity of 
selection, resulting less in an escalation of traits than a 
state of constant change (Figure 2). 

Frequency-Dependent Selection 

One mechanism by which Red Queen dynamics are main¬ 
tained in natural populations is negative frequency- 
dependent selection, where selection acting against the 
most common phenotypes lends an advantage to the rare 
types in a population. Their relative fitness advantage 
causes rare types to increase in frequency and eventually 
become more common. At this point, they lose their 
advantage and begin to decrease in frequency again. 
Meanwhile the disadvantaged common morph became 
rare and gained a relative advantage, only to increase in 
frequency again. Thus, evolutionary trajectories of a given 
morph continually change direction and the composition 
of the population continues to fluctuate. 

A beautiful example of the Red Queen in action 
involves feeding polymorphisms in the scale-eating 
cichlids of African Rift Valley Lakes, particularly the 
seven species found in Lake Tanganyika. These predatory 
fish approach potential prey from behind, attempting to 
bite scales from the flanks of the prey. Scale-eating 
cichlids appear specialized for this gruesome task thanks 
to an asymmetrical jaw joint that causes the mouth to 
open to either the left or the right side. First documented 
in Perissodus eccentricus , further examination revealed that 
all seven species of scale biters in Lake Tanganyika 
demonstrated a similar ‘handedness’ to their jaw openings. 


The asymmetrical opening of the mouth maximizes the 
area of the prey flank that is in contact with predator 
teeth in a single bite, thus increasing the efficiency of 
each attack. This advantage, however, is realized only 
when the predator approaches its prey from a single 
direction: predators whose mouth opens to the right (dex- 
tral) must always attack from the left flank while predators 
with a mouth opening to the left (sinistral) must approach 
from the right. The two phenotypes exist simultaneously 
within a single population, but in unequal proportions 
that fluctuate over time. Indeed, examination of different 
age groups within a single population shows that the 
relative proportion of righty to lefty predators in larger, 
older fish is opposite that found in the younger age group. 

Michio Hori’s studies of P microlepis in Lake Tanganyika 
demonstrated a clear rare morph advantage and the cycles 
of changing frequencies across generations that should 
result from negative frequency-dependent selection. The 
more common mouthed morph has limited hunting success, 
as prey vigilance appears to be directed toward the side 
that is most often attacked. This bias leaves the opposite 
flank less defended, providing a relative advantage to 
the rare mouthed morph. Increased feeding success by 
rare morphs results in increased reproductive success such 
that the next generation of predators will be composed 
primarily of the previously rare phenotype. Increased vigi¬ 
lance toward this new threat reverses the advantage, thus 
completing a single phase of the cycle. 

A similar dynamic is also seen in the New Zealand 
freshwater snail, Potamopyrgus antipodarum , and its parasite, 
trematodes of the genus Microphallus. Although not strictly 
a predator-prey interaction, many parallels exist between 
host-parasite interactions and those among predators and 
prey and the study of one can provide valuable insights 
into the other. This is particularly true for parasites such 
as Microphallus that castrates both sexes of the snail host, 
effectively eliminating all future reproduction in a manner 
that is equivalent - at least, from an evolutionary point of 
view - to death and consumption by a predator. 

P antipodarum exists as either asexually reproducing 
female lineages or sexually reproducing lineages with 
males and females, sexual lineages being more common 
in populations sympatric with trematodes. Curt Lively’s 
investigations of Microphallus and its host have demon¬ 
strated cycling genotypes as predicted by the Red Queen. 
The most common asexual lineage in a lake is dis- 
proportionally parasitized, causing rare lineages to spread. 
Sexual lineages gain an advantage over asexual ones 
because they can spin off variable genotypes of off¬ 
spring that cannot be so easily tracked by parasite geno¬ 
types. Red Queen dynamics in this interaction are, once 
again, maintained through negative frequency-dependent 
selection. Trematodes locally adapt to the predominant 
phenotype of the host population, evolving increased viru¬ 
lence and ability to infect the most common genotype. 
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Rare phenotypes eventually become more common, 
driving selection on trematodes to target their genotype 
and relaxing selection to infect the formerly common type. 


The Geographic Mosaic of Co-evolution 

One of the major efforts in current studies of co-evolution 
is the investigation of the role of geography in dynamics. 
For many decades, co-evolution was discussed as though it 
played out at the level of species. In the 1990s, evolution¬ 
ary ecologists took a lead from population geneticists, 
and began to recognize that co-evolution takes place at 
the scale of populations rather than range-wide distribu¬ 
tions of species. The ecology at each locale varies and is 
expected to lead to spatial mosaics in selection. In terms 
of co-evolution, we should recognize ‘hotspots’ where 
strong reciprocal selection takes place, and ‘coldspots,’ 
where selection is weak, absent, or not reciprocal. Thus, 
a given pair of species may be engaged in a coevolutionary 
dynamic in one spatial location but not in another. 


This geographic mosaic of co-evolution should lead to 
spatial variation in the traits found within a given species. 
Processes of gene flow, local extinction, and recolonization 
are all expected to interact with selection to generate a 
complicated geographic mix of variable traits and mismatches 
between the ecological abilities of interacting species. 

Role of Local Ecology and Behavior in 
Generating Mosaics 

The impact of local ecology on the spatial variation of 
reciprocal selection has been clearly illuminated by Craig 
Benkman’s work on crossbills (Loxia spp.) that prey upon the 
seeds of various species of conifer. Crossbills have evolved a 
specialized beak morphology in which the upper and lower 
mandibles overlap in a manner that allows them to spread 
apart the scales of pine cones and thus reach seeds more 
easily (Figure 3). In response to crossbill predation, multi¬ 
ple conifers in both North America and Europe have 
evolved cone traits that protect against seed predation, 
including thicker scales with a high degree of overlap. 



Figure 3 Crossbill-pinecone co-evolution. The distribution of lodgepole pine (black) and representative crossbills and cones in 
western North America, drawn to relative scale. Red squirrels (Tamiasciurus hudsonicus) are found throughout the range of lodgepole 
pine except in some isolated mountains, including the South Hills (SH), and Albion Mountains (AM). Red squirrels were absent from the 
West Block (WB) and Centre Block (CB) of the Cypress Hills until being introduced in 1950. Reprinted from Benkman CW, Holimon WC, 
and Smith JW (2001) The influence of a competitor on the geographic mosaic of co-evolution between crossbill and lodgepole pine. 
Evolution 55(2): 282-294. 
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Crossbills, in turn, respond to these traits by evolving larger, 
more decurved bills capable of sustaining the additional 
pressure needed to spread the scales. The coevolutionary 
interaction varies with locality and the specific species 
involved, however, and has resulted in the diversification 
of a wide variety of morphological and vocal ‘types’ of 
crossbill, each adapted to a local species of conifer. 

Benkman has shown many ecological factors to play an 
important role in the local outcomes of the predator-prey 
interaction between crossbills and conifers. In Red cross¬ 
bills ( Loxia curvirostra) and the Rocky Mountain lodgpole 
pine {Pinus contorta latifolia), co-evolution between these 
two species is ameliorated by the presence of a competing 
seed predator, the red squirrel {Tamiasciurus hudsonicus). 
Squirrels are the dominant predator, outcompeting cross¬ 
bills for seeds and thus claiming the role of primary selec¬ 
tive agent on cone traits. Crossbills still appear to evolve 
beak traits specialized to match the mean cone phenotype 
of the local population, yet these specialized bills no longer 
appear to have a selective effect on cone morphology. In 
other areas, the strength of selection exerted on cone traits 
appears to increase with the size of the forest in which the 
interaction is taking place, possibly because of the abun¬ 
dance of resident crossbills that can be supported by large 
forested regions, in contrast to spatially smaller popula¬ 
tions in which crossbills may be either less common or less 
persistent. Finally, studies examining the relationship 
between L. curvirostra and the European black pine {Finns 
nigra) have shown that, because black pine do not hold 
seeds in the cone during the early summer months, coex¬ 
istence and reciprocal selection between the two species 
can occur only when alternative seed sources are available 
during those months, thus allowing the crossbills to persist 
in the area. 

Geographic mosaics can sometimes lead to a greater 
understanding of the evolutionary dynamics of a coevolu¬ 
tionary system. The garter snake-newt arms race described 
earlier shows dramatic geographic variation in both pred¬ 
ator and prey phenotypes across western North America 
(Figure 4). A first glance at the geographic pattern of 
snake resistance and newt toxicity suggests a roughly 
matched level of exploitation and defense in the two 
species - snakes are non resistant outside the range of 
toxic newts, and the most toxic newts and most resistant 
snakes are seen in the same geographic areas. However, a 
closer look at apparent hotspots reveals a dramatic mis¬ 
match between the functional abilities of the two species. 
Indeed, nearly half the localities examined had predator 
and prey traits sufficiently different so that reciprocal 
selection is not expected to occur in the current popula¬ 
tions. In every case of a mismatch, the TTX resistance 
levels of local predators were so extreme that any snake 
would be capable of consuming any sympatric newt with 
little or no adverse effects. This pattern appears to result 
from predators escaping from the arms race by evolving 


extreme levels of resistance through mutations of large 
effect. By investigating many localities, we are able to 
examine coevolutionary dynamics at various stages in 
the arms race - we see some localities with populations 
of both species exhibiting ancestral (‘prearms race’) levels 
of phenotypes, others with exaggerated traits engaged in 
counterescalation via reciprocal selection, and still others 
where, at least temporarily, one population has escaped 
the evolutionary race. 

One temptation emerging from geographic compari¬ 
sons is to classify all examples of adaptive radiation as the 
result of coevolutionary interaction. Geographic variation 
in the phenotype of one species is not, by itself, sufficient 
to demonstrate a coevolutionary arms race. An elegant 
example of adaptive radiation across a geographic range as 
a result of unidirectional local selection is the soapberry 
bug {Jadera haematoloma) of North America. The soap¬ 
berry bug is a seed predator that uses its needle-like 
beak to penetrate the fruit of multiple host species, pierce 
the seed coat, then liquefy and suck up the contents. 
Different populations of bugs vary considerably in beak 
length, with beak lengths matching the typical fruit size of 
the local host. In the last century, the introduction of the 
invasive ‘round-podded’ and ‘flat-podded’ golden rain trees 
{Koelreuteria paniculata and K. elegans , respectively) from 
east Asia, as well as the heartseed vine {Cardiospermum 
halicacabum ), has provided a rare opportunity to chronicle 
the effect of local interactions on the phenotype of both 
predators and prey. As predicted, fruit size and shape of 
each host taxon appear to have driven the evolution of 
beak lengths locally adapted to the predominant host 
species of a given area. In regions where the native balloon 
vine {Cardiospermum corindum) has been replaced by the 
flat-podded golden rain tree, beak lengths of the soap¬ 
berry bug have shortened to accommodate the smaller 
fruit. Similarly, in regions where the native soapberry tree 
{Sapindus saponaria ) is displaced by the round-podded 
golden rain tree and heartseed vine, beak lengths have 
increased in length. The interaction, however, appears 
largely one-sided at this point in time: while soapberry 
bugs appear to have evolved in response to host pheno¬ 
type, an evolutionary response of fruit size in the rain tree 
as a result of predation is yet to be seen. 

Furthermore, strength of selection in a given location 
does not necessarily depend on the ecological intensity of 
the given interaction: predators may kill most of the prey 
of a population but if this does not result in differential 
survival or reproduction of the prey due to some defen¬ 
sive phenotype, the prey will be unable to evolve. This is 
apparent in the geographically varying coevolutionary 
interaction between Japanese camellia {Camellia japonic a) 
and its obligate seed predator, the camellia weevil {Circulio 
camelliae) (Figure 5). Japanese camellia - an evergreen, 
broadleaf tree common throughout Japan - protects its 
seeds by enclosing them in fruit with an unusually thick, 
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Figure 4 Hotspots and coldspots in an arms race. The interpolated geographic distribution of prey toxicity, (b) predator toxicity, and 
(c) the degree of phenotypic matching of these traits across the geographic range of newts of the genus Taricha and the garter snake 
Thamnophis sirtalis. Note that the overall patterns of relative phenotypic exaggeration (yellow, orange, and red areas in (a) and (b)), are 
generally similar for newts and snakes throughout their range of sympatry. However, areas of exaggerated phenotypes do not 
necessarily have the strongest reciprocal selection as shown by an analysis of functional matching in (c). Reprinted from Hanifin CF, 
Brodie ED Jr, and Brodie ED III (2008) Phenotypic mismatches reveal escape from arms-race co-evolution. PLoS Biology 6: 471-482. 


woody pericarp. The female camellia weevil is able to 
overcome this defense by using her long rostrum to 
bore a hole in the woody pericarp. Upon reaching a seed, 
she withdraws her rostrum and turns around to lay an egg- 
in the seed. Each larva consumes a single seed upon 


hatching, begins development in the fruit, and then bur¬ 
rows out to spend its first winter in the soil. The success of 
a given boring attempt is determined both by the thickness 
of the pericarp and by the length of the female’s rostrum; 
thus selective pressure favoring thick pericarps drives 
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Figure 5 Arms race between weevils and Camellia fruits. The phenotypic interface of the interaction between Japenese camellia 
and camellia weevils is illustrated by (a) the flower of the Japenese camellia, (b) a female weevil drilling into the pericarp of a camellia 
fruit with her rostrum, (c) a cross section of fruit showing the holes drilled by weevils (solid arrows) and an exit hole of a weevil larva 
(dashed arrow), (d) a weevil larva and infested seed, (e) geographic variation in camellia pericarp thickness, and (f) geographic variation 
in weevil rostrum length. The three-dimensional selection surface (g) of the interaction shows the probability of boring success for 
various combinations of camellia and weevil phenotypes. Reprinted from Toju H and Sota T (2005) Imbalance of predator and prey 
armament: Geographic dines in phenotypic interface and natural selection. The American Naturalist 167(1): 105-117. 




continued exaggeration of the plant defensive trait which in 
turn favors increased rostrum length in the predator. 

The strength of reciprocal selection between these two 
species varies along a latitudinal gradient. Direct exami¬ 
nation of the phenotypic interface of co-evolution at the 
population level has shown that, although weevils experi¬ 
ence elevated boring success in northern populations and 
are capable of causing the death of more than half the 
seeds in a given population, selection on camellia to 
produce thicker fruits is relatively weak and rostrum 
length and pericarp thickness remain modest. This phe¬ 
nomenon indicates an imbalance in armament between 
predator and prey in favor of the predatory weevil, where 
each camellia, regardless of the thickness of its fruit in 
relation to other members of the population, remains 


vulnerable to weevil attack. In southern populations, how¬ 
ever, camellia and weevil become more evenly matched 
in the arms race, the strength of directional selection on 
pericarp thickness increases (despite reduced ecological 
intensity of the interaction), and both predator and prey 
phenotypes are exaggerated. 

Current Limitations and Future Directions 
in the Study of Co-evolution 

Perhaps the predominant current limitation to under¬ 
standing coevolutionary dynamics is the tendency of 
researchers to focus on one half of the equation. For 
example, we cite the garter snake-newt system is as an 
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example of co-evolution, but research has focused primar¬ 
ily on the evolution of predatory adaptations (TTX resis¬ 
tance) in garter snakes, leaving the evolution of newt 
toxicity something of an enigma. Argument continues 
regarding the production of TTX, and the genetic basis 
of toxicity has not yet been adequately demonstrated. 
Although evolution of lateral asymmetry in scale-eating 
cichlids seems to be driven by differential feeding success 
between rare and common phenotypes, some argument 
remains as to whether the escape response of the prey is 
purely a learned behavior or the result of selection on 
analogous lateral asymmetry in the prey. The logistical 
difficulty in studying two species at an equivalent level of 
rigor is immense, but before coevolutionary interactions 
can be fully understood and conclusively demonstrated, 
significant steps must be taken toward balancing the body 
of research available for each species involved. 

Perhaps because of their complexity, coevolutionary 
studies have tended to emphasize an observational 
approach to data acquisition in the past. Recent moves 
toward more experimental studies promise new insight 
into dynamics and have been particularly useful in reveal¬ 
ing ecological factors important in driving reciprocal selec¬ 
tion and geographic mosaics. Artificial laboratory systems 
using bacteria and phage predators are well suited to such 
studies as they churn out multiple generations everyday. 
However, such systems lack a certain focus on phenotypes 
that students of animal behavior seem to emphasize. 

Finally, the incorporation of modern genetic and 
genomic methodologies promises to chart more of the 
genotype-phenotype map that ultimately drives the 
dynamics. Whether traits at the phenotypic interface of 
co-evolution are determined by one or many loci influ¬ 
ences the likely coevolutionary dynamics at the popula¬ 
tion level. The extent to which co-evolution takes place 


between populations, traits, or genes will eventually be 

revealed when we have a fuller picture of the genetic basis 

of the traits that mediate ecological interactions. 

See also: Defensive Chemicals; Defensive Coloration; 
Defensive Morphology; Parasitoids; Predator Evasion; 
Predator’s Perspective on Predator-Prey Interactions; 

Specialization. 
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Although the title of this article suggests that cockroaches 
are a homogenous grouping, the term ‘cockroaches’ 
applies to a sizeable group of morphologically and behav- 
iorally diverse insects. Current species estimates are 
in the range of 4000-5000, with at least that many 
yet to be described. Cockroaches can resemble beetles, 
wasps, flies, pillbugs, and limpets. Some are hairy, several 
snorkel, some whistle, many are devoted parents, and 
males of several species emit light. Body sizes range 
from mosquito-sized species living in the nests of social 
insects, to mouse-sized burrowers weighing more than 
30 g. Diversity is highest in warm, humid tropical rain¬ 
forests, but cockroaches are found on all continents and in 
nearly all habitat types where insects occur, including 
both arid and aquatic environments. Although their tax¬ 
onomy is in flux on several levels, cockroaches are typi¬ 
cally placed in the Order Dictyoptera along with termites 
and mantids, and divided into six families. Most cock¬ 
roach species fall into just three of these families: the 
Blattidae, Blattellidae, and Blaberidae. Recent evidence 
indicates that technically, termites are cockroaches, as 
they are phylogenetically nested within cockroaches 
as a subgroup closely related to the cockroach genus 
Cryptocercus. 

The great diversity of cockroaches makes them appeal¬ 
ing for comparative studies, but with some exceptions, 
most of our knowledge of their behavior is based on just 
a slender fraction (~1%) of the group: the domiciliary 
pests and a handful of other species cultured in labora¬ 
tories and museums. Although it is wise to be wary of 
generalizing any particular behavior to the entire group, 
there are excellent reasons why these cockroach species 
have become important subjects for studies of neurobiol¬ 
ogy, endocrinology, and behavior. They are easy to keep, 
as they can be fed conveniently on rodent or dog chow. 
They withstand and even thrive in crowded situations, 
and tolerate a wide range of temperature and humidity 
conditions relative to other tropical insects. Wounds heal 
quickly, and they have an astounding ability to survive 
without food or water. They are long lived and can be 
quite large (as exemplified by members of the genera 
Periplaneta , Blaberus, Rhyparobia , Gromphadorhina), facilitat¬ 
ing both behavioral observations and surgical experimenta¬ 
tion. Their size also allows for externally fitted mechanical 
and electronic devices, and internally implanted electrodes 
and canulae. 

The cockroach nervous system is more decentralized 
than in many insects, with multiple nerve centers strung 


along the ‘spinal cord’ responsible for regulating vital 
functions. This is the reason they can live for some time 
without a head, and allows for their rapid escape response. 
When receptors on abdominal appendages (cerci) are 
stimulated by air displacement, the message travels 
straight to the legs, bypassing the cephalic brain. Individ¬ 
ual behavior and its neurological basis have been exten¬ 
sively studied in domestic species. Cockroaches display 
associative learning (linking a visual cue with an odor) 
and have a mammalian-like place memory. Both stress 
and sleep deprivation can kill them. Cockroaches are apt 
models for age-related behavioral changes and have been 
used extensively in locomotory studies. Cockroach speed, 
stability, balance, righting behavior, climbing ability, and 
spatial orientation have been studied for their use in a 
variety of applications, including the development of 
blattoid walking robots. The first of these robots was 
developed in 1955, and they have since become sophisti¬ 
cated and miniaturized. Those used in a recent study of 
aggregation behavior were about the size of a matchbox. 

Naturally, a fundamental reason for the extensive 
study of just a few key species has been the development 
of strategies to improve the management and control of 
structural pests. This applied research has resulted in a 
vast literature, with entire books written on the German 
(Blattella germanica) and American ( Periplaneta americana) 
cockroaches alone. These species are not typical of their 
undomesticated brethren and are so intimately associated 
with humans that wild populations are no longer easily 
found. Consequently, the natural context of extensively 
studied behaviors is unknown. The most commonly uti¬ 
lized species typically have been maintained in culture for 
decades and are therefore apt to be lacking the variation 
expressed in free-living populations. Group dynamics, 
locomotor ability, growth rates, levels of endosymbiotic 
bacteria, and fecundity are known to differ between labo¬ 
ratory and wild strains, and crowded rearing conditions and 
the inability to emigrate can result in artificially elevated 
levels of density-dependent behaviors such as cannibalism 
and aggression. Even in cases where natural populations of 
cultured species exist, most are as yet unstudied in the field 
(e.g., Gromphadorhina). Obtaining field data on a group that 
is largely cryptic and nocturnal is a challenge, but the 
behavior of even diurnal, brightly colored species (largely 
Australian - Figure 1) is unknown. 

Here I concentrate on two broad areas of interac¬ 
tions for which a relatively wide range of cockroach 
species have been investigated: mating behavior and social 
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Figure 1 The diurnal Australian cockroach Polyzosteria 
mitchelli digging a hole for her ootheca, which is fully formed 
and attached to her abdominal tip. The stereotyped behavioral 
sequence involved in oothecal deposition has been used as a 
taxonomic character. Photo by E. Nielsen, courtesy of David 
Rentz. 

structure. There is a wealth of information on these 
subjects, and if the literature is traced, it becomes obvious 
that one man laid the foundation for these studies during 
the middle of the last century. Louis M. Roth was employed 
as a civilian entomologist for the United States Army 
when he was charged with the mission of investigating 
noninsecticidal methods for controlling insects of military 
importance. Fortunately, he had the foresight to recognize 
that successful control measures require a solid basis in 
the biology and behavior of the target insect, and initiated 
studies of courtship and mating behavior of three cock¬ 
roach species during the late 1940s. This early work was 
published in 1952, but not before the adjective ‘sexual’ 
was removed from the description of cockroach behavior 
in the title; the Army Quartermaster General deemed 
it an unacceptable subject for association with a govern¬ 
ment agency. Even that proved insufficient, however, and 
Roth, along with co-author E.R. Willis, used their home 
addresses instead of the Army’s to get the 64 page paper 
published. It was the first in a long series of publications 
that laid the groundwork for the modern study of cock¬ 
roach behavior. Roth eventually published more than 200 
papers on cockroaches, several of which were weighty 
monographs. He also trained, encouraged, worked with, 
or directly influenced a succession of scientists who not 
only went on to distinguished careers of their own but 
also spawned subsequent generations of biologists happy 
to ignore the stigma of working on the group. 

That initial paper by Roth and Willis presented a 
detailed analysis of sexual behavior in three domestic 
pests and included a description of female American cock¬ 
roaches (P americana) producing a chemical that functions 
to attract males and instigate their mating behavior. It was 
the first report of a cockroach pheromone, several years 


before the term was even coined. They discovered that 
when a water vial from a cage filled with virgin females 
was transferred to a cage containing males, the males 
responded by enthusiastically trying to mate with both 
the water vial and each other. That serendipitous dis¬ 
covery kicked off a storm of research on cockroach chemi¬ 
cal ecology that continues to this day. During the 1960s 
and 1970s, there was a dramatic competition among labora¬ 
tories to establish the physical source and chemical identifi¬ 
cation of the female sex pheromone of P americana. Twists 
and turns included mistaken identifications, blind alleys, 
and reversals. In one study, researchers collected the fecal 
material from 100 000 virgin females and performed gut 
dissections on an additional 32 000 in an attempt to isolate 
the pheromone. It was finally characterized in the late 1970s, 
and its components synthesized for use in behavioral studies. 
It proved to be an incredibly stable compound. Refrigerated 
pheromones used for demonstration in classes at Cornell 
University in 1966 could still stimulate male courtship 
behavior in 1999. Continuing research has demonstrated 
that pheromones permeate every aspect of cockroach 
interactions. These include long-range, short-range, and 
contact chemicals that function in mate finding and court¬ 
ship, trail following, kin-recognition, mother-offspring 
interactions, and alarm, aggregation, and oviposition beha¬ 
viors. Cockroaches also produce an array of repellants, irri¬ 
tants, and sticky secretions as defense against natural 
enemies. Despite substantial research progress on the 
topic, examined cockroaches have a large number of dis¬ 
tinct glands and glandular cells of unknown functional 
significance scattered over the body. 

Mating Behavior 

With few exceptions, the generalities of mating behavior 
are remarkably uniform among studied cockroaches. The 
typical sequence consists of mate finding, mate contact, 
a courtship that includes the male display of tergal 
glands, female attraction to these glands, and copulation. 
Volatile sex pheromones mediate the initial orientation 
and have been demonstrated in 16 cockroach species 
in three families. The pheromones are commonly female 
generated, but in some species, the initial roles are 
reversed, with males luring females. On the basis of limited 
available data, the general pattern appears to be that in 
cockroaches in which the male or both sexes can fly, it is 
the female that releases a long-range pheromone. Males 
release sex pheromones in species in which both sexes 
are earthbound. Once a potential mate is nearby, contact 
pheromones and short-range volatiles mediate sexual 
and species recognition and coordinate courtship. Anten¬ 
nal contact with the female instigates a male display in 
which he turns away and presents to her glands on 
the dorsal surface of his abdomen. Females respond by 
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approaching the male, straddling his back, and feeding on 
the gland secretion. Tergal glands thus serve to maneuver 
the female into the proper position for mating and arrest 
her movement so that the male has an opportunity to 
engage her genitalia. 

In some cockroach species, courtship is highly stereo¬ 
typed, with an internally programmed, unidirectional se¬ 
quence of acts; in others, male-female interaction is more 
flexible. Variations often take the form of behaviors that 
produce airborne or substrate-borne vibrations, particu¬ 
larly when males are courting reluctant females. These 
include rocking, shaking, waggling, trembling, vibrating, 
pushing, bumping, wing pumping, wing fluttering, ‘pivot¬ 
trembling,’ push-ups, anterior-posterior jerking, tapping, 
stridulation, and chirping. Some male cockroaches whistle 
at females with surprisingly complex, almost birdlike 
sounds that vibrate through the air and ground. Male 
Madagascar hissing cockroaches, Gro mphadorh in a p or ten tosa, 
produce two different types of hisses during courtship (and 
a third during copulation). These courtship behaviors typ¬ 
ically alternate with tergal display, until the female eventu¬ 
ally responds or the male departs. Courtship can last well 
over an hour in some species, although females may react 
quickly to attractive males. 

Mate selection in cockroaches involves a complex 
interaction between male competition and female choice. 
Fights among male conspecifics have been documented 
in most cockroach subfamilies and involve a rich reper¬ 
toire of behaviors, with 19 individual acts documented 
in 13 species. The presence of a receptive female typi¬ 
cally instigates battles, with males displaying sexually 
to the female and aggressively to each other. Fights usu¬ 
ally involve butting, kicking, and biting, but vary in inten¬ 
sity. In the German cockroach ( B. germanica ) and other 
Blattellidae, fights are mildly aggressive, last but a few 
seconds, and never result in dismemberment. In the 
American cockroach, P. americana , bouts can last up to 
3 min, and the longer the fight lasts, the more escalated 
and dangerous the behavior. Injuries occur but are rarely 
mortal; most fights end in truce or retreat. In some cock¬ 
roaches, such as Nauphoeta cinerea , males form dominance 
hierarchies based primarily on the results of combat, and 
a few species are known to guard territories and food 
resources. Fighting in many species simply brings about 
‘spacing’ whereby individuals are no longer in contact 
with each other. Interactions are more ritualized in some 
species than others, with distinct dominant and subordinate 
postures. 

Male cockroach social interactions are difficult to 
classify because they are complex, species-specific, 
plastic, often density dependent, and may differ depend¬ 
ing on the experimental design or research facility in 
which the studies are conducted. Laboratory studies of 
male-male social behaviors usually involve a no-choice 
face-off of two individuals or the interactions of a small, 


manageable group, while in nature most of these species 
are gregarious, living in sometimes extraordinarily large 
groups in caves, hollow trees, or in human structures. 
Field studies have been conducted on two species of 
Blaberus in the caves of Trinidad. Researchers found that 
male B. colloseus establish dominance hierarchies when at 
high densities, but hold territories when at lower densities, 
often trying to ‘herd’ females into their territory. Coveted 
spaces, in this species as well as other territorial cock¬ 
roaches, may contain food or water, or are merely elevated 
sites. Female sex pheromones rise on air currents in natu¬ 
ral habitats, so higher perches may be the best place to 
survey the olfactory environment. The stability of the 
pecking order varies in cockroaches that form dominance 
hierarchies and familiarity with members of the group can 
structure interactions. 

The African species N. cinerea exhibits relatively stable 
linear hierarchies, but rank switching is common. An 
alpha male patrols his territory, lunging at subordinates 
and sending them cowering into corners of the cage. Male 
social rank in this species is recognized by both males and 
females via a combination of three chemical compounds 
that have individual, additive, and contrasting effects on 
status. The pheromonal blend that marks a high-status 
male, however, is not always the one preferred by females. 
Alpha males can nonetheless circumvent female choice by 
physically excluding rival males. 

Cockroach females overtly choose mates on the basis 
of territory quality, dominance rank, and a variety of 
courtship acts and pheromonal cues that signal some 
aspect of male quality. Female hissing cockroaches prefer 
the longer, lower frequency courtship hisses produced by 
large males. Nauphoeta cinera females favor experienced 
males, but are disinclined to accept males on which 
the chemical traces of a recent female consort can be 
detected. With age, females lower their standards and 
require less courtship from suitors than do their younger 
counterparts. The tergal feeding phase of courtship com¬ 
mon to most studied cockroaches is a potential mecha¬ 
nism for female evaluation of potential mates. The tergal 
secretion of male German cockroaches is a complex mix¬ 
ture known to vary both individually and daily, and 
includes maltose, a potent phagostimulant for domestic 
cockroaches. Because these secretions exploit a female’s 
underlying motivation to feed, they can be classified 
as sensory traps: they mimic stimuli that females have 
evolved, under natural selection, for use in other contexts. 
Because it smells like food, virgin, mated, and gravid 
females, as well as males and last instar nymphs are 
attracted to the tergal secretion. The sensory trap hypoth¬ 
esis thus provides one explanation for the frequency with 
which males respond to the courtship displays of other 
males (pseudofemale behavior). 

The morphology and behavior of female cockroaches 
suggests sophisticated control over copulation, sperm 
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storage, and sperm use. Males cannot force females to 
mate because female cooperation is required for the initial 
engagement of genitalia. Once engaged, females can break 
the connection by pushing or kicking at the male with 
their hind legs. Females may also accept a male for copu¬ 
lation but reject him as a father. They have sophisticated 
sperm storage organs, and so have the option of cryptic 
mate choice via biased sperm use when fertilizing eggs. 
There is evidence of sperm competition in three studied 
cockroach species; it occurs primarily after the female’s 
first reproductive cycle. 


Social Behavior 

It is difficult to conceive of any group of animals that 
are as diversely social as cockroaches. Although individ¬ 
ual taxa are typically described as solitary, gregarious, 
or subsocial, cockroach social heterogeneity is not so 
easily catalogued. Cockroaches that live in family groups 
are a rather straightforward category, and domestic pests 
(Figure 2) and a number of cave-dwelling species are 
without a doubt highly gregarious, forming groups that 
may include both kin and nonkin. Few species are con¬ 
vincingly described as solitary, although one category of 
loners may be those adapted to deep caves. For a variety of 
reasons, many others elude straightforward classification. 
For one thing, studies of cockroach social behavior are 
still in their early descriptive phase. With perhaps a score 
of exceptions, our concept of cockroach social organiza¬ 
tion is based largely on anecdotal evidence and brief 
observations during collection expeditions for museums. 
The data we have indicate considerable spatial and tem¬ 
poral variation in social structure, influenced by, among 
other factors, the age and sex of the insects, environmental 



Figure 2 German cockroaches infesting an urban structure. 
Photo by Colette Rivault and Mathieu Lihoreau. 


factors, physiological state, population density, and har¬ 
borage characteristics. Many cockroaches are nocturnal 
and cryptic; consequently, even those that live in labora¬ 
tories can be full of surprises. Parental feeding behavior 
was only recently observed in hissing cockroaches, even 
though they are commonly kept in homes as pets, in 
laboratories for experiments, and in museums for educa¬ 
tional purposes. 

Even closely related species can vary widely in social 
proclivities. The German cockroach is strongly gregarious 
(Figure 3) and has been the test subject of the vast 
majority of studies of cockroach aggregation behavior; 
some congeneric species, however, have been described 
as solitary. One promising group for comparative study 
is the wood-feeding Panesthiinae cockroaches, which 
exhibit a variety of social structures (e.g., biparental care, 
maternal care, gregarious behavior), making them useful 
models for examining the basis of social variation in 
a closely related group. Kin recognition is well developed 
in some species. German cockroaches not only discrimi¬ 
nate the odor of their own population, but also recognize 
siblings and modify their behavior accordingly. Neonates 
of several cockroach species orient to their mother in 
choice tests. There is even a report of hissing cockroaches 
in culture learning to discriminate between their human 
handlers. 



Figure 3 An aggregation of German cockroaches in 
laboratory culture. A female at the bottom is forming an egg case. 
Photo by Colette Rivault and Mathieu Lihoreau. 
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Cockroaches that aggregate in sheltered areas during 
their period of inactivity are well studied because of 
the strong economic incentive to do so. Aggregations of 
domestic pests have been characterized in terms of group 
size and demographics, as well as preferred shelter char¬ 
acteristics, activity rhythms, site fidelity, and the sensory 
cues used in homing to harborage. Most species will 
orient to the faecal and cuticular residues and odors of 
conspecific, and often heterospecific, cockroaches. While 
these odors are probably not true aggregation pheromones, 
they are one cue that helps mediate the formation of 
groups. Not unexpectedly, age, sex, and reproductive status 
of individuals strongly influence their behavior. The pro¬ 
posed benefits of gregarious behavior include defense, 
favorable microclimate, proximity of potential mates, and 
both food and mutualistic gut microbes for neonates. 
The chief costs seem to be disease transmission and canni¬ 
balism. As in most studied animals that form groups, the 
behavioral rules governing aggregation behavior in cock¬ 
roaches conform to a simple model of self-organization: 
individuals modulate their behavior in relation to social or 
environmental cues in their immediate vicinity. Research¬ 
ers have successfully reproduced cockroach aggregation 
dynamics by using microrobots, and demonstrated that 
these robots can collectively ‘agree’ on an aggregation site 
in choice tests. 

Cockroaches may exhibit the greatest range of parental 
care specializations among insects. Egg care is universal, 
but varies depending on reproductive mode. Oviparous 
females encase their eggs in a protective, hardened outer 
shell (ootheca), select and prepare the egg deposition site 
(Figure 1), and then conceal and in some cases, defend 
the egg case. A few species carry the ootheca attached to 
the tip of their abdomen until hatch. Ovoviviparous and 
viviparous females retract the egg case into their body, 
where it is incubated in a type of uterus (brood sac) 
throughout gestation. After hatch, the simplest parental 
interaction is brooding. Neonates shelter briefly beneath 
the mother’s body until their cuticle hardens, then disperse. 
In species that exhibit more elaborate care, the female 
constructs a nest in which the offspring develop, or carries 
them either on her back beneath the wings (Figure 4) or 
clinging to the underside of her body. Some mothers can 
roll up (conglobulate), enclosing the ventrally attached 
nymphs. Specializations of the juveniles include appen¬ 
dages that aid in clinging to the female, and mouthparts 
that facilitate unique feeding habits. 

Parental care is typically maternal, although biparental 
family groups are found in two genera of wood-feeding 
cockroaches. Exclusive paternal care is unknown. Parental 
care is significantly associated with egg retention, as inter¬ 
nal incubation assures the temporal and spatial proximity 
of mother and neonates at hatch. The one known parental 
oviparous genus rears its young in a nest: a condition that 
similarly sets the stage for more complex interactions. 



Figure 4 A female cockroach in the subfamily Epilamprinae, 
possibly in the genus Thorax, carrying young on her back. 

The Indian species Thorax porcellana carries offspring under its 
domed forewings for their first two instars. Young nymphs are 
dependent on maternally provided food, reported to be either a 
glandular secretion or hemolymph. Photograph by Natasha 
Mhatre, all rights reserved. 

A unique aspect of cockroach parental care is the wide 
range of mechanisms by which embryos and neonates are 
nourished. In the one known viviparous species, the brood 
sac acts as both uterus and mammary gland; it oozes a type 
of milk that is orally imbibed by developing embryos. 
In several taxa, mothers progressively provision neonates 
on bodily fluids. These fluids originate from either end of 
the digestive system, are expelled from the brood sac after 
the young emerge, or are secreted from specialized integ¬ 
umentary glands on the external surface of the body. Even 
in species in which direct feeding on maternal fluids is 
unknown, the ingestion of maternal feces or the feces of 
others in the social group (coprophagy) is thought to be 
important for establishing the microbial hindgut fauna of 
neonates. 

Despite being distantly related, both genera of bipa¬ 
rental wood-feeding cockroaches ( Cryptocercus , Salganed) 
have offspring with altricial development. The neonates 
are dependent for food, and have a thin, fragile exoskele¬ 
ton and reduced or absent eyes. These cockroaches pro¬ 
vide insight into the behavioral and ecological conditions 
likely experienced by termite ancestors and suggest fac¬ 
tors important to the evolution of eusociality in that 
group. Altricial development in the termite ancestor, for 
example, would have been a necessary precondition for 
alloparental care, just as it is in birds. Termites morpho¬ 
logically and behaviorally resemble young altricial cock¬ 
roaches, suggesting a heterochronic origin from their 
cockroach ancestors. The complex system of caste poly- 
phenism in termites is undoubtedly rooted in the physi¬ 
ology of cockroach social behavior. In cockroaches, tactile 
stimulation and short-range and contact pheromones not 
only mediate social interactions and serve as behavioral 
releasers, but also regulate physiological processes. 
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In young cockroaches, the social environment modifies 
behavior, synchronizes molting, and alters both develop¬ 
mental rates and body size. In adult cockroaches, social 
interactions have a complex influence on reproductive 
success, manifested in oviposition rate, hatching success, 
calling behavior, ejaculate quality, and the production of and 
reaction to sex pheromone. The phenomenon is best studied 
in N. cinerea , where male pheromones influence female 
longevity, the number and sex ratio of her offspring, and 
their rate of embryonic development. Such profound and 
fundamental physiological consequences of social interac¬ 
tion in cockroaches suggest that these are at the core of the 
complex caste system exhibited by their termite relatives. 

See also: Dominance Relationships, Dominance Hierar¬ 
chies and Rankings; Invertebrates: The Inside Story of 
Post-Insemination, Pre-Fertilization Reproductive Inter¬ 
actions; Orthopteran Behavioral Genetics; Predator 
Evasion; Social Evolution in ‘Other’ Insects and Ara¬ 
chnids; Subsociality and the Evolution of Eusociality. 
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Introduction 

The genetic distance between humans and chimpanzees is 
extremely small; our DNA sequences differ by only about 
1.2%. It should be possible to explore the evolutionary 
origins of the human mind through comparisons with the 
minds of chimpanzees. Shared traits of the two species 
must have had their origins in a common ancestor that 
lived around 5-7 Ma. In contrast, traits unique to us must 
have emerged during the evolution of modern humans 
from this last common ancestor. 

Based on data from a total of 534 births recorded in the 
wild, we have learned many details of the life history of 
chimpanzees. Chimpanzees live for about 50 years and 
give birth at intervals of around 5 years. Mortality rate 
in the first 5 years of chimpanzee life is about 30%, while 
the average life span is about 15 years. Chimpanzee life 
history can be divided into the following five stages: 
individuals less than 5 years (0-4 years) are classified as 
‘infants,’ those between 5 and 8 years are ‘juveniles,’ 9- to 
12-year-olds are ‘subadults,’ those older than 12 years are 
‘adults,’ and the ‘elderly’ are those aged over 36 years. 

When considering human evolution, we must bear in 
mind the different routes through which evolution gen¬ 
erates similarities and differences. Comparisons across a 
wide range of species test for convergence due to inde¬ 
pendently evolved adaptations to the environment. This 
kind of convergence is called ‘analogy in evolution.’ In 
contrast, closely related species are far more likely to 
share characteristics through having inherited them 
from a shared ancestor. Features similar by descent are 
referred to as ‘homologies.’ Both analogy and homology 
are important in understanding the evolutionary origins 
of human nature. 

While understanding cognitive development in chim¬ 
panzees is in itself important, the study of chimpanzees has 
an additional unique benefit that sets it apart from studies 
of other non-human animals; it has the potential to tell 
us about evolutionary history of human cognitive devel¬ 
opment. There are two questions that may be answered 
through the study of chimpanzee cognitive development: 
first, ‘what are the common cognitive traits shared by 
humans and chimpanzees?’ and second, ‘what traits are 
uniquely human?’ 


Chimpanzees Raise Offspring One at a 
Time While Humans Raise Multiple 
Children Concurrently 

Humans often have brothers and sisters 2-3 years older or 
younger than themselves; in fact, the age gap is sometimes 
as small as 1 year. However, this is not the case for chim¬ 
panzees, whose reproduction is characterized by long inter¬ 
birth intervals. Chimpanzee siblings are at least 5 years 
apart. Chimpanzee mothers are in a way similar to human 
single working mothers who take care of a single child at a 
time. Raising a child requires a lot of effort and investment, 
and only when the child has reached a certain level of 
independence can the mother afford to have her next infant. 
In sum, the chimpanzee way of rearing offspring is charac¬ 
terized by raising a single infant at a time. 

Imagine that humans were to adopt the same way of 
rearing children as chimpanzees. Human infants develop 
more slowly than chimpanzees. Five years may not be 
long enough for them to reach independence; 8 years or 
so are needed. Now, suppose that a human female gives 
birth at 8-year intervals starting from the age of 18: she 
will have children when she is 18, 26, 34, and 42 years old. 
By the age of 50, she may not be able to have any more 
children. This means that if human females followed a 
more chimpanzee-like system they would only be able to 
produce a maximum of four offspring in their lifetime. 
If infant mortality rates were as high as they are in wild 
chimpanzees, this reproductive strategy would be unable 
to maintain human populations in the long run. 

In the course of hominization - the process of human 
evolution - various changes occurred in reproductive and 
child-rearing strategies. While physiological mechanisms 
such as gestation are not under voluntary control and thus 
difficult to adjust, changing the way children were reared 
would have provided an alternative, more immediate 
solution. Humans evolved to wean earlier. They invented 
special foods that could be given to immature children. 
They gave birth after progressively shorter interbirth 
intervals. In these ways, humans were able to produce 
larger numbers of offspring, but faced the challenges of 
raising multiple children at one time. This new reproduc¬ 
tive strategy required help from partners, grandparents, 
and other kin and nonkin members of the community. 
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Among the 220 extant primate species, humans have a 
comparatively strong tendency to maintain pair bonds. 
Females need the help of male partners to be able to 
raise multiple children concurrently. To keep the bond, 
human females conceal their time of ovulation. In con¬ 
trast, female chimpanzees advertise ovulation with a 
swollen bottom that attracts the attention of the males. 
This human way of collaborative breeding may provide a 
driving force behind the division of labor between the 
sexes. In addition to the partner, additional help from 
kin is needed. The human way of rearing children may 
have brought about another solution; a longer postrepro- 
ductive life span, particularly in females. Grandmothers 
no longer produce children themselves, but instead invest 
time and energy into their grandchildren’s generation. 

Stable Supine Posture 

Many textbooks of anthropology point to upright posture 
and bipedal locomotion as the primary evolutionary 
forces behind human cognitive ability. The suggested 
scenario is as follows: the transition from quadrupedal to 
bipedal locomotion freed up the hands. The hands in turn 
began to manipulate objects, use tools, and even make 
tools to create other tools. 

However, there is another important but neglected 
issue related to human posture: the stability of infants in 
the supine posture (lying on one’s back on the ground or 
other surface). Chimpanzee and other non-human primate 
infants cannot be stable when they are laid on their backs - 
they move the limbs in an attempt to grasp and cling to 
something. They struggle to turn over, in what is referred 
to as ‘the righting reflex.’ Only human infants are excep¬ 
tional among primates in this respect; they can assume a 
stable supine posture and will lie quietly on their back. 

Non-human primates have four limbs with which to 
climb trees and are well adapted to arboreal life. Primate 
infants cling actively to their mothers; in return they 
receive frequent embraces (Figure 1). The mother-infant 
relationship in primates, especially simians, is clearly char¬ 
acterized by this clinging-embracing. However, human 
mothers and their infants are often physically separated 
from each other. Human infants cannot cling to their 
mothers. When you touch the palm of a newborn, you 
will see the hands immediately curl around your finger in 
a grasping reflex. However, the strength of the grip is not 
sufficient to support the infant’s weight: human babies are 
not able to cling to their mothers by themselves. 

It must be also noted that non-human primate mothers 
receive no help from others during birth. In the final stages 
of delivery, the infant’s face is directed toward the ventral 
surface of the mother. This helps the mother to retrieve the 
infant. The same does not apply to human births; human 
infants’ heads are so large that they have to gradually twist 



Figure 1 Primate infants cling actively to their mothers; in 
return they receive frequent embraces. 

as they emerge through the birth canal until they finally 
face the mother’s dorsal side. Human mothers cannot 
retrieve the infant by themselves. From birth onward, 
humans need the help of others to deliver and raise their 
offspring. Furthermore, just like many other mammals - 
cats, dogs, horses, and so forth - human mothers and infants 
are often physically separated from the birth; this is a trait 
unique among primates. 

Given the human reproductive strategy of raising mul¬ 
tiple children at the same time, it is highly adaptive to 
have infants who can quietly assume a stable supine pos¬ 
ture. Human infants have an exceptionally high body fat 
percentage: they are wrapped in about 20% fat! This is in 
clear contrast with chimpanzee infants who have only 
about 4-5% fat. The large fat deposits of human infants 
are likely an adaptation for the cold nights of the open 
savanna, newly occupied niche for human ancestors, 
which left their forest habitats. 

Stable supine posture brought with it three important 
innovations for human interaction. First, the supine pos¬ 
ture of infants facilitated face-to-face communication with 
the mother and other members of the community. Second, 
it enhanced vocal communication. As the infant is physi¬ 
cally separated from the mother, it needs to cry to attract 
her attention. Only human infants cry in the night; chim¬ 
panzee infants never do so since they are never separated 
from the mother. In return, human mothers chat to their 
infants from a distance. Thus, vocal exchange compensates 
for the lack of physical contact. Third, the hands are 
completely freed from having to support the body. 
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Human infants actually start manipulating objects much 
earlier than chimpanzees and other non-human primates. 
Human mothers often give rattles and other objects to 
their infants. Infants in turn pass these objects from one 
hand to the other (initially via the mouth) from a very 
early age. This behavior also facilitates manual-tactile- 
visual-auditory coordination. The early onset of object 
manipulation in humans is likely a precursor of tool use. 
In conclusion, from a developmental perspective, stable 
supine posture rather than bipedal upright posture 
enabled humans to become by far the most versatile and 
proficient tool users in nature. 


Innate Mother-Infant Interactions 

Primate infants are born with a set of innate reflexes: 
clinging, grasping, rooting, suckling, etc. Human newborns 
smile spontaneously with their eyes closed. Limited to the 
neonatal period, this behavior is referred to as ‘neonatal 
smiling.’ A recent discovery has confirmed that chimpanzee 
infants also show neonatal smiling. In addition, spontaneous 
smiling, in a rudimentary form, also appears to be shared 
with macaque infants. However, the spontaneous smiles of 
macaque infants are asymmetrical, similar to those pro¬ 
duced during the very early phase of human neonatal 
smiling. In the case of humans, such initially asymmetrical 
smiles quickly develop into symmetrical ones. 

The incidence of spontaneous smiles gradually de¬ 
creases in both humans and chimpanzees until they finally 
disappear approximately 2 months after birth. Instead, 
infants begin to smile with their eyes open, when looking 
at faces or face-like stimuli. This is referred to as ‘social 
smiling.’ Generally restricted to social contexts and face- 
to-face situations, social smiles receive considerable at¬ 
tention and feedback from the infant’s mother, father, 
grandparents, and other members of the community. 

Just like human infants, chimpanzee infants exhibit neo¬ 
natal facial imitation. When they see someone open their 
mouth in a face-to-face situation, infants also open theirs. 
When they see someone stick out their tongue, they stick 
out their tongue too. This kind of facial-gestural imitation 
disappears at about the age of 4 months in chimpanzees. 
Around the same time, the infants’ ability to stand on four 
limbs first emerges, and they begin to take their initial steps 
away from the mother. They no longer imitate facial ges¬ 
tures, but instead show social smiling when looking at the 
faces of other individuals. 

Eye-to-eye contact is another important characteristic 
of early mother-infant relationships. Mothers look into 
the eyes of their infants, while the infants look back in¬ 
to their mothers’. Mutual gaze is a truly unique feature 
shared by humans and chimpanzees, but not by, for exam¬ 
ple, macaque monkeys. In general, direct gaze is a sign of 
aggression or threat in both primates and nonprimate 


mammals. However, in the case of humans and chim¬ 
panzees, looking into one another’s eyes often signals 
affection. Macaque mothers also pay attention to their 
newborn infants; however, it is unusual to see an exchange 
involving mutual gaze and social smiling between them. 
In contrast, chimpanzee mothers often lie on their back 
and use their feet to hold up their infants, while at the 
same time tickling them in the neck to elicit social smil¬ 
ing. At present, it appears that only humans, chimpanzees, 
and gorillas (and probably also orangutans) engage in this 
kind of face-to-face interaction (see Figure 2). 

In sum, early mother—infant interactions in chimpan¬ 
zees resemble those of humans in many respects. Such 
interactions are based on the innate behavior of newborns, 
such as neonatal smiling and neonatal facial imitation, and 
provide the basis for various forms of social exchange 
including social smiling and mutual gaze both in chim¬ 
panzees and in humans. 


Synchronization: Coaction, Joint 
Attention, and Food Sharing 

Chimpanzee infants almost always cling to the mother in 
the first three months of life. By around four months of age, 
the infants can assume the quadrupedal standing position 
and take their first steps away from the mother. At the same 
time, they also begin to interact with other members of the 
community. When 1-year-old, infants will often receive 



Figure 2 Chimpanzee mothers often lie on their back and use 
their feet to hold up their infants, while at the same time tickling 
them in the neck to elicit social smiling in this kind of face-to-face 
interaction. 
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embraces from older siblings. Such allomothering or aunt- 
ing behavior is often seen both in the wild and in captivity. 

Year-old chimpanzee infants have a strong tendency to 
synchronize their movement with others. For example, 
one infant may walk by supporting himself on both arms 
simultaneously and swinging forward (as if on clutches, 
see Figure 3); he will be followed by another infant 
moving in the same way. We may observe that one infant 
is staring intently into a bush - and then we’ll see his peer 
looking just as intently at the same spot (Figure 4). This 
kind of joint attention and gaze following are obvious 
components of 1-year-old chimpanzees’ behavior. 



Figure 3 An infant walks by supporting himself on both arms 
simultaneously and swinging forward (as if on clutches), and he is 
followed by another infant moving in the same way. 



Figure 4 An infant is staring intently into a bush - and his 
peer looking just as intently at the same spot. This kind of 
joint attention and gaze following are obvious components of 
1-year-old chimpanzees’ behavior. 


The major difference between humans and chimpan¬ 
zees at this stage may lie in the establishment of triadic 
mother-infant-object relationships, in other words, social 
referencing. Suppose that a human infant encounters a 
new toy. She may look up at the mother before touching it. 
The mother may nod or smile, and only then will the 
infant actually start manipulating the object. While play¬ 
ing with the toy, the infant may often smile when showing 
it to the mother. The mother may smile back at her child 
and give social praise. In sum, human infants often manip¬ 
ulate objects within a social context. In contrast, chimpan¬ 
zee infants are much more likely to concentrate only on 
manipulating the object and seldom look up at the mother. 
The chimpanzee mother does not appear to care much 
about what her infant is doing as long as it isn’t interfering 
with what she is doing! In sum, there are only dyadic 
relationships in chimpanzees’ object manipulation. 

Adult chimpanzees seldom actively share food. How¬ 
ever, food sharing from mother to infant often occurs. 
Careful observation tells us that it is usually the infant 
who makes the first move, requesting food that the mother 
is in the process of eating. The mother then responds by 
allowing the infant to take a bite out of the food she is still 
holding. Perhaps the most important difference between 
the two species concerns the bidirectionality of food shar¬ 
ing. In chimpanzees, food sharing is almost always one¬ 
sided, from the mother to the infant, and not the reverse. 
However, in humans, infants also have a strong tendency 
to give things to the mother. Let us imagine a situation 
where a plate of strawberries is placed on the dinner table. 
Even 2-year-old toddlers may not only eat the strawber¬ 
ries but also put a piece directly into the mother’s mouth 
or try to hand one to a grandparent. Sharing food is a 
bidirectional affair in humans; we have a strong intrinsic 
motivation to share things among members of our 
community. 

Imitative Processes 

The next cognitive stage is imitation. Both humans and 
chimpanzees have a strong intrinsic motivation to copy 
others’ behavior. There are various different imitative 
processes, including local enhancement, goal emulation, 
and true imitation. Irrespective of the precise mechanism, 
humans and chimpanzees often mimic behavior. The 
English verb ‘ape’ means to ‘imitate.’ In fact, monkeys do 
not ape, or at most ape seldomly. 

Let us think about the game ‘Do this!’ (sometimes 
called ‘Simon says’). Imagine that you touch your head 
and say ‘Do this!’ to your child. She will imitate the 
behavior well. This kind of interaction does not occur in 
macaque monkeys. You may, to some extent, see it in 
chimpanzees; however, even in their case, the imitation 
of actions is accompanied by some important constraints. 
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Actions that involve objects, such as putting a ball into a 
container, are easily imitated. Actions toward one’s self, 
such as brushing one’s hair with a comb, seem to be 
relatively difficult. But the most difficult actions to imitate 
are simple ones, without referencing objects. For example, 
it is very hard to teach chimpanzees to imitate actions 
such as waving, rotating one’s arms, or tilting one’s head. 
Generalized imitation — copying a new action immedi¬ 
ately, whatever it may be, appears to be a uniquely human 
ability. 

Suppose that you were to pick up a mobile phone and 
speak into it, and then place it on the floor in front of a 
chimpanzee. It is quite likely that the chimpanzee will 
pick up the phone and put it against her ear. In this case, 
the imitative behavior incorporates the very same object 
that the model used. There is a further, more complex 
level of imitation called ‘pretence.’ Young female chim¬ 
panzees in the wild have been seen using a dead hyrax 
(a raccoon-like animal) or a log (about 10 cm in diameter 
and 50 cm long) as a doll. These females carry the item 
around with them on their shoulders, or by pressing them 
between their thigh and belly as they walk, and often try 
to groom it, much like a mother chimpanzee might groom 
her baby. A yet more complex form of pretence incor¬ 
porates no real object. A 3-year-old infant chimpanzee 
growing up in captivity was in the habit of gathering 
together wooden blocks scattered on the floor by dragging 
them along to the corner of the room using his fingers as 
rakes. One day, he performed the usual movements - but 
without any blocks being present! At the same time, his 
facial expression indicated that he was enjoying himself; 
he made a play face. It was clear that he was pretending to 
drag imaginary wooden blocks around the room. 

Wild chimpanzees are known to have cultural tradi¬ 
tions unique to each community. For example, fishing for 
termites using sticks or stalks is a well-known tool-using 
behavior among wild chimpanzees at Gombe, Tanzania. 
However, in several other communities, chimpanzees do 
not use tools to extract termites from their mounds, even 
though they catch them by hand and consume them when 
the insects emerge from the nest. Members of another 
community, in Bossou, Guinea, use a pair of stones to 
crack open nuts. Most other communities do not show this 
behavior despite them having both nuts and stones readily 
available in the environment. Thus, such intercommunity 
differences cannot be due solely to ecological constraints. 
The behaviors represent cultural traditions; social 
learning plays an indispensable role in passing on knowl¬ 
edge and skills from one generation to the next. 

‘Education by master apprenticeship’ is a phrase coined 
to describe how chimpanzees acquire new behaviors 
through observational learning (Figure 5). Observational 
learning is characterized by the following four aspects. 
First, it is based on the long-term affectionate bond 
between mother and infant. Second, the mother takes on 



Figure 5 ‘Education by master apprenticeship’ describes how 
chimpanzees acquire new behaviors through observational 
learning. 


the role of the ‘model’ who demonstrates specific behaviors 
in the correct context. Third, the infant has a strong moti¬ 
vation to copy the model’s behavior. Fourth, the mother is 
highly tolerant toward the infant; she never scolds or 
neglects the infant, and allows him to observe her actions 
closely. The chimpanzee way of education clearly high¬ 
lights features unique to human education. The latter is of 
course characterized by active teaching, including molding 
and verbal instruction, as well as a suite of other, more 
subtle behaviors such as watching, nodding, smiling, and 
social praise. Human infants are highly sensitive to any 
form of social encouragement from the mother. 

In this stage of imitation, infants try to copy the actions 
of others and thereby acquire behaviors previously absent 
from their repertoire. As a result, infants are able to have 
the same experiences as others; expanding their behav¬ 
ioral repertoire through observing others’ behavior and 
imitating their actions inevitably results in them experi¬ 
encing the corresponding mental states. This may in turn 
provide the basis for understanding the minds of other 
animals in their social group. 

Understanding the Minds of Others 

Suppose that an infant has already experienced the mental 
state associated with a given behavior. Then, suppose 
that the infant witnesses that particular behavior per¬ 
formed by another individual. Such observation may 
evoke the corresponding mental state within the observer. 
This process is called ‘empathy.’ Moreover, the infant can 
consciously imagine or infer the other’s mental state 
although no contagion of mental states has occurred 
(sympathy). This is called a ‘theory of mind’; the under¬ 
standing of someone else’s mind. 

Imagine the following scene. A mother and 2V£-old 
female infant are moving through the trees. They come 
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to a gap in the canopy. The infant whimpers because the 
distance to the next branch is too large for her. On hearing 
the infant’s voice, the mother looks back and extends her 
hand to help the infant across (see Figure 6). At other 
times, she might pause as she is crossing from one tree to 
the next, in order to let the infant utilize her as a bridge! 

There is a darker side to the same kind of intelligence: 
deception. The following episode observed in the wild 
provides an example. A mother chimpanzee arrived at a 
nut-cracking site to find that all the available stone tools 
were already being utilized by others who had reached the 
site before her. The mother approached her 9-year-old 
son who was already cracking nuts with stones. She 
groomed her son for a while, then stopped and assumed 
the quadrupedal standing position. This is a posture that 
signals the request to be groomed. The son stopped nut¬ 
cracking and dutifully began to groom back his mother. 
At this point, the mother suddenly snatched away his 
stones, and began to crack nuts herself, leaving him with¬ 
out his tools. 

The understanding of other’s mind can take many 
forms. The home range of the chimpanzees at Bossou 
borders a small human village. Adult males are the only 
chimpanzees brave enough to enter the village, and when 
they do so they often climb papaya trees to pluck their 
large sweet fruits. In some cases, the males in fact steal two 
papayas: one for themselves and one as a ‘gift’ for a 
reproductively receptive female. 

In sum, the chimpanzees can have an understanding 
of each other’s mind. Based on this, they help others but 
they also deceive others. The major difference between 
humans and chimpanzees in terms of altruism must be 
the reciprocal altruism. The origin of reciprocity is a topic 
to be answered in further studies. 


Memory and Symbolization 

Laboratory studies of chimpanzee intelligence have 
explored areas including perception, memory, and think¬ 
ing. One of the most important findings in recent years 
concerns chimpanzees’ extraordinary working memory 
for Arabic numerals. Young chimpanzees are extremely 
fast and accurate at memorizing the order and locations 
of numerals presented on a touch screen monitor. The 
best performer can memorize nine numerals in 0.67 s (see 
Figure 7). No human adult can solve the task so quickly 
and with such high accuracy. 

What are the advantages of this kind of photographic 
memory in the wild? Suppose that a chimpanzee arrives 
at a huge fig tree and finds others already there. It will 
be important for her to quickly assess where the ripe red 
fruits are. It will also be important to bear in mind where 
in tree the highest-ranking male is, where the second 
highest is, and so forth, in order to avoid approaching 
them too closely and being prevented by them from eating 
the fruit. Another example might involve intercommunity 
encounters. Males patrol the boundary of their territory. 
Whenever they come across males of a neighboring com¬ 
munity, they must be able to quickly assess the size of the 
potentially hostile band of neighbors. If the encounter 
turns aggressive, it will be vital to know how many indi¬ 
viduals there are on both sides and where they are located. 

In contrast to their extraordinary memory capability, 
chimpanzees are much less adept at the representation 
and use of symbols. Although they can readily be trained 
to match the color red to a corresponding symbol mean¬ 
ing ‘red’ or the color green to the symbol ‘green’ (a so- 
called matching-to-sample task), if the task is suddenly 
reversed and the symbols have to be matched to the 
colors, chimpanzees experience great difficulties in solv¬ 
ing the task. Chimpanzees learn the concept ‘If the color is 



Figure 6 A mother and 21/2-year-old female infant are moving 
through the trees. They come to a gap in the canopy. The infant 
whimpers because the distance to the next branch is too large for 
her. On hearing the infant’s voice, the mother looks back and 
extends her hand to help the infant across. 



Figure 7 Young chimpanzees are extremely fast and accurate 
at memorizing the order and locations of numerals presented on 
a touch screen monitor. The best performer can memorize nine 
numerals in 0.67 s. 
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red, then pick the “red” symbol’ - but this experience 
does not automatically generalize to a symmetrical rela¬ 
tionship between symbol and referent. In contrast, human 
children have no trouble with the spontaneous transfer. 
The two stimuli - the color and the symbol - become 
equivalent in the minds of humans. 

What is the advantage of this kind of representation? 
One plausible answer concerns communication. A photo¬ 
graphic memory is useful for memorizing things and 
grasping their details quickly. However, if you convert 
scenes into labels, you can carry the information with 
you and transmit it to other members of your community. 
Imagine that you encounter a creature with short brown 
hair, four legs ending in hooves, and a white stripe on its 
forehead. Your immediate memory of the creature may 
help you recognize and hunt it in the future. However, if 
you can convert the memory into a label (‘horse’), you can 
share your experience with others in your community. 
You can then work together to capture the animal by 
hunting in a group. 

Evolutionary Scenario of Cognitive 
Evolution and Cognitive Development 

A trade-off may exist between photographic memory and 
symbolic representation. At some point in human evolu¬ 
tion, brain capacity reached a limit. In order to accumulate 
new functions, old functions needed to be lost. Because 
of such trade-offs, humans may have lost much of their 
ability for olfactory processing and developed instead 
highly sensitive visual, auditory, and crossmodal functions. 
A similar scenario may be applied to the trade-off between 
memory and symbol use. The common ancestor of humans 
and chimpanzees may have had an extraordinary memory 
capacity, but this was subsequently lost in humans and 
replaced by newly acquired symbolic capabilities. 

Similar trade-offs can occur during ontogenetic de¬ 
velopment. Young children may have better working 
memory than adults. According to neuroscientists, dif¬ 
ferent parts of the brain mature at different rates. 
The association cortex responsible for symbolic repre¬ 
sentation may develop more slowly than that dealing 


with perceptual processing and working memory. As 
they lose their photographic memory, humans instead 
acquire more advanced linguistic skills. 

Finally, the same scenario may provide an explanation 
for individual differences in intelligence. In both humans 
and chimpanzees, brain size triples between birth and 
adulthood. This means that learning is essential for sur¬ 
vival. We accumulate many knowledge and skills that 
allow us to adapt to the environment not through genetic 
channels but through learning. The same applies to 
humans and chimpanzees. Each individual accumulates 
different skills and knowledge based on the experience. 
In sum, all individuals are different - but in many ways 
they are also equal. 

See also: Distributed Cognition; Empathetic Behavior; 
Mental Time Travel: Can Animals Recall the Past and 
Plan for the Future?; Problem-Solving in Tool-Using and 
Non-Tool-Using Animals. 
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Introduction 

A collective intelligence is a group of agents that together 
act as a single cognitive unit. The iconic example is a 
swarm of honeybees cooperating to make decisions, build 
complex nest structures, allocate labor, and solve a host of 
other complex problems. Its defining characteristic is 
coordination without central control. Intelligence does 
not belong to a single knowledgeable leader, but instead 
is distributed across the entire group. Adaptive collective 
behavior emerges from interactions among a large num¬ 
ber of individuals, each applying appropriate decisions 
rules to strictly local information. Although especially 
well-described in the social insects, collective intelligence 
is found in many systems, from the complex behavior of 
bacterial communities to the coordinated motion of fish 
schools and bird flocks. These examples have in turn 
inspired the development of artificial approaches to col¬ 
lective robotics and decentralized computational algo¬ 
rithms. This article reviews the major characteristics that 
allow collective intelligence to emerge from individual 
behavior, using both illustrative examples from well- 
studied cases and models that reveal the basic principles. 

Self-Organization and Positive Feedback 

A revealing example of collective intelligence is the 
forging of consensus decisions by colonies of the ant 
Lasius niger. These ants exploit sugary food using chemical 
trails that recruit nest-mates to rich sources. If a colony is 
presented with two artificial feeders filled with sugar 
water of different concentrations, it will soon develop a 
busy trail to the better one, largely ignoring the other 
(Figure 1(a)). This collective decision can be explained 
by a very simple model that does not require any ant to 
visit both feeders and determine which is better. Instead, 
the colony’s choice emerges from the dynamics of recruit¬ 
ment behavior at each site. An ant that finds a feeder 
deposits a trail to it with a probability that depends on 
its richness. The trail summons nest-mates who reinforce 
it based on their own assessment, making it still more 
attractive to further recruits. Although recruitment hap¬ 
pens at both feeders, quality-dependent reinforcement 
means faster growth for the trail to the better one. The 
difference is amplified as the stronger trail outcompetes 
the weaker one in attracting and retaining foragers. 
Eventually, the weaker trail dies out altogether, starved 


of the reinforcement needed to overcome evaporation of 
the volatile trail pheromone. 

This process illustrates several principles of collective 
intelligence. First, group-level order self-organizes from a 
large number of purely local interactions. Each ant applies 
appropriate decision rules to limited information about a 
single feeder or trail, and none has a synoptic picture of 
the whole problem. Second, control of foraging is highly 
decentralized, with no leader or hierarchy to guide the 
group’s behavior. All ants are essentially identical in their 
behavioral rules and in their capacity to affect the behav¬ 
ior of others. Third, and most important, coordination 
depends on positive feedback. Small initial differences in 
trail strength are strongly amplified as each ant’s rein¬ 
forcement makes further reinforcement more likely. In 
this way, many small actions grow into a major group 
accomplishment. 

Similar positive feedback underlies a broad range of 
complex collective behavior. Ants use pheromone trails to 
choose not only the better of two feeders, but also the 
shorter of two routes to the same feeder. Honeybees use 
another method of recruitment the dance language to 
allocate foragers among food sources or to choose a new 
home. For ants of the genus Temnothorax , tandem runs and 
social transports provide the recruitment needed for col¬ 
lective nest site selection. Positive feedback can also 
emerge without explicit signaling. It is sufficient for one 
animal to imitate the actions of another, thus becoming a 
model for still more imitators. In this way, a group of 
cockroaches can settle on a common aggregation site 
using only simple rules that make joining an aggregation 
more likely (and leaving it less likely) as its size increases. 


Nonlinearity and Consensus 

Although positive feedback is central to group coordination, 
mathematical models suggest that it is not enough for the 
clear decision-making shown by L. niger colonies. These 
models predict that consensus on a single option will hap¬ 
pen only when feedback is highly nonlinear. That is, dou¬ 
bling a pheromone trail’s strength must lead to more than a 
doubling of the rate at which it attracts recruits. Only then 
will differences between options be amplified sufficiently to 
eliminate all but a single trail. If the growth in trail attrac¬ 
tiveness is linear, the best site will still be favored, but 
weaker recruitment will persist at lesser sites. 
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The consensus-building power of nonlinear responses 
shows very clearly when a colony of L. niger is presented 
with two identical feeders. The ants randomly choose one 
feeder and exploit it heavily while largely ignoring the 
other one (Figure 1(b)). The key to this consensus is 
amplification of random variation. If one feeder happens 
to be found first and thus gains a small advantage in number 
of visitors, nonlinear positive feedback will rapidly amplify 
this difference, allowing the early leader to monopolize the 
colony’s foragers. 
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Figure 1 Collective decision-making by colonies of Lasius 
niger ants, (a) Change over time in the number of workers visiting 
two feeders, one with 1 M sucrose solution (solid line) and the 
other with 0.1 M solution (dashed line), (b) When presented with 
two identical 1 -M feeders, the ants randomly choose one, largely 
ignoring the other, (c) If the 1 -M feeder is presented after a trail is 
already established to a weaker feeder, the ants cannot switch 
their efforts to the better source. Adapted from Camazine S, 
Deneubourg JL, Franks NR, Sneyd J, Theraulaz G, and 
Bonabeau E (2001) Self-Organization in Biological Systems. 
Princeton, NJ: Princeton University Press. 


Nonlinear responses are called for whenever groups 
value consensus. Cockroaches, for example, may benefit 
from better predator defense and environmental homeosta¬ 
sis when they form a single large aggregation (Figure 2(a)). 
For L. niger, the benefit may be better defense of the 
honeydew-secreting homopterans that are a common nat¬ 
ural sugar source. In other cases consensus is not ideal, 
and groups may do better with linear responses that 
produce split decisions. The honeybee’s waggle dance is 
rather linear: if a bee doubles her dance effort, she 
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(b) Population of new nest site 

Figure 2 Nonlinear responses underlying collective behavior, 
(a) A cockroach’s probability of leaving a shelter declines sharply 
as the number of roaches there increases. This nonlinear 
response helps a group of roaches reach consensus on one of 
two available shelters. Reproduced from Arne JM (2006) Collegial 
decision making based on social amplification leads to optimal 
group formation. Proceedings of the National Academy of 
Sciences USA 103: 5835-5840. (b) Nest site scouts of 
Temnothorax curvispinosus use a quorum rule when deciding 
whether to fully commit to a candidate site as their colony’s new 
home. Crosses show the proportion of ants deciding to transport, 
rather than lead a tandem run, as a function of the population of 
the site being recruited to. Line shows a nonlinear function fit to 
these data. Reproduced from Pratt SC (2005) Behavioral 
mechanisms of collective nest-site choice by the ant 
Temnothorax curvispinosus. Insectes Sociaux 52: 383-392. 
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approximately doubles the number of recruits that she 
summons. Accordingly, a colony presented with two fee¬ 
ders exploits each at a level roughly proportional to its 
quality This may allow colonies to respond more quickly 
if relative quality changes, a likely event for the ephemeral 
nectar flows on which bees depend. 

On the other hand, consensus is critical for nest site 
selection by social insects, lest part of the sterile work 
force become separated from the reproductive queen. 
Interestingly, the two best-studied cases rely on linear 
forms of recruitment: honeybees use waggle dances and 
Temnothorax ants use tandem runs, in which recruits are 
led singly to a candidate site. Both groups are quite adept 
at reaching consensus on the best of several candidates, 
but how do they do so with these linear responses? The 
key appears to be re-introduction of nonlinearity in the 
form of a quorum rule (Figure 2(b)). Emigrations begin 
with a deliberative phase characterized by slow recruit¬ 
ment of scouts to multiple candidate sites. This gives way 
to rapid movement of the bulk of the colony to the first 
site whose population reaches a threshold. Models show 
that this nonlinear change in recruitment effectiveness 
increases the colony’s likelihood of unanimously moving 
into the best nest, rather than splitting among several. 


The Wisdom of Crowds 

So far we have considered sociality as a constraint on 
intelligence: the group must reach a common solution 
despite its members’ limited knowledge and influence. 
Theoretically, group living can offer a cognitive advan¬ 
tage, allowing many poor decision-makers to achieve 
greater accuracy than a well-informed individual. The 
basic insight was had by the Marquis de Condorcet in 
the eighteenth century. He described a jury of n members 
deciding between two options, each individual having 
probability p of making the correct decision. If each 
votes independently, with the group selection going to 
the option getting a majority of votes, then the probability 
that the jury’s decision is correct rises with jury size, 
provided that p>0.5. In other words, if everyone meets 
the rather low standard of exceeding a chance probability 
of being correct, the group as a whole can approach a 
100% chance of making the right choice. 

This ‘wisdom of crowds’ has many applications in 
human society, from democratic voting systems and jury 
trials, to prediction markets and internet search engines 
(Surowiecki, 2004). Similar advantages have been posited 
for animal groups, but few studies have been made. The 
best evidence is from experiments on different size groups 
of stickleback fish making movement decisions. Larger 
groups were better at choosing to follow the more attrac¬ 
tive of two leaders. 


Social enhancement of decision-making poses some¬ 
thing of a paradox: it requires that group members influence 
each other, but also that each choice be independent. If 
individuals simply copy one another, then their mistakes 
become correlated rather than cancelling each other out. In 
humans, this is the problem of ‘groupthink.’ On the other 
hand, if everyone relies only on his own knowledge, then no 
one gains the benefit of others’ wisdom. The solution lies in 
finding the proper balance of personal and social informa¬ 
tion. Foraging ants, for example, receive social information 
in the form of recruitment signals that bring them to options 
that others have found valuable. Once there, however, each 
one makes her own independent assessment before herself 
recruiting. 

A simple model of collective choice suggests that 
striking the right balance is aided by the nonlinear 
responses described above. Consider a group in which 
each member chooses an option with a probability that 
depends both on its intrinsic quality and on the number of 
other group members that have already selected it. Inclu¬ 
sion of a social influence improves performance compared 
to purely independent decision-making, but this effect is 
much greater when the response to others is highly nonlin¬ 
ear. That is, accuracy increases if individuals follow the 
example of others only when their number exceeds a 
threshold. In this way, the group gains the advantage of 
pooled opinions without being misled by individual errors. 

There are costs as well as benefits to the integrating 
power of nonlinearity. In a small proportion of cases, 
nearly all group members choose the wrong option, due 
to chance amplification of a few early mistakes. Experi¬ 
ments also indicate that very nonlinear recruitment sys¬ 
tems restrict decision-making flexibility. When a colony 
of L. niger is given a high quality feeder after first deve¬ 
loping a trail to a mediocre feeder, it is unable to switch its 
foraging to the better target (Figure 1(c)). The attractive 
power of the established trail is simply too great for a 
nascent trail to overcome. Honeybees faced with the same 
challenge can nimbly shift their foraging effort due to 
their more linear recruitment response. 

Collective Motion 

Some of the more spectacular examples of collective 
intelligence are seen in the acrobatic motions of fish 
schools and bird flocks, in which thousands of individuals 
execute rapid and near-simultaneous turns. The collec¬ 
tive structures they form - parallel streams, spinning 
balls, toruses — may contribute to foraging efficiency or 
predator avoidance, or they may simply ensure that the 
group remains cohesive as it moves. Much of this coordi¬ 
nated behavior can be reproduced by self-propelled par¬ 
ticle (SPP) models. In these models each animal chooses 
its direction and speed of motion based on two sources of 
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information: (1) its own desired heading, perhaps guided 
by direct knowledge of the location of a food source, 
predator, or migration destination, and (2) the position 
and headings of its neighbors within the group. Cohesion 
is maintained by a policy of attraction to more distant 
group members, while collisions are avoided by turning 
away from neighbors who get too close. Common direc¬ 
tion depends on alignment to others within a certain 
radius. Models of this type can account not only for 
cohesive movement, but also for the rapid transmission 
of changes in direction. The imitative behavior in these 
models plays the same role as recruitment in social forag¬ 
ing: it creates a positive feedback cascade that quickly 
spreads new information through the group. 

Similar mechanisms may explain how a group can find 
its way to a destination known to only a few of its mem¬ 
bers. A honeybee swarm flies unerringly to its new home 
even though only 5% of its several thousand members 
know the location. Scouts appear to guide the ignorant 
majority by flying through the swarm at high velocity in 
the direction of the target site. An SPP model shows how 
these streakers could plausibly guide the swarm, if unin¬ 
formed bees follow simple rules for avoidance at close 
distances and attraction and alignment at longer distances. 
A more general model of this type was developed by 
Couzin and colleagues. It shows that guidance is possible 
even when knowledgeable individuals fly at the same 
velocity as others and balance their directed flight with 
the same kind of social information used by uninformed 
bees. This model does not assume that group members 
can tell who is informed, but nonetheless predicts effec¬ 
tive navigation toward the goal. 


Decision-Making on the Move 

What if the group contains two kinds of knowledgeable 
individuals, each with a different preferred heading? 
Models suggest that the outcome depends on the number 
favoring each direction, with even a small majority able to 
win over the whole group. If numbers are similar and 
desired headings are not too different, the group is 
expected to compromise on an intermediate direction. 
Above a critical difference in headings, the group either 
splits in two or reaches consensus on one of the two 
preferred directions (Figure 3(a)). In case of consensus, 
the choice of heading is random, unless there is a differ¬ 
ence in how much each group weighs its preferred direc¬ 
tion relative to social information. Even a small advantage 
in motivation will increase a subgroup’s power to win over 
the whole group. This result suggests that leadership by a 
small number of individuals can have major influences on 
the behavior of otherwise self-organized groups. 

Some support for these models is found in the 
observed behavior of homing pigeons traveling either 
alone or in pairs from a common release site (Figure 3(b)). 
After multiple solo flights, each pigeon develops an idiosyn¬ 
cratic route. When traveling together, pairs show three pos¬ 
sible outcomes: they separate and follow their individual 
routes, they compromise on an average route, or they both 
adopt the preferred route of one bird. Pairs that stay together 
show the distance dependency predicted in the model: com¬ 
promise at short distances and selection of one bird’s prefer¬ 
ence at larger ones. Leadership was also evident, with some 
birds consistently more likely than others to prevail, perhaps 
on the basis of their higher social status. 
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Figure 3 Guidance and decision-making in collective motion, (a) Results of a model showing that a small number of informed 
individuals can guide a large group. The model assumes two subsets of five informed group members with different desired headings, 
plus 90 uninformed members. When the difference in headings is small, the whole group adopts the average heading. Above a critical 
difference, the group reaches consensus on one heading or the other, with equal probability. Reproduced from Couzin ID, Krause J, 
Franks NR, and Levin SA (2005) Effective leadership and decision-making in animal groups on the move. Nature 433: 513-516. (b) Pairs 
of homing pigeons show a similar switch from compromise to leadership. When the difference between their preferred routes is small, 
the birds take an intermediate route. When the difference surpasses a threshold, the chosen route is nearly identical to that of one bird, 
and very different from that of the other. Reproduced from Biro D, Sumpter DJT, Meade J, and Guilford T (2006) From compromise to 
leadership in pigeon homing. Current Biology 16: 2123-2128. In each graph, color indicates the probability p of each group direction as 
a function of the difference in subset headings, ranging from blue (p = 0.0) to red (p = 1.0). 
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Pairs of pigeons also took shorter paths home than did 
solo birds, providing some evidence for the ‘many wrongs’ 
hypothesis. This idea holds that many individuals, each 
with a noisy estimate of the heading to a common desti¬ 
nation, can average out their independent errors to find a 
much more precise group heading. In addition to improv¬ 
ing navigation, models suggest that this kind of process 
can help animals follow subtle gradients toward food 
concentrations or better physical environments. 

Phase Transitions 

The switch from compromise to consensus in collective 
motion is one example of a phase transition, a central 
feature of nonlinear collective systems. Phase transitions 
are dramatic changes in behavior in response to continuous 
variation of a single key feature. Another example is seen 
in the trail-laying ant Monomorium pharaonis. Below a critical 
number of foragers, a colony cannot sustain a trail; above 
this number the positive feedback of trail reinforcement 
is strong enough to overcome evaporative losses. Thus, a 
group switches suddenly from solitary to group foraging 
as its size increases. 

Similar sensitivity to group size is seen in the collective 
movements of gregarious locusts. Massive flying swarms 
of adult locusts are preceded by the assembly of younger 
insects into ordered marching bands. An SPP model 
shows how these bands can self-organize from each indi¬ 
vidual’s tendency to align with nearby members, com¬ 
bined with a competing tendency to maintain its current 
heading. As their density increases, the locusts undergo a 
phase transition from random movement to ordered 
motion at a common direction and speed. For intermedi¬ 
ate densities, direction frequently changes, but at higher 
densities it remains constant for long periods. Very similar 
phase transitions are in fact observed in groups of walking 
locusts confined to a ring-shaped arena. 

Phase transitions may have significant impacts on a 
group’s ability to match group behavior to changing cir¬ 
cumstances. Near a phase transition, nonlinear systems 
have multiple stable states and can shift relatively easily 
from one to another, as demonstrated by the locusts’ 
directional changes. This implies that adaptive selection 
of the best behavior may be easiest near the transition. For 
example, a single individual that detects a predator can 
more easily lead the group away from danger if it is near a 
phase transition. 

Hysteresis and Group Memory 

The existence of multiple stable states makes collective 
behavior dependent on a group’s recent history. This char¬ 
acteristic of nonlinear systems is known as hysteresis. 


Medium-sized groups of the ant M. pharaonis , for example, 
can forage either solitarily or with trails, depending on how 
the colony reached its current size. If reduced from a size at 
which a trail formation is easy, then the medium-sized 
group can maintain a trail already formed. If expanded 
from a size at which trail formation is impossible, the 
medium-sized group will not be able to build one from 
scratch. Thus, two otherwise identical groups can show 
very different behavior, based on their different histories. 

Hysteresis creates a kind of group memory. Fish 
schools, for example, can form a remarkable variety of 
collective structures, ranging from disordered swarms, 
to parallel revolution about a central point, to cohesive 
directed motion. Mathematical models show that transi¬ 
tions from one structure to another can be achieved by 
simply changing the spatial range over which individual 
fish attempt to align themselves with their neighbors. For 
any given range, however, more than one structure may be 
stable. When fish in a disordered swarm increase their 
zone of alignment to a moderate value, they begin to swim 
in an orderly torus. When fish in a mobile, directed group 
decrease their zone of alignment to the same moderate 
value, they remain in their directed structure. Thus, the 
group’s ‘memory’ of its former state determines its behavior. 
It is important to note that this is not an individual 
memory. Each fish follows precisely the same rules in 
the two conditions, and the difference in group behavior 
is an emergent property of the whole group. 

Comparison to Neural Systems 

The idea of collective intelligence is born from a funda¬ 
mental analogy between societies and brains. Similar 
principles of feedback, nonlinearity, and multistability 
apply in both cases. Although the mechanistic details are 
vastly different, the structural similarity is sometimes very 
striking. For example, the house-hunting algorithms of 
ants and bees have great similarity to models of decision¬ 
making in the primate brain. Both assume competing 
streams of noisy evidence for different options borne 
either by sensory neurons or the recruitment behavior 
of scouts. This evidence accumulates, either as activity 
within a particular neural center or as a population of 
scouts advertising and visiting a nest site. A decision is 
made when the activity or population for one option 
surpasses a threshold, marking it as the chosen option. 

Marshall and his colleagues made this loose analogy 
more rigorous by expressing both systems in the same 
modeling framework. Their results suggest at least one 
important functional difference: the neural system can 
achieve a statistically optimal tradeoff between decision 
speed and accuracy, because it includes mutually inhibitory 
connections between competing centers. No such connec¬ 
tions are currently known for the ants or bees. However, the 
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honeybee stop signal is an inhibitory behavior that con¬ 
ceivably plays such a role, leaving open the possibility that 
bees too can achieve statistical optimality. 

Comparison to neural models underscores an important 
common feature of brains and societies: the role of forget¬ 
ting. Neural decision systems depend on a steady loss of 
activity in the absence of new external input. This improves 
sensitivity to changes in the strength of a stimulus. In the 
same way, a honeybee scout eventually stops dancing for a 
candidate nest site that she has found, no matter how good 
it is. This helps the colony to avoid stalemates in which 
bees obstinately advertise more than one site. It also allows 
the colony to switch its attention from an early mediocre 
discovery to a better site found later. 

Rationality 

One might expect that an intelligent decision-maker would 
also be a rational one, but this is not always the case. When 
faced with certain kinds of challenging decision problem, 
animals and humans are likely to make errors that can 
prevent them from consistently maximizing their fitness. 
For example, decision-makers will change their preference 
between two options if a third, less attractive distracter 
option is also presented. These errors often occur when 
options vary in multiple attributes, such that no option is 
clearly superior in all attributes. This makes determining 
which is best a computationally challenging task. Individuals 
can deal with this by using simple rules of thumb based on 
local comparisons among options. Thus, if it is hard to say 
whether A or B is better, A may be chosen over B if it more 
clearly exceeds a distractor C than does B. Such rules 
may work well most of the time, but fail for particularly 
challenging cases. 

Rationality has only begun to be addressed for collective 
decision-makers, but early work by Pratt and his colleagues 
suggests that collectives may be less prone to this kind of 
comparative error. They presented Temnothorax ant colonies 
with a choice that required them to trade off two prized 
features of nest sites - entrance size and light level. Colonies 
did not show the irrational changes in preference com¬ 
monly seen when individual animals face a similar choice. 
An intriguing possibility is that the ants’ highly distributed 
decision-making filters out irrational errors. Few individual 
ants know of all the options under consideration by the 
colony, and thus do not have the opportunity to make the 
comparisons that bring about irrationality. Thus, an appar¬ 
ent constraint - the relative ignorance of individual ants - 
may help the colony as a whole to perform better. 

Applications 

In recent years, swarm intelligence has proven a fertile 
source of inspiration for the design of artificial systems. In 


computer science, ‘ant algorithms’ provide an effective 
means of solving the hardest kind of optimization pro¬ 
blems, where the total number of possible solutions is far 
too great for all to be tested. The basic idea, inspired by ant 
foraging, is to let distinct computational agents (‘ants’) 
sample the solution space, score the quality of each sample, 
and ‘recruit’ other agents to test variations of promising 
leads. This general approach has been used to design 
telecommunication networks and to schedule complex 
transportation routes. In robotics, ongoing research aims 
to design swarms of robots that can inspect dangerous and 
inaccessible places, efficiently monitor large areas, or build 
structures in remote and dangerous locations. 

Engineers are attracted to several advantages of natural 
collectives. They are highly robust, working well if indivi¬ 
dual members are lost or if communication channels are 
broken. Cognitive sophistication is a feature of the whole 
group, not each member, so individual agents can be simple 
and cheap. Collectives work well at different population 
sizes without requiring wholly different control algorithms. 
They are also effective in the variable environments typical 
of real-world problems. In fact, randomness is an important 
component of natural collective intelligence, as when ant 
trails amplify random variation to select a single food 
source. Finally, swarms do not require unwieldy central 
control networks that can be extremely difficult to design 
and manage for large and complex systems. 

In designing artificial systems, engineers often stray far 
from the original biological inspiration, as their goal is 
to solve a problem, not to mimic a natural system. None¬ 
theless, natural models are still crucial to the process, if 
only as a proof that solutions to certain difficult problems 
are attainable. In addition, the work of engineers and 
computer scientists can enhance the study of natural col¬ 
lectives, by providing useful analytical tools and concepts. 
Indeed, much of the work described in this article is a kind 
of reverse engineering, looking for the hidden mechanisms 
that explain complex collective behavior. Future discov¬ 
eries will depend on the exchange of insights between 
engineers and biologists about both natural and artificial 
collective intelligence. 

See also: Communication Networks; Consensus Deci¬ 
sions; Decision-Making: Foraging; Distributed Cognition; 
Group Movement; Honeybees; Insect Social Learning; 
Nest Site Choice in Social Insects; Rational Choice 
Behavior: Definitions and Evidence; Social Information 
Use. 
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Introduction 

From our anthropocentric perspective, we tend to think 
that the world is full of social or group-living animals, like 
human societies. On the contrary, the majority of species, 
at least in the animal kingdom, are solitary in their life¬ 
style. And yet, undeniably, some of the most ecologically 
successful animals spend much or all of their lives in 
organized social groups called colonies. According to the 
definition given by E. O. Wilson in his 1971 book The 
Insect Societies , a colony is ‘a group of individuals, other 
than a single mated pair, which constructs nests or rears 
offspring in a cooperative manner.’ Insect colonies, in 
particular, have long fascinated biologists because the 
members of a colony, however distinct they are as indivi¬ 
duals, often act like a single organism, and are hence 
called superorganisms. Such a society exhibits features 
of organization and function analogous to the physiologi¬ 
cal properties of a multicellular organism. 

In this article, I will limit my discussion to social insects 
because their colonies are most intricately organized and 
thus most rigorously investigated of all animal species 
with an exception of Homo sapiens. The term ‘social’ has 
a very broad and not easily delineated boundary. Here, 
I use the categorization scheme for insect social systems 
(Table 1) modified from the one proposed in the book by 
Choe and Crespi, The Evolution of Social Behavior in Insects 
and Arachnids. According to the Crespi-Choe categoriza¬ 
tion, eusocial systems exhibit qualities such as parental or 
biparental care, shared breeding site, cooperation in brood 
care, alloparental care, and irreversible caste formation. 
The following taxa are considered eusocial: essentially all 
species of ants (Formicidae) and termites (Isoptera); other 
hymenopteran families/subfamilies of wasps and bees - 
Stenogastrinae, Sphecidae, Vespidae, Apidae, Anthophor- 
idae, and Halictidae contain eusocial species; and thrips 
(Thysanoptera) and aphids (Aphididae) with specialized 
‘resource defenders,’ and ambrosia beetles (Scolytinae 
and Platypodinae). Such a broad definition of eusociality 
permits more extensive comparative tests for the origin 
and evolution of sociality. Research findings for insects 
falling within this broad definition of eusociality are the 
subjects of this review. 

A colony of organisms has a lifecycle much like the 
cycle an individual organism goes through. George Oster 
and Edward O. Wilson conveniently divided the colony 
cycle into three stages — founding, ergonomic , and reproduc¬ 
tive. The founding stage is a critically important phase in 


that the risk of mortality is the highest in the life of a 
colony. High mortality during this phase of life history has 
led to adaptations for colony founding that are diverse as 
for the reproduction patterns of individual organisms. 
The process of colony founding provides a unique win¬ 
dow of opportunity to test a variety of models for the 
origin and maintenance of eusociality, because individual 
reproductives may theoretically choose among various 
reproductive options. 

Honeybees (Apis spp.) and some species of ants, such as 
Argentine ants (Iridomyrmex humilis ), pharaoh ants (Mono- 
morium pharaonis ), and army ants (Eciton spp.), produce new 
colonies by the breakaway of a group of colony members 
from a mature colony. This process resembles vegetative 
propagation in some plants and various modes of asexual 
reproduction in single-celled organisms and invertebrate 
animals. In the majority of social insects, however, new 
colonies are founded independently, without the help of 
workers. Reproductives of social insects have the options 
of either initiating a new colony from scratch or taking 
over an existing young colony, which could be either a 
conspecific or another species. Unlike coups d’etat in human 
society, usurpers of social insects work alone and thus do 
not derive any somatic investment from the mother colony. 
No ‘helper’ members of the original colony accompany 
reproductives. 

In their highly influential 1977 paper, Bert Holldobler 
and E. O. Wilson drew up a comprehensive diagram 
illustrating the possible routes of colony foundation and 
maturation in social insects. Figure 1 presents a modifi¬ 
cation of their scheme that concentrates on the founding 
stage and includes colony usurpation as a legitimate founding 
mode. In this classification scheme, all modes of colony 
founding can be sorted into one of two categories that 
depend upon whether reproductives initiate colonies by 
themselves or are accompanied by workers. Independent 
colony founding involves the initiation of a new colony by 
reproductives without the aid of workers, while colony 
founding by budding and fission are grouped as dependent 
colony founding Independent colony founding is further 
divided into two modes - usurping existing colonies or 
creating anew. 

Independent Colony Founding 

Among all the modes of colony founding, independent 
founding requires the least amount of investment by the 
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Table 1 Types of insect social systems 


Type of society 

Brood care 

Shared breeding site 

Cooperative brood care 

Alloparental brood care Castes 

Subsocial 

+ 




Colonial 

— 

+ 



Communal 

+ 

+ 

+ 


Cooperative breeding 

+ 

+ 

+ 

+ 

Eusocial 

+ 

+ 

+ 

+ + 


This categorization scheme modifies the one proposed by Crespi and Choe (1997). Here, brood care includes both parental and 
biparental care. Shared breeding sites are those that involve multiple females. Whether they cooperate in brood care or not is an 
important parameter in the evolution of sociality. Alloparental brood care refers to the presence of behaviorally distinct groups, with 
individuals specializing to be reproductives or helpers to those who reproduce. Following the definition given by Crespi and Yanega 
(1995), castes refer to ‘groups of individuals that become irreversibly behaviorally distinct at some point prior to reproductive maturity.’ 
This scheme allows the broadest possible taxonomic scale of comparative tests for explanation of the genetic, phenotypic, and 
ecological causes of variation in social systems. 


Colony founding 




Haplomertosis Pleometrosis 


Figure 1 Modes of colony founding in social insects. Depending upon whether or not colony founding is accompanied by workers, 
it can be divided into dependent and independent founding. Dependent founding occurs in the form of either fission or budding. 
Independent founding has two types as well. The majority of social insect queens found a new colony singly (haplometrosis) or in group 
(pleometrosis). A sizeable minority usurp already established colonies of the same or different species. 


mother colony. Inseminated females initiate new colonies 
alone or in a group. Unlike in budding and fission, the 
mother colony makes little investment as no workers 
accompany founding queens. This means that the colony 
of independently founding social insects passes through a 
solitary phase, however short it may be. This is curiously 
analogous to the reproductive cycle of multicellular organ¬ 
isms when they go through a single-celled haploid phase 
of sperm or egg. Under some ecological conditions, natural 
selection should favor independent founding, because 
independent reproductives can cover greater distances or 
wider areas than the ones escorted by workers. Indepen¬ 
dent founding is observed in a majority of ants and termites, 
halictine sweat bees, bumble bees ( Bombus ), hornets and 
yellow jackets (Vespinae), paper wasps ( Polistes , Parapolybia , 
Mischocyttarus , and Ropalidia) as well as social aphids, thrips, 
and beetles. 

Independently founding queens of social insects have 
the option of joining with other queens as a cofoundress 
in addition to starting one of their own. Although the 
majority of newly initiated colonies are founded by single 


queens ( haplometrosis ), a significant minority are founded 
by multiple queens ( pleometrosis ). Foundress associations 
during the colony founding stage are observed in a num¬ 
ber of social insect groups, including ants, bees, wasps, 
termites, aphids, and thrips. Compared to the early rec¬ 
ognition of worker sterility or queen-worker conflicts as a 
critically important topic in the evolution of insect soci¬ 
ality, students of social insects had not paid much atten¬ 
tion to queen-queen conflicts until the mid-1980s, with a 
possible exception of wasp biologists, most notably, Mary 
Jane West-Eberhard. For the past two decades, however, 
facultative pleometrosis has been investigated with greater 
rigor, because these systems provide opportunities to analyze 
the relative contributions of genetic and ecological factors 
to the evolution of cooperation. 

As far as the kin structure of colonies is concerned, it is 
interesting that cofoundresses are typically unrelated in 
ants and some bees. An exception to this ‘rule’ is Lasius 
pallitarsis , in which solitary and kin-pair queens produce 
workers, whereas nonkin pairs of queens do not. In eusocial 
wasps and bees, however, cofounding queens are generally 
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close relatives. Transactional skew theory views foundress 
associations as a form of social contract that guarantees 
mutual benefits to both the dominant and subordinate 
foundresses. Skew models predict more or less evenly 
shared reproduction among genetically unrelated cofoun¬ 
dresses, because a greater incentive to help is required of 
nonrelatives. Indeed, low reproductive skew is reported 
among cofoundresses of ants and some bees. In contrast, 
reproductive outputs are highly skewed in foundress asso¬ 
ciations of eusocial wasps and many bees, in which per 
capita brood production generally declines as the number 
of cofoundresses increases. Like the counter-example 
found in ants, exceptions to the rule have also been 
discovered in paper wasps ( Polistes spp.), tropical hover 
wasps ( Parisclonogaster mellyi ), and social thrips Dunatothrips 
aneurae. The philopatric nature of foundresses naturally 
facilitates cofounding by nestmates from the previous 
year. In these insects, however, DNA microsatellite ana¬ 
lyses revealed that their social organizations are much 
more diverse than previously assumed. Reproduction is 
often shared between related and nonrelated foundresses 
in some nests. 

Evolution of Claustral Founding 

Independent foundresses may be claustral, in which they 
confine themselves within the nests until the first brood of 
workers ecloses. Alternatively, they may be nonclaustral 
or semiclaustral, so that they forage outside of the nests 
while raising the first brood. In bees and wasps in which 
reproductives retain their wings throughout their lives 
and nests are essentially open all the time, the basal mode 
of colony establishment is independent, nonclaustral 
founding. Founding queens forage outside the nest to 
bring food to rear the brood. The dominant of a cofoun¬ 
dress association forces subordinate foundresses to forage, 
in which case she becomes functionally claustral but still 
does not exhaust her bodily resources like ant and termite 
queens. Foundresses of social gall aphids and thrips are 
also basically claustral, but have no need to forage outside 
or drain off their bodily energy reserve because their nests 
contain feeding sites. Founding females remain within the 
gall (or other types of domiciles) feeding on plant cell 
contents and producing offspring that develop to adult¬ 
hood inside. They are so-called ‘fortress defenders’ in 
the terminology developed by David Queller and Joan 
Strassmann in their 1998 paper, exhibiting a form of 
resource-based sociality. When sites for shelter and food 
coincide, selective pressure is strong for the defense of 
expansible and food-rich nest sites. Indeed, this favored 
the evolution of morphologically specialized defenders 
or soldiers in both gall aphids and thrips. 

Claustral colony founding is most common among 
ants. The ability to metabolize wing muscles is a preadap¬ 
tation to the evolution of claustral founding. Claustral 


founding is also characterized by a suite of other physio¬ 
logical and behavioral adaptations, such as wing dropping 
after nuptial flight, the ability to pack away large amount 
of body fat, and ingluvial feeding, that is, feeding larvae on 
metabolized nutritional reserves. Mortality risk during 
foraging for founding queens is quite obviously the selective 
pressure that has led the evolution of claustral founding. 
The so-called ‘higher’ ants in the subfamilies Formicinae 
and Myrmicinae typically found new colonies claustrally, 
whereas semiclaustral founding is rather prevalent in the 
morphologically and socially more primitive ants of Para- 
poninae, Ponerinae, Myrmeciinae, and Nothomyrmecinae. 
This suggests that claustral colony founding is a derived 
state, while semiclaustral founding is an ancestral character 
in the evolution of colony-founding modes. 

Contrary to the previous belief, however, recent studies 
revealed that semiclaustral colony founding occur at least 
in 28 species of 12 genera of myrmicine and 2 genera of 
formicine ants. Semiclaustral founding is obligate for 
foundresses of fungus-growing ants, Atta and Acromyrmex , 
because their fungus gardens would not survive without a 
constant supply of fresh leaves. Because they lack suffi¬ 
cient stored proteins for claustral founding, foundresses 
of Messor andrei also appear to be obligately semiclaustral. 
At least one species of harvester ants, Pogonomyrmex cali- 
fornicus, founds new colonies semiclaustrally in the labo¬ 
ratory setting. For most semiclaustral ants, their colony 
foundation habit seems facultative. Environmental variability 
may allow foundresses to adopt semiclaustral founding as 
a bet-hedging strategy. 

Although claustral queens may benefit from much 
reduced predation, they must rely on the histolysis of 
their no longer needed wing muscles and stored fat bodies 
to supply the energy resources required to rear the first 
brood of workers. Thus, claustral foundresses can be 
called capital breeders , whereas nonclaustral or semiclaus¬ 
tral foundresses act like income breeders. Depending on the 
size of the capital, an obligately claustral foundress suf¬ 
fers a burden of trade-off between the number and size 
of brood. Despite a higher risk of mortality, a semiclaus¬ 
tral foundress may be able to practice a strategy to 
maximize the number and/or size of offspring within 
the capacity of a given environment. A colony founded by 
a capital breeder begins as a society of closed economy and 
then switches to an open economy once the workers start 
provisioning resources from the outside. A claustral breeder 
must budget her capital, that is, bodily resources, so that 
they are not exhausted before producing a sufficient 
worker force. Time and efficiency are the names of the 
claustral game. 

Evolution of Foundress Associations 

Among ants, pleometrosis occurs mostly in the ‘higher’ 
subfamilies, namely, Formicinae, Myrmicinae, and 
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Dolichoderinae, with possible occasional exceptions in 
Ponerinae and Nothomyrmecinae. Ants of the three sub¬ 
families have evolved remarkably similar sets of modifica¬ 
tions and variations on pleometrotic colony development. 
Cofoundress associations have also been observed among 
wasps of eusocial Polistinae, Stegogastrinae, and Spheci- 
dae. All observed cases of pleometrosis among bees come 
from Halictini, Augochlorini, Ceratinini, and Allodapini. 
Among termites, soil-nesting species are more frequently 
pleometrotic than wood-dwelling species. 

Cofounding has its own costs. Per capita reproductive 
output is likely to decrease, competition over resources 
increases, and close proximity can make the transmission 
of parasites and pathogens easy. Despite all these poten¬ 
tial costs, however, pleometrosis is widespread, occur¬ 
ring in nearly all eusocial insect groups. This means that 
there must be sufficient benefits for cofounding counter¬ 
balancing the costs. A list, not necessarily mutually 
exclusive, of the advantages of pleometrosis suggested 
thus far is: 

1. Production of the first worker cohort much larger and/ 

or faster 

In a number of species, colonies founded by multiple 
queens produce greater worker forces in the first brood, 
and in some cases, do so in less time. Producing a larger 
worker force in a given time or more quickly accrues a 
host of benefits in terms of colony defense, brood raiding, 
and foraging success. Pleometrosis appears to be an adap¬ 
tation for intercolonial competition. Better success in 
defense, brood raiding, and foraging give multiple-queen 
colonies a competitive edge among incipient colonies. 
Colonies initiated by large numbers of queens better resist 
usurpation attempts. Larger or more rapidly formed worker 
forces can eliminate neighboring incipient colonies, but 
the importance of brood raiding in the colony-founding 
stage is debatable. The majority of brood-raiding obser¬ 
vations are from laboratory studies and its prevalence in 
the field awaits further research. Brood raiding occurs 
frequently and is an important ecological parameter in 
Solenopsis invicta , an invasive species with an extremely 
high density of incipient colonies. On the other hand, a 
carefully planned field study on Messor pergandei turned 
up no evidence of brood raiding occurring in the field. 
Instead, increased foraging success by larger worker 
forces appears to clearly enhance colony survival and 
growth. Cecropia- nesting Azteca colonies with multiple 
queens produce more workers in less time than those 
with solitary queens, and those workers which chew their 
way out of the internode first can monopolize the 
supply of glycogen-rich Mullerian bodies secreted by 
Cecropia. The outcome of this scramble competition is 
the starvation of all other incipient colonies inhabiting 
the same Cecropia sapling. When many incipient colonies 
are clumped in an area, early brood production is 


particularly important, given the probability of interco¬ 
lonial brood raids and/or intense competition for limited 
food resources. 

2. Increased survival of foundresses 

To determine whether cofoundresses on average have 
higher survivorship than solitary foundresses, one has to 
analyze queen mortality due to intracolonial competi¬ 
tion and intercolonial competition separately. Although 
enhanced survivorship may be a major benefit for foun¬ 
dress associations, most studies of pleometrosis have 
measured only mortality from intracolonial competition; 
the relationship between the number of cofoundresses and 
mortality is not always significant. Once intercolonial 
mortality caused by interference or scramble competition 
is added to the analysis, however, it becomes obvious why 
pleometrosis is favored over haplometrosis. Even though 
an individual foundress’ probability of becoming the ulti¬ 
mate survivor of a foundress association decreases as the 
number of foundresses increases, the selection still favors 
pleometrotic associations because of the decisive advan¬ 
tages of larger worker forces during competition among 
incipient colonies. 

3. Earlier maturation to the reproductive stage 

Colonies with larger and more rapidly produced worker 
forces tend to survive better and produce reproductive 
offspring earlier than the ones with small or slowly produced 
worker forces. Enhanced production of workers may increase 
an individual foundress’ reproductive output. Although a 
haplometrotic queen does not suffer from intracolonial 
competition, the pressures from intercolonial competition 
may be so great that joining other queens in colony 
founding may be the only way a queen can survive. 
Despite the heavy odds against surviving to become the 
ultimate reproducing queen in a pleometrotic colony, a 
queen may have a better overall chance of reaching the 
reproductive stage if she begins a colony with other foun¬ 
dresses than if she founds alone. 

4. Better protection from parasites and predators 

In the case of nonclaustral and semiclaustral founding, 
unattended nests and broods experience higher incidences 
of attacks from natural enemies. In Polites and Mischocyt- 
tarus wasps, foundress associations greatly reduce the rate 
of nest destruction by conspecifics and predators. Colonies 
started by solitary foundresses tend to leave their nests 
unattended for longer periods of time while foundresses 
are out foraging. Frequent switching and continuous 
guarding by communally nesting sweat bees effectively 
protect their nests from the attacks of kleptoparasites. The 
social thrips D. anuerae also has better protection against 
kleptoparasites than solitary thrips. Although multiple 
foundresses confined to close proximity may facilitate easier 
transmission of parasites and pathogens, cofoundresses can 
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groom each other, which may reduce the mortality caused 
by fungal attacks. 

5. Reduction of costs of nest construction and 

maintenance 

Joint colony founding can also yield more immediate 
and direct benefit in terms of construction, defense, and 
repair of nests. Cofounding queens of several ant spe¬ 
cies cooperate in nest excavation and those of wasps and 
bees cooperate in building up the nest during the found¬ 
ing stage. In S. invicta , queens attempting to usurp other 
colonies are less successful when attacking a three-queen 
colony than a one-queen colony regardless of how many 
workers are present. Cooperating wasp cofoundresses also 
defend their nests from usurpers better and repair dam¬ 
aged nest more rapidly. 

6. Assured fitness returns 

Raghavendra Gadagkar argues that the subordinate 
cofoundresses can have the advantage of assured fitness 
returns by joining a foundress association. A foundress 
has no fitness gain if she chooses to start a colony alone 
but dies before her offspring reach the age of indepen¬ 
dence, but she is assured some fitness returns if she joins 
a pleometrotic colony and even assumes the role of 
helpers. Even if she cares for some larvae during their 
early stages and dies long before they grow to become 
independent, some other helpers are likely to care for 
the same larvae and bring them to independence. This 
model is most applicable to a life cycle of the sort 
exhibited by polistine wasps in which larvae are progres¬ 
sively provisioned and pupae need continuous protec¬ 
tion by adults. 

Cofoundress associations are dynamic systems of con¬ 
flict and cooperation. The propensity for cooperation 
varies, and diverse ecological conditions may favor coop¬ 
erative colony founding. Individual foundresses in a pleo¬ 
metrotic colony must contribute enough to enable their 
colony to outcompete neighboring incipient colonies, but 
at the same time, they must also carefully budget their 
energy reserves in order to outcompete fellow cofoun¬ 
dresses for the eventual ownership of the colony. They 
cooperate to survive during the early phase of the found¬ 
ing stage, but when the first workers eclose, they begin 
fighting fiercely, typically to the death. It is unclear whether 
workers actively choose the surviving queen and kill off 
other queens or if they passively eliminate already injured 
and less competitive queens. Cofounding queens of Lasius 
niger differ with respect to their oviposition rates and 
workers preferentially feed more fecund queens. There¬ 
fore, selection may favor queens that balance their energy 
budgets well and maintain good body condition until 
worker emergence. 

Primary polygyny or extended coexistence of pleome¬ 
trotic queens to the reproductive stage is extremely rare. 


The transition from closed to open economic system 
provides a major explanation for the transition from pleo- 
metrosis to secondary monogyny. In claustral multiple 
queen associations, all available energy to rear the first 
brood comes from the stored bodily reserves of cofoun¬ 
dresses and there is a good reason why they must be 
cooperative. When the first workers start bringing food 
from outside, however, the colony’s economy switches to 
an open system and cooperation among foundresses begins 
to collapse. This explanation is not complete because in most 
Polistes wasps, which are clearly nonclaustral, cofounding 
females stay together well into the reproductive stage, but 
a single female usually lays most or all of the reproductive- 
destined eggs. Primary polygyny has also been observed 
in semiclaustral Acromyrmex ants. 

Unisexual founding in termites 

Unisexual colony founding by female reproductives is the 
norm in the hymenopteran social insects but is an excep¬ 
tion in termites. Colony founding in termites typically 
involves both sexes. In the case of pleometrotic founding, 
discussions often center around the adaptive significance 
of polygamous mating (mating between a single male with 
multiple females) in comparison to the usual monogamous 
mating. In the subterranean termite, Reticulitermes speratus, 
female reproductives which fail to mate sometimes found 
colonies alone or in female-female pairs. Foundresses 
without males reproduce through thelytokous automictic 
parthenogenesis. If a male is introduced to a female pair in 
the laboratory, only one female survives. If a partner male 
is absent, two females, but never more than two, found a 
colony in which they produce the first brood of workers in 
a cooperative manner. Recently, Kenji Matsuura and his 
colleagues discovered that secondary neotenic queens of 
R. speratus are produced almost entirely parthenogeneti- 
cally by the founding primary queens, while workers and 
winged reproductives are produced by normal sexual 
reproduction. 

Mixed-species pleometrosis in Azteca ants 

Among all the observations of colony founding in social 
insects, the most enigmatic is cooperative founding by 
queens of two different species of Azteca ants. Dan Perlman 
conducted an extensive field study on the colony-founding 
processes of Cecropia- nesting Azteca ants in Monteverde, 
Costa Rica. Several species of Cecropia are myrmecophytes, 
obligately inhabited by Azteca ants. In Monteverde, Cecropia 
saplings (mostly C. obtusifolia) are occupied by two sym- 
patric Azteca species, A. constructor and A. xanthacroa. Azteca 
colonies are founded in three distinct ways: by single queens, 
by single-species groups of queens, and by mixed-species 
groups of queens. Pleometrotic colonies of both single 
species and mixed species outperform haplometrotic colonies 
by producing larger first worker cohorts, and by eventually 
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taking control of the entire tree through the monopoliza¬ 
tion of the main food source, Mullerian bodies grown by 
Cecropia. Field observations revealed that mixed-species 
foundress associations are nearly as cooperative and suc¬ 
cessful as their single-species counterparts throughout the 
founding stage. This means that mutualism is as important 
a selective factor as inclusive fitness for the evolution of 
pleometrosis. 

Soon after landing on a Cecropia sapling, a newly inse¬ 
minated queen explores the young upper internodes of 
the plant for a while, sheds her wings, and begins to chew 
into a thinner, unvascularized area in the wall of one of the 
uppermost internodes. Cecropia- nesting Azteca queens 
appear to settle in the first tree upon which they land, 
but once the tree is chosen, they appear to examine and 
choose among internodes. It is reasonable to presume that 
the queens can discriminate a recently occupied inter¬ 
node from an unoccupied one based on the presence of 
the loosely plugged entry hole. On the other hand, it may 
be rather difficult for late-arriving queens to estimate the 
number of foundresses that have already joined the asso¬ 
ciation before entering the internode. 

A queen can take as long as 2 h to push herself through 
the hole into the plant. She then plugs the hole with 
parenchymal tissue scraped from the inner wall of the 
internode. A late-arriving queen has options: she could 
choose to make a hole to enter an unoccupied internode 
or she could join other queens in already-excavated inter¬ 
nodes. If she chooses the latter option, it takes only 
5-12 min, thus saving energy and reducing exposure 
time to predation risk. A mature Cecropia tree is invariably 
occupied by a single colony with a single queen. Selection 
to produce a large worker force as quickly as possible to 
outcompete neighboring colonies in the same tree leads 
not only to foundress associations but also to the evolution 
of this remarkable case of interspecific cooperation in 
colony founding. Mixed-species colonies are quite com¬ 
mon. One out of five queens is engaged in mixed-species 
foundress associations. All cofounding queens contribute 
to the production of workers whether they belong to single¬ 
species or mixed-species colonies. Like other pleometrotic 
species, Azteca queens start fighting against one another 
regardless of species identity, once the workers begin 
foraging and stockpiling Mullerian bodies. Colony founding 
in Azteca ants offers an ultimate testing arena for investi¬ 
gating the relative importance of genetic and ecological 
factors in the evolution of sociality and further studies 
will surely turn up many more exciting new discoveries. 

Colony Founding by Usurpation 

Queens that failed in attempts to found new colonies 
independently or that are subordinates in multiple-queen 
colonies can employ the alternative founding strategies of 


usurping established colonies or adopting orphaned colonies. 
x4ttempting to start a new colony when the season is well 
underway is hardly a viable option. Taking over nest, brood, 
and/or workers produced by other queens is clearly para¬ 
sitism and therefore colony foundation by usurpation 
or adoption is called social parasitism. Such parasitism 
occurs within species as well as between species and the 
usurping queens taking possession of a colony of a differ¬ 
ent species are called ‘inquilines.’ 

In wasps, usurpers typically kill eggs and early-instar 
larvae of the colony they have taken over. The usurper 
lays eggs while letting later-instar host larvae and pupae 
complete development so that they can be forced to provide 
care for the brood of the usurper. The success rate of 
usurpation is sufficiently high that selection could favor 
this as a primary founding strategy. Usurpers can save the 
energy required for founding a new colony and instead 
sit-and-wait to take advantage of another queen’s invest¬ 
ment. Special adaptations of more extreme social parasites 
include enlarged heads and mandibles of usurping queens 
as well as evolutionary loss of the worker caste. Social 
parasites exhibit a wide spectrum of integration with their 
host colonies. For instance, parasitic queens of the ultimate’ 
inquiline ant Teleutomyrmex schneideri harmoniously coexist 
with the host ants of Tetramorium by allowing the host 
queen to continue to lay worker-destined eggs while the 
parasite produces reproductive offspring. 

Dependent Colony Founding by Fission 
and Budding 

At the opposite side of the colony-founding continuum, 
relatively large colonies of some species propagate vege- 
tatively by forming a swarm that consists of reproductives 
and a sizeable worker force. This mode of colony founding 
has been called swarm founding, or more specifically, hesmo- 
sis in ant literature and sociotomy in termite literature. 
But the term ‘swarm’ is also used to refer the mating swarm 
of reproductives during nuptial flight and this dual usage 
creates occasional confusion with the colony-founding 
swarms. Dependent colony founding may be more accurately 
described as either fission or budding. 

Colony fission occurs when a monogynous colony first 
produces a clutch of reproductives and then divides into 
two daughter colonies of roughly equal sizes. When daughter 
colonies are led by new queens, their worker forces are 
more or less even. When one of the daughter colonies 
retains the old queen, however, its sister colony with a new 
queen is often smaller in size. Colony fission is the norm 
of founding in honeybees, stingless bees, army ants, and 
some wasps. It appears generally the case that fission is the 
mode of colony founding adopted by species that achieve 
a very large colony size, but not all large-colony species 
reproduce by dependent founding. Fungus-growing ants 
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of the genus Atta, Vespula wasps, and ‘higher’ termites of 
the Termitidae all attain colony sizes of thousands or 
millions of workers, yet invariably reproduce by indepen¬ 
dent founding. 

When colony fission is present, it is the exclusive mode 
of colony founding for the species; facultative fission is 
unknown. Colony budding is a much less stereotyped process 
that often occurs concurrently with more standard inde¬ 
pendent colony founding. Colony budding involves the 
departure of already inseminated queens from polygynous 
colonies with a relatively small number of workers. Unlike 
fission, in which the daughter colonies disperse far enough 
to become independent, budding colonies remain in close 
proximity with one another and the mother colony. They 
often interchange workers among themselves, yielding a 
polydomous colony structure, in which a single large colony 
has multiple nests. 

Dependent founding has evolved under the ecological 
conditions in which independent founding is not an option 
because colonies below a certain size are not viable. Colony 
fission and budding have clear selective advantages over 
independent founding, because the accompanying workers 
can construct the nest quickly and immediately begin 
colony-level performances via task specialization. Indeed, 
queens of species practicing dependent founding store 
much less body fat than independent founding queens. 

Unanswered Questions and Future 
Studies 

Considerable research has focused on foundress associa¬ 
tions. Theoretical models assume that foundresses have 
the ability to assess costs and benefits of joining others. 
Data on the process of cofoundress formation and nestmate 
selection under field conditions are still needed. Provided 
that workers have little influence on the accession decision 
among cofoundresses, it is important to know how indi¬ 
vidual foundresses balance their energy budgets between 
individual and colony-level investment. In this both com¬ 
petitive and conflicting game of egg laying, she must lay as 
many eggs as possible if she hopes her colony to outcom- 
pete the neighboring colonies. At the same time, however, 
she should not exhaust herself before the physical combat 
against other cofoundresses. We must measure relative 
contributions of individual foundresses and observe whether 
foundresses can induce others to contribute more or prevent 
others from contributing too much. 


For both pleometrosis and haplometrosis, long-term 
field studies are needed. Few studies of colony founding 
have followed queens long enough to estimate lifetime 
reproductive success. Surviving queens in pleometrotic 
colonies may be able to reproduce earlier and/or for a longer 
period of time than haplometrotic queens. Colony founding 
provides an excellent arena for testing various hypotheses 
for the evolution of sociality, and the approach of long-term 
ecological research will give us a much more complete picture. 

See also: Ant, Bee and Wasp Social Evolution; Division of 
Labor; Kin Selection and Relatedness; Queen-Queen 
Conflict in Eusocial Insect Colonies; Reproductive Skew; 
Termites: Social Evolution. 


Further Reading 

Bernasconi G and Strassmann JE (1999) Cooperation among unrelated 
individuals: The ant foundress case. Trends in Ecology & Evolution 
14: 477-482. 

Bono JM and Crespi BJ (2008) Cofoundress relatedness and group 
productivity in colonies of social Dunatothrips (Insecta: 
Thysanoptera) on Australian Acacia. Behavioral Ecology and 
Sociobiology 62: 1489-1498. 

Bourke AFG and Franks NR (1995) Social Evolution in Ants. Princeton, 
NJ: Princeton University Press. 

Brown MJF and Bonhoeffer S (2003) On the evolution of claustral colony 
founding in ants. Evolutionary Ecology Research 5: 305-313. 

Choe JC and Crespi BJ (eds.) (1997) The Evolution of Social Behavior in 
Insects and Arachnids. Cambridge: Cambridge University Press. 

Crespi BJ and Choe JC (1997) Introduction. In: Choe JC and Crespi BJ 
(eds.) The Evolution of Social Behavior in Insects and Arachnids, pp. 
1-7. Cambridge: Cambridge University Press. 

Crespi BJ and Yanega D (1995) The definition fo eusociality. Behavioral 
Ecology 6: 109-115. 

Gadagkar R (1990) Evolution of eusociality: The advantage of assured 
fitness returns. Philosophical Transactions of the Royal Society of 
London B 329: 17-25. 

Holldobler B and Wilson EO (1977) The number of queens: An important 
trait in ant evolution. Naturwissenschaften 64: 8-15. 

Holldobler B and Wilson EO (1990) The Ants. Cambridge, MA: Harvard 
University Press. 

Hunt JH (2007) The Evolution of Social Wasps. New York, NY: Oxford 
University Press. 

Keller L (ed.) (1993) Queen Number and Sociality in Insects. New York, 
NY: Oxford University Press. 

Matsuura K, Vargo EL, Kawatsu K, et al. (2009) Queen succession 
through asexual reproduction in termites. Science 323: 1687. 

Oster GF and Wilson EO (1978) Caste and Ecology in the Social Insects. 
Princeton, NJ: Princeton University Press. 

Perlman DL (1992) Colony Founding Among Azteca Ants. PhD 
Dissertation, Harvard University. 

Queller DC and Strassmann JE (1998) Kin selection and social insects. 
Bioscience 48: 165-175. 

Wilson EO (1971) The Insect Societies. Cambridge, MA: Belknap Press 
of Harvard University Press. 




Communication and Hormones 

G. T. Smith, Indiana University, Bloomington, IN, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Communication signals and hormones function in analo¬ 
gous ways at different levels of biological organization. 
Communication behaviors transfer information from 
one individual to another and coordinate the behavior 
and physiology of interacting individuals. The signaler 
produces a communication signal, which is detected by 
a receiver and changes the physiology and/or behavior 
of that receiver. Similarly, endocrine hormones coordinate 
the physiology of interacting cells, tissues, and organs 
within an individual. An endocrine tissue or gland inte¬ 
grates information about the internal milieu and external 
stimuli (either directly or via neural input and/or 
hormonal signals from other glands) and produces a hor¬ 
monal signal that is received by other tissues and influ¬ 
ences their physiology. 

Both hormonal signals and communication signals are 
diverse (Figure 1). Hormones are derived from a wide 
range of biologically active molecules (e.g., protein and 
peptide hormones, steroids from cholesterol, prostaglandins 
from fatty acids, and biogenic amines and thyroid hormones 
from amino acids). Similarly, communication signals have 
evolved to exploit nearly every sensory modality. Although 
visual and acoustic signals are the most apparent ones, 
animals also use olfactory signals (pheromones); gustatory 
signals (e.g., contact chemosensory ‘trails’ in insects); tactile, 
vibrational, and seismic signals (e.g., substrate-borne signals 
in elephants, scorpions, spiders, and mole rats); and electri¬ 
cal signals (e.g., the electric organ discharges (EODs) of 
weakly electric fishes). 

This article explores factors that influence the way 
hormones and behavioral signals effectively convey infor¬ 
mation, reviews the manner in which hormones regulate 
the production and reception of communication sig¬ 
nals, and discusses how communication signals modulate 
hormones to affect receivers’ physiology and behavior. 
Although hormones and communication signals regulate 
many aspects of social and organismal biology (e.g., feed¬ 
ing and energy balance, territoriality and aggression, and 
predator avoidance), this article focuses largely on hor¬ 
mones and communication signals used in reproductive 
contexts because the links between reproductive hor¬ 
mones and courtship signals are particularly strong and 
have been well-studied in a variety of model systems. 


Parallels in the Design of Hormonal and 
Behavioral Communication Signals 

Endocrine systems and communication behavior must 
overcome similar challenges to convey information effi¬ 
ciently. These challenges have shaped the evolution of 
signal properties depending on the type of information 
that they convey and how they convey it, and when and 
where the signals are produced. 

Environmental Factors 

The environment through which signals are transmitted 
influences the effectiveness of both hormones and com¬ 
munication behavior. There is a rich literature on how the 
properties of communication signals have evolved to 
maximize information transmission in particular environ¬ 
ments. For example, the active space and optimal time 
course of olfactory signals (pheromones) are influenced 
by volatility, diffusion, currents in the medium (air or 
water), and chemical degradation. Broadcast attractant 
pheromones are often volatile compounds that can be 
transmitted over long distances, whereas territorial scent 
marks are often deposited on substrates and are less vola¬ 
tile and more persistent. 

Visual signals are line-of-sight and are not useful 
for transmission in environments with obstructions. The 
effectiveness of visual signals is also influenced by the 
intensity and spectrum of the incident and the back¬ 
ground lighting. Many studies have investigated how the 
light environment influences the evolution of vision and 
visual signals. For example, changes in light spectra with 
depth and water quality influence color signals in cichlids 
and killifish, and the evolution of plumage and ornament 
coloration is influenced by background coloration in 
bower birds. 

The transmission of acoustic signals depends on the 
acoustic absorbance of the medium, the ambient noise, and 
the acoustic clutter created by objects and boundaries. The 
acoustic adaptation hypothesis suggests that acoustic sig¬ 
nal properties (particularly those of long-distance signals) 
evolve to maximize transmission through the environment 
without degradation. Dense vegetation may attenuate 
high-frequency sounds more than mid- to low-frequency 
(1.5-2.5 kHz) sounds, for example, whereas winds in open 
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Figure 1 Diversity of communication and hormonal signals. (Left) Animals employ signals in every sensory modality to convey 
information. (Right) Similarly, hormones are derived from a wide range of organic compounds. 


habitats make short-duration, high-frequency notes more 
effective signals because their temporal properties are less 
distorted. Accordingly, songbirds in forests tend to have 
songs with more low-frequency components, whereas 
songbirds in open habitats tend to have songs with short, 
high-pitched notes. Songbirds may also sing in particular 
locations (e.g., elevated perches) to influence song trans¬ 
mission through the environment. Similarly, the electrical 
communication signals of electric fishes are influenced 
by electrical noise sources (e.g., lightning and human¬ 
generated electrical noise) and by the electrical conduc¬ 
tivity of the water in which the fish live. For example, three 
closely related species in the genus Brachybypopomus that 
live in waters of different electrical conductivities have 
evolved different types of electric organs that ‘impedance 
match’ their environment and maximize the signal power. 

Just as the ability of communication behaviors to trans¬ 
mit information is influenced by environmental factors, 
the efficacy of hormones to convey signals to particular 
tissues is affected by the transmission medium. For exam¬ 
ple, the transport of lipophilic hormones, such as steroids, 
in the aqueous medium of plasma is facilitated by the 
presence of binding globulins. The abundance and bind¬ 
ing kinetics of these proteins regulate the availability of 
‘free’ hormones to activate receptors in target tissues. 
Just as physical barriers obstruct the transmission of 
visual signals, physiological barriers, such as the blood- 
brain barrier (BBB), restrict the transmission of certain 


hormonal signals into the brain. Small lipophilic hor¬ 
mones or hormones with active transport mechanisms 
can cross the BBB more readily than large protein hor¬ 
mones. Just as behavioral communication signals are sub¬ 
ject to environmental degradation, local expression of 
enzymes that degrade or convert hormones in particular 
tissues influences the transmission of hormonal signals. 
For example, tissue-specific expression of aromatase, 
which converts testosterone to estradiol, or 5p-reductase, 
which converts testosterone to the inactive metabolite 
5p-dihydrotestosterone, can shunt the potential for tes¬ 
tosterone to act on androgen receptors in that tissue. 
Finally, just as environmental noise can mask communi¬ 
cation signals, ‘noise’ created by exogenous environmental 
compounds that mimic or block hormone action (e.g., 
naturally occurring or man-made endocrine disruptors) 
can mask hormonal signals. 

Intended and Unintended Receivers 

Communication behaviors have evolved to transmit infor¬ 
mation between individuals, but these signals are also 
frequently intercepted by eavesdroppers. Signals that 
males produce to attract mates or defend territories, for 
example, may also make males more conspicuous to pre¬ 
dators. In some cases, eavesdropping has led to the selec¬ 
tion for ‘private channels’ for communication signals; that 
is, signals that are more easily detected by intended 
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receivers than by eavesdroppers. Ultraviolet coloration in 
the tails of northern swordtails [Xiphophorus), for example, 
is relatively inconspicuous to their main predators, which 
have poor ultraviolet vision. Similarly, to avoid detection 
of their electrical communication signals by predatory 
catfish, weakly electric fish have evolved high-frequency 
electrical signals that can be detected by their own tuber¬ 
ous electroreceptors but not by the low-frequency- 
sensitive electroreceptors of catfish. Interestingly, some 
signals used by males to court females may reintroduce 
low-frequency components that make males more con¬ 
spicuous both to predators and to females. 

Hormonal signals must also overcome the problem 
of unintended reception. For example, mineralocorticoid 
receptors (MRs), which mediate the actions of aldoste¬ 
rone (e.g., resorption of water and sodium in the kidneys), 
are similar to glucocorticoid receptors (GRs) and can 
be activated by cortisol as well as aldosterone. This 
could create a problem because aldosterone concentra¬ 
tions are typically much lower than those of cortisol. The 
MRs in the kidney are ‘protected’ from cortisol activation 
by the expression of an enzyme (11 p-hydroxysteroid 
dehydrogenase) that degrades cortisol. Another example 
of ‘hormonal eavesdropping’ occurs during pregnancy in 
mammals. Maternal steroid hormones, such as estrogens, 
have the potential to cross the placenta and activate fetal 
estrogen receptors. This unintended signal transmission is 
prevented by the expression of oc-fetoprotein, which binds 
to maternal estrogens and intercepts them before they can 
reach the fetal receptors. 

Coevolution of Signals and Receivers 

The evolution of both hormonal and behavioral signals is 
intertwined with the evolution of the receivers of those 
signals. Signalers are likely to be selected to produce 
signals that are conspicuous to intended receivers. Male 
courtship signals, for example, may evolve to exploit pre¬ 
existing biases in female sensory systems that initially are 
unrelated to detecting or selecting mates. Sensory biases 
have been suggested to explain the evolution of male traits 
and female preferences for complex vocalizations in 
Tungara frogs, visually conspicuous display ornaments 
in swordtails ( Xiphophorus spp.) and sailfin mollies ( Poecilia 
latipinna), and appendage-waving courtship displays of 
water mites ( Neumania papillator). If signals are beneficial 
to receivers (e.g., if courtship signals accurately convey 
information about species identity or mate quality), their 
sensory systems may be selected to detect and discrimi¬ 
nate signal properties. 

Just as communication signals coevolve with the sen¬ 
sory systems of receivers, hormones and their receptors 
also influence each other’s evolution. Analogous to the 
sensory exploitation hypothesis for the evolution of 
animal communication signals, work in Joe Thornton’s 


laboratory showed that novel hormones may evolve by 
exploiting the preexisting promiscuous binding proper¬ 
ties of hormone receptors. Using elegant phylogenetic 
and molecular techniques to reconstruct the evolution 
of steroid receptors and their ligands, Thornton’s group 
demonstrated that ancient GRs exhibited an affinity for 
the mineralocorticoid aldosterone long before the enzy¬ 
matic pathways to produce aldosterone evolved. An addi¬ 
tional copy of the ancestral GR gene was created in a 
genome duplication event, and the preexisting binding 
properties of the GR were exploited to allow the evolu¬ 
tion of the tetrapod mineralocorticoid receptor (MR) 
from one of these copies. The evolution of aldosterone 
as a ligand for the MR then created subsequent selection 
pressure for increased cortisol specificity of the GR. 

Hormonal Regulation of Signal Production 

Communication signals may convey the individual, spe¬ 
cies, or sexual identity of a signaler as well as its social 
status, motivation, or physiological state. Hormone levels 
often differ between sexes and coordinate an animal’s 
behavioral and physiological responses to changes in 
internal state or the social and physical environment. 
Consequently, it is not surprising that hormones have 
evolved as signals that can powerfully modulate commu¬ 
nication behavior. 

Hormones Affect Signals Across 
Multiple Time Courses 

Hormones can regulate the production of communication 
signals over time courses ranging from seconds to life¬ 
times. Sex differences in hormone levels during develop¬ 
ment can have lifelong, organizational effects that underlie 
sex differences in reproductive communication signals. 
For example, experiments in Darcy Kelley’s laboratory 
have shown that the development of sex differences in 
the calling behavior of the African clawed frog Xenopus 
laevis is regulated in part by the organizational effects 
of androgens on laryngeal muscles and brainstem vocal 
motor nuclei. Some organizational effects of androgens on 
the vocal development of male anuran vocal behavior are 
also gated by thyroid hormones and prolactin, which 
are key regulators of metamorphosis. Work in Michael 
Moore’s laboratory revealed that the organizational effects 
of hormones also affect the development of throat patch 
(dewlap) coloration in male tree lizards that use alterna¬ 
tive reproductive strategies. Males extend their colorful 
dewlaps in agonistic and courtship displays. High levels 
of testosterone (T) and progesterone (P) during develop¬ 
ment increase the probability that males will develop into 
territorial individuals with orange/blue dewlaps, whereas 
individuals with lower levels of T and P are more likely to 
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develop into satellite/nomad males with orange dewlaps. 
Similarly, the expression of normal levels of flank marking 
(a behavior that deposits pheromones) by adult male hamsters 
depends on their exposure to testosterone during adolescence. 

In adulthood, the activational effects of gonadal 
hormones may mediate sex differences and seasonal plas¬ 
ticity in communication signals. These effects are often 
complementary with the organizational effects of hor¬ 
mones. For example, seasonal plasticity in the production 
of vocal courtship signals by male fish, frogs, song 
birds, and mice is often regulated by gonadal androgens 
(testosterone, 5a-dihydrotestosterone (5a-DHT), and/or 
11-ketotestosterone (11-KT)). Castration reduces signal 
production, and treatment with androgens restores male 
vocal production and can masculinize female vocal pro¬ 
duction. Similarly, dewlap extension displays in Anolis 
lizards, the production of male sex pheromones by goats 
and newts, and flank marking behavior in male hamsters, 
are reduced by adult castration and restored by testoster¬ 
one treatment. The plasticity of female reproductive sig¬ 
nals across seasons or the phases of estrus/menstrual 
cycles are also influenced by the activational effects of 
gonadal steroid hormones. The production of sex pher¬ 
omones by female garter snakes, scent-marking behavior 
in female hamsters, and sexually proceptive ear wiggling 
behavior in female rats, are activated by estrogens. The 
enlargement of the sexual perineal skin around the time 
of ovulation in females of many primate species is acti¬ 
vated by estrogens and inhibited by progesterone. The 
activational regulation of reproductive/courtship signals 
by gonadal steroids coordinates signal production with 
reproductive physiology. 

Steroid hormones can also have rapid effects on com¬ 
munication behavior, allowing hormones to modulate sig¬ 
nal production within minutes in response to changing 
social or environmental conditions. For example, play¬ 
backs of male vocalizations rapidly (within 20 min) ele¬ 
vate the levels of 11-KT in male gulf toadfish ( Ops anus 
beta)', 11-KT then rapidly facilitates male vocalizations. 

Peptide hormones can also have rapid effects on the 
production of communication signals. For example, the 
related peptides arginine vasotocin (AVT) in fish, amphi¬ 
bians, reptiles, and birds, and arginine vasopressin (AVP) 
in most mammals have widespread and robust effects on 
social behavior, including the communication of signals. 
AVT increases the production of advertisement calls in 
many species of frogs, facilitates singing in some songbird 
species, and increases courtship displays by male blue- 
head wrasses ( Thalassoma bifasciatum). Similarly, in male 
hamsters, AVP acts on the anterior hypothalamus to facil¬ 
itate a behavior (flank marking) that deposits pheromones 
on the substrate. The effects of AVT/AVP on signals often 
interact with those of gonadal steroids and can be sex- 
specific and/or vary across seasons. In breeding bullfrogs 


(Ram catesbeiana), for example, AVT enhances the produc¬ 
tion of release calls in males but suppresses release calling 
in females. AVT has little effect on release calls outside of 
the breeding season. In the electric fish Apteronotus leptor- 
hynchus, AVT enhances the production of high-frequency, 
‘courtship’ chirps (an electric communication signal) in 
males, but has little effect in females (Figure 2). In male 
canaries, AVT agonists increase song duration during the 
breeding season, but decrease song duration in the 
fall/winter. In sonic midshipmen fish ( Porichthys notatus), 
different but related peptides influence vocal production 
in the two sexes and in different ‘types’ of males. AVT 
inhibits vocal motor circuits in territorial males, but has 
little effect in females or ‘sneaker’ males, whereas isotocin 
reduces vocal motor bursting in females and sneaker 
males, but not in territorial males. 

In some cases, hormones or their metabolites can act 
directly as chemical communication signals between indi¬ 
viduals. For example, many species of fishes release gonadal 
steroids and/or prostaglandin hormones or their metabolites 
into the water. These compounds can be detected by the 
olfactory systems of conspecifics, affect their physiology and 
behavior, and thus, act as ‘hormonal pheromones.’ Similarly, 
in pigs, the steroids 5oc-androstenol and 5oc-androstenone 
(‘boar taint’) are produced in large quantities in the testes 
of boars, are released in saliva, and robustly affect the 
reproductive physiology and behavior of sows. 

Hormones Affect External Signaling Structures 

Hormones influence signal production at different anato¬ 
mical and physiological levels. For example, hormones 
promote the development of specialized coloration or 
external structures that are used as display ornaments. 
In many fish, male-specific color patterns used in court¬ 
ship and/or aggressive displays depend on 11-KT (e.g., 
red ventral coloration in sticklebacks ( Gasterosteus aculeatus), 
bright coloration in terminal phase male parrotfish ( Sparisoma 
viride) and bluehead wrasses). Similarly, in some lizard 
species, dewlaps are larger and more brightly colored in 
males, and testosterone (and in some cases, progesterone) 
during development, masculinizes both the size and color 
of dewlaps. In lower vertebrates, changes in skin color 
following agonistic interactions (e.g., skin darkening 
in salmonids and eyespot darkening in Anolis lizards) are 
regulated in part by melanocyte stimulating hormone 
(a-MSH) and catecholamines. Although many external 
ornaments used by male birds in aggressive and courtship 
displays (e.g., combs and wattles in male fowl and 
beak color in zebra finches) depend on androgens, the 
hormonal control of sexually dimorphic plumage color 
in birds varies considerably across taxa. In some species, 
such as fairy wrens ( Malurus melanocephalus) and house 
finches ( Carpodacus mexicanus), more colorful male 
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Figure 2 Sex differences and hormone effects on the electric communication signals of black ghost (A albifrons) and brown ghost 
(A. leptorhynchus) knifefishes. (Top) Representative EOD traces (voltage difference between the head and tail of the fish over time) 
of males (top) and females (bottom) in each species. Each upward and downward deflection of the trace represents a single discharge 
of the electric organ. EOD frequency (EODf, the number of discharges per second) is sexually dimorphic in both black ghosts (left) 
and brown ghosts (right), but in opposite directions. In both species, androgens (11-ketotestosterone, 11-KT) masculinize EODf, 
but they do so by increasing EODf in brown ghosts, but decreasing it in black ghosts. Estrogens (estradiol, E2) feminize EODf in 
brown ghosts; the effect of estrogens on EODf in black ghosts is not known. (Middle) Sex differences in chirp structure. Chirps are 
transient changes in EODf or amplitude and are produced during aggression or courtship. The EOD voltage trace (red) shows the 
decrease in amplitude during some chirps, and the green trace shows the change in EODf. In black ghosts (left), male chirps are longer 
in duration than those of females. In brown ghosts (right), males produce ‘high frequency’ chirps that are only very rarely produced by 
females. 11-KT partly masculinizes chirp structure in brown ghosts. (Bottom) The chirp rate is sexually monomorphic and unaffected 
by androgens in black ghosts (left). In brown ghosts (right), males chirp much more often than females, and the chirp rate is increased by 
androgens. Based on data from Schaefer JE and Zakon HH (1996) Opposing actions of androgen and estrogen on in vitro firing 
frequency of neuronal oscillators in the electromotor system. Journal of Neuroscience 16(8): 2860-2868; Dunlap KD, Thomas P, and 
Zakon HH (1998) Diversity of sexual dimorphism in electrocommunication signals and its androgen regulation in a genus of electric fish, 
Apteronotus. Journal of Comparative Physiology A 183: 77-86; Kolodziejski JA, Nelson BS, and Smith GT (2005) Sex and species 
differences in neuromodulatory input to a premotor nucleus: A comparative study of substance P and communication behavior in 
weakly electric fish. Journal of Neurobiology 62: 299-315. reviewed in Zakon HH and Smith GT (2009) Weakly electric fish: Behavior 
neurobiology, and neuroendocrinology. In: Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE and Rubin RT (eds.) Hormones, Brain, and 
Behavior, pp. 611-638. San Diego: Academic Press. 
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plumage is androgen-dependent. In other species, including 
ducks and peacocks, bright male plumage is a default 
condition, and the less colorful female plumage is 
estrogen-dependent. In other species, sexually dimorphic 
plumage coloration may be regulated by other hormones 
(e.g., luteinizing hormone) or by nonhormonal genetic 
mechanisms. In primates, the coloration and size of ‘sex 
skin’ can be hormone sensitive. Red sex skin in many female 
primates advertises fertility and is estrogen-sensitive. 
Similarly, red, but not blue, sex and facial skin in males 
is abolished by castration and restored by testosterone 
treatment. Some sexually dimorphic hair ornaments in 
male primates are also androgen-sensitive; for example, 
the ‘cape’ of male hamadryas baboons ( Papio hamadryas ) 
depends on testosterone. 

Hormones Affect Muscles and Other Peripheral 
Signal Producing Tissues 

Many communication signals are produced by specialized 
structures with dedicated muscles. Hormones can affect 
the anatomy and physiology of these muscles to facilitate 
seasonal and/or sex differences in signal production. The 
muscles in the vocal organs of fish, frogs, and songbirds 
are androgen-sensitive during development and/or adult¬ 
hood. In plainfin midshipmen fishes, parental males that 
produce sustained courtship vocalizations have larger 
vocal muscles with more fibers and mitochondria-filled 
sarcoplasm than those of females or ‘sneaker’ males. 
Andrew Bass’ laboratory found that androgen implants 
increased both muscle fiber size and the area of sarco¬ 
plasm. In African clawed frogs ( X . laevis ), several sexually 
dimorphic aspects of laryngeal muscle physiology are 
hormonally regulated. Males have larger larynges with 
greater cartilage and muscle mass (organizational effect 
of testosterone), the laryngeal muscles having more fast- 
twitch fibers that enable males to produce rapid trills 
(organizational effect of testosterone); female larynges 
have relatively strong neuromuscular junctions that 
allow strong responses to motor commands, but that pre¬ 
vent repetitive contraction-relaxation cycles at the rates 
needed to produce rapid trills (activational effect of estro¬ 
gens). Similarly, in many songbird species with sexually 
dimorphic song, the vocal organ (syrinx) is larger in males 
than in females; and testosterone increases both the size of 
syringeal muscles and the expression of acetylcholine 
receptors. Muscles that control sexually dimorphic visual 
displays can also be androgen-sensitive. The muscles that 
control dewlap extension contain more fast-twitch fibers 
in breeding male green anole lizards ( Anolis carolinesnsis) 
than in nonbreeding males, and this seasonal change in 
muscle physiology is controlled by testosterone. 

Weakly electric fishes have electric organs that 
produce sexually dimorphic electrical communication 


signals (Figure 2). Most electric organs are developmen- 
tally and evolutionarily derived from muscles, and sex 
differences and short-term changes in the waveform of 
EODs arise from the effects of hormones on the anatomy 
and/or physiology of electrocytes in the electric organ. 
Andrew Bass found that in an African electric fish, andro¬ 
gens increased the surface area of the anterior face of 
electrocytes, and he hypothesized that the resulting- 
change in passive membrane properties contributed to 
longer duration EOD pulses in males. Harold Zakon’s 
laboratory found that androgens and estrogens change 
the expression of sodium and potassium channel subunits 
in the electrocytes of the South American electric fish 
Sternopygus macrurus. Differences in the kinetics of the 
currents carried by these channels result in slower elec- 
trocyte action potentials and longer EODs in males and 
faster electrocyte action potentials and shorter EODs 
in females. Lynne McAnelly and Michael Markham in 
the laboratories of Zakon and Philip Stoddard have also 
shown that the amplitude of the EOD changes with 
a circadian rhythm driven by melanocortin hormones 
(ACTH, a-MSH). EOD amplitude is higher when the 
fish are active at night, and the nocturnal increase in 
EOD amplitude can be reproduced with ACTH treat¬ 
ment. Melanocortins act via a protein kinase A/cAMP- 
dependent pathway to increase the amplitude of sodium 
currents, which in turn increases the current generated by 
the electric organ and the EOD amplitude. Similarly, 
Stoddard’s laboratory has shown that circadian and 
socially mediated changes in the amplitude and waveform 
of the EOD in Brachyhypopomus pinnicaudatus are mediated 
by the effects of androgens and melanocortins on electro¬ 
cyte excitability. Males produce EOD pulses of greater 
amplitude and longer duration than those of females. The 
duration and amplitude of the EOD in males is increased 
at night when the fish are active. Social interactions also 
increase EOD amplitude and duration. Melanocortins, 
serotonin, corticotrophin-releasing hormone, and thyroid- 
stimulating hormone mediate the social and circadian 
modulations of the EOD in this species. Melanocortins 
enhance the EOD by affecting the kinetics and relative 
timing of action potentials on the rostral and caudal sides 
of electrocytes within the electric organ. 

Many pheromones act as territorial or courtship sig¬ 
nals, and the scent glands that produce pheromones are 
often sensitive to gonadal steroids and other hormones. 
Testosterone stimulates the production of pheromones by 
femoral glands in male lizards. Testosterone and prolactin 
increase the production of sodefrin, a female-attracting 
pheromone, by the abdominal glands of male newts, and 
AVT stimulates the release of this pheromone in the 
water. Testosterone also causes hypertrophy of sebaceous 
glands and the production of estrus-stimulating (i.e., 
primer or ‘male effect’) pheromones by male goats. 
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Figure 3 Schematic sagittal diagrams of brain circuits that control sexually dimorphic communication signals. The expression of 
hormone receptors is indicated by colored dots as shown in the legend, (a) The song control system of song birds consists of two 
subcircuits: (1) a direct motor pathway (solid red arrows) that controls song production and includes projections from HVC in the 
nidopallium to RA in the archipallium to the tracheosyringeal portion of the hypoglossal nucleus (nXllts), which innervates the vocal 
organ (syrinx); and (2) an anterior forebrain loop (dashed red arrows) that is necessary for song learning and consists of an indirect 
pathway from HVC to RA via Area X in the basal ganglia, the medial dorsolateral thalamus (DLM), and the lateral magnocellular nucleus 
of the anterior nidopalium (LMAN). (b) The central pattern generator for vocalization in frogs consists of three brainstem regions: the 
dorsal tegmental area of the medulla (DTAM), the inferior reticular formation (Ri), and the nucleus of the ninth and tenth cranial nerves 
(n. IX-X), which innervates the larynx. DTAM receives descending input from the ventral striatum (VSt) and preoptic area (POA). The 
entire vocal motor system receives robust serotonergic inputs from one of the raphe nuclei (Rpd). (c) The circuit that controls 
vocalization in sonic fishes consists of networks of sensorimotor brain nuclei in the forebrain, midbrain, and hindbrain (vocal acoustic 
centers, fVAC, mVAC, hVAC) that project to brainstem vocal motor nuclei via the ventral prepacemaker nucleus (VPP). Pacemaker 
neurons (PMN), which generate the rhythm for vocalizations, are adjacent to the sonic motor nucleus (SMN), which innervates the sonic 
muscles on the swim bladder, (d) The electromotor system controls the timing of the electric organ discharge in gymnotiform (South 
American) weakly electric fish. EOD frequency is controlled by neurons in the medullary pacemaker nucleus (Pn). The Pn projects to 
spinal electromotor neurons (EMNs), whose axons form a nerve-derived electric organ (in apteronotid fish) or innervate a muscle- 
derived electric organ (in all other electric fish). Chirping is controlled by an excitatory projection to the Pn from the thalamic 
prepacemaker nucleus (PPn). The sublemniscal prepacemaker nucleus (SPPn) in the midbrain controls the jamming avoidance 
response. Although androgens and/or estrogens have dramatic effects on the physiology of EMNs, the Pn and the PPn, the expression 
of androgen and estrogen receptors has not been demonstrated. Based on Schlinger and Brenowitz (2009), Yamaguchi and Kelley 
(2003), Yang and Kelley (2009), Bass and Remage-Healey (2008), Zakon and Smith (2009). 


Hormones Affect Brain Circuits That Control 
Signal Production 

Hormones also act centrally on the brain and spinal cord to 
regulate communication signals. In many cases, the pro¬ 
duction of communication signals is controlled by dedi¬ 
cated brain circuits, which has allowed these circuits to be 
used to understand how hormones act on the brain to 
influence behavior. One of the best studied vertebrate 


brain circuits controlling communication is the song con¬ 
trol system of songbirds (Figure 3(a)). This network of 
brain nuclei is subdivided into a descending motor pathway 
and an anterior forebrain ‘loop.’ The motor pathway 
includes direct projections from the telencephalic nucleus 
HVC to the premotor nucleus RA in the archipallium, 
which in turn projects to the tracheosyringeal motor 
nucleus (nXllts) in the medulla. Motor neurons in nXllts 
innervate the muscles of the vocal organ (syrinx). This 
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pathway controls song production, and lesions of brain 
nuclei in this pathway disrupt normal song. In the anterior 
forebrain pathway, HVC projects indirectly to RA via brain 
nuclei in the basal ganglia (Area X), thalamus (DLM), and 
nidopallium (LMAN). This pathway is not necessary for 
adult song production, but is important for song learning. 

In most temperate zone songbird species, males sing 
more often and sing more complex songs than females do. 
Several song control nuclei, including HVC, RA, Area X, and 
nXIIts, are much larger (in some cases, 5-6 times as large) 
in males than in females. These are some of the most 
dramatic sex differences in the vertebrate brain, and 
their discovery by Fernando Nottebohm in the mid- 
1970s fueled substantial interest in understanding how 
sex differences in brain structure are related to sex differ¬ 
ences in behavior. Most of the song control regions con¬ 
tain receptors for androgens, and neurons in HVC also 
express estrogen receptors. Work in Barney Schlinger’s 
laboratory has also revealed that the songbird brain 
expresses high levels of enzymes, such as aromatase and 
reductases, that can metabolize testosterone. In zebra 
finches, estrogen treatment during early development 
masculinizes the size of the song control nuclei and sing¬ 
ing behavior. Sex differences in gonadal steroids during 
early development, however, may not explain sex differ¬ 
ences in the song control system. Several lines of evidence 
suggest that intrinsic, genetically mediated sex differences 
in the brain contribute to the development of sexually 
dimorphic song control nuclei in zebra finches. For exam¬ 
ple, while in Art Arnold’s laboratory, Juli Wade showed 
that genetic females induced to grow testes instead of 
ovaries had feminized song control nuclei, which suggests 
that testicular hormones are insufficient to masculinize 
these brain areas. Furthermore, Agate and colleagues 
found that a gynandromorphic zebra finch that was genet¬ 
ically male on the right side of its body and genetically 
female on the left side, had more masculine song control 
nuclei on the right than on the left, despite the fact that 
the two sides of the brain were presumably exposed to the 
same hormones from the gonads. These results suggest 
that the genetic phenotype of the brain, possibly in con¬ 
cert with local steroid metabolism, may cause song con¬ 
trol nuclei to grow larger in males. 

In many songbird species, testosterone has activational 
effects on the song control nuclei in adulthood, which 
contributes to sex differences and results in seasonal plas¬ 
ticity in these brain circuits. In some species (e.g., spotted 
towhees, Pipilo maculatus ), HVC and RA more than double 
in size from the fall to the spring as testosterone concen¬ 
trations rise in males. These dramatic changes in the 
brain have been hypothesized to underlie seasonal 
changes in song rate, song stereotypy, or song learning. 
The androgen-induced hypertrophy of RA in the spring 
reflects larger, more widely spaced neurons with longer 
dendrites and more synaptic connections. In contrast, 


HVC grows in response to higher levels of testosterone 
in the spring because new neurons are added to this brain 
area. Fernando Nottebohm’s discovery of neurogenesis in 
the HVC of canaries was one of the first demonstrations 
that parts of the vertebrate forebrain retain the ability to 
reconfigure circuits by adding neurons throughout adult 
life. The physiology of neurons in the song control system 
also changes seasonally and in response to hormones. In 
the laboratories of David Perkel and Eliot Brenowitz, 
John Meitzen found that several active properties of 
neurons in RA change seasonally in response to photope¬ 
riod and testosterone in Gambel’s white-crowned spar¬ 
rows. These changes make the neurons more excitable 
during the breeding season, when birds are singing more 
often and more stereotypically. 

Brain circuits that produce vocalizations of frogs and 
sonic fish as well as those that produce electric communi¬ 
cation signals in weakly electric fish have also emerged as 
strong models for understanding how hormones affect brain 
circuits that control sexually dimorphic communication 
(Figure 3). In plainfin midshipmen, the vocal muscles are 
innervated by motor neurons in the sonic motor nucleus in 
the medulla, and vocalization is controlled by a network of 
brain nuclei in the medial brainstem. These brain nuclei 
also receive descending inputs from forebrain and midbrain 
sensorimotor nuclei (Figure 3(c)). Like the avian song 
control nuclei, many of these areas contain receptors for 
androgens or estrogens. Vocalizations differ both between 
males and females and between two types of males that 
use alternative reproductive strategies. Parental males 
defend nests and attract females by producing loud, long 
hums; whereas the vocalizations of females and ‘sneaker’ 
males consist primarily of short duration ‘grunts.’ 

Andy Bass and colleagues have studied the hormonal 
and neural regulation of acoustic signaling in sonic fish. 
Long-term treatment with testosterone increases the fre¬ 
quency of vocalizations as well as the size of motor neu¬ 
rons and the expression of aromatase in the medullary 
sonic motor nucleus. Steroid hormones also have rapid, 
nongenomic effects on the sonic motor system. Luke 
Remage-Healey in Bass’ laboratory studied fictive vocali¬ 
zations produced by in vitro preparations of the brainstem 
of midshipmen and oyster toadfish and found rapid effects 
of androgens, estrogens, and/or glucocorticoids on the 
vocal central pattern generator. In parental male midship¬ 
men, but not in females or ‘sneaker’ males, estradiol and 
the nonaromatizable androgen 11-KT, but not testoster¬ 
one, robustly increased the duration of fictive calls within 
5 min. In females and ‘sneaker’ males, testosterone and 
estradiol, but not 11-KT, rapidly increased fictive call 
duration. Cortisol enhanced fictive calling in parental 
males, but reduced fictive call duration in females and 
sneaker males. The differences between sexes and male 
types in the rapid effects of androgens are consistent 
with endogenous hormone concentrations: parental males 
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have higher plasma levels of 11 -KT, whereas females and 
‘sneaker’ males have elevated levels of testosterone. James 
Goodson in Bass’ laboratory found similar sex- and type- 
specific effects of peptide hormones on fictive vocalization. 
AVT applied directly to the anterior hypothalamus-preoptic 
area (AH-POA) inhibited fictive vocal responses in parental 
males, but not females or ‘sneaker’ males; whereas applying 
isotocin to the AH-POA inhibited fictive vocalization in 
females and ‘sneaker’ males, but not in parental males. 

Sexually dimorphic vocalizations in African-clawed 
frogs (A. laevis) are also controlled by a hormone-sensitive 
brain circuit (Figure 3(b)). The laryngeal muscles of frogs 
are innervated by motor neurons in the hindbrain motor 
nucleus of the ninth and tenth cranial nerves (n. IX-X). 
This nucleus receives a robust descending projection from 
the dorsal tegmental nucleus of the anterior medulla 
(DTAM), which is likely to be homologous to the para- 
brachial nucleus that controls vocalization in mammals. 
The pattern for sexually dimorphic calling (fast trills in 
males, slower raps and ticks in females) is thought to be 
generated by DTAM and interneurons in n. IX-X. The 
ventral striatum and preoptic area in the forebrain also 
regulate vocalizations via descending inputs to DTAM. 
Serotonin is a powerful neuromodulator of this circuit. 
The ventral striatum, DTAM, and n. IX-X all receive 
projections from the serotonergic dorsal raphe, and sero¬ 
tonin induces fictive vocalization in in vitro brain pre¬ 
parations. Hormone actions on the anuran vocal circuit 
and their role in the sexual differentiation of calling have 
been well studied in the laboratories of Darcy Kelley and 
Ayako Yamaguchi. The larynx, as well as neurons in both 
DTAM and n. IX-X express androgen receptors, and 
androgens have robust effects on the development, anat¬ 
omy, and physiology of vocal neurons. Males have more 
and larger n. IX-X motoneurons with longer dendrites 
than those of females, and the developmental effects of 
testicular hormones partly regulate those sex differences. 
The physiology of n. IX-X motoneurons is also sexually 
dimorphic and possibly regulated by androgens. The 
presence of more substantial low-voltage-activated potas¬ 
sium currents and hyperpolarization-activated cation cur¬ 
rents (G) in male n. IX-X motoneurons allow them to fire 
rapidly with high temporal fidelity to drive the laryngeal 
muscles when males produce trills. In vitro studies of 
isolated brain preparations in Yamaguchi’s laboratory 
also revealed that the physiology of the brainstem central 
pattern generator for vocalization is androgen-sensitive. 
The male DTAM - n. IX-X network can produce two 
different vocal motor rhythms in vitro: one similar to the 
trills males produce to attract females and a second one 
similar to the slower release calls used by females to reject 
mating attempts. In contrast, brain preparations from 
females only produce the release call pattern. Brains 
from females treated with testosterone are masculinized; 
they can produce both types of vocal rhythms. 


In electric fish that produce continuous, wave-type 
EODs, EOD frequency is often sexually dimorphic and 
serves as a signal of species identity, sex, and social status 
(Figure 2). Sex differences and individual variation in 
EOD frequency arise largely from the activational effects 
of gonadal steroids on brain circuits that control the 
EOD (Figure 3). In some cases, the direction of sex 
differences varies across species, and these reversals in 
sexual dimorphism are paralleled by reversals in the 
effects of hormones on neurophysiology and behavior. 
For example, in brown ghost knifefish (A. leptorhynchus ), 
male EODs are significantly higher in frequency than 
those of females and androgens increase EOD frequency 
by increasing the firing rates of pacemaker neurons. Kent 
Dunlap and Harold Zakon found that in the closely 
related black ghost knifefish ( A. albifrons ), male EODs 
are significantly lower in frequency than those of females, 
and that androgens decrease EOD frequency. Joe Schaefer 
in Zakon’s lab found that the effects of androgens and 
estrogens on EOD frequency are caused by their effects 
on the firing rates of neurons in the pacemaker nucleus 
and electromotor neurons in the spinal cord. Thus, spe¬ 
cies differences in sexual dimorphism of communication 
behaviors have evolved through reversals in the effects of 
hormones on the physiology of the neurons that control 
those behaviors. 

Electric fish also modulate their EODs during social 
interactions to produce motivational signals known as 
‘chirps.’ Sex differences in chirping have been most exten¬ 
sively studied in brown ghost knifefish (A. leptorhynchus). In 
this species, males chirp much more than females and 
produce ‘bigger’ chirps with more frequency modulation 
than those of females. Chirps are controlled by the tha¬ 
lamic prepacemaker nucleus (PPn). PPn projection neu¬ 
rons excite neurons in the brainstem pacemaker nucleus 
via non-NMDA glutamatergic synapases. This excitation 
causes a chirp by briefly increasing the firing rate of the 
pacemaker neurons, and thereby transiently increasing 
EOD frequency. Unlike the song control nuclei of song¬ 
birds, relatively few sex differences have been found in 
the size or structure of the PPn, despite robust sex differ¬ 
ences in chirping. Instead, sex differences in chirping are 
associated with sex differences in the expression of the 
neuromodulators in the PPn. The PPn in males contains 
significantly more substance P and less serotonin than the 
PPn in females. These sex differences parallel the effects 
of substance P and serotonin on chirping. Leonard Maler’s 
laboratory found that injecting substance P into the PPn 
induced chirping and caused fish to produce bigger 
chirps. Similarly, serotonin suppresses chirping. Further¬ 
more, treating females with androgens both masculinizes 
their chirps and increases the expression of substance P in 
their PPn. Thus, androgens regulate the sexually dimor¬ 
phic expression of neuromodulators in the PPn, which in 
turn regulate sex differences in chirping behavior. 
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Hormonal Regulation of Signal Reception 

Appropriate responses to communication signals depend 
on the physiological and motivational state of the receiver. 
Because hormones coordinate physiological and behav¬ 
ioral responses to internal and external cues, they are 
logical modulators of both the ability of receivers to 
detect and discriminate among communication signals 
and the behavioral responses of receivers. Although in 
some instances, hormones may simply affect the responses 
of receivers through general effects on arousal and moti¬ 
vation (e.g., increases or decreases in sexual receptivity 
that modify responses to courtship signals), hormones can 
also directly affect the ability of sensory systems to per¬ 
ceive signals. 

Hormones can influence the perception and response 
of pheromones by receivers. Cardwell and colleagues in 
Norm Stacey’s laboratory found that in males of the 
cyprinid fish, Puntius schwanenfeldi , peripheral olfactory 
responses to the pheromone 15-keto-prostaglandin F2a 
(15K-PGF2a), which is released by females after ovula¬ 
tion, were androgen-dependent; electro-olfactorigram 
responses to 15K-PGF2oc were significantly enhanced in 
juvenile males treated with androgens compared to blank- 
implanted control males. Androgen-regulated sensitivity 
to this pheromone allows males to be maximally sensitive 
to it during the breeding season. Similarly, in female newts 
(Cynops pyrrhogaster), estrogens and prolactin enhance the 
responses of olfactory receptors in the vomeronasal epi¬ 
thelium to the male proteinaceous pheromone sodefrin. 

Joseph Sisneros found that gonadal steroid hormones 
mediate seasonal changes in auditory tuning in plainfin 
midshipmen. During the spawning season, high levels 
of estradiol and testosterone in females changes the tun¬ 
ing of the auditory organ (sacculus) so that the auditory 
afferents are better able to phase lock to higher frequency 
sounds found in the harmonics of the courtship calls of 
parental males. This change in tuning may make it easier 
for females to locate and discriminate the calls of potential 
mates when they are ready to spawn. Hormones can also 
regulate the physiology of central auditory neurons. 
Kathleen Lynch and Walt Wilczynski used in situ hybri¬ 
dization for the immediate early gene egr-1 to show that 
treating female Tungara frogs ( Physalaemuspustules us) with 
gonadotropins enhanced the activation of neurons in the 
auditory midbrain by male courtship calls. 

Hormones also mediate changes in the ability of elec¬ 
tric fish to detect electrocommunication signals. The 
tuberous electroreceptors of electric fish that produce 
wave-type EODs are most sensitive to the frequency of 
the fishes’ own EOD. This tuning is important because 
electric fish electrolocate by detecting distortions in their 
EOD and because electric fish perceive the EODs of other 
fish by detecting the amplitude and phase modulations 
created in their own EOD by the EODs of other fish. 


Because EOD frequency changes in response to andro¬ 
gens and/or estrogens, the tuning of electroreceptors 
must also change in response to androgens and estrogens 
if they are to remain maximally sensitive to the fishes’ 
own EOD. Harold Zakon and Harlan Meyer found that 
electroreceptor tuning is indeed steroid-sensitive in the 
electric fish S. macrurus. Androgens act in a coordinated 
manner on the pacemaker nucleus in the brain to change 
EOD frequency, on the electric organ to change EOD 
waveform, and on the tuberous electroreceptors to change 
their tuning. 

Effects of Communication Signals on 
Hormones 

The relationship between hormones and communication 
signals is reciprocal. Hormones influence the production 
and reception of communication signals in the many ways 
described above. In turn, communication signals can also 
have profound effects on hormone levels, and hormones 
often mediate the effects of communication signals on the 
physiology and behavior of receivers. 

Early evidence that communication signals affect 
hormones includes studies in the 1950s and 1960s 
showing that social housing affects reproductive physiol¬ 
ogy in laboratory rodents. Van der Lee and Boot found 
that housing female mice together but without males 
prolonged and/or arrested their estrus cycles. The 
‘Lee-Boot effect’ is meditated by pheromones in the 
females’ urine. Similarly, Whitten found that pheromones 
in adult male urine accelerated and synchronized the 
estrus cycles of co-housed females. Adult male urine 
also contains pheromones that can accelerate the onset 
of puberty in juvenile female mice (the Vandenburgh 
effect). Pheromones also affect reproductive hormones 
in other mammals. ‘Male effect’ pheromones from rams 
and male goats increase the frequency of luteinizing hor¬ 
mone pulses in females, which synchronizes ovulation. 

Pheromonal signals similarly affect hormones in fish and 
amphibians. For example, Sorensen’s laboratory characterized 
the actions of a female goldfish preovulatory pheromone, 
which contains the progestin 17,20p-dihydroxy-4-pregnen-3- 
one (17,20p-P), and a postovulatory pheromone, which 
contains a prostaglandin. Both of these pheromones stimulate 
gonadotrophin II (GTH II) release in males. 17,20p-P also 
stimulates ovulation in conspecific females. 

Acoustic communication signals can also have pro¬ 
found and rapid effects on hormones. For example, John 
Wingfield’s laboratory examined the hormonal and behav¬ 
ioral responses of territorial male song sparrows ( Melospiza 
melodia) to a simulated territorial intrusion (STI), in which 
a decoy of a territorial intruder and a song playback were 
presented on a male’s territory. The testosterone levels of 
such males were significantly elevated in as little as 10 min 
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after the STI. The signal responsible for this effect was 
multimodal; song alone or the visual stimulus of the decoy 
alone was less effective than the combined stimuli. The 
quality of male song also affects hormone levels in female 
songbirds. Rupert Marshall and colleagues found that 
female canaries exposed to songs with rapid trill rates 
(‘attractive’ syllables) had elevated levels of androgens 
and estrogens compared to when they were exposed to 
songs without attractive syllables. 

Acoustic signals also have rapid effects in fishes. Luke 
Remage-Healey and Andrew Bass presented male oyster 
toadfishes with synthetic playbacks of‘boatwhistles,’ a call 
produced by males to defend nest sites and attract 
females. The boatwhistle playbacks increased the males’ 
own call production and significantly increased plasma 
11-KT concentrations within 20 min of the playback. 

In electric fish, glucocorticoids, brain plasticity, and 
electric communication signals interact reciprocally. Kent 
Dunlap and colleagues found that housing male brown 
ghost knifefish in pairs significantly elevated the cortisol 
levels and increased the production of EOD modulations 
(chirps) that function as agonistic and courtship signals. 
Implanting isolated males with cortisol also increased 
chirping. Subsequent studies by Dunlap and his students 
found that cortisol treatment or interaction with conspe- 
cifics dramatically increased cell division and the presence 
of radial glia in the PPn, which controls chirping. Present¬ 
ing isolated fish with synthetic EODs mimicked the effects 
of social housing on cell division and the number of radial 
glia in the PPn. Thus, exposure to conspecific electric 
communication signals even in the absence of physical 
interactions triggers cortisol release, which in turn initi¬ 
ates long-term structural changes in brain regions that 
control the production of communication signals. 

Conclusions and Future Directions 

The examples in this article illustrate many commonal¬ 
ities in the hormonal control of communication behavior 
across vertebrates. These commonalities have allowed 
well-studied models of communication behavior (e.g., 
vocalizations in songbirds, frogs, and sonic fishes; electric 
communication signals in electric fish; and pheromones in 
fish, newts, and mammals) to provide general insights into 
hormone-brain-behavior relationships. The links between 
hormones, brain circuits, and communication behaviors 
have evolved in response to species differences in social 
organization. The Challenge Hypothesis, for example, has 
been broadly tested and explains interspecific variation in 
the relationship between androgens and agonistic com¬ 
munication signals (and other aggressive behaviors) as a 
function of mating systems. Because many communica¬ 
tion signals are controlled by dedicated motor circuits in 
the brain, neural mechanisms underlying variation in the 


hormonal control of communication signals can also be 
studied. Interspecific variation in the sexually dimorphic 
expression of androgen receptors in the song control 
regions of songbirds, for example, is correlated with 
sex differences in singing behavior. An exciting area for 
future studies lies in understanding links between sen¬ 
sory systems, hormones, and motor systems. Although 
communication signals profoundly affect hormone levels, 
we are only beginning to understand the neural mechan¬ 
isms by which sensory systems discriminate among com¬ 
munication signals and transduce them into changes in 
hormone production and release. Studies using tools such 
as immediate early genes to map brain activity during 
exposure and responses to communication signals are 
likely to be particularly useful in addressing this question. 
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Introduction 

The notion of animal communication networks arises 
from observations that more than two individuals often 
interact in the transmission and reception of signals. 
Although the classical approach to animal communication 
is built on the paradigm of a signaler who broadcasts his 
message (the signal) along a channel to a specific receiver, 
it is clear that several variations on the two-party theme 
may occur: the simplest variation (‘broadcast networks’) 
occurs when a signaler broadcasts an advertisement that 
offers information on his/her behavioral and physiologi¬ 
cal state to all individuals that happen to be within the 
receiving range. A second variation (‘eavesdropping net¬ 
works’) occurs when a clear dialog exists between a given 
pair of individuals, but the signals of each, intended for 
the other member of the pair, are perceived by extra-pair 
individuals. This situation has often been termed ‘eaves¬ 
dropping,’ but it should be noted that such interceptions 
by extra-pair individuals may or may not reduce the 
fitness of the primary signaler or receiver. A third cate¬ 
gory (‘interaction networks’) of networks occurs where 
individuals maintain dialogs with two or more neighbors. 
These several interactions may allow multiple opportu¬ 
nities for eavesdropping. Consider an assemblage of three 
neighbors: They interact directly with one another in 
pairwise dialogs, and each is also privy to information 
that the other two individuals exchange; that is, an indi¬ 
vidual both eavesdrops on its neighbors and communi¬ 
cates directly with them. 

On the basis of these three observed variations, an 
animal communication network may be defined as any 
system of information exchange that includes three or 
more conspecific individuals. Our current interest in net¬ 
works stems from the recognition that various processes 
occur when multiple individuals communicate that do 
not arise when communication is confined to pairwise 
exchanges. 

One may note that the various networks described 
earlier also occur among individuals belonging to different 
species. For example, predators or parasites may eavesdrop 
on the sexual communications of their prey or host species 
and thereby locate them. Or individuals in one prey spe¬ 
cies may obtain information on the presence of predators 
by perceiving telltale changes in the communications 
among a second prey species; both of these phenomena 
might be categorized as interspecific eavesdropping. 
But many biologists restrict animal communication to 


information exchanges among conspecific individuals, 
and this restriction is extended to the treatment of net¬ 
works presented here. First, each of these variations is 
discussed, followed by the presentation of a theoretical 
approach with which we can understand the evolutionary 
implications of communication networks. This article 
ends with an in-depth treatment of a special category of 
networks, choruses. 

Broadcast Networks 

Broadcast networks are commonly observed for sexual 
advertisement signals, territorial announcements, and cer¬ 
tain types of messages emitted in animal societies, such as 
alarm calls. These signals may all be classified as ‘public 
information’ in that they are readily available to all recei¬ 
vers in the vicinity. The signals broadcast in these net¬ 
works are not directed toward any specific receivers, and 
the signaler sends them without having specific informa¬ 
tion on the locations or even the presence of receivers. 
Nonetheless, signalers may broadcast at certain times and 
places where intended receivers are more likely to be 
present: males (or females) may advertise at sites where 
members of the opposite sex are expected to arrive and 
during periods of the day or season when they are nor¬ 
mally most active and responsive. In social species, indi¬ 
viduals may be more apt to emit alarm signals, which 
indicate danger such as the approach of predators, when 
genetic relatives are expected to be present than when 
many neighbors are unrelated individuals. Directionality 
of these broadcasts is generally minimum, and intensity 
may be maximum, features that would increase the num¬ 
ber of potential receivers. In the case of alarm signals, the 
broadcasts may also bear features that make their own 
localization difficult for receivers, predators, and conspe- 
cifics alike. However, conspecific individuals need to 
detect only the alarm signal in order to benefit, infor¬ 
mation on the precise location of the signaler being 
unnecessary. 

Eavesdropping Networks and Audience 
Effects 

Eavesdropping networks are observed for diverse signals 
in which a clear dialog exists within a pair of individuals 
that exchange ‘private information.’ For example, a given 
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male individual may perceive the courtship signals 
exchanged between a neighboring male and a female. 
Thus, the given male can surreptitiously learn of the 
presence of a receptive female, and he may subsequently 
arrive at the courting pair and intervene, possibly with 
success. Such potential events represent one source of 
selection pressure that favors minimum intensity in court¬ 
ship signals and other private communications. These mes¬ 
sages need to be sufficiently intense that the receiver can 
accurately evaluate the signaler, but often no more. In 
other situations, the signaler is not necessarily harmed 
by information revealed inadvertently to an eavesdropper. 
The aggressive signals exchanged between two indivi¬ 
duals settling a dispute over territory ownership may be 
witnessed by a third, which then evaluates the motivation 
and physical abilities of the signalers. This third individ¬ 
ual may then behave in accordance with its own motiva¬ 
tion and perceived ability: behavior that could entail 
deferring to one or both signalers and moving away. 
The latter example shows how eavesdropping networks 
can bear some of the features characteristic of broad¬ 
cast networks. Purportedly private information exchanged 
within a specific dialog may sometimes also serve as pub¬ 
lic information that is available - and indeed intended - 
for individuals outside of that dialog. In such cases, we 
might expect selection to favor signal intensities that 
exceed minimum levels because of the value of facili¬ 
tating, as opposed to preventing, eavesdropping by third 
parties. 

The distinctions between public and private infor¬ 
mation are blurred when a signaler engaged in a dialog 
could benefit from information revealed to third parties. 
When this happens, animals should sometimes adjust 
their signals when extra-pair individuals are present. 
These adjustments do occur, and they are termed ‘audi¬ 
ence effects’: animals participating in a dialog modify 
their communications when ‘bystanders’ observe. Well- 
known cases of audience effects are found in various 
vertebrate species and entail raising the intensity or 
making other adjustments to signals in male-male inter¬ 
actions when conspecific males, or females, are present. 
In both the cases, the modification may serve to improve 
the signaler’s status in future interactions with these 
bystanders: a male signals to other males that his compet¬ 
itive ability is potentially high, and he may thereby forgo 
the costs of overt fighting in a future aggressive encoun¬ 
ter. Likewise, he signals to attending females that he is a 
potential mate of superior quality. While audience effects 
may be mediated via neural and hormonal pathways, their 
adaptive explanation could be economic: signal modifica¬ 
tions are likely to be costly, and it may be worthwhile for 
a male to expend the necessary energy only when a long¬ 
term benefit, that is, an increase in overall status that trans¬ 
cends the immediate interaction with a single adversary, 
is expected. 


Interaction Networks 

Interaction networks are observed where animals occupy 
relatively stable positions in space or in a social unit and 
may exhibit some degree of individual recognition. Here, 
individuals regularly shift back and forth between the 
roles of active signaler or receiver and passive eavesdrop¬ 
per. By assuming these dual roles, an individual may be 
afforded the opportunity to make precise adjustments in 
its social interactions with members of the local popula¬ 
tion. For example, an individual perceiving the messages 
exchanged in a pairwise encounter between two of its 
neighbors may then adjust its own communications with 
these neighbors when future occasions arise: in the role of 
an eavesdropper, it may infer the relative hierarchy of 
its neighbors or their membership in social coalitions 
and then enter into its own communications with them 
in accordance with such information as well as its self 
perceptions and needs. Or, having learned the unique char¬ 
acteristics of the signals of its neighbors holding adjoining 
territories, it may then recognize a new arrival and respond 
aggressively, the so-called ‘dear enemy effect’: an indivi¬ 
dual’s regular neighbors are territorial rivals that it has 
adjusted to out of necessity, but novel signals indicate the 
presence of an intruder from the outside that could upset 
a delicate balance of power. Here, overt aggression may be 
worthwhile. 

Connectedness and Network Theory 

A general property of animal communication networks is 
that messages are often transmitted and received indi¬ 
rectly via individuals that occupy intermediate positions 
between the initiating signaler and the final recipients. 
This property is most apparent in some broadcast net¬ 
works, where a message that originates from one signaler 
may be transmitted to x receivers, each of which in turn 
transmits it to x new receivers. The advantage of this 
chain-reaction process for communicating to a maximum 
number of individuals is clear: following n cycles of such 
transmission, x n individuals have been informed. More¬ 
over, a message may be transmitted effectively across 
distances that would not be possible via direct trans¬ 
mission between one signaler and one or several attending 
receivers. In addition, the speed of transmission to the 
multitude of receivers is greatly enhanced. The dissemi¬ 
nation of queen pheromone to a very high percentage 
of workers in a honeybee {Apis mellifera ) colony on a 
daily basis is accomplished in this way. The queen may 
have direct contact with only a handful of workers, each of 
which receives a minute quantity of pheromone, but each 
of these workers in the queen’s retinue transfers a portion 
of the chemical message it has received to a secondary 
cadre. Owing to extreme sensitivity to queen pheromone, 
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four to five repetitions of this process serve to inform most 
workers and preserve the social structure of the colony. 
Alarm messages in many social insect colonies are also 
transmitted in this fashion. 

The queen pheromone example serves to highlight 
some general properties of animal communication net¬ 
works that are of interest to mathematical modelers. In 
the language and formulations of theoreticians, each ani¬ 
mal is a ‘node’ that is connected via ‘edges’ to other nodes 
when regular communication occurs. The aggregate of all 
of these connections forms a global network the properties 
of which may reveal some key features about the individ¬ 
ual components (animals) and the way in which they 
interact. Do most nodes (individual animals) have an aver¬ 
age number of connections to other nodes, or are some 
nodes connected to many, many nodes, while the majority 
of nodes have relatively few connections? In the latter case, 
nodes with many connections, termed ‘hubs,’ can play a 
critical role in a network in that their removal may have 
a major impact on reducing or altering the incidence 
of subsequent interactions. Additionally, nodes with 
many connections, also termed high-‘degree’ nodes in 
situations where there is a continuous gradation in the 
number of connections among nodes, may tend to be 
connected to other high-degree nodes, while low-degree 
nodes are typically connected to other low-degree nodes. 
In other cases, most nodes may have an average number 
of connections, but groupings within the global network 
can exist wherein most nodes are interconnected but 
remain relatively unconnected to nodes belonging to 
other groupings. 

Scientists have found applications of network theory in 
informatics and the World Wide Web, transportation sys¬ 
tems, sociology, cell biology, epidemiology, and animal 
social behavior. In the context of animal communication 
networks, computer analyses using the methods of net¬ 
work theory have the potential to reveal the nature of 
social groupings. That is, the general patterns of who 
communicates with whom, the numbers of individuals 
each animal regularly communicates with, their locations 
and behavior, and their memberships in social coalitions 
can be determined. 

Choruses 

Choruses constitute a special category of animal commu¬ 
nication networks wherein many individuals advertise 
sexual signals at the same time and exhibit mutual influ¬ 
ences on their broadcasts. Viewed from our categori¬ 
zation of communication networks, choruses represent 
broadcast networks in which the various broadcasters 
themselves interact with one another and thereby estab¬ 
lish collective displays that are temporally structured. While 
we normally associate choruses with acoustic displays, 


the basic phenomenon may occur in any signaling mod¬ 
ality. The general explanation for choruses is that they 
represent the outcome of competition between neigh¬ 
boring broadcasters, but in some cases they may reflect 
cooperation. 

Animal choruses exhibit different levels of temporal 
precision. The crudest level is observed in collective dis¬ 
plays where individuals at a locality simply broadcast at 
the same hour of the day or night. Here, the individual 
broadcasters may be stimulated to begin and to continue 
signaling by perceiving the signals of neighbors. Via a 
chain-reaction process, such chorusing can spread among 
a great many individuals broadcasting over a wide area. 
However, the chorus may also arise because of common 
responses to an environmental cue, for example, photope¬ 
riod, in which case neighboring broadcasters do not nec¬ 
essarily display any mutual perception of one another. 
Various explanations are proposed for these choruses, 
particularly the dawn and dusk choruses observed in 
many songbirds, but a general one is that they represent 
a response to competition among individual broadcasters. 
In the typical case of males broadcasting sexual advertise¬ 
ments to females, a male must at least match the signals of 
his neighbors in order to influence and attract potential 
mates. Thus, if a male’s neighbor signals, he is compelled 
to follow suit, energy permitting. Most of these choruses 
are collective displays of male acoustic signals, but some 
examples of visual, vibratory, and even chemical sig¬ 
nals are known. And in cases of sex-role reversal where 
males exhibit some degree of mate discrimination and 
females assume a competitive role, female chorusing may 
also occur. 

The next level of chorusing entails the repetition of 
‘bouts’ of collective signaling many times during a daily 
activity period. The collective singing bouts observed in 
many acoustic insects and anurans are representative: 
‘bout leaders,’ males that may have relatively more energy 
or motivation, initiate calling and are then joined by most 
of the other male signalers in the local population. Most 
participants maintain a high rate of calling for several 
minutes, after which the amount of calling gradually 
decreases to zero. Following an interval of silence of vari¬ 
able length, the cycle repeats. In some cases, the same 
individual male serves as bout leader over and over again. 

In species where signal repetition is controlled by a 
central (nervous system) pattern generator, a regular, 
‘free-running’ signaling rhythm results (e.g., a 100-ms 
signal emitted every 800 ms). This occurs in many arthro¬ 
pods and anurans, where a higher level of chorusing 
precision may occur. This precision is generally charac¬ 
terized by neighboring individuals that maintain specific 
phase relationships between their signal rhythms. Such 
phase relationships give rise to the collective synchrony or 
alternation that is often observed for acoustic, vibratory, 
and visual signals. The latter include both bioluminescent 
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signals, as in the flashes of fireflies and certain marine 
crustaceans (ostracods), and signals relying on reflected 
light, as in the claw-waving displays of fiddler crabs. 
Rhythmic synchrony and alternation are not observed in 
chemical signaling, an absence that probably results from 
the inability to control the precise timing of the phero¬ 
mone channel: chemical signals travel by diffusion and 
convection and are therefore relatively slow and rather 
subject to vagaries of the environment. Moreover, they 
fade out over a lengthy interval. 

Interaction Mechanisms 

Observers of synchronous and alternating choruses are 
led to ask two sorts of questions: What are the physiologi¬ 
cal mechanisms that lead to such interactions, and why do 
animals bother to interact in this way? Studies of the 
mechanisms responsible for synchrony and alternation 
have generally relied on controlled ‘playback experiments’: 
A given individual in the field or laboratory is isolated 
from its neighbor(s), which are supplanted by the pre¬ 
sentation of precisely timed synthetic stimuli. These 
playback stimuli are typically adjusted incrementally in 
successive tests across a range of values for signal repeti¬ 
tion rate, carrier frequency (pitch), and signal length and 
amplitude; the signaling of the test individual and the 
playback are then simultaneously recorded in each test. 
Thus, scientists have been able to discern some of the 
rules that regulate interactions among rhythmic signalers, 
those species in which signals are broadcast repetitively 
with a regular rhythm during a major portion of the hours 
of daily activity. 

While chorusing assumes diverse forms and various 
mechanisms are apparently responsible for these displays, 
analyses of playback experiments also indicate some gen¬ 
eral patterns that account for many of the interactions 
observed. In many species that signal rhythmically, when 
an isolated individual perceives a single signal - either 
from a neighbor or a synthetic playback - it lengthens 
its concurrent intersignal interval but then returns to 
its regular, free-running rhythm following that interval 
(Figure 1(a) and 1(b)). This response is called a ‘phase- 
delay’ mechanism, because the signaler modifies only its 
phase relative to the neighbor’s signal, not its actual 
rhythm. If a train of repeated signals are now presented 
as a playback stimulus, the signaler may then ‘entrain’ to 
that stimulus by broadcasting his signals at a given delay 
after each playback signal (Figure 1(c) and 1(d)); that is, 
the signaler maintains a specific phase relationship with 
the stimulus. Depending on the nature of the signaler’s 
phase-delay response and the rhythm of the playback 
stimulus, different signal interactions are possible. If the 
signaler’s phase delay is relatively brief and the stimulus 
rhythm is equivalent to the signaler’s free-running rhythm 
or slightly slower, the signaler and the stimulus will 


alternate (Figure 1(c)). On the other hand, if the signaler’s 
phase delay is relatively long - that is, the length by which 
its concurrent intersignal interval increases in response to 
a stimulus approaches the mean length of his free-running 
interval - and the rhythms of the stimulus and signaler are 
similar, the two will synchronize (Figure 1(d)). 

We now return to the natural interactions between two 
signalers and apply the rules determined from the playback 
experiments mentioned earlier. Replacing the playback sti¬ 
mulus with a neighbor, we observe that in species where 
signalers exhibit relatively brief phase delays, two males 
that have similar free-running rhythms will generally 
alternate. Moreover, the mutual responses of the two 
males will ensure an approximately 180° phase relation¬ 
ship between their signaling rhythms, which are slightly 
longer than during the free-running state (Figure 1(e)). 
This genre of signal interaction is most commonly ob¬ 
served in acoustic insects and anurans. Analogously, in 
species where signalers exhibit relatively lengthy phase 
delays, two males that have similar free-running rhythms 
will generally synchronize; that is, a 0° phase relationship 
will exist between their signaling rhythms (Figure 1(f)). 
Live signalers, however, are not perfect metronomes, and 
the likelihood that two males have constant and identical 
free-running rhythms is small. These two sources of sto¬ 
chastic variation will cause any resulting synchrony to be 
an imperfect one: typically, one male leads the other by a 
small phase angle, although the roles of leading and fol¬ 
lowing usually pass back and forth between the males on 
successive signaling cycles (Figure 1(g)). Additionally, 
one male may occasionally drop out of the interaction 
for one or several cycles of signaling, only to return in 
approximate synchrony on the subsequent cycle. This 
imperfection would arise when a male happens to slow 
his relative free-running rhythm relative to the other 
individual, or when he happens to extend his phase 
delay beyond the normal length (Figure 1(g)). Synchrony 
as described above is found in various acoustic insects and 
also in some fireflies and fiddler crabs. 

In other species, playback experiments have revealed 
strikingly different mechanisms in which signal interac¬ 
tions entail not only phase delays but also changes in the 
actual rhythms. Here, an individual signaler which per¬ 
ceives a rhythmic stimulus will exhibit a minor phase 
delay in its concurrent intersignal interval, but it will 
also extend its response over future signal cycles. If the 
stimulus rhythm is faster than its own, it will gradually 
accelerate its signal rhythm until the two rhythms are 
more or less 0° in phase. Should the stimulus rhythm be 
slower, it will gradually slow its own rhythm appropri¬ 
ately. And when live signalers interact, faster signalers get 
slower, slower signalers get faster, and the several signa¬ 
lers eventually approach a common rhythm (Figure 1(h)). 
This type of synchrony tends to be very precise: phase 
angles separating the signalers at any given cycle are 
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Figure 1 Phase relationships and signal interactions in choruses. In parts (a-d), the black horizontal bars (trace 1) indicate the timing 
of signals produced by an individual animal, and the red horizontal bars (trace 2) indicate stimuli, as presented in a playback experiment. 
In parts (e-h), the black and red bars indicate the timing of signals produced by two interacting individuals, represented by traces 
1 and 2, respectively. For all parts, p fr represents an individual’s free-running signal period (green double-ended arrows), and open blue 
bars indicate the expected timing of signals, based on the free-running period, that were delayed for particular intervals (blue arrows) 
following a stimulus or a signal of the neighboring individual, (a) Presentation of a single stimulus results in the animal delaying its 
subsequent signal for a relatively lengthy interval d L _-\ (=f y - t x ), measured from the end of the stimulus; the animal returns to its 
free-running signal period immediately after that single modified cycle, (b) Same as (a) save that the animal delays its subsequent signal for 
a relatively short interval c/ S -i (=f y - Q, measured from the end of the stimulus, (c) Animal entrains to a rhythmic stimulus, whose period 
(Pst- 2 ) is slightly longer than the animal’s free-running period, by broadcasting each signal after a short delay (d S - 1 ) timed from the end of 
the last stimulus. The resulting interaction is alternation, with the animal’s rhythm lagging the stimulus by a phase angle =166°. (d) Same as 
(c) save that the animal’s period equals the stimulus period and it broadcasts each signal after a lengthy delay (d L _-,) timed from the end of 
the last stimulus. Here, the resulting interaction is synchrony; that is, the phase angle separating the animal’s rhythm and the stimulus = 0°. 
(e) Individuals 1 and 2 have identical free-running periods and respond to each other by delaying their subsequent signal for a relatively 
short interval d S -1 (=d s ~ 2 ), measured from the end of the last signal broadcast by the other one. The resulting interaction is perfect 
alternation, with periods slightly longer (p 1s p 2 ) than the free-running period and the phase angle separating the animals’ rhythms = 180° 
(compare with part (c), above), (f) Same as (e) save that individuals 1 and 2 respond to each other by delaying their subsequent signal for a 
relatively lengthy interval d L _-\ (=d L _ 2 ), measured from the end of the last signal broadcast by the other one. The resulting interaction is 
synchrony (phase angle separating the animals’ rhythms = 0°). (g) Same as (1) save that stochastic variation occurs in free-running periods 
(see p fr _ 1L of individual 1) and in delay intervals (see c/ L _ 1L and d L _ 2 s of individuals 1 and 2, respectively). Thus, the animals’ rhythms are 
not in perfect synchrony, and one animal (individual 1) drops out of the chorus for one cycle (compare with part (f), above), (h) Two animals 
initially have different free-running rhythms. Each makes slight phase delays in response to the other’s signals; moreover, the faster one 
slows, while the slower one accelerates. Eventually, they achieve identical rhythms which are in perfect synchrony (phase angle = 0°). 
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extremely small, the rhythms of the individual signalers 
remain rather constant, and individuals seldom drop out 
of the collective display. It is best known in certain fireflies 
of southeast Asia and the Malay Archipelago, but variants 
also occur among some acoustic insects. 

Selective Attention 

Playback experiments and observations of pairs of inter¬ 
acting signalers offer some insight into the mechanisms 
that regulate choruses. However, as with communication 
networks in general, chorusing cannot be fully understood 
until we begin considering displays of three or more 
signalers, which invariably occur in the field. The compli¬ 
cation generated by extending beyond pairwise interac¬ 
tions is most obvious for alternation: Individual A may 
alternate with individual B, but what occurs when indi¬ 
vidual C arrives and signals? In some cases, a three-way 
accommodation is possible where each individual signals 
with a 120° phase delay relative to a given neighbor, but 
the general solution to the problem of multiple neighbors 
is ‘selective attention.’ 

Analyses of recordings made of actual choruses in the 
field have generally shown that a given signaler does not 
interact with every participant in the chorus. That is, 
groupings of interactive neighbors occur within the global 
communication network. Conceivably, these groupings 
might be based on any of various physical criteria: one 
interacts with individuals the signal intensities of which, 
as perceived, exceed a certain fixed threshold value, one 
interacts with a certain fixed number of individuals, or 
one interacts with the individual the signal intensity of 
which, as perceived, is maximum and all other individuals 
the signal intensities of which are within x dB of this most 
intense neighbor. Here, we note that the last criteria, a 
sliding threshold on the basis of the intensities of one’s 
neighbors, would reflect basic physiological function. 
Animals usually exhibit sensory adaptation to the stimuli 
to which they are regularly exposed, and the range of 
neighbor signal intensities that elicit a male’s attention is 
expected to slide up and down relative to the level of the 
background chorus that its neighbors generate. When 
neighbor intensities are high, the attention window rises, 
and when intensities are low, it descends accordingly. In 
addition to these basic rules of thumb, interactions in 
some choruses may be regulated by combinations of 
rules, or by rules that do not simply focus on the physical 
criteria of neighbors’ signals. For example, a male might 
pay attention to male neighbors in the chorus on the basis 
of his history of interacting with them or their current 
behavior or signaling locations. He might even base his 
selectiveness on arbitrary rules; for example, interact with 
the two males signaling on the left, or on the right, and 
ignore the rest. 


Competition and Cooperation 

Signaling males in choruses generally compete with one 
another to attract local females, and we might suppose 
that the interactions which generate synchrony and alter¬ 
nation reflect signal competition at some level. This prop¬ 
osition is more obvious for alternation. Assuming that signals 
that are broadcast without interference from other sig¬ 
nals will be more attractive to females, we may expect 
selection for phase-delay mechanisms that generate alter¬ 
nation. Thus, a male avoids having his signals masked by 
those of his neighbors. Moreover, it may be critical for a 
male to eavesdrop on neighboring signalers. This moni¬ 
toring is not easily done during one’s own signals because 
of the general reduction in perceptual sensitivity at this 
time. Alternation would serve to permit effective eaves¬ 
dropping on nearby males and their broadcast networks. 
And when a male is surrounded by multiple neighbors, he 
may deal with any potential confusion by applying his 
phase-delay mechanism only to his nearest, most intense 
neighbors - generally his most important competitors — 
and behaving as if other members of the chorus were 
inactive. This type of selective attention is sometimes 
seen in frog choruses, where a male may insert his calls 
during brief‘windows’ of relative silence that occur in the 
background cacophony. 

A tidy explanation of chorusing as a response to com¬ 
petition seems less plausible for synchrony, a phe¬ 
nomenon the very name of which conveys the notion of 
cooperation. But in many cases, synchrony may also arise 
from signal competition between rival males. This possi¬ 
bility was indicated by analyses of female choice, which 
revealed that females in various species exhibit a strik¬ 
ing orientation toward and preference for male signals 
that lead their neighbors’ signals by brief time delays 
(10-400 ms). Such female preferences, which may result 
from general ‘forward masking’ or ‘precedence effects’ in 
receiver psychophysics, can exert considerable selection 
pressure on the mechanisms with which males adjust 
rhythmic signals: Since following signals are rather inef¬ 
fective in attracting females, phase-delay mechanisms will 
be strongly favored when they result in a reduction in the 
number of signals that a male broadcasts immediately 
after a neighbor and also improve his chance of broadcast¬ 
ing a leading signal during the subsequent cycle. Imper¬ 
fect synchrony then occurs when two males each sing 
with comparable rhythms and have relatively lengthy 
phase delays. One may then ask, given the disadvantage 
of signaling in the following role, why males ever produce 
any following signals and thereby generate synchrony. 
Following signals are produced, and produced quite reg¬ 
ularly, because a ‘motor delay,’ lasting from 25 to 200 ms 
in different species, elapses between the instant when a 
signal is triggered by the central pattern generator and 
when it is actually broadcast. Thus, if a male perceives a 
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neighbor’s signal but his subsequent signal has already 
been triggered, he is compelled to broadcast his (follow¬ 
ing) signal despite its ineffectiveness (see Figure 1(g)). 

Other cases of synchronous chorusing, particularly 
those where synchrony is very precise and generated by 
adjustments to free-running rhythms, may reflect coopera¬ 
tion among signalers. Cooperative signaling may be influ¬ 
enced by various ecological and behavioral factors. 
Signaling males often attract natural enemies (interspecific 
eavedroppers) and conspecific females, but the attraction of 
enemies might be reduced when all males in a chorus 
broadcast synchronously. Here, the arrival of multiple sig¬ 
nals from all directions at precisely the same time may 
challenge the ability of an enemy to localize any one 
signaler. 

Second, females may need to perceive a particular 
signal rhythm or specific signal features of conspecific 
males before responding, and these characters may be 
obscured if males do not synchronize with their neigh¬ 
bors. Thus, a male must broadcast in synchrony, because 
to do otherwise would be spiteful: he might reduce the 
attractiveness of his neighbors to females, but he would 
also reduce his own appeal. Such cooperation has been 
found in a North American katydid species (Neoconocephalus 
nebrascensis) in which males produce 1 s chirps every 2 s, 
and neighboring males synchronize precisely. Female N. 
nebrascensis must hear the 1 s intervals between a male’s 
chirps before responding to him, a preference feature that 
demands male synchrony. When local males alternate, 
females do not perceive the interchirp intervals from 
any male and respond to no one. 

Third, owing to resource distribution and habitat 
structure, signaling males may be clustered in space, in 
which case the various clusters might compete with one 
another for attracting females. When such intergroup 
competition occurs, males might improve the attractive¬ 
ness of their cluster by synchronizing with their neigh¬ 
bors and thereby maximizing the cluster’s signal 
intensity. Of course, once females arrive at the cluster, 
the several males would compete with each other for mating 
opportunities, and we may imagine that additional signal 
interactions are generated in this intracluster context. That 
is, some choruses may reflect the combined influences of 
competition and cooperation. 

Emergent Properties and Feedback Loops 

The explanation of imperfect synchrony as an outcome 
of competition suggests that many choruses are best 
described as ‘emergent phenomena.’ According to this 
proposition, selection has favored the simple mecha¬ 
nisms that regulate signal interactions between indivi¬ 
duals, but the resulting collective display is an event 
that just represents the summation of these interactions. 
Taken in sequence, we note that perceptual biases toward 


leading signals in receivers - which may represent 
mechanisms that improve the basic ability to localize the 
sources of stimuli - favor the evolution of certain adjust¬ 
ments in signal timing. These adjustments, which allow a 
male to reduce his incidence of following signals and to 
improve his chance of broadcasting leading ones in the 
subsequent cycle, happen to generate synchrony in some 
species and alternation in others. These outcomes depend 
on the basic features of signaling, particularly the adjust¬ 
ments made during signal interactions, but the specific 
format of chorusing that emerges is not under selection. 
That is, female receivers do not prefer any specific type of 
chorus, and males do not benefit from generating one. 

Although a certain percentage of animal choruses may 
simply represent byproducts of the basic signal interac¬ 
tions between chorus participants, they present signaling 
environments that can have major influences on both 
signalers in the chorus and receivers attending to it. For 
example, in the case of alternation, an environment is 
created wherein signals are being broadcast nearly con¬ 
tinuously. Because few gaps in the background noise 
appear, selective attention toward only a subset of neigh¬ 
boring signalers would be strongly favored by selection. 
By comparison, one may predict that such selection pres¬ 
sure would be weaker in species that happen to generate 
synchronous choruses: a signaler does not suffer if he 
pays attention to all of his neighbors. Similarly, chorusing 
interactions - either alternation or synchrony - may allow 
females to discern differences among male signalers, for 
example, signal rhythm, that are otherwise not readily 
perceived. Thus, once chorusing emerges, selection pres¬ 
sure maintaining female preference for leading signals 
may be strengthened, as females exhibiting this prefer¬ 
ence would now have the opportunity to benefit in a 
tangible way: the ability to choose higher quality mates 
more dependably. These examples demonstrate the vari¬ 
ous ways in which ‘feedback loops’ may connect the 
global signaling environment of an animal communica¬ 
tion network and the basic interactions from which these 
networks are assembled. 

See also: Acoustic Communication in Insects: Neu¬ 
roethology; Acoustic Signals; Collective Intelligence; 
Mating Signals; Multimodal Signaling; Neuroethology: 
Methods; Playbacks in Behavioral Experiments; Signal 
Parasites; Vibrational Communication; Visual Signals. 
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Introduction 

Communication draws individuals together and maintains 
social bonds. It can also be a repulsive agent that pushes 
individuals away. Plants tell insects when pollen and nectar 
are available from their flowers. Prey tell predators that 
they are not worth stalking, either because they are too fast 
or too toxic. Bacteria tell each other when they need to 
move as a group. Males tell females that they are great 
mates. Females tell males whether or not they are ready to 
mate. Offspring tell parents how hungry they are. Signals 
can encode information about individual or group identity, 
dominance class, physiological state, and anatomical state. 
In short, communication is everywhere and is used by 
individuals of all animal species (if not by all species), and 
it is extremely important in the lives of organisms. 

The simplest way to think about communication is that 
it is the sharing of information between a sender and a 
receiver through the form of a signal that must be con¬ 
structed in such a way that the signal retains its information 
after propagating through the environment. Upon recep¬ 
tion of the signal, the receiver will likely change its behav¬ 
ior as a result of the information it receives, and on average, 
this change of behavior should be advantageous to both the 
signaler and the receiver. The logic behind the last state¬ 
ment is simple: if the signal caused a change in behavior of 
the receiver that was detrimental to the sender, then the 
signal should not be sent to begin with. Similarly, if 
the signal-induced change in behavior is detrimental to 
the receiver, then the receiver should respond differently 
in a way that is ultimately advantageous to itself. 

You will see this simple snapshot of communication 
repeated in every article in this section of the encyclope¬ 
dia, because it is a robust way to think about animal 
communication. Nonetheless, organisms use a dizzying 
variety of ways to communicate with each other, and the 
relative value of that sharing of information is both subtle 
and complex. Indeed, these features of communication 
make this field both vibrant and ever expanding. The 
Animal Communication section is divided into four parts: 
Signaling Mode , Signal Types , Adaptation and Signal Evolution , 
and Communication Across Species. 

Signaling Mode 

There are seven essays on signaling mode. Signals are 
physical entities that are constructed or otherwise 


produced in some physical medium. Olfactory signals 
are chemicals detected by the olfactory sensory epithe¬ 
lium of the receiver. Relatively long-distance auditory 
signals are pressure gradients in air. Visual signals are 
derived from reflected or refracted light, or in rare cases 
from light generated by the signaler itself. These different 
categories of signals are called signaling modes. Six of 
our articles cover the five primary signaling modes used 
by animals: olfactory signals by Ginzel, visual signals by 
Fernandez-Juricic, auditory signals by Simmons and by 
Suthers, vibrational signals by Cocroft, and electrical 
signals by Stoddard. These articles focus on signals that 
are produced in a single mode. Animal behaviorists have 
recently begun to realize that many signals are multimodal, 
including, for example, both visual and auditory compo¬ 
nents, although this idea was introduced at least as early as 
Darwin in his seminal 1872 work, 4 The Expression of the 
Emotions in Man and Animals .’ Multimodal signals are dis¬ 
cussed by Uetz. 

Signaling mode is important because different modes 
impose different advantages and constraints on both the 
sender and the receiver. Acoustic pressure gradients, for 
example, cannot be generated by animals that are too 
small. Given that most of the animals on this planet are 
small, it comes as no surprise that most animals are silent. 
Nonetheless, acoustic signals are used by many animals, 
because they propagate well over distances and can even 
wrap around objects (like small trees). Similarly, electrical 
signals are primarily used in freshwater, because salt water 
is too conductive to maintain a stable voltage that can be 
used to communicate with conspecifics. Note that con¬ 
straints on signal use are relevant to the three sequential 
parts of communication: production, propagation, and 
reception. A visual signal, for example, is only useful if it 
can propagate through the environment (and unlike 
sound, light cannot wrap around trees), and if the infor¬ 
mation content in the signal can be detected and decoded 
by the receiver. 

Signal Types 

The next part of the Animal Communication section 
focuses on the variety of different messages that signals 
can carry. The enormous diversity in physical properties 
of signals parallels the enormous diversity of information 
those signals carry. For example, Gerhardt shows how 
signals carry information about mating interactions both 
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between sexes (where individuals signal their willingness 
to mate and their quality, among other factors) and within 
sexes (where individuals use signals to jockey for access 
to mates). Some animals share information about food, 
although as Snowdon discusses, there are many reasons 
why these food calls might be given, and it can be difficult 
to determine the exact functional basis for the use of the 
calls. Horn and Leonard cover parent-offspring signals. 
As with any type of signal, there is a diversity of alterna¬ 
tive reasons why parents and offspring should share infor¬ 
mation, ranging from honest information transfer to 
manipulation. 

Mating, food, and parent-offspring signals generally 
represent amicable interactions between individuals. 
When there are serious conflicts of interest, interactions 
can become anything but amicable. Nonetheless, Gabor 
shows how communication can be critical in agonistic inter¬ 
actions particularly under circumstances where agonistic 
signals are given in lieu of the escalation of a contest over 
some resource. Both the winner and the loser can benefit if 
the information they exchange provides a relatively 
unequivocal consensus of the ultimate outcome of a contest 
- this notion relates to the key idea of ritualization of signals 
developed in the early years of Ethology as a field of study. 

Breed shows that signals sometimes encode identity 
along with fundamental information about mating, food, 
or some other functional question. As the name implies, 
the signature whistle is a special type of vocalization used 
by dolphins to convey identity. Sayigh and Janik have 
studied these signature whistles extensively. The develop¬ 
ment of our understanding of the function of these signa¬ 
ture whistles gives us a broader view of how scientists 
have grown to understand animal communication. This is 
so because it took some time to realize that dolphins used 
vocal signals and then to understand the context of those 
signals. This general process has been repeated many 
times and will continue to be repeated as we understand 
the enormous diversity of animal communication. 

The presence of predators elicits alarm signals in a 
wide range of animals. One intriguing aspects of the 
predator alarm signals discussed by Slobodchikoff is that 
many arboreal species, such as birds, tend to produce 
alarm calls that are surprisingly similar across species. 
Similarly, terrestrial species share alarm call properties, 
but the alarm calls of arboreal species are very different 
from those of terrestrial species. The difference, in part, 
reflects the optimal escape response. Birds are less likely to 
be depredated if they are not located by the predator and if 
they freeze when a predatory hawk is located. Terrestrial 
animals, such as ground squirrels, are often relatively close 
to a refuge. Alarm calls in these animals are easier for their 
intended audience to locate, giving conspecifics informa¬ 
tion about where the predator is located and giving the 
predator the information that it has been spotted and 
therefore is less likely to be successful. 


This part ends with a discussion of syntactically com¬ 
plex signals. The syntactical complexity of human language 
is unequivocally unique and truly extraordinary. Forty 
years ago, the notion that non-human communication 
had any properties of language was unthinkable, except 
by scientists such as Peter Marler and Charles Hockett, 
whose own theories and research bridged the fields of study 
of communication and language. On closer analysis, we are 
perhaps not completely different from other animals. Bird 
song, and in some cases nonsong ‘contact’ calls, can have a 
complex syntactical structure (i.e., vocalizations are gov¬ 
erned in part by vocal element ordering rules) that makes 
some avian communication signals word like. As Bregman 
and Gentner discuss, non-human primates and perhaps 
whales may go one step further in generating longer pat¬ 
terns of sounds that convey meaningful information. The 
exciting aspect of this field of study is that we have just 
started to explore the true structural and functional com¬ 
plexity of animal communication. 

Adaptation and Signal Evolution 

The third part of the animal communication section cov¬ 
ers an evolutionary perspective of animal communication. 
Communication involves the encoding of information 
in a signal, then the decoding of that information by the 
receiver. Thus, communication is fundamentally about 
information. Hailman discusses how we can quantify the 
information content in a signal and how signals vary in the 
types of information they encode. 

We can think of the signaling process as the production 
and reception of signals encoding information about two 
nonexclusive entities: the referent of the signal (if there is 
one) and the motivational state of the sender and receiver. 
Signals may encode explicit information about some 
external referent, for example, a type of predator or food 
as discussed by Evans and Clark, or they could encode 
information about some internal physiological state of the 
sender. Owings also suggests that physiological state may 
influence how either the sender or the receiver focuses on 
the specific aspects of the environment. 

One implication of everything we have talked about to 
this point is that the information encoded in a signal is 
correct, or ‘honest.’ In the late 1970s, Richard Dawkins 
and John Krebs questioned this assumption and asked 
why animals should encode honest information when 
there are circumstances where dishonesty seems valuable 
to the sender. We now know that dishonest signals abound. 
Batesian mimics, for example, are nontoxic animals that 
dishonestly mimic signals of noxious prey. Of course, if 
signals are always dishonest, then the receiver should 
simply ignore them. Hurd considers this important issue 
and shows that there are a number of circumstances where 
honest signaling is to be expected. 
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Up until the 1980s, there was a general notion that 
communication functions primarily between a single sender 
and a single receiver. A male advertises to a female. 
A contestant advertises to its opponent. In the 1980s, Patrick 
McGregor and Thor Dabelsteen suggested that communi¬ 
cation may often involve signals transferred between more 
than two individuals. As discussed by Greenfield, these 
‘communication networks’ can include information broad¬ 
cast specifically between multiple individuals (as in a frog 
chorus), or they can individuals intercepting or eaves¬ 
dropping on a private exchange of information between 
two other individuals. Examples of these include parasitoid 
Corethrella flies being attracted to the mate-attraction calls 
of male tungara frogs and a female chickadee eavesdropping 
on a contest between two males and using information 
derived from this contest to decide on a mate. 

The final two articles in this section cover how signals 
change over generations. Current research indicates that 
signals can change in one of two main ways: culturally 
through information transferred from one generation to 
the next and genetically through inherited traits passed on 
from parents to offspring. These two modes of inheritance 
are by no means mutually exclusive. Cultural inheritance, 
covered by Freeberg, can affect a host of traits, including 
mating tendencies, which in turn affect factors such as 
gene flow. Ord suggests that we can think of the inheri¬ 
tance of traits more broadly in the sense that traits show a 
‘phylogenetic signal’ representative of traits and shared 
phylogenies, and ‘ecological determinism,’ which is the 
degree to which ecological factors drive evolutionary 
change. Ord discusses techniques we can use to quantify 
these two mechanisms. 

Communication Across Species 

The final part of the Animal Communication section gener¬ 
ally covers communication across species. Think about 
that snapshot of communication we described between a 
sender and a receiver. One would immediately think 
about communication between conspecifics partly 
because most communication does indeed occur between 
conspecifics, but not all communication is between con- 
specifics. Aposematic signals might come to mind, in 
which noxious prey signal their condition to predators. 
However, more recent work by Krams and colleagues on 
mixed species bird flocks suggests that communication 
between species can be very complex. Krams also discusses 
eavesdropping, a situation where signals intended for con¬ 
specifics are nonetheless used as sources of information 
by heterospecifics. Eavesdropping occurs when individuals 
detect predator alarm calls, and it also occurs when pre¬ 
dators use mating signals as a means of locating potential 
prey, as suggested earlier regarding interception and 
eavesdropping in the discussion of communication 


networks. Alcock expands on these ideas in a general 
discussion of signal parasites. Predators using mating 
signals to help locate prey would certainly be character¬ 
ized as parasites of a communication system. Some para¬ 
sites go further in producing a deceptive signal to their 
own advantage. For example, predatory fireflies mimic 
the light signal of their hosts and bolas spiders mimic the 
olfactory mating signal of their moth prey. 

We end the Animal Communication section with a discus¬ 
sion of noise. This final article is not about communica¬ 
tion across species per se but about one species (humans) 
impacting on the communication systems of many other 
species. As Slabbekoorn points out, the world is becoming 
a noisier place, largely because of human activity. This is 
true of both terrestrial and aquatic habitats. We need to 
know how this noise impacts on organisms. This is partic¬ 
ularly true, given the critical role that communication 
plays in the lives of organisms. 

See also: Acoustic Signals; Active Electroreception: 
Vertebrates; Agonistic Signals; Alarm Calls in Birds and 
Mammals; Anthropogenic Noise: Impacts on Animals; 
Communication Networks; Cultural Inheritance of Sig¬ 
nals; Dolphin Signature Whistles; Electrical Signals; 
Evolution and Phylogeny of Communication; Food 
Signals; Honest Signaling; Information Content and 
Signals; Interspecific Communication; Motivation and 
Signals; Olfactory Signals; Parent-Offspring Signaling; 
Referential Signaling; Signal Parasites; Social Recogni¬ 
tion; Syntactically Complex Vocal Systems; Vibrational 
Communication; Visual Signals; Vocal Learning. 
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Introduction 

The field of animal behavior has undergone a number of 
important transitions since it became an area of scholarly 
interest in the late nineteenth century. A number of writers 
asked important questions about the mechanisms under¬ 
lying behavior, the role of environment and instinct, the 
development of behavior, and the origins of behavior even 
before Darwin, and much of this fascinating history is 
recounted in books and chapters by authors such as Hess, 
Burghardt, Boakes, and Burkhardt, among other sources. 
The major foundations of the conceptual apparatus of both 
American comparative psychology and European zoolog¬ 
ically focused ethology were laid at this time, enriched by 
the methodological advances in animal physiology and 
animal learning. But it was really in the decades after 
WWI that the two fields, along with primatology, devel¬ 
oped, came together, splintered, and reconverged. 

I have chosen to limit this article to the years from the 
end of WWI to the award of the Nobel Prize in Physiology 
and Medicine to the two main founding fathers of ethol¬ 
ogy, Niko Tinbergen and Konrad Lorenz, along with Karl 
von Frisch in 1973. This was a highpoint of organismal 
behavior studies, before the impact of sociobiology, selfish 
gene theory, game theory, memes, evolutionary psychol¬ 
ogy, molecular genetics, the cognitive revolution, mathe¬ 
matical modeling, and modern neuroscience enriched, 
broadened, and to a large extent, refragmented the area 
of animal behavior, although along differing fracture 
points. In fact, the publication of Sociobiology: The New 
Synthesis by E. O. Wilson in 1975 built on the foundations 
of ethology while charting new directions with more 
explicit evolutionary theory. This moved animal behavior, 
with its origins in zoology, farther away from psychology, at 
least initially, than did ethology. Other articles in this vol¬ 
ume are relevant to this story and should be read in con¬ 
junction. Drickamer covers the history of animal behavior 
up to 1900. Dewsbury gives a brief overview of what he 
terms ‘animal psychology’ during the entire twentieth cen¬ 
tury. In effect, this includes all the major developments 
involving behaviorism, ethology, pre-ethological zoological 
natural history, physiology, comparative psychology, behav¬ 
ior development and the nature—nurture controversy, ani¬ 
mal cognition, cognitive ethology, primatology, behavioral 
endocrinology, behavioral ecology, and sociobiology. 
Taborsky covers the origins and history of European ethol¬ 
ogy. This leaves, in retrospect, very little to cover that is not 
an overlap of the other chapters. I have decided therefore, 


that my most useful function will be to go over the most 
important topics and provide additional detail on some of 
them, and introduce others that have not found any men¬ 
tion at all. I also provide some additional references that are 
important to understanding the field of animal behavior. 
But there are others as well. Although secondary sources 
such as those cited in these entries are useful, it is often 
more enlightening to read the original texts. Now that more 
and more journal papers from the early decades of the 
twentieth century and even older ones have become avail¬ 
able online, easier access to this material should, I hope, 
result in something of a renaissance of student engagement 
with the actual data and thinking of both early and recent 
contributors. This is something I set out to do in the study of 
animal play recently (see Chapter 2 in Burghardt, 2005). 
A number of collections of seminal papers are also available 
and some of these are listed in the references as well. 

It is also important to note that the field of animal 
behavior, even during the period in question, was an inter¬ 
national one. Unfortunately, there are many buried semi¬ 
nal findings in literatures that are not that represented 
in the field at large. English, German, French, Italian, 
Spanish, Russian, and Japanese contributions are rather 
familiar, at least via reviews and textbooks, but there are 
undoubtedly scholarly and empirical studies, as well as 
field observations, in several additional languages that 
are worth knowing. 

Methodology 

Although students of animal behavior in the nineteenth 
century frequently performed informal experiments, often 
quite elegant, the field was mostly descriptive and the 
descriptions themselves were often both anecdotal (single 
interesting stories) and anthropomorphic (labeling and 
interpreting behavior uncritically from the perspective of 
human psychology). Both anecdotes and anthropomor¬ 
phism are problems when a species’ ecology, normal 
behavior, physiology, sensory abilities, and brain function 
are not taken into account. In defense of the nineteenth 
century scientists, however, it should be noted that even 
experts had little knowledge then of any of these factors. 
Zoologists and psychologists did widely recognize the 
need for both careful description and experimentation by 
the first decade of the twentieth century. Experiments 
were needed to control variables to determine what stimuli 
animals could perceive (discriminate) as well as if and how 
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rapidly they could learn, for example. Both classical and 
instrumental conditioning were developed by 1910, as was 
intelligence testing by Binet. By this time, the basics of 
statistical analysis of behavioral data had been developed. 
Francis Galton, Charles Darwin’s cousin, was a pioneer in 
this field during the 1880s, followed by Pearson and others. 
The concept of correlation was devised during this time, 
for example. Formal hypothesis testing of the results of 
experiments using tests of significance really took off with 
the work of Ronald Fisher after WWI, but a change in 
attitude had already occurred among those studying 
behavior that had far-ranging future impact. 

The early studies of animal behavior lacked clear 
documentation. Photography, and later movies, developed 
in the late nineteenth century and these, too, began having 
important consequences for evaluating claims. Audio 
recording and color photography came later, along with 
sonographic analysis of sounds. In the early days of bird 
song research, for example, researchers had to character¬ 
ize such songs, using musical instruments and notation. 
Our ears are also not nearly as acute as are those of birds 
in terms of apprehending the nuances of rapidly changing 
notes and sequences. Sounds outside our hearing abilities 
were rarely considered. Early experiments by Spallanzani 
in the 1790s on bats using sounds we could not hear to 
avoid flying into objects in the dark were dismissed, since 
there was no way of measuring them. It was not until 1941 
that Griffin and Galambos confirmed these results. Now 
ultrasonic, and even infrasonic, perception and communi¬ 
cation has been documented in numerous species other 
than bats. Olfactory and other chemical cues underlying 
behavior also had to wait a long time before they could be 
objectively characterized and compared. We still have much 
to learn about communication via the chemical senses. 
However, during the time period covered by this review, 
our ability grew rapidly. One can compare the increase 
in scientific sophistication between the experimental 
demonstrations using insects by Henri Fabre before WWI 
with the pheromonal studies of ants by E. O. Wilson and 
chemistry colleagues during the 1960s. 

The development of apparatus for testing physiologi¬ 
cal and sensory processes was rapid in the late nineteenth 
century, and by the beginning of the twentieth century 
scientists such as Thorndike, with the puzzle box, and 
Small, with the maze, were trying out instruments that 
could be used for studying a wide range of animals. This 
instrumentation phase of animal behavior studies grew 
rapidly during the 1920s, and reading the literature from 
this period reveals many ingenious testing methods. This 
process continues to the present time. However, the early 
apparatus was not automated, as the electronic revolution 
would not really take off until after WWII. By this time, 
however, many of the more imaginative methods, such as 
the delayed reaction box, were shown to have flaws in 
terms of comparing the cognitive processes of animals. 


Thus, the work on comparative learning was restricted to 
a few species and a few instrumental and conditioning 
tasks. Often, the promise of such apparatus for comparing 
the abilities of animals was shown to not work as well as 
hoped. Nonetheless, these methods, especially for testing 
discriminations, made it much more likely that people 
could repeat, validate, and extend the work of others. 
In short, during the period under discussion, issues of 
apparatus, experimental design, and statistical analysis 
became increasingly prominent. In fact, much of the ini¬ 
tial controversy resulting from European ethology, while 
ostensibly about theoretical issues, was really on method¬ 
ological grounds. Ethologists were much more interested 
in studying the normal, species-characteristic behavior 
of animals under natural conditions and thus saw experi¬ 
ments primarily as a way of unraveling natural behavior 
and were less likely to use complex apparatus, sophisticated 
experimental designs, and rigorous controls, let alone sta¬ 
tistical analysis. By the 1970s, this had changed and rigorous 
methods were being employed to study both naturalistic 
behavior such as foraging, courtship, and predator recognition 
and learning, discrimination, and problems solving. 

Other methods were also employed. Selective depriva¬ 
tion from stimuli during development, such as birds 
hearing their normal songs or snakes having normal 
prey, led to the ‘deprivation experiment’ and much con¬ 
troversy on what the results meant. Although performed 
and interpreted before 1920, it was really when the con¬ 
troversy over instinct arose in the 1940s and 1950s that 
the nature of genes and environment in shaping behavior 
could begin to be resolved. At this time, genetic markers 
began to be employed to evaluate individual differences in 
behavior, as in the classic work of Margaret Bastock in the 
1950s. Thus the idea, put forth by John B. Watson and 
Z. Y. Kuo in the 1920s, that environmental processes, not 
evolution and genes, were responsible for virtually all 
aspects of behavior, including innate responses and individ¬ 
ual differences, could be firmly rejected. The understand¬ 
ing that behavior is a complex product of evolutionary 
history, genetic inheritance, and experiential history has 
continued to grow as mechanisms of gene expression are 
uncovered. On the other hand, methods such as observing 
and manipulating embryos in duck eggs, pioneered by Kuo, 
led to many innovative experiments by workers such as 
Gilbert Gottlieb, who cautioned against ignoring nonobvi- 
ous sensory influences on behavior. 

During the 1960s, detailed film analysis of the move¬ 
ments of animals, especially during courtship, allowed for 
more fine-grained and objective sequences of behavior. As 
more aspects of behavior could be quantified, methods 
of reducing such behavior were developed including 
sequence analysis and sociometrics. Finally, the ability 
to use characters of all kinds, anatomical, physiological, 
and behavioral, to trace the phylogeny of behavior became 
more widespread, especially through the work of Heinroth 
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on behavioral homologies in the 1920s, Lorenz’s studies of 
waterfowl in the 1940s, and the development of cladistics 
and computer programs in the 1960s and 1970s. These are 
now much refined and are now able to process quickly 
behavioral data on hundreds of characters in hundreds of 
individuals or species and relate them to molecular genetic 
data as well. But the roots of many of these methods, and 
many others, are in this period. 

Comparative Psychology 

The essay by Dewsbury describes the major threads of 
animal psychology, animal learning, and comparative psy¬ 
chology as well as the impact of such recent developments 
as sociobiology and game theory. He described the roles 
of behaviorism and learning theory throughout the period 
1920-1973 and beyond, but did not touch too deeply into 
ethology and comparative behavior studies. Except for the 
burgeoning field of primate studies in both laboratory and 
field, there was little comparative in traditional animal 
psychology into the 1960s. Jane Goodall’s dissertation 
work on the chimps of Gombe in East Africa in the 1960 
reawakened serious interest in non-human primate field 
studies, althoughjapanese scientists and American anthro¬ 
pologists were doing some pioneering work, building on 
the earlier studies of the psychologist C. R. Carpenter, the 
ethologist Adrian Kortlandt, and others. Comparisons 
of non-human primates and humans became the topic of 
best-selling books as shown by The Naked Ape by Desmond 
Morris and The Territorial Imperative by Robert Ardrey, 
both controversial best sellers in the 1960s. 

Most comparative and animal psychologists continued 
studying rather simple conditioning and schedules of rein¬ 
forcement in rats and pigeons, hoping that such work 
would uncover principles so general and useful that the 
natural behavior of animals, especially in the field, was not 
really necessary or even useful. Comparisons across spe¬ 
cies, if made, were generally with people and much of the 
field was explicitly anthropocentric. One exception to the 
general neglect of comparing animal species was the work 
of Bitterman. In the 1960s, he attempted to compare 
what he considered representative vertebrates on standard 
tasks, especially visual and spatial reversal learning and 
probability matching. He was using some of the methods 
being developed to go beyond the standard learning para¬ 
digms and standard species. He used goldfish as a repre¬ 
sentative fish, painted turtles as a representative reptile, 
pigeons as representative birds, rats as representative 
‘lower’ mammals, and so on. He claimed to find disconti¬ 
nuities in the performances of these species on these tasks 
and concluded that this represented levels of cognitive 
performance in the respective taxonomic groups (e.g., fish, 
reptiles, birds) from where they came. The experiments 
themselves were well controlled. Bitterman attempted to 


account for motivational, sensory, and motoric differences 
more elegantly than even some current researchers. Yet the 
project ultimately failed because of not taking into consid¬ 
eration the diversity within each of the classes of vertebrates 
in terms of behavior and learning prowess. Fish are now 
compared with primates in terms of some cognitive pro¬ 
cesses, and some birds, such as ravens, crows, and parrots 
outshine most primates in terms of problem solving, tool 
making and use, etc. What happened is that in the 1970s 
the cognitive revolution in psychology took hold and more 
diverse methods were developed to tap into myriad aspects 
of task performance, problem solving, social learning, implicit 
and explicit memory, self-recognition, retrospective memory, 
and other less ‘molecular’ processes. Starting in the 1990s, 
a field of comparative cognition arose that is now using a 
far more rich set of methods and problems and revisiting 
the problem of making explicit cognitive comparisons across 
closely related species such as the various apes, dogs, and 
wolves, and different species of jays in the western United 
States. Rarely even aware of Bitterman, these workers are 
revamping his program in ways that may be more successful. 
Controversy abounds, however, as in Bitterman’s work 
50 years ago! Still, the goal of developing a phylogeny of 
animal cognition, based not on a general intelligence 
divorced from the natural context, but one in which cog¬ 
nitive processes are considered more modular and specific 
to the social, foraging, and other behavioral contexts in 
which animals live and evolved, seems to be in the making. 
Comparing the papers in the Journal of Comparative Psychology 
from 1960s and the 2000s is quite revealing. Nevertheless, 
comparative psychologists still work on other problems 
including sensory processes, communication, parental care 
and behavioral development, reproduction and hormones, 
and other problems. 

Comparative Ethology 

Similar to comparative psychology, comparative ethology was 
an essential precursor to the modern field of comparative 
cognition, since ethological ideas of the need to consider 
the natural behavior of animals, along with primatology, 
became viewed as necessary to any successful comparative 
cognitive psychology. Indeed, such understanding of nat¬ 
ural behavior is essential to physiological, perceptual, 
motivational, and other problems as well. Ethology, like 
comparative psychology, has roots in the writings of 
Charles Darwin, who wrote an important chapter on 
‘instinct’ in the origin of species. Darwin used the compar¬ 
ative method to speculate on the origins and radiation of a 
number of behaviors including hive making in honeybees, 
slave making in ants, castes in social insects, and breeds of 
dogs and pigeons that had such remarkable differences 
in behavior. This use of the comparative approach also 
developed from an evolutionary framework but with the 
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emphasis not on learning and laboratory experiments so 
much as it relied on insights from natural history and 
simple manipulations in the field. Clearly, to bring behav¬ 
ior into the evolutionary umbrella, Darwin needed to 
show that behavior was itself a product of natural selection. 

One of the most important legacies of ethology was 
the emphasis on careful descriptions and classifications 
of behavior. These are often called ‘ethograms, 7 and in 
many paper today, you will see a listing of behavior measures 
recorded with objective criteria for recognizing them. Ethol¬ 
ogy also developed a number of key concepts which have 
had varying periods of waxing and waning, but through the 
1950s the main ideas being studied were key or sign stimuli, 
fixed action patterns, innate releasing mechanisms, action- 
specific energy, motivational conflicts (e.g., displacement 
behavior, redirected behavior), species specificity of behav¬ 
ior, value of behavior as a taxonomic tool, and specialized 
learning processes such as imprinting, among others. For 
ethologists, the evolutionary history of animals and their 
ecological requirements were essential for a complete 
understanding of behavior. Probably the most influential 
paper from the latter part of the period we are covering, 
and still frequently cited today, is the paper outlining the 
four major aims of ethological analysis by Tinbergen (1963). 
Here, he laid out the four main aims of ethological study 
which include the study of causal mechanisms (including 
sensory and neural processes, motivation, hormones, genet¬ 
ics, social contexts, etc.), developmental processes (including 
sensory and nervous system maturation, experience, etc.), 
adaptive function (What is the behavior ‘good 7 for?, survival 
value, reproductive consequences), and evolution (processes 
and patterns underlying behavioral diversity within and 
across time and taxa). To these can be added the study of 
the personal and subjective experiences of animals, includ¬ 
ing people. While it is never possible to know exactly what 
even other people are feeling, we can make informed infer¬ 
ences that guide our responses to an injured, sick, grieving, 
or playful person, and this also applies to inferences to other 
species. These must be done carefully, using a critical , not 
naive or sentimental, anthropomorphism to develop viable 
hypotheses. 

Regardless, the ethological concepts, even in their ini¬ 
tial and rather crude form, opened the way for far more 
rigorous studies of behavioral evolution than was possible 
in Darwin’s time. The discovery that behavior of a species 
in a given context is often similar across individuals led to 
the comparative analysis of either the movement patterns 
themselves, such as the courtship rituals of birds, the 
head-bob displays of lizards, and the foraging tactics of 
fish, or sounds made in defense or communication. Movie 
and audio recording were essential to quantifying large 
samples of data. It is also possible to compare the products 
of behavior such as spider webs, bird nests, and termite 
mounds. Similarly, when it was recognized that animals, 
when responding to objects in nature, including rivals, 


mates, prey, and enemies, often just cue in on a discreet 
visual, chemical, or auditory stimulus from the ‘whole, 7 the 
way was open to analyzing these cues in a comparative and 
evolutionary fashion. It was also discovered that animals are 
often beset with conflicting drives or motivations, such as 
brooding eggs or getting food, and attacking an interloper 
or fleeing. It turns out that the behaviors resulting from 
such conflicts can be incorporated into displays. Also, 
behavior can shift from one context to another evolution- 
arily so that courtship behavior may contain elements of 
parental care, fighting, or even predatory behavior. 
Indeed, these systems may be linked so that female spi¬ 
ders that are more aggressive in predatory contexts are 
more likely to eat their mates than less aggressive ones. 
The process of transferring behaviors across contexts is 
often termed ‘ritualization. 7 We see many comparable phe¬ 
nomena in cultural contexts in people. Many of the classic 
examples in game theory derived from observations of con¬ 
tests in animals. In short, while many of the classical 
ethological concepts are not commonly used today, the 
ideas behind them have been expanded upon and 
deployed in much recent work in behavioral ecology, 
sociobiology, neuroscience, and even in wildlife manage¬ 
ment and captive animal welfare. 

An interesting phenomenon that intrigued the early 
ethologists, especially Konrad Lorenz, was imprinting. This 
is the attachment of a newly hatched precocial bird, such as a 
duckling or chick, to a parental figure. Within a fairly narrow 
window of time, the young bird would treat as its ‘mother 7 
and follow almost any object or animal, including people, 
that it encountered instead of its natural parent. This phe¬ 
nomenon involved learning, instinct, and social bonding and 
drew the attention of comparative psychologists. During the 
1950s to 1970s, there were hundreds of experimental studies 
on this topic. It was a phenomenon that could be readily 
studied experimentally. Eckhard Hess was one of the first to 
develop a circular apparatus for imprinting birds on any type 
of moving object, and this apparams was pictured in virtually 
every introductory psychology text for decades. The phe¬ 
nomenon could be extended to parents’ bonding with their 
offspring, food and mate choice, and even habitat prefer¬ 
ences. Strangely, work on imprinting has become almost 
extinct! However, as issues of captive rearing of endangered 
species, reintroductions, and other conservation issues arise 
for a host of reasons, including climate (and habitat) change, 
this research area may see a renaissance. But in some respects, 
it has a legacy in attachment theory, captive breeding, gene 
expression, speciation, and other fields. 

The Legacy for Today 

Few students today were even alive in 1973 when the 
Nobel Prize went to the ethologists. Yet it was an exciting 
time, a vindication of a field that began in ‘mere natural 
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history.’ Today, many students and even some established 
researchers are unaware of or uninterested in the histori¬ 
cal aspects of their fields of study, except, perhaps, a specific 
narrow research finding from the ‘dark ages’ that one should 
cite. This is a mistake. Without going into details, it is 
continually proving true that old findings are being redis¬ 
covered, often with new names. But also older data are 
providing new riches, as those developing phylogenies of 
behavior need to dig through the old literature to find details 
that are needed for their analyses. In any event, the period 
from 1920 to 1973 saw the establishment of several areas 
of animal behavior research as important scientific fields. 

See also: Animal Behavior: The Seventeenth to the 
Twentieth Centuries; Behavioral Ecology and Sociobiolo¬ 
gy; Ethology in Europe; Future of Animal Behavior: 
Predicting Trends; Integration of Proximate and Ultimate 
Causes; Konrad Lorenz; Neurobiology, Endocrinology 
and Behavior; Niko Tinbergen; Psychology of Animals. 
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Introduction 

There are at least three concepts associated with the term 
‘reproductive compensation.’ (1) Compensation may be 
an attempt to make up fitness losses from the possession of 
deleterious genes that are lethal. (2) Compensation may 
be an attempt to make up fitness losses from the possession 
of deleterious gene combinations associated with lethal 
effects, such as Rh factor, and may explain why parents 
sometimes have additional children after losing a child. 
(3) The generalized reproductive compensation hypothe¬ 
sis (RCH) described in a series of studies by R A. Gowaty 
focuses on what constrained parents - those mating and 
reproducing under ecological and social constraints - may 
do to enhance the competitiveness of their surviving 
offspring. The generality of the third version of reproduc¬ 
tive compensation comes from three sources. First is the 
recognition that ecological and social circumstances under 
which individuals make decisions about with whom to 
mate result in differences between parents in the survival 
probabilities of their offspring. Thus, competitive forces 
play out against ecological and social constraints acting on 
parents and prospective parents. Second, because patho¬ 
gens in the parental generation are likely to be different 
than the pathogens of the offspring generation, parents 
face a challenge in the production of offspring phenotypes 
that will work against the newly evolved pathogens the 
offspring are most likely to face. Thus, the RCH addresses 
a general challenge encountered by all or most parents. 
Third, the RCH does not depend on the possession of 
particular genes, but instead emphasizes that individual 
flexibility is induced by challenges to individual repro¬ 
ductive success and survival. The other two hypotheses, 
unlike the generalized version, are specific to parents with 
deleterious genes or to deleterious gene combinations. 
The remainder of this article is about the generalized 
reproductive compensation hypothesis. 

The conceptual antecedents of the RCH are in a series 
of reviews (see Further Reading) including those about 
the ecological and social constraints under which males 
and females live, the origins of monogamy and associated 
extra-pair paternity, and life-history variation that pre¬ 
dicts individual’s vulnerabilities to other’s control. For 
example, when male-male combat reduces the access of 
some males to some females, males who lose the contests 
may be constrained to mate with individuals that they do 
not individually prefer. Thus, compared to males who win 
contests, the males who lose may have offspring of lower 


viability. It is these fathers, then, who would be under 
selection to compensate. Similarly, when ecological or 
social barriers limit females’ abilities to freely express 
their preferences for mates, these females are constrained 
to mate with males they do not individually prefer, and 
selection will favor compensation by constrained females. 

The Generalized Hypothesis of 
Reproductive Compensation 

The RCH says that parents and prospective parents, 
mated to partners they do not prefer, flexibly and adap¬ 
tively increase fecundity and/or allocations of resources 
to their offspring compared to parents and prospective 
parents mated to partners they do prefer. This version of 
the reproductive compensation hypothesis focuses on 
responses of parents able to adaptively and flexibly adjust 
their reproductive and parental behavior. The RCH posits 
that differences in the numbers of offspring surviving to 
reproductive age between parents breeding with partners 
they prefer and those breeding with partners they do not 
prefer is the selective differential that favors the evolution 
of compensation. Predicted mechanisms of compensation 
include (1) higher fecundity by females; (2) higher numbers 
of sperm ejaculated by males; (3) more parental resources 
provided to offspring during their development (e.g., larger 
eggs, longer bouts of nursing, higher ratios of immune 
components in mother’s milk, etc.); and (4) parental effects 
accelerating the age of reproductive maturity of their 
surviving offspring (e.g., puberty acceleration in mammals). 
The RCH also predicts that parents who may have been 
in conflict over mating may nevertheless collaborate in 
their efforts to bring relatively uncompetitive offspring to 
maturity and entry into their breeding cohort. 

The Assumptions of the RCH 

The assumptions of the RCH include the following: 
(1) Pathogens and parasites, ubiquitous threats to the 
health of parents and offspring, evolve faster than their 
hosts. (2) Prospective breeders prefer potential mates with 
whom they would produce offspring with immune systems 
capable of successfully combating the pathogens of the 
offspring generation; that is, mate preferences predict 
offspring viability. (3) Common impediments to breeding 
with one’s best (healthiest) offspring include barriers 
to dispersal and/or social control by others. (4) All 
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individuals have the ability to compensate. (5) Variation 
between individuals in compensation is due to environ¬ 
mental factors such as access to food resources and/or 
developmental factors such as energetic resources 
amassed during developmental life stages. (6) The selec¬ 
tion differentials favoring compensation are the differ¬ 
ences in productivity (the number of offspring surviving 
to reproductive age) between unconstrained and con¬ 
strained parents, but also between constrained parents 
that do and do not compensate. 

The Red Queen's challenge to parents 

The Red Queen told Alice, ‘You have to run as fast as you 
can to stay in the same place.’ Recently evolutionary 
biologists have referred to the arms races between patho¬ 
gens and parasites as the Red Queen, because pathogens 
and parasites evolve more rapidly than their hosts, a fact 
that provides a strong advantage to pathogens and para¬ 
sites relative to their hosts. The differential in evolvability 
between pathogens and their hosts is a selection pressure 
that favored the evolution in hosts of remarkable immune 
defenses. The reason hosts are not invariably killed by 
every disease organism to which they are exposed is 
because host immune systems allow them to sometimes 
defeat their pathogens. When this happens, hosts are 
‘staying in the same place.’ ‘The Red Queen’s challenge 
to parents’ is a figurative way to describe the constraints 
of Mendelian genetics on parents’ abilities to produce 
offspring with genetically influenced immune defenses 
likely to work against pathogens in the offspring generation. 
Figure 1 shows the Red Queens’ challenge to parents in a 
graphical model. 

Individual mate preferences predict 
offspring viability 

The RCH assumes that individual mate preferences pre¬ 
dict offspring viability; variation in offspring viability 
is the most important basis for mate preferences. This 
assumption does not exclude other criteria allowing mate 
preferences to work, and it does not mean that other 
grounds for preferences do not exist or do not matter. 
This assumption is not specific about the information or 
signals that mediate mate preferences, that is, it is not 
necessarily linked to the possession of indicator traits as is 
the classic idea of Hamilton and Zuk. Experimental studies 
in flies, mice, ducks, and other species produced results 
consistent with this assumption. 

Constraints on mating with one's best partner for 
offspring viability are common 

This assumption emphasizes that individuals are not 
always able to mate with partners that are uniquely best 
for them or better for them in terms of offspring viability. 
This is an important assumption because constraints are 
common and have predictable fitness effects associated 


with reproductive decisions (who to find acceptable or 
unacceptable as a mate, who to mate, who to coerce, who 
to resist, which offspring to allocate to, etc.), yet many 
experiments testing mate preferences fail to control or 
eliminate the effects of some subtle or even dramatic 
social constraints such as intrasexual interactions or inter- 
sexual coercion. It is important to keep in mind that 
constraints can be ecological as well as social. Examples 
of social constraints include mechanisms of sexual selec¬ 
tion and sexual coercion, biases in genetic substructuring 
of populations, and social mechanisms of dispersal limita¬ 
tion. Examples of ecological constraints include habitat 
limitations, the presence of predators, disease, ecological 
barriers, or ecological mechanisms of dispersal limitation. 
Field studies on American pronghorn demonstrate that 
females are sometimes constrained, and laboratory studies 
designed to evaluate the effects of constraints on the free 
expression of mating preferences demonstrated that con¬ 
strained mate preferences affect offspring viability. 

Given appropriate ecological or intrinsic resources , 
all individuals can compensate 

Models of the evolution of compensation, defined nar¬ 
rowly as fixation of alleles at loci affecting the ability of 
individuals to compensate, show that compensation can 
evolve very rapidly. Loci that should be involved in the 
upregulation of compensatory mechanisms include those 
affecting (1) assessment of fitness (of competitors and 
offspring), (2) sensitivity to cues (such as mating with 
preferred or nonpreferred partners) indicating the need 
or potential need to compensate, and (3) responsiveness 
(such as upregulation of parental effects enhancing the 
likelihood that offspring survive to reproductive age). 
Even when costs are high, models of compensation show 
that compensation readily evolves. Whenever there are 
costs to compensation, compensating parents should have 
lower survival probabilities compared to parents without 
the resources necessary to compensate and compared to 
parents with no need to compensate. 

Variation in compensatory ability 

Intrinsic and extrinsic variation among individuals affects 
individual ability to compensate. Thus, constrained females 
with similar intrinsic resources or similar metabolic effi¬ 
ciencies with access to more resources will be able to 
compensate better than constrained females without 
such resources. Experimental studies on mallards, Anas 
platyrhynchos , support this assumption. 

Some Predictions of the RCH 

Compensatory mechanisms that constrained breeders 
may use to enhance the likelihood that their offspring 
survive to reproductive age can be premating, prezygotic, 
or postzygotic. 
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Increased fecundity increases the variation in 
offspring phenotypes 

The most interesting of the RCH predictions is that con¬ 
strained female breeders increase the variation in the 
phenotypes of their offspring either by increasing fecun¬ 
dity or by currently unknown mechanisms. Increasing 
mean fecundity in most cases will automatically increase 
the variance in traits among the offspring. A graphical 
model showing how increasing fecundity may work to 
increase variation in offspring phenotypes is in Figure 1(b). 
Figure 1(c) shows how increasing variation in offspring 
phenotypes by some unknown mechanisms can also favor 
constrained parents’ production of offspring with pheno¬ 
typic variation similar to those produced by unconstrained 
parents. Elementary genetics shows that breeding indivi¬ 
duals will necessarily produce offspring genotypes that 
influence offspring phenotypes that should work well 
against the pathogens in the parents’ generations. Because 
parasites rapidly evolve new offensives to meet host 
defenses, the Red Queen’s challenge to parents is to pro¬ 
duce offspring whose phenotypes will thwart the patho¬ 
gens and parasites of the offspring generation. Just as 
buying several lottery tickets with the same number will 
not increase a gambler’s chances of winning the lottery, 
investing in offspring with phenotypes like their own 
would not increase parents’ odds of producing offspring 
to fight against the pathogens of the offspring generation - 
unless, of course, the pathogens did not evolve between the 
parent and the offspring generations. The likelihood of 
stasis in the genomes of pathogen and parasite populations 
during the relatively long intervals between host genera¬ 
tions seems low. 

Increased ejaculate size provides more variabie 
haplotypes among which females may choose 

While constrained females may increase the numbers of 
eggs committed to a particular bout of reproduction, the 
numbers of eggs they lay, or the numbers of offspring 
born, constrained males could increase the numbers of 
sperm that they ejaculate. This would favor the produc¬ 
tion of offspring with variable phenotypes even if the 
genetic variation among a given female’s eggs were very 
low. Indeed, collaboration between reproductive partners 
is expected whenever one or either partner is constrained 
relative to other same-sex individuals. 

Extra-pair paternity 

In socially monogamous populations such as some beetles, 
most birds, a few species oi mammals including humans, 
either or both sexes may seek or accept extra-pair fertili¬ 
zations. The RCH predicts that constrained parents of 
both sexes will adjust behavior, physiology, and parental 
effects to increase the likelihood that some of their offspring 
survive to reproductive age. If true, indicators of lifelong 



(a) Offspring phenotype 



(a) Offspring phenotype 


Figure 1 Models of the Red Queen’s challenge to parents and 
reproductive compensation by (a) increasing fecundity (the 
number of offspring born or eggs laid) and (b) increasing variance 
in offspring phenotypes without increasing fecundity. Assuming 
that pathogens evolve more rapidly than their hosts, that mate 
preferences predict viability of offspring, and that ecological and 
social constraints keep some individuals from mating with their 
preferred partners, the wide, dark curve represents offspring 
phenotypes produced by unconstrained parents. The peaked 
areas of the curves in the center of the graphs between the 
vertical, dotted lines represent the offspring phenotypes parents 
are most likely to produce, that is, offspring phenotypes likely to 
resist the pathogens and parasites of the parental generation. 
The areas under the curves in the tails of the distributions 
represent those phenotypes likely to resist the novel pathogens 
and parasites in the offspring generation. The dotted curve 
represents the offspring phenotypes produced when parents are 
constrained to reproduction with partners they do not prefer. The 
narrow, solid line represents the offspring phenotypes produced 
when constrained parents attempt to compensate in (a) by 
increasing the number of eggs laid or offspring born and in (b) by 
increasing the variance in offspring phenotypes they produce. 
When constrained parents increase fecundity as in (a), the area 
under the curve in the tails of the distribution would be increased, 
enhancing the probability that some of their offspring are able to 
resist offspring generation pathogens. When constrained parents 
increase the variance in offspring phenotypes without increasing 
fecundity, perhaps through mating with more than one partner, 
the area under the curve in the tails of the distribution would be 
increased, enhancing the probability that some of their offspring 
are able to resist offspring generation pathogens. Reproduced 
from Gowaty PA (2008) Reproductive compensation. Journal of 
Evolutionary Biology 21: 1189-1200, with permission from JEB. 

offspring health, such as relative mass or size at the end of 
the period of parental care or the likelihood of survival to 
reproductive age, will be greater in extra-pair offspring 
than within-pair offspring. 
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Table 1 Similar and contrasting predictions about number of eggs laid or offspring born or other traits such as increased egg 
size from the differential allocation hypothesis and the reproductive compensation hypothesis, when the differences in methods for 
evaluating consensus attractiveness and individual preferences are taken into account. Individuals mated with partners they individually 
prefer are nonconstrained (i.e., I-NC), and those mated with partners they individually do not prefer are constrained (i.e., I-C). An 
individual mated with consensus attractive partners is indicated by C-A; those mated with consensus unattractive partners by C-UA 


Choosers’ partners 

Differential allocation hypothesis 

Reproductive compensation hypothesis 

C-A and l-NC 

+ 

— 

C-A and l-C 

+ 

+ 

C-UA and l-NC 

— 

— 

C-UA and l-C 

— 

+ 


Reproduced from Gowaty PA (2008) Reproductive compensation. Journal of Evolutionary Biology 21: 1189-1200, with permission 
from JEB. 


Under RCH parental effects should enhance the 
likelihood of offspring survival 

Constrained parents may increase the size of the eggs they 
lay, the intensity of fanning their clutches, the intensity or 
duration of incubating eggs, or brooding their young. Each 
of these activities may enhance the health of less compet¬ 
itive offspring. Constrained parents may also increase the 
size of the eggs they lay or the mass of the offspring they 
give birth too. The RCH also predicts that constrained 
parents allocate more nutritional or immunological elements 
to their zygotes. The important point is that these parental 
effects, under the RCH, are predicted to enhance the 
likelihood that their otherwise less competitive offspring 
survive at least to reproductive age. 

Comparison of the RCH with the 
Differential Allocation Hypothesis 

The differential allocation hypothesis (DAH) says that the 
relative attractiveness of individuals with biparental care 
influences the opportunities for each member of the pair 
to trade-off parental effort for mating effort. If a female is 
relatively more attractive than her partner, the DAH says 
she should allocate less parental effort to her current 
offspring, while her relatively less attractive partner 
should allocate more. The original version was egalitarian 
in that it used a single rule applied similarly to both sexes 
of parent to predict the different allocation levels of each 
of the parents to the care of their offspring. More recent 
interpretations limited the DAH to consideration of what 
mothers should do, not just in species with biparental care, 
but in species without paternal care of offspring. This 
revised version predicts that females allocate more paren¬ 
tal effort to the offspring of more attractive males. 

Superficially, the DAH and the RCH appear to make 
alternative predictions. However, caution is required (Table 1) 
primarily because important assumptions of the two 
hypotheses differ. The DAH assumes that sometimes 
fancy traits signal and mediate mate preferences, while 
the RCH assumes that individuals can assess offspring 


viability from information rather than specific signals. 
A problem thus commonly arises in attempts to compare 
the two hypotheses because the implications of the pre¬ 
ferences are not taken into account when doing experi¬ 
ments (see Table 1). Second, under RCH, the key 
predictions are that compensatory mechanisms enhance 
the disease-fighting abilities of offspring so that offspring 
viability is enhanced, while under DAH, enhanced alloca¬ 
tions are associated with normal mechanisms of parental 
care. Therefore, it is sometimes logical to expect both types 
of allocations, depending on how preferences are mediated. 
Third, the RCH applies even in species in which there is 
no postzygotic parental care, whereas the DAH does not 
apply in species without parental care. Fourth, the RCH 
stresses that both parents are under selection to compensate, 
even when only one of them is constrained to mating with 
a partner it does not individually prefer; thus, the RCH 
predicts parental cooperation, while the DAH does not. 

In theoretical evaluations of the relative force of RC 
versus DA, it is crucial to keep in mind that if mate 
preferences do not result in enhanced offspring viability, 
the RC hypothesis is not applicable. It is also important to 
the RCH that constraints on the free expression of mating 
preferences matter: one would not expect unconstrained 
females to need or attempt compensation to enhance the 
competitiveness of their offspring. Theory designed to test 
if compensation can evolve begins by comparing the fit¬ 
ness of constrained parents, when some compensate and 
others do not. 

See also: Differential Allocation; Flexible Mate Choice; 
Monogamy and Extra-Pair Parentage; Parasites and 
Sexual Selection; Social Selection, Sexual Selection, 
and Sexual Conflict. 
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Introduction 

Conflict resolution is integral to the maintenance of group 
cohesion and the benefits associated with group living. 
While group living affords many benefits, such as reduced 
risk of predation, group defense of resources and increased 
access to mates, it also entails costs in terms of intra-group 
competition for access to limited resources. Conflicts of 
interest can arise between competitors when only one 
can gain possession of a critical resource, such as food or 
mates. In addition to competing for the same resource, 
group members may face difficulties when pursuing dif¬ 
ferent objectives or have different motivations. For exam¬ 
ple, conflicts of interest may arise between potential 
mating partners as a result of differing interests for males 
and females, or between parents and offspring over wean¬ 
ing or scheduling of activities. Making decisions may also 
be a source of conflict of interest, from deciding on the 
direction of travel, to changing the group activity or the 
performance of behaviors requiring mutual consent such 
as grooming or play. 

Conflicts of interest occur frequently in all group¬ 
living animals, but their consequences have the potential 
to compromise the benefits associated with group living. If 
conflicts of interest are not managed, they may escalate 
into aggressive conflict, which may be costly for all parti¬ 
cipants through risk of injury, energetic costs, physiologi¬ 
cal costs, such as increased stress levels, and potential 
damage to the relationship between opponents, resulting 
in the loss of the benefits afforded by the relationship. 
Where possible, therefore, conflicts of interest should be 
prevented from escalating into aggressive conflict by 
implementing (aggressive) conflict avoidance strategies, 
such as the use of appeasing and submissive behaviors. 
By selectively increasing behaviors that function to 
reduce tension and promote tolerance among partners 
during periods of tension or when high levels of compe¬ 
tition are likely, the likelihood of conflicts of interest 
escalating may be reduced in the first place. Levels 
of grooming in chimpanzees (Pan troglodytes) and levels of 
play and sociosexual behavior in bonobos (.Pan paniscus ), 
for example, have been shown to increase prior to sched¬ 
uled feeding times, when levels of tension are likely to be 
high. Spider monkeys (.Ateles geoffroyi ), whose society is 
characterized by a high degree of fission-fusion dynamics, 
face increased risks of aggressive conflict when two sub¬ 
groups of individuals join each other after a period of 


separation. Postfusion embraces between members of fus¬ 
ing subgroups have been shown to reduce the likelihood 
of aggressive conflict. 

Aggressive escalation is, nevertheless, a common occur¬ 
rence in the lives of many group-living animals where the 
importance of the source of conflict of interest outweighs 
the risks of aggressive conflict. One of the reasons why 
aggressive conflict is possible without disrupting the ben¬ 
efits of group living is that post (aggressive) conflict 
mechanisms may enable the damage caused by aggressive 
conflict to be repaired. 

Reconciliation 

Prior to the systematic study of postconflict behavior in 
primates, the traditional view was that aggression caused 
dispersal in all animals and thus, a decreased probability 
of contact was predicted following aggressive conflict 
between opponents. Although some conflicts might end 
in dispersal, this hypothesis was questioned when de Waal 
and van Roosmalen showed for the first time that chim¬ 
panzees sought out their former opponents after a conflict 
and were actually more likely to engage in affiliative 
behavior immediately following the conflict than during 
subsequent interactions. The first postconflict affiliative 
interaction between former opponents was labeled ‘recon¬ 
ciliation.’ Although the term reconciliation implies a 
proven function of relationship repair, it was used as a 
heuristic term, from which predictions could be generated. 
Thus, demonstrating the occurrence of reconciliation is not 
the same as demonstrating a relationship-repair function, 
although the latter is implied by the term reconciliation. 

Aureli et al. proposed a predictive framework within 
which the occurrence of reconciliation across species is 
determined according to the potential loss of benefits 
resulting from aggressive conflict and thus the need for 
relationship repair. Thus, reconciliation is possible in any 
species in which there are individualized relationships 
and intra-group aggression occurs, provided that aggres¬ 
sion has the potential to disrupt relationships. If relation¬ 
ships are of sufficient value, the benefits of relationship 
repair should outweigh the risks of renewed attack, thus 
making reconciliation worthwhile. Accordingly, since the 
first study on reconciliation in chimpanzees, reconcilia¬ 
tion has been demonstrated in over 30 primate species in 
which the behavior has been investigated with only a few 
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exceptions, such as the red-bellied tamarins ( Sanguinus 
labiatus ), whose highly secure and cooperative relation¬ 
ships may preclude disruption by conflict and thus the 
need for reconciliation. Black lemurs ( Eulemur macaco) 
present another exception to the occurrence of reconcili¬ 
ation as relationships between adults are either so valu¬ 
able that aggressive conflict is extremely rare, and if it 
does occur is unlikely to disrupt the relationship, or are so 
hostile that the relationship affords no benefits to either 
opponent. If the relationship is of such little value, no 
benefits are lost in aggressive conflict and there is nothing 
to repair, so reconciliation is not necessary in either case. 

Reconciliation is not specific to primates, indeed the 
predictive framework may be applicable to all gregarious 
animals. Although few studies have systematically inves¬ 
tigated postconflict behavior in nonprimate species, rec¬ 
onciliation has been demonstrated in wolves {Canis lapis), 
domestic dogs ( Canis familiaris ), spotted hyenas ( Crocuta 
crocuta), dolphins ( Tursiops truncates ), and domestic goats 
{Capra hircus). Interspecific reconciliation has also been 
observed between highly valuable partners such as 
cleaner wrasse Labroides dimidiatus and their client reef 
fish. Further anecdotal evidence is available for reconcili¬ 
ation in feral sheep ( Ovis aries ), dwarf mongooses ( Helegale 
undulate ), lions ( Panthera leo ), and mouflons ( Ovis ammon). 

The term reconciliation implies a relationship repair 
function, and this function has been demonstrated in all 
studies that have tested for it by showing that while 
unreconciled conflicts lead to a reduced tolerance around 
resources compared with baseline levels, following recon¬ 
ciliation, baseline levels of tolerance are restored. Recon¬ 
ciliation may reduce the costs of aggressive conflict in a 
number of ways. The original recipient of aggression is 
more likely to receive further aggression from both the 
original aggressor and from other group members. Fol¬ 
lowing aggressive conflicts, recipients of aggression have 
also been shown to exhibit increased levels of self- 
directed behaviors, a behavioral indicator of anxiety in 
primates. This effect may be due to the uncertainty about 
further aggression or about the status of relationships that 
may have been damaged by the preceding conflict. Inter¬ 
estingly, some studies have also reported an increase in 
postconflict levels of self-directed behaviors in aggressors, 
suggesting that the degeneration of a valuable relation¬ 
ship through aggressive conflict is detrimental to both 
opponents. Reconciliation has been shown to reduce the 
likelihood of further aggression and reduce levels of self- 
directed behavior to baseline levels. The stress-alleviating 
effect of reconciliation has also been confirmed in human 
children using hormonal analyses. 

Despite the advantages of reconciliation in terms of 
relationship repair and stress alleviation, not all aggressive 
conflicts are reconciled, as reconciliation also entails 
risks of renewed aggression. Thus, reconciliation is only 
likely if the benefits of reconciliation outweigh the risks. 


The Valuable Relationship Hypothesis dictates that dyads 
with more valuable relationships are more likely to rec¬ 
oncile, as the benefits of relationship repair are likely to 
outweigh the costs of the risk of renewed aggression. In 
support of this, kin are usually more likely to reconcile 
than nonkin, friends more than nonfriends and partners 
who share food and support each other are likely to 
reconcile more than partners who do not. Furthermore, 
reconciliation is not expected, and was not found, in 
species in which aggressive conflict is absent between 
valuable partners, such as in rooks ( Corvus frugilegus). 
The likelihood of reconciliation, however, is also based 
on the risks of renewed aggression, and thus the occur¬ 
rence of reconciliation may be predicted on the basis of 
relationship quality characteristics other than just rela¬ 
tionship value. Relationship quality can be viewed as 
consisting of three separate components: relationship 
value, compatibility, and security. The value of a relation¬ 
ship is a measure of the fitness benefits afforded by that 
relationship, whereas the compatibility of a relationship 
refers to the tolerance and general tenor of social inter¬ 
actions within a dyad. The predictability of a relationship, 
or the consistency of interactions over time, is known as 
relationship security. Thus, compatible partners are also 
likely to reconcile because the costs of renewed aggres¬ 
sion are low. Partners with a valuable but also highly 
secure relationship, however, may not reconcile often, 
as the highly secure relationships may not be jeopardized 
by aggressive conflict, and thus reconciliation may be 
obsolete. 

Measurement of Reconciliation 

The standard procedure for investigating postconflict 
behavior is known as the PC-MC method, which allows 
postconflict behavior to be compared with baseline 
behavior. Following the cease of aggression, one of the 
conflict participants is followed for a given period of time 
(3-30 min, most often 10), known as the postconflict 
observation (PC). The same individual is then followed 
for the same period of time during a control period 
(matched control observation (MC)) to obtain baseline 
data, controlling for variables such as group activity and 
distance from the opponent. Thus, latency to first affilia- 
tive contact between opponents can be compared in PCs 
and MCs (see Figure 1). PC-MC pairs in which affilia¬ 
tion occurs first or only in the PC are known as attracted 
pairs. PC-MC pairs in which affiliation occurs first or 
only in the MC are known as dispersed. A measure of the 
overall conciliatory tendency, correcting for baseline 
levels of affiliation (corrected conciliatory tendency, or 
CCT) can be calculated as follows: (attracted pairs - 
dispersed pairs)/all PC-MC pairs. Reconciliation is usu¬ 
ally demonstrated in a study group by comparing the 
proportion of attracted and dispersed pairs at the 
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Time (min) from start of observation 

Figure 1 A hypothetical example of the latency to first affiliative 
contact between opponents in postconflict observations (PC) 
and matched control observations (MC). 

individual level. CCT values can then be used to compare 
conciliatory patterns, such as for kin and nonkin. The 
function of reconciliation can also be investigated by com¬ 
paring measures of anxiety or tolerance in PCs and MCs. 
Similar methods are used to investigate the occurrence, 
rates and functions of other postconflict interactions. 

Bystander Affiliation 

In addition to postconflict interactions between oppo¬ 
nents, there is evidence that conflict participants are likely 
to engage in postconflict affiliative behavior with bystan¬ 
ders who were uninvolved in the previous conflict. The 
function of such interactions, however, are likely to vary 
according to the role the conflict participant played in 
the aggressive conflict, the initiator of the interaction and 
the quality of the relationships of those involved. 

Consolation 

When a bystander who shares a valuable relationship with 
the recipient of aggression offers them postconflict affili¬ 
ation, the interaction is likely to serve a calming, or stress- 
reduction, function and is thus labeled consolation. Levels 
of self-directed behavior in chimpanzee recipients of 
aggression have been shown to be lower following post- 
conflict affiliation from a bystander, supporting the con¬ 
soling function. That consolation is provided by valuable 
partners has been shown in chimpanzees and is further 
supported by evidence that only mating partners offer 
postconflict bystander affiliation in rooks. Consolation 
occurs mainly when reconciliation does not, and thus 
may function as a stress-reduction alternative to reconcil¬ 
iation when risks of renewed aggression upon reconcilia¬ 
tion are too high. Consolation, however, is unlikely to 
repair the opponents’ relationship, as reconciliation does, 


and thus reconciliation, where possible, is likely to be 
preferable to consolation. The mechanism driving conso¬ 
lation is unknown, but the fact that it is provided by 
valuable partners and serves a stress-reduction function 
supports the hypothesis that consolation is an expression 
of empathy, as valuable partners are expected to be more 
responsive to each other’s distress. This, however, does not 
apply to affiliation initiated or solicited by the recipient of 
aggression, as, while both forms of consolation may serve 
similar stress-reduction functions, solicited consolation 
does not require the same cognitive capacity. 

Appeasement 

The recipient of aggression is not the only conflict partic¬ 
ipant to experience elevated levels of postconflict stress. 
Aggressive conflict may also leave the aggressor stressed, 
and thus postconflict affiliation from a bystander to the 
aggressor may also serve a stress-reduction function. This 
interaction is termed appeasement, as although it may 
calm the aggressor down, the primary motivation is likely 
to be to reduce the likelihood of the bystander becom¬ 
ing the target of further aggression from the aggressor. 
Thus, unlike consolation, the relationship between the 
bystander and the aggressor is unlikely to be valuable. 

Self-Protection 

Bystanders may also initiate postconflict affiliation with 
recipients of aggression in order to protect themselves 
from becoming targets of redirected aggression (see ‘Aggres¬ 
sive Postconflict Interactions’). In chimpanzees, when no 
evidence for a consolation function was found, bystanders 
who affiliated with the recipient of aggression were those 
who were most likely to become targets of renewed aggres¬ 
sion. Recipients of aggression did not target bystanders who 
had affiliated with them, but were no less likely to redirect 
aggression towards others after receiving affiliation. Thus, 
self-protective bystander affiliation does not appear to 
function by calming the recipient of aggression, and thus 
eliminating their need for redirected aggression. Beha¬ 
viors used for self-protective postconflict affiliation from 
a bystander to the recipient of aggression are also likely 
to differ from those used for consolation, reflecting 
the differences in the bystander-recipient relationships. 
Bystander affiliation with a self-protection function is 
likely to be expressed with brief behaviors that minimize 
the risk to the bystander, whereas consolation offered by 
a valuable partner is more likely to involve extensive 
contact behavior, which is potentially more risky. 

Relationship Repair 

In some cases bystander affiliation may repair the rela¬ 
tionship between opponents. Bystanders who have a 
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valuable relationship with the aggressor, such as its kin, 
may be able to act as a proxy for the aggressor, and thus 
may affiliate with the recipient of aggression, reducing 
postconflict stress and repairing the opponents’ relation¬ 
ship as if it were reconciliation. Such interactions are 
likely to take place when the risk of renewed aggression 
between the opponents is high, and thus the recipient of 
aggression is unlikely to allow the aggressor to get close 
enough for reconciliation to take place. Thus a relation¬ 
ship repair function for bystander affiliation is likely when 
the bystander has a valuable relationship with the aggres¬ 
sor, but the relationship between the opponents is of low 
compatibility, leading to a high risk of renewed aggression. 

Support 

Bystander affiliation may also serve to signal approval to 
and support for the aggressor, or to reconfirm or improve 
relationships between the bystander and the conflict par¬ 
ticipant. Furthermore, it may function to signal the 
strength of the alliance between the partners to other 
group members. Although such interactions may be 
directed from the bystander to either the aggressor or 
the recipient of aggression, they are more likely to be 
effective if directed at the aggressor as the bystanders 
are likely to gain more from showing their support for 
the winner of a contest. This form of bystander affiliation 
has also been suggested to reinforce the existing hierarchy 
when the recipient of postconflict affiliation is a high- 
ranking aggressor. There is some evidence for bystander 
affiliation to have a support function. Long-tail macaque 
(.Macaca fascicularis) aggressors were more likely to initiate 
further aggression following bystander affiliation, pre¬ 
sumably because the aggressors were encouraged by sig¬ 
nals of support from bystanders. 

Quadratic Affiliation 

Aggressive conflict may have consequences not only for 
those involved but for the group as a whole. Dyadic 
conflicts frequently escalate to include other individuals, 
and a change in the relationship between conflict partici¬ 
pants may affect other relationships in the group, thus 
merely observing an aggressive conflict may lead to an 
increase in tension. It is possible, therefore that bystanders 
affiliate with conflict participants in order to alleviate 
their own distress. It is also likely that affiliation with 
other bystanders might have the same effect, particularly 
where stress-reducing behaviors, such as grooming, are 
used. As aggressive conflict between two individuals may 
thus influence the behavior of two others, an affiliative 
postconflict interaction between two bystanders is the 
result of the behavior of four individuals, and so is labeled 
quadratic postconflict affiliation. Quadratic postconflict 


affiliation in hamadryas baboons (Papio hamadryas hama¬ 
dryad) has been shown to reduce levels of self-directed 
behavior, indicating that postconflict affiliation between 
bystanders has a stress-alleviating effect. 

Aggressive Postconflict Interactions 

Not all postconflict interactions are friendly. Targets of 
aggression, in particular, may redirect aggression towards 
other group members following the initial conflict. Some¬ 
times such attacks are directed towards the aggressor’s kin 
and thus may function to damage the aggressor by attack¬ 
ing their more vulnerable kin. Redirected aggression may 
also function to reverse the negative effects of losing a 
conflict, whereas aggression from the winner of the con¬ 
flict to a third-party may reinforce the winning experi¬ 
ence. Redirection of aggression from the victim of a 
conflict is likely to offer a safe outlet for venting frustra¬ 
tion, particularly when the victim is not able to retaliate 
against the aggressor, and thus allows the victim to regain 
a measure of control over the situation and alleviate 
postconflict stress. Thus, redirected aggression is more 
common in species with strict dominance hierarchies, 
where bidirectional aggression is uncommon. 

Following an aggressive conflict, bystanders may take 
advantage of the opportunity to attack the victim weak¬ 
ened by the previous conflict and, potentially, the losing 
experience. Thus, redirected aggression may offer the 
victim some measure of protection from further aggres¬ 
sion as long-tailed and rhesus macaque (.Macaca mulatto) 
victims were comparably less likely to receive aggression 
from bystanders when they redirected aggression than 
when they did not. Victims may also redirect aggression 
to bystanders as positive display to both their previous 
assailant and other bystanders of their postconflict condi¬ 
tion despite the previous loss. Such a display may reduce 
the likelihood of the victim becoming the target of further 
aggression, but may also demonstrate their potential value 
to the aggressor in future conflicts and thus make recon¬ 
ciliation more likely. Hence, the target of redirected 
aggression may be largely irrelevant (provided they are 
of inferior competitive ability), as the act is performed 
primarily as a signal to other group members. 

Conclusions 

Different conflict resolution strategies play an important 
role in the maintenance of the benefits of group living and 
the management of conflicts of interest once they escalate 
to aggressive conflict (Table 1). Through postconflict 
interactions, valuable relationships can be repaired and 
reinforced, damage can be limited and emotional stress 
associated with aggressive conflict experienced by conflict 
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Table 1 Functions of postconflict interactions 



Postconflict interaction 

Participants and direction 
of interaction 

Function 

Function 

demonstrated? 

Reconciliation 

Between opponents 

Relationship repair, stress reduction 

Yes 

Appeasement 

From bystander to 

Stress reduction, aggression avoidance 

No 

Consolation 

aggressor 

From bystander to victim 

Stress reduction 

Yes 

Solicited consolation 

From victim to bystander 

Stress reduction 

No 

Self-protection 

From bystander to victim 

Aggression avoidance 

Yes 

Support 

or aggressor 

From bystander to 

Reinforce valuable relationship 

No 

Relationship repair 

aggressor 

Bystander (valuable 

Repair opponent relationship 

Yes 

Redirected aggression 

partner of aggressor) to 
victim 

From victim to bystander 

Stress reduction, aggression avoidance 

Yes 

Quadratic affiliation 

Between bystanders 

Stress reduction 

Yes 


participants and bystanders can be alleviated, thus main¬ 
taining group cohesion, social relationship and associated 
benefits. The choice of postconflict interaction after 
aggressive conflict appears to be strongly dependent on 
the quality of the relationships among the individuals 
involved. Whereas reconciliation may offer the optimal 
solution for conflict participants in terms of reducing the 
costs of aggressive conflict, other postconflict interactions, 
such as the various forms of bystander affiliation, or redir¬ 
ected aggression, may offer alternative solutions for the 
opponents when reconciliation does not occur. Bystander 
affiliation may also offer bystanders the opportunity to 
limit the negative consequences aggressive conflict may 
have on themselves and rest of the group and may provide 
bystanders with the opportunity to reinforce relationships 
and strengthen alliances. 

See also: Empathetic Behavior; Punishment. 
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Introduction 

Animals routinely face decisions that are crucial to their 
survival and fitness: they have to decide when and where 
to rest or forage, which individual to mate with, where to 
live, when to reproduce, and so on. Social animals have to 
make many such decisions not as individuals acting alone 
but collectively, as a group. A large proportion of collec¬ 
tive decisions even require that all the members of a group 
reach a consensus. Consider a group of carnivores decid¬ 
ing where to move after a resting period, a shoal of fish 
deciding when to leave a foraging patch, or a colony of 
ants choosing a new nest site: unless all the members 
decide on the same action, some will be left behind and 
will be deprived of the advantages of group living, at least 
for the time being. 

In animals, a consensus decision is defined as a deci¬ 
sion in which members of a cohesive group choose, col¬ 
lectively, a single action from a set of mutually exclusive 
options, and that choice is binding in some way for all the 
members. In this context, consensus does not imply that 
all the group members necessarily share the same interest, 
or even like the decision outcome, but only that all mem¬ 
bers comply with the collective decision outcome to 
maintain group cohesion. Nor does the fact that the 
decision is collective mean that all the group members 
necessarily have the same influence on the decision out¬ 
come (see more on this below). Typical examples of 
consensus decisions are choosing between different move¬ 
ment destinations, nest sites, migration routes, or cooper¬ 
ative strategies, or the timing of group activities (e.g., 
foraging or resting). 

Aggregation Rules 

When animals make decisions, they typically have a 
choice between two or more options. In order to make 
decisions collectively (and achieve a group consensus), 
the preferred choices of individual group members have 
to be aggregated in such a manner that the group ‘agrees’ 
on one option. That is, an aggregation rule is required. 
Formally, an aggregation rule is defined as a function that 
assigns to each combination of individual inputs (e.g., 
choices or ‘votes’) a resulting collective output (e.g., a 
decision outcome). The classic example of an aggregation 
rule is majority voting between two options, under which 


the group selects the option that receives more votes than 
the other. However, a dictatorial decision rule, under 
which the group always adopts the choice of a single 
preordained individual, the ‘dictator,’ is also an aggrega¬ 
tion rule. Humans often use aggregation rules that are 
based on majority voting, but in which only the choices of 
particular group members count (e.g., children are usually 
not allowed to vote in national elections). 

In animals, empirical aggregation rules range from 
dictatorial ones to majority voting. For example, Andrew 
King and co-authors reported that in wild chacma 
baboons (Papio ursinus), the dominant male chooses the 
group’s foraging patch, even if the choice is against the 
foraging interests of the majority of other group members. 
On the other hand, in wild red deer (Cervus elaphus), the 
majority of deer determine a herd’s departure time from 
their resting site. Gerald Kerth and colleagues reported 
that in Bechstein’s bats (Myotis bechsteinii), it can also be 
the majority of bats that decide when to change roosting 
sites. However, in most observed cases in non-human 
animals, the decision is made by several particular group 
members, not by all the members. This is very well 
documented by Thomas Seeley and colleagues’ detailed 
work on honeybee swarms: new nest sites are chosen only 
by a few hundred informed scouts within the swarm. 
A group’s aggregation rule is important, since it greatly 
influences the costs and benefits of the group’s decision 
outcome to individual members and to the group as a 
whole (see also below). 

Communication: Global and Local 

While the implementation of complex aggregation rules in 
humans is obvious and familiar to all of us (e.g., national 
elections, parliamentary decisions), it is more difficult to 
see how animals could implement aggregation rules and 
thereby make decisions collectively. At first sight, their lack 
of a sophisticated language and their limited cognitive 
abilities seem to prohibit the necessary negotiations and 
voting that underlie many complex aggregation rules. How, 
then, can animals decide collectively in meaningful ways? 

To address this question, it is helpful to distinguish 
between two types of animal groups: small groups and 
large groups. These groups should not be distinguished by 
the actual number of group members, but by the manner 
in which members can communicate with each other. 
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Small groups are defined as groups in which all the 
members can, at least in principle, communicate with all 
the others. In such groups, global communication is a 
possibility. Typical examples are groups of carnivores, 
primates, or some ungulate and bird species. In contrast, 
large groups are defined as groups in which global com¬ 
munication is no longer possible. Instead, group members 
can, at most, communicate with their neighbors (local 
communication). Typical examples are swarms of insects, 
large shoals of fish, large flocks of birds, or large herds of 
ungulates. 

In small groups with global communication, group 
decisions could, at least in principle, be reached by gen¬ 
eral negotiations among all the members and explicit 
voting, or by central orders or coercion. Voting has been 
reported in several mammal and bird species, and dicta¬ 
torial or coerced decisions in others. Empirical examples 
of voting behaviors include the use of specific body pos¬ 
tures, ritualized movements, and specific vocalizations. In 
order to implement majority voting, animals do not need 
to be able to count explicitly but do need to assess relative 
numerousness (e.g., are more group members standing or 
sitting?). A recent review by David Sumpter and Stephen 
Pratt indicates that quorum responses, whereby an indi¬ 
vidual’s probability of exhibiting a behavior is a sharply 
nonlinear function of the number of others already 
performing this behavior, could also be a plausible mech¬ 
anism. In simpler terms, we speak of quorum responses 
when individuals are much more likely to perform a 
behavior if they find a threshold number of other indivi¬ 
duals (the quorum) already performing this behavior than 
if they do not. 

In large groups with only local communication, indi¬ 
viduals are assumed to follow their own local behavioral 
rules, based on local information and local communica¬ 
tion but resulting in a global group behavior that is not 
centrally orchestrated but self-organized. A good example 
of such self-organization is given by the movements of 
large flocks of starlings (Sturms vulgaris ), studied in great 
detail by Michelle Ballerini, Irene Giardina, Charlotte 
Hemelrijk, and their colleagues. Each flock member con¬ 
tinuously tries to avoid collision with direct neighbors or 
obstacles but, at the same time, continuously tries to 
maintain cohesion with its neighbors. The overall result 
is the fascinatingly synchronized and well-coordinated 
flock movement that we observe in nature. 

At first glance, self-organization seems to prohibit 
decisions made either by general negotiation and voting 
or by central orders or coercion. However, theoretical 
models suggest that aggregation rules in self-organizing 
groups can arise as intrinsic consequences of local beha¬ 
viors of group members. They can range from majority 
rules (if all the group members adopt the same local 
behaviors, as illustrated by the work of Iain Couzin and 
colleagues in 2005) to aggregation rules in which only 


certain members influence the decision outcome (by 
adopting more independent local behaviors than do 
other members). Empirical observations by Jens Krause 
and colleagues on roach ( Rutilus rutilus) and by Herbert 
Prins on African buffalo ( Bufallo bufallo) support the model 
predictions. Quorum responses also play an important 
role in large groups and have been described in honeybees 
(Apis mellifera) by Thomas Seeley and colleagues, in cock¬ 
roaches ( Blattella germanicci) by Jean-Louis Deneubourg 
and colleagues, and in ants ( Leptothorax albipennis ) by 
Nigel Franks, Stephen Pratt, and colleagues. As in small 
groups, quorum responses are plausible mechanisms for 
decision aggregation. 


Main Factors Influencing Consensus 
Decisions 

The two most important factors influencing consensus 
decisions in social animals are (1) information and (2) 
interests. We address these in turn. Additionally, several 
side constraints can also play important roles, most nota¬ 
bly time constraints. For more details on side constraints, 
we recommend the Further Reading section. 

Information 

In order to make advantageous decisions, decision 
makers require environmental information (e.g., about 
the quality of a foraging patch, the presence of predators, 
the best traveling routes, etc.). However, individuals 
typically have only incomplete and noisy information 
about the state of the environment. Groups of animals 
making decisions have the potential advantage, relative 
to solitary decision makers, that the private information 
of all their members taken together is likely to be more 
complete and more accurate than that of a single animal. 
This is because some group members might know about 
good foraging patches, some about good traveling routes, 
some about predators, and so on. Additionally, any false 
private information that one member might hold could 
be corrected by more accurate private information from 
others. Hans Wallraff suggested already in the 1970s that 
homing or migrating flocks of birds show better orienta¬ 
tion than individuals would do on their own, and recent 
empirical work by Dora Biro lends further support to 
this notion. Stephen Reebs and Andrew Ward have made 
similar observations in fishes, and David Lusseau in 
bottlenose dolphins ( Tursiops sp.). 

In order to use the private information of all group 
members in a sensible way, the information has to be aggre¬ 
gated. The way in which the information is aggregated 
across group members can greatly influence the decision 
pay-offs or accuracy. For example, suppose a group has to 
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make a choice between two options. Each member has some 
independent private information about which option is 
better, and that information is correct with probability 
p (where 0.5</><l). Condorcet’s classic jury theorem 
shows that in this case, it is more likely that majority voting- 
will yield a correct group decision outcome than does a 
dictatorial aggregation rule. And the accuracy of the major¬ 
ity decision will increase with the number of group mem¬ 
bers. However, if group members differ in the probabilities 
that their information is correct, or if different potential 
decision errors would result in different costs, other aggre¬ 
gation rules distinct from majority voting can result in more 
effective pooling of the available information. 

Interests 

The pay-offs of a decision outcome for a group of indivi¬ 
duals obviously depend on whether the outcome is con¬ 
sistent with the members’ interests. Group members can 
share the same interests during a decision. For example, 
when a swarm of honeybees is deciding on a new nest site, 
it is advantageous to all bees to choose the best site. There 
can be differences in information between bee scouts 
about which site is best, but there are no conflicts of 
interest: the nest site that offers the best survival and 
reproduction prospects for the swarm is the best nest 
site for all the bees. However, in many groups, members 
differ in sex, age, size, genetic relatedness, and physiolog¬ 
ical status and consequently have different requirements. 
This means that decision outcomes that are good for some 
members might be bad for others. For example, in many 
ungulates, females with young are more vulnerable to 
predation, and therefore prefer safer but lower quality 
foraging sites, than do males. Kathrin Ruckstuhl and 
Peter Neuhaus reported that conflicts of interest during 
collective ungulate movement decisions not seldom are so 
large that groups fail to reach consensus and split. 

If there are conflicts of interest within a group, the way 
in which different individuals’ preferences are aggregated 
can make a great difference to the group’s overall pay-offs, 
and also to the individual pay-offs received by each group 
member. Often, aggregation rules that assign decision 
weight to a greater number of group members yield 
higher overall group pay-offs, and therefore, in human 
decision making are often considered as desirable and fair. 
However, since pay-offs are not necessarily higher for 
each individual group member and might even be lower 
for some members, the question of whether such fair and 
inclusive aggregation rules are likely to evolve in animals 
is complex. Work by Sean Rands, Iva Dostalkova and 
Marek Spinka and colleagues suggests that for pairs of 
individuals, aggregation rules that take the preferences of 
both partners into account are likely to evolve. However, 
in larger groups the evolution of aggregation rules can be 
very complex, and fair and inclusive aggregation rules are 


not always guaranteed, but at least some skew in the 
influence of individual group members is often likely to 
evolve (see Further Reading). 


Concluding Comments 

The study of consensus decisions in animals is still rela¬ 
tively young, with the exception of studies of social 
insects. However, the topic has recently started to attract 
wider attention, and the literature is now expanding 
rapidly. The only review to date is still: Conradt F and 
Roper TJ (2005) Consensus decision making in animals. 
Trends in Ecology and Evolution 20: 449—456 (doi:l 0.1016/j. 
tree.2005.05.008). However, a themed issue (Group deci¬ 
sion making in humans and animals) has just been published 
in Philosophical Transactions of the Royal Society Fondon 
B, 364 (2009, eds F. Conradt & C. Fist; doi:10.1098/ 
rstb.2008.0256). This issue consists of 11 contributions by 
natural and social scientists, and aims to introduce long¬ 
standing social science concepts on group decision making 
into the newly-emerging, relevant fields within the natural 
sciences. 

Some classical theoretical papers are those by Iain 
Couzin et al. (2005) Effective leadership and decision¬ 
making in animal groups on the move. Nature 433: 
513-516 (doi:10.1038/nature03236); and Conradt and 
Roper (2003) Group decision-making in animals. Nature 
421: 155-158 (doi:10.1038/nature01294). A short note 
introducing Condorcet’s jury theorem into this field is 
Fist (2004) Democracy in animals groups: a political sci¬ 
ence perspective. Trends in Ecology and Evolution 19: 
168-169 (doi:10.1016/j.tree.2004.02.004). As a brief start¬ 
ing selection of mainly empirical papers, we recommend 
the publications in the Further Reading. 

See also: Collective Intelligence; Decision-Making: For¬ 
aging; Group Living; Group Movement; Nest Site Choice 
in Social Insects; Rational Choice Behavior: Definitions 
and Evidence; Social Information Use. 
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Introduction 

Conservation is the end result of a human value system 
that seeks to maintain the diversity of life forms on earth 
and ensure the ecological integrity of our natural heritage. 
People may he motivated to conserve nature by utilitarian 
values, such as recognition of the important services that a 
functioning ecosystem provides to humanity, or by a deep 
and abiding philosophy that other forms of life have intrin¬ 
sic value as well. The biophilia hypothesis - championed 
by the founding father of biodiversity and sociobiology, 
E.O. Wilson - posits that humans are predisposed to an 
emotional attachment to nature that motivates them 
toward environmental stewardship. It may be argued that 
animal behaviorists, who spend long hours observing ani¬ 
mals, have a more-than-average dose of biophilia, making 
their late arrival on the conservation stage surprising. 
Although the modern academic discipline of conservation 
biology has its roots in wildlife management that goes back 
generations, it was not founded until the 1980s. Conserva¬ 
tion behavior - as the application of behavioral research to 
conservation is sometimes called - traces its formal, aca¬ 
demic beginnings to the waning moments of the last mil¬ 
lennium. As an emerging discipline, conservation behavior 
is still seeking to define itself and find its niche in both 
conservation biology and behavioral science. 

Conservation behaviorists, a small group of individuals 
by any definition, are attempting to reinvent the way behav¬ 
ioral research is applied to conservation efforts. At the end 
of just over a decade of concerted effort, much of the heady 
promise of this nascent field has yet to come to fruition. 
A series of influential books and papers have, in recent 
years, addressed the many implications that behavior - 
particularly behavioral ecology - has for conservation. 
That the behavior of animals influences conservation is a 
truism, but the challenge for behavioral scientists has been 
to move from the implication phase of conservation behav¬ 
ior to more active applications to solve the real-world 
conservation problems. The discipline has experienced 
growing pains, but has real potential, some of which is just 
beginning to be realized. 

Several subdisciplines within animal behavior have con¬ 
tributed to the emergence of conservation behavior, but to 
date most proponents have been rooted in behavioral ecol¬ 
ogy. Many of the topics in behavioral ecological research 
appear promising for conservation application — including 
mating strategies, mate choice, dispersal and habitat 
selection, behavioral responses to habitat fragmentation 


and anthropogenic disturbance, and the many behavioral 
facets of reintroduction programs. The strong theoretical 
framework afforded by behavioral ecology provides the 
basis for a hypothetico-deductive approach to conservation 
science. We are learning that a more integrated approach 
across the four levels of explanation in animal behavior - 
causation, development, adaptive utility, and evolutionary 
history - and across larger ecological scales - population, 
community, ecosystem, landscape - holds the most prom¬ 
ise for the successful application of behavioral research to 
conservation. 

Taking Stock of the Problem: What Are 
Some of the Challenges Facing Animal 
Conservation? 

Today’s natural world faces an onslaught of anthropogenic 
processes that threaten the functional integrity of ecosys¬ 
tems, leading to escalating rates of species loss seldom seen 
during the history of the planet. Habitat degradation and 
outright destruction are the single largest culprits, and the 
resulting fragmentation of habitat supporting wildlife has 
multiplicative rather than additive effects on loss of biodi¬ 
versity. Widespread urbanization and intensive agricultural 
practices eliminate most of these lost species, whereas 
other human activities degrade much of the remaining 
natural areas. Chemical pollutants may affect survival and 
reproduction, and thus population recruitment rates. Noise 
pollution may likewise disturb mating and parenting 
behavior or lead to chronic stress, with its attendant con¬ 
sequences for immunocompetence, fertility, and allocation 
of energetic resources away from other demands of sur¬ 
vival. A single aircraft overflight has been known to cause 
the immediate loss of most chicks in a white pelican nesting 
colony Sadly, even our love for nature in the form of 
ecotourism may be harming animals. Ever-increasing 
numbers of nature enthusiasts converging on whales and 
dolphins may tip the energetic balance, causing chronic 
sublethal effects. A simple walk on the beach disturbs 
shorebirds, diverting them away from foraging, mating, or 
parenting behavior. Multiplied by thousands ofbeachgoers, 
the cumulative effects on survival and reproduction can 
mean population decline. Pets, acting as predators along 
edges of natural communities, can have reverberating 
effects on community dynamics deeper in the reserve. 
Studies have shown that even on-leash dogs can reduce 
diversity along a surprisingly wide trail margin. 
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Humans also often aid transport and colonization of 
invasive nonnative species. Those species with the right 
suite of behavioral and life-history characteristics sometimes 
get a foothold in their new environment and - without the 
ecological controls in their place of origin - undergo rapid 
population expansion. Over-run with exotics, the results 
for native competitors or prey species can be devastating. 
Take the case of the mountain yellow-legged frog (Ram 
muscosa) in California (Figure 1). The introduction of 
brown trout and the larger and more aggressive bullfrog 
have contributed to the decline of this endangered species. 
This high-mountain frog has little coevolutionary history 
with fish predators and its tadpoles are vulnerable to preda¬ 
tion by nonnative trout. Populations have recovered rapidly 
when trout have been experimentally removed. 

Overlaid on top of these long-known threats to animal 
populations is the unpredictable impact of anthropogenic 
climate change, which will exacerbate other impacts. 
Climate change may precipitate range shifts in many 
species, but fragmented habitat may prevent migration, 
calling upon even greater human intervention (such as 
widespread translocations of animals to help track shifting 
habitats). 

Wildlife management is likely to become increasingly 
intensive in the future, as protected areas become more 
zoo-like, managed parks. Smaller, isolated populations 
will call upon the skills and resources of conservation 
biologists more than ever. Conservation behaviorists will 
undoubtedly play a larger role. 

Just monitoring animal populations so that we know 
what we have will require considerable resources, though 
greatly aided by emerging technologies. Because behavior 
affects detectability, behaviorists will need to play an 
increasing role in survey and monitoring efforts. In man¬ 
aged areas, we will need to obtain a better understanding 



Figure 1 One of the estimated 122 surviving adult mountain 
yellow-legged frogs in Southern California, decimated by 
invasive species and chytrid fungus. Photo by Ron Swaisgood. 


of carrying capacity - the population size that can be 
sustained in a given patch of habitat. The ecological fac¬ 
tors) limiting an animal’s carrying capacity may be food, 
water, shelter, refuges from predators, or breeding sites. 
Modifying the factors limiting the carrying capacity can 
be one way to alter a population’s size, for better or worse. 

Some species have been rescued from the wild and 
placed in conservation breeding programs in zoos and 
other facilities. These small populations need to be man¬ 
aged for genetic diversity to avoid the deleterious effects 
of inbreeding and to preserve as much of the species 
evolutionary potential as possible. Managers combat 
both random genetic drift and, more importantly, artificial 
selection that causes domestication-like effects on captive 
or even wild populations living under increasingly artifi¬ 
cial conditions. The long-term objective of conservation 
breeding and other small population management pro¬ 
grams is to sustain a secure genetic reservoir until condi¬ 
tions in the wild can be improved. When suitable habitat 
is found or created, populations can be reestablished 
through reintroduction and translocation programs. 
Reintroduction of key species can serve to restore ecolog¬ 
ical integrity of natural areas, especially if the reintro¬ 
duced species are ecosystem engineers. For example, 
fossorial rodents such as ground squirrels create burrows 
used by a variety of wildlife species. Experimental 
removal of kangaroo rats precipitates invasion of nonna¬ 
tive grasses (Figure 2). Removal of top predators, such as 
mountain lions, can lead to increased numbers of smaller 
predators (mesopredator release) that decimate prey spe¬ 
cies, such as songbirds. 

Ecological restoration through reintroduction is one of 
the most promising areas for behavioral research contri¬ 
butions. Animal relocations — whether from captive-bred 
or wild-caught animals - require intensive behavioral 
research and management to prepare animals for release 



Figure 2 The endangered Stephens’ kangaroo rat of Southern 
California. A translocation program led by the San Diego Zoo is 
trying to re-establish this keystone species in suitable habitat. 
Photo by Ron Swaisgood. 
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to a novel environment and, in many cases, monitor and 
manage their postrelease behavior. Most reintroductions 
to date have taken a fairly simplistic approach to post¬ 
release management, relying primarily on soft-release 
practices such as acclimation pens and short-term provi¬ 
sion of food and water resources. Behaviorists can redefine 
the meaning of ‘soft’ in these programs, replacing these 
practices with more ecologically relevant ones guided by 
a strong theoretical framework. That said, the application 
of conservation behavior is not limited to triage and is as 
diverse as the imagination and creativity of its proponents. 

Tackling the Problem: How Can 
Behavioral Research Contribute to 
Conservation? 

Animals on the Move: Space Use, Dispersal, 
and Habitat Settlement 

Animal movement patterns figure critically in many 
aspects of conservation management. Movement patterns 
determine size and shape requirements for reserves and 
the degree of connectivity needed for adequate migration 
between protected areas to sustain genetically viable 
metapopulations across the landscape. Animals with 
large home ranges more often range outside the bound¬ 
aries of protected areas, where they are no longer pro¬ 
tected. In fact, wild dog home ranges are so large relative 
to most reserves that only those groups living well within 
the core of the reserve are not exposed to the risks outside 
reserve boundaries. The longest animal movements are 
seen in dispersal - generally the once-in-a-lifetime move¬ 
ment away from the natal home to settle in new habitat. 
Reserves need to be designed to accommodate these 
dispersal distances, which can be many times larger than 
the typical home range for the species. Dispersal is impor¬ 
tant for discovering and occupying new habitat and for 
inbreeding avoidance. Conservation planners need better 
data on spatial movements, including how far an animal 
can move, through what types of habitat it moves, and 
how this is influenced by topography and human-altered 
landscapes. 

The last decade has witnessed a revolution in spatial 
ecology, brought on by emerging technologies such as 
GPS satellite telemetry and remote infrared-triggered 
camera and video traps. These technologies have proved 
especially useful in linking fine-scale movements of indi¬ 
vidual animals (of interest to behavioral ecologists) with 
larger landscape-level patterns (of interest to population 
and landscape ecologists). 

In the fragmented habitats that many wildlife species 
occupy, animals must cross gaps to maintain connectivity 
among animal populations. Forest specialists, in particu¬ 
lar, may be reluctant to cross a gap caused by clear cutting 
or a road. It is rarely physical ability that limits gap 


crossing, but instead the animal’s perception of risk from 
predators or stress-mediated avoidance of an unfamiliar 
landscape. Common sense might inform whether an ani¬ 
mal can pass through a habitat, but experimentation is 
required to determine under which motivational circum¬ 
stances they will actually do so. In this experimental 
approach, playbacks of conspecific vocalizations have 
been broadcast to lure individuals into or across particular 
landscape features, or animals have been experimentally 
relocated across gaps that vary in size and quality. These 
bioassays can be used to determine the permeability of 
different habitat types over varying spatial and temporal 
scales. 

Behavioral constraints on dispersal may compromise 
conservation efforts. A common misconception is that 
if suitable habitat is present, then dispersers will find 
and occupy it, but such build-it-and-they-will-come 
approaches do not always work. Seminal research by 
Judy Stamps in the 1980s demonstrated that dispersers 
often prefer to settle near conspecifics, even among less 
social, territorial species. Such conspecific attraction in 
habitat settlement may serve to guide dispersers to suit¬ 
able habitat without long, costly direct sampling of habi¬ 
tat quality. Research has further shown that dispersal is 
often the most risk-prone life history stage, exposing 
animals to the risks of predation and starvation in unfa¬ 
miliar habitat. These risks select for more conservative 
dispersal strategies and the use of cues correlated with 
habitat suitability. Using this theoretical framework, con¬ 
servation behaviorists have used bird song playbacks to 
recruit black-capped vireos to new areas, model decoys 
to attract terns to new colonies, white wash (mimicking 
droppings) to attract vultures, and rhino dung to encour¬ 
age settlement in translocated black rhinos. This tool 
is proving particularly powerful in reintroduction and 
translocation programs, because, in fact, these conserva¬ 
tion actions force a dispersal-like event upon animals 
whether or not they are prepared for dispersal. It is no 
surprise that most mortalities occur soon after release. 
Behavioral management of dispersal during this postre¬ 
lease period could prove critical in determining the suc¬ 
cess or failure of the program. 

Consider the example of caribou translocated from 
open prairies to mountain forests, which suffer higher 
mortality than those translocated from more similar habi¬ 
tat types. The difference lies in their behavioral response 
to the environment. In winter, mountain caribou move to 
the north slopes to forage upon lichens that grow preva¬ 
lently on the cooler, moister slopes. In winter, prairie 
caribou forage on open tundra, digging under the snow 
to expose hidden lichens, and, when translocated, mala- 
daptively move to the more open south slopes in an 
attempt to use their foraging strategy in the new locale. 
In another example, red squirrels translocated from Cor¬ 
sican pine forests traversed through Scotch pine in search 
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of Corsican pine to settle. Conversely, squirrels captured 
in Scotch pine forests reject Corsican pine in favor of 
Scotch pine habitats. Such behavior can be explained by 
natal habitat preference induction (NHPI). More formally, 
NHPI occurs when dispersers prefer new habitats that 
contain stimuli comparable to those in their natal habitat. 
NHPI may help explain why relocated animals are so 
often prone to travel so long distances, at their peril - 
they are searching for someplace like home. Understand¬ 
ing this phenomenon enables the implementation of 
several new approaches to reintroduction programs, 
including efforts to match habitat type at capture and 
release site or to manipulate conspicuous cues in the 
postrelease habitat to match those from the animal’s 
place of origin. 

Foraging Ecology 

Research on foraging ecology can provide key insights 
into animal—environment interactions important for con¬ 
servation. NHPI provides but one example. Long-term 
studies across seasons may identify key limiting resources 
that determine the size of the population that can be 
sustained in an area (carrying capacity); such studies can 
be crucial for proactive conservation management to 
ensure those resources remain available, or can suggest 
ways to enhance these resources to support populations at 
risk. Conservation behaviorists may also identify key roles 
that animals under study provide for the ecosystem, such 
as seed dispersal, population control for smaller predators 
(by keystone predators), or interspecific competition for 
resources. 

Security Areas 

Security is another critical need for animals. Nesting and 
denning sites can be limiting resources. For example, 
endangered red-cockaded woodpeckers must excavate nests 
in live pine trees, a task that can take more than a year. 
This limiting resource shapes many aspects of the spe¬ 
cies’ behavioral ecology, including the phenomenon 
of cooperative breeding. Because dispersal to new 
areas is limited by the availability of nesting cavities, 
young woodpeckers remain with their parents and help 
raise subsequent offspring, banking on future access to 
nest sites nearby. Understanding this system led to a 
novel conservation management action. Because of the 
high number of reproductively mature birds without 
access to nesting opportunities, construction of artificial 
cavities led to a rapid increase in the breeding popula¬ 
tion and was key to rapid recovery following loss of 
many cavities in a hurricane. New research is now 
suggesting that giant pandas may also be limited by 
access to quality den sites. After centuries of logging, 
few trees of sufficient girth to contain a panda-sized 


cavity remain, and panda females may have few quality 
dens to select from, limiting their ability to provide 
proper care for cubs. 

Too Much of a Good Thing: Mating Strategies, 
Reproductive Skew, and Effective 
Population Size 

Understanding mating patterns has several important con¬ 
sequences for conservation. Of those, reproductive skew 
may be most important. If some males have mating advan¬ 
tages over other males - either by direct male-male 
competition or female mate preferences - they will sire 
disproportionately more offspring. In small populations, 
this can further exacerbate loss of genetic diversity, and 
much larger populations will be required to maintain 
sustainable populations over the long term. A key concept 
is that of effective population size (jV e ), which is the num¬ 
ber of breeding animals in an ideal, randomly mating, 
population that would lose genetic diversity at the same 
rate as the actual population. The greater the reproductive 
skew, the smaller the N e and the greater the concern for 
the long-term viability of the population. With the loss of 
genetic variability, species lose some of their evolutionary 
potential, their ability to adapt to changing environments, 
and may suffer consequences of inbreeding depression. 

To maintain long-term population viability, there is a 
point where small populations require management to 
ensure that reproduction is distributed more equitably. 
Experimental manipulation of behavioral mechanisms 
related to mate choice is one course of action being 
pursued by conservation behaviorists. For example, Fisher 
and colleagues were able to control female preferences 
of threatened pygmy lorises by manipulating the level of 
odor familiarity with potential mates (Figure 4). These 
researchers reasoned that females should prefer more 
familiar-smelling males because males capable of mono¬ 
polizing an area with their odors are more competitive 
than males that fail to do so. This demonstrates the 
importance of understanding the theoretical framework 
provided by behavioral ecology. If male-male competi¬ 
tion is responsible for reproductive skew, then temporary 
removal of the most successful male can increase N e , as 
has been done with threatened Cuban rock iguanas. 

Relationships Matter: The Role of Social 
Behavior in Conservation 

Several social processes have important ramifications 
for conservation. The Allee effect - the proposal that 
reproduction is maximized when animals are optimally 
aggregated - suggests that human-mediated alterations to 
animal population density may influence population 
growth and stability. Numerous studies have shown the 
benefits of sociality, even for relatively solitary species, 
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suggesting one consequence of a reduction in animal 
densities is the breakdown of social processes that confer 
fitness advantages - ranging from predator avoidance to 
opportunities for mate selection. Indeed, these social 
benefits may drive the phenomenon of conspecific attrac¬ 
tion, discussed earlier. The (mostly unproven) role for 
conservation behaviorists is to determine optimal social 
density. An example from captive breeding programs is 
instructive: mongoose lemurs housed in pairs near other 
conspecifics had 500% higher rates of reproduction than 
isolated pairs. Courtship behavior in flamingos is greatly 
enhanced by allowing them to view themselves in mirrors, 
effectively increasing the perceived animal density. 

For highly social animals, we need to be mindful of the 
significant time and energy that animals invest in building 
and maintaining social relationships, and the advantages 
that these relationships confer. In translocation programs, 
for example, animals are often captured and relocated to 
another area, without due consideration given to social 
relationships. Debra Shier found that black-tailed prairie 
dogs had 500% higher survival rates if they were released 
in familiar groups than if they were released randomly 
with regard capture location. 

We must also keep in mind that solitary animals are 
not asocial and that even territorial species invest in rela¬ 
tionships with neighboring animals. In reintroduction 
programs, animals experience many challenges related 
to being placed in novel environments, and the added 
costs of renegotiating stable relationships may mean the 
difference between death and survival. This may explain 
why the normally solitary black rhinoceros experiences 
a surge in conspecific aggression following translocation. 
A team of researchers led by Wayne Linklater addressed 
this problem and have found, for example, that this aggres¬ 
sion can be mitigated by releasing rhinos in larger reserves 
at lower social densities, which helps them to avoid direct 
encounters and gradually build social familiarity (Figure 3). 

Scared to Extinction: Stress, Disturbance, 
and Antipredator Behavior 

Human activities can disturb wild animals, altering their 
behavior in ways detrimental to their survival and 
reproduction. Behavioral researchers studying the stress 
response system are helping to understand human impacts 
and suggest new ways to mitigate against these impacts. 
Stress is the animal’s behavioral and physiological response 
to biological challenge, and, when chronic, can negatively 
impact health and reproduction. There are numerous mea¬ 
sures of stress, many of them problematic if observed in 
isolation, but immunoassay of concentrations of glucocor¬ 
ticoid hormones is most common. Researchers have docu¬ 
mented a number of anthropogenic activities that activate 
the stress response system: noisy snowmobiles impact 
wolves and elk, radiocollars may affect wild dogs, noisy 



Figure 3 Dr. Wayne Linklater spreads black rhinoceros dung 
in research designed to guide postrelease dispersal behavior in 
a large-scale translocation program in southern Africa. Photo by 
Ron Swaisgood. 



Figure 4 Researchers manipulated mate preferences for a 
conservation breeding program for threatened pygmy lorises. 
Photo by Heidi Fisher. 

crowds disturb captive giant pandas, and approaching 
hikers affect bighorn sheep, even if they do not run away. 
Human activities may also affect behavioral decisions that 
have energetic consequences. For example, sperm whales 
spend less time surfacing to replenish oxygen supplies 
when helicopters fly overhead and foraging grizzly bears 
consume fewer calories when hikers are nearby. 
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More recently, researchers have taken a closer look at 
human disturbance, using a more predictive approach 
from the theoretical framework provided by economic 
models of antipredator behavior. If animals perceive 
humans and their activities as potential predators, then 
much of their response can be predicted from our under¬ 
standing of antipredator behavior. A growing literature 
indicates that human disturbance, like predation threat, 
alters animals’ time budgets, with energetic and lost- 
opportunity costs. These indirect sublethal costs can 
have cumulative effects worse than actual predation. 
Scott Creel and colleagues found that temporal and spa¬ 
tial proximity to wolves dramatically affected foraging 
patterns, causing elk to avoid the best forage in open 
areas in favor of suboptimal forage near cover. The con¬ 
sequences of this decision-making process were substan¬ 
tial, leading to poor body condition, lower reproduction 
rates, and high calf mortality. The economic principles of 
antipredator behavior have proved effective at predicting 
many of the dynamics of animal responses to human 
disturbance, such as the effects of tourist group size, 
speed of approach, and distance to cover. Disturbance 
can also affect mate choice and parental investment in 
offspring in predictable ways. 

But Wait, There’s More: Other Applications 
of Behavioral Research to Conservation 

Creative conservation behaviorists are exploring many other 
avenues to apply their craft in the service of conservation 
efforts. Several researchers have assisted in the many behav¬ 
ioral facets of reintroduction programs, most prominently, in 
the application of ontogenetic processes to train prey organ¬ 
isms in the antipredator behavior of their species prior to 
release. Debra Shier and Don Owings, for example, have 
shown that captive-born black-tailed prairie dogs can be 
trained to recognize and deal with predators more effec¬ 
tively than their untrained counterparts. When these inves¬ 
tigators used wild-caught prairie dogs to demonstrate 
appropriate antipredator behavior to captive-reared conspe- 
cifics, these prairie dogs were more likely to survive when 
released to the wild than individuals that were trained with 
predators without such a conspecific demonstrator. 

Behavioral plasticity is another key concept in conser¬ 
vation behavior. Understanding and predicting behavioral 
response to a changing world will inform many conserva¬ 
tion decisions. For example, behavioral elasticity prea¬ 
dapts invasive species to colonize novel habitats, and 
lack of elasticity may spell the doom of native species 
that cannot adapt to the invader. 

Natural populations comprise a number of different 
behavioral types - suites of correlated behavioral traits, 
analogous to temperament or coping styles. Aggressive 
animals may be predictably more active across many 
situations than less aggressive animals. While this 


aggressiveness may confer advantages in intraspecific 
competition, such an advantage may be offset by increased 
susceptibility to predation. In some cases, even immune 
function is influenced by behavioral type. The sum total 
of behavioral types for a population is called a ‘behavioral 
syndrome.’ A reduction in the range of types within a 
syndrome can cause conservation problems if the mem¬ 
bers comprising a population can no longer adapt and 
respond to temporally and spatially variable environmen¬ 
tal factors. Conservation breeding programs, in particular, 
may not produce the full mix of behavioral types for 
release, especially if the captive environment does not 
contain the environmental features needed for the devel¬ 
opment of some behavioral types. Conservation behavior¬ 
ists need to understand these suites of correlated traits so 
that they can ensure that release groups, of captive or wild 
origin, contain those individuals that perform different 
important roles, such as warning against predators or 
locating and exploiting novel foods. To do this, we must 
guard against differential reproduction among different 
types and provide enriched environments to shape onto¬ 
genetic processes for a plurality of personalities. There is 
also evidence that some populations contain dispersal 
phenotypes, individuals that are behaviorally and physio¬ 
logically prepared for the risks and rigors of dispersal - 
clearly important for any relocation program. Thus, to 
maximize population persistence, it takes all types. 

To move forward, conservation behavior needs to con¬ 
tinue to become more integrated across disciplines and 
levels of analysis. Behavioral ecologists bring much to the 
table, such as the strong theoretical framework that allows 
hypotheses and predictions to be formulated. Psychologists 
and applied ethologists bring a rich tradition of applied 
science focused on proximate mechanisms. Because proxi¬ 
mate mechanisms can be manipulated in the service of 
conservation, whereas adaptive value cannot, more focus 
on proximate mechanisms will help move this discipline 
from the implications to the applications phase of research. 

See also: Anthropogenic Noise: Impacts on Animals; 
Conservation and Anti-Predator Behavior; Conservation 
and Behavior: Introduction; Habitat Imprinting; Habitat 
Selection; Learning and Conservation; Mate Choice in 
Males and Females; Mating Interference Due to Intro¬ 
duction of Exotic Species; Mating Signals; Ontogenetic 
Effects of Captive Breeding. 
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Introduction and Definitions 

Deciding how much to invest in antipredator behavior, 
rather than in foraging or other activities, is a fundamental 
problem faced by most animals. Behaviors that lower 
an animal’s probability of death by predation — vigilance, 
hiding, avoidance of risky sites, and others - carry the cost 
of reduced access to resources for growth and repro¬ 
duction. Ecologists have approached this problem, using 
evolutionary principles. They have developed preda¬ 
tion risk theory, often expressed mathematically, which 
assumes that prey maximize fitness (e.g., lifetime repro¬ 
ductive success) by making behavioral decisions that opti¬ 
mize trade-offs between predator avoidance and resource 
acquisition. Predation risk theory can be used to estimate 
the ‘risk effects’ of predators on prey: the lost foraging 
opportunities and lower levels of growth and reproduction 
experienced by prey investing in antipredator behavior 
(also known as nonlethal or nonconsumptive effects). 
Importantly, risk effects can be major components of tro¬ 
phic cascades: the indirect effects of top predators on the 
population processes of plants and animal species at lower 
trophic levels, as mediated by the density and foraging 
behavior of intermediate consumers (i.e., herbivores and 
mesopredators, collectively termed mesoconsumers). Thus, 
risk effects can potentially affect community structure and 
ecosystem function. 

This article surveys how human influences can affect 
antipredator behavior, potentially altering the risk effects 
and mortality rates experienced by prey and the indirect 
effects of predators on ecosystems. For example, human 
consumption of space and resources (e.g., fishing, forestry, 
agriculture, urbanization, etc.) and climate change may 
create resource shortages for mesoconsumers, thereby lim¬ 
iting their scope for antipredator behavior and indirectly 
increasing the rates at which they are killed by non-human 
predators. Nonlethal human activities, such as ecotourism, 
can cause animals to experience energetic and reproduc¬ 
tive costs that resemble the costs of predator avoidance. 
Notoriously, humans have eliminated top predators in 
many systems, relaxing the need for mesoconsumers to 
invoke antipredator behavior, potentially disrupting tro¬ 
phic cascades. As illustrated in the following sections, 
predation risk theory can provide tools for predicting, 
detecting, and potentially mitigating these and other con¬ 
servation problems. 


State-Dependent Risk-Taking: Why 
Human-Caused Resource Declines Can 
Increase Predation Rates 

During the 1980s, Marc Mangel, Colin Clark, John 
McNamara, and Alasdair Houston pioneered models of 
state-dependent behavior (also known as dynamic state 
variable models), which, among their many capabilities, 
predict the effect of residual reproductive value on behav¬ 
ioral decisions that maximize fitness. State-dependent 
risk-taking, a subset of this theory, predicts that resource 
declines and associated losses of body condition should 
increase risk-taking and predation rates for individuals 
attempting to avoid imminent starvation or other net 
fitness losses. Bradley Anholt and Earl Werner provided 
early empirical support for this prediction by experimen¬ 
tally exposing bullfrog tadpoles [Rana catesbeiana) to pre¬ 
dation risk from larval dragonflies (Trained lacerated) under 
contrasting levels of food abundance. Tadpoles experien¬ 
cing low food levels moved, on average, 1.5 times more 
frequently and at higher speeds than tadpoles experien¬ 
cing high food levels. Higher movement rates under 
food scarcity, which reflect greater foraging effort, also 
increased exposure to predators and caused a 60% rise in 
mean predation rates, despite predator densities remaining 
constant (Figure 1). This and later experiments by Anholt 
and Werner provided ground-breaking evidence that, con¬ 
sistent with the theory on state-dependent behavior, dichot¬ 
omous views about resource-driven (‘bottom-up’) versus 
consumer-driven (‘top-down’) effects on population regula¬ 
tion are simplistic. Rather, these mesocosm experiments 
suggested that synergisms between resources and predators 
are fundamental to population and community processes, 
and adaptive variation in prey behavior is inherent to these 
synergisms. Subsequent field studies suggest that these 
synergisms scale up to large vertebrates using vast land¬ 
scapes. Data on sea turtles, ungulates, and other large verte¬ 
brates suggest that individuals in poor body condition 
spend more time in habitats with better food quality and 
higher predation risk and consequently, may suffer higher 
predation rates than individuals in better condition. 

State-dependent risk-taking potentially has pro¬ 
found conservation implications because humans influ¬ 
ence the global distribution and abundance of resources 
used by animals. For example, models of state-dependent 
behavior predict that overfishing can force harbor seals 
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Figure 1 Early experimental evidence for how resource 
declines may indirectly increase predation rates via behavioral 
mechanisms of state-dependent risk-taking, (a) Mean 
percentage (±1SE, N = 4 for each treatment) of observations 
where bullfrog tadpoles were active in the presence of caged 
predators (larval dragonfly) at high and low food levels, (b) The 
mean speed of movement (±1SE, N = 4 for each treatment) of 
active bullfrog tadpoles in the presence of caged predators at 
high and low food levels, (c) Mean percentage (±1SE, N = 20 for 
each treatment) predation mortality of bullfrog tadpoles in the 
presence of uncaged predators at high and low food levels. Data 
from Anholt BR and Werner EE (1995) Interactions between food 
availability and predation mortality mediated by adaptive 
behavior. Ecology 76: 2230-2234. Redrawn with permission from 
Brad Anholt. 


(Phoca vitulina) and Steller sea lions (Eumetopias jubatus) in 
western Alaska to increase foraging effort at the cost of 
increased exposure to Pacific sleeper sharks ( Somniosus 
pacificus) and other predators. Through these behavioral 
mechanisms, overfishing may indirectly increase predation 
rates, potentially contributing to declining trends for some 
pinniped populations (Figure 2). 


Nonlethal Interactions Between Wildlife 
and Humans 

Humans interact with animals in many ways that are 
nonlethal yet potentially damaging. For instance, people 


on foot or on motorized vehicles often approach wildlife 
to the point of altering the animals’ activity and eliciting 
antipredator behavior like fleeing. These responses by 
wildlife to humans are referred to as ‘disturbance’ and 
their context includes ecotourism (e.g., wildlife viewing, 
photography), resource extraction (e.g., machinery use, 
blasting, helicopter access to remote sites), and the nonle¬ 
thal component of hunting (i.e., the search for quarry). 
Animal responses to disturbance stimuli may carry the 
same cost of predator avoidance - lost opportunities for 
feeding, mating, parental care, or other fitness-enhancing 
activities - and often include the energetic costs of loco¬ 
motion while fleeing. 

Theoretically, decisions by animals encountering humans 
should follow the same principles as antipredator behav¬ 
ior: optimization of trade-offs between access to resources 
(or net energy gain) and avoidance of perceived danger. 
Consistent with this hypothesis, factors that influence 
perceived risk of predation also affect animal responses 
to disturbance stimuli. For instance, when approached 
directly by a helicopter, Dali’s sheep (Ovis dalli dalli) far¬ 
ther from steep rocky slopes (a refuge from predation), flee 
sooner than sheep closer to these slopes (Figure 3). 

Antipredator behavior and responses to disturbance 
are analogous even when disturbance stimuli derive from 
modern technologies that prey had not encountered previ¬ 
ously (e.g., motorized vehicles). This occurs because prey 
have evolved antipredator responses to generalized threat¬ 
ening stimuli, such as rapidly approaching objects that cross 
a threshold of perceived safety. Early support for this 
hypothesis was provided by Larry Dill’s experiments in 
which zebra danios ( Brachydanio rerio , a small fish) were 
exposed to real predators, a predator-shaped model, and a 
‘cinematographic’ predator (a film of a black dot increasing 
in size, simulating an approaching object). In all cases, zebra 
danios fled when the angle subtended by the predator at 
the prey’s eye reached a threshold rate of change (loom 
rate). The threshold loom rates depended on the size and 
speed of the approaching ‘predator.’ Thus, danios appeared 
to decide when to flee by relating the loom rate to a margin 
of safety, regardless of whether the predator was real, a 
model, or a film. Such generalized responses, however, are 
not mutually exclusive with predator-specific responses. 

Importantly, lack of overt response to disturbance sti¬ 
muli does not necessarily imply a lack of impact. Accord¬ 
ing to models of state-dependent behavior, an individual’s 
scope for antipredator behavior is influenced by the avail¬ 
ability of its resources, its current body condition, and 
other factors affecting residual reproductive value. Thus, 
animals lacking alternative sites with adequate resources 
or struggling to maintain adequate body condition may be 
unable to afford to abandon their resource patch and flee 
from disturbance stimuli. (The same principle applies to 
the decision to abandon or care for dependent offspring.) 
People encountering wildlife often misinterpret lack of 
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Figure 2 Predictions from a model of state-dependent behavior on the relationship between fisheries and antipredator behavior 
(arrows show causal links), (a) Pacific sleeper shark caught as bycatch in a trawl net targeting walleye pollock (Theragra chalcogramma) 
in the Gulf of Alaska. On the one hand, the removal of top predators like sharks may relax predation risk and alter the behavior of 
mesoconsumers, such as (b) harbor seals, thereby disrupting indirect effects of top predators on species at lower trophic levels. The 
model predicts that shark removals will (c) greatly increase the proportion of dives to deep strata by seals, where both walleye pollock - 
the seals’ most predictable resource - and sharks are most abundant. Consequently, shark removals should (d) greatly decrease and 
increase, respectively, rates of seal-inflicted mortality on (e) Pacific herring (Clupea palassi) in shallow and mid-depth strata and 
(f) pollock in deep strata. (Note that Panels c and d represent only seals in good body conditions, which have greater scope for 
antipredator behavior than seals in poor body condition.) On the other hand, fisheries depleting resources while top predators are still 
present may increase state-dependent risk-taking and predation rates for mesoconsumers. When herring are not sufficiently abundant 
to compensate for pollock declines and sharks are present at a constant density, overfishing of pollock should increase for seals the 
rates of (g) deep diving and, consequently, of (h) shark-inflicted mortality. Risk-taking and predation rates are exacerbated if seals are in 
poor body condition (g, h). This modeling approach can explore net effects of (a) concurrent removals of resources and top predators. 
Data are the outcome of computer experiments (A/ = 1000 forward iterations per treatment) simulating a 3-week winter period with the 
model and protocols described in Frid A, Baker G G, and Dill L M (2008) Do shark declines create fear-released systems? Oikos 117: 
191-201. Photo credits: (a) Elliott Lee Hazen; (b) Alejandro Frid, (e, f) R.E. Thorne. In (b), the seal was captured for research purposes 
and is about to be released carrying recording devices that measure diving behavior. 


fleeing as a neutral or even benign interaction. Yet 
beneath this superficial appearance, animals may experi¬ 
ence decreased foraging efficiency due to increased vigi¬ 
lance, disrupted cycles of rest and digestion (which are 
particularly important for ruminants), and physiological 
responses to stress. 

Similar to chronic risk effects from non-human pre¬ 
dators, it is theoretically plausible for chronic disturbance 
to decrease long-term rates of energy intake and repro¬ 
ductive success. These risk effects can potentially lead 
to increased predation rates via mechanisms of state- 
dependent risk-taking, eventually causing population 
declines (Figure 4). Similarly, it is theoretically plausible 


for chronic disturbance stimuli to indirectly influence 
plant community structure by causing herbivores to 
underutilize plant resources in areas perceived to be 
dangerous while increasing use of plants in areas that 
are perceived as safer. 

Should animals not recognize that nonlethal stimuli 
do not warrant the costs of antipredator behavior? Ani¬ 
mals rarely have perfect information and, theoretically, 
should maximize fitness by overestimating rather than 
underestimating risk. Overestimation costs, such as lost 
feeding opportunities, are lower than underestimation 
costs, which are death and loss of all future fitness. Thus, 
habituation to disturbance stimuli is only partial for 
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(b) Perpendicular distance from helicopter 

trajectory (km) 

Figure 3 (a) Estimated probabilities of Dali’s sheep fleeing 
during helicopter overflights as a function of two independent 
variables: the perpendicular distance (km) between the animal 
and the helicopter’s trajectory (x-axis) and the animal’s distance 
(m) to rocky slopes (a refuge from predation). Curves were 
generated from empirical data with logistic regression. 

(b) Scatterplot corroborating estimates of fleeing probabilities; 
dark circles represent sheep on rocky slopes, open circles 
represent sheep 5-20 m from rocky slopes (median = 20 m), and 
crosses represent sheep 25-1200 m from rocky slopes 
(median = 100 m). Points are jittered so that overlapping data can 
be read (i.e., there is noy-axis variability within response type). 
Note that the perpendicular distance from the helicopter’s 
trajectory is a geometric correlate of angle of approach, with 
smaller distances implying more direct approaches by the 
helicopter. Both graphs suggest that sheep respond to the 
multiplicative (rather than additive) effects of the two 
independent variables. Modified and reprinted with permission 
from Frid A (2003) Dali’s sheep responses to overflights by 
helicopter and fixed-wing aircraft. Biological Conservation 110: 
387-399. 

nondomesticated animals. Even corvids and squirrels in 
urban parks - archetypal examples of habituation - maintain 
levels of response to disturbance stimuli that are consistent 
with principles of antipredator behavior. 

Importantly, when habituation levels for prey surpass 
those for predators, human infrastructure and its asso¬ 
ciated disturbance stimuli effectively provide prey with 
antipredator shields. For instance, Joel Berger found that 
moose ( Alces alces) in the Yellowstone Ecosystem, USA, 


generally avoid the vicinity of roads except during partu¬ 
rition. This choice of parturition sites may reduce calf 
losses to predation by grizzly bears ( Ursus arctos ), which 
avoid roads more than moose do. 

Relationships Between Risk Effects 
and the Structure and Function of 
Ecosystems 

Inceasing evidence suggests that top predators can 
influence the structure and function of ecosystems via a 
combination of direct predation and risk effects on their 
prey. For example, the 1926 extirpation of wolves ( Cams 
lupus) from Yellowstone Natonal Park led to population 
increases and unrestrained browsing by elk ( Cervus ela- 
phus) released from the lethal and risk effects of wolves. 
The combined population and behavioral changes by elk 
lowered recruitment of woody riparian vegetation and 
upland deciduous trees. Since the 1995 reintroduction of 
wolves, plant recruitment has improved partly because 
direct predation by wolves has reduced elk numbers and 
consequently, the overall browsing pressure. Antipredator 
responses by elk, however, have influenced spatial varia¬ 
tion in the strength of the indirect effects of wolves on 
vegetation. This trophic cascade was strongest in riskier 
areas where elk foraged least: sites with abundant logs, 
particularly in riparian zones, where poor visibility and 
obstacles hindering escape may increase the probability 
of death by predation, given an encounter with wolves 
(Figure 5). 

Trophic cascades mediated by antipredator behavior 
can modify physical habitat structures. For example, in 
Zion National Park, unrestrained foraging by mule deer 
('Odocoileus hemionus) experiencing reduced predation risk 
from cougars ( Puma concolor) appears to have eroded 
stream banks and reduced abundances of flora and fauna 
associated with riparian zones. Similarly, in Yellowstone 
National Park, the overgrazing of riparian trees and 
shrubs by elk released from wolf predation risk may 
have influenced the density and dam-building activities 
of beavers (Castor canadensis), which require woody plants 
to construct dams. These correlational studies suggest 
that, as mediated by ungulate herbivory and damming 
by beavers, the loss of large carnivores has the potential 
to indirectly alter hydrological processes that in turn 
influence the structures and composition of aquatic and 
terrestrial communities. More generally, there is evidence 
that herbivores across a wide range of body sizes and 
ecosystems (e.g., from grasshoppers to marine turtles) 
can influence recruitment and community structure of 
primary producers, but risk and lethal effects of predators 
limit this influence. 

It is plausible for risk effects also to influence the 
dynamics of nutrient flow across ecosystems. For example, 
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Figure 4 Conceptual model outlining the behavioral mechanisms by which increased rates of human-caused disturbance or 
predator encounters by prey could cause population size to decline. Downward-facing arrows inside boxes indicate a negative 
response and upward-facing arrows indicate a positive response. Modified and reprinted with permission from Frid A and Dill LM (2002) 
Human-caused disturbance stimuli as a form of predation risk. Conservation Ecology 6: http://www.consecol.org/Journal/vol6/iss1/ 
artl 1/print, pdf. 


a recent study by Joseph Bump and colleagues indicates 
that moose on Isle Royale, Lake Superior, spend much of 
their time foraging on aquatic macrophytes and transfer 
considerable amounts of aquatic nitrogen to terrestrial 
communities. Moose habitat use and, consequently, the 
spatial pattern and magnitude of their nitrogen deposition 
on land are influenced by wolf predation risk. The loss of 
wolves could, therefore, alter the nutrient dynamics 
of communities surrounding wetlands. Similarly, marine 
fishes that forage in seagrass ecosystems often shelter from 
predators among mangrove prop roots or in reefs, thereby 
transporting seagrass-derived nutrients and energy into 
reef and mangrove habitats. Declines of predators in sea 
grass system, therefore, can potentially alter the nutrient 
subsidies into these habitats. 

Mescocosm experiments by Oswald Schmitz provide 
evidence that, for invertebrate predator-prey interactions 
in grasslands, the hunting mode of different predator 
species (spiders) indirectly influences ecosystem function, 
as mediated by predator-specific antipredator responses 
of herbivores (grasshoppers). Sit-and-wait ambush spiders 
leave persistent, point-source cues of predation risk. Con¬ 
sequently, grasshoppers can respond with chronic habitat 
shifts and their foraging pressure shifts from prefered 
plants associated with greater risk to less preferred plants 
that can be accessed more safely. As mediated by these 
risk effects on grasshoppers, the indirect effect of sit-and- 
wait spiders on ecosystem function is greater plant species 
diversity but lower primary productivity and nitrogen 
mineralization. In contrast, widely roaming spiders that 


hunt actively do not leave predictable cues of predation 
risk. Therefore, grasshoppers are unable to respond with 
chronic habitat shifts and roaming spiders have stronger 
lethal than risk effects on grasshoppers. As mediated by 
lower densities of grasshoppers, the indirect effect of 
roaming spiders on ecosystem function is opposite to 
that of sit-and-wait spiders: lower plant diversity but 
greater productivity and nitrogen mineralization. The 
similar nature of risk effects across diverse taxa and eco¬ 
systems suggests that these processes scale up and that 
conserving species diversity within guilds of large preda¬ 
tors might be important to the maintenance of many 
ecosystem functions. 

While the plight of top predators in terrestrial sysems 
has long been recognized, only recently has it become 
apparent that marine ecosystems are experiencing cata¬ 
strophic losses of large predators through target and 
bycatch fisheries. These losses may create risk-released 
systems mirroring those on land, where unrestricted 
grazing by herbivores or increased predation by mesocon- 
sumers affects the foundations of food webs. For example, 
studies in Shark Bay, Western Australia, reveal that taxa 
ranging from herbivorous turtles and dugongs to piscivo¬ 
rous dolphins and seabirds modify their foraging locations 
and behaviors to minimize risk from tiger sharks ( Galeo - 
cerdo cuvier) and suggest that these antipredator behaviors 
may influence the structure of seagrass communities. 
Changes in seagrass communities in regions where tiger 
sharks have been overfished further suggest that releasing 
marine herbivores from predation risk may alter benthic 
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Figure 5 Time series data suggesting trends that are 
consistent with the hypothesis that risk effects and direct predation 
from wolves indirectly affect aspen heights, as mediated by the 
density and antipredator behavior of elk. (a) Wolf populations, 

(b) elk populations, (c) percentage of aspen leaders browsed, and 
(d) mean aspen heights in Yellowstone’s northern range (early 
springtime heights after winter browsing but before summer 
growth). Direct predation by an expanding wolf population 
decreased elk numbers and contributed to decreasing browsing 
pressure on aspen. Risk effects, however, influenced the spatial 
variation in the strength of this trophic cascade, as illustrated by the 
stronger decrease in elk browsing and greater increase in aspen 
growth in areas with downed logs, particularly in riparian zones, 
where poor visibility and obstacles hindering escape may increase 
the probability of death by predation, given an encounter with 
wolves. Caption adapted and figure reprinted (with permission) 
from Ripple W and Beschta R (2007) Restoring Yellowstone’s 
aspen with wolves. Biological Conservation 138: 514-519. 


communities. Losses of other large marine predators may 
also disrupt trophic cascades that are mediated by the 
antipredator behavior of mesopredators. Theoretical pre¬ 
dictions suggest that the removal of Pacific sleeper sharks 


from northeastern Pacific ecosystems could shift pinniped 
predation from fishes in safer shallow waters to profit¬ 
able fish species in deeper waters that pinnipeds might 
otherwise avoid to reduce predation risk (Figure 2). Just 
as in terrestrial systems, maintaining or restoring viable 
populations of large marine predators is likely important 
to marine conservation. 


Anthropogenic Climate Change and 
Risk Effects 

Global climate change caused by human activities is 
altering the resources, geographic distributions, phenol¬ 
ogy, and physiological and behavioral performance of 
many species at rates that exceed the range of natural 
historical variability Therefore, it can potentially create 
novel ecological circumstances that attenuate or amplify 
risk effects or that indirectly increase predation rates 
through state-dependent risk-taking (Figure 6). 


Climate-Related Mechanisms That 
Can Attenuate Risk Effects 

It is plausible that climate change indirectly attenuates 
risk effects in some systems by altering environmental 
conditions that facilitate hunting success by predators. 
During winter on Isle Royale, the pack size and hunting 
success of wolves on moose increases with snow depth. 
Historically, the North Atlantic Oscillation has driven 
snow depth variation in the area. Under anthropogenic 
climate change, however, the frequency of winters with 
shallow snow packs could increase and moose could poten¬ 
tially experience more frequent winters of relaxed preda¬ 
tion risk. Under this scenario, climate change would 
weaken the indirect effects of wolves on woody vegetation, 
as mediated by moose density and browsing behavior. 

Climate change might also diminish the hunting effec¬ 
tiveness of some predators through physiological mechan¬ 
isms. Pursuit-diving seabirds and pinnipeds are endothermic 
(warm-blooded) and consequently, their burst speed while 
hunting is unaffected by water temperature. In contrast, fish, 
their primary prey, are ectothermic (cold-blooded), and 
rising ocean temperatures are predicted to increase their 
burst speeds and escape ability, potentially reducing the 
risk effects of seabirds and pinnipeds on fish. 

Another mechanism potentially attenuating risk effects 
is interspecific variation in climate-driven phenological 
responses. Christiaan Both and colleagues have analyzed 
responses to earlier spring warming by organisms at four 
trophic levels: deciduous oak trees (Quercus robur ), cater¬ 
pillars of the winter moth (Operophtera brumata) that feed 
on oak buds, several species of passerine songbirds that 
prey on caterpillars, and sparrowhawks (Accipiter nisus) 
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Figure 6 Simplified pathways illustrating hypothetical indirect effects of anthropogenic resource consumption and climate change on 
community structure and ecosystem function, as mediated by mesoconsumer antipredator behavior. Solid and dotted lines represent, 
respectively, direct and indirect links. Double pointed arrows indicate two-way relationships. To emphasize potentially dominant 
mechanisms and maintain visual clarity, some plausible relationships are not shown (e.g., climate change may influence the local 
density of top predators and predation risk may alter the timing of reproduction). Whether human influences are predicted to attenuate 
or amplify risk effects depends on ecological context (see text). 


that prey on songbirds. Their findings indicate that over 
the last two decades, oak budburst has been occurring 
progressively earlier and moths are reproducing earlier, 
apparently tracking shifts in plant phenology. Similarly, 
songbird reproduction is occurring earlier, apparently 
tracking moth reproduction. Sparrowhawks reproduc¬ 
tion, however, has not shifted to match the earlier peak 
abundance of songbird nestlings, which would enhance 
the ability of sparrowhawk parents to provision their 
nests. As underscored by this study, climate change may 
indirectly decouple some predator-prey relationships, 
with mesoconsumers (e.g., songbirds) experiencing a sea¬ 
sonal lowering of risk effects from their predators (e.g., 
sparrowhawks). 

Climate-Related Mechanisms That Can Amplify 
Risk Effects 

Range shifts and expansions in response to climate change 
will result in mesoconsumers encountering novel preda¬ 
tors, and animals that were top predators previously may 
become mesopredators. For example, warming ocean tem¬ 
peratures are predicted to facilitate the expansion to higher 
latitudes of ectothermic sharks that are currently restricted 
to lower latitudes. These range expansions could amplify 
risk effects for endothermic marine mammals and other 
prey that currently live under lower predation risk from 
sharks at higher latitudes. 


Climate Change May Indirectly Alter Mortality 
Rate Through State-Dependent Behavior 

A general prediction derived from predation risk theory is 
that climate change, which affects resource availability, can 
indirectly alter rates of mortality inflicted by predators (or 
analogous agents: see below) through behavioral mechan¬ 
isms of state-dependent risk-taking. Data for diverse taxa - 
including amphibians, polar bears (Ursus maritimus ), and 
humans — are consistent with this prediction. 

Efts (terrestrial juveniles) of the eastern red-spotted 
newt {Notophthalmus viridescens) compromise predator 
avoidance when dry conditions force them to invest 
more on behaviors that relieve desiccation stress. Live 
efts emit chemical cues signaling conspecific attraction, 
which facilitates huddling to reduce water losses. Recently 
killed efts, however, appear to emit a mixture of these 
attractive chemical cues and of repulsive chemical cues 
signaling predation risk. Experimental data indicate that 
efts experiencing moist conditions avoid chemical cues 
emitted by recently killed individuals, while these same 
cues attract efts stressed by desiccation. Drying trends 
associated with global climate change, therefore, can 
potentially exacerbate predator-inflicted mortality rates 
for amphibians via these behavioral mechanisms. 

Notably, climate-induced resource losses may force 
top predators to invoke foraging modes that increase the 
risk of human-caused mortality, creating a situation 
resembling that of reduced antipredator behavior by 
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energetically stressed mesoconsumers. Under normal 
conditions of sea ice, polar bears can meet energetic 
needs by hunting for seals at breathing holes on the ice 
pack and therefore, can avoid human settlements. In west¬ 
ern Hudson Bay, however, earlier break-up of sea ice 
during spring has increased the period in which polar 
bears fast on land unable to access seals. Consequently, 
nutritionally stressed polar bears increasingly search for 
human-related food sources at settlements or camps, 
where humans kill them in self-protection. Sea ice break 
up is predicted to keep shifting to progressively earlier 
dates, raising concern for polar bear conservation and the 
management of human—bear interactions. 

Humans are not exempt from their own form of state- 
dependent risk-taking. Historically, climate-driven resource 
shortages have influenced the decision by hungry societies to 
initiate wars that might never have occurred had human 
populations been well fed (Figure 7). Resource shortages 
induced by climate change can, consequently, exacerbate the 
potential for war or other human conflicts. Arguably, this is 
the biggest conservation issue of all, and - while not ignoring 
the complexities of human cultures and modern social insti¬ 
tutions - principles of state-dependent risk-taking could 
contribute theoretical tools for anticipating and perhaps 
reducing conflicts between humans over scarce resources. 

The converse of these examples is plausible when 
climate change is predicted to increase resource availabil¬ 
ity. For instance, Nicolas Lecomte and colleagues have 
shown that snow geese ( Chen caerulescens atlantica) in the 
Arctic must leave their nests to drink. Drier conditions 
increase the dispersion of water sources and the duration 
of water acquisition trips, thereby amplifying nest losses 
to predation. Climate models, however, predict increased 
precipitation for the Arctic over the next two decades, 
which can potentially enhance nest guarding and repro¬ 
ductive success by Arctic-nesting snow geese. 

Managing Irrevocable Changes 
to the Biosphere 

The conservation challenges ahead are daunting. Most 
pressingly, climate change has already begun and will 
continue to reshape the biosphere. Encouragingly, a wide 
range of studies suggest that the basic mechanisms of risk 
effects and state-dependent risk-taking have great general¬ 
ity. Thus, predation risk theory might have important 
applications to ecosystem conservation and the manage¬ 
ment of irrevocable changes to the biosphere. Some exam¬ 
ples are as follows. 

Conservation Implications of State-Dependent 
Risk-Taking 

The conservation message of studies on state-dependent 
risk-taking is that human-caused resource declines should 


not be viewed solely as bottom-up impacts (e.g., nutri¬ 
tional stress), as is often the case. Instead, predictions and 
mitigation efforts should consider how the combined 
effects on resource availability of human consumption, 
nonlethal disturbance, and global climate change might 
limit the scope for antipredator behavior and potentially 
increase rates of predation for many species. Conversely, 
human-caused resource subsidies may indirectly decrease 
predation rates for some mesoconsumers, potentially 
altering some predator-prey interactions. 

The framework of state-dependent risk-taking can also 
predict the indirect influence of human-caused distur¬ 
bance stimuli on mortality rates inflicted by predators. 
Disturbance can functionally lower resource availability 
through increased vigilance or distributional shifts. Thus, 
wildlife managers might be able to predict scenarios in 
which chronic disturbance can increase energetic stress, 
thereby raising risk-taking while foraging and increasing 
predation rates indirectly (Figure 4). 

Managing Risk Effects of Disturbance 
Stimuli on Wildlife 

Predation risk theory can provide a rationale for manag¬ 
ing disturbance stimuli without over-regulating humans. 
For instance, routes for motorized vehicles in remote 
areas (e.g., helicopters used for resource extraction) may 
be restricted to distances from known wildlife concentra¬ 
tions (e.g., raptor nests, ungulate birthing sites) that opti¬ 
mize the conflicting objectives of reducing disturbance to 
wildlife while avoiding excessive detours. Similarly, pre¬ 
dation risk theory can be used to design wildlife viewing 
areas such that setback distances between people and 
animals optimize viewing opportunities and prevention 
of disturbance, rather than merely stressing animals that 
lack alternative habitats. Another concern is that hunting 
regulations generally consider only the lethal component 
of hunting, yet hunters disturb many more animals than 
they kill. Thus, predation risk theory could help develop 
hunting regulations that account for disturbance impacts 
on targeted game. Further, when top predators are 
endangered but game species are not (e.g., Florida panther 
(Fells concolor coryi) and white-tailed deer ( Odocoileus virgi- 
nianus), respectively), regulations might also account for 
the reduced hunting success that natural predators might 
experience because prey pursued by human hunters 
become more alert and difficult to capture. 

Significantly, the use by prey of disturbance stimuli as 
safe zones that top predators avoid could diminish the 
effectiveness of national parks for protecting biodiversity. 
Although national parks usually have the dual mandate of 
facilitating recreation and conservation, access for recrea¬ 
tion (e.g., roads, permanent campsites) might promote safe 
zones for prey that disrupt predator-prey behavioral 
interactions inherent to many aspects of biodiversity. 
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Figure 7 State-dependent risk-taking by humans? Time series data on paleo-temperature variation, war frequency, and population 
growth rate, AD 1400-1900, suggesting that climatic stress indirectly influences the willingness by humans to initiate conflicts and, 
consequently, the rates of war-inflicted mortality (a prediction stemming from theory on state-dependent risk-taking). The mediating 
factors between climatic stress and war (not shown here) are drops in agricultural production and rising food prices (see Figure 2 of 
the original source), (a) Temperature anomaly (°C) in the Northern Hemisphere that is smoothed by 40-year Butterworth low pass 
filter, (b) Number of wars in the Northern Hemisphere (bright green), Asia (pink), Europe (turquoise), and the arid areas in the 
Northern Hemisphere (orange), (c) Number of wars worldwide (colors represent estimates by different authors: see original source), 
(d) Twenty-year population growth rate in Europe (turquoise), Asia (pink), and the Northern Hemisphere (blue) and the Northern 
Hemisphere 50-year fatality index (bright green). Cold phases are shaded as gray stripes. All war time series are in 10-year units. 

The bright green curves correspond to the righty axis. Caption adapted and figure reprinted (with permission) from Zhang DD, Brecke P, 
Lee HF, He YQ, and Zhang J (2007) Global climate change, war, and population decline in recent human history. Proceedings of the 
National Academy of Science 104: 19214-19219. 
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Predation risk theory could be applied to the design of 
parks so that these safe zones for prey are predicted and 
mitigated. 

Restoring and Conserving Risk Effects 

A growing body of evidence suggests that the risk and direct 
predation effects of predators on mesoconsumers across a 
wide range of body sizes and ecosystems can affect ecosys¬ 
tem function indirectly. If the influence of risk effects on 
trophic cascades and related processes is as widespread 
as these studies suggest, then conserving ecologically 
meaningful densities of top predators might be essential to 
many aspects of community dynamics. As experiments by 
Oswald Schmitz suggest, conserving predator diversity and 
its range of hunting modes, rather than merely conserving 
predator abundance, may be required to maintain some 
ecosystem functions (e.g., plant diversity, primary produc¬ 
tivity, and nitrogen mineralization in grasslands). 

Where extinct already, restoring populations of upper- 
level native predators may potentially reverse many 
aspects of ecosystem degradation via the reestablishment 
of risk and lethal effects; wolves reintroduced to Yellow¬ 
stone provide a compelling case. In terrestrial systems 
where predator reintroductions are impossible or where 
human-dominated landscapes no longer support the habitat 
requirements of large carnivores, hunting can potentially 
become a management tool for reducing some ecological 
consequences of the loss of direct predation and risk effects 
on mesoconsumer populations. This potential, however, has 
yet to be met because hunting regulations and access logis¬ 
tics (e.g., the distribution of roads or navigable waterways) 
typically limit human hunting behavior to spatiotemporal 
distributions and patterns of prey selectivity that differ from 
those of non-human carnivores. Predation risk theory, com¬ 
bined with demographic analyses, could be used to optimize 
hunting regulations so that human hunters mimic some risk 
and lethal effects of non-human carnivores more closely 
without threatening human safety and prey populations 
themselves. Carnivore restoration and hunting as manage¬ 
ment tools, however, are difficult to reconcile with some 
values of human society, which could preclude some appli¬ 
cations of predation risk theory. 

A related concern is that predator reintroductions 
could cause high predation rates on prey that may have 
lost their antipredator skills after living under relaxed 
predation pressure for several generations. Data for 
some vertebrate taxa (e.g., moose, passerine birds, marsu¬ 
pials), however, suggest that predator-naive prey can learn 
to recognize and avoid novel predators within one gener¬ 
ation. Reintroduced predators, therefore, may have their 
highest predation rates on naive prey early in their geo¬ 
graphic expansion, but their kill rates may diminish 
as prey become savvier. Although the ability to learn 
antipredator skills does not negate concern that novel 


predators could drive extinct small populations of naive 
prey, this issue generally applies to exotic predators invad¬ 
ing small islands rather than to planned reintroductions of 
native carnivores. A related problem is that efforts to 
restore native mesoconsumers (e.g., endangered marsu¬ 
pials in Australia) through translocations may fail unless 
captive-raised mesoconsumers are trained to recognize 
and avoid predators before being released. 

Marine top predators and their risk effects have been 
largely overlooked until recently. There is growing recog¬ 
nition that marine top predators like sharks, classic vil¬ 
lains in popular culture, may have important indirect 
effects on marine communities, as mediated by the anti¬ 
predator behavior of their prey. Sharks and other marine 
top predators have been declining almost worldwide 
because of target and bycatch fisheries. Their conserva¬ 
tion and restoration may be essential to many aspects of 
marine ecosystem function, and predation risk theory can 
be used to support arguments for modifying fishery quo¬ 
tas and establishing marine reserves accordingly. 

Although major losses of ecological integrity related to 
human resource consumption, climate change, and 
related processes will be inevitable, there is cautious 
optimism that predation risk theory can help predict and 
potentially reduce some of the damage. The maintenance 
of antipredator behavior over large ecological scales could 
well be a litmus test for our ability to conserve many 
levels of biodiversity. 
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Introduction 

Separately, the disciplines of animal behavior and conser¬ 
vation biology are well-established, thriving fields of sci¬ 
entific inquiry, each with its own history and approach. 
Animal behavior is a chiefly theoretical discipline, while 
conservation biology is more of an applied science, estab¬ 
lished in response to the ongoing biodiversity crisis. 
Recent attempts have been made to apply principles of 
animal behavior to conservation problems to create a 
formally integrated discipline, commonly called conserva¬ 
tion behavior. 

There are several reasons why the union of these fields 
seems intuitive and profitable. First, behavioral ecologists 
focus on understanding how the state of an individual 
influences behavior. State-dependent behaviors include 
those that are plastic or flexible rather than fixed, whose 
expression can depend on environmental influences, such 
as temperature, resources, social cues, or maternal condi¬ 
tion. Because the environment can influence the experi¬ 
ence or condition of an individual, which can consequently 
influence its behavior, these state-dependent behaviors are 
of particular conservation relevance; in effect, they have 
the potential to be impacted by anthropogenic factors that 
alter the environment, such as disturbance and global 
climate change. There is growing evidence that anthropo¬ 
genic disturbances are disruptive to behavioral processes. 
Disturbance may increase stress levels, thereby affecting 
behavior and physiology, and may also disrupt normal 
foraging, movement, communication, and mating patterns, 
among other behaviors. 

Second, behavior is expected to have conservation 
relevance because it can affect demographic processes, 
such as survival and reproduction, and hence fitness. 
Quantification of fitness consequences is a major research 
area in behavioral ecology and is essential to conservation 
behavior because it is these fitness links that allow the 
development of individual-based models to better under¬ 
stand anthropogenic impacts. In fact, a shortcoming of 
most studies that investigate the effects of disturbance 
on behavior is that they fail to formalize the link to 
demography and fitness. 

Third, many forms of behavioral information have been 
identified as useful conservation tools. For example, cap¬ 
tive breeding and reintroduction programs have clearly 
demonstrated the importance of managing natural behav¬ 
ior (e.g., mating behavior, social behavior, and experience 


with predators and prey) to increase captive breeding and 
reintroduction success. 

Fourth, behavioral diversity is a potential currency to 
consider, along with species and genetic diversity, when 
setting future conservation priorities. Behavior plays a key 
role in animal survival and evolution and its variation may 
allow species to respond to mounting changes to the envi¬ 
ronment. Conservation plans that incorporate the diversity 
of interesting behavioral traits also have the added benefit 
of harnessing public interest and support. 

Several barriers have impeded the full integration of 
these disciplines, and these hurdles are being crossed only 
gradually. In this article, the history and current status of 
the field of conservation behavior are reviewed, barriers 
to the integration of behavior and conservation as well as 
tools to overcome them are described, and some of the 
conservation behavior topics that are covered in the other 
articles of this section are highlighted. 

History 

Although the formal integration of behavior and conserva¬ 
tion is a recent effort, wildlife biologists have been using 
basic behavioral data to inform management decisions since 
the inception of the discipline of wildlife management. 
For the last century, wildlife biologists have been docu¬ 
menting the basic natural history of animals, including 
descriptions of fundamental behavior such as movement 
patterns, habitat selection, sociality, mating systems, and 
foraging. Indeed, the early history of wildlife biology was 
often dominated by naturalistic observations of the behavior 
of animals in the wild, employing traditional tools such as 
visual observations, binoculars, spotting scopes, and trapping. 
Ironically, the advent of new technologies, such as radio¬ 
telemetry, trip cameras, and remote-sensed satellite and 
GIS data, has allowed wildlife researchers to spend less 
time in the field directly observing wildlife, including 
their behavior. These new approaches, combined with 
an increasing focus on population-level processes such as 
estimating sizes and dynamics of populations, may have 
contributed to the decline of the importance of animal 
behavior in the field of wildlife biology in recent decades. 
For example, to become a certified wildlife biologist 
through The Wildlife Society, a course in animal behavior 
is not required but rather an elective; such is also the case 
for most undergraduate wildlife biology programs. 
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Conservation biology was formalized in the 1980s with 
the founding of the Society for Conservation Biology The 
mission of this new ‘crisis discipline’ was to conserve the 
earth’s biological diversity in the face of mounting anthro¬ 
pogenic impacts on the natural world. By necessity, conser¬ 
vation biology developed as a multidisciplinary science, 
merging fields of biological and social sciences to confront 
the growing biodiversity crisis. To accomplish their mission, 
conservation biologists have drawn heavily from the exper¬ 
tise in social sciences such as economics, political science, 
and sociology, in applied natural resource fields such as 
wildlife biology and forestry, and in theoretical natural 
sciences such as ecology and genetics. However, theoretical 
animal behavior was absent from almost all the early con¬ 
ceptual models of the interdisciplinary nature of the field. 
This disconnect remains today, with animal behavior typi¬ 
cally receiving relatively little attention even in the most 
recent conservation biology texts. 

In response to the perceived lack of integration between 
the behavior and conservation fields, the discipline of con¬ 
servation behavior emerged in the mid-1990s when a num¬ 
ber of symposia and subsequent publications highlighted 
the potential linkages between behavior and conservation 
and advocated greater overlap between the disciplines (see 
Further Reading). There was a great deal of promise for 
this new approach as scientists looked to a future where 
behaviorists and conservationists would work closely 
together, sharing knowledge and finding new ways for 
behavior to inform conservation practices. Since that 
time, a large literature has developed on the potential for 
the field of conservation behavior, on the recent work that 
has helped to initiate this field, and on the barriers that 
have slowed its development. 

Several analyses have tried to address whether the new 
discourse on conservation behavior that began in the mid- 
1990s actually led to greater integration of the fields. 
Investigations of the scientific literature, which analyzed 
keywords, cross-citation rates, and the focus of articles in 
primary behavior and conservation journals, have found 
relatively little integration of research between the two 
disciplines over the subsequent decade. Where there is 
research overlap, it was found to be largely descriptive 
literature published outside of primary behavior journals. 

The progress of this initially promising field of conser¬ 
vation behavior has been interpreted with different per¬ 
spectives by two prominent contributors to the current 
discourse. Tim Caro has criticized behavioral biologists 
for not making greater advances in integrating with and 
contributing to conservation biology. He conceded that 
descriptive behavioral data have helped solve conserva¬ 
tion problems, but argued that the primary theoretical 
advances in behavior ‘have proved rather irrelevant in 
helping to solve the biodiversity crisis.’ By contrast, 
Richard Buchholz has focused on the continuing devel¬ 
opment of this young field, arguing that ‘the growing 


pains of conservation behavior are not symptoms of dys¬ 
function, but rather positive signs of a thriving adoles¬ 
cence.’ Only the future will tell whether conservation 
behavior matures beyond this adolescence and becomes 
more relevant to the biodiversity crisis. 

Integration: Barriers and Tools 

Given the potential for behavior to inform conservation, 
why has there been limited integration to date? An under¬ 
lying cause is the historical and institutional separation of 
the fields of conservation biology and animal behavior. 
Typically, animal behaviorists and conservation biologists 
are housed in different departments, belong to different 
scientific societies, attend separate meetings, and apply 
for funds from different sources. They have been trained 
to ask very different research questions, with behaviorists 
focused on theory and conservationists focused on applied 
questions. As such, scientists studying animal behavior 
may feel that they have little to contribute to conservation 
biology or that the applied nature of the subject makes it 
less intellectually challenging and objective. In turn, those 
studying conservation biology may feel that animal behav¬ 
ior, particularly questions grounded in theory, has little 
relevance to their work. Ultimately, conservation biologists 
and animal behaviorists publish in journals that often have 
little overlap in topics, authors, readership, or scientific 
literature. Indeed, many behavior journals discourage arti¬ 
cles with an applied focus, and conservation journals reject 
theoretical behavior papers without a conservation focus. 

In addition, the two disciplines are focused on different 
biological scales that can be challenging to link. Behav¬ 
ioral ecologists address evolutionary questions at the level 
of the individual, whereas conservation biologists typically 
focus on processes occurring at the population, community, 
or landscape scales. When linking behavior and conserva¬ 
tion, a primary challenge is, therefore, to relate behavior to 
fitness, and then relate fitness to the persistence, and hence 
conservation, of populations. The rapid development of 
computationally intensive individual-based modeling has 
the potential to help forge this link. Individual-based mod¬ 
els rely on a fundamental understanding of factors that 
influence individual decisions. Such individual decisions 
can be thought of as mechanisms by which animals acquire 
fitness. Viewed this way, individual-based modeling may 
have an important role to play in developing population 
viability models. 

Because conservation biology is a crisis discipline, critics 
argue that there may not be sufficient time to develop the 
necessary behavioral knowledge that can inform manage¬ 
ment. While acknowledging this, it is important to note that 
many conservation solutions will involve a long-term pro¬ 
cess, not a short-term intervention. Thus, by designing such 
programs to collect behavioral information along the way, 
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behavioral knowledge and behaviorally inspired manage¬ 
ment strategies may be developed. Such adaptive manage¬ 
ment is an important part of current conservation biology 
The strategies for integrating behavior with conserva¬ 
tion that were initially suggested in the 1990s apply even 
today Behavioral biologists should collaborate with wildlife 
and conservation biologists and serve on management 
teams, providing expertise and advice on conservation 
issues. They should consult with conservation practitioners 
to determine how to modify their research programs to ask 
questions that are relevant to conservation. This may 
involve conducting research on rare species of conservation 
concern or species in disturbed environments, with reduced 
sample sizes as a potential consequence. The results of their 
research should then be publicized widely in conservation 
and behavior journals, as well as other formats - workshops, 
reports, popular writing, public speaking engagements - to 
make them accessible to conservation practitioners and the 
general public. There are a number of examples of success¬ 
ful integration of behavior and conservation that may serve 
as a model for those who are looking to do it in the future. In 
the following section, we highlight some of the behavioral 
topics that are beginning to be integrated with conservation 
issues by briefly reviewing the other articles within this 
section. 

Topics at the Interface 

The entries in this section emphasize that behavior and 
conservation will intersect in important ways when behav¬ 
ior is state-dependent and therefore potentially influenced 
by environmental disturbance, when behavioral change 
results in fitness or demographic change, and when behav¬ 
ioral knowledge can be used to provide useful tools in 
conservation programs. For example, the article by Henrik 
Brumm outlines how anthropogenic disturbance, specifi¬ 
cally noise, can disrupt normal animal behavior. Noise can 
induce stress in animals, which can affect any number of 
behaviors (e.g., reproductive or antipredator behavior) that 
depend on being in good physiological state, but it can also 
interfere with animal communication by masking inten¬ 
tional acoustic signals as well as cues used to find prey and 
avoid predators. Anthropogenic noise has been shown to 
affect animal behavior in both terrestrial and aquatic sys¬ 
tems for diverse groups including insects, fish, frogs, birds, 
bats, and whales. When it induces stress, when it masks 
sounds that are used to find prey and avoid predators, and 
when it interferes with courtship calls that are used to find 
mates or begging calls that are used to provision young, 
noise can impact individual fitness, which may translate to 
demographic consequences at the population level. Some 
of these negative effects of noise can be mitigated behav¬ 
iorally, for example by adjusting the communication signal 
so that it can be heard, by increasing visual attentiveness to 


compensate for lost auditory awareness, or by displacing to 
a quieter habitat. However, these forms of behavioral com¬ 
pensation may also have negative fitness consequences 
themselves. In the end, further research is needed to for¬ 
mally assess the effects of anthropogenic noise on repro¬ 
ductive success and population viability. 

Ulrika Candolin further develops the idea that human 
disturbance can negatively impact signaling between ani¬ 
mals, in particular sexual signaling by males and the 
ability of females to assess male ornaments. Noise is not 
the only form of disturbance that can interfere with sig¬ 
naling between potential mates. Visual displays can also 
be muddled, particularly for aquatic animals like fishes, as 
nutrient pollution can lead to an increase in primary 
productivity resulting in eutrophication and turbidity. 
Chemical pollution and acidification of aquatic habitats 
also interfere with chemical cues that fish use to find 
appropriate mates. If these male ornaments advertise 
their quality to potential mates, then disruption of these 
signals may result in the choice of a lower-quality mate, 
potentially causing reduced fitness of the female or her 
offspring. Worse yet, anthropogenic disturbance may 
interfere with species recognition cues, causing indivi¬ 
duals to hybridize across species boundaries, not only 
reducing fitness but also potentially influencing biodiver¬ 
sity. In some species, such as the threespine stickleback, 
males mitigate these effects of disturbance by displaying 
more vigorously, but this too may come at a cost of time, 
energy, and fitness. The conservation relevance of dis¬ 
rupted sexual signaling will depend on discovering its 
relative importance in determining fitness and population 
demography. 

There are additional ways that anthropogenic effects 
can cause mating interference, as outlined by Alejandra 
Valero. Humans have introduced exotic species world¬ 
wide both intentionally and accidentally, which can nega¬ 
tively impact populations of native species. In addition to 
ecological interactions between native and exotic species 
(e.g., competition or predation), there can also be behav¬ 
ioral interactions that interfere with the reproduction of 
the native species. The signals of exotic species may mask 
the acoustic mating signals of the native species or may 
even jam their chemical pheromone receptors. Males may 
expend energy on courtship with females, and on rivalry 
with males, of the other species. Mating interference can 
reduce the ability of native females to choose the highest 
quality mate, can reduce the rate of successful copulation 
for the native species, and can result in hybridization 
across species boundaries. These behavioral effects, seen 
in a number of taxa, including insects, fishes, and lizards, 
provide another reason to prevent the introduction of 
exotic species and to control or eradicate those that are 
already introduced. 

Humans impact not only the behavior of animals in the 
wild, but also those in captivity. Jennifer L. Kelley and 
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Constantino Macias Garcia explore how behavior can be 
inadvertently altered in species of conservation concern 
when they develop as part of a captive breeding and rein¬ 
troduction program. Only a small number of reintroduction 
programs have successfully established self-sustaining popu¬ 
lations in the wild, in part because captive animals have 
not had the opportunity to develop normal foraging, 
antipredator, and social behavior. High densities and lim¬ 
ited space in captivity can cause stress and aggression and 
can impede the development of territoriality, seasonal 
migratory behavior, exploratory behavior, and social 
behavior. The regular provisioning of food reduces the 
ability to develop foraging behavior and the lack of pre¬ 
dators reduces the ability to develop antipredator behav¬ 
ior. Reduced exposure to parents and the opposite sex and 
a lack of mate choice may hinder development of appro¬ 
priate reproductive behavior. Abnormal repetitive behav¬ 
ior sometimes develops as a result of frustration, fear, or 
discomfort, and it may be a sign of stress during early 
development. Fortunately, the negative behavioral effects 
of captive breeding can often be reversed once they are 
discovered, through greater exposure to conspecifics and 
predators, through environmental enrichment (including 
rearing in seminatural environments), and by acclimatiz¬ 
ing individuals to natural conditions prior to release. 
These methods have enhanced the captive breeding and 
reintroduction programs for a number of birds and 
mammals. 

Andrea S. Griffin further explores the way that experience 
and learning can impact captive populations that are later 
reintroduced to the wild, as well as wild populations that 
experience human-modified environments. Although addi¬ 
tional postrelease monitoring is needed to establish the link 
between learning in captivity and fitness in the wild, there is 
much evidence that learning is important for the develop¬ 
ment of natural behavior needed to survive and reproduce in 
the wild. Postrelease survival of animals, such as houbara 
bustards and black-tailed prairie dogs, improves when cap¬ 
tive individuals are trained to avoid predators, for example by 
experiencing dangerous stimuli and watching the alarm 
responses of others. A number of birds and rodents have 
been shown to learn about food aversions and food prefer¬ 
ences, as well as the timing and location of food sources. 
Some species (e.g., some birds, mammals and fishes) also 
learn to identify appropriate mates and develop mating pre¬ 
ferences from their social experiences. Thus, detailed knowl¬ 
edge about the behavior of the particular species in nature, 
although sometimes difficult to obtain for an endangered 
species, can provide useful tools for captive management. 
Outside of captivity, learning can also have conservation 
implications for wild populations that live in human-mod¬ 
ified environments. Species that are thought to have greater 
capacity for learning, including larger brained birds and 
mammals, seem to have greater flexibility in their behavior. 
Behavioral flexibility also seems to increase survival in 


harsh, modified, or novel environments, and large-brained 
birds and mammals are more likely to become established 
when introduced to new environments than species with 
smaller brains. Thus, knowledge about behavioral flexibil¬ 
ity may help conservation biologists predict which species 
are most likely to be successful invaders, which are most 
likely to adjust to habitat modification and urbanization, 
and which to target for protection because of their vulner¬ 
ability. However, while large-brained species may be more 
flexible in novel environments, they may also have life 
history characteristics such as delayed maturation and 
slow reproduction that make them more vulnerable to 
extinction and more difficult to rear in captivity. These 
counteracting forces must be evaluated before determin¬ 
ing whether the ability to learn is a help or hindrance in 
our increasingly modified world. 

Finally, Elisabet V. Wehncke makes the important point 
that the behavior of a particular animal species affects not 
only its own conservation status, but also the conservation 
status of other species that it interacts with, including that 
of plants. Animal behavior can affect seed dispersal by 
determining which seeds are dispersed, where seeds are 
deposited, and whether they survive after dispersal. In 
particular, the way that mammals, birds, reptiles, and 
insects are attracted to, prefer, handle, and process fruit 
determines which seeds will be dispersed. The social orga¬ 
nization, including group size and degree of territoriality, 
and the movement patterns of the animal determine the 
pattern of seed deposition. How dispersers handle and 
deposit seeds will also affect the likelihood of subsequent 
seed mortality from desiccation, predation, damage, or 
competition. Understanding the link between animal 
behavior and its complicated effects on seed dispersal and 
plant demography will be important in predicting how 
habitat fragmentation, climate change, invasive species, 
and the loss of seed dispersers will affect plant populations. 
In turn, alterations in vegetative communities have the 
capacity to ripple throughout ecosystems, impacting ani¬ 
mal populations and important processes such as nutrient 
cycling, hydrology, and succession. 

Together, the entries within this section highlight sev¬ 
eral possible steps in the future development of the disci¬ 
pline of conservation behavior. Links could be identified 
between anthropogenic impacts and their effects on 
behavior. Further connections could be made between 
these modified behaviors and their effects on fitness and 
population demography, not only for the animal species in 
question, but also for other interacting species. In the end, 
this would allow us to develop individual-based models to 
predict how anthropogenic impacts might affect popula¬ 
tion persistence, to develop appropriate behavioral tools 
for conservation programs, to determine whether behav¬ 
ioral diversity is itself an important currency for conser¬ 
vation, and ultimately, to evaluate how animal behavior 
might be used to inform conservation biology. 
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Introduction 

Conservation biology requires a multidisciplinary ap¬ 
proach. While some conservationists focus on communities 
and ecosystems, many of the best-funded conservation 
efforts focus on single species. Indeed, much of our stron¬ 
gest conservation legislation, including the US Endangered 
Species Act, is designed to promote the protection and 
recovery of specific species. Behavioral and endocrine 
data can serve as powerful diagnostic tools to focus efforts 
on single-species conservation. 

Quantification of the behavioral or endocrine patterns 
of a species does not limit studies to organismal-level 
inquiry. Many critical ecological processes like pollination 
and seed dispersal are driven by patterns of behavior of a 
small set of species. An understanding of how environ¬ 
mental change impacts the behavior and endocrinology of 
a keystone species could shed light on community com¬ 
position and the balance of the food web. For example, a 
change in browsing behavior by ungulates after reintro¬ 
duction of wolves {Canis lupus) into the northern Yellow¬ 
stone ecosystem had large effects on riparian vegetation 
structure and the ecosystem processes this vegetation 
structure affects. The change in ungulate behavior may 
have been potentiated by glucocorticoids, hormones often 
released in response to predators. 

For those concerned with the conservation of a species, 
the most salient variables are usually survival and repro¬ 
ductive success. Unfortunately, direct measures of survival 
or reproductive success are often time-consuming and 
expensive to obtain, particularly for long-lived species. 
Additionally, it may be difficult to interpret the effect of 
a particular environmental factor or management strategy 
on survival and reproductive success because these mea¬ 
sures represent the cumulative effects of multiple variables 
operating over extended time periods. Total experimental 
or statistical control over sufficient variables may be chal¬ 
lenging, given the typical constraints on study duration 
and sample size. In contrast, both behavior and hormonal 
responses can be temporally tied to a particular dis¬ 
turbance, making them preferable as response variables, 
especially when conducting controlled experimental ma¬ 
nipulations of the environment. 

Although animal behaviorists were historically somewhat 
peripheral to the development of conservation biology, 
behavior studies can have important conservation appli¬ 
cations. When managing for a threatened or endangered 


species, success or failure of a management action can 
hinge on understanding the behavior of that species. 
For example, in the late 1980s and early 1990s, a major 
California sea otter ( Enhydra lutris nereis) translocation 
effort failed because of a lack of knowledge about otter 
homing behavior: many of the otters returned to their 
capture location. Meanwhile, behavioral data finding that 
sea otters travel further offshore than originally suspected 
led to legislation limiting set-net fishing in the otter’s 
range, affording protection that ultimately contributed to 
population rebounds. Behavioral measures can also quan¬ 
tify disturbance impacts. Mexican spotted owl ( Strix occi¬ 
dentals lucida) behavior has been used to assess response to 
noise from helicopters and human recreation. 

Endocrine data can similarly inform conservation 
decisions. For example, endocrine profiles indicate that 
historical hunting of African elephants ( Loxodonta africana) 
continues to affect their physiology 20 years after the ban 
on the ivory trade was implemented. Females living in 
social groups altered by prior hunting activity and/or in 
close proximity to areas with high poaching risk have 
higher concentrations of glucocorticoid metabolites in 
their feces, indicating potential chronic stress. In addition, 
females living in social groups disrupted by hunting 
also have lower reproductive output, as measured by births 
and fecal reproductive hormone titers signaling pregnancy. 
These results indicate that the physiological effects of 
poaching can persist long after hunting is curtailed, making 
populations more susceptible to additional stressors. 

While both useful in their own rights, hormone and 
behavior measures complement each other well. Simulta¬ 
neously quantifying complementary response variables 
can be critical for an accurate assessment of environmen¬ 
tal impacts because evaluating either alone may be prob¬ 
lematic. Behavior often shows high individual variability 
in natural systems. High variation creates noise in datasets 
and necessitates large sample sizes to provide the power 
to detect a statistically significant signal. When dealing 
with threatened or endangered species, large sample sizes 
may not be feasible. Hormone titers, on the other hand, 
tend to be regulated within a narrow physiological range, 
resulting in less variation among the members of a popula¬ 
tion. Combining behavioral and hormonal data can be 
important because significant physiological changes some¬ 
times occur in response to a stressor in the absence of a 
behavioral response. For example, a fear response may 
cause temporary immobility. This behavior can be almost 


382 




Conservation Behavior and Endocrinology 383 


indistinguishable from relaxed daytime roosting and sleep¬ 
ing in species like the northern spotted owl (Strix occidenta¬ 
ls caurina). Behavioral data can provide the social context 
needed to properly interpret endocrine data. For example, 
glucocorticoids are often elevated during breeding. Such an 
elevation may complicate interpretation of response to an 
environmental variable if a proper social context is not 
established. 

Methodological Considerations 
Associated with Hormone Measures 

Common Hormone Measures 

Hormone titers are usually measured in blood or feces and, 
less commonly, in urine or feathers. By measuring hor¬ 
mones in blood, researchers can get an accurate endocrine 
profile of an individual at a discrete time point. However, 
the act of collecting a blood sample will inevitably alter the 
hormone profile of the research subject. Because steroid 
hormones are typically released in response to a cascade of 
other hormones and must be synthesized de novo immedi¬ 
ately prior to release (they are membrane-soluble and 
cannot be stored in vesicles), titers do not change instanta¬ 
neously. This delay allows a small window of time for 
researchers to collect blood with hormone profiles that 
represent a precapture baseline. The window is rarely 
longer than 3 min and many researchers prefer to collect 
blood within 1 min of capture, if possible. Typically, hor¬ 
mones can be measured in tiny volumes of blood and most 
animals recover quickly from sampling. 

Researchers often take advantage of the dynamic nature 
of plasma hormone concentrations by collecting a series of 
blood samples to provide a profile of response to a given 
agent. For example, those studying stress biology typically 
use a series of samples collected postcapture to assess 
responsiveness of the hypothalamic-pituitary-adrenal 
(HPA) axis (the ‘stress response’; Figure 1). The HPA 
axis is the system responsible for secreting adrenal steroids 
(Figure 2). A similar challenge involves collecting blood at 
regular intervals after administering an injection of a 
releaser hormone. In the case of the HPA axis, an injection 
of adrenocorticotropic hormone (ACTH) tests the respon¬ 
siveness of the adrenal gland to the pituitary peptide that 
stimulates glucocorticoid synthesis and release. This chem¬ 
ical challenge can be critical for establishing whether 
responsiveness to a specific stressor is reduced (e.g., habit¬ 
uation to tourists) or whether the entire system has been 
downregulated - a situation that could be disadvantageous 
in the face of further stressors. 

Measuring hormone metabolites in feces can achieve 
an integrated portrait of steroid secretion over time. The 
duration of the time interval varies with rates of both 
metabolism and digestion. The primary advantage of fecal 
hormone measures is that they provide a less invasive 



Figure 1 A generalized profile of a standard stress series in 
which plasma glucocorticoids (GCs) are measured at set 
intervals (represented by solid circles) in an individual after or 
during a challenge to the hypothalamo-pituitary-adrenal axis. 
Common challenges include capture and restraint or injection 
with adrenocorticotropic hormone. Features of the stress series 
valuable for comparisons include (a) the baseline level of 
glucocorticoid (measured within 3 min of capture and prior to 
injection); (b) the maximum level measured; (c) the rate of 
increase from baseline to max; and (d) the integrated area under 
the curve. 


alternative to taking blood samples. Capture is not 
required, and, in some cases, free-ranging animals need 
not come into contact with researchers. Employing dogs 
(Canis lupus familiaris) trained to locate the feces of a focal 
species by scent is one effective way to obtain a large 
number of samples in a relatively short period of time. 

Another advantage to fecal hormone measures is that 
the integrated hormone profile provided by the sample can 
be a more sensitive and accurate way to assess condition. 
For example, it may take a week to determine that a female 
baboon is pregnant from measures of estrogen and proges- 
tins in her plasma, but only 4 days from fecal measures of 
the same hormones. This discrepancy is due to the pulsatile 
secretion of the relevant reproductive hormones. Hormone 
pulses may be missed in blood draws, but accumulate 
enough to be detected in feces. Drawbacks to fecal steroid 
measures are that metabolites may vary with factors like 
sex and diet and may pose methodological challenges for 
assays. Extensive validations are required for each new 
species in which fecal hormone measures are employed. 

Interpretation of Endocrine Data 

The concentration of hormones circulating in the plasma 
or present in fecal matter can be measured with high 
precision. However, the fact that measurement of hor¬ 
mone titers is precise does not equate to the interpreta¬ 
tion of hormone titers or fluctuations being equally 
precise. Hormone titers vary markedly among species. 
They are modulated on seasonal and daily cycles to pro¬ 
mote and support various life history stages and in 
response to predictable changes in the environment. In 
addition, hormone titers can change rapidly, necessitating 
careful sampling procedures to accurately portray the 
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Figure 2 The hypothalamo-pituitary-adrenal (HPA) axis 
translates metabolic or psychological stress experienced by an 
individual into increased levels of glucocorticoids (GCs), cortisol 
or corticosterone depending on species. Secretion of GCs from 
the adrenal glands (or interrenal tissue in fish and amphibians) is 
stimulated by adrenocorticotropic hormone (ACTH). The release 
of ACTH from the anterior pituitary is stimulated by corticotropin 
releasing factor (CRF) from the hypothalamus. In the context of 
stress physiology, circulating GCs alter behavior and metabolism 
in a way that enhances the ability to cope with stressors. Other 
effects of GCs include suppressing the production of CRF and 
ACTH through negative feedback. At any point along the HPA 
axis, receptor sensitivity may be modulated to increase or 
decrease physiological responsiveness to stress. Conservation 
biologists must be careful to interpret levels of plasma or fecal 
GCs in the proper context before forming conclusions about the 
degree of stress an animal is facing. Low GC titers do not always 
signal adequate coping, as they sometimes signify a breakdown 
in coping mechanisms. Similarly, high GCs are not always 
detrimental to fitness, as increased energetic demands 
associated with breeding may elevate GCs. GC levels also vary 
by season, sex, social status and other factors. 

range of baseline hormone titers in a population. Finally, 
due to temporal and individual variation in receptor types 
and densities, enzyme concentrations, and binding protein 
concentrations, the response of an individual to the same 
concentration of a given hormone can differ among spe¬ 
cies and individuals and in the same individual over time. 
To deal with these challenges in collecting and interpret¬ 
ing endocrine data, endocrinologists typically design 
studies as experiments (manipulative experiments or nat¬ 
ural experiments), allowing them to isolate the hormone 
change to treatment alone. Hormone measures collected 


without a control group are difficult to interpret for the 
myriad reasons why absolute hormone concentration 
change. When a control group is not available, it is impor¬ 
tant to at least control statistically for factors such as sex, 
life history stage, and season. 

The link between hormones and behavior is undeniable. 
However, it is a misconception that hormones can cause 
certain behaviors. Instead, under the right circumstances, 
hormone concentrations potentiate specific behaviors, 
making them more likely to be expressed. Understanding 
this subtle difference in the link between hormones and 
behavior is crucial for those who simultaneously measure 
hormones and behavior, particularly in the context of con¬ 
servation and when informing management decisions. 

An Introduction to the Hormones Most 
Relevant to Conservation 

Glucocorticoids are the hormones most commonly 
employed in studies of conservation relevance. They are 
steroid hormones produced by the adrenal or, in many fish 
and amphibians, interrenal glands in response to signals 
from the pituitary and hypothalamus. The primary gluco¬ 
corticoid in a species depends on its taxonomy: amphibians, 
lizards, birds, and some mammals (e.g., rodents) primarily 
produce corticosterone while most fish and other mammals 
(e.g., humans) produce cortisol. Glucocorticoids play two 
important roles in the body, depending on circulating 
hormone titers. Their primary role is basic energy regula¬ 
tion. At low to moderate levels, glucocorticoids influence 
feeding behavior and act on tissues to maintain adequate 
circulating levels of glucose and free fatty acids. At high 
levels, glucocorticoids orchestrate the physiological and 
behavioral changes associated with the emergency 
response and ‘stress.’ When experienced over short-term 
exposure (minutes to hours), high glucocorticoid concen¬ 
trations can promote the behavioral and physiological 
changes needed to cope with unexpected challenges and 
can suppress behaviors that would otherwise distract the 
individual from survival. The effects of high glucocorticoid 
concentrations change with the duration of exposure. With 
long-term exposure (days to weeks), high glucocorticoid 
concentrations can be detrimental to health and fitness via 
altering both physiology (e.g., suppressing the immune 
system, growth, and metamorphosis) and behavior (e.g., 
inhibiting reproductive behavior). 

Conservation biologists use measures of glucocorti¬ 
coids to assess population health for two primary reasons. 
First, levels of glucocorticoids vary with a range of envi¬ 
ronmental factors such as food abundance, predator den¬ 
sity, and anthropogenic disturbance. Second, in some 
species, glucocorticoids have been shown to predict 
survival and/or reproductive success, sometimes with 
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excellent accuracy. For these reasons, glucocorticoids 
have the potential to make valuable response variables in 
studies of disturbance impacts. 

Reproductive Steroids 

Nearly all vertebrates have evolved sensitivity to environ¬ 
mental cues that helps them time breeding to maximize 
the likelihood of successfully rearing offspring and mini¬ 
mize risks to survival. Predictable cues that change little 
on an annual basis, like day length, are often used to 
prompt reproductive development well in advance of 
the time when young emerge or first establish indepen¬ 
dence. Fine-tuning of reproductive timing occurs in 
response to more annually variable factors such as tem¬ 
perature, plant growth, food abundance, body condition, 
and/or social cues. Signs of unfavorable conditions may 
signal to an animal to postpone reproduction or abandon 
the current effort and wait until the situation improves 
to try again. 

The unconscious ‘decisions’ that an animal makes about 
when to breed and how much to invest in parental care 
are mediated by perception of the environment and then 
neural transduction into a range of peptide and steroid 
hormone secretions including gonadotropin releasing 
hormone (GnRH), lutenizing hormone (LH), follicle- 
stimulating hormone (FSH), kisspeptin, testosterone, estro¬ 
gen, progesterone, and corticosterone or cortisol. These 
systems can have profound implications for conservation 
because some are more flexible than others, effecting how 
easily an individual may be able to cope with global change. 
Signals from the environment that conditions are favorable 
for breeding result in the release of GnRH from the hypo¬ 
thalamus, which in turn releases LH and FSH from the 
pituitary (Figure 3). LH and FSH coordinate the matura¬ 
tion of gonads and gametes. Once mature, gonads release 
sex steroids like estrogen and testosterone that mediate 
expression of secondary sex characters and sexual beha¬ 
viors, like courtship and territorial defense. For species 
with dependent young, levels of sex steroids often fall and 
levels of progesterone rise later in breeding to promote 
investment in parental care. When attempting to assess 
reproductive status, steroids like testosterone and estrogen 
can serve as valuable response variables and can provide a 
direct index of reproductive condition. LH and FSH may 
also be useful measures, but are often more challenging to 
work with given the relative instability of the peptide 
hormones. 

The dual objectives of survival and reproduction often 
impose energetic trade-offs on individuals that are 
mediated through hormones. At any stage in breeding, 
unfavorable conditions may interrupt sexual maturation 
or breeding efforts. Interruptions are often reflected in sex 
steroid titers. For example, reproductive dysfunction in 
captive animals can be diagnosed with sex steroid profdes. 



effects 

Figure 3 The hypothalamo-pituitary-gonadal (HPG) axis 
controls the release of sex steroids from ovaries and testes. 
Gonadotropin releasing hormone (GnRH) from the hypothalamus 
stimulates the release of luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH) from the anterior pituitary. LH and 
FSH stimulate the gonads to produce estrogen, testosterone, 
and other sex steroids. Reproduction can be suppressed by the 
inhibitory effects of glucocorticoids (GCs) on sensitivity of the 
anterior pituitary to GnRH and of the gonads to LH and FSH. 
Corticotropin releasing factor also decreases the sensitivity of 
the gonads to LH and FSH. These inhibitory effects are 
modulated by a host of neurotransmitters. 

Interruptions are usually mediated by increases in gluco¬ 
corticoids, which suppress reproductive steroids. By com¬ 
bining measures of sex steroids with glucocorticoids, one 
can more accurately determine whether environmental 
stressors are severe enough to suppress reproduction. 
Environmental stressors can include anything from low 
food abundance to prolonged storm to disturbance by 
humans. For example, HPA and HPG systems can be 
used to determine whether population decline is a result 
of stress or failure of a modified environment to provide 
the correct cues for timing of breeding. 

Another example of a trade-off between survival or 
investment in self and reproduction is the immunosup¬ 
pressive effects of testosterone. The relationship between 
testosterone and immune function remains an area of 
active research. Artificially increasing testosterone may 
decrease immune activity in birds, for example. Field 
studies also show that testosterone and immune function 
inversely co-vary, and inducing immune activity can 
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decrease testosterone. From an evolutionary standpoint, it 
might be adaptive for testosterone to suppress immune 
function. An animal with a short window in which to 
establish a territory and attract a mate (behaviors depen¬ 
dent on increased testosterone) may not be able to afford 
the time or available energy to launch the behavioral and 
physiological defenses associated with responding to infec¬ 
tion. Furthermore, some speculate that increased disease 
pressure may be one reason that birds in the tropics or in 
colonies have generally lower peak testosterone levels than 
territorial birds breeding at higher latitudes. 

Thyroid Hormones 

Thyroid hormones are measured less commonly, but 
potentially provide a valuable index of nutritional condi¬ 
tion, particularly when more integrated measures are 
taken from fecal metabolites. Thyroid hormones are deri¬ 
vatives of tyrosine produced by the thyroid gland. They 
act on almost every cell of the body to modulate metabo¬ 
lism. While thyroxine (T4) is the most prevalent thyroid 
hormone in the body, triiodothyronine (T3) is more bio¬ 
logically active and relevant to nutritional state. As food 
becomes scarce, T3 levels tend to drop, lowering the 
metabolic rate to help conserve reserves. Conversely, 
high T3 indicates ample nutrition. Thyroid hormone 
can be particularly valuable when testing hypotheses 
about the causes of decline in a sensitive species. For 
example, in a recent unpublished example, a population 
of killer whales (Orcinus orca) in the Pacific Northwest 
showed significantly lower average fecal T3 levels in 2008 
compared to 2007. In 2008, populations of their preferred 
prey (Chinook salmon, Oncorhynchus tshawytscha) crashed 
on the west coast and the killer whale population suffered 
an approximate 8% decline. This result lends support to 
the hypothesis that food scarcity is a significant contribut¬ 
ing factor to decline in this endangered population. 


Organizational Versus Activational 
Hormone Effects 

Hormone actions are broadly grouped into two categories: 
organizational and activational. At specific critical stages of 
development, hormone actions influence neural circuitry 
and tissue differentiation in a permanent way, having what 
is known as organizational effects. x4 classic example is the 
organizational effect of testosterone on mammalian males, 
without which the development of external genitalia would 
not occur. In contrast to organizational effects, activational 
effects of hormones are transitory or reversible. The role 
that testosterone plays in potentiating song in birds is an 
example of its activational effect. From a conservation 
or management perspective, it is important to recognize 


that the effects of exposure to contaminants that mimic 
hormones or disturbances that alter endogenous hormones 
will be very different depending on the window of devel¬ 
opment in which the exposure occurs. 

Temperature-Dependent Sex Determination 

The organizational effects of hormones are sometimes 
temperature dependent, with many reptiles exhibiting 
temperature-dependent sex determination. Such sensitiv¬ 
ity may pose a conservation concern as temperatures 
increase globally and humans alter the landscapes of tra¬ 
ditional nesting grounds. Conservationists have learned 
the hard way that understanding the basic physiology of 
a species is critical to captive breeding. In the 1970s, 
thousands of sea turtle eggs were taken from the wild and 
incubated artificially at temperatures that were later rea¬ 
lized to produce only males. By releasing thousands of 
surplus males into the population, researchers increased 
intraspecific competition but not the reproductive capac¬ 
ity of the population, likely having the opposite effect on 
the population demography of what they had intended. 
Today researchers note a surplus of female hatchlings in 
many sea turtle populations, a consequence of increasing 
temperatures related to global change and, in some parts of 
the world, also to a reduction in shade due to deforestation. 

Maternal Effects 

A mother’s circulating hormones have important organi¬ 
zational effects in many species of vertebrate from mam¬ 
mals to fish. For egg-laying vertebrates, yolk is a source of 
maternal steroids, and yolk hormone titers positively cor¬ 
relate with maternal titers. In several species, elevated 
maternal glucocorticoids translate into reduced fitness 
for offspring: young exposed to high maternal glucocorti¬ 
coids during gestation are incapable of achieving maximal 
reproductive output as adults. It has been posited that this 
transgenerational effect of stress is one factor responsible 
for the crash seen in hare (Lepus americanus) populations 
after periods of high predator density. Similarly, female 
birds with elevated glucocorticoids hatch young that grow 
more slowly. In contrast to the negative influences of 
maternal glucocorticoids, mothers that deposit more 
androgens in their eggs often have offspring that grow 
faster and show other traits associated with high fitness. 

These maternal effects emphasize that the conse¬ 
quences of disturbance may be intergenerational and 
may persist even after the source of disturbance has 
been removed from the environment. When assessing 
the impacts of an environmental factor on a population, 
it can be important to consider maternal effects. Similarly, 
the potential for maternal effects should be evaluated in 
captive breeding programs when suboptimal conditions 




Conservation Behavior and Endocrinology 387 


experienced by the mother during yolk formation or 
gestation may decrease the reproductive potential of 
her offspring. 

Reproduction 

As environmental cues are altered by processes like 
urbanization, development of agricultural lands, pollu¬ 
tion, and global climate change, reproduction may be 
impaired or postponed indefinitely in an animal that has 
evolved to ‘expect’ that conditions are likely to improve. 
In some cases, altered environments expose animals to 
negative stimuli, or stressors, which increase glucocorti¬ 
coids and suppress reproductive steroids, disallowing or 
effectively aborting reproductive efforts. In other cases, 
altered environments simply fail to provide the stimulat¬ 
ing cues necessary for full initiation of reproduction. In 
either case, hormone measures can help identify which 
individuals are experiencing stress or lacking stimulatory 
cues and can also help identify which environmental 
factors are responsible for the reproductive failure. 

Captive Breeding 

One of the earliest applications of conservation endocri¬ 
nology and its intersection with behavior was supporting 
successful breeding of species in captivity. Captive breed¬ 
ing programs are integral to the conservation of many 
species whose numbers have dropped precariously in the 
wild. However, captive breeding efforts may be compli¬ 
cated by the fact that animals are sensitive to the environ¬ 
mental cues needed to initiate breeding. Fecal hormone 
measures can help identify periods of fertility and increase 
chances of fertilization. Fecal steroid measures can also 
be used to compare the hormone profdes of individuals 
with varying degrees of reproductive output. For example, 
in captive, endangered great hornbills ( Buceros bicornis), 
females that lay eggs have different estrogen and cortico¬ 
sterone levels than females that do not lay eggs. Such 
results can provide a noninvasive method for assessing 
whether environmental enrichment is satisfactory to initi¬ 
ate breeding and help managers target activities to improve 
breeding success. Or, when a pair fails to mate, hormone 
measures may be used to determine whether one or both 
members have matured to full reproductive capacity. In 
more extreme cases, infertility relating to hormone disor¬ 
ders may be treated with the therapeutic application of 
exogenous hormones. Conversely, endocrine therapies 
have also been used successfully to suppress reproduction 
in invasive or pest species whose numbers have expanded 
in altered environments. 

Because endocrine systems have been relatively well- 
conserved throughout evolution, it is often possible to use 
knowledge from a common species to inform manage¬ 
ment of a closely related endangered species. For exam¬ 
ple, hormone samples collected from multiple breeding 


individuals of the common black-headed ibis ( Threskiornis 
melanocephalus) were used to create a generalized endo¬ 
crine profde to compare with isolated samples from the 
highly endangered Japanese crested ibis ( Nipponia nippon). 
This approach was used to promote captive breeding of 
the crested ibis after all eight known individuals were 
taken into captivity. In addition, the promising results of 
initial gonadotropin application in promoting breeding of 
a another related ibis species (. Eudocimus ruber) suggest that 
the approach may be successful for the crested ibis as well. 
Toward that end, genes for gonadotropins and FSH have 
been cloned in the crested ibis. This molecular technique 
makes possible the production of sufficient quantity of 
hormone for therapeutic purposes. 

Coping with Change and Uncertainty 

There is little dispute in the scientific community that 
humans are changing the environment in profound ways. 
Behavioral and endocrine data can be used to assess the 
effects of these changes on free-living animals and possi¬ 
bly to predict responses to future change. Here we explore 
the impacts of global climate change and anthropo¬ 
genic use and modification of habitat on behavior and 
endocrinology. 

Impacts of Tourism and Recreation 

The nature of animals’ response to human activities is 
variable and can change with repeated exposure. In 
some instances, human activities displace individuals 
from preferred habitat and change feeding behaviors 
and movement rates. For example, many animals flee 
from vehicles and some avoid areas with vehicle activity. 
While exposure to vehicles correlates with elevated fecal 
glucocorticoids in animals ranging from grouse ( Tetrao 
tetrix) to elk ( Cervus canadensis) and wolves (C. lupus), it 
does not in other animals such as the grizzly bear ( Ursus 
arctos horriblis). Repeated exposure to an inescapable, nox¬ 
ious stimulus can induce habituation. Habituation results 
in an animal attenuating its response to or no longer 
responding to the noxious stimulus - in this case, expo¬ 
sure to humans. While behavioral habituation has been 
well documented, only a handful of studies have si¬ 
multaneously documented behavioral and endocrine 
habituation. 

Tourism 

Research to date indicates that behavioral and physio¬ 
logical habituation often do not parallel each other. For 
example, an animal can seem calm in response to a human 
visitor, but simultaneously experience physiological 
change. Early studies of this disconnect between behavior 
and physiology focused on heart rate. For instance, some 
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incubating sea birds do not respond behaviorally to human 
presence but do increase heart rate. Research on heart rate 
in wild animals is enjoying new popularity given recent 
technological advances. 

Over the past decade, researchers have documented 
how exposure to tourists affects behavior, hormone levels, 
and the endocrine response to stress. Naive animals typi¬ 
cally respond to tourists with both a behavioral reaction 
and an increase in glucocorticoids. With continued, pre¬ 
dictable exposure to tourists, adults typically stop 
responding behaviorally or hormonally to tourists, indi¬ 
cating habituation. However, physiological habituation to 
tourist exposure may not always be complete and may not 
occur at all life stages. For example, while Magellanic 
penguins ( Spheniscus magellanicus) can behaviorally habit¬ 
uate to tourists, tourist-visited hatchlings and adults have 
a different glucocorticoid response to a standardized 
stressor than unvisited birds. Furthermore, the nature of 
this HPA-axis change differs between life stages: the stress 
response in tourist-visited birds is increased in hatchlings 
and decreased in adults. Magellanic penguins are not a 
unique case; the stress response is also decreased with 
chronic exposure to tourists in adult marine iguana, 
Amblyrhynchus cristatus , and increased in juvenile hoatzin, 
Opisthocomus hoazin. While the effect of altered HPA-axis 
sensitivity to stressors is unclear, these data indicate 
that behavioral and physiological habitation can be 
dissociated. 

Hunting 

Ecotourism aims to disturb the observed animals as little 
as possible, but hunting, another common recreational 
activity, does not. Whether animals are able to habituate 
to hunting activities can be assessed by behavioral and 
endocrine data collected in tandem. For example, endo¬ 
crinology can give insight into (1) whether the behavioral 
changes that result from hunting have negative health 
impacts or (2) whether physiological changes in response 
to hunting occur without alterations in behavior. To 
exemplify these points, we consider two studies on how 
chase by domestic dogs affects hunted prey. Data on 
cortisol and a suite of other physiological measures indi¬ 
cate that prolonged escape behavior (average of about 3 h) 
in red deer ( Cervus elaphus) causes great physiological and 
psychological stress. These data indicate that there is 
indeed a physical and, likely, psychological cost to the 
deer of engaging in this unusual behavior. Exemplification 
of the second point: when cougars (Felis concolor ) are 
chased repeatedly by hunting dogs, they display similar 
patterns of escape behavior as cougars chased just once. 
While the behavior of these animals is not changed, 
repeated chases cause cougars to downregulate their 
stress axis, potentially impairing their ability to respond 
appropriately to other stressors. 


Beyond the direct impacts of hunting on the individual, 
hunting can also influence gregarious animals by remov¬ 
ing members of their social group. Changes in group size, 
composition, and social hierarchy can cause changes in 
hormone levels and behavior. For example, glucocorticoid 
levels are related to group size in a variety of organisms 
from ring-tailed lemurs ( Lemur cattd) to cliff swallows 
(Petrochelidon pyrrhonota). In African elephants, glucocorti¬ 
coids are impacted by the relatedness of individuals in the 
group and the age of the group’s matriarch. If the matri¬ 
arch is removed by poaching, other members of the dis¬ 
rupted family group show higher glucocorticoids and 
reduced reproduced success more than a decade later. 
Finally, an individual’s social rank can impact both gluco¬ 
corticoid and reproductive hormone titers. 

Habitat Modification 

Changes in habitat quality can induce changes in both 
behavior and hormone titers. For example, most studies 
find a positive relationship between habitat disturbance 
(e.g., urbanization, forest fragmentation, forestry activ¬ 
ities) and glucocorticoids. Increases in glucocorticoids in 
response to habitat disturbance can be due to alterations 
in physical features (e.g., wind, solar radiation, predator 
pressure) and/or biological features of the environment 
(e.g., food availability and quality, predator abundance). 
However, it should be noted that some studies fail to find 
a relationship between glucocorticoid titers and the 
degree of habitat disturbance or, in fact, find a negative 
relationship between glucocorticoids and disturbance. 
The variety of possible results indicates that the response 
to habitat quality can depend on the limiting factors for 
the focal species, can be context dependent within and 
among species, and can be influenced by genetics and/or 
ontogeny. For example, the nature of the endocrine 
response to habitat change may be influenced by each 
individual’s coping style (proactive or reactive) and the 
proportion of each coping style in the population: indivi¬ 
duals that adopt increased tameness often dampen their 
glucocorticoid stress response. 

Crowding 

In some cases, habitat disturbance is great enough to make 
an area uninhabitable for a given species. As animals 
invade areas with suitable habitat, crowding can occur. 
Crowding typically induces agonistic behavior in both 
males and females, which can increase glucocorticoid 
titers and hormones related to aggression and inhibit 
reproductive physiology and behavior in adults. Crowd¬ 
ing can also influence maturation in juveniles, increas¬ 
ing metamorphosis-inducing hormones in amphibians 
and decreasing sexual maturation in some mammals. 
The loss of habitat can have special consequences for 
territorial animals. Territory loss affects not only the 
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individuals who need to find a new territory, but also 
territory owners who are challenged by the influx of new 
individuals. Engaging in territorial challenges can increase 
both glucocorticoids and testosterone. Alternatively, loss of 
habitat can reduce the expression of territoriality, which 
then modifies other behaviors, such as food caching. 

Predator density 

The impact of predators on their prey has been well- 
studied by behaviorists and endocrinologists. Data from 
these studies are applicable to conservation questions 
because invasive species often modify the predator-prey 
balance of ecosystems and the removal of top predators 
from ecosystems via hunting and habitat fragmentation 
can increase the abundance of meso-predators. Direct 
chase is the most obvious way that predators interact 
with their prey, but the sight or sound of attacks on others, 
the sight of the predator itself, and the presence of preda¬ 
tor signs can also precipitate changes in physiology and 
behavior. The presence of predators can alter where and 
on what animals feed and the amount of time spent being 
vigilant, engaging in hiding and escape behaviors, giving 
warning calls, and mobbing. The presence and abundance 
of predators positively correlates with baseline and stress- 
induced glucocorticoids and fecal glucocorticoid metabo¬ 
lites. However, this response can depend on the type of 
predator (predator of self vs. of young) and the animal’s 
ability to engage in escape behavior - namely, whether 
the animal perceives the predator as a threat and how 
serious the threat is considered. 

The few studies that have simultaneously measured 
the behavioral and endocrine response to predators have 
all confirmed that behavioral modifications typically co¬ 
occur with elevated glucocorticoids. However, as with 
exposure to tourists, the endocrine response to predators 
can be dissociated from the behavioral response. For 
example, mobbing can occur without an increase in glu¬ 
cocorticoids, and some animals will increase glucocorti¬ 
coids in response to a predator call without changing their 
behavior. In certain cases, elevated glucocorticoid titers 
released in response to predators are high enough to 
inhibit the production and release of reproductive hor¬ 
mones, such as testosterone, and can inhibit or delay 
reproductive behavior and/or activity. 

Pollution 

Over the past few decades, accumulating evidence from 
field and laboratory studies has associated exposure to 
environmental contamination with altered reproductive 
physiology in wildlife and humans. Specific contaminants 
known to affect endocrine systems are commonly refer¬ 
red to as endocrine disruptors. These compounds in¬ 
clude pesticides, plasticizers (phtalates), flame retardants 
(polychlorinated biphenyls (PCBs) and polybrominated 


diphenyl ethers (PBDEs)), industrial pollutants (heavy 
metals, dioxin), pharmaceutical agents (ethylestradiol 
from birth control pills), and surfactants (octylphenol 
and nonylphenol). Their effects range from altering the 
morphology of the gonads and sex organs to increasing 
the incidence of intersex individuals. They are also cred¬ 
ited with reducing gamete production and fertility and 
decreasing hatching success and juvenile survivorship. 
Many of the effects of endocrine disruptors are likely 
organizational and therefore irreversible. In some cases, 
effects on methylation and other processes that effect 
gene expression may be passed on to subsequent genera¬ 
tions. For all these reasons, endocrine disruptors may have 
significant population level impacts on reproductive suc¬ 
cess even at sublethal doses. 

Endocrine disruptors may either stimulate or repress 
the effects of an endogenous steroid. When acting as an 
agonist, hormone mimics bind a receptor and initiate the 
secondary messenger pathways responsible for hormonal 
action at the cellular level. When acting as an antagonist, 
an endocrine disruptor sits inert on the receptor and 
blocks binding of the appropriate hormone. 

It is the nature of hormones to work at miniscule 
concentrations on the order of parts per million. During 
critical developmental stages, animals are extremely sen¬ 
sitive to any compounds that bind hormone receptors. 
While steroids like estrogen may circulate in the body at 
concentrations much higher than those of environmental 
contaminants, they are often bound to binding globulins 
that regulate their interaction with receptors. In contrast, 
hormone mimics like DDT are not bound by globulins 
and are therefore free to bind receptors whenever they 
enter the bloodstream. For this reason, endocrine disrup¬ 
tors may have biologically significant effects at concen¬ 
trations much lower than those of circulating endogenous 
hormones. On the other hand, many endocrine disrupting 
compounds (EDCs) bind with much lower affinity to 
receptors than hormones. For these, much higher concen¬ 
trations of EDCs may be needed. 

Toxicity studies can be notoriously difficult to conduct 
in the field, but are important to conservation. In natural 
systems, interactions among environmental contaminants, 
endocrine systems, and behavior may have direct and 
indirect population-level impacts impossible to predict 
from laboratory studies alone. Feeding is one example of 
a behavior that may alter exposure to contaminants in a 
natural system. In some cases, animals may preferentially 
forage in areas of heavy compound accumulation or eat 
at trophic levels that increase exposure through bioaccu¬ 
mulation. Alternatively, feeding behavior itself may be 
altered by toxic exposure. For example, animals may 
avoid foraging in contaminated areas or may need to 
forage more actively to cope with metabolic demands 
imposed by exposure to toxins. In either case, individuals 
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may be at higher risk of malnutrition or predation and 
may have fewer resources to devote to parental care as a 
result of sublethal contamination. 

Climate change 

Climate change will alter habitat quality, but will also 
increase the severity of extreme weather events and dis¬ 
ease incidence. Unusually high temperatures and unpre¬ 
dictable and unexpected stormy weather, including low 
temperatures and high precipitation and wind, can cause 
increased baseline glucocorticoids levels and an elevated 
stress response. The extent to which poor weather condi¬ 
tions elevate glucocorticoid levels may depend on the 
life-history stage of the individual. For example, the cor¬ 
relation between weather patterns and glucocorticoids in 
arctic-breeding songbirds is high during molt and can be 
less strong or absent during breeding. The endocrine 
response to severe weather events can also cause signifi¬ 
cant and severe declines in reproductive hormones, such 
as testosterone. Via affects on reproductive hormones, 
such events can potentiate decreases in aggressive beha¬ 
viors, deactivation of territoriality, suspension of social 
hierarchies, and formation of groups or flocks. Other 
prolonged climatic perturbations such as drought can 
cause similar effects. 

Animals have two behavioral strategies for dealing 
with severe weather: ‘take if or ‘leave it.’ Glucocorticoid 
titers can facilitate behaviors that promote either strategy. 
In the ‘take it’ strategy, glucocorticoid titers intensify the 
search for food and, when food is available, indicate that 
resources are sufficient to ride out the weather event in a 
refuge from the storm. This ‘decision’ may also be depen¬ 
dent on internal energy stores. When food is not available 
during a weather event, glucocorticoid titers prompt 
abandonment of the territory or locale and escape to 
areas where, potentially, conditions are better. Such irrup- 
tive migrations have been observed in many highly 
mobile taxa. The return to territories after severe weather 
events can also be linked to glucocorticoid titers. 

Disease 

As temperatures increase and in some locales, conditions 
become wetter, pathogens and their vectors will invade 
new areas and may increase in abundance, affecting dis¬ 
ease prevalence and transmission. Diseases can cause a 
wide range of behavioral changes in animals, ranging 
from lethargy to mania. They can influence feeding behav¬ 
ior (e.g., diet choice and quantity of food consumed), 
reproductive behaviors, and attractiveness. The causal 
direction of the relationship between infection and altera¬ 
tions of hormone titers is not fully understood. For exam¬ 
ple, given that high glucocorticoid or testosterone titers 
may be immunosuppressive, high levels of these hormones 
could increase the likelihood of infection. In some cases, 
infections can also influence hormone titers. Pathogen 


infection often results in an increase in glucocorticoid 
titers, in which case behavioral changes may include 
those induced by the pathogen (e.g., feeding behavior), 
potentiated by glucocorticoids themselves (e.g., suppres¬ 
sion of territoriality), and related to the decline in repro¬ 
ductive hormones caused by high glucocorticoid titers 
(e.g., fewer courtship behaviors). 

Conclusion 

In any conservation effort, time and resources are at a 
premium. While long-term demographic patterns are 
critical to an accurate evaluation of population health, 
most conservation researchers do not have the luxury of 
tracking survival and reproductive success over an ade¬ 
quate time span and collecting enough samples to evalu¬ 
ate the efficacy of specific management strategies. Even in 
systems where excellent demographic data have been 
collected, it is often impossible to determine the relative 
impacts of the disparate pressures. For this reason, behav¬ 
ioral and endocrine response variables can be invaluable 
as proxies for measures more directly related to lifetime 
fitness. Changes in behavior and hormone profiles can be 
directly linked to environmental factors in controlled 
experimental manipulations or in natural correlative ex¬ 
periments. Potentially, these measures will allow impacts to 
be assessed and management strategies implemented or 
modified before significant population declines occur. 

Experience has shown that basic biology is fundamen¬ 
tal to successful management and conservation efforts. At 
the same time, the current rate of global change makes 
conservation a pressing issue for any biologist. We hope 
that those with a background in behavior or endocrinol¬ 
ogy will conduct studies that may inform conservation 
efforts. We also hope that those involved with manage¬ 
ment will incorporate behavior and hormone data in 
their adaptive conservation efforts. At this stage, the 
theoretical frameworks guiding environmental endocri¬ 
nology, specifically stress physiology, and the interaction 
between hormones and behavior in free-living animals 
are still being actively developed. The better we under¬ 
stand how changes in individual- or population-level 
behavioral patterns and endocrine profiles translate into 
changes in population ecology and demography, the bet¬ 
ter we will be able to assess the effects of environmental 
change and channel our limited resources to protect 
biodiversity. 

See also: Conservation and Animal Behavior; Conserva¬ 
tion and Behavior: Introduction; Endocrinology and 
Behavior: Methods; Field Techniques in Hormones and 
Behavior; Hormones and Behavior: Basic Concepts; 
Vertebrate Endocrine Disruption. 
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Introduction 

The intersection between invasion biology, parasitology, 
and animal behavior is, at its most basic, an interaction 
among two species: an invasive parasite may adapt to a 
native host, or an invasive host could become infected 
with a parasite. The reality, as is often the case with animal 
behavior, is typically more complex, involving multiple 
host species and/or multiple parasite species. Examination 
of interactions among multiple species - and the behaviors 
that guide them - requires a community-wide approach. 
The mechanisms influencing a biological community, 
including parasitism, predation, and competition, must be 
taken into account as well. 

A seminal experiment that first examined the dynam¬ 
ics of a parasite’s effect on species interactions was com¬ 
pleted by Thomas Park in 1948. Over a period of 4 years, 
211 populations of flour beetles where sustained in a 
laboratory. These populations consisted of two species, 
Tribolium confusum or T. castaneum , which were either 
maintained alone or in mixed species colonies. Mixed- 
species colonies displayed marked competitive interac¬ 
tions, with one species always going extinct during the 
experiment. Park also added a naturally occurring proto¬ 
zoan parasite to some mixed-species populations and the 
results were striking: T. castaneum often went extinct when 
the parasite was present, but T. confusum died out when the 
parasite was absent. These were the first results to dem¬ 
onstrate the existence of parasite-mediated competition, 
leading to a flurry of research on parasites and their 
ability to regulate host populations, thus influencing the 
structure of biological communities. 

There are now several examples of host and/or para¬ 
site behavior influencing competitive interactions among 
invasive and native species. Unlike the naturally occurring 
species in Park’s experiments, an invasive species is gener¬ 
ally defined as a nonnative species that spreads rapidly once 
established, with the potential to cause economic or envi¬ 
ronmental harm. Many species are introduced to new 
regions, but they are not necessarily invasive. The following 
case studies all involve species that have become invasive. 

Parasite-Altered Behaviors and Invasion 

For instance, take the thorny-headed acanthocephalan par¬ 
asite, Pomphorhynchus laevis (the literal translation of the 
genus name is blister-snout, referring to the bulb-like 


front end, which is covered with spiny projections). This 
parasite lives in freshwater environments and the larval 
forms infect small aquatic crustaceans called amphipods. 
These infected amphipods must then be consumed by a 
fish in order for the adult form of the parasite to mature. 
Amphipods infected with the acanthocephalan exhibit 
behaviors that differ from their uninfected counterparts. 
For example, infected amphipods will often move toward 
light - or at least will not shy away from it like uninfected 
individuals - and this increases their chances of being 
preyed upon by fish. Other altered behaviors in P. laevis- 
infected amphipods include changes in antipredator behav¬ 
ior, and more conspicuous coloration. These changes have 
been shown to benefit the parasite, which requires a fish 
host to complete its life-cycle, but represents the ultimate 
cost for the amphipod. This particular acanthocephalan 
parasite is somewhat of a generalist, and it can infect several 
species of amphipod; however, the altered host behaviors 
that come along with the parasite are not necessarily con¬ 
sistent across host species. 

In France, Bauer and colleagues examined a nonnative 
amphipod that has invaded freshwater habitats already 
supporting a native amphipod. These native amphipods 
exhibit classic behavioral alterations when infected with 
the acanthocephalan parasite, but the new invasive amphi¬ 
pod does not. The parasite was found in both species of 
amphipods, but only the native amphipod species had an 
altered response to light when infected with the parasite. 
This suggests that when infected, the native amphipod 
species is under more intense predation pressure than the 
invasive species - decreasing the competitive interactions 
between the two - which could ultimately aid the invader’s 
ability to establish. 

This system in an example of a parasite influencing 
the interactions between a native and an invasive spe¬ 
cies by altering host behavior, and there are many other 
documented examples that fall into this category. Calvo- 
Ugarteburu and McQuaid found that a mussel species 
native to South Africa ( Perna perna) hosts two trematode 
parasites, one that alters behaviors and thereby reduces 
growth and one that castrates the host. A new invasive 
mussel is not infected by either parasite. This sets up a 
situation similar to that of the amphipods (seen earlier), 
with the parasites reducing the fitness of the native, but 
not the invasive species. 

Parasite-altered host behaviors can also be extremely 
precise. In the case of the amphiphod, Polymorphus minutus , 
a laboratory infection study with an acanthocephalan 
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parasite revealed that both infected and uninfected indi¬ 
viduals remained benthic, presumably away from the surface 
of water, where they are subject to high predation pressure 
from the acanthocephalan’s final avian host. Another amphi- 
pod species recently invaded the same area where P. minutus 
is found, but the invasive amphipod is larger and can prey 
upon smaller crustaceans, like P. minutus. Laboratory experi¬ 
ments revealed that when there is no predatory amphipod 
around, both infected and uninfected P. minitus spend a 
majority of their time at the bottom of a water column, but 
the addition of the predatory, invasive amphipod resulted 
in infected amphipods (not their uninfected conspecifics) 
dispersing to surface areas of a water column. This precise 
behavioral manipulation would allow the parasite to avoid 
predation by an unsuitable final host - an invasive preda¬ 
tory amphipod - while exposing its host to predation by the 
appropriate final host. 

In another amphipod example, MacNeil et al. found a 
species of native amphipods that hosted a microsporidian 
parasite. This made the native more likely to be preyed 
upon by a larger, invasive amphipod that is resistant 
to infection. In addition, Georgiev and others examined 
native Mediterranean brine shrimp that are hosts to ces- 
tode parasites which alter coloration, as well as behaviors 
such as positive phototaxis, increased swimming time, and 
augmented surfacing behavior; all of these are behaviors 
that potentially increase the chances of cestode transmis¬ 
sion to its final avian host. These parasites are not found in 
a new, rapidly invading brine shrimp species. Such para¬ 
sites may also be examples of the ‘enemy release hypoth¬ 
esis,’ the idea that introduced species become invasive 
because they are no longer regulated by the natural para¬ 
sites and predators of their native range. 

This list of parasite-modified behaviors influencing 
invasions continues to grow as researchers delve deeper 
into species interactions. Invasions facilitated by parasites 
are relatively rare compared to the sheer number of inva¬ 
sions not known to be facilitated by parasites; however, 
these examples illustrate that parasite-modified behaviors 
can influence the invasion process and profoundly con¬ 
tribute to community structure, species establishment, 
and species extinction. 

Impact on Species Conservation 

Infections that translate to a fitness cost for the host 
can reduce population numbers. The introduction of a 
novel species can ‘enhance’ an existing parasite-host rela¬ 
tionship, as was the case with Erythroneura variablis , a 
nonnative leafhopper insect that invaded California in 
1980. The region’s native leafhopper was parasitized by 
Anagrus epos , a wasp parasitoid that infected leafhopper 
eggs. The egg-laying behavior of the native grape leaf¬ 
hopper made it more prone to parasitism by the parasitoid 


when compared with the invasive species. In this case, it is 
the intrinsic host behavior that when combined with 
parasitism gives the invasive species an advantage over 
its potential competitor. Settle and Wilson claimed a 
two-part advantage for the invasive leafhopper: (1) the 
parasitoid lowered native leaf-hopper population num¬ 
bers allowing the invasive to establish and (2) the native 
suffered from an increased parasitoid population brought 
about by greater overall host numbers, as it was a multi¬ 
host pathogen. This was one of the first documented 
instances of the indirect effects that parasites can have 
during an invasion. 

The leafhopper had presumably existed with the 
parasitoid before the arrival of a nonnative leafhopper. 
After that introduction, the native leafhopper’s population 
declined precipitously, because the large, combined leaf¬ 
hopper population provided by the invasive species 
allowed the parasitoid numbers to increase drastically, 
which in turn intensified parasitism pressure on the native 
species. This is known as apparent competition, in which 
it appears that one species’ decline is due to the arrival of 
a new species, when in fact that decline is linked to a 
shared parasite or predator; Hudson and Greenman have 
reviewed that phenomenon. All of these indirect effects are 
based on the native leafhopper’s egg-laying behavior, which 
make it more prone to parasitization than the invasive 
leafhopper. The decline of species because of invasive 
parasites, or invasive hosts that alter existing parasite/host 
systems, is a very real conservation problem. 

Another example of invasion, parasites, and conserva¬ 
tion biology, is the Puerto Rican parrot ( Amazona vittata ), 
which suffered high nestling mortality because of muscid 
botfly infections. These infections became a problem 
only after the population expansion of another bird, the 
pearly-eyed thrasher (. Margarops fuscatus). Thrasher num¬ 
bers are thought to have multiplied because of an increase 
in disturbed habitat related to a dramatic upswing in road¬ 
building. The thrashers appear to prefer disturbed habi¬ 
tats. This is another example of apparent competition, but 
one that is compounded by Puerto Rican parrot numbers 
having plummeted only to 13 animals in the 1970s because 
of habitat loss. Species of concern that already suffer from 
low population numbers and reduced genetic diversity 
may be more prone to ill effects. To that end, the invasion 
of parasites now plays a central role in conservation 
biology. 

The Hawaiian archipelago, for instance, was home to a 
vast number of endemic avifauna, but no mosquitoes. 
Culex quienquefasciatus , the southern house mosquito, 
arrived with European sailors in 1826. The 1900s saw 
potentially hundreds of nonnative bird species purposely 
released in Hawaii, and some of the birds likely harbored 
avian malaria and avian pox. Migratory birds probably 
carried the parasites to the islands before human settlers 
arrived; however, there was no mosquito vector to transmit 
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the malarial parasite. In addition, the parasite prevalence 
in migratory birds was most likely low, the migration to 
Hawaii being an arduous journey from even the closest 
landmass. The combination of introduced parasites, intro¬ 
duced vectors, and long-isolated avian populations lack¬ 
ing evolutionary experience with these pathogens proved 
catastrophic. More than 50% of Hawaii’s endemic birds 
are now extinct. 

The survival of some remaining species, however, may 
be attributable to altered behaviors. In the 1960s, Warner 
observed nonnative birds in Hawaii sleeping with their 
face and bill tucked in, and their legs pulled up into their 
feathers, while native Hawaiian birds slept with their faces 
and legs exposed. These behaviors left the native birds 
exposed to mosquito bites throughout the night, but 
observations from the late 1970s by van Riper and collea¬ 
gues found native birds sleeping with exposed areas 
tucked. Presumably, the sleeping behaviors changed in 
response to the strong selection pressures exerted from 
parasites transmitted by mosquito bite. Daily altitudinal 
migrations also appear to have shifted, allowing some bird 
species to avoid peak mosquito biting times by periodi¬ 
cally moving to higher altitudes that are mosquito-free. 

Rabies is another disease that has been introduced to 
many areas of the world and also classically alters the 
behaviors of infected hosts. The rabies virus is transmitted 
by infectious saliva, initially infecting the peripheral ner¬ 
vous system of the host. Movement of the virus from the 
peripheral to the central nervous system is accompanied 
by a suite of behavioral changes, including increased 
aggression and biting behavior, as well as an abundance 
of saliva, the result of an impaired swallowing reflex. 
All of these behaviors appear to increase viral transmission 
opportunities, but it should be noted that not all organisms 
demonstrate classic behavioral changes, nor is the virus 
always fatal. Bats for instance, often survive rabies infection; 
however, rabies is known to aerosolize in highly aggregated 
bat roosts, offering the virus an alternative transmission 
route and potentially circumventing the need for transmis¬ 
sion via aggressive host encounters. 

Rabies records data back several hundred years in 
some parts of Africa, but its appearance in sub-Saharan 
Africa is thought to be relatively recent, suggesting an 
introduction with domestic dogs in the late 1800s. The 
impact on wildlife, especially native carnivores, has been 
severe. Rabies has led to the local extinction of African 
wild dogs from Serengeti National Park, and Ethiopian 
wolves - a species with fewer than 600 individuals 
remaining - suffer up to 70% mortality during rabies 
outbreaks. Rabies has been documented in many other 
native African species as well, but domestic dogs are 
believed to be the primary reservoir in this case. 

Rinderpest is another virus accidentally introduced 
into Africa and it devastated native ungulate populations. 


In, ‘The Rise of our East African Empire,’ Frederick John 
Dealtry Legard wrote, ‘never before in the memory of 
man, or by the voice of tradition, have the cattle died in 
such numbers; never before has the wild game suffered.’ 
The grouping behavior present in many large herds of 
African ungulates offered an easy target for a pathogen 
that is rapidly and directly transmitted in dense groups. 
In fact, it has been suggested that the Sahara acted as a 
natural barrier because the low ungulate densities would 
not have allowed the pathogen to cross over from Europe 
and the Middle East. Group sizes are often larger in open 
habitats, like those seen in some areas of Sub-Saharan Africa. 
While grouping behavior may reduce encounters with biting 
flies, it would make naive species living in African savannahs 
more readily exposed to introduced directly transmitted 
microorganisms. Wildlife populations rebounded from rin¬ 
derpest after a massive campaign to vaccinate the reservoir 
host, cattle, and these rebounds showed just how profound 
the effects of this virus were. Wildebeest and other ungu¬ 
late populations increased up to sevenfold, followed by 
a dramatic increase in predator numbers as well. Such 
dramatic population changes had system-level effects: 
nonungulate grazers such as zebra now had to compete 
for forage; fire-cycles were altered because foraging pres¬ 
sure changed the type and amount of plant material avail¬ 
able, allowing some tree species regenerate. Parasites can 
truly have ecosystem-level effects. 

Future Questions 

Our understanding of the role animal behavior plays in 
parasite-involved invasions is still in its infancy, and many 
questions remain. While many named hypotheses have 
been suggested to explain invasion processes, it is often 
hard to disentangle the mechanisms driving an invasion. 
Is it a case of enemy release, or apparent competition? 
Is the invasive species in question simply a more aggres¬ 
sive competitor? Has it tapped into a previously limiting 
resource? Answering these questions is further compli¬ 
cated by invasion being a many faceted process, involving 
colonization, establishment, and spread. Behavior and/or 
parasitism may play a role only in one part of an invasion. 

Robust, long-term studies are required if we are to 
decode the contribution that parasites and their behav¬ 
ioral effects have on the outcome of some invasions. 
Of course, we need experimental verification that the 
altered host behaviors actually do increase parasite trans¬ 
mission. Long-term studies are also needed to determine 
whether and how parasites evolve to infect new invasive 
hosts, or vice-versa. Invasive hosts may eventually pick up 
new parasites, but on what time scale, and what happens to 
those new associations over time? This is a new era, and 
there is no shortage of questions. 
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Introduction 

One of the fathers of modern sociobiology, E.O. Wilson, 
defined a society as ‘a group of individuals belonging to 
the same species and organized in a cooperative manner.’ 
By this definition, all societies consist of aggregations of 
individuals, but not all aggregations are societies. Male 
mosquitoes, for instance, may form swarms but they lack 
the requisite level of cooperation to be considered social. 
Bird flocks and wolf packs, on the other hand, are gener¬ 
ally considered societies because their members not only 
form groups, but also cooperate - for example, through 
alerting one another to the presence of predators, or 
through hunting in packs. Sometimes, the cooperative 
acts within societies come at a significant cost to the 
cooperators themselves, and such behaviors are termed 
‘altruistic.’ Worker honeybees, for example, forego their 
own reproduction to help their queen reproduce and will 
even die in her defense. 

Potential benefits of social living include a reduction 
in the rate of predation, improved foraging efficiency, 
improved defense, and improved care of offspring. For 
example, due to increased vigilance, the success rate of 
goshawk attacks on pigeons tends to decrease with increas¬ 
ing numbers of pigeons in a flock. Likewise by huddling 
together, emperor penguins help save energy and main¬ 
tain a constant body temperature, thereby ensuring the 
successful incubation of their eggs. While it is often easy 
to see the benefits of group living, it is harder to understand 
why individuals do not free-ride on those benefits while 
giving nothing in return. Therefore, to understand how 
societies function and persist, we must understand the 
stability of the cooperative relationships that help define 
them. In his last presidential address to the Royal Society 
of London in November 2005, Robert May argued: ‘The 
most important unanswered question in evolutionary biology, 
and more generally in the social sciences, is how coopera¬ 
tive behavior evolved and can be maintained.’ Here, we 
review some of the principal solutions to understanding 
the evolution of cooperation - and hence societies - that have 
emerged over the past 50 years. Many of the solutions we 
discuss have also been applied to understanding the origin and 
stability of other forms of cooperation - including coopera¬ 
tion between cells in multicellular organisms and examples 
of cooperation between members of different species. 


Kin Selection 

While a form of a gene can spread because it enhances the 
carriers’ own survival and reproduction, it can also spread 
in a population because it assists relatives who tend to 
share alleles identical by descent, even if this occasionally 
comes at a cost to the bearer’s own reproductive success. 
Thus, cooperative behavior can frequently spread and be 
maintained because it favors the survival and reproduction 
of close relatives. While J.B.S. Haldane, R.A. Fisher, and others 
toyed with the idea in the 1930s, it was Bill Hamilton 
(in 1964) who recognized its full importance and who 
developed a formal quantitative theory, in which he intro¬ 
duced the logic of ‘inclusive fitness.’ This general body of 
theory is now known under the heading ‘kin selection,’ 
although strictly speaking this refers to the narrower subset 
of conditions in which individuals assist other individuals 
that share the same copy of a gene through their close genea¬ 
logical relatedness. Even if natural selection favors nonal¬ 
truists over altruists within groups of individuals likely to 
share the altruism trait, the proportion of altruists may 
nevertheless increase if they do better overall than alter¬ 
native groups without altruists. 

Perhaps the easiest way to understand the logic of kin 
selection is through Hamilton’s rule, which states that a 
form of a gene that causes an individual to perform an 
altruistic act will tend to spread so long as rb -c> 0, where b 
(broadly speaking) is the fitness benefit to the recipient 
from the altruistic act, c is the fitness cost to the altruist, 
and ris a measure of relatedness. The rule is shorthand for 
a full population genetics model, and, strictly speaking, it 
is only correct if we define the terms in very particular 
ways. For example, r formally measures how genetically 
similar two individuals are when compared to two random 
ones in the population with which the altruist will compete 
for entry into the next generation (indeed, rcan be negative). 
Through its simplicity, Hamilton’s rule serves to highlight 
the composite minimum conditions for kin-based cooperation, 
which are both ecological (mediated through b and c) and 
genetical (mediated through r). 

Acts of kin-based cooperation are not confined to 
complex animals and can, for example, be seen in the 
social amoeba (‘slime mold’) Dictyostelium discoideum , in 
which solitary cells start to aggregate under harsh condi¬ 
tions to produce a ‘slug.’ Some cells eventually produce 
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the spores that can colonize new areas, but only at the 
expense of a minority of other cells that collect together to 
hold the spore-producing cells aloft. The cells involved in 
producing the colony are frequently (but not always) 
genetically identical, so this extreme altruism can poten¬ 
tially be understood in terms of kin selection; rather like 
individual cells in a multicellular organism, here helping 
others reproduce is tantamount to helping yourself. 

The colonies maintained by wasps, ants, and bees re¬ 
present the classical examples of highly cooperative social 
groups. Here, sterile masses of individuals work by gathering 
food, cleaning the nest, and repelling predators, all in the 
service of a small reproductive minority. In a series of 
seminal papers, Hamilton proposed that their unusual genet¬ 
ics (specifically, their haplodiploid sex determination, in 
which fertilized eggs develop into females while unfertil¬ 
ized eggs become males) might help to explain the preva¬ 
lence of cooperation in these groups. One implication of 
the genetics is that females are more related to their fall 
sisters (relatedness 0.75) than they would be to their own 
offspring (0.5). Given this asymmetry, it is easy to see how 
sisters might be selected to forego their own reproduction 
if such behavior can help queens produce more sisters. 

Unfortunately, while haplodiploidy may well help to 
explain the evolution and maintenance of cooperation in 
the highly social (‘eusocial’) insects, it cannot provide the 
complete solution. Once one factors in the 0.25 related¬ 
ness of sisters to brothers, the overall relatedness among 
siblings in haplodiploids is not especially high. Multiple 
queens and multiple matings with different males further 
act to reduce the average relatedness of offspring within a 
colony. While the manipulation of sex ratio and the ability 
of females to preferentially favor their sisters may each 
play a role in enhancing relatedness between the donor 
and the recipient of cooperation, other factors that also 
help tip the balance include punishment of workers that 
attempt to lay their own eggs. Thus, even if high related¬ 
ness does not provide the whole explanation, then it may 
help level the playing field considerably, making cooper¬ 
ative behaviors more likely. 

Another good example of kin selection is seen in the 
formation of particular types of microbial mat. Laboratory 
populations of the bacterium Pseudomonas fluorescens rap¬ 
idly diversify when maintained in unshaken broths, and a 
particular form - known as the ‘wrinkly spreader’ (pro¬ 
duced by single mutations with large effects) - tends to 
build up at the liquid-air interface, creating a surface 
scum. The ability to live at the boundary layer allows the 
wrinkly spreader bacteria to avoid the oxygen-deprived 
conditions deeper in the water column, but it comes at 
some cost. To form and maintain the mat, the wrinkly 
spreaders have to make a cellulose polymer (glue), a 
metabolic cost that is not borne by other forms of the 
bacterium. Despite this cost, the mat can initially develop 
by kin selection (individuals helping to bind to the surface 


share the same trait for making glue), but it undergoes 
periodic collapses as nonglue-making ‘cheats’ invade. 

The stability of some forms of cooperation may depend 
on both kin selection and other more direct forms of return. 
Providing ‘parental’ support to young that are not your own 
is relatively common in vertebrates. For example, in popula¬ 
tions of birds such as Florida scrub jays and long-tailed tits, 
and mammals such as meerkats (suricates) and brown 
hyenas, there are nonbreeders that help raise young pro¬ 
duced by dominant breeders. Why do not nonbreeders go it 
alone, rather than help look after another’s offspring? Kin 
selection may play an important role - indeed, groups in 
cooperatively breeding species are typically made up of 
extended families, so that subordinates often help their rela¬ 
tives. Moreover, studies have shown that helpers sometimes 
provide their closer kin with preferential care. However, 
direct fitness benefits may also be important in maintaining 
cooperation in this type of system and may be even more 
important than kinship itself. In some cases, helpers may be 
forced into helping behavior to avoid punishment, but by 
helping they may also sometimes increase their chance of 
inheriting the territory of the breeding pair (they are ‘paying 
the rent’). Likewise, the increased survival chances from 
grouping together may sometimes outweigh the costs of 
helping. In meerkats, for example, the foraging success and 
survival of all group members increases with the size of the 
group (an example of the ‘Allee effect’). It is these and other 
nonkin routes to cooperation that we now consider. 

Reciprocal Altruism 

Kin selection may help to explain many cases in which 
individuals incur costs that benefit others, but as we have 
already seen, some of these examples involve additional 
phenomena that further maintain cooperation. At an ex¬ 
treme, how do we explain examples of cooperation among 
nonrelatives? Included in these examples are food sharing 
among unrelated crows and impala that groom unrelated 
individuals within the herd. Perhaps by helping others, the 
donor might subsequently be helped by the receiver when 
its own need arises? Evolutionary biologist Robert Trivers 
presented just such an explanation in the early 1970s, refer¬ 
ring to the phenomenon as ‘reciprocal altruism.’ 

To understand how cooperation might be maintained 
under these circumstances, mathematical modelers have 
spent a great deal of time and effort elucidating the types 
of strategy that would do well in a simple game, known 
as the two-person iterated Prisoner’s Dilemma. In each 
round (‘iteration’), two players decide simultaneously 
whether to ‘cooperate’ (C) or ‘defect’ (D), just as two 
prisoners accused of a joint crime may decide to cooper¬ 
ate with each other by staying quiet under interrogation, 
or defect on their criminal partnership by talking to the 
police in exchange for a lighter sentence. In the Prisoner’s 
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Dilemma (see Table 1), mutual cooperation (‘CC’) pays 
more to both players than mutual defection (‘DD’), but 
defecting while your partner cooperates (‘DC’) pays the 
defector most of all (reflecting a ‘temptation’ to defect) 
and a sole cooperator least of all (‘CD,’ the ‘suckers payoff’). 
Many researchers consider the Prisoner’s Dilemma the 
key metaphor for understanding cooperation, primarily 
because it captures the temptation to defect, but also 
because it can reflect some of the damaging effects of pure 
self-interest. However, in a one-off game, the most reward¬ 
ing strategy is always to defect because whether your part¬ 
ner cooperates or defects, your best option is to defect. So, 
how can cooperation ever evolve? One solution to the 
problem arises if the players have a chance of meeting again. 

In an iterated two-player game (played repeatedly, 
where the number of rounds is not known in advance by 
the players), the set of potential strategies is enormous - 
especially if long memories of previous interactions are 
allowed. One such strategy called ‘tit-for-tat’ (TFT - 
cooperate on first move, thereafter follow the partner’s 
previous move) has been widely recognized as a successful 
strategy in these iterated games. TFT is thought to be 
particularly effective because it is ‘nice’ (in that its starting 
move is to cooperate), retaliatory (in that it follows a 
defection from the partner with defection), and forgiving 
(in that it subsequently matches any cooperative act with 
cooperation). However, TFT is not without its weak¬ 
nesses: for example, if mistakes are occasionally made, 
two tit-for-tatters can get stuck into indefinite rounds of 
defection. As an alternative, the win-stay, lose-shift strat¬ 
egy (WSLS - keep to your strategy if your previous 
exchange was high paying (DC or CC) but otherwise 
change) can correct occasional mistakes, although it is 
still open to drift in a population of cooperators. While 
such analyses help explain why certain types of coopera¬ 
tive behavior are more successful than others, they should 
be viewed as providing aids to thinking - not specific 
quantitative predictions about behavior in the real world. 

Can direct reciprocation explain examples of coopera¬ 
tion that we see around us? There do appear to be some 
good examples of reciprocation maintaining altruism, but 


Table 1 An example of the payoffs involved in a two-player 
Prisoner’s Dilemma 



Player A decision 

Payoff to player A 

Cooperate Defect 

Player B decision Cooperate 

3 (R) 5 (T) 

Defect 

0 (S) 1 (P) 


Participants must simultaneously decide whether to cooperate or 
defect. The defining inequalities of the dilemma require that 
T> R P S (and, for technical reasons, R [S T T]/2), such 
that the temptation (T) to defect exceeds the reward (R) from 
cooperation, which in turn exceeds mutual punishment (P). 

The sucker’s payoff (S) the least that can be expected. 


not many. The classical example is reciprocal blood sharing 
in vampire bats, in which females regurgitate blood meals to 
roost mates who have failed to obtain food in their recent 
past. While nest mates are often related, there appears to be 
more structure to the interaction. In particular, experimen¬ 
tally starved bats who received blood, subsequently gave 
blood to the former donors more often than one would expect 
by chance. Likewise, in laboratory experiments, cotton-top 
tamarin monkeys gave more food to a trained conspecific 
who regularly offered them food in the past, compared to 
an individual who never gave them food. 

Studies of grooming have also produced some clear 
cases of reciprocal altruism. For example, on the African 
savannah, impala frequently approach one another and 
begin grooming. Like the vampire bat example, the benefit, 
in this case removing parasites, may be high, but the costs 
of grooming in terms of time, fluids, and energy may be 
relatively low. Here, individuals deliver grooming in bouts 
(‘parcels’ of 6-12 licks), and the number of bouts received 
and delivered is remarkably well matched: in this case, 
defection involves simply walking away or doing nothing. 
While the relationship is based on reciprocation, it seems 
very likely that parceling up the cooperative acts in this way 
helps reduce the temptation to defect. Business deals often 
show a similar structure to avoid exploitation - half paid in 
advance and the other half paid when the job is complete. 

Male red-winged blackbirds in North America also 
appear to cooperate, sometimes coming to the aid of neigh¬ 
boring males in defending their nests and territories from 
potential predators such as American crows. One possibility 
is that the helpers are in fact the true fathers of some 
offspring on the neighboring territory and are selected to 
help out of sheer self-interest, that is, simple parental care. 
Alternatively, or in addition, the helper may benefit directly 
by removing any potential predator from the neighborhood 
(‘not in my back yard’), and any benefit to the neighbor 
is incidental (a by-product ‘mutualism’). R. Olendorf and 
colleagues recently put these and other explanations for 
cooperation to the test and ruled out any kin-based expla¬ 
nations on the basis of genetic analyses. However, they also 
looked for evidence of reciprocity by examining patterns of 
nest defense against a stuffed crow and simulating cheating 
by making it appear that a neighbor was not helping with 
the defense (a ‘defection’). As anticipated, male blackbirds 
tended to decrease their defense against a potential nest 
predator after their neighbor appeared to defect in the 
earlier trial, suggesting that reciprocation was having an 
important role in maintaining cooperation - “I’ll help 
mob your predators, if you help mob mine.” 

Indirect Reciprocity 

By its very nature, direct reciprocity requires repeated 
dealings among the same sets of individuals, so it cannot 
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apply to cases of helping strangers we might never see 
again. However, what if others were looking on? Perhaps 
by helping others one might gain sufficient reputation 
as a ‘nice’ individual that strangers would be willing to 
help you when your own need arose. So, instead of ‘You 
scratch my back, and I’ll scratch yours,’ one could con¬ 
sider another, seemingly even more vulnerable, guiding 
principle ‘You scratch my back and I’ll scratch someone 
else’s.’ This is called the ‘indirect reciprocity’ route to 
cooperation. Although it may at first seem strange, bear 
in mind that what matters is that acts of cooperation are 
returned, not who returns them. 

Examples of the importance of maintaining an untar¬ 
nished reputation are widespread in human societies. For 
example, eBay in part relies on reputation to maintain 
honest transactions when it provides scores of partner 
satisfaction. Being a good person or good company to 
deal with, does not in itself explain cooperation, but it 
begins to suggest a role for reputation in partner choice. 

Building on earlier arguments by Richard Alexander, 
mathematical modelers have demonstrated the theoreti¬ 
cal plausibility of cooperation via indirect reciprocity by 
showing that behavioral rules can evolve in which indivi¬ 
duals are more prepared to help strangers if these stran¬ 
gers have a reputation for cooperating. Of course, since 
reputable individuals tend to provide assistance to similar 
reputable individuals, kin selection may also play a key 
role here. 

Can indirect reciprocity explain cooperation in 
humans? After all, humans frequently help others who 
may never have an opportunity to reciprocate, and it is 
possible that such acts of kindness are recognized and 
rewarded by others. Staged laboratory games support 
this view. For example, in a recent experiment, human 
subjects were repeatedly given the opportunity to give 
money to others, having been informed that they would 
never knowingly meet the same person with reversed 
roles (all donations were anonymous). Despite the ano¬ 
nymity, the personal histories of giving and not-giving 
were displayed for participants to see at each interaction. 
As one might expect, the authors found that donations 
were significantly more frequent to those receivers who 
had been generous to others in earlier interactions. 

There are far fewer examples of indirect reciprocity 
in non-humans and they mainly include examples of 
cooperation between species rather than within species. 
One recent example comes from work on cleaner fish 
mutualisms. The cleaner fish Labroides dimidiatus remove 
skin parasites from their fish clients, but there is an appar¬ 
ent temptation for them to take a little more at the 
expense of the client by feeding on their mucus. Clients 
are faced with the challenge of getting cleaners to feed 
against their preferences if they are to come away 
unscathed. Field observations indicate that client fish 
almost always invite a potential cleaner to draw closer 


and inspect them if they have had the opportunity to 
see that the cleaner’s previous interaction ended without 
conflict. By contrast, clients invite particular cleaners 
far less frequently if they observed that the last interaction 
of the cleaner ended with conflict, such as being chased 
away. So, a good reputation is good for the cleaner’s 
business, and it may be an important way in which clients 
avoid ‘defections.’ 

Strong Reciprocity 

Everyday observation suggests that there is a sense of‘fair 
play’ in human societies. This has been backed up by more 
formal, if abstract, experiments. For example, in the well- 
known ‘ultimatum’ game in economics, two players A and B 
have to agree on how a monetary reward has to be shared. 
Player A (the proposer) has one chance to suggest how the 
money is to be shared (e.g., 60% to player A, 40% to 
player B), but player B (the responder) can accept or reject 
the proposed division. If the bid is rejected, then both 
receive nothing, but if the bid is accepted then the pro¬ 
posal is implemented. The logical optimum is to offer the 
responder an almost negligible amount (1 cent, say, because 
1 cent is better than nothing). However, this logical response 
may be grossly inadequate, because a common result in 
this type of game is that responders tend to reject proposals 
if the offer is anywhere less than about 25% (even when 
the sum is quite considerable). 

Other primates may also exhibit what we might think 
of as a sense of justice. In an intriguing study entitled 
‘Monkeys reject unequal pay,’ Sarah Brosnan and Frans de 
Waal investigated what happens when capuchin monkeys 
previously trained to exchange a pebble for a piece of 
cucumber started to see others being rewarded with a 
more favored food (a grape) - the monkeys tended to go 
on strike, refusing to exchange a pebble for cucumber 
even though the alternative was no reward at all. 

Perhaps punishment can play a role in maintaining fair 
play and hence cooperation? Some may not see it as 
cooperation at all, bordering more on enforced slavery 
than on acts of ‘kindness.’ Nevertheless, when we see 
apparent examples of altruism we need to ask whether 
the threat of punishment is helping to maintain it. In a 
series of staged repeated games among human volunteers, 
Ernst Fehr and Simon Gachter showed that students are 
prepared to take on costs in order to punish those who had 
earlier shirked their opportunity to contribute to a public 
good. According to Fehr and Gachter, this altruistic pun¬ 
ishment is simply a consequence of a ‘negative’ emotional 
reaction to the sight of somebody free-riding (although 
this proximate negative reaction may ultimately have 
evolved for other reasons). As one might expect, those 
that were punished for not contributing learned their 
lesson and cooperated more in subsequent rounds. 
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Moreover, those games that prevented altruistic punish¬ 
ment altogether saw a marked reduction in the mean 
amount of cooperation over time. The behavioral tendency 
to cooperate for the public good yet punish noncoopera¬ 
tors has been called ‘strong reciprocity.’ 

Strong reciprocity may explain many examples of 
human-based cooperation, but it is difficult to understand 
how altruistic punishment might evolve as a consequence 
of natural selection. After all, if altruistic punishment is 
costly, then an individual that free-rides and lets others do 
the policing would tend to leave more offspring. The 
temptation to sit back and let others punish defectors has 
been termed a ‘second-order defection’ or ‘twofold trag¬ 
edy.’ So, if strong reciprocity can explain cooperation, 
perhaps it has only replaced the problem with another 
one further down the line - why should you be the one 
to punish? Kin selection may provide one potential solu¬ 
tion to this question, but note that kinship can reduce 
the underlying incentives to defect in the first place. For 
example, in many eusocial Hymenoptera, worker-laid 
eggs are killed by the queen and other workers. In a 
comparative analysis, Tom Wenseleers and Francis Ratnieks 
found that fewer workers reproduced when the effective¬ 
ness of policing worker-laid eggs was higher, indicating 
that these sanctions were an effective deterrent. However, 
higher relatedness among colony workers led to less policing, 
not more, a result which is consistent with the view that 
less policing is needed when workers are highly related. So, 
self-restraint based on kin selection can achieve for free 
what expensive policing could bring about. 

Escaping from Prison 

All adaptive explanations of altruism involve taking the 
‘altruism out of altruism,’ either by showing how the actions 
can benefit other individuals carrying the same traits, or by 
showing how the nature of the interaction is such that it is in 
the ultimate interests of the altruist to cooperate. However, 
this commonality should not be taken to mean that all 
cooperation can be related back to the two-player Prisoner’s 
Dilemma (or w-player version of it which can give rise to the 
‘tragedy of the commons’). One example of cooperation 
which is almost certainly not represented by a Prisoner’s 
Dilemma comes from recent work on a species of fiddler 
crab on the northern coastlines of Australia, where males 
aggressively defend their burrows from other wandering 
males (intruders). Patricia Backwell and Michael Jennions 
found that male fiddler crabs may sometimes leave their 
own territories to help neighbors defend their territories 
against these floating intruders. Why be a good Samaritan? 
It turns out that reciprocity cannot explain it because the 
ally that came to the neighbor’s assistance was always bigger 
than the neighbor itself. Here, it may directly benefit a 
resident to help its neighbor to defend a territory, so that 


it can avoid having to renegotiate the boundaries with a new 
and potentially stronger individual. In this way, there is no 
temptation to cheat - large allies are helping themselves, 
and it is only incidental that helping the neighbor keep its 
territory is part and parcel of maintaining status quo. 

Our interpretation of cooperation gets tested further 
when we observe that some individuals may actually pay a 
cost to acquire or enhance the by-product benefits pro¬ 
duced by another (a phenomenon known as ‘pseudoreci¬ 
procity’). Many lycaenid caterpillars, for example, produce 
sugary secretions that are consumed by ants and in turn the 
ants protect these individuals from predation. The sugar 
may be viewed as an investment, yet the protection arises as 
a consequence of general territorial ant defense. Likewise, 
many flowers attract pollinators using nectar. One might 
wonder why flowers do not save themselves the trouble and 
produce less nectar. Flowers are essentially in a ‘biological 
market,’ however, governed by simple laws of supply and 
demand, such that any flower that offers less than conspe- 
cifics may experience reduced pollination. So, while kin 
selection may be at the heart of much intraspecific cooper¬ 
ation, sometimes cooperation can be maintained by a com¬ 
plex interplay of several types of interaction including 
direct self-interest, reciprocity, reputation, partner choice, 
and the threat of punishment. 
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Introduction 

Cost-benefit analysis as applied to animal behavior pre¬ 
dicts that if a behavior is adaptive, the benefits of a 
behavior must exceed the costs of that behavior. Funda¬ 
mentally, the benefits and costs relate to fitness, though 
currencies such as time and energy are often used as 
proxies of fitness. In most cases, the benefits are measured 
in terms of increased energy intake, survival, and repro¬ 
duction. The costs are typically related to reductions 
in energy and time available for alternative behaviors 
(Figure 1). 

The cost-benefit approach has been extended to 
model the optimization of the benefit-to-cost ratio, and 
this extension states that an individual should maximize 
the benefit of the behavior while simultaneously mini¬ 
mizing any costs associated with the behavior. In other 
words, the benefit of any particular behavior should be 
traded off against the costs associated with the behavior. 
If the costs are greater than the benefits, then natural 
selection would not favor the behavior, and if some indi¬ 
viduals in the population were better at maximizing the 
benefit relative to the cost, then they would leave more 
copies of their genes to future generations compared to 
individuals with marginal benefit-to-cost ratios. This does 
not require that the animals consciously evaluate costs 
and benefits, but that animals that behave in ways to 
maximize benefits relative to costs are more successful 
in terms of fitness. Many theorists have tested whether 
animals actually use a simple rule of thumb to make 
‘optimal’ decisions. 

While the ultimate currency is genes in future genera¬ 
tions, many optimal decisions can be analyzed based on 
short-term impacts on energy and time. Cost-benefit 
analysis and the optimality model have been applied to 
diverse topics in behavior such as foraging, parental 
investment, sibling rivalry, dispersal, and the evolution 
of cooperation. They have also been applied to a wide 
range of taxa, including insects, crustaceans, fish, amphi¬ 
bians, reptiles, birds, and mammals. Optimality models 
make assumptions about the currency of relevance to the 
behavioral choice, and constraints on behavioral deci¬ 
sions. Because specific predictions can be made from 
these models on the basis of maximizing the net benefit, 
this technique has widespread application in the adaptive 
study of behavior (Figure 2). 


History 

The fields of behavioral ecology and animal behavior 
were revolutionalized by the development of theories of 
optimization beginning in the late 1960s and 1970s, and 
the field of behavioral ecology is particularly reliant on an 
economic approach. Niko Tinbergen was the first animal 
behaviorist to illustrate the value of analyzing behavioral 
decisions based on tradeoffs between benefits and costs. 
He applied this concept to the removal of broken egg¬ 
shells from the nest by black-headed gulls (Larus ridibun- 
dus-, Tinbergen, 1953). He suggested that this behavior 
benefits the parents by reducing the risk of predation of 
the chick due to the conspicuous egg shell. 

In the 1970s and 1980s, the application of this approach 
to foraging, in particular ‘optimal foraging theory’ (OFT), 
exploded. Somewhat as a reaction to this work, there were 
heated debates about the value of this approach. Critics of 
optimality theory argued vehemently that it was not rea¬ 
sonable to think that animals should behave in an optimal 
fashion. Supporters of optimization theory countered that 
the point was not that all animals make optimal decisions 
all of the time, but that consideration of the tradeoffs 
between costs and benefits may help us to understand 
the ultimate causation of behavior. 

The debate, while heated, was likely beneficial in push¬ 
ing behavioral ecologists and animal behaviorists toward 
our current use of dynamic optimization models and in 
addressing other limitations of simple optimization models. 
I discuss these issues in more depth under Limitations. 

Assumptions 

The goal of cost-benefit and optimality models is to mea¬ 
sure the impact of behavioral decisions on fitness. Since 
fitness is difficult to determine in short-term studies, it is 
typical of optimality models to measure proxies of ultimate 
reproductive success or fitness. In order to accomplish this, 
researchers must make assumptions about the immediate 
currency of relevance to long-term fitness and about the 
constraints on behavioral decisions. Thus, it is typically 
necessary to understand something about the natural history 
of the animal in order to arrive at likely parameters for 
adaptive decisions. Here I review the common currencies 
and constraints used in predicting adaptive decision-making. 
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Currency 

Schoener developed optimal foraging models that com¬ 
monly use the long-term rate of energy (food) intake as a 
proxy for fitness, referred to as the rate maximization 
hypothesis. Alternatively, foraging researchers might 
assume that animals attempt to minimize the time 
required to find food (the time minimization hypothesis 
of Mangel and Clark). An alternative approach is to con¬ 
sider the time between food patches given that foragers 
must determine when to leave a depleted patch in search 
of a dense patch (Charnov’s Marginal Value Theorem). 



Group size 


Figure 1 A simple cost-benefit analysis of group size. The 
energy costs (effort) versus the energy benefits (intake) for a 
hypothetical species at varying group sizes. The maximum 
difference between benefit and cost, where the benefit is 
greatest is at a group size of 5. 


In modeling conflict situations, the costs associated 
with the behavior of competing individuals includes the 
likelihood of injury, the energy expended by the conflict, 
and increased risk of exposure to predation. The benefits 
of engaging in conflict includes access to resources such as 
mates, food, and territory, and a common approach is to 
model and measure these costs and benefits. 

Further examples of common currencies used in these 
behavioral analyses include inbreeding avoidance, maxi¬ 
mization of genetic benefits to offspring (‘good genes,’ or 
increased variation of the Major Histocompatibility Com¬ 
plex genes), maximization of body condition prior to 
migration or nesting, and avoidance of parasites. 

Constraints 

Making an optimal decision is frequently constrained 
by environmental factors, as well as morphological or 
physiological characteristics of the species. In the OFT 
literature, examples such as seasonal food fluctuations, 
competition, and food patchiness are commonly described. 
Likewise, animals may face constraints on optimal decision 
making based on cognitive (memory) or sensory limita¬ 
tions, incompatibility between two behaviors (foraging and 
vigilance), carrying load, and nutrient constraints. These 
constraints must be considered in realistic models and 
analyses of cost-benefit tradeoffs in order to produce 
valid results from the approach. 

Limitations 

Cost-benefit or optimality models are limited by the fact 
that the currencies and constraints invoked by the 
researcher may not match the animal’s actual currency 



Group size 


Figure 2 Three models for optimal group size. The relative energy intake (given costs and benefits) at varying group sizes for three 
hypothetical species. For species A (black line), the optimal group size is near 3. Species B (blue) shows that there is selection to favor 
higher group sizes (at least up to 6), while there is no effect of group size on species C (red). 
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and constraints. For example, foraging studies typically 
assume that animals attempt to maximize calories rather 
than a specific nutrient, but there are examples in which 
animals appear to be maximizing nutrients rather than 
calories (e.g., Belovsky’s study of salt requirements in 
moose). In addition, it is likely that animals make dynamic 
decisions (decisions that change on a moment-to-moment 
basis) based on their current state, risk of predation, and 
ultimate fitness, but these models typically do not factor 
in all of these variables in a dynamic fashion. Thus, the 
models may not accurately predict the behavior of indi¬ 
vidual animals. For example, while conflict between com¬ 
petitors typically arises if the costs of fighting are less than 
the benefits of some desired resource, some studies have 
shown that conflict can arise in the absence of resources. 
This suggests that a future value (benefit) is overlooked 
in simple assessments of cost-benefit analysis; that is, the 
benefit of winning a current conflict is an influence 
on future conflict outcomes. Given competition between 
animals, it is clear that an individual animal may be 
prevented by other individuals from making an adaptive 
choice. 

Another example of past-future influence is that of 
learning. Learning could be a factor in finding an appro¬ 
priate breeding site, efficient foraging, and many other 
behavioral decisions. If learning influences decision¬ 
making, then clearly not all decisions can be immediately 
optimal. Many critics of optimality theory would argue 
that it is not reasonable to think that animals should 
behave in an optimal fashion. After all, they do not have 
all possible forms of information about the choice, nor is it 
likely that natural selection could create optimal decisions 
given the underlying genetic variability available upon 
which selection can act. In addition, it is likely that even 
if we can demonstrate optimality in some decisions, the 
lack of evidence may suggest that natural selection has not 
yet optimized the behavior, or has not kept up with a 
changing environment. Supporters of optimization theory 
would counter that the point is not that all animals make 
optimal decisions all of the time, but that a consideration 
of the tradeoffs between costs and benefits may help us to 
understand behavior. 

Classic Examples 

One of the classic examples of cost-benefit analyses is that 
of Zach’s study of Northwestern crows (Corvus caurinus). 
These crows forage along the intertidal zone, and one 
high-value prey item are whelks, which they drop from 
the air onto rocks below. This serves to open the shell and 
expose the meat for consumption. By considering the 
calories available in whelks of different sizes, and the 
energy required to drop them at various heights, Zach 
was able to show that only the largest whelks were worth 


the energy required to open them. In addition, he found 
that crows minimize the height at which they need to fly 
up and drop the whelk to break it open on the rocks. The 
rate-maximizing hypothesis would predict a higher flight 
than the crows actually average (5.2 m), but the currency 
in this example was minimizing the cost of the flight. Note 
that this minimum might also benefit the bird to find the 
broken whelk on the beach below. 

Tinbergen’s classic study of gulls discarding egg shells 
showed an interesting tradeoff between reducing overall 
predation and increasing cannibalism by neighboring 
gulls. He found that parents delay leaving the nest to 
discard of the shell when the chick is newly hatched, 
because of the risk of conspecific predation of chicks by 
neighboring gulls. This risk is significantly reduced once 
the chick’s down has dried out and the chick is thus more 
difficult to swallow! Thus, parents discard the shell to 
reduce the overall risk of predation to their chick, but 
they wait ~1 h before they do so, which reduces the 
immediate risk of their neighbor eating their chick while 
they are off the nest. 

Recent Examples 

More recent work on optimality theory includes work on 
determining the neural mechanisms of cost-benefit ana¬ 
lyses. For example, work by Gillette and colleagues on a 
predatory marine snail (Pleurobranchaea californica ) showed 
a neural basis for the regulation of the tradeoffs of forag¬ 
ing and avoiding predators. Another example includes 
Hock and Huber’s model evaluating winner and loser 
effects and their impact on dominance hierarchies. 

Evolutionary Stable Strategies and 
Game Theory 

The previous example touches on evolutionary stable 
strategies (ESS), and the tactic that would be adaptive 
for an individual to assume given the tactics of other 
individuals in the population. Hock and Huber suggest 
that securing future resources via a reduction of costs is 
more important for subordinates that currently lack those 
resources. This example is a case where the behavior of 
subordinates is dependent on the behavior of dominant 
individuals, and not just a simple immediate cost-benefit 
tradeoff. 

A common definition of an ESS is that it is a strategy 
that, if adopted by all the members of a population, cannot 
be invaded by an alternative strategy. This is really just an 
extension of optimality theory in which there is the added 
component of frequency dependence. This extension of 
optimality theory suggests that the benefits and the costs 
to the individual are dependent on the strategy that other 
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individuals in the population use. For example, if all the 
males in the population play the role of territorial nesting 
male, these conditions might favor a new strategy of a 
sneaker (nonpaternal investing) male. In this situation, 
even if the ‘sneaker’ male had fewer fertilizations than 
‘territorial’ males, they would also get those fertilizations 
at a reduced cost of paternal care. More in-depth discus¬ 
sion of ESS and Game theory is given elsewhere in this 
volume. 


Conclusion 

Despite some controversy on the value of cost-benefit 
analysis in understanding animal behavior, analysis of 
individual decisions based on currencies such as energy 
and time has proved useful to behavioral biologists. 
Recent work in this area has included dynamic modeling 
and the neural basis for cost-benefit decision-making. It is 
likely that modern work will incorporate more sophisti¬ 
cated analyses of minute-to-minute decisions, as well as 
the impact of past and future consequences. These mod¬ 
ern advances in the sophistication of cost-benefit analysis 
should continue to prove productive to our understanding 
of animal behavior. 

See also: Caching; Defense Against Predation; Digestion 
and Foraging; Foraging Modes; Game Theory; Group 
Foraging; Habitat Selection; Hunger and Satiety; Internal 
Energy Storage; Kleptoparasitism and Cannibalism; Opti¬ 
mal Foraging and Plant-Pollinator Co-Evolution; Optimal 
Foraging Theory: Introduction; Patch Exploitation. 
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Learning allows an individual to cope with environmental 
variation in both time and space. By learning, an individual 
can adjust its behavior to local conditions, and thus, across 
a range of environments, experience high performance, 
such as high energy gain, selection of quality mates, or 
avoidance of local predators. Given these benefits and the 
preponderance of environmental variation, we might expect 
learning to be under strong positive selection. Yet, learning 
abilities are not equally distributed across taxa, implying 
that the selection for learning varies among animals. 

A consideration of the costs of learning may yield 
insights into why learning abilities vary so widely. These 
costs stem fundamentally from learning as a trial-and-error 
process. An increase in learning ability should correspond 
to an increase in the use of environmental ‘information,’ 
defined as data on the performance of a particular phe¬ 
notype under certain environmental conditions (or with 
respect to specific resources). Any increase in the amount 
of information increases the chances that an individual will 
ultimately learn the behavior with the highest local per¬ 
formance. Thus, learning genotypes, relative to fixed or 
specialized genotypes, should (following learning) have 
high performance in a range of possible environments, 
but the costs associated with information may result in all 
genotypes having comparable fitness. 

Phenotypic plasticity, the ability of a genotype to 
adaptively adjust its phenotype to local conditions, occurs 
not only in behavior (through learning) but also in mor¬ 
phology and physiology. The trial-and-error nature of 
learning sets many costs of learning apart from the costs 
of plasticity in other traits (e.g., morphology). For many 
other types of plasticity, information on the performance 
of alternative phenotypes accumulates over evolutionary 
time, and not developmental time, making the costs of 
learning much greater at the individual level. 

This article reviews the importance of information as 
a cost in the evolution of learning. It (1) details how the 
acquisition, processing, and storage of information are costly 
at both the behavioral and neural levels; (2) outlines how 
these costs should result in various life-history trade-offs 
with learning; (3) reviews mechanisms by which the costs 
of information may be offset or reduced; (4) distinguishes 
global and induced costs; and (5) summarizes exciting areas 
of current and future research in the costs of learning. 

Researchers have classified the costs of learning (and 
of plasticity in general) in many ways. A recent and useful 
classification system comes from Mery and Kawecki, who 
classify learning costs as ‘operating’ and ‘production’ costs. 


Operating costs are the costs of the learning process itself, 
while production costs stem from the development of 
traits necessary for learning. Costs may also be classified 
from the perspective of information in development. This 
perspective focuses on the costs of information acquisition, 
processing, and storage. The costs of acquisition are pri¬ 
marily at the behavioral level, while the costs of processing 
and storage are mainly at the neural level. 

Costs of Information Acquisition 

The costs of information acquisition are manifest mostly 
at the behavioral level. The need to acquire information 
is often referred to as the ‘cost of nai'vete,’ or the cost of being 
naive. A trial-and-error process means that an individual 
will necessarily make mistakes early in development, and 
the cost of being naive stems from this suboptimal perfor¬ 
mance. These costs are measured relative to a specialist 
that could immediately perform well under local conditions. 
A good example occurs among bumblebee species that 
vary in the level of floral specialization. The cost of naivete 
is revealed in the generalist species, which must take time 
and energy to learn to handle the flower on which the 
specialist can efficiently obtain nectar from the start. 

The evidence for information acquisition costs comes 
from many systems. Generalist bird species are more 
likely to approach a wide range of novel objects than are 
related specialist species. Apparently, species that learn 
are more prone to actively explore their environment and 
such exploration is at least conceivably costly. There are 
various currencies in which the costs of exploration may 
be expressed. First, exploration takes time. Second, it 
requires energy. Exploration involves expression of a 
range of behaviors that may be metabolically expensive 
to perform. Third, exploration puts an individual at risk 
of mortality. They may be exposed to greater numbers or 
to a diversity of predators, and divided attention may 
make them less responsive to these predators. 

The costs of information acquisition arise mainly at the 
behavioral level, but may also arise at the tissue level. Good 
learners may have to invest in extra tissue in sensory 
structures required to acquire relevant information. For 
instance, an increase in the number of photoreceptors 
may be required to acquire additional visual information. 
Increased sensitivity of sensory structures will, in turn, 
result in an increase in the amount of neural tissue that 
processes this information. For instance, the relative size of 
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regions of the mammalian somatosensory cortex - which 
processes mechanosensory information - corresponds to 
the sensitivity of that tissue (e.g., hands vs. back). 

Costs of Information Processing and 
Storage 

Neural tissue is some of the most energetically expensive 
tissue in the body. The sodium-potassium pump alone is 
purported to account for ten percent of human total 
resting metabolism. Jerison’s 1973 ‘principle of proper 
mass’ originally suggested that an increase in cognitive 
or learning capacity would require an increase in neural 
investment. Theory about the design of neural networks 
suggests that at least part of this investment is likely to 
involve an increase in neuron number. This, in turn, 
suggests that the cost of learning at the level of informa¬ 
tion processing and storage may be reflected in the size of 
the brain or of brain regions involved in learning. 

Hundreds of studies have tested for an association 
between cognition, including learning, and the size of 
the brain or brain regions. In particular, studies often 
focus on the association or ‘learning’ centers in the 
brain, such as the hippocampus in vertebrates and the 
mushroom bodies in invertebrates. The finding that cog¬ 
nitive ability correlates with brain region size generally 
assumes that size reflects neuron number. However, the size 
of brain regions may also vary because of synapse number, 
cell volume, or glial volume. Such variation may conceivably 
relate to learning ability - for instance, an increase in syn¬ 
apse density may increase the strength of an association - 
and may result in neural costs, but possibly to a lesser 
degree than neuron number. 

Some of the best evidence for an association between 
learning and neural investment comes from studies of the 
insect mushroom body. Honeybees show an increase in 
mushroom body volume with age that coincides with 
learning the location of both the colony and foraging 
sites. Furthermore, generalist species of butterflies and 
beetles - for which learning is likely more important than 
specialists - show larger or more complex mushroom bodies. 
Recent work in Pieris butterflies suggests that families that 
are better able to learn to locate rare, red-colored hosts 
emerge with relatively larger mushroom bodies. 

Studies in vertebrates also suggest a strong association 
between learning and neural investment. Several studies 
have found that species of birds that are more dependent 
on spatial learning for food caching have a relatively 
larger hippocampus. Some of these species have seasonal 
variation in hippocampus volume coincident with the 
need for spatial learning. There is also a correlation, at 
both the species and population level, between the relative 
volume of song-learning centers, and a bird’s (learned) 
repertoire size. Finally, there is evidence that novel or 


innovative foraging behaviors - that are likely learned 
through trial-and-error learning - are more likely to 
arise in species of birds with relatively larger forebrains. 

Neural investment comes with both production costs 
and operating costs. The development of larger neural 
investment is necessary for increases in both information 
processing and information storage. But the process of 
information processing and storage also comes with ener¬ 
getically expensive operating costs. For instance, forming 
long-term memories requires protein synthesis, which 
may explain why, in a recent study, Mery and Kawecki 
found that long-term memory formation may be costlier 
than short-term memory formation in Drosophila. 

Information processing and storage is costly at the 
neural level because of a need for increased investment 
in and use of neural tissue. But it may also exact costs at 
the behavioral level, in particular, a necessity for sleep, 
which may cost time, energy, and reduced vigilance. Large 
amounts of information must be regularly consolidated 
such that only the most relevant information is actually 
stored in long-term memory. Sleep is thought to serve 
this function. Thus, there may be a correlation between 
learning and the costly need for sleep; some species (e.g., 
some aquatic mammals and birds) may mitigate this cost 
by sleeping with only one hemisphere at a time. 

Direct Consequences of Learning Costs 

The costs of information acquisition, processing, and stor¬ 
age may result in life-history trade-offs. The increased 
time and energy necessary early in life for sampling and 
increased neural investment may necessitate longer devel¬ 
opmental periods and increased investment per offspring. 
Parental care may be necessary during learning periods as 
offspring suffer increased exposure to predators and 
reduced energy gain. 

There is a good deal of comparative evidence linking 
neural investment, a proxy for learning ability, with life- 
history traits. Species of birds with relatively larger fore¬ 
brains have relatively longer incubation, nestling, and 
fledgling periods, such that the overall parental investment 
per offspring is thus much higher in these species. There 
is even a suggestion in the anthropological literature that 
the evolution of human life history - in particular, delays 
in reproduction and high parental investment - has been 
driven by selection for learning and large brains. 

The costs of learning may result in direct trade-offs 
with any number of traits. For instance, flies selected for 
increased learning ability show reduced larval competi¬ 
tive ability relative to control lines. Possibly, increased 
neural growth during this time may have created a 
trade-off with competitive ability. Finally, large neural 
investment may tradeoff with investment in other tissues, 
such as flight muscle mass in birds. 
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Global and Induced Costs of Learning 

In studying the costs of learning, it is important to distin¬ 
guish between global (constitutive) and induced (specific) 
costs of learning. Global costs are incurred by an individ¬ 
ual regardless of the environment they experience. In 
contrast, induced costs are specific to an environment, 
and thus not necessarily suffered by every individual of 
a learning genotype. Global costs are more significant in 
the evolution of learning and are generally considered 
‘true costs of plasticity’ because they can explain why 
good learners may fail to outcompete specialists. For 
example, a learning genotype that was innately biased to 
use environment A, but suffered only induced costs of 
learning in environment B, should outcompete specialists 
to environment A, and all organisms should evolve to be 
good learners. In contrast, the global costs of learning 
would be paid in both environment A and B, and both 
learners and specialists would persist. 

There is abundant evidence that many of the costs of 
learning are induced or environment-specific. For instance, 
neural investment is generally very environment-dependent. 
The association between mushroom body volume and 
spatial learning has at least some experience-dependent 
component in insects and some vertebrates. Furthermore, 
it is well established that increased neural investment, and 
also learning ability, can be induced (in both vertebrates 
and invertebrates) by rearing individuals in more complex 
environments. In complex environments, learning should 
be more useful than in simpler, more predictable envir¬ 
onments. Induced costs of learning can be found not only 
at the neural level but also at the behavioral level. Explo¬ 
ration of the environment often depends on the need for 
information. 

Recent research in Pieris butterflies has suggested that 
naturally occurring variation in learning ability is corre¬ 
lated with variation in both global and induced costs. For 
example, families that are better able to learn to locate a 
rare (red-colored) host, emerge with larger mushroom 
bodies, regions of the brain involved in learning. However, 
specific learning experiences of individual butterflies also 
influence mushroom body volume: individuals that make 
more landings during learning and those with experience 
with the rare red host (relative to the common green host) 
have larger mushroom body volumes following learning. 
Thus, global costs may select against learning, but the 
evolution of innate biases and induced costs may facilitate 
the persistence of learning. 


Offsetting the Costs of Learning 

Animals should evolve mechanisms to minimize or offset 
the costs of learning. These mechanisms may increase the 


chance that learning will persist in a population, and may 
confound comparisons of learning costs between species. 
Changes in life history and development may offset 
learning costs. This is best illustrated by the idea that 
increased investment in learning may select for a longer 
life span. If the environment is constant for an individual’s 
lifetime, a longer life span will allow an individual to reap 
the benefits of learning and offset the costs of learning. 
This prediction is supported by comparative evidence 
in birds. However, artificial selection experiments in 
Drosophila found that selection on learning ability results 
in a correlated decrease in the life span. These conflicting 
results may be reconciled if changes in learning first result 
in costs that translate into life-history trade-offs, but over 
time, species evolve mechanisms to reduce or offset these 
costs. 

One of the simplest mechanisms to reduce the costs of 
learning is to reduce the need for learning across one’s 
lifetime. By choosing familiar habitats and resources, 
individuals reduce the need to experience the costs of 
learning more than once. This may partly explain why 
habitat fidelity and the defense of familiar space are so 
common among animals. 

The costs of learning may also be reduced through 
attention to particular types of information. Direct infor¬ 
mation, gained by individuals through direct interaction 
with the environment, is highly accurate, but quite expen¬ 
sive. In contrast, indirect information (an easily detected 
cue, such as photoperiod, that is correlated with an envi¬ 
ronmental state) and social information (information 
gained by observing an experienced individual) is much 
cheaper, but sometimes can be inaccurate, for instance, if 
an individual copies a conspecific while it is making a 
mistake. The low energetic and time cost of social infor¬ 
mation may explain why animals commonly attend to the 
learned behaviors or choices of conspecifics, even if con- 
specifics sometimes model suboptimal behavior. 

The formation of innate biases appropriate to common 
environments may also offset the costs of learning. Organ¬ 
isms often encounter some environments and resources 
more commonly than others. The costs of learning can be 
significantly reduced by expressing innate behaviors that 
are favored under common conditions and allowing flexi¬ 
bility in these behaviors through learning under less com¬ 
mon conditions. This idea is supported by recent work 
on Pieris butterflies, which show a strong innate tendency 
to search for common green hosts, but which can learn to 
locate very rare red hosts. 

Questions for Future Research 

Research on the costs of learning is an exciting and open 
field of study. Here are just a few of the areas that would 
benefit from further empirical and theoretical work. 
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1. While the costs of learning are often cited in reviews 
and models, and often detected through indirect mea¬ 
surements, we have very few instances where costs 
are directly quantified. One exception was the assess¬ 
ment of energetic requirements of mate sampling in 
pronghorns. It would be informative to measure the 
metabolic rates of individuals under different learning 
conditions, or from families with different learning 
abilities. Furthermore, while neural tissue is expected 
to be metabolically costly, it would be useful to quan¬ 
tify the differences in the energy budget of individuals 
that differ slightly in the size of brain regions involved 
in learning. 

2. Many of the current associations between learning 
and neural investment result from gross measurements 
of neural investment, such as the mass or area of a brain 
region. Relatively little is known about whether this 
variation is underlain by variation in neuron number, 
synapse density, cell size, and/or glial density. Deter¬ 
mination of neural mechanisms may have implications 
for just how costly neural investment really is: increases 
in glial density and cell size, for example, may be less 
costly than increases in neuron number. 

3. It is well established that sleep is important for 
learning. But, we know little about the importance of 
sleep as a possible cost in the evolution of learning. 
Can reduced opportunities for sleep limit the evolu¬ 
tion of learning in particular environments? For 
instance, might species that experience sleep depriva¬ 
tion in high predation environments suffer deficits in 
memory? 

4. While there are many comparative observations that 
suggest that the costs of learning are linked to life- 
history trade-offs, there are few studies that make this 
link within species or suggest that this correlation is 
indeed causal. If life-history traits such as parental 
investment are manipulated, does learning ability respond 
in the predicted direction? Within species, to what 
extent are genetic or learned life-history traits associated 
with learning ability? 

5. In general, little is known about the relative impor¬ 
tance and prevalence of global versus induced costs of 
learning. For example, what proportion of interspecific 
variation in brain volume is constitutive versus devel¬ 
opmental? Furthermore, little is known about the func¬ 
tional consequences of induced costs versus global 
costs: if an individual grows a large brain in a complex 
environment, does it result in an increase in learning 
ability as great as if it had emerged with such a large 
brain? Finally, to what extent do the induced costs of 
learning facilitate the maintenance of learning in con¬ 
ditions that might otherwise favor fixed behaviors? 

6. Little is known about how the costs of learning select 
on development itself. Are these costs responsible for 
the evolution of innate biases and habitat selection, 


or are these mechanisms - which may reduce the costs 
of learning - a byproduct of selection on other traits? 

In conclusion, by studying the costs of learning, the con¬ 
ditions under which learning may evolve can be more 
readily understood. For instance, if costs limit learning 
to species with certain life-history traits or those that live 
under particular predation pressures, an assessment of the 
learning costs may pave the way to understanding which 
species can learn innovative or novel behavior that allows 
survival in disturbed and changing environments. Fur¬ 
thermore, the costs of learning should apply to the devel¬ 
opment of any traits that develop through extensive 
interaction with the environment (e.g., acquired immu¬ 
nity). The study of the costs of learning is an exciting and 
active field in animal behavior, which may inform studies 
of conservation, phenotypic plasticity, and evolution. 

See also: Cognitive Development in Chimpanzees; 
Development, Evolution and Behavior; Habitat Imprint¬ 
ing; Imitation: Cognitive Implications; Innovation in 
Animals; Memory, Learning, Hormones and Behavior; 
Optimal Foraging Theory: Introduction; Spatial Memory; 
Specialization. 
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Introduction 

Crabs inhabit a large variety of habitats, from deep-sea 
vents, through the continental shelves, coral reefs, the 
intertidal zone, rain forests, and fresh water streams. For 
vision, each of these habitats offers different illumination 
conditions and different topographies of the visual world. 
We concentrate here on reviewing the visual-behavioral 
world of semiterrestrial crabs, because most of what we 
know about the uses of vision in crabs has been gathered 
about animals living in this particular niche. Crabs are 
found in all the different topographies of the intertidal 
zone: mudflats, sandy beaches, rocky shores, and mangrove 
forests. The visual problems that need to be solved and the 
behavioral repertoires of species inhabiting these various 
topographies are probably quite similar, as we will argue 
later, but the conditions for visual information processing 
and the cues offered by these different visual worlds are 
radically different. So what use is vision to crabs? 

Orientation and Navigation 

In one way or other, all semiterrestrial crabs are central 
place foragers, operating from places that offer protection. 
Even the Australasian soldier crabs (Mictyridae), which 
do not inhabit permanent burrows, return to the same 
slightly elevated areas of sand and mudflats to dig them¬ 
selves in on the incoming tide. Therefore, one fundamen¬ 
tal behavioral task that crabs face, and one that is greatly 
facilitated by vision, is to find their way to places of 
interest and back again to places of safety. Fiddler crabs, 
for instance, are known to use path integration to find 
their way back to their burrows. Path integration is a way 
of estimating the current location based on a previously 
known position and the distance and direction traveled 
since leaving that known position. This requires some 
form of compass information and a way of measuring 
distance traveled (odometry). Measuring the distance 
traveled can either be done by counting steps or by inte¬ 
grating optic flow. Fiddlers are likely to use leg-based 
odometry during path integration, because they underesti¬ 
mate the distance to the burrow when forced to run over 
slippery ground. Several studies indicate that some fiddler 
crab species, at least, can use the pattern of skylight polari¬ 
zation as a compass. It may be such an external compass 
reference, which allows foraging Uca lactea annulipes to 


counteract enforced turns. However, other species ( Uca 
pugilator) appear to lack such an external reference. 
Other visual cues can serve the same purpose: the azi¬ 
muthal position of the sun and the distant landmark 
panorama. The sandbubbler crab Dotilla appears to deter¬ 
mine its straight foraging paths radiating from the burrow 
by relying on either the skylight polarization pattern or in 
its absence, the surrounding landmark panorama. 

In fiddler crabs, information from the path integration 
system is used in unusual and interesting ways. During 
foraging excursions, it allows them to keep their longitu¬ 
dinal body axis aligned with the home vector, which plays 
an important role in enabling the crabs to monitor how 
close other crabs come to the invisible entrance of their 
burrow (see later). Path integration information helps 
male crabs of Uca vomeris to navigate back to the burrows 
of females they are currently courting and it makes crabs 
very good at detouring obstacles. As we will see later, 
crabs respond differently to bird predation, depending 
on how far away they are from their burrows, again infor¬ 
mation that is provided by the path integration system. 

It is not clear at the moment to what degree crabs also 
use landmarks for navigation and homing. For rock crabs 
and crabs inhabiting mangroves, landmark guidance 
would seem the most useful navigational cue. Yet, we 
only know from the tree-climbing Sesarma that they are 
able to return to the same tree and on the tree to the same 
branches, day after day, indicating the use of visual mem¬ 
ories. Ironically, the strongest evidence for the use of 
visual landmarks comes from species that inhabit rela¬ 
tively featureless sandy beaches and mudflats. Male ghost 
crabs, Ocypode saratan , advertise their mating burrows by 
sand pyramids they construct while excavating these bur¬ 
rows. Searching females, but also wandering males, are 
attracted by these pyramids and move from one to the 
next across the shore (Figure 1). Ghost crabs are guided 
by landmarks on their return to their burrows and male 
ghost crabs may be able to use their own pyramids as 
beacons when returning from foraging excursions, much 
like courting males in some fiddler crab species that build 
similar sand structures: their sand hoods serve as guide- 
posts themselves, but also to attract mate-searching 
females. One prerequisite for the use of landmarks is the 
ability to recognize and remember visual patterns, and, 
indeed, fiddler crabs do appear to discriminate between 
different visual shapes. 
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Figure 1 Sand pyramids as visual landmarks in ghost crabs 
(Ocypode saratan; Ocypodidae, Brachyura). Male ghost crabs 
excavate mating burrows and use the excavated sand to 
construct pyramids (top left photograph). These pyramids can 
reach high densities on the shore (top right photograph). The 
pyramids are approached by wandering males and females. The 
diagram below shows the path of a male through a stretch of 
beach and his responses to sand pyramids, associated burrows, 
and other males. Modified from Linsenmair E (1967) Konstruktion 
und Signalfunktion der Sandpyramide der Reiterkrabe Ocypode 
saraten Forsk (Decapoda, Brachyura, Ocypodidae). Zeitschrift 
fur Tierpsychologie 24: 403-456. Photographs by Jochen Zeil. 


Predator Avoidance 

One of the reasons why it is so important for semiterres¬ 
trial crabs to be able to locate their burrow or rock 
crevices is the protection they offer against predators 
and, in the case of rock crabs, against breaking waves. 
Predator evasion is another critical, visually guided task 
all semiterrestrial crabs share, and its behavioral organi¬ 
zation is likely to be similar across different habitats and 
species. However, in terms of visual information proces¬ 
sing, the task differs widely, depending on the type of 
predator the crabs face and on the topography of their 
habitat. The simplest case is that of sand and mudflats. 
The geometry of these flat worlds offers some crucial, 
predictable, and invariant visual information that has 
shaped the way in which fiddler crabs, for instance, detect 
and identify danger from predators. In the flat, horizontal 
world of a mudflat, flying birds and everything that is 
larger than a crab itself will be seen in the dorsal visual 
field, above the visual horizon line. Most events seen by 
the dorsal eye, thus, signal potential danger. John Layne 
has shown this most convincingly in 1998 by monitoring 
inside an otherwise featureless cylinder crab responses to 
the appearance of a small object above or below the line of 
horizon. Crabs in this experimental situation respond with 
a startle running reflex to objects that appear above their 
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Figure 2 Predator avoidance in fiddler crabs, (a) Escape 
response frequencies of crabs confronted with horizontally 
moving black squares at different elevations (0) in the visual 
field above and below the visual horizon. Redrawn from Layne 
JL, Land MF, and Zeil J (1997) Fiddler crabs use the visual 
horizon to distinguish predators from conspecifics: A review of 
the evidence. Journal of the Marine Biological Association of 
the United Kingdom 77: 43-54. (b) The apparent size of bird 
dummies at the moment fiddler crabs initiate their run toward 
the burrow in field experiments. Data replotted from Hemmi 
JM (2005) Predator avoidance in fiddler crabs: 2. The visual 
cues. Animal Behaviour 69: 615-625. 


visual horizon, but rarely to objects moving below that 
line in the ventral visual field (Figure 2(a)). In their 
natural habitat, fiddler crabs respond to anything they 
see moving in their dorsal visual field by a distinct 
sequence of behaviors. On first detecting an object, they 
freeze. As the object comes closer, they run back to their 
burrow, where they stay at the entrance, before entering 
the burrow and disappearing out of sight, if the object 
continues to approach. They then stay a variable amount 
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of time inside the burrow and upon surfacing, inspect 
the scene, before continuing with their activities. Each of 
these distinct stages of the response sequence is guided by 
visual cues that are increasingly correlated with risk. The 
crabs freeze and run home when the object barely sub¬ 
tends the visual field of one ommatidium (pixel) and has 
moved across at most a few ommatidia (Figure 2(b)). At 
this stage, then, a crab has little information on the size, 
the distance, or the direction of movement of that object. 
Close to the safety of its burrow, however, the crab can 
afford to collect more reliable information that is more 
directly related to risk, by letting the predator approach 
more closely. We do not know yet what visual cues the 
crabs are attending to, whether it is the apparent size of 
the predator, its elevation in the visual field, or maybe its 
time to contact. The main predators of crabs in these open 
mudflats are birds, like terns, which fly at a height of 
2-4 m above the ground, scanning the mudflat for crabs 
without burrows. The birds have no chance to catch a crab 
that owns a burrow on the surface, despite the fact that the 
resolution of crab eyes is much worse than that of the 
hunting bird, because the crabs always detect the much 
larger bird when it is still 30 m or so away. However, in 
order to reach the safety of their burrow, the crabs 
respond to any fast movement in their dorsal visual 
field, whether it is a butterfly or a mangrove leave moving 
in the wind. The crabs, thus, face the problem of discrimi¬ 
nating between relevant and irrelevant visual signals. 
They appear to solve it by learning. One of the striking 
features of fiddler crabs is their ability to habituate to 
repeated events that have proven harmless. Fiddler crabs 
are difficult to see because they respond very early to our 
approach and disappear below ground. However, if one 
sits still near a colony, the crabs quickly adjust. They 
reappear from their burrows and while they initially dis¬ 
appear again whenever they see the slightest movement, 
they quickly learn to ignore the novel feature in their 
environment. After a while, it even becomes difficult to 
chase them underground without actually approaching 
them. We believe that habituation is a fundamental part 
of the fiddler crab’s antipredator strategy. By habituating, 
the animals reduce unnecessary costs by not repeatedly 
responding to harmless events. Habituation effects in the 
crab Chasmagnathus have been shown to last for more than a 
day. In addition, habituation is context specific and, there¬ 
fore, an associative learning process. Chasmagnathus lives in 
a habitat rich of cord grass that constantly moves in the 
wind and, therefore, could be mistaken for potential danger. 
Long-term habituation is much weaker in the shore crab 
Pachygrapsus , a sympatric species that inhabits the more 
open areas of the same environment and, therefore, is not 
exposed to the same environmental motion noise. 

Very little is known about predator avoidance in crabs 
living in mangrove forests and on rocky shores. It is likely 
that its organization is quite similar to that in fiddler crabs 


and that rock and mangrove crabs also require a way of 
habituating to irrelevant image motion. However, because 
they live in a three-dimensionally complex environment, 
the visual topography of predation is much less well 
defined for these crabs. Depending on whether a crab 
sits on a thick or a thin branch, in the middle or at the 
edge of a boulder, or just emerges from a crack in a flat 
rock, danger is not only restricted to the dorsal visual 
field. Equally, a rock crab may need to habituate to some 
of the visual effects of wave motion and spray, but at the 
same time needs to be able to judge when a breaking wave 
is reaching its position on the rock. The rules of predator 
detection and of habituation to irrelevant image motion 
are, thus, bound to be different and more complicated 
in crabs inhabiting rocky shores, compared to mudflat 
dwellers. 

Controlled laboratory studies on predator evasion in a 
number of different crab species ( Pachygrapsus , Heloecius , 
and Chasmagnathus) have documented the typical animal 
response to approaching objects: running away in the oppo¬ 
site direction. The details of the visual cues triggering the 
onset of the escape response differ between experimental 
setup and species, but all studies clearly demonstrate that 
the crabs are sensitive to the direction of approach of an 
object. Under certain situations, crabs in nature respond 
just like those in the laboratory; they either run away from 
the dangerous stimulus, or confront it with their claws by 
striking a threat posture. For instance, crabs that have lost 
their burrow or refuge and find themselves in a part of the 
world without burrows and soldier crabs, which during 
their time of activity on the surface do not possess a burrow. 
However, in most cases, the safest option is not to run away 
from a predator, but to run toward a refuge. These observa¬ 
tions clearly illustrate that predator avoidance behavior is 
context dependent. The choices made by animals do not 
simply depend on the visual signatures of a predator, but 
also on the behavioral and environmental context. 

Foraging, Hunting, and Feeding 

Both navigational and antipredator strategies differ de¬ 
pending on the crabs’ mode of foraging. While many spe¬ 
cies such as most fiddler crabs and the sand-bubbler crabs 
Scopimera and Dotilla spend most of their topsoil-grazing life 
in the close vicinity of their burrows, other crabs like the 
fiddler crabs U. pugilator in America and Uca signata in 
Australia (personal observation) and, especially, soldier 
crabs (Mictyridae) and ghost crabs, go on long foraging 
excursions, covering tens to hundreds of meters. Often, 
these long-distance foragers move in groups called ‘herds’ 
or ‘droves,’ which, in the case of soldier crabs, often perform 
coordinated changes in direction and speed. As far as visual 
guidance is concerned, these herding crabs are in a differ¬ 
ent state compared to those operating close to their bur¬ 
rows. Their predator evasion strategy changes in two ways, 
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because they have left the vicinity of their burrows. First, 
animals are now attracted to each other and coordinate 
their movements with their neighbors to form a ‘selfish 
herd.’ Second, when attacked, they run away from a preda¬ 
tor and are attracted by objects that provide cover. Faced 
with persistent threat, soldier crabs will dig themselves into 
the ground, as do fiddler crabs when they find themselves 
on soft ground without a burrow (personal observation). 
The navigational guidance system also appears to change. 
Herding crabs are attracted to the water edge of tidal creeks 
or the open sea and appear to learn from their particular 
habitat in which direction to move from their burrow area 
high up in the intertidal zone to the feeding areas in the low 
intertidal. Crabs learn to use celestial compass information 
(both the sun and the pattern of skylight polarization) as a 
directional cue on these long-range foraging excursions. 
Herding crabs that are caught and tested in a circular 
arena with view to the sky or topped with a sheet of 
polarizer tend to move in directions that, in their local 
habitat, would bring them up the beach to their burrow 
area or down the beach to the water edge. There are some 
indications that they also incorporate the landmark pano¬ 
rama into this directional response. For pinpointing the 
burrow area of their colony or for locating their own 
burrow, they would need to be guided by close landmarks. 
Whether vision also plays a role in identifying good feeding 
sites, for instance, the moisture content of the soil or pools 
of water is unknown. 

Compared to the topsoil-grazing fiddler and sand- 
bubbler crabs, ghost crabs are most versatile foragers. In 
addition to filter feeding, they scavenge along the deposit 
lines along the shore and are particularly attracted by 
vertebrate and invertebrate carcasses. The crabs wander 
quite some distance away from their burrows during 
scavenging, and when surprised by a predator, escape 
into the water, where they dig themselves in. Ghost 
crabs, however, also actively hunt. Ocypode ceratophthalmus ; 
in Australia, for instance, go on extended foraging excur¬ 
sions, which often involve hunting, in particular for sol¬ 
dier crabs. In contrast to herding fiddler crabs which do 
not appear to return to their individual burrows, ghost 
crabs (0. ceratophthalmus) seem to be guided by landmarks 
around their burrows. Besides the long-range homing 
problem, the additional visual task these ghost crab hun¬ 
ters excel in is to detect, track, intercept, and catch 
moving prey. Fiddler crab males of the species U. elegans 
face a very similar task when attempting to lead a female 
to their burrow (see later). Males of this species wait 
near their burrow entrance for wandering females. 
Once they detect a female, they leave their burrow and 
run toward her. The males maneuver themselves into a 
position on the far side of the female and then guide the 
female back to their burrow, a seemingly challenging 
task that, however, can be performed with a very simple 
control system. 


One interesting, but unresolved question in this con¬ 
text is how much ‘hand-eye’ coordination the crabs need 
in order to catch moving prey, to manipulate food, to 
fight, or to interact with other crabs. Quite generally, 
crabs are very dexterous invertebrates. They can use 
their claws as shovels, scissors, forceps, clamps, pliers, 
crutches, and both visual and acoustic signaling devices 
during feeding, grooming, cleaning, climbing, courtship, 
and fighting. To our knowledge, nothing is known about 
the visual control of this dexterity, although claw move¬ 
ments must take up a large part of the frontal visual field. 

Territorial and Social Interactions 

Apart from knowing their environment, being able to 
locate their refuge, to navigate between feeding places 
and their burrows, to hunt for prey and while doing all this 
to avoid predators, what else does a crab need to know to 
be a ‘good crab’? Most semiterrestrial crabs live in dense 
populations, most conspicuously so the inhabitants of 
tropical and subtropical mudflats. So crabs need to be 
socially competent. We arguably know most about the 
social interactions, colony structure, and mating systems 
in fiddler crabs (Ocypodidae), partly because they are 
particularly easy to observe, compared, for instance, to 
rock or mangrove crabs (Grapsidae, Sesarmidae), and 
partly because their societies have a distinct spatial struc¬ 
ture with highly conspicuous interactions, compared, for 
instance, with soldier crabs (Mictyridae). 

The condition for a fiddler crab male to engage in 
social interactions and optimize his mating success is the 
possession of a burrow. Crabs that have lost their burrow 
wander across the mudflat and approach crabs on the 
surface. Resident crabs will retreat to their burrows on 
becoming aware of an approaching wanderer, who then 
will either contest the ownership of the burrow, or will 
start path integrating to its position when being chased 
away. A wanderer will then use this occupied burrow as a 
temporary refuge in case of danger, while continuing to 
search for an accessible burrow. At least two aspects of 
such an interaction are guided by vision: (1) wanderers are 
visually attracted by other crabs; (2) burrow owners are 
able to judge how close such a wanderer has come to its 
(invisible) burrow, a task that requires visual judgment of 
distance to the wanderer and information from the path 
integration system on the direction and distance of the 
burrow. This is no mean feat: depending on their size and 
eye height, fiddler crabs cannot see their burrow from 
more than about 10-20 cm away, because of perspective 
foreshortening and surface irregularities. 

Once in possession of a burrow, the local neighborhood 
plays an all-important role for a crab. In one of the two 
fiddler crab mating systems, male fiddler crabs try to 
attract females to their burrow and repel other males. 
To do so, they first need to be able to distinguish them. 
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For U. perplexa, this seems to be possible at a distance of 
about 30 cm and for U. pugilator at about 10-15 cm. The 
presence or the absence of the male’s large claw is likely to 
be important for this discrimination, but other cues such as 
the way the animals move might also play a role. Interest¬ 
ingly, females in this mating system have the status of crabs 
that have lost their burrows. They are vulnerable to pre¬ 
dation and are attracted to burrow owners, a fact that must 


have driven the evolution of male signaling. In the other 
mating system, where males have to visit females at their 
burrow entrance to mate at the surface, the closer the 
resident females are, the less risky it is for males visiting 
them for mating. Indeed, U. vomeris males do know where 
the burrow of a female is whom they recently courted and 
can navigate back to that location, even when the female is 
not on the surface or when the burrow is covered by a sheet 



Horizon 



Crab-burrow distance = 10 cm 



Crab-burrow distance = 20 cm 


-135 -90 -45 0 45 90 135 


Azimuth relative to the burrow (deg) 




0-7.5 cm 7.5-10.4 cm 10.4-16.3 cm 16.3-26.2 cm 26.2-69.2 cm 


(c) Sender-receiver distance (cm) 

Figure 3 Distance judgments by fiddler crabs, (a) Burrow surveillance: foraging fiddler crabs respond to other crabs approaching their 
burrow in a burrow-centered fashion, whenever the other crab has approached a certain distance to the burrow, independent of their 
own distance to the intruder. Diagrams on the left show directions of dummy crab approaches (solid lines) and the position at the time of 
crab responses (large dots) for two different crab-burrow distances, as fitted by a statistical model. Diagrams on the right show how 
burrow-intruder relationships are seen in the visual field of a crab. Differently colored areas mark the visual field projections of circles of 
different radius around the burrow. Modified from Hemmi JM and Zeil J (2003) Burrow surveillance in fiddler crabs. I. Description of 
behaviour. Journal of Experimental Biology 206: 3935-3950; Hemmi JM and Zeil J (2003) Burrow surveillance in fiddler crabs. II. The 
sensory cues. Journal of Experimental Biology 206:3951-3961. (b) The claw-waving displays of male U. perplexa. (c) Males modify their 
display depending on the distance of receiver females (x-axis). The graph shows traces of claw tip paths (gray lines), normalized to claw 
size, and the mean shape of the display (black lines). When a female is far away, the males move their claws in a circular fashion that 
changes systematically as the female comes closer to a wave that contains mainly vertical movement components. Modified from 
How MJ, Hemmi JM, Zeil J, and Peters R (2008) Claw waving display changes with receiver distance in fiddler crabs, Uca perplexa. 
Animal Behaviour 75: 1015-1022. 
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of sandpaper. Male U. capricornis actually recognize their 
closest female visually by the female’s individually distinct 
color pattern on the posterior carapace (Figure 5). Also, 
competition between neighboring males and females can 
be intense, so knowing your neighbors and the outcome of 
previous interactions are likely to be very important for 
a resident crab. In fact so much so, that some male crabs 
defend their male neighbors against larger intruders. In all 
these cases, crabs need to be able to remember the bearing 
and distance of neighbor burrows with respect to an exter¬ 
nal compass bearing that is in an alio- or geocentric refer¬ 
ence system. 

In both mating interactions and in territorial competi¬ 
tion between males and females, the judgment of the 
absolute size of the other crab appears to be important. 
A number of species, for instance, mate in a size-assortative 
manner, females being more likely to mate with males of 
similar size. At what distance the crabs can make these 
discriminations is currently unknown, but it seems 
increasingly likely that they use the retinal elevation at 
which they see another crab as a distance cue to disambig¬ 
uate apparent size and distance. The problem being that 
a small crab nearby can have the same apparent size as a 
large crab further away. In the flat world of mudflats, 
however, the further away something is on the substratum, 
the higher up in the visual field and closer to the horizon 
it appears. In mudflats, retinal elevation, thus, becomes a 


potent, panoramic, and monocular cue to distance, which 
has provided one of the selective pressures for the evolu¬ 
tion of long vertical eyestalks in crab species inhabiting 
mud- and sandflats (see later). 

The ability of fiddler crabs to assess where other crabs 
are is particularly striking in the case of burrow surveil¬ 
lance. As mentioned earlier, depending on their eye 
height, foraging burrow owners cannot see their burrow 
from more than 10-15 cm away. Yet, they are very respon¬ 
sive to other crabs coming too close to their (invisible) 
burrow and rush back to defend it. They can monitor this 
relationship between their burrow and an intruder, 
because (1) they have information on the direction and 
distance of their burrow from path integration; (2) they 
keep pointing with their longitudinal body axis in the 
direction of the burrow; (3) they are, thus, able to predict 
the retinal azimuth and elevation of the burrow, together 
with (4) the relative position of an intruder and the 
burrow, independent of the intruder’s approach direction. 
This judgment heavily depends on the predictable visual 
geometry of a flat world, in particular, the relationship 
between distance on the surface and elevation in the 
visual field (Figure 3(a)). 

In some fiddler crab species, absolute distance judg¬ 
ments are important in courtship: male U. perplexa modify 
their claw-waving display depending on the distance of 
a female receiver. When the female is far away, males 
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Figure 4 Claw-waving displays by fiddler crabs, (a) The vertical component of the male claw-waving displays in six Australian 
fiddler crab species. For each species, the displays of five individuals are shown, (b) Intra- and interindividual variation of the 
claw-waving display in U. signata in more detail. Modified from How MJ, Zeil J, and Hemmi JM (2009) Variability of a dynamic 
visual signal: The fiddler crab claw-waving display. Journal of Comparative Physiology A 195: 55-67. 
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engage a broadcast wave with large circular movements of 
the claw and, therefore, a large ‘active space.’ As the 
female comes closer, the male changes to simply moving 
the claw up and down, a waving pattern that reduces the 
horizontal extent of the wave and the apparent size of 
the wave envelope as seen by the female (Figure 3(b)). 
This distance-dependent tuning of signals most likely 
reflects different functions: first, a male needs to attract 
the attention of a female and needs a signal that is con¬ 
spicuous from far away. Once the female gets closer, the 
information content of the male’s signal increases beyond 
‘here is a male crab of species X,’ to more subtle and 
robust indicators of male fitness, including his size, claw 
color, wave timing, and possibly seismic activity. Fiddler 
crabs show great diversity in claw-waving signals across 
the 97 recognized species. The signal structure is not just 
species specific, but shows intraspecific variation accord¬ 
ing to individual identity, geographic location, and fine- 
scale behavioral context (Figure 4). In some species, the 
males even synchronize their waving activity. 

Semiterrestrial crabs, in general, employ an astonish¬ 
ing variety of species-specific signals, ranging from claw 
stridulation in ghost crabs, claw rapping in fiddler crabs, 
to static visual signals, like the sand pyramids of ghost 
crabs, hoods and towers in fiddler crabs, and dynamic 
signals like the threat postures in grapsid, ocypodid, 
mictyrid, and sesarmid crabs. Sexual dimorphism in 
claw size, shape, handedness, and color, is prevalent. 
In its extreme form, with the hugely enlarged claw of 
fiddler crab males, this sexual dimorphism goes hand 
in hand with species-specific color patterns on the main 
claw and species-specific movement-based signaling chor¬ 
eographies. Male claw color is used by U. myobergi females 
for species identification (at least against the sympatric 
U. signata) and male U. capricornis recognize resident 
female neighbors by their individually distinct carapace 
color patterns (Figure 5). Claw color in Heloecius varies 
systematically with size and sex and may, therefore, also 
contain socially significant information. At this stage, it 
remains unclear how these species-specific color patterns, 
especially on the enlarged claw of male fiddler crabs, 
interact as a signal with the specific claw-waving choreog¬ 
raphy and with polarization reflections that are known to 
be produced by the shiny and wet cuticle of crabs. Inter¬ 
estingly, fiddler crab carapace color patterns, but not claw 
colors (Zeil, unpublished results), change not only under 
the influence of endogenous rhythms but also on a much 
shorter time frame of minutes, under the influence of 
handling stress and predation threat. 

Visual Systems 

Semiterrestrial crabs have apposition compound eyes that 
are made up of many thousand ommatidia, each acting 
basically as one, albeit very sophisticated, pixel. In each 



Figure 5 Claw and carapace colors in fiddler crabs. The hugely 
enlarged claw of males are colored in a species-specific pattern. 
The two images in the center of the panel show an U. signata 
male with a red and white claw on top and an U. mjoebergi male 
with a uniform yellow claw below. U. mjoebergi females 
distinguish between males of U. signata and their own males 
based on these claw color patterns. Certain species also have 
individually distinct color patterns on the posterior carapace and 
on the merus of their legs. This can be seen in the peripheral 
images of the panel that all show individuals of U. capricornis. 
Male U. capricornis recognize neighboring females by these 
color patterns. Modified from Detto T, Backwell PRY, Hemmi JM, 
and Zeil J (2006). Visually mediated species and neighbour 
recognition in fiddler crabs (Uca mjoebergi and Uca capricornis). 
Proceedings of the Royal Society of London B 273: 1661-1666. 
Photographs courtesy of Tanya Detto. 

ommatidium, light is focused by an individual facet lens 
and a crystalline cone on the distal end of a thin, long light- 
guiding structure called the ‘rhabdom.’ The rhabdom con¬ 
tains light-sensitive pigments embedded in the membrane 
of microvilli that are formed by eight photoreceptor 
(retinula) cells. Retinula cell R8 forms the short, distal 
part of the rhabdom, in which microvilli directions are not 
uniform. The remaining length of the rhabdom is formed by 
the interdigitating microvilli packages of seven retinula 
cells. The microvilli of Rl, R2, R5, R6 are vertically aligned, 
while those of R3, R4, R7 are horizontally aligned. Because 
light-sensitive pigments are elongated molecules that 
absorb light maximally when it is polarized parallel to the 
long axis of the molecule, and because these molecules tend 
to be aligned with the long axis of the microvilli, uniform 
microvilli directions in a rhabdom indicate high sensitivity 
to the plane of polarization of light. Each ‘pixel’, thus, 
contains eight parallel channels, four channels are most 
sensitive to vertically, polarized light, three to horizontally 
polarized light, and one (R8) is not polarization sensitive. 
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The distribution of spectral sensitivities in crab omma- 
tidia is still somewhat of a mystery. Two crab opsins have 
been identified in Hemigrapsus (Grapsidae) and in fiddler 
crabs (Ocypodidae). In situ hybridization experiments in 
U. vomeris indicate that in most ommatidia, the two opsins 
are coexpressed in all photoreceptors, but not in R8. 
Electrophysiological measurements found evidence for 
either one or two spectral sensitivities, while microspectro¬ 
photometry on Rl-7 has identified only one spectral sensi¬ 
tivity in four species of fiddler crabs. Recent intracellular 
electrophysiological recordings in U. vomeris , however, show 
in addition, evidence for an extra UV-sensitive photorecep¬ 
tor. The situation is, in part, complicated by colorful screen¬ 
ing pigments around individual rhabdoms that can have a 
strong influence on the spectral sensitivities of individual 
photoreceptor cells. 

The outer shell of each ommatidium consists of a 
screen of dark absorbing pigment cells that prevent light 
reaching the rhabdom from any other direction, except 
through its own private lens. Because ommatidia are 
arranged perpendicularly to the curved surface of the 
compound eye, each points into a slightly different direc¬ 
tion in space. The angular separation of the optical axes of 
neighboring ommatidia is called the ‘interommatidial 
angle’ A(/>, which determines how densely the array of 
ommatidia samples the scene. Sampling density can vary 
across the eye, with areas of large local eye radius having 
the highest sampling density and areas of small local radius 
the lowest sampling density (resolution). Compared across 
the different species of semiterrestrial crabs, this regional¬ 
ization of high resolution within the visual field is particu¬ 
larly interesting, because it reflects differences in the 
visual ecology between species and in the information 
content of the visual world they inhabit, as we will discuss 
further later. 

Crabs carry their compound eyes on mobile eye 
stalks, which, however, are not used to make directed 
eye movements as we humans do, directing our gaze (and 
high-resolution fovea) to places of interest in the world, 
but to compensate for rotations of the body. Minimizing 
rotations of the visual system is of utmost importance for 
all animals, because visual information is computation¬ 
ally difficult to extract from the moving retinal image 
in the presence of rotations. These compensatory eye 
movements are controlled by both visual and mechan- 
osensory information on body rotation, whereby the 
balance between the two inputs depends on the ecology 
of a species: in crabs that inhabit rocky shores, eye move¬ 
ments are largely driven by mechanosensory input from 
statocysts and legs, while in crabs living on mudflats, 
vision predominates. The reason being that vision in a 
flat world requires the visual horizon as a reference, as 
we have shown earlier, and in order to facilitate compu¬ 
tation in a number of tasks, the visual system needs to be 
aligned with this important feature. 


The overall organization of the visual system in semi¬ 
terrestrial crabs, the length of their eye stalks, the dis¬ 
tance between the two eyes, and the way in which spatial 
resolution varies across the visual field, is finely tuned to 
the topography of vision in different intertidal habitats. 
Crabs of the families Grapsidae and Sesarmidae that 
inhabit rocky shores and mangrove forests carry their 
eyes on short eyestalks, far away from each other at the 
lateral corners of their carapace (Figure 6(a)). The shape 
of their eyes is rather spherical, indicating that interom¬ 
matidial angles are likely to be rather uniform across the 
eye. In contrast, crabs of the families Ocypodidae and 
Mictyridae that inhabit sand- and mudflats carry their 
eyes on long, vertically oriented eye stalks, which raise 
their eyes high above the carapace, but also bring them 
close together. The shape of their eyes is a vertically 
elongated oval, indicating that interommatidial angles 
(A0) are much smaller in vertical, compared to horizontal 
directions because A (j) — A/R, where A is the facet lens 
diameter and R is the local radius of the eye. Ocypodid 
crabs, thus, have a horizontally aligned, equatorial acute 
zone for vertical resolving power viewing the horizon. 

These differences in eye design reflect the following 
differences in the conditions for spatial vision in spatially 
complex and flat-world habitats (Figure 6(b)). (1) The 
judgment of distance in complex habitats such as rocky 
shores and mangrove forests requires the binocular com¬ 
parison of two images (binocular stereopsis). Stereopsis is 
the more accurate, the larger eye separation and the better 
horizontal resolution (the grapsid-sesarmid eye design). 

(2) In a flat world, the distance along the ground plane is 
encoded in retinal position, the further away something is, 
the closer it will be seen to the visual horizon line. Dis¬ 
tance judgment can be performed monocularly and is, 
thus, independent of eye separation; it improves with 
resolution in vertical directions and with eye height 
above the ground (the ocypodid-mictyrid eye design). 

(3) In a flat world, everything that is larger than a crab 
itself will be seen above the crab’s visual horizon, and the 
better its vertical resolution, the earlier and at greater 
distances it can make this discrimination (the ocypodid- 
mictyrid equatorial acute zone). 

The equatorial acute zone for vertical resolution is not 
the only specialization in ocypodid compound eyes, related 
to specific tasks in a specific visual environment. There are 
two additional striking features of fiddler crab eyes indicat¬ 
ing that they are not designed to optimally transmit all 
image information everywhere in the visual field. Instead, 
the dorsal eyes, for instance, are only optimized to detect 
small objects. The angular acceptance functions of recep¬ 
tors (their visual fields) in the dorsal eye are much nar¬ 
rower than the interommatidial angle, leading to large 
gaps between the optical axes of neighboring ommatidia 
(Figure 6(c)). The functional significance of such under¬ 
sampling lies in the increased signal-to-noise ratio provided 
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Figure 6 Visual system design in crabs, (a) The relationship between length of eye stalks, equatorial acute zone, and habitat 
complexity in semiterrestrial crabs. Species with high ratios of eye separation to carapace width (e/c) carry their eyes far apart close to 
the lateral corners of the carapace. At the eye equator, their eyes have a ratio of vertical to horizontal resolution close to one. These 
species tend to inhabit visually and three-dimensionally complex environments, such as rocky shores or mangrove forests. In contrast, 
species with long, vertical eye stalks (e/c = 1) have eyes with vertical resolution up to four times higher than horizontal resolution at the 
eye equator. These species tend to live in visually simple environments, such as mudflats, (b) The topography of vision in a flat world. 
Having eyes on long vertical stalks in a flat world has the consequence that visual information is conveniently distributed into a dorsal 
hemisphere viewing predators and a ventral hemisphere viewing the bodies of conspecifics. (a) and (b) modified from Zeil J and Hemmi 
JM (2006) The visual ecology of fiddler crabs. Journal of Comparative Physiology A 192:1-25. (c) The distribution of resolving power in 
the fiddler crab compound eye. The viewing directions and angular acceptance functions of all ommatidia in a fiddler crab compound 
eye are mapped onto the unit sphere. Enlarged section shows heavy undersampling of visual space in the dorsal eye. Data and graphic 
courtesy of Jochen Smolka (Smolka J and Hemmi JM (2009) Topography of vision and behaviour. Journal of Experimental Biology 
212: 3522-3532). (d) Ventral resolution gradient to counteract perspective foreshortening on flat ground. Diagram on the right shows 
a midsagittal vertical transect (red dotted line) through the resolution map shown in (c) that reveals a gradient of decreasing vertical 
resolution in the ventral (but also the dorsal) visual field. Data from Zeil J and Al-Mutairi M (1996) The variation of resolution and of 
ommatidial dimensions in the compound eyes of the fiddler crab Uca lactea annulipes (Ocypodidae, Brachyura, Decapoda). Journal of 
Experimental Biology 199: 1569-1577. This gradient can be modeled (thick green line) under the assumption that it serves to partially 
counteract perspective foreshortening. As a result, in the ventral visual field, equal stretches on the ground are seen by equal numbers 
of ommatidia (schematic diagrams on the left). 
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by narrow angular acceptance functions when viewing 
very small (distant) objects. The dorsal eye of fiddler crabs 
is, thus, an early warning system for approaching birds. 
Moreover, resolving power decreases in a systematic fashion 
away from the eye equator, both in the dorsal and the ventral 
eye (Figure 6(d)). The gradients are shaped in such a way as 
to minimize the effects of perspective foreshortening. In the 
ventral eye, this serves the purpose of efficiently imaging 
the flat ground and in the dorsal eye, birds flying parallel to 
the substratum move across approximately the same number 
of ommatidia, independent of how far away they are. 

Outlook 

Semiterrestrial crabs provide detailed examples of how 
the physical, the biological, and the social environment 
have shaped the optical and the neural design of visual 
systems. Most interestingly, their visual systems reflect the 
topographies of the different terrestrial habitats crabs 
have moved into since invading land about 40 Ma ago. In 
some cases, this has allowed us to understand the subtle 
selective pressures that have led to finely tuned visual sys¬ 
tems, because we can identify and characterize visual tasks in 
some detail. However, in most cases, we know too little about 
the behavior of crabs and their natural visual information 
processing needs to be able to fully appreciate their visuo- 
motor competence. Behavioral polarization and color vision, 
claw-eye coordination, navigational and cognitive abilities, 
multimodal integration, learning and memory, photorecep¬ 
tor properties and neural information processing of color, 
polarization, motion, and shape, are just some of the funda¬ 
mental aspects of vision that wait to be fully explored - to the 
benefit of behavioral ecology, evolutionary biology, neuro¬ 
science, and robotics alike - in these dexterous, versatile, 
robust, diverse, and beautiful animals. 

See also: Body Size and Sexual Dimorphism; Crustacean 
Social Evolution; Decision-Making: Foraging; Defensive 
Avoidance; Economic Escape; Empirical Studies of 
Predator and Prey Behavior; Evolution and Phylogeny 
of Communication; Games Played by Predators and 
Prey; Information Content and Signals; Insect Navigation; 
Life Histories and Predation Risk; Mate Choice in Males 
and Females; Mating Signals; Multimodal Signaling; Non- 
Elemental Learning in Invertebrates; Predator Avoidance: 
Mechanisms; Predator Evasion; Risk Allocation in Anti- 
Predator Behavior; Social Recognition; Vibrational Com¬ 
munication; Vigilance and Models of Behavior; Vision: 
Invertebrates; Vision: Vertebrates; Visual Signals. 
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Introduction 

The Crustacea represent one of the most spectacular 
evolutionary radiations in the animal kingdom, whether 
measured by species richness or diversity in morphology 
or lifestyles. Its members range from microscopic mites of 
the plankton to fearsome giant crabs to sessile barnacles to 
amorphous parasites that are almost unrecognizable as 
animals. Crustaceans occupy most habitats on earth, 
from the deepest ocean trenches to mountaintops and 
deserts, and the dominance of the open ocean plankton 
by calanoid copepods makes them one of the most abun¬ 
dant metazoan groups on earth. 

This ecological diversity suggests that the Crustacea 
should provide a wealth of interesting social and mating 
systems, and this is indeed true, as both classic and recent 
research has shown. Yet, despite their ubiquity and diver¬ 
sity, crustaceans have received surprisingly little attention 
from students of behavior compared with their younger 
siblings - the insects - or the vertebrates, no doubt due in 
large part to the aquatic habits of most crustacean species. 

What are the ecological and behavioral consequences of 
the crustacean colonization of this range of habitats? What 
can they tell us about the generality of theory and the 
generalizations emerging from work on other, better stud¬ 
ied taxa? Here, I highlight a few illustrative case studies of 
social systems in crustaceans, and discuss the broader 
implications of crustacean sociality for understanding 
some central issues in animal behavior and sociobiology. 

A Primer in Crustacean Biology 

Recent research in molecular systematics shows that the 
Crustacea is paraphyletic, with the insects (Hexapoda) 
nested within a pancrustacean clade that diverged in the 
Precambrian. Among the major branches in the crusta¬ 
cean family tree, the Malacostraca is the most diverse, 
both in morphology and in species, numbering tens 
of thousands. This group includes the large, ecologically 
and economically important crabs, shrimps, and lobsters 
familiar to the layperson. For all of these reasons, most of 
what is known about the social behavior of crustaceans 
comes from the Malacostraca. 

Like their relatives, the insects, crustaceans share a 
basic segmented body plan divided into three regions: 
the head, thorax (pereon), and abdomen (pleon). The 
body is covered with a chitinous exoskeleton, which is 


shed periodically during growth. Each of the segments in 
the primitive ancestral crustacean body bore a pair of 
appendages, which have been modified during the evolu¬ 
tion of the various crustacean groups into a wide range of 
structures used in feeding, locomotion, sensation, and 
communication. The bodies of most crustaceans are 
richly endowed with a wide variety of setae - stiff hair¬ 
like bristles of diverse form that are used for a wide range 
of functions. The two pairs of antennae, in particular, bear 
dense arrays of chemo- and mechanosensory setae, which 
are used in conjunction with directional currents of water 
generated by specialized appendages in the head region to 
distribute and collect chemical signals, and are important 
in social and mating interactions. 

The mode of development strongly influences the 
potential for kin to interact, and thus the evolution of 
social systems in Crustacea. Most familiar decapods 
release microscopic larvae into the plankton, where they 
drift for some time - several months in some species - 
before settling to the bottom and transitioning to the adult 
lifestyle. In such species, populations are genetically well 
mixed and kin groups cannot form. In other species, 
however, eggs hatch directly into miniature versions of 
the adults in much the same way as eggs hatch into 
miniature adults (nymphs) in hemimetabolous insects 
such as grasshoppers and termites. This direct develop¬ 
ment is common to all peracarid crustaceans (isopods, 
amphipods, and their relatives) and is also found in some 
decapods. Crustaceans go through several molts as they 
grow, before reaching the adult stage. 

Crustaceans display a wide range in reproductive biol¬ 
ogies. While most species breed repeatedly during life and 
have separate sexes, brine shrimp and some Daplonia that 
inhabit temporary freshwater pools are cyclic partheno- 
gens, and several shrimp are sequential or simultaneous 
hermaphrodites. Sex determination can be genetic, envi¬ 
ronmental, or involve some combination of the two. 

Crustacean Mating Systems 

The mating system is an important component of the 
social system in that it influences the size, composition, 
and kin structure of groups of interacting individuals. For 
example, establishment of monogamous relationships can 
lead to paternal care, and in some animals, avoidance of 
incest helps explain why adult helpers in social colonies 
do not breed. Crustaceans display a wide diversity of 


421 




422 Crustacean Social Evolution 


mating systems that are molded by the variance in mate 
availability in time and space, variation in female life 
history, and behavior. These range from situations involv¬ 
ing fleeting encounters to various forms of mate guarding, 
monogamous pair formation, to harems. Here, I describe a 
few examples that provide insights into the evolution of 
more advanced social systems. 

Precopulatory Mate Guarding and Its 
Consequences 

A key trait influencing the mating system in many crus¬ 
taceans is the limited time window of female receptivity, 
which results from the requirement that mating and ovu¬ 
lation take place immediately after a molt when her 
integument is soft. As a consequence, many crustaceans 
exhibit mate guarding, pair-bonding, and other behaviors 
that maximize a male’s certainty of having access to a 
female when she is ready to mate. Precopulatory mate 
guarding (also called amplexus), in which the male carries 
the female for an extended period of time in anticipation 
of mating, is common in several groups of amphipods, 
including the familiar Hyalella species of North American 
lakes and Gammarus species of coastal marine waters, as 
well as many groups of isopods (Figure 1). Because of 
brief female receptivity, the operational sex ratio in such 
populations is highly male-biased, and this mate guarding 
allows the male to monopolize the female until she is 
receptive. In other species, including several crabs and 
lobsters, females can store sperm and so are not tempo¬ 
rally restricted in mating time. 

Mate guarding has been extensively studied in isopods 
and amphipods as a model system for understanding 
sexual selection and the resolution of intersexual conflict. 
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Figure 1 Precopulatory mate guarding in the estuarine isopod 
Idotea baltica. The larger male carries the smaller female for an 
extended period until she is receptive to mating. The initiation 
and duration of guarding often generates a struggle because of 
the conflicting interests of the male and female. Photo by Veijo 
Jormalainen, used with permission. 


Males often do not feed while guarding so they incur a 
cost in exchange for the opportunity to mate. Females 
presumably also incur a cost in terms of reduced feeding, 
higher predation risk, and/or increased risk of being dis¬ 
lodged from the substratum. Indeed, experiments with the 
isopod Idotea baltica , conducted by Veijo Jormalainen and 
colleagues, showed that guarded females had lower gly¬ 
cogen (stored food) reserves and laid smaller eggs than 
females that had been mated but not guarded. Not sur¬ 
prisingly, female isopods often vigorously resist being 
guarded and the initiation of guarding tends to be a mutu¬ 
ally aggressive affair. The proposed role of limited recep¬ 
tivity in selecting for mate guarding would seem to be 
proved by the exception to the rule: in terrestrial oniscoid 
isopods, females have extended receptivity and some can 
store sperm - using it for up to eight broods, reducing a 
male’s ability to monopolize mating opportunities. Accord¬ 
ingly, these isopods lack prolonged guarding. 

Sexual selection has molded the phenotypes of such 
mate-guarding species. Males are larger than females in 
several mate-guarding isopods, likely because larger male 
size is favored by both intrasexual selection, which favors 
larger size in competition among males, as well as intersex¬ 
ual selection generated by females resistant to guarding. 
Strong sexual dimorphism is also seen in some freshwater 
amphipods. Interestingly, among closely related species of 
the amphipod Hyalella , the dimorphism is reduced in species 
that inhabit lakes with fish, which impose strong size- 
selective predation on large individuals; in these popula¬ 
tions exposed to predation, moreover, females show weaker 
preference for large males. Thus, phenotypic traits and 
behavioral preferences are molded by the trade-off between 
sexual selection for large male size and natural selection 
for reduced size to avoid predation. 

Social Monogamy 

Snapping shrimp (Alpheidae) are common and diverse 
animals in warm seas. Most live in confined spaces such 
as rock crevices, excavated burrows in sediment, or com- 
mensally within sessile invertebrates such as sponges, 
corals, or feather stars. Long-term heterosexual pairing, 
or ‘social monogamy’ is the norm among alpheids. Models 
predict that mate guarding can extend to long-term 
monogamous associations where male searching for 
mates is costly because of, for example, low population 
densities, male-biased operational sex ratios, or high pre¬ 
dation risk outside the territory. All of these conditions are 
common among alpheids. As in the peracarids, pairing 
appears to have evolved partly as a male guarding 
response, as evidenced by the preference of males to 
associate with females close to sexual receptivity. But 
pairs of snapping shrimp also jointly defend a single 
territory, suggesting that other factors are also at play. 
Lauren Mathews conducted a series of experiments with 
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Alpheus angulatus testing the potential benefits of monog¬ 
amy to the two partners. She showed that, in addition to 
its role in assuring males of mating opportunities, social 
monogamy is likely favored by benefits to both partners of 
sharing maintenance and defense of the joint territory. For 
example, females were less likely to be evicted from the 
territory by intruders when paired with a male than when 
unpaired, and males similarly were less frequently evicted 
when paired with a sexually receptive female. The ten¬ 
dency of both males and females to bring food back to the 
burrow may also have benefited their partners. Finally, 
paired females spent more time constructing the burrow 
than did paired males, possibly reflecting a division of 
labor in which males, with their larger snapping claw, 
took care of defense. As discussed below, the monogamous 
habit of these pair-living shrimp likely set the stage for the 
repeated evolution of multigenerational, cooperative 
societies in eusocial alpheids. 

Sexual Selection and Alternative Male 
Mating Strategies 

A more extreme case of mate monopolization occurs where 
males can assemble harems of females. This mating system 
is more common in situations in which female distribution 
is highly clumped, for example among habitat specialists, 
and in which males are capable of excluding other males 
from the habitat patch or group of females. An especially 
intriguing example from the Crustacea involves the isopod 
Paracerceis sculpta, which inhabits spaces within small inter¬ 
tidal sponges in the Gulf of California. Research by Stephen 
Shuster showed that large males may monopolize as many 
as 19 females in a given sponge. However, sexual selection 
driven by the intense competition among males for females 
has resulted in divergence of three alternative male mating 
morphs that coexist in the same populations. Alpha males 
are large and powerful and monopolize females by physically 
excluding other males. Beta males, in contrast, are similar 
to females in both morphology and behavior and gain 
access to sponges controlled by alpha males by mimicking 
females. Gamma males are very small and appear to mimic 
juveniles; although males attempt to exclude them, gam¬ 
mas can gain access to crowded sponges by slipping through 
male defenses unnoticed. Both beta and gamma males 
achieve some fertilizations in these highly competitive 
situations by subterfuge, providing an example of the 
‘sneaker’ male morphs that co-occur with ‘fighter’ males 
in a range of animal taxa. 

Larval Development, Parental Care, and 
Family Life 

Social groups in most animals develop from nuclear or 
extended families. Thus, parental care and the concomitant 


aggregation of kin in families are important prerequisites 
to more advanced social organization in many animals, 
including vertebrates, insects, and crustaceans. For exam¬ 
ple, one of the classical criteria of eusociality is cohabita¬ 
tion of multiple adult generations, which generally arises 
as offspring extend a long period of parental care and 
remain with their parents after maturity. 

Parental care and associated social behaviors are only 
possible, however, when parents and offspring remain in 
spatial proximity where they can interact. In most decapods 
such as lobsters, crabs, and shrimp, planktonic larvae 
result in broad dispersal. In these species, families cannot 
form and thus kin selection cannot operate. Among 
‘direct-developing’ crustaceans, such as amphipods, iso¬ 
pods, and a few decapods, the situation is different. In 
these species, extended parental care is relatively common 
(Figure 2). Care is typically provided only by the mother, 
initially in the form of carrying, grooming, and ventilation 
of embryos. But males also contribute in several species by 
building and defending burrows or other nest sites. In 
extreme cases, including the highly social bromeliad 
crab Metopaulias depressus and certain sponge-dwelling 
shrimp (see below), other individuals - generally older 
siblings - also provide some care in the form of nest 
defense or even food provisioning to young offspring. 

A primary function of parental care in crustaceans as 
in most other animals is protection of the vulnerable 
young from predators and harsh environmental condi¬ 
tions. Active ‘shepherding’ by mothers of small juveniles 
faced with danger occurs in several species of crabs and 
caprellid amphipods (skeleton shrimp); in some cases, a 
mother picks up her young offspring and carries them 
away from predators, whereas in others, some (generally 
unknown) signal from the mother causes juveniles to 
aggregate or to enter her brood pouch. Mothers also 



Figure 2 A mother of the Chilean marine amphipod 
Peramphithoe femorata with her young in their nest constructed 
on a frond of kelp. Ampithoid amphipods are common herbivores 
in coastal marine vegetation, where they build silken nests 
among algae and fouling material. Offspring of many amphipods 
remain with the mother for some time before dispersing, and in 
some species, are fed by the mother during this period. Photo by 
Ivan Hinojosa, used with permission. 
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feed their offspring in several species of amphipods and, 
in desert isopods, even bring food back from extended 
foraging trips to provision offspring remaining at the nest, 
much as in birds, bees, and ants. 

Not surprisingly, parental care tends to be better 
developed in habitats or situations where offspring face 
strong challenges from the biotic or abiotic environment. 
For example, several species of Australian semiterrestrial 
crayfish inhabit burrows in soil, sometimes far from open 
surface water (Figure 3). Burrows provide shelter from 
predators and harsh physical conditions, and are also a 
source of food in some species. Particularly in crayfish 
species that live far from surface water, the burrow may be 
complex and extend for >4m into the ground. In these 
drier areas, burrows can only be dug during a limited time 
of year, and thus represent a valuable, self-contained 
resource. Juveniles often face harsh conditions and strong- 
risk of predation outside the burrow, and the life history of 
the crayfishes has adapted accordingly. Semiterrestrial 
crayfish have no free-living larval stage as most decapods 
do; instead, juveniles cling to the mother’s pleopods 
(abdominal appendages) after hatching and remain there 
for 2-3 molts before graduating into independent minia¬ 
ture versions of the adults. In Procambarus alleni , juveniles 
at this stage make short excursions outside the burrow but 
usually remain close to the mother, who helps them back 
into the brood area by raising her body and extending the 
abdomen. Females in some semiterrestrial crayfish also 
produce pheromones that attract the juveniles. Mothers in 
Procambarus clarkii also defend their juveniles, even those 
that are already foraging independently, against large 
males. Extensive cohabitation of mother and offspring 
reaches its most extreme manifestations in Tasmanian 
species of Engaeus , in which four generations — including 
mother and three year classes of juveniles - have been 



Figure 3 The Tasmanian endemic semiterrestrial crayfish 
Engaeus orramakunna. This species lives in deep burrows that 
may house a mother with up to three successive cohorts of 
offspring all living together. Photo by Niall Doran, used with 
permission. 


observed cohabiting in the same burrow. The prolonged 
associations between mothers and young, and the diffi¬ 
culty of establishing new territories outside the parental 
burrow, in these species recall the situations believed to 
foster the evolution of eusociality in insects, and in snap¬ 
ping shrimp as discussed below. 

Kin Recognition and Kin Discrimination 

The aggregation of genetic relatives - family members — 
provides opportunities for kin selection to mold cooperative 
behaviors. Maintaining cohesive kin groups is facilitated 
by the ability to recognize kin from nonkin. In most crus¬ 
tacean species, experiments suggest that parents are inca¬ 
pable of distinguishing their own offspring from unrelated 
juveniles. In these cases, family cohesion can be main¬ 
tained by simple rules of context in which interactions 
occur. For example, mothers in many crustacean species 
accept juveniles found in the nest area but are very 
aggressive toward individuals approaching the nest from 
the outside. 

At the other end of the spectrum, kin recognition is 
highly developed in certain desert isopods, which are 
the dominant herbivores and detritivores over wide areas 
of arid North Africa and Asia. In one such species, 
Hemilepistus reaumuri , parent—offspring groups share bur¬ 
rows, with both parents caring for the young for several 
months, and adults must make long excursions outside the 
burrow to forage (Figure 4). The burrow provides pro¬ 
tection from the harsh environmental conditions of the 
desert and from predators. Because it represents a highly 



Figure 4 Two desert isopods, Hemilepistus reaumuri, at the 
entrance to their burrow. These animals live in family groups and 
have finely tuned kin recognition based on complex chemical 
mixtures that allow them to discriminate family members from 
intruders approaching the burrow after wide-ranging foraging 
trips. Photo by Karl Eduard Linsenmair, used with permission. 
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valuable shelter, competition and invasion are common 
threats, and recognition of kin is critical to maintaining 
group cohesion in the face of foraging traffic in and out of 
the burrow. 

Research by Karl Eduard Linsenmair has demonstrated 
that kin recognition is remarkably finely tuned in H. reaumuri. 
Individuals in this species recognize one another using 
nonvolatile, polar compounds that are transferred by contact. 
Because the compounds can be transferred by touch, contact 
between unrelated individuals could easily lead to contami¬ 
nation of the family signal that would lead to attack upon 
return to the family burrow, where an attentive guard stands 
at the burrow entrance (Figure 4). Thus, individuals are 
scrupulous about avoiding contact with nonkin. A large series 
of experiments showed that the chemical ‘badge’ worn by 
each family is unique and genetically determined, and arises 
from regular close contact among family members in the 
burrow, which mixes the individual signals into a family- 
specific odor. This process is strikingly similar to the way in 
which common family odor is distributed among eusocial 
naked mole-rats within their familial burrows. Interest¬ 
ingly, attacks on newborn isopods and family members 
that have just molted are inhibited by another (undefined) 
chemical substance, allowing these individuals to acquire 
the family odor without harm. As a result of this finely 
tuned kin recognition system, isopod families are able to 
maintain their strict kin structure despite high population 
densities and frequent long foraging excursions to and 
from the burrow. 

Individual recognition among crustaceans is not con¬ 
fined to kin but extends to unrelated individuals and even 
other species. Stomatopods (mantis shrimp) in the genus 
Gonodactylus are common inhabitants of tropical reefs, 
where they live in cavities in coral rock, along with 
various other fishes and invertebrates. Experiments by 
Roy Caldwell and colleagues have shown that these sto¬ 
matopods can learn to identify other individual stomato¬ 
pods based on chemical cues and that they use these cues, 
along with memory of the fighting ability of the individ¬ 
ual, to determine how to approach a cavity that might be 
occupied. Interestingly, the stomatopods are also able to 
learn the odor of individual octopuses, which compete for 
the same cavities. The shrimp are much more hesitant and 
defensive when approaching a cavity occupied by a con- 
specific or an octopus that they have fought previously. 
These examples demonstrate that certain crustaceans are 
capable of quite finely tuned discrimination among indi¬ 
vidual animals, both conspecifics and other species. 

Cooperative Breeding in Jamaican 
Bromeliad Crabs 

About 4.5 Ma, a marine crab colonized the Caribbean 
island ofjamaica and moved up into the forests, radiating 


into at least ten endemic species of freshwater and terres¬ 
trial crabs. Among the most unique of this group is Meto- 
paulias depressus , which lives exclusively in the small 
bodies of water that collect in leaf axils of bromeliad 
plants in the forested mountains (Figure 5). These small 
pools provide most everything the crabs need: water 
required to moisten the gills, molt, and reproduce; food 
in the form of plant matter, detritus, and small arthropods; 
and protection from predatory lizards and birds. Individ¬ 
ual plants can live for several years and their leaf axils 
represent a reliable and stable water source that collects 
dew as well as rain and thus persist even through extended 
droughts. But because suitable bromeliads are scattered, 
in short supply, and surrounded by hostile habitat, finding 
and maintaining these nests presents challenges. As in 
many social insects, birds and mammals, these environ¬ 
mental challenges appear to have selected for a coopera¬ 
tively breeding or even eusocial lifestyle in which delayed 
dispersal results in accumulation of large family groups 
that cooperate in raising the young. The story of the 
Jamaican bromeliad crab has been documented in an 
elegant series of studies by Rudolf Diesel. 

Life History and Maternal Care 

Bromeliad crabs breed once a year, during December 
and January, producing clutches of 20-100 eggs. When 
the eggs hatch, the larvae are released into the water in 
a leaf axil. Here, the larvae develop rapidly - within 
about 2 weeks — into small juvenile crabs. The young 
crabs then remain in the mother’s territory for up to 
3 months during which the mother provides extensive 
care for them, defending them against predatory spiders 



Figure 5 A mother and young of the Jamaican bromeliad crab 
Metopaulias depressus. Mother crabs raise their larvae in pools 
of water that collect in the leaf axils of bromeliads and fastidiously 
manage the water chemistry by removing leaf litter and adding 
empty snail shells that raise the pH and concentration of calcium 
ions required by growing larvae. Older siblings also provide care 
in this cooperatively breeding species. Photo by Rudolf Diesel, 
used with permission. 
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and aquatic insect larvae, and provisioning them with 
food. But what is most remarkable about these crabs is 
the mother’s extreme care in maintaining water quality in 
the leaf axils. By actively removing leaf litter and collect¬ 
ing and placing empty snail shells in the nursery pools, 
mothers more than doubled nighttime dissolved oxygen 
in the nursery pools, and raised pH and concentrations of 
calcium necessary for proper larval development. Indeed, 
mother crabs introduced more shells into nursery pools in 
which calcium concentrations had been experimentally 
reduced, confirming that they manage water quality 
actively and with a high degree of sophistication. Then, 
around the age of 3 months, the juvenile crabs begin to 
disperse from the nursery pool into other leaf axils on the 
same plant. They reach maturity after a year or more, and 
females live for up to 3 years. 

Field studies have shown that the colony of crabs living 
on a single plant can consist of up to 84 individuals, but 
invariably harbors only a single breeding female. Gener¬ 
ally, distinct annual cohorts of juvenile crabs are visible in 
a colony, and many colonies contain at least a few indivi¬ 
duals of reproductive size that nonetheless do not breed. 
The size distributions of colony members suggest that 
most juveniles stay with the mother for at least a year. 

In addition to maintaining good water quality and 
providing food for the larvae, experiments showed that 
mother crabs aggressively defended their nest against 
intruding crabs, even when the intruders were large, and 
sometimes even killed them. Mothers were also able to 
distinguish larger juveniles living in their own nests (pre¬ 
sumably their offspring) from unfamiliar juveniles of the 
same size when both types of individuals were introduced 
experimentally into the nest; small juveniles were not 
attacked, regardless of whether they were familiar or 
not. Thus, Jamaican bromeliad crabs appear able to dis¬ 
tinguish kin from nonkin. 

Cooperative Brood Care and Social System 

While a wide range of animals exhibit parental care of 
varying degrees of sophistication, what distinguishes 
cooperatively breeding or eusocial species is alloparental 
care, that is, care of young by individuals other than 
parents. Several lines of evidence confirm alloparental 
care in Jamaican bromeliad crabs. First, nonbreeding 
adult females from earlier cohorts that remained in the 
nest helped the mother defend the nest against unfamiliar 
intruders. Second, when the mother was removed, young 
ones in the nest survived and grew better in the presence 
than in the absence of nonbreeding adult siblings, pre¬ 
sumably because the older individuals helped defend the 
nest and maintain good water quality. 

Jamaican bromeliad crabs appear to be unique among 
crustaceans in the sophistication of brood care by both 
mothers and nonbreeding adult helpers, particularly in 


comparison with other crabs, most of whom release larvae 
to face their fate in the plankton and provide no care 
afterwards. Indeed, Jamaican bromeliad crab colonies meet 
the criteria traditionally defining the most advanced social 
system, eusociality: overlapping adult generations, repro¬ 
ductive division of labor, and cooperative care of young. 

What factors explain such advanced social organiza¬ 
tion in the bromeliad crab? As is true of many other social 
animals, both insects and vertebrates, the answer appears 
ultimately to involve ecological pressures that make 
independent reproduction difficult. In the case of brome¬ 
liad crabs, these pressures include the scattered nature 
of water-filled microhabitats, which are surrounded by 
unsuitable habitat, making dispersal dangerous. More¬ 
over, because the bromeliad microhabitats are relatively 
rare, they are also in high demand and subject to invasion 
by competitors. Theory and data from other animals sug¬ 
gest that such ecological pressures favor delayed dispersal, 
which allows kin groups to form, and also provide an 
opportunity for the nonbreeding older offspring to help 
raise younger siblings, which provides inclusive fitness 
benefits. Moreover, field observations suggest that staying 
at home eventually pays off for some of the daughters 
either in inheriting the mother’s territory when she dies, 
or colonizing an adjacent territory as the bromeliad 
sprouts new plants from the same rhizome. Such territory 
inheritance has similarly been suggested as a selective 
advantage to helping at the nest in eusocial termites. 

Eusociality in Sponge-Dwelling Shrimp 

Eusociality (‘true sociality’) is the most extreme manifes¬ 
tation of altruistic cooperation in the animal kingdom. 
Eusocial colonies historically have been defined on the 
basis of three characteristics: (1) presence of multiple 
adult generations living together, (2) reproductive divi¬ 
sion of labor, meaning that only a subset of colony mem¬ 
bers reproduce, and (3) cooperative care of young. This 
definition unites the familiar social bees, ants, wasps, and 
termites, which typically live in colonies headed by a 
single queen (and, in the case of termites, also a king) 
and containing many nonbreeding workers that cooperate 
in raising the queen’s offspring, foraging for food, main¬ 
taining and defending the nest, and so on. 

In 1996, social colonies were reported in the Caribbean 
coral-reef shrimp Synalpheus regalis , which consisted of a 
single breeding female - the queen - and tens to hundreds 
of other individuals, including many nonbreeding adults. 
Genetic analyses confirm that colonies of these eusocial 
shrimp consist of close relatives, and likely full siblings, 
the offspring of a single breeding pair, which evidently 
dominates reproduction for an extended period. Similar 
eusocial colonies have subsequently been discovered in 
several other species of Synalpheus (Figure 6). The colonies 
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Figure 6 The Caribbean eusocial shrimp Synalpheus regalis. 
These shrimp occupy the internal canals of sponges on coral 
reefs. Several eusocial species, like this one, live in colonies of 
10s to a few 100s of individuals with a single breeding female, the 
queen. Large nonbreeding individuals aggressively defend the 
colony against intruders. Photo by Emmett Duffy, used with 
permission. 

consist of several generations living together, and the non¬ 
breeding colony members contribute to colony welfare by 
defending the nest, qualifying them as eusocial by the 
traditional definition. Eusocial colonies form only in cer¬ 
tain species of Synalpheus that produce crawling offspring 
that typically remain in the same sponge where they were 
born, allowing kin groups to accumulate. 

Eusociality poses a fundamental paradox for evolution 
by natural selection, as Darwin famously recognized: If 
adaptive evolution proceeds via differential survival and 
reproduction of individuals, how can a species arise in 
which most individuals never breed at all? As the only 
known case of eusociality in a marine animal, snapping 
shrimp have become valuable subjects for understanding 
general features of the evolution of advanced social organi¬ 
zation in animals via comparisons with social insects and 
vertebrates. Why have a few species of sponge-dwelling 
shrimp, alone among marine animals, adopted this cooper¬ 
ative lifestyle? The search for an answer illuminates some 
key questions in understanding animal social life generally. 


are aggressive toward all individuals other than their 
mate, eusocial Synalpheus species live in dense aggrega¬ 
tions and are in nearly constant contact with other colony 
members. 

The canals of host sponges provide a valuable resource 
in the combination of safe shelter and constant food, and 
shrimp populations fill nearly all suitable sponges on the 
reef, such that available habitat is ‘saturated.’ Because the 
host sponge combines food, living space, and a safe haven, 
there is a high premium on obtaining and defending it, 
and that necessity is clearly reflected in the aggression of 
resident shrimp against intruders, which sometimes ends 
in fights to death. Indeed, homeland defense appears to be 
the primary job of the nonbreeding helpers. Experiments 
with S. regalis reveal that, compared with juveniles or the 
queen, large helpers are more active, more aggressive, and 
more likely to be found near the periphery of a sponge, 
where intruders are a threat. In contrast, juveniles are 
sedentary and often congregate in groups to feed. Thus, 
shrimp show behavioral differentiation among classes 
of individuals reminiscent of the caste roles of certain 
social insects. 

Social shrimp colonies also show coordinated activity. 
For example, in captive laboratory colonies, groups of 
shrimp have been observed cooperating to remove dead 
nestmates from the sponge. But the most striking example 
involves ‘coordinated snapping,’ during which a sentinel 
shrimp reacts to some disturbance by recruiting other 
colony members to snap in concert for several to tens of 
seconds. Experiments suggest that coordinated snapping 
in social shrimp is a specific and effective group warning 
signal to nest intruders, produced when individual defen¬ 
ders meet an unfamiliar shrimp and are unable to chase it 
away. The function of coordinated snapping as a specific 
warning to intruders is supported by its occurrence only 
after introductions of intruders, and its effectiveness at 
repelling them even after single snaps fail to do so. Coor¬ 
dinated snapping can also be considered an honest warn¬ 
ing signal because the few intruders unable to flee in 
experiments were subsequently killed. Coordinated snap¬ 
ping in social shrimp thus represents a mass communica¬ 
tion among colony members, a fundamental characteristic 
of highly social insects and vertebrates. 


Natural History and Social Behavior in 
Sponge-Dwelling Shrimp 

Shrimp in the genus Synalpheus are mostly symbiotic or 
parasitic, living their entire lives within the internal canals 
of living sponges and feeding on the tissues and secretions 
of their hosts. The common name snapping shrimp or 
pistol shrimp refers to the large claw carried on one 
side of the body, which produces a powerful jet of water 
and a loud snap when closed, and is used in aggressive 
interactions and fights. Unlike most alpheid shrimp, which 


Genetics and Ecology in the Evolution of 
Shrimp Eusociality 

Genetic relatedness between interacting individuals has 
occupied a central role in explaining the tension between 
conflict and cooperation since William Hamilton’s semi¬ 
nal formulation of the concept of inclusive fitness (or kin 
selection). According to Hamilton, the evolution of 
behavioral interactions depends on both genetic related¬ 
ness among individuals and on the ecological factors that 
define the costs and benefits of their interactions. 
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In understanding the paradox of eusociality, in partic¬ 
ular, kin selection has provided a key explanation and 
has stimulated four decades of highly productive research. 
Recently, it has been argued that kin selection is a conse¬ 
quence rather than a cause of eusociality, and that the 
ecological context driving competition and cooperation 
are the dominant pressures selecting for cooperation. 
Research on sponge-dwelling shrimp contributes to resolv¬ 
ing this debate. 

One powerful, albeit indirect, approach to evaluating 
evolutionary hypotheses is via phylogenetic comparative 
methods, which statistically separate the influence of 
recent common ancestry from that of ecological factors 
in shaping evolutionary change in a lineage. For example, 
comparative analyses among sponge-dwelling shrimp spe¬ 
cies in Belize controlled statistically for the close phylo¬ 
genetic relatedness and the small body sizes of social 
shrimp, and supported the hypothesis that eusociality 
evolved as a result of both ecological benefits of group 
living and of close genetic kin structure. Eusocial shrimp 
species were more abundant and had broader host ranges 
than nonsocial sister species, supporting the basic hypoth¬ 
esis that cooperative groups have a leg up in ecologically 
challenging environments. But ecological advantages of 
eusocial colonies are not the whole story: eusociality arose 
only in species with nondispersing larvae, which form 
family groups subject to kin selection. Thus, superior 
ability to hold valuable resources favors eusociality in 
shrimp, but close genetic relatedness is nevertheless key 
to its origin, as in most social insects and vertebrates. 

Adaptive Demography 

In addition to the three classical criteria described above, 
eusociality is often recognized by the loss of totipotency, 
i.e., a transition to irreversible sterility or other form of 
specialization within a colony. In this sense, eusocial 
colonies are qualitatively different than other coopera¬ 
tively breeding animal societies and evolution of sterility 
represents a threshold, which, once crossed, allows new 
evolutionary processes to act. Once workers are freed 
from selection for personal reproduction, their behavior, 
physiology, and body form can be molded by colony-level 
selection toward specialized phenotypes that benefit the 
colony as a whole, such as the soldiers, nurses, and other 
specialized castes that reach sometimes bizarre extremes 
in certain large-colony ant and termite species. 

Among shrimp, the division of labor between repro¬ 
duction and defense reaches its clearest manifestation in 
Synalpheus filidigitus, in which the queen’s irreversible 
dependence on her colony is reflected in a physical meta¬ 
morphosis. Queens of this species lack the typical large 
snapping claw, having replaced it with a second minor- 
form chela. This is strong indirect evidence for organized 
division of labor in the colony, since an alpheid lacking its 


fighting claw is helpless on its own. It also presents an 
interesting parallel with the advanced social insects, in 
which queens typically become nearly helpless egg-laying 
machines. 

Colony-level selection may produce not only spe¬ 
cialized individual phenotypes but also adaptive demog¬ 
raphy, that is, changes in the relative proportions of 
different types of colony members that benefit the colony 
by increasing its efficiency. Social shrimp also show trends 
suggestive of such adaptive demography. Growth allome- 
try and body proportions of three eusocial shrimp species 
differed in several respects from that of their pair-forming 
relatives: allometry of fighting claw size among males and 
nonbreeding females was steeper, and queens had propor¬ 
tionally smaller fighting claws, in eusocial species. Shrimp 
are thus similar to other eusocial animals in the morpho¬ 
logical differentiation between breeders and nonbreeders, 
and in the indication that some larger nonbreeders might 
contribute more to defense than others. 

Eusocial shrimp species also tend to be smaller bodied 
than less social relatives, and this trend remains even after 
phylogenetic relationships are controlled for, as also 
reported for social wasps. This situation may result from 
selection for improved colony performance, that is, adap¬ 
tive demography. Oster and Wilson argued that reduced 
body size could allow a colony to have a larger number of 
individuals and thus maintain more efficient operations, 
providing some redundancy, and maintaining a higher 
‘behavioral tempo’ that enhances productivity. Whether 
this explains the patterns of smaller body size in social 
shrimp remains to be tested. 

Conclusions and Comparisons with 
Other Animals 

Evidence from crustaceans supports models based on 
study of insects and vertebrates that evolution of cooper¬ 
ative social systems is strongly influenced by ecological 
pressures and, in particular, the difficulty of obtaining and 
defending a ‘basic necessary resource’ in the parlance of 
Alexander, Crespi, and colleagues. For social snapping 
shrimp, this resource is the host sponge, which is in 
short supply and generally fiercely defended by competi¬ 
tors. For Jamaican bromeliad crabs, it is a host plant with a 
sufficient number and sizes of leaf axils to provide food, 
shelter, and a nursery for larvae. In desert isopods, and 
perhaps also Australian semiterrestrial crayfish, the 
resource is the burrow, which can only be built during a 
limited time after rain and is essential for survival under 
harsh conditions. In all of these cases, the aggregation of 
parent(s) with multiple cohorts of offspring creates kin 
groups that are presumably also essential to the evolu¬ 
tion of cooperative behavior. Indeed, in sponge-dwelling 
shrimp, phylogenetically controlled comparisons confirm 
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that eusocial groups evolved only in species with crawling 
larvae, which allow formation of close kin groups. Thus, 
these examples add to the list of examples from other taxa 
that show that advanced cooperative social life evolves in 
situations where cooperation leads to superior ability to 
hold valuable resources, and that cooperation is especially 
favored in kin groups, where helpers can receive inclusive 
fitness rewards for their efforts. 

See also: Cooperation and Sociality; Group Living; Kin 
Selection and Relatedness; Mate Choice in Males and 
Females; Reproductive Skew; Social Recognition; Social 
Selection, Sexual Selection, and Sexual Conflict; Ter¬ 
mites: Social Evolution. 

Further Reading 

Caldwell RL (1979) Cavity occupation and defensive behaviour in the 
stomatopod Gonodactylus festai : Evidence for chemically mediated 
individual recognition. Animal Behavior 27: 194-201. 

Correa C and Thiel M (2003) Mating systems in caridean shrimp 
(Decapoda: Caridea) and their evolutionary consequences for sexual 


dimorphism and reproductive biology. Revista Chilena de Historia 
Natural 76: 187-203. 

Crespi BJ (1994) Three conditions for the evolution of eusociality: Are 
they sufficient? Insectes Sociaux 41: 395-400. 

Diesel R (1997) Maternal control of calcium concentration in the larval 
nursery of the bromeliad crab, Metopaulias depressus (Grapsidae). 
Proceedings of the Royal Society of London, Series B 264: 
1403-1406. 

Duffy JE (1996) Eusociality in a coral-reef shrimp. Nature 381: 512-514. 

Duffy JE and Thiel M (eds.) (2007) Evolutionary Ecology of Social and 
Sexual Systems: Crustaceans as Model Organisms. Oxford: Oxford 
University Press. 

Jormalainen V (1998) Precopulatory mate guarding in crustaceans: Male 
competitive strategy and intersexual conflict. Quarterly Review of 
Biology 73: 275-304. 

Linsenmair KE (1987) Kin recognition in subsocial arthropods, in 
particular in the desert isopod Hemilepistus reaumuri. In: Fletcher D 
and Michener C (eds.) Kin Recognition in Animals. Chichester: John 
Wiley and Sons. 

Shuster SM and Wade MJ (1991) Equal mating success among 
male reproductive strategies in a marine isopod. Nature 
350: 608-610. 

Thiel M (1999) Parental care behaviour in crustaceans - A comparative 
overview. Crustacean Issues 12: 211-226. 

Thiel M and Baeza JA (2001) Factors affecting the social behaviour of 
crustaceans living symbiotically with other marine invertebrates: 

A modeling approach. Symbiosis 30: 163-190. 

Van Hook A and Patel NH (2008) Primer: Crustaceans. Current Biology 
18: R547-R550. 




Cryptic Female Choice 

W. G. Eberhard, Smithsonian Tropical Research Institute; Universidad de Costa Rica, Ciudad Universitaria, 
Costa Rica 

© 2010 Elsevier Ltd. All rights reserved. 


Charles Darwin distinguished two contexts in which 
sexual selection acts on males competing for access 
to females: Direct male-male battles and female choice. 
He apparently believed, perhaps because of cultural 
blinders to thinking about more intimate aspects of copu¬ 
lation, that sexual selection occurred only prior to co¬ 
pulation. He thus thought that a male’s success in sexual 
competition could be measured in terms of his ability to 
obtain copulations. It is now clear that this view, which 
prevailed essentially unchallenged for about 100 years, is 
incomplete, and that males often also compete for access 
to the female’s eggs after copulation has begun. This 
competition was originally called ‘sperm competition’ by 
Parker, but using Darwin’s categories, sperm competition 
is now employed in a more restricted sense to refer to the 
postcopulatory equivalent of male-male battles; the post- 
copulatory equivalent of female choice is termed ‘cryptic 
female choice’ (CFC) (‘postcopulatory’ is generally used 
to refer to all events following the initiation of genital 
coupling). The word cryptic refers to the fact that any 
selection resulting from female choice among males that 
occurs after copulation has begun would be missed using 
the classic Darwinian criteria of success. 

The term ‘cryptic female choice’ was first used in refer¬ 
ence to female scorpionflies, which lay more eggs immedi¬ 
ately after copulating with large males than after mating 
with small males (and thus presumably bias paternity in 
favor of large males). This idea, which is part of a general 
trend in evolutionary biology to realize that females are 
more active participants than was previously recognized, 
is discussed most extensively in two books by Eberhard. 
CFC has often been invoked to explain the rapid divergent 
evolution of traits such as male genitalia, as traits under 
sexual selection are known to tend to diverge rapidly. 

In concrete terms, CFC can occur if a female’s mor¬ 
phological, behavioral, or physiological traits (for instance, 
triggering of oviposition, ovulation, sperm transport or 
storage, resistance to further mating, inhibition of sperm 
dumping soon after copulation, etc. - see Table 1) consis¬ 
tently bias the chances that particular mates have of siring 
offspring when she copulates with more than one male. 
The result is selection favoring males with traits that 
increase the probability of certain postcopulatory female 
responses, as they are more likely to obtain fertilizations 
than others. Male traits associated with such female biases 
can be morphological (e.g., his genital morphology), 
behavioral (e.g., his courtship behavior during copulation), 


or physiological (e.g., the chemical composition of his 
semen). There are more than 20 mechanisms by which 
postcopulatory female-imposed paternity biases can be 
produced (Table 1), and that have possible example spe¬ 
cies in which CFC may occur. Some female mechanisms 
involve the male’s genitalia directly (relaxing barriers 
inside the female reproductive tract to allow the male to 
penetrate to optimum sites for sperm deposition); some 
involve manipulating sperm (e.g., discarding, digesting, or 
otherwise destroying the sperm of some males but not 
others); some involve her own gametes (e.g., modulation 
of ovulation, maturation of eggs, oviposition); and some 
involve postcopulatory investments of resources in partic¬ 
ular offspring or resistance to the attempts of other males 
to mate with her. Still others involve female physiological 
processes such as hormonal changes that result in ovula¬ 
tion or maturation of eggs. The focus here is on behavioral 
traits of males and females. 

Seen from another angle, CFC is the result of the diffi¬ 
culties that generally confront a male in his attempts to 
guarantee that the female’s eggs will be fertilized by his 
sperm. He generally needs the female’s help, because males 
almost never deposit their sperm directly onto the female’s 
eggs in species with internal fertilization; it is also typical 
that the female, rather than the male or the motility of his 
sperm, is responsible for transporting the sperm on at least 
part of their subsequent journeys within her body. Similarly, 
copulation generally does not automatically result in trans¬ 
fer of sperm to the female, and insemination does not 
necessarily result in fertilization of all the female’s available 
eggs. A male trait that increases the chances that the female 
will respond in a way that improves his likelihood of ferti¬ 
lizing her eggs can come under sexual selection by CFC. 
Thus, for instance, male traits that induce the female to 
permit the male’s genitalia to reach that portion of her 
reproductive tract where his sperm will have the best 
chances of surviving and fertilizing eggs, or to refrain from 
ejecting his sperm from her body, could come under CFC. 

Likelihood of Female-Imposed 
Postcopulatory Biases 

Basic morphology suggests that CFC is probably more 
common than its better known precopulatory equivalent, 
classic Darwinian precopulatory female choice. Whereas 
precopulatory competition among males can occur with 
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Table 1 An undoubtedly incomplete list of possible 
mechanisms that are under at least partial female control which 
could bias paternity if the female mates with more than a single 
male, and thus exercise cryptic female choice 

Remate? 

Remate sooner rather than later? 

Mature more eggs? 

Ovulate? 

Add more or better nutrients to eggs? 

Oviposit more of already mature eggs more quickly? 

Transport sperm to optimum sites for eventual fertilization? 
Store sperm at different site from other sperm to allow selective 
use (in species with multiple sperm storage sites)? 

Allow male genitalia to penetrate deeply enough to deposit 
sperm at optimum site for fertilization? 

Interrupt copulation before male is entirely finished with sperm 
and semen transfer and courtship? 

Flood reproductive tract with antibodies or other defenses 
against infections that might damage sperm? 

Feed or otherwise nurture sperm received? 

Kill sperm received? 

Discard sperm from previous male? 

Discard sperm from current male? 

Abort zygotes from former males? 

Resist abortion of zygotes from present male? 

Allow male to deposit copulatory plug that impedes future 
insemination? 

Produce copulatory plug that impedes future insemination? 
Prepare uterus for implantation (mammals)? 

Invest more heavily in rearing offspring prior to their birth? 

Invest more heavily in rearing offspring following their birth? 
Alter morphology following copulation that makes subsequent 
copulations difficult or impossible? 


relatively little direct female influence, postcopulatory 
competition between males is generally played out within 
the female’s own body. Even small changes in her repro¬ 
ductive morphology and physiology, such as the volume 
and chemical milieu of sites where sperm are stored and 
where they fertilize eggs, can have consequences for a 
male’s chances of fertilization. The multiplicity of the 
CFC mechanisms is a result of this basic fact, and their 
large number and often largely independent controls 
increase the chances that one or more of these critical 
processes will come to be affected by males. The extreme 
power asymmetry between the tiny, delicate sperm, and 
the hulking, complex female, with her extensive array of 
morphological, behavioral, and physiological capabilities, 
also emphasizes the likely importance of female choice as 
opposed to sperm competition among postcopulatory 
selective processes. Males and their gametes are of course 
not completely powerless in determining whether or not 
fertilization will occur; but females are likely to influence 
the outcome. In an analogy with human sporting events, 
the female’s body is the field on which males compete, and 
her behavior and physiology set the rules by which com¬ 
petitors must abide and which strategies will be effective. 
Even small changes in the female can tilt the competition 
in favor of males with particular traits. 


Another reason to think that sexual selection by CFC 
is an important evolutionary force is that natural selection 
on many female reproductive traits is expected to easily 
lead to CFC. Take, for example, oviposition behavior. In 
most species, natural selection on females favors repres¬ 
sion of oviposition until some stimulus associated with 
copulation signals that the female has sperm with which 
to fertilize her eggs. Natural selection on females will thus 
promote the ability to use cues associated with copula¬ 
tion, such as stimulation by the male or his seminal 
products, to disinhibit oviposition. Once females have 
evolved this ability to sense such stimuli and to trigger 
the processes associated with oviposition (e.g., change 
feeding behavior, search for oviposition sites, move her 
eggs from her ovaries to her oviduct), then improvements 
in male abilities to elicit these responses can come under 
sexual selection by CFC. If a female mates with more than 
one male, if her oviposition responses to males are not 
always complete (i.e., not all her mature eggs are always 
laid prior to mating with another male), and if some males 
elicit oviposition better than others, then (other things 
being equal) those males better able to elicit oviposition 
will outreproduce the others. Once such variant males 
appear in a population, selection can favor those females 
that accentuate this bias in fertilization even further. For 
example, females with higher thresholds for triggering 
oviposition would tend to lay eggs only after copulating 
with especially stimulating males, and would be favored 
because they would produce male offspring better able 
to stimulate females to oviposit in future generations. 
Changes in female thresholds, in turn, could set off a 
new round of evolution of male abilities to stimulate 
females. Another important consideration is that the 
polarity of the female responses expected to be favored 
by natural selection is consistently in the direction favor¬ 
able to the male (increase chances of oviposition, ovulation, 
and sperm transport, etc.; decrease chances of remating, 
etc.), thus predisposing these female responses to be sub¬ 
ject to further male accentuation. 

The multitude of possible CFC mechanisms, the theo¬ 
retical expectations that CFC can evolve rapidly, and the 
frequent finding that females mate with multiple males in 
nature suggest that it may also be widespread. Perhaps the 
most convincing indication that postcopulatory biases are of 
widespread importance involves the behavior of males dur¬ 
ing copulation. Male behavior was observed carefully during 
copulation in 131 arbitrarily chosen species of insects and 
spiders to determine whether males performed courtship 
during copulation. Using conservative criteria to define 
courtship behavior, copulatory courtship occurred in 
>80% of these species. Such behavior is paradoxical under 
the usual Darwinian interpretation that male courtship 
functions to induce the female to accept copulation: why 
should a male continue to court after he is already copulat¬ 
ing? There are also reports of similar behavior in other 
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groups, including nematodes, birds, scorpions, frogs, fish, 
reptiles, millipedes, mammals, molluscs, and crustaceans. If 
80% is anywhere nearly representative, then female- 
imposed postcopulatory paternity biases are probably very 
common. 

Nonetheless, the question of the general importance of 
CFC, like Darwin’s idea of female choice before it, has 
been hotly debated. Because CFC was only recently care¬ 
fully formulated and publicized, relatively few thorough 
experimental tests for its occurrence have been per¬ 
formed. Convincing rejections are intrinsically difficult 
to obtain, because there are so many different postcopu¬ 
latory female processes that might be involved and that 
thus must be checked. In addition, it is harder to see what 
goes on inside a female than to observe precopulatory 
courtship. It can also be difficult to distinguish CFC from 
alternative explanations such as sperm competition and 
sexually antagonistic co-evolution. 

Sexually Antagonistic Co-evolution: 

An Alternative Hypothesis 

The benefit that a female is thought to derive from exer¬ 
cising CFC (i.e., from rejecting certain mates as sires) is 
improved quality in her sons. An alternative explanation 
for these rejections, which could also lead to rapid diver¬ 
gent evolution, is that the female thereby reduces the 
effects of male manipulations that damage her reproduc¬ 
tive interests. For instance (to continue using the example 
of oviposition), a male ability to induce the female to 
oviposit more quickly following copulation could result 
in the female laying some eggs at suboptimal times or 
places. It is possible that male effects that originally 
evolved as means to win in competition with other males 
also incidentally result in a reduction in the female’s 
reproductive output. Arnqvist and Rowe pointed out that 
rapid diversification could then result from sexually antag¬ 
onistic co-evolution (SAC) of males and females, with 
each sex evolving new mechanisms to counteract recent 
advances by the other sex. Female evolution to reduce the 
number of offspring she loses due to this male effect could 
result in another round of male evolution to increase the 
ability to induce females to oviposit. Distinguishing SAC 
from CFC with direct observations is extremely difficult 
(and impossible in popular lab species such as Drosophila 
fruit flies and Tribolium flour beetles, in which natural 
habitats are unknown, and it is thus not possible to deter¬ 
mine the natural reproductive payoffs of different beha¬ 
viors). In addition, CFC and SAC are not mutually 
exclusive, and can act simultaneously or in sequence on 
the same traits. 

There are two different versions of the SAC hypothesis. 
One emphasizes physical coercion by the male, and has 
been tested by looking for the predicted species-specific 


mechanisms of physical or chemical male coercion of 
the female and species-specific resistance by the female. 
There is substantial evidence against such races, including 
the frequent lack of interspecific differences among females 
that correspond to the differences among males of the 
same species; a strong trend in allometric scaling of geni¬ 
talia of insects and spiders that is opposite in direction to 
the trend predicted by SAC; the lack of the predicted 
correlation between coercive male mating attempts and 
rapid divergent evolution of male genitalia; and a general 
lack of female structures with mechanically appropriate 
designs for combating or repelling males. There are some 
female genital structures that mesh with species-specific 
male genitalia as predicted by SAC, but these are gener¬ 
ally ‘selectively cooperative’ structures, such as pits, slots, 
or grooves that facilitate male coupling, rather than 
‘defensive’ structures (such as erectible walls or poles 
that would prevent male coupling). The female structures 
are selective in that they facilitate coupling only with males 
that possess certain structures or forms (as expected 
under CFC). 

A second SAC version emphasizes male stimuli which 
act as sensory traps. The male produces a stimulus that 
elicits a particular female response; this female response 
exists because previous natural selection in another con¬ 
text favored such a response to the same (or a similar) 
stimulus. An example would be the female oviposition 
responses to male stimuli during or following copulation 
that, as noted earlier, originally evolved to prevent the 
female from wasting eggs by ovipositing before she has 
copulated. By accentuating or elaborating the oviposition- 
eliciting stimulus, the male could obtain greater or more 
consistent female responses and thus win in competition 
with other males that copulated with the same female. But 
the female could lose offspring because of precipitous 
oviposition, and thus suffer net damage from the male 
manipulations. 

The sensory trap version of SAC is less easy to distin¬ 
guish from CFC, because it does not predict defensive 
morphological co-evolution in females. It seems less prob¬ 
able a priori, however, because it depends on the female not 
being able to evolve an effective defense against the male 
manipulation and thus eliminate the costs she suffers in 
reduced numbers of surviving offspring. Such a female 
defense would seem to be via easily evolved as a simple 
change in her stimulus response threshold, or a modifica¬ 
tion of her tendency to respond to the stimuli depending 
on the context in which she receives them. It also supposes 
that the inevitable benefit from a paternity bias that pro¬ 
duces sons better able to stimulate females is consistently 
overbalanced by the male-produced damage, an empiri¬ 
cally very difficult condition to demonstrate convincingly. 

Of course, a priori arguments of this sort are less 
satisfying than conclusions based on data. The strongest 
empirical argument against this version of SAC is again 
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from genitalia - the lack of the predicted correlation 
between coercive male mating attempts and rapid diver¬ 
gent evolution of male genitalia that was mentioned ear¬ 
lier. In a survey of many thousands of species of insects 
and spiders, the male genitalia showed no sign of a trend 
to diverge more rapidly in groups in which males control 
(or at least attempt to control) access to resources that 
are needed by females, and attempt to force or convince 
reluctant females which arrive to mate in order to gain 
access to the resources (i.e., in groups in which male 
reproductive interests are more likely to be in conflict 
with those of females). 

Male Behavioral Traits Probably Under 
Cryptic Female Choice 

Genitalic Morphology and Behavior 

One of the most widespread trends in animal evolution is 
that the male genitalia of species with internal fertiliza¬ 
tion often evolve especially rapidly and divergently. The 
most probable explanation involves postcopulatory sexual 
selection, probably CFC. Data on genitalia are especially 
important and permit powerful tests because they are 
extremely abundant. This is because the taxonomists of 
many different groups discovered long ago that genitalia 
are useful in distinguishing closely related species, and 
detailed descriptions of genitalia are available in the 
extensive primary taxonomic literature on many groups. 

Much of the diversity in genital morphology is proba¬ 
bly intimately related to genital behavior. But genital 
behavior during copulation and the functional conse¬ 
quences of such behavior are neglected topics, long over¬ 
due for further research. Most studies of the functional 
morphology of genitalia are distressingly typological, 
often giving ‘the’ position of the male without taking 
into account the probability (given their often complex 
genital musculature) that the male structures move during 
copulation. Many surprising phenomena (such as the 
ability to sing to the female during copulation recently 
documented in a crane fly, and perforation of the female 
tract with long spines found in some beetles) probably 
remain to be discovered. Many details of genital behavior 
are normally hidden inside the female, but direct observa¬ 
tions utilizing both copulating pairs and beheaded male 
insects (thus removing inhibition by the brain of posterior 
ganglia), and morphological studies of the genitalia of 
flash-frozen pairs and of muscle attachments and articu¬ 
lations, can give surprising amounts of information. 
Recent extension of these observations with X-ray imag¬ 
ing can give even more detailed ideas of genital function. 

Probably the most complete studies of genital behavior 
to date with relation to CFC involve tsetse flies. One 
portion of the male’s genitalia remains outside the 
female’s body and delivers powerful squeezes to the tip 


of her abdomen that show species-specific differences in 
frequency and duration. Earlier studies concluded that 
stimulation from some aspect of male copulation behavior 
(rather than chemical cues) induced the critical female 
responses of ovulation and rejection of future males. They 
were recently confirmed and extended by surgically 
removing and altering certain male genital structures, 
and blocking the female receptors contacted by these 
genital structures during copulation. These manipulations 
resulted in reduced sperm transport, reduced ovula¬ 
tion, and greater female acceptance of copulation with 
subsequent males. The morphology of these male struc¬ 
tures varies between closely related species, while that of 
the portions of the female that they contact are uniform, 
favoring the cryptic female choice explanation over the 
sexually antagonistic co-evolution explanation for this 
case of rapid divergent genital evolution. 

Nongenital Male Courtship During and 
Following Copulation 

Male courtship behavior that involves structures other 
than his genitalia and occurs during or following copula¬ 
tion is common, but also poorly studied. ‘Copulatory 
courtship’ behavior patterns include waving, rubbing the 
female, licking, squeezing rhythmically, kicking, tapping, 
jerking, rocking, biting, feeding, vibrating, singing, and 
shaking. If these male behaviors function as courtship, 
the prediction is that they affect postintromission female 
responses that increase the male’s chances of fertilizing 
her eggs. Very few studies have tested the prediction. 

Tallamy and colleagues studied nongenital copulatory 
courtship in the cucumber beetle, Diabrotica undecimpunc- 
tata. The male waves his antennae rapidly over the 
female’s head during the early stages of copulation, 
when the tip of his genitalia has penetrated to the inner 
portion of her vagina. If he waves them rapidly enough, 
the female relaxes the muscles surrounding this portion of 
her vagina, thus allowing the male to inflate a large 
membranous sac at the tip of his genitalia and deposit a 
spermatophore containing his sperm. If she does not relax 
these muscles, he is unable to inflate the sac and eventu¬ 
ally withdraws his genitalia without having transferred a 
spermatophore. Some females mate with up to ten males 
before finally permitting a male to inflate his sac and 
transfer sperm. Females gain superior male offspring by 
screening males this way, as predicted by CFC. The sons 
of males which vibrate their antennae more rapidly also 
tend to vibrate their own antennae more rapidly when 
they copulate. Studies of three other insects have con¬ 
firmed that nongenital copulatory courtship induces the 
female to favor the male’s reproduction, by inducing the 
female to oviposit soon after copulation in a fly, to remain 
still rather than walking around during copulation in a 
flea, and to use the current male’s sperm rather than that 
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of previous males in a beetle (the female mechanism was 
not determined). 

Again, there are indications, though less definitive than 
in the case of genitalia, that nongenital copulatory court¬ 
ship is not the result of coercive coevolutionary arms races 
between males and females. Male copulatory courtship 
behavior is generally noncoercive, and inappropriately 
designed to force the female to continue copulation 
or to perform other responses leading to fertilization. 
Indeed, the sites where most possible female processes 
occur that could prevent fertilization are deep within the 
female’s body, seemingly inaccessible to direct male 
manipulation via copulatory courtship. 

Other Male Traits Possibly Under CFC 

An apparently widespread trend for seminal products 
derived from male accessory glands to frequently affect 
female reproductive processes in insects and ticks sug¬ 
gests selection on male abilities to affect postcopulatory 
female reproductive processes via chemicals in their 
semen. Over 70 species have been studied, with the nearly 
uniform finding that male seminal products induce one or 
more of the following female responses: oviposit eggs that 
are already mature; ovulate or otherwise bring immature 
eggs to maturation; resist farther mating; and (less fre¬ 
quently studied) transport his sperm. Such male products 
could evolve via CFC or SAC. Some studies in Drosophila 
suggest, though not conclusively, that the effects of semi¬ 
nal products may damage female reproductive interests 
(remaining doubts stem from the question of whether it is 
appropriate to draw conclusions regarding why given 
traits evolved based only on data obtained in fruit fly 
culture bottles). 

CFC may affect the evolution of other nonbehavioral 
male traits, including sperm morphology, sperm proteins, 
and the egg molecules with which they interact, and CFC 
may also occur in plants, affecting both the properties of 
pollen tubes that influence their ability to grow down the 
style and find the ovules, and the ability of young zygotes 
to induce the mother to refrain from aborting them. 

Summary 

CFC and sperm competition extend the classic Darwinian 
context of sexual selection to include events that occur 
after copulation has begun. CFC has been demonstrated 
in a number of species, and there are reasons to expect 


that it can evolve readily. Several types of indirect evi¬ 
dence suggest that it may be a widespread and impor¬ 
tant evolutionary phenomenon, but there are as yet 
only a few direct demonstrations that it occurs. Further 
tests, preferably in a variety of different taxonomic 
groups, will be needed to determine the generality of its 
importance. 

See also: Compensation in Reproduction; Invertebrates: 
The Inside Story of Post-Insemination, Pre-Fertilization 
Reproductive Interactions; Sexual Selection and Specia- 
tion; Social Selection, Sexual Selection, and Sexual 
Conflict. 
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Introduction 

Culture and cultural traditions are so fundamental to our 
own behavior as to be one of the key features that define 
us as human. Two people living a few city streets from 
one another can differ in the languages they speak, the 
clothing and body decoration they wear, the faith they 
practice or do not, and the various rituals they engage in 
as part of their lives, and these differences are often 
heavily influenced by the particular culture in which 
they are raised. Although the influence of culture and 
the social environment on human behavior has been 
appreciated for centuries, if not millennia, only in the 
past few decades has it really become apparent that the 
behavior patterns of many non-human animal species 
may also be impacted by the particular environment of 
social traditions in which they develop. Writers and poli¬ 
ticians have noted that it takes a village to raise a child; it 
may be that it also takes a village-like setting to raise a 
greater spear-nosed bat, a bottlenose dolphin, an indigo 
bunting, or a pygmy marmoset. 

The cultural transmission of behavior represents one of 
the many types of social influence on behavior, and is 
perhaps the one most likely to produce behavioral variants 
that persist for generations within animal populations. 
The cultural inheritance of communicative signaling can 
potentially impact on all the three main aspects of a 
communicative event between two individuals - (1) signal 
production: the specific signal variant that is produced 
by the signaler; (2) signal use: how, when, and toward 
which receiver that signal variant might be directed by 
the signaler, and (3) signal recognition: the perception 
of and locally adaptive response to the signal variant by 
receivers. Social learning and cultural transmission of 
behavior have long been assumed to be adaptive, but 
the functional significance of these learning processes is 
largely unknown - more research explicitly linking these 
developmental and evolutionary questions is needed. It is 
clear that these learning processes typically cause the 
behavior of the individual to become more like the behavior 
of the individual’s group over time, and groups that are 
complex in their social structure may place greater 
demands for social and cultural transmission of behavior 
compared to groups that are relatively simple in their 
social structure. In this article, these points are expanded 
to attempt a summary of the quite new set of research 
programs on cultural inheritance of signals in the field 
of animal behavior. 


Social Influences and Animal Cultural 
Traditions 

The social environment of an individual can influence its 
communicative behavior in many different ways. In social 
facilitation, the presence of other individuals in the imme¬ 
diate social environment can lead to increased production 
of certain signals by a signaler, such as food calling by 
male jungle fowl in the presence of females. In social 
interference, the presence of other individuals in the 
immediate social environment can lead to decreased pro¬ 
duction of certain signals by a signaler, such as diminished 
grunting in the presence of high-ranking individuals in 
non-human primate species. Social learning is a set of 
processes by which the behavior of one individual devel¬ 
ops through the experience of interacting with, or observ¬ 
ing the behavior of, other individuals. For example, in 
some songbird species, aggressive interactions with adult 
males affect the development of songs in young males, 
whereas in other species affdiative interactions play an 
important role in song development. The presence of 
group members communicating in a specific area or 
near a specific stimulus may cause a naive individual to 
attend to that area or stimulus, resulting in it learning 
something about communicative interaction in that area 
or near that stimulus through individual learning pro¬ 
cesses like classical conditioning or operant conditioning. 
Alternatively, the social environment of a young individ¬ 
ual may be important only to signal learning of that 
individual through the set of acoustic stimuli generated, 
from which that young individual derives its signals. For 
example, in many songbird species, nestlings and fledg¬ 
lings of a territorial pair are often surrounded by a large 
number of territorial pairs that are also raising nestlings or 
fledglings, and the songs a young bird develops can often 
be predicted on the basis of songs of adults in their 
surrounding environment. In this case, it is possible that 
population-level differences in vocal signals may stem 
from the acoustic experiences of developing individuals 
alone, and not from the kinds of social interaction that are 
fundamental to social learning and cultural transmission 
(as defined in the following paragraph). 

The cultural inheritance of signals refers specifically to 
the notion of communicative cultures (or communicative 
traditions) in animals. A communicative culture can be 
defined as a population- or group-specific system of sig¬ 
nals, responses to those signals, and preferences for the 
individuals toward which those signals and responses 
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might be directed, that is socially learned and transmitted 
across generations. There are four important components 
to this definition. First, a communicative culture is spe¬ 
cific to a population or group. Behavioral variation that 
occurs only at the level of individuals or only at the level 
of species does not constitute the cultural inheritance of 
signals. Second, although signals are obviously important 
to a communicative culture, how those signals are used 
and the recognition of those signals and the ways in which 
receivers respond to those signals are also important 
(though these have been much less studied). Third, a 
communicative culture is socially learned, so it is impor¬ 
tant to determine the social mechanisms of this learning. 
For example, the communicative development of young 
individuals might be influenced by aggressive behavior 
of, or by affdiation with, older individuals, and by the 
nature and duration of the social relationship with older 
individuals. The fourth and final point relates to the multi- 
generational feature of cultural traditions. If a researcher 
conducts an experiment demonstrating that a set of young 
individuals has learned certain signals and responses char¬ 
acteristic of its communicative culture, can that set of 
experimental subjects then be used as a set of social models 
for an additional set of young individuals in the develop¬ 
ment of their communicative culture? 

There have been two major approaches taken by 
researchers to try to document communicative cultures 
in non-human animals. The first major approach is a 
naturalistic observation study, in which a population or 
populations of a particular species are studied for many 
generations, or are behaviorally sampled at one time and 
then again many generations later. The researcher docu¬ 
ments stability in the signals produced by individuals in 
each population over these long periods of time, and often 
tries to rule out other potential explanations for the 
behavioral stability, such as genetic differences or influ¬ 
ences of the physical habitat. A strength of this approach is 
that the research is typically done in natural field settings, 
and so has obvious biological relevance. A weakness of 
this approach is that the researcher is often quite limited 
in the extent of causal inference that can be made about 
the specific role of social learning. The second major 
approach is an experimental study conducted in captive 
settings. The researcher controls the social environments 
of young and relatively naive individuals, and documents 
the development of the communicative culture in those 
young individuals. A strength of this approach is that if the 
researcher finds that subjects raised in different social 
environments develop aspects of the communicative cul¬ 
tures of those different social environments (and has 
collected data pointing to the role of social interactions 
influencing that development), strong causal inferences 
can be made regarding social learning and cultural inher¬ 
itance. A weakness of this approach is that if the experi¬ 
ment manipulates only certain, possibly less important, 


characteristics of the communicative culture in the par¬ 
ticular species, the work may be limited in its biological 
validity. There are a small number of research programs 
that have combined both approaches, however, to gain a 
deeper understanding of the social transmission of com¬ 
municative traditions. 

Social Traditional Influences on Signal 
Production, Use, and Recognition 

In many species, there is considerable geographic varia¬ 
tion in the communicative systems used by individuals: 
populations within species often differ from one another, 
locales within populations often differ from one another, 
and groups (flocks, pods, troops, etc.) within locales often 
differ from one another. For example, contact calls and 
social cohesion vocalizations differ among groups - even 
among groups in close proximity to one another - in a 
wide variety of species (black-capped chickadees, bottle- 
nose dolphins, budgerigars, greater spear-nosed bats, 
killer whales, and pygmy marmosets, to name a few). In 
some of these species, when individuals possessing acous¬ 
tically distinct contact calls or whistles are placed into the 
same groups, the acoustical properties of their vocaliza¬ 
tions can change such that individuals converge on com¬ 
mon acoustic themes. For example, in greater spear-nosed 
bats, a screech call is used in long-range signaling to 
facilitate group cohesion in foraging contexts. The screech 
calls of individuals from the same groups are acoustically 
similar to one another, but calls differ between groups. 
Boughman recorded individuals of different groups in cap¬ 
tive settings, and then swapped individuals across groups, 
an experimental manipulation that models natural changes 
to group membership. Individuals placed into new groups 
modified their screech calls in ways that made them more 
acoustically similar to the screech calls of members of their 
new groups. 

As these bat studies indicate, there is some evidence 
of acoustic modification of vocal signals in certain 
mammalian species, typically in contexts in which group 
membership or structure changes. In many mammalian 
species, however, the extent of acoustic modifiability 
seems relatively limited. For example, in non-human pri¬ 
mates, cross-fostering studies involving different species 
often result in the cross-fostered individual producing 
signals that are acoustically indistinguishable from those 
of the adults of its own species (and not the cross-fostered 
host parents). On the other hand, there is more evidence 
of social experience playing a role in the development of 
vocal usage and in the development of vocal recognition 
processes. The major exception to limited vocal plasticity 
in mammals is cetaceans. There is evidence of processes 
like matrilineal inheritance of vocal patterns (with genetic 
inheritance ruled out) across generations of free-ranging 
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cetacean species. There is also evidence of actual vocal 
learning under changing social contexts in smaller ceta¬ 
ceans housed in controlled captive settings. 

Songbird species have long been studied by research¬ 
ers interested in learning and communication, because 
there is considerable evidence that one of the key behav¬ 
ioral patterns used in courtship - male song - is strongly 
influenced by experiential background. Furthermore, evi¬ 
dence increasingly suggests that how (and how effec¬ 
tively) males use songs, as well as female preferences for 
songs, can be influenced by experiential background. For 
example, studies of captive groups of brown-headed cow- 
birds indicate that population-level differences in male 
song can be socially learned from adult social models by 
a first set of young experimental subjects. When those 
experimental subjects from the first set become adults, 
they can serve as adult social models and pass those 
population-level differences in song on to a second set 
of young experimental subjects. Female cowbirds that 
developed in those same experimental (and social experi¬ 
ential) backgrounds were found to prefer males, on the 
basis at least in part of those song differences, indicating 
that female preferences for song and female mating pat¬ 
terns could be socially transmitted across generations as 
well. Other studies indicate that not just mating patterns, 
but even mating systems (how and to whom cowbirds 
direct their communicative behavior, and whether indivi¬ 
duals behave in polygynous or monogamous ways during 
the breeding season) can be impacted by the communica¬ 
tive culture in which young individuals develop. 

Among the strongest research programs on communi¬ 
cative cultures are field-based studies with indigo bunt¬ 
ings. The Paynes and their colleagues have documented 
male song repertoires, male mating success, and female 
mating decisions in specific populations for over 20 years. 
Local song traditions (locales within population) exist 
across generational time; certain song variants seen in 
some populations have been found to persist for several 
generations; and social learning of song seems to be the best 
explanation for the patterns of song use in these popula¬ 
tions. Furthermore, the particular song types used by males 
during the breeding season correlate with mating success of 
those males - some song variations are strongly associated 
with successful mating and others are not. Captive studies 
that control the experiences of young males find that these 
males learn more vocal material from older males with 
which they can interact than from older males with which 
they cannot interact. Taken together, these various research 
programs are increasingly linking social learning pro¬ 
cesses to vocal signals, signal use, and preferences for 
those signals. Furthermore, these programs are beginn¬ 
ing to link such signals and preferences to actual mating 
and reproductive success, which will bring us closer to 
understanding the biological significance of cultural 
inheritance of signals. 


Biological Significance of Social 
Transmission of Signals 

Researchers and theoreticians have often assumed that 
social learning and cultural inheritance are adaptive pro¬ 
cesses. There is clearly evidence that socially learned 
vocal signals, signal use, and signal recognition (or prefer¬ 
ence) can influence mating decisions. Thus, these pro¬ 
cesses of social transmission would appear to have obvious 
functional relevance. On the other hand, it is an open 
question whether variation for social learning ability 
within populations correlates with reproductive success. 
Indeed, there are a number of basic questions about the 
adaptiveness of the cultural inheritance of signals that we 
still cannot answer. For example, are communicative cul¬ 
tures as described here only found in a handful of avian 
and mammalian orders, or does the relative paucity of 
data on such cultures currently hide the fact that the 
cultural inheritance of signals is actually much more 
widespread? In species where communicative cultures 
have been demonstrated, is it the case that social learning 
processes are less costly than nonsocial learning processes 
in signal development, as is assumed by much theory and 
many models of the evolution of social learning? In many 
species, for example, there are populations that are resi¬ 
dent in an area year-round and populations that are 
migratory. Simply being resident for a long time with a 
relatively stable number of neighbors could make possible 
extended periods of social interaction among young and 
older individuals. This could provide the context for 
cultural inheritance that might not be seen in migratory 
populations. Young individuals that migrate might be in 
groupings that are continually in flux and also might be 
in contact with a large number of individuals of behav- 
iorally distinct populations, and the social learning of 
appropriate communicative behavior might be extremely 
costly. These patterns are illustrated in song repertoires of 
white-crowned sparrows. Sedentary populations of these 
sparrows in California show stable local dialects but 
migratory populations in eastern North America do not. 

Unlike traits that are congenital or much more heavily 
influenced by genetic transmission, characters that are 
transmitted socially can spread rapidly through popula¬ 
tions. The rapid spread of traits via social transmission can 
alter selection pressures and subsequent evolutionary 
change in those populations, as individuals modify or 
manipulate their social and/or physical environments 
with these new behavior patterns. This may be particu¬ 
larly true in the case of a communicative culture, when 
new signals, new ways of using signals, or new patterns of 
recognition or perception of signals emerge and are 
passed on to new generations. For example, in the afore¬ 
mentioned cases of indigo buntings and brown-headed 
cowbirds, patterns of mating and mate preferences can 
be influenced at least in part by the social traditional 
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background of individuals. As such, communicative cul¬ 
tures can influence sexual selection processes operating 
on these populations. 

It is thought that socially transmitted behavior is adap¬ 
tive in populations in which the environment changes 
rapidly enough that strict genetic changes influencing 
those traits would be too slow for populations to track 
such changes effectively. On the other hand, it is thought 
that if environmental changes are too rapid, socially trans¬ 
mitted behavior (particularly the kinds of behavior that 
would be passed down from one generation to the next, as 
in the case of communicative cultures) would not be as 
effective a learning mechanism as individual trial-and- 
error learning. As was raised earlier, however, these argu¬ 
ments are still at the level of theory, and empirical data are 
needed to test the ideas. 

There are a number of exciting research avenues that 
could be taken in developing a greater understanding of 
the biological significance of communicative cultures. 
The most profound results are likely to come from inte¬ 
grative methodological approaches to this very integrative 
question - making tighter experimental connections 
between communicative cultures as contexts for ontog¬ 
eny, and communicative cultures as selection pressures 
operating on interacting individuals. We also need to 
understand more fully how environmental constraints 
influence cultural inheritance of signals. It is well known 
that different physical habitats can impact on signal trans¬ 
mission in different ways, regardless of the signaling chan¬ 
nel. Thus, for example, populations of a particular species 
that reside in deep and undisturbed forested habitat are 
more likely to face different selection pressures for vocal 
signal design compared to populations of the same species 
that reside in more open and mixed habitat of urban 
environments — if so, the communicative cultures that 
might exist in these different populations would be con¬ 
strained by these differences in habitat. 

There are many unanswered questions in terms of the 
different learning strategies that young organisms might 
employ in the development of communicative cultures. 
Assuming a population in which young and naive indivi¬ 
duals develop signal production, use, and recognition at 
least in part through cultural inheritance, we need to 
begin to document how young individuals vary in the 
assessment strategies they use in their social learning. 
There are obvious costs to active assessment of social 
environments - for example, time, energy, opportunity, 
and predation costs. Different assessment strategies likely 
vary in potential costs and benefits. For example, should 
naive individuals copy the communicative behavior of 
individuals that are reproductively successful, or should 
they avoid copying the behavior of unsuccessful indivi¬ 
duals? Should naive individuals play a conformist strategy 
and copy the most common communicative behavior 
patterns existing in the population, or should they base 


their decisions on other criteria such as their genetic 
similarity or social relationship with specific behavioral 
models? Do young and naive individuals that are more 
socially interactive (i.e., extraverted in personality psy¬ 
chology terminology) exhibit richer patterns of commu¬ 
nicative behavioral development than do individuals that 
are less socially interactive? The last two question touch 
on the notion that the complexity of social groups plays an 
important role in the social transmission of behavior, a 
subject to which we turn next. 

Social Complexity and Cultural 
Inheritance 

Over the past few decades, theory and empirical evidence 
increasingly point to the idea that species in which indi¬ 
viduals live in large social groups may require greater 
cognitive ability and greater diversity in their communi¬ 
cative repertoires than species containing only solitary 
individuals or individuals living in smaller groups. This 
increased cognitive and communicative complexity is 
thought to be especially important in species that are 
long-lived, that reside in groups in which generations 
overlap, and in which individuals maintain long-term 
social relationships with others. In such groups, commu¬ 
nicative systems are thought to be under selection pres¬ 
sure to increase in complexity, either to allow a greater 
number of distinct messages (such as detection of food or 
a predator) to be transmitted by group members or to 
allow signalers to convey a greater range of emotional and 
motivational signals to receivers in the group. Individuals 
may not be able to develop such complex communicative 
systems if only nonsocial learning processes of behavioral 
transmission exist, such as genetic inheritance or individ¬ 
ual trial-and-error learning. Thus, in species in which 
individuals occur in large and complex social groups, 
cultural inheritance of signals may be necessary to make 
those complex systems of communication possible. 

Almost all of the research on communicative cultures 
as described earlier, and on the links between social com¬ 
plexity and communicative complexity, has focused on 
vocal signals. Very little work has been carried out on 
visual displays, despite the fact that the same arguments 
made earlier for vocal signaling should hold for visual 
signaling and also despite the fact that we have known 
about the communicative importance of facial expressions 
and visual gestures at least since Darwin’s The Expression of 
the Emotions in Man and Animals. Perhaps the main reason 
for this enormous difference in research effort and output 
is technological - for decades, it has been possible for 
researchers with small operating budgets to carry rela¬ 
tively lightweight audio recording equipment into field 
settings. The same had not been true for video recording 
equipment until very recently. Hopefully, studies of social 
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learning and visual displays will become much more 
commonplace in the near future, so we can answer many 
of the questions raised earlier with visual signals. None¬ 
theless, some exciting findings are already emerging. 
Maestripieri, for example, analyzed gestures of three spe¬ 
cies of macaques, and found that the species with the 
simplest social organization (rhesus macaques) had the 
smallest visual signaling repertoire. This lends support 
to the notion that social complexity might drive signaling 
complexity. It would be interesting to know whether in 
each of these macaque species there is population-level 
variation in their repertoires of gestures and whether that 
variation may in part be due to social transmission. It is 
well known in humans that there are some gestures that 
are relatively universal, but others the meaning of which is 
very tightly linked to the particular culture of the signaler. 

In psychology and anthropology, culture is often 
viewed as being a filter to possible human behavioral 
variation. It is not difficult to think about certain behav¬ 
ioral practices that your own culture views as perfectly 
acceptable and that another culture would prohibit or find 
abhorrent, and vice versa. A filter is a useful analogy for 
thinking about communicative cultures in non-human 
animals, in that a filter constrains the material passing 
through it and selects certain variants rather than others. 
Regarding the question of social complexity, we might 
expect populations or species in which individuals occur 
in complex groups to have more cultural filters affecting 
their behavioral development, compared to populations 
or species in which individuals occur alone or in simple 
groups. If so, species in which individuals occur in large 
and complex social groups should exhibit complex com¬ 
municative cultures. As described earlier, researchers 
have noted in non-human primates (that tend to have 
complex social structures) that there is relatively little 
evidence of social learning in vocal production, but per¬ 
haps vocal use and vocal recognition are much more 
linked to the particular communicative culture in which 
young primates develop. Perhaps we need to focus more 
on visual rather than vocal signals in these species, if they 
rely considerably on expression and gesture to manage the 
behavior of others and to maintain social relationships. 

The cultural inheritance of signals is a fairly new 
research area in animal behavior, but one that is quite 
exciting and may have large payoffs for our understanding 
of the developmental and evolutionary factors influencing 
systems of communication. Indeed, given the way com¬ 
municative cultures link developmental and evolutionary 


questions, work in this area will likely elucidate the ways 
developmental processes can influence evolutionary pro¬ 
cesses operating on those populations, and in turn how 
evolutionary processes affect the way young and naive 
individuals socially learn to communicate effectively 
with members of their group. Furthermore, increased 
knowledge about the cultural inheritance of signals in 
non-human animals will likely shed light on the evolution 
of culture, complex cognition, and communication and 
language in our own species. 

See also: Acoustic Signals; Anthropogenic Noise: Im¬ 
pacts on Animals; Communication Networks; Dolphin 
Signature Whistles; Motivation and Signals; Visual 
Signals; Vocal Learning. 
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Introduction 

Over the past few decades, scientists have become 
increasingly interested in the question of whether animals 
exhibit ‘culture.’ The answer to this question depends, of 
course, on the way that culture is defined. The aspect of 
culture that makes the topic exciting to biologists is the 
fact that culture is created and maintained by social¬ 
learning mechanisms - that is, culture is a social (i.e., 
nongenetic) means by which traits can be inherited. 
Thus, most work on animal culture by biologists and 
psychologists has focused on the population dynamics of 
behavioral traits and the identification of social-learning 
mechanisms. 

To most anthropologists, however, there is much more 
to culture than just social learning. Tylor, the father of 
cultural anthropology, defined culture as “the complex 
whole which includes knowledge, belief, art, law, morals, 
custom, and any other capabilities and habits acquired by 
man as a member of society” (Tylor, 1924, p. 1). There 
have been many modifications of this definition, most of 
which eliminate the possibility of culture in animals by 
definition. These definitions tend to emphasize not only 
the social inheritance of behavioral traits, but also group- 
specific sharing of ideas, beliefs, emotions, and rules 
(social norms or even explicit laws) for conducting social 
life. Many definitions also emphasize shared symbolic 
communication and public rituals in which social rules 
are symbolically reinforced and group identity is 
confirmed. 

Such definitions, when applied to non-humans, are vir¬ 
tually impossible to test across species. How could you 
determine whether animals have particular beliefs, emo¬ 
tions, or a sense of group identity? Therefore, researchers 
of animal culture have largely ignored the topics of social 
norms, symbolic understandings, and group identity and 
have focused on the (somewhat) more tractable issue of 
documenting the extent to which social influence affects 
the transmission of particular behavioral traits. Those 
researchers who are uncomfortable using the label ‘culture’ 
for non-human animals use the less controversial term 
‘tradition,’ which was defined by Fragaszy and Perry 
(2003, p. xxxi) as “a distinctive behaviour pattern shared 
by two or more individuals in a social unit, which persists 
over time and that new practitioners acquire in part 
through socially aided learning.” 

Experts in the field of animal culture hold a wide range 
of views regarding the issue of whether animal culture is 


essentially the same as human culture or different from it. 
This range is presented in the volume edited by Laland 
and Galef (2008), The Question of Animal Culture, and most 
of the ideas presented in this article have been expressed 
by one or more contributors to this edited volume, that is 
recommended as Further Reading. Researchers such as 
McGrew and de Waal tend to emphasize the continuities 
between human and non-human culture, noting that many 
of the differences emphasized by skeptics are quantitative, 
rather than qualitative, and that further research in this 
relatively new field is likely to reveal new information 
that closes, or at least narrows, the gap between humans 
and non-humans. Other researchers, such as Hill and 
Tomasello, are more convinced that there are profound 
differences in human and non-human forms of culture. 

Do Non-human Animals Have Traditions? 

Regarding the most crucial component of culture - social 
inheritance of traits - it seems clear that there are striking 
continuities between humans and non-humans. If culture 
is defined so that it is essentially synonymous with tradi¬ 
tions, then it seems clear that ‘culture’ is a common 
feature of many animal societies. Social traditions have 
been documented in taxa as diverse as primates, rodents, 
bats, cetaceans, birds, fish, and insects (to name a few). 

Although social learning has been implicated as the 
probable mechanism for creating and/or maintaining the 
patterning of traits often labeled cultural in these studies 
of animals, it is possible in many cases to quibble over the 
quality of the evidence. Similar quibbles could be raised 
for most claims of human cultural transmission as well, if 
these studies are held to the same methodological stan¬ 
dards as studies of traditions in animals. Ironically, the 
scientific methodology for documenting traditions in ani¬ 
mals is typically more rigorous than that used for docu¬ 
menting traditions in humans. However, even if we cannot 
confidently state the precise extent to which social influ¬ 
ence affects trait distribution in humans and various other 
animal species, we can confidently state that social tradi¬ 
tions are common features of many non-human animal 
societies. 

Current methods for diagnosing traditions in the field 
and for counting elements in cultural repertoires are 
inadequate for making reliable cross-species comparisons 
between populations or species. Methodological differ¬ 
ences make it particularly difficult to directly compare 
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cultural repertoires and cultural dynamics between 
human and non-human populations. However, even in 
the absence of solid scientific evidence, it seems obvious 
that humans have larger cultural repertoires than any 
other species of animal. Further, comparisons among 
non-human taxa are premature; at this point in the 
development of the field, the size of the repertoire of 
traditional behaviors described for a species may tell us 
more about research effort than about actual species or 
population differences. In some of the better-studied 
species (e.g., chimpanzees, orangutans, macaques, and 
capuchins), it has been possible to document multiple 
putative traditions in each social group or population 
examined (9-24 in the case of the chimpanzees studied 
by Whiten and his colleagues), with each social group 
having a unique set of traditions. Clearly, non-human 
animals are not all ‘one-trick ponies’ when it comes to 
traditions. Humans and non-humans fall along a contin¬ 
uum with regard to cultural repertoire size, with humans 
being an extreme outlier. Finding out where, exactly, 
each species lies on this continuum is probably not a 
realistic research goal. 

Do the Mechanisms of Social Learning 
Vary Between Humans and Non-humans? 

Members of any species vary widely in the specific cul¬ 
tural traits that they exhibit. However, researchers tend 
to assume that all the members of a species share roughly 
the same cognitive abilities, that is, that there is within- 
species uniformity with regard to the types of social¬ 
learning mechanisms that all the members of any species 
can deploy. Species members may exhibit some adaptive 
and some maladaptive cultural behaviors. However, natu¬ 
ral selection will act on phenotypes in a way that favors 
cognitive mechanisms that produce favorable outcomes 
most of the time. Thus, many researchers feel that cogni¬ 
tive mechanisms themselves, rather than any specific pro¬ 
ducts of such mechanisms, should be the primary focus of 
researchers interested in explaining the evolution of cul¬ 
tural capacities. Consequently, researchers who are spe¬ 
cifically interested in explaining the origins of the human 
form of culture have tended to focus on cognitive differ¬ 
ences between humans and other apes. 

A wide variety of social-learning mechanisms have 
been identified in both humans and non-humans. It is 
widely assumed that imitation (which I define as the 
precise copying of the motor patterns observed in another 
individual) and teaching (defined here as ‘modified 
behavior by an experienced individual in the presence of 
a naive individual, such that the naive individual learns 
the behavior more quickly than it would otherwise and at 
some cost to the teacher’) are the two means of social 
learning that can result in greatest fidelity in the social 


transmission of motor skills. Many researchers have 
implied that imitation and teaching are the cognitive 
specializations that make human culture different from 
non-human culture. However, as more data have come in, 
it has become evident that an ability to imitate or teach 
does not provide a clean distinction between social 
learning in humans and non-humans. For example, there 
are many species (e.g., chimpanzees, orangutans, capu¬ 
chins, pigeons, dolphins) that appear to be able to imitate 
under some circumstances, although they generally do not 
imitate as spontaneously, as frequently or as skillfully as 
do humans. 

Recent experimental studies have compared the ten¬ 
dencies of chimpanzees and human children to copy the 
actions of models explicitly rather than to emulate (which 
I define as focusing primarily on the outcomes of a mod¬ 
el’s actions). Human children were more likely than chim¬ 
panzees to focus on the precise details of the techniques 
used to solve a problem, although both children and 
chimpanzees were prone to focusing on the outcomes of 
the actions they observed. Another putative difference 
between chimpanzees and human children is that humans 
seem to imitate for the sheer pleasure of imitating - that 
is, they engage in ‘social imitation,’ presumably because it 
helps them feel more like the people they are imitating. 
Researchers such as de Waal would argue that imitating 
because of a feeling of identification with others and a 
desire to ‘fit in’ is a feature not unique to humans. How¬ 
ever, imitation of arbitrary traits is certainly more preva¬ 
lent in humans than in non-humans. 

Examples in non-humans of true teaching are few 
(though some reports are available for meerkats, ants, 
chimpanzees, and cetaceans). However, more may emerge 
as greater research effort is devoted to their discovery. It is 
worth noting that although teaching is a pervasive form of 
social transmission in developed societies where formal 
education is common, explicit teaching is actually rare in 
hunter-gatherer and horticultural societies. Nonetheless, 
members of hunter-gatherer societies manage to acquire 
an impressive array of culturally based skills. 

Probably the prevalence of imitation and teaching 
(including both face-to-face teaching and teaching in 
the form of written instructions) in the human ‘social¬ 
learning toolkit’ is what enables humans to exhibit 
‘cumulative cultural evolution’ (or the ‘ratchet effect’). 
By faithfully copying others’ innovations and then add¬ 
ing new twists to improve on current cultural variants, 
humans can accumulate technological improvements over 
many generations. Thus, new generations of humans do 
not have to ‘reinvent the wheel.’ They can build on the 
accomplishments of past generations. Although some 
fairly feeble examples have been proposed for ‘ratcheting’ 
in non-humans, it is clear that no other species comes 
close to humans in its ability to accumulate cultural 
modifications. 
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Does Cultural Content Vary Significantly 
Between Humans and Non-humans? 

Most of the traditions that have been proposed for 
non-human animals relate to foraging strategies and tool 
use of various sorts. Vocal traditions (i.e., local dialects 
or group-specific calls) are common in some taxa of 
birds, hut rare in mammals, with some notable exceptions 
among cetaceans, pinnipeds, and bats. Although there are 
a few noteworthy cases of gestural social conventions 
in the literature (e.g., capuchin bond-testing rituals, 
chimpanzee leaf-clipping displays, and grooming con¬ 
ventions in chimpanzees and macaques), cultural inno¬ 
vations that have a purely communicative function are 
rare in non-human primates and are probably rare in 
other animals as well, although there has been little 
research effort devoted to their discovery. In stark con¬ 
trast, human cultures invariably include a rich mixture of 
social signals, normative rules, and linguistic traditions. 
Although human cultures also contain many technologi¬ 
cal components, the salient aspects of cultures tend to be 
social conventions. 

Non-human communication is certainly not devoid of 
symbolic content (e.g., referential alarm calls have been 
documented in some primate species). However, it does 
seem clear that there is considerably more culture- 
specific symbolic content in human than in non-human 
communication systems. Also, core ideologies seem to 
link various traditions into clusters in human cultures, 
such that language family or geographic proximity is 
often a better predictor of what traditions will be present 
in a particular culture than ecological factors such as 
habitat type or subsistence strategy. Such symbolic link¬ 
age among traditions according to core ideas does not 
appear to be characteristic of ape cultures, though it is 
admittedly difficult to test whether apes share ‘core ideas.’ 

Other features of human culture that appear to be 
lacking in non-human animals are social norms, laws, 
and moral codes. Many elements of human culture seem 
to have been designed to regulate the behavior of group 
members. Thus, human cultures typically contain rules 
about how to share or compete for resources and mates, 
rules governing the way in which labor is partitioned 
among group members, and rules governing the ways in 
which people of different genders and social status are 
allowed to interact. These rules and norms are often 
reinforced by public rituals in which all the group mem¬ 
bers participate, and these rituals are often highly emo¬ 
tional events that serve to promote a sense of group 
identity. Religious beliefs and stories may further rein¬ 
force norms by emphasizing the consequences of con¬ 
forming or defecting. 

It is interesting to note that in experiments with human 
children, subjects spontaneously protest against the 
actions of third parties who do not conform to arbitrary 


conventions in the way they carry out certain actions in 
experimental situations. Human children appear to be 
cognitively designed not only to copy behavior patterns 
that they witness, but also to spontaneously exhibit mor¬ 
alistic outrage toward deviant behavior and a desire to 
punish those who do not conform. 

Although it seems clear that non-humans do not 
exhibit complex public rituals for the purpose of enfor¬ 
cing societal rules and establishing group identity (as such 
behavior would be highly conspicuous), it is difficult to 
determine whether non-human animals have social norms 
at all. Members of some monkey species have socially 
inherited ranks, with youngest daughters taking a place 
in the hierarchy just below the mother’s rank and just 
above that of the next oldest sibling, and some researchers 
have suggested that this arrangement might qualify as 
a social norm or at least as a form of ‘social culture.’ 
Certainly, macaques (e.g., Macaca mulatto) learn their 
place in the social hierarchy from one another, and rap¬ 
idly learn, either from direct experience or watching 
others, how to interact appropriately with dominant and 
subordinate individuals. 

There are population-specific differences in aggres¬ 
siveness in baboons ( Papio ) and tendencies to reconcile 
in macaques (. Macaca ) that may also qualify as social 
norms. However, knowing how these differences arise 
and are maintained is difficult. There is little or no evi¬ 
dence of punishment in response to violations of social 
norms in non-humans, and such evidence is critical to 
making the case that non-humans and humans have a 
similar cognitive underpinning for establishing how social 
behavior should be conducted. 

Clearly more research is necessary before a final ver¬ 
dict can be reached regarding the presence or absence 
of social norms in non-humans. Such data will be hard 
to obtain because frequent behavioral observations over 
long periods are required to document the presence and 
maintenance of social norms. At present, it seems safest to 
assume that enforcement of social norms is, at best, far 
rarer in non-humans than in humans. 

Assuming that humans are more prone to creating 
social norms, moral rules, and laws than are non-humans, 
what might explain this difference? One part of the answer 
may lie in the greater social complexity and propensity 
for cooperation with large numbers of conspecifics found 
in humans relative to non-humans. Unlike most animals, 
humans have multitiered societies, although hamadryas 
baboons ( Papio hamadryas hamadryas) and bottle-nosed 
dolphins ( Tursiops truncatus) have layered societies that 
approach the complexity of those of humans in that 
there is cooperation between higher-level social units. 
Humans are, however, probably unique in the extent 
to which there is cooperation even between individuals 
who barely know one another or have not even met, 
but who are either distant kin or are symbolically 
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connected in some way. Such cooperation would probably 
be impossible without the aid of language, which enables 
people to bear messages to others. 

Humans are also unique among vertebrates in the 
extent to which they have specialized division of labor. 
Although some gender- and age-specific partitioning 
of labor for the purpose of rearing offspring occurs 
among some monogamous species and cooperative bree¬ 
ders (e.g., many birds, social carnivores, and callitrichids 
(Callitrichidae)), human societies both exhibit a far wider 
variety of specialized labor and incorporate larger num¬ 
bers of individuals into cooperative networks. The elabo¬ 
rate coordination of culture-specific ways of partitioning 
labor and cooperative roles would probably be impossible 
without language. 

Another key element that probably differentiates 
humans from non-humans psychologically is the range of 
emotions experienced. Fessler has argued that shame, pride, 
and perhaps moral outrage are emotions experienced only 
by humans. It is difficult to test this idea directly, but if this 
view is correct, then it could explain why third party pun¬ 
ishment is so common in humans relative to other species. 
Furthermore, the mechanisms of shame, pride, and punish¬ 
ment for deviation might explain why humans so easily 
establish arbitrary behavioral conventions such as particular 
dress codes or table manners. 

Because human life has so many complex, culture- 
specific rules for how to behave properly, it is useful to an 
individual to prefer to establish cooperative relationships 
with others who share the same views and practices. 
Otherwise, coordination becomes difficult. McElreath 
argues that the need to reliably identify like-minded indi¬ 
viduals sets the stage for the evolution of ethnic markers. 
Particular arbitrary traditional behaviors (e.g., ways of 
dressing or speaking) are symptomatic of a greater complex 
of rules for conducting social life. Members of the same 
cultural group have a strong sense of identity with their 
group and a sense that the ways of their own people are 
morally superior to those of other groups. Powerful emo¬ 
tions can be triggered by violations of a group’s traditional 
behaviors. 

Non-human animals may, in some cases, have a sense 
of group identity. For example, many species of animals 
exhibit striking levels of aggression toward members 
of other groups that is not a simple case of identifying 
some individuals as familiar and others as unfamiliar. 
For example, capuchin monkeys (Cebus capucinus) show 
sharp changes in the way in which they interact with 
former members of their group after they migrate to 
new groups. However, no case can be thought of in 
which witnessing the performance of particular tradi¬ 
tional behaviors (e.g., a particular foraging technique or 
way of grooming) elicits a strong emotional response in 
individuals who exhibit a different way of accomplishing 
the same goal. Consequently, it seems unlikely that, in 


non-humans, particular behavioral traditions play a role 
as ethnic markers in establishing group identity. And why 
should they, if the function of ethnic markers is to facili¬ 
tate identification of suitable partners for cooperative 
activities? 

Because there is very little variation in the ways in 
which members of a non-human animal species conduct 
their daily lives, there should be fewer coordination costs 
in cooperating with members of different social groups 
than there are in humans. Also, for ethnic markers to serve 
a useful function, they must provide more information 
about cooperative potential than is available to individuals 
by direct observation or by means of reputation. In most 
animal societies that have complex cooperative relation¬ 
ships, there is so much face-to-face contact with potential 
allies that direct sources of information are likely to be 
far more reliable than information gleaned from ‘ethnic 
markers.’ 

Conclusion 

Traditions are prevalent in a wide taxonomic range of 
species, including primates, cetaceans, birds, rodents, fish, 
and even some insects. Thus, nongenetic inheritance of 
traits is likely to be an important feature of the behavioral 
biology of numerous species. Increased research effort 
regarding the precise mechanisms of social learning across 
taxa has blurred the prior distinction between humans 
and non-humans by revealing some instances of imitation 
and teaching in non-humans, although it still seems that 
humans imitate and teach with a far greater facility than 
other species. 

Despite the important similarities between human and 
non-human animals, many researchers are uncomfortable 
using the term ‘culture’ to describe collections of tradi¬ 
tions in non-humans because they feel that social inheri¬ 
tance is not the only important feature of culture in 
humans. Language enables humans to form and maintain 
large cooperative networks that can include individuals 
who have never met. Human cultures, unlike non-human 
‘cultures,’ include much symbolic content and many 
social conventions that serve the purpose of regulating 
other group members’ behavior. 

In humans, there is considerable between-group varia¬ 
tion in behavior, and it is easier to cooperate with indivi¬ 
duals who share their own habits and social norms. These 
ethnic markers - seemingly arbitrary cultural elements 
that signal membership of particular ethnic groups - can 
serve as cues of group membership, and such emotionally 
salient traditions associated with group identity are an 
apparently unique feature of human culture. 

See also: Apes: Social Learning; Imitation: Cognitive 
Implications; Punishment; Vocal Learning. 
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Introduction 

The dance language of honeybees (genus Apis) is one 
of the most astonishing behavioral traits yet documented 
in the animal world. The dance is used by foraging bees 
to signal the location of food or other resources to their 
nest mates. What is most amazing about this is that the 
communication seems to involve a symbolic code — 
through movements of her body on the comb, the dancer 
encodes the direction and distance of a foraging site not 
currently in view, and the bees following the dance can 
use these instructions to fly to the same site even if the 
forager does not return. Outside human language, it is 
hard to find examples of animals communicating about 
objects, events, or locations that are remote from the 
context in which the information is exchanged. That an 
insect is doing this makes the behavior especially aston¬ 
ishing - all the more so to people who regard insects as 
simple automata. 

Regardless of whether such preconceptions have any 
validity, the dance language raises deep questions about 
the physiology, development, and evolution of animal 
behavior; hence, it has long been a model system in ethology. 
The extensive scientific literature has been the focus of a 
number of comprehensive reviews. Karl von Frisch, who 
was responsible for decoding the dance and discovering 
many important elements of the underlying mechanisms, 
published a book in 1965 reviewing decades of work by 
himself and his students. This book is still a rich source of 
insights and an inspiring portrait of scientific discovery, 
even though more recent reviews have been published 
summarizing work done since the 1960s. 

The major emphasis of this study - like most research 
on the dance language - focuses on the dance of the 
European honeybee Apis mellifera. However, there are a 
number of other species in the genus, all of which live in 
Asia, and all of which possess systems of dance communi¬ 
cation. Comparisons of the dances of these other species 
will be useful for providing a broader picture of what 
dance communication is and how it evolved. 


Dance Communication: History of 
Discovery 

The dances of bees have been described by observers of 
nature as far back as Aristotle, but it was Karl von Frisch 
who first subjected the dance to systematic study, and who 
recognized what the dance is and generally how it works. 
As he described in his own writings, he recognized early 
on that the dance was somehow involved in allowing scout 
bees to recruit nest mates to food, but he initially mis¬ 
understood the nature of this communication. 

Von Frisch observed two forms of the dance, which he 
called the ‘round dance’ and the ‘waggle dance.’ Both are 
performed on the vertically suspended comb inside the 
nest and can easily be seen in an observation hive. A round 
dancer circles repeatedly in place, occasionally reversing 
the direction of circling. A waggle dancer repeatedly runs 
in a straight line while waggling her body from side to side; 
upon completing each waggling run, the dancer loops back 
to perform another waggling run with her body aligned in 
the same orientation as the previous one. Von Frisch’s initial 
interpretation was that round dances signaled the pres¬ 
ence of nectar in the environment, and that waggle dances 
signaled the presence of pollen. Thus, at first, he missed 
the presence of spatial information in the dance. 

Eventually, von Frisch realized that round dances were 
performed by bees that had found food a short distance 
from the hive, and that waggle dances were performed by 
bees that had flown farther, regardless of whether the 
resource provided nectar or pollen. Furthermore, by 
training bees to an artificial floor (scented sugar water) 
that was then moved to increasingly distant locations, von 
Frisch found that the length of the waggling run increased 
with flight distance. At the same time, von Frisch realized 
that the orientation of the waggling run correlated with 
the direction flown to the food. Specifically, the angle of 
the waggling run relative to the upward direction on the 
comb matched the angle the bee had flown relative to the 
current azimuth of the sun (Figure 1). An illustration can 
be seen in the accompanying video clip, which shows a 
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(b) Distance to the food source (m) 

Figure 1 Waggle dance of honeybees. The dancing bee travels in a pattern roughly resembling a figure 8, with waggling runs 
alternating with return runs. The orientation of the waggling run relative to gravity (downward and to the left in this drawing) gives the 
direction of flight relative to the sun. The duration of the waggling run gives the flight distance, according to a population-specific code. 
Compare the form of this dance with the bee dancing in the video clip. 


dancer indicating a food source opposite the direction of 
the sun. 

These discoveries, first published in the middle of the 
1940s, prompted a series of studies during the 1950s and 
1960s that worked out much of the basic machinery of the 
dance. This work showed not only that the waggle dances 
contained spatial information, but also that followers 
seemed to be guided by this information - the distance 
and direction they flew to find food was correlated the 
information encoded in the dance. Other studies explored 
questions about the use celestial cues to determine the 
direction of flight, how bees measured the distance of 
flight, how they compensate for the effects of wind on 
the measurement of both direction and distance, the role 
of odors carried by the dancer in helping the recruits 


pinpoint the location of the food, the use of dances to signal 
other resources such as water or nest sites, and the evolution 
of this remarkable communication system. Some of these 
questions will be addressed in more detail later. This body 
of work of over two decades had a remarkable impact on 
our understanding of animal behavior and helped justify 
the awarding of the Nobel Prize to Karl von Frisch (along 
with Tinbergen and Lorenz) in 1973. 

Although von Frisch’s work was acclaimed by the sci¬ 
entific community, a controversy arose in the late 1960s 
when an American biologist, Adrian Wenner, questioned 
whether the dance language worked in the way von Frisch 
claimed. Wenner acknowledged that the dance contained 
spatial information, but he challenged the evidence that 
the recruits used this information to find food. Wenner’s 
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alternative hypothesis was that recruits only obtained 
information about the odor of the food (from floral odor¬ 
ants adhering to the body of the dancer), then sought out 
the same source of odor in the field. The evidence for this 
‘Odor Search Hypothesis,’ partly from Wenner’s experi¬ 
ments and partly from von Frisch’s own work, was the 
observations that the searching flights of recruits are 
indeed heavily influenced by odors in the environment. 
Indeed, odors can lead recruits to search in directions 
opposite what is signaled in the dance. 

The difficulty that turned this observation into contro¬ 
versy is that both Wenner and von Frisch acknowledged 
an important role for environmental odors carried by the 
dancer in influencing the recruitment process. They simply 
disagreed on the nature of this role. Wenner claimed that 
odors are both necessary and sufficient for recruitment to 
a specific location, and that the spatial information in the 
dance is wholly unnecessary. Von Frisch claimed that odors 
normally supported dance communicating by guiding the 
final stage of the search, but were sometimes sufficient for 
recruitment when the food was close and the odor was 
very strong. 

Wenner’s claims were taken very seriously, and they 
spurred a series of very clever experiments designed to 
tease apart the roles of spatial dance information and 
environmental odors. Among the cleverest were Gould’s 
‘misdirection’ experiments, in which the visual system of 
the bees was manipulated so that the dancers and recruits 
used different references for interpreting the waggling angle. 
This created a situation in which the spatial information 
provided by the dances indicated locations removed from 
the source of any odors that would have been carried by the 
dancers. Provided that the environmental odors were not 
too strong, the recruits searched where the spatial signals 
directed them to go, thus vindicating von Frisch’s charac¬ 
terization of the roles of spatial and olfactory information in 
the dance. 

In the decades since, numerous other experiments 
have provided support for von Frisch’s hypothesis. None 
has refuted it. The so-called dance language controversy 
is dead, but it is worth emphasizing how valuable this 
controversy was in leading to more rigorous tests of von 
Frisch’s astonishing discoveries, and in highlighting the 
importance of odors in honeybee recruitment, which von 
Frisch tended to downplay. Indeed, the importance of the 
spatial signal itself may vary according to environmental 
circumstances. If experimentally excised from the dance 
(by turning the comb to the horizontal and depriving dancers 
and followers alike of the gravity reference they need to 
measure the alignment of their bodies), the colony will gain 
more mass (from nectar flowing into the hive) when dancers 
were oriented than when they were disoriented. However, 
this outcome occurs only under specific environmental 
conditions, namely, when floral resources were distributed 
in patches relatively far from the nest. By contrast, there is 


no difference in mass gain in oriented versus disoriented 
colonies when there was a superabundance of easily dis¬ 
covered food around the nest (when both groups gained 
mass) or little food at all (when both groups lost mass). 

The Dance as a Window on the Umwelt 
of Honeybees 

Understanding the dance language requires going beyond 
the act of communication to consider how bees acquire 
the navigational information they express in their dances, 
and how they integrate information about resource quality 
and colony need to modulate the dance signal. In fact, the 
importance of the dance language to biology is the power 
it gives to explore sensory, learning, and decision-making 
mechanisms that may be widespread in the insect world. 

First, let us consider the flow of spatial information in 
the dance communication system. Dances communicate 
navigational information that the forager has acquired 
during her flight to the food and that will guide her 
subsequent flights. The dance then conveys this information 
to the bees that follow inside the nest. Then, they use it to 
guide the flight to the food (Figure 2). 

The essential information encoded in the dance is the 
direction and distance traveled relative to the sun. The 
ability to use such vector information is widespread among 
animals, both vertebrate and invertebrate, but studies of 
honeybees have provided some of the deepest insights 
into how this works. 

Using the sun for navigation offers certain advantages 
to diurnal animals, but it presents some major challenges. 
One challenge is that the sun’s azimuth (its compass angle) 
moves during the day relative to fixed landmarks or 
feeding routes. Making this problem even more difficult, 
the azimuth shifts at a variable rate over the day - slow 
when the sun is rising and setting, and fast when it is high 
in the sky at mid-day (Figure 3). Also, this pattern of 
movement over time (the solar ephemeris) itself varies 
seasonally and with latitude. Many species are known to 
be able to take these variations into account in using the 
sun as a compass, but the clearest insights into this ability 
come from observations of the honeybee waggle dance, which 
provides a direct read-out of the angle of flight relative to 
the azimuth. And since the dance angle is expressed inside 
the nest out of view of the sun, it reveals information 
stored in memory about the current location of the azimuth. 
This allows us to measure the accuracy of this memory 
not only at the moment of the dance but also over time, as 
the bee compensates for the shift in the azimuth. Observing 
sun compensation with the passage of time is possible because 
bees will continue to forage on completely overcast days 
when they cannot see any celestial cues. They find their 
way using landmarks, but when they return to the nest they 
base their dances on the remembered position of the solar 
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Figure 2 Information flow in the dance language, depicting the kinds of navigational information acquired by the forager, the 
encoding of this information in the waggle dance, the communication of this information to the follower bee(s) through the dancer’s 
movements, and the decoding of this information by the follower for navigation to the food. 



Figure 3 As the sun’s azimuth (its projection to the horizon) shifts from left to right along the southern horizon (in the northern 
hemisphere), waggling runs performed to a fixed feeding place shift counterclockwise on the comb. 


azimuth, compensated for time. This kind of accurate 
picture of the internally encoded solar ephemeris is possible 
only because of the dance language. 

Another challenge that arises from depending on the 
sun as a navigational compass (and as a reference for 
communication) is that it sometimes disappears behind 
clouds. Obviously, the ability to learn the pattern of 
movement of the sun relative to landmarks provides a 


way to communicate on cloudy days. Another solution 
to the problem was discovered early on by von Frisch, and 
again his discovery depended upon observations of dancing 
bees. When the sun is behind clouds but patches of blue 
sky are visible, honeybees can navigate using sun-linked 
patterns of polarized light that result from the sun’s rays 
scattering in the atmosphere. Von Frisch discovered this 
when trying to understand why dancing bees with a view 
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of blue sky were not aligned relative to gravity in the way 
predicted from their flight angle relative to sun. With the 
use of polarizing filters, he showed that the angle of 
polarization in the sky was the factor influencing their 
orientation. Thus, bees - and it turns out most arthropods - 
can extract useful navigational information from a quality 
of light to which we are completely blind. The study of 
this ability has proved to be an extraordinarily rich source 
of insights into the invertebrate visual system. 

As for the communication of distance in the dance, von 
Frisch realized that it must be based on the operation of 
some kind of odometer during the flight to the food. His 
experiments suggested that the bee measured the con¬ 
sumption of energy during the flight. This hypothesis 
reigned as dogma for decades, but was overturned in the 
1990s by evidence that energy consumption actually plays 
no part in odometry. Instead, the principal mechanism is 
the measurement of optic flow - the streaming of visual 
texture over the visual field as the bee flies. 

To return to the analysis of information flow depicted 
in Figure 2, navigational information recorded by the 
forager is encoded in body movements that take place in 
a sensory context that is almost completely isolated from 
the context in which the information was recorded. Indeed, 
starting with von Frisch, it has been clear that the dance is 
controlled by sensory mechanisms that are partially dis¬ 
tinct from those used to control the flight. If dancing bees 
can see celestial cues (sun and polarized light), then they 
can use these same cues to orient the waggle runs. In the 
darkness of the nest, however, gravity serves as a substi¬ 
tute for the sun, with body angle being measured with 
fields of sensory bristles between the head and thorax and 
between the thorax and abdomen. Until fairly recently, it 
was assumed that celestial cues and gravity were the only 
cues available for expressing directional information. 
However, the Asian honeybee, Apis florea, which nests in the 
open and is unable to use gravity as a directional refer¬ 
ence, can orient to surrounding landmarks when celestial 
cues are obscured. So too can A. mellifera , provided that 
dancers are on a horizontal surface with no gravitational 
reference and that they have had an opportunity to learn 
the relationship between dance angles expressed relative 
to the sky and angles expressed relative to surrounding 
landmarks. This finding has implications for understanding 
the evolution of the dance language, as discussed later. 

The expression of distance information in the duration 
of the waggling run (and the measurement of this signal 
by the follower bees) must be mediated by some kind of 
internal timer. What is striking is that the mapping from 
distance measurement to distance signal (and back again, 
for the follower bees) entails a large transformation of 
time scale. For example, in European honeybees, a flight 
of 1 km takes about 2 min and is then represented in a 
waggling duration of about 1 s. Nothing is known about 
how this rescaling of the signal takes place. 


Now, we come to the question of how the signal passes 
from dancer to follower. Oddly, given how intensively this 
communication system has been studied, this is one of the 
most poorly understood steps in the process. Research has 
focused on several candidate sensory modalities, which 
are not mutually exclusive. These include the following: 
airborne sounds produced by the buzzing of the dancer’s 
wings and detected by the antennae of the followers, tactile 
cues produced by the dancers body and again detected by 
the followers’ antennae, vibrations of the substrate produced 
by the shaking of the comb by the dancer and detected by 
organs in the legs of the followers, and visual detection by 
the followers of the body movements of the dancer. 

There is at least circumstantial evidence that all these 
could play a role in dance communication in one circum¬ 
stance or another, although there are also situations in 
which each clearly plays no role whatsoever. For example, 
vision can play no role for dances that take place in 
the darkness of an enclosed nest, although it may be 
extremely useful in those species that nest in the open 
and dance in daylight. Sound may be important for cavity¬ 
nesting bees, but it is not used by A. florea , which nests in 
the open and has silent (but visually conspicuous) dances. 
Tactile cues may be useful for all species, but close obser¬ 
vations suggest that direct antennal contacts between 
followers and dancers may be intermittent and hence 
unreliable. Finally, substrate vibration can play no role when 
dancers and followers are standing on the backs of other 
bees rather than on a common substrate; this is the case in 
the open-nesting species and in the reproductive swarms 
of all species. These patterns suggest that the modality of 
communication varies with context, depending upon either 
evolved species differences or facultative shifts in the stimulus 
conditions of the dance. 

Regardless of the sensory modality by which the signal 
is detected by followers, an additional problem is how 
they decode the information as represented in the dance. 
This may be a relatively trivial problem in the case of the 
distance signal: whatever transformation occurs in the 
dancer to map the flight distance onto the waggling dura¬ 
tion may simply operate in reverse for the followers. The 
problem could be more difficult in the case of the direc¬ 
tional signal, however, given that dance followers may 
view the dancer from a variety of positions, and with 
their bodies in different alignments relative to the refer¬ 
ence (e.g., gravity) to which the dancer’s body is aligned. 
There is evidence, however, of a simple solution to this 
problem: followers standing behind the dancer, and aligned 
in the same direction as the waggling run, are more likely 
to get to the food than were followers viewing the dancer 
from other angles. Thus, provided she knows she is behind 
the dancer, determining the direction to the food may simply 
be a matter of a follower measuring her own alignment 
relative to gravity (and of course translating this into a 
flight angle relative to the sun). 
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Dance Communication in a Social Context 

During the summer, a colony consists of a reproductive 
queen, tens of thousands of workers (of which about 25% 
may serve as foragers at any time), and a few thousand 
drones. Sustaining the growth of the colony, and its repro¬ 
duction through colony fission, requires the acquisition of 
a large amount of resources. Estimates of the rate of nectar 
collection during the summer fall in the range of 2-3 kg 
day - , which is approximately equal to the total mass of 
the bees in the colony. This is possible in large part because 
of the dance language, which is an integral part of the 
social foraging strategy of the honeybee colony, and which 
allows for efficient allocation of foragers among shifting 
resources. 

The advantage of the dance has always been assumed 
to be the precision of the spatial information that is com¬ 
municated. However, this insight has been greatly extended 
over the past 25 years by research that has uncovered the 
rich away of social mechanisms that enhance the power 
of the dance by modulating its expression in different 
circumstances. The importance of these mechanisms arises 
because of the dynamic nature of both the food resources 
in the bees’ environment and the demand of the colony 
for those resources. As ecological generalists, honeybees 
are ordinarily confronted with a diverse array of floral 
resources, which are commonly distributed in patches of 
various sizes and at various distances, and which also 
increase and decrease in availability over the day or over 
the season. Exploiting these resources efficiently requires 
the colony to marshal foragers at the appropriate places 
and times. This can be regarded as a decision facing the 
colony, in which dance communication plays a central role. 

Research on the social mechanisms that lead to this 
outcome has yielded an important insight, which also 
applies to group-level decisions in many other social 
insect species: the foragers are allocated not through 
a centralized, hierarchical control process, but through a 


decentralized, distributed process in which no one worker 
bee ever has a synoptic view of the state of the colony 
or the options available to it (Figure 4). A pivotal role, 
however, is played by the returning forager, for it is she 
who decides whether to perform a dance on her return, 
and how many of repetitions of the waggling run to 
perform. This determines how many followers are con¬ 
tacted by her dance and how many recruits reach the food. 
The decision of how many waggling runs to produce is 
based on two sources of information. First, the dancer relies 
upon information about the intrinsic quality of the food, 
information that is available only to her. Information known 
to be used are the distance of the flower patch, the handling 
time in the patch, the sweetness of the nectar, and the 
presence of danger. Second, she relies upon information 
about the need of the colony for the food she is bringing 
back. This she determines by her reception upon arrival 
at the nest: the quicker she is greeted and unloaded, the 
more the colony must need what she is bringing, that is, 
the better her food is relative to other sources of nectar in 
the environment. 

It might be assumed that some workers play the role of 
‘dispatchers’ - monitoring the quality of food coming in 
and ordering foragers from better sites to be greeted more 
enthusiastically. Again, however, the control is decentralized; 
no forager is in a position to compare food quality from 
different sites let alone to direct the allocation of receiver 
bees. What determines the reception experienced by any 
particular forager is the overall influx of nectar into the 
nest. If a lot is coming in and most receiver bees are busy 
shuttling nectar into the storage areas of the colony, then 
the returning bees will have to wait longer to be unloaded. 
This influences the tendency to dance, but the foragers’ 
assessment of the quality of the food also matters - as 
waiting time increases, only those bees returning from 
very high-quality resources will do dances. The combined 
effect is that the dances are performed to the best currently 
available sites. 
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Further tuning of the system is mediated by higher- 
order control systems, which are also partially influenced 
by actions of the returning foragers. For example, if bees 
returning from good resources are confronted with long 
unloading times, they may do ‘tremble dances,’ a series of 
shaking movements that cause bees engaged in other tasks 
in the colony to shift into the role of receiver bees. This 
increases the overall capacity of the colony to handle an 
influx of nectar. Furthermore, if nectar continues to flow 
over a longer time scale such that the comb becomes full, 
even an increase in the number of nectar-handling bees 
may not be enough to accommodate it. This situation 
stimulates comb building as a further extension of the 
colony’s capacity. 

Thus, the regulation of nectar foraging shows that 
the dance language is deeply integrated into the social 
organization of the colony. Social mechanisms serve to 
regulate the dance to suppress recruitment when food 
quality is low, to allocate recruits to the best resources, 
or to increase the capacity of the colony to handle a high 
influx of food. A further illustration of the importance of 
dances to the social life of bees is that it is used not only 
for nectar, but also other resources such as pollen (the 
colony’s protein source), water (when the colony is heat 
stressed), and possibly propolis (plant resins used to seal 
up the nest cavity). Each of these roles of the dance is 
subject to its own mechanisms of social regulation, which 
undoubtedly interact with those used in regulation of 
nectar foraging. 

Another important role for the dance is in ‘house 
hunting,’ the process colonies go through when moving 
to a new nest cavity during reproductive swarming or 
abandonment of the old nest. House hunting takes place 
when the swarm is clustered out in the open. It is one of 
the clearest examples of decision making on the social 
level, because it entails the selection of a single nest from 
an array of options. As in nectar foraging, the decision can 
be viewed as one facing the colony, but mediated by a set 
of individual decisions made by workers under a decen¬ 
tralized control system. Again, the scouts assess the inherent 
quality of the resource (a candidate nest site) and encode 
this assessment in the number of waggling runs performed, 
and then a set of social feedback mechanisms guarantee 
that the colony accumulates recruits at the best resource - 
with no central comparison of resource quality. Here, the 
control system diverges from that seen in the regulation of 
nectar foraging. There is no equivalent of the receiver 
bees to provide dancers a signal of the colony’s demand 
for the resource. How, then, does the colony turn off 
recruitment to poorer nest sites and increase it to better 
ones? The answer is that each dancer has a tendency to 
cease dancing some time after she has begun; dancers to 
better nest sites drop out much more slowly, leading to a 
much more rapid build-up of recruits which also become 
dancers. 


Evolution 

As mentioned at the outset, few communication systems 
in the animal world rival the honeybee dance language in 
sophistication and flexibility. In addition to the question of 
how it works, any biologist would be interested in the 
question of where it came from. Attempts to understand 
the evolution of the dance language have focused on two 
questions: how it emerged from more primitive commu¬ 
nicative behaviors, and how it has been optimized to 
enhance the efficiency of communication in different 
environments. 

Both these questions have been addressed through 
comparisons of the communication systems of different 
bee species, including the members of the genus Apis and 
representatives of two other social bee taxa: stingless bees 
and bumble bees. All of the Apis species have symbolic 
dance communication akin to that which von Frisch 
described in A. mellifera. Stingless bees (Meliponinae) 
and bumble bees (Bombinae) have simpler forms of com¬ 
munication that may provide clues about the evolutionary 
precursors of the dance language of Apis. 

What follows is a sketch of how the dance language 
could have originated and diversified, given what we know 
about the phylogenetic relationships among these bee 
groups and the distribution of communication behavior 
among them (Figure 5). 
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Figure 5 Simplified phylogeny showing the distribution of traits 
associated with dance communication in the genus Apis. There 
are at least ten species in this genus, all but one of which lives in 
southern or eastern Asia. Most comparative studies of the dance 
have focused on four species, the dwarf bee A. florea, the rock 
bee A. dorsata, the eastern hive bee A. cerana, and the western 
hive bee A. mellifera. Each of these branches of the tree includes 
other species or geographical races, but the four branches 
shown capture essentially all of the known diversity in behavioral 
traits related to the dance language. 
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First, it is important to emphasize that all the bee 
subfamilies mentioned — honeybees, bumble bees, and 
stingless bees - have some kind of communication system 
in which returning foragers interact with their nest mates, 
and cause other bees to go out and look for food. In all 
cases, this involves vigorous body movements, sounds, and 
the sharing of food and environmental odors. The precise 
spatial communication system of Apis thus presumably 
arose from such a behavior. Long ago, Martin Lindauer, 
who was one of von Frisch’s most accomplished students, 
suggested that dances signaling the direction and distance 
of food could have arisen in an ancestral species that 
nested on exposed combs like the modern A. florea or 
A. dorsata. By Lindauer’s scenario, the excited body move¬ 
ments of returning foragers came to be oriented relative to 
the same celestial reference that was used to orient the 
flight, and acquired temporal features that correlated with 
flight distance. 

According to Lindauer, the ancestral dance was also 
similar to that of A. florea in taking place on a horizontal 
extension of the nest and lacking the use of gravity, and 
instead using only celestial cues as an orientation refer¬ 
ence. Later, the dance shifted to vertical flanks of a sus¬ 
pended, exposed comb, as in A. dorsata , and incorporated 
the use of gravity as a substitute for the sun, paving the 
way for a move into cavities as in the Asian and European 
hive bees. This evolutionary story can also accommodate 
other phylogenetic patterns not known to Lindauer. For 
example, the dances of A. florea , which never occur in 
darkness, are completely silent, but other species have both 
noisy dances and the need to dance in the dark. Sounds 
may therefore have been added to a dance that originally 
did not need them. Open-nesting species perform dances 
with exaggerated postures that may make a conspicuous 
visual target, but such postures are lacking (because they 
were presumably lost) in cavity-nesting species. 

This hypothesis is largely consistent with modern phy¬ 
logenetic analyses that support open nesting, and some other 
characteristics of A. florea s dance, as the ancestral condition 
in the genus Apis. Other aspects of the story are more 
ambiguous, although this is perhaps not surprising when 
one considers how dramatically the dance languages of the 
Apis species, taken together, diverge from the communication 
systems of outgroup taxa that could be used to determine 
the direction of evolutionary changes as honeybees diverged 
from one another. 

The second important evolutionary question about the 
dance concerns its adaptive modification for different 
ecological conditions. This has been intensively explored 
in the case of the distance code, which exhibits striking 
differences among honeybee populations and species. For 
example, both von Frisch and Lindauer made much of 
variation in the flight distance at which recognizable waggle 
dances rather than round dances are performed. More 
recently, it has been shown that the distinction between 


round dances and waggle dances is illusory; round dances 
actually contain directional information, and there is a 
continuum of dance forms between round dances and 
waggle dances. Nevertheless, some populations and species 
start doing well-oriented waggle dances at shorter flight 
distances than others. Furthermore, when one measures 
the duration of the waggling run as a function of flight 
distance, the relationship is steeper in some populations 
and species than in others. 

This variation has a heritable basis, which suggests that 
it reflects evolutionary divergence among populations. 
This divergence need not have been driven by natural 
selection, of course, but there are intriguing ecological 
correlations that support a selective advantage of the 
shape of the distance code. The prevailing hypothesis is 
that these so-called distance dialects correlate with the 
distribution of food resources over the typical flight range 
in the environment where the dance communication takes 
place. The evidence is that populations with shorter flight 
ranges signal precise directional information at a shorter 
flight distance, and also have steeper dialect functions, 
which are thought to be more precise. The correlations 
are far from perfect, and in particular the parameters that 
determine the shape of the dialect function seem to be 
different in open-nesting than in cavity-nesting species. 

The Dance as a Model System in Biology 

Anyone who has watched bees dance for food, and is 
aware of the function of this behavior, cannot help but 
be amazed. Karl von Frisch’s decoding of the dance language 
is certainly one of the great discoveries in modern biology. 
This is not only because of the inherent fascination that 
the dance holds for curious human observers. Even more 
important is the extent to which von Frisch’s discovery laid 
the foundation for the study of deep questions about animal 
behavior. When we consider the role that the dance language 
has played in the study of vision, olfaction, audition, learning, 
circadian rhythms, decision making, social organization, 
and behavioral evolution, it is easy to see why von Frisch 
regarded the dance language as a ‘magic well’ of discovery. 
Furthermore, with advances in neuroscience, genomics, and 
evolutionary theory, it seems clear that the value of the dance 
as a model system will continue for many years to come. 

See also: Honeybees; Information Content and Signals; 
Maps and Compasses. 
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For many thousands of years, at different times and in 
different parts of the world, humans have studied their 
fellow creatures in an attempt to obtain a better under¬ 
standing of their behavior. Toward the end of the eighteenth 
century, an increasing amount of observational - and occa¬ 
sionally experimental - research on behavior took place 
in Western Europe. Nonetheless, the foundations of the 
contemporary science of behavior were mainly provided 
by the evolutionary theories and the ensuing debates 
of the nineteenth century. Of these, the key event was, 
of course, the publication in 1859 of Charles Darwin’s 
‘On the Origin of Species by Means of Natural Selection, 
or the Preservation of Favoured Races in the Struggle for 
Life’ (henceforth referred to as ‘ The Origin). 

From his youth, Darwin continued to maintain a keen 
interest in behavior. An early hobby was collecting bee¬ 
tles, and it is clear that he was intrigued as much by how 
they and other insects behaved as by their bodily struc¬ 
tures. For decades, he maintained notebooks on behavior, 
read widely on the subject, and exchanged letters full of 
questions about the behavior of a wide variety of species, 
with correspondents throughout the world. Darwin’s con¬ 
cern with behavior becomes evident in ‘ The Origin when 
he discusses what he saw as four major difficulties with 
his theory. The third of these was that of answering 
the question: “Can instincts be acquired and modified 
through natural selection?,” and in Chapter 7, he gives 
his reasons for believing that behavior was as much subject 
to natural selection as a bodily characteristic. He starts by 
acknowledging that some forms of instinctive behavior 
may derive from habits acquired by a previous generation, 
as Lamarck had argued 50 years earlier. But the core 
argument of the chapter is that “it can clearly be shown 
that the most wonderful instincts with which we are 
acquainted, namely, those of the hive-bee and of many 
ants, could not possibly have been thus acquired.” Spelt 
out with many examples, his simple but conclusive point 
is that in a number of insect species various innate beha¬ 
viors are displayed only by sterile individuals. This means 
that “a working ant ... could never have transmitted 
successively acquired modifications of structure or 
instinct to its progeny.” He then proceeds to the “climax 
of the difficulty; namely, the fact that the neuters of 
several ants differ, not only from the fertile females and 
males, but from each other, sometimes to an almost 
incredible degree.” Citing both his own measurements 
and data from others showing variation in the size and 


other characteristics of worker ants, Darwin concludes 
by explaining how natural selection operating on the 
parents could give rise to two or more kinds of neuter 
individuals. In so doing, he took the innate behavior of 
insects from being a key example of God’s design to 
becoming important evidence for the power of natural 
selection (Figure 1). 

The ‘ Origin of Species has justifiably been recognized as 
a magnificent book, and not just an extraordinarily impor¬ 
tant one. It is confident, passionate, and carefully con¬ 
structed so as to convince the reader of two ideas: first, 
that no coherent account of the origin of species by special 
creation is possible; and, second, that natural selection is 
the primary process by which species evolve. As Darwin 
noted later, he deliberately played down issues that 
might divert attention from his two main arguments; 
some topics “would only add to the prejudice against my 
views.” These included the importance or otherwise of 
Lamarckian inheritance and of sexual selection as second¬ 
ary processes in evolution. He also postponed discussion 
of what would have been highly explosive in the pre¬ 
dominantly religious society of mid-nineteenth century 
Britain, namely, that human beings were as much a prod¬ 
uct of natural selection as any other form of life. Famously, 
he simply notes just before the end of the book: “In the 
distant future I see open fields for far more important 
researches. Psychology will be based on a new foundation, 
that of the necessary acquirement of each mental power 
and capacity by gradation. Light will be thrown on the 
origin of man and his history.” In 1859, arguing that other 
species had evolved was explosive enough. 

Darwin’s first aim was met within a remarkably short 
time. By the time the third edition of ‘The Origin was 
published in 1861, he could write: “Until recently the 
great majority of naturalists believed that species were 
immutable productions, and had been separately created”; 
he then noted that this was no longer true. This rapid 
reversal was helped by the effective efforts of several 
of Darwin’s scientific colleagues and friends, notably, 
Thomas Huxley, who relished the battle with orthodox 
and religious opinion. Huxley also boldly published the 
first book to contain a detailed argument for human 
evolution. His ‘ Evidence for Mans Place in Nature of 1864 
started with a provocative and endlessly reproduced fron¬ 
tispiece in which a human skeleton heads a line containing 
skeletons of a gorilla, a chimpanzee, an orangutan, and a 
gibbon (Figure 2). 
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Alfred Wallace had developed the idea of natural 
selection independent of Darwin and, if Wallace’s article 
describing natural selection sent from faraway Indonesia 
had not shocked Darwin into sudden urgency, ‘ The Origin 
would not have been published until much later than 1859 
and probably in a less satisfactory form. In some ways, 
Wallace was more of a Darwinian than Darwin. He saw no 



Figure 1 A portrait of Charles Darwin around the time that he 
began to develop the theory of natural selection. 


need to accept any form of Lamarckian process to com¬ 
plement natural selection, and he argued that the idea 
of sexual selection was also unnecessary. On the other 
hand, having dismissed all other possible evolutionary 
processes except natural selection, he was unable to 
understand how human intellect and morality could 
have evolved. In 1869, Wallace appealed to supernatural 
intervention that had been applied to some human pro¬ 
genitor (Figure 3). 

This time Darwin was shocked into publishing ‘ The 
Descent of Man and Selection in Relation to Sex of 1871 
(hereafter referred to as 'The Descent'). Darwin focused 
on three questions: “Whether man, like every other spe¬ 
cies, is descended from some pre-existing form”? What 
was “the manner of his development”? And what is “the 
value of the differences between so-called races of man”? 
Since Huxley and the German biologist, Ernst Haeckel, 
had already spelt out the evidence for evolution of the 
human body, Darwin concentrated on the human mind 
and on rebutting Wallace’s claim that “natural selection 
could only have endowed the savage with a brain little 
superior to that of an ape.” 

Darwin’s deep belief in human evolution went back 
to the day when, as a young biologist sailing on HMS 
Beagle , he landed on a beach in Terra del Fuego: 
“The astonishment which I felt on first seeing a party of 
Fuegians on a wild and broken shore will never be for¬ 
gotten by me, for the reflection at once rushed into my 
mind - such were our ancestors.” Nearly 40 years later, he 
took on the task of persuading his now large readership 



• Skeletons qf the 

• Gibbon. Orano. Chimpanzee. Gorilla. 


Max. 


Photographically reduced from Diagram of the natural size (except that of the Gibbon, which was twice as largo ae nature)> 

drawn by Mr. Water house Uawkinsfrom specimens in the Museum of the Hagai College of Surgeons. 


Figure 2 The frontispiece to Thomas Huxley’s ‘Evidence for Man’s Place in Nature ’ (1864). 
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Figure 3 Alfred Wallace. 

beyond that belief to the idea that the intellectual and 
moral sophistication of Europeans was not just related to 
the intellect and morals of Fuegians but had evolved from 
simple forms of life. 

In arguing for mental evolution, Darwin aimed to 
undermine the view that animals were incapable of 
reasoning, did not display emotions, had no form of 
communication that in any way resembled human lan¬ 
guage, and never displayed behavior that could be 
described as ‘moral.’ In relation to reasoning, he cited 
various examples, mainly culled from his worldwide cor¬ 
respondence, of problem solving and tool use, mainly 
by apes. As for the emotional life of animals, he was 
unreservedly anthropomorphic: He had no doubt that 
‘elephants intentionally practice deceit’ or that ‘a dog- 
carrying a basket for his master exhibits in a high degree 
self-complacency or pride.’ In considering language, he 
pointed to examples of vocal communication in other 
species and vocal mimicry in birds like parrots. His argu¬ 
ment for the evolution of morality took a similar approach, 
using examples of altruistic behavior in various species. 
Darwin concluded that “the difference in mind between 
man and the higher animals, great as it is, is one of degree 
and not of kind.” 

This first part of ‘ The Descent lacked the confidence 
displayed in ‘The Origin. The evidence he put forward 
for his views was predominantly second hand, that is, 
gleaned from correspondence and reading rather than 
direct observation and experimentation. When in the sec¬ 
ond part of the book he describes his theories of sexual 
selection, it is as if with relief that he has reached safer 
ground. Here, he discusses ideas he had thought about 
for decades, based on an accumulation of detailed evi¬ 
dence. Having noted that sexual selection is most effective 
in polygamous species, in the final part of the book he 
united the two main - and to this point - apparently 


unrelated themes. In human evolution, he suggests, sexual 
selection has played a dominant role both in the develop¬ 
ment of secondary sex characteristics - nakedness and 
male beards, for example - and intellectual ability How¬ 
ever, the latter is not spelt out. As for the third main 
question with which ‘ The Descent started, that concerning 
the significance of racial differences, Darwin had no doubt 
that all humans were descended from a common ancestor, 
a view that directly contradicted the influential claim put 
forward by Louis Agassiz, the most important American 
biologist of that time. 

We have seen that in ‘ The Origin the behavior of insects 
was deployed as an argument against the adequacy of 
Lamarckian inheritance. In L The Descent ,’ the behavior of 
vertebrates was used in the argument for human evolu¬ 
tion, albeit with almost no appeal to natural selection but 
with a great deal to Lamarckian inheritance and some to 
sexual selection. Only a year after publishing ‘ The Descent ,’ 
Darwin published the third of his books in which the 
study of behavior was important. ‘ The Expression of the 
Emotions in Man and Animals of 1872 (henceforth referred 
to as ‘ The Expression) has the same sense of excitement as 
‘ The Origin ,’ with Darwin confident that his account of 
emotional expression within an evolutionary framework 
was far superior to its few predecessors. 

‘ The Expression was certainly superior in terms of its 
empirical base, in that for many years Darwin had been 
gathering a range of evidence on the topic. This evidence 
included the innovative use of photographs, ones of angry, 
fearful, sad, or happy children; of actors simulating such 
emotions; and even of inmates of an asylum for the insane. 
These were accompanied by prints - for example, of a 
snarling dog, a terrified cat, and of monkeys and chim¬ 
panzees displaying various moods - to illustrate the argu¬ 
ment that human expressions were a product of evolution 
and that the same principles applied to both human and 
animal emotions. 

These principles were based on the core idea that it is 
highly adaptive for individuals to signal their emotional 
states as clearly as possible: “With social animals, the 
power of inter-communication between members of the 
same community - and with other species between oppo¬ 
site sexes, as well as between the young and the old - is of 
the highest importance to them.” The first of the three 
principles was based on the inheritance of “serviceable 
associated habits.” In other words, some form of effective 
communicative behavior is first learned by a process of 
trial and error (although Darwin did not use this term), 
becomes an ingrained habit, and is then passed on via some 
genetic process so as to become instinctive in later gen¬ 
erations. The second is the principle of antithesis: behavior 
expressing one emotional state - say, affection - is likely 
to be as different as possible from behavior expressing 
the opposite state - say, hostility Remarkably, Darwin 
did not justify this principle in terms of more effective 
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communication, as with hindsight we might expect from 
the author of ‘ The Origin .’ Instead, he appealed to ‘the 
tendency to perform opposite movements under opposite 
sensations or emotions.’ The third principle appealed to 
the ‘constitution of the nervous system,’ an unusual appeal 
in Darwin’s works on behavior. He borrowed from a fellow 
evolutionist, Herbert Spencer, the idea that ‘nervous 
energy’ can overflow into ‘less habitual’ responses. For 
example, trembling is explained as the result of intense 
excitation of the autonomic system. 

As in ‘The Descent ,’ there is almost no mention of 
natural selection in ‘The Expression? Instead, the principle 
throughout is implied: individuals that can communicate 
better, using their species-specific behaviors, are likely to 
have more offspring. Darwin stressed the similarities 
between human and primate emotional expression, but 
found one example that he decided was uniquely human. 
Blushing, he argued, required self-consciousness, aware¬ 
ness that someone else might be looking at one’s face; and 
thinking about one’s face would automatically increase 
blood flow to this area (Figure 4). 

Although Darwin made frequent reference to the 
acquisition of new behaviors that became habits, he does 
not seem to have had much interest in the processes by 
which such learning occurs. In contrast, this topic was of 
central concern to Herbert Spencer. In the 1860s and 
1870s, Spencer was regarded by his peers, as well as by 
the general public, as important an evolutionary theorist 
as Darwin. Spencer had coined the term, ‘survival of the 
fittest,’ well before Darwin went public with the theory 
of natural selection. Nevertheless, Spencer maintained 
throughout his long and eccentric life that Lamarckian 
inheritance was the main driver of evolution and that 
natural selection was a secondary process - the reverse 
of Darwin’s belief. As announced in 1855 in his first 



Figure 4 Herbert Spencer. 


edition of the ‘ Principles of Psychology] Spencer’s main con¬ 
cern was with mental evolution: ‘Mind can be understood 
only by showing how mind is evolved.’ He believed that 
mental evolution is based on the transformation of 
reflexes into instincts and of instincts into intelligent 
behavior. In 1855, he proposed that the main driver of 
such transformations was what later would be known as 
Pavlovian conditioning. In 1871, in the second edition of 
his ‘ Principles of Psychology] he added a second learning 
process, based on the ideas of a contemporary psycholo¬ 
gist and philosopher, Alexander Bain. The ‘Spencer-Bain 
principle’ stated that a response followed by some pleas¬ 
ant consequence will tend to be repeated. 

Toward the end of the nineteenth century, Spencer’s 
work was widely derided. His Lamarckianism, his psy¬ 
chology, his extreme laissez-faire politics, and his system 
of ethics were attacked from all sides. Yet his influence 
continued to be highly pervasive. In particular, the 
Spencer-Bain principle inspired the lively concern with 
trial-and-error learning that emerged in the 1890s. 

Two years after publishing ‘ The Expression] the then 
65-year-old Darwin invited to his home in the country a 
young physiologist, George Romanes. Darwin decided 
that Romanes was just the person to develop the ideas 
on mental evolution that Darwin had proposed in ‘ The 
Descent .’ Their admiration was mutual. Darwin became a 
revered father figure for Romanes who for the rest of his 
life vigorously defended every aspect of Darwin’s theories, 
even those that after Darwin’s death in 1882 began to look 
increasingly dubious, such as his theory of inheritance, 
‘pangenesis,’ and his belief that instinctive behavior could 
evolve both as a result of natural selection and from 
inheritance of individually acquired habits. Romanes’ 
aim in life became that of first accumulating systematic 
data on animal behavior and then using these to construct 
a detailed theory of mental evolution following the lines 
that Darwin had sketched (Figure 5). 

Although as a neurophysiologist Romanes had proved 
to be a very able experimenter, the data he included in his 
first book, ‘ Animal Intelligence (1881), were predominantly 
anecdotal. By the standards of his time, he had reasonable 
criteria for judging whether to accept a report about some 
animal’s remarkably intelligent behavior or indication 
that it had experienced a sophisticated emotion. However, 
the social status of the observer seems to have been as 
important a consideration as the thoroughness of the 
observation in assessing the reliability of some anecdote. 
Despite his self-appointment - and the general percep¬ 
tion of him - as ‘Darwin’s heir,’ Romanes’ approach owed 
far more to Spencer. This is seen in his preoccupation 
with ranking different cognitive processes and emotions. 
For example, he considered the ability to operate 
mechanical appliances as indicative of a high level of 
intelligence and, since he had received many reports of 
cats operating latches so as to open doors, he ranked this 
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Figure 5 George Romanes. 



Figure 6 Conwy Lloyd Morgan. 


species’ intelligence as being nearly as high as that of 
monkeys. Romanes seems not to have entertained the possi¬ 
bility that the relatively high number of reports concerning 
cats might reflect both the fact that this was one of the few 
species that a large number of humans observe daily and the 
fact that few other species have frequent opportunities to 
interact with mechanical devices. 

For Romanes, all creatures that were capable of the 
most primitive form of learning - for example, including 
ones that displayed no more than what later became 
known as ‘habituation’ - possessed a mind, and this 
meant that even, say, a snail was to some limited degree 
conscious of the events impinging on its sensory organs. 
He believed that consciousness played an important role 
in instinctive behavior and stressed that instincts could 
be modified by experience. For example, although there 
was by then extensive evidence showing that in many 
species of birds their adult songs were influenced by 
early exposure to different sounds, for Romanes this was 
no reason against considering birdsong to be ‘instinctive.’ 
Within this framework, it was therefore quite appropriate 
to refer to the ‘instincts of a gentleman.’ 

Romanes was a generous man. When he received an 
article sent from South Africa that was critical of his own 
work, he nevertheless appreciated its quality, supporting 
its publication and subsequently the career of its author, 
Conwy Lloyd Morgan. Prior to taking up a teaching posi¬ 
tion in South Africa, Morgan had studied under Huxley 
and absorbed his skeptical approach. Six years after return¬ 
ing to England on his appointment as a professor at what 
was to become Bristol University, Morgan published his 
important book, ‘Animal Life and Intelligence (1890), followed 


by his ‘Introduction to Comparative Psychology (1895), the first 
book in English to bear such a title (Figure 6). 

Morgan’s influence on the study of behavior was sub¬ 
stantial for three main reasons. The first was his insistence 
on the need for objective evidence based on careful exper¬ 
imentation or observation and the rejection of one-off 
anecdotal reports. Although he had become a close friend 
of Romanes and literary executor when Romanes died, 
Morgan had no hesitation in dismissing the kind of 
data on which Romanes had so often relied. Morgan 
developed many of his ideas from testing his dog, Tony. 
For example, he repeatedly threw a stick over a fence 
for Tony to retrieve and was impressed by how slowly 
the dog improved its ability to maneuver the stick through 
a gap in the fence. Just as Tony managed once to perform 
impressively, a passer-by stopped to watch for a few 
minutes: “Clever dog that, sir; he knows where the hitch 
do lie.” Morgan noted that this was a characteristic - and 
in this case, entirely false - conclusion to draw from two 
minutes of chance observation. 

Related to the need for careful and systematic obser¬ 
vation of behavior was the need for careful interpretation 
of that behavior. To the extent that he is remembered 
today, Morgan is best known for his ‘Canon.’ This was 
essentially Occam’s Razor, the scientific principle of par¬ 
simony, applied to behavior; where there are several 
possible explanations for why an animal behaved in a 
certain way, one should choose the simplest. What was 
new was that Morgan appealed to natural selection to 
justify its application to behavior. If a relatively simple 
process had evolved to the extent that an individual 
could respond appropriately in a particular context, 
then there would be no selective pressure to produce a 
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more complex process capable of producing the same 
behavior. Morgan’s most common demonstration of 
how his Canon should be deployed was in the analysis 
of what Romanes had seen as marks of high intelligence. 
Based partly on some informal experiments with chicks, 
Morgan argued that most of such examples could be 
better understood as the result of trial-and-error learning 
with accidental success. A key example for Morgan was 
that of an animal operating a latch to open a door or gate. 
From his study, Morgan had watched the regular 
attempts of his dog, Tony, to escape from the garden 
into the wide world beyond. The dog had repeatedly 
thrust its head through the fence railings here and 
there until once, apparently by chance, it inserted its 
head just below the gate latch and, on raising its head, 
the gate swung open. From then on, this appropriate 
action was performed with increasing rapidity to the 
point when a passing observer who had read Romanes 
might agree that it was an intelligent creature with some 
understanding of mechanical devices (Figure 7). 

The third way in which Morgan made a lasting impact 
came from his rejection of Lamarckian accounts of the 
origins of instinctive behavior. This was partly stimulated 
by experimental work in the 1880s of the German bio¬ 
logist, August Weissman, whose failure to find any evi¬ 
dence for Lamarckian inheritance led him to propose the 
distinction between ‘germ plasm’ and ‘body plasm’ that 
laid the foundation for modern genetics. Morgan’s final 
break with Lamarckian accounts of instinct came only in 
1896 when he developed alternative ways of accounting 
for the kind of evidence that appeared to support the 
Lamarckians. The first was inspired by the work of a 
French writer, Gabriel Tarde, who in 1890 discussed the 
‘laws of imitation.’ This led to the idea that social transmis¬ 
sion could result in the rapid spread of some behavior that 
an individual animal had learned among a population of 



Figure 7 Morgan’s dog opening the garden gate. 


conspecifics and could support the continuation of that 
behavior over subsequent generations. When applied to 
humans, the difference between Fuegians and Europeans 
that Darwin had attributed to biological evolution was seen 
to lie in differences in cultural development. Morgan’s 
second principle, ‘organic selection,’ was also proposed at 
the same time by at least two other theorists and ultimately 
one of the latter gained the credit for what became known as 
the ‘Baldwin principle.’ This supposes that, when an envi¬ 
ronmental change threatens the survival of an isolated 
group, those individuals who have the appropriate learning 
capacity to change their behavior in an adaptive way will 
have more descendants than those whose behavior is more 
resistant to change. Over the generations, the benefits of 
learning will buy sufficient time for adaptive innate beha¬ 
viors to evolve by natural selection. The removal of 
Lamarckian processes meant that Morgan was now able to 
make a clear distinction between habit and instinct, as in 
his 1896 book of that name. 

Early in the nineteenth century, biologists such as 
Darwin and Huxley endured long voyages in sailing 
ships that had not changed fundamentally in the four 
centuries since Portuguese mariners first left Western 
Europe to explore the globe. Later in the nineteenth 
century, steam ships were regularly plying the world’s 
oceans. The expansion of the United States economy 
following the Civil War and the unparalleled develop¬ 
ment of the American university system meant that 
British evolutionists such as Huxley and Spencer could 
be paid to make the easy crossing of the Atlantic to give 
lecture tours. Morgan gave lectures on habit and instinct 
in Boston in 1896, and these very probably inspired a 
Ph.D. student at nearby Harvard who was looking for a 
new thesis topic. Edward Thorndike’s subsequent experi¬ 
ments on trial-and-error learning represented the first 
quantitative studies of vertebrate behavior. His Animal 
Intelligence of 1898 provoked a generation of psychologists 
to undertake studies of what would much later be termed 
‘comparative cognition.’ It also laid the groundwork for 
the behaviorist movement with its emphasis on learning 
theory that dominated American psychology until the 
1960s. Ironically these developments occurred at a time 
when Darwin’s theories were seen as outdated, so that 
the evolutionary framework in which studies of behavior 
had grown was disregarded. 

See also: Animal Behavior: The Seventeenth to the 
Twentieth Centuries; Body Size and Sexual Dimorphism; 
Comparative Animal Behavior - 1920-1973; Evolution: 
Fundamentals; Imitation: Cognitive Implications; 
Motivation and Signals; Problem-Solving in Tool-Using 
and Non-Tool-Using Animals; Psychology of Animals; 
Sexual Selection and Speciation; Social Learning: 
Theory. 
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The natural world is full of wonderful examples of decep¬ 
tion: a nightjar, safely camouflaged as dead leaves on the 
forest floor; a praying mantis, looking like flower petals, 
and waiting for a passing insect to land on the flower; an 
Ophrys orchid, emitting chemicals that mimic pheromones 
of a particular species of insect that its flower loosely 
resembles, pollinated by the insect’s vain attempts at copu¬ 
lation; caterpillars, counter shaded to balance the light- 
dark effect of sunlight overhead and thus look flat, just like 
the leaves on and among which they live; hoverflies, 
dramatically patterned to look like stinging wasps, deceiv¬ 
ing predators into leaving them alone. These examples 
can all be described by saying an animal or plant ‘looks 

like_in order to_,’ which sounds teleological; but 

in fact this sort of deception is well understood to be the 
result of natural selection acting on body form. In none of 
these cases is there any indication that the deceivers have 
any understanding of how their deception works, or when 
it is appropriate: on the whole, their form is appropriate to 
their behavior, but the two are not linked. This is mark¬ 
edly shown when, for instance, a migrating nightjar 
chooses a temporary substrate on which its ‘camouflage’ 
makes it highly visible, perhaps a concrete block: it sits 
calmly, just as if it were invisible. 

The issue of cognitive mechanism becomes more com¬ 
plicated when the deception is behavioral: at the very 
least, an animal that can use behavioral deception may 
have the option of doing it or not. Perhaps the simplest 
case is that of ‘freezing,’ where potential prey become 
immobile when they detect a predator. This trait functions 
in camouflage, since movement is much easier to detect 
than mere pattern, and is found in many animal species. 
As with deception in body form the cognitive mechanism 
may be simple: for instance, freezing may be triggered 
automatically when a predator is detected within a certain 
range (even closer and the reaction may switch to flight). 
Behavioral deception has also been reported in species 
lacking the elaborate nervous systems of birds and mam¬ 
mals. For instance, the Photuris firefly mimics the court¬ 
ship flashing of other species, using the deception to lure 
individuals close enough to catch and eat. Stomatopod 
shrimps (Gonodactylus spp.), which use hammer-like 
appendages to defend cavities as safe refuges, become 
soft and vulnerable when they molt their outer casing. 
Nevertheless, individuals in molt are actually more likely 
to use displays (normally signaling willingness to fight), 
apparently relying on bluff to deter competitors - whom 
they are in no position to fight. In all these examples, it is 


likely that the deception is an evolved strategy the use of 
which is guided by relatively inflexible behavioral rules. 

In some taxa of animal, however, ‘tactical deception’ 
has been described, in which behavior that normally func¬ 
tions in one (honest) way is seen to be used occasionally as 
a manipulative tactic, effective only if the audience is 
thereby led to misunderstand the situation. For instance, 
titmice (Pams spp.) have a call that is normally used when 
a sparrowhawk is sighted, and the reaction of hearers 
shows that the call functions as an alarm. But the same 
call is also used, at low frequency, in food competition: 
seeing competitors already exploiting a feeder, a tit may 
give the alarm call, scattering the competition, but then take 
the food itself. In neotropical mixed flocks, deceptive use of 
alarm calls may occur between species. In these permanent 
mixed-species assemblies, certain species of antshrike or 
shrike-tanager are typically flock leaders and act as senti¬ 
nels, most often detecting the presence of hawks. The same 
species, however, sometimes give an alarm call when a bird 
of another species has just found a juicy arthropod, appar¬ 
ently distracting the competition by falsely suggesting a 
nearby predator. In these and other cases of false alarm 
calling by animals, interpretation is dependent on what 
the call normally means. If its message is equivalent to 
‘Danger,’ then use in food competition is deceptive, whereas 
if its message is broader, equivalent to ‘Go,’ then no such 
interpretation is warranted. The issue of normal interpreta¬ 
tion affects human communication in much the same way: 
anyone treating ‘Have a good day!’ or ‘How do you do?’ as 
meant literally is liable to attribute insincerity to the sig¬ 
naler, when these phrases are no more than ritual greetings. 
Unfortunately, it is often tricky to determine precisely what 
animal calls refer to, so it is difficult to be sure that ‘false 
alarm calling’ functions by means of deceit or not. What we 
conclude will vary according to whether a call refers to, say, 
a particular source of danger, a particular kind of escape 
strategy, or a general signal to move or leave. 

In non-human primates, tactical deception takes a wide 
variety of forms. In gorilla groups, a single male normally 
restricts mating opportunities to himself; females, however, 
sometimes prefer to mate with other males in the group 
and sometimes use tactical deception to attain their aim. 
Female gorillas solicit the male of their choice; the couple 
remain behind when the group moves on and mate out of 
sight, suppressing their normal copulation calls (Figure 1). 
In baboon groups, mothers are normally solicitous of their 
juveniles’ welfare and respond quickly to distress calls; 
however, while foraging mother and juvenile may be out 
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Figure 1 Tactical deception allows female gorillas a wider 
choice of mating partner than just the leading silverback. Here, 
a female solicits a young, nonleader silverback by standing at 
right angles to him and making ‘head flagging’ movements. 

The second panel shows the upshot of this interaction: the two 
remained behind when the group moved on, and mated, 
suppressing copulation calls. In fact, they were unlucky: note 
that their eyes are focused over the photographer’s left shoulder, 
at the leading silverback who had just discovered them and 
who subsequently attacked and beat the female. (Photo credit: 
R.W. Byrne). 


of sight and some juveniles take advantage of this to manip¬ 
ulate the situation. A juvenile approaches an unrelated adult 
that has found food, and then screams as if attacked. The 
mother apparently misinterprets the situation as one of 
danger and chases the other adult, while the juvenile simply 
appropriates the food. Tactical deception in primates, 
defined by the requirement that a benefit to the agent of 
the tactic is dependent on some audience misunderstanding 
the situation, shows a number of characteristic features: 

1. The use of a particular tactic is not found in every 
member of the species or local population, but rather 
appears specific to one or a few individuals. 

2. Although tactical use of an act is innovative compared to 
its normal use, the innovation is often a relatively small 
step from that normal use; learning from experience is 
thus quite feasible, even without insight on the part of 
the signaler into the (mental) mechanism of the deceit. 


3. Tactical use is of low frequency compared to normal 
use, presumably because high-frequency use facilitates 
detection of the fraud. 

4. Most often, the tactic functions by manipulating the 
attention of the audience, thus concealing information 
that would be of benefit. Much more rarely, the decep¬ 
tion relies on commission, where the target audience 
must gain a false belief for the tactic to be effective. 

These features raise a number of issues. How widespread 
among animals is the use of tactical deception for social 
manipulation, and what determines this distribution? How 
do individuals acquire tactics, and do they (ever) under¬ 
stand their mechanism of operation? In particular, is use of 
some tactics dependent on or aided by an understanding of 
false belief in others? 


Distribution of Tactical Deception 

Because of the low frequency of tactical deception, survey 
data are necessary to assess its taxonomic distribution. 
Despite appeals to the animal behavior community as a 
whole, few cases outside non-human primates and birds of 
the crow family have been reported. It remains unclear 
whether this is so because most animals are unable to use 
this sort of social manipulation, or whether most people 
who study other species do not recognize or record the 
cases that do occur. As a result, the understanding of what 
limits the use of tactical deception is almost entirely 
derived from data on non-human primates and corvids. 

Deception has been reported widely across the primate 
order (Figure 2, upper panel), and the preponderance of 
records from cercopithecine monkeys and chimpanzees 
shows a strong bias of observer effort. Nevertheless, when 
correction is made for this bias, striking differences in 
rates remain. These turn out to correlate strongly with the 
species’ neocortex volume, but not with the volume of the 
rest of the brain - or the species’ typical group size, despite 
the fact that observers of larger groups have greater 
opportunities for seeing unusual behavior. It seems, then, 
that although use of deceptive tactics is possible for any 
primate, the frequency with which it is employed depends 
on the amount of cortical tissue available, most plausibly 
because very rapid learning is required. Consider the 
young baboon that screamed when it was not threatened 
and thereby manipulated his mother into driving off its 
competitor. It is plausible that his tactic was learnt from 
past experiences in which it was sufficiently tempted to 
approach a competitor, which did threaten him, causing 
him to scream in (honest) fear. If his mother were in hearing 
but out of sight, she might very well have come to his 
aid, with the unintended consequence of a food reward - 
reinforcing tactical use in the future. The learning 
requirements are stringent, however, the young baboon 
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some species are large-brained. These are the parrot and 
the crow families and although there are no field data of 
deception in either group, recent captive studies of corvid 
abilities have revealed several kinds of deception, consid¬ 
ered in the next section. Avian brain anatomy is much less 
well understood than that of primates, but brains of corvids 
and parrots have a large investment in prefrontal areas, 
those generally associated with flexible learning skills. 


Ontogeny of Tactical Deception 
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Figure 2 The taxonomic distribution of deception in primates. 
Tactical deception has been recorded in all major taxa: the 
numbers on the histogram give the actual numbers in the 
collation by Byrne and Whiten (1990). However, as the second 
panel shows, when these data are reduced to records giving 
convincing evidence of understanding something about other’s 
mental states, the taxonomic spread is reduced to the great 
apes, alone. (Diagrams constructed by R.W. Byrne). 


must learn to use the tactic only against competitors of 
lower rank than its mother and only when its mother is 
out of view but in hearing, from experiencing a very few 
learning situations. 

Assuming that these principles apply to other kinds of 
animal, tactical deception should be expected among 
species with extensive social knowledge, which means 
those living in long-lasting social communities, and high 
neocortex volume, which in practice means large brains. 
Note that, since brain volume is an allometric function of 
body weight, few large-brained species are small bodied. 
Brain/body weight gives an index of the cost to species of 
‘affording’ the brain, which is metabolically costly, and 
thus of recent selection on brain size. Over longer time 
periods, body size may be driven up by persisting demands 
for rapid learning. 

Within mammals, obvious candidates are toothed 
whales, carnivores like wolves and hyaenas, and ungulates 
like pigs, horses, and elephants. Within birds, there are a 
number of families in which long-term sociality applies to 
groups larger than a monogamous pair, but only two where 


In non-human primates, use of deception varies between 
individuals under the same circumstances, suggesting a 
major role for the learning history rather than narrow 
genetic guidance, although it is clear that the underlying 
ability to learn rapidly in social circumstances is a pre¬ 
requisite. Two very different research strategies have been 
applied to the issue. 

With post hoc, observational records, researchers esti¬ 
mated the plausibility of an observation reflecting learning 
from past social circumstances, as sketched earlier. In the 
great majority of cases, learning from experience was con¬ 
sidered quite reasonable, provided the animal was able 
to learn fast. However, in a number of cases involving 
monkeys and apes, the deceptive tactic required the animal 
to notice (i.e., represent mentally) the line of sight of a 
competitor and potential occlusion from its view. Intrigu- 
ingly, the relatively few cases in which learning from expe¬ 
rience seemed most improbable, because the necessary 
circumstances would seem outside the species’ normal 
experience, were clumped in one taxon: the great apes 
(Figure 2, lower panel). This led to two controversial 
proposals: monkeys and apes must be able to represent and 
compute with the geometric visual perspective of others, 
and great apes must be able in some way to represent and 
compute with the mental states of other individuals. Both 
have now been confirmed by data from experiments in 
other areas of cognition that depend on similar attribution 
abilities, at least for the case of chimpanzees. 

The experimental approach has relied on setting 
up circumstances, in which deceptive tactics should be 
profitable, in the hope that they will be displayed. For 
instance, one (subordinate) individual is given privileged 
information about food location, and then reunited with one 
or more regular social companions: the ‘informed forager’ 
paradigm. In chimpanzees, mangabey monkeys, and domes¬ 
tic pigs, it was found that dominants readily adapted to 
exploit the knowledge of the informed individual, resulting 
in the informed individual losing the food. In the primates 
tested, tactics of deception developed over several trials. 
Revealingly, the mangabey at first simply held back or 
wandered elsewhere, then - apparently noticing that the 
dominant was not near the food - it quickly retrieved it. The 
success of this maneuver resulted in its adoption as a regular 
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tactic. Thus, the monkey may not have strived to create a 
false belief in the competitor, but simply learnt during the 
experiment a sequence of actions that worked to its advan¬ 
tage. The same was true for chimpanzees, but here more 
elaborate tactics were sometimes developed, including 
leading the competitor to an aversive object or a small 
food source before rushing to the large cache of food. In 
the case of domestic pigs, once the noninformed individual 
began to follow the other, its tracking was so close that the 
informed individual was never able to gain the food. Yet in 
this circumstance when no reinforcement learning can 
occur during the experiment, several exploited pigs appar¬ 
ently tried to deceive the dominant competitors. Variously, 
individuals were more likely to move to the food site when 
the competitor was further from the food, relatively further 
from the food than itself, moving away from the food or 
positioned out of line-of-sight from it. It is possible that 
these tactics might have been learnt during prior contests 
over different resources, provided that - like monkeys and 
apes - pigs can compute with the geometric properties of 
social situations. That is, pigs could learn these tactics if 
they could work out what was in view from another indivi¬ 
dual’s perspective, and consequently categorize certain 
situations as unsafe’ for them - even without understanding 
why, which might require knowledge of what others know. 
But the fact that the experimental pigs had spent almost all 
their short lives under controlled conditions makes that line 
of explanation speculative at best. 

Consequently, no clear conclusion about the ontogeny 
of tactical deception in mammals is yet warranted. In most 
cases, learning from experience is a feasible explanation, 
even in animals unable to represent any mental states of 
others; although it is true that having such ability would 
make learning from experience more efficient, most 
researchers would consider that less plausible. In great 
apes and domestic pigs, the balance of plausibility tilts the 
other way, and accounting for the performance of decep¬ 
tion (or attempted deception) in the absence of any likely 
reinforcement history is difficult unless these species are 
able to compute the effects of untried actions in advance - 
to plan in advance to change other’s beliefs. 

Extensive experimental research has also been carried 
out, using a rather similar paradigm, on several species of 
food-storing corvids. Many species of temperate-zone birds 
store food against future shortages, and in several corvid 
species, individuals also regularly pilfer others’ food 
caches if they are able to see them made. In this case, just 
as in the informed forager work, it would pay individuals 
to deceive their competitors, and they might sometimes 
be able to do so better if they understood competitors’ 
knowledge. Ravens cache preferentially when they are 
away from other ravens, and react with various tactics 
if they see others while they are caching: speeding up 
their caching process; covering the cache more thoroughly, 
even leaving the site to get better material for a covering; 


recovering the food more quickly than usual; or sometimes 
refraining from caching it at all. Like non-human primates, 
ravens seem to understand the geometry of visual access, 
trying to hide from other ravens behind barriers when they 
cache. Like most primate tactical deception, raven decep¬ 
tive tactics rely on withholding information; but in addi¬ 
tion, they make false caches, carefully ‘hiding’ nonexistent 
food when competitors are watching. Pilfering ravens, too, 
use a range of tactics that seem to function in deceiving 
competitors: orienting or repositioning themselves to give 
good visual access while keeping some way away from the 
food-storing raven; delaying approaching an observed 
cache while the storer is still nearby, but rushing to exploit 
a cache if other potential pilferers appear; and, if the 
original storer is still around, searching at false, ‘noncache’ 
sites. Scrub-jays have similarly been found to use decep¬ 
tive tactics in food storing. They prefer to cache when no 
competitor jay is in sight, and when they cannot avoid 
being seen, they cache as far from the observer as possible, 
in places that cannot be seen from the competitor’s posi¬ 
tion, and if they cannot achieve that they choose dimly-lit 
areas for caches. 

Although at present the ontogeny of corvid deceptive 
tactics is not fully understood, the logistical advantages of 
working with corvid species that can be hand-reared and 
grow to adulthood in a few years give distinct advantages, 
and already, some progress has been made. Scrub-jays 
react to others seeing them caching food, by recaching 
once they get the chance in private - but only if they have 
had the experience of being a pilferer themselves. Naive 
jays, reared with no experience of pilfering other’s caches, 
do not tactically re-cache their own, suggesting that the 
tactic is based on some understanding of the situation. In 
one clever experiment, a scrub jay was allowed to cache 
only in a certain area when observed by a particular 
competitor jay, and allowed to cache in another area 
when watched by another, different jay. Later, when given 
access to both areas while under observation, it re-cached 
or ate whichever food that particular observer had seen 
cached, but did not disturb other caches that the competi¬ 
tor had not seen made. Jays evidently remember who has 
seen what, and can somehow take the knowledge or igno¬ 
rance of their competitors into account. Ravens have also 
been shown experimentally to be capable of taking into 
account whether their competitor is knowledgeable or 
ignorant, so it is entirely possible that all these corvid 
deceptive tactics are carried out with insight into the 
ignorance or false beliefs that they ensure in competitors. 

The difficulties researchers face in attributing intent 
are not unique to animal work. Consider examples from 
everyday human life: a teenager who feels ill just before a 
much-dreaded cross-country run; or when we say ‘You 
look great!’ to a friend suffering from a serious long-term 
illness. In both cases, the agent is fully capable of mentally 
representing false beliefs, and they are apparently 
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misrepresenting information to others. But are they delib¬ 
erately falsifying, with full understanding of the falsity of 
the beliefs they are creating? Most people would suggest 
that some degree of self-deception is involved, and evolu¬ 
tionary theorists have long argued that self-deception 
should be expected in animal communication simply 
because it is harder to detect and therefore more effective 
deceit (a point often made in the Le Carre world of espio¬ 
nage and treachery). Moreover, even in cases where crea¬ 
tion of false belief is deliberate and well understood, 
genetic predispositions and experiential learning are also 
liable to be important. When a kind friend gives an 
unwanted present, we most likely feign happiness, delib¬ 
erately to create a false belief, in order to avoid giving pain 
or offence. But that tactic relies on voluntary control of 
facial expression, an option based on human genetic pre¬ 
dispositions and not available to many other species; and 
we probably learned earlier in life the upsetting effects of 
too much honesty. Working out whether genetic con¬ 
straints, access to learning opportunities, or the mental 
competence to represent social situations is the limiting 
factor in animal deception is likely to be a complex issue 
for future research. 

See also: Conflict Resolution; Emotion and Social 
Cognition in Primates; Punishment; Social Cognition 
and Theory of Mind. 
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Peak Shift Is a Directional Behavioral Bias 

In a typical peak shift experiment, control subjects are 
trained to respond (e.g., button-press) to a positively rein¬ 
forced stimulus (S+, for example a line of a particular 
orientation or a color of a particular hue). Treatment 
subjects are trained in a manner identical to control sub¬ 
jects with respect to S+ and also to withhold response to 
an unreinforced or punished stimulus (S—, a line or hue 
similar but not identical to S+). Both groups of subjects 
are then tested without reinforcement on a continuum of 
stimuli comprising various line orientations or hues, 
including the training stimuli. Figure 1 depicts the com¬ 
mon finding of such discrimination learning experiments: 
during the test, control subjects respond most frequently 
to the S+ stimulus. Treatment subjects, however, respond 
most frequently to a stimulus they have never encoun¬ 
tered before. 

The treatment subjects’ expression of a preference for 
an unrewarded and novel stimulus over S+ is somewhat 
paradoxical. If all test stimuli are discriminable, why are 
the treatment subjects (S+/S— trained) not like the con¬ 
trol subjects (S+ training only), responding most strongly 
to the stimulus they have learned is rewarding? The 
phenomenon that treatment subjects display in this type 
of experiment is known as peak shift. When the subjects’ 
frequency of response is plotted as a function of stimulus 
value, data show a peaked response gradient. The stimulus 
receiving the maximum, or ‘peak,’ response by the treat¬ 
ment subjects is said to be ‘shifted’ relative to that of the 
control subjects. 

An area shift is often noticeable, even in experiments 
that do not result in a significant peak shift. An area shift is 
characterized by an elevation of the rates of response to 
the novel stimuli on the side of S+ away from S-. Area 
shift often co-occurs with peak shift. In addition, a shift of 
the most strongly avoided stimulus is also produced, off of 
S- in a direction away from S+. 

Peak shift is considered to be a general outcome of 
generalization accompanying discrimination learning. In 
a typical peak shift experiment, the stimuli are simple 
sensory perceptions, monotonically increasing in value 
on the stimulus domain. The experiment consists of a 
control group and a treatment group each undergoing 
training (discrimination) and testing (generalization) phases. 
Stimuli are presented one at a time, for instance, on a 


lighted button that the subject presses to indicate its 
response. The button is lit for a set length of time, and 
presses to the button while it is lit by a given color are the 
dependent variable. No reward is given during the testing- 
phase. A variable intermittent reward schedule with all-or- 
none reward quantities may be given for correct responses 
during the training phase to minimize extinction during 
the testing phase. During training, incorrect responses to 
S+ and S- are followed by mild punishment (e.g., lights 
turn off and a delay is imposed prior to the next trial). 
Intertrial intervals last 2-3 s, during which the response 
button is not lit. The training phase lasts until the treatment 
group reliably responds to the stimuli (e.g., 80% correct). 
The number of S+ training trials may be balanced across 
both groups, and a variety of reinforcement schedules, 
stimulus dimensions, and species have been used. As a 
phenomenon of learning, the magnitude of shift is a function 
of stimulus presentation parameters such as S+ and 
S- similarity, reward value, and stimulus encounter rates. 

Theoretical Accounts of Peak Shift 

Peak shift might arise at any of several mechanistic levels of 
processing, including early peripheral sensory processes, 
well-learned associative mechanisms at the level of indi¬ 
vidual stimuli, or via a response to signal-borne risk occur¬ 
ring at the level of stimulus class. Peak shift is thought 
to arise from relatively uncomplicated mechanisms of 
learning. However, the ‘right’ explanation for a particular 
type of decision will shed light on larger issues of learning, 
preference establishment, and decision making. 

Gradient Interaction Theories 

Peak shift has been almost invariably attributed to 
Kenneth Spence’s 1937 theory of overlapping gradients 
of excitation and inhibition. The summation of Spence’s 
two gradients produces net excitatory and inhibitory 
behavioral impulses shifted from the training stimuli 
in the manner described earlier. On this and related 
accounts, differences in behavioral response strength 
arise from the level of behavioral excitation associated 
with each test stimulus. In terms of modern associative 
learning theory, bell-shaped gradients of positive associative 
strength (centered on S+) and negative associative strength 
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— Control group — Discrimination group — Naive group 

Figure 1 Typical results of a peak shift experiment. A control 
group was trained to approach the S+ stimulus. A discrimination 
group was additionally trained to avoid S-. AL test, the full range 
of stimuli was presented. The discrimination group exhibited a 
shift in their preferred stimulus off of S+ in a direction away from 
S-. These data are from bumble bees trained to discriminate the 
colors shown while learning to forage on artificial flowers. In 
addition, a Naive group received no color training prior to testing, 
and exhibited an innate preference for bluish flowers. Examination 
of the control group shows that their peak response was slightly 
shifted toward the innate preference rather than centered over S+ 
itself. Standard error of n = 10 bees per group is shown. 

(centered on S-) overlap and interact additively, yielding 
a maximum net positive associative strength shifted off of 
S+ in a direction away from S-. Differences in behavioral 
response are due to differences in the association strength 
between the test stimuli and the reward or punishment 
associated with responding to those stimuli. 

Neural network models of peak shift are a kind of 
associative account in which nodal weight strength drives 
behavioral response strength. Nodal weight strength can 
be mathematically identical to Rescorla-Wagner-based 
measures of association strength. Peak shift has also been 
modeled as an additive overlap of sensory receptor excita¬ 
tions, an account at the level of peripheral sensory organs. 

All gradient-interaction accounts assume a model of 
stimulus generalization that involves a spreading of 
knowledge from training stimuli to similar novel stimuli. 
The spreading is usually a Gaussian (i.e., bell-shaped) 
function of the perceptual similarity among stimuli. The 
S+ and S- generalization gradients then interact addi¬ 
tively during decision making, producing peak shift. 

No satisfactory gradient-interaction explanation of 
peak shift has arisen that accounts for the various forms 
of peak shift and the variety of stimulus domains over 
which it can be induced. The various explanations fail to 
account for area shift, are not extendable to the full range 
of stimuli prone to peak shift, or cannot produce the 
variety of observed gradient shapes. 


Adaptation-Level Theory 

A peak shift can also be explained by a modification of 
Harry Helson’s theory of sensory adaptation-level, developed 
in 1947. Over the course of exposure to simple stimuli, 
such as line orientation, a subject’s perceptual system can 
become ‘adapted’ to the range of stimulus variation. The 
adaptation level is centered at the mean of the stimuli 
encountered. This account of peak shift posits that subjects 
represent the S+ and S- stimuli relative to the adaptation 
level rather than in more absolute terms. So, during train¬ 
ing, subjects learn that S+ is located at, say, adaptation 
level +1 unit and that S- is at, say, adaptation level —1 
unit. When, during testing, the adaptation level changes as 
new stimuli are encountered, responding to adaptation 
level +1 produces an apparent peak shift. The subjects, 
however, have not changed their response to the stimuli 
per se, and this peak shift is not driven by conventional 
learning parameters. Rather, the baseline against which 
stimulus differences are evaluated has changed. Because 
under the adaptation level account stimuli are represented 
relative to the range of stimulus variation, this kind of peak 
shift is known as a ‘range effect.’ 

Although a scenario of changing adaptation levels does 
account for some peak shift results, researchers can control 
the forces that drive range effects with techniques such as 
probe-tests administered throughout training. Also, more 
complex stimuli possessing multiple components or 
dimensions (e.g., facial expressions, orientation of clock 
hands) are resistant to range effects. Range effects can, and 
must, be controlled in studies focusing on peak shift 
arising from discrimination learning. 

The Signals Approach 

An account of peak shift can also be derived from signal 
detection theory (SDT; Box 1). This approach postulates 
that during testing, subjects experience uncertainty about 
which response is appropriate to give to a particular 
stimulus. Under SDT, uncertainty of choice-making is 
due to perceptual similarity of S+ and S- stimulus classes 
and carries a risk of stimulus misclassification. Under a 
signals approach, peak shift arises from an attempt to 
optimize stimulus classification rather than as strictly 
determined by associative strengths. As a signal detection 
issue, peak shift can be characterized as an aversion to 
signal-borne risk associated with the uncertainty of stim¬ 
ulus classification. 

The three parameters of SDT that govern choice (dis¬ 
tribution, relative probability of occurrence, and payoffs - 
see Box 1) correspond to elements of a discrimination 
learning experiment. (1) The appearance of the S+ and 
S- stimuli constitutes signals. The signal distributions are 
interpreted as gradients of likelihood that, on the basis 
of perceptual similarity, a particular stimulus is from the 
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Box 1: Signal Detection Theory and Extension to Nonthreshold-Based Decision Making 

A signals approach to generalization and discrimination takes signal detection theory (SDT) as a descriptive, mechanistic model of 
decision making, as opposed to the theory’s typical use as an analytical tool. SDT is a mathematical description of the trade-offs and risk 
inherent in the reception of signals (i.e., discerning one signal from another, or signal from noise). Classical SDT provides a functional 
description of how animals make choices among stimuli under conditions of uncertainty. Typically, that uncertainty is considered to arise 
from perceived variability in the appearance of stimuli. For example, variability in stimulus appearance could exist in the stimuli themselves 
or arise from noise in the sensory system. However, the uncertainty modeled by SDT may also arise from stimulus generalization, a 
process dependant on reinforcement history in addition to perception: inexperienced animals that are able to perceptually distinguish 
stimuli very well may yet be uncertain as to what response is appropriate to give to a particular stimulus. Like perceptual uncertainty, this 
response uncertainty can be described by signal detection theory. 

Viewing generalization and discrimination as exercises in signal detection is straightforward. Consider a task in which subjects must 
approach yellowish stimuli and avoid bluish stimuli. In the overlapping greenish region, any given stimulus might be of one class (S+, 
deserving response) or another (S-, to be ignored). As a model, the signals approach posits that animals estimate information about 
stimulus encounters to determine to which stimuli it is on average most profitable to respond, such that the number of correct detections 
of S+ and correct rejections of S- are maximized while missed detections of S+ and false alarm responses to S- are minimized. Under 
SDT, response strength is determined by three signal parameters: (1) the stimulus distributions over a perceptual domain, (2) the relative 
probability of encountering stimuli of one class or another, and (3) the payoff (reward or punishment accrued) for responding to or ignoring 
S+ and S- stimuli. 

These signal parameters can be combined in a utility function, the maximum of which locates the optimal placement for a response 
threshold on the stimulus domain: 


U(x) = artP[CD] + amP[MD] + (1 - a)aP[FA] + (1 - a)y'P[CR 


[i 


where U{x) is the estimated utility over stimulus domain x; P[CD], the probability of correct detection, measured as the integral of the S+ 
distribution from threshold to negative infinity; P[MD], the probability of missed detection, equal to 1 - P[CD]; P[FA], probability of false 
alarm, measured as the integral of the S- distribution from threshold to negative infinity; P[CR], the probability of correct rejection, equal to 
1 - P[FA]; a, the relative probability of encountering an S+ signal, and 1 - a equals the relative probability of encountering a signal from the 
S- distribution; rt, the benefit of correct detection of S+; m, the cost of missed detection of S+; a, the cost of false alarm response to S-; 
andy, the benefit of correct rejection of S-. Costs may be negative or simply less positive than benefits, so long as rt >m and j>a. 

In classical SDT, signal distributions over the continuous sensory domain are considered to be probability density functions (PDFs). 
The probabilities of correct detection, false alarm, missed detection, and correct rejection are calculated by integrating the respective 
PDFs from each possible threshold location to infinity (or by taking one minus that integral). This integration permits locating the optimal 
threshold placement (the maximum of eqn [1]). Threshold placement produces a stepped or sigmoid response gradient of dichotomous 
response strengths: equally strong response on one side of the threshold, and equally weak on the other. To apply SDT as a model of 
behavior to discrimination tasks in which subjects do not show a threshold-based response, such as peak shift, the assumption of 
integrated signal distributions can be changed. Substituting the integration of the PDF with the probability density, y h of a signal of a given 
value, X/, allows signal detection theory to produce continuously variable response strengths. 

One way to conceptualize this substitution biologically is to suppose that animals perceive signal variation discretely or construct 
discrete signal distributions rather than continuous probability density functions. Biologically, one may interpret this as an assumption that 
although signals may indeed fall along a continuous distribution objectively, animals perceive stimuli in flexible intervals of just-noticeable- 
difference, the dynamic width and placement of which is determined by contextual factors and the limits of their sensory acuity. 

To reflect this substitution, eqn [1] can be modified to yield the expected utility of responding to a signal of x=x,-, a particular value, 
rather than a signal of x > x,- as would result from PDF integration: 



cthf s+ (xi) + (1 -a)af S -(Xi)] - [amf s+ (x;) + (1 - a)yr S -(x / )] 



where U(x) is the utility of responding to a stimulus of a given value, x,- (correct detections and false alarms), less the utility of withholding 
response to that signal (missed detections and correct rejections); f s+ (x,j , the relative frequency of a stimulus of value x,- from the 
S + signal distribution; fs-(Xi), the relative frequency of a stimulus of value x,- from the S- signal distribution; and other variables are as 
for eqn [1]. 

Equation [2] produces a pulse-shaped gradient exhibiting peak shift. It is positive (utility > 0) for all stimulus values for which responding 
yields a net benefit. Like eqn [1], it provides a mechanism by which to make choices in the face of uncertain stimulus classification, not by 
reducing the uncertainty, but by allowing an animal to estimate to which signals it will be on average be most profitable to respond. 
Equation [2] can still produce threshold-based behavior, by solving for zero, the x-intercept, rather than maximizing the function. 


S+ or S- stimulus class. (2) The relative probability of 
encountering an S+ or S- signal corresponds to the 
relative frequency of S+ and S- stimulus presentation 
during training. (3) The payoffs correspond to the value 
of reinforcement and punishment for responding to 
and ignoring stimulus presentations during training. The 
utility function (Box 1, eqn [2]) combines the signal 


parameters learned during training to produce a pulse¬ 
shaped ‘response gradient,’ the maximum and minimum 
of which exhibit peak-shift (Figure 2). Peak shift can thus 
be interpreted as a signal detection issue. However, rather 
than using a threshold to dictate choice, as in other appli¬ 
cations of signal detection theory, the maxima and minima 
of the pulse-shaped generalization gradient are used. The 
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Figure 2 On the signals approach, S+ and S- signal 
distributions (shown here as yellow and blue bell-shaped 
gradients) represent the subject’s estimate of the likelihood that 
a particular stimulus is from the S+ or S- stimulus class. Signal 
distributions may arise from actual signal variation, noise in the 
perceptual system, or cognitive generalization. Overlapping 
distributions produce uncertainty about which response (e.g., 
approach or avoid) is appropriate to give to any given stimulus. 
Behavioral response is dictated by a utility function (Box 1, eqn [2]) 
that integrates the signal distributions, the estimated probability 
of encountering an exemplar of either stimulus class, and the 
payoffs expected from correct and incorrect responses. The 
maximum and minimum of the utility function exhibit peak shift. 

magnitude of the peak shift displacement is sensitive to 
variations in the three signal parameters. 

Functionally, the peak shift experiment is a signal 
discrimination task in which animals are uncertain as to 
which response, approach or avoidance, is appropriate for 
any given test stimulus. Though the mathematics of the 
signals approach provides a functional account of peak shift, 
the approach can also be interpreted mechanistically, as 
an alternative to the gradient interaction accounts. According 
to this interpretation, peak shift is not a failure to percep¬ 
tually discriminate S+ from similar signals, nor is it an 
artifact of overlapping gradients of excitation or associative 
strength. Rather, peak shift reflects an optimization of 
response (i.e., committing a number of unavoidable mis¬ 
takes to achieve correct responses) in cases when subjects 
experience uncertainty about stimulus classification. 

Decision Making at the Intersection of 
Comparative Psychology and Behavioral 
Ecology 

Peak shift intrigues behavioral researchers for at least 
two reasons. First, its apparent universality makes peak 
shift a model system in which to study decision making. 
Second, when it occurs in situations in which decision¬ 
makers evaluate stimuli linked to another organism’s 
reproductive success, then peak shift has the potential to 
exert selective pressure on the evolution of morphology 
and communication. 


Peak Shift Is a ‘Model’ Decision 

Peak shift is taxonomically widespread: exhibited by birds; 
mammals, including humans; fish; and at least some 
arthropods. The phenomenon thus appears to reflect uni¬ 
versal attributes of generalization, discrimination learning, 
and choice-making behavior. As such, peak shift is a 
‘model’ type of decision making, suitable for comparative 
study at functional and mechanistic levels. Using peak shift 
as a tractable example of decision making, a variety of 
organisms can be studied, with strengths differentially 
well suited to phylogenetic, behavioral, neural, cellular, 
or molecular investigations. 

In addition to being well suited to study at multiple 
levels, considerations of peak shift go beyond what is typi¬ 
cally investigated in research on decision making. Many 
models of behavioral economics maximize utility: these 
models consider variability in (1) the costs and benefits 
of obtaining resources, and how those payoffs change 
with body state, and (2) the probability of encountering 
resources of some quality. Game theoretic approaches 
additionally account for the effect of others’ responses on 
the decision maker’s own behavior. However, these models 
overlook the fact that an animal’s estimates of a resource’s 
payoff and probability are based on sensory signals emitted 
by the resource. Outside of the laboratory, signals, such as 
color or tail length, vary. This variation may exist indepen¬ 
dently of any variation in the information encoded by the 
signals. For example, a signal that indicates a particular 
food quality (yellow skin on a banana signals ripeness) 
may vary even if the food quality itself does not (ten 
bananas of the same ripeness may not share the same yellow 
color). Typical utility optimization approaches account for 
variance in resource quality, not variance in the stimuli that 
signal that quality. Since real world signals are noisy, our 
understanding of choice behavior will be incomplete with¬ 
out accounting for signal variation and uncertainty. As a 
signal detection issue, peak shift experiments present an 
opportunity to investigate the role of this signal-borne risk 
in decision making and its interactions with those aspects of 
decision making more commonly investigated. 

Significance of Peak Shift for Evolution of 
Signaling 

Peak shift has also been recognized as a possible influ¬ 
ence on the evolution of signaling systems. Theoretical 
development has explored the potential role of peak 
shift in the evolution of gender or species recognition char¬ 
acters, warning coloration, and sexually dimorphic exag¬ 
gerated traits. Experiments have shown that peak shift 
can drive signal evolution in warning coloration, mimicry, 
and mate-selection systems. Cognitive underpinnings of 
behavior may thus have a role as a selective mecha¬ 
nism driving evolution, in addition to the better known 
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interactions between genetic and environmental factors 
that form the basis of natural selection. Two examples are 
given in the following section. 

Evolution of mimicry and crypsis 

Bumblebees (Bombus impatiens) foraging for nectar exhibited 
peak shift when choosing the flowers to visit (and thus 
pollinate). In a laboratory study implementing a Batesian 
mimicry system, bees were trained to forage on artificial 
flowers (colored paper disks) under different signal 
parameter sets. During training, positions of 36 S+ and 
S- flowers, present simultaneously, were randomized in a 
6x6 array on the floor of a flight cage. ‘Baseline’ bees 
received an arbitrary parameter set specifying the color 
and number of S+ and S— flower types, and the sugar- 
water reward for visiting the two flower types. Three 
groups of comparison bees each differed from baseline 
by manipulating one of the three signal parameters: 
increased variance of S- appearance (three S- flower 
colors used, whereas baseline used one), decreased relative 
abundance of S+ (28% of stimuli were S+ flowers, 
whereas baseline had 50%), and decreased reward for 
correct detection of S+ (33% sucrose concentration, 
whereas baseline used 50%). When tested on a range of 
nine colors (four exemplars each in random positions in 
the flight cage), the baseline bees exhibited peak shift 
relative to a control group that had received no S- training. 
Furthermore, as predicted by the signals approach, the 
comparison bees exhibited larger peak shift and area shift 
over and above that exhibited by the baseline bees, in 
accordance with the increased signal-borne risk of their 
training regimes. Simultaneous presentation of all test 
stimuli was used as a way to mitigate range effects. Also, 
range effects do not explain the greater shift produced by 
increased signal variance (which maintained the same 
adaptation level as the baseline condition). The results 
indicate that in natural situations of mimicry (two signals 
resembling one another) or crypsis (a signal being difficult 
to distinguish from noise), peak shift can influence the 
evolution of signaling traits. 

Sexual selection 

Male zebra finches (Taeniopygia guttata) exhibited peak 
shift when deciding which females to court. As nestlings, 
chicks imprinted on parental beak color, which was 
manipulated with paint. The nestling period thus corre¬ 
sponded to the training phase of a peak shift experiment. 
Male chicks learned that beak color could distinguish 
their father (the S- exemplar since courting another 
male will not lead to reproductive benefits) from their 
mother (the S+ exemplar, being a female). As adults, the 
males were tested by allowing them to court other zebra 
finches possessing a range of beak colors. The birds exhib¬ 
ited a preference to court birds with beak colors shifted 


off that of their mothers in a direction away from that of 
their fathers. Models for sexual selection of exaggerated 
phenotypes typically require a genetic association between a 
sex-linked trait exhibited by one gender and a preference 
for that trait exhibited by the other gender. In this study, 
however, beak color carried no inherent fitness advantage, 
did not communicate the possibility of‘good genes’ to the 
courters, and did not impart a competitive advantage to future 
offspring that might possess a particular beak color. 
The preference for the exaggerated trait was neither geneti¬ 
cally predisposed nor based on a sensory bias, but was 
learned. 


Where Does Peak Shift Fit in the Larger 
Space of Choice-Making? 

Peak shift is characterized by uncertainty inherent to 
perceptual similarity of stimuli that vary on a continuum. 
A peak shift experiment and the phenomenon of the shift 
itself thus differ in several ways from topics more com¬ 
monly treated as decision making, such as choosing 
among several discrete alternatives (e.g., diet choice), 
optimizing resource acquisition (e.g., foraging under 
time, energy, or predation constraints), and investment 
budgeting (e.g., parental care, life history pattern). 

In peak shift, a ‘hidden’ preference for a novel stimulus 
is established over and above that for a known, rewarded 
stimulus (S+). From the perspective of models that do not 
account for generalization, the shift seems somewhat 
paradoxical. Additionally, preferences are being learned 
in the absence of the preferred stimuli and are shaped by 
the presence of unpreferred stimuli (S—). For example, 
changes in an unpreferred stimulus’ encounter rate can 
influence choice, contrary to diet-choice models in which 
the abundance of less-preferred food items has no effect 
on intake of preferred items. 

Many writers have highlighted features shared between 
peak shift and phenomena such as transitive inference, 
novelty seeking, extreme seeking, response to supernor¬ 
mal stimuli, artistic caricatures, esthetic preferences, and 
sensory bias. Though parallels can be seen, peak shift may 
not be responsible for any of these behavioral phenomena. 
For example, when driven by an aversion to signal-borne 
risk, peak shift does not usually produce a preference for 
stimuli that are extremely different from the training 
exemplars, or for novelty per se; the peak shifts are enough 
to only partially mitigate risk of mistakes. A unified math¬ 
ematical description of choice making under risk and 
uncertainty, such as the signals approach, could help dis¬ 
tinguish among these phenomena or make the parallels 
more mechanistically concrete. 

See also: Decision-Making: Foraging; Rational Choice 
Behavior: Definitions and Evidence. 
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Decision making underpins much of an animal’s life, as 
the choices made can dramatically affect the fitness of 
both the animal making the choices and the fitness of that 
animal’s mate and offspring. For example, a female zebra 
finch that chooses to mate with a male who helps her to 
feed their babies is likely to raise more of those babies 
than the female who chooses to pair with a male who is 
less helpful. Female rufous hummingbirds, on the other 
hand, do not get to make such a decision: male rufous 
hummingbirds never help with any of the offspring care 
(not even in building the nest). In its lifetime, an animal 
will have to make all manner of judgments, about such 
diverse issues such as mate choice, nest building, foraging, 
investment in offspring, and social interactions. The infor¬ 
mation on which an animal bases its decisions can also be 
diverse, and the decisions themselves can be made using a 
lot or a little information. As yet, we know little about the 
extent to which consciousness contributes to decision 
making in animals, but we do know that many decisions 
are made as a result of an animal’s own experience. There 
are at least two reasons for investigating decision making 
in animals. Firstly, knowing what information an animal 
uses and in what contexts they use it can tell us a lot about 
how animals react to changing environments, which is 
increasingly interesting as we worry about climate change. 
Secondly, investigating decision making by watching an 
animal’s behavior can help us to determine what is that is 
going on inside an animal’s brain without being able to ask 
the questions verbally 

Despite the diversity of areas in which decision making 
affects fitness, most decision-making research has focused 
on foraging and mating. This emphasis occurs because we 
can readily understand the fitness benefits of choice in 
foraging and mating. In addition, both systems are ame¬ 
nable to experimentation. Mate choice and foraging have 
also shown us that a decision encompasses much more 
than simply what to eat or who to mate with as the animal 
making the decision may also take into account the qual¬ 
ity of the individuals or items among which they can 
choose, spatial and temporal information as well as past 
experience. When choosing a potential mate, for example, 
animals may consider when and with whom to mate, 
where to nest, how many offspring to produce, the gender 
of those offspring, and so on. Furthermore, a choice that is 
suitable at one time and place might not be the best at 
another time and place, that is, how appropriate a decision 
is will be strongly dependent on the context in which it is 
made. To make the best decision, or even just a good 


decision, can require access to a significant amount of 
information and the ability to process that information. 
It is not, then, terribly surprising that in attempts to cope 
with this information-processing dilemma, animals use 
‘short cuts’ to reach a decision, such as copying the deci¬ 
sions made by other, often more experienced individuals. 
In mate-choice experiments, for example, inexperienced 
females often seem to copy the choices of more experi¬ 
enced females. 

Mate choice is a complex process of signaling by 
the advertising individual and signal interpretation by the 
choosy individual. Interpreting these signals depends on 
the other choices available (the context in which the 
choice is made), social influences, and the state of the 
individual making the choice (as well as the behavioral 
and morphological attributes of the potential mate and 
those of the decision maker). In spite of these complex¬ 
ities, the experimental study of mate-choice decisions has 
flourished, especially in the laboratory where investiga¬ 
tors can often control the attributes of potential mates 
(e.g., an experiment might, for example, present a female 
with several males that differ in only one attribute). How¬ 
ever, at least two significant problems occur with investi¬ 
gations into mate-choice decisions. The first is that it male 
traits often covary (e.g., big males have bright colors) so 
that investigators cannot isolate a single trait. For example, 
not only does body size vary, so do the size, shape, and 
color of sexually selected characteristics as does the 
behavior of the potential mates. In a typical laboratory 
mate-choice experiment, the experimenter presents a 
female (since females are usually the choosy sex) with 
two or more males. She can see, hear, and smell the males, 
but not make physical contact with them. Typically, the 
apparatus also prevents the males from seeing each other, 
and, sometimes, one-way screens are inserted between the 
compartments separating the female from the males so he 
cannot see her and respond to her (he might, e.g., sing 
more, or be more active, if the female comes close to him 
and thus encourage her to stay). These are concerns as the 
time the female spends in front of any of the male com¬ 
partments is taken as a real indication of how much she 
would like to mate with that male. 

The second problem with mate-choice studies is that 
experimenters have tended to concentrate on features of 
the animals that appear conspicuous to humans, classi¬ 
cally, visual features such as red cheek patches on male 
zebra finches or red coloration in sticklebacks. Yet, we 
know that birds, for example, see colors in the ultraviolet 
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that human cannot see. It follows that animals may use 
signals unavailable to our senses (e.g., UV, pheromones) 
when deciding with whom to mate. 

Foraging 

In spite of the appeal, then, of mate-choice decision making, 
most of the substance of what we know about decision 
making in animals comes from looking at foraging. Like 
choosing a mate, foraging can be a multifaceted problem. 
Where, when, and for how long to forage? What and how 
much to forage on and so on. Foraging is useful for 
addressing decision-making questions as the animal’s choices 
have direct consequences, which can be learned by the 
animal and readily manipulated by the experimenter. 
These manipulations could be in amount, energetic con¬ 
sequence, or in the cost of obtaining the food. Other 
variables, such as the energy budget of the animal, 
the number of options available in a choice set, and the 
riskiness of the option, can then be manipulated to see 
whether they alter the choices made. 

When to Stop Foraging? 

The benefits to foraging are obvious. Foraging not only 
lowers the risk of death by starvation, it also provides the 
energy and material animals need to produce expensive 
signals such as antlers or colorful plumage, allowing ani¬ 
mals to attract mates, the success of reproduction depends 
heavily on foraging success. However, foraging takes 
time away from other necessary behaviors. Additionally, 
the longer an animal forages, the longer it is exposed 
to predators, either because it is moving around and is, 
therefore, more likely to encounter predators or because 
it is less vigilant. Even for those animals for which preda¬ 
tion is a relatively minor concern, such as top predators, 
increased time foraging may lead to decreased group or 
territorial defense and an increased likelihood of territory 
invasion. Animals would, ideally, minimize the time taken 
to find food while getting as much food as they can eat. 
As well as the time spent foraging, animals must consider 
how long to stay eating or looking for food in a particular 
patch before moving to another patch. 

Foraging duration has important implications for par¬ 
ents, such as the songbird that has to leave defenseless 
chicks while collecting food with which to provision them. 
The length of time the parent spends foraging will have 
impacts for the offspring, the parent, and that parent’s 
mate. An extreme example of this is a mother Emperor 
penguin that shortly after laying spends 9 weeks away 
foraging during which time the father shelters the egg 
and subsequently the young chick. Depending on how 
long the female is away, he may lose up to a third of his 


body weight. In species with biparental care, conflicts of 
interest commonly arise over the level of care that each 
parent provides, especially in species that pair for a single 
breeding season. Parental care is costly, and the conflict of 
interest may mean that one, or both, parents may with¬ 
hold some care. 

Where to Forage? 

For animals whose food sources replenish relatively rap¬ 
idly (within a few hours) such as a territorial humming¬ 
bird foraging on nectar from refilling flowers, it is 
advantageous for the bird to remember information 
about the quality and quantity of resources in a patch 
within its territory as well as when it last visited that 
patch. However, for other animals, it might be more useful 
to remember where not to forage, as these areas will have 
been emptied of food (there are other reasons to avoid 
foraging in certain places, such as likelihood of the pres¬ 
ence of predators). And most animals, at some point, need 
to decide whether to continue foraging in the current 
patch or whether to leave and search for a better patch. 

For many animals, remembering good foraging loca¬ 
tions is important, but for some, for example scatter¬ 
storing birds, which rely heavily on food they have hidden 
in many locations, such memories may reach into the 
hundreds or thousands of locations. Copying others may 
enable the decision of where to forage to be made more 
readily than by either remembering or relying on one’s 
own searching abilities. One advantage to group living is 
possibly that animals may use the foraging success of 
others to decide the direction in which to search on the 
following day, that is, by following today’s successful 
forager when they depart the group tomorrow morning. 

When to Forage? 

Deciding when to forage can be important for a number of 
reasons, which include the ability to exploit a renewable 
resource effectively, consuming a cached source before it 
spoils as well as avoiding foraging at times when predators 
are most active or effective. Being active only at night, for 
example, is one way for some prey animals to reduce their 
risk of predation. Many small nocturnal mammals use a 
circadian clock to maintain their nightly activity cycle, 
which is adjusted to keep their activities synchronized 
with changing patterns of light and dark. The entrainment 
of the clock allows the animal to track seasonal changes in 
day length. 

The timing of foraging bouts has implications beyond 
predation. A territorial hummingbird, for example, should 
avoid returning to the flowers it has empty, and ideally 
should allow time for the nectar in a previously visited 
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flower to replenish. To do this, the bird needs some 
mechanism that is sensitive to both the nectar secretion 
rates of flowers and the environmental frequency of floral 
visitor. Hummingbirds can accurately match the refdl rate 
of flowers and can remember the difference in refill 
rate for different flowers. They also return sooner to flowers 
that are more likely to be emptied by competitors than to 
flowers from which competitors are excluded, demon¬ 
strating that their decisions about when to visit particular 
flowers involves the use of information about the flowers, 
themselves, and other animals. 

How Much to Eat? 

Obviously, an animal must eat enough to avoid starvation, 
and yet animals often both eat less and carry less fat than 
they can. This counterintuitive observation has led to the 
suggestion that there could be a trade-off between the 
benefits of fat storage and other costs such as predation 
risk (by being too heavy to outpace or outmaneuver a 
predator). One might, therefore, expect that decisions 
about body fat content might be responsive to the number 
of predators in an area although, currently there is evi¬ 
dence both for and against this possibility. For example, 
although in comparisons between closely related migratory 
and non-migratory bird species, some resident birds do not 
appear to carry as much fat as would be optimal, the 
addition of real or simulated predators does not always 
cause a drop in body weight as would be expected levels 
if the degree of fat stored depended on predation levels. 

Factors other than predation risk can influence food- 
storage decisions. Hummingbirds, which hover at flowers 
to feed, rarely drink more at any one time than a third of 
the volume that their crop can hold. However, this is only 
the case for territorial hummingbirds with constant access 
to food. Nonterritorial birds in the same population drink 
more during each feeding bout because they need to 
take food when they can get it. This suggests a trade-off 
between the benefits of food acquisition and the costs of 
flying with a heavier crop. With a reliable food supply, 
territorial birds can afford to cut the flight costs but 
nonterritorial birds cannot. 

Choice of Resource 

Foraging animals often have to choose among foods that 
differ in many ways. Some foods provide lots of energy, 
others may provide more protein, and still others can be 
consumed or digested quickly. Additionally, a forager 
choosing among resources often faces a problem of 
incomplete information. For example, when a foraging 
bird encounters a conspicuous, brightly colored insect, 
this potential prey item could be tasty and nutritious or 


noxious and unpalatable. The choice it makes as to 
whether to eat the new insect will depend on how similar 
that insect is to previous prey the bird has encountered. If 
the insect is very similar to prey the bird has learned are 
unpalatable, the bird is likely not to eat it. However, if the 
bird is really hungry, it may eat the new insect, even 
though the bird knows that the insect is likely to be 
unpleasant. As long as the level of unpalatability is such 
that the bird does not become very ill (or dies), the 
decision to eat the new insect would be sensible, in the 
circumstances. When the bird tries the new insect, how¬ 
ever, it runs the risk that the insect is, indeed, lethal, and 
then the decision would seem to be a poor one. In situa¬ 
tions of incomplete information, accuracy and relevance 
of memory for past experiences plus the animal’s current 
state may lead to animals making costly decisions. Exper¬ 
imental support for this supposition comes from the 
greater consumption of noxious prey by starlings when 
they are hungry relative to when they are well fed. 

Incomplete information is likely to underpin almost 
every decision an animal makes, even if they can remem¬ 
ber very well what has gone before. This may be because 
their memory is not perfect or because animals often face 
situations that are similar to, but not the same, as a 
previous situation. They then have to decide whether the 
current choice is similar enough to one from the past that 
they choose a particular option. For example, nectarivores 
such as hummingbirds and bees cannot be sure what 
reward a new flower from a familiar species will provide. 
This is because flowers vary in the amount of nectar 
produced by different flowers on a single inflorescence, 
refill rates depend on temperature, humidity, and so on, 
and it is possible that the flower was recently emptied by a 
competitor. How animals respond to this variation inherent 
in many choices under varying conditions is referred to as 
‘risk sensitivity.’ 

When an animal faces a choice between one option 
that is variable in some way and between another that is 
constant, such that the mean rate of return is the same but 
the variance around that mean return differs, a preference 
for the constant option is considered to be ‘risk averse’ 
while a preference for the variable option is termed ‘risk 
prone.’ Typically, such decision making has been investi¬ 
gated in the laboratory in which the context in which the 
animal is allowed to choose between options can be read¬ 
ily manipulated. Aspects of the items can be manipulated 
(e.g., the size of a food item, the rate of delivery of food 
items) as can the animal’s energetic state (by lowering its 
body weight through food restriction or increasing its 
energetic needs by lowering the temperature). In such 
experiments, animals tend to be risk prone when food 
varies in the rate of delivery but to be risk averse when 
food varies in amount. Although one would expect that 
animals on a positive energy budget would prefer the 
constant option (risk aversion) and when on a negative 
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energy budget they would be risk prone (i.e., choose the 
variable option), there is little empirical evidence for this 
expectation. 

Choice of the ‘Best’ Option 

It is, perhaps, not surprising the animals can and will take 
a range of kinds of information into account when making 
decisions: the environment is rarely so stable that exactly 
the same decision is always the best one and the animal 
itself will sometimes be in a state more suited to one 
option than to another. It is still plausible that an animal 
might be able to determine its own state and that of the 
environment sufficiently accurately always to make the 
‘best’ choice. However, in addition to the problem of 
incomplete information, decision making in animals has 
long been based on the assumption that animals assign a 
fixed value to each option and always choose the option 
with highest value. In humans, at least, this is not the case. 
We constantly make choices between options that can be 
altered by the presence of yet other options, even when 
those alternative options are clearly inferior. This is 
known as a ‘violation of rational choice.’ Rationality, in 
this context, describes the situation in which we assign 
fixed values to, for example, two options and then choose 
between them depending on their fixed values, without 
regard to the context in which the decision is being made. 
If we behaved rationally, the addition of an inferior item 
would not alter the choice between the first two items at 


all. However, this does not happen. The context in which 
the decision is made has a significant effect on the choice 
between two original items, such that it is necessary to 
know the context before an accurate prediction as to 
which item will be chosen (or preferred). 

It now also appears that foraging bees and hummingbirds 
also make irrational choices when offered an inferior third 
option. Although at first glance it may appear that faulty 
decisions produce irrationality, it occurs because animals 
use rules of thumb (or heuristics) when making decisions. 
These rules of thumb work well in most situations and help 
animals to make faster decisions even without complete 
information. Although all of the work to date on ‘context- 
dependent’ choice in animals has addressed foraging deci¬ 
sions it is plausible that in many other decision-making 
situations animals choose irrationally. 

See also: Caching; Internal Energy Storage. 
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Introduction 

Antipredator defenses provide us with some of the most 
fascinating and puzzling adaptations in the natural world. 
For a moment, just think of the spines of a porcupine, the 
vivid warning colors of lethally toxic poison dart frogs, the 
hot acidic spray of bombardier beetles, or the color changes 
in the skin of chameleons. They have all evolved as strategies 
to avoid being eaten by predators. 

Traditionally they have been classified into ‘primary’ 
and ‘secondary’ defenses. Primary defenses are those 
which deter predators from actively pursuing prey, while 
secondary defenses are those which come into play once a 
prey has been attacked and caught, and which enhance the 
prey’s probability of escape and survival. While this classifi¬ 
cation can be useful, it is confusing when a defense can 
function both as a primary and a secondary defense. For 
example, the conspicuous spines of some caterpillars are 
highly visible to deter attack (a primary defense) but also 
vicious enough to act as a repellent toward any predator 
(a secondary defense). 

Because of this, defense strategies are now often 
classified according to the stage of predation at which 
they enhance survival. There are four stages of predation 
that can be clearly defined. First, prey are detected 
and identified as a profitable source of nutrients. Once 
prey have been located, predators initiate their attack 
on the prey and actively pursue their quarry. The third 
stage is capture, when the predator secures the prey 
and prevents its escape. And finally, predators consume 
their prey. 

At any of these four stages of detection, pursuit, cap¬ 
ture, and consumption, prey can have defenses which 
enable them to escape predation. In the first part of this 
article, I will describe some of these incredible adapta¬ 
tions. In the second part of the article, I will use recent 
research on crypsis and aposematism to demonstrate the 
importance of sensory and cognitive processes of preda¬ 
tors in the evolution of prey defenses. The main selection 
pressure for prey defenses comes from the predators 
themselves, and we can begin to understand the nature 
and the benefits of prey defenses by studying their pre¬ 
dators. Finally, I will briefly review how predators can 
evolve counterstrategies in an attempt to overcome prey 
defenses in the struggle for existence between predators 
and prey. 


Avoiding and Surviving an Attack 

There is a bewildering array of defensive strategies that 
prey have evolved to increase their survival chances. 
While it is impossible to provide an exhaustive review 
here, I will describe some of the amazing adaptations that 
have evolved as antipredator defenses at each of the four 
stages of attack. 


How Do Prey Avoid Detection? 

Animals can make themselves hard to find in many ways, 
and there has been a long history of studying animal camou¬ 
flage. Many animals make themselves highly cryptic by 
matching their body coloration to that of their backgrounds. 
Where animals rest predominantly against a monomorphic 
background, they can simply match the dominant color of 
their environment. For example, green aphids can be hard 
to see on plant stems, and sand-colored fish resting on the 
seabed can be near-impossible to detect. However, other 
species are more mobile, or live in changing environments, 
and need to be able to match different environmental 
backgrounds. Mobile animals need a different strategy to 
avoid detection, since a color that is cryptic in one part of 
the environment may stand out in another. For example, 
some species of tropical butterflies, like the glasswing 
butterfly (Greta oto), have transparent wings which allow 
them to match the color of any background when resting. 

Another solution to the problem of being cryptic in 
multiple environments is to change coloration. Some animals 
will change their coloration according to the season, like the 
ptarmigan (Lagopus muta) and arctic hare (Lepus arctic us), 
which are both white to match the snow in winter, and 
brown in the summer when the ground is bare. An extreme 
example of this can be found in cuttlefish and octopuses, 
which can rapidly adopt the color pattern of their back¬ 
ground within seconds. Experiments with Sepia officinalis 
have shown that they can even match the pattern of a 
checkerboard. Chromatophores located in the skin make 
these dynamic color changes possible. These chromatophores 
are small sacs of different color pigments that the animal 
can contract or expand to produce different color patterns. 
Octopuses can even change the texture of their skin accord¬ 
ing to the substrate that they currently rest on, for example 
seaweed or rock, making them even harder to find. 
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While some color patterns reduce detection via back¬ 
ground matching, others reduce detection through other 
means, for example, through the use of conspicuous and 
contrasting markings, a phenomenon known as ‘disrup¬ 
tive coloration.’ Disruptive coloration is an important 
type of camouflage that makes use of strongly contrast¬ 
ing elements which create false edges and break up 
the body outline. This can be achieved by either creat¬ 
ing false boundaries within the body of the animal or 
using punctuated bold patterns along the body edge. 
Although there are many potential examples of this in 
nature, disruptive coloration has only been shown to be 
important feature in the design of animal concealment 
patterns in a single species of marine isopod ( Idotea 
baltica). However, this may be because of the technical 
skills required to quantify color patterns rather than 
rarity in nature. 

Another good way to hide the body is to minimize 
shadowing, which may be a useful cue for hunting pre¬ 
dators. Some prey flatten their bodies against a surface to 
reduce their shadows, while others use a strategy known 
as ‘countershading.’ Countershading occurs when the 
dorsal surface is darker than the ventral surface; when lit 
from above, such an animal’s shadow is hidden. We com¬ 
monly find this type of concealment in both terrestrial 
and aquatic species, and good examples would include 
many species of fish, such as mackerel or sardines, as well 
as many species of birds, including penguins and wading 
species. 

Finally, and perhaps most impressively, some animals 
have the most exquisite resemblance to objects in their 
environment that do not interest hunting predators. For 
example, stick insects mimic the stems of their host 
plants, sea dragons disguise themselves as pieces of sea¬ 
weed, and some swallowtail larvae look remarkably sim¬ 
ilar to bird droppings. This is known as ‘masquerade,’ 
and is aimed at deceiving the predators’ abilities to 
recognize them as edible prey. Therefore, this strategy 
differs slightly from crypsis. While crypsis reduces the 
likelihood of detection, predators detect masquerading 
pray, but the predator does not see them as food. Pre¬ 
dators may be completely unaware that prey are present, 
even when they can see them. 

These strategies have all considered how prey avoid 
detection by visually hunting predators. However, prey 
can reduce the probability of being detected in other 
sensory modalities too. Perhaps the simplest case of reducing 
detectability in another sensory modality is silence, par¬ 
ticularly when the predation risk is high. It may also be 
possible to mask odors or perhaps smell like another 
aspect of the environment. Research in this area is rather 
limited, probably because vision is such an important 
sensory system in humans. However, it is possible that 
future research in this area may find equivalents to visual 
defensive strategies in other sensory domains. 


If Detected, How Do Prey Avoid Being Attacked? 

Once detected, if prey become threatened by the proxim¬ 
ity or investigative behavior of a predator, there are a 
number of behavioral responses that can help prevent a 
prolonged or persistent attack. For example, prey can 
make a dash for cover, or brandish weaponry as a threat. 
Prey can also attempt to startle a predator by a sudden 
display of conspicuous coloration. For example, many 
species of arctiid moths have highly conspicuous hindw- 
ings, which they normally cover with their camouflaged 
forewings. If detected, they flash these conspicuous mark¬ 
ings, which are often highly contrasting eye spots; this 
may give them the time to escape. Prey can also alter 
their appearance to look like a more dangerous species 
that would be a potential threat to a predator. Perhaps one 
of the most impressive examples of this is found in the 
fifth instar of the spicebush swallowtail ( Papilio troilus), 
which swells upon investigation by a predator to take on 
the appearance of a small snake. 

Another way in which animals can reduce the chances 
of being pursued by a predator is to signal that an attack is 
unlikely to be profitable. For example, the prey may just 
signal to the predator that it has been seen, meaning that 
an attack has lost any element of surprise. Stotting in 
Thomson gazelle ( Eudorcas thomsoni) has been one of the 
most cited examples of signaling between predators and 
prey. When the gazelle detect a predator, such as a lion or 
hyena, they leap high in the air, keeping their legs point¬ 
ing straight down in a highly stereotyped display. This not 
only signals to the predator that it has been seen, but it may 
provide information about the health of the individual, 
and that it is fast and fit enough to escape any subsequent 
attack. 

Some prey have chemical or physical defenses, and 
signal this to predators in order to prevent an attack. Of 
course, some defenses are easy to detect, such as spines or 
hairs, which can cause physical damage to the predator, or 
just take longer to handle, reducing the time a predator 
has to find more edible prey. However, toxins are often 
stored inside the body and therefore need to be signaled 
to the predator in advance. ‘Aposematism’ is the term used 
to describe the phenomenon where toxic prey use con¬ 
spicuous warning color patterns to advertise them to 
predators. This defensive strategy has been well studied 
in a range of species, including monarch butterflies ( Damns 
plexippus), coral snakes {Micrurus spp.), and poison dart frogs 
(.Epipedobates spp.). Prey can also employ olfactory and 
auditory warning signals, which are produced either sep¬ 
arately or in addition to warning coloration. For example, 
at night, when coloration is ineffective, moths produce 
clicks to signal to foraging bats. These signals are effective 
deterrents because the predator learns to associate the signal 
with unprofitability and reduces its attack probability on 
signaling prey. 
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If Attacked, How Can Prey Avoid Being Caught? 

Aside from running fast or finding a place to hide, prey 
have evolved a number of adaptations to avoid capture. 
Living in a group can be an important way for an individual 
to avoid being caught. First, if a predator attacks a group, 
the chances of a single individual being selected is much 
lower than if the animal were alone. This is known as the 
‘dilution effect’ because the presence of conspecifics 
reduces the risk of a single individual being caught. This 
kind of defense is particularly important in environments 
which do not provide many opportunities for escape, and 
may explain the large schools of fish found in the open sea, 
and the herding behavior of herbivores on the African 
savannah. Animals in a group can also reduce the probabil¬ 
ity of being caught by combining individual defenses. One 
of the best examples of this comes from musk oxen (Ovibus 
moschatus ), which form a circle, facing outward to defend all 
angles from attack from predators, such as wolves. In this 
way, the combined efforts of the group provide a more 
effective defense than a single individual could achieve. 

Weaponry is also a common way to reduce vulnerability 
to capture. For example, ungulates have horns and antlers 
that help them fend off predators, while spines protect a 
range of animals, including Daphnia, sticklebacks, and 
porcupines. These defenses make the animals difficult to 
grasp and consume, allowing prey to escape. Other adap¬ 
tations also make it difficult for predators to hold on to the 
prey. For example, some prey can readily shed parts of 
their body if grasped by a predator, a phenomenon known 
as ‘autotomy.’ Many lizards can drop their tails, which 
continue to move after being shed, and may distract a 
predator away from the fleeing prey. While this may seem 
an extreme adaptation, the lizard can regrow its tail in 
just a few weeks. This is a relatively small price to pay to 
prevent capture. 

If Caught, How Can Prey Avoid Being Eaten? 

Prey employ a number of ‘last resort’ defenses to prevent 
predators from eating them. Some prey, such as caterpil¬ 
lars, have hairs that make them difficult to handle and 
ingest. Chemical defenses can also be employed upon 
capture and some can be extremely unpleasant for the 
predator. For example, bombardier beetles can spray hot 
acid in the direction of an attacker, enabling them to make 
good their escape. However, other secretions and regur¬ 
gitations that prey produce may allow predators to taste 
the presence of toxins and avoid prey with high toxin 
content. Chemical defenses are effective deterrents, and 
although injury may occur during the attack, chemically 
defended prey tend to be quite robust and can have high 
postattack survival rates. 

Another interesting strategy to prevent consumption is 
that of immobility or feigning death. This is an effective 


strategy for prey because eating prey that is already dead 
can be dangerous for predators, and consequently, the 
predators often lose interest in nonmoving prey. This 
phenomenon has been well documented across the animal 
world and can be particularly effective in the presence of 
other prey that can distract the predator’s attention. 

The Evolution of Prey Defensive 
Strategies 

So far, I have cataloged some of the amazing antipredator 
strategies found in the natural world, but how did they 
evolve? Of course, the defenses are adaptations to avoiding 
predation and, therefore, the capabilities of their predators 
have been crucial in the evolutionary process. In this 
section, I first outline recent experiments that show how 
the perceptual and cognitive mechanisms underlying 
predatory behavior have been a powerful selection force 
on prey. I will then consider how predators have evolved 
counterstrategies to overcome prey defenses and also how 
the costs of defenses also influence their evolution. 

Perceptual Processes 

Given that crypsis reduces the probability of detection, 
we would predict that it will have been under strong 
selection pressures from the perceptual processes of pre¬ 
dators. What pattern features make an animal cryptic and 
how do cryptic color patterns fool a predator’s visual 
system? Recent experiments using artificial moths have 
begun to reveal how cryptic patterns can interact with the 
avian visual system. 

In one laboratory-based approach, artificial digital 
‘moths’ have been constructed as pixilated triangles and 
presented on touchscreens to blue jays (Cyanocitta cristata). 
The experimenter controls the background and the visual 
properties of the virtual moth, and the birds receive a food 
reward for correctly detecting a moth on the background. 
In this way, it is possible to see which moth patterns birds 
detect easily and which are more difficult. Experiments 
simulate the evolution of color patterns by starting with a 
parental population of digital moths (see Figure 1(a)) and 
then allowing surviving patterns (i.e., those not detected 
by the jays) to ‘reproduce’ and generate the next genera¬ 
tion of digital moths. At the end of these experiments, by 
comparing the patterns that have been selected by jays to 
those that have been selected randomly in a control 
condition, it is easy to see that the jays select for more 
cryptic prey (see Figure 1(b) and 1(c)). These experi¬ 
ments also show that the birds select for moths with 
polymorphic or asymmetric patterns, and that they tend 
to use commonly identifiable or symmetrical features to 
search for prey. It is therefore likely that moths in the wild 
will be selected for the same kinds of features when faced 
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Figure 1 Samples of digital moths on a uniform gray (left) and textured (right) backgrounds from (a) a parental population, 

(b) a population that was selected by jays, and (c) a population that was not under selection. In this experiment, the moths selected 
by the jays are more polymorphic than the parental population or the nonselected controls. Reproduced from Bond AB and Kamil AC 
(2001) Visual predators select for crypticity and polymorphism in virtual prey. Nature 415: 609-614. 


with avian predators, which is indeed what we see in a 
many moth species. These kinds of experiments illustrate 
how perceptual abilities and search strategies of predators 
can explain the color patterns that we see in nature. 

A second, successful field-based approach has involved 
pinning mealworms with patterned triangular paper wings 
to tree trunks in the forest to make ‘artificial moths.’ The 
color patterns of these paper wings have been calibrated 
to ensure that they match the background in ‘avian color 
space.’ This means that the colors of the wings and the 
bark appear the same to birds, which have different spectral 
sensitivities to our own and can even see colors that we 
can’t see. By manipulating the pattern on the wings and 
measuring the rates at which mealworms are found and 
removed, it is possible to compare the effectiveness of 
different patterns in hiding the prey from foraging avian 


predators. This technique has been used to show the 
importance of disruptive coloration in enhancing prey 
survival, for example, by manipulating the degree to 
which pattern elements fall against the body edge (see 
Figure 2). Similar experiments have also confirmed the 
role of contrasting pattern elements and pattern asymme¬ 
try as important components in evading detection by 
predators. 

Taken together, these experiments have led the way in 
demonstrating the importance of the predator’s visual 
detection system in the evolution of cryptic color patterns. 
They not only provide valuable insights into how predators 
see the world, but also measure the impact of their search 
strategies on the defenses of their prey. Indeed, there is 
now a renewed interest in cryptic coloration and how differ¬ 
ent types of pattern are effective at reducing detection. 
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Cognitive Processes 

The importance of cognition in the evolution of prey 
defenses has been best studied in the context of aposema- 
tism, a defense strategy that is taxonomically widespread, 
and is found across terrestrial and aquatic habitats. Apose- 
matism is the signals between conspicuous coloration and 
the presence of defenses, such as toxins or spines. Perhaps 
one of the better known examples of aposematism is the 
monarch butterfly (D. plexippus), which has a distinctive 
orange and black pattern to warn predators of the toxins 
(cardiac glycosides) that are stored in its body. The con¬ 
spicuous coloration is a signal to predators that the prey is 
dangerous, which the predator can use to avoid attacking 
it. However, one of the main challenges in understanding 
the evolution of aposematism is understanding the advan¬ 
tage of being conspicuous: why do prey advertise their 
presence to predators by being so conspicuous, when 
surely it is better to maintain crypsis? 

The answer to this question has come from under¬ 
standing aversion learning in predators. Over the last 
30 years, experiments using avian predators foraging on 
prey (both live and artificial prey) have found that the 
conspicuous coloration can be beneficial when considered 
from a predator’s point of view. In particular, birds can 
learn to avoid toxic prey faster when they are conspicu¬ 
ously colored compared to when they are cryptically 
colored. Therefore, conspicuous coloration is advanta¬ 
geous to toxic prey because it ensures that predators 
learn quickly about their signal, making it a more effective 
deterrent. This means that fewer individuals are killed 
during the learning process, and warning signals enjoy 
a selective advantage. However, experiments have also 
found additional benefits to being conspicuous. For example, 
warning signals may allow prey to be detected earlier, giving 
predators more time to recognize the prey as aposematic 
and not make mistakes in identification. Conspicuously 
colored prey may also be approached more cautiously, 
prompting predators to ‘go slow’ and carefully inspect 
prey before committing to an attack. These benefits to 
being conspicuous are thought to outweigh the costs of 
being more detectable. 

Predator cognition has also been studied in order to 
explain the evolution of other common features of warning 
signals, for example, that they are often ‘multimodal.’ 
Multimodal signals are those that occur in multiple sen¬ 
sory modalities, and many warningly colored prey produce 
sounds or odors upon attack. Recent studies show that 
these additional signal components can also enhance the 
speed with which predators learn to avoid aposematically 
colored prey. Therefore, studying the cognitive processes 
underlying how animals combine sensory information can 
also help explain the complex nature of warning signals. 

Finally, learning and memory have also been important 
for understanding the evolution of mimicry, where prey 


species share the same warning signals. In Mullerian mimicry, 
two sympatric and defended species share the same warning 
signal, but what are the benefits to that? The proposed 
benefits again come through predator education and how 
predators learn to avoid toxic prey. The original hypothesis, 
proposed more than 100 years ago, suggested that if pre¬ 
dators need to attack and ingest a certain number of toxic 
prey before the predator learns to avoid them, then it is 
better for species to share the same color pattern, thus 
reducing the number of prey killed in each species. 
Although recent experiments have shown that mimicry 
does reduce mortality in each species during predator 
learning, many questions remain about how factors such 
as toxin content and prey density affect predator learning 
and the evolutionary dynamics of mimicry. Only by under¬ 
standing these cognitive processes will be able to fully 
understand the evolution of aposematism and mimicry. 

Co-evolution of Predators and Prey: 
Overcoming Prey Defenses 

Of course, as prey evolve defenses against predators, pre¬ 
dators also evolve counterstrategies to overcome them. 
We must therefore think of the evolution of prey defenses 
as a coevolutionary arms race, where strategies and coun¬ 
terstrategies are constantly evolving as both predator and 
prey struggle to survive. 

For example, predators have evolved search strategies 
that help them detect cryptic prey. As the work with the 
blue jays shows, predators seem to be more effective at 
detecting prey when searching for monomorphic prey 
compared to prey that have a more varied appearance. It 
has been suggested that this phenomenon could explain 
the evolution of prey polymorphism, where prey popula¬ 
tions are not only cryptic, but also variable in their 
appearance. This variation could be a counteradaptation 
on the part of the prey to prevent predators from finding 
them so easily. 

Some predators have evolved specialized adaptations 
and behaviors to overcome different types of prey defenses. 
For example, birds will often taste aposematic prey before 
eating them in order to assess the amount of toxin they 
contain and reject them if the concentration is too high. 
This behavior allows them to discriminate between prey 
that have differing amounts of toxin and reduce their intake. 
Predators might also invest in detoxification enzymes to 
reduce the potency of any toxin ingested, or perhaps eat 
clay to actively bind to toxins and prevent them from 
passing from the gut into the body. The investment by 
predators in these countermeasures may require prey to 
invest more heavily in toxins in order to maintain an effective 
deterrent. The relationship between predators and prey is 
dynamic, and will also be influenced by other predators 
and prey in the environment. We have to remember that what 
we see today is just a snapshot in a coevolutionary process. 
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Figure 2 An example of how disruptive color patterns can 
enhance the survival of artificial moths in the wild, (a) Patterns 
were manipulated to have contrasting edge elements (Edge), the 
same elements but presented within the body outline (Inside 1), 
random elements within the body outline (Inside 2), or be 
monochrome (Black and Brown), (b) The probability of survival 
over time was much greater for prey with Edge patterns, 
confirming that the edge patterning makes prey harder to 
detect. Reproduced from Cuthill 1C, Stevens M, Sheppard J, 
Maddocks T, Parraga CA, and Troscianko TS (2005) Disruptive 
coloration and background pattern matching. Nature 434: 72-74. 

Costs of Defense 

Up to this point, I have only considered the benefits of 
defenses to prey, but like any other trait, defenses can be 
costly. Possessing defenses, particularly chemical and 
physical defenses, requires an investment of resources. 
Although toxins do not always carry significant costs to 
prey, they have been found to limit growth rates and size 
in some insect species. Prey may also need to invest in 
anatomical specializations in order to keep toxins in their 
bodies, or detoxification pathways to ensure that they are 
not poisoned by their own defenses. Physical defenses, 
such as spines and hairs, also require energy and may also 
lead to slower growth. Defenses may also inflict opportu¬ 
nity costs on prey. For example, crypsis may actually 
constrain animals to particular environments or niches. 
If prey cannot evolve color patterns that give them pro¬ 
tection in different types of habitat, then they may be 
limited in the environmental resources that they can 
exploit. Because of the costs involved in having a defense, 
some prey only invest in defenses when the perceived risk 
of predation is high. For example, some tadpoles only start 


producing distasteful chemicals when conspecifics have 
been attacked by a predator. This plasticity is further 
evidence for prey needing to allocate resources between 
defenses and other traits that enhance their fitness. 


Conclusions 

The interaction between predators and prey over evolu¬ 
tionary time has led to some of the most striking adapta¬ 
tions seen across the animals. This article has highlighted 
some of the evolutionary selection pressures acting on prey 
defenses, and the coevolutionary relationship between 
predators and prey. Future work will continue to unearth 
spectacular antipredator adaptations and fill fundamental 
gaps in our knowledge. Perhaps the most important of 
these is to understand why some prey avoid predation by 
reducing detection, while others have defenses to reduce 
consumption: what are the relative costs and benefits of 
each type of defense, and what is it about their predators 
that might make one strategy more effective than another? 

See also: Co-Evolution of Predators and Prey; Defensive 
Avoidance; Defensive Chemicals; Defensive Coloration; 
Defensive Morphology; Group Living; Predator’s Per¬ 
spective on Predator-Prey Interactions. 


Further Reading 

Bond AB and Kamil AC (2002) Visual predators select for crypticity and 
polymorphism in virtual prey. Nature 415: 609-614. 

Bowers MD (1992) The evolution of unpalatability and the cost of 
chemical defense in insects. In: Roitberg BD and Isman MB (eds.) 
Insect Chemical Ecology: An Evolutionary Approach, pp. 216-244. 
New York, NY: Chapman & Hall. 

Caro T (2005) Antipredator Defenses in Birds and Mammals. Chicago, 
IL: The University of Chicago Press. 

Cott HB (1940) Adaptive Coloration in Animals. London: Methuen. 
Cuthill 1C, Stevens M, Sheppard J, Maddocks T, Parraga CA, and 
Troscianko TS (2005) Disruptive coloration and background pattern 
matching. Nature 434: 72-74. 

Gittleman JL and Harvey PH (1980) Why are distasteful prey not cryptic? 
Nature 286: 149-150. 

Guilford T (1988) The evolution of conspicuous coloration. American 
Naturalist 131: S7-S21. 

Rowe C (ed.) (2001) Special Issue: Warning Signals and Mimicry 
Evolutionary Ecology 13: 601-827. 

Ruxton GD, Sherratt TN, and Speed MP (2005) Avoiding Attack: The 
Evolutionary Ecology of Crypsis, Warning Signals and Mimicry. 
Oxford: Oxford University Press. 

Sherratt TN (2008) The evolution of Mullerian mimicry. 

Naturwissenschaften 95: 681-695. 

Stevens M and Merilaita S (eds.) (2009) Special Issue: Animal 
Camouflage: Current Issues and New Perspectives Philosophical 
Transactions of the Royal Society 364: 423-557. 
























Defensive Avoidance 

W. J. Boeing, New Mexico State University, Las Cruces, NM, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Predator-prey interactions are a major evolutionary 
driving force, mediating the behavior of both predator 
and prey. Ideally, in order to maximize its fitness, an 
organism would maximize the time spent foraging for 
food or finding a mating partner and reproducing. How¬ 
ever, most animals have to take care not to become the 
meal while looking for one and have to evaluate the 
tradeoff between feeding and survival. Therefore, animals 
have evolved a vast array of behaviors to increase their 
chance of survival. 

Avoiding an encounter with a predator by reducing 
spatial or temporal overlap is the single most effective 
way to guarantee survival and increase fitness and is thus 
a popular antipredator defense strategy. Predators can 
also be avoided by life-history (e.g., growing too large 
for a predator) or morphological adaptations. This article 
focuses on prey behaviors intended to prevent being 
detected by a predator or to elude them all together. The 
decision to flee once the predator has noticed the indivi¬ 
dual and starts pursuing it is covered elsewhere. Avoiding 
overlap with potential predators is achieved by adjusting 
feeding, mating, and breeding behavior and remaining in 
a secure place during high-risk times. Both the response 
time and time spent in hiding may vary greatly. 

Instantaneous Responses 

A prey animal that has not yet been detected but is aware 
of the imminent danger of a predator displays immediate 
defenses that are intended to minimize the risk of detection 
by the predator and reduce the probability of a dangerous 
encounter. An individual can perceive predation risk by 
visually recognizing a predator, by predator scent, or by 
acoustic cues either directly from the predator or via alarm 
calls from conspecifics. The animal then has the option to 
either duck down and freeze or move toward cover and stay 
in this safe location. Freezing or temporary immobility 
decreases conspicuousness of an individual and is used 
when an immediate burrow or cover is not in the vicinity, 
when the predator threat is not perceived as imminent or 
for protection of the young. 

Visual cues can be provided in the form of the shadow of 
a predator (e.g., flying raptor overhead) or by directly 
seeing the predator. A large body of literature has focused 
on using predator silhouettes in laboratory settings. 


Animals are able to recognize their potential predators 
and often enter and stay in their refuge after perceiving 
a visual predator cue. For example, small mammals like 
golden hamsters ( Mesocricetus auratus) react to an owl 
silhouette by scurrying into their burrow and remaining 
there for some time before being active again. Animals are 
vigilant to increase the chance of detecting a predator 
before the predator detects them or to become aware of 
an approaching predator in time to escape. Vigilance 
increases when predation risk is higher (e.g., more pre¬ 
dators, less cover, fewer alternative potential prey items). 
For examples teal [Ana crecca) normally forage by sub¬ 
merging the entire front end of their body underwater. 
However, with increased predation risk, they only put the 
beak below water and keep their eyes above water level, 
which decreases their foraging efficiency but provides 
them with a greater chance to see their predator first. 

Olfactory cues are predominantly left in the environment 
by predators through urination and defecation. Rodents are 
best studied for their responses to predator smells. How¬ 
ever, predator avoidance behaviors in response to olfac¬ 
tory cues have also been found in mammals, birds, and 
turtles. In laboratory experiments, rats commonly respond 
by freezing when exposed to the smell of cat urine. Dina 
Suendermann and colleagues demonstrated that gray 
mouse lemurs ( Microcebus murinus) that were born and 
raised in captivity and had never been exposed to pre¬ 
dators still responded to feces from potential predators. 

In aquatic environments, prey use chemical substances 
(called kairomones) as indicators of predator presence 
and react accordingly within less than an hour. Daphnia 
(a type of zooplankton) lower their vertical position in the 
water column in response to fish kairomones, since deeper 
and darker water layers provide a refuge from visually 
hunting fish predators. In the presence of kairomones of 
Chaoborus invertebrate predators, Daphnia migrate upward. 
Chaoborus are found at greater depths to avoid fish preda¬ 
tion themselves as well as harmful UV radiation. Thus, 
Daphnia have to be able to evaluate the tradeoff between 
predation by fish and Chaoborus , as well as other environ¬ 
mental factors such as food and UV radiation, to deter¬ 
mine the most favorable vertical position. 

Auditory cues can come directly from the predator or 
from conspecifics in the form of an alarm call. In a 2008 
review by Daniel Blumstein and colleagues of studies 
examining the response of animals to auditory predator 
cues, out of 30 studies, 83% of organisms responded selec¬ 
tively to vocal sounds from their predators. They further 
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found that yellow-bellied marmots (Marmota flaviventris) 
ceased foraging, increased vigilance, and often spent more 
time in their burrows after confronted with sounds of 
coyotes (Canis latrans ), wolves ( Canis lupus), or golden 
eagles ( Aquila chrysaetos), differentiating the strength of 
their response to the respective predator. However, the 
strongest response was elicited by conspecific alarm calls. 
Immobility in the immediate environment of a predator 
has also been reported for insects, amphibians, reptiles, 
birds, and mammals. Notably female birds on their nests 
and young birds often respond with freezing as their best 
chance to remain undetected by their predator. This is 
especially effective when paired with camouflage. 

Daily Responses 

Certain daily rhythms help animals avoid high-risk habi¬ 
tats during high-risk times. When to be active or take 
refuge is one of the most important decisions animals 
make every day to avoid predators. Refuges are places 
(burrows, bushes, trees, open fields) or time periods that 
are safer from certain predators. Predator activity is not 
totally predictable on a daily, seasonal, or annual level. 
Therefore, most animals allocate predation risk on the 
basis of predator activity, the predator’s ability to detect 
their prey, and their own ability to detect the predator, 
and they must adjust their behavior of when, where, and 
how long to be active accordingly. As such, juvenile grunts 
(Haemulidae) delay their off-reef migration to forage in 
open waters when attacks by models of predator lizardfish 
(Synodus intermedius) are frequent, and tadpoles and fresh¬ 
water snails have been found to reduce their foraging 
activities when aquatic predators are present. Alternatively, 
instead of adjusting the time of when to feed, animals can 
choose certain, safer habitats for foraging. Safer habitats 
may offer food lower in quality or quantity. For example, 
small mammals typically prefer habitats that offer more 
cover and have a lower risk of being detected by a predator 
to habitats with less cover but that may have more food 
available. Similarly, larval tiger salamanders ( Ambystoma 
tigrinum) forage in shallow waters among macrophytes in 
the absence of predacious beetles ( Dytiscus ) and move to 
less desired deeper foraging areas when beetles are present. 

A circadian rhythm is an internal biological clock that 
can be entrained by external stimuli, the primary being 
photoperiod, and is found in most animals. It controls 
sleeping and foraging patterns of animals, and patterns 
of body temperature, brain activity, and hormone produc¬ 
tion are linked to this daily cycle. It is believed that 
circadian rhythms evolved very early in animals for cells 
to protect their DNA from UV radiation by replicating at 
night. Circadian rhythms can persist, even when the 
external stimulus (e.g., light) is removed or animals are 
kept under artificial, constant conditions in the laboratory. 


Under laboratory conditions, fruit flies have been found 
to maintain their circadian rhythm for hundreds of gen¬ 
erations. Most animals have some kind of resting phase 
and have specialized to be either diurnal or nocturnal. 
Animals that are active during the day often have pro¬ 
nounced visual abilities in addition to their keen senses of 
smell and hearing to detect predators. Because animals are 
most vulnerable during their resting phase (e.g., sleep), 
they need to find a secure place. By sleeping at night, 
they altogether avoid the entire suite of nocturnal pre¬ 
dators. Resting places are chosen away from exposed 
areas: monkeys and birds often sleep up in trees; burrow¬ 
ing owls ( Athene cunicularia) choose burrows that were 
previously dug by other animals like prairie dogs; many 
migrating ducks and sandhill cranes ( Grus canadensis) may 
choose the middle of shallow playa lakes. On the other 
hand, advantages of being nocturnal include avoidance of 
diurnal predators and competitors as well as escaping the 
heat of the day, especially in desert environments where 
water loss can become critical. Many nocturnal foragers 
are less active during nights with bright moonlight, to 
lower their risk of being preyed upon. Nocturnal animals 
often have enlarged eyes (e.g., lemurs, owls) so that their 
eyes can capture more available light and they may still 
rely on their vision. Often their senses of hearing and 
olfaction are highly advanced to make up for reduced visual 
abilities, while some species have evolved unique ways to 
cope with low light levels at night (e.g., echolocation in 
bats). Many species of seabirds and sea turtles are diurnal 
but only visit their breeding sites at night to reduce the 
chance of predators detecting and looting their nests. 

Daily migrations have been well documented in cervids 
(deer, caribou, elk, and moose). Cervids typically graze in 
open fields and meadows at dawn and dusk and then 
ruminate and digest in sheltered forest areas during day¬ 
time. For example, the elk ( Cervus elaphus) in Yellowstone 
National Park exhibited this typical daily migration to 
graze in open fields and near riparian areas at dawn and 
dusk and stay in safer areas for the rest of the time. 
However, after the extirpation of wolves (C. lupus), the 
main predator of elk, in the 1920s, the elk population 
blossomed and elk changed their habitat selection pattern. 
Instead of spending most of the day in the safer, wooded 
areas, the elk stayed in riparian ecosystem, continuously 
grazing on willow (Salix spp.), aspen and cottonwood 
(.Populus spp.) saplings, which had devastating effects on 
these tree populations. Fewer trees along the river banks 
in turn led to a degraded river ecosystem and soil erosion. 
With the reintroduction of the wolves in the mid 1990s, 
elk were forced to pick up their daily migrations again and 
head for cover during the daytime. With elk on the move 
again, the riparian ecosystems began to recover. 

Diel vertical migration is one of the most widespread 
ecological phenomena on the planet. Microscopic zoo¬ 
plankton spend the night taking advantage of food sources 
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and warmer temperatures in the upper, euphotic zone of 
lakes and oceans, but move down into the colder waters 
during the day, primarily to avoid fish predation. In some 
oceans, this means that these tiny organisms migrate over 
100 m each day This is an exceptional feat when consid¬ 
ering the size of these organisms. 

Seasonal Responses 

Photoperiod is the main environmental parameter that 
many species use to make assessments about present 
climate conditions, food availability, or predator activity 
and is crucial for survival. Some circannual rhythms or 
seasonal changes in activity are directly aimed at predator 
avoidance. For example, herons (Ardeidae) forage during 
safer time periods of rainfall and dusk, and move from 
riskier mangrove habitat when overall predation is high to 
less profitable reefs and deforested inlets. Other seasonal 
behaviors like mating, breeding, or parental care require 
extra precautions against predators, while some annual 
rhythms including hibernation, estivation, and long¬ 
distance migrations are not primarily aimed at predator 
avoidance but are important adaptations to environmental 
factors (e.g., extreme cold or heat, or lack of water or 
food). Nevertheless, during dormant stages like hiberna¬ 
tion or estivation, individuals are defenseless, extremely 
vulnerable to predation, and thus, have to find resting 
places that are habitable and provide protection from 
predators for long time periods. 

Courtship and mating are behaviors during which preda¬ 
tion risk drastically increases for most animals, and many 
predators have actually adapted their own behavior to 
take advantage of courtship and mating behaviors of 
their prey. Dragonflies conduct more attacks on mosqui¬ 
toes ( Anopheles freeborni) and are also more successful, 
when male mosquitoes are in swarms and when mating 
pairs leave the swarm. In return, behaviors of prey animals 
may be modified in the presence of predators. Andrew Sih 
and colleagues found that water striders ( Gerris remigis) 
reduce their mating activity in the presence of predatory 
green sunfish. Male toads emit fewer calls when predation 
risk is high to reduce their chance of detection. Some animals 
(like some reptiles, octopus, squid, and some fishes) have the 
ability to quickly adjust their color patterns. They match 
their background and are cryptic but can display courtship 
colors for mates and warning colors for competitors. The 
males of the red-winged blackbird (Agelaius phoeniceus) have 
red and yellow shoulder patches that they can flash to attract 
females or to intimidate male competitors and are able to 
hide in the presence of potential predators. 

Breeding and raising of the young is another key time 
during which an individual is not only more vulnerable 
to predation itself but also has to take care to protect its 
offspring. Selection of breeding sites is one of the most 


important decisions a parent can make. Next to old and 
sick individuals, newborns are by far the most vulnerable 
animals in a population. For example, bird nests that are 
built close to edges between habitats (where two ecosys¬ 
tems meet, e.g., forest and grassland) or in a small habitat 
patch are more likely to be looted by predators. If jays, 
magpies, and corvids are the main predators, the better 
strategy is to build the nest on the ground, while survival 
is higher in shrubs when foxes, badgers, and rodents 
dominate. Furthermore, when predators develop a search 
image for a certain nest type, predation can be density 
dependent and birds may need to look for nest sites that 
are far away from other, similar-looking nests. However, it 
has also been suggested that building several nests and 
only occupying one could serve as a predator defense. If a 
predator finds empty nests it might move to a different 
area to forage. Some birds have been found to build nests 
close to colonies of social insects that sting or bite like 
wasp nests or ant hills in order to discourage predators 
from coming too close. Other behaviors can limit nest 
detection too: the prairie warbler ( Dendroica discolor) limits 
nest building activites to short periods for only part of the 
day and some bird species also limit the frequency at 
which they visit their nest for feeding, making nest detec¬ 
tion less likely. Once the eggs are hatched, the parents 
remove the eggshells from the nest to reduce visibility. 
Terrestrial mammals often select underground or enclosed 
hidden spaces (also called lairs or dens) to bear and raise 
their young in a protected environment. Seals seek out 
haul-out sites on land or ice to temporarily leave the 
water between foraging to rest and for thermal regulation, 
to escape aquatic predators like sharks and orcas, or for 
mating and to safely raise their young. Haul-out sites are 
selected far from shore to avoid terrestrial predators. 

Long-distance migrations are most common in birds 
(sandhill cranes, geese, burrowing owls, passerines, hum¬ 
ming birds all migrate), but they also occur in mammals 
like caribou. Migrations are a way to circumvent hiberna¬ 
tion, estivation, or diapause. Instead of entering a dormant 
phase, the animals inhabit two different ecosystems dur¬ 
ing different seasons. In the northern hemisphere, animals 
normally migrate south during the winter. In summer, they 
return to their more northern habitats to breed and take 
advantage of longer days to feed their young and thus 
higher reproductive rates. Migrations are again primarily 
aimed at escaping unfavorable conditions (temperature, 
lack of food) and not to avoid predation. In fact, predation 
can actually be higher during migration periods. The Eleo¬ 
nora’s falcon (. Falco elenora) for example has timed its breed¬ 
ing season with the migration of passerines, which it uses to 
feed its young. In response, some passerines have adapted 
nocturnal migration. However, another predator, the 
greater noctule bat ( Nyctalus lasiopterus), takes advantage 
of this nocturnal migration and has become the main 
predator of these passerines. 
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Hibernation and estivation are prolonged states of torpor 
during cold and hot periods, respectively. Torpor is charac¬ 
terized by an animal’s inactivity and strongly reduced 
metabolic rate. Hibernation is found in many mammals, 
especially rodents, and estivation occurs in crustaceans, 
snails, amphibians, reptiles, lungfishes, and rodents. The 
alpine marmot ( Marmota marmota) hibernates for up to 
9 months each year and seals its burrow with earth and 
their own feces to keep safe from predators and keep 
temperature and humidity fairly constant. Similarly, dur¬ 
ing estivation, crabs, toads, and the desert tortoise dig 
burrows and escape from the heat and remain safe from 
predators. These burrows may stay moist even during the 
summer. Lungfishes can burrow into the mud, surround 
themselves with a mucus cocoon, and survive the summer 
below a dried up lake safe from nonaquatic predators. 

Life-History Responses 

Some organisms have adapted to occupy habitats that are 
safe and have lower predation pressure to begin with 
during at least one of their life stages. 

Diapause is a phase of dormancy in insects and zoo¬ 
plankton. Insects can undergo diapause during the sum¬ 
mer or winter as eggs, larvae, pupae, or adults and may 
be used as a predator avoidance mechanism. Certain 
stimuli, such as shorter daylight, low or high temperature, 
lack of food, or high abundance of predators, are neces¬ 
sary to induce diapause. Production of ‘duration eggs’ 
(encapsulated eggs that can dry out or freeze and hatch 
once conditions are favorable again) occur in many zoo¬ 
plankton species (e.g., Daphnia , copepods, tadpole shrimps). 
They are typically found in temporary ponds and playa lakes 
but also occur in permanent lakes as a mechanism to guar¬ 
antee survival of offspring in the face of intense periods of 
predation. Duration eggs may be ingested by fish predators; 
however, they are not digested and are still viable after 
passing through the intestine. Duration eggs are able to 
hatch, even decades after they were produced. 

Embryonic diapause is a reproductive strategy found in 
mammals like some rodents, bears, and marsupials (e.g., 
kangaroos). Hereby, the embryo stays undeveloped in 
a state of dormancy and implantation in the uterus is 
delayed for up to a year. The purpose of embryonic 
diapause is to bear the offspring when its survival chances 
are optimal (e.g., food availability, mild environmental 
conditions, low predator activity). 

Deep burial of the adult stages of clams occurs in the 
muddy intertidal zone. The soft-shelled clam Mya arenaria 
is most vulnerable to excavating red rock crabs Cancer 
productus at lower beach elevations and thus digs itself deeper 
into the sediment. The maximum recorded burial depth is 
25 cm. The clams use a siphon that extends to the sediment 
surface to fdter small particles out of the water to feed. 


Costs and Benefits of Defensive 
Avoidance 

In the short-term, the benefit of avoiding a predator is 
obvious: increased survival and sparing the stress and 
energy expended when being pursued by a predator. 
However, there is a tradeoff, and prey organisms incur 
costs in the form of nonlethal predator effects (also 
termed indirect or nonconsumptive predator effects): 
Hiding places typically do not offer ideal food conditions 
and as such, reduce an individual’s overall condition and 
biomass. To avoid starvation, an animal eventually has to 
leave its secure location. A recent review by Evan Preisser 
and colleagues suggests that these indirect predator 
effects have a similar or even higher impact on prey 
population density than direct consumption! 

In the long-term, the cost of the reduced foraging due 
to predator avoidance is a decrease in number of offspring. 
However, theory predicts that the reduction in fitness is 
outweighed by the benefit of surviving for another day 
and having the option to reproduce at all; otherwise 
individuals will be out-competed by larger risk-takers. 

To maximize their fitness in an ever changing environ¬ 
ment, organisms have developed methods to assess preda¬ 
tion risk and induce their defenses accordingly. For 
example, the amplitude of diel vertical migration in zoo¬ 
plankton is dependent on the density of predatory fish 
kairomone in the water, and migration may be abandoned 
in fishless lakes. Clams bury themselves deeper into the 
sediment at higher risk locations closer to the water. Elk in 
Yellowstone National Park ceased migration after the 
extirpation of the gray wolf. 

Nevertheless, the dilemma that many organisms face 
in a multipredator environment is that minimizing risk 
from one predator may make them more vulnerable 
toward another predator. For example, birds that choose 
nest sites higher off the ground in shrubs to avoid 
rodents may experience higher predation by jays, mag¬ 
pies, and corvid predators. Small mammals that avoid 
open fields and forage under bushes to seek refuge from 
avian predators are more likely to encounter lie-and-wait 
snake predators. And zooplankton that migrate down in 
the water column during the day to escape visual preda¬ 
tion by fish run a higher risk of being consumed by 
invertebrate predators that themselves have to stay in 
deeper water layers to hide from fish. Furthermore, pred¬ 
ator avoidance might conflict with other environmental 
factors. Pinyon jays ( Gymnorhinus cyanocephalus) are social 
birds that live in pinyon pine habitats of the foothills of 
western North America and build nests in trees (usually 
juniper, life oak, or pine). Nests that are built higher and 
farther away from the trunk are more visible from the air 
and more likely to be preyed upon by ravens and American 
crows. Nests that are more concealed and lower to the 
ground and closer to the tree trunk experience colder 
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temperatures and are more often abandoned, presumably 
because the energetic cost to keep the eggs protected from 
cold temperatures are too severe. 

In summary, organisms have to be vigilant and avoid 
multiple predators while simultaneously preventing star¬ 
vation and, in case of birds and mammals, successfully 
rearing their vulnerable young. This delicate balance is 
one of evolution’s driving forces that has created the 
dazzling diversity of species we find on our planet. 

See also: Circadian and Circannual Rhythms and 
Hormones; Defensive Morphology; Economic Escape; 
Life Histories and Predation Risk; Optimal Foraging 
Theory: Introduction; Risk-Taking in Self-Defense; Verti¬ 
cal Migration of Aquatic Animals. 
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Introduction and Definitions 

Chemical defense is perhaps one of the most widespread 
antipredator strategies among living organisms, from plants 
and bacteria to animals. Within the animal kingdom, defen¬ 
sive chemicals are found extensively in invertebrates (e.g., 
arthropods and molluscs, terrestrial and marine), but verte¬ 
brates also possess chemical defense strategies. 

Defensive chemicals are substances utilized by prey to 
reduce predation risk. These chemicals include noxious , 
odiferous , indigestible, toxic , or venomous substances that 
repel, deter, injure/harm, distract, or prevent detection 
by predators. These substances can affect predator behav¬ 
ior by influencing the predators’ olfactory, gustatory, or 
tactile sensory systems while they are searching, attacking, 
or consuming the prey. In addition, chemicals that when 
released warn conspecifics of presence of a predator can 
be considered a defensive chemical. 

Chemical substances can be airborne, waterborne, or 
substrate bound. They can be released (e.g., sprayed) away 
from the animal creating an air- or waterborne substance, 
can be released externally and retained on the animal’s 
integument , injected directly into another animal, or seques¬ 
tered internally into the integument or internal organs. 
Depending on the medium they travel through or on 
(air, water, or substrate) and other physical characteristics 
(i.e., chemical composition, volatility), they can also have 
varying active spaces and time until dissipation. Defensive 
chemicals tend to have small active spaces and short 
duration due to the necessity of a targeted, fast acting 
effect on the predator’s behavior. However, some chemical 
defense strategies, particularly waterborne chemicals, can 
have large active spaces, and certain defensive odorants 
can have a long duration. 

Chemical Substance Acquisition 

Proximate Methods of Acquisition 

The chemical substances that animals use in defense 
against predators can be acquired in several ways. First, 
the substances can be synthesized de novo as in many insects. 
Second, chemicals can be sequestered internally by ingest¬ 
ing other organisms that contain the chemical (or a precur¬ 
sor for it). Finally, substances can be obtained externally by 
self-application. Animals can manually or orally spread a 
substance onto their integument or apply it by rolling or 
rubbing into the substance. 


Evolutionary Origins and History of Acquisition 

The evolutionary origins of chemical defense substances 
are likely as diverse as the various mechanisms (see later). 
Depending on whether the chemicals are synthesized 
de novo, sequestered, or self-applied, the history of acqui¬ 
sition could follow several evolutionary trajectories. 
Chemical substances that are synthesized de novo could 
have originally been substances or by-products of an 
unrelated metabolic process that eventually evolved into 
a defense chemical if individuals possessing them gained a 
survival benefit. These chemicals could still serve their 
original function, for instance if they are a by-product of 
digestion. Such substances could also have evolved into 
more complex defensive chemical compounds and have 
become coupled with the evolution of specialized releas¬ 
ing structures and behaviors. 

Sequestration of defensive chemicals through diet is a 
common strategy, especially in insects feeding on toxic 
vegetation. Such acquisition most likely starts with the 
insects evolving a mechanism to digest the vegetation 
safely, followed by sequestration of the toxins for their 
own use. This toxicity gained through sequestration is also 
often coupled with the evolution of defensive coloration. 

As beneficial as defensive chemicals are for prey, some 
are still costly, which may put constraints on the evolution 
of such antipredator strategies. Animals that synthesize 
their own defense substances, in particular, can face high 
metabolic production costs. In comparison, animals that 
sequester toxins from their diet may incur smaller costs. 
Similarly, animals that self-apply defensive chemicals exter¬ 
nally do not have costs of production; however, the time 
taken to find the chemical source and apply the substances 
could have energetic and opportunity costs. 

Mechanisms of Defense 

Olfactory-Oriented Defense Mechanisms 
Repellent 

The most common form of chemical defense is repelling 
the predator with a chemical substance. These substances 
are characterized as odiferous, noxious, and/or unpleasant 
and, thus, usually affect the predator’s olfactory organs. 

xActive repellents include spraying and releasing sub¬ 
stances from exocrine glands or other orifices. Skunks 
(Mephitidae) are a classic example of an animal that sprays a 
self-made noxious substance to defend itself against predators. 
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The anal glands of these small carnivores contain sulfur- 
containing thiol chemical secretions that, with the help 
of specialized muscles, can be accurately sprayed out. 
Similarly, large and colorful birds called ‘hoopoes’ ( Upupa 
spp.; also known as ‘stink cocks’) will spray an unpleasant 
secretion out of their preen gland when disturbed by 
predators to protect their eggs or nestlings. An odd 
example of a sprayed repellent is found in the Texas 
horned lizard (Plory no soma cornutum ), which will spray 
blood out of tear ducts by their eyes. 

Many arthropods also spray chemicals as an antipredator 
behavior (Laurent et ah, 2005). One of the best known are 
the aptly named bombardier beetles (comprising several 
subfamilies of Carabidae), which combines hydroquinone 
and hydrogen peroxide inside their bodies and spray out a 
hot, odiferous mixture when disturbed. Other examples of 
animals that spray repellents to repel their predators are 
several marine species of Cephalopoda and Gastropoda 
(e.g., squid, octopus, and sea hares). Gastropods, specifically 
sea hares ( Aplysia californica ), release colored ink through an 
ink gland (the color of the ink depends on the color of the 
seaweed they forage on). Cephalopods (i.e., squids and 
octopus), in contrast, spray ink that comprises melanin out 
of an ink sac. Inking can also have other effects on predators 
(see later and Table 1). 

Defecation (releasing of feces) occurs in many animals 
during stressful situations, including encounters with pre¬ 
dators. Although the function of such defecation is not 
clearly understood, it is possible that feces may repel 
predators by the offensive odor. It is also hypothesized 
that the releasing of feces lightens the animal allowing 
for more agile flight, and the subsequent repellent benefits 
might have been subsequently selected. Several species of 
birds are known to defecate upon being flushed, and sev¬ 
eral species defecate on their eggs or nestlings upon flee¬ 
ing a nest (see Table 1). Some mammals are also known to 
defecate when in stressful situations (e.g., rodents). The 
nocturnal pen-tailed tree shrew ( Ptilocercus lowii) will even 
roll onto its back and defecate and urinate when attacked 
during the day. 

Animals can also use substances obtained from other 
organisms to repel predators. For instance, common wax- 
bills have been shown to utilize the feces of carnivores in 
their nests, which is thought to repel olfactory predators. 
In addition, several bird species are known to use shed 
snake skins in their nests, which possibly could affect 
predators relying on olfaction. 

Olfactory camouflage or crypsis 

Olfactory camouflage or crypsis is the simulation of the 
scent of uninteresting organisms or objects to avoid detec¬ 
tion by predators or occurs when prey animals are ren¬ 
dered undetectable and unlocatable by means of olfaction. 
Studied cases of such camouflage are rare compared to 
those in the visual sense. 


Graeme Ruxton reviewed several examples of olfactory 
camouflage in invertebrates. Caterpillars of the butterflies 
Biston robustum and Mechanitispolymnia have been shown to 
chemically match their own scent to the vegetation they 
feed and live on to avoid predatory ants. A limpet species 
(Notoacmea palacea) also appears to reduce predation risk by 
chemically matching the organisms they feed and live on. 
There is also a recent example of olfactory camouflage 
in a vertebrate species. Several ground squirrel species 
(,Spermophilus ) self-apply rattlesnake scent by chewing on 
snake-scented substances (e.g., shed skins or carcasses) and 
licking their bodies. Rattlesnakes exhibited less foraging 
behavior toward a mixture of squirrel and rattlesnake scent 
than squirrel scent alone, suggesting that they were unable 
to detect the prey’s odor. 

The specific placement of nests in several species of 
birds is suggested to provide olfactory crypsis for their 
eggs and nestlings. Birds also use an assortment of objects 
in their nest (e.g., shed snake skins, see earlier), and it is 
possible that some of these substances could render their 
nest undetectable by olfactory predators. 

Animals can also reduce their own odor to prevent detec¬ 
tion by predators. A nice example of this strategy is found in 
the red knot ( Calidris canutus), a sandpiper species. These 
birds alter the chemical composition of their preen waxes 
(wax that is put into feathers while preening/cleaning) dur¬ 
ing the breeding season, and this has been shown to reduce 
their locatability by mammalian predators. 

Olfactory mimicry 

There are various examples in nature of one organism 
mimicking the scent of another organism. Olfactory mim¬ 
icry is defined as the simulation of chemical characteris¬ 
tics of one organism (the model) by another organism (the 
mimic) that are perceived as the original organism by the 
predator (or ‘dupe’). However, there are not many known 
examples of olfactory mimicry being used as an antipre¬ 
dator defense. 

One possible example of olfactory mimicry is the 
carabid beetle Anchomenus dorsalis that aggregates (groups) 
with bombardier beetles ( Brachinus spp.). Both species 
are aposematic and have similar color patterns, and both 
have unique chemical defenses. Nevertheless, A. dorsalis is 
known to ‘rub’ onto Branchinus , apparently obtaining the 
other species’ chemicals on their integument. This self¬ 
application behavior is hypothesized to make A. dorsalis 
smell like Brachinus , potentially enhancing its signal of 
unpalatability to predators. Indeed, A. dorsalis does not 
display this rubbing behavior to nonaposematic carabid 
species. This case, therefore, may present an interesting 
example of Mtillarian mimicry. 

A tactic used by sea hares may also be considered as 
olfactory mimicry. These gastropods use the ink they eject 
when disturbed not only to repel their predators but to 
distract them as a phagomimic. That is, certain chemicals 
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Table 1 

Examples of chemical defense strategies in animals 



Defense 

mechanism 


Animal species 

Substance 

Substance source 

Employing mechanism 

Repellent 


Bombadier beetles (several 
subfamilies of 

Carabidae) 

Hydroquinone and 
hydrogen 
peroxide 

De novo 

Spraying 

Repellent 


Stink bugs (Pentatomidae) 

Cyanide 

De novo, Metathoracic 
glands 

Released from glands 

Repellent, 
confusions 
(smoke screen), 
phagomimicry, 
alarm signal 

Sea hare 

Ink (mixture of 
glandular 
secretions) 

Opaline gland (de novo) 
and ink gland (diet 
based for color) 

Spraying 

Repellent, 
confusions 
(smoke screen), 
phagomimicry (?), 
alarm signal 

Cephalopods 

Ink 

Ink sac (not homologous 
with ink gland) 

Spraying 

Repellent 


Gray partridge 

Feces 

De novo 

Defecating upon being 
flushed 

Repellent 


Anatidae (water fowl) 

Feces 

De novo 

Defecating on eggs and/ 
or nestlings upon being 
flushed 

Repellent 


Common waxbills, Estrilda 
astrild (bird) 

Feces 

Carnivore feces 

Applied to nest 

Repellent 


Skunks (Mephitidae spp.) 

Anal gland 
secretions (thiols) 

De novo (anal glands) 

Spraying 

Repellent 


Rattlesnakes (Crotaius 
spp.) 

Cloacal gland 
secretions 

De novo 

Spraying 

Repellent 


Hoopoes, Upupa spp. 

(birds) 

UG secretions 

De novo (uropygial gland) 

Spraying 

Reduce birds’ smell 

Red knots, Calidris cantus 
(birds) 

UG secretions 

De novo (uropygial gland) 

Preened into feathers 

Olfactory mimicry 

Anchomorus dorsalis 
(carabid beetle) 

Cuticular chemicals 

Bombardier beetles 

Rub on heterospecific 
beetles 

Camouflage 

(chemical 

background 

matching) 

Limpet (Notoacmea 
palacea) 

Flavonoids 

Surfgrass (diet based) 

Sequestered in 
integument 

Camouflage 

(chemical 

background 

matching) 

Caterpillars (Biston 
robustum) 

Cuticular chemicals 

Sequestered via diet 

Sequestered in 
integument 

Olfactory 


Ground squirrels 

Snake scent 

Shed rattlesnake skins, 

Applied by licking 

camouflage 

(Spermophiius spp.) and 
chipmunks (Neotamias 
spp.) 


dead rattlesnakes 

substance into fur 

Repellent, startle 
mechanism 

Texas horned lizards 
(Phrynosoma cornutum) 

Blood 

De novo 

Sprayed through tear 
duct 

Alarm signal and 

Ostariophysi fishes (e.g., 

Damage-released 

De novo 

Released during attack 

secondary 

predator 

minnows) 

alarm 

pheromones 


by predator into water 

attractant 

Alarm signal 

Marine mud snail 
(Nassarius obsoletus) 

Damage-released 

alarm 

pheromones 

De novo 

Released during attack 
by predator 

Alarm signal 

Echinoderms (e.g., black 
sea urchin, Diadema 
antillarum) 

Damage-released 

alarm 

pheromones 

De novo 

Released during attack 
by predator 

Alarm signal 

Crayfish ( Orconecte virilis 
and 0 . propinquus) 

Damage-released 

alarm 

pheromones 

De novo 

Released during attack 
by predator 

Alarm signal 

Honeybees (e.g., Apis 
mellifera) 

Alarm pheromones 

De novo 

Released with stinger 


Continued 
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Table 1 Continued 





Defense 

mechanism 

Animal species 

Substance 

Substance source 

Employing mechanism 

Toxic, Repellent 

Many insects (e.g., 

Monarch butterflies, 
Danaus spp.) 

Alkaloids 

Plants (sequestered via 
diet) 

Releasing, spraying, on 
integument 

Toxic 

Melyrid beetles (Choresine) 

Alkaloids (e.g., 
Batrachotoxins) 

Plants (sequestered via 
diet) 

Sequestered in 
integument 

Toxic 

‘Poison frogs’ (diverse 
genuses: 

Melanophyrniscus, 

Pseudophryne, 

Dendrobates, 

Epipedobates, 

Phyllobates) 

Alkaloids (e.g., 
Batrachotoxins) 

Arthropods via diet (e.g., 
ants and beetles) 

Sequestered in 
integument 

Toxic 

Pitohui spp. and Ifrita 
kowalei (birds) 

Alkaloids (e.g., 
Batrachotoxins) 

Arthropods via diet (e.g., 
ants and beetles) 

Sequestered in feathers 
and integument 

Toxic 

Red warbler (Ergaticus 
rubber) 

Alkaloids 

Unknown 

Sequestered in feathers 

Toxic 

Newts (Taricha spp.) 

Tetrodotoxin 

De novo 

Toxin in integument 

Toxic 

Pufferfish (Tetraodonitae) 

Tetrodotoxin 

Produced by bacteria 
obtained via diet 

Toxin in internal organs 
and integument 

Toxic 

Nudibranchs (Nudibrachia) 

Cnidocytes 

Sequestered via diet 

Cnidocytes sequestered 
in integument 

Toxic, repellent 

Gastropods 

Terpenoids 

Sequestered via diet 

Sequestered in 
integument 

Venomous 

Sea urchins (Echinoidea) 

Poisonous spines 

De novo 

Venom-coated spines 

Venomous 

Stingrays (Dasyatidae) 

Poisonous barb 

De novo 

Venom injected by 
spearing with tail barb 

Venomous 

Cnidaria (e.g., sea 
anemones, corals, 
jellyfish) 

Cnidocytes 

De novo 

Venomous cells 

Venomous 

Ants 

Alkaloids 

De novo 

Venom released when 
biting or stinging 

Venomous 

Bees and wasp 

Bee/wasp venom 

De novo 

Venom released when 
stinging 

Venomous 

Solenodons (Atopogale 
cubana and Solenodon 
paradoxus), shrews 
{Neomys fodiens, 

N. anomalous, and 

Blarina brevicauda) 

Venom 

De novo 

Venom released when 
biting 


in their ink induce feeding behavior in some predators 
toward the ink substance, which gives sea hares more time 
to escape while the predator is distracted. 

Chemical alarm signals 

Chemical alarm signals are substances released by prey in 
the presence of a predator that are triggered by attack or 
injury. These signals (sometimes called by the German 
name ‘Schreckstoff’) can reduce predation risk in several 
ways. First, chemical components released into the envi¬ 
ronment by a threatened or injured prey may recruit 
conspecifics to help mob the predator, functioning as a 
pheromone. This behavior is well studied in bees where 
alarm pheromones are released when bees sting a predator, 


emanating both from the bee and the stinger left in the 
predator. This partly accounts for the quick defensive attacks 
on predators when even just one bee has stung it. There 
are many chemical compounds released with the stinger 
that could induce defensive behavior in bees; however, 
whether these compounds actually help localize the predator 
or simply increase searching behavior in still debatable. 

A classic example of damage-released chemical alarm 
signals is in the Ostariophysan fishes. In particular, much 
work has been done by David Chivers and colleagues on 
how fathead minnows {Pimephalespromelas) release chemicals 
upon being injured by a predator. Several functions are 
possible for these alarm signals. First, it is shown that the 
chemicals induce antipredator behavior in other minnows. 
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This conspecific alarm signaling is also found in other 
aquatic animals (e.g., gastropods, see Table 1). Second, 
damage-released chemicals from minnows have been 
demonstrated to attract additional predators, which benefits 
the attacked prey by increasing the probability that the 
other predators will distract is captor, and it will be dropped 
and can escape (Chivers and Smith, 1998), similar to a fear 
scream. 

Contact-Based (Gustatory and Tactile) 

Chemical Defense 

Unpalatability: Toxicity or distastefulness 

Many prey animals are rejected, vomited out, cause a 
nauseating effect, or even kill predators upon being con¬ 
sumed due to toxic, noxious, or distasteful chemicals on or 
in their bodies. This unpalatability is often coupled with 
defensive coloration, which warns the predator of the prey’s 
chemical defense. Well-known examples are the poison 
dart frogs in South and Central America (Dendrobatidae) 
and Monarch butterflies (Damns spp.). These unpalatable 
amphibians and insects obtain their toxins through seques¬ 
tration of alkaloids from their diet. Poisonous frogs have 
been shown to obtain alkaloids from the ant and beetle 
species they eat. Perhaps similarly, there are several species 
of birds (Pithohui spp., see Table 1) that have a comparable 
diet and also sequester batrachotoxins in their feathers. In 
addition, these ‘toxic birds’ are also very colorful, which 
potentially provides an aposematic signal to predators. 
Many marine organisms are toxic. Nudibranch species 
(Nudibranchia, sea slugs) can synthesize de novo chemicals, 
but other species sequester cnidocytes from their cnidarian 
prey into their skin to protect themselves. Similar to this 
sequestration of toxins, certain decorator crabs (Majidae) 
place brown alga (Dictyota) that contain defensive diter- 
pene chemicals onto their carapace in order to reduce their 
palatability to predators. 

One of the most toxic defensive chemicals found in 
animals is tetrodotoxin. This lethal toxin can be produced 
by bacteria that often are acquired through diet by the 
subsequently toxic animals. For example, pufferfish (Tet- 
raodonitae) contain tetrodotoxin in some of their internal 
organs and on their integument rendering them unpalat¬ 
able to most predators. Newts of the Taricha genus also 
possess tetrodotoxins; however, the source of the toxins is 
not bacterial in the rough-skinned newt (T. granulosa) and 
is thought to be self-produced. Interestingly, these highly 
toxic newts can be consumed by some predators in par¬ 
ticular geographical areas. Certain garter snake species 
('Thamnophis ) have evolved resistance to the tetrodotoxin 
and can eat the newts without succumbing to the toxin. 
This garter snake-newt predator-prey relationship is a 
classic example of co-evolution. Furthermore, it has 
been demonstrated that resistant garter snakes sequester 


the newts’ toxins in their livers, which would make the 
snakes toxic to their own mammalian and avian predators. 

Few mammals are toxic; however, slow lorises ( Nycti- 
cebus spp.) produce a toxin, which is released from a gland 
on their arms, and these small primates will rub this toxic 
secretion onto their young as well to protect them from 
predators. 

Venomous stings , spines , and bites 

Prey animals are actively dangerous to their predators if 
they can inject venom with a stinger, spine, or by biting. 
Most notable are members of the Hymenoptera order 
(e.g., bees, wasps, and ants). Most bees and wasps have a 
needle-like organ on the end of their abdomen, a ‘stinger,’ 
through which they can release protein-rich venom after 
pricking a potential predator. Ants also have a stinger but 
inject an alkaloid-based venom. Other animals have anal¬ 
ogous stinging weapons; for example, stingrays (Dasyati- 
dae) have a venomous spine at the end of their tail, and sea 
urchins (Echinoidea) have venomous spines that protrude 
from their body. An example of a mammal with a defen¬ 
sive venomous bite is that of the aforementioned slow 
loris, which obtains a poisonous bite by licking the toxin 
produced on their arms before biting a predator. 

Animals can use venomous bites or stings as both a 
defensive and an offensive weapon. 

Several groups of reptiles have such venomous bites. 
Snake families that are venomous include Viperids (e.g., 
rattlesnakes, Crotalus) and Elapids (e.g., cobras, Naja), and 
lizards include the Helodermatids (e.g., beaded lizards, 
Heloderma). These reptiles use their venom when hunting 
to subdue prey and also in defense against predators. Rat¬ 
tlesnakes advertise their dangerous venom by rattling to 
warn predators. Cnidarians (e.g., jellyfish, coral, sea ane¬ 
mones) have stinging cells, or cnidocytes, which they use 
to capture their food, but also to protect themselves against 
predators. Several mammalian species have venomous bites, 
all in the order Soricomorpha (solenodons: Atopogale cubana 
and Solenodon paradoxus \ shrews: Neomys fodiens, N. anomalous , 
and Blarina brevicauda). However, these venomous mammals 
appear to use their venom more to catch prey, rather than 
use it as a defensive chemical. 

Distracting or startling substances 

Some of the repelling chemicals mentioned earlier may 
not only deter predators by their olfactory properties but 
also function to distract the predator or startle it, giving the 
prey animal more time to escape. Defecation might serve 
such a purpose, and, as mentioned, several bird species are 
known to defecate upon being flushed by predators. 
Another potential example is inking by cephalopod and 
gastropods, which probably serves to startle and distract 
predators in addition to repelling. 
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See also: Defensive Coloration; Games Played by 
Predators and Prey; Honeybees; Olfactory Signals; 
Risk-Taking in Self-Defense. 
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Introduction 

The most commonly considered antipredatory use of 
coloration is avoidance of detection and/or recognition 
by the predator. This primary defense (called camouflage, 
crypsis, or masquerade) is covered in depth in another 
section. Here, we focus on the use of coloration as a 
secondary defense: that is, to influence the action of the 
predator subsequent to prey detection in ways that benefit 
the prey. First, we will discuss aposematism, which is the 
use of bright signals to warn would-be predators that a 
particular prey item is defended or otherwise unattractive 
to attack (more on these defenses are discussed else¬ 
where). The next section deals with the sharing of a single 
aposematic signal across several species (the phenomenon 
of mimicry). Finally, we cover signals that influence the 
point of attack on the body of the prey (deflective signals), 
and those that intimidate or confuse potential predators 
(deimatic signals). 

Aposematism 

Properties of Aposematic Signals 

Given that attacks by predators are costly to the prey (in 
terms of survivorship, injury, or simply the time taken in 
repelling an attack), there are advantages to reducing the 
rate at which attacks occur and/or reducing their intensity. 
This holds even for prey with highly effective secondary 
defenses. Defended prey could achieve reduction in fre¬ 
quency of attack by crypsis, but an alternative is to provide 
predators with some indicator that defenses are present. 
Classical examples of such aposematic signals are the 
black-and-white stripes of a skunk and the yellow-and- 
black stripes common to many social wasps. 

A common characteristic of aposematic signals is that 
they are conspicuous. In this context, conspicuousness 
describes a set of stimuli that attracts a predator’s atten¬ 
tion, thereby facilitating detection. Defended animals 
should benefit from making themselves distinctive so as 
to prevent predators from mistaking them for sympatric 
edible species. Since edible species are often cryptic, it 
seems inevitable that, in order to be distinctive, apose¬ 
matic species adopt an appearance that is conspicuous. 

Crypsis may bring benefits of low detection rates but 
may also impose opportunity costs on some prey species. 
Specifically, crypsis may require reduced movement and 
may restrict microhabitat selection. Conversely, prey may 


be more free to move around and to exploit environmen¬ 
tal opportunities if they possess secondary defenses. Thus, 
aposematic displays may be more conspicuous because 
optimal conspicuousness may be higher for prey with 
secondary defenses than for those that lack them. A state 
of conspicuousness through simply not adopting hiding 
behaviors may be considered a prototype warning display. 
Once a prey is freed from the movement and microhabitat 
constraints of crypsis, it may be free to further heighten its 
level of conspicuousness for a variety of reasons unrelated 
to predation (such as mate attraction). 

However, it appears that aposematic species are often 
much more conspicuous in appearance than would be 
required by the arguments mentioned here. Perhaps high 
levels of conspicuousness are needed to ensure signal 
honesty. Increased conspicuousness incurs the cost of 
increased attention from predators, and this may be too 
expensive to bear for prey that are not protected by secondary 
defenses. Conspicuousness may therefore be important 
because it confers some degree of signal reliability on an 
aposematic display, as only truly defended species could 
afford to draw attention to themselves (a more general 
treatment of signal honesty is given elsewhere). 

Another explanation for the conspicuousness of all or 
part of a warning display is that the signal serves to draw a 
predator’s attention to the presence of a ‘visible’ secondary 
defense. Some defensive traits may be manifest externally 
and be evaluated by predators even without attacks taking 
place. Spines, claws, and inducible morphological defenses 
may be evaluated from a distance by predators, and apose¬ 
matic ‘amplifying’ traits (such as the black-and-white con¬ 
trasting coloration of porcupine quills) may help to draw a 
predator’s attention to the defenses and aid in their evalu¬ 
ation. In such cases, the warning display contains both a 
manifestation of the secondary defense itself and some 
‘directing’ or amplifying trait that draws attention to 
these defenses and discourage attack. Hence the defense 
is, to some extent, self-advertising. Warning displays that 
include the defense as part of the advertisement may be 
reliable, very hard to fake, and may provide accurate 
information regarding the quality being advertised. 

If attacks on unprofitable prey are costly for both 
predators and prey, then we should expect a signaling 
system to evolve that matches the form of the warning 
display with cognitive capabilities of the predator such 
that prey avoidance is enhanced. At its most fundamental 
level, this means that if, for instance, relevant predators 
do not see in the ultraviolet, then selection will not favor 
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potentially costly warning displays that function only in the 
ultraviolet. Thus, the general form of warning displays must 
lie within the operational boundaries of the perceptual 
systems of relevant predators. In addition, we should expect 
some match between signal and receiver that extends 
beyond the purely perceptual. There are at least four 
major components of predator psychology that may affect 
the way the predators and prey interact. These are (1) the 
capacity to show unlearnt wariness of prey items, (2) a capacity 
to learn to avoid defended prey, (3) memory retention, 
and (4) prey recognition. It is easy to see that a prey can 
benefit if it presents a predator with a warning display 
that (i) enhances unlearnt wariness, (ii) accelerates avoid¬ 
ance learning that occurs if wariness fades, (iii) reduces 
any tendency for predators to forget learned wariness, 
and (iv) maximizes accurate recognition so that the focal 
prey is not misidentified as belonging to a less-defended 
species. In turn, however, predators can themselves be 
subject to evolutionary change in each of these four psy¬ 
chological components. Hence, the evolution of the specific 
forms of warning signals may be a complex coevolutionary 
process between predators and prey. 

Unlearnt wariness is likely to be a coevolved pheno¬ 
type that prepares naive predators for unprofitability in 
prey. Such unlearnt wariness may be effective as a defense 
against species with particularly potent, potentially lethal 
defenses (hence unlearnt wariness of snakes and spiders 
seems commonplace among birds and mammals). Notice 
unlearnt wariness may induce complete avoidance or 
simply more circumspect handling. Aposematism may 
enhance learning by simply accelerating the frequency 
of predator-prey encounters, or by causing cognitive 
changes that cause higher predator learning rates regard¬ 
less of the rate of encounter. This second category of 
enhancement to learning is complex (including traits 
such as the novelty, distinctiveness, conspicuousness, and 
magnitude of a signal). It may, in part, represent an adap¬ 
tive response in predators, such that they give more atten¬ 
tion to reliable signals of unprofitability. Although much 
less studied, there may be important effects of warning 
displays on memory: slowing down forgetting and/or 
reinstating memories of the aversiveness of prey by mem¬ 
ory jogging. Distinctiveness of aposematic signals may 
enhance their recognition by predators. After discrimina¬ 
tions have been learnt, predators may heighten their 
avoidance response (and reduce mistakes) if characteris¬ 
tics of a warning signal are exaggerated. 

Evolution of Aposematic Signals 

When aposematic displays are common, it is clear that 
they can confer a selective advantage; predators rapidly 
learn to avoid them by killing a small proportion of the 
population, have frequent memory-jogging reminders, 
and make very few of the recognition errors that likely 


beset defended cryptic animals. Hence, the per capita 
survival rate of individuals bearing the same aposematic 
signal is likely to be high when that signal is abundant. 
However, when rare, aposematism looks much less attrac¬ 
tive: rare aposematic prey may be subject to very high per 
capita death rates because they lack the protection of 
crypsis enjoyed by nonaposematic individuals, and a 
large proportion (of a small number) of aposematic indi¬ 
viduals are killed while predators learn to associate the 
signal with unpleasant outcomes of attack. These factors 
seem to conspire to make rare aposemes less fit than their 
cryptic counterparts. 

However, there are several hypotheses for how the 
initial disadvantage of rarity might be overcome, explain¬ 
ing the evolution of aposematism in a population of origi¬ 
nally cryptic individuals. The first hypothesis suggests 
that chance events may nullify the problems of rarity 
and conspicuousness. In particular, the temporary absence 
of predators and random genetic drift processes may be 
sufficient to explain how new conspicuous morphs could 
rise toward their critical density in a small locality. What¬ 
ever the stochastic mechanism, it seems possible that, in 
some populations at least, rare aposematic morphs could 
reach sufficiently high levels at a local level, so that the 
deterministic processes of selection would now strongly 
favor the aposematic prey. When an aposematic morph is 
at or near fixation in one locality, it may then destabilize 
crypsis in neighboring populations and initiate a narrow 
shifting dine that moves through the population, destabi¬ 
lizing and replacing crypsis as it moves. This stochastic/ 
shifting balance theory is one of the most persuasive 
accounts of the evolution and spread of aposematic forms 
in the ‘rare and conspicuousness’ framework. However, it 
does require the assumption that there is ‘something 
special’ about conspicuousness even before the predator 
has coevolved with the signal bearers; even when they first 
appear, aposematic signals already speed-up learning 
(and/or reduce forgetting) and also reduce the costs of 
predator education. 

A second solution to the problem of initial rarity is to 
consider the role that spatial and temporal aggregation of 
individuals may have played in the evolution of aposema¬ 
tism. The death of a few defended siblings would protect 
the rest of the group since predators would be unlikely to 
carry on attacking distasteful individuals in close proxim¬ 
ity to those just found to be aversive. It is easy to see that 
defense alleles that are localized within kin groups have 
higher rates of survival, and thus reproduction, than com¬ 
peting alleles that do not confer defense and hence make 
all group members vulnerable to attack. Thus, the death 
of one or a few individuals could generate higher levels of 
protection for surviving aposematic kin than that con¬ 
ferred on nonaposematic individuals in the population. 
Note here that the benefits are not passed on to geneti¬ 
cally related individuals, but to individuals of similar 
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appearance that are close enough spatially to share the 
same predator individual. These may well be genetically 
related individuals but need not be. Once aposematism is 
established in this way, it may not require continuation of 
the aggregation of individuals for its maintenance. 

As an alternative, there may be no problem of initial 
rarity if sexually selected traits could be used as warning 
signals by predators, becoming modified to serve the dual 
purpose of warning and sexual communication if a species 
acquired an effective secondary defense. In prey without 
secondary defenses, sexual selection may counteract nat¬ 
ural selection and move a prey away from its original state 
of crypsis. Strong selection for the acquisition of second¬ 
ary defenses may then act with the result that the animal 
becomes unprofitable and conspicuous. Similarly, several 
locust and grasshopper species show facultative aposema¬ 
tism: switching to a conspicuous appearance and changing 
their diet to develop toxic defenses only when local pop¬ 
ulation density is high. The problem of initial rarity could 
be circumvented if the constitutive nature of many warn¬ 
ing displays were derived from an ancestrally facultative 
state. Further, the initial hurdle of rarity may be reduced 
if aposematism frees mutants from the opportunity costs 
of crypsis discussed earlier. 

Another hypothesis to explain the problem of the 
conspicuous mutant is the possibility that warning dis¬ 
plays originated as amplifiers to visible secondary defenses, 
such as numerous sharp spines. So long as the benefits of 
predator deterrence are sufficiently large and the costs of 
reduced crypsis are small, explaining the evolution and 
exaggeration of such warning traits is straightforward. Once 
warning signals are common for visible secondary defenses 
and their association with unprofitability is well known, it 
is easy to see that they could be taken up by prey with 
invisible chemical or other defenses as a loose form of 
Mullerian mimicry (see later). The reluctance of preda¬ 
tors to handle these mimics could mean that new mimetic 
mutants are not overly disadvantaged when rare and thus 
can spread to high density relatively easily. 

Yet another hypothesis to explain the evolution of 
aposematism is that warning signals evolved gradually. 
In their initial stages they still provided high levels of 
crypsis when the viewer was at a distance, but served 
some beneficial aposematic effect from close range. If 
the ‘first’ warning signals were of this form, it is relatively 
easy to see that as they become common and recognizable 
their conspicuousness could gradually increase. 

Mimicry 

Mullerian Mimicry 

In the last section, we discussed how aposematism is most 
effective when the signalers are at high density. A certain 
number of signalers will be attacked while a predator 


learns to associate the signal with undesirability in the 
putative prey. Since attacks are likely to be costly to the 
individual attacked, the larger the local prey population is, 
the less likely any given individual prey is to be selected 
for attack, and thus have to pay the cost. If two or more 
defended species shared the same signal (i.e., looked 
alike), then they could also share this cost of predator 
learning and so individuals of both species would benefit 
from the shared signal. Consider a predator that has to 
sample N prey of a given signal to learn to avoid such 
signalers in future. If two defended species have different 
signals, then individuals of each species must pay inde¬ 
pendent costs of predator education, whereas if both look 
alike and predators do not differentiate between the two 
species, then only N prey from across both populations 
will pay the price of educating predators. Thus, there 
should be selection for defended species in the same 
location to look alike, even if they are not closely related; 
this is the phenomenon of Mullerian mimicry. Examples 
of this have been reported in several insect types as well as 
in frogs. 

It may be that the defended organisms of a given 
general type converge on a small number of distinct warning 
signals, but do not all converge on the same one. Each 
grouping with a particular signal is often called a ‘Mullerian 
ring.’ Examples include tropical butterflies and European 
bumble bees in which several distinct Mullerian mimicry 
rings appear to coexist in one place. Given that the pro¬ 
posed selective benefits of Mullerian mimicry center on 
reducing the burden of predator education, we should ask 
why do not all distasteful species evolve to have the same 
pattern. There are two general, nonmutually exclusive 
explanations. First, the different mimicry rings may contain 
members that are not completely overlapping in spatio- 
temporal distribution, so there is little or no selection 
pressure for phenotypes to converge. Second, the different 
mimicry rings may contain forms that are so distinct that 
any intermediate phenotypes are at a selective disadvantage. 
More empirical research evaluating these possibilities 
would be very welcome. 

Batesian Mimicry 

If the predator learns that a certain signal is associated 
with unattractive prey and thus avoids attacking indivi¬ 
duals that carry that signal, then an undefended species 
that also carried this same signal would gain protection 
from predators. This is the phenomenon of Batesian mim¬ 
icry. In this case, there is asymmetry in the relationship 
between the two species with the same signal: the 
defended (or otherwise unattractive) one is called the 
model, and its signal is copied by another undefended 
species, the mimic. If, while the predator is learning about 
the signal involved, it finds a substantial proportion of the 
signal-bearing individuals to be generally attractive as 
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prey (i.e., to be mimics), then the predator will not learn to 
avoid bearers of this signal. Thus, we should expect Bates- 
ian mimics to be at low population density compared to 
their models and perhaps emerge later in a season, after 
the learned aversion by predators has been achieved. The 
more common the model is and the more unpleasant it is 
for the predator to attack it, the more effective the learned 
aversion will be and the more readily a population of 
mimics can be supported. The model likely pays a price 
for this mimicry. Even if the predator does eventually 
learn to avoid individuals bearing the signal, if during 
the learning period a small number of sampled prey 
individuals are actually palatable mimics, then the process 
of learning is likely to be slowed, and this may mean that a 
larger number of models experience the cost of being 
attacked. 

If the model is disadvantaged by mimicry, why does not 
the model evolve as quickly away from the mimic as the 
mimic evolves toward it? One explanation is based on the 
relative success of rare mimic and rare model mutants. 
Any change in the mimic phenotype toward the model 
might provide a selective advantage (because there is an 
increased chance of being mistakenly misclassified as a 
model). In contrast, major mutants of the model species 
away from the mimic will not spread as rapidly because 
they are rare and not recognized as distasteful, and thus 
may face reduced fitness through higher predation risk. 
Even if models could readily evolve away from mimics, it 
is unlikely that models could ever ‘shake off’ mimicry 
completely since selection to avoid mimicry depends on 
the presence of a high mimetic burden in the first place. In 
essence, Batesian mimicry may be a race that cannot be 
won by models unless they adopt forms than mimics 
cannot readily evolve toward. 

The mimicry need not be a perfect replica of the 
model in order to gain protection; it may just have to be 
similar enough to put doubt in the predator’s mind. This 
phenomenon of imperfect mimicry can clearly be seen in 
hoverflies, which, although they have the distinctive col¬ 
ored stripe pattern of wasps, can often be readily distin¬ 
guished from wasps by humans on the basis of differences 
in body proportions. Such imperfect mimicry may be 
possible when the model is particularly unpleasant for 
predators, making the predators much less likely to exper¬ 
iment with something that just might be a model. 

Several Batesian mimicking species are polymorphic, 
with different morphs in different geographical regions 
mimicking different local models. This polymorphism 
may help to keep the local density of mimics of a particu¬ 
lar model low in comparison to the population density of 
their model. Sometimes, Batesian mimicry may be limited 
to one sex. This dimorphism may stem from differential 
exposure to predators between the sexes and/or one sex 
having a greater need for coloration for other purposes. 
For example, male butterflies of such a species may 
have their appearance constrained by the need to use 


coloration to attract mates, whereas the appearance of 
females may be less constrained and can be mimetic of 
another species. 

Deflection 

Predators preferentially bias their initial strikes to certain 
parts of prey individuals’ bodies. Our interest here is in 
whether prey species have evolved markings that manip¬ 
ulate this aspect of predatory behavior in a way that 
confers a fitness advantage to the prey. We would expect 
this advantage to be observed as an increased likelihood of 
escaping from an attack. There seems good evidence that 
brightly colored tails in reptiles can have a deflective 
effect, at least in laboratory experiments. No comparable 
evidence is available for any other prey type: although 
there are sufficiently tantalizing results for eyespots in fish 
and (particularly) in butterflies, and for tail coloration in 
weasels, to warrant further exploration. The current pau¬ 
city of empirical evidence for such signals should not be 
taken as indicative of their likely scarcity in nature. 
Rather, it may reflect relative lack of scientific exploration 
of the phenomenon. 

How Can Deflective Markings Evolve if They 
Make Prey Easier for Predators to Detect? 

One potential drawback to brightly colored deflective 
signals is increased detection by predators. Cooper and 
Vitt explored this with a simple model, reproduced as 
follows. 

Imagine that an individual with a cryptically colored 
tail is detected by a predator with probability P d . After 
detection, the predator attacks and the probability of the 
prey escaping this attack is P e . If these two probabilities 
are independent, then the prey individual’s probability of 
being captured by a predator is 

Pd(l - Pc) 

We assume that having a conspicuously colored tail 
increases the probability of detection by the predator by 
some value a, but also increases the probability of escap- 
ing by ft. 

Conspicuous tail coloration will be favored if the 
inconspicuous type is more likely to be captured by the 
predator, that is, if 

Rd(l ~Pe) > (P d + oc)(l -P e -P) 

This rearranges to the condition 

/?> a(1 - f -) 

Pd + a 

Hence, conspicuousness will be favored if /? (the advantage 
that is gained from conspicuousness) is large or a (the 
increased probability of detection due to conspicuousness) 
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is small compared to /? and Pd (the probability of being 
detected in the absence of the conspicuous signal). Also 
unsurprisingly, a large probability of detection in the 
absence of conspicuous coloration (high P d ) favors selec¬ 
tion of the conspicuous signal. More interesting is that a 
high probability of escape in the absence of conspicuous 
coloration (high P e ) favors the evolution of the conspicu¬ 
ous deflective coloration. This suggests that tail autotomy 
and, perhaps, associated behaviors that draw attention 
to the tail (increasing P e ) probably developed before 
the conspicuous coloration of these body parts in some 
species. More generally, this model demonstrates that 
deflective markings can still be selected for if they cause 
an increase in the rate at which their bearer is attacked. 
Specifically, they can still be favored by selection, provided 
their enhancement of probability of escape from an attack 
is sufficient to compensate for the potential cost of increased 
probability of attack. 

Why Do Predators Allow Themselves to Be 
Deflected? 

The empirical evidence provided earlier suggests that 
some prey may be able to reduce their risk of being 
captured in a predatory attack by inducing the predator 
to attack specific parts of their body. Why do predators 
allow such deflection to occur, if it costs them prey items? 
One might hypothesize that deflection occurs because of 
lack of familiarity with the prey type and predict that 
deflective markings would be relatively unsuccessful 
when used by prey species that the predator attacks fre¬ 
quently, compared to prey items that it attacks infre¬ 
quently. Specialist predators should not be fooled by 
deflective markings, whereas generalist predators may 
have to accept such costs as a by-product of having 
evolved to be able to handle diverse prey types. The 
generalist predator may find deflective markings difficult 
to combat in one species encountered infrequently if 
similar visual cues are useful when attacking a different 
species that are encountered more frequently. This argu¬ 
ment may provide a theoretical framework for consider¬ 
ation of why some styles of signal could be more effective 
at deflecting than others. It also raises the testable hypoth¬ 
esis that prey that use deflective signals will generally not 
be the main prey of predatory species that they success¬ 
fully deflect. One might also expect to see predators 
habituating, such that their probability of being fooled 
by deflective marking declines with increased exposure. 
While this has been demonstrated repeatedly for startle 
signals (see next section), it has not been explored for 
deflective signals. However, predators of reptiles that 
shed their tails upon attack may not be under strong- 
selection pressure to stop ‘falling for this trick,’ since 
they do end up with a substantial meal from the tail, 
particularly as tails are often used as fat stores. 


Startle Signals 

Edmunds (1974) defines startling signals (also referred to 
as ‘frightening’ or ‘deimatic signals’) as follows. 

Deimatic behaviour produces mutually incompatible ten¬ 
dencies in a predator: it stimulates an attacking predator 
to withdraw and move away. This results in a period of 
indecision on the part of the predator (even though it may 
eventually attack), and this gives the displaying animal an 
increased chance of escaping. 

The classic example of a putative startling signal is the 
bright color patterns that some otherwise-cryptic moths 
and butterflies can be induced to display by disturbing 
them while at rest. They have brightly colored hind wings 
that they generally cover with cryptically colored forew¬ 
ings, but which can be voluntarily and suddenly revealed. 

One key feature of startling signals is that they are 
induced by the proximity of a predator. It is generally 
postulated that the sudden appearance of a bright display 
or loud noise induces an element of fear or confusion in 
the predator, giving the prey individual an increased 
chance of fleeing before being attacked. Although often 
postulated, this possible mechanism has been subjected to 
little rigorous experimental testing. However, a recent 
series of laboratory experiments have suggested that 
some of the spot patterns of butterfly wings may function 
in this fashion. 


Why Would Predators Be Startled? 

It seems possible that the startled predator is misidentify- 
ing the prey item as something that could be a threat to it, 
rather than as something that is merely an unattractive 
food item (a more general treatment of deception is dealt 
elsewhere). Predators may be presented with conflicting 
selection pressures acting on their response to unexpected 
stimuli. A startle response may represent the best com¬ 
promise between the costs of less efficient prey capture 
(because the delay in attacking allows some prey to 
escape) and the (potentially very high) cost of failing to 
respond rapidly to unexpected and imminent danger. 
However, one would expect predators to evolve mechan¬ 
isms that allow them to habituate to startle signals from 
harmless prey. That is, one would expect predators to 
react to startle signals not by completely fleeing the 
scene, but by retreating to a safer distance from which 
they may be able to assess the potential threat. Fleeing 
would deprive it of the ability to learn about the source of 
the stimulus (except in as much as the other organism did 
not successfully pursue it). Thus the behavior of a preda¬ 
tor toward a startle signal should not be fixed, but rather 
should be responsive to that individual’s experiences 
subsequent to previous exposures to similar signals. 
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Such cognitive processes should be suitable to theoretical 
investigation, similar to those that have help to illuminate 
phenomena of aposematic signaling and mimicry. 

See also: Alarm Calls in Birds and Mammals; Deception: 
Competition by Misleading Behavior; Defense Against 
Predation; Defensive Chemicals; Risk-Taking in Self- 
Defense; Vibrational Communication; Visual Signals. 
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Overview and Introduction to Types of 
Morphological Defenses 

Defenses against predators can be divided into primary 
defenses, which reduce the chances of a predator encoun¬ 
tering, detecting, or identifying the prey, and secondary 
defenses, which reduce the chances of an identified prey 
being approached, subjugated, or consumed. Primary 
defenses act in predator avoidance. Secondary defenses 
act in predator evasion. As we discuss different types of 
defense strategies, it is important to bear in mind that 
defenses may work at both levels, and rarely do prey have 
only one defense mechanism. 

Morphological defenses are mechanical or physical 
properties of an organism that may help the individual 
to avoid predation. Often these defenses work in conjunc¬ 
tion with a behavioral response and may be used in other 
contexts as well. We begin by outlining common types of 
morphological defenses and then consider some examples 
that illustrate the inherent interplay between morpholog¬ 
ical defenses and behavior. 

Crypsis 

Crypsis, or camouflage, can involve background match¬ 
ing, disruptive coloration that obscures recognizable body 
parts, or masquerading as an inedible object. A classic 
example of selection favoring camouflage to reduce 
detection by predators is that of the peppered moth, Biston 
betularia. As the industrial revolution in Europe led to a 
die-off of lichen on trees, leaving a darker background on 
which nocturnal moths rested during the day, Kettlewell 
showed that an initially rare dark form of the moth 
increased in frequency and that diurnal bird predators 
more readily detected and consumed pale moths on a 
dark tree. Rarity may also provide crypsis. Visual preda¬ 
tors form search images when foraging, and the rare 
individual has an advantage if its form falls outside the 
predator’s search image. 

Disruptive coloration can decrease the chance of iden¬ 
tification by predators. For example, many animals have a 
dark patch or stripe around their eye. The eye is a readily 
detected feature of an individual, and thus, markings that 
obscure the eye can provide a substantial increase in 
camouflage. Similarly, patterning or projections from the 
body can help to disguise the body shape against the 
background. For moth-like artificial prey differing in 


color from their background, disruptive coloration around 
the edges of the wings (e.g., black areas that go to the edge 
on some part of the wing) decreases mortality by bird 
predators. 

Some animals have body shapes, colors, and patterns 
that mimic inedible objects common in their environment, 
such as leaves or sticks. Both freshwater and saltwater 
neotropical fish species include some leaf mimics. Numer¬ 
ous examples exist of insects that have a body form that 
resembles twigs or leaves and that adopt body positions 
to further resemble twigs or leaves (e.g., praying mantids). 
Insects, such as caddisflies, build cases out of leaves, twigs, 
or, sand that provide both shelter and camouflage. Many 
predators rely on odor, sound, or vibrations to hunt, and 
prey that can smell, sound, or move in a way that matches 
that of something other than a prey item will presumably 
benefit from decreased detection and identification by a 
predator. Crypsis within sensory modalities other than 
sight are less well studied and could use more attention. 
More detailed discussion of crypsis is dealt with elsewhere 
in this volume. 


Aposematism 

Bright colors and pattern contrasts seen in many poison¬ 
ous or venomous animals provide a morphological 
defense that works in conjunction with the chemical 
defense to prevent a predator from attacking. In animals 
living in an environment with a heterogeneous back¬ 
ground, crypsis will be difficult to maintain if any move¬ 
ment is required. Both computer simulation studies and 
empirical observations support the hypothesis that for an 
active individual in a heterogeneous environment, selec¬ 
tion leads to both unpalatability and aposematism. Use of 
toxicity and warning coloration as a defense requires that 
predators learn to associate the coloration with unpalat¬ 
ability, potentially leading to prey mortality by naive 
predators. 

This cost is minimized in coexisting prey that share 
predators by Mullerian mimicry of shared colors and 
patterns, to reduce the chance for any one individual of 
being killed by a naive predator. This type of mimicry can 
lead to a striking variation in morphological patterning 
across a species range, with one species mimicking differ¬ 
ent coexisting congeners within its range, as seen in both 
Heliconius butterflies and in Asian green pit vipers. 
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Batesian mimicry, in which palatable species mimic 
the warning color patterns of unpalatable species, also 
occurs in groups such as hoverflies that mimic bees and 
wasps. Selection on such a trait is inherently frequency- 
dependent; if palatable mimics are too frequent, predators 
will kill many mimics prior to encountering an unpalatable 
individual and the benefit for the palatable mimic is lost. 
Further, the unpalatable species should experience selec¬ 
tion to modify its warning coloration and/or pattern to 
allow predators to distinguish it from palatable mimics; 
frequency-dependent selection will, however, work against 
evolution of such differences at this stage as rare apose- 
matic individuals are killed before the predator can learn 
to avoid them. More detailed discussion of aposematism, 
mimicry and toxicity is dealt with elsewhere in this volume. 

Body Armor 

Animals with body armor or a protective shell can 
respond to a predator attack by withdrawing into their 
shell, reducing the ability of predators to get at edible soft 
tissue. Evidence of the potential effectiveness of this 
strategy is seen among variants of a land snail found 
distributed among Japan and several other islands in the 
same region. Snails found on the same island as snail¬ 
eating snakes have a modified shell, with the shell 
extended into the aperture opening, changing both its 
shape and size. Predation trials with snail-eating snakes 
show that this narrowed aperture opening gives the snails 
a significantly increased chance of escaping a snake attack 
over snails of similar size with a rounded opening. 

Body armor, such as the lateral plates seen on stickle¬ 
backs, can also protect an individual from injury during a 
predator attack. A related strategy, also used by stickle¬ 
backs as well as invertebrates such as dragonfly larvae, is 
to have sharp spines that will cause an attacking predator 
to let go prior to fatal injury occurring. 

Weaponry 

An animal under attack by a potential predator may go on 
the offensive if it has weaponry such as spines, horns, or 
large claws. These features may or may not have arisen 
through selection to avoid predation. For example, Euro¬ 
pean clawed lobsters have one large crushing claw that is 
used in foraging and intraspecific male dominance com¬ 
petition, but this intact claw also significantly reduces 
predation. Lobsters that had lost the large claw through 
autotomy experienced 100% mortality when attacked by 
predators. 

Porcupines provide an exemplary case of an animal 
with weapons evolved as a defense against predators. The 
spines of porcupines are designed such that when not 
erect they are flexible and not easily shed, but when 
erect the spines are readily released from the porcupine 


with a minimal amount of force on the tips. This allows 
the porcupine to use its tail as a weapon, slapping it 
against a potential attacker to inflict injury. 

Weaponry may also take the form of scent or poison 
glands. Threatened skunks release a noxious smell to fend 
off potential predators, even before the predator attacks. 
Many insects use muscular contractions to forcefully 
shoot a liquid containing quinone, acetic acid, or some 
other noxious compound toward an approaching predator. 
Millipedes, moths, and toads have glands that ooze out 
toxins at the moment of predator contact. More detailed 
discussion of attacks by prey on predators is dealt with 
elsewhere in this volume. 

Body Shape and Size 

Many species have modified body shapes or size when 
coexisting with predators, often in conjunction with other 
defense mechanisms. Changes in body shape in response 
to a predator have been observed in many taxa and are 
well studied in zooplankton, insects, anuran larvae, and 
fish. Changes in body size alone can also act to reduce 
predation risk. Physid snails with a larger body size have 
decreased mortality from crayfish, while Daphnia evolve 
smaller body sizes in the presence of size-selective fish 
predation. Changes in body shape that enhance escape 
success, such as a more streamlined body in fish and 
relatively elongated hindlimbs in lizards, may also reflect 
a response to selection by predators. 

Eyespots 

Eyespots refer to a circular color marking on the body of 
an animal; while the term is convenient because to humans 
they resemble eyes, little evidence exists as to whether 
predators interpret these patterns as eyes. Eyespots are 
most commonly seen in lepidopterans, but also occur in 
other insects and some fish. Eyespots are used in multiple 
ways as a defense. Moths, such as the hawkmoth, with 
cryptic forewings will move their forewings if attacked to 
reveal eyespots on the hindwings that are otherwise 
hidden when the moth is at rest. While the predator may 
be startled into thinking that it is now looking at its own 
predator’s eyes, more likely the predator is simply over¬ 
whelmed by the presentation of a large amount of new 
visual information to process. The brief delay in the pre¬ 
dator’s attack while processing the new information can 
provide the potential prey with the split second it needs to 
get away and resettle cryptically somewhere else. 

Alternatively, eyespots may act as deflection markers, 
deflecting a predator’s potential attack away from the 
most vulnerable part of the body to a less vulnerable 
body part. A predator that aims its attack at an eyespot 
on the edge of a wing may provide the moth or butterfly 
with an opportunity to escape with only an injured wing. 
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Other body markings thought to act as a defensive mech¬ 
anism by deflecting attack from vulnerable areas include 
the brightly colored tails of juvenile lizards, which are 
autotomized if grabbed by a predator, further increasing 
chance of escape. Many mollusc species similarly autoto- 
mize a tail, papillae, or siphon projections and most 
arthropods readily autotomize limbs. 

In some fish families that are poisonous but typically 
remain cryptic in sandy substrate, a black eyespot on the 
dorsal fin appears to act as a warning signal to potential 
predators. Fish raise their dorsal fin to display a promi¬ 
nent black eyespot if disturbed. 

A Further Characterization of 
Morphological Defenses 

Morphological defenses can be further characterized as 
fixed or inducible. Fixed morphological defenses are 
evolved defenses that occur regardless of whether the 
predator is present in the habitat or not. Eyespots on 
moth wings, the presence of a shell on snails, and cryptic 
body coloration in moths, guppies, stick insects, etc. are all 
examples of fixed traits (also referred to as constitutive). 

Inducible morphological defenses are those that arise in 
response to an environmental cue that is indicative of 
predator presence. Inducible defenses are more generally 
phenotypically plastic traits and can thus be further distin¬ 
guished as either irreversibly or reversibly plastic. Irrevers¬ 
ible plasticity is plasticity in a trait during development; 
presence of the appropriate cue at a particular point during 
development will cause a specific trait form that is then 
fixed for the remainder of that individuals lifespan. The 
majority of inducible morphological defenses will fall into 
this category, as morphology is not readily modified once 
development is complete. Reversible plasticity refers to an 
induced trait that can be modified multiple times during 
the lifespan of an individual. This includes nearly all 
behavioral traits - an animal can hide in a refuge while a 
predator is nearby, come out when the predator moves 
away, and then hide again when the predator is nearby. 
Some induced morphological defenses can be reversibly 
plastic, notably changes in coloration seen in insects, rep¬ 
tiles, squid, and fish. More information on developmental 
plasticity is discussed elsewhere in this volume. 

Fixed Morphological Defenses 

Fixed morphological defenses are likely to evolve when 
the benefits in the presence of predators exceeds the costs 
in the absence of predators. In addition, fixed defenses 
will evolve when developing the defense each time it 
is needed has too high a cost, no reliable cue for the 
presence of a predator is available, or the development 
of the defense cannot occur rapidly enough to be effective. 


The evolution of morphological defenses and behav¬ 
ioral traits are inexorably intertwined. Cryptic individuals 
are only cryptic if the individual remains still on the 
appropriate habitat type, or travels in a manner aligned 
with its body pattern. Striped juvenile garter snakes that 
move in a straight line while fleeing have a good chance of 
escape, but a blotched individual fleeing in a straight line 
will not. Hidden eyespots are only advantageous if the 
moth moves its forewings to reveal the eyespots at the 
critical moment during a predator attack. Spines used as 
weaponry against potential predators must be locked into 
an erect position (a behavioral response) to be effective 
against potential predators. More generally, of course, all 
prey must recognize potential predators if they are to use 
any type of proactive defense. More information on trait 
evolution and selection are discussed elsewhere. 

Inducible Morphological Defenses 

The risk of mortality posed by predation varies in both 
space and time. Predators may move into or out of a 
habitat, or reproduction might occur in only some habitat 
patches. Predator life-cycles that lead to seasonal varia¬ 
tion in abundance will also contribute to variability in 
predation risk. Antipredator defenses are, by definition, 
advantageous in the presence of predators because they 
reduce mortality rates, but the relative advantages will 
vary with risk of predation. Predation risk will rise when 
predators are more abundant, when alternative prey are 
rare, or when there are few refuges. In the absence of 
predators (i.e., ‘relaxation’ in selection), there is no benefit 
in having antipredator morphology, but there may well be 
costs. The defense may be expensive to produce or main¬ 
tain, or it may reduce the efficiency of foraging by the 
prey leaving fewer resources to be allocated to other 
demands ranging from the immune system to attracting 
mates. In short, the cost might be anything that reduces 
other fitness enhancing activities of the prey. 

If the costs of antipredator defenses are high enough, 
we expect that they will be expressed (induced) only 
when predation risk is high. This is effective only if the 
production of the defensive morphology happens fast 
enough to provide protection before the predators disap¬ 
pear again. Equally important is that the defense should 
not be induced when there is no risk. Whatever cue is 
used, it needs to be reliable. The presence of a predator 
and its associated chemical cues may not be reliable. 
When the predator is too small to be a threat, for example, 
inducing an antipredator morphology will incur the cost 
of inducing the morphology and of having the morphol¬ 
ogy without the attendant benefits. 

A cue is information produced by the predator 
that is taken advantage of by the prey, but not provided 
intentionally by the predator. An ideal cue, from the 
perspective of the prey is one that the predator can do 
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nothing about. The shadow cast by a hawk on a sunny day 
and recognized by a ground squirrel as evidence of a 
threat cannot be prevented by the hawk. Moving shadows 
are a reliable cue of the immediate threat of predation for 
ground squirrels. Similarly, the freshwater hypotrich cili- 
ate Euplotes responds to proteins in the membrane of their 
predators by inducing a distinctive antipredator morphol¬ 
ogy with increased body width that thwarts gape-limited 
predators. These proteins function as predator recogni¬ 
tion signals for the prey. Prey have evolved to use the 
same molecules to respond to the threat of predation 
because the cues are reliable. 

Although theoretically necessary, costs associated with 
antipredator defenses when predation risk is absent may 
be so low that they are very difficult to measure. A simple 
calculation can show why this is so. Consider a prey that 
expresses a morphological defense that reduces the 
annual mortality rate from 80% of the individuals 
to 40%. In the absence of defense, the daily survival rate 
is (1 — annual mortality rate) raised to the power (1/365) 
to convert it from an annual to a daily rate, which 
gives us (1 — 0.8) 1 / 365 = 0.2 1//365 = 0.9956. In the presence 
of the defense, by similar logic, we have (1 — 
0 4 ) 1 / 365 _ 0.6 1 / ' 65 = 0.9986. Thus, the daily survival rate 
in the presence of the morphological defense has 
increased only by (0.9986 — 0.9956) = 0.0030 or 0.3%. 
If we try to measure the cost of the defense using a growth 
rate experiment, the difference in the daily growth rate 
between defended and undefended individuals has to be 
less than 0.3% for natural selection to favor the defensive 
morphology. In a 10 day growth experiment, setting the 
daily growth rate of the undefended individuals to 1, this 
is (undefended daily growth rate) raised to the power of 
10 days - (defended daily growth rate) raised to the power 
of 10 days, which gives 1 1() — 0.997 10 = 1 — 0.97 = 0.03. 
A 3% difference in the expected growth is so small that 
it may be difficult to detect. We need to be careful not 
to overstate the benefits of morphological defenses by 
measuring the benefits only when prey are attacked. We 
need to measure the frequency with which these benefits 
are realized in order to properly compare them to costs. 

More information on antipredator trade-offs and 
mechanisms are discussed elsewhere. 

Case Studies 

Evolution of Fixed Defenses 

Avoidance of dragonfly predators by Enallagma 
damselfly larvae 

The damselfly genus Enallagma provides a natural repli¬ 
cated experiment of response to selection by a new pred¬ 
ator type. The ancestral habitats of Enallagma larvae are 
lakes that have fish as top predators. Fish are highly visual 
predators, particularly keen at detecting movement, and 


far faster swimmers than damselfly larvae. Damselfly 
larva in the presence of fish, minimize predation risk by 
reducing activity to minimize detection. 

Lakes without fish have larvae of the dragonfly Anax as 
the top predator; these predators, not found in lakes with 
fish, do not have the same long-distance hunting strategies 
as fish and tend to perch on similar substrate to damselfly 
larvae. As a consequence, the strategy of remaining motion¬ 
less that is effective against fish predators is deadly in the 
presences of Anax predators. In lab experiments, Enallagma 
from fish lakes allow an Anax predator to walk right up and 
consume them. Similarly, Enallagma from fishless lakes swim 
away from approaching predators and are thus consumed by 
fish, but often escape predation by Anax. 

Morphology differs significantly between species 
found in the two habitat groups. Enallagma larvae have 
three caudal appendages, or lamellae, and species found 
with Anax predators (fishless lakes) have lamellae that are 
relatively larger and more round than those of species in 
fish lakes (Figure 1). Damselfly larvae swim using side- 
to-side undulation of their body and these morphological 
changes reflect selection for avoiding dragonfly predators 
through increased swimming ability. Individuals from a 
fishless lake species with experimentally reduced lamellae 
were less likely to escape a dragonfly predator, but 
the same reduction in lamellae size had no effect on 
the probability of predation for individuals from a fish 
lake species. This reveals the importance of considering 
morphological defenses in conjunction with behavioral 
defenses. Here, morphological changes in body structure 
reflect a response to selection by a predator, but the 
morphological defense is effective only when combined 
with a behavioral response, namely the propensity to 
swim away from a potential predator. 

Gregariousness and aposematism in 
Lepidopteran larvae 

Another example of an association between morphological 
and behavioral defenses is seen between the presence 
of aposematic coloration and gregarious behavior. This 
evolutionary relationship has been best demonstrated in 
lepidopteran larvae in which, across a range of species, 
aposematism in butterfly larvae is associated with gregari¬ 
ousness. Theoretical work suggests that while defenses 
and warning coloration can facilitate the evolution of 
gregariousness, gregarious behavior can also facilitate the 
evolution of warning coloration. In a large survey of over 
800 species of tree-feeding lepidopterans, Tullberg and 
Hunter considered explicitly the presence of both warning 
coloration and defenses (physical or chemical) as potential 
precursors to evolution of gregariousness. Their results 
revealed that gregariousness evolved significantly more 
commonly in species that had either defenses or warning 
coloration. 
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Figure 1 Adaptive evolution of antipredator defense in damselfly larvae, (a) Larvae of species found in ponds with dragonfly larvae as 
top predators such as Enallagma boreale (top) have larger and more round lamellae leading to faster average swimming speeds than 
larvae found in ponds with fish as top predators such as E. vespersum (bottom) with smaller, more slender lamellae. Lamellae are 
transparent and thus reveal black background in images, (b) When approached by a dragonfly predator, most individuals swim away in 
species found in dragonfly ponds, while very few swim away (most remain still) in species found in fish ponds. Data from McPeek MA, 
Schrot AK, and Brown JM (1996) Adaptation to predators in a new community: Swimming performance and predator avoidance in 
damselflies. Ecology 77: 617-629. 


Experimental work using naive young chicks offered 
aposematic (red and black) and defended (secrete noxious 
compounds) bug larvae supports lower attack rate in 
aposematic prey with gregarious behavior. Work using 
wild-caught blue tits and novel prey (straws filled with 
suet) reveals that when prey distribution is clumped, 
attack rate on palatable prey is higher. Birds sampling an 
individual in a group of unpalatable prey not only 
dropped the prey, but also moved onto a different group 
of prey. Birds that attacked a palatable prey remained in 
the patch and took more prey before moving. Thus, 
regardless of warning coloration, if unpalatability or 
some other secondary defense has evolved, prey may 
benefit from gregarious behavior. More on group living 
as an antipredator behavior is discussed elsewhere. 

Evolution of Induced Defenses 
Daphnia 

A century ago, German limnologists described seasonal 
variation in the morphology of freshwater crustaceans. As 
the season progressed, the cladoceran Daphnia developed 
enlarged helmets and tail spines (Figure 2). They gave 
it the name ‘cyclomorphosis’ to denote the annual cycle 
of changes in morphology. Explanations for this phenom¬ 
enon focused on environmental causes such as tempera¬ 
ture and turbulence for the next 50 years. The growing 
consensus is that these changes in morphology bear all the 
hallmarks of inducible morphological defenses against 



Figure 2 Individuals of the same clone of Daphnia cullucata. 
On the left, raised in the presence of predator cue, on the right 
raised in the absence. Photo: Ralph Tollrian. 


predation. The defense can be induced by water that has 
contained predators. These infochemicals, or kairomones, 
are still unidentified. There is variation for how much 
individual clones can change their morphology. The dis¬ 
tribution of clones with differing levels of inducibility is 
associated with variation in the risk of predation across the 
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landscape. These defensive structures are made up of 
chitin and cannot be remodeled after they have been 
developed, so the level of defense lasts the lifetime of an 
individual. However, there is growing evidence that the 
level of expressed defense depends, in part, on the envi¬ 
ronment experienced by the mother. More on maternal 
effects is discussed elsewhere in this volume. 

Euplotes 

Remarkably, an ability to change morphology in response 
to predation risk is not limited to multicellular organisms. 
The hypotrich ciliate Euplotes can remodel its cytoskeleton 
within hours of encountering predatory ciliates or flat- 
worms. The morphology shifts from a flattened ovoid to 
nearly round with extended lateral wings and a pro¬ 
nounced aboral ridge (Figure 3). This shift in morphology 
makes Euplotes too large to be consumed by their gape- 
limited predators. Induced morphs bear the cost of being 
less effective predators and having longer cell cycles. 
There is clonal variation in the ability to induce so it is 
likely that this variation should be distributed among 
habitats depending on variation in the risk of predation. 

Hyla 

A flexible morphology that can respond to predation risk 
can also be found in vertebrates. Larvae of the North 
American treefrogs Hyla chrysoscelis and H. versicolor raised 
in the presence of dragonfly larvae predators develop strik¬ 
ingly colored tails with a deeper shape and enhanced mus¬ 
culature (Figure 4). The change in body shape improves 
acceleration when disturbed and the tail coloration may 
direct predator attacks away from the more vulnerable 



Figure 3 Members of the same clone of Euplotes 
octocarinatus. The three individuals in the center were grown in 
the absence of predators, the other three were grown in the 
presence of predatory flatworm extract. Photo: Juergen Kusch, 
University of Kaiserslauter. 


body. Larvae pay a cost in reduced efficiency in sustained 
swimming. Thus, when competition for food is high, there is 
a shift in morphology in the opposite direction to that 
expressed as an antipredator defense. More on foraging 
and predation risk is discussed elsewhere. 


Usefulness of the Conceptual Framework 

While this discussion has focused on organisms that can 
display behavior, the ideas developed in this context can 
usefully be applied to plants. Thorns can be induced by 
vertebrate grazing, and given that this is nonphotosyn¬ 
thetic tissue it must have some costs. Whether these costs 
are large enough to make induced rather than permanent 
defenses the better strategy is unknown. Plants respond to 
mechanical damage differently than they do to damage 
caused by insect feeding. It appears that there is a reliable 
cue in the feeding secretions of the insect that is used as a 
reliable cue to induce (upregulate) the production of 
antiherbivore defenses. 

An inducible defense is a change in phenotype in 
response to an environmental cue. If the environmental 
cue provides no information about the future state of the 
environment, then there is no advantage to changing 
the phenotype. That lack of information can be because 
of the environment’s being constant, so the cue provides 
no additional information, or because of the change in the 
environment being so rapid that no predictions can be 
based on the cue. Identical arguments can be made about 



Figure 4 Tadpoles of Hyla versicolor raised from the same 
clutch of eggs. The tadpole on the left was raised in the absence 
of predators and the one on the right was raised in the presence 
of a caged predator. Photo: B.R. Anholt. 
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the value of learning. If the environment is constant, there 
is no advantage to learning; if the world changes very 
rapidly too, learning is of little value. More on learning 
is discussed elsewhere in this volume. 

Current Research Focus and Outstanding 
Questions 

The synergistic relationship among antipredator traits has 
only recently been the focus of rigorous testing. While it 
has long been assumed that crypsis and inactivity are co¬ 
evolved traits, evidence that the association is adaptive has 
only recently been tested using stickleback predators and 
chironomid larvae. Specifically, Ioannou and Krause were 
able to show that each trait alone did not reduce predation 
risk and that only the combination of the two traits is 
effective. This type of mechanistic analysis of antipreda¬ 
tor morphological and behavioral traits combined needs 
to be carried out in a variety of systems. Similarly, a recent 
simulation of how body patterns affect detection of a 
moving target reveals some general principles that can 
now be used to predict and test selection for body pat¬ 
terning in prey. Traditionally, work on antipredator traits 
have looked at traits in isolation, and while this made the 
questions more tractable, it is increasingly clear that 
results can be misleading. For example, the straight-line 
escape movement of striped snakes from a predator (as 
opposed to the reversals seen in unstriped snakes) may be 
taken as leading to decreased fitness without taking into 
account that a striped pattern hampers the ability of 
predators to estimate future position of the snake, making 
it unlikely that the attacking predator will successfully 
catch the snake. 

Most prey experience multiple predators, and dif¬ 
ferent predators may select for incompatible phenotypes. 
Understanding how prey experiencing different predators 
respond to these multiple selection pressures is another 
area that requires more research. How multiple predators 
and variable predator presence shape evolution in defense 
traits is an important area for future research. More on 
predator-prey evolution is discussed elsewhere in this 
volume. 

Recent work suggests that the ability of prey to detect 
chemical cues from predators is more widespread and 
more sophisticated than previously recognized. Future 
work on isolating those compounds used as detection 
cues will enhance our ability to understand the role of 
cues in the evolution of inducible responses. The relation¬ 
ship between the timing of cues and induction also needs 
further elucidation. For example, does timing of cue pre¬ 
sentation affect the degree of phenotypic response? Many 


of the animals showing inducible defenses have complex 
life histories that span different habitats - how do defenses 
induced in one life stage affect phenotype in a subsequent 
life stage? More on predation risk and life history is 
discussed elsewhere in this volume. 

See also: Adaptive Landscapes and Optimality; Anti¬ 
predator Benefits from Heterospecifics; Co-Evolution of 
Predators and Prey; Communication and Hormones; 
Costs of Learning; Defense Against Predation; Defensive 
Avoidance; Defensive Chemicals; Defensive Coloration; 
Development, Evolution and Behavior; Developmental 
Plasticity; Evolution: Fundamentals; Future of Animal 
Behavior: Predicting Trends; Games Played by Predators 
and Prey; Group Living; Levels of Selection; Life Histories 
and Predation Risk; Maternal Effects on Behavior; 
Microevolution and Macroevolution in Behavior; Phylo¬ 
genetic Inference and the Evolution of Behavior; Predator 
Avoidance: Mechanisms; Risk Allocation in Anti-Predator 
Behavior; Risk-Taking in Self-Defense; Trade-Offs in 
Anti-Predator Behavior. 
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Introduction 

The goal of this article is to explore the relationships 
between evolution, development, and behavior. There are 
two main reasons why such considerations are important to 
the field of animal behavior - one is the important mecha¬ 
nistic links between behavior and development, and the 
second relates to conceptual insights that can be gained 
from the field of evolutionary developmental biology. 

With respect to the first topic, it is abundantly clear that 
behavior and development are intimately linked. The brain 
develops both during embryological and adult stages, and 
this development can be a link between the environment 
and plasticity in individual behavioral responses. In addition, 
some forms of behavior develop and change over the lifetime 
of an individual, and thus can be considered developmental 
processes themselves. Second, studies of the molecular 
genetic basis of morphological development have pro¬ 
gressed further than those of behavior. Molecular develop¬ 
mental biology paired with a comparative, evolutionary 
perspective has given rise to the field of 'evo-devo] which 
can provide several lessons that can be applied to the study of 
behavior. These include the importance of conserved genes 
and changes in gene regulation in generating novel phenotypes 
and the utility of breaking down (behavioral or morphologi¬ 
cal) phenotypes into constituent parts, or 'modules! 

In the sections that follow, both mechanistic and con¬ 
ceptual links between behavior and development are 
discussed. The first section explores the various ways in 
which behavior and development are interrelated and also 
how behavioral and morphological phenotypes differ but 
must be considered simultaneously. Then, the field of 
evolutionary developmental biology and some of the 
major tenets of evo-devo that can be applied to the 
study of behavior are described. Next, specific examples 
from across different animal taxa are reviewed that illus¬ 
trate how considerations of the principles of evo-devo and 
the behavior-development relationship can advance our 
understanding of how behavior evolves. Finally, the arti¬ 
cle concludes by suggesting future directions for a more 
comprehensive integration of development and behavior 
that could lead to further insights into animal behavior. 

Relationships Between Behavior 
and Development 

In many ways, the study of behavior is the study of 
development. Like any other organ, the nervous system 


develops during both embryological and adult stages 
(though certainly to varying degrees) and its development is 
highly responsive to external and internal environmental 
factors. Interestingly, some of the same genes can affect 
both nervous system development during embryonic stages 
and neural function and behavior in adult animals. One 
example is the gene fruitless in the fruit fly Drosophila 
melanogaster. This gene is important for the development 
of male-specific neuronal projections into abdominal mus¬ 
cles used in mating, but also affects courtship behavior in 
mature animals. In fact, fruitless derives its name from a 
particular mutation that causes males to court other males. 

In addition, there are many known instances of mech¬ 
anistic links between certain forms of behavior and mor¬ 
phological or physiological development - this can be the 
result of pleiotropic effects of specific hormones or genes on 
both the nervous system and other organs. For example, in 
many vertebrates, testosterone is important in sex deter¬ 
mination of the gonads and brain during embryological 
development, but can also have effects on male aggressive, 
territorial behavior during adulthood. In female insects, 
juvenile hormone levels during development influence 
ovary size and can also affect various forms of adult behav¬ 
ior, including egg-laying and foraging. A prominent exam¬ 
ple of the pleiotropic effects of insect hormones on both 
reproduction and behavior involves 'oogenesis- flight syn¬ 
drome,’ in which ovarian development is associated with 
sedentary behavior, and a shut-down of ovarian develop¬ 
ment is associated with sustained flight. In two species of 
migratory locusts, Locusta migratoria and Schistocerca gregaria, 
this syndrome is exhibited in the extreme. Two entirely 
different locust morphs exist — larger solitary locusts that 
have narrow foraging ranges, cryptic coloration, and high 
ovarian development; and smaller gregarious locusts that fly 
hundreds of miles in search of food, are brightly colored, 
and have lower ovarian development. In both species, two 
hormones (juvenile hormone and corazonin) stimulate var¬ 
ious aspects of the solitary phase including green coloration, 
reproductive physiology, and solitary-like behavior. 

Although behavior and development are in many ways 
intimately linked, research in the fields of ethology and 
development have proceeded quite separately. Several 
reasons likely account for this separation. First, there is a 
general perception by biologists that behavioral pheno¬ 
types are farther removed from genes than developmental 
phenotypes; behavior is generated by neurons in real time 
at a rate that is much more rapid than even the fastest 
known changes in gene expression, whereas development 
proceeds gradually over hours, weeks, or even years. 
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In addition, whereas morphological phenotypes are stable 
or slowly changing, behavioral phenotypes are more 
unpredictable and fleeting, often making them harder to 
measure. For these reasons, in-depth studies of the genetic 
basis for behavior began later and have progressed more 
slowly than such studies of development. 

Although some behaviors consist of stereotyped action 
patterns, many behaviors are more complex and require 
long-term maturation or a process of development to come 
to fruition. Such behavioral development may or may not 
require learning and/or restructuring of the nervous sys¬ 
tem. Notable examples of behavioral development include 
song learning and development by songbirds, the transi¬ 
tion from hive work to foraging in honeybees, and juvenile 
play behavior (e.g., play fighting and play hunting) by a 
wide range of vertebrate animals, especially mammals. 
By recognizing behavioral phenotypes as developmental 
phenotypes themselves, it may be fruitful to apply a similar 
approach to the study of behavior as has been historically 
used to study development. 

Basics of ‘Evo-Devo’ 

During the early history of evolutionary thought, evolu¬ 
tion and development were considered to be inseparable. 
Studies of embryology were used to infer evolutionary 
relationships among organisms, typified by Ernst Haeckel’s 
famous insight that ‘ ontogeny recapitulates phytogeny! 
Although such comparisons can be useful, subsequent 
studies in embryology showed that this view is an over¬ 
simplification. The adoption of a population-level focus 
on evolution with the rise of the modern synthesis of 
genetics and evolution led to a formal separation of the 
fields of evolution and development until fairly recently. 
With the application of molecular genetics to develop¬ 
mental biology, the fields of evolution and development 
were eventually reintegrated in the ‘evo-devo synthesis,’ 
and numerous important findings have already emerged 
from this relatively new hybrid field. 

One of the major discoveries in developmental biology 
was the revelation that something so complex as multicel¬ 
lular development is genetically orchestrated via precise 
changes in the timing and location of gene expression. 
This insight stemmed from the elucidation of a hierarchi¬ 
cal cascade of transcription factor genes that lead to the 
differentiation of segments during embryological devel¬ 
opment. This developmental cascade was first studied in 
the fruit fly D. melanogaster and the set of genes controlling 
early embryological development were elucidated in 
remarkable detail. This groundbreaking work by Lewis, 
Nusslein-Volhard, and Wieschaus was awarded with the 
Nobel Prize in Physiology and Medicine in 1995. By 
using a comparative approach and studying the molecular 
genetics of development in other species, the pioneers of 
evo-devo made a startling discovery. It turns out that 


many of the same genes regulating early development in 
insects, specifically, the homeotic or Hox genes which 
determine the identity of segments, also control the 
development of segmentation in vertebrates, even in a 
similar anterior-to-posterior pattern (Figure 1). 

Cross-species studies of the molecular basis for develop¬ 
ment have fueled the evo-devo synthesis, and in some cases, 
the findings have even caused biologists to rethink how new 
structures arise during evolution. A case in point involves 
the evolution of image-forming eyes in animals. The com¬ 
pound eyes of arthropods and the camera-like eyes of verte¬ 
brates differ hugely in their basic structure, and were long 
considered to be a classic example of convergent evolution. 
However, this interpretation was called into question with 
the discovery of the primary role of Pax6 genes, first identi¬ 
fied as affecting vertebrate eye development and subse¬ 
quently found in Drosophila. Further studies revealed 
another member of the Pax gene family to have a role in 
complex eye development in a jellyfish, suggesting Pax 
involvement in eye development may predate the evolution 
of the common ancestor of both insects and vertebrates. This 
finding suggested that vertebrate and insect eyes could have 
arisen from a proto-eye shared by a common ancestor. Yet 
another (less likely) possibility is that the Pax genes were co¬ 
opted to regulate eye development multiple times during 
animal evolution, and represent a remarkable example 
of convergent evolution on both genetic and phenotypic 
levels. Although these issues have not yet been completely 
resolved, the realization of these complexities of conser¬ 
vation and convergence would not have been possible with¬ 
out molecular genetic studies. A similar depth of study will 
be necessary to untangle these issues for behavior that are 
the apparent result of convergent evolution. 

Evo-devo studies across a diversity of animals includ¬ 
ing butterflies, ants, and stickleback fish have provided 
additional insights into how evolution occurs. In particu¬ 
lar, it has been fruitful to study convergent morphologies 
that have evolved repeatedly in several relatively closely 
related species. Studies of stickleback fish have shown that 
a convergent phenotype (the reduction of bony armor) 
can be attained via evolutionary changes in the same 
molecular pathways, but by altering different individual 
genes within the pathway. On the other hand, studies of 
winglessness in worker ants have shown that the genetic 
pathways that maintain a particular phenotype over evo¬ 
lutionary time can change. Although wing loss evolved 
only once early in ant evolutionary history, the network of 
wing development genes is interrupted at different points 
in different species of modern ants. 

Insights to Be Gained from an Evo-Devo 
Approach to Behavior 

As described earlier, comparative studies of the genetic 
basis for development have uncovered the deep extent of 



502 Development, Evolution and Behavior 


Drosophila embryo 

Head Thorax Abdomen 

-—i ■ i i 


Drosophila 

HoxC 

Hypothetical 
common ancestor 

Amphioxus 
Hox cluster 


Mouse Hoxa 
Mouse Hoxb 
Mouse Hoxc 
Mouse Hoxd 



Mouse embryo 



Figure 1 Diagram mapping hox genes to specific segments in both a Drosophila and mouse embryo. Adapted from Carroll SB 
(1995) Homeotic genes and the evolution of arthropods and chordates. Nature 376: 479-485. 


conservation of gene function across organisms and led to 
a more careful consideration of the roles of conservation 
versus convergence in evolution. The field of evo-devo is 
also beginning to provide broadly generalizable principles 
about the evolutionary process itself, making it all the 
more important for behaviorists to consider an evo-devo 
approach. For example, some authors have suggested a 
shift in the focus of the levels of selection in evolution 
from the gene to the phenotype. In addition, evo-devo 
also forces one to consider the importance of nongenetic, 
or epigenetic , influences on phenotypes, including the 
external environment and social (e.g., maternal) effects. 
Some have suggested that epigenetic effects can lead to 
the evolution of novel phenotypes even before such 
changes are fixed by mutations in the gene sequence. 

The field of evo-devo has led to several main insights, each 
of which can provide useful lessons for the study of animal 
behavior: (1) the importance of changes in gene regulation (in 
addition to changes in coding regions of genes) in generating 
morphological diversity, (2) the idea of a shared ‘genetic 


toolkit’ for development consisting of a core set of deeply 
conserved genes that are used repeatedly across taxa to 
generate diversity in form, and (3) the idea of modularity, 
that is, that morphology can be broken down into several 
distinct components that tend to be repeated in series and can 
be added, deleted, or shuffled, to create novel morphologies. 

The Importance of Gene Regulation 

Mutations in the coding regions of genes can disrupt the 
basic function of a protein, which can have severe if not 
lethal effects on the organism. Alterations in gene regula¬ 
tion involving the timing and location of the expression of 
genes, on the other hand, can result in more subtle 
changes in phenotype. Thus, regulatory changes have 
been proposed to be more likely targets for natural selec¬ 
tion, which could result in more gradual evolutionary 
changes. There is a growing base of examples from 
evo-devo showing the importance of regulatory changes 
in generating morphological diversity. For example, 
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changing the localization of transcripts of specific Hox 
genes can result in a variety of morphological novelties 
ranging from the patterns on butterfly wings to the shape 
and number of appendages. Studies of postdevelopmental 
changes in brain gene expression suggest that this may 
also be generalizable to behavior. Soon after the shocking 
discovery that humans and chimpanzees have 98% of 
their DNA sequences in common, biologists hypothe¬ 
sized that it is differences in gene regulation, rather than 
differences in coding sequence, that must explain the 
huge differences in behavior and intelligence between us 
and them. The application of global gene expression 
analysis to this question has indeed uncovered large- 
scale changes in brain gene regulation between chimps 
and humans. Another example of the importance of gene 
regulation comes from rodents. The localization of vaso¬ 
pressin receptors ( VlaR ) in a brain region (ventral stria¬ 
tum) in several species of voles makes all the difference 
between promiscuous, absentee fathers and monogamous, 
paternal males. 

There are different levels at which changes in gene 
regulation can affect a phenotype — at the transcriptional 
or translational levels. In addition, a distinction has been 
made between two different types of transcriptional 
gene regulation: (1) cis regulatory change - a change 
in gene regulatory sequences that affects transcription of 
a given gene nearby, and (2) trans regulatory change - a 
change in one gene that regulates the expression of other 
genes that may be in a different part of the genome. 
Mounting evidence from developmental biology suggests 
that cis regulatory changes appear to be extremely impor¬ 
tant in the evolution of morphological changes across 
species. More detailed studies of the gene regulatory net¬ 
works that affect variation in behavior both within and 
across species will be needed before an assessment of the 
importanc of cis versus trans regulation can be made for 
the field of behavior. 

Genetic Toolkits for Behavior? 

Studies of the genetic basis of development across a wide 
variety of taxa suggest that the existence of a ‘genetic 
toolkit’ for development, that is, a core set of genes or 
pathways that underlie morphological development and 
that are used repeatedly during evolution to generate 
diversity in body form. Prominent examples from devel¬ 
opment are homeotic (Hox) genes in segmentation and 
Pax genes in eye development across both vertebrate and 
invertebrate animals. Does a similar ‘genetic toolkit’ for 
behavior exist as well? Or do behavioral phenotypes rely 
more on new genes to generate behavioral novelty? Stud¬ 
ies across both vertebrate and invertebrate animals sug¬ 
gest that such toolkits may indeed underlie several basic 
forms of behavior (aggression, reward, and sociality), as 
discussed below. 


Many animals exhibit aggressive behavior, which can 
vary widely in the form of expression (from biting to 
stinging to highly ritualized aggressive displays) and in 
the context in which it is used (i.e., to defend a territory, to 
gain access to mates, to establish a position in a dominance 
hierarchy). Nonetheless, research on the mechanistic basis 
of aggressive behavior in both vertebrate and invertebrate 
animals suggests that these behaviors may share common 
molecular underpinnings. For example, low levels of the 
neuromodulator serotonin affect aggressive behavior in 
mice and have also been associated with impulsive aggres¬ 
sion in humans. In lobsters, both extremely elevated and 
depressed levels of serotonin are associated with increased 
aggression. This is one example of the same molecule 
being associated with aggression across taxa in which 
opposite patterns of regulation can affect similar beha¬ 
viors across species. Thus, the serotonin pathway may be 
evolutionarily labile, that is, easily changed during evolu¬ 
tion to regulate behavioral differences, though the exact 
pattern of regulation may vary across taxa. 

An important aspect of motivation is that the perfor¬ 
mance of some behaviors produce a self-reinforcing sen¬ 
sation of ‘reward.’ The reward system has long been 
known in mammals, typified by drug addictions in 
humans and mice that seek electric stimulation of the 
‘pleasure center’ of the brain in preference to food. In 
vertebrates, the main neurotransmitter that has been asso¬ 
ciated with reward is dopamine. Dopamine is released in a 
certain brain region (nucleus accumbens) in response to 
eating and sexual activity. Elegant work on the molecular 
basis of pair bonding in voles has demonstrated a connec¬ 
tion between expression of the vasopressin VlaR receptor 
in the ventral pallidum, but pair bonding can only occur 
when dopamine is actively present in the same brain 
region, suggesting that pair bonding has evolved to 
become a rewarding stimulus. Recent studies with insects 
suggest that invertebrates possess a reward system not so 
different from that of vertebrates. Research with crickets, 
flies, and honeybees suggest that dopamine instead med¬ 
iates the learning of negative, aversive stimuli whereas a 
related neurochemical, octopamine, can affect learning 
and perception of rewarding stimuli such as food. 

Eusociality, the complex form of social behavior that is 
defined by the presence of reproductive queens and work¬ 
ers that forgo their own reproduction to aid the reproduc¬ 
tion of others has evolved multiple times in animals 
from termites to bees to naked mole rats. With striking 
convergent evolution of social form across such a wide 
variety of animal taxa, the study of the evolution of 
eusociality provides a good system to test for the exis¬ 
tence of a ‘genetic toolkit’ underlying the evolution of 
complex social behavior. It has long been known that 
nutritional asymmetries among individuals within a social 
insect colony relate to differences in reproductive capac¬ 
ity and body form, and contribute to the development of 
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different castes, including kings and queens, workers, and 
worker subcastes that specialize in particular colony tasks. 
Recent studies at the molecular level suggest that certain 
genes or pathways are associated with sociality across 
multiple taxa, many of which relate to nutritional and 
metabolic processes. For example, the storage protein 
Hexamerin is associated with caste differences in distantly 
related insects (termites and paper wasps). In addition, 
genome-wide studies of gene expression have repeatedly 
uncovered important differences in metabolic enzymes in 
numerous lineages (bees, wasps, and ants). Finally, differ¬ 
ences in the regulation of deeply conserved genes that 
control feeding behavior (including the foraging gene and 
the insulin pathway) appear to regulate behavior across 
independently evolved lineages of ants, bees, and wasps. 
These studies suggest that eusociality, a complex form of 
social organization, evolved in part by changes in the 
regulation of deeply conserved genes regulating feeding 
and nutritional physiology. Further studies of the molecu¬ 
lar genetic basis of eusociality in even more distantly 
related taxa, for example, mole rats, will provide a crucial 
test of this hypothesis, and will allow us to assess how 
broadly such a ‘genetic toolkit’ applies. 

The Evolution of Behavioral Modules 

Modules can be defined as distinct phenotypic units, 
developing more or less independently from each other, 
that make up part of a larger whole. It is intuitive that 
animal body plans are modular. Vertebrates have repeat¬ 
ing series of vertebrae, and insect body plans are clearly 
organized into segments - just think of a caterpillar. 
Comparative anatomical studies and gene-level studies 
have shown that such modules can be reorganized to 
give rise to new body structures. Additional modules can 
be added, subtracted, or fused to form new structures. For 
example, in vertebrates, jaws evolved from modular series 
of gill arches in early fish, and skulls from fused elements 
of several vertebrae. In insects, repeated pairs of seg¬ 
mented appendages have evolved into specialized mouth- 
parts and antennae, and the thorax has evolved from the 
fusion of three ancestral body segments. 

Although somewhat less obvious than for morphology, 
some behaviors are also modular in structure. Many 
behaviors can be broken down into constituent parts, 
which often occur sequentially over time. This is true 
for both short-term sequences of behavior and behavioral 
phases that occur over the course of a lifetime. Breaking 
down complex behaviors into smaller component beha¬ 
viors (or behavioral modules) can be a useful entree into 
detailed studies of the mechanisms underlying these beha¬ 
viors. In the following paragraph, two examples of modu¬ 
lar behaviors - one describing a set of behavioral modules 
expressed on a short time scale, and the other involving 
more long-term behavioral phases - are described. In each 


case, modules appear to have been reorganized to generate 
novel forms of behavior during evolution. 

Courtship behavior in Drosophila fruit flies is a complex 
affair. The general sequence consists of several stages (or 
behavioral modules), as follows: first, the male orients 
toward the female; then he taps her with his antennae; 
then he begins singing a courtship song by buzzing his 
wings; then he licks her genitals; then he mounts, and 
finally, if successful, he copulates. This is the general series 
of steps, but the sequence varies across species, with vari¬ 
ous elements that are either prolonged, shortened, or 
elaborated. The courtship song itself consists of modules 
of different forms of sound that vary widely across species. 
Elements of this courtship behavior vary across Drosophila 
spp., and there is evidence that in some cases, differences 
in courtship sequence, especially song, can act as species- 
isolating mechanisms. In the same way in which Drosophila 
courtship songs may help to isolate species, bird songs may 
do the same, facilitated by reorganizing different combi¬ 
nations of trills and whistles, which in some cases appear to 
be behavioral modules of song. 

With regard to eusocial insects, a great mystery that 
has intrigued biologists since Darwin relates to the evolu¬ 
tion of queens and workers. Given the fact that in most 
species, any female egg can become a worker or a queen, 
how can such extreme differences in morphology and 
behavior arise from the same genome? One hypothesis 
utilizes the idea of behavioral modules. If we imagine a 
solitary maternal insect, its behavior can be broken down 
into two distinct behavioral modules: (1) egg-laying and 
(2) maternal provisioning of brood with food collected 
during foraging. It has been suggested that an ancestral 
ovarian cycle consisting of these two basic modules of egg- 
laying and foraging/provisioning could be uncoupled. 
Instead of being separated in time as in solitary maternal 
wasps, the two behaviors could become separated into 
different individuals - queens that focus on egg-laying 
and workers that specialize in foraging/provisioning. 
Thus, worker behavior, which involves caring for siblings, 
may have evolved from maternal foraging/provisioning. 
Recent evidence at the molecular level supports the idea 
that worker behavior evolved from maternal behavior; 
similar patterns of brain gene expression underlie both 
maternal and worker behavior in primitively social Polistes 
metricus paper wasps. 

Further expansions of an ancestral groundplan may 
have occurred among workers later in social insect evolu¬ 
tion, in two contexts. First, colonies show a division of 
labor among nest workers and foragers; nest workers have 
higher reproductive capacity than foragers, and recent 
results suggest that the brain gene expression patterns of 
honeybee nest workers are indeed more queen-like than 
those of foragers. Second, we see a fine-tuned division of 
labor for foraging in honeybees; bees that forage for pollen 
have more well-developed ovaries and higher levels of 
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expression of the egg-yolk protein Vitellogenin than bees 
that forage for nectar. Thus, these two ancestral modules 
of egg-laying and foraging may have been separated mul¬ 
tiple times during social insect evolution to produce 
specialized individuals, giving rise to a division of labor. 


The Co-evolution of Behavior and 
Development 

Thus far, behavior and morphological development as 
separate phenotypic entities have been considered. How¬ 
ever, in many cases, behavior and morphology coevolve. 
This may be due to similar selection pressures causing 
parallel evolution of the two or due to constraints 
imposed by pleiotropic effects of genes that affect behav¬ 
ior and morphology concurrently. As discussed earlier, 
there have been several studies of hormonal effects on 
both behavior and development suggesting the possibility 
of common mechanistic elements to the regulation of 
physiology, development, and behavior. However, to 
date, there have been few studies that have attempted to 
examine whether the same genes or pathways underlie 
both developmental and behavioral differences within 
and across species. This is an area ripe for study, and in 
the following section, two particularly promising models 
for addressing this question are summarized. 

Three-spined stickleback fish (Gasterosteus aculeatus) 
have been important model systems for studying the 
evolution of development. These fish have evolved from 
marine to freshwater forms multiple times in several 
widely separated geographical areas. They thus provide 
a perfect system to examine the roles of conservation 
and convergence in phenotypic (both morphological 
and behavioral) evolution. Each time sticklebacks have 
invaded freshwater habitats, and this has been accompa¬ 
nied by a reduction in the presence of armored plates 
along the lateral side of the body as well as shortened 
pelvic spines, which are protection against predators. In 
many freshwater populations, sticklebacks have further 
diversified into distinct benthic (bottom dwelling) and 
limnetic (surface dwelling) forms, which show differences 
in jaw morphology that are related to differences in their 
feeding habits. These benthic and limnetic forms show 
consistently different patterns of foraging behavior, court¬ 
ship, and aggressive behavior. It remains to be seen 
whether some of the same genes that regulate morpho¬ 
logical differences are also used to regulate behavioral 
differences, or whether different toolkits are employed 
for each. If different tookits exist, it is an intriguing 
question as to whether such toolkits coevolve via common 
regulatory elements that control numerous different path¬ 
ways, or whether there are no such common regulatory 
elements to link pathways. 


Horned scarab beetles are found worldwide, with 
striking variation in the presence/absence of horns and 
in their size and morphology. In some dung beetles, males 
take alternative forms: territorial, large-horned males, and 
nonterritorial small-horned males. The horns are used in 
combat between males for dung resources, and such con¬ 
tests help assure them possession of dung territories and 
access to females. Recent studies have begun to elucidate 
the molecular basis of horn development in dung beetles 
and suggests an important role for the insulin pathway in 
affecting energy allocation to horns (vs. other morpholog¬ 
ical features) resulting in allometric changes in horn size. 
There is also a correlation across species between horn 
size and behavior: beetle species that tunnel into dung 
have large horns, whereas those that roll dung on the 
surface do not. Given the role of various insulin pathway 
genes in regulating feeding and social behavior in insects, 
it will be intriguing to test whether the insulin pathway 
also affects tunneling and aggressive behavior in beetles. 

Future Directions 

Evo-devo has been extremely successful in elucidating 
several important principles about how morphological 
evolution can occur (as described in ‘Basics of Evo- 
Devo’). Notably, the major insights from evo-devo have 
resulted from pairing molecular genetics data with com¬ 
parative methods by studying a wide variety of species. 
The mechanistic basis of behavior, while traditionally 
believed to be harder to dissect than that of development, 
has nonetheless already hinted at similar findings to evo- 
devo - namely, that changes in the regulation of deeply 
conserved genes are likely to result in behavioral evolu¬ 
tion and that a core set of genes, or ‘genetic toolkit,’ may 
be used repeatedly during the evolution of novel beha¬ 
viors. The studies of the mechanisms responsible for the 
evolution of behavior have focused mainly on a handful of 
species (e.g., rodents, honeybees, and fruit flies). Reflect¬ 
ing on the history of evo-devo, it is clear that behavioral 
studies could also benefit greatly from a much expanded 
comparative analysis of behavior. This need may be ful¬ 
filled by a general broadening of the taxa considered for 
comparison to include distantly related species with simi¬ 
lar patterns of behavior. Well-resolved phylogenies are 
needed in order to carefully choose species that are infor¬ 
mative in a phylogenetic context (e.g., species in basal 
lineages or species within a branch of a phylogenetic 
tree that appear to have evolved similar behaviors 
independently). 

One of the main obstacles to such studies has been the 
lack of gene sequence information and genetic resources 
for nonmodel genetic species. New technologies are 
quickly getting around this roadblock. For example, it is 
now possible to manipulate gene expression patterns in a 
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number of model organisms through the use of pharma¬ 
cological treatments or RNA interference (RNAi). In addi¬ 
tion, next generation sequencing methods, which generate 
huge amounts of data at a fraction of the cost of traditional 
sequencing, are improving rapidly. Such methods are now 
being effectively used to generate large databases of 
expressed genes for a wide variety of ecologically and 
evolutionarily important species. 

Such technological improvements can help pave the 
way for new and creative ways to study the molecular 
genetic basis of behavior in a wide variety of species. 
These advances, when coupled with an evo-devo perspec¬ 
tive on behavior, promise to yield major insights into 
behavioral evolution in the near future. 

See also: Caste in Social Insects: Genetic Influences 
Over Caste Determination; Drosophila Behavior Genetics; 
Evolution: Fundamentals; Genes and Genomic Searches; 
Honeybees; Integration of Proximate and Ultimate 
Causes; Play; Social Insects: Behavioral Genetics; Socio¬ 
genomics; Threespine Stickleback; Zebra Finches. 
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Introduction 

Developmental plasticity is central to eusociality. The 
key feature of eusociality is reproductive division of 
labor. One or a few individuals reproduce, while the 
remaining members of a social group serve as workers. 
Such a distinction requires the ability to express the 
behavior and physiology required for reproduction by 
some individuals, and the expression of worker behavior 
without reproduction by others. Thus, developmental 
plasticity enables the expression of worker or reproduc¬ 
tive alternative phenotypes. Some social insects are 
champions of developmental plasticity, producing queens 
and workers of such different morphology that a naive 
observer would hardly guess they were of the same 
species. However, even without such extreme morpho¬ 
logical differentiation between castes, the substantial 
behavioral differences between queen and worker castes 
in the smallest colonies highlight the central role of 
developmental plasticity in social insects. 

In this article, I summarize developmental plasticity in 
reproductive division of labor in some representative 
social invertebrates, principally insects. I then discuss 
the role of developmental plasticity in the evolution of 
eusociality in insects, emphasizing the primitively euso- 
cial species, because these species especially illuminate 
the evolution of division of labor. Developmental plastic¬ 
ity in ants and honeybees is covered by Adam Dolezal’s 
study on caste, and in termites by Judith Korb’s review on 
social evolution in termites. Throughout this article, 
I highlight relevant reviews as a gateway to more detailed 
study. 

In its broadest interpretation, ‘social behavior’ includes 
any interaction between two conspecific animals. Here, 
my focus is on social organization based on reproductive 
division of labor, meaning that only one or a few indivi¬ 
duals in a social group reproduce while the rest serve as 
workers assisting the reproductive individual(s). While 
the term ‘eusocial’ has been subject to constant argument 
and redefinition, the combination of reproductive division 
of labor and cooperative brood care encompasses the core 
of what makes the social insects so interesting to the 
animal behaviorist, regardless of which definition of euso¬ 
ciality one chooses. My focus is on the determination of 
the reproductive division of labor - the factors that influ¬ 
ence the development of an individual into a reproductive 
queen or a nonreproductive worker. 


Developmental plasticity, defined as ‘the ability of an 
organism to react to an internal or external environmental 
input with a change in form, state, movement, or rate ol 
activity,’ is broad enough to include most of animal behav¬ 
ior (see West-Eberhard’s (2003) book for a more detailed 
discussion of this definition). In the context of reproduc¬ 
tive division of labor, developmental plasticity can be 
thought of as the ability of a single genotype to produce 
both reproductive and worker phenotypes. In general, 
social insect caste determination results from develop¬ 
mental plasticity rather than genotypic differences, 
although there are a few instances of genetic caste deter¬ 
mination. By ‘determination,’ I mean the adoption of one 
of two alternative developmental pathways (such as 
reproductive or worker) following a decision point. Prior 
to this determination, the individual has the potential to 
develop along either pathway. The point during develop¬ 
ment at which such determination occurs, and to what 
extent it can be reversed, varies immensely across social 
insect taxa. Except for the termites and the shrimp, all the 
examples discussed below are from the insect order 
Hymenoptera (the bees, wasps, and ants). It must be 
kept in mind that hymenopteran societies are exclusively 
female (males disperse and mate, usually with little role in 
the life of a colony), so the discussion is focused on queens 
and their daughters - workers and gynes. 


Developmental Plasticity and 
Reproductive Division of Labor 

A major theme in social insect developmental plasticity 
is the interaction of nutrition, the social environment, 
and endocrine regulation of reproduction to generate 
two alternative discrete phenotypes: the queen and the 
worker. In small-colony insect societies, these variables 
are integrated through adult behavioral interactions and 
are typically reversible. In larger-colony, more derived 
(socially specialized) species, caste is typically deter¬ 
mined by a nutritional switch during development. If 
nourishment is at a sufficient level when the switch is 
reached (nourishment which is typically under social 
control), endocrine triggers begin development into the 
queen phenotype. If nourishment is low, the immature 
develops along the worker phenotype. In these cases, 
caste is typically not reversible. 
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Adult Determination of Reproductive Caste 

One way to induce worker behavior is for a reproductive 
female to inhibit the reproduction of her daughters who 
would otherwise be fully capable of reproducing on their 
own. This appears to be the case in the neotropical sweat 
bee (Halictidae) Megalopta genalis, which can nest either 
solitarily or in social groups of, typically, 2-3 females. 
Even two-bee nests have reproductive division of labor: 
one female rarely leaves the nest, lays eggs, and has 
enlarged ovaries, while the other forages and has slender 
ovaries. Yet, when queens were experimentally removed 
from these simplest of societies, workers enlarged their 
ovaries and reproduced at the same rate as naturally 
solitary-nesting reproductives in the same population. 
These results suggest that Megalopta females remain toti¬ 
potent, that they are not inherently hopeless reproduc¬ 
tives who have chosen to stay and help, and that caste is 
induced by social interactions between adults. Why these 
females rather than other offspring that left the nest chose 
to stay and work (or why queen dominance was directed 
toward them rather than the other offspring) remains an 
open question. The nature of these interactions in Mega¬ 
lopta is currently under investigation, but research in other 
small-colony halictid bees shows that aggression from the 
queen suppresses ovarian development. 

In one study of the halictid Lasioglossum zephyrum , which 
has somewhat larger colonies than Megalopta , repeated 
nudging from a steel ball manipulated by a magnet simu¬ 
lating queen aggression was sufficient to inhibit ovarian 
development. Further studies of L. zephyrum showed that 
the bees form a dominance hierarchy with the queen at the 
top. Queens directed their aggression disproportionately at 
the worker directly below them in the hierarchy, and, when 
queens were experimentally removed, it was not the high¬ 
est worker in the hierarchy, but the second highest who 
became the replacement reproductive, illustrating the 
cumulative effect of queen aggression. 

Stenogastrine wasps (hover wasps), which recent phylo¬ 
genetic studies show are not monophyletic with the social 
paper wasps discussed later, also have very small colonies 
(as small as two females in some species) and apparent 
adult totipotency. They also form dominance hierarchies, 
and these function as a reproductive queue: the next domi¬ 
nant worker assumes the queen position upon death of 
the current queen. As with the bee Megalopta , there is no 
evidence that wasps that would otherwise be poor repro¬ 
ductives, become workers. Stenogastrines and some other 
primitively social wasps such as Mischocyttarus drewseni 
(Polistinae) are atypical among social insects in that queen 
replacement is relatively frequent. However, even in other 
small-colony species in which natural queen replacement is 
less frequent, the ability of workers to develop into the 
queen caste upon experimental queen removal shows the 
importance of queen dominance behavior in suppressing 
worker aggression. 


Polistes, and Other Independent- 
Founding Paper Wasps (Polistinae) 

By far the most thoroughly studied social insect with adult 
determination of reproductive castes is the paper wasp 
genus Polistes. While Polistes has long been one of the most 
prominent examples in animal behavior of aggression- 
based dominance hierarchies socially regulating reproduc¬ 
tion, it has long been clear that differential larval nutrition 
can influence their future caste. The biology of Polistes is 
relatively similar to the other independent-founding paper 
wasps (i.e., those that initiate a new nest with one or a few 
individuals, rather than a reproductive swarm) in the 
genera Mischocyttarus , Belanogaster, Ropalidia , and Parapolybia. 

A Polistes nest is initiated by a single foundress or a few 
cofoundresses. In cofoundress groups, the wasps establish 
a dominance hierarchy through aggressive interactions. 
The dominant female becomes the queen and may mono¬ 
polize reproduction through suppressing ovarian develop¬ 
ment of the subordinates by physically dominating them 
and by eating the eggs of other females and replacing them 
with her own. Dominant Polistes foundresses meet incoming 
subordinate foragers to receive building material, solid 
food, and regurgitated liquid food through trophallaxis. 
If the subordinate forager resists, the queen often bites 
her until she offers food. Thus, the dominant wasp has a 
twofold advantage in maintaining her status: she avoids the 
energetically expensive task of foraging and can direct the 
flow of food toward herself. 

There is an endocrine component to dominance as well. 
Queens have elevated levels of the hormones, juvenile 
hormone (JH) and ecdysone, both of which increase aggres¬ 
sion. JH is produced by the corpora allata (part of the insect 
brain) and ecdysone by the ovaries. In P. dominulus, corpora 
allata and ovary size correlate with the establishment of 
dominance: wasps with more active endocrine glands are 
more likely to be dominant, and experimental hormone 
treatment affects behavior. Dominant foundresses not 
only had increased hormone titers relative to subordinates, 
but relative to solitary foundresses as well, suggesting both 
social and reproductive influences on hormone titers. How 
JH and ecdysone interact to affect behavior, and the inter¬ 
action and feedback of reproductive and social effects on 
hormone titers are both open questions being pursued by 
current investigation. 

When the first Polistes offspring on a nest emerge as 
adults, they are typically dominated by the queen as 
described earlier for cofoundresses, and as a result, they 
also have small ovaries, lowered hormone titers, and 
develop into workers. However, both subordinate cofoun¬ 
dresses and workers can become replacement queens if 
the original queen dies or is experimentally removed 
while their ovaries are in a developing phase, thus remov¬ 
ing the inhibition on subordinate reproduction. Studies of 
the independent-founding Ropalidia marginata , which has 
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a similar life history as Polistes , suggest that the totipotency 
demonstrated by queen removal studies may not be com¬ 
plete. For example, when young females were isolated, fed 
ad libitum, and allowed to initiate nests alone, many did 
not, despite the complete lack of social competition. 
A later experiment showed that there apparently is a 
reproductive queue within colonies as to which female 
develops into a replacement queen that is not related to 
any observable dominance hierarchy. This illustrates that 
much about the social regulation of developmental plas¬ 
ticity still remains to be discovered, and that it may be 
different in different taxonomic groups of social insects. 

Recently, James Hunt and colleagues, building on both 
their own and others’ earlier studies, proposed that there 
are actually two developmental pathways for temperate 
zone Polistes based on larval nutrition. In one pathway, 
termed ‘Gl’ (first generation), wasps emerge with few 
hexamarin storage proteins and need to feed in order to 
enlarge their ovaries and develop eggs. In the second 
pathway, termed ‘G2’ (second generation), wasps emerge 
with high levels of hexamarin storage proteins and more 
developed ovaries. The importance of hexamarin storage 
proteins, at least in temperate zone Polistes , results from 
the seasonal nature of the colony cycle: colonies are 
founded in the spring, Gl workers produced during the 
summer, and then, in late summer or autumn, a second 
generation of prereproductive gynes is produced. These 
gynes mate, and then go into diapause to survive the 
winter before emerging in spring to initiate their own 
colony. Because diapause is energetically expensive, 
gynes must be provisioned with extra nutrients - the 
hexamarin proteins. While gynes are typically produced 
at the end of the favorable nesting season, experiments 
manipulating larval nourishment show that the Gl or G2 
developmental pathways are determined by levels of lar¬ 
val nutrition. Gl and G2 do not equate with worker 
and queen. Gl wasps may become replacement queens, 
although they are disadvantaged in competing for repro¬ 
duction by their lack of nutrient stores and small ovaries. 
And G2 gynes may end up as subordinate, nonproduc¬ 
tive cofoundresses the subsequent spring. Thus, while 
Polistes females are totipotent, with adult social interac¬ 
tions inhibiting reproductive behavior to create workers, 
the Gl and G2 are apparently worker- and queen-biased 
developmental pathways that predispose females to the 
worker and queen phenotypes, respectively. 

An obvious question raised by this work is, what about 
the tropics? Despite the lack of winter, most tropical envir¬ 
onments have a wet and dry season, only one of which 
may be favorable. Thus, there may still be production of 
‘immediate worker’ and ‘future reproductive’ phenotypes, 
although this remains to be tested. Also, in the tropical 
Polistes studied to date, colonies do not last forever, even 
though they often last through more than one wet and dry 
season, suggesting that even if a colony cycle is not imposed 


by winter, there may still be a terminal period in some 
species during which the colony switches from provisioning 
for Gl females and switches to G2’s. This possibility should 
be examined though to date there is no evidence for it in 
tropical Polistes. Some species of Polistes , and other tropical 
social wasps, such as Ropaladia marginata and the Stenogas- 
trines, have apparently evolved division of labor without 
determinate nesting cycles. The applicability of the G1-G2 
developmental pathways to nondiapause tropical Polistes 
(not to mention the little-studied basic biology of most 
tropical Polistes and other paper wasps) is an open question. 
Likewise, the extent to which gyne- and worker-biased 
developmental pathways are common to other small- 
colony, primitively social insects, and the seasonal repro¬ 
ductive characteristics of nonworker-containing species 
closer the threshold of sociality, remains to be studied. 

Morphological Castes 

In many primitively social insects in which caste results 
from aggressive interactions, body size plays an important 
role, possibly because it confers an advantage in aggressive 
interactions. For instance, Megalopta bee foragers tend to 
be smaller than dispersing reproductives and larger Lasio- 
glossum bee foragers are more likely to become replace¬ 
ment queens. Nevertheless, in all these groups, size is only 
a weak correlate of caste, and is often less important than 
other factors, such as age or timing of emergence from 
diapause. In some other social insects, queens and workers 
fall into discrete morphological distributions. The Hyme- 
noptera (the bees, ants, and wasps) are holometabolous 
insects, meaning that after larval growth, they pupate and 
then undergo a final molt into their adult body. Adults 
cannot grow or shrink, and cannot change the shape of 
their exoskeletons. Thus, discrete morphologies between 
castes indicate discrete preadult developmental pathways. 
The divergent pathways usually result from a nutritional 
switch based on differential larval provisioning. For 
instance, in one of the best-studied examples, honeybee 
(Apis mellifera) larvae fed with royal jelly (a substance 
produced by the workers) rather than the typical worker 
diet will experience a rise in JH titer during the fourth 
and fifth larval instars. Queen and worker developmental 
trajectories diverge after this point. However, artificial 
supplementation of food for worker-destined larvae, or 
experimental treatment of these larvae during the fourth 
and fifth instar with JH can cause the larvae to develop 
as queens. Thus, in honeybees, a nutritional switch trig¬ 
gers an endocrine response that separates the queen and 
the worker developmental pathways. The timing of this 
switch during development is variable across social insect 
groups, and can be as early as the egg stage in some ants 
(queen-destined eggs are supplemented with more nutri¬ 
tion than worker-destined ones). Earlier divergence 
between queen and worker trajectories permits more 
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caste-specific development time, and thus the potential 
for more morphological differences between the castes. 

Developmental Plasticity in Termites 

Termites are members of the order Isoptera, which is 
hemimetabolous. This means that, in contrast to holome- 
tabolous insects such as the Hymenoptera, they can con¬ 
tinue to molt throughout their adult life. In most groups of 
termites, ‘workers’ are undifferentiated immatures that do 
little to help rear offspring and can potentially develop 
into replacement reproductives, dispersing winged repro- 
ductives, soldiers (morphologically specialized nest defen¬ 
ders), or remain as undifferentiated workers. Both sexes 
can become workers. Termites have both morphological 
castes and a potential for adult caste determination. While 
all termite lineages exhibit extreme developmental plas¬ 
ticity through sequential molts, the details of caste and 
caste plasticity differ dramatically between groups. For 
example, in some termites, certain castes are limited 
to only one sex. A more detailed discussion on develop¬ 
mental plasticity in termites is discussed elsewhere in this 
Encyclopedia. 

Developmental Plasticity in Social Shrimp 

A social system remarkably similar to the termites in 
many respects has evolved in Zuzalpheus snapping shrimp 
(Crustecea), which live inside tropical marine sponges. 
Like termites, most nonreproductives are morpholog¬ 
ically undifferentiated immatures. Also, like termites, 
because these shrimp live inside their food source, they 
do not require active provisioning of offspring, but do 
require the nest defense of morphologically specialized 
soldiers. Unlike any of the social insects, the queen con¬ 
tinues to grow through successive molts. A review of the 
social snapping shrimp is discussed elsewhere in this 
Encyclopedia. 


Developmental Plasticity and the 
Evolution of Reproductive Division of 
Labor 

From one perspective, the transition from solitary living to 
social groups with division of labor represents the origin of a 
spectacularly successful new phenotype. Social insects are 
widespread, ecologically important, and speciose. However, 
from the perspective of developmental plasticity, the queen 
and the worker phenotypes are simply incomplete versions 
of the ancestral solitary bee or wasp: queens are reproduc¬ 
tives who do not provision their young, and workers express 
parental care without ever reproducing. The challenge for 
understanding the evolution of reproductive division of 


labor, then, is to understand how reproduction and provi¬ 
sioning were uncoupled into queen and worker phenotypes. 

Mary Jane West-Eberhard proposed the ‘ovarian 
groundplan hypothesis’ to explain how reproduction and 
provisioning could be uncoupled. The hypothesis is based 
on the links between ovarian development, hormone 
expression, and competitive behavior in solitary wasps 
and bees when found in groups. A typical reproductive 
female solitary wasp develops eggs in her ovaries. As the 
egg nears maturation, she constructs a cell in which to lay 
the egg. When the egg is fully developed, she lays the egg 
in the cell. In at least some progressively provisioning 
species, her ovaries are then significantly smaller than 
before, due to the recently laid egg. The solitary progres¬ 
sively provisioning female wasp at that phase of her cycle 
forages for prey with which to provision her offspring. 
Thus, the wasp undergoes ovarian enlargement, with 
accompanying queen-like behavior (building a new cell 
and laying an egg), and ovarian diminishment, with 
accompanying worker-like behavior (foraging). The link 
between ovarian physiology and behavior is hormones — 
specifically JH. JH presumably increases with ovarian 
enlargement and decreases with ovarian diminishment, 
though this has not been studied in any solitary progres¬ 
sive provisioner. As discussed earlier, JH also increases 
aggressive behavior. Thus, a reproductive could dominate 
and withhold nourishment from her daughter such that 
the daughter could not respond to rising JH levels with 
ovarian development, leaving her ‘socially castrated.’ This 
subordinate would thus be ‘stuck’ in the foraging phase of 
the ovarian cycle, resulting in a two-wasp group with 
reproductive division of labor. 

The behavioral sequence described by West-Eberhard 
is common among solitary wasps. JH expression is sensitive 
to nutritional and social influences. The links between 
ovarian development, hormone expression, and behavior 
are all supported circumstantially by data from other soli¬ 
tary insects (e.g., Drosophila and locusts) or social Hymen- 
toptera (best studied in Polistes and honeybees), but have 
never been tested in a solitary bee or wasp. Many ‘solitary’ 
bees and wasps often cohabit a nest, either as groups of 
reproductives or as mother-daughter associations, and 
often establish dominant-subordinate relationships with 
queen-worker like behavioral patterns. However, the extent 
to which these then suppress ovarian development and 
associated hormone expression, and the circumstances 
that lead socially castrated females to stay on the nest rather 
than flee, remain to be tested. 

Some of the strongest empirical support linking repro¬ 
ductive physiology to the expression of worker behavior 
comes from work done by Rob Page, Gro Amdan, and 
colleagues on artificially selected strains of honeybees 
(Apis mellifera) in the framework of the reproductive 
groundplan hypothesis. The different terminology (repro¬ 
ductive vs. ovarian) connotes a focus not just on ovarian 
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and endocrine regulation, but reproductive physiology 
and genetics more broadly The ovarian groundplan 
hypothesis originated from studies of honeybee lines sub¬ 
ject to long-term artificial selection for or against the 
colony-level trait of pollen hoarding. Workers from the 
pollen hoarding line show a suite of traits suggesting a 
predisposition toward reproduction, while those from 
lines selected not to hoard pollen lack this predisposition. 
It should be noted that these studies are not of bees 
predisposed for queen or worker caste fate, but among 
workers. Workers typically do not reproduce in honeybee 
colonies except in the absence of the queen when they may 
lay unfertilized male eggs. These studies demonstrated a 
difference in foraging preference (high-pollen strain bees 
tend to forage for pollen, while low-pollen strain bees 
forage for nectar). This preference was linked not only to 
behavioral and sensory traits affecting foraging, but also 
reproductive development and physiology. Most notably, 
high-pollen females emerged with larger ovaries and 
higher titers ofJH and vitellogenin, the egg yolk precursor 
protein. Given that solitary insects typically forage for 
carbohydrates (e.g., nectar) when not engaged in reproduc¬ 
tion and forage for protein (e.g., pollen) when developing 
eggs, these results are consistent with the hypothesis of 
social insect reproductive castes evolving from solitary 
ancestral behavioral regulation. 

Because honeybees are model organisms amenable to 
lab work and with a sequenced genome, ongoing research 
has elucidated the genetic and endocrine signaling and 
regulatory mechanisms of the reproductive and behav¬ 
ioral differences exhibited between these two strains of 
workers in spectacular detail. However, because honey¬ 
bees are highly derived social species and the reproduc¬ 
tive groundplan hypothesis addresses only differences 
between workers, the question of the origins of reproduc¬ 
tive division of labor remains open. Future studies using 
the considerable genetic and physiological insights from 
honeybees to test hypotheses for the regulation of repro¬ 
duction and behavior in solitary and primitively social 
bees and wasps will be especially useful in this regard. 

One such study by Toth and colleagues used data from 
the sequenced honeybee genome and associated studies of 
gene expression, caste, and physiology to test gene ex¬ 
pression patterns in Polistes metricus. Genes associated with 
foraging and reproduction, respectively, in honeybees 
were similarly expressed in P. metricus , suggesting that 
similar modifications of nutritional and reproductive 
physiology were involved in the independent evolutions 
of sociality in both groups. Moreover, independent 
P. metricus foundresses (who had to provision offspring 
as well as reproduce) showed similar patterns of gene 
expression as later workers (who provisioned without 
reproducing), supporting the hypothesis that worker 
behavior derives from ancestral reproductive maternal 
behavior, minus the reproduction. 


Conclusion 

Developmental plasticity permits social insects to express 
either reproductive queen or nonreproductive worker phe¬ 
notypes depending on their environment and nourishment. 
In small-colony species, worker reproduction is inhibited 
by social competition, including overt aggression and 
queen control of nutrition. In larger-colony, more derived 
species, a developmental switch determined by larval 
nutrition (itself under social control) typically determines 
the expression of queen and worker phenotypes. 

The evolution of queen and worker phenotypes likely 
resulted from subjecting the ancestral solitary reproduc¬ 
tive physiology to social control in order to decouple 
reproduction and associated parental behaviors. Recent 
genetic and physiological studies have strongly supported 
the hypothesis that queen and worker phenotypes did not 
evolve de novo, but from selectively modifying the ances¬ 
tral solitary reproductive system. Future studies com¬ 
paring other species to the well-studied Polistes and 
honeybees will be crucial for testing current hypotheses 
for the evolution of division of labor. For instance, despite 
frequent invocation of the ‘solitary ancestor,’ endocrine 
control of reproduction and behavior has not been 
measured in detail in a solitary bee or wasp species. 
Understanding the physiological development of caste 
in these species, as well as facultatively social and other 
primitively social species, will greatly expand our knowl¬ 
edge of how developmental plasticity in the expression of 
reproductive castes evolved. 

See also: Caste Determination in Arthropods; Crustacean 
Social Evolution; Termites: Social Evolution. 
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Introduction 

The social amoeba Dictyostelium discoideum is an odd model 
system for behavior: it lacks a nervous system, is not an 
animal, and is usually single-celled. On the other hand, it is 
hard to imagine an organism more ideally suited to advanc¬ 
ing our understanding of social behavior. Its social life is 
fascinating, and tools developed by hundreds of cell and 
molecular biologists over the last few decades allow a gene- 
based approach to understanding its sociality. Studies of 
Dictyostelium provide a crucial independent test of social 
evolution theories, since these theories were developed with 
social insects and vertebrates in mind, not social amoebae. 

D. discoideum is a eukaryote that lives most of its life as 
independent amoebae in the forest soil, eating bacteria, 
and dividing about around every 4 h when food is abun¬ 
dant. But when they run out of food, a much more intense 
social stage begins (Figure 1). The amoebae aggregate in 
thousands and form a multicellular motile organism. Ulti¬ 
mately, the multicellular slug organizes itself into a fruit¬ 
ing body in which about 25% of cells die to form a rigid 
cellulose-walled stalk while the other cells form hardy 
spores at the top of the stalk, where they are more likely 
to be dispersed. The group of spores is called the sorus. 
This is one-stop sociality, with a single, magnificent altru¬ 
istic act by some formerly independent cells that benefits 
the rest. It can be compared both to a major transition to 
multicellularity and to the altruism of social insect work¬ 
ers. In some ways, the social-insect comparison is apt 
because, unlike most multicellular organisms, which con¬ 
sist of clones of cells, dicty arrives at multicellularity by 
aggregation. Therefore, as in social insects, we might 
expect both altruism favored by kin selection and conflicts 
between the different genotypes in an aggregation. Given 
the genetic tools available for dicty, the potential for 
understanding the mechanisms of altruism and the con¬ 
trol of conflict in this organism is great, making it a rich 
field for graduate students. This piece introduces the 
group, points out some of the most important molecular 
and genomic tools, summarizes what is known of its social 
behavior, and suggests promising future directions. 

Background 

Where Is Dictyostelium on the Tree of Life? 

D. discoideum is the best-studied member of the Dictyos- 
telia which is in the Amoebozoa, a kingdom that is sister 


to the node that is made up of animals and fungi. We will 
henceforth call D. discoideum by its vernacular name, dicty. 
Other members of the Dictyostelia are much less studied 
and have not acquired common names, and so will be 
referred to by their scientific names. Dicty occupies a 
fascinating place on the Tree of Life, with many cellular 
processes shared with fungi and animals, including 
humans. 

There are about 80 named species in the Dictyostelia, 
but it is clear that this number will increase greatly as 
more wild-collected clones are sequenced. The named 
species are divided into four main groups, with genetic 
divergence between them as great as that between hydra 
and humans. Dicty is in Group 4, the dictyostelids, 
according to an excellent recent phylogeny from the 
Schaap and Baldauf groups (Figure 2). This group has 
the hardiest, most easily cultured species. 

Polysphondylium is a name given to some Dictyostelids 
with branched fruiting bodies that are imbedded in the 
Dictyostelium phylogeny, and so should not really have a 
different genus name (Figure 2). It can be seen that 
P. violaceum is in or close to the dictyostelids, while 
P. pallidum is in Group 2, the heterostelids. Another genus 
embedded in Dictyostelium is Acytostelium , a small apparently 
monophyletic group of species characterized by a social 
stage that does not require the sacrifice of any cells in the 
heterostelids. Instead, it forms tiny stalks entirely from 
cellular secretions. It will be made clear later that social 
variation in the Dictyostelia greatly enhances their value as 
a model social group. 

Where Dicty Lives 

Dictyostelia live in the upper layers of soil where they are 
predatory on bacteria, eating them by engulfment. Dicty 
is particularly common in autumn when leaf litter is 
abundant. Some species are more widespread than others, 
with D. mucoroides and P. violaceum among the most ubiq¬ 
uitous. Dicty was first described by Kenneth Raper from a 
site just off the Blue Ridge Parkway near Mount Mitchell, 
NC, USA. It is abundant in forest soils of the Appala¬ 
chians above about 1000 m elevation, but it also occurs 
generally in the eastern United States, with collections 
made from Houston, TX, to northern Minnesota and 
Massachusetts. Other samples assigned to this species 
have been collected as far South as Costa Rica. It has 
also been found along the eastern coast of Asia, including 
China and Japan, but not in Europe or Africa. 
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Figure 1 The life cycle of Dictyostelium discoideum. (1) A hardy 
spore which can last for years in the soil germinates, releasing a 
motile amoeba. (2) The haploid amoeba hunts bacteria, eats 
them, and grows. There are several kinds of social 
communication among amoebae, including quorum sensing. 

(3) After about 4 h of eating, the amoeba divides mitotically. 

This individual stage can last for months. (A) When food becomes 
scarce, under certain conditions, a sexual stage is initiated. 
Amoebae aggregate, and the first two individuals of opposite 
mating types fuse, forming a diploid individual. Thousands of 
others join the aggregate, and amazingly are consumed by the 
zygote, which becomes a giant cell. This giant cell undergoes 
meiosis and then divides many times. (B) A hardy macrocyst is 
formed of recombined spores. (4) Another pathway can also result 
from food scarcity: the asexual multicellular pathway which is 
initiated with aggregation. (5) A motile multicellular slug visible to 
the human eye is formed, and this slug migrates toward heat and 
light. (6) At a new location, if it has migrated, the slug reorganizes in 
a form called a Mexican hat. (7) The cells form a sorocarp or 
fruiting body in which about 20% of cells die to form a stalk which 
the other cells flow up and become hardy spores at the top. 

Life Cycle 

There are three important cycles in the life of dicty, 
asexual division, sexual aggregation and meiosis, and the 
social cycle (Figure 1). During the feeding stage of their 
life, dicty exists as independent amoebae that move 
through the soil by advancing pseudopods and engulfing 
any bacteria they encounter. The amoebae divide about 
every 4 h when bacteria are plentiful (Figure 1, steps 
2 and 3). At this stage in their life, their existence is 
essentially solitary since they do not depend on others 
to eat, move, or divide. However, it is clear that commu¬ 
nication among amoebae is maintained through small 
signaling proteins like CMF and PSF, which function as 
quorum sensing molecules and more. This communica¬ 
tion is important because starvation may be near, and this 
is when either the social stage or the sexual stage begins. 
When an amoeba has stopped finding enough bacteria for 
food and senses that there are sufficient other amoebae 
nearby, a dramatic change transpires. When starvation 
occurs in dark, moist, warm conditions lacking in phos¬ 
phorus, with calcium present, the sexual stage is initiated 
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Figure 2 The Dictyostelidae is divided into four groups, each 
represented here by two to five species: Group 1, the 
parvisporids; Group 2, the heterostelids; Group 3, the 
rhizostelids; and Group 4, the dictyostelids (following Schaap 
et al., 2006). The group is as diverged as hydra to human, or all of 
animals, but does not show nearly that much morphological 
variation. The group is made up of three previously named 
genera, Dictyostelium, Polyspondylium, and Acytostelium. Only 
Acytostelium is monophyletic. Please see text for information on 
these species. Drawings are not to scale. The species indicated 
here are D. parvisporum, D. aureo-stipes, Acytostelium 
leptosomum, Polysphondylium pallidum, D. caveatum, 

D. minutum, P. violaceum, D. citrinum, D. discoideum, 

D. purpureum, and D. mucoroides. Schaap, P., T. Winckler, et al. 
(2006). “Molecular phytogeny and evolution of morphology in the 
social amoebas.” Science 314: 661-663. 


(Figure 1, steps A and B). Two cells of opposite mating 
types fuse, forming a diploid zygote. During the amoeba 
stage, the cells are haploid, so no change is necessary 
before fusion. The zygote is attractive to the thousands 
of nearby amoebae, which are engulfed and eaten by the 
zygote, which grows to an enormous size (for a dicty), 
forming a macrocyst (Figure 3(d)). The macrocyst then 
divides meiotically and then mitotically to form thousands 
of recombinant cells. Unfortunately for students of the 
system, laboratory conditions for hatching these recombi¬ 
nant cells have not been well worked out. 

Under the multicellular system, there is little cell 
division and no recombination (Figure 1, steps 4-7). 
The starving amoebae begin to signal to each other with 
cAMP released to the environment. They not only release 
cAMP, but also move toward it. They elongate as they 
move, and a cAMP gradient is produced along their cells, 
so others move toward the end that is away from the 
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Figure 3 Multicellular stages of Dictyostelium discoideum. (a) Aggregation of formerly independent cells into a multicellular body, 
(b) Motile multicellular slug moving towards light, (c) Fruiting body consisting of a basal disc, a stalk, and a sorus, or spores. The 
basal disc and the stalk are formed of formerly living amoebae that have died to form this supporting structure, (d) Macrocysts, the 
sexual stage of D. discoideum. (Courtesy of Owen Gilbert). 

highest concentration. As more and more starve, they 
concentrate in great streams of dicty cells, flowing toward 
a center in a process called aggregation (Figure 3(a)). 

After a few hours, this center concentrates into a mound, 
which then elongates slightly and begins to crawl around 
toward light and heat and away from ammonia (Figure 3(b)). 

This translucent slug looks like a tiny worm, but differs 
from it in some important ways. As it crawls through a 
sheath largely made up of cellulose, it drops cells at the 
rear, and these cells can feed on any bacteria they discover, 
effectively recovering the solitary stage. The slug moves 
more quickly and farther than any individual amoeba could 
move: an important advantage to the social stage. Though 
the slug lacks a nervous system, there are differences among 
the constituent cells. Those at the front direct movement 
and ultimately become the stalk. There is a recently discov¬ 
ered class of cells called sentinel cells that sweep through 
the slug from front to back picking up toxins and bacteria, 
functioning simultaneously as liver, kidney, and innate 
immune system, before they are shed at the rear of the slug. 

move farther and for a longer time when the 
environment lacks electrolytes, when it is very moist, 
and when there is either directional light or no light. 

When they cease moving, the cells of the slug concen¬ 
trate into a tight form known as a Mexican hat. Then, 



in a process called culmination, the cells that were at 
the front of the slug begin to form cellulose walls and 
to rise up out of the mass as a very slender but rigid 
stalk (Figure 3(c)). These cells die. The remaining 
three-quarters or so of the cells flow up this stalk, 
and at the top they form hardy spores. At this point, 
the spores, stalk, and basal disk comprise an erect 
structure called a fruiting body (Figure 3(c)). 

Thus, some of the cells sacrifice their lives so that the 
others may rise up and sporulate a millimeter or so above 
the soil surface, or into a gap between soil particles. 
Others sacrifice themselves as sentinel cells picking up 
toxins and bacteria as they made their way through the 
slug. Still others were shed from the rear of the slug 
during their normal movement. If these do not encounter 
bacteria, or enough other shed cells to form a new, smaller 
fruiting body, then they also perish. 


How Dictyostelids Are Obtained, Collected, 
and Cultured 

Many studies can be performed using previously col¬ 
lected clones obtained from the stock center for the 
price of postage. This stock center is accessed through 
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www.dictybase.org and preserves thousands of clones. 
Most of these are genetically modified versions of the 
type clone, NC4. Early modifications allowed for growth 
in a bacteria-free shaking medium; these axenically grown 
clones are referred to as Ax4 and related names. There are 
many clones that have one gene knocked out that are of 
interest to students of social genes. The stock center also 
has hundreds of unmodified clones collected from the 
wild. Many are dicty, but there are also quite a few other 
species represented in this stock center. There the clones 
are preserved in liquid nitrogen tanks, and shipped out on 
request to researchers. 

It is a lot of fun to culture your own dicty or other 
Dictyostelids from the wild. This process involves placing 
a few drops of a dilute soil sample on a weakly nutritive 
agar plate that has been previously inoculated with a 
bacterial strain to provide food for the Dictyostelids. 
The isolation process is basically a race to visualize 
and isolate Dictyostelids from competing fungi, bacteria, 
and other living organisms. Detailed instructions for 
collecting soil samples and culturing and isolating Dic¬ 
tyostelids are at the www.dictybase.org and www.ruf.rice. 
edu/~evolve. 

What Can Sociobiology Tell Us About 
Dicty? 

What Are the Benefits to Grouping in Dicty? 

The social stage in the dicty life cycle involves the clear 
cost of death for about a quarter of all cells, and so there 
should be a compensating advantage. This advantage can¬ 
not accrue to the dying cells, but there could be a kin- 
selection benefit to genetically identical clonemates 
that joined the same aggregation. We first discuss the 
advantages, then the disadvantages, to grouping with non- 
clonemates, and then the genetic relatedness within coop¬ 
erating groups. 

An early stage in aggregation is the slug, which can 
move tens of centimeters, through a protective cellulose 
sheath. This movement may bring the constituent cells 
to a new location where bacteria are more plentiful. 
Cells that are shed during movement can themselves 
take advantage of any food sources that are encountered. 
Clearly, movement is facilitated by the social stage com¬ 
pared to the movement of individual amoebae, and it 
occurs in the relative protection of the cellulose sheath. 
Slugs made up of larger numbers of amoebae move far¬ 
ther than those with fewer amoebae. Once the slug has 
finished moving, it forms a stalk of dead cells that the 
living cells migrate up. This stalk provides a benefit in 
lifting the spores above the substrate where they can 
sporulate and where dispersal is facilitated. Larger groups 
both make longer stalks and invest a slightly smaller 
proportion of individuals in the stalk. Nearly all species 


except dicty form a stalk from the beginning of migration 
(instead of a free slug), which facilitates gap crossing in 
the three-dimensional soil matrix, but it means that cells 
die and are lost from the migrating group. This places a 
cost and a limit on the distance traveled. 

What Are the Costs of Grouping with 
Nonrelatives in Dicty? 

The advantages to grouping in dicty may not accrue 
equally to all genotypes if multiple genotypes are repre¬ 
sented in a single fruiting body. In particular, clones that 
succeed in avoiding contributing to the dead stalk cells 
will be more represented in the next generation. Some 
clones may be able to avoid stalk contribution when 
paired with others. When two clones are mixed, one 
often predominates among the spores while avoiding 
contribution to the stalk cells. In a round robin tourna¬ 
ment, where every clone is paired against the others, 
there is a dominance hierarchy in which some clones 
consistently dominate in spore contribution. This is 
interesting and puzzling, for if they are consistently 
dominant, we would not expect the losing forms to 
persist in nature, particularly in the same habitat. This 
puzzle can be solved if different clones dominate under 
different conditions, if there are tradeoffs in dominance, 
or if the environment is changeable enough that the 
system is not at equilibrium. This result that clones 
compete in fruiting bodies and do not pay the costs of 
stalk formation equally is interesting and important and 
sets the stage for future investigations. 

If there is conflict within an aggregation regarding 
which becomes spore and which becomes stalk, we expect 
that it may also be expressed earlier, as the slug migrates. 
Since the front of the slug is the organizing center that 
directs movement and later becomes stalk, cells in a 
chimera of two or more clones may be less willing to 
join this altruistic region, and this hesitancy may slow 
slug movement. This is exactly what happened. For a 
given number of cells, chimeras moved less far than pure 
clones (Figure 4). 

What Is Relatedness Within a Dicty 
Fruiting Body? 

One of the challenges of working on a microorganism is 
that they are hard to see. Even though fruiting bodies of 
dicty measure 1-4 mm and so are visible without magni¬ 
fication, they are hard to find in forests. Naturally occur¬ 
ring fruiting bodies on deer feces were first seen near the 
main building at Mountain Lake Biological Station on 
15 October 2000. However wild-collected fruiting bodies 
were not successfully genotyped until a few years later, 
and those on dung exhibited high genetic relatedness of 
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Chimeric slugs move less far 




N = 30, ANOVA, p<0.03 
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Figure 4 When equal numbers of cells are mixed, those made up of multiple clones produce slugs that travel less far toward light 
(Foster et al., 2002). 


close to 0.90 within fruiting bodies. This is estimated from 
spores, not stalk, since it has not yet been possible to 
genotype dead stalks. Within 0.2 g soil samples, there 
can be as many as six genetically distinct clones repre¬ 
sented, but we do not know at what frequency they form 
chimeric fruiting bodies. This is an area that could use 
more work. 

Does Dicty Recognize Kin? 

If dicty can recognize and exclude nonkin, then exploita¬ 
tion by nonrelatives will not be a big problem. Most 
experiments that take clones from a single location indi¬ 
cate that there is considerable mixing with nonkin. How¬ 
ever, a study that investigated chimera formation of clones 
from a wide geographic range found that genetically 
distant nonkin clones mix less freely. More work in this 
area is needed. 

Clearly, dicty has a social structure that is amenable to 
further study. It has a solitary and a social stage. In the 
social stage, it is clear who is benefiting and who is paying- 
costs. Genetic diversity occurs at a scale where interac¬ 
tions are likely. Chimeric groups show costs compared to 
groups of pure clones, as would be expected with social 
conflict. The standard variables of sociobiology, costs and 
benefits, relatedness, and recognition, are all important 
in dicty and can be both manipulated and measured. 
An exciting frontier involves experimental evolution, 


since dicty goes through its social stage in only a few 
days. Much can be learned from dicty. In the following 
section, we discuss how the availability of genetic 
approaches makes the system even more attractive. 

What Can Dicty Tell Us About 
Sociobiology? 

Does Cheating Have a Genetic Basis? 

One of the advantages to a microbial system is that genes 
can be knocked out and the impact of their lack can be 
evaluated. In dicty, one way this is achieved is by a process 
known as REMI, restriction enzyme mediated integration. 
It is used to insert a labeled cassette conferring antibiotic 
resistance into the DNA at sites cut by the cointroduced 
restriction enzyme. Dosages are tweaked so each cell 
receives either no insertions or a single insertion. Then 
those lacking insertions are killed with an antibiotic. The 
pool of mutants can be selected. 

One of the most interesting selections for students of 
social behavior involved favoring knockout mutants that 
increased the knockout’s ability to become spore and not 
die as stalk. The process to attain these knockout mutants 
involved beginning with a pool of knockout mutants and 
allowing them to form fruiting bodies repeatedly, with 
each round beginning with spores from the previous 
round. Thus, knockout mutants that preferentially attain 
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spore status will be overrepresented. The hundred or so 
genes identified using this process are a rich source of 
future study subjects. The molecular pathways involved in 
cheating are diverse and worthy of further study. Never¬ 
theless, we know something about how some specific 
genes influence social competitiveness. 

How Is Cheating Controlled in Nature? 

Cheating in natural populations of dicty presents a num¬ 
ber of problems. If cheating is common, then social coop¬ 
eration itself can be threatened. This is so because a clone 
would not benefit from sociality if it became stalk while 
another clone became the fertile spores. If a gene con¬ 
ferred an advantage to its bearer in all environments, then 
it might increase in frequency until it was fixed in the 
population. Cheating can be controlled if the amoebae 
that aggregate together are highly related because then 
the benefits of cooperation would go to relatives and 
cheaters would cheat other cheaters. 

A mutant that is a cheater but confers a cost on its 
bearer in terms of fruiting body success will spread only 
when it is the rarer partner in a fruiting body. A study of 
the gene fbxA—, also known as chtA—, showed that the 
knockout mutant was consistently a cheater, becoming 
overrepresented among the spores compared to the fre¬ 
quency in the original mixture. However, another impact 
is that chimeric mixtures produced fewer spores, and 
fbxA— by itself produced defective fruiting bodies with 
essentially no spores. The cost of this cheater mutant 
means that it can only thrive at low frequencies with 
respect to this locus, when it is in a minority in the fruiting 
body and can exploit other genotypes. In fact, the point 
where the advantage of cheating crosses the loss of spore 
production is at a frequency of only 0.25, much lower than 
that found in wild fruiting bodies. Thus, it is no surprise 
that in a search of morphologically defective mutants 
among wild-collected spores none were found in a sample 
of 3316 spores. 

Pleiotropy is another way that cheating may be con¬ 
trolled. If a gene that favors a fair balance between spore 
and stalk also has some other essential function, then it 
could not easily be defeated. This is so because it would 
also lose the essential function. Such a gene is dimA. When 
this gene is knocked out, the bearer cannot respond to 
differentiation inducing factor, DIF, a hormone that is 
normally produced by the spores that will become spore 
and induces other cells to become stalk. The dimA— cells 
do not respond to DIF and in the slug stage appear to 
cheat by contributing less to the prestalk region. But by 
the time the fruiting body is formed, they are actually 
underrepresented among the mature spores, because 
wild-type cells have actively transdifferentiated from pre¬ 
stalk to prespore. The loss of an essential function, whose 
exact nature is still unclear, means that dimA— cells cannot 


lose cooperation and become cheaters, without losing 
more fundamentally in other ways. 

What Is the Evidence for a Green Beard 
Gene in Dicty? 

Hamilton realized that if a single gene encoded (1) a 
recognizable signal, (2) recognition of the signal in others, 
and (3) altruistic behavior toward bearers of the gene, 
then altruism could evolve with respect to this gene, no 
matter what its implications were for the rest of the 
bearer’s genome. Dawkins quickly picked up on this and 
called the trait a greenbeard gene, where the recognizable 
trait is a green beard, but he considered genes with such 
complex effects improbable. Haig wisely surmised that 
if there are greenbeard traits, a possible candidate would 
be an adhesion gene, since in this case the multiple func¬ 
tions might be unseparable. It seems that the dicty gene 
csaA functions in this way. It is a homophilic adhesion 
gene. When this gene was first successfully knocked out, 
the knockout appeared to function as well as the wild- 
type. But then the investigators realized that in a chimera 
with its parent, on agar, it was a cheater, contributing 
more than its fair share to the spores. This was so because 
the reduced adhesion caused it to slide to the back of 
the slug where prespore cells are found. But this reduc¬ 
tion in adhesion had another effect. On agar, the csaA 
knockouts suffered no deficits in aggregation, but on 
soil, their reduced adhesion meant that they often failed 
to make it into the fruiting body. On soil, chimeric mix¬ 
tures produced fewer knockout mutant spores. Thus, csaA 
is a greenbeard gene. The recognition and the action 
are the homophilic binding. The binding likewise ensures 
that the altruism is directed preferentially toward those 
that share the gene. 

One might wonder whether variation in the csaA gene 
contributes to present day recognition among clones. 
Apparently it does not. There is little variation in the 
gene as seen in present populations. This may be some¬ 
thing else expected from a greenbeard gene. It has become 
fixed in a form such that everyone has the recognized 
trait, the ability to recognize, and the altruistic behavior, 
so discrimination, stable or unstable, based on this locus, is 
no longer possible. 

Clearly, this is only the beginning of a very interesting 
period of research as genes for social traits in dicty are 
discovered and characterized, leading to new insights into 
social behavior and evolution. 

How Does Social Behavior Vary Across 
the Dictyostelia? 

In this article, we have focused on dicty because it is by far 
the best-studied species, but there are other interesting 
species awaiting further work. The Dictyostelia are an 
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ancient group with as much molecular diversity as is 
found in all animals and a divergence time of around 
900 My (Figure 2). Compared to animals, Dictyostelia 
vary little in form; whether this is because of the greater 
levels of conflict in a social organism with physical cohe¬ 
siveness like a multicellular organism but lacking a single 
cell bottleneck is an interesting question. All Dictyostelids 
have a group of hardy spores on top of a dead stalk. They 
differ in whether an aggregation center forms one or many 
fruiting bodies, in the number of spore groups there are, 
and in exactly where they are on the stalk. Species 
assigned to the polyphyletic genus Polysphondylium have 
tree-like fruiting bodies with both side and terminal balls 
of spores (Figure 2). Some species like Dictyostelium poly- 
cephalum have a group of spore balls at the end of a stalk. 
Dictyostelium rosarium has beads of spore balls running up a 
curved stalk. 

Form does not differ only in the final social stage; there 
are differences along the way. Some species do not form a 
migratory slug, but culminate on the spot. Of those that do 
form a motile slug, most begin to form the stalk immedi¬ 
ately, moving ahead at the end of the dead stalk cells. 
Dicty is one of only three species with cells that are not 
terminally differentiated before fruiting. 

There is variation in the chemoattractant that first 
causes amoebae to aggregate. In dicty and its close rela¬ 
tives in Group 4, the dictyostelids, the chemoattractant is 
cAMP. In Polysphondylium , the chemoattractant is a dipep¬ 
tide called glorin. In other species, it is folate. 

Dicty and its relatives in the dictyostelids have lost the 
ability to form spores except for during the social process, 
but this is not true for members of the other three groups 
where many of the species have been found to form spores 
that are not as hardy as those from the social stage. These are 
called microcysts. In some ways, these species may be inter¬ 
esting to study, for the members have a nonsocial option for 
hard times. Does this solitary option make the social contract 
regarding fair contributions to stalk more enforceable? 

A tantalizing glimpse of what else might be discovered 
in this novel social system comes from D. caveatum. 
A single clone was isolated by Kenneth Raper from a 
slurry of bat guano from Blanchard Cave, Arkansas. This 
clone is a predator on other Dictyostelium from all four 
groups. It aggregates right along with the others, and then 
delays progression through the multicellular stages so it 
can munch on the others. A 1% initial frequency of D. 
caveatum in a blend can result in nearly all D. caveatum 
spores. No doubt other social exploiters of novel ways lurk 
in the bacteria-rich corners of the planet. 


There are collections of these other species in the 
stock center. Indeed, wild culturing techniques most often 
yield D. giganteum , various D. mucoroides , and D. violaceum 
all among the hardy Group 4 dictyostelids. There is a 
sequenced genome lor D.purpureum, and genome sequences 
are on the way for five to ten additional species, including 
members of the dictyostelids, the rhizostelids, the hetero- 
stelids, and the parvisporids. 

See also: Kin Recognition and Genetics; Kin Selection 
and Relatedness. 
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Overview 

Introduction and Definitions 

The Differential Allocation Hypothesis states that, among 
iteroparous, sexually reproducing species, natural selec¬ 
tion favors individuals that allocate costly reproductive 
resources in direct proportion to the relative mating 
attractiveness of their sexual partners. ‘Mating attractive¬ 
ness’ refers to the extent to which alternative phenotypes 
are preferred by members of one sex in a population. 
Attractiveness reflects relative mating quality, such that 
by securing attractive mates, individuals obtain direct 
and/or indirect fitness benefits. Direct benefits are those 
that impact the number of offspring produced. Indirect 
benefits are those that impact offspring fitness; principal 
among these are additive genetic benefits that enhance the 
viability, fecundity, and/or mating attractiveness of off¬ 
spring (‘offspring quality’). The basis for the expectation 
that an individual will commit less effort to a current 
reproductive attempt when mated to an unattractive part¬ 
ner than when mated to an attractive one is that the return 
on reproductive effort devoted to the offspring of an 
unattractive partner is lower. This expectation is contin¬ 
gent on the assumptions that future mating opportunities 
are likely and that they may involve sexual partners with 
different levels of attractiveness. 

Differential allocation involves per capita adjustment of 
parental investment to individual offspring, adjustment in 
the amount of focused mating investment (effort spent to 
acquire a particular mate), and/or adjustments that influ¬ 
ence the number of offspring produced in a reproductive 
bout; in any case, the future reproductive capacity of 
an individual practicing differential allocation will vary 
inversely with its current reproductive effort. When per 
capita parental investment is varied, differential allocation 
may constitute an adaptive parental effect. 

While usually studied in the context of indirect fitness 
benefits, differential allocation can also influence direct 
benefits. A female might allocate more eggs than average 
to a male whose phenotype indicates high fertilization 
capacity (such that a smaller-than-average fraction of 
her eggs remains unfertilized), or she might lay larger 
eggs that produce larger hatchlings with higher survivor¬ 
ship. However, variation in egg size or egg number does 
not necessarily reflect differential allocation. In a species 
with biparental care, a female might provide more eggs to 
a male because she judges him to be a superior provider of 
parental care to young in ways that would lower her total 


cost of rearing young to independence; in this case, 
her allocation of eggs would not constitute differential 
allocation. 

Generality and Significance 

Depending upon the mating system, individuals of one or 
both sexes may benefit from optimization of their repro¬ 
ductive contributions to offspring of a given mate, such 
that differential allocation is a routine component of 
their reproductive strategy. Where both sexes make mate 
choice decisions, the relative attractiveness of mating 
partners should be central to allocation decisions. Thus, 
individuals that experience mate-getting difficulties due 
to low attractiveness may increase parental investment to 
obtain or maintain mates. 

First suggested as a reproductive tactic applicable to 
species with biparental care in 1986, differential alloca¬ 
tion began to receive widespread interest by investigators 
a decade later. Evidence now indicates that differential 
allocation occurs broadly among animal taxa, including 
those with uniparental care and those that lack postzygo- 
tic investment in offspring. Theoreticians have recently 
begun to develop quantitative models that explore the 
range of life historical and ecological conditions that 
favor this reproductive tactic. Implications of differential 
allocation for the evolution of sexually selected traits, 
mating system evolution, and sex allocation have been 
addressed at varying levels. 

Historical Perspective 

Origin of Hypothesis 

Nancy Burley’s investigations of mate choice in socially 
monogamous birds that display biparental care, which 
began in the 1970s, led her to propose the Differential 
Allocation Hypothesis. Burley sought to identify major 
mechanisms by which sexual selection might operate in 
such species. She had found for two socially monogamous 
species that both sexes participate in mate choice and, as 
a result, relative mating attractiveness influenced mate¬ 
getting ability of both sexes. Under ideal conditions, mate 
choice by both sexes should generate population-wide 
patterns of positive assortment for mating attractiveness. 
This pattern results from the greater access to the most 
attractive individuals of each sex to each other, lead¬ 
ing individuals to pair with others whose relative 
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attractiveness is similar to their own. However, because 
of various constraints, such as that organisms have finite 
time and other resources to devote to searching for mates, 
individuals might often need to settle for a mate of lower 
mating attractiveness than their own. Thus, Burley won¬ 
dered how selection would favor the reproductive cooper¬ 
ation required to rear one or more broods when partners 
were not closely matched for mating attractiveness, since 
quality mismatches between mates should increase sexual 
conflict. 

During the time Burley was at work on this problem, 
evolutionary biologists emphasized the possibility that dis¬ 
parity in parental effort between the sexes resulted from one 
sex having lost a major contest in the evolutionary ‘battle of 
the sexes,’ due to the tendency of the other sex to benefit 
from mate desertion or deceit. To understand how parental 
workloads might reflect the outcome of evolved tactics 
involving negotiation between the sexes, and how a high 
workload might benefit a care giver, Burley focused atten¬ 
tion on the case in which failure to provide care by one 
parent is not an option because a single parent cannot 
successfully rear offspring. Under such circumstances, she 
reasoned, individuals might behave as if bargaining to 
achieve a favorable workload, and partners able to agree 
on a ‘fair’ division of labor would tend to reproduce success¬ 
fully together and outperform those that failed to agree. 
Thus, an individual with lower mating attractiveness might 
be able to sustain a cooperative reproductive relationship 
with a mate of higher mating attractiveness by undertaking 
a greater-than-average share of parental investment typical 
for that sex. The benefit of this arrangement to the less 
attractive individual would be to increase offspring survi¬ 
vorship and/or quality, while the benefit to the more attrac¬ 
tive individual would be to increase its lifetime fitness by 
reducing its current reproductive effort. 

First Experimental Test 

Testing this hypothesis was a challenge because many 
factors can influence parental care (e.g., an individual’s 
caretaking abilities and prior breeding experience, as 
well as age and residual reproductive value). Moreover, 
an individual’s parental ability may influence its mate¬ 
getting ability, thus complicating interpretation of 
observed patterns. The discovery that the color of plastic 
leg bands (regularly used to permit individual recognition 
of birds) influenced mating attractiveness of both sexes of 
zebra finches (Taeniopygia guttata castanotis) made it possi¬ 
ble to control confounding variables, and Burley pro¬ 
ceeded to test the Differential Allocation Hypothesis 
using captive breeding populations in which individuals 
of one sex were randomly banded with colors that were 
either attractive, unattractive, or of neutral attractiveness 
to members of the opposite sex. She predicted that paren¬ 
tal expenditure of individuals of the noncolor-banded sex 


would vary in direct proportion to the color-band attrac¬ 
tiveness of their partners, and that expenditures by the 
color-banded sex would vary inversely with their own 
band attractiveness. (Previous research had validated key 
assumptions underlying this experimental design, namely 
that zebra finches respond to color-banded conspecifics as 
if band attractiveness were a heritable aspect of an indi¬ 
vidual’s phenotype, and one that impacts offspring qual¬ 
ity.) Parental expenditure was measured as time spent 
in parental care activities during observation sessions 
throughout the nesting phase. 

Results of two experiments (males color-banded in one, 
females in the other) were consistent with predictions of 
the Differential Allocation Hypothesis. The amount of care 
provided by color-banded parents varied inversely with the 
attractiveness of their band color, and the parental expen¬ 
ditures of the noncolor-banded sex varied directly with 
their mate’s band attractiveness. The experiment in which 
males were color-banded ran for 2 years. During this time, 
the parental expenditure of attractively banded males 
decreased, while that of unattractive males increased, sug¬ 
gesting that parental roles were subject to ongoing negotia¬ 
tion even among well-established pairs. The relative cost of 
parental expenditure was indexed by mortality rate. Unat¬ 
tractively banded birds had higher mortality rates than 
attractive ones of the same sex. This finding supports the 
assumption that a high parental workload imposes a long¬ 
term reproductive cost, such that ‘parental expenditure’ 
reflects ‘parental investment.’ 

Extra-pair activities were not investigated in these 
experiments, but subsequent research showed that unat¬ 
tractively color-banded male zebra finches were at greater 
risk of losing paternity through their social mate’s extra¬ 
pair copulations than were attractive males. Since low 
paternity confidence does not favor high parental invest¬ 
ment by males (nor does high confidence favor low invest¬ 
ment), the results strongly supported the conclusion that 
both sexes of zebra finches evaluate relative mating attrac¬ 
tiveness and adjust their willingness to incur parental 
investment as predicted by the Differential Allocation 
Hypothesis. 

Extensions and Experimental Approaches 

Applicability to Other Mating Systems 

In the following decades, researchers studying a wide range 
of taxa (including arthropods, amphibians, fish, mammals, 
and birds with precocial young as well as those - like zebra 
finches - with highly altricial young) have reported that 
females engage in differential allocation; male response has 
been largely unstudied. Notably, many of these investiga¬ 
tions have been performed on organisms that do not show 
biparental care, indicating that the hypothesis is applicable 
to a wide range of conditions. Unfortunately, for taxa in 
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which most parental investment occurs at or before egg 
deposition (such as many arthropods), researchers often 
refer to the variable allocation of reproductive resources 
depending on mate quality as postcopulatory or ‘cryptic’ 
mate choice, without differentiating differential allocation 
from other phenomena (or mate choice from parental 
investment); thus, less is known about differential alloca¬ 
tion in these species. 

Major Experimental Designs 

Two principal experimental approaches have been used 
to study differential allocation. One involves manipula¬ 
tion of male attractiveness and has mainly been under¬ 
taken using birds, for which it is often possible to perform 
phenotype manipulations during the interval between 
initial mate choice and onset of reproduction. This ap¬ 
proach has the advantage of dissociating male phenotype 
from genotype, such that the interpretation of possible 
treatment differences in offspring performance variables 
is not confounded by paternal qualities normally linked to 
attractiveness. (For example, attractive males might pro¬ 
vide material benefits to females that enhance increase 
female fecundity.) Where females are found to increase 
investment in offspring of males whose ornamental traits 
(traits that function in mate attraction) have been experi¬ 
mentally enhanced, alternative hypotheses become less 
plausible. 

Manipulation of male ornamental traits has been used 
to study differential allocation in barn swallows (Hirundo 
rustica ), a species in which females show mate preferences 
for males with long tails. When the tail length of recently 
mated males was experimentally manipulated by short¬ 
ening or extending feathers, females responded by vary¬ 
ing the rate at which they fed offspring; they provided 
more food to offspring of males with long tails. Since the 
foraging ability of males with elongated tails was impaired 
by the manipulation, this outcome might have been 
explained by female compensation for male inability to 
provide parental care. This interpretation, however, does 
not account for the findings that females mated to attrac¬ 
tive, long-tailed males laid more clutches and that they 
reared a greater number of offspring than those mated to 
males with shorter tails. Thus, results of this experiment 
support the prediction that females practice differential 
allocation in response to the relative attractiveness of their 
mates’ tails. 

The second experimental approach, which has been 
undertaken on a wider taxonomic range, involves assign¬ 
ment of mates of naturally varying levels of attractiveness 
to females and observing reproductive consequences. 
A weakness of this approach is that assigned mates may 
be less acceptable to females than those which they have 
chosen; if so, females may fail to reproduce or reproduce 
less successfully than they would have done with a chosen 


partner, which undermines the methodological goal of 
achieving random mating through mate assignment. 
Also, in mating systems in which females typically expe¬ 
rience active choice, an unnatural lack of choice (or very 
small range of choices) might influence female perception 
of future reproductive opportunities, causing those with 
current mates deemed ‘minimally acceptable’ to increase 
current reproduction in light of uncertain future oppor¬ 
tunities. Thus, negative evidence for differential alloca¬ 
tion using this approach should be interpreted cautiously. 

Variables Investigated 

Investigators have studied a range of response variables, 
including parental care, egg size, maternal contributions 
of specific substances to eggs, clutch size, offspring growth 
patterns, and overall reproductive success of individuals 
mated to partners of variable attractiveness. Where re¬ 
sponse involves only one variable, interpretation may be 
straightforward. Studies on birds with precocial offspring 
and on fish have shown that females produce larger eggs 
when mated to attractive males. Larger eggs typically 
contain more protein and lipids, which influence hatch¬ 
ing success and hatchling size. The number and size of 
eggs commonly varies inversely across clutches, however; 
where this occurs, additional information is necessary 
to interpret whether female reproductive effort has been 
altered. 

Maternal egg allocations of substances such as hor¬ 
mones, antioxidants (including carotenoids), and immune 
factors (including antibodies) may also vary. Recent stud¬ 
ies indicate these allocations may represent maternal 
investment that influences offspring quality. For example, 
high egg androgen titers are associated with enhanced 
early development and growth of chicks in some species. 
Also, androgen deposition appears costly to mothers, sug¬ 
gesting that provisioning of high hormone levels consti¬ 
tutes parental investment. 

To investigate whether variable maternal provisioning 
of androgens reflects differential allocation, those who 
study zebra finches and barn swallows have adopted 
the phenotype manipulation techniques discussed earlier. 
Diego Gil and colleagues pioneered the investigation of 
tactical maternal yolk androgen allocations using color- 
banded zebra finches. They found that females deposited 
greater amounts of androgens in eggs when mated to 
attractively color-banded males than when paired with 
unattractive males. A similar result was obtained in a 
field experiment on recently pair barn swallows, which 
involved manipulation of male tail length. In this study, 
the yolk androgen level of eggs was positively correlated 
with paternal tail length following the manipulation. Also, 
maternal androgen allocation was determined to be inde¬ 
pendent of egg sex and shown to correlate positively with 
offspring growth rate. A similar experiment on another 
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population of barn swallows, however, found no effect of 
mate’s tail length on a female’s yolk androgen application. 

Establishing Costs of Allocation 

Studies reveal that differential maternal provisioning is 
practiced in a range of ways, but few beyond Burley’s 
original study have investigated whether the observed allo¬ 
cations are costly to the individuals providing them. One 
exception is the study by Heinz-Ulrich Reyer and collea¬ 
gues on water frogs (genus Rand) that form a European 
species complex; the complex includes two species 
(referred to as ‘LL’ and ‘RR’), as well as the naturally 
occurring hybrid between them (‘LR’). Tadpoles produced 
from matings between hybrid LR males and both LL and 
LR females typically die before they can metamorphose 
into adult frogs, and females of both genotypes prefer LL 
males. However, females usually have little choice of mat¬ 
ing partner, because males have the ability to tightly clasp 
(‘amplex’) a female they encounter and hold on to her until 
she produces egg masses, which are then fertilized by the 
clasping male. Researchers compared clutch sizes pro¬ 
duced by female frogs that were randomly assigned to be 
mated by males of genotype LL or LR. Both LL and LR 
females released more eggs (adjusted for female body size) 
when mated by LL males. In addition, those females that 
laid smaller clutches achieved higher postmating condition, 
via resorption of unspawned eggs, and were consequently 
able to produce larger clutch masses the following season. 
This study demonstrated the cost of reproduction underly¬ 
ing the rationale for strategic allocation of reproductive 
resources and indicated that females practice differential 
allocation even in a mating system that involves sexual 
coercion by noninvesting males. 

Evolutionary Implications 

Differential allocation has additional implications for sex¬ 
ual selection and mating system evolution, as well as sex 
allocation practices. 

Ornament Evolution 

There is growing recognition that differential allocation 
contributes to the evolution of ornamental traits. In the 
typical case involving female choice for ornamented 
males, females display differential allocation by increasing 
per capita parental investment in offspring of highly 
ornamented males (and by decreasing investment in off¬ 
spring of males with poor ornaments). This response 
can amplify paternal genetic effects (alleles underlying 
the ornamental trait) on the attractiveness of adult 
sons, because the expression of ornamental traits is often 
condition-dependent. Lor example, imagine a species of 


bird in which females are brown and males have colorful 
plumage that includes red tails. Males vary in the bright¬ 
ness of their tails, and females prefer to mate with those 
that have the most intense red color. The intensity of an 
individual male’s tail color increases with the amount of 
maternal care he receives as a nestling (his ‘environment’). 
Tail color is also influenced by a male’s genotype, such 
that males that have inherited favorable alleles from their 
father achieve redder tails than sons of males with differ¬ 
ent alleles. (Tail color may also be influenced by interac¬ 
tion effects reflecting the combination of particular alleles 
and environmental factors.) Thus, through differential 
allocation, males with alleles that confer the most intense 
red tails also receive the greatest care, and they develop 
the reddest tails. These males tend to have high repro¬ 
ductive success, which causes the alleles for intense red 
tail coloration to increase in frequency in the population. 
(Daughters may also benefit from having this parental 
combination.) Over evolutionary time, this enhanced 
response to selection for red tails may contribute to fur¬ 
ther evolution of tail color if, for example, a mutation 
creates a new allele (‘vibrant’) that increases tail redness 
even further. When males with vibrant tails first occur, 
they will be rare, and females will be willing to incur great 
parental effort to rear their offspring. Their maternal 
behavior will propel the spread of the vibrant allele faster 
than through female choice alone. 

Mating System Evolution 

Because an individual’s mating attractiveness varies with 
the availability of potential mates and superior competitors, 
differential allocation may also impact mating system 
dynamics. When one sex is in short supply, individuals 
of that sex have enhanced mate-getting ability and, in 
species with biparental care, may be able to negotiate 
decreased parental workloads. Lor example, in an experi¬ 
ment using zebra finches and in which adult sex ratio was 
varied among breeding populations, the average parental 
expenditure of males varied directly with the proportion 
of adult males in the breeding population, as predicted by 
the Differential Allocation Hypothesis. To the extent that 
the population sex ratio is influenced by the relative 
parental investment of the two sexes, the occurrence of 
differential allocation will therefore tend to exert balanc¬ 
ing selection on the adult sex ratio, as high investment by 
the common sex will cause moderation of the sex ratio. 
However, where factors other than parental investment 
influence population or operational sex ratios, one sex 
may remain less common; if so, individuals of that sex 
should be able to extract greater parental investment from 
their mates on a continual basis. This will lead to adjust¬ 
ments in the reproductive roles of the two sexes, which 
may in turn impact the evolutionary trajectory of the 
mating system. One study suggests that this dynamic has 
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contributed, for example, to the tendency of male birds to 
provide relatively high levels of care, which in turn facili¬ 
tated evolution of altricial young. 

Sex Allocation 

The Trivers—Willard Hypothesis is one of the most influ¬ 
ential hypotheses in sex allocation theory It states that, for 
species in which variance in reproductive success differs 
between the sexes, individuals of the high-investing sex 
(usually females) profit by varying offspring sex in relation 
to their own condition at the time of conception. Thus, 
females in good condition should tend to produce off¬ 
spring of the sex with higher variance in reproductive 
success, because they are more likely to produce successful 
offspring of that sex than are mothers in poor condition. 

Numerous studies on birds and mammals have provided 
inconsistent support for the Trivers-Willard Hypothesis. 
Knut Roed and colleagues perceived that the Differential 
Allocation Hypothesis might better predict sex allocation 
patterns in species in which male body size is important in 
intrasexual combat, as occurs in many polygynous mammals. 
Such species tend to show sexual size dimorphism, with sons 
receiving more maternal investment than daughters. When 
male body size is heritable, the authors reasoned, females 
could achieve indirect fitness benefits by allocating greater 
maternal investment and producing sons when mated to 
large males. They tested this hypothesis using reindeer 
(Rangifer tarandus ) from experimental herds in which they 
systematically varied the body size (mass) of males present 
during the short mating season. Results were consistent with 
the occurrence of differential allocation and did not support 
the Trivers-Willard Hypothesis: average size of males in 
herds significantly predicted progeny sex ratio, and female 
condition correlated with calf mass at birth but not with 
offspring sex. Notably, mass of neonates was not influenced 
by paternal mass, and offspring sex was not predicted by 
paternal dominance status in the experimental herds. These 
last findings suggest that the observed patterns were not due 
to coercive tactics employed by males. x\lso, outside the brief 
mating season, females were housed with males of a wide 
range of sizes, so females experienced an appropriate context 
in which to evaluate the relative attractiveness of their mat¬ 
ing partners. 

Alternative Hypotheses and Future 
Directions 

Numerous studies involving a broad taxonomic distribu¬ 
tion support the hypothesis that female animals allocate a 
range of reproductive resources in direct proportion to 
the sexual attractiveness of their mates. Relatively few 
studies, however, have considered alternative hypotheses 
for the causes of this allocation or have investigated 


whether allocations are actually adaptive. One alternative 
possibility is that females are sometimes deceived or 
coerced into making high parental allocations by males. 
If this were true, a female’s high parental expenditure in 
a coercive male’s offspring should reduce, rather than 
increase, her fitness. To demonstrate that differential 
allocation benefits its practitioners will requires multigen- 
erational experiments that explore the possibility that 
effects on offspring fitness result from material contribu¬ 
tions provided by males, including contributions trans¬ 
mitted during mating. One taxon in which both negative 
and positive effects of seminal contents on female repro¬ 
duction have been reported is the insects. This is a 
promising group for further study, because male seminal 
fluid/spermatophore contributions are often large com¬ 
pared to the body size of breeding females. 

The investigation of material contributions to eggs or 
zygotes by both parents is an area in which much work is 
needed. It is important to establish the consequences of 
such contributions to the parents providing resources 
(does current contribution impact future reproduction?) 
and offspring. Thus, for example, variable deposition of 
yolk androgens might have evolved in birds as a maternal 
tactic to manipulate offspring begging rate and thereby 
influence paternal care levels. If studies were to obtain 
results consistent with this interpretation, additional 
research would be needed to determine which (if either) 
parental contributions - male care or female egg androgens - 
represent differential allocation. 

Reproductive Compensation 

Not all studies investigating differential allocation have 
found supportive evidence; more interestingly, a number 
of studies have reported results opposite to those pre¬ 
dicted. Patty Gowaty developed the Reproductive Com¬ 
pensation Hypothesis, which states that when individuals 
are constrained to mate with nonpreferred partners, they 
may adaptively increase their per capita investment to 
compensate for fitness deficits their offspring would oth¬ 
erwise experience as the result of having an inferior 
parent. Gowaty hypothesized that this response is likely 
in mating systems typified by sexual coercion and, more 
generally, whenever an individual’s choice of mates is sub¬ 
stantially constrained by social and ecological circum¬ 
stances. Thus, although both hypotheses assume that 
individuals are limited in their choice of mates, the Repro¬ 
ductive Compensation Hypothesis and the Differential 
Allocation Hypotheses make opposite predictions regard¬ 
ing the relationship between an individual’s parental 
investment and its current mate’s attractiveness. These 
hypotheses are not mutually exclusive, however. An indi¬ 
vidual might practice compensation when its current mate 
is of very low quality and its expectation of future repro¬ 
ductive opportunities involving better mates is very low; 
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yet, if social circumstances were altered, it might practice 
differential allocation when it expects that favorable future 
opportunities are more likely. Studies that investigate this 
possibility would be very useful. 

To investigate the circumstances under which females 
might experience fitness benefits from increasing versus 
decreasing maternal investment in response the attrac¬ 
tiveness of their mates, Edwin Harris and Tobias Uller 
developed a theoretical model using a state-based 
approach. They concluded that reproductive compensa¬ 
tion is most likely to benefit females when the quality of 
available mates is low and foregoing reproduction is not 
an option. The inability to forego reproduction would 
likely occur due to sexual coercion. 

Causes of Individual Variation 

The modeling approach of Harris and Uller represents 
the first published mathematical treatment of the circum¬ 
stances favorable to the occurrence of differential alloca¬ 
tion. While these authors concluded that differential 
allocation is favored under a wide range of the life-history 
conditions they investigated, they also found that an indi¬ 
vidual female’s circumstances (e.g., her age and the effect of 
increased investment on her future reproductive capacity) 
have large influences on the benefit that may be obtained 
from this reproductive tactic. This result may prove useful 
in explaining variation in results among studies (sometimes 
on the same species) in the tendency of experimental sub¬ 
jects to practice differential allocation. It also underscores 
the importance of viewing mating system components as 
dynamic (i.e., the relative parental workloads of males and 
females may be highly variable within and among popula¬ 
tions) and investigating possible causes of the variation in 
tendency of individuals to practice differential allocation 
that is observed in experimental studies. 


See also: Flexible Mate Choice; Mate Choice in Males 
and Females; Social Selection, Sexual Selection, and 
Sexual Conflict. 
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Introduction 

Foraging is central to life - all organisms must acquire 
nutrients and energy. But because foraging consists of 
external, or ecological processes, as well as internal, 
or physiological processes, the study of foraging has 
been pursued mostly independent of the study of proces¬ 
sing and absorbing ingested food. Nonetheless, the eco¬ 
logical and physiological processes involved in foraging, 
digestion, and absorption must be coadapted. Foraging 
strategies obviously affect the ability of foragers to encoun¬ 
ter, capture, handle, and ingest particular resources from 
those available. But, resources are not accepted and con¬ 
sumed randomly, often because of limits on the ability of 
the forager to process all encountered items. As we shall 
see, the ability to adequately process foods postingestion 
often strongly affects diet selectivity. Similarly, behavior 
can have large consequences for the processing of 
ingested foods. Foragers of most taxa have evolved abil¬ 
ities to adjust both behavior and physiology in ways that 
facilitate efficient acquisition of nutrients and energy. 

Digestive Processing 

Consider a squirrel eating a walnut, a highly preferred 
food. After encountering the walnut, the squirrel carries it 
to a safe place for consumption. The squirrel breaks 
through the hard exterior of the walnut shell, removes 
the edible interior, and chews and swallows the walnut 
kernel. The digestive system of the squirrel now goes to 
work, breaking down the kernel into its more basic con¬ 
stituents, including fatty and amino acids, for absorption 
and assimilation. 

The important process of digesting and assimilating 
foods occurs principally in the gastrointestinal tract - the 
gut - with the help of associated organs. Digestive organs 
and enzymes break down foods (complex carbohydrates, 
fats, proteins) into assimilable constituents (simple sugars, 
fatty acids, amino acids, and small peptides), and active 
and passive mechanisms move those constituents from 
the interior of the intestines (the lumen) into the blood 
stream. Although all animal guts share many basic features, 
each appears adapted to the particular diet consumed. 
In the following sections, we first consider key aspects of 
digestion and absorption. We then examine the interac¬ 
tion of foraging behavior and gut processing in relation to 
ecology and life history. 


Modulation of Gut Structure and Function 

Virtually all foragers face an environment that changes 
over short and long time scales, and over small and large 
spatial scales. Moreover, energetic and nutrient demands 
of foragers vary over the annual cycle and with changing 
seasons. Consequently, resource consumption is not constant 
over time and space. To accommodate variable resource 
consumption, many species modulate (flexibly adjust) 
various components of their digestive processing machinery. 
Modulation may entail adjustment of a single property of 
the gut, such as gut volume, or several components, such 
as digestive enzymes, transport mechanisms, and through¬ 
put rate. Via modulation of gut structure and function, 
a forager can adjust gut properties and processes in 
response to changes in food availability much as different 
species have specialized guts suited to their particular 
food habits. Gut modulation confers upon the forager a 
marvelous degree of flexibility with respect to improving 
efficiency in the face of ever-changing food availabilities. 

Constraints or Limits 

Does an animal cease to forage because it is satiated, 
because it has exceeded the ability of its gut to process 
ingested foods, or because it must seek safe quarters from 
its own predators? Ecologists and physiologists tend to 
think about these factors quite distinctly. Both ecologists 
and physiologists consider feeding rates to be determined 
by intrinsic and extrinsic factors. But to ecologists, intrin¬ 
sic factors include the forager’s habitat preferences, search 
strategies, and its susceptibility to predation. Extrinsic 
factors are properties of the environment, such as abun¬ 
dance and distribution of resources and predators, and 
properties of the resource, such as detectability (crypsis) 
and defense mechanisms (behavioral, physical, and/or 
chemical). To physiologists, intrinsic factors are gut struc¬ 
ture and function, including gut size, digestive enzymes, 
and mechanisms of absorption. Extrinsic factors are prop¬ 
erties of the resource, including relative digestibility, 
nutrient content (especially N, P, and C), energy content, 
and chemical defenses. Both perspectives provide valu¬ 
able insights, but they also lead to somewhat unproductive 
controversies, such as whether ecological or physiological 
processes constrain foraging. It is more useful to consider 
ecological and physiological mechanisms as coordinated, 
linked steps of a single process, in which either ecological 
or physiological steps can be rate-limiting. The interesting 
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question is under what circumstances are the ecological or 
the physiological steps rate limiting. 

Gut Capacity 

Gut capacity is the ability of the gut to process food. Gut 
capacity is a function of gut size, digestive enzymes, and 
absorption mechanisms, along with throughput or reten¬ 
tion time of food in the gut, and, in some species, rates of 
fermentation of microbial symbionts. Gut capacity is not a 
fixed property of foragers because each of the components 
that contribute to it can be adjusted to particular diets and 
circumstances. 

Gut size 

Guts obviously have finite size (nominal length, volume), 
and hence gut size influences ingestion. Gut length and 
volume affect the frequency of foraging bouts, the poten¬ 
tial quantity of an ingested meal within a foraging bout, 
and the extent to which that meal can be processed. In 
general, greater gut size implies increased times between 
feeding bouts, increased meal size, and longer retention 
time within the gut, allowing more complete digestion 
and absorption. Nonetheless, most species do not main¬ 
tain maximal gut size, instead flexibly adjusting size to 
load. The lesson is that the gut is an expensive organ to 
maintain, and typically, foragers maintain a gut that is big, 
but not too big. 

Digestion 

Digestion relies on the action of digestive enzymes, pro¬ 
teins that convert larger molecules into smaller constituent 
parts. Physical reduction of food particle size by chewing- 
in the mouth or grinding action in a muscular gizzard 
or stomach aids enzymatic action. Enzymatic digestion 
occurs primarily in the small intestine, though some 
enzymes in some species are secreted in the mouth and 
stomach. Digestion of proteins and complex carbohy¬ 
drates, but not lipids, involves both extracellular and 
membrane-bound enzymes. 

Absorption 

The small intestine uses a variety of fascinating absorption 
mechanisms, described with seemingly intimidating terminol¬ 
ogy, including passive and carrier-mediated mechanisms 
(see Figure 1). Passive mechanisms include transcellular 
diffusion, in which particles (mainly lipophilic compounds) 
move through the cells, and paracellular diffusion or solvent 
drag, in which particles (mainly water-soluble compounds, 
including sugars, amino acids, some vitamins) move 
between the cells to the circulatory fluids. Paracellular 
solvent drag has the advantage of an almost instantaneous 
fine-tuning of the match of absorption to digestive loads, 


Water-soluble 



Figure 1 Schematic drawing of enterocytes of intestinal 
mucosa. Two enterocyte cells are joined together by tight 
junction. The brush-border apical membrane lines the lumen of the 
intestine. The basolateral membrane faces away from the lumen. 
Membrane-bound proteins (black oval in brush border of right 
enterocyte) transport some nutrients, like amino acids and sugars, 
across the apical membrane. Lipids and some other molecules are 
able to pass through the brush border by diffusion. Membrane- 
bound transporters aid movement of amino acids and sugars 
across the basolateral membrane to circulatory fluids. Paracellular 
solvent drag occurs when water drawn from the lumen flows 
through the tight junction, bringing some small molecules with it. 
Modified from Karasov WH and Martinez del Rio C (2007) 
Physiological Ecology: How Animals Process Energy, Nutrients, 
and Toxins. Princeton, NJ: Princeton University Press. 


because transport is proportional to concentration at cell 
junctions, which is proportional to the rate of digestion 
(hydrolysis). A drawback is that it is nonselective and can 
lead to inadvertent uptake of toxins or secondary metabo¬ 
lites. Carrier-mediated transport across the (apical) brush- 
border and basolateral membranes involves carrier proteins. 
Carrier-mediated transport is either active (requires energy 
to transport the substance against an electrochemical 
concentration gradient) or facilitated (substance is trans¬ 
ported down an electrochemical gradient). In both cases, 
saturation of the carrier molecules places an upper bound 
on transport, following classical enzyme kinetics. 

Digestive symbioses 

Symbiotic microflora inhabiting the guts of termites allow 
them to digest cellulose. Such symbioses are common. 
Virtually all foragers have symbioses with a complex 
microflora, including bacteria, fungi, and protozoa (excep¬ 
tions may be limited to a number of marine Crustaceans). 
In humans, resident bacteria outnumber human cells by a 
factor of 10. The community of microflora residing within 
the gut has been likened to a metabolically vital organ. 
The gut is sterile at birth and subsequently undergoes 
colonization and, likely, continuous turnover of associated 
microflora. These microflora have been characterized 
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as resident (autochthonous) if they colonize and achieve 
some stability within the gut, and commensal (allochthonous) 
if they are noncolonizing and require consumption for 
repopulation. The roles of the gut microflora are subjects 
of intense investigation, as they are involved with many 
aspects of host health, from development of the immune 
function to digestion and absorption of nutrients. Numer¬ 
ous factors, including diet, host health, and associations 
with conspecifics, affect the community of microflora. 

Interaction of Behavior and Gut 
Processing 

Foods are not all equal. For any given organism, some 
foods represent higher rewards and/or lower costs than 
other foods. For instance, foods differ with respect to the 
amount of energy (e) potentially assimilated per unit time 
spent securing and processing them {h). Foraging ecolo¬ 
gists often assume that a forager prefers foods in decreas¬ 
ing order of the ratio of e/h. The classic diet model of 
optimal foraging theory predicts that a food will be 
included in the diet only when higher-ranked items fall 
below a specified threshold of abundance — an extremely 
abundant, but low-ranked food may be excluded by a 
consumer foraging optimally with respect to e/h. 

Foods differ, however, beyond energy content - they 
also differ with respect to chemical (nutrient) composition 
and ease and extent of enzymatic degradation. Foods 
(or portions of them) resistant to degradation are referred 
to as being refractory to digestion. Many foods contain 
toxins. These additional food characteristics often lead to 
the inclusion (or exclusion) of a specific food item in the 
diet in apparent violation of expectation based on a simple 
ranking of e/h. Moreover, the need to include foods with 
particular nutrient rewards may vary with the life history 
or the annual cycle of a particular forager. 

Food Quality 

Nutritional relationships 

Eating a ‘balanced 7 diet, one that includes different types 
of food, from meats and dairy products, to fruits, vegeta¬ 
bles, grains, and nuts, is important for human health. Such 
varied diets ensure consumption of the different sorts of 
nutrients needed for body maintenance. In humans, con¬ 
sumption of both rice and beans provides more useable 
protein than consuming only rice or only beans because 
the different sorts of amino acids found in those food 
groups. Meat, even if derived from different species (say 
rabbits and squirrels consumed by a hawk), are usually 
more or less equivalent with respect to energetic and 
nutritional reward. Such foods that are largely similar 
in chemical composition and nutritional reward may be 
substitutable with respect to physiological and fitness 


consequences. Joint consumption of substitutable resources 
results in fitness equal to that predicted by consumption 
of the linearly weighted sum of the resources. Foods that 
differ in chemical composition and nutritional reward may 
be complementary with respect to physiological and fit¬ 
ness consequences. Joint consumption ot complementary 
resources (like rice and beans) results in fitness greater 
than predicted from consumption of a linearly weighted 
sum of the two (or more) resources. 

Most ecological models of foraging assume that foods 
are substitutable. When animals consume substitutable 
foods, intuition may suggest that there should be few 
consequences for digestive processing. However, if the 
foods differ in abundance temporally or spatially, theory 
demonstrates that modulation of gut function may occur if 
the foods differ slightly in ease of digestion or absorption. 
The result of modulation, even for substitutable foods, is 
that foods become somewhat antagonistic. This quasi an¬ 
tagonism will drive a switch from inclusion of one food 
type to the other, thus promoting specialization. 

Many different foods are likely complementary resources. 
Mechanistically, complementarity can arise for various 
reasons relating to nutrition, toxicity, physical character¬ 
istics, or some combination of two or more factors. Com¬ 
plementarity promotes diet mixing, as the more of a single 
food type is consumed, the better off is the forager from 
consuming the alternative food type(s). Because, by defi¬ 
nition, complementary resources differ with respect to 
chemical and/or physical composition, we may expect 
their consumption to promote a more generalist (jack of 
all trades) digestive processing machinery. 

Although nutritional relationships among food resources 
have proved a useful conceptual framework for guiding 
ecological investigations, they have been largely ignored 
in studies of digestive processing. Hence, we know little 
about how digestive processing accommodates foods that 
differ in their nutritional relationships. Theoretical models 
demonstrate that when foraging on foods that differ in 
profitability, richness, and ease of digestion, adjustment 
or modulation of gut size and throughput rate leads to 
digestive-system specialization (Figure 2). Modulation of 
digestive physiology to a particular food type causes other 
food types to become antagonistic resources. This orga¬ 
nizing framework may be a particularly rewarding pathway 
for further integrating ecological and physiological under¬ 
standing of diet selection and resource exploitation systems. 

Food bulk 

Foraging ecologists and their models deal mostly in the 
currency of energy, with a primary concern being the 
energy assimilated relative to time expended handling 
and consuming the food, e/h. More recent models of 
foraging incorporate gut processing as a component of 
food handling time and effort. Some of these models 
identify another critical component of food - its bulk. 
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Figure 2 The effect of 14 different foods on optimal gut size 
and throughput time. Foods differ in energetic reward, bulk, ease 
of absorption, and external handling. Joint adjustment or 
modulation of gut size and throughput time results in six apparent 
digestive physiological syndromes. Increasing food richness 
(energy-to-bulk ratio) leads to smaller gut volumes and little 
change in throughput times. Higher absorption rates favor 
shorter throughput times with smaller effects on gut volume. 

See Orlando et al. (2009) for details. 


With this new component, foods vary along two axes: 
energy-.handling (e/ h) and energy.bulk (e/ b). Foraging ecolo¬ 
gists traditionally refer to efh as food reward. We now 
consider elb to represent food richness. Once gut proces¬ 
sing and food bulk are incorporated into models of harvest 
(ingestion), expectations of diet selectivity are greatly 
enriched. Instead of food preferences being ranked in 
descending order of food reward (e/h), foods preference 
now depends upon both food reward and food richness (e/b). 

Rankings of foods by e/h need not be identical to 
rankings by e/b — a food with high reward (e/h) may 
concomitantly possess low richness, while a food with low 
reward may possess high richness. Preference partially 
depends upon previous consumption - as foods are con¬ 
sumed and the gut becomes ‘bulked up,’ the universe of 
acceptable foods declines. Because ingested foods ‘compete’ 
for processing within the gut, foods achieve a sort of 
complementarity, which in turn promotes partial selectivity. 
With gut processing, we thus expect that preference can 
change during a meal or foraging bout, and that in addition 
to complete selectivity for one resource or opportunism 
for all encountered resources, foragers may exhibit partial 
selectivity (take all high-ranked items encountered and 
some proportion of low-ranked items encountered). 


Fluctuations in Resource Abundance 

Foragers often face fluctuations in resource abundance. 
These fluctuations may occur over both long and short 
time frames. Many resources fluctuate in abundance sea¬ 
sonally, necessitating changes in diet selection. For instance, 
many songbirds switch between a diet dominated by 
invertebrates during the breeding season to one dominated 
by either fleshy fruits or seeds in the nonbreeding season. 
At temperate latitudes, invertebrates can reach great 
abundances during the summer growing season, whereas 
many seeds and fruits reach peak abundances in autumn. 
Species such as the American robin ( Turdus migratorius) 
may forage almost exclusively on invertebrates during the 
growing season and exclusively on fruits and seeds during 
the nongrowing season. Invertebrates, such as insects, 
differ in chemical and physical characteristics from fleshy 
fruits and seeds. Insects are highly proteinaceous, with 
chitinous exoskeletons. Fruits, in contrast, tend to be 
bulky (due to fiber, seeds, or pits), rich in nonstructural 
carbohydrates or lipids (rarely both), and low in proteins. 

Foragers, like robins, which switch from a diet of 
insects to one of fruits, modulate gut structure and/or 
function. The most common digestive adjustment with 
this particular diet switch is modulation of retention or 
throughput time. On fruits, throughput time is fast, whereas 
on insects, it is slow. Some species, like the yellow-rumped 
warbler ( Dendroica coronata ), modulate amino acid trans¬ 
porters in the intestine to match load (when fed diets high 
in protein), but show no such adjustment for glucose 
transporters. In contrast to these findings, other vertebrates, 
including rabbits, cats, mice, and chickens exhibit glucose 
transporter modulation in relation to load. The difference 
appears related to the ability of some bird species, in diverse 
taxa, to absorb glucose passively through solvent drag. 

Fluctuations in resource abundance may also occur 
over short time frames, as when different resources are 
spatially heterogeneous, or when one (or more) resource 
undergoes a temporary pulse (emergence of periodical 
cicadas, Cicadidae: Magicicada). Diet switching caused by 
short-term fluctuations can result in low digestive effi¬ 
ciencies when the resources differ with respect to carbo¬ 
hydrate, lipid, or protein. Research suggests that adjustment 
of the gut following abrupt switches in resource use can 
take two to three days, or more. Immediately following 
the switch, efficiency is low, and it increases over several 
days as the gut becomes habituated to the new resource. 
Again, this is because gut modulation, as noted earlier, 
causes resources to assume a certain degree of antagonism 
to each other. 


Frequency of Feeding 

Some foragers feed only intermittently - examples 
include some ambush predators, many snakes, turtles, 
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and all crocodilians. The preeminent example of an inter¬ 
mittent feeder is the Burmese python ( Python molurus) — these 
large constrictors tolerate long fasting periods punctuated 
by consumption of large prey that may equal if not exceed 
their own body mass. In intermittent foragers, the gut is 
small while fasting, and presumably, its maintenance costs 
low. Following consumption, the gut undergoes a remark¬ 
able transformation, increasing in size and gastric func¬ 
tion, and upregulating intestinal digestive enzymes and 
nutrient absorbers (transporters). To a human observer, a 
python, following a meal, appears inert and quiescent. But 
while processing the meal, the metabolic rate of a python 
has been likened to that of a thoroughbred racehorse in a 
dead heat. 

Reproduction 

Reproduction is energetically demanding while requiring 
mobilization of particular nutrients, such as protein, calcium, 
and sulfur. The energetic and nutrient requirements may 
be met in some animals by utilizing endogenous nutrient 
reserves (so-called capital breeders), or, in other animals, 
from changes in diet quality and quantity (so-called income 
breeders). For income breeders, adjustment of gut struc¬ 
ture and function accompanies the associated changes in 
diet quality and quantity. The intestinal mass of brown¬ 
headed cowbirds is about 10% larger during egg laying 
than prelaying, apparently to accommodate increase food 
intake rate needed to garner the energy and specific 
nutrients required for egg production. In mammals, peak 
energy demand occurs during lactation, although it is also 
heightened during fetal development. During lactation, 
many organs involved with food processing increase in 
size and function, including the liver, the pancreas, the 
absorptive surface of the intestines, and the length of the 
entire gut. These changes in organ size permit an increase 
in the capacity to absorb nutrients through upregulation 
of nutrient transporters. 

Migration 

Many animals undergo seasonal migrations between dif¬ 
ferent areas. Here, we focus on bird migration, but pre¬ 
sumably similar challenges and adaptations are also likely 
in other taxa. In birds, migration poses some perplexing 
challenges. On the one hand, migration is energetically 
costly and requires ample fat to fuel it. Thus, migrants 
markedly increase food intake, a process we call ‘hyper- 
phagia.’ As we saw in previous sections, increases in food 
consumption typically induce increases in gut mass to 
permit efficient processing of the increased intake of 
food. On the other hand, an increase in gut mass makes 
flight more expensive to fuel and increases susceptibility 
to predation. A larger gut may also preempt internal space 
that could otherwise be used for fat stores and increased 


muscle mass. How do migrants resolve these conflicting 
challenges? 

One solution is to adopt a fueling strategy in which the 
forager takes a longer time to amass fuel deposits using a 
small gut. This strategy, used by red knots ( Calidris canutus 
piersmai) migrating northward from NW Australia, trades 
off a small gut for a longer fueling period. Later in their 
migration, red knots grow a larger gut that enables faster 
refueling, necessary for timely arrival in their far northern 
breeding areas, where time available for breeding is 
extremely limited. 

A possibly more common strategy is to reduce gut size, 
just before or during nonfeeding flights between staging 
areas. Reducing gut size could provide three benefits: 
(1) an ability to more easily accommodate stored fuel 
and muscle within a limited body cavity; (2) a reduction 
in the cost of maintaining an expensive organ; and (3) an 
increased agility to avoid predators. Both red knots and 
bar-tailed godwits (. Limosa lapponica) decrease gizzard size 
just prior to migration. Both during migratory flights 
and while experimentally fasted in captivity, great knots 
('Calidris tenuirostris ) decrease mass of digestive organs. 
Black-cap ( Sylvia atricapilla) and garden ( Sylvia borin) war¬ 
blers also decrease digestive organ mass under migratory 
flight and fasting in captivity. For both the waders and the 
passerines, the reduced gut mass compromises their ability 
to process and assimilate food immediately upon refeed¬ 
ing. A return to normal food processing is quickly attained, 
although more so for the warblers than the waders. 

Migrating animals often encounter different food 
resources as they move along their migratory routes — 
such as caterpillars in one place and berries in another. 
As discussed earlier, these transitions can reduce the 
efficiency of nutrient uptake while the digestive system 
adjusts to the new food type. Digestive adjustment may 
take several days or more, and this delay may affect the 
length of time a migrant needs to rebuild fuel stores for 
the next leg of its journey. The penalty of reduced food 
utilization that results from diet switching could poten¬ 
tially affect various characteristics of migration, such as 
stopover location, stopover length, flight distances, and 
resource selection. Speed of modulation may influence 
whether migration tends to be rapid and smooth or slow 
and jerky. Thus, such diet switching and gut modulation 
could ultimately be an important determinant of the time 
course of migration. 

Conclusions 

Foraging is a coordinated, whole organism process involving 
both external (ecological) and internal (physiological) 
processes. Depending upon circumstances, either ecolog¬ 
ical or physiological processes may be rate-limiting. 
When digestive physiology - the structure and function 
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of the gut - is rate-limiting, foragers typically adjust the 
gut to increase capacity and/or efficiency. Many factors 
cause changes in diet quality or quantity, including short- 
and long-term fluctuations in resource abundances, seasonal 
changes in environmental conditions (temperature), and 
aspects of the life cycle, such as reproduction and migration. 
In most organisms, changes in diet corresponding to such 
changes in environmental conditions or demands of the 
life cycle are accompanied by concomitant modulation of 
the gut that permits high efficiency and processing capacity 
in response to those changes. A recent meta-analysis found 
strong, quantitative support for four hypotheses proposed 
to explain flexibility in gut structure and function as 
an adaptive accommodation to changes in diet. Changes 
in diet may arise inevitably due to changing environmen¬ 
tal conditions outside the control of the forager, or due 
to purposeful changes in foraging behavior. Changes 
in diet (for whatever reason) induce modulation of gut 
structure and function. It is possible, at least in some 
species, that circannual rhythms trigger gut modulation 
in anticipation of changing demands and associated diet 
quality or quantity. We can thus view the flexible gut as a 
vital and integral component of an animal’s foraging 
strategy. 

See also: Behavioral Endocrinology of Migration; Cach¬ 
ing; Circadian and Circannual Rhythms and Hormones; 
Cost-Benefit Analysis; Defense Against Predation; Food 
Intake: Behavioral Endocrinology; Food Signals; Forag¬ 
ing Modes; Group Foraging; Habitat Selection; Hiberna¬ 
tion, Daily Torpor and Estivation in Mammals and Birds: 
Behavioral Aspects; Hunger and Satiety; Kleptoparasit- 
ism and Cannibalism; Migratory Connectivity; Optimal 
Foraging and Plant-Pollinator Co-Evolution; Optimal 
Foraging Theory: Introduction; Patch Exploitation; Sea¬ 
sonality: Hormones and Behavior; Trade-Offs in Anti- 
Predator Behavior; Water and Salt Intake in Vertebrates: 
Endocrine and Behavioral Regulation. 
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Introduction 

Animals living in large groups are particularly vulnerable 
to infectious diseases. The close proximity of individuals 
offers excellent transmission opportunities to a pathogen 
that is spread by direct contact between hosts. Many 
studies show a positive relationship between group size 
and parasitism in terms of prevalence (proportion of 
infected individuals in a group) and intensity (number of 
pathogens per individual). If the host population is homo¬ 
geneous in exposure and susceptibility to a pathogen, 
the birth and death rates of the host and the contact rate 
between susceptible and infected individuals are suffi¬ 
cient to predict the infection dynamics. However, groups 
are rarely homogeneous and individuals differ among 
themselves in various respects such as age, sex, physiolog¬ 
ical state, behavior, and spatial location. This causes indi¬ 
viduals to differ in their probability of becoming infected 
and transmitting the infection, making it more difficult to 
predict the trajectory of an infection. 

The rate at which an infection spreads and whether it 
persists in the population depend on the magnitude of the 
key epidemiological parameter, R 0 , or the mean number of 
infections caused by a single infected individual. In order 
to stop an epidemic outbreak, R 0 must be maintained 
below 1. According to the mass-action SIR (susceptible- 
infected-recovered) model, the most basic model of epi¬ 
demic spread, R 0 = TS , where /? is the transmission 
coefficient that incorporates both infectiousness and con¬ 
tact rate of the infected individuals, T is the duration 
of infectiousness, and S is the available number of suscep¬ 
tible individuals. The simple SIR model has provided 
many important insights into the epidemiology of a 
wide range of pathogens but its fundamental assumption 
of homogeneous mixing among individuals is clearly 
unrealistic. Population-level estimates of R 0 can obscure 
the considerable variation in contact rate and infectious¬ 
ness among individuals. Several studies have shown that 
typically, 80% of the transmission events are contrib¬ 
uted by 20% of the host population: a trend that is 
referred to as the 80/20 rule. This was highlighted during 
the recent global epidemic of severe acute respiratory 
syndrome (SARS) when a few infected individuals were 
responsible for giving rise to an unusually large number 
of secondary cases. Whether or not infected individuals 
have contact rates that are disproportionately higher 
than the population average has important implications 
because public-health programs generally rely on the 


immunization of only a fraction of the hosts to protect 
the entire population. 

Network Theory 

The effects of host heterogeneity on the spread of infec¬ 
tious disease can be most simply modeled by dividing 
a population into subpopulations with different within- 
group and between-group transmission rates. A more 
explicit approach is to use models that incorporate the 
structure of the actual contact network in the population. 
Unlike the continually changing set of contacts in random 
mixing models, each individual is assigned a finite set of 
contacts to who they can transmit infection and from who 
they can be infected. Predictions from network models can be 
considerably different from those that use mean-based 
approaches. Although individuals may have the same 
number of contacts per unit time in both network and 
mass action models, the fixed contact structure in net¬ 
works can lead to rapid, localized spread of an infection 
followed by a slowing down of the process as the number 
of susceptible individuals depletes locally. This makes 
disease extinctions more likely than outbreaks though 
the latter are more explosive if they occur. 

The use of network models also has bearing on the 
evolution of the pathogens themselves. Given their high 
reproductive rates, pathogens are likely to undergo rapid 
selection to adapt to the available transmission routes 
between infected and susceptible individuals. Both theo¬ 
retical and experimental results show that high transmis¬ 
sion rates are selected in localized networks where there is 
intense competition for susceptible hosts while networks 
that are more global in their connectivity select for lower 
transmission rates due to lack of such competition. Loca¬ 
lized contact structure also selects for a higher diversity in 
the pathogen population in contrast to a randomly mixed 
host population where cross-immunity to similar strains 
structures the pathogen population into discrete, nonover¬ 
lapping strains. 

A transmission network is generally defined by a 
matrix X that describes the connections among all the 
individuals within a group. In its simplest form, the matrix 
is unweighted, with Xy = 1, if there is one or more inter¬ 
actions that can transmit an infection and Xy = 0 if there is 
none. The matrix is also generally undirected, meaning 
that infection can pass either way across an interaction or 
Xy = Xjj. More detailed models can be constructed using 
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weighted, directed networks. The structure of the trans¬ 
mission network can be characterized by a number of 
parameters that can be quantified from these matrices. 
The most commonly used ones are (1) degree, the number 
of connections an individual has; (2) density, the proportion 
of existing connections out of all possible ones; (3) path 
length, the average number of links that connect any two 
individuals; and (4) clustering, the density of the local 
neighborhood or cliquishness. Focal measures such as 
degree can identify high-risk individuals in the popula¬ 
tion and can be used to inform surveillance and infection 
control strategies. Network level measures such as aver¬ 
age path length and clustering coefficient can make pre¬ 
dictions about the spread of the infection in the 
population. Critical points that reflect order of magnitude 
shifts in network properties and the consequent propaga¬ 
tion of an epidemic can be identified from phase transi¬ 
tions in network parameters. 

Network models are difficult and time consuming to 
build because they require information about the connec¬ 
tivity between every pair of individuals in a group. In this 
effort, researchers have mainly relied on infection tracing 
that describes the actual connections through which the 
infection spreads or contact tracing that looks at all the 
potential connections from a source individual. Network 
models are also complex in terms of their statistical eval¬ 
uation unlike differential equations based mass-mixing 
models. Moreover, as different diseases are transmitted 
via different transmission pathways, network models are 
disease specific and cannot be easily generalized. In the 
face of these difficulties, simulating networks with different 
structures (Figure 1) and studying the parameters that 
influence transmission dynamics has been an important 
and influential research paradigm. 

Types of Networks 

Random Networks 

In these types of networks, each individual has a fixed 
number of random connections, resulting in a network 


with no clustering and short path lengths. The early 
growth rate of an infectious process and the final epi¬ 
demic size are lower in these networks compared with the 
mass-action model, largely because of the quick depletion 
of the local environment of susceptible individuals around 
an infected individual. 

Regular Networks 

In these networks, individuals are connected only to their 
adjacent neighbors, leading to a homogeneous network 
with high clustering and long path lengths. This leads to 
an even stronger depletion of the local environment and 
thus the growth rate of the infection. 

Small-World Networks 

The transmission properties of small-world networks 
have generated a lot of interest and are important to 
understand because many biological networks including 
human social networks show small-world properties. 
They lie somewhere between regular and random net¬ 
works, displaying high clustering but small path lengths 
due to the existence of a few long-range connections. 
Even though the transmission process is still largely loca¬ 
lized, the few long-range links allow the infection to 
spread relatively quickly and more synchronously over 
the entire network. Small-world networks may or may 
not have a scale-free structure. 

Scale-Free Networks 

These networks are characterized by an extreme hetero¬ 
geneity in connectivity, the number of contacts per indi¬ 
vidual being described by a power law distribution. A few 
highly connected individuals, called superspreaders in the 
epidemic context, have a disproportionately high influ¬ 
ence on the transmission process. Networks of human 
sexual contacts have been shown to follow such a distri¬ 
bution and the transmission and maintenance of sexually 
transmitted diseases thus depends mainly on a few pro¬ 
miscuous individuals. In such networks, control measures 



Figure 1 Four common types of networks, from left to right: random, regular, small-world and scale-free. Adapted from Watts DJ 
and Strogatz SH (1998) Collective dynamics of ‘small-world’ networks. Nature 393: 440-442 and Strogatz SH (2001) Exploring complex 
networks. Nature 410: 268-276, with permission from Nature Journals. 
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directed at random individuals are quite ineffective while 
targeted interventions work really well. By immunizing 
the superspreaders, the contact network becomes sparser 
by orders of magnitude and brings about a drastic reduc¬ 
tion in the number of transmission events. 


A Model Network for Experimental 
Epidemiology 

Complex network models being hard to parameterize can 
lead to predictions that are no more reliable or maybe 
even worse than those from simpler frameworks. How¬ 
ever, with the relative dearth of suitable experimental 
systems with sufficient social complexity, opportunisti¬ 
cally obtained data about the course of natural epidemics 
in humans have been the only major recourse for testing 
network models. In this context, the honeybee colony can 
prove to be an ideal model system. Honeybees not only 
provide the setting of a crowded social group that is 
susceptible to a vast array of infectious diseases but they 
are also extremely amenable to a variety of experimental 
paradigms at both the individual and the social level. 
The long association of honeybees and their pathogens 
over evolutionary time provides a backdrop to test how 
the network of social interactions in the colony could 
serve as the central arena for host-pathogen dynamics. 
The pathogens can exploit the network to rapidly spread 
across the colony, while the host can use its structural 
properties as a mechanism to resist the spread. The recent 
finding that honeybees possess only one-third as many 
genes for immunity as other insects strongly suggests 
that the structure of social organization is an important 
mechanism that compensates for a lower physiological 
immunocompetence. 

Interaction networks in a social insect colony could 
be organized according to one of the following designs: 
(1) work-chains with each individual performing all the 
required parts of a given task, (2) work-chains with each 
individual performing one and only one part of a task with 
one or more other individuals completing the rest, and 
(3) work-chains with each individual performing only one 
part of a task at any given time but performing all the 
parts equally frequently. The efficiency and the reliability 
of material and information flow are substantially incre¬ 
mented in each successive type of network, which is adap¬ 
tive for ergonomic purposes. It is however less recognized 
that the same design features will also promote the trans¬ 
mission efficiency of pathogens, increasing the vulnerabil¬ 
ity of the colony to an infectious disease. 

Food, information, as well as pathogens primarily 
enter a honeybee colony from the environment through 
the foragers. Nearest-neighbor based interactions drive the 
subsequent transfer process, spreading these across the 



Figure 2 Idealized social network within a honeybee colony 
with arrow widths indicating interaction frequency. 


colony. With the individuals spatially distributed within 
the colony according to their ages, this results in a 
centripetal flow from the oldest individuals at the outer 
edge of the colony to the youngest ones residing at the 
center. This flow pattern imparts some amount of protec¬ 
tion to the most valuable youngest members from invading 
pathogens: a phenomenon that can be termed ‘organiza¬ 
tional immunity.’ This social contact network in the colony 
is therefore highly structured and nonrandom, leading to a 
pool of individuals that is heterogeneous with respect to its 
probability of contacting, manifesting, and transmitting an 
infection, presenting an invading pathogen with the chal¬ 
lenge of negotiating this complex landscape (Figure 2). 

Superimposed on this general age-based interaction 
pattern, one also sees that only a minority of the indivi¬ 
duals in the colony are the primary drivers of the majority 
of the transfer process. This gives the interaction network 
an appearance of a scale-free structure. In contrast to such 
heterogeneous connectivity observed in the large honey¬ 
bee colonies, individuals are more uniformly connected to 
each other in social insect species with smaller colony 
sizes. Within-species comparisons suggest that colony size 
is a primary driver of network structure and complete 
mixing becomes more and more improbable with increas¬ 
ing number of individuals. There is considerable variation 
in network structure even among colonies of similar sizes 
and it has been shown that the density of contact network 
in the colony determines the spread of a contagious path¬ 
ogen within it. 

Small perturbations in the structure of social organiza¬ 
tion can bring about large changes in transmission dynamics. 
Many honeybee diseases, which remain in the background 
at a low level in the colony, can rapidly turn lethal and erupt 
into an epidemic under certain conditions generally 
referred to as ‘stress.’ Investigation of these so-called ‘stress’ 
conditions suggest that they translate into disruption of the 
normal social organization in the colony in the face of 
contingencies such as a nectar flow in the environment, 
high demand for a certain task, or a rapid increase in colony 
population size. The resulting higher activity level and more 
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generalization of labor profiles can lead to higher contact 
rates or other changes in social network structure. 

A disease can also bring about some restructuring of 
the social organization in the colony. Disease at an indi¬ 
vidual level is defined as a disruption of homeostatic 
mechanisms, leading to an alteration in the normal set 
point of an organism and its symptoms are the physiological 
mechanisms that restore it. This definition can be extended 
to an epidemic being a process that disrupts the social 
organization critical to the functioning of a group and its 
symptoms are mechanisms that, via collective action of its 
members, attempt to restore the social structure. It has 
been speculated that a disease symptom such as bees 
starting to forage at a younger age is an adaptive response 
on the part of the host that serves to reduce within-colony 
transmission of the disease by keeping infected bees outside. 
However, it is equally plausible that such a response can in 
fact increase transmission rates by contaminating the food 
they collect. Behavioral fever in response to an infection, 
which can inhibit the development of a pathogen, requires 
bees to cluster more tightly that can in turn increase the 
contact rate among them. Bees infected with a pathogen 
have also been shown to incur an energetic stress that 
increases their hunger level, leading them to be more 
eager solicitors but more reluctant donors of food. This 
could lead uninfected and infected bees to occupy different 
positions in the contact network in terms of sources and 
sinks in the transmission chain. It is important to note 
here that the structure of the social network in the colony 
is an emergent property that arises from individual behavior, 
which can be altered by simple pathophysiological mechan¬ 
isms arising from a disease. 

Areas for Future Research 

For disease ecologists interested in using network theory, 
the development of network statistics remains a major 
research focus. A second area of rapidly developing interest 
is dynamic networks which account for the possibility that 
the structure of the contact networks might not remain 
constant over time, maybe partly as a consequence of the 
disease outbreak itself. More importantly, empirical 
research has lagged behind the pace of theoretical work 
made possible by increased computational power. Matching 
efforts to develop laboratory experimental systems are 
urgently needed to explore the interaction between net¬ 
work structure and disease dynamics. Integration of 
behavioral biology and physiology to the already existing 
framework of ecology, evolution, and mathematical model¬ 
ing would also be critical to our understanding of the 
structural and functional properties of biological networks. 

Research on the proximate basis underlying the behavioral 
interactions among individuals will give insights into the 


role of demographic and environmental factors on disease 
dynamics via their effects on social structure. It will also 
help answer the important questions of how the patho¬ 
physiology of a disease can alter the structure of the contact 
network and whether such symptomatic restructuring ben¬ 
efits the host or the pathogen. In social insect groups where 
the colony social network is considered to be primarily a 
product of ergonomic considerations, it is important to 
explore whether pathogens have played any selective role 
in its design. This addresses the broad issue of how any 
group of interconnected units, whether a bee colony or 
a computer cluster, deals with the challenge of shielding 
its network from attacks without seriously compromising 
its performance. 

Conclusion 

It is being increasingly recognized that excessive use of 
antimicrobials to treat diseases selects for resistant strains 
of pathogens that can no longer be eliminated by the same 
drugs. Intervention measures that have short-term epide¬ 
miological benefits but long-term evolutionary repercus¬ 
sions have led to the recent resurgence of many diseases 
and the heightened virulence of pathogen populations. 
This has led to the suggestion that understanding the 
natural dynamics of a disease from an evolutionary, eco¬ 
logical, and behavioral perspective might provide poin¬ 
ters to preventive and curative methods that are more 
sustainable. There are plenty of accounts concerning 
behavior and customs in humans that affect the transmis¬ 
sion of infectious diseases. Agricultural practices such as 
the clearing of land and irrigation have brought increased 
contact between human populations and animal reser¬ 
voirs of diseases such as schistosomiasis and malaria. 
Urbanization has brought about increased transmission 
of lyme disease, cholera, dengue, and leishmaniasis. Changes 
in sexual behavior have had a large influence on the spread 
of human immunodeficiency virus (HIV), human papillo¬ 
mavirus (HPV), chlamydia, gonorrhea, and other sexually 
transmitted diseases. With the current threat of these 
numerous emerging diseases, it has become extremely 
important to understand the dynamics of infectious pro¬ 
cesses in the context of crowded living conditions that 
characterize many animal groups and humans. An under¬ 
standing of the behavioral processes that define the structure 
of a social group will help identify the transmission pathways 
used by pathogens to spread and suggest possible ways to 
manage the social structure as a counteractive measure to 
both prevent and control the spread of a likely epidemic. 

See also: Consensus Decisions; Group Movement; Life 
Histories and Network Function; Nest Site Choice in 
Social Insects. 
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In the world of veterinary medicine, we have come to 
appreciate the closeness of behavior and disease. The 
behavioral changes associated with illness are the main 
indicators that animal owners use to assess welfare. There 
is a long and complex interaction between behavior, wel¬ 
fare, and disease. 

Behavior and biology cannot be separated, even at the 
most superficial level. Not only is the brain related to the 
performance of specific behaviors, behaviors will affect 
it and other body systems as well. These changes can be 
subtle or complex. As an example, stress affects the release 
of cortisol, one measure of the stress an animal may be 
experiencing. It can also release more neutrophils into the 
bloodstream to be ready for potential invasions by micro¬ 
organisms. Depression can affect the adrenal glands’ 
response to life in general, much less their response to 
stress, and it affects the ability of the thyroid gland to 
normalize the body’s activity. Drugs used to treat various 
medical conditions frequently have secondary effects that 
impact quality-of-life issues. Excessive sleepiness from 
seizure medications may make their use undesirable 
because then the pet is not a good companion. Behaviors 
in the extreme, such as a phobia to thunderstorms, may 
make drugs ineffective. And now we must add the fact that 
supplements can also affect welfare. Antioxidants are 
popular and their actions can help remove free radicals 
in the brain to help hold off the behaviors associated with 
cognitive dysfunction. Foods eaten provide the precursors 
to the neurotransmitters, and those are related to brain 
function in sites that impact behavior. They can also be 
the basis for food allergies, which can come with a differ¬ 
ent set of behavioral changes. 

Illness and Behavior 

Some of the complexity of the interrelationships of illness 
and behavior can be seen in the body’s response to an 
infection (Figure 1). When a microbe causes an infection, 
the body responds with phagocytizing cells going after the 
organism. These produce interleukin 1, which is asso¬ 
ciated with both fever and initiation of slow-wave sleep. 
At the same time, the organism can produce endotoxins, 
to which the body responds with leukocytic endogenous 
mediators. Fever, and perhaps interleukin 1, can also 
produce these mediators. The resulting production helps 
the body sequester plasma iron, amino acids, and zinc, 
making them unavailable to the microorganisms. There is 


also an increase in the acute phase reactant glycoproteins 
for antibody production and leukocytosis in the form of 
white cells to help fight the infection. 

Fever also directly results in the sequestering of plasma 
iron, the increase of glycoproteins and leukocytosis. In 
addition, it will increase body metabolism by approxi¬ 
mately 25% for a 2°C increase in body temperature. 
Pathogens do not grow as well at higher body tempera¬ 
tures, so the fever helps reduce their efficiency. 

Slow-wave sleep helps in survival and is one of the 
obvious behavioral changes noticed by owners (Figure 2). 
The reduced movement results in energy conservation. 
This is important because the animal is not eating as 
much, and metabolism has increased, meaning the body 
is using its surplus energy for survival. Sleep reduces 
grooming behaviors, which in turn helps minimize body 
heat loss secondary to saliva evaporation, and it conserves 
energy because hunting is not done. Anorexia is another 
part of the slow-wave sleep changes. If the animal does not 
have to hunt food, it conserves energy as well as prevents 
the intake of iron, which is a good resource for many 
infectious organisms. 

Thus, a reduction in activity, desire to eat, and groom¬ 
ing are behaviors that owners notice in the sick animals. 
But these are not restricted to domesticated animals; the 
responses occur in mammals of all types. And these are 
just the beginning of the interrelation of behavior, welfare, 
and disease. 

The Brain and Behavior 

Without going into depth about the interrelationship of 
the brain and behavior, because it is being covered else¬ 
where, it is important to note in this article that diseases 
that affect the brain also affect behavior. Conditions such 
as brain tumors, cerebral vascular accidents, and hydro¬ 
cephalus can affect any part of the brain, with the result¬ 
ing symptoms being quite variable. Diseases also affect the 
brain directly. As examples, the canine distemper virus 
can result in encephalitis, seizures, and focal changes on 
the retina of the eye. Feline panleukopenia is associated 
with cerebellar hypoplasia if kittens are infected in utero 
or before 4 weeks of age. 

The question is the effect of these things on welfare. In 
the case of tumors, encephalitis, and seizures, few would 
doubt that an animal’s welfare is negatively affected, at 
least as the disease progresses. The bigger questions could 
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be argued relative to hydrocephalis, cerebellar hypoplasia, 
and other similar conditions. In these cases, the animal 
does not seem to suffer significantly, or at least is not 
apparently aware that it is different from other animals. 
Humans make the distinction. And does the fact that the 
animal is affected make it more likely to be singled out as 
prey, reducing its welfare? 


Behavior and Medical Conditions 

There are a number of medical conditions that can be 
expressed as behavioral problems only, without the typi¬ 
cal clinical signs associated with that same condition. 
Others of these problems are parallel to human condi¬ 
tions, and still others should be part of differential diag¬ 
noses considered in a patient with certain presenting 
signs. Meaning unclear please check if the sentence con¬ 
veys the intended meaning. Certainly, these categories are 
artificial and do overlap. They are discussed here based on 
the primary way in which they present to a veterinarian. 


Medical Problems that Can Be Seen as a 
Behavioral Problem Only 

This category can be difficult to diagnose unless the 
veterinarian is aware of the behavioral expression of the 
condition. We certainly do not recognize all of the possi¬ 
bilities at this time, but our knowledge is growing. The 
following are some examples that we know about. 

Hypothyroidism 

Animals typically affected with hypothyroidism show a 
number of systemic signs, such as thinning skin, symmet¬ 
ric alopecia, and reduced muscle tone. However, some 
individuals do not show those signs and only show a 
behavioral change, such as aggression. Unfortunately, 
diagnosis is not always straightforward because there are 
a number of causes for aggression. Blood work is typically 
used to rule in or rule out this condition; however, inter¬ 
pretation can be difficult. A number of things can artifi¬ 
cially elevate or suppress the thyroid values, so the 
veterinarian is faced with evaluating all information to 
make a determination. 

Seizures 

Seizures can have a number of different causes, and in that 
way, they parallel human conditions. However, seizures 
can have a behavior-only expression in animals. Aggres¬ 
sion, tail chasing, air snapping, or star gazing may be the 
only manifestation of a seizure. Treatments, when appro¬ 
priate, involve antiseizure medications. The problem 
occurs with animals showing aggression, especially when 
the bouts are widely spaced. It is difficult to know if the 
time without aggression is related to the medication 
controlling the seizure activity, or whether it is just a 
time without abnormal firing within the brain. Because 
aggressive bouts are potentially dangerous to those around 
the animal, treatment options become more difficult. 

Hormonal abnormalities 

Hormonal changes, even in neutered animals, can present 
as a behavioral problem. Aggression is the most common 
of the complaints brought forth by owners. In mares, a 
condition has been identified in which the mare shows 
stallion-like behavior and has an excessively good muscle 
tone for her conditioning program. Hormonal measure¬ 
ments show very high testosterone levels. There are a 
number of possible sources of the testosterone, since 
cholesterol, estrogen, and testosterone can be converted 
between each other, but glands that need additional eval¬ 
uation include the ovaries, adrenal glands, or pituitary 
gland. One mare is known to have produced a filly foal 
that went on to exhibit similar signs. 

Occasionally by female dogs will show an increase in 
aggression for a week or so, about every 6 months, even 
though ovaries and uterus have been removed. Because 
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hormone cycling is tied into the cycling of the entire body 
systems, periodic expressions of behavior are certainly 
possible even though the ovaries are no longer part of 
the picture. 

Behavioral Problems that Parallel Human 
Conditions 

Researchers and clinicians are beginning to find a number 
of human conditions that have an animal model. This not 
only provides researchers with a valuable resource, it may 
provide the animal with better treatments and owners 
with a better understanding of what is wrong with their 
animal. 

Interstitial cystitis 

Interstitial cystitis is a condition in humans and cats in 
which the individual experiences painful urination and 
straining. The signs are typical of those associated with a 
bladder infection, but in these cases, there are erosions of 
the bladder wall. The problem in cats is difficult to diag¬ 
nose because the urethra is very difficult to catheritize, 
and thus, it is difficult to use an endoscope to visualize the 
inside of the bladder. Surgical biopsies are seldom done. 
In both species, there seems to be a connection with stress, 
so treatment is centered around controlling or eliminating 
the stress in their lives. 

Portosystemic shunts 

Dogs and cats can have a shunting of blood such that some 
of it bypasses the liver. Because of this, the liver is not able 
to detoxify the blood or pull out those things that allow 
that organ to function normally. Affected animals will 
typically show the worst signs of their condition following 
a meal, returning to near normal after several hours. Their 
presenting signs can vary from neurologic disease (sei¬ 
zures, blindness, and head pressing) to behavioral signs 
such as poor learning ability, aggression, stereotypies, and 
hyper behavior. Most of the affected animals will also 
have a stunted body size because the nutrients cannot be 
properly processed. 

Hydrocephalus 

Miniaturization of dogs has been associated with the 
increased tendency for them to have hydrocephalus. 
There is also an apparent hereditary factor; there is a 
high prevalence in bull terrier dogs. Affected animals 
may present for medical problems such as seizures, but 
behavioral changes are even more common. Poor learning 
ability, inability to housetrain, aggression, and hyper 
behaviors are common. Stereotypies, such as the circling 
shown by bull terriers, can become very extreme. The 
surgical correction of shunting spinal fluid from the brain 
into another part of the body is done in humans and 
severely affected animals. 


Hyperactivity/hyperkinesis 

There is an animal version of hyperactivity/hyperkinesis, 
and perhaps even the model to show that there are at least 
two separate versions. Affected animals are presented 
because they just cannot seem to settle down, they are 
hard to train, and habituate poorly. As with humans, there 
are often coexisting conditions as well. In veterinary 
medicine, we have found that the hyperkinetic dog will 
calm down with a stimulant, as usually happens with 
attention deficit hyperactivity disorder (ADHD) people. 
This is probably seen in other species as well. As an 
example, race horses have been medicated with a stimu¬ 
lant ‘to get their mind right,’ implying that the condition 
exists in them. 

Hyperactive animals are presented with the same 
signs, but they will calm down to normal with mild 
doses of a tranquilizer instead of the stimulant. Unfortu¬ 
nately, the imaging modalities that can be used in humans 
are not available to use on unanesthetized animals, so for 
this condition, the animal would not make a good research 
model for humans. 

Because the presenting signs are the same, diagnosis is 
made by response to therapy. Other conditions, such as 
hyperthyroidism, inadequate exercise for caloric intake, 
allergies/atopy, and drug reactions, can cause the same 
presenting signs. These complicate the diagnosis. Coex¬ 
isting problems may also mask the primary problem and 
their treatment may be less than successful unless the 
‘hyper’ problem is also treated. In fact, if the ‘hyper’ 
problem is successfully diagnosed and treated, the coex¬ 
isting problems may actually disappear. 

Feline hyperesthesia syndrome 

A relatively recent connection between an animal condi¬ 
tion and one in humans has been made for the feline 
hyperesthesia syndrome. Affected cats will be acting nor¬ 
mally and suddenly their eyes will dilate and the skin will 
twitch along their backs. Often they vocalize and then 
may dash around the house. These are episodes of explo¬ 
sive arousal that may be spontaneous or triggered by 
tactile stimulation. Researchers have shown that in a few 
of these cats, there is spontaneous electrical activity in the 
epaxial muscles. Biopsies demonstrated vacuoles that are 
similar to those seen in human-inclusive body myositis/ 
myopathy. 

Narcolepsy 

Several animal species are available as models for the 
study of narcolepsy. The most common sign is the abrupt 
onset of a sleep episode during a time or event where this 
would not be normal. Restless sleep at night is also com¬ 
mon. A brain chemical, hypocretin, helps regulate staying 
awake and stabilizes rapid eye movement (REM) sleep. 
Affected individuals have low hypocretin levels, although 
it is not understood why this happens yet. The Doberman 
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Pincher dog model has been used most as a genetic model 
and has been important in establishing various treatments. 

Stereotypic behaviors 

Stereotypic behaviors are repetitive behaviors that are 
not functional. They are often rhythmic in manner and 
may start as a normal response to a specific situation. Over 
time, their expression becomes more rigid. Animals have 
shown a number of different stereotypic patterns. Some 
are oral in nature, such as tongue play, excessive groom¬ 
ing, cribbing/windsucking, rubbing of teeth, and licking. 
Locomotor patterns are seen as stall/kennel circling, walk¬ 
ing back and forth with a head flip, tail chasing, weaving, 
digging, kicking, or pawing. Freezing in location, nose 
rubbing, head shaking/nodding, playing in water, tail 
swishing, self-rubbing, and self-mutilations are more 
generalized and thus may constitute a third category. 

The development of stereotypies may be an initial 
response to stress or other and in this acute phase, the exp¬ 
ression is less rigid than at later stages. It is believed that the 
expression of the behavior may release neuroendorphins, 
and thus have a stress-relieving effect. This pattern can 
usually be broken by addressing the stressors, tightening 
up the animal’s schedule, and increasing exercise. 

If allowed to continue, the acute phase gives way to the 
chronic phase, and some work suggests that this will occur 
after about 6 weeks. In the chronic phase, the pattern of 
behavior becomes more rigid and the brain apparently 
changes to make this behavior a default one. Regardless 
of treatments, the animal will revert to this pattern with 
any new stress, even if the owners can successfully stop the 
problem in the first place. Some recent work with equine 
cribbing/wind sucking (aerophagia) suggested that there 
may be medical conditions related to the development of 
this stereotypy. Affected horses showed the behaviors 
more often at a time when ingesta was reaching the 
cecum. Their fecal pH was lower than nonaffected horses. 
These individuals were also more likely to have gastric 
ulcers and show improvement with antacids. Baseline cor¬ 
tisol levels were higher, suggesting that they were more 
susceptible to stress, and beta endorphin levels were lower. 
Another study of psychogenic alopecia in cats found that 
19 of the 21 cats had underlying skin disease. These find¬ 
ings indicate that stereotypic behaviors may have compli¬ 
cated etiologies and need complex treatment protocols. 

Obsessive compulsive disorders 

An obsession is a pervasive thought that is considered to be 
intrusive and senseless. The compulsion is the intentional 
behavior performed in a repetitive fashion in response to 
that obsession. Unfortunately, we are not able to ask ani¬ 
mals about their thoughts, and so will never know for 
certain that the behaviors are the animal equivalents 
of the human obsessive compulsive disorders (OCDs). 
However, the determination of affected individuals to 


perform the specific behavior strongly suggests that 
OCD does exist. 

The patterns shown by individuals with presumed 
OCD vary. They can range from flank sucking, acral lick 
dermitis, fly snapping, light chasing, cribbing/windsuck- 
ing, circling, to tail chasing. In some cases, the behavior is 
a stereotypic one, but not always. Certainly not all OCDs 
are stereotypies and not all stereotypies are OCDs. This 
suggests that there may be preexisting brain differences 
that predispose individuals to developing OCDs, but at 
this time, we do not know. 

Treatment protocols are only partially successful at 
eliminating the problems. In a study of Doberman Pinch¬ 
ers with acral lick dermitis, drug therapy helped only 
about 50% of the dogs, and then, only about half of 
those had reasonably good responses. 

Self-mutilation syndrome 

The self-mutilation syndrome is a self-directed behavior in 
which the animal bites itself, usually to the point of creating 
a wound. Stallions represent 70% of horses showing the 
behavior, with geldings and mares about equally divided 
in the remaining 30%. The majority of affected individuals 
bit both sides of their body, usually near the point of the 
shoulder, but other behaviors are also common, such as 
the 40% that rub, spin toss their head, or roll; 40% that 
buck; 39% that are hypersensitive to touch; and 32% that 
vocalize. The self-mutilation syndrome has been compared 
to Tourette’s syndrome in humans. Affected people show 
a variety of tics, and many have uncontrolled vocalizations 
too. The etiology is a combination of genetic and environ¬ 
mental factors, which seems to hold true in affected horses 
as well. The condition has been seen in racing stallions that 
are injured but maintained on their regular performance 
rations. Since it is more common in Arabians, Quarter 
Horses, and Standardbreds, there is some question about 
the genetic implications. This, however, has not been 
proven yet. 

Conditions with Medical and Behavioral 
Differential Diagnoses 

There are several examples of conditions that may have 
both medical problems and behavioral problems that need 
to be considered before the actual diagnosis is reached. 
The following examples are primarily associated with 
domestic animals, but would not have to be limited to 
those species. It should be recognized, however, that some 
of the behavioral differentials would not necessarily occur 
in wild populations. 

Housesoiling by urination 

When a dog or cat urinates in the house instead of out¬ 
doors or in a litterbox (as in the case of most house cats), it 
can be a sign of a medical or behavioral problem. If not 




Disease, Behavior and Welfare 541 


quickly and accurately dealt with, the owner might choose 
to get rid of the animal, although there are cases where 
owners have lived with the problem for years, and recog¬ 
nize it as a problem only when they are going to get a new 
carpet. 

Differential diagnoses would include a number of 
medical conditions such as an infection of the urinary 
bladder, interstitial cystitis, pyelonephritis, polydipsia, 
metabolic/endocrine diseases, urinary incontinence, and 
neurologic disease of the spine or brain. These things 
must be worked up to ensure proper treatment. 

Differential diagnoses must also include behavioral 
differentials such as incomplete/improper housetraining, 
poor litterbox management, and lack of or poor access to 
appropriate elimination areas. Dog owners are notorious 
for assuming that the dog is housetrained after a few 
weeks of working with them, and then expect the puppy 
to tell the owner when it needs to go out. They also will 
leave puppies alone longer than the bladder capacity will 
allow. These are not realistic expectations. Cat owners 
tend to have too few litterboxes, locate them too far 
away, and neglect to clean them often enough. When the 
litterbox is put far away from the daily activity of the 
kitten, it encourages accidents when the urge to urinate 
comes on suddenly. The location of the box may also be 
associated with undesirable things such as noisy clothes, 
dryers, or half doors that must be vaulted over. Since most 
owners clean the litterbox no more than once a week, the 
accumulation of urine and fecal matter and the associated 
odor can prove repulsive to a cat. 

Housesoiling by defecation 

A fairly common problem among housebound dogs and 
cats is defecation in the house. This can be the result of 
the sudden need to defecate, or it can be the buildup of 
feces that was not expelled when the animal was outside. 
As an example, a dog that normally defecates outdoors in 
the morning before the owner leaves for work might not 
do so if the weather is bad. Then the dog is indoors and 
the urge to defecate becomes so strong that the animal can 
no longer control that need. The differential diagnoses for 
this problem include a number of medical conditions such 
as intestinal parasites, colitis, inflammatory bowel disease, 
and several neurologic diseases. Animals with neoplasia, 
megacolon, and some metabolic/endocrine diseases will 
also show housesoiling. Musculoskeletal problems such as 
osteoarthritis or lumbosacral instability, and dietary pro¬ 
blems that result in very dry feces can make defecating or 
posturing to defecate painful. The animal will avoid going 
until it is absolutely necessary, and so may not be in the 
right place. The same behavioral conditions mentioned 
with urination problems above also need to be considered. 

A somewhat similar problem exists with some horses, 
where they defecate in their water buckets or manger 
instead of in another stall location. For them, the behavior 


seems more likely to be a behavioral choice rather than a 
medical condition. 

Cognitive dysfunction 

Age changes occur in the brain of older individuals of many 
species. With Alzeheimer’s disease in humans, there is 
a deposition of beta amyloid plaques, cortical shrinkage 
with ventricular dilation, neurofibrillary tangles, and a 
decreased blood supply. Similar changes have been shown 
in dogs and cats, among other species; although, the neuro¬ 
fibrillary tangles do not occur. Clinical signs such as for¬ 
getfulness (going to the wrong door and housesoiling) and 
reduced social interactions can be similar to humans. In 
animals though, there are a number of geriatric-related 
conditions that must be considered as differential diag¬ 
noses that must either be ruled out or determined to coexist 
with cognitive dysfunction (Figure 3). The primary com¬ 
plaint that dog owners have is that the animal is now 
urinating or defecating in the house, while cat owners 
notice the increased vocalization. 

Treatments for cognitive dysfunction are showing a lot 
of promise, and are certainly being looked at in human 
medicine as well. The response to antioxidants and drugs 
with that effect shows a lot of promise. Other drugs that 
increase dopamine levels or blood flow to the brain are 
being used as well. 

Coprophagy 

Coprophagy is the eating of feces. While the behavior is 
normal for the young of most species, probably to help 
them establish intestinal flora, and for the dams of young 
of some species, to keep the nest area clean, it can occur 
for less desirable reasons. In some cases, the behavior 
is associated with an animal kept in a barren environ¬ 
ment, thus resembling a behavior of‘boredom.’ Coproph¬ 
agy has also been seen as the result of various medical 
conditions. These include an exocrine pancreatic insuffi¬ 
ciency, hydrocephalus, and high parasite burdens. 

Eating the feces of another species is commonly done 
by dogs. Cat feces is high in protein and the smell/taste 

Cognitive Dysfunction 

Differential diagnoses 

Reduced sensory perception 
Musculoskeletal pain 
Urinary tract disease 
Separation anxiety 
Environmental phobias 
Obsessive compulsive disorders 
Inadequate housetraining 
Urine marking 

Peripheral or central neurologic disease 
Figure 3 Differential diagnoses for cognitive dysfunction. 
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seems to attract dogs. Horse feces has predigested vegeta¬ 
ble matter and attracts some dogs in the same way that 
regular grass does. In this case, however, the predigestion 
by the horse’s gastrointestinal system allows the vegetable 
matter to be processed in the dog since the cellulose 
bonds have already been broken. 

In summary, it is not always possible to separate medical 
from behavioral etiologies, and in some animals, one may 
be complicated by the other. Certain traits tend to support 
medical problems over behavioral ones, such as conditions 
seen in the very young or very old. Conditions with an 
abrupt onset or a change in the character of the animal will 
also support medical problems. There are breed predispo¬ 
sitions for both medical and behavioral conditions that 
create long lists to rule in or rule out for a diagnosis. 
Behavioral problems often have an identifiable trigger or 
associated event that suggests environmental cue responses 
rather than physiological ones. Other preexisting medical 
conditions are suggestive that the new problem could be 


associated either as a variation or as something else to add 
to the list of the animal’s specific problems. Establishing 
a cause and/or treatment for a problem, so that that the 
animal can experience best welfare, can be a diagnostic 
challenge. 

See also: Insect Flight and Walking: Neuroethological 
Basis. 
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In the world of veterinary medicine, we have come to 
appreciate the closeness of behavior and disease. The 
behavioral changes associated with illness are the main 
indicators that animal owners use to assess welfare. There 
is a long and complex interaction between behavior, wel¬ 
fare, and disease. 

Behavior and biology cannot be separated, even at the 
most superficial level. Not only is the brain related to the 
performance of specific behaviors, behaviors will affect 
it and other body systems as well. These changes can be 
subtle or complex. As an example, stress affects the release 
of cortisol, one measure of the stress an animal may be 
experiencing. It can also release more neutrophils into the 
bloodstream to be ready for potential invasions by micro¬ 
organisms. Depression can affect the adrenal glands’ 
response to life in general, much less their response to 
stress, and it affects the ability of the thyroid gland to 
normalize the body’s activity. Drugs used to treat various 
medical conditions frequently have secondary effects that 
impact quality-of-life issues. Excessive sleepiness from 
seizure medications may make their use undesirable 
because then the pet is not a good companion. Behaviors 
in the extreme, such as a phobia to thunderstorms, may 
make drugs ineffective. And now we must add the fact that 
supplements can also affect welfare. Antioxidants are 
popular and their actions can help remove free radicals 
in the brain to help hold off the behaviors associated with 
cognitive dysfunction. Foods eaten provide the precursors 
to the neurotransmitters, and those are related to brain 
function in sites that impact behavior. They can also be 
the basis for food allergies, which can come with a differ¬ 
ent set of behavioral changes. 

Illness and Behavior 

Some of the complexity of the interrelationships of illness 
and behavior can be seen in the body’s response to an 
infection (Figure 1). When a microbe causes an infection, 
the body responds with phagocytizing cells going after the 
organism. These produce interleukin 1, which is asso¬ 
ciated with both fever and initiation of slow-wave sleep. 
At the same time, the organism can produce endotoxins, 
to which the body responds with leukocytic endogenous 
mediators. Fever, and perhaps interleukin 1, can also 
produce these mediators. The resulting production helps 
the body sequester plasma iron, amino acids, and zinc, 
making them unavailable to the microorganisms. There is 


also an increase in the acute phase reactant glycoproteins 
for antibody production and leukocytosis in the form of 
white cells to help fight the infection. 

Fever also directly results in the sequestering of plasma 
iron, the increase of glycoproteins and leukocytosis. In 
addition, it will increase body metabolism by approxi¬ 
mately 25% for a 2°C increase in body temperature. 
Pathogens do not grow as well at higher body tempera¬ 
tures, so the fever helps reduce their efficiency. 

Slow-wave sleep helps in survival and is one of the 
obvious behavioral changes noticed by owners (Figure 2). 
The reduced movement results in energy conservation. 
This is important because the animal is not eating as 
much, and metabolism has increased, meaning the body 
is using its surplus energy for survival. Sleep reduces 
grooming behaviors, which in turn helps minimize body 
heat loss secondary to saliva evaporation, and it conserves 
energy because hunting is not done. Anorexia is another 
part of the slow-wave sleep changes. If the animal does not 
have to hunt food, it conserves energy as well as prevents 
the intake of iron, which is a good resource for many 
infectious organisms. 

Thus, a reduction in activity, desire to eat, and groom¬ 
ing are behaviors that owners notice in the sick animals. 
But these are not restricted to domesticated animals; the 
responses occur in mammals of all types. And these are 
just the beginning of the interrelation of behavior, welfare, 
and disease. 

The Brain and Behavior 

Without going into depth about the interrelationship of 
the brain and behavior, because it is being covered else¬ 
where, it is important to note in this article that diseases 
that affect the brain also affect behavior. Conditions such 
as brain tumors, cerebral vascular accidents, and hydro¬ 
cephalus can affect any part of the brain, with the result¬ 
ing symptoms being quite variable. Diseases also affect the 
brain directly. As examples, the canine distemper virus 
can result in encephalitis, seizures, and focal changes on 
the retina of the eye. Feline panleukopenia is associated 
with cerebellar hypoplasia if kittens are infected in utero 
or before 4 weeks of age. 

The question is the effect of these things on welfare. In 
the case of tumors, encephalitis, and seizures, few would 
doubt that an animal’s welfare is negatively affected, at 
least as the disease progresses. The bigger questions could 


537 



538 Disease, Behavior and Welfare 


Infection 




Endotoxins 


Phagocytizing cells 


lnterleukin-1 



Leukocytic endogenous 
mediator 


Fever Slow wave sleep 
I uptake plasma iron 
♦ uptake amino acids & zinc 

I acute phase reactant glycoproteins 
Leukocytosis 
Figure 1 The body responses to infection. 
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Figure 2 Responses associated with increased sleepiness 


be argued relative to hydrocephalis, cerebellar hypoplasia, 
and other similar conditions. In these cases, the animal 
does not seem to suffer significantly, or at least is not 
apparently aware that it is different from other animals. 
Humans make the distinction. And does the fact that the 
animal is affected make it more likely to be singled out as 
prey, reducing its welfare? 


Behavior and Medical Conditions 

There are a number of medical conditions that can be 
expressed as behavioral problems only, without the typi¬ 
cal clinical signs associated with that same condition. 
Others of these problems are parallel to human condi¬ 
tions, and still others should be part of differential diag¬ 
noses considered in a patient with certain presenting 
signs. Meaning unclear please check if the sentence con¬ 
veys the intended meaning. Certainly, these categories are 
artificial and do overlap. They are discussed here based on 
the primary way in which they present to a veterinarian. 


Medical Problems that Can Be Seen as a 
Behavioral Problem Only 

This category can be difficult to diagnose unless the 
veterinarian is aware of the behavioral expression of the 
condition. We certainly do not recognize all of the possi¬ 
bilities at this time, but our knowledge is growing. The 
following are some examples that we know about. 

Hypothyroidism 

Animals typically affected with hypothyroidism show a 
number of systemic signs, such as thinning skin, symmet¬ 
ric alopecia, and reduced muscle tone. However, some 
individuals do not show those signs and only show a 
behavioral change, such as aggression. Unfortunately, 
diagnosis is not always straightforward because there are 
a number of causes for aggression. Blood work is typically 
used to rule in or rule out this condition; however, inter¬ 
pretation can be difficult. A number of things can artifi¬ 
cially elevate or suppress the thyroid values, so the 
veterinarian is faced with evaluating all information to 
make a determination. 

Seizures 

Seizures can have a number of different causes, and in that 
way, they parallel human conditions. However, seizures 
can have a behavior-only expression in animals. Aggres¬ 
sion, tail chasing, air snapping, or star gazing may be the 
only manifestation of a seizure. Treatments, when appro¬ 
priate, involve antiseizure medications. The problem 
occurs with animals showing aggression, especially when 
the bouts are widely spaced. It is difficult to know if the 
time without aggression is related to the medication 
controlling the seizure activity, or whether it is just a 
time without abnormal firing within the brain. Because 
aggressive bouts are potentially dangerous to those around 
the animal, treatment options become more difficult. 

Hormonal abnormalities 

Hormonal changes, even in neutered animals, can present 
as a behavioral problem. Aggression is the most common 
of the complaints brought forth by owners. In mares, a 
condition has been identified in which the mare shows 
stallion-like behavior and has an excessively good muscle 
tone for her conditioning program. Hormonal measure¬ 
ments show very high testosterone levels. There are a 
number of possible sources of the testosterone, since 
cholesterol, estrogen, and testosterone can be converted 
between each other, but glands that need additional eval¬ 
uation include the ovaries, adrenal glands, or pituitary 
gland. One mare is known to have produced a filly foal 
that went on to exhibit similar signs. 

Occasionally by female dogs will show an increase in 
aggression for a week or so, about every 6 months, even 
though ovaries and uterus have been removed. Because 
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hormone cycling is tied into the cycling of the entire body 
systems, periodic expressions of behavior are certainly 
possible even though the ovaries are no longer part of 
the picture. 

Behavioral Problems that Parallel Human 
Conditions 

Researchers and clinicians are beginning to find a number 
of human conditions that have an animal model. This not 
only provides researchers with a valuable resource, it may 
provide the animal with better treatments and owners 
with a better understanding of what is wrong with their 
animal. 

Interstitial cystitis 

Interstitial cystitis is a condition in humans and cats in 
which the individual experiences painful urination and 
straining. The signs are typical of those associated with a 
bladder infection, but in these cases, there are erosions of 
the bladder wall. The problem in cats is difficult to diag¬ 
nose because the urethra is very difficult to catheritize, 
and thus, it is difficult to use an endoscope to visualize the 
inside of the bladder. Surgical biopsies are seldom done. 
In both species, there seems to be a connection with stress, 
so treatment is centered around controlling or eliminating 
the stress in their lives. 

Portosystemic shunts 

Dogs and cats can have a shunting of blood such that some 
of it bypasses the liver. Because of this, the liver is not able 
to detoxify the blood or pull out those things that allow 
that organ to function normally. Affected animals will 
typically show the worst signs of their condition following 
a meal, returning to near normal after several hours. Their 
presenting signs can vary from neurologic disease (sei¬ 
zures, blindness, and head pressing) to behavioral signs 
such as poor learning ability, aggression, stereotypies, and 
hyper behavior. Most of the affected animals will also 
have a stunted body size because the nutrients cannot be 
properly processed. 

Hydrocephalus 

Miniaturization of dogs has been associated with the 
increased tendency for them to have hydrocephalus. 
There is also an apparent hereditary factor; there is a 
high prevalence in bull terrier dogs. Affected animals 
may present for medical problems such as seizures, but 
behavioral changes are even more common. Poor learning 
ability, inability to housetrain, aggression, and hyper 
behaviors are common. Stereotypies, such as the circling 
shown by bull terriers, can become very extreme. The 
surgical correction of shunting spinal fluid from the brain 
into another part of the body is done in humans and 
severely affected animals. 


Hyperactivity/hyperkinesis 

There is an animal version of hyperactivity/hyperkinesis, 
and perhaps even the model to show that there are at least 
two separate versions. Affected animals are presented 
because they just cannot seem to settle down, they are 
hard to train, and habituate poorly. As with humans, there 
are often coexisting conditions as well. In veterinary 
medicine, we have found that the hyperkinetic dog will 
calm down with a stimulant, as usually happens with 
attention deficit hyperactivity disorder (ADHD) people. 
This is probably seen in other species as well. As an 
example, race horses have been medicated with a stimu¬ 
lant ‘to get their mind right,’ implying that the condition 
exists in them. 

Hyperactive animals are presented with the same 
signs, but they will calm down to normal with mild 
doses of a tranquilizer instead of the stimulant. Unfortu¬ 
nately, the imaging modalities that can be used in humans 
are not available to use on unanesthetized animals, so for 
this condition, the animal would not make a good research 
model for humans. 

Because the presenting signs are the same, diagnosis is 
made by response to therapy. Other conditions, such as 
hyperthyroidism, inadequate exercise for caloric intake, 
allergies/atopy, and drug reactions, can cause the same 
presenting signs. These complicate the diagnosis. Coex¬ 
isting problems may also mask the primary problem and 
their treatment may be less than successful unless the 
‘hyper’ problem is also treated. In fact, if the ‘hyper’ 
problem is successfully diagnosed and treated, the coex¬ 
isting problems may actually disappear. 

Feline hyperesthesia syndrome 

A relatively recent connection between an animal condi¬ 
tion and one in humans has been made for the feline 
hyperesthesia syndrome. Affected cats will be acting nor¬ 
mally and suddenly their eyes will dilate and the skin will 
twitch along their backs. Often they vocalize and then 
may dash around the house. These are episodes of explo¬ 
sive arousal that may be spontaneous or triggered by 
tactile stimulation. Researchers have shown that in a few 
of these cats, there is spontaneous electrical activity in the 
epaxial muscles. Biopsies demonstrated vacuoles that are 
similar to those seen in human-inclusive body myositis/ 
myopathy. 

Narcolepsy 

Several animal species are available as models for the 
study of narcolepsy. The most common sign is the abrupt 
onset of a sleep episode during a time or event where this 
would not be normal. Restless sleep at night is also com¬ 
mon. A brain chemical, hypocretin, helps regulate staying 
awake and stabilizes rapid eye movement (REM) sleep. 
Affected individuals have low hypocretin levels, although 
it is not understood why this happens yet. The Doberman 
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Pincher dog model has been used most as a genetic model 
and has been important in establishing various treatments. 

Stereotypic behaviors 

Stereotypic behaviors are repetitive behaviors that are 
not functional. They are often rhythmic in manner and 
may start as a normal response to a specific situation. Over 
time, their expression becomes more rigid. Animals have 
shown a number of different stereotypic patterns. Some 
are oral in nature, such as tongue play, excessive groom¬ 
ing, cribbing/windsucking, rubbing of teeth, and licking. 
Locomotor patterns are seen as stall/kennel circling, walk¬ 
ing back and forth with a head flip, tail chasing, weaving, 
digging, kicking, or pawing. Freezing in location, nose 
rubbing, head shaking/nodding, playing in water, tail 
swishing, self-rubbing, and self-mutilations are more 
generalized and thus may constitute a third category. 

The development of stereotypies may be an initial 
response to stress or other and in this acute phase, the exp¬ 
ression is less rigid than at later stages. It is believed that the 
expression of the behavior may release neuroendorphins, 
and thus have a stress-relieving effect. This pattern can 
usually be broken by addressing the stressors, tightening 
up the animal’s schedule, and increasing exercise. 

If allowed to continue, the acute phase gives way to the 
chronic phase, and some work suggests that this will occur 
after about 6 weeks. In the chronic phase, the pattern of 
behavior becomes more rigid and the brain apparently 
changes to make this behavior a default one. Regardless 
of treatments, the animal will revert to this pattern with 
any new stress, even if the owners can successfully stop the 
problem in the first place. Some recent work with equine 
cribbing/wind sucking (aerophagia) suggested that there 
may be medical conditions related to the development of 
this stereotypy. Affected horses showed the behaviors 
more often at a time when ingesta was reaching the 
cecum. Their fecal pH was lower than nonaffected horses. 
These individuals were also more likely to have gastric 
ulcers and show improvement with antacids. Baseline cor¬ 
tisol levels were higher, suggesting that they were more 
susceptible to stress, and beta endorphin levels were lower. 
Another study of psychogenic alopecia in cats found that 
19 of the 21 cats had underlying skin disease. These find¬ 
ings indicate that stereotypic behaviors may have compli¬ 
cated etiologies and need complex treatment protocols. 

Obsessive compulsive disorders 

An obsession is a pervasive thought that is considered to be 
intrusive and senseless. The compulsion is the intentional 
behavior performed in a repetitive fashion in response to 
that obsession. Unfortunately, we are not able to ask ani¬ 
mals about their thoughts, and so will never know for 
certain that the behaviors are the animal equivalents 
of the human obsessive compulsive disorders (OCDs). 
However, the determination of affected individuals to 


perform the specific behavior strongly suggests that 
OCD does exist. 

The patterns shown by individuals with presumed 
OCD vary. They can range from flank sucking, acral lick 
dermitis, fly snapping, light chasing, cribbing/windsuck- 
ing, circling, to tail chasing. In some cases, the behavior is 
a stereotypic one, but not always. Certainly not all OCDs 
are stereotypies and not all stereotypies are OCDs. This 
suggests that there may be preexisting brain differences 
that predispose individuals to developing OCDs, but at 
this time, we do not know. 

Treatment protocols are only partially successful at 
eliminating the problems. In a study of Doberman Pinch¬ 
ers with acral lick dermitis, drug therapy helped only 
about 50% of the dogs, and then, only about half of 
those had reasonably good responses. 

Self-mutilation syndrome 

The self-mutilation syndrome is a self-directed behavior in 
which the animal bites itself, usually to the point of creating 
a wound. Stallions represent 70% of horses showing the 
behavior, with geldings and mares about equally divided 
in the remaining 30%. The majority of affected individuals 
bit both sides of their body, usually near the point of the 
shoulder, but other behaviors are also common, such as 
the 40% that rub, spin toss their head, or roll; 40% that 
buck; 39% that are hypersensitive to touch; and 32% that 
vocalize. The self-mutilation syndrome has been compared 
to Tourette’s syndrome in humans. Affected people show 
a variety of tics, and many have uncontrolled vocalizations 
too. The etiology is a combination of genetic and environ¬ 
mental factors, which seems to hold true in affected horses 
as well. The condition has been seen in racing stallions that 
are injured but maintained on their regular performance 
rations. Since it is more common in Arabians, Quarter 
Horses, and Standardbreds, there is some question about 
the genetic implications. This, however, has not been 
proven yet. 

Conditions with Medical and Behavioral 
Differential Diagnoses 

There are several examples of conditions that may have 
both medical problems and behavioral problems that need 
to be considered before the actual diagnosis is reached. 
The following examples are primarily associated with 
domestic animals, but would not have to be limited to 
those species. It should be recognized, however, that some 
of the behavioral differentials would not necessarily occur 
in wild populations. 

Housesoiling by urination 

When a dog or cat urinates in the house instead of out¬ 
doors or in a litterbox (as in the case of most house cats), it 
can be a sign of a medical or behavioral problem. If not 




Disease, Behavior and Welfare 541 


quickly and accurately dealt with, the owner might choose 
to get rid of the animal, although there are cases where 
owners have lived with the problem for years, and recog¬ 
nize it as a problem only when they are going to get a new 
carpet. 

Differential diagnoses would include a number of 
medical conditions such as an infection of the urinary 
bladder, interstitial cystitis, pyelonephritis, polydipsia, 
metabolic/endocrine diseases, urinary incontinence, and 
neurologic disease of the spine or brain. These things 
must be worked up to ensure proper treatment. 

Differential diagnoses must also include behavioral 
differentials such as incomplete/improper housetraining, 
poor litterbox management, and lack of or poor access to 
appropriate elimination areas. Dog owners are notorious 
for assuming that the dog is housetrained after a few 
weeks of working with them, and then expect the puppy 
to tell the owner when it needs to go out. They also will 
leave puppies alone longer than the bladder capacity will 
allow. These are not realistic expectations. Cat owners 
tend to have too few litterboxes, locate them too far 
away, and neglect to clean them often enough. When the 
litterbox is put far away from the daily activity of the 
kitten, it encourages accidents when the urge to urinate 
comes on suddenly. The location of the box may also be 
associated with undesirable things such as noisy clothes, 
dryers, or half doors that must be vaulted over. Since most 
owners clean the litterbox no more than once a week, the 
accumulation of urine and fecal matter and the associated 
odor can prove repulsive to a cat. 

Housesoiling by defecation 

A fairly common problem among housebound dogs and 
cats is defecation in the house. This can be the result of 
the sudden need to defecate, or it can be the buildup of 
feces that was not expelled when the animal was outside. 
As an example, a dog that normally defecates outdoors in 
the morning before the owner leaves for work might not 
do so if the weather is bad. Then the dog is indoors and 
the urge to defecate becomes so strong that the animal can 
no longer control that need. The differential diagnoses for 
this problem include a number of medical conditions such 
as intestinal parasites, colitis, inflammatory bowel disease, 
and several neurologic diseases. Animals with neoplasia, 
megacolon, and some metabolic/endocrine diseases will 
also show housesoiling. Musculoskeletal problems such as 
osteoarthritis or lumbosacral instability, and dietary pro¬ 
blems that result in very dry feces can make defecating or 
posturing to defecate painful. The animal will avoid going 
until it is absolutely necessary, and so may not be in the 
right place. The same behavioral conditions mentioned 
with urination problems above also need to be considered. 

A somewhat similar problem exists with some horses, 
where they defecate in their water buckets or manger 
instead of in another stall location. For them, the behavior 


seems more likely to be a behavioral choice rather than a 
medical condition. 

Cognitive dysfunction 

Age changes occur in the brain of older individuals of many 
species. With Alzeheimer’s disease in humans, there is 
a deposition of beta amyloid plaques, cortical shrinkage 
with ventricular dilation, neurofibrillary tangles, and a 
decreased blood supply. Similar changes have been shown 
in dogs and cats, among other species; although, the neuro¬ 
fibrillary tangles do not occur. Clinical signs such as for¬ 
getfulness (going to the wrong door and housesoiling) and 
reduced social interactions can be similar to humans. In 
animals though, there are a number of geriatric-related 
conditions that must be considered as differential diag¬ 
noses that must either be ruled out or determined to coexist 
with cognitive dysfunction (Figure 3). The primary com¬ 
plaint that dog owners have is that the animal is now 
urinating or defecating in the house, while cat owners 
notice the increased vocalization. 

Treatments for cognitive dysfunction are showing a lot 
of promise, and are certainly being looked at in human 
medicine as well. The response to antioxidants and drugs 
with that effect shows a lot of promise. Other drugs that 
increase dopamine levels or blood flow to the brain are 
being used as well. 

Coprophagy 

Coprophagy is the eating of feces. While the behavior is 
normal for the young of most species, probably to help 
them establish intestinal flora, and for the dams of young 
of some species, to keep the nest area clean, it can occur 
for less desirable reasons. In some cases, the behavior 
is associated with an animal kept in a barren environ¬ 
ment, thus resembling a behavior of‘boredom.’ Coproph¬ 
agy has also been seen as the result of various medical 
conditions. These include an exocrine pancreatic insuffi¬ 
ciency, hydrocephalus, and high parasite burdens. 

Eating the feces of another species is commonly done 
by dogs. Cat feces is high in protein and the smell/taste 

Cognitive Dysfunction 

Differential diagnoses 

Reduced sensory perception 
Musculoskeletal pain 
Urinary tract disease 
Separation anxiety 
Environmental phobias 
Obsessive compulsive disorders 
Inadequate housetraining 
Urine marking 

Peripheral or central neurologic disease 
Figure 3 Differential diagnoses for cognitive dysfunction. 
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seems to attract dogs. Horse feces has predigested vegeta¬ 
ble matter and attracts some dogs in the same way that 
regular grass does. In this case, however, the predigestion 
by the horse’s gastrointestinal system allows the vegetable 
matter to be processed in the dog since the cellulose 
bonds have already been broken. 

In summary, it is not always possible to separate medical 
from behavioral etiologies, and in some animals, one may 
be complicated by the other. Certain traits tend to support 
medical problems over behavioral ones, such as conditions 
seen in the very young or very old. Conditions with an 
abrupt onset or a change in the character of the animal will 
also support medical problems. There are breed predispo¬ 
sitions for both medical and behavioral conditions that 
create long lists to rule in or rule out for a diagnosis. 
Behavioral problems often have an identifiable trigger or 
associated event that suggests environmental cue responses 
rather than physiological ones. Other preexisting medical 
conditions are suggestive that the new problem could be 


associated either as a variation or as something else to add 
to the list of the animal’s specific problems. Establishing 
a cause and/or treatment for a problem, so that that the 
animal can experience best welfare, can be a diagnostic 
challenge. 

See also: Insect Flight and Walking: Neuroethological 
Basis. 


Further Reading 

Beaver BV (2003) Feline Behavior: A Guide For Veterinarians, 2nd edn. 
St. Louis: Saunders. 

Beaver BV (2009) Canine Behavior: Insights and Answers, 2nd edn. 

St. Louis: Saunders. 

Hart BL (1988) Biological basis of the behavior of sick animals. 

Neuroscience & Biobehavioral Reviews 12: 123-137. 

Hart BL, Hart LA, and Bain MJ (2006) Canine and Feline Behavior 
Therapy, 2nd edn. Ames: Blackwell Publishing. 




Distributed Cognition 

L. Barrett, University of Lethbridge, Lethbridge, AB, Canada 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

The notion that our brains alone make us the people 
we are is one that permeates Western thought and has 
infiltrated our popular culture. A quick Google search 
reveals that there are at least around 30 films that involve 
some form of brain or mind transference, where one 
person’s mind or brain somehow ends up in another 
person’s body. Clearly, we find this idea very appealing 
and, however implausible the actual mechanics are, we 
seem happy enough to buy into the notion that if a 
person’s brain is moved to another body, that person 
would, to all intents and purposes, remain the same. 
This is a very Cartesian perspective: as a plot device, 
‘body swaps’ or ‘mind transfers’ revolve around Rene 
Descartes’ famous dictum ‘I think, therefore I am’ and 
the idea that we are made up of ‘mind stuff’ (or at least 
‘brain stuff’) that is entirely distinct from our body stuff. 
Of course, bodies are needed to carry our brain-minds 
around, but for the most part, if it’s a healthy functional 
body, there are assumed to be no adverse consequences 
of finding ‘ourselves’ in somebody else and, it’s a neat 
way for the hero or heroine to learn some important 
life-lessons by wandering about, quite literally, in some¬ 
one else’s shoes. 

Even if one disregards the notion that there is some 
kind of incorporeal ‘mind stuff,’ and adopts a purely mate¬ 
rialist notion that our brains are our minds (although how 
this actually works is anybody’s guess ...), we still have a 
strong sense that our cognitive abilities reside solely with 
our brains. Many of us are constantly reminded to ‘use our 
heads, not our hearts’ when it comes to decision-making, 
and when a man is accused of thinking with something 
other than his brain, it is rarely a compliment. Bodies 
are a necessary encumbrance, then, but have nothing to 
do with how we think about the world. This is probably 
because, as linguistic, brainy creatures, we tend to focus 
only on certain cognitive processes, such as logical, 
linguistically based rational problem solving, as the main 
job that our brains do for us. It is also the case that we 
assume that all these cognitive processes are, in the words 
of Andy Clark, securely bound by our ‘skin and skull,’ and 
happen only in our brains. But is this really accurate? If 
we adopt a broader perspective, we can see that perhaps 
cognition isn’t all in the head, perhaps our bodies are 
more involved than we suppose, and perhaps some of our 


cognitive processes are distributed even more widely than 
that, reaching out into the environment itself. Perhaps we 
need to think again about the nature of thinking? 

Embodied Cognition 

Let’s start with the idea that bodies are an integral part of 
cognitive systems. That is, let’s consider the idea that 
cognition is embodied. If one thinks about it from an 
evolutionary perspective, the idea of embodied cognition 
makes perfect sense - after all, all animals possess bodies, 
and they all did so before they possessed anything 
remotely resembling a brain. Indeed, the term ‘embodied 
cognition’ is something of a misnomer because all cogni¬ 
tion (outside of a computer science laboratory) is, by 
definition, embodied. Looked at from this perspective, it 
then becomes easier to see that brains must first have 
evolved as a means for animals to gain greater control 
over their physical actions in the world, enabling them to 
respond to unpredictable environmental changes in a 
more flexible, and so more effective, manner; a brain is 
for doing things, for behaving in intelligent ways, not for 
thinking intellectually about them. It seems that our own 
abilities to engage in intellectual, ‘inactive’ thought has 
led us to a very anthropocentric view of cognition, and so 
we often fail to appreciate that many of the things we take 
for granted, such as making a cup of tea, recognizing a 
familiar face in a crowd, or even walking across a room 
without falling over, are also feats of immense skill. 

Another way to look at this is to use the distinction that 
Andy Clark makes between mind as a ‘mirror of the world’ 
versus mind as a ‘controller of action in the world.’ Our 
‘classical’ view of cognition is the ‘mirror’ view, where the 
brain stores ‘passive’ inner descriptions (representations) 
of the external world, which it manipulates and processes 
to produce an output, which is fed to the motor system to 
produce action in the world. The sequence of events can 
be characterized as ‘sense-plan-act,’ with a clear separa¬ 
tion between perception and action. In contrast, an 
embodied perspective highlights the fact that being a 
physical creature results in a high level of interconnec¬ 
tedness between different bodily systems - changes to one 
component will affect all the others. Consequently, we 
should never treat sensory and motor systems as separate, 
but as tightly coupled, and we should see the brain/mind 
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as a ‘controller’ of action in the world. In this case, an 
animal’s inner states are not passive ‘pictures’ of the exter¬ 
nal world, but are, instead, ‘plans of action’ for engaging 
with the external world. 

Action-Oriented Representation 

This idea has been most actively promoted by the MIT 
roboticist, Rodney Brooks, who rightly points out that, 
when we view the vast sweep of evolutionary history, 
it is immediately clear that most of the time has been 
spent perfecting the so-called ‘simpler’ sensorimotor 
mechanisms that enable survival in a dynamic world. 
The ‘high-level’ forms of cognition, such as planning, 
logical inference, and formal reasoning, which we tend 
to associate with cognitive processes, evolved very late in 
the day and did so very quickly. This implies that all the 
‘higher’ cognitive faculties - those that we consider to be 
the most complex - must actually be quite simple to 
implement once the essential perceptual and motor pro¬ 
cesses that allow an organism to act in the world are in 
place. What is more, these perceptual and motor pro¬ 
cesses must, as a direct consequence, underpin the evolu¬ 
tion and elaboration of these ‘higher’ functions, so that 
they are not free of bodily influence in the manner we 
tend to assume. In other words, an animal’s knowledge of 
the world is fundamentally tied to its physical actions in it. 
Consequently, because an animal’s representations of the 
world are linked to, and controlled by, its acting body, they 
should be heavily ‘action-oriented’ (Clark, 1997); that is, 
they should describe the world by depicting it in terms of 
the possible actions an animal can take. 

An elegant example of action-oriented representation 
is given by the work of another roboticist, Maja Mataric. 
She designed a robot rat that had the ability to construct 
an internal ‘map’ to guide its movements in a cluttered 
environment. This map was made up of a combination of 
the robot’s motion and its sensory readings as it moved 
around. As the robot encountered a wall, this landmark 
was not represented in the map as ‘a solid vertical object’ 
but instead was stored as a combination of actions such as 
‘moving straight, with short lateral distance readings 
heading south.’ The map formed by the robot was simul¬ 
taneously a map of the layout of the environment and an 
action plan. This means that, contrary to the ‘classical’ 
view of cognition, there was no need for the rat robot’s 
sensory perceptions of the environment to be transformed 
(by some form of cognitive processing) into an action 
plan, because the perception of the environment was 
already specified in terms of the actions of the rat. Inter¬ 
estingly, if one takes a real rat and prevents it from moving 
its legs as it is carried around a novel environment, then 
there is no activation change in its hippocampus (the part 
of the brain associated with spatial mapping). This 
strongly suggests that, in real rats, motion is also crucial 


to the generation of an internal map, and that perhaps real 
rats also use similar kinds of action-oriented representa¬ 
tions to construct their maps of the environment. 

An embodied, ‘action-oriented’ approach has at least 
three consequences for how we think about cognition. 
First, it means that in some circumstances, there will be 
no need for an organism to possess any form of internal 
‘mirror-like’ representations of the external world at all. If 
to sense something in the world is simultaneously to 
generate an action plan for what to do next, an animal 
can simply rely on what is in the world to guide what it 
should do. It can, in Brooks’ words, ‘use the world as its 
own best model.’ This makes eminent sense evolution- 
arily, because building an internal representation of the 
world and then using that as the basis for action, and 
‘throwing the world away’ is costly in terms of brain tissue 
and energy expenditure. Given that evolution is a thrifty 
process, tightly coupled perception-action mechanisms 
that do not require costly internal cognitive processing 
should be quite common across the animal kingdom. 
Second, if concepts of the world are grounded in the 
ways in which an animal acts in the world, then we must 
think twice when attributing human-like processes to 
other species. A creature with fins, wings, or flippers is 
unlikely to understand the world in the same way as large, 
hairless, bipedal apes, like ourselves. 

The third consequence of an embodied approach is 
that we need to rethink our assumption about the link 
between the complexity of an animal’s behavior and 
the level of internal cognitive complexity that such an 
animal possesses. When adopting the classical view, we 
are prone to assuming a direct one-to-one mapping 
between the complexity of behavior produced by an 
animal and the complexity of the proximate mechanism 
that produced it; an animal capable of complex behavior is 
assumed to be in possession of an equally complex cogni¬ 
tive architecture. An embodied approach shows us that 
this assumption is false and that there is no necessary 
relation between behavioral and cognitive complexity. 
Simple mechanisms can produce highly complex behav¬ 
ior as a result of the interaction between an organism’s 
brain, body, and environment. Building a termite nest is an 
immensely complex behavior, for example, but an indi¬ 
vidual termite is not a psychologically complex animal. 
All a termite needs to know is how to make a ball of dirt, 
impregnate it with pheromone, and carry it around until 
it encounters other similarly impregnated balls of dirt, 
and drop it next to them. 

Behavioral Complexity and Cognitive 
Complexity 

It is easy to see this with termites, of course, but for other 
organisms, such as many species of birds, primates, and 
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cetaceans, it can be more difficult, and this means that we 
run the risk of mistakenly attributing more complexity to 
the animals than is warranted, as well as over-estimating 
the cognitive requirements of a given task. An extremely 
powerful demonstration of this effect is provided by work 
didabots, which are small-wheeled robots. 

When placed into an arena in which a series of obsta¬ 
cles have been placed (polystyrene blocks), the robots 
trundle around, pushing them together into clusters and 
apparently ‘tidying up’ the arena. On the face of it, one 
would immediately assume that the robots possessed 
some internal rule(s) for detecting objects and then push¬ 
ing them together. In fact, the robots are equipped with 
two sensors on either side of their bodies that, when 
activated by an object within a certain distance, lead the 
robot to turn in the direction away from the object. In 
other words, the robots are programmed exclusively to 
avoid obstacles. Clustering behavior occurs because of 
the specific configuration of the sensors on the robots’ 
‘bodies.’ The sensors are placed at an angle on the front 
end of the robot. As the robots move forwards, the sensors 
can detect cubes off to the side, but not straight in front. 
This means that, although the robots turn away and avoid 
cubes on either side, a cube directly in front of them is 
pushed along, because the didabot cannot ‘see’ it (i.e., its 
sensors receive no stimulation from it). If the didabot 
then encounters another cube off to the side, triggering 
its sensor, it produces avoidance behavior, moving off to 
the left or right, and leaving the object it has just been 
pushing next to the object it has just avoided. In other 
words, the didabot clusters the two cubes, and over time, 
this simple self-organizing process produces an ever- 
larger cluster of cubes and a very tidy arena. Change the 
robots’ bodies, however, and you change their behavior: 
moving one of the sensors directly to the front of the robot 
results in the complete absence of clustering behavior, 
because objects directly in front of the robot are now 
avoided in the same way as those off to the side, which 
means that no pushing behavior occurs. 

Morphological Computation 

The role of the body in reducing the demand for specific 
neural control of behavior (and so, reducing the demand 
for expensive brain tissue) has been termed ‘morphologi¬ 
cal computation,’ and some striking examples have 
emerged from the field of artificial life. Simply by adopt¬ 
ing a particular spacing the facets (the ommatidia) in the 
compound eye of the fly, one can create an eye that 
compensates for motion parallax (the way in which objects 
to the side of an organism travel faster across the visual 
field than those at the front). Specifically, the ommatidia 
should be clustered together more densely toward the 
front of the eye, because this arrangement can automati¬ 
cally perform the ‘morphological computation’ that 


would otherwise have to be performed in the fly’s brain. 
Similarly, Puppy is a four-legged running robot, with a 
total of 12 joints (one at each hip and shoulder, one at each 
knee, and one at each ankle) with springs that connect the 
lower and upper parts of each leg. There are also pressure 
sensors on the feet that indicate when the foot is in contact 
with the ground. The control system of the robot is 
extremely simple — there are motors that simply move the 
shoulders and hips backwards and forwards in a rhythmic 
fashion. If you place Puppy on the ground, it will scrabble 
around for a bit, as it gains purchase on the surface, and then 
settle into a remarkably life-like running gait. This is due to 
a tightly coupled interaction between the control move¬ 
ments of its hip and shoulder joints, its anatomy (its overall 
shape and how the springs are attached) and the environ¬ 
ment (the friction on its feet produced by the ground 
surface and, of course, the force of gravity). There needs 
to be no sensory feedback or central (brain-like) control of 
Puppy’s movements because its artificial ‘muscles’ - the 
springs - perform the necessary morphological computa¬ 
tion that helps keep Puppy on an even keel. The human 
knee joint does much the same thing. As you will have 
noticed, your knee has a remarkable freedom of movement 
compared to some other joints. This ability to wobble 
around a bit is what makes it easy for us to cope with uneven 
ground when we walk rapidly and smoothly; we do not 
need any specific sensory feedback to be sent to our brains, 
followed by the activation of motor neurons to activate 
specific muscles. Instead, our knees morphologically com¬ 
pute the necessary adjustments, allowing both greater speed 
and requiring less neural tissue. 

If the examples from artificial animals seem somewhat 
removed from the world of real animals, work on the 
behavior of rat pups, real as well as robotic, should 
help to reveal the necessity of taking an animal’s body 
and environment into account when trying to explain 
the complexity of behavior. Robot rats, built with a 
completely random control architecture (i.e., no internal 
‘rules’ for how to behave with respect to other rat pups), 
were found to display patterns of behavior that were 
either intermediate between, or identical to that of, 
7- and 10-day-old rat pups. The robotic rats showed 
the same kind of ‘goal-directed’ behavior as real pups, as 
they followed the walls of their arena (‘thigomotaxis’), 
huddled together with other robot ‘pups,’ and borrowed 
into corners. In each case, the ‘goal-directedness’ of the 
robots’ behavior resulted simply from the interaction of 
the geometry of their bodies and that of the arena in which 
they were placed. When a wall was contacted, the tapering 
nose of the robot meant that it slid along the wall, with its 
direction determined by its angle of approach. The options 
for any other kinds of movement (i.e., those that allowed 
it to move away from the wall) were constrained by this 
contact, resulting in a high probability of wall-following. 
If the robot encountered a corner, the effectiveness of 
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any other movement at all became extremely limited, with 
the only option being a kind of backing-up maneuver. 
Even this option was limited, though, if other robot rats 
randomly encountered the robot in this position. As other 
robots pressed in from the sides, so behaviors like ‘hud¬ 
dling’ and ‘corner burrowing’ were seen, just like in real rat 
pups. This does not mean that real rat pups have only a 
random neural architecture, but it does mean that they 
need not be equipped with any dedicated sensorimotor 
routine or a specific kind of neural processor that produces 
thigmotaxic or huddling behavior. Rather, and as Brooks 
has long suggested, the bodies of the rat pups may be so 
tightly coupled to the environment, and so mutually con¬ 
straining, that no cognitive control at all is required to 
produce the behaviors seen. 

These examples, therefore, highlight beautifully that 
the proximate means by which a behavior is produced 
need bear no relation whatsoever to the form that behav¬ 
ior takes (who, e.g., would imagine that a rule for object 
avoidance would be a good way to produce object cluster¬ 
ing?) and completely destroys any notion that there is, by 
necessity, a simple one-to-one mapping between the com¬ 
plexity of a proximate mechanism and the complexity of 
the behavior that it produces (as body-world coupling can 
be sufficient to rule out the need for any specific control 
process). If we take on board the lessons that the didabots, 
Puppy, and robot rats offer, then it is clear that a focus on 
the kinds of emergent, contingent ‘mind’ that brains, bod¬ 
ies, and environments can achieve in concert may prove 
more productive than persisting with the idea that ‘intel¬ 
ligent’ behavior is achieved solely by raw brain power. 

The consort behavior of male baboons provides us with 
another neat illustration of what this more holistic 
approach entails. Male baboons socially and sexually 
monopolise adult females during their fertile periods, 
remaining in close proximity to them at all times. These 
close spatial relationships (‘consortships’) can last from a 
few hours to a week, depending on the specific population 
of baboons. Among East African populations, these con¬ 
sortships are often disrupted by aggression from other 
males, who then take over the consort male’s position. 
There are various social tactics that males can employ to 
either avoid or facilitate a take-over. Anthropologists, 
Shirley Strum and her colleagues, were able to show 
that much of the behavior that is often held up as an 
example of ‘Machiavellian Intelligence’ (i.e., as sophisti¬ 
cated cognitive strategizing to achieve a specific goal) may 
actually be the result of how particular animals are either 
constrained or afforded certain courses of action by the 
environment. Their analysis focussed on one tactic that 
they called ‘sleeping near the enemy.’ This designation 
was based on the observation that, while older males were 
able to resist consort take-over attempts by younger and 
more aggressive males during the day, they were less able 
to do so at sleeping sites, where younger males were 


able to displace them and leave with the female in the 
morning. A change in topography, from the plains, where 
the animals foraged during the day, to the cliffs, where they 
slept at night, was the key factor leading to this difference. 

Older socially experienced males could resist take¬ 
over on the plains by using social tactics to divert aggres¬ 
sion, such as grabbing a younger animal and using it as 
a ‘buffer’ against attack by the male. Such tactics require a 
high degree of visual contact with others, a significant 
amount of behavioral coordination and, therefore, suffi¬ 
cient experience with other animals to deploy them suc¬ 
cessfully. On the sleeping cliffs, however, these tactics 
were constrained by topography. The height and narrow¬ 
ness of the cliffs resulted in changes in the mobility of 
males, their proximity to other animals, and a reduction in 
overall visibility. All of these factors served to reduce 
older males’ ability to manipulate the situation socially 
while at the same time, favoring the more direct, aggres¬ 
sive tactics of younger males. Male behavior could, there¬ 
fore, be more simply accounted for by recognizing that 
males were employing those behaviors in their repertoire 
that were afforded by the environment, and were pre¬ 
vented from using others due to the constraints that the 
environment imposed, rather than varying their tactics in 
a Machiavellian fashion to thwart and outwit their rivals. 

Distributed Cognition 

Acknowledging that both the body and the environment 
form an integral part of biological cognitive systems has 
further implications for theories of cognitive evolution. 
Specifically, it means that, just as animals can use mor¬ 
phological computation to reduce the strain on their 
brains, so we should expect animals to use the structure 
of the environment, and their ability to act in it, to bear 
some of their cognitive load, and save on expensive brain 
tissue. Recognition of the embodied nature of cognition, 
and the interaction between animals and the environment 
as part and parcel of cognitive processes, naturally gives 
rise to the idea that cognition is ‘distributed.’ 

The basic idea behind a distributed approach to cog¬ 
nition is that actions in the world are not merely indica¬ 
tors of internal cognitive acts but actually cognitive acts in 
themselves. In this regard, David Kirsh has made a dis¬ 
tinction between ‘pragmatic acts’ that move an individual 
closer to task completion in the external environment, 
and ‘epistemic acts’ that do not aid in the completion of 
the task itself, but place an individual in a better state in 
its cognitive environment so that the task becomes easier. 
Epistemic acts, then, are actions that help improve the 
speed, accuracy, or robustness of cognitive processes, 
rather than those that enable someone to make literal 
progress in a task. To give a human example, moving 
Scrabble tiles around makes it easier to see the potential 




Distributed Cognition 547 


words that can be formed, and can therefore, be consid¬ 
ered as an ‘epistemic act.’ Jigsaw puzzles are also superb 
examples of how cognition is a distributed process. One 
simply cannot solve a jigsaw puzzle by thinking about it, 
and planning each successive move in advance. It just 
doesn’t work - the task is too perceptually complex for a 
person to make any headway. Instead, solving a jigsaw 
puzzle is performed partly in the head and partly in the 
world, as one physically sorts, rotates, and moves the 
different pieces. One starts simply by joining complemen¬ 
tary pieces and thereafter responds dynamically to the 
particular local patterns that appear. This close interleav¬ 
ing of physical and mental actions allows us to signifi¬ 
cantly reduce the complexity of the task and achieve our 
goal much more efficiently than using either physical or 
mental actions alone. Think of the way in which we use 
post-it notes, memory-sticks, notebooks, computer files, 
whiteboards, books, and journals to support our academic 
work, or the way in which we lay out all the ingredients we 
need for cooking so that what we need comes to hand at 
the moment we need it. As Andy Clark puts it, there is a 
true sense in which the real ‘problem-solving machine’ is 
not the brain alone, but the brain, the body, and the 
environmental structures used to augment, enhance, and 
support internal cognitive processes. 

We can also look at other animals besides ourselves 
from this perspective. Kim Sterelny has argued that all 
animals can be considered to be ‘epistemic engineers,’ 
changing the world around them to change the nature of 
the informational environment. The contact calls that 
many bird and primate species produce to advertise 
their location simplify the task of keeping track of other 
individuals in the environment, for example. Similarly, 
the use of moss to reduce the conspicuousness of their 
nests is a means by which birds can engineer their envi¬ 
ronment to make the cognitive task of their predators that 
much more difficult. In a similar vein, the late James 
Gibson wrote extensively on how animals made use of 
the information structure of the environment to achieve 
their goals. His theory of ‘ecological psychology’ was 
aimed at illustrating how psychological phenomena were 
not to be found inside an animal’s head alone but were 
produced by the interaction of an animal with its 
environment. 

At present, we do not know the full extent to which 
animals epistemically engineer their environments, nor 
the degree to which they make use of epistemic acts in 


their problem-solving. This is simply because we have not 
investigated these ideas very deeply as yet. Incorporating 
an embodied, embedded approach into comparative psy¬ 
chology is a promising and exciting prospect for the 
twenty-first century, and should lead us away from the 
idea that intelligent behavior is the sole province of those 
creatures that possess large brains. Hopefully, there will 
also be wider acknowledgment and acceptance of the 
notion that cognition is not a property of the brain 
alone, but of the embodied, environmentally situated, 
fully integrated complex that makes up what we know 
more familiarly as an ‘animal.’ 

See also: Cognitive Development in Chimpanzees; 
Morality and Evolution; Sentience; Social Cognition and 
Theory of Mind. 
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Introduction 

Division of labor occurs when different individuals within 
a group specialize in the different tasks necessary for the 
maintenance and growth of a social group, from food 
gathering to production and care of its offspring. Division 
of labor is a fundamental attribute of sociality and is 
considered perhaps the key contributor to the success of 
eusocial insects - ants, bees, wasps, and termites. In these 
taxa, division of labor allows the colony to produce com¬ 
plex structures, such as the comb hives of honeybees and 
the elaborate domes of some termite nests, and highly 
organized and efficient systems for food gathering and 
storage. However, division of labor is not limited to the 
eusocial insects. It can be found within aggregations and 
communal insect societies. It has been reported in shrimp, 
caterpillars, dung beetles, and spiders, and has even been 
produced spontaneously in artificial associations of normally 
solitary insects. Parallel patterns of division of labor are seen 
outside of the invertebrates, particularly in the social mam¬ 
mals, although the specific mechanisms by which division 
of labor is produced may vary. 

As defined here, division of labor is a statistical, rather 
than an absolute pattern of behavioral differentiation, and 
can be measured across different time scales. Included 
within this category are the queen-worker dimorphisms 
of many eusocial insects which are absolute across their 
lifetimes. Also included is preferential foraging for pollen 
versus nectar by individual bees, which may perform the 
task of foraging for only a few days. As illustrated by these 
two examples, division of labor is generally divided 
according to whether it involves differentiation for repro¬ 
duction or for other behaviors central to colony function, 
generally referred to as tasks. Because of the different 
consequences and mechanisms for these two different 
sets of tasks - reproductive and nonreproductive - they 
are generally treated as separate categories in evolution¬ 
ary and behavioral research. 

Reproductive Division of Labor 

Reproductive division of labor occurs when only one or a 
few individuals within the colony are responsible for 
producing the colony’s offspring. The division of a colony 
into a few reproductive individuals and multiple sterile 
workers is a critical transition in social evolution, as it 
involves a shift from working to maximize one’s own 


direct fitness to assisting another individual to reproduce. 
The division into reproductive and sterile helper castes, 
or workers, is thus one of the essential criteria for cate¬ 
gorizing a social group as eusocial. 

As defined by Wilson in his classic The Insect Societies , 
eusocial colonies are those in which there is (1) overlap 
of generations (both parents and adult offspring are pres¬ 
ent in the colony), (2) cooperative brood care (individuals 
help rear offspring that they did not produce), and 
(3) reproductive division of labor. This last category, repro¬ 
ductive division of labor, is considered the litmus test for 
eusociality. In the highly eusocial Hymenoptera, including 
most of the ants, and some wasps and bees (most notably the 
honeybee), there is generally only one reproductive female 
present in the colony, and she produces all the thousands to 
millions of eggs necessary for colonies to grow and repro¬ 
duce. All other females are sterile workers that perform 
the other tasks necessary to keep the colony functioning 
(although workers can on occasion produce male-destined 
eggs). Males produced by the colony generally perform 
only the behavior of mating with, and fertilizing new 
queens. Because Hymenopteran males generally do not do 
work related to the maintenance of the colony, they are 
considered to fall outside of the reproductive caste system. 

The rationale behind workers in the eusocial Hyme¬ 
noptera being female lies in large part with their system 
of haplo-diploid sex determination. Female Hymenop¬ 
tera are diploid (they have two sets of chromosomes), 
receiving half of their genome from their queen mother 
and half from their father. In contrast, males are pro¬ 
duced from unfertilized eggs, usually laid by the queen. 
This unusual system of gene transfer results in high 
levels of relatedness among female workers. Because 
males have only one set of chromosomes to pass on to 
their daughters, all workers with the same father auto¬ 
matically have half their genome in common as a result. 
They additionally receive on average one-fourth of their 
genome in common from their mother, making them 
highly related to each other, and to any new reproduc¬ 
tive females the queen may produce. From an evolution¬ 
ary perspective, this means that, for females, becoming 
sterile comes at the cost of losing one’s own reproductive 
output, but with the benefit of helping a close relative 
(up to three-fourths of their genome in common) pro¬ 
duce many more offspring. In contrast, males have only 
the genomic information of their queen mother. Without 
the additional contribution of patrilinial DNA, they are 
on average only one-fourth related to their sisters; this 
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reduces the evolutionary benefit of giving up reproduc¬ 
tion to become a worker. 

Although, workers in the eusocial Hymenoptera are 
universally female, this is not the case for the other major 
group of eusocial insects, the termites. Like the eusocial 
Hymenoptera, the higher termites (family Termitidae) 
show complex systems of division of labor, including 
reproductive castes. However, their reproductive and 
worker castes contain both males and females. Corre¬ 
spondingly, termites are diploid, and males and females 
each receive two sets of chromosomes, one from each 
parent. Although a diploid system cannot produce the 
high levels of relatedness seen for haplo-diploidy in the 
absence of other factors, levels of relatedness within ter¬ 
mite colonies are often high. One possible reason for this 
may be high levels of inbreeding, or mating within a 
family group, increasing the probability that individuals 
within the colony have high proportions of their genomes 
in common. In the case of termites, inbreeding would 
produce high relatedness for both males and females. 

Determination of Reproductive Caste 

Most of the brood production in eusocial colonies is 
production of workers, which contribute to colony size 
but because they are sterile are not considered reproduc¬ 
tive output. In many of the ant taxa and in the honeybees, 
colonies produce functional queens and males only during 
narrow windows of time. These new queens mate, and 
begin new colonies of their own. In a system in which 
some individuals reproduce and others remain sterile, the 
mechanisms by which a queen is chosen become impor¬ 
tant. A general principle in reproductive division of labor 
is that queen and worker castes should be determined by 
environment rather than by genetics. The argument 
behind this principle is simple: if one genetic variant 
produces sterility while another produces offspring, the 
variant for sterility would be quickly selected out of the 
population. This principle is upheld in the vast majority of 
cases. However, there are some rare and interesting 
exceptions. In some populations of harvester ants, Pogono- 
myrmex , queen versus worker castes are determined by 
genotype, so that females heterozygous for multiple mar¬ 
kers become workers and homozygous females become 
queens. In these populations, new queens must mate mul¬ 
tiply to ensure that they have sperm from males both 
genetically similar (to produce daughter queens) and 
different from them (to produce new workers). 

In most systems of eusociality, however, the differenti¬ 
ation between workers and queens is a developmental 
process primarily associated with environment. As we 
move through stages of eusociality, from primitively to 
highly eusocial, there is an increase in the degree of 
physiological separation between queens and workers, 
associated with changes in the environmental factors 


affecting development and behavior. In primitively social 
colonies, queens and workers are differentiated by func¬ 
tion rather than physiology. Multiple females besides the 
queen may be physically able to mate, and may even have 
developed ovaries. Determination of who becomes the 
queen is associated with dominance interactions, and is 
primarily a function of the social environment. 

In more derived eusocial systems, queens and workers 
differentiate in size and development, such that queens 
become much larger and contain more fat stores than 
workers, allowing development of functional reproductive 
organs only in queens. Differentiation of queens and 
workers is driven via variation in nutritional quality and 
quantity during larval development. In the most highly 
eusocial insects, such as honeybees and most ants, the 
difference between worker and queen is still nutritionally 
based, but the different nutritional elements fed to the 
developing larva and their programmed physiological 
responses are highly integrated. Larvae destined to be 
new honeybee queens are fed a mixture of pollen, nectar, 
and royal jelly, a mixture dense in protein and fats, but 
also hormonally rich. The larva fed this compound devel¬ 
ops into a queen that is not only much larger, but also has 
different physical apparatus, from reproductive organs to 
other neural and physical structures. Ant larvae that are 
fed differentially according to whether they are queen or 
worker destined also develop significantly different ana¬ 
tomical characters; workers are wingless, but queens 
emerge from pupation with wings used to fly for mating. 
x\fter mating, queens chew off these wings before estab¬ 
lishing their nests, and will remain wingless for the rest of 
their lives, generally spent underground. 

Division of Labor and Worker 
Specialization 

Although reproduction is the ultimate determinant of 
fitness, the work needed for a social insect colony to 
maintain itself and grow goes far beyond reproductive 
output, including care and feeding of the queen and 
brood, nest construction and repair, waste management, 
nest guarding and defense, and foraging. All these chores 
must be allocated appropriately, such that they are per¬ 
formed when needed and, also importantly, reduced in 
performance when need is low. The system by which 
colonies flexibly distribute workers across tasks is often 
termed ‘task allocation,’ but workers are not actually 
assigned tasks by some external supervisor. Instead, the 
colony is a distributed system, in which the organization 
of work emerges from the cumulative decisions made by 
individual workers across the colony based on local infor¬ 
mation received and given. The mechanisms producing 
division of labor in a colony are an integration of the 
different genotypes and developmental trajectories among 
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individual workers that predispose them to specific tasks, 
linked with social communication of task availability and 
performance. 

If division of labor is measured as the degree to which 
different members of a group specialize in different tasks, 
then the fundamental building block of division of labor is 
task specialization. As with division of labor itself, task 
specialization is a statistical concept. Individuals special¬ 
ize when they preferentially perform one task over all 
other tasks available to them. There are multiple mechan¬ 
isms at the genetic and developmental levels that contrib¬ 
ute to variation in individual task performance and 
specialization. These include morphological castes, in 
which individuals vary in morphological or physical fea¬ 
tures associated with specialization on different task sets; 
age polyethism, in which individuals perform different 
tasks at different ages or developmental stages; genetic 
(or intrinsic) task specialization, in which individuals of 
the same age or morphological group differ in the tasks 
they preferentially perform because of genetic and/or 
developmental variation. The degree to which each of 
these mechanisms applies to a social group varies with 
level of sociality. Both age polyethism and morphological 
castes are associated with more advanced eusociality, 
while division of labor based on intrinsic variation shows 
up even in the noneusocial taxa. 

Morphological Castes 

Physical worker castes are a less common manifestation of 
individual task specialization, but are often what is imme¬ 
diately thought of when considering division of labor in 
the social insects. Most morphological variation asso¬ 
ciated with task performance occurs as variation in body 
size with smaller workers more likely to perform in-nest 
tasks, while larger individuals work as foragers or soldiers. 
It costs colonies more metabolically to produce and main¬ 
tain a larger worker body size, but size does convey an 
advantage for some tasks. For example, larger workers in 
bumblebee colonies can regulate body temperature better 
in colder environments and can carry larger nectar loads, 
while harvesting ants with larger head widths often trans¬ 
port larger seeds. 

Variation in worker size is most common in more 
highly eusocial and larger colonies. This pattern occurs 
both across species, and ontogenetically as individual 
colonies grow from a queen and a few workers to several 
thousand individuals. In ant species in which size poly¬ 
morphism occurs, newly formed colonies generally have 
smaller workers and less size variation than larger and 
older colonies. An extreme example of size polymorphism 
is found in the leafcutter ants. Large colonies of Atta 
cephaloides can have worker sizes ranging from minims 
with headwidths of 1 mm or less to majors with head 
widths of 7 mm or more. Minims tend the brood and the 


fungus gardens that feed them. Medium-sized workers 
perform both in-nest and foraging tasks, while the largest 
workers act as soldiers, clear trails, and carry the larg¬ 
est leaves back to the colony. Majors often carry passen¬ 
gers, tiny minims that ride on the head of the major or on 
the leaf she carries, to repel parasitic phorid flies that can 
lay eggs in the crevices of the major’s head. 

Some species of ants and termites also show speciali¬ 
zation associated with morphological changes in specific 
body parts, such as the mandibles, head, or abdomen. 
Morphological differentiation that significantly changes 
the allometry of shape is generally absent in the flying 
social insects. This makes sense, as flight itself requires a 
delicate balance in terms of load distribution; small 
changes in shape or size of the head can have dramatic 
consequences for lift and drag. However, in some of the 
more derived ants and termites, we see worker castes with 
highly specialized body parts. As an extreme example, 
soldiers of the nasutitermitine termites have heads 
molded into a long tubular nasus that squirts a sticky 
repellent at invaders. 

Size and morphological variation may also associate 
with changes in neural processing and visual acuity that 
would further contribute to differences in task perfor¬ 
mance. Tasks such as foraging require interaction with a 
much more complex and visually rich environment than 
in-nest tasks (especially as the nest environment is often 
dark). In bumblebees, larger foragers have stronger visual 
fields that potentially allow for better flower discrimina¬ 
tion. In ants and bees, foraging is also associated with 
increased size in the mushroom bodies of the brain, 
which are associated with visual processing and memory. 

Age Polyethism and Foraging for Work 

A common mechanism of task specialization in eusocial 
colonies is age or temporal polyethism, in which workers 
perform different tasks as they age from newly emerged 
through to old age. In the general schedule of age poly¬ 
ethism, as often diagrammed for honeybees, newly 
emerged workers often perform the duty of cell cleaning. 
At ~4 days to 2 weeks they transition to other in-hive 
tasks, including feeding brood, which requires associated 
physiological changes in the mandibular and hypophar- 
yngeal glands to produce substances that transform pollen 
into nutritional brood food. Workers of this age range may 
also begin to produce comb wax from honey, with con¬ 
current development of the wax glands. 

From these tasks, they may transition to food storage, 
and finally to foraging, which is generally performed by 
the oldest workers. Bees often begin foraging at ~3 weeks 
of age, but this timescale varies considerably with genetics 
and environment. In a colony stressed for food or in the 
midst of a resource flow, workers can begin foraging at 
7 days or earlier. An individual worker is also unlikely to 
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proceed along a preprogrammed or set schedule. Workers 
vary in the rate at which they switch from one task to 
another, such that some forage early and others may never 
forage. Some tasks, such as undertaking (removing dead 
bees and larvae) or guarding are performed only by a 
small subset of the colony. This variance illustrates that 
age polyethism is not a hard rule, but is instead tempered 
by genetic variation among workers in their task propen¬ 
sity and developmental schedule, and by the social 
dynamics of the colony itself. 

Models suggest that, to some degree, the age polyeth¬ 
ism schedule can be driven by the social environment, 
rather than purely from an intrinsic developmental sched¬ 
ule. In ants, shifts in task performance with age corre¬ 
spond to a general shift in location of activities from the 
nest center, where the brood is reared, to the periphery 
and outside the nest. The ‘foraging for work’ model was 
one of the first and most provocative explorations of 
whether social dynamics, in this case coupled with spatial 
parameters, can generate division of labor. In the model, 
workers with no current task move through the nest 
‘foraging for work’ until they encounter a task; they then 
perform that task until it is no longer needed. Because 
workers emerge at the nest center, they essentially dis¬ 
place other workers searching for tasks toward the nest 
periphery. The oldest workers become foragers, with its 
associated high mortality. The model is important in 
illustrating how the iterative effects of local social inter¬ 
actions (self-organization) can generate what are gener¬ 
ally considered intrinsically driven behavioral patterns. 

Genetic Task Specialization 

Even in groups where physical or age-based castes are 
absent, we still see patterns of task specialization and 
division of labor. A central mechanism driving these pat¬ 
terns is intrinsic variation among group members in their 
preference for different tasks, generally termed intrinsic 
or genetic task specialization. The link between genotype 
and individual task performance has been made for 
numerous taxa across the range of eusocial insects, 
including taxa, such as bumblebees and eusocial (Vespid) 
wasps, in which age polyethism is weak or absent. In each 
of these systems, workers are capable of performing dif¬ 
ferent tasks when need or opportunity is high, but tend to 
preferentially perform different tasks based on matriline 
or patrilineal differences. Genotype has also been shown 
to play a role in individual task ontogeny, suggesting a link 
between age polyethism and genetic task specialization. 

Colonies with strong genetic task specialization face 
the problem that individual specialization can potentially 
limit task flexibility. In some eusocial systems this prob¬ 
lem is alleviated in part by polyandry, or multiple mating, 
by the queen. In a typical mating flight, a honeybee queen 
may mate with from 10 to 30 or more males. This extreme 


polyandry contributes to the genotypic diversity and 
related task propensities of the worker offspring she will 
then produce. 

Response Thresholds and Division of Labor 

The interactions between genetically based task specializa¬ 
tion and social dynamics have been explored empirically 
and theoretically using a series of models collectively called 
response threshold models. The primary assumption of 
these models is that individuals within a group vary in 
their task thresholds, an internal set point at which they 
respond to an external stimulus to perform a given task. 
Thresholds can be produced genetically, and in some mod¬ 
els, are lowered by experience so that successful perfor¬ 
mance of a task reinforces specialization. In the threshold 
models, as stimulus levels for a task rise, those group 
members with lower thresholds perform it first. When 
they do so, they reduce stimulus levels, thus reducing the 
probability that other group members will perform it. They 
become, by default, the specialists for that task. Because 
individual thresholds vary across tasks, different group 
members specialize in different tasks, so that some group 
members are more likely to forage, while others are more 
likely to tend brood or remove refuse. 

The model can be expanded to consider how a social 
insect colony, such as a honeybee hive, responds to a 
dynamic environment. For example, bees regulate collec¬ 
tion of pollen around colony-level set-points that are 
related to the amount of pollen stored in the colony, and 
the amount of brood currently consuming it. According to 
the threshold model, when need for pollen is low, only a 
narrow genotypic subset of workers should collect it. 
However, as need or opportunity is increased, the stimu¬ 
lus levels for pollen collection should increase, and the 
thresholds of a wider diversity of workers met. Tests of 
this model show an excellent fit to these predictions. 
When pollen is added to test hives with workers from 
diverse genetic sources, genotypes of marked pollen for¬ 
agers are skewed toward one or a few genetic sources. 
When pollen is removed, the number of pollen foragers 
increases; these new foragers represent a more diverse and 
evenly distributed source genotypes. 

The response threshold model provides a simple but 
powerful framework for understanding how division of 
labor can be generated via social dynamics. It is a good 
fit with studies linking variation in genotype with task 
preference in both ants and honeybees. However, the 
applicability of the model extends to social systems 
beyond the eusocial ants and bees. 

There is evidence that division of labor can emerge 
spontaneously within any group in which individuals vary 
in thresholds, even in the historical absence of social 
evolution. Females of solitary ground nesting bees (Halic- 
tidae) that are forced together into artificial social groups 
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show a division of labor where different individuals tend 
to specialize on nest excavation and guarding. In these 
bees, task differentiation is also a product of aggression 
and consequent spatial dynamics. The bees dig a narrow 
central tunnel, and movement from the bottom of the nest 
(where excavation occurs) to the top (for guarding) often 
requires that individuals pass each other. 

In another case of forced sociality, harvester ant queens 
that normally found nests alone also show division of 
labor when placed into artificial associations. Both the 
harvester ant queens and ground-nesting bees can be 
compared with closely related species in which females 
actually form communal associations to cooperatively 
construct nests and rear brood. Interestingly, levels of 
division of labor within the forced associations are gener¬ 
ally stronger than in the related species with evolved 
communal associations. These communal societies con¬ 
tain unrelated and fully reproductive females. When divi¬ 
sion of labor emerges, the variation in task performance 
among them has been associated with variation in survival 
costs, with some females taking over more risky or physi¬ 
cally costly roles. Thus, as division of labor spontaneously 
emerges in these groups, there is the potential also for the 
emergence of ‘cheating,’ in that individuals gain fitness 
benefit from the costly work performed by others. This 
argument provides one hypothesis for the observation 
that levels of division of labor are often relatively low in 
communal groups. 

Division of Labor as a Case of Self-Organization 

The response threshold and foraging for work models 
provide examples of how explorations of complexity the¬ 
ory, and particularly self-organization, can contribute to 
our understanding of social organization. Self-organiza¬ 
tional processes are those in which local interactions 
among individuals generate nonlinear effects at the global 
or group level. Self-organizing systems contain no central 
or external controller to dictate patterns of interaction; 
instead, the dynamics occur locally as individuals interact 
and as a result change each other’s behaviors. 

This is a good fit with social insect colonies. Even in 
colonies containing queens, the task behaviors of the col¬ 
ony members are primarily distributed, based on local 
interactions and cues. The behavior of each individual 
in the colony alters the behavior of those around her, 
either because she provides information that stimulates 


the performance of a task, or because she reduces the 
stimulus level by performing the task herself. These inter¬ 
actions generate a series of positive feedbacks, in which 
they help amplify individual differences in task perfor¬ 
mance and specialization. As we move from the elements 
of division of labor seen in incipient social groups through 
to the task allocation systems of eusocial colonies, selec¬ 
tion shapes social dynamics along with the physiological 
and developmental attributes of the workers themselves. 
At its pinnacle, division of labor becomes the highly 
organized but flexible system that has contributed to the 
tremendous ecological success of the eusocial insects. 

See also: Ant, Bee and Wasp Social Evolution; Kin 
Selection and Relatedness; Queen-Queen Conflict in 
Eusocial Insect Colonies; Termites: Social Evolution. 
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Introduction 

The term ‘signature’ has often been applied to animal 
vocalizations when an individually distinctive pattern was 
found in them. The vast majority of animals achieve this by 
means of voice cues, which are cues that result from indi¬ 
vidual variability in the shape and size of the vocal tract. 
Thus, they are determined by genetic and developmental 
factors and are independent of the call type that is pro¬ 
duced. The term ‘signature whistle,’ however, refers to a 
much more complex signal. Signature whistles are individ¬ 
ually distinctive acoustic signals of dolphins, which indicate 
the identity of the caller. Unlike recognition signals in most 
other animals, identity is encoded in a frequency modula¬ 
tion pattern that is learned or invented early in life. Dol¬ 
phins produce different frequency modulation patterns in 
different call types and thus not all call types carry the 
identity information encoded in the signature whistle. 

History of the Study of Dolphin Signature 
Whistles 

Early research on dolphin communication, initiated by 
John Lilly and others, focused on finding language-like 
components in the vocal repertoire. However, this work 
was hindered by the fact that dolphins do not make any 
consistent external movement associated with their voca¬ 
lizations, and thus it was impossible to associate specific 
sounds with specific individuals. (Although these sounds 
are commonly referred to as vocalizations, they are not 
produced in the larynx like the vocalizations of terrestrial 
mammals. Instead, they are produced by phonic lips near 
the blowhole, where air is passed between nasal sacs for 
sound production.) This problem was overcome by Melba 
and David Caldwell, who recorded captive dolphins that 
had been isolated for medical attention. Through this 
work, they found that isolated dolphins produced large 
numbers of stereotyped, individually distinctive whistles 
(generally on the order of 90% of all whistles in this 
context), which they called signature whistles. Although 
signature whistles have been found in several species of 
dolphins (including common dolphins, Delphinus delphis , 
Pacific white-sided dolphins, Lagenorhynchus obliquidens , 
and spotted dolphins, Stenella plagiodon ), the majority of 
research has focused on the bottlenose dolphin ( Tursiops 
truncatus ; Figure 1). 


The Caldwells’ defined the signature whistle as the pre¬ 
dominant frequency contour produced by a dolphin in isola¬ 
tion. The Caldwells’ early descriptions of signature whistles 
still largely hold amidst numerous later studies. They found 
that the fundamental frequency of signature whistles ranged 
from 1 to 24 kHz (although more recent work has found that 
upper frequencies can extend to above 30 KHz), and typi¬ 
cally lasted for about Is. Many signature whistles were found 
to consist of repetitive elements, called loops, which could 
be connected together or separated by brief, stereotyped 
intervals of silence. Often these multilooped whistles 
contained a distinctive introductory and/or terminal loop, 
with varying numbers of central loops. Although dolphins 
may vary whistle parameters such as duration and absolute 
frequencies, the overall contour, or shape, of the whistles 
usually remains remarkably stable for periods of up to several 
decades. These contours can be distinguished from each 
other by means of visual representations, or spectrograms, 
which are plots of frequency versus time (Figure 2). The 
Caldwells hypothesized that these individually distinctive 
contours functioned in individual identification. 

The obvious next question to address in the study of 
signature whistles was whether or not socially interactive 
dolphins produced them as well. This question was first 
examined by Peter Tyack, using light-emitting devices 
worn by dolphins on their melon (forehead). These devices 
enabled the vocalizing dolphin to be identified. In his study, 
Tyack found that socially interactive, captive dolphins not 
only produced signature whistles, but also imitated the 
signature whistles of their tank mates. Later studies showed 
that captive dolphins primarily produced signature whistles 
when they were out of visual contact even if their separa¬ 
tions were voluntary This supported the idea that they were 
used for group cohesion and individual identification. 
However, the question still remained whether dolphins in 
the wild produced signature whistles or whether they were 
unique to dolphins held in captivity This question was 
resolved by recording members of a resident bottlenose 
dolphin community near Sarasota, Florida, USA, which 
has been the focus of a long-term (35+ years) research 
program, coordinated by Randall Wells. Approximately 
once per year since the mid-1980s, researchers have carried 
out brief capture-release events, during which dolphins 
were recorded with suction-cup hydrophones placed 
directly on the melon. This provides a rare opportunity to 
record whistles from known individuals in the wild. During 
brief capture-release events, the vast majority of dolphins 
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Figure 1 Photos of bottlenose dolphins (Tursiops truncatus) in Sarasota, Florida. Courtesy of Chicago Zoological Society Sarasota 
Dolphin Research Program. 


produce one predominant whistle contour, as the Caldwells 
found for captive dolphins. 

Wild dolphins in undisturbed conditions also produce 
signature whistles. Whistles recorded from known members 
of the resident Sarasota dolphin community during undis¬ 
turbed conditions were compared with those recorded from 
the same individuals during brief capture-release events. 
This comparison showed that approximately 50% of whis¬ 
tles produced by free-swimming dolphins were signature or 
probable signature whistles. This percentage is lower than 
that observed for temporarily isolated dolphins, either in 
the wild or in captivity, but still indicates that signature 
whistles are an important component of the vocal repertoire 
of bottlenose dolphins. Whistle imitations have also been 
found both in captivity and in the wild and have been 
hypothesized to function in addressing other individuals, 
but this remains to be proved. When groups of bottlenose 
dolphins first meet at sea, they either ignore each other or 
exchange signature whistles and then join each other. 

Nonsignature Whistles 

What of the approximately 50% of whistles produced by 
free-swimming dolphins that are not signature whistles? 


Little is known about the variety of whistle types that 
dolphins produce in addition to their signature whistles. 
Interestingly, studies of both captive and wild dolphins 
indicate that general voice cues that are present in non¬ 
signature whistles are not used by dolphins to recognize 
one another. Changes to gas-filled cavities that occur with 
changes in depth may have necessitated a mechanism for 
individual recognition different from that used by terres¬ 
trial mammals. 


Signature Whistle Development 

The development of the modulation pattern of signature 
whistles is strongly influenced by vocal production learn¬ 
ing. Production learning is relatively rare among mammals 
and even fewer animals use it in the development of 
recognition calls. Besides dolphins, only some bat and 
parrot species as well as humans apply vocal production 
learning to individual recognition. In one study, captive 
dolphins were trained to copy novel sounds and even to 
associate such novel sounds with specific objects. Studies 
with both wild and captive dolphins have found evidence 
that young dolphins learn sounds from their acoustic 
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Dolphin A - 5-year-old female 



Figure 2 


Dolphin B - 3-year-old female 









Continued 


environments. One study of captive calves found that 
they were more likely than wild calves to incorporate a 
constant frequency component typical of the trainer’s 
‘bridge’ whistle, used to reinforce behaviors. Among the 
resident Sarasota, Florida, dolphins, about one-third of 
calves developed a signature whistle that was similar to 
that of their mother (with males being more likely than 
females to do so). Others appeared to learn their whistles 
from siblings or infrequent associates; more work is needed 
to determine what factors influence the choice of whistle 
contour in these calves. 


Signature Whistle Functions 

The Caldwells’ hypothesis that signature whistles are used 
in individual recognition has been supported by several 
experiments. Dolphins in Sarasota, Florida, responded 
more strongly to playbacks of signature whistles of kin 
than to those of nonkin. Similar results were found when 
synthetic signature contours were played back, indicating 
that the contour alone provides sufficient information for 
individual recognition. This feature of signature whistles is 
quite rare among animals; as was mentioned previously, 
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Dolphin C - 16-year-old female 
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Dolphin D - 26-year-old female 



Figure 2 Continued 
















































Dolphin Signature Whistles 557 


Dolphin E - 33-year-old female 



Dolphin F - 41 -year-old male 



Figure 2 Continued 
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Dolphin G - ~15-year-old female 
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Dolphin H - 7-year-old male 
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Figure 2 Continued 


most animals use voice cues for individual recognition. 
Furthermore, free-swimming dolphins primarily produce 
signature whistles when they are out of visual contact with 
other group members, rather than when swimming in close 
association. This suggests that signature whistles also play 


an important role in maintaining group cohesion. In Shark 
Bay, Australia, free-swimming calves that had separated 
from their mothers were more likely to whistle when initi¬ 
ating a reunion with their mothers than during other con¬ 
texts. (The species of dolphins that occurs in Shark Bay, 
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Dolphin I —15-year-old female 
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Dolphin J - 3-year-old male 
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Australia, is Tursiops aduncus, not Tursiops truncatus) During 
brief capture-release events, mother-calf pairs tend to 
exchange whistles back and forth while separated. 

Signature whistle repetition rates appear to signal the 
level of stress, or level of arousal, of an animal. In Sarasota, 
individuals produce many more signature whistles during 
brief capture-release events than during undisturbed con¬ 
ditions. Rates of signature whistle production are also higher 
at the beginning than at the end of a capture-release session, 
and during an individual’s first capture-release session than 
during later sessions. Dolphins also vary other whistle para¬ 
meters, such as frequency, number of loops, and duration 
(Figure 2), and these parameter variations could provide 
additional information about the vocalizer. However, these 
variations appear to be idiosyncratic, and thus may require 
knowledge of the vocal patterns of each individual animal. 

Signature Whistle Stability 

Although dolphins may vary aspects of their signature 
whistles, the overall contour does remain strikingly stable 
both within and across recording sessions. In order to 
demonstrate this, we (along with Carter Esch and Randall 
Wells) asked naive judges to sort spectrograms of 20 ran¬ 
domly selected whistles from each of 20 dolphins, although 
the judges had no knowledge of how many dolphins’ 
whistles were present in the sample. The judges grouped 
together a mean of 18.9 out of 20 whistles for each dolphin, 
and included in these groups an average of only 0.5 of a 
whistle from the 380 whistles of other dolphins. This study 
demonstrated not only that dolphin signature whistles are 
highly stereotyped, but also that human observers are 
highly capable of classifying these contours. While signa¬ 
ture whistles of females are remarkably stable throughout 
their lifetime, males sometimes change the contour of 
their signature when forming close alliances with other 
males. These alliances result in an almost permanent asso¬ 
ciation between males and their signature whistles tend to 
become more alike over time. The benefits of such changes 


are still unclear, but it has been reported from field sites in 
Sarasota and Australia. 

Whistle Classification 

Developing automated methods for whistle categorization 
remains one of the great challenges for researchers of dol¬ 
phin communication. Although several researchers have 
developed computerized methods of classifying signature 
whistles, none has been as effective at grouping together 
externally validated categories of whistles (i.e., those known 
to have been produced by the same dolphin) as human 
observers. In some cases, only subtle features may differen¬ 
tiate one signature whistle from another, whereas most 
computerized techniques tend to discount such features. 
However, a recently developed program using neural net¬ 
work architecture enables researchers to identify signature 
whistles versus nonsignature whistles from recordings 
of free-swimming dolphins. This program will allow the 
study of signature whistles in areas where temporary 
capture-release programs are not feasible. By identifying 
signature whistles in specific areas over time, they can be 
used to monitor individual movements as well as population 
sizes using mark-recapture methods that have previously 
been applied only to photoidentification data. 

Summary and Conclusion 

In summary, bottlenose dolphins produce stereotyped, 
individually distinctive whistle contours called signature 
whistles, which function in individual recognition and in 
maintaining group cohesion. Dolphin signature whistles 
are qualitatively different from individually distinctive 
signals seen in other mammalian species: they are learned, 
individually distinctive labels that seem to function simi¬ 
larly to human names and are one of very few such signals 
in the literature to date. 


Figure 2 Spectrograms and associated sound files of three signature whistles from each of 10 bottlenose dolphins, recorded during 
brief capture-release events in Sarasota, Florida. Age and sex for each individual are noted (data courtesy of the Chicago Zoological 
Society’s Sarasota Dolphin Research Program). Several different signature whistle contour types are illustrated, including multiloop 
whistles with varying numbers of connected or disconnected loops (dolphins A, B, C, D, E, G, H, J), including examples of distinct 
introductory (dolphin J) and terminal loops (dolphins D, F, G, FI), and whistles with no loop structure (dolphins E, I). Note the stability of 
the contour even with variation in frequency parameters (e.g., dolphins A, D, G) and duration (e.g., dolphins I and J). Spectrograms were 
made in Avisoft SASLAB Pro, using a 256 pt FFT, 50% overlap and FlatTop window. The color scheme ranged from light blue-dark 
blue-purple-red-yellow-light green-green, with green being the loudest portions of the signal. Recordings were made with different 
types of recording equipment; prior to 1989, most recordings were made on Sony or Marantz stereo cassette recorders, with upper 
frequency limits of 15-20 kHz; thus, harmonics are less noticeable in these recordings. Later recordings were made on hifi video 
cassette recorders, with frequency responses extending to above 30 kHz. High-pass filters, ranging from 500 Hz to 2.5 kHz, were used 
on some sound files to reduce extraneous noise. 
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See also: Acoustic Signals; Cultural Inheritance of 
Signals; Parent-Offspring Signaling; Referential Signal¬ 
ing; Social Recognition; Sound Production: Vertebrates; 

Vocal Learning. 
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Introduction 

I live with a couple of wolves who go almost everywhere 
with me. I leave them alone with small children, and 
I trust them not to bite when I take food out of their 
mouths. I even share my bed with them. Although you 
may think I am reckless, I am no different from millions 
of other people who greatly value the companionship of 
Canis lupus familiaris — the subspecies of wolf that we 
call dogs. 

Some scientists consider domestic dogs and wolves to 
be the same species because their genomes are virtually 
indistinguishable (e.g., their mitochondrial DNA has a 
maximum sequence divergence of 0.01), and they can 
mate and produce fertile offsprings. Other scientists 
argue that, despite genetic similarity, dogs and wolves 
should be considered separate species (Canis familiaris) 
because dogs are domesticated and wolves are wild. How¬ 
ever we classify them, wolves and dogs are each other’s 
closest living relatives, and it is helpful to keep their 
kinship in mind as we explore the evolution, behavior, 
and cognition of man’s (and women’s) best friend. 

Dog Evolution 

Wolves were the first wild animals that became domes¬ 
ticated, but it is not known exactly when, where, or how 
this happened. Dog skeletons can be distinguished from 
wolf skeletons in numerous ways: dogs have smaller skulls 
in relation to body size, more tightly packed teeth, and 
wider snouts. The earliest archaeological evidence of dogs 
dates to about 14 000 years ago. Domestication must have 
begun some time before this, since it took time for a dog¬ 
like morphology to evolve. 

Recent comparisons of mitochondrial DNA from dogs 
and modern wolves suggest that the ancestors of domestic 
dogs most likely diverged from a population of East Asian 
wolves sometime between 15 000 and 135 000 years BPE. 
The large gap between the earliest fossils and the older 
estimates of divergence can be reconciled if, for thousands 
of years, dog skeletons changed very little and only 
recently evolved the features that allow archaeologists to 
distinguish them from wolves. Alternatively, advances in 
genetic techniques may shift the estimated divergence 
time to be more in accord with the fossil evidence. 

In any case, it is clear that the earliest stages of domes¬ 
tication occurred when humans were hunter-gatherers. 


In the late nineteenth century, Darwin’s cousin Francis 
Galton envisioned such humans stealing wolf puppies from 
dens and rearing them as hunters and guard dogs. This 
scenario, popularized in the 1950s by Nobel Laureate 
ethologist, Konrad Loranz, dwindles in appeal when we 
consider scientists’ experiences in raising wolves in captivity. 
If they are to coexist with humans, wolf puppies must be 
removed from dens very early (about 10 days after birth). 
They must be intensively nurtured, bottle fed, and kept away 
from other wolves for at least 4 months. Some adult, human- 
reared wolves remain fearful around unfamiliar humans, 
and some have bitten the people who reared them. These 
wolves require a lot of meat and abundant exercise to remain 
healthy. They ignore human commands and will run away 
unless confined to carefully constructed enclosures. In short, 
it seems unlikely that mobile hunter-gatherers could have 
maintained relationships with fearful, sometimes aggressive, 
disobedient, escape-prone adult wolves. 

Lorenz’s adoption scenario reflects the widespread 
assumption that humans deliberately domesticated wolves, 
but many researchers now think wolves took the first 
decisive step toward domestication when they began to 
feed on human leftovers. The notion of wolves as camp 
followers, subsisting at least in part on what humans dis¬ 
carded, is made more plausible by contemporary accounts 
of wild carnivores, including wolves, spotted hyenas, black 
bears, and red foxes feeding on human trash. If they ate 
human refuse then the wolves least wary of humans would 
get more food and if, over many generations, these wolves 
ceased associating with other wolves, successfully repro¬ 
duced among themselves, and passed their feeding habits 
to their offspring, natural selection could produce wolves 
bold enough to begin interacting with humans. At some 
point, humans likely found the presence of these wolves 
useful; perhaps their warning barks to other wolves alerted 
people to approaching predators like lions or bears. Once 
people recognized such advantages, they might have 
intentionally left scraps of food behind for the wolves, 
sealing a mutualistic bargain that radically altered the 
lives of both species. 

This scenario gains indirect support from experiments 
with captive silver foxes bred for reduced fear of humans. 
After just ten generations of selection, some of the foxes 
followed humans, played with them, and licked their faces, 
just like dogs. After 35 generations, novel morphological 
features began to appear, including floppy ears, curly tails, 
and spotted coats - all traits seen in some domestic dogs 
but never in wolves. Since selection was based purely on 
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behavioral criteria, these dog-like physical traits appear 
to be evolutionary by-products. If something similar 
occurred in a population of wolves through natural selec¬ 
tion operating over hundreds of generations, then humans 
did not invent dogs at all. 

Archaeological evidence of dogs buried in graves with 
people suggests that by 14 000 years BPE or earlier, dogs 
played a role in human spiritual life. By the beginning of 
written history, some dogs were helping people in hunting 
and battle, while others were serving as companions. Still, 
we do not know what proportion of the total dog popula¬ 
tion found such favor. It is possible that throughout their 
history, many dogs lived as the majority of dogs do today, 
scavenging among people who barely tolerate them, 
always keeping a watchful eye out for the rare handout 
or angry rock-thrower. 

Dog Behavior and Interactions with 
Humans 

Ability to Understand Human Gestures 

Whether they lived as pampered lap dogs or skulking 
scavengers, dog survival and reproduction must have 
been strongly influenced by their interactions with 
humans. In particular, the dogs most able to read human 
emotions, anticipate human actions, and understand 
human communication would have had an evolutionary 
advantage. This logical idea received little scientific atten¬ 
tion until about 10 years ago, when researchers in the 
United States and Hungary independently began study¬ 
ing dog-human interactions under controlled, laboratory 
conditions. The experiments described in the following 
section used pet dogs living at home; the animals were 
never harmed during the observations. 

Dogs’ responses to human communicative gestures 
became an especially popular research topic. To investi¬ 
gate responses to human pointing gestures and other 
aspects of human body language, scientists used a two- 
choice task, in which one container is baited with food and 
the other is empty. The baited container is determined 
randomly, so that each one conceals the prize 50% of the 
time. Dogs quickly learned to go to a container, and in the 
presence of neutral humans, they chose the baited con¬ 
tainer about half the time, indicating that they could not 
smell their way to success. If a human pointed to one of 
the containers, however, dogs chose it significantly more 
than half the time, even if they had received no prior 
training with pointing (experimenters always pointed to 
the baited container). 

This ability may seem pedestrian, but some very smart 
non-human primates, including chimpanzees, typically 
failed to understand the human pointing gesture without 
intensive training. Dogs may have caught on quickly 
because they had been raised by humans, unlike most 


captive chimpanzees. However, when researchers compared 
home-reared puppies experiencing abundant human con¬ 
tact and kennel-reared puppies with little human contact, 
both groups followed the pointing gesture with equal apti¬ 
tude, indicating that intensive human contact early in life 
was not a prerequisite for understanding this gesture. 

These results supported the domestication hypothesis, 
which posits that dogs evolved specialized abilities to 
understand humans during domestication. As a further 
test of this idea, the two-choice task was given to captive 
wolves, which were expected to succeed less often than 
dogs. Even though previous experiments had suggested 
that rearing environment did not matter much for dogs, 
the researchers went out of their way to raise young wolf 
puppies and dog puppies in exactly the same way, with 
nearly constant human attention and nurturing. At 4 months 
of age, the wolf puppies performed no better than chance, 
but the dog puppies succeeded in following the human 
gesture. Another key test of the domestication hypothesis 
involved the silver foxes selected for reduced fear of 
humans. In the two-choice task with human pointing, the 
selected foxes performed more like dogs than wolves. 

The domestication hypothesis has been widely cited by 
scientists and has also received much media attention. 
New findings, however, call it into question. First, the 
researchers who reared the wolf puppies discovered that 
when the wolves grew up (by the age of 2 years), they 
performed the two-choice task as well as dogs, without 
any training. Second, although dogs overall usually chose 
the baited container more often than chance, in all experi¬ 
ments many individual dogs failed the test, even after 
repeated trials. If domestication selected for dogs that 
could read human cues, why was their performance so 
variable? Third, nondomesticated species (fur seals, gray 
seals, and bottlenose dolphins) tested in captivity proved at 
least as successful as dogs in following the pointing gesture 
in the two-choice task. Finally, in 2008, a study comparing 
wolves and dogs reported slightly superior performance 
in the wolves. Clearly, much additional research will be 
necessary to clarify the factors affecting animals’ ability to 
understand human pointing and other gestures. 

Communication and Cognition 

Along with (some) dogs’ abilities to understand pointing, 
scientists have studied many other canine behaviors that 
appear to facilitate interactions with humans. For exam¬ 
ple, dogs can often learn how to do something simply by 
watching a human doing it. In one experiment, dogs that 
failed to solve a detour task to obtain a food reward 
succeeded after a human demonstrated the solution. 
There is even one report of a dog able to copy a variety 
of different human actions when told ‘do as I do.’ 

Dogs seem to be keenly aware of where humans place 
their attention. Positive attention facilitates learning. 
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For example, dogs did better in the detour task if the 
human made eye contact with them while demonstrating 
the solution, and they were more likely to obey a simple 
command when issued by a human who was looking 
directly at them, compared with a human looking away 
from them or attending to another human. In addition to 
hindering responsiveness to commands, lack of human 
attention also reduces the probability of interaction. For 
instance, dogs were more likely to approach and beg from 
a human whose eyes they could see and were more prone 
to drop a ball at the feet of people facing them. Finally, 
even subtle changes in attention can encourage malfea¬ 
sance. We are not surprised when a dog eats forbidden 
food as soon as we leave the room, but in test situations, 
pet dogs also tend to take the food when the human is still 
present if she closes her eyes, turns her back, or plays a 
computer game. This is an experiment easily replicated if 
you have a dog at home. 

Dogs are skilled at reading human body language, but 
what about human spoken language? It seems as if they 
often know what we are saying, but a dog may run to get 
the ball when you say ‘Where’s the ball?’ not because she 
understands that the word ball signifies a specific object, 
but rather because she associates that phrase and the 
intonation with which you say it with both positive emo¬ 
tions and an object she plays with often. You can test this 
possibility by asking a dog to respond to a familiar request 
using the same words but in a different voice and with 
different intonation. In this circumstance, many dogs fail 
to respond. The take home lesson is to train your dog 
using a variety of different voices. 

Sometimes, however, dogs do understand that words 
refer to specific objects. In a controlled test situation a 
border collie, Rico, was asked to retrieve various objects 
(e.g., children’s toys, different kinds of balls) whose names 
he had learned through day-to-day interactions in his 
family. His accuracy in this test demonstrated knowledge 
of the names of over 200 objects, giving him a vocabulary 
size similar to that of language-trained great apes or 
parrots. In addition, Rico could retrieve a novel item 
from a room with seven objects whose names he knew 
and one object he had never seen before, indicating that 
he used a process of exclusion to deduce which object he 
was supposed to get. In still another test, Rico was taught 
the names of eight novel items just one time, after which 
they were removed from his home. Four weeks later, his 
success in retrieval tests indicated that he remembered 
the names of half of the novel items. 

Clearly, dogs do understand a considerable amount of 
what we say or do, but how good are they at communicat¬ 
ing similar information to us? Many dogs make clear 
requests to humans through their body language and 
vocalizations (e.g., staring at the cookie jar or poking the 
leash with the muzzle). Scientists tested this ability with a 
simple experiment you can do at home. They asked a 


person well known to a dog to leave the room while 
another, in front of the dog, hid a treat somewhere the 
dog could not reach. When the familiar person reentered, 
they could find the treat based solely on the dog’s 
behavior. 

In the preceding experiment, the dog indicated the 
location of the treat by the natural behavior of moving 
toward it and looking at it, alternating with looking back 
at the human. But, could a dog learn to use abstract 
symbols to communicate what he wants, as we do with 
language? One experiment suggests they can. A pet dog, 
Sofia, was first taught to associate each of a variety of 
moveable stimuli, or signs, with specific objects and/or 
activities (e.g., half of a rubber ball signified a toy; a cup 
signified food). Sofia learned that when she wanted some¬ 
thing, such as a toy, if she pressed the correct sign with 
her paw, a person would give her what she asked for. After 
this period of training, the signs were replaced with arbi¬ 
trary symbols known as lexigrams, such as a circle or letter, 
located in the same place the signs had been. Eventually, 
the lexigrams were available only on a large keyboard, 
which prevented Sofia from remembering their meaning 
by their location. She spontaneously pressed specific key¬ 
board lexigrams, apparently asking for what she wanted. 
People viewing tapes of Sofia’s actions just before and after 
pressing a key nearly always guessed correctly which key 
Sofia had pressed, demonstrating that Sofia was pressing 
keys nonrandomly. Prior to this experiment, only great 
apes and dolphins had shown the capacity to communicate 
with humans using abstract symbols. 

Emotions 

The abilities described in the previous section reflect not 
only dogs’ cognitive skills but also their emotional con¬ 
nections with humans. To objectively evaluate dogs’ emo¬ 
tional bonds with humans, experimenters used a method 
called the strange situation test (SST), originally designed 
to assess a child’s attachment to caregivers. In this test, the 
majority of children are less likely to interact with a 
stranger than with the caregiver, show distress when the 
caregiver briefly leaves the room and greet the caregiver 
enthusiastically when she returns. Most pet dogs showed 
very similar behaviors when tested with their human 
caregivers, but human-reared wolves did not - at least 
so far. Attachments can form quickly; shelter dogs become 
attached to an unfamiliar human after just three 10-min 
handling periods in 3 days. If, over evolutionary history, 
the human environment of dogs was as unstable as it often 
is today, then selection may well have favored dogs that 
could rapidly form new attachments. 

Another experiment showed that shelter dogs were 
more likely to form a new attachment with a handler 
who massaged them compared to one who trained them. 
This might be because massage and other kinds of 




Domestic Dogs 565 


intimate touching trigger the production of oxytocin, a 
hormone that facilitates maternal bonding in mammals, 
including humans. When people stroke their dogs for 
about 10 min, blood oxytocin rises significantly in both 
humans (it nearly doubles) and dogs (it increases fivefold), 
and in another experiment, humans who frequently 
received gazes from their dog showed a significant increase 
in urinary oxytocin. In some mammals, exposure to oxyto¬ 
cin decreases social avoidance and increases the ability to 
read subtle indicators of emotion in another’s face. Inter¬ 
estingly, the wolf puppies that failed to follow the human 
pointing gesture rarely looked at the demonstrator’s face 
during the test, but the dog puppies and the older wolves 
that performed well did. Domestic dogs vary consider¬ 
ably in their willingness to maintain eye contact with 
a human who is looking at them, and it would be inter¬ 
esting to determine whether differences in how dogs 
respond to the pointing task reflect differences in their 
oxytocin levels. 

Attachment to humans influences dog problem-solving. 
In one test, experimenters placed food on the other side 
of a fence and observed the responses of dogs that lived 
in the home with those of dogs that spent most of their 
time in the yard. The yard dogs figured out how to grab 
the food right away, but the home dogs hesitated to act 
and instead looked back at the human. Only after the 
human encouraged them to get the food did they take 
it. When the human-reared wolves that failed to show 
attachment behavior toward their caregivers confronted 
a difficult problem, they kept trying to solve it on their 
own, but dogs reared the same way gave up after a few 
attempts and turned to look at the human instead. 

Attachment to and dependence on humans clearly 
benefit dogs, but in some situations, they can be disadvan¬ 
tages. One study showed that human actions during a 
problem-solving test interfered with dogs’ abilities to 
reason by inference. Human behavior can also compro¬ 
mise a dog’s own preferences. When confronted with two 
plates containing different numbers of small pieces of 
food, dogs tended to choose the plate with more pieces. 
However, in an identical situation, if the human caregiver 
behaved enthusiastically toward the food on the plate with 
fewer pieces, many dogs chose that plate instead. 

Human-Dog Cooperation 

Despite the fact that dogs and humans have worked 
together on tasks like hunting and sheep-herding for 
hundreds of years, few studies have examined exactly 
how they cooperate. One study of 34 blind humans walk¬ 
ing with their guide dogs revealed interesting patterns of 
interaction. Within most of the human-dog pairs, dogs 
initiated more actions (range 40-80%) than the humans 
did, but the two individuals frequently traded the initiator 
role back and forth. Since most types of actions (stop, turn, 


step down, etc.) could be initiated by either partner, the 
initiator role was not predetermined by the specific action 
taken but seemed to depend more on subtle cues or 
rhythms that remain to be studied. 

Benefits to Humans of Associating with Dogs 

Much of the research on human-dog interaction asks dogs 
to solve problems invented by humans in human-created 
settings like university laboratories. By its very nature, 
this research highlights the ways in which dogs depend on 
humans. To understand how much we depend on them, 
we need scientific studies of human-dog interactions 
during challenges more natural to dogs, such as tracking 
people or finding scat from endangered species. 

Dogs are good for us. People who live with dogs have 
better health, including more rapid recovery from heart 
attacks. In addition, the presence of a dog reduces stress, 
facilitates social interaction, and enhances learning in a 
variety of subjects, including children in an elementary 
school classroom, disabled children, children with reading 
problems, people in retirement homes, and Alzheimer’s 
patients. Numerous anecdotes show that dogs can often 
reach depressed or withdrawn people who fail to respond 
to other humans. As the benefits of contact with dogs 
become more widely recognized, they will become increas¬ 
ingly welcome in schools, offices, hospitals, nursing homes, 
and psychological and physical therapy settings. To avoid 
exploitation of dogs, it will be crucial to implement prac¬ 
tices guaranteeing their safety and well-being, such as 
biscuit breaks and vacation time, as well as daily opportu¬ 
nities to exercise, play games with people, and interact 
with other dogs. 

Dog-Dog Interactions 

Social Behavior Among Companion Dogs 
Play 

When dogs that live with humans visit dog parks or other 
multidog settings, they tend to engage in frequent, vigor¬ 
ous play. Most studies of playing dogs focus on interac¬ 
tions within pairs, or dyads. During dyadic play, domestic 
dogs, like wolves, show many behaviors reminiscent of 
fighting and hunting, and like wolves they use various 
signals, including the play bow, to demonstrate playful 
intent. Although play can escalate to aggression, this does 
not occur often. 

Some researchers have suggested that if a dog is rarely 
or never in the ‘top dog’ role during play, he will lose 
interest in playing with that partner, and that dogs, there¬ 
fore, tend to switch roles back and forth to make play 
roughly symmetrical. Only two studies have quantified 
roles adopted during dyadic dog play and neither sup¬ 
ported this hypothesis. Analysis of videotapes of over 
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50 pairs of adult dogs that interacted repeatedly showed 
that although role switching did occur, in most pairs one 
dog adopted the ‘top dog’ role significantly more often 
than the other. Many of these pairs, including ones in 
which one dog never achieved the top dog role, continued 
to play despite this inequity. 

Being older than the partner and out-ranking the part¬ 
ner predicted adoption of the top-dog role, but because 
age and rank were positively correlated, researchers were 
unable to assess their independent effects. The younger 
member of playing pairs also self-handicapped more often 
(behavior that puts them in a vulnerable position, such as 
lying on the ground with belly up) and gave play signals 
more often. These results indicate that young dogs are so 
motivated to play that they keep the game going, even 
when they usually end up on the bottom. 

Another study videotaped puppies playing with litter- 
mates during the first few months of life. Littermate pairs, 
like adult dogs, tended to adopt asymmetric roles and 
asymmetry increased over time. Young puppies initiated 
play with some littermates more often than others, and 
these preferences intensified over time, suggesting that 
puppies may figure out early which siblings they prefer to 
interact with. Stray dog littermates studied in India 
remained together for at least 4 months, so under some 
circumstances, sibling preferences could have adaptive 
significance. 

Dominance, conflict, and reconciliation 

Anyone who watches dogs interacting will notice that 
when two dogs come together, they often show opposite 
body language. Darwin clearly described how one dog 
will stand tall with tail up and ears forward while the 
other dog crouches slightly, flattens the ears and lowers 
the tail. In wolves, these ritualized behaviors reaffirm 
well-established status differences, which promote relaxed, 
friendly relations between wolves of different rank. Some¬ 
thing similar seems to be going on in dogs, except their 
body language tends to be less exaggerated than that of 
wolves, and some dogs seem to care little about status. 
Remarkably, scientists have not yet conducted detailed 
studies on ritualized interactions in dogs. 

Serious aggression is rare in well-socialized dogs, in 
part because of the ritualized communication described 
already, and few systematic data exist on dog-dog conflict. 
One study based on veterinarian records suggested that 
aggression involving dogs from different households most 
often involves two males, whereas aggression within house¬ 
holds more often involves two females and also tends to be 
more severe. 

When two dogs get into a conflict, they tend to recon¬ 
cile through affdiative contact soon afterwards, as many 
other social mammals do, including wolves, spotted 
hyenas, and many primate species. In one study, dogs 
most familiar with each other were less likely to fight, 


but when they did, they were more likely to reconcile. 
This finding and evidence of play partner preferences 
suggest that dogs form special relationships, or friend¬ 
ships, with specific partners. 

Stray and Feral Dogs 

As mentioned earlier, many dogs scavenge on the fringes 
of human society, and these dogs interact with other dogs 
at least as much as they interact with humans. Since there 
is little reason to consider this a recent phenomenon, dogs 
have undergone selection not only for living with humans 
but also for living with other dogs. Dogs are the ultimate 
two-species socialites. 

Noncompanion dogs can be classified into two types: 
stray dogs that tolerate humans and feral dogs that avoid 
humans. Reactions to humans are largely determined by 
the presence or absence of human contact during the first 
few months of life. Feral dogs have not been socialized to 
humans and will avoid them throughout their lives. Stray 
dogs are often former companion dogs or their offspring, 
and strays sometimes join feral dogs. These facts led some 
scientists to claim that companion, stray, and feral dogs in 
a given area comprise a single population, and that feral 
dogs, therefore, cannot evolve adaptations specific to their 
way of life. These ideas remain untested. 

Stray and feral dogs typically feed, at least in part, on 
human refuse. In most early studies of stray dogs, obser¬ 
vers followed individuals, pairs and small groups of dogs 
as they searched for trash in urban or suburban neighbor¬ 
hoods. They observed stray females mating with more 
than one male and mothers alone with young puppies. 
On the basis of these observations, researchers described 
social relationships among stray dogs as ephemeral and 
involving little, if any, cooperation. 

More recent studies in a wider variety of habitats have 
dramatically altered this picture. Stray and feral dogs in 
and near Italian villages also moved about as individuals 
or in small groups, but these dogs belonged to larger 
groups that defended shared territories against dogs 
from other groups. Like wolves, these dogs treated fellow 
group members and nonmembers very differently. Con¬ 
flicts within groups were usually resolved through ritua¬ 
lized, noninjurious aggression, but nongroup members 
were attacked and even killed. These studies also reported 
that individual male dogs sometimes remained near par¬ 
ticular mothers, chasing away intruders that got too close 
to the puppies. 

Stray dogs in a town in West Bengal, India, formed 
small groups and defended territories much like the Ital¬ 
ian dogs. Although females occasionally mated with more 
than one male, most mated with just one, and the mates 
of these monogamous females guarded them and their 
young puppies. One male was even seen regurgitating 
food to his puppies, as wolf fathers do. In another instance, 
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two females reared their pups in the same den and nursed 
them communally. Although companion dogs and Italian 
stray dogs exhibited two mating periods per year, the 
Indian dogs came into heat in synchrony once a year, 
just like wild canines. Researchers also reported ritualized 
dominance and submission within groups and discerned 
clear within-group dominance hierarchies. 

In an ongoing study of feral dogs subsisting on garbage 
near Rome, Italy, researchers observed additional wolf- 
like behaviors. These dogs live in territorial groups with 
25-40 members, much larger than groups reported for 
stray dogs. Observers frequently witnessed competitive 
interactions, particularly in the context of feeding and 
mating, and in the most intensively studied group, they 
documented a strict linear hierarchy among adults. As in 
wolf packs with multiple litters, the highest-ranking 
female reared her pups in the core of the group’s territory, 
and these pups received male protection. Low-ranking 
females gave birth closer to the periphery of the territory 
and received less male assistance. 

Dingoes and New Guinea singing dogs are descen¬ 
dants of domestic dogs brought to Australia and New 
Guinea by seafaring people about 4000-5000 years ago. 
Although dingoes sometimes associated with Australia’s 
native people, mostly they remained independent, form¬ 
ing small packs characterized by individual hunting of 
small game and cooperative hunting of larger game, terri¬ 
torial defense, and feeding of young by all pack adults, just 
like wolves. It is unclear whether feral dogs that survive 
mainly by hunting occur outside Australia and New 
Guinea. 

Conclusion 

In a best-selling modern book about dogs, Elizabeth 
Marshall-Thomas asked: ‘What do dogs want?’ The 
research described here suggests that dogs want to interact 
with humans, and that they may have evolved specific 
abilities to do so. It also indicates that dogs want to 
interact with other dogs, and that some dogs retain the 


ability to form adaptive social groups whose members 
cooperate. Studies of dog behavior have increased dra¬ 
matically year by year for at least a decade. We can look 
forward to a lot more information about who dogs are and 
what they need to be happy and healthy. This knowledge 
will undoubtedly benefit their best friends as well. 

See also: Empathetic Behavior; Social Cognition and 
Theory of Mind; Social Learning: Theory; Spotted 
Hyenas; Wolves. 
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Dominance and Dominance Hierarchies 

Investigators witnessing aggressive interactions between 
animals have noted that the interplay begins symmetri¬ 
cally; both participants engage in similar behavior during 
which one injures the other or is seen as threatening to 
injure the other. Such fights continue until the behavior of 
one changes to break off the interaction. The loser is 
inferred to have discovered that it cannot limit the pun¬ 
ishment that it is receiving, which exceeds what it is 
willing to accept, by aggressive means. The loser stops 
initiating further aggression and runs away, or uses signals 
that are described as ‘Submissive’ because they seem to 
reduce further aggression by the opponent and bring the 
interaction to an end. Sometimes, however, investigators 
note the absence of the first symmetrical phase and try to 
explain why one of the two immediately moves to submis¬ 
sive behavior, or flees whenever the other shows any sign 
of aggression toward it. The explanation is often ‘Domi¬ 
nance,’ which assumes that one or both animals have 
learned from previous encounters and that the submitting 
individual anticipates the expected outcome, terminating 
its responses as soon as it perceives that the dominant is 
likely to initiate aggressive behavior toward it. Learning 
is invoked when there is no apparent physical change in 
the individuals that would account for the change in the 
pattern of interaction, and this change is attributed to prior 
experience. 

This is not to say that occasionally the two will not 
follow their usual pattern or that the relationship is per¬ 
manent. Deviation from the expected behavior provokes 
research into the specific factors responsible for the unex¬ 
pected sequence and any permament change in the rela¬ 
tionship as a consequence of the unusual encounter. Rowell 
(1974) drew attention to the fact that it is the subordinate 
individual that shows the most change in behavior when a 
dominance relationship has been established, and if at any 
time the subordinate refuses to submit, the relationship 
may be challenged or even cease to exist. For this reason, 
she argued that dominance relationships should more 
appropriately be called ‘subordinancy’ relationships. 

Of course, there are other possible explanations for the 
fact that agonistic responses may not begin with symmet¬ 
rical displays of aggression. While dominance implies a 
learned relationship based on the outcomes of previous 
contests between the same two individuals, two often 
cited alternatives are ‘Territoriality’ and ‘Trained Losers.’ 
When one individual is described as a trained loser, 


a generalized learned response to avoid all aggressive 
encounters, regardless of the identity of the opponent, is 
postulated. Territoriality is invoked when the geographic 
location of the encounter correlates strongly with which 
of the two interactors shows aggression and which termi¬ 
nates the encounter as quickly as possible. When the 
directionality of agonistic signals is not influenced by 
geography and when the same individual submits reliably 
to some opponents but shows aggression toward others, 
we invoke the concept of a dominance relationship. 

One complication in demonstrating that dominance is 
established through learning based on a previous history 
of agonistic encounters is that some dyads seem to estab¬ 
lish dominance on their very first encounter without a 
period of obvious contest. This is likely to occur when 
there is a great disparity between the two, for example, 
one is fully adult and the other is immature. In such cases, 
we assume that socially sophisticated individuals do learn 
dominance relationships on the basis of a past history of 
agonistic interactions and that such learning can be 
generalized such that an immature individual that has 
lost numerous dyadic fights with adults will learn to 
yield to any individual having the same properties as the 
adults that it has lost to in previous dyadic encounters. 
This is, admittedly, hard to demonstrate empirically, 
although socially deprived immature animals often fail 
to yield to adults and may launch suicidal attacks against 
much more formidable opponents. 

Alternative Measures, Causes, and 
Consequences 

Witnessing a single encounter thus provides insufficient 
information to infer dominance. It requires many observa¬ 
tions to support the hypothesis that a past history of losing 
to a particular individual is responsible for an individual 
submitting to that individual (but not all other indivi¬ 
duals) at the first sign of aggressive behavior and that 
this is true regardless of the location of the encounter. In 
order to find more efficient means of identifying domi¬ 
nance relationships, many researchers have attempted 
operational definitions of dominance on the basis of the 
inferred consequences of a dominance relationship, and 
then measured these to infer dominance. The argument is 
that if one individual can aggress against another with no 
fear of retaliation, then such a relationship would allow 
the dominant individual to use aggression, or the threat of 
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aggression, in competition for resources, or to coerce the 
behavior of the subordinate in any way advantageous to 
the dominant. A dominant individual could thus gain 
priority of access to incentives and control the behavior 
of the subordinate. 

Operational measures of dominance might thus mea¬ 
sure which individual obtains the most food, or drinks 
first, or gains access to preferred locations or partners. All 
of these are considered incentives because they presum¬ 
ably enhance an individual’s genetic fitness, and evolution 
should favor individuals that used dominance to enhance 
their genetic fitness. Of course, this assumes that the 
dominant individual is at least as motivated as the subor¬ 
dinate to acquire the ‘incentive’ and not either sated or 
motivated to achieve a different goal at the moment. 

Measures of priority of access to incentives usually 
correlate quite well with more laborious measures deter¬ 
mining agonistic sequence outcomes but, even though most 
correlations are often significant, the degree of correlation 
varies and is seldom 1.0. A correlation of less than one 
indicates that priority of access is not synonymous with 
dominance. The causal relationship of variables is also 
unclear and in some cases may come about because both 
dominance relationships and other relationships are influ¬ 
enced by the same variables, for example, kinship influen¬ 
ces grooming and kinship alliances influence dominance. 

Although the argument that dominance must improve 
an individual’s genetic fitness is compelling, dominant 
individuals do not always enjoy the highest genetic fitness. 
This is so, in part, because dominance status is not a 
lifelong attribute whereas genetic fitness is measured over 
a lifetime. Even a short-term measure such as breeding 
success or reproductive success may not correlate well with 
either dominance or genetic fitness as alternative strategies 
exist to maximize genetic fitness. For example, if attaining 
dominance significantly improves reproductive success but 
decreases longevity, then an alternative to achieving domi¬ 
nance would be to maintain a less costly dominance posi¬ 
tion and reproduce for a longer period of time. 

Instead of looking for the consequences of dominance 
as a measure of dominance, one can ask why a particular 
individual is successful in its agonistic encounters with 
others and then look for physical or other attributes of 
dominant animals that can be used to predict dominance. 
Surely physical size and strength, weaponry, and aggres¬ 
siveness must contribute to an individual’s ability to pre¬ 
vail, even if not absolutely, at least relative to an opponent. 
If the correlations are very high, then it is a simple matter 
to measure the physical properties of individuals, com¬ 
pare the measures, and decide which will be dominant 
even if the two have never met each other. But especially 
in social species, primates, for instance, this type of com¬ 
parison breaks down. Even fighting is social, not only 
in the sense of an interaction between the opponents, 
but also in the sense of the involvement of other group 


members, rather than just a dyad, in many contests. Social 
skills in forming alliances and using such alliances appro¬ 
priately may thus contribute far more to dominance 
relationships than individual physical abilities or determi¬ 
nation. Dominance predictions for a group on the basis of 
paired comparisons are notoriously unreliable as indica¬ 
tors of dominance relationships once the full group has 
been established. In fact, the dominance relationship 
between any dyad can be readily reversed by changing 
the social context in which agonistic encounters take 
place, much as location can change relationships in terri¬ 
torial forms of aggressive encounters. Measuring patterns 
of social alliances, the reliability of such alliances, and the 
skill of an individual to manage the context of a contest 
such that its own allies are present and ready to intervene 
whereas few of its opponent’s allies are present or indicate 
a willingness to intervene, is challenging indeed. The 
contributions of all of these factors to dominance can be 
summarized as the ‘power’ or ‘resource holding power’ of 
an individual when discussing dominance. Such terminol- 
ogy (especially the latter term) implies that dominance is 
all about competition for resources and is the primary 
determinant of competitive outcomes. Not all competi¬ 
tion, however, involves contests and scramble competition 
is, at times, far more significant than contests that can be 
influenced by dominance. 

Efforts to measure dominance relationships would be 
much simpler if a single aggressive or submissive gesture 
was always associated with dominance or subordination. 
Efforts to find such ‘formal’ signals of dominance relation¬ 
ships have been found wanting. Although a subordinate 
macaque monkey will grimace to a dominant individual, 
grimaces also occur when an animal is in pain, frightened, 
or in a number of other social contexts. A monkey grima¬ 
cing to a snake should not be regarded as indicating the 
‘dominance’ of the snake to itself. Most primate expres¬ 
sions and communication signals can take on different 
meanings on the basis of the context in which they are 
embedded. A rhesus monkey male approaching a female 
prior to mounting, or at about the time of ejaculation, may 
grimace, but should not be considered as submitting to the 
female (or indicating pain). An estrous female presenting 
her hindquarters to a male may be communicating some¬ 
thing very different than when one male presents its 
hindquarters to another or two juveniles interrupt play 
fighting to quickly present their hindquarters to one 
another. 

Hierarchies 

Investigators of agonistic encounters have long recog¬ 
nized the predictability of the outcomes of encounters 
between individuals and have described groups on the 
basis of which individuals reliably won encounters with 
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other group members. In describing the network of domi¬ 
nance relationships in a group, it was clear that some 
individuals dominated most or all group members and 
some very few. Quantification was used to indicate the 
rank order of group members on the basis of the number 
of others that they could dominate. Ideally, one might 
expect a linear hierarchy but departures from strict line¬ 
arity were recognized. Triangles could be identified 
wherein A dominated B, which in turn dominated C but, 
contrary to expectations of transitivity, C dominated 
A. Departures from linearity could be measured using 
the Landau or a similar index, or linearity could be forced 
on a hierarchy by ignoring dyadic analyses and focusing 
on total agonistic wins and losses and calculating some 
kind of ratio. Constructing hierarchies is particularly 
troublesome when not all individuals interact with all 
other individuals in a group, or with different frequencies. 
Hierarchies can be constructed, nevertheless, on the basis 
of the number of opponents defeated (corrected by the 
number lost to) or the total number of fights won regard¬ 
less of the identity of the opponent (corrected by the 
number of fights lost). As with dyadic analyses, both 
methods suffer when there are missing data cells and 
unequal participation. Transforming data to percentages 
could be used to correct for unequal scores and assump¬ 
tions of transitivity could be used to resolve the problems 
of missing cells in the matrix. Row and column totals used 
to calculate expected cell frequencies also have to be 
adjusted because agonistic matrices always have a zero 
cell diagonal (individuals do not ever win or lose fights 
with themselves). 

After witnessing sequences in agonistic interactions, it 
is easy to understand that aggression might end when one 
of the participants runs away and is out of reach of the 
aggressor, but it is more difficult to understand how 
submissive signals work to mollify the aggressor so that 
it ceases further aggression against a still-present victim. It 
can be assumed that submissive signals must somehow 
serve to appease or placate the aggressor thus reducing 
the motivation to attack, but given the plethora of aggres¬ 
sive and submissive signals, it is unclear as to which 
submissive signal is a sufficient response to which aggres¬ 
sive signal. It is clear that there are no fixed sequences 
such that a particular submissive signal is elicited by a 
particular aggressive signal. Maxim (1978) attempted a 
quantitative approach to determine the numerical value 
of each aggressive and submissive signal. He collected 
data on complete sequences of agonistic behavior and 
reasoned that such sequences end when the value of the 
submissive signals is equal to the value of the aggressive 
signals. By running each sequence as a series of simulta¬ 
neous equations, he attempted to assign values so that each 
sequence would achieve a zero sum. This logical and 
ambitious program seemed very promising, but somehow 
the animals did not seem to end sequences when the 


equations balanced. Was this because of our failure to 
distinguish the intensity of different signals or to recog¬ 
nize all of the signals? Perhaps the failure was not in the 
observer but in the animals that might have failed to 
notice one or more signals? Or perhaps, the internal 
motivation of the aggressor was not always totally 
expressed in the signals produced, or some individuals 
were deceptive and signaled greater intensities than they 
actually experienced? Was it possible that the animals 
were incapable of calculating the elegant equations that 
the investigators were using and hence incapable of recog¬ 
nizing a balanced equation? 

The same problem arose when investigators became 
dissatisfied with an ordinal rank system for dominance, 
since such scales preclude most parametric tests correlat¬ 
ing dominance with quantitative outcomes. Efforts were 
therefore made to come up with a metric to assess domi¬ 
nance on an equal interval, if not ratio, scale (e.g., Boyd 
and Silk, 1983; Zumpe and Michael, 1986). Clearly, 
numerical approaches to assigning ranks on the basis of 
the ratio of wins and losses for each dyad were far superior 
to subjective assessments of rank obtained just by watch¬ 
ing the animals. Perhaps then there was some mathemati¬ 
cal way to assess rank differences on the basis of the ratio 
of wins and losses? If a ratio of wins to losses of <0.5 
indicated that the rank order was incorrect, could wins 
minus losses divided by the number of encounters then be 
used to scale rank differences? A dyadic approach was less 
than satisfactory because if one added the distance 
between 1 and 2 and between 2 and 3 and summed 
those distances, they often failed to equal the distance 
between 1 and 3. Worse still, sometimes number three 
won against number one more than vice versa producing a 
rank triangle. If animals truly had a linear rank order, this 
rank order pertained to the group and not to the dyad and 
so it was reasoned that the total number of agonistic wins 
and losses should be used, regardless of the identity of the 
partner. Thus, one could use row and column totals of 
wins and losses and get a proportion ranging from 0 to 1 
for each animal in the group. By correcting for the number 
of individuals in the group, one could calculate the mean 
distance that should separate all individuals in the hierar¬ 
chy and then see whether individual pairs had larger or 
smaller differences in their ratios than would be pre¬ 
dicted, thus indicating the distance between individuals 
of adjacent rank. If they had identical ratios, they could be 
viewed to be tied, but this was based on their rank in the 
‘group’ rather than which of the two more often bested the 
other in agonistic encounters. Thus, if a particular dyad 
had a very high rate of agonistic encounters that was 
consistently unidirectional, then the loser might be placed 
low in the hierarchy regardless of the fact that it seldom, if 
ever, lost to any one other than the number one. A high 
frequency of losing was seen as an indication of low rank, 
but was it possible that high frequencies of interactions 
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indicated close, and therefore unsettled or challenged dom¬ 
inance relations? When dominance relationships are very 
clear, the dominant seldom needs to assert dominance and 
the subordinate, in the absence of aggressive signals, shows 
few submissive signals. In dominance relationships that are 
not secure, the dominant may need to be more assertive 
and may perceive the slightest change in behavior as a 
challenge from the subordinate. (Note that there is some 
disagreement among investigators as to whether domi¬ 
nance is an outcome of agonistic encounters or whether 
some agonistic encounters are an outcome of individuals 
striving for dominance status, e.g., see Mason (1993).) 

These group analyses had been designed not only to 
rank order individuals, but also to indicate the gradient of 
dominance in a group. Bayly et al. (2006) compared eight 
such methods and found that although each may indicate 
something about the relationships among the animals, the 
eight did not correlate well with one another. Other 
investigators had compared a wide range of techniques 
to measure dominance and found that although many 
correlate significantly with one another, the correlations 
were sometimes <0.2 and when the same measures were 
repeated, the correlations varied. It is clear that, although 
we can force equal interval scales onto dominance hier¬ 
archies, it can be only through our mathematical sophis¬ 
tication, and this may be beyond the means of our 
subjects, which use much simpler methods to manage 
their dominance relationships. Whereas we perceive the 
group as an entity and understand transitive relationships 
such that we would assume that if A wins over B and 
B wins over C, A should therefore win over C; for the 
animals, with less than perfect self-concepts, they only 
know which individuals win against them and which indi¬ 
viduals they can defeat. For a group of 100 individuals, 
each individual must remember 99 relationships. If the 
individual were to recognize every dyadic combination in 
the group, it would have to remember 4950 relationships. 
I suggest that few of us can do that, let alone monkeys 
living in groups of that size. One must remember that the 
outcome of fights is not based on individual attributes. For 
each of the 99 relationships that an individual must 
remember, it must also remember which individuals 
come to its aid and which individuals come to the aid of 
each of its 99 potential opponents. Since fights are most 
often solved using social techniques, predicting the outcome 
and deciding whether to fight or flee may require recogniz¬ 
ing the opponent and deciding whether the strength and 
number of the opponent’s allies that seem ready to come to 
its aid is greater than the number and strength of the 
individuals indicating a willingness to come to your aid. 
This is a daunting task indeed. Watching fights in which 
you are not involved provides information assuring you 
that you are not a target and that the animals that you aid 
are not involved and also may provide information about 
which individuals side with the opponents, one or both of 


which are sometimes your opponents. I doubt that they 
are also making transitive inferences about whether they 
should be able to best one of the other in future fights 
based on the outcome of the current fight, in which they 
are not involved. 

What Do Individuals Know? 

What does the individual subject know? Who it can win 
against, who comes to its aid, and perhaps who comes to 
the aid of its opponents. This is a formidable amount of 
information to remember even in a moderate-sized group. 
It is also why I wonder whether an animal can keep track 
of every other animal that it has received favors from or 
granted favors to and the time scale of each ... Perhaps 
they only remember a short period of time in the past? 
Perhaps they only remember a general positive or nega¬ 
tive relationship: Aid your friends (if it is not too costly) 
and attack your enemies whenever given the opportunity 
to do so. This is perhaps why aiding the aggressor is more 
common than defending the victim. It is less risky. Yes, it 
does make hierarchies conservative (bridging alliances 
and revolutionary alliances will be rare, but this is a 
functional outcome and not a motivation). In small groups 
of 3, there are 3 possible dyads but each individual is a 
member of only 2. In a group of 4, there are 3 possible 
opponents but 6 possible pairs. In larger groups of, say, 30, 
each individual is a member of 29 pairs but the number of 
dyads is 30 times 15 or 450. Group sizes may be limited by 
how many simultaneous relationships an individual can 
track. If self awareness is limited in animals, then transi¬ 
tive inference may be beyond the capacity of the subject 
when they are one of the things to be represented men¬ 
tally. Note, however, that if individuals aid aggressors 
against victims and are more likely to aid an individual 
that they are dominant to (and is therefore unlikely to 
turn the attack against them), such aiding will foster 
transitive dominance relationships. 

In summarizing dominance for whole groups, one may 
note different dominance ‘styles.’ For example, in some 
groups, aggression is almost invariably unidirectional. In 
others, there may be greater mutual exchange of aggres¬ 
sive signals. In some groups, dominant individuals are 
virtually never challenged, whereas in others, dominant 
individuals seem to be frequently resisted by subordinates. 
Attempts have been made to characterize such patterns as 
despotic and egalitarian and/or as tolerant or intolerant. 
Although these patterns may characterize a particular 
group for a period of time, it is also apparent that some 
styles are more common in groups of one species than 
another. Reconciliation, the tendency to engage in affdiative 
interactions more quickly following an agonistic encounter 
than if no such encounter had occurred, also correlates with 
dominance style. These concepts are understandable to 
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investigators but there is still a lively debate as to which 
agonistic patterns co-correlate and whether there is a taxo¬ 
nomic predictor of such styles. Certainly, invoking these 
concepts in describing particular groups does not imply that 
the individuals in such groups have these concepts or are 
directly guided by such concepts. 

See also: Body Size and Sexual Dimorphism; Chimpan¬ 
zees; Conflict Resolution; Cooperation and Sociality; 
Forced or Aggressively Coerced Copulation; Social 
Selection, Sexual Selection, and Sexual Conflict. 
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Introduction 

In the early 1910s, Thomas Hunt Morgan identified the 
first white-eyed fly in the ‘Fly room’ at Columbia Univer¬ 
sity. Then, Morgan and his three students, Sturtevant, 
Bridges, and Muller reported a series of fundamental 
concepts in the chromosomal theory of heredity, includ¬ 
ing the sex-linked inheritance of white eyes, recombina¬ 
tion and linkage between sex-linked genes, and the first 
chromosome maps based on linkage. These major scien¬ 
tific breakthroughs were discovered in Drosophila , and the 
field of modern genetics was founded. 

Since then, Drosophila ynelanogaster has been one of the 
major model organisms in genetics. D. ynelanogaster has 
many benefits for genetic research. It is easy to rear in 
the laboratory, has a short generation time (10 days at 
25 °C), produces large number of progeny (each female 
can lay over 100 eggs), and has a high tolerance of 
inbreeding. Moreover, the larval salivary gland contains 
giant polytene chromosomes that exhibit banding pat¬ 
terns useful in the identification of chromosomal rearran¬ 
gements and deletions by visual inspection. Thousands 
of mutations with visible phenotypes served as genetic 
markers and provided essential tools for genetic analysis. 
In 1968, Lewis and Bacher described the efficient method of 
inducing mutation using ethyl methane sulphonate (EMS). 
EMS mutagenesis facilitates the most important tools of 
D. ynelanogaster, the power of forward genetic screens to 
dissect the genes that affect a specific phenotype. In 1980, 
Nusslein-Volhard and Wieschaus extended this approach 
to the first large-scale mutagenesis project that attempted 
to isolate most of genes involved in the embryonic devel¬ 
opment. Following the discovery of homeobox genes, 
Lewis, Nusslein-Volhard, and Wieschaus received the 
Nobel Prize in 1995. With advanced genetic screen tech¬ 
niques such as modifier screens and clonal screens to¬ 
gether with genetic transformation techniques, it is possible 
to screen for almost any biological process, including 
complex behavior. 

William E Castle was the first person to use Drosophila 
for a genetic study in the laboratory at Harvard University 
in 1901. Subsequently, Castle and his students began to 
study simple behaviors, including phototaxis (an organ¬ 
isms movement in response to light), geotaxis (response 
to gravity), and later mechanosensory and olfactory 
responses. This was followed by a series of studies using 
more extensive genetic strategies such as quantitative 
genetic analysis and selection experiments for behavioral 


phenotypes in Drosophila and other organisms including 
mice and rats. One difficulty in studying the genetics of 
behavior is that the heritability of behavioral phenotypes 
is highly sensitive to the environment and genetic back¬ 
ground. This is thought to be due to the involvement of 
multiple gene networks in complex behavior. The consis¬ 
tent conclusion from the early studies was that the genetic 
basis of behavior is complex and multigenic. Hence, 
behavior has often been considered a more complex set 
of phenotypes than either developmental or anatomical 
defects. Seymour Benzer was the first to report the suc¬ 
cessful isolation of a behavioral mutant with respect to 
phototaxis using genetic screens. 

Classic Single Gene Mutant Studies 
of Behavior 

The publication of Seymour Benzer’s (1967) paper was a 
seminal moment in the history of behavioral genetics. 
Before his report, the idea that single genes control com¬ 
plex behavior was not accepted. Traditional approaches 
to solving the question ‘how do genes influence behavior?’ 
had been carried out by selective breeding for the behav¬ 
ioral trait of interest from natural populations. However, 
Benzer took a different approach, using mutagenesis and 
genetic manipulations, to quantify a series of behaviors, 
including phototaxis, circadian rhythms, learning and 
memory, courtship, etc. His strategy was straightforward: 
induce mutations by feeding EMS to male flies, screen 
their offspring for behavioral phenotypes, then use 
genetic crossing to isolate single-gene mutations respon¬ 
sible for these altered behaviors. Since then, hundreds of 
scientists have continued Benzer’s experimental philoso¬ 
phy and referred to it as ‘neurogenetics.’ 

Circadian Rhythm 

Circadian rhythm mutants are one of the excellent exam¬ 
ples of the original discoveries in neurogenetics. Circa¬ 
dian rhythms are cycles of behavior and physiology found 
in nearly all organisms that sets their internal clock time 
to an approximate 24-h cycle. Circadian rhythm allows 
organisms to adapt to external environmental factors such 
as the regular cycles of light and temperature that pervade 
the biosphere. This clock is conserved in some bacteria, 
protozoa, plant, and animals, reflecting four billion years 
of evolution of life on a rotating planet with an oscillating 
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cycle of day and night. In animals, the rest period in the 
activity cycle is the best understood aspect of circadian 
behavior. Most of our current understanding of the 
molecular basis of circadian rhythm has come from stud¬ 
ies in Drosophila. 

In 1971, Konopka and Benzer performed a simple 
screen for the phenotype of altered eclosion rhythm 
and the locomotor rhythms. They identified period (per) 
mutants, the first clock mutants in any organisms. The 
allele per is arrhythmic; per has a short circadian 
period of 19 h; and per exhibits a long circadian period 
of 29 h instead of the normal 24 h. With the cloning of 
per gene by the groups of Rosbash and Hall, and the 
group of Young in 1984, per transcripts and PER pro¬ 
tein were subsequently both shown to oscillate in abun¬ 
dance with circadian rhythms, giving rise to the 
autoregulatory feedback model of how clock gene pro¬ 
ducts might underlie the core mechanism of the 
biological clock. Importantly, more recent studies sug¬ 
gest that the molecular basis for the circadian clock is 
generally conserved between flies and mice. Detailed 
descriptions of these mechanisms are reviewed by 
Sehgal and Allada. 

Courtship Behavior 

The earliest descriptive studies of courtship behavior in 
Drosophila were conducted by Sturtevant in the mid 1910s. 
Bastock and Manning then characterized serial steps of 
stereotypical actions in males: orientation, tapping, wing 
vibration, licking, and copulation. This was followed by 
a series of studies revealing that males and females 
exchange sensory modalities in each step by visual, acous¬ 
tic, pheromonal (pheromone: molecule emitted by one 
individual that alters the behavior or physiology of con- 
specifics), and tasting signals (Figure 1). In 1976, Hotta 
and Benzer used genetic mosaics (gynandromorphs: flies 
composed of male and female tissue) to roughly map the 
portions of the nervous system that control the courtship. 
Using mosaic analysis, in 1977, Hall refined the techni¬ 
ques and identified anatomical foci in the brain and the 
thoracic and abdominal nervous system that are required 
for sex-specific courtship behavior. 

The gene fruitless (fru) is the best-studied gene 
involved in courtship behavior. The bisexual fru mutant 
was originally identified as a male-sterile variant in the 
1960s. Further studies also revealed that fru was required 
for various aspects of male courtship. The fru gene 
encodes multiple forms of a transcription factor that 
are required not only for male-specific courtship behav¬ 
ior but also for viability in both sexes. One of the fru 
transcripts is male-specifically spliced and responsible 
for male-specific courtship behavior. Ectopic expression 
of the male-specific form of fru alters almost every 
feature of male courtship. A reduction in male-specific 
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Figure 1 Steps in courtship by D. melanogaster. The colored 
arrows represent the known sensory modalities by which flies 
communicate: (+) for stimulatory and (-) for inhibitory signals. 
Reprinted from Greenspan RJ and Ferveur JF (2000) Courtship in 
Drosophila. Annual Review of Genetics 34: 205-232, with 
permission from Annual Review of Genetics. 


fru expression in the median bundle exhibits faster 
copulation, skipping early steps in the behavior such as 
orientation, tapping, wing vibration, etc. Females ectopi- 
cally expressing male-specific fru show male courtship 
behavior. Recent studies of specific labeling of neurons 
that express male-specific fru revealed a precise map for 
core neural circuits involved in male courtship behavior. 
A set of genes that operate downstream of fru remains to 
be identified. 

Male courtship represents an innate behavior, but is 
also modified by experience. Immature males, in their first 
day after eclosion, produce female-like pheromones that 
stimulate mature males to show active courtship toward 
them with a wing vibration that produces courtship song. 
Exposure to the song enhances the success in copulation 
once they are mature. Another example is that male flies 
tend to exhibit decreased courtship vigor in response to 
virgin females (receptive) if they have previously experi¬ 
enced rejection from mated females (unreceptive). While 
these experiments indicate that flies can learn and 
remember, further analyses are desirable to confirm the 
experience-dependent modifications in courtship. 

Learning and Memory 

The first learning mutant, dunce (due), was isolated by 
Quinn, Harris, and Benzer in 1974, using a genetic screen 
for the Pavlovian olfactory paradigm. In this study, flies 
were trained to avoid an odor paired with electric shock as 
a negative reinforcer. After training, the relative avoidance 
of the shocked odor was scored as a learning index. Using 
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this paradigm, a series of learning mutant flies were iden¬ 
tified, initiating a growing list of genes known to be 
involved in olfactory memory formation. 

The cloning of the dnc gene, encoding cAMP phos¬ 
phodiesterase, and the rutabaga (rut) gene, encoding Ca 2+ / 
calmodulin-responsive adenylyl cyclase, revealed the 
importance of cAMP signaling pathways in learning. In 
addition, both dnc and rut show preferential expression in 
a part of the brain called the mushroom bodies (MBs). 
Considerable evidence supports the importance of MBs 
as a major structure for olfactory memory and storage. 
The chemical ablation of MBs disrupted olfactory 
learning ability and learning mutants show anatomical 
defects in MBs. The rescue experiment revealed that 
expression of n/f activity in the MB neurons of rut mutants 
is sufficient for olfactory memory formation. Using the 
Shibire transgene, a fine genetic tool to block synaptic 
transmission, it has been revealed that the cc/p neuron in 
MBs are responsible for olfactory memory. While these 
accumulating evidences support a dominant role for MB 
neurons in olfactory learning, their relevance to overall 
memory is still uncertain. 

Natural Variation of Behavior 
in Populations 

Most of the mutations identified by genetic screens cause 
severe perturbation in the function of specific genes well 
beyond that observed in the natural variation found in 
wild populations. Genes responsible for a behavioral phe¬ 
notype are difficult to isolate from natural variants 
because most behavior is likely to be regulated by multi¬ 
ple gene networks. When this is the case, behavior phe¬ 
notypes tend to dissipate during the course of crosses for 
genetic mapping, resulting in a failure to isolate the rele¬ 
vant gene(s). One exception has come from the area of 
foraging behavior. 

Searching for Food: Foraging Behavior 

Individual flies in natural populations of D. melanogaster can 
be categorized according to the type of food-searching 
behavior they exhibit, as either rovers or sitters. Rovers 
search wider areas for food than sitters. The typical phe¬ 
notypic frequencies of the two phenotypes in natural 
populations are 70% rover and 30% sitter. Sokolowski 
performed density-dependent selection experiments to 
reveal that rovers are dominant under crowded conditions 
and sitters under less crowded conditions. The pheno¬ 
typic differences in behavior are attributed to variation 
in a single gene called foraging (for). Gene for encodes a 
cGMP-dependent protein kinase (PKG). Rovers have 
12% more PKG enzyme activity than sitters, suggest¬ 
ing that this small difference might be sufficient to make 


variation in behavioral phenotype. These results give us an 
idea of how behavior is altered and selected in natural 
populations. 

Latitudinal Clines in Clock Genes 

The clock gene, period, involved in circadian rhythm (as 
described earlier), harbors DNA sequence variation in 
natural populations of D. melanogaster. The variation 
found around the coding region for a threonine-glycine 
(Thr-Gly) repeat ranges from 14 to 23 copies (Figure 2(a)). 
Recent studies revealed that the distribution of copy 
number in the Thr-Gly repeat correlates with latitude 
in both hemispheres. The most frequent alleles in the 
northern hemisphere are (Thr-Gly) 17 and (Thr-Gly) 20 . 
The (Thr-Gly) 2 o variant is more prevalent in the north 
and the (Thr-Gly) 17 in the south. A similar latitudinal dine 
of the (Thr-Gly) 20 variant was also found in Australia, 
further suggesting the existence of climatic selection 
(Figure 2(b)). Subsequent studies demonstrate that 
these variants show different circadian temperature com¬ 
pensations and abilities in maintaining a constant circa¬ 
dian period under different environmental temperatures. 
The (Thr-Gly) 20 variants show a very consistent circadian 
period at different temperatures and exquisite tempera¬ 
ture compensation, while the (Thr-Gly) 17 variants show 
poor temperature compensation resulting in shorter cir¬ 
cadian periods at lower temperatures. These results sug¬ 
gest that the (Thr-Gly) 20 variant might be adapted to the 
colder and more thermally variable environments at 
higher latitudes. This thermal explanation for the latitu¬ 
dinal dine of Thr-Gly repeat has been supported by the 
observation in ‘Evolution Canyon’ on Mt. Carmel in 
Israel. The northern-facing slope of this canyon is colder 
than the southern-facing slope, and the frequencies of 
(Thr-Gly) 20 and (Thr-Gly) 17 are significantly different in 
a manner consistent with a thermal explanation. 

A similar natural polymorphism is found in timeless , 
another clock gene involved in circadian rhythms that 
generates two different length TIM isoforms. The allele 
generating the longer TIM isoform is more common in 
the south, while that encoding the shorter isoform is more 
prevalent in the north in European natural populations of 
D. melanogaster. Although the functional relevance of these 
polymorphisms remains to be characterized, the studies 
of natural variation in clock genes provide us with a novel 
approach for behavioral research leading which can 
illuminate animal adaptation within an evolutionary and 
ecological context. 

Selection for Aggressive Behavior 

Aggression is a complex behavior that is heritable in 
natural populations of Drosophila. Sturtevant reported 
the first description of fly aggression in 1915. Subsequent 
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Figure 2 (a) Distribution of per alleles in Europe. Frequencies in the various regions for the alleles (Thr-Gly) 2 o (gray), (Thr-Gly) 17 ( black), 
and all other alleles (white). Cited from Costa et al. (1992) and reprinted from Greenspan RJ (2007) The world as we find it. In: An 
Introduction to Nervous Systems, pp. 123-139. New York, NY: Cold Spring Harbor Laboratory Press, with permission from Cold Spring 
Harbor Laboratory Press. Cited from Costa et al. 1992 and reprinted, with permission of the Cold Spring Harbor Laboratory Press, from 
Greenspan 2007 Proc Biol Sci. A latitudinal cline in a Drosophila clock gene. Costa R, Peixoto AA, Barbujani G, Kyriacou CP. 1992 
Oct 22; 250(1327): 43-49. (b) Latitudinal cline of per alleles. (Thr-Gly) 2 o frequency in Australian (blue) and European (red) natural 
populations. Reprinted from Kyriacou CP, Pexoto AA, Sandrelli F, Costa R, and Tauber E (2008) Clines in clock genes: Fine-tuning 
circadian rhythms to the environment. Trends in Genetics 24: 124-132, with permission from Elsevier. 


studies showed the detailed description of the ethological 
perspective on aggression. In 1988, Hoffmann revealed 
that enhanced aggression could be achieved by artificial 
selection experiments. Despite the importance of and 
ongoing interest in aggression, the gene(s) involved in 
aggression have never been identified. The complexity 
of aggressive behavior and the lability of the aggression 
phenotype make it difficult to perform a standard genetic 
screen. In 2002, Kravitz and colleagues characterized nine 


distinct patterns of aggressive behavior, such as fencing, 
lunging, holding, and boxing, to facilitate a quantitative 
analysis of aggression. More recent work by Dierick and 
Greenspan isolated candidate genes involved in aggres¬ 
sion, using microarray analysis of selected lines. They 
developed a population-based selection system to 
increase aggression in a laboratory strain of D. melanogaster ,; 
by picking the most aggressive males from a population 
cage that contained 120 males and 60 females with 
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multiple territories. After 11 generations of selection, the 
lines showed more aggression than the control lines. After 
21 generations of selection, microarray analysis was per¬ 
formed to characterize genes that were differentially 
expressed in selected and control lines, instead of taking 
a traditional genetic mapping approach. Consequently, 42 
candidate genes for aggression were found. Subsequent 
mutant analysis then revealed that a mutation in a gene 
encoding cytochrome P450 6a20 ( Cyp6a20 ) significantly 
altered aggressive behavior (reviewed by Robin et al., 
2007). An independent study by Anderson’s group also 
supports the involvement of Cyp6a20 in aggression. They 
showed that social experience increased the expression of 
Cyp6a20 to suppress aggression and that Cyp6a20 is 
expressed in pheromone-sensing olfactory tissue. These 
findings revealed that Cyp6a20 plays a common role med¬ 
iating heritable and environmental influences on aggres¬ 
sion. These studies also represent a more rapid approach 
for isolating behavioral genes from natural variation. 


Courtship Song and Species Recognition 

Species Recognition 

Species recognition is a major factor in premating repro¬ 
ductive isolation between species. In Drosophila , species 
recognition depends on chemical sensing of pheromones 
and courtship songs produced by wing vibration. Artificial 
application of foreign pheromones on the fly body surface 
is sufficient to induce unusual courtship behavior 
between different Drosophila species. Dummy flies covered 
with female pheromones can attract males. The male 
courtship song is not essential for mating, because wing¬ 
less males are able to copulate although they take longer 
to be successful. However, making D. pallidosa males wing¬ 
less drastically enhanced interspecies mating with D. ana- 
nassae females, but reduced intraspecies mating, implying 
the importance of song for species recognition. 

Song Rhythm 

The interpulse intervals (IPI), the most important param¬ 
eter for species recognition, are species-specific and aver¬ 
age 35 ms in D. melanogaster and 50 ms in D. simulans. 
In 1980, Kyriacou and Hall noted another rhythmic com¬ 
ponent of song from D. melanogaster. The oscillation of 
IPI, known as the IPI cycle, is also species-specific with 
a period of around 1 min in D. melanogaster, 35—40 s in 
D. simulans, and 75 s in D. yakuba. These song rhythms 
are important for female receptivity, as females prefer 
their species-specific IPI and IPI cycle for mate choice. 
Surprisingly, Kyriacou and Hall found that the period 
mutations, which regulate the circadian rhythm described 
earlier, also altered the song rhythms, with the short-day 
mutant (per) reducing the IPI cycle to ~40 s, the long-day 
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Figure 3 Song rhythms in per mutants. Rhythmic oscillation of 
interpulse interval (IPI) in the male courtship song in normal males 
( per + ) and per mutant males: short day (per s ), long day (per), 
and arrhythmic (per 0 ), t: the period of the song rhythm. 

Cited from Kyriacou and Hall 1980 and reprinted, with permission 
of the Cold Spring Harbor Laboratory Press, from Greenspan 
2007 Circadian rhythm mutations in Drosophila melanogaster 
affect short-term fluctuations in the male’s courtship song PNAS 
November 1, 1980 vol. 77 no. 11 6729-6733. 


mutant (per ) extending it to ~80s, and the per 0 mutatn 
showing an arrhythmic phenotype in both phenotypes 
(Figure 3). Interestingly, circadian rhythm and courtship 
behavior are correlated and likely to be involved in the 
process of speciation. 


Evolution of Song 

Kyriacou and Hall mapped the species-specific song 
rhythms of D. simulans and D. melanogaster to the 
X chromosome, a finding coincident with the per gene’s 
location on the same chromosome. Subsequent interspe¬ 
cific transformation experiments revealed striking evi¬ 
dence that a D. melanogaster male containing a D. simulans 
period transgene sang with the simulans-Yike short cycle, 
revealing a single gene control of an important species- 
specific parameter. In contrast, the mean IPI remained 
intact in the transformants, implying that those two 
important parameters of song rhythm, IPI and the song 
cycle, are regulated independently. Similar interspecific 
transformation experiments revealed that the species- 
specific mating rhythm is also controlled by per. 

Different fly species also have distinctive mating 
rhythms (the pattern of mating with respect to time of 
day). D. melanogaster flies have a peak in their mating 
rhythm late in the day which is maintained at high levels 
in the night, while D. pseudoobscura flies have two different 
peaks, one around dusk and the other in the middle of 
the night (Figure 4(a) left). The D. melanogaster transfor¬ 
mants carrying a D. pseudoobscura per transgene showed a 
pseudoobscura- like peak of mating preference during the 
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middle of the night in contrast to the D. melanogaster 
pattern (Figure 4(a) right bottom). Subsequent studies 
revealed that if males and females of two types of trans¬ 
formants (carrying the pseudoobscura per transgene or the 


melanogaster per transgene) are mixed together, they prefer 
to mate with flies harboring the same type per transgene 
(Figure 4(b)). This assortative mating could be related to 
the differences of mating rhythm alone, since wingless 
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Figure 4 (a) Mating rhythms in D. melanogaster and D. pseudoobscura (left) and per transgenic Drosophila (right). Graphs show 
proportion of pairs mating at various time of day. Genetically engineered transgenic flies carrying the D. pseudoobscura period show a 
peak of mating during the night that is absent in normal D. melanogaster but present in normal D. pseudoobscura. Cited from Tauber 
et al. (2003) and reprinted from Greenspan RJ (2007) The world as we find it. In: An Introduction to Nervous Systems, pp. 123-139. New 
York, NY: Cold Spring Harbor Laboratory Press, with permission from Cold Spring Harbor Laboratory Press, (b) Assortative mating in 
transgenic flies carrying D. melanogaster per or D. pseudoobsucura per. (top) The number of homogamic mating (black bars, mel x mel 
and mps x mps) and heterogamic mating (white bars, mel x mps). mel: D. melanogaster carrying its own per gene, mps: D. 
melanogaster carrying D. pseudoobscura per gene, (bottom) Relative proportion of the different types of male/female pairings for the 
data shown in top graph. CT: Circadian time. Reprinted from Tauber E, Roe H, Costa R, Hennessy JM, and Kyriacou CP (2003) 
Temporal mating isolation driven by a behavioral gene in Drosophila. Current Biology 13: 140-145, with permission from Elsevier. 
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males were used in these experiments to avoid any effects 
of the song rhythm influenced by the per transgene 
(because per also alter song rhythm as described earlier). 

These studies demonstrated the possible involvement of 
a single gene, in this case per, in the speciation process by 
influencing both species recognition and mate preference 
through male song and mating rhythm. However per is not 
likely involved in female song preference as per mutant 
females still prefer the wild-type song rhythm, indicating 
that the per influence on the male song and the female 
reception are not co-opted. Understanding the genetic 
basis of female preference is the next challenge for this field. 

Bacterial Infection and Insect Behavior 

Circadian Rhythm and Immunity 

Circadian rhythm is important not only for behavior but 
also for more basic physiological processes such as immu¬ 
nity. The effects of a disrupted circadian rhythm on infec¬ 
tion and disease in mammals are well documented, although 
the molecular mechanisms underlying these interactions 
are unknown. Recent studies by Schneider and colleagues 
have revealed the functional relationship between circadian 
rhythm and innate immunity in D. melanogaster. They found 
that infection by bacterial pathogens disrupted circadian 
rhythm, with sick flies moving constantly all day resulting 
in sleep deprivation. Further studies have shown that circa¬ 
dian mutants per 1 and tim 01 died significantly earlier than 
wild-type control flies when exposed to a lethal dose of 
pathogenic bacteria. Lee and Edery took a different 
approach to studying the impact of circadian regulation on 
immunity. They found that the survival rate of files that are 
infected with lethal pathogenic bacteria depends on the 
time of day when they are infected. Flies infected in the 
middle of the night showed better survival rates (about 
threefold greater) than flies infected during the day. Similar 
to Schneider’s study, the per 1 mutant showed higher mor¬ 
tality than the wild-type control in their experiments. These 
studies provided evidence of a novel interaction between 
bacteria and fly behavior as well as a new avenue for immu¬ 
nity research, which is applicable to medical strategy based 
chronobiology. 

Influence of Wolbachia Symbiont on Behavior 

A few studies report symbiont-based behavioral manip¬ 
ulations in Drosophila. For example, Wolbachia has been 
shown to increase the male mating rate. Wolbachia are 
maternally inherited intracellular bacteria that infect a 
broad range of invertebrate hosts. Current estimates sug¬ 
gest that the total number of infected arthropod species 
might be around 66%, and notably about 30% of flies in 
the Bloomington Drosophila stock center (one of the big¬ 
gest centers in the world) are infected. Wolbachia com¬ 
monly manipulate host reproduction in a variety of ways, 


resulting in embryonic lethality, thereby favoring their 
own persistence and spreading into host populations. 
While the reproductive phenotype of Wolbachia has been 
studied extensively, little is known about its effects on host 
behavior, despite its presence in nervous tissues, de Cre- 
spigny and colleagues found that Wolbachia infected males 
show higher mating rates than uninfected control males in 
D. melanogaster and D. simulans. A recent study by McGraw 
and colleagues showed that Wolbachia infection influences 
olfactory cued locomotion in Drosophila in a species- 
specific manner. In D. simulans , the olfactory response 
was increased in response to infection, but it decreased 
in D. melanogaster. The influences of Wolbachia infection on 
behavior found in these studies are relatively moderate 
compared with the differences found in a number of 
mutant studies. However, because mating rate, locomo¬ 
tion, and olfaction are essential behaviors in nature, the 
subtle alteration of these behaviors by Wolbachia could 
have a significant impact on their fitness. Further studies 
are needed to examine the effects of Wolbachia in both the 
laboratory and field. In addition, the genetic and molecu¬ 
lar basis of the interaction between Wolbachia and host 
insect remain to be identified. Almost all behavioral 
genetic studies in Drosophila do not mention the Wolbachia 
infection status of the flies studied. Future work in fly 
behavioral genetics should take into account the presence 
of the microbe and its possible role in insect behavior. 

Conclusion 

Neurogenetic research in Drosophila paved the way for the 
fruit fly becoming a model system in the study of complex 
behaviors such as circadian rhythm, courtship, learning and 
memory, foraging, aggression, etc. These studies revealed 
that behavioral genes are pleiotropic. For example, period 
influences circadian rhythm and courtship, fruitless is 
involved in both the development and functioning of the 
nervous system that regulates various aspects of male court¬ 
ship, and foraging alters food searching, olfactory learning 
and memory, and epithelial fluid transport. In addition, 
most of the behavioral mutations turned out to be hypo- 
morphic partial loss of function alleles. One simple expla¬ 
nation is that null mutations tend to be lethal, whereas 
milder mutations such as those that alter splicing patterns, 
expression levels, or enzymatic activity, often produce 
informative behavioral phenotypes. Such ‘kinder,’ milder 
mutations are identified through genetic screens of variants 
from natural population as well as from selection experi¬ 
ments with wild-type strains, instead of through gene dis¬ 
ruption strategies such as gene knockout. 

These principles from neurogenetics allow us to 
study complex behavior, using the tiny fly. More recently, 
van Swinderen demonstrated attention-like processes in 
Drosophila by measuring brain activity responding to visual 
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stimuli. Shaw and colleagues characterized the behavioral 
sleep state in Drosophila and a subsequent series of studies 
elucidated striking similarities in features of sleep 
between human and fly, revealing its regulation by 
homeostasis and circadian rhythms, the pharmacological 
responses to drugs such as caffeine, methamphetamine, 
and antihistamines, and the influence from sex and age. 
As for sleep, general anesthetics induce immobility and 
increased arousal thresholds in flies, responses resembling 
human ones. In addition, with advances in technology, 
Drosophila behavior is now being studied from the diverse 
lenses of many biological disciplines such as genetics, 
molecular biology, biochemistry, cell biology, anatomy, 
and physiology. Consequently, the accumulating evidence 
and depth of understanding of process and mechanism 
mean that Drosophila has become a medically important 
model organism, with particular contributions made in 
the areas of insomnia, drug sensitivity, human neurode- 
generative diseases, and even consciousness. 

On the other hand, the advent of genome sequencing 
technology for any organism, together with the ability to 
test gene function with RNAi in which genetic analysis is 
not essential, creates the potential for most organisms to 
become behavioral genetic models. In the near future, it will 
be possible to study the molecular basis of far more 
intriguing behaviors than those of the fly, for example social 
behavior in ants and honeybees, swarming behavior in 
locusts, and behavioral regulation of host insects by sym¬ 
bionts or parasites. Nevertheless, Drosophila has provided us 
with the state-of-the art technology for behavioral genetic 
research and will continue to play a pivotal role in this field. 

Acknowledgments 

The authors thank two anonymous reviewers for their 
helpful comments on the article. E. A. McGraw and 
R. Yamada were supported by ARC Discovery Project 
#DP0557987. 

See also: Honeybees; Locusts; Tribolium. 


Further Reading 

Benzer S (1967) Behavioral mutants of Drosophila isolated by 

countercurrent distribution. Proceedings of the National Academy of 
Sciences of the United States of America 58: 111 2-1119. 

Costa R, Peixoto AA, Barbujani G, and Kyriacou CP (1992) A latitudinal 
cline in a Drosophila clock gene. Proceedings of the Royal Society B: 
Biological Sciences 250: 43-49. 

Costa R, Sandrelli F, and Kyriacou CP (2007) Evolution of behavioral genes. 
In: North G and Greenspan RJ (eds.) Invertebrate Neurobiology, 
pp. 617-646. New York, NY: Cold Spring Harbor Laboratory Press. 

Davis RL (2005) Olfactory memory formation in Drosophila : From 
molecular to systems neuroscience. Annual Review of Neuroscience 
28: 275-302. 


Ferveur JF (2007) Elements of courtship behavior in Drosophila. In: North 
G and Greenspan RJ (eds.) Invertebrate Neurobiology, pp. 405-435. 
New York, NY: Cold Spring Harbor Laboratory Press. 

Greenspan RJ (1997) A kinder, gentler genetic analysis of behavior: 
Dissection gives way to modulation. Current Opinion in Neurobiology 
7: 805-811. 

Greenspan RJ (2001) The flexible genome. Nature Reviews Genetics 2: 
383-387. 

Greenspan RJ (2007) The world as we find it. An Introduction to Nervous 
Systems, pp. 123-139. New York, NY: Cold Spring Harbor 
Laboratory Press. 

Greenspan RJ (2008) Seymour Benzer (1921-2007). Current Biology 
18: R106-R110. 

Greenspan RJ and Ferveur JF (2000) Courtship in Drosophila. Annual 
Review of Genetics 34: 205-232. 

Hall JC (1977) Portions of the central nervous system controlling 
reproductive behavior in Drosophila melanogaster. Behavior 
Genetics 7: 291-312. 

Hotta Y and Benzer S (1976) Courtship in Drosophila mosaics: 
Sex-specific foci for sequential action patterns. Proceedings of the 
National Academy of Sciences of the United States of America 73: 
4154-4158. 

Konopka RJ and Benzer S (1971) Clock mutants of Drosophila 

melanogaster. Proceedings of the National Academy of Sciences of 
the United States of America 68: 2112-2116. 

Kyriacou CP and Hall JC (1980) Circadian rhythm mutations in 

Drosophila melanogaster affect short-term fluctuations in the male’s 
courtship song. Proceedings of the National Academy of Sciences of 
the United States of America 77: 6729-6733. 

Kyriacou CP, Pexoto AA, Sandrelli F, Costa R, and Tauber E (2008) 
Clines in clock genes: Fine-tuning circadian rhythms to the 
environment. Trends in Genetics 24: 124-132. 

Manoli DS and Baker BS (2004) Median bundle neurons 
coordinate behaviours during Drosophila male courtship. 

Nature 430: 564-569. 

Mehren JE, Ejima A, and Griffith LC (2004) Unconventional sex: Fresh 
approaches to courtship learning. Current Opinion in Neurobiology 
14: 745-750. 

Nusslein-Volhard C and Wieschaus E (1980) Mutations affecting 
segment number and polarity in Drosophila. Nature 287: 795-801. 

Peng Y, Nielsen JE, Cunningham JP, and McGraw EA (2008) 

Wolbachia infection alters olfactory-cued locomotion in Drosophila 
spp. Applied and Environmental Microbiology 74: 3943-3948. 

Quinn WG, Harris WA, and Benzer S (1974) Conditioned behavior in 
Drosophila melanogaster. Proceedings of the National Academy of 
Sciences of the United States of America 71: 708-712. 

Robin C, Daborn PJ, and Hoffmann AA (2007) Fighting fly genes. Trends 
in Genetics 23: 51-54. 

Sehgal A and Allada R (2007) Circadian rhythms and sleep. 

In: North G and Greenspan RJ (eds.) Invertebrate 
Neurobiology, pp. 503-532. New York, NY: Cold Spring Harbor 
Laboratory Press. 

Shaw PJ, Cirelli C, Greenspan RJ, and Tononi G (2000) Correlates of 
sleep and waking in Drosophila melanogaster. Science 287: 
1834-1837. 

Shirasu-Hiza MM, Dionne MS, Pham LN, Ayres JS, and Schneider D 
(2007) Interactions between circadian rhythm and immunity in 
Drosophila melanogaster. Current Biology 17: R353-R355. 

Sokolowski MB (2001) Drosophila: Genetics meets behaviour. Nature 
Reviews Genetics 2: 879-890. 

St Johnston D (2002) The art and design of genetics screens: 
Drosophila melanogaster. Nature Reviews Genetics 3: 176-188. 

Sturtevant AH (1965) History of Genetics. New York, NY: Cold Spring 
Harbor Laboratory Press. 

Tauber E, Roe H, Costa R, Hennessy JM, and Kyriacou CP (2003) 
Temporal mating isolation driven by a behavioral gene in Drosophila. 
Current Biology 13: 140-145. 

van Swinderen B (2005) The remote roots of consciousness in fruit-fly 
selective attention? BioEssays 27: 321-330. 

Werren JH and O’Neill SL (1997) The evolution of heritable symbionts. 
In: O’Neill SL, Hoffmann AA, and Werren JH (eds.) Influential 
Passengers, pp. 1-41. Oxford: Oxford University Press. 





Ecology of Fear 

J. S. Brown, University of Illinois at Chicago, Chicago, 

© 2010 Elsevier Ltd. All rights reserved. 

Introduction 

A tourist’s video from South Africa posted on YouTube 
records an amazing sequence of events. A group of lion¬ 
esses attempt the foolhardy. They attack a group of 
African buffalo, separating out a calf and dragging it 
into the waterhole, presumably to drown it and to fend 
off any counterattack from the buffalo. The buffalo 
retreat, but a crocodile unexpectedly grabs the calf. 
The lionesses have no choice but to drag the hapless 
calf back out of the water. This emboldens the buffalo 
which return, drive off the lionesses, and rescue the 
apparently mauled but otherwise healthy calf. This cho¬ 
reography of buffalo, lions, and crocodile illustrates the 
nexus between antipredator behaviors and their ecologi¬ 
cal consequences for births and deaths. The mother 
buffalo almost lost her calf, the crocodile almost got a 
meal, and the lionesses in losing their meal deprived a 
crocodile and inadvertently saved the calf. 

The ecology of predator-prey interactions involves 
how predators kill prey and prey feed predators. The 
behavioral ecology of predator and prey studies stealth 
and vigilance, and the topics of many of the preceding 
articles. The Ecology of Fear is the study of how the fear 
and antipredatory behaviors of prey and the stealth and 
hunting behaviors of predators influence predator-prey 
interactions, population dynamics, species coexistence, 
and evolutionary dynamics. Long before I applied this 
term to the consequences of predator-prey behaviors on 
the ecology of predator-prey systems, others had recog¬ 
nized the strong connections. To name but a few: Michael 
Rosenzweig noted how fear responses of prey could radi¬ 
cally change the dynamics and stability properties of 
predator-prey interactions. Steve Lima points out how a 
single goshawk swooping over a flock of flamingos could 
directly kill one, but it could set off a stampede that might 
kill several more. 

Oswald Schmitz showed how the nonlethal effects of 
predators could be as or more important than the lethal 
effects. He and his lab enclosed grasshoppers with spiders. 
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In some treatments, the spiders were potentially lethal, 
whereas in others, the spiders had been rendered harm¬ 
less; their chelae glued together. Relative to control popu¬ 
lations, the number of grasshoppers declined equally 
whether the spiders were lethal or simply scary. Even 
without direct mortality from spiders, the grasshoppers 
experienced reduced fitness as they abandoned perceived 
risky habitats and forewent other feeding opportunities 
for the sake of fear. 

As the ecology of fear, we shall see how predation risk 
represents an additional activity cost for the prey. These 
fear responses then influence the population sizes and 
dynamical stability of predator-prey interactions. Fear 
responses also structure the spatial and the temporal land¬ 
scapes of their prey, thus influencing and determining 
habitat suitability for both predator and prey. Fear 
responses can also create behavioral cascades up and 
down food chains. Fear responses may influence the 
length of food chains, and the coexistence of multiple 
prey species and predator species. Risk of injury from 
hunting creates fear responses from the predators. Finally, 
fear responses may be the unit of conservation, may be 
necessary for ecosystem health, and may provide behav¬ 
ioral indicators for the status of the prey and the where¬ 
abouts of their predators. 

Predation Risk as an Activity Cost 

Predators, as a direct effect, increase the mortality rate of 
prey by killing them. Similarly, the consumption of prey 
by a predator enhances her survivorship and fecundity. 
The lethality of predators directly affects the per capita 
growth rates of the prey and predators. But, these direct 
effects become modified as soon as the prey exhibit flexi¬ 
ble fear responses. The prey do this by either allocating 
time away from risky times and places, or using vigilance 
behaviors to reduce risk while engaged in some risky 
activity such as foraging. In both cases, the prey may be 
forgoing other fitness-enhancing opportunities to avoid 
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being killed by the predator. The fear responses reduce 
the direct effect of the predator on the prey. For this 
reason, the effects of fear on the lethal effects of predators 
have often been referred to as ‘trait-mediated effects,’ 
‘behavioral indirect effects,’ ‘nonlinear effects,’ or even 
‘higher-order interactions.’ Regardless, fear can best be 
thought of as the prey viewing predation risk as an activ¬ 
ity cost. How big should this predation cost be? 

As an adaptation shaped by natural selection, the prey’s 
cost of predation should integrate three components: pre¬ 
dation risk (/i), survivor’s fitness (F), and the marginal fitness 
value of the activity (dF/de). For a foraging animal, dF/de 
describes how much its fitness prospects increase with 
an incremental increase in energy gained. For a foraging 
animal, the predation cost of the activity would be: p F/(dF/ 
de). In other words, an animal’s cost of predation can double 
either by doubling the level of predation risk, doubling what 
the animal has to lose from being killed in terms of future 
reproduction and survivorship, or halving the marginal 
value of energy to enhancing the animal’s fitness. This 
cost of predation forms the basis for the prey’s fear 
responses - the greater the cost of predation, the greater 
will be the prey’s fear responses. Interestingly, this means 
that hungry animals (high dF/de) or animals in a poor state 
(low F), should be easier to catch. The foraging (or activity) 
cost of predation forms the basis for antipredatory beha¬ 
viors that influence predator-prey interactions, population 
dynamics, and species coexistence. 

The Paradox of Fierce Carnivores 

Consider a textbook predator-prey model. In the state 
space of predator density versus prey density, the prey’s 
isocline is hump shaped, and the predator’s is a vertical 
line (Figure 1). The prey’s (or predator’s) isocline shows 
all combinations of prey and predator numbers such that 
the prey’s (or predator’s) growth rate is zero. The prey’s 
isocline rises at low prey numbers as the prey experience 
safety in numbers, but then it reaches a peak and declines 
as the negative fitness consequences of competition 
among the prey outweighs benefits of reduced predation 
risk. The predator’s isocline is independent of the number 
of predators and only depends on prey abundance. 
In its simplest version, the predators only interact with 
each other indirectly through the consumption of prey - 
they do not interfere with each other. Hence, the preda¬ 
tors have a subsistence abundance of prey that they 
require to just get by. 

Now, the paradox of such a predator-prey system. If 
the predators are very inefficient and require a high 
subsistence abundance of prey, then their isocline inter¬ 
sects the prey’s to the right of the hump (see Figure 1). 
This yields a nice stable equilibrium, although there may 
be damped oscillations as the prey and predator dynamics 


approach this equilibrium. But, if the environment was to 
degrade and support fewer prey, then the predator’s face 
extinction should the prey population numbers become 
too low. More efficient predators do not face this problem. 
They only require a low abundance of prey for subsistence 
and their isocline intersects the prey’s to the left of the 
hump. But, such an intersection produces nonequilibrium 
dynamics with permanent limit cycles or fluctuations 
that may result in the extinction of the prey, predator, or 
both. Inefficient predators may be extinction prone from 
extrinsic perturbations to the environment, while efficient 
predators may create intrinsic instabilities in the dynam¬ 
ics resulting in extinction. Prey fear responses may rescue 
the paradox and promote the stability of predator-prey 
system with fierce carnivores. 

Fierceness is not really a quality of the predator. 
Squirrels prey on acorns, but acorns do not scream, or 
get up and run away - hence squirrels are not fierce 
predators. Fierceness emerges because the prey can per¬ 
ceive and respond to the predators - the capacity of the 
prey to fear and respond makes a predator fierce. Let’s 
revisit the isoclines and imagine a fierce predator. When 
the predators are very scarce, the prey should have a low 
predation cost of foraging and should show little vigi¬ 
lance or fear responses. To a predator, they are easier to 
catch - such a predator may be quite efficient and require 
only a low density of prey to subsist. At low predator 
numbers, the predator’s isocline starts as an efficient 
predator. But, as predator numbers increase, so does the 
prey’s predation cost of foraging, and the prey become 
harder to catch. With more predators, the predators now 
have a higher subsistence level of prey. The predator’s 
isocline is not vertical but has positive slope (Figure 1). 
Because of the prey’s fear responses, the predators are 
extremely efficient on unwary prey when predators are 
scarce (resistant to extrinsic perturbations), and the pre¬ 
dators are extremely inefficient on highly wary prey 
when predator’s are abundant (resistant to intrinsic 
instabilities in population dynamics). Fear responses 
may be a critical component in predator-prey dynamics, 
and the stability and persistence of predator-prey sys¬ 
tems with fierce carnivores. Mule deer and mountain 
lions, and wolves and elk in Yellowstone provide exam¬ 
ples of such systems. 

Landscapes of Fear, and Habitat Quality 
for Prey and Predators 

In thinking about the wolves and elk of Yellowstone, 
John Laundre developed the concept of the landscape 
of fear as an important component of habitat suitabil¬ 
ity in addition to landscapes of productivity, vegetation 
cover, food availability and/or physical properties of 
the landscape. One can imagine a vegetation map, or a 
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Figure 1 How prey fear responses can stabilize predator-prey interactions. The graphs show various configurations of predator-prey 
dynamics as shown using isoclines diagrams. The hump-shaped curve is the prey’s isocline showing all combinations of prey and 
predator densities such that the prey have zero growth rate (prey growth rate is positive below this isocline and negative above). 

The predator isoclines (all combinations of prey and predator densities such that the predator has zero population growth rate) 
represent three different scenarios and outcomes. The vertical predator isocline in (a) shows an inefficient predator that needs a high 
density of prey to subsist. A drop in prey number below this line would result in the predator’s extinction. The vertical predator 
isocline in (b) shows a highly efficient predator (low density of prey required to subsist). Because the isocline intersects the prey’s in 
a region of positive slope, the equilibrium point is unstable yielding nonequilibrium dynamics that could result in the extinction of the 
predator. The predator isocline in (c) that curves gently upward shows a predator whose prey exhibit appropriate fear responses. 

At low predator densities, the prey can be fearless and hence easy to catch (the predator is highly efficient); at higher predator 
densities, the increasingly fearful prey become harder to catch (the predators become highly inefficient). The net effect of this 
positively sloped isocline is a stable equilibrium and a predator population that is well buffered from declines in prey abundances. 


topographic map of elevation, or a mapping of the soil 
characteristics. The landscape of fear is a topographic 
map where the ‘elevation’ lines represent lines of equal 
predation cost (Figure 2). Creating this map from direct 
observations of risk would be nigh impossible. Typically, 
this mapping of fear is measured by setting out a grid of 
depletable food patches and measuring the foragers’ giv¬ 
ing-up densities. Spatial statistics can then extrapolate 
these into lines of equal giving-up density. Or, if the 
giving-up densities are converted into quitting harvest 
rates, the lines of equal foraging cost can be presented in 
units of energy per unit time. Either way, changes in the 
‘elevation’ of this map represent changes in the predation 
cost of foraging. 


The landscape of fear can be compared to other map¬ 
pings of productivity, vegetation structure, and other 
physical features to assess how these features may relate 
to predation risk. A perspective on both the prey’s and 
predator’s habitat quality emerges by comparing the land¬ 
scape of fear with the animal’s overall level of feeding 
activity. We can simplify this into a 2 x 2 matrix where 
columns represent ‘Low’ versus ‘High’ activity levels, and 
rows represent ‘Low’ versus ‘High’ predation cost. Various 
combinations represent core habitats, refuge habitats, 
unsuitable habitats, and valuable but risky habitats. This 
last habitat provides the greatest opportunities for the 
predator — high prey activity under conditions of high 
risk. Such habitats may be core to the predators (Table 1). 
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Spatial variation in predation risk provides opportu¬ 
nities for habitat selection. If prey move freely between 
habitats and they do not interfere with each other, theory 
predicts an ideal free distribution where prey distribute 
themselves between habitats so that each habitat provides 
the same fitness reward (expected per capita growth rate 
to the individual). If habitats simply vary in productivity, 
then the distribution of individuals between habitats 
should match productivities (resource matching). If habi¬ 
tats also vary in the risk of predation, then individuals 
should distribute themselves in a manner that roughly 
matches the ratio of reward to risk (‘p//rule’ where p is 
predation risk and /is feeding rate). 

If the predators are also free to move so as to equalize 
their fitness opportunities, then habitat selection becomes 
a predator-prey foraging game. One outcome has the 
predators matching the resources available to the prey 
and the prey distributed so as to equalize the predators’ 
opportunities. Additional distributions emerge when the 



LON 

Figure 2 A landscape of fear for a colony of eight cape ground 
squirrels (Xerus inauris) measured by M. van der Merwe and I in 
Augrabies Falls National Park, South Africa. The lines of equal 
quitting harvest rate (converted from giving-up densities in 
experimental food patches) have units of kilojoules per minute. 
Differences between lines show how much the predation cost of 
foraging changes in space. The extrapolation of this map was 
made from an 8 x 8 grid of food patches (blue open circles) 
spaced at 10-m intervals (LON refers to 10-m increments from 
West to East; and LAT indicates 10-m increments from South to 
North). In this desert grassland, the squirrels’ perception of safety 
increased with the proximity of burrows (shown as red open 
circles). 


predators interfere with each other (this promotes a more 
even distribution of predators), when the prey can re¬ 
spond with vigilance behaviors (this tends to even out 
the distribution of prey), and when the prey exhibit safety 
in numbers (this may cause prey to herd up in one habitat 
or the other). The interplay between resource opportu¬ 
nities, predation risk, and available fear responses strongly 
influences the distribution and abundance of prey, and 
subsequently that of the predators via foraging games that 
may involve three or more trophic levels. 

Behavioral Trophic Cascades 

Why is the world green? All those leaves, blades of grass, 
and small plants represent food for herbivorous insects, 
vertebrates, and many other taxa. Furthermore, over¬ 
browsing and overgrazing do occur. In fact, the efficient 
consumption of phytoplankton and periphyton produces 
the clean, clear oligotrophic lakes that we humans prefer 
over pond-scummy eutrophic ones. Three hypotheses 
include the idea of a ‘green desert.’ Herbivores may eat 
most of the nutritious plant material, leaving behind the 
unfavorable bits. Or, plants are highly defended with 
silicates to grind down herbivore mouth parts, secondary 
compounds meant to poison and deter, and/or structural 
defenses such as spines, or bark meant to harm or discour¬ 
age the herbivores. Such defenses represent the plant’s 
noncognitive fear responses to their own predation cost of 
nutrient foraging. Finally, predators may consume herbi¬ 
vores that otherwise would have eaten plants. This repre¬ 
sents a classic trophic cascade where the predators 
indirectly benefit the plants by consuming their herbivo¬ 
rous predators - from the plant’s perspective, ‘the enemy 
of my enemy is my friend.’ 

All three of these hypotheses may have analogs in the 
ecology of fear. It has been suggested, but not empirically 
verified, that plants deter herbivory by producing tissue of 
lower nutritional value than otherwise would be optimal. 
Foragers have higher giving-up densities on foods of low 
quality or high handling times. Structural and chemical 
defenses raise the forager’s costs or lower its harvest rate - 
both will raise giving-up densities. 

Finally, predators can create a behavioral trophic cas¬ 
cade. The presence of the predators raises the herbivore’s 
predation cost of foraging, and the herbivores in response 


Table 1 How the prey’s landscape of fear (as measured by giving-up densities, the amount of food left behind by prey in food 
patches), and the prey’s activity patterns can indicate the Prey’s Refuge, Unsuitable, and Core habitats, and the Predator’s Core habitat 


Giving-up density 


Feeding activity 


Low 

High 


Low 

Refuge : safe and poor in opportunities 

Unsuitable: risky with low opportunities 


High 

Core : safe and rich in opportunities 

Predator’s Core: risky and rich in opportunities 
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forage less intensively on the plants. Abramsky and col¬ 
leagues showed how a behavioral cascade can be reversed 
very quickly. Desert spiny mice (.Acomys cahirinus) con¬ 
sume just a few desert snails. But when numerous rock 
refugia were added to their home ranges, the spiny mice, 
now much more protected from their predators, con¬ 
sumed vast numbers of snails in a matter of days. Many 
cases of overgrazing or overharvesting may have less to do 
with too many herbivores, and much to do with herbivores 
that are not fearful. 

Fear and Mechanisms of Species 
Coexistence 

A mechanism of coexistence requires environmental varia¬ 
bility and tradeoffs among the organisms exploiting this 
variability. If variability takes the form of habitat heteroge¬ 
neity, then one species may be better at competing in one 
habitat while the other may have the competitive edge in 
another. Fear responses of prey to their predators likely 
create some coexistence mechanisms and promote biodi¬ 
versity. The mechanism of coexistence generally involves 
some sort of spatial or temporal variability in predation 
risk, and the tradeoff among the different prey species is 
either quantitative (one prey is better at avoiding predators, 
while the other is better at garnering food) or qualitative 
(one prey feels safer under one set of conditions, while the 
other feels safer under another). 

Differences in antipredator strategies between night¬ 
time and daylight provide a stark example of qualitative 
tradeoffs. Daylight plays into the sense of vision for both 
prey and predators. Darkness favors hearing and smell. 
While many species may be active both day and night, 
most have a strong preference for either daylight, darkness, 
or as crepuscular animals, the twilight that separates them. 
While thermoregulatory and water regulation may play 
large roles in determining temporal patterns of activity, 
predation risk and the latitude for fear responses likely 
loom large for most organisms choosing their times of day 
or night. 

Zooplankton exhibit a regular pattern of daily migra¬ 
tion up and down in the water columns of temperate 
ponds and lakes - darker depths provide safety during 
the day from visually orienting fish, the upper water 
column provides food and relief from predatory inverte¬ 
brates. Coral reefs experience an almost complete change 
from the ‘day-shift’ to the ‘night-shift’ community. The 
colorful reef fishes seem to gain a visual edge over their 
predators by day with barracudas patrolling just off the 
reef, and other predators attempting to wait in ambush 
among the corals. But, by night, they retreat completely to 
refugia among the coral; presumably, the reduced visibil¬ 
ity prevents these reef fishes from distinguishing between 
a harmless competitor and a predator. Meanwhile, the sea 


urchins have been hunkered down all day - to come out 
during the day invites attacks from trigger fish (they can 
literally blow the urchins onto their backs exposing the 
urchin’s vulnerable underbellies) and the like. But, come 
night, the triggerfish retreat, and urchins can more safely 
patrol and graze throughout the reefs and even the adja¬ 
cent sandflats. Coral reef fish of the night offer bizarre 
morphologies of spines, poisons, and behaviors of puffing 
up. The separation of communities by night and day is not 
just a matter of predation pruning each species into its 
temporal niche; rather, these organisms exhibit strong 
coadaptations of behaviors and morphology that allow 
them to avoid periods of danger and seek periods of 
relative safety. Fear responses strongly stabilize the coex¬ 
istence and dynamics of these temporal communities, as 
each ‘shift’ avoids intruding on the others. 

Space provides much the same opportunity for mechan¬ 
isms of coexistence based on tradeoffs in food and safety. 
Among Heteromyid rodents, there are situations where 
kangaroo rats (Dipodomys sp.) seem to have the competitive 
edge in the risky, open microhabitats, while pocket mice 
(Chaetodipus and Perognathus) enjoy an edge in the safer 
bush microhabitat; although, as we shall see, snakes versus 
owls can wonderfully complicate this simpler scenario. 
Rosenzweig tested for these effects by augmenting cover 
on some plots in the desert and removing shrub cover from 
others. Via population dynamics, we might expect over 
weeks or months a slow steady shift in numbers as differen¬ 
tial mortality and fecundity favored kangaroo rats on the 
coverless plots and favored pocket mice on the cover- 
augmented plots. Not so. Within a day or two, the kangaroo 
rats quickly abandoned the augmented plots, and the pocket 
mice quickly abandoned the open plots. Fear accelerated 
the dynamics and likely drove the pocket mice away, but 
another feedback was likely at work in cover plots. Less 
fearful pocket mice likely depressed seed resources (remem¬ 
ber the behavioral cascade) to the point where kangaroo rats 
could not profitably feed; they needed to go elsewhere. 

Fear as a driver of coexistence can operate in unexpected 
but marvelous ways. My favorites are fox squirrels and gray 
squirrels of the Midwest United States. Fox squirrels are 
orange in color, slightly larger, and have a temperament 
that seems to focus on ‘managing’ their predators, that they 
will mob or harass. Gray squirrels, on the other hand, are 
most of the time gray (with melanistic ones making up most 
of the rest), slightly smaller, and seem to have a temperament 
focused on managing other squirrels and competition for 
food. They are smaller, but they are the interference domi¬ 
nant over fox squirrels. Fox squirrels predominate on the 
riskier and less productive wood margins or savannas, while 
gray squirrels predominate in the safer deep woods. The 
temperament, body size, and even coat color (a bit of apo- 
matism?) of fox squirrels may all be antipredator adaptations 
allowing a competitive edge in riskier habitats. Habitat het¬ 
erogeneity in fear is necessary for their coexistence. But, the 
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presence of squirrels alone is probably not responsible for 
the large predator community (hawks, coyotes, foxes) that 
exists in these habitats and creates this fear! Squirrels form a 
relatively small component of these predators’ diets, and if 
there were only squirrels around, there probably would be 
many fewer predators. Rather, voles, chipmunks, cottontail 
rabbits, and white-footed mice likely feed the predators that 
create the mechanism of coexistence for the two squirrel 
species. In the absence of these more accessible prey, there 
would be many fewer predators, and gray squirrels would 
likely outcompete fox squirrels in this much safer world. We 
see a strong interaction of lethal and nonlethal effects in 
creating this coexistence. 

Predator Facilitation 

Coexistence among predators may be facilitated if pre¬ 
dators can exploit the prey’s predator-specific fear 
responses. Predator facilitation likely is widespread and 
may promote differences in predator-hunting tactics (sit- 
and-wait vs. active pursuit), as well the coexistence of 
diverse predator taxa. As a direct effect, horned vipers 
and barn owls would be labeled as ‘competitors’ as both 
seek to kill gerbils inhabiting the sand dunes of Middle 
Eastern deserts. But, predator facilitation is at work and 
snakes likely make it easier for owls to kill gerbils and vice 
versa. Appropriately, gerbils head for the cover of shrubs 
in response to owls. Snakes exploit this fear tactic by lying 
in ambush under shrubs - fear of owls may reinforce the 
snake’s behavior. The presence of snakes under shrubs 
then drives gerbils into the waiting talons of the owls. 

The lionesses hunting the buffalo calf may have been 
predator facilitation gone awry. The presence of crocodiles 
may make the approach of the buffalo to the waterhole slow 
and deliberate. This may increase the chances for the lions 
to conduct an ambush of their own. Furthermore, wariness 
for lions may increase the crocodile’s chances of captur¬ 
ing an antelope. Split attention, predator-specific fear 
responses, and the overall penalty of multitasking may en¬ 
hance both prey and predator diversity through predator 
facilitation. 

What Are the Predators Afraid of? 

The ecology of fear influences predators in at least two 
ways. First, the predators themselves may be at risk from 
each other or from other predator species. Second, the 
predators may be at risk of injury or even death from 
capturing their prey. Intraguild predation, or additionally, 
intraguild harassment recognizes that predators, while 
hunting for the same prey may harass, injure, or interfere 
with each other. A predator such as a leopard in Chitwan 
National Park, Nepal, or a red fox in the Midwestern 


United States loses twice when they face an even larger 
predator such as tigers or coyotes, respectively. Not only 
do the tigers and coyotes frighten and compete for the 
same prey as the leopard and fox, but the leopard and fox 
become less effective predators as they must vigilantly 
watch their backs while hunting. The reappearance of 
coyotes at the Morton Arboretum, Fisle, Illinois, was 
marked by the rapid disappearance of red foxes. It is 
unlikely that the coyotes killed many if any foxes, but the 
foxes now found their former habitat unprofitable in the 
face of these twin penalties. Intraguild predation adds a 
predation-like cost of foraging to mesopredators caught in 
the middle. Mesopredator release refers to the increase in 
numbers and impact of midsize carnivores when a larger 
predator has been extirpated from the system. Fike over- 
grazing by herbivores, much of this release may stem from 
the mesopredator’s ability to forage so much more effi¬ 
ciently once freed from its predation cost of foraging. 

Farge carnivores may actually be quite fragile. In the 
absence of any assistance from a social group, a large 
carnivore may face death if it suffers even a moderate 
injury that temporarily reduces its capacity to hunt. 
A swollen paw or a sprained muscle may render a cheetah 
incapable of capturing its prey - starvation may be immi¬ 
nent. This suggests that large carnivores may need to hold 
back in hopes of reducing the risk of injury. Perhaps they 
even forgo opportunities to make a risky kill. Interestingly, 
this scaling of boldness or derring-do allows predators to 
tradeoff risk of injury with likelihood of prey capture. 
A cautious predator risks little injury but has a concomi¬ 
tantly lower chance of successfully capturing its prey. 

Derring-do and risky prey likely give predators addi¬ 
tional degrees of freedom to manage their hunting tactics. 
A hungry or down-and-out-on-its-luck mountain lion can 
cope by being more daring, or by going after riskier prey 
such as porcupines. Fions and tigers in the extreme may 
turn to man eating. Similarly, when prey are abundant 
or the predators are in fine shape, such predators can 
be more cautious or stick with less risky prey. In going 
after the young buffalo, were the lionesses exploiting a 
unique opportunity or exhibiting a degree of desperation? 
Regardless, the ecology of fear, by permitting predators to 
ramp up their daring or seek riskier prey, likely stabilizes 
their population dynamics and forestalls starvation during 
lean periods. 

Furthermore, predators may experience a tradeoff 
between their prey’s catchability and risk of injury. Such 
is the case for the mountain lion facing deer (hard to 
catch, little risk of injury) and porcupines (easy to catch, 
yet high risk of injury). These prey present the predator 
with a tradeoff between catchability and risk. Such prey 
may provide a mechanism of coexistence for a predator 
that is more agile yet injury prone and one that is less agile 
but brawnier (e.g., cheetah vs. leopard). A tantalizing 
example may be the mountain lion (agile) and jaguar 
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(brawny) of North and South America preying upon deer 
and peccaries, respectively. The ranges and diets of these 
two cat species overlap considerably, but not entirely The 
traditional range of the mountain lion corresponds almost 
exactly to that of deer and guanacos and other South 
American llama-like antelope - these may be hard to 
catch but relatively risk-free prey. The original range of 
the jaguar overlaps almost exactly with that of the collared 
and white-lipped peccary - easier to catch but more likely 
to cause injury. 

Fear, Behavioral Indicators, and 
Conservation 

The games of fear and stealth that go on between predator 
and prey greatly enhance the behavioral sophistication 
exhibited in nature. With the elimination of predators, 
such fear behaviors may decline or become less intense. 
The prey may become behaviorally less sophisticated 
and more focused on the business of feeding - recall 
the behavioral cascades. In domestic animals, we see an 
evolved reduction or elimination of many fear responses. 
Goats and sheep likely outforage native antelopes simply 
because they are less fearful, less distracted from feeding, 
and less vigilant - we have bred them that way. Retaining 
the full suite of fear behaviors in prey may be a conserva¬ 
tion goal in itself. 

The absence of predators can reverse the behavioral 
cascade and result in herbivores being far more destruc¬ 
tive on their own resources. The return of wolves to 
Yellowstone has become iconic. Frightened elk forage 
less intensively, particularly on riverine willows. The 
return of willows has returned meanders to the mean¬ 
dering streams, provided more food for moose, nesting 
and foraging sites for several bird species, and renewed 
opportunities for beavers. The initiation of these effects 
could be seen in the rapid and dramatic reappearance of 
fear behaviors by elk to wolves. Fear behaviors and their 
role in behavioral cascades may be critical to maintaining 
or restoring natural areas. 

Fearless prey may provide valuable indicators of cur¬ 
rent habitat quality. Starving animals or animals with 
greatly reduced feeding prospects will perceive a high 
marginal value of food (dF/de) and a reduced sense of 
future fitness opportunities (F). Both these changes in 
response to a degrading environment will lower the pre¬ 
dation cost of foraging. Such animals will forage their 
resources more intensively and exhibit fewer fear re¬ 
sponses to their predators (such animals will also be easier 
to catch!). Noting a drop in fear responses even in the face 


of continued predation threats may provide managers 
with a valuable indicator of a prey population with a 
degrading habitat. 

Fearless prey may also indicate the absence of preda¬ 
tors. Mahesh Gurung and Som Ale used the vigilance 
behaviors, herd sizes, and habitat selection of blue sheep 
and Himalayan tahr, respectively, to determine the pres¬ 
ence or absence of snow leopards from stretches of the 
Annapurna and Everest ranges of Nepal. They could also 
use more subtle patterns of fear responses to determine 
the actual whereabouts of snow leopards in valleys fre¬ 
quented by these cats. Fear behaviors can provide an 
indicator of the long-term presence or absence of preda¬ 
tors, and indicators of the imminent presence of a 
predator. 

See also: Defensive Avoidance; Empirical Studies of 
Predator and Prey Behavior; Games Played by Predators 
and Prey; Trade-Offs in Anti-Predator Behavior. 
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Escape Theory 

Flight Initiation Distance 

In order to optimize lifetime reproductive success, prey 
must balance activities that enhance fitness, such as forag¬ 
ing and social behavior, against the need to avoid preda¬ 
tion. Wariness in the presence of predation risk is only the 
first step in a series of adaptive decisions prey must make 
to avoid being captured. Prey must make escape decisions 
that trade the degree of risk they are willing to accept 
before fleeing against the loss of fitness that could be 
obtained by feeding, mating, or other behaviors if they 
do not flee. These considerations have led to several 
economic models, that is, models based on costs and 
benefits to fitness of escape behavior. 

In 1986, Ydenberg and Dill published a model that 
predicts flight initiation distance, the distance separating 
predator and prey when the prey begins to flee. Flight 
initiation distance is also known as approach distance, 
flush distance, and flight distance, the last being mislead¬ 
ing because it also has been used to mean the distance that 
an animal moves once it starts to flee. Economic models of 
escape apply to short-term encounters between predators 
and prey rather than to longer-term effects of predation 
risk when predators are not immediately present. 

In the scenario of cost-benefit escape models, a prey 
detects an approaching predator. Before the costs of escap¬ 
ing, including loss of opportunities to perform other beha¬ 
viors that increase fitness and energetic cost of fleeing, 
were considered, it was widely believed that a prey should 
flee as soon as it detects a predator. Ydenberg and Dill 
predicted that a prey, having detected a predator from a 
distance, should not flee immediately, but should monitor 
the predator’s approach until the cost of staying (not flee¬ 
ing) is equal to the cost of fleeing, and only then should it 
flee. The cost of staying is the expected loss of fitness that 
the prey incurs by not fleeing, and the cost of fleeing is the 
opportunity cost (benefit forgone by fleeing) plus escape 
costs (energetic cost, cost due to injury while fleeing). 
As the predator approaches, the cost of staying increases. 
The cost of fleeing decreases as the predator continues to 
approach because by not fleeing the prey has already accu¬ 
mulated some portion of the maximum benefit obtainable 
during the encounter. 

As the distance between predator and prey decreases, 
the risk and the corresponding cost of staying curve rises, 
but the cost-of-fleeing curve falls (Figure 1). The pre¬ 
dicted flight initiation distance occurs where the two 


curves intersect: The prey assesses both costs and flees 
when they are equal. If the costs were known in fitness 
units, the model could predict flight initiation distance 
precisely, but measuring costs is notoriously difficult. The 
model has been extremely useful in predicting relative 
flight initiation distances for larger and smaller costs. 
Suppose that the cost of fleeing curve is fixed. If two 
cost of staying curves do not intersect, the predicted flight 
initiation distance is longer for the higher one, for which 
risk is greater at all nonzero distances. Similarly, if the cost 
of staying curve is fixed, predicted flight initiation dis¬ 
tance is shorter for the higher of two cost of fleeing curves. 

The Ydenberg and Dill model guided research on 
escape behavior for over 20 years, and its predictions 
have been widely supported. Some modifications have 
been proposed. If a predator is not detected until it is 
closer than the predicted flight initiation distance, the 
prey should flee immediately. Beyond some distance, 
prey may be unable to detect predators or risk may not 
vary with distance (i.e., the predator does not pose enough 
threat to monitor). Between the predicted flight initiation 
distance and the minimum distance at which risk does not 
vary with distance, escape decisions are expected to be 
based on economic considerations. 

Another modification proposes that prey that escapes 
to refuge incorporate a margin of safety into escape deci¬ 
sions, fleeing soon enough to reach refuge before a pred¬ 
ator by some distance or time. This hypothesis was 
supported by data for woodchucks (Marmota monax). An 
Australian parrot (galah, Cacatua roseicapilla) fled at 
approximately half the distance at which it appeared to 
detect the predator. This may be a novel form of spatial 
assessment related to margin of safety. The margin of 
safety hypothesis is appealing because prey must begin 
to flee soon enough to escape, but presumably cannot 
assess variation in risk with distance precisely. Prey may 
use simple rules of thumb to select flight initiation dis¬ 
tances that approximate the best available decisions. 

The Ydenberg and Dill model has had great heuristic 
value, and its predictions have been widely supported. 
However, prey could make escape decisions that would 
lead to greater fitness than allowed by the model. The 
Ydenberg and Dill model does not lead to optimal escape 
decisions because it neither takes the prey’s fitness when 
the encounter begins (initial fitness) into account nor dis¬ 
counts initial fitness in relation to predation risk. Accord¬ 
ing to the asset protection principle, animals having assets 
such as high residual reproductive value should behave 
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Distance 


Figure 1 In Ydenberg and Dill’s graphical model the predicted 
flight initiation distance is the distance between predator and 
prey at which cost of staying (expected loss of fitness) equals the 
cost of fleeing, d* - predicted flight initiation distance, F 0 - initial 
fitness. 


conservatively to protect them. Thus, prey should select 
longer flight initiation distances to protect larger initial 
fitness. Another difficulty with the Ydenberg and Dill 
model is that the prey’s fitness can never he greater after 
an encounter than before it, which is contradicted by 
sexual cannibalism and cases in which male external fer¬ 
tilizers can increase lifetime fitness by staying even if they 
are killed. 

Two recent optimal escape models summarized by 
Cooper and Frederick address these problems, allowing 
prey to select the flight initiation distance that maximizes 
expected fitness when the encounter ends. In both opti¬ 
mality models, an encounter begins when the prey detects 
the predator. Prey often can select optimal flight initiation 
distances for which expected fitness is greater after than 
before the encounter. The difference between the two 
optimality models is that all fitness is lost upon death 
due to predation in one model, but fitness acquired during 
an encounter due to reproduction is retained after the 
prey is killed in the other. 

Unlike the graphical Ydenberg and Dill model, the opti¬ 
mality models are mathematically explicit. Expected fitness 
is calculated based on the prey’s initial fitness, benefits 
gained during the encounter, costs of escaping, and proba¬ 
bility of survival (Figure 2). The optimality models feature 
a fixed initial fitness and curves relating benefits, escape 
costs, and predation risk to distance between predator and 
prey. The optimal flight initiation distance is the distance 
for which the sum of the fitness components (initial fitness, 
benefits, and escape cost) discounted by the probability of 
survival is greatest (Figure 2). 

Although many qualitative predictions of the Ydenberg 
and Dill model and optimality models are identical, opti¬ 
mality models are preferable because they overcome the 
shortcomings of the former and provide a theoretical 
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Distance 


Figure 2 In Cooper and Frederick’s optimality model the 
optimal flight initiation distance (d*) is the distance at which 
expected fitness after the encounter is maximized. Benefits than 
may be gained by not fleeing reach a maximum (B*) when the 
predator reaches the prey. Expected fitness is the sum of initial 
fitness (F 0 ) and B discounted by probability of survival (energetic 
costs are omitted in the figure). 


framework that permits a better understanding of the 
effects of factors that affect escape decisions. Autotomy, 
voluntary shedding of a body part to permit escape when 
contacted by a predator, has multiple effects. Loss of the 
entire tail by lizards precludes further autotomy until 
regeneration occurs, increasing the lethality of the preda¬ 
tor when it reaches the prey. Loss of lipids stored in the 
tail and of social status after autotomy may reduce initial 
fitness in subsequent encounters. Loss of social status also 
reduces potential reproductive benefits. Running speed 
decreases following autotomy, increasing predation risk. 
Predictions that flight initiation distance should increase 
to compensate for lower escape speed after autotomy may 
be incorrect if the combined effect of decreased speed and 
increased lethality on predation risk is outweighed by 
decrease in initial fitness. 

Two factors not incorporated into current models of 
flight initiation distance are alternative strategies avail¬ 
able to cryptic prey and the influence of the time spent 
assessing risk. A model for cryptic prey identified two 
optimal escape strategies. Immediate escape upon detect¬ 
ing a predator is favored by a low cost of fleeing, delay in 
detection by the predator, and by a greater likelihood of 
escaping if the prey initiates escape rather than reacting to 
attack. Remaining motionless until detected is favored by 
effective crypsis and high escape cost. This model might 
be modified to optimize flight initiation distance on the 
basis of the probability of being detected. Escape decisions 
by Columbian black-tailed deer depend on the time spent 
evaluating threat, and statistical models based on assess¬ 
ment time were more strongly supported than those based 
on distance. 
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Other Aspects of Escape and Refuge Use 

Although theory has focused on flight initiation distance, 
this variable reflects only the decision to begin an escape 
attempt, not decisions made during escape. Prey may hide 
or remain accessible during escape, alter speed and direc¬ 
tion of flight, and decide when to stop fleeing. These 
topics have received little theoretical attention although 
early theory examined predator and prey trajectories. 
Two escape variables may be predictable using current 
theory. The logic underlying predictions about flight ini¬ 
tiation distance appears to apply to the distance fled 
between flight initiation and termination and in refuging 
species, the probability of entering refuge. Prey should 
flee further when risk and initial fitness are greater and 
flee shorter distances when escape costs and opportunity 
costs of fleeing are greater. The probability of entering 
refuge should increase as risk and initial fitness increase 
and decrease as the opportunity cost of entering refuge 
and risk in refuge increase. 

Prey that enter refuges must decide when to emerge. 
Factors that affect hiding time (the latency between entry 
and emergence from refuge, also called emergence time) 
are similar to those affecting flight initiation distance. Risk 
decays as the time spent in refuge increases, but the prey 
may lose valuable foraging and social opportunities while 
hiding. Ectothermic prey in refuges that are cooler than 
the outside environment may undergo progressive decline 
in body temperature as hiding time increases, making 
them less efficient runners and requiring basking to ele¬ 
vate body temperature upon emergence. Models of hiding 
time are isomorphic to Ydenberg and Dill’s escape model 
and optimal escape models, but with the time since enter¬ 
ing refuge substituted for distance, the cost of remaining in 
refuge for the cost of fleeing, and the cost of emerging for 
the cost of staying. Selection of hiding time by prey and 
how long to wait for prey to emerge by predators has been 
modeled using game theory, the main conclusion being 
that prey should wait longer than predators. 

Empirical Findings 

Flight Initiation Distance 
Risk factors 

Aspects of predators that affect risk include starting dis¬ 
tance (the distance between predator and prey when 
escape begins), approach speed, directness of approach, 
and predator size, type, and number (Figure 3). Starting- 
distance may affect perceived risk because continuing- 
approach may indicate that the predator has detected or 
is likely to detect the prey. Starting distance and flight 
initiation distance have been found to be positively cor¬ 
related in snakes, Australian and Tasmanian bird species, 


and Columbian black-tailed deer. Among lizards, starting 
distance has little or no effect in ambush foragers, which 
wait motionless for prey to approach: flight initiation 
distance increased slightly during rapid approach in one 
species, but not during slow approach in four species. The 
lack of effect of starting distance during slow approach 
may be a consequence of lizards assessing risk as very low 
until a predator is very close, in which case the expected 
survival curve would not vary with starting distance. In 
actively foraging lizards, which move through the habitat 
searching for food, flight initiation distance increases 
markedly as starting distance increases. 

Predator approach speed is a reliable cue to risk that 
strongly affects flight initiation distance in many prey. 
Flight initiation distance increases as approach speed 
increases in insects, fish, lizards, birds, and mammals. 
Directness of approach also affects flight initiation dis¬ 
tance in diverse prey, but not as greatly as approach speed. 
A directly approaching predator is likely to have detected 
the prey or to do so soon. A predator approaching on a 
path that will bypass the prey becomes increasingly less 
likely to attack as minimum bypass distance increases. 
Flight initiation distance has been found to be longer 
during direct than indirect approaches in grasshoppers, 
several lizards and mammals, and one of two gull species. 
The reverse occurred in a fiddler crab because of its 
inability to assess distance during direct approach. 

Flight initiation distance has been found to increase as 
predator size (or eye size) increases in four fish and a 
lizard. Variation in response to predators of different 
types and species indicates that prey respond to various 
predator traits. 

When more predators pose greater threat, flight initia¬ 
tion distance is expected to increase with the number of 
predators. This effect has been found in a lizard, one of two 
birds, and a gazelle, but no effects was found in mayflies. 
Interpretation of these disparate findings requires knowl¬ 
edge of circumstances in which risk increases or is unaf¬ 
fected by the number of predators and, especially for 
invertebrates, of sensory and cognitive capacities of prey. 
Escape cost may also affect the relationship between flight 
initiation distance and the number of predators. It was 
hypothesized that the cost of fleeing may be greater for 
an omnivorous bird because of time-consuming search for 
animal prey than for a granivorous bird, which can resume 
feeding upon returning after escape. 

Numerous aspects of prey and their environments that 
influence predation risk affect flight initiation distance, 
including amount of cover, distance to refuge, degree of 
crypsis, body armor, body condition, parasites, experience 
with predators, factors that affect escape ability (running 
speed, gravidity, tail loss, body temperature), and prey 
group size (Figure 3). Sparser cover is associated with 
longer flight initiation distance in a fish, numerous lizards 
and birds, and a few mammals. Exceptions may occur if 
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Figure 3 Many factors affect escape decisions and can be categorized into opportunity costs of escape or hiding and factors 
that affect predation risk and the prey’s initial fitness, including intrinsic features of prey, characteristics of predators and their 
approach, and environmental features. Escape decisions that have been studied from an economic perspective are shown in order 
of occurrence in a predator-prey encounter. 


predators are in cover or juveniles have different predator 
suites than adults (e.g., absence of effect of cover in juve¬ 
nile Psammodromus algirus lizards). 

Flight initiation distance increases as the distance to 
refuge increases in many species. The distance to refuge 
had the strongest, most universal effect in a recent review 
and has been found in crabs, fish, frogs, lizards, birds, and 
mammals. This effect can be very strong in prey that flee 
into or stop adjacent to refuge, occurring in a crab, seven 
of eight lizards, and woodchucks. The exception was a 
lizard that does not use the nearest refuge. 

For prey that climb vertical objects to escape from ter¬ 
restrial predators, risk decreases as perch height increases. 
Flight initiation distance decreases as perch height increases 
in numerous lizard species. When climbing is not important 


for escape, perch height may have the opposite effect or be 
unrelated to flight initiation distance. Anolis lizards on fence 
posts had longer flight initiation distance as perch height 
increased because individuals higher on posts had to flee 
further down to escape. Northern water snakes, which 
escape into water, had longer flight initiation distances 
when on higher perches, presumably because of greater 
exposure on high perches. For birds, the advantage of 
perch height for escape is less clear. Flight initiation dis¬ 
tance decreased as perch height increased in three of six 
raptors; but was unrelated to perch height in the others. Of 
34 nonraptorial birds, flight initiation distance was unre¬ 
lated to perch height in 27 species, increased as perch height 
increased in seven, and decreased in three. However, tall 
trees were absent in the study areas. More consistent 
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relationships might be detected using a greater range of 
perch heights, but many birds may not assess risk as decreas¬ 
ing as perch height increases, perhaps because they are 
hunted by aerial predators or people. 

The more prey rely on crypsis, the shorter the pre¬ 
dicted flight initiation distance. Evidence for several spe¬ 
cies of homopterans, fish, lizards, Craugastor frogs, and 
mammals is consistent with this hypothesis, but is equivo¬ 
cal because it is based on the differences between pairs of 
species, sexes, or male color phases, or other factors are 
uncontrolled. Experimental and comparative studies are 
needed to assess the effect of crypsis. 

Because body armor decreases predator lethality, 
armored fish and lizards have shorter flight initiation 
distances than unarmored species. With the exception of 
a study of cordylid lizards, studies have involved few 
species, indicating the need for confirmation by compara¬ 
tive studies. 

Risk assessment is influenced by experience with pre¬ 
dators, leading to habituation in the absence of attack and 
wariness following attack. Prey that are habituated to 
people have shorter flight initiation distances than prey 
that are infrequently exposed to people (28 of 32 lizards, 
birds, and mammals). A reversal occurred in a lizard eaten 
by local people. Human density did not affect flight 
initiation distance in three birds. Assessed risk is predicted 
to increase when a predator approaches more than once in 
succession. Seven of 11 species, including grasshoppers, 
lizards, and birds, behaved as expected, but in two birds 
and two lizards, flight initiation distance was greater dur¬ 
ing the first than the second approaches. Reversals may 
occur because of habituation if the first approaches are 
not very threatening. Additional evidence of learning risk 
by prey is that several birds and mammals have longer 
flight initiation distance during hunting season than other 
times and that flight initiation distance is longer in mar¬ 
mots and moose in cases where hunted than not hunted. 
Other effects of experience include greater flight initia¬ 
tion distance by lava lizards on islands where feral cats are 
present and by a fish, the zebra danio, following experi¬ 
ence with a predator model. 

Factors affecting escape ability include morphological 
traits affecting speed and maneuverability, loss of body 
parts, reproductive state, and body condition. In a study of 
83 birds, flight initiation distance was greater in species 
with more pointed wings, as predicted by reduced lift and 
thrust associated with pointed tips. Yellow-bellied mar¬ 
mots permit closer approach on substrates that permit 
faster running. Some species of lizards that have lost 
tails suffer reduced sprint speed and consequently have 
shorter flight initiation distances due to greater risk. 

While gravid, pregnant, or carrying clutches of unfer¬ 
tilized eggs, females may be slowed. Rather than increasing 
flight initiation distance, gravid lizards of some species 
change tactics, relying more on crypsis and/or staying 


closer to refuge. Flight initiation distance did not differ 
between gravid and nongravid female striped plateau 
lizards or between sexes in many crabs, fish, lizards, snakes, 
and birds, but was greater in males than females in several 
lizards and in females than in males in a lizard and a 
gazelle. Because sexes may differ in detectability, escape 
tactics, and vulnerability, predictions about sex difference 
in flight initiation distance must be based on detailed 
knowledge of each species. 

Predicted flight initiation distance increases as the 
body condition increases, because prey in good condition 
have greater initial fitness and perhaps lower escape costs 
than prey in poorer condition. This prediction has been 
verified in Balearic lizards and turnstones (birds), and a 
comparative study of 133 bird species in which more 
heavily parasitized species had shorter flight initiation 
distances. Exceptions have been reported in woodpigeons 
and chinstrap penguin chicks (based on immune response), 
and may be consequences of reduced escape ability by prey 
in poor condition or the presence of food that is more 
valuable to prey in poorer condition. 

Body size may affect flight initiation distance if the 
range of prey size is large enough to affect escape ability 
or predator lethality. Flight initiation distance in a crab, a 
fish, a snake, and some lizards was not affected by body 
size; decreased as body size increased in mayflies and 
brook sticklebacks; and increased as body size increased 
within species in a fish and several lizards and between 
species in birds. Flight initiation distance may decrease as 
body size increases because of decreased risk, but may 
increase as body size increases if prey become more 
suitable for larger predators as prey size increases. 

Parental care affects flight initiation distance because 
parents have a large investment to protect. In several 
avian species, the day of incubation and presence of eggs 
versus nestlings did not affect flight initiation distance, 
but in alpine accentors, flight initiation distance was 
greater after eggs hatched than earlier. Mourning doves 
on nests sometimes do not flee and various birds, notably 
killdeer, permit closer approach by predators while 
engaging in parental distraction displays than at other 
times. Flight initiation distance was shorter during nesting 
than other activities in four bird species, did not differ 
between foraging and nesting in three species, and was 
shorter during foraging than nesting in tricolored herons. 
These differences may reflect variation in detectability 
and profitability of foraging. In mammals, flight initiation 
distance was longer for females associated with offspring 
than for other individuals in five ungulates, but shorter 
in the bobuck, a marsupial. A detailed knowledge of the 
ecology of each species, including consequences of alter¬ 
native activities, is needed to predict effects of offspring 
presence. The difference between birds and ungulates 
may be a consequence of greater mobility of young ungu¬ 
lates than of eggs and nestlings. 
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Little is known about relationships between flight 
initiation distance and other aspects of natural history. 
However, in a study of 150 birds, flight initiation dis¬ 
tance was greater in omnivores and carnivores than 
herbivores and in cooperatively than noncooperatively 
breeding species. 

Because escape ability of ectotherms is impaired at 
low body temperatures, predicted flight initiation dis¬ 
tance is longer at cooler temperatures. Some ectotherms 
maintain body temperatures in narrow ranges by behav¬ 
ioral thermoregulation, allowing efficient escape despite 
variation in environmental temperature. Flight initia¬ 
tion distance is predicted to increase as body tempera¬ 
ture decreases, but not necessarily as air temperature 
decreases. However, when body temperature falls too 
low for escape by running, lizards switch tactics. Lizards 
with cooler body temperature had longer flight initia¬ 
tion distance than warmer ones in seven species, but 
flight initiation distance was unrelated to air temperature 
in several lizards, increased as air temperature increased 
in one species before completion of warming by basking, 
and decreased as air temperature increased in another 
species. Flight initiation distance was not affected by 
water or air temperatures in one snake species, but was 
greater in warmer than cooler individuals in two others, 
suggesting increasing reliance on escape as escape ability 
improved. 

The relationship between group size and predation 
risk is multifaceted, and some facets may have opposing 
effects on flight initiation distance. Risk dilution among 
group members suggests that flight initiation distance 
may decrease as group size increases because of lowered 
risk that an individual will be the one targeted by the 
predator. Group defense leads to the same prediction. On 
the contrary, the many eyes hypothesis suggests that prob¬ 
ability that a group member will detect a predator 
increases as group size increases. If risk is great enough 
to elicit immediate escape, the many eyes hypothesis 
predicts that flight initiation distance increases as group 
size increases. Not surprisingly, findings are mixed. Flight 
initiation distance was found to increase as group size 
decreased in fish, but to increase as group size increased 
in mammals and birds. Quadratic relationships between 
flight initiation distance and group size occurred in two 
species. In a water strider, flight initiation distance was 
maximal at intermediate group size, whereas in barred 
ground doves, it was minimal at intermediate group size. 
Juvenile chinstrap penguins permitted closer approach 
when near than far from a breeding subcolony, suggesting 
risk dilution near the group. 

Opportunity costs 

Opportunities for social activities, foraging, or other fitness¬ 
enhancing activities may be lost by fleeing or allow benefits 
to be gained by not fleeing (Figure 3). Flight initiation 


distance is reduced when fleeing entails loss of opportu¬ 
nities by males to guard or court females, defend territories, 
or fight with rivals in a cricket, a fish, several lizards, and a 
gazelle. Female striped plateau lizards have shorter flight 
initiation distances when interacting with males than when 
alone. In Columbian black-tailed deer approached by a 
person holding a simulated gun, males have shorter flight 
initiation distance than females during the breeding season, 
which might reflect sexual motivation, and male moose 
have shortened flight initiation distance during rut. 

Giving up foraging opportunities may be costly to 
hungry individuals, but little research has addressed the 
effect of hunger on flight initiation distance. Flight initia¬ 
tion distance decreased in hungry vipers and in large, but 
not small mayflies. Presence of food is associated with 
shortened flight initiation distance in all species studied, 
including crayfish, fish, lizards, and a reindeer. Flight 
initiation distance decreases as the amount of food present 
increases in a mayfly, a crayfish, a fish, and a lizard. Food 
mass did not affect flight initiation distance in a hermit 
crab, but this exception is artifactual because more food 
was present than could be consumed during trials. In house 
sparrows, flight initiation distance was greater when seed 
density was higher, possibly because of satiation. 

Distance Fled, Refuge Entry, and Hiding Time 

Because distance fled is strongly affected by predator 
behavior and in prey that hide, by distance to refuge, 
these factors are controlled by stopping approach by an 
investigator or model immediately when escape begins 
and by discarding trials in which prey enter refuges. In 
lizards, distance fled is greater when predation risk is 
greater as indicated by greater predation pressure, faster 
approach, more direct approach, greater distance to ref¬ 
uge, sparser cover, tail loss by autotomy, and successive 
approach. In another lizard, distance fled was unrelated to 
the number of predators, but proximity of refuges might 
have obscured an effect. Distance fled is also shorter when 
food is present than absent and decreases as the amount of 
food increases. Findings for other taxa also indicate that 
distance fled increases with risk. Distance fled was greater 
in a hermit crab when predator odor was in the water, and 
distance jumped by Craugastor frogs increased with body 
size during fast, but not slow approaches. Distance fled 
increased with the approach speed in juvenile chinstrap 
penguins. Distance fled was not affected by the approach 
speed in Columbian black-tailed deer, but increased as 
flight initiation distance increased among individuals 
unhabituated to human presence. Distance fled by female 
bobucks was shorter when offspring were present. 

The probability of entering refuge varies as predicted 
with risks and cost. Higher proportions of lizards entered 
refuge after a faster than a slower approach, after a more 
direct than an indirect approach, and after the second of 
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two successive approaches. In striped plateau lizards, 
which suffer reduced running speed after autotomy, a 
higher proportion of autotomized than intact lizards 
entered refuges. The probability of entering refuge is 
much greater when the investigator pursues lizards rather 
than stopping as soon as they begin to flee. 

Thermal cost of refuge use and risk of heat exhaustion 
while fleeing when thermally stressed affect the probabil¬ 
ity of entering refuge. In one lizard, refuge entry was more 
likely when refuge and air temperatures were equal than 
when air was warmer than the refuge temperature. In 
another lizard, refuges were used frequently at both high 
and low, but not at intermediate temperatures. Refuges 
were used at low temperatures when the thermal cost of 
entering refuge was low and escape ability was limited 
by inefficient running, and at high temperatures at which 
running to escape might lead to heat exhaustion. In a third 
lizard, refuge entry was more likely before completion of 
morning basking, when lizards and refuges were both still 
cool, than later when lizards were much warmer than the 
refuge. 

As predicted by optimality theory, hiding time is affected 
by the risk of emerging, which decreases as hiding time 
increases, and by the cost of staying in refuge, which 
increases as hiding time increases. Hiding time varies as 
predicted for various factors affecting the cost of emerging. 
Hiding time is greater when a predator has approached than 
not approached in two fish, increases as approach speed 
increases in five lizards, increases interactively with food 
availability in a marmot, increases as directness of approach 
increases in four lizards and a fiddler crab, increases as 
proximity of the predator to the refuge increases in a crab 
and two lizards, increases with the duration of handling by 
a predator before refuge entry in a turtle, and increases with 
repeated approach in a crab and four lizards. Hiding time 
also increases following autotomy in striped plateau lizards, 
consistent with increased risk upon emergence because of 
lower running speed. 

Costs of remaining in refuge include loss of social and 
foraging opportunities, decrease in body temperature lead¬ 
ing to impairment of escape ability in ectotherms, risk from 
a predator in the refuge, and reduced oxygen supply in 
refuge. When a potential mate or a rival male is outside the 
refuge, hiding times by males are shorter than in their 
absence. Hiding time is shorter when food is present out¬ 
side refuge in a polychaete worm, a fiddler crab, and two 
lizards, but not in a hermit crab. In a marmot, hiding time 
decreased when food was present after slow approach, but 
increased in shy individuals in the presence of food follow¬ 
ing rapid approach. Hiding time decreased as body condi¬ 
tion declined in a lizard and as hunger increased in a 
barnacle, two fish, and a bird. Hiding time decreased as 
refuge temperature became progressively lower than body 
and outside air temperatures in three lizard species. Pres¬ 
ence of a predator in the refuge shortens hiding time in a 


lizard. In a turtle, hiding time withdrawn into the shell is 
shorter in water than on land, possibly due to greater safety 
in water. Reduced dissolved oxygen concentration in the 
water is associated with shorter time hiding with a closed 
shell in a clam. 

Other Aspects of Escape 

Because prey must cope with several risks and costs 
simultaneously during each predator-prey encounter, 
the ability to assess multiple simultaneous risks and 
costs is a necessity. In fact, prey can evaluate more than 
one factor at once. Flight initiation distance and hiding 
time are affected by each of two simultaneous risks and by 
simultaneous risks and costs. In 10 of 13 studies, effects 
were interactive, indicating that risk or cost increases 
more rapidly for one factor than the other. 

Economic approaches have not been applied to some 
features of escape, in particular, escape speeds and angles 
and changes in them. Escape speed affects risk and the 
need to use refuges, and may be varied in relation to 
predator position and speed. The importance of escape 
speed is suggested by a positive relationship between 
flight initiation distance and maximum running speed in 
a wolf spider. Escape angles selected by fish and lizards 
often appear to be a compromise between fleeing directly 
away from the predator and the need to monitor the 
predator during escape. A lizard species selected escape 
angles that reduced the overall risk from predators 
approaching simultaneously from different directions. 
On the other hand, cockroaches escape by fleeing unpre- 
dictably in one of several preferred directions. In many 
cases, escape angles may be determined by refuge location 
and may change during escape, depending on the preda¬ 
tor’s pursuit path. Initial escape angle seems amenable to 
economic analysis, but models taking into account the 
movements of both pursuer and pursued are needed to 
predict changes in speed and direction during encounters. 

Effects of different escape tactics have not been exam¬ 
ined economically. When escaping from owls, voles flee 
in a start-stop manner, whereas spiny mice frequently 
change direction. Some prey use predator-specific escape 
tactics. When a herd of Thomson’s gazelles is approached 
by a cheetah, which pursues briefly, few individuals per¬ 
form pursuit-deterrent displays, and displaying ceases 
when pursuit begins. When approached by African wild 
dogs, which pursue for long distances, a higher fraction of 
the herd displays, and display continues during pursuit 
until the dogs select one gazelle. Cost-benefit models 
seem appropriate for predicting use of different escape 
strategies, but remain to be developed. 

Changes in escape tactics alter the relationship between 
predator-prey distance and predation risk. Heavy gravid 
females in some species may compensate for reduced 
speed by staying closer to refuge and relying more on 
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immobility to avoid detection. They may permit closer 
approach than when nongravid because distance to refuge 
and the probability of being detected are diminished. 
Tactical shifts may occur when risk is high, but can be 
reduced by alternative behaviors. 

Summary 

Economic models predicting flight initiation distance and 
hiding time are very successful. Apparent failures of pre¬ 
dictions are explicable by differences in escape tactics or 
ecology that alter the relationships between risks or costs 
and antipredatory behaviors. Predictions of optimality 
theory are strongly supported for the probability of enter¬ 
ing refuge. Predictions about distance fled have been 
verified, but less consistently. Most risk and cost factors 
have been examined for few species, and more informa¬ 
tion is needed to assess the effects of differences in eco¬ 
logical factors, but cost-benefit analysis has greatly 
improved our understanding of escape behavior. 

See also: Defensive Coloration; Defensive Morphology; 
Ecology of Fear; Group Living; Predator Avoidance: 
Mechanisms; Risk-Taking in Self-Defense; Trade-Offs in 
Anti-Predator Behavior. 
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Introduction 

Arthropods that feed on vertebrate blood are particularly 
important because of their opportunity to infect their hosts 
with pathogens that can cause serious illness. As vectors of 
these pathogens, arthropods such as mosquitoes and ticks 
must first identify a host, feed on its blood, and use that rich 
resource to their own advantage. Finding this resource in 
a complex environment is a considerable challenge for an 
animal with a relatively unsophisticated nervous system, 
and the identification and location of these hosts is depen¬ 
dent upon stereotyped behavior patterns that are geneti¬ 
cally programmed into the central nervous system and 
elicited when key stimuli are integrated and associated. 

Ectoparasites undoubtedly evolved from free-living 
ancestors. A parasitic way of life can be evolutionarily 
approached by several routes, with just a few basic require¬ 
ments for channeling an organism in this direction. First, 
two or more organisms must coexist and have ecological 
opportunities for contact. Second, the smaller of the two 
must have preadaptations for feeding on the larger, and 
third, the resulting association must benefit the parasite by 
increasing its reproductive potential. Protein is often rare 
in nature, and animals capable of utilizing this rich 
resource in the blood of vertebrate hosts would reap 
huge reproductive rewards. Examples are autogenous 
mosquito species that are able to mature their first batch 
of eggs by carrying over metabolic reserves that were 
acquired during the larval stage. However, a larger number 
of eggs can be produced if the female takes a blood meal 
and additionally utilizes the external protein source. 

The fossil record is rather poor for arthropods in general 
because their body walls did not resist the pressure of their 
surroundings, and those that were parasitic and attached 
to their hosts were easily damaged during the process of 
carcass decomposition. Despite this limited record, it is 
thought that beginning about 145 Ma, arthropod hemato- 
phagy evolved independently at least six times following 
two major routes. Lice and fleas probably took the first 
route. In this scenario, the arthropod initially developed a 
prolonged intimate association with the host, perhaps by 
residing in animal burrows that maintained heat and humid¬ 
ity and a source of organic matter. While host feces might 
have been the first major source of nutrients, skin and hair 
may also have been encountered, ultimately selecting for 
arthropods that could utilize these resources more effi¬ 
ciently with their more primitive chewing mouthparts. 
Behavioral adaptations allowing the arthropod to visit the 


host directly were eventually followed by the morphological 
adaptations in mouthpart and digestive system structure and 
function that were suited to blood ingestion and utilization. 

Along the second route toward hematophagy, followed 
by mosquitoes, bedbugs, and ticks, the arthropod presum¬ 
ably first had the preexisting morphological adaptations 
that allowed it to pierce the integument of other arthropods 
or feed on plants and then tend more toward synanthropy. 
Attracted to other insects aggregating around a vertebrate 
host or various host products, such contact could eventually 
lead to hematophagy on the vertebrate host itself. Some 
unusual insects that follow this path are noctuid moths 
(genus Calyptra) that have diverged from their plant-feeding 
relatives to feed on the blood of large vertebrates, feeding 
not only on eye exudates, but also penetrating skin. 

There are also two strategies for removing the blood 
from a host while feeding. In one, the blood is removed 
surgically through slender stylets that inject pharmacologi¬ 
cally active components in the saliva before feeding. This 
approach is found in the mosquitoes, blood-sucking bugs, 
and lice. In the other approach, scissors-like mouthparts 
lacerate the skin and cause the blood to flow to the surface 
where it then can be ingested. This mode of feeding is 
characteristic of ticks, horse flies, black flies, and stable flies. 

Most insect ectoparasites that are hematophagous and 
feed on blood are not parasites in the strict sense, but rather 
micropredators that prey on host blood and are otherwise 
free-living. Unless they are present in truly large numbers 
and reduce the host’s fitness by the removal of enough blood 
to cause anemia, insect ectoparasites generally do not have a 
measurable impact on vertebrate host fitness unless they are 
also vectors of pathogens. The true parasites, such as the lice 
that live their entire life cycles on a vertebrate host, and a 
few ticks that complete most of their life cycles on the same 
hosts, have no need for the more sophisticated host-finding 
behaviors that are the most essential and challenging beha¬ 
viors for ectoparasites. Because many hosts also display 
defensive and grooming behaviors in response to the feed¬ 
ing attempts by their ectoparasites, the parasites have been 
forced to evolve additional behaviors to contend with these 
defensive activities. 

Adaptations That Make Behaviors 
Possible 

A suite of morphological and physiological adaptations is 
necessary in order to transition from a free-living to an 
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ectoparasitic, hematophagous way of life. Among these are 
the mouthpart adaptations required to pierce skin and 
inject saliva; digestive enzymes to process the large 
amounts of protein; an excretory system that can deal 
with the brief presence of large amounts of nitrogen, 
water, and toxic heme; sensory receptors that can detect 
host odors and activate the associated behavioral subrou¬ 
tines that bring the parasite to the host; and the develop¬ 
ment of pharmacological components in the saliva itself 
that circumvent the host response to feeding. The mor¬ 
phology of the entire digestive tract differs substantially in 
hematophagous and free-living animals. In addition, those 
ectoparasites that act as vectors of disease agents have had 
to coevolve relationships with the agents, dealing with the 
infection of their own tissues and attempts of the agents to 
modify their behavior. 

Behaviors for Host-Location 

To parasitize a host, hematophagous arthropods must first 
identify and locate the host amid all other stimuli that are 
present: a considerable challenge in a complex environ¬ 
ment replete with signals. This generally involves a series 
of linked behaviors that are sequentially expressed when 
varying degrees of host stimuli are perceived. Each behav¬ 
ior appears to be linked to the next by the orderly per¬ 
ception of stimuli that are related to host proximity. 
Although the ultimate aim is to feed on blood, the beha¬ 
viors are activated not by the blood itself, but by stimuli 
that are associated with hosts that contain blood. 

For many ectoparasitic arthropods, the first behaviors 
in host-finding are initiated before host stimuli are even at 
hand. The initial strategy is to survey the environment for 
potential host stimuli by simply becoming more active, 
thus allowing sensory receptors to sift through new terri¬ 
tory. The locomotor path that the insect follows is rela¬ 
tively straight and its sensitivity to stimuli is high. This 
increased level of activity is known as appetitive searching 
behavior or ranging, and is unrelated to the actual detec¬ 
tion of host stimuli. As the period of food deprivation 
increases, the intensity of these appetitive behaviors also 
increases, ultimately making the insect more likely to 
encounter host stimuli in the environment. There is a 
strong circadian component to this behavior, with activity 
rhythms often related to the time of day. Mosquitoes that 
feed during crepuscular periods range during the evening 
hours, while day-biting species range throughout the day. 
Ixodid, or hard ticks, feed on blood once during each of 
their three life stages, leaving the host to molt and then 
engage in another attempt to find a host. Unable to fly, 
their ranging behavior involves a different ‘sit and waif 
strategy consisting of questing, that is, their ascent to the 
tops of vegetation where they wait and wave their first 
pair of legs in the air to acquire stimuli from a passing host 


to grab as it passes. Because questing makes them suscep¬ 
tible to water loss, this behavior alternates with quies¬ 
cence in the lower, more humid, litter zone that allows 
them to rehydrate. Although primarily regulated by cir¬ 
cadian rhythmicity, the questing behavior is lengthened 
when humidity is higher. Immature ticks tend to quest at 
lower levels as they search for smaller hosts such as 
rodents, while adult ticks that feed on larger vertebrates 
quest on vegetation at a higher level. 

Once this ranging behavior provides clues that hosts 
are in the environment, ectoparasites use olfactory stimuli 
to pinpoint the host’s location. Living things exude meta¬ 
bolic products that ectoparasites recognize and that are 
generally classified as kairomones, chemicals that benefit 
the receiver and not the emitter. Olfactory stimuli are 
perceived in mosquitoes by sensory receptors on their 
maxillary palps and antennae, and the responses of these 
receptors are filtered and integrated by the central ner¬ 
vous system before a particular behavior is expressed. 
x\mong the most important of the host odors is carbon 
dioxide, a product of protein, carbohydrate, and fat metab¬ 
olism that is central to the activation and orientation 
behavior of all ectoparasitic arthropods. Ambient levels 
of carbon dioxide are between 0.04% and 0.1%, varying 
with the vegetative landscape and time of day. By compar¬ 
ison, exhaled human breath consists of 4-5% C0 2 . Fluc¬ 
tuating levels of C0 2 that may be present in the 
environment give blood-feeding arthropods their first 
indication that a vertebrate host is nearby. Emanating as 
filaments from a plume of host odors, C0 2 in pulses as 
low as 0.05% activates the behavior of mosquitoes, causing 
an increase in flight speed and a change in flight track. 
The C0 2 receptors on the maxillary palps quickly be¬ 
come adapted to the new levels, and with C0 2 changing 
in concentration as the host becomes nearer, provide a 
good indication of the progress toward host location. 
Because of its attractive nature, C0 2 is commonly used 
to supplement the attractiveness of light traps that are set 
to assess mosquito densities. 

While C0 2 is largely responsible for signaling that a 
live host is nearby, it is produced by all living things so 
it is not responsible for the discrimination in host prefer¬ 
ence displayed by many biting arthropods. For instance, 
when confronted with both a cow and a human, the malaria 
vector, Anopheles gambiae , will choose the human to feed 
upon even though the C0 2 levels are greater from the cow. 
There are a number of other host emanations that allow 
mosquitoes to discriminate between various hosts, and 
C0 2 has the additional function of increasing the sensitiv¬ 
ity of antennal receptors that perceive these other host 
odors. Mediated by the central nervous system, C0 2 per¬ 
ception by receptors on the maxillary palps significantly 
boosts the responsiveness of antennal odor receptors that 
respond to minor skin emanations and brings the mosquito 
into the next phase of host-finding. In addition, starvation 
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can lower the thresholds for responding; various other 
physiological states can raise them. All factors considered, 
an ox can be recognized by a tsetse at about 90 m away, by 
horse flies at about 30 m, and mosquitoes become activated 
by calves at about 20-80 m. Once the changes in C0 2 
are detected, the insect transitions to its next suite of 
behaviors involving more specific attraction. With the 
exposure to more specific stimuli as a result of behavioral 
activation, other host odors become perceptible both as a 
result of closer proximity and increased sensitivity of other 
receptors. Host preference may also in part be related 
to mosquito resting behaviors and the degree of passive 
environmental contact between ectoparasite and host that 
occurs under natural conditions. The typical resting beha¬ 
viors of both are instrumental in bringing the host and 
ectoparasite together. 

The volatile skin odors that initiate these next behav¬ 
ioral phases of host-finding include lactic acid, acetone, 
l-octen-3-ol, and several carboxylic fatty acids, produced 
in sweat and breath. L-Lactic acid is a major component of 
human sweat and used as an orienting cue by mosquitoes, 
but works synergistically with C0 2 and has little effect 
alone. Octenol also works best as a supplement to C0 2 . 
The ratios of these minor components, not merely their 
presence, are probably most important for registering host 
preference. For example, the tsetse responds strongly to 
two of the components in cow urine when presented 
together, but its response is much reduced when each is 
presented singly. Individual components of human ema¬ 
nations presented separately are usually much less attrac¬ 
tive than the gestalt. Combinations of host byproducts in 
certain ratios may allow the insect to discriminate between 
different hosts and specifically select its preferred host. 
This importance of ratios may parallel sex recognition in 
the many insects that use sex pheromones, where several 
components may be shared among different species but 
the blends of those components allow discrimination of 
one’s own species in order to engage in mating. Similarly, 
for host recognition, particular hosts may produce blends 
of kairomones that are recognized by a nervous system that 
is genetically programmed to activate specific behaviors 
when a particular profile of chemicals is perceived. 

Once the insect enters the host odor plume and has 
been activated, the difficult task of orientation begins, that 
is, tracing the plume back to the host. As the wind dis¬ 
perses the odor plume from the site of release, it creates 
and stirs discrete odor packets of varying concentration. 
Because the dilution by air currents largely uncouples the 
relationship between host proximity and concentration, it 
is believed that absolute concentrations are ignored and 
the composition of the packet is evaluated as simply being 
above or below a behavioral threshold concentration. 
When traveling within a packet containing host stimuli, 
the insect maintains a straight line of upwind flight, but 
upon leaving a packet, its behavior changes to a zig-zag 


flight at right angles to the wind. This change in flight 
behavior presumably maximizes the chances of locating 
another odor packet as it diffuses from the plume. Some 
moths cease their upwind flight and fly in a zig-zag 
manner across the wind in a maneuver known as ‘casting’ 
in order to find a lost plume. Tsetse entering a plume tend 
to turn upwind significantly less often than when leaving a 
plume. Within a packet, the flying insect may engage in 
optomotor anemotaxis in which visual cues that flow from 
front to rear across the optical receptors help to maintain 
forward movement against the wind. 

As the insect’s orientation behavior allows it to close in 
on the host on the basis of olfactory information, visual 
stimuli begin to become more important in the final stages 
of host location. During this final approach, insects must 
reduce their flight velocity so as not to overshoot their 
targets. Distances at which visual information becomes of 
greater consequence depend on whether the outline of the 
animal is easily discernable contrasted against the foliar 
background, the time of day and light levels present, the 
size of the animal being hunted, and the resolution of 
the compound eye. Compared to the 2° resolution of the 
tsetse, mosquito resolution is generally poorer, ranging 
from 12° for the day-biting Aedes aegypti to more than 
40° for the nocturnal A. gambiae. The visual pattern of 
the target animal is more attractive when it is relatively 
simple; complex patterns strongly interfere with visibility 
from a distance. It has been suggested that some zebras 
evolved their stripes as a response to tsetse, with their 
stripes breaking up the visual image of their body form 
and reducing their visibility against the background vege¬ 
tation to minimize the ability of the flies to feed on them 
and transmit trypanosomes. With a solid target, the dis¬ 
tance at which vision becomes important ranges between 
5 and 20 m for mosquitoes and 50 and 180 m for tsetse. 

Many biting flies show preferences for different parts of 
the body before they alight. As they get closer, some black 
flies and mosquitoes prefer to land on a host’s extremities 
rather than the body core. Different species of horse flies 
show preferences for different areas on the backs of cows. 
Although three related species of Anopheles mosquitoes 
prefer different hosts, they all choose to feed on the legs 
and feet of those hosts. In contrast, another Anopheles spe¬ 
cies that feeds on humans tends to feed on the upper body. 
Ectoparasites that are fairly host specific may show pre¬ 
ferences for specific parts of the body, while those that are 
generalists tend to land randomly. Since many blood¬ 
feeding insects land on clothes and insert their mouthparts 
through the fibers, the tactile stimuli from a host are 
probably less important for these behaviors. Ticks may 
wander about the host until they identify sites that provide 
them with their preferred tactile and olfactory stimuli. 

Odor becomes essential again for landing behavior, 
along with moisture and temperature, although this land¬ 
ing phase of the behavioral continuum is probably the 
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least understood. Some antennal receptors on the mos¬ 
quito antenna are sensitive to temperature changes as 
small as 0.2 °C that could be sensed as close as 40 cm 
from a human extremity. Lice, the true parasites that 
live their entire life cycle on a vertebrate host, will leave 
the host when its body temperature falls after death. 
Although mosquitoes can detect changes in humidity 
with their antennal hygroreceptors, humidity gradients 
have not been shown to significantly influence landing 
behavior. In general, the same components used for 
attraction appear to be involved in landing behaviors. 

In the Ixodid hard ticks, the larval, nymphal and adult 
stages each feed on blood once before falling off the host, 
with immatures then molting to the next instar and female 
adults laying eggs. The female dies after laying eggs, but 
the newly hatched larva and recently molted nymph and 
adult engage in questing behavior on vegetation, respond¬ 
ing to carbon dioxide, various host odors including 
ammonia, lactic acid, butyric acid, changes in light inten¬ 
sity from the shadow of the host, and vibrations resulting 
from host movement. Once on the host, they may crawl 
over it for several hours before they finally attach and 
secrete cement at the feeding site that secures them for 
several days of blood ingestion. 

Argasid soft ticks employ a completely different feed¬ 
ing strategy. Argasids typically remain within the nest or 
burrow of their host and have no need to quest. They often 
feed repeatedly on the same host for much shorter peri¬ 
ods, ranging from minutes to an hour and do not secrete a 
cement during attachment. In between feeding, they molt 
to the next instar, and adults subsequently produce a batch 
of eggs after each blood meal. Some field species of soft 
ticks live on hosts in open areas and drop off according to 
a circadian rhythmicity that may also be synchronized 
with host behavior patterns. This positions them in areas 
where the hosts may normally be inactive and therefore 
more accessible for the next instar. These ticks engage 
in rapid crawling behavior toward a potential host in 
response to nearby host odors. 

Behaviors for Feeding 

Once on the host, the ectoparasite must begin to feed. The 
stimuli that initiate the probing of the mouthparts into 
the skin have not been well studied and appear to occur 
as the terminal behavioral event after alighting or site 
selection. Once the mouthparts are inserted, engorge¬ 
ment behaviors are dependent upon various components 
present in the blood that allow feeding to continue. 
A number of hematophagous ectoparasites are influenced 
by the cellular components of the blood, including adenine 
nucleotides such as ATP and ADP. Others, including 
many anopheline mosquitoes and sand flies, will feed 
on fluids that have the optimal ionic balance resembling 


physiological saline and do not require ATP for ingestion. 
This information is extremely important for the design of 
artificial membrane feeders to maintain vectors in the labo¬ 
ratory in the absence of live hosts. 

Given that the ectoparasite continues to feed on the 
host when driven by positive stimuli, at some point this 
behavior must end when nutritional requirements are 
fulfilled, lest the insect should burst from too much 
blood for its gut capacity. In many vectors, stretch recep¬ 
tors monitor abdominal distention and provide nega¬ 
tive feedback to the central nervous system to terminate 
ingestion when the blood meal reaches a certain volume. 
Indeed, mosquitoes that have had their ventral nerve cords 
surgically interrupted so as to interfere with the signals 
from the abdomen to the brain will feed until they actually 
burst, yet continue to feed afterward. This occurs with the 
presence of the stimuli that favor feeding and the absence 
of negative stimuli that terminate it. 

Other Behavior Associated with Feeding 

Protein is often scarce in nature, and the ability to feed on 
blood partially satisfies the nutritional requirements of 
those hematophagous ectoparasites. Some exclusively 
hematophagous insects like the tsetse have symbiotic 
microorganisms that supply the remaining essential nutri¬ 
ents. x4 contributing factor in directing this evolutionary 
course has been the reproductive use of the blood by 
females to provide a source of protein for their egg devel¬ 
opment. Although some species also can produce an ini¬ 
tial batch of eggs autogenously, or without a blood meal, 
blood ingestion significantly increases their reproductive 
capacity. This use of blood primarily for reproductive 
purposes is found in many vectors, where the female 
feeds on blood while the male feeds only on plant sugars. 

Although the advantages of feeding on the nutritious 
blood of a larger host are many, there are also drawbacks. 
Hosts are usually not cooperative and discourage feeding 
attempts by displaying defensive behaviors, including 
swatting and pecking, that pose significant risks to the 
life of the insect. Many day-biting mosquitoes that feed 
when their hosts are active and defensive have evolved 
behavioral mechanisms to deal with this risk. Immediately 
after ingesting a large blood meal, abdominal distention 
causes a complete inhibition of host-seeking behavior that 
lasts as long as the distention remains. Small blood meals 
that fail to trigger the distention do not inhibit host¬ 
seeking behavior, and these mosquitoes will attempt to 
feed again. As the large blood meal is digested and 
excreted and abdominal distention reduced, host-seeking 
behavior returns briefly until the eggs develop and a 
second mechanism of inhibition takes over. This second 
inhibition continues until the mature eggs are laid and 
results from the release of a peptide. Thus, given that the 
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blood meal is large enough for eggs to develop and then 
the eggs do indeed go on to develop, the female is pre¬ 
vented from taking the unnecessary risks of approaching a 
host when it would not be of any reproductive benefit. 
Consequently, rather than contend with host behavior 
that might end the female’s life and prevent her from 
reproducing at all, the mosquito is programmed to refrain 
from attempts at feeding and minimize the risks from 
defensive hosts by turning off her host-seeking behavior 
until after she lays her eggs. Anopheline mosquitoes that 
generally bite at night when hosts are sleeping or other¬ 
wise less active have not had the degree of defensive host 
behavior to deal with and have not evolved such effective 
mechanisms as to inhibit host-seeking behavior during 
reproductive periods. These mosquitoes tend to continue 
seeking a host throughout their life cycle. These repeated 
blood meals are able to supplement reproductive capacity 
of mosquitoes in this group. 

Mosquitoes and several other hematophagous vectors 
undergo holometabolous development, characterized by a 
radically different immature stage compared to adults. In 
contrast to the completely terrestrial adults, the larvae are 
aquatic and must develop in water. The terrestrial female 
is challenged by the requirement to lay her mature eggs 
near or on water, necessitating a behavior change toward 
the end of egg development so that the eggs will be laid 
near a medium that will allow them to survive. During the 
process of egg maturation, not only is host-seeking inhib¬ 
ited and the female less responsive to host stimuli, but also 
is another behavior, preoviposition, activated in response 
to oviposition site stimuli. During preoviposition, the 
female becomes more responsive to odors from potential 
oviposition sites and orients toward these sites rather than 
to hosts for feeding. This behavior results from the release 
of a preoviposition factor when mature eggs are present 
and allows the female to orient toward an aquatic site 
during an appropriate period of her life. 


See also: Parasite-Modified Vector Behavior. 
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Introduction 

Electric sense is the ancestral vertebrate condition, 
retained by most of the primitive fish orders, including 
the lobe-finned fishes from which tetrapods arose. Elec¬ 
tric sense is derived in a few teleost fishes, some fully 
aquatic amphibians, the platypus, and the echidna. While 
all animals produce electricity through muscle and nerve 
action, just a limited assortment of fish have evolved 
specialized tissues the sole function of which is to gener¬ 
ate electric fields in the water outside their bodies. These 
bioelectric fields serve different functions in different 
taxa. The stargazers, a group of bottom-dwelling marine 
perch, produce strong defensive electric pulses that deter 
sharks and rays, though the stargazers themselves are not 
electroreceptive. Torpedoes (Torpedinidae), the electric 
eel (.Electrophorus electric us), and the electric catfish ( Malap - 
terurus electricus) generate electric discharges in excess of 
100 V that immobilize small fish long enough to allow 
these predators to ingest the meal before it can recover 
and swim away. Weakly electric fish of three orders gen¬ 
erate electric fields measuring only a fraction of a volt per 
centimeter, used for imaging nearby objects in dark and 
murky waters, and for communication. These weakly 
electric fish include the Mormyridae and Gymnarchidae 
of Africa (order Osteoglossiformes), the electric knife- 
fishes of the Neotropics (order Gymnotiformes), and a 
few sinodontid catfish from Africa (order Siluriformes). 
Signals produced by weakly electric fish will constitute 
the main topic of this article. 

Electrogenesis 

Electric signals are the products of large arrays of excitable 
cells, electrocytes, that fire action potentials en masse to 
produce the Electric organ discharge (EOD). Electric 
organs are made up of many electrocytes arrayed in series, 
like batteries in a flashlight, summing their individual 
action potentials to produce a larger voltage. Groups of 
electrocytes in series can be arranged in parallel arrays to 
increase current (Figure 1). Mass flow of sodium ions into 
the electrocytes polarizes the skin of the fish, setting up 
electrostatic fields in the water outside the animal. Within 
the electric organ, the net sodium flux in the headward 
direction polarizes the fish’s head positive relative to the 
tail (Figure 2). A bare wire in the water near the fish’s head 


can be used to detect this positive potential. Displayed on 
an oscilloscope, this potential is seen as an upward (posi¬ 
tive) voltage pulse. If the net flux within the electric organ 
is in the tailward direction, the tail becomes positive rela¬ 
tive to the head, thus the head becomes negative relative to 
the tail and the oscilloscope displays a downward (nega¬ 
tive) voltage pulse. The net flow of positive ions changes 
direction with successive action potentials from different 
membranes. Electric organs of different weakly electric 
fish species can generate one to five distinct phases in a 
single EOD (Figure 3). Depending on the species, sex, and 
reproductive condition, an EOD can last from 0.1 ms to as 
long as 10 ms. 

Some electric fish produce sinusoidal EOD trains 
consisting of successive EODs with intervals equal to or 
less than the duration of the EOD pulse itself (Figure 4) 
Amplified and played through an audio speaker, the EOD 
wave train is heard as a tonal sound, the fundamental 
frequency of which is determined by the discharge rate. 
Discharge rate, in turn, is generated by pacemaker neu¬ 
rons in the medulla and conveyed to the electrocytes by 
spinal motoneurons. Pacemaker cells of these so-called 
‘wave fish’ are the most temporally stable bio-oscillators 
known. Other electric fish produce their EODs less fre¬ 
quently, with silent intervals considerably longer than the 
EOD duration. If the EOD trains of these ‘pulse fish’ are 
amplified and played through an audio speaker, they are 
heard as ticks or buzzes, depending on the rate. Most 
gymnotiforms keep their discharge going all the time, 
day and night. Mormyrids and the electric eel, the one 
high-voltage gymnotiform, produce highly irregular dis¬ 
charge trains, often remaining silent for brief periods 
when they are inactive. 

No terrestrial organism generates electric signals, 
because air is such a poor conductor of electricity. Con¬ 
versely, the high salinity of marine environments tends to 
short-circuit in the high-conductivity water. In the highly 
conductive saltwater of marine environments, only large 
fish can support the large number of cells in parallel 
needed to produce high-current electric signals necessary 
to spread over useful distances. In the ion-poor waters 
of the tropics, smaller fish can generate electric signals 
because little current is needed to sustain a detectable 
voltage (this property follows directly from Ohm’s Law 
V= Ir). Thus, the relatively small weakly electric fish have 
radiated extensively in the tropical freshwater river sys¬ 
tems of the New World and Africa. 
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Figure 1 Electrocytes in series (rows) sum their voltages, like 
batteries in a flashlight. Multiple rows of electrocytes sum their 
currents. The electric organ and electrocyte shown are from the 
gymnotiform Brachyhypopomus pinnicaudatus. Photos courtesy 
of Michael Markham. 


Embryology and Development 


Electrocytes are derived embryonically from muscle cells, 
myocytes. As the electric organ develops, myocytes fuse and 
stop expressing the contractile proteins and sarcomeres that 
characterize skeletal muscle. Instead, they transform to 
produce a neuron-like physiology, packing their mem¬ 
branes with the voltage-gated ion channels and ion trans¬ 
porters needed for larger-scale ion flux (Figure 5). These 
cells are large enough to view with the naked eye and can be 
seen by shining a light through the fish’s tail (Figure 1). 
Electrocytes can be nearly 1 mm across. In one gymnoti¬ 
form family, the Apteronotidae, larval fish develop myo¬ 
genic electric organs, which they replace over the course of 
few weeks with electric organs derived from the axons 
of spinal motoneurons. These neurogenic electric organs 
can sustain the higher discharge rates (500-2000 Hz) that 
typify this family’s EOD. Ghost knifefish (Apteronotus spp.), 
common in the tropical fish pet trade, are the best-known 
members of this large family. 

Electric organs are bilateral structures. In gymnoti- 
forms the main organs run from just behind the gill to 
the tip of the pointed tail (Figure 6). In mormyrids, elec¬ 
trocytes are restricted to the caudal peduncle, the tissue 
between the trunk and the caudal fin. 


Electroreception, Passive and Active 

Electricity is detected by electroreceptors, specialized 
sensory cells embedded in the skin, typified by jelly-filled 


pores open to the surrounding water. Structurally and 
embryonically, electroreceptors resemble the sensory 
hair cells of the lateral line system, minus the mechanor- 
eceptive hairs. Lampreys and the Condrostei (sharks, rays, 
sawfish, paddlefish, sturgeons) have electroreceptors, as 
do the sarcopterygian lobe-finned fishes, the coelacanths 
and lungfishes. Thus, our ancestors certainly possessed 
electroreceptors before they crawled from the sea. Electro¬ 
receptors were lost in the modern teleost lineage of bony 
fishes, probably because their large eyes enabled color 
vision, a more useful sense during daylight hours. Electro¬ 
reception reevolved independently in select groups 
of nocturnal teleost fish (Figure 7). One such group was a 
lineage of Osteoglossiformes that includes two families 
of weakly electric fish, Mormyridae and Gymnarchidae, 
plus the Notopteridae of which some members are electro- 
receptive but not electrogenic. The second electrorecep- 
tive teleost lineage includes the sister orders Siluriformes 
(catfish) and the Gymnotiformes (electric knifefish). The 
‘ampullary’ electroreceptors, whether primitive or derived, 
detect the extremely weak electric fields produced by mus¬ 
cle action and ventilation of small invertebrates, and thus 
are used for passive electrolocation of prey. Such electro¬ 
reception is said to be ‘passive’ because it does not depend 
on the receiver to generate a signal. Passive electroreception 
is extremely sensitive. The ampullary system may detect 
electric fields as weak as 100 pV cm -1 in freshwater species, 
or just a few microvolts per centimeter in marine species 
(Figure 8). Ampullary electroreceptors detect electric 
fields in the spectral range of 1-100 Hz. Ampullary electro¬ 
receptors of marine species have best frequencies in the low 
end of this range, catfish in the middle, and weakly electric 
fish at the high end. 

Mormyrids and gymnotiforms evolved new types of 
‘tuberous’ electroreceptors specifically adapted to detect 
EODs. In contrast to ampullary electroreceptors, the 
tuberous receptors are tuned to the higher frequencies 
of the species-typical EOD. Mormyrids have two varieties 
of tuberous electroreceptors, the mormyromasts, used for 
active electroreception of nearby objects, and the Knolle- 
norgans, used for detection of conspecific signals in com¬ 
munication contexts. Gymnotiforms have only a single 
morphological class of tuberous electroreceptor, used for 
both active electrolocation and communication. Some of 
the gymnotiform tuberous receptors are specialized for 
encoding temporal features of the EOD, and others for 
encoding EOD amplitude. In general, tuberous electro¬ 
receptors have higher sensory thresholds than ampullary 
electroreceptors. However, they can encode exquisitely 
small changes in the self-generated electric field, enabling 
active electrolocation. 

During active electrolocation, objects in the water 
within half a body length of an electric fish distort the 
self-generated electric field in ways that can be detected by 
arrays of cutaneous tuberous electroreceptors (Figure 9). 
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Figure 2 (a) Signals of electric fish can be recorded by placing two noncorrosive wires in the water and amplifying the voltage 
differences between them. Electric signals can be visualized on an oscilloscope or heard by playing the amplified signals through an 
audio speaker, (b, c) Gymnotiform pulse fish may produce biphasic EODs by generating two action potentials from each electrocyte. 
The innervated, posterior face fires an action potential (c, left), causing a headward sodium ion flux. These fluxes sum through the 
electric organ (b) producing a positive polarization of the head and a negative polarization of the tail. The anterior, noninnervated face of 
the electrocytes fires an action potential (c, right), causing a tailward flux of sodium ions. The tail becomes positive relative to the head. 
These two phases sum to produce a biphasic EOD (c, center). 


Objects more resistive than the surrounding water produce 
an electric shadow on the skin, whereas objects more con¬ 
ductive than the surrounding water produce electric hot¬ 
spots on the skin. Objects with capacitive properties (most 
living things) phase shift the EOD, distorting the waveform. 
Some electroreceptors respond to these phase shifts. Elec¬ 
tric fish can identify the shape, distance, size, and material of 
a nearby object. They can even tell a small, proximate object 
from a large, distant object. By this means, electric fish can 
see in the darkness of night or in ‘whitewater’ rivers opaque 
with suspended minerals. Electric fish cannot resolve dis¬ 
tant objects with active electrolocation, but they can ‘see’ 
through submerged mud, sand, or root tangles. With similar 
sensory abilities, we would readily view the contents of each 
other’s pockets; we would know whether our friends’ teeth 


have dental fillings and whether those fillings were made of 
acrylic or silver amalgam. 

Electric Communication - Signal 
Production 

If one animal is signaling for its own purposes, active elec¬ 
trolocation for instance, another fish can listen in. If that 
fish is a predator, the signaler has an immediate prob¬ 
lem. Indeed, hostile eavesdropping from electroreceptive 
catfish is believed to have led to the origin of more com¬ 
plex, high-frequency signals that escape detection by catfish 
equipped with ampullary electroreceptors. But gymnoti- 
forms and mormyrids with high-frequency sensitive 
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Figure 3 EOD waveforms can vary considerably, even within a single family. Shown here are EODs from the gymnotiform family 
Hypopomidae. (a) EOD of species in this family may have from one to five phases. Many species were undescribed at the time these 
recordings were made, (b) Even simple biphasic EODs may encode multiple properties. Here the first phase duration is distinctive of 
species, while the second phase duration is distinctive of the sex. 


tuberous electroreceptors can readily detect EODs of other 
fish, opening the channel for electric communication. 

Electric fish use their signals to communicate the 
standard conversational topics that interest most animals: 
identity, sex, aggression, and real estate. That said, most of 
what we know of electric communication derives from 
signal usage, rather than response to EODs. First, each 
taxon has characteristic EOD waveforms. Visually indistin¬ 
guishable mormyrid species may be readily discriminated 
by striking differences in EOD waveform. In many but not 
all taxa, males and females have different waveforms. The 
most common sex difference for males is to discharge at 
lower discharge rates or to produce EOD waveforms with 
lower-frequency spectra (Figure 3), though this pattern is 
reversed in some species. In some taxa, males even alter 
their EODs to shift energy into the spectral band of the 
ampullary electroreceptor system, readily detectable by 
predators. Such signals may prove a male’s quality to pro¬ 
spective mates, as long as he can survive. In those taxa in 
which signal intensities of sexually mature individuals have 
been measured without disturbing them, males appear to 
have stronger intensities than females, another signature of 
a sexually selected communication signal. 


Electric fish alter their temporal discharge patterns in 
the presence of conspecifics (Figure 10). Some taxa gen¬ 
erate characteristic variations in tempos or rhythms that 
serve as electric songs for courtship or intrasexual chal¬ 
lenge. Changes in rate and tempo can be subtle, but when 
played through an audio speaker some of these compound 
signals are obvious to the human ear, often being described 
as chirps, accelerations, rasps, or silences. Absent such 
changes in discharge rate, it can be hard to know whether 
an electric fish is attempting to communicate, since they 
also discharge to electrically image their surroundings. 

These compound signals are most commonly given 
by sexually mature males and appear most frequently 
during social encounters (Figure 10). The structure of 
the compound signals varies with the sex of the fish being 
encountered - some signals are typical of same-sex 
aggressive encounters, while others are given during 
courtship and spawning. Brief silences are used to punc¬ 
tuate communication sequences, contrasting sharply with 
rapid-fire EOD trains. But silences can have just the 
opposite function as well. Weakly electric fish of the 
genus Gymnotus are a preferred food of electroreceptive 
predators, including the electric eel (E. electricus). Upon 
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Figure 4 EODs may be delivered either as individual pulses with significant intervals between EODs, or one directly after another 
with small intervals. Fish with these two temporal patterns are called pulse fish and wave fish, respectively. Power spectra of pulse 
EODs are broad, regardless of discharge rate, whereas those of wave fish are narrow, with discharge rate setting the fundamental 
frequency. For comparison, white noise would generate a power spectrum with equal energy at all frequencies, and a pure tone would 
generate a power spectrum with energy at a single frequency. Shown here are typical EODs of the five gymnotiform families. Members 
of the Apteronotidae produce the highest frequency signals, accomplished with an electric organ (EO) comprised of motor nerve 
axons instead of muscle-derived electrocytes. Among the weakly electric osteoglossiforms (not shown), the mormyrids are pulse fish 
and the sole gymnarchid is a wave fish. 
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Figure 5 During larval development, muscle cells (myocytes, left) fuse to become electrocytes (center). In the process they stop 
expressing contractile proteins and become specialized for electrogenesis. In some species, electrocytes change morphology (right), 
deriving two active faces, which enables them to fire separate and opposing action potentials, making more complex waveforms possible. 
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detecting EODs of electric eels, or even crude mimics in 
the lab, Gymnotus may go silent for minutes at a time: an 
apparent strategy to avoid being detected and eaten. Indi¬ 
vidual females that are not ready to spawn, but find 
themselves confined to an aquarium with a persistently 


Brachyhypopomus pinnicaudatus 
Hypopomidae: Gymnotiformes 
South America 



Figure 6 Gymnotiform and mormyrid electric fishes, the two 
largest groups of weakly electric fish, have different 
morphologies. In gymnotiforms, the electric organ runs the length 
of the body, whereas in mormyrids, electric organ is confined to 
the caudal peduncle. 


amorous male of their own species, will silence their EOD 
entirely for a few minutes, rendering themselves difficult 
for their suitor to locate. Viewed under infrared light, 
which fish cannot see, this scene is amusing to watch - 
the male visibly startles when he suddenly loses track of 
the female he has pursued relentlessly up to that point. 

Electric Communication - Signal 
Detection and Identification 

Mormyrids use their sensitive Knollenorgan electrore¬ 
ceptors to analyze EODs of other individuals. The Knol- 
lenorgans encode the time and polarity of the rises and 
falls of an EOD. Distinctive phase durations and intervals 
thus characterize the mormyrid EODs. Gymnotiforms 
have a special problem in that few can turn off their own 
signal. Imagine the problem of trying to listen to other 
individuals while talking nonstop. Their solution appears 
to be distortion analysis - gymnotiforms take advantage of 
their exquisitely sensitive distortion analysis circuitry to 
analyze each other’s EOD waveforms as distortions of 
their own EOD waveforms. In fact, they should be nearly 
deaf to EODs of other individuals unless they themselves 
are signaling. One exception to this principle would be 
ampullary detection of the small number of fish that 


Evolution of teleost electroreception (ER) and electrogenesis (EG) 
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Figure 7 Electroreception was lost in the modern bony fish lineage Teleostei, then reemerged in two separate lineages. 
Electrogenesis evolved independently in the Gymnarchidae/Mormyridae lineage, the Gymnotiformes (electric knifefishes), and at least 
twice within the Siluriformes (catfish). Electrogenesis emerged in the stargazers (Astroscopidae), which are not electroreceptive. 
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Figure 8 Approximate dynamic sensitivity ranges of the 
ampullary and tuberous electroreceptors. As a general rule, 
ampullary electroreceptors encode lower frequencies and are 
more sensitive than tuberous receptors. 



Figure 9 Electric fish are exquisitely sensitive to distortion of 
their self-generated electric fields. Objects more resistive than 
the surrounding water (‘r’ object on left) produce a ‘shadow’ in 
the electric field detected on the skin, measurable as a reduction 
in field intensity and a phase shift in the waveform. Objects more 
conductive than the surrounding water (‘c’ object on right) 
produce an electric ‘hot spot’ on the skin, measurable as a 
localized increase in electric field intensity. The brains of these 
fish process these localized electric field distortions to determine 
location, distance, size, shape, and material of nearby objects. 


include low-frequency energy in their EODs. At the time 
of writing (late 2008), studies have just begun to emerge 
showing that, as one would expect, mormyrids actually do 
recognize species and sex by the EOD waveform. The 
same has yet to be shown rigorously for many gymnoti- 
forms, though in one study, Gymnotus carapo discriminated 
individual conspecifics by their waveforms. 


Electric Communication - Risky Signals 

Risky behavior is a widely adopted mate-attraction strat¬ 
egy among sexually selected species. Male electric fish of 


a few species produce EODs with energy in the spectral 
sensitivity ranges of both the tuberous and ampullary 
electroreceptors. These dual-spectrum signals are pre¬ 
sumed to attract females. Lab studies have shown that 
these signals definitely attract the unwanted notice of 
predatory catfish and electric eels for which weakly elec¬ 
tric fish constitute a significant fraction of their diet in the 
wild. In the majority of weakly electric fish taxa, the EOD 
has little or no energy in the range of the ampullary 
spectrum. Males of many such species nonetheless can 
briefly modify their signals to produce energy in the 
spectral range of ampullary electroreceptors. Extreme or 
prolonged depolarization of neurons in the EOD control 
center overdrives the electrocytes in the electric organ so 
the resulting EODs are distorted in ways that temporarily 
shift the spectrum. 


Hormonal Regulation 

Sex differences in EOD waveforms are under the regula¬ 
tion of steroid hormones. Over the course of days or 
weeks, androgens alter the discharge rate of pacemaker 
neurons, producing male-typical discharge rates. Estro¬ 
gens exert the opposite effect, causing rate differentiation 
in the female-typical direction. In the wave fish, change in 
discharge rate is matched by a commensurate change in 
pulse duration to maintain an even duty cycle, the ratio of 
signal to silence. 

Many electroreceptors are most sensitive to particular 
parts of the frequency spectrum. These tuning properties 
of the electroreceptors are also under the regulation of 
steroid hormones, so the receptors stay in tune with the 
electric signal to maintain sensory acuity. Interestingly, an 
increase in circulating androgen levels during the breed¬ 
ing season changes the tuning of ampullary electrorecep¬ 
tors in male stingrays to make their passive electrosensory 
system less sensitive to prey and more receptive to the 
bioelectricity produced by passing female conspecifics. 

In some taxa, androgens alter the morphology of the 
electric organ, increasing both the size of the tail and the 
size of individual electrocytes. Within the electrocytes, 
androgens alter gene expression and RNA splicing of 
ion channel subunits to change the discharge waveform 
characteristics at the level of a single cell. 

In about half the gymnotiform taxa, pituitary melano- 
cortins, a family of peptide hormones, remodel the elec¬ 
trocytes in minutes to boost the signal power by as much 
as 300%, or to exaggerate masculine traits in the EOD 
waveforms. Melanocortin actions augment EOD wave¬ 
forms during the night hours, and particularly during 
social encounters when the signal is used to communicate. 
At other times, these fish diminish their EOD waveforms, 
reducing energy expenditure and predation risk. These 
characters change on a circadian rhythm - fish kept under 
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Figure 10 Electric fish can produce complex, compound signals by increasing the rate of discharge until individual EODs diminish in 
size. These signals are given during social encounters. Shown here are two types of complex signals given by the gymnotiform 
Brachyhypopomus pinnicaudatus during courtship and spawning. During the courtship phase, males run their snouts into the females 
and accelerate their discharges (‘acceleration signals’). If the female proves interested, the males leads her to his chosen ovoposition 
site and lowers his basal discharge rate (lowest frequency dots) while giving high-frequency ‘chirps.’ The female deposits eggs, the 
male fertilizes them, and the cycle begins again. Shown here are six such courtship-spawning cycles between a captive breeding pair in 
an aquarium. 


constant light and fed on a random schedule will continue 
to augment and diminish the EOD on a nearly 24 h 
rhythm for days or weeks. 

Ecophysiology of Electric Signals 

Each EOD gives the signaler a brief image of its surround¬ 
ings, just as you would get by closing your eyes tightly and 
taking fast, blinking peeks. Successive EODs allow the fish 
to build up a more detailed image. In the rapidly changing 
environment of a turbulent stream or river, higher dis¬ 
charge rates allow the fish to track moving objects in the 
turbulent currents. Gymnotiform species that inhabit the 
fastest waters of riffles, rapids, and waterfalls may dis¬ 
charge as fast as 1000-2000 EODs per second. In contrast, 
species that dwell in ponds or sluggish rivers, where life is 
slower, may produce only 2-20 EODs per second. Wave 
fish select a fundamental frequency and stick to it for 
hours, days, or even months at a time. To change their 
discharge frequency by more than a few percent, they 
must also change the tuning of their electroreceptors to 
maintain the signal-sensory frequency match without 
losing sensory acuity during active electrolocation. These 
changes are possible, but require slow and careful hor¬ 
monal coordination. Pulse fish, on the other hand, have 
broadly tuned electroreceptors and readily adjust their 


discharge rates without incurring a sensory mismatch. 
Most pulse fish, gymnotiforms and mormyrids alike, dis¬ 
charge at low rates during the day when they are less 
active, and greatly increase their discharge rates at night, 
when they need to track moving objects. 

Even during the day, electric fish continue to dis¬ 
charge. In the field, one commonly sees water snakes, 
herons, and tail-biting fish species hunting in the same 
habitats where electric fish hide during daylight hours. An 
ongoing discharge pattern maintains an early warning 
system. At the slightest disturbance in the water, even a 
puff of wind rustling the emergent vegetation in which 
they hide, the fish increases its discharge rate, thereby 
increasing the temporal and spatial acuity of its active- 
electrolocation sense. 

Physical factors also affect electric fish ecology. For 
example, dissolved oxygen limits which electric fish can 
live where. Wavefish with the highest discharge rates are 
specialists of well-oxygenated moving waters. Most wave- 
fish cannot survive long in low-oxygen conditions. One 
exception is Gymnarchus niloticus , the sole wave discharging 
species in Africa. Gymnarchus is an obligate air breather and 
is emancipated from dissolved oxygen restrictions. Another 
wavefish that survives low-oxygen water is Eigenmannia 
virescens , a Gymnotiform wave species with enlarged gills. 
Beyond those specialists, pulse fish can better withstand the 
daily anoxia that typifies floating meadows, and the episodic 
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anoxic conditions that follow flushing of organic material 
into rivers during flood conditions. Some have speculated 
that pulse fish are specialists of low-oxygen waters, limiting 
their exposure to predatory fish. 

Energetics 

Producing a single EOD has no energetic cost because 
opening ion channels allows sodium and potassium cations 
to flow down their electrical and chemical gradients. The 
energetic cost of electric signaling comes from pumping 
these cations back to the side of the cell membrane where 
they started. Electrocytes thus use ATP to restore the ionic 
gradients typical of a polarized cell. For most weakly 
electric fish, EOD production appears to consume about 
2-4% of their energy budgets. But males of some species 
greatly boost signal power around the time of courtship, so 
that electric signals may consume as much as 25% of their 
energy consumption. 

Biophysical Advantages and Limitations 
of Communicating with Electric Fields 

Electric signals have very different physical properties 
than light or acoustic signals. EODs are not electromag¬ 
netic waves like light, radio, or X-rays, but rather are 
electrostatic fields, such as you would get if you placed 
a battery in water: current flows out one end and in 
the other. Unlike electromagnetic waves, electrostatic 
fields do not propagate. Electric fish approximate electric 
dipoles, at least at a distance. The electric field intensity, 
measured in volts per unit distance (mV cm -1 ), attenuates 
at the reciprocal of the cube of distance from the dipole 
center. This sharp attenuation curve contrasts with sound 
waves, which attenuate through spherical spread at the 
reciprocal of the square of distance. Thus, electric fields 
are useful for communication only within a few body 
lengths of the signaler. Active electrolocation is limited 
by coherence of the image distortion, and thus is useful at 
no more than half a body length. 

Unlike sound, electric fields are not subject to har¬ 
monic distortion or reverberation. In the tropical rainy 
seasons, lightening constitutes the major source of back¬ 
ground noise. If a thunderstorm is raging within 100 km, 
the water is filled with electrostatic noise. Electric fish can 
overcome the background noise through regular repeti¬ 
tion of the EOD (wavefish have mastered this science) or 
by boosting the signal power, the strategy employed by 
mormyrid pulse fish with irregular EOD rates. An inter¬ 
esting hypothesis is that fish can produce irregular dis¬ 
charge rates to hide their signals in the background noise. 
Perhaps mormyrids use irregular discharge rates to make 


themselves less conspicuous to electrosensory catfish. 
Likewise the electric eel may discharge irregularly to 
elude detection as it moves in on gymnotiform prey. 

Special Case of the Electric Eel 

The electric eel {E. electricus) is unique among electric fish as 
the sole species capable of producing either a low-voltage 
or a high-voltage discharge. A mature electric eel can 
protect itself or stun fish prey by delivering a 1-s burst of 
EODs peaking at 600 V with a current of 2 A. The eel’s low- 
voltage EOD, used for active electrolocation and commu¬ 
nication, is a mere 10 V cm -1 , still 10-100 times stronger 
than a typical gymnotiform EOD. Electric eels reach sexual 
maturity at a length of 1 m, and large individuals have been 
reported in the upper Amazon approaching 3 m. 

When the eel detects its small fish prey, it forms its 
body into the shape of the letter C with the prey situated 
in the gap. The high-voltage discharge immobilizes smal¬ 
ler fish, which immediately go belly-up. The eel reverts to 
its low-voltage EOD as it locates the immobile prey and 
sucks them down. 

Electric eels deliver a high-voltage shock at the slightest 
provocation, a memorable experience for any adventurous 
zoologist seeking to experience one of the true marvels of 
the natural world. It seems unlikely that any large predator, 
such as a caiman or anaconda, would persist in attempts to 
eat an electric eel. Even a baby electric eel 10 cm long can 
deliver a painful shock. Like G. niloticus of Africa (also a big 
fish), E. electricus is an obligate air breather. As such it lurks 
near the bottom of shallow, sluggish waters during the day, 
rising to take a breath every few minutes. Local fishermen 
and unwary biologists have stepped on resting eels with 
unpleasant consequences that range from sharp pain to 
heart fibrillation and drowning. 

Other Interests in Electric Signals 

Electric fish are excellent animals in which to explore the 
integration of behavior, neural circuits, neurochemistry, 
and ion channels. Studies of electrosensory systems have 
revealed the neural mechanisms that underlie temporal 
hyperacuity, image processing, background cancelation, 
parallel processing, and network switching. Studies of 
electric organs have improved our understanding of ion 
channels, ion pumps, and evolutionary adaptation of these 
molecules. 

See also: Active Electroreception: Vertebrates; Commu¬ 
nication and Hormones; Electroreception in Vertebrates 
and Invertebrates; Neurobiology, Endocrinology and 
Behavior; Neuroethology: What is it?. 
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Introduction 

Electroreception is an ancient sensory modality, having 
evolved more than 500 Ma, and has been lost and subse¬ 
quently ‘reevolved’ a number of times in various vertebrate 
and invertebrate groups. The multiple and independent 
evolution of electroreception emphasizes the importance 
of this sense in a variety of animal behaviors from different 
habitats, including prey detection, orientation, navigation, 
and the use of bioelectric stimuli in social interactions. 
The detection of weak electric fields has probably 
occurred via two different mechanisms: the induction of 
electrical signals in specialized receptor cells and the 
interactions of magnetite crystals with the earth’s geomag¬ 
netic field. This brief account predominantly concentrates 
on passive electroreception, where the weak electric fields 
produced by other organisms or anthropogenic sources are 
detected using specialized end organs. However, some 
mention will also be made of the use of geomagnetic 
cues in navigation and orientation and the subsequent 
induction of electric fields in some animals. Active elec¬ 
troreception and electrocommunication, which utilizes 
self-generated signals to navigate through electrosensory 
space, will be examined elsewhere in this volume. 


The Evolution of Electroreception 

In vertebrates, electroreceptive sensory structures can be 
broadly categorized into two distinct classes, ampullary and 
tuberous organs, based primarily upon the cellular mor¬ 
phology and shape of the receptor organs and second¬ 
arily on their respective frequency tuning characteristics. 
Ampullary receptors are broadly tuned to low-frequency 
fields (<0.1-25 Hz), while tuberous receptors are tuned to 
higher frequency fields from 50 Hz to over 2 kHz. Thought 
to be a primitive vertebrate character, the ability to detect 
weak electric fields has thus far been found in agnathans 
(lampreys but not hagfishes), chondrichthyans (sharks, 
skates, rays, and chimeras), cladistians (bichirs), chondros- 
teans (sturgeons and paddlefish), a small number of species 
within the osteoglossomorphs (knife fishes), and three 
orders of teleosts: mormyrids (African electric fishes), gym- 
notids (South American electric fishes), and siluriforms 
(catfishes). Within the aquatic realm, electroreception has 
also been found within the sister group of the Actinopterygii 
fishes, the Sarcopterygii, which comprises the dipnoan 


lungfishes and the actinistian coelacanth. Magnetite crystals 
have been localized in the olfactory epithelium in teleosts. 

In contrast to anuran amphibians (frogs and toads), 
urodele amphibians (axolotls, salamanders, and newts), 
and larval members of the Gymnophiona (caecilians) 
also possess electroreception. Amphibian ampullary organs 
are similar to ampullary organs in both teleost and non- 
teleost fishes. To date, there have been no studies showing 
passive electroreception in reptiles and birds although 
some birds are known to detect low-frequency fields via 
the induction of electrical signals in somatosensory recep¬ 
tors and are hypothesized to possess magnetite crystals. 

The monotremes (egg-laying mammals that suckle their 
young) are one of the few groups of mammals to have 
evolved electroreception. Passive electroreception occurs 
in the platypus, Ornithorhynchus anatinus , the echidna, 
Tachyglossus aculeatus , and the long-nosed echidna, Zaglossus 
bruijnii , via cutaneous receptors that are distinctly different 
from those of fishes and amphibians. Therefore, the unique 
morphology of these specialized cutaneous receptors and 
their afferent pathways to the central nervous system may 
reflect this long evolutionary separation and support the 
independent evolution of this sensory modality for a third 
time. The star-nosed mole, Condylura cristata , also shows 
behavioral responses to electric fields, but this is yet to be 
confirmed anatomically and physiologically. 

Only a small group of invertebrates have been found to 
possess the behavioral basis for electro reception. The fresh¬ 
water crayfishes, Cherax destructor and Procambarus clarkii , 
respond to low-level electrical signals of biological rele¬ 
vance by changing their posture and/or activity patterns. 
However, the anatomical basis of the electrical sense in these 
crustaceans is not well known and may be shared with other 
sensory cells. The nematode, Caenorhabditis elegans , is known 
to orient to electric fields by stimulating their amphid 
sensory neurons, whereas electrostatic forces from friction- 
ally charged surfaces alter insect locomotory behavior. The 
cockroach, Periplaneta americana , can detect the presence 
and strength of static electric fields using specialized cells 
within the sensory hair plate of the antennae. 

Structure and Function of Passive 
Electroreceptors 

Vertebrates 

Passive electroreception is generally mediated by either 
ampullary receptors (agnathans, chondrichthyans, teleosts, 
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nonteleosts, and amphibians) or mucous glands (mono- 
treme mammals) (Figure 1). The receptors are superficial 
structures embedded within the dermis and connected 
to the surface by a pore or canal filled with a mucopoly¬ 
saccharide gel (ampullary organ) or mucus (gland). At 
the base of the ampullary canal is an ovoid capsule con¬ 
taining aggregations of receptor cells, each of which 
supplies an afferent axon that projects to the medulla. 
The canal walls are formed by squamous epithelial cells 
joined by tight junctions, which create a high resistance 


(Figure 1(b) and 1(c)). The canals radiate in all directions 
from an ampullary cluster, providing a method of direc¬ 
tionally sampling the electric field surrounding the ani¬ 
mal. The length of the canal changes according to the 
position of the receptors over the head and, in some 
animals, to environmental factors such as osmoregulatory 
constraints and concomitant changes in skin resistance. 

In some aquatic vertebrates, up to 400 ampullary tubes 
radiate from a single cluster. Freshwater fishes have short 
canals and low numbers of receptor cells in comparison to 
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Figure 1 (a) Ventral surface of the hammerhead shark, Sphyrna lewini, showing the large number of the pores of ampullae of Lorenzini, 

which are nonhomogeneously distributed. Photograph kindly provided by L. Litherland. (b) Ampullae (Am) of the sawfish, Anoxypristis 
cuspidata. Note the alveoli are positioned in a grape-like structure (multialveolate type). The nerve (N) extends from the sensory ampulla. 
Photomicrograph kindly provided by B. Wueringer. (c) Schematic representation of a single ampulla of Lorenzini of a rhinobatid 
shovelnose ray. From a somatic pore, the canal extends, widening proximally to an ampullary bulb. The ampulla is formed by several 
alveoli in a grape-like arrangement. The epithelium of adjacent alveoli and the canal is separated by the medial zone. A sensory nerve fiber 
extends from the proximal end of the ampulla. Reproduced from Wueringer BE and Tibbetts IR (2008) Comparison of the lateral line and 
ampullary systems of two species of shovelnose ray. Reviews in Fish Biology and Fisheries “IQ: 47-64, with kind permission from Springer 
Science + Business Media, (d) Diagram of an echidna sensory mucous gland: pop, pore portion of gland; stp, straight portion; dds, 
dermal duct segment; stu, secretory tubule. Sensory nerve terminals (snt) arise from a dermal nerve fiber plexus (dnp). The intraepidermal 
segment of the gland shows a club-shaped enlargement (cbe) of the papillary portion (pp). Here, the sensory nerve terminals penetrate 
the epidermal layer. Reproduced from Proske U, Gregory JE, and Iggo A (1998) Sensory receptors in monotremes. Philosophical 
Transactions of the Royal Society: Biological Sciences 353:1187-1198, with permission from the Royal Society. 
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marine species, which possess long canals and numerous 
receptor cells. One afferent fiber typically innervates each 
organ or cluster of ampullary organs in teleosts in contrast 
to the situation in elasmobranchs, where up to thousands 
of receptor cells within a single alveolus are contacted by 
up to 15 afferent fibers. The sensory epithelium of an 
ampullary organ usually comprises receptor cells bearing 
a single kinocilium, which are surrounded by supportive 
cells that bear numerous stereocilia/microvilli (as found 
in cladistians and dipnoans), although in lampreys, tele¬ 
osts, and chondrosteans, a kinocilium is lacking. There is a 
wide variation in the number and distribution of electro¬ 
receptor organs (Figures 1(a) and 2), ranging from six 
tubules in the rostral organ of the coelacanth, Latimeria to 
75 000 in the paddlefish, Polyodon. 

The sensory cells of gymnophionan ampullary organs 
possess a kinocilium surrounded by microvilli much like 
the sensory cells of ampullary organs in Polypterus. In con¬ 
trast, sensory cells of urodelian ampullary organs possess no 
kinocilium but have numerous microvilli. Electrophysio- 
logical data on adults of other gymnophionan species, that 
is, Thyphloneetes also show a sensitivity within the range 
of electro receptors found in fishes. Unlike almost all anuran 
larvae, larval Ichthyophis kohtaoensis are predators, which 



Figure 2 Dorsal and ventral electrosensory pore maps of one 
representative individual of three species of elasmobranchs. 

(a) Urobatis halleri. (b) Pteroplatytrogon violacea. (c) Myliobatis 
californica. Reproduced from Jordan LK (2008). Comparative 
morphology of stingray lateral line canal and electrosensory 
systems. Journal of Morphology 269: 1325-1339, with kind 
permission from Wiley. 


feed on Daphnia, insect larvae, and tadpoles, where electro¬ 
reception is used to detect and localize larger prey. 

The structures in the skin responsible for the electric 
sense in monotremes (platypus and echidna) have been 
identified as sensory mucous glands with an expanded 
epidermal portion that is innervated by large-diameter 
nerve fibers (Figure 1(d)). The gland consists of a coiled 
tube (closed at its end) lined with secreting cells. The 
secreted mucus represents a low-resistance pathway from 
the skin surface down to the nerve endings in the deeper 
papillary portion of the gland. Afferent recordings have 
shown that in both platypuses and echidnas the receptors 
are excited by cathodal (negative) pulses and inhibited by 
anodal (positive) pulses. Estimates give a total of 40 000 
mucous sensory glands in the upper and the lower bill of 
the platypus (Figure 3), whereas there are only about 
3000 and 100 in the tip of the snout in the two species 
of echidnas, that is, Zaglossus and Tachyglossus , respectively. 
The platypus uses its electric sense to detect electromyo¬ 
graphic activity from submerged prey in the water and for 
obstacle avoidance. The role of the electrosensory system 



Figure 3 Comparison of platypus with paddlefish to show the 
similarity of the paddle-shaped bill organ and rostrum, 
respectively, (a) The bill organ of the platypus (and one of its prey, 
the yabbie, Cherax spp.). About 40 000 electroreceptors and 
60 000 mechanoreceptors form a sensory array that enables the 
capture of small benthic invertebrates, as well as some 
vertebrates such as fishes, without any assistance from vision, 
hearing, or olfaction. Note the numerous pits formed by the 
opening of the mucous gland electroreceptors on the bill; these 
pits are barely visible where they are in sharper focus on the more 
proximal region of the bill, near the eye. (b) Young paddlefish 
attacking the dipole wires as if trying to capture plankton: its 
rostrum is innervated by about 60 000 ampullary electroreceptors 
that enable the capture, using the prey’s electrical discharge, 
of free-swimming invertebrates such as Daphnia. (c) and 
(d) Electroreceptor arrays of dorsal (upper illustrations) and 
ventral (lower illustrations) surfaces of the rostral bill organ of the 
paddlefish (c) and platypus (d). Reproduced from Pettigrew JD 
and Wilkins L (2003) Paddlefish and platypus: Parallel evolution 
of passive electroreception in a rostral bill organ. In: Collin SP and 
Marshall NJ (eds) Sensory Processing in Aquatic Environments, 
pp. 420-433. New York: Springer, with kind permission from 
Springer Science + Business Media. 
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Figure 4 (a) Model for the encoding of extrinsic polar and uniform electric fields by the elasmobranch electrosensory system. Any 
living prey produces a weak polar electric field formed by the differential distribution of charges on (or in) the organism. This creates 
weak potentials (C, -) in the water that surrounds the body of the prey. When the prey approaches, the surface pores of the ampullary 
system sample the field potentials (Vn) across the surface of the skin. The potentials at each pore are conducted to their individual 
ampullae and stimulate sensory neurons (N). In this scenario, the voltage gradient from the prey does not influence the common internal 
reference potential (VREF) at the ampullary cluster (and basal surfaces of receptor cells), and the effective stimulus for all ampullae is 
represented by the voltage drop across the skin. Neural output for each individual ampulla (Nout) is proportional to the difference 
between VREF and the voltage at its associated surface pore (Vn). Reproduced from Tricas TC (2001) The neuroecology of the 
elasmobranch electrosensory world: Why peripheral morphology shapes behavior. Environmental Biology of Fishes 60: 77-92, with kind 
permission from Springer Science + Business Media, (b) A single Daphnia. Upper right panel shows the electric potential from a tethered 
Daphnia measured at a distance of 0.5 cm. The oscillations result from higher frequency feeding motions of the legs and lower frequency 
swimming motions of the antennae. The lower right panel shows the power spectrum of the signal from a single, tethered Daphnia 
showing the approximately 7-Hz feeding frequency as the sharper peak and the broader 5-6 Hz swimming frequency. Reprinted from 
Freund et al. (2002). Behavioral stochastic resonance: How the noise from a Daphnia swarm enhances individual prey capture by 
juvenile paddlefish. Freund JA, Schimansky-Geier L, Beisner B, et al. (2002) Behavioral stochastic resonance: How the noise from a 
Daphnia swarm enhances individual prey capture by juvenile paddlefish. Journal of Theoretical Biology 214: 71-83, with permission 
from Elsevier, (c) Response of the freshwater crayfish Cherax destructor to different voltages of a step function. Points are the total 
number of responses for all animals in each test (out of 40, 30, 40, 50 stimuli presentations for the curve, crayfish, tadpole, and fish 
signals, respectively). Responses to electrical signals from swimming animals are indicated by the animal icons. Waveforms shown 
beneath for C. destructor (left), C. carpio (middle), and Rana sp. (right): the top signal of each is the recorded swimming signal, the lower 
signal is the analog. Time scale bar: lower right is 1.5 s for the tadpole and 100 ms for the other two signals. Inset: lower right is C. 
destructor. The body and labeled appendages were monitored for movement changes. Reprinted from Patullo BW and Macmillan DL 
(2007) Crayfish respond to electrical fields. Current Biology 17: R84-R85, with permission from Elsevier. 


in the echidna has not yet been established but is thought 
to be able to detect (1) the presence of weak electric fields 
in water, and (2) moving prey in moist soil. 

Invertebrates 

There have been no morphological analyses of cells, 
which preferentially respond to weak electric fields in 
invertebrates. However, in a study on the crayfish, Pro- 
cambarus clarkii , chemo- and mechanoreceptive neurons 
concomitantly revealed responses to electric fields that 
initiated behavioral changes in activity (touches, grabs, 


and tugs at electrodes) when subjected to an electric 
field. Similarly, the fine structure of electroreceptors in 
cockroaches has not been described. However, the anten¬ 
nae in cockroaches are known to move in response to 
static electrical fields and the imposed deflection is abol¬ 
ished after the antennae are removed at the head-scape 
joint. Therefore, it appears that specialized receptors for 
the detection of electric fields may not be present. How¬ 
ever, the influences of electric fields on long antennae and 
the behavior mediated by scape hair plates underpin the 
avoidance evoked by cockroaches confronted with static 
electric fields. 
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The Role of Passive Electroreception 
in Behavior 

In aquatic environments, ampullary organs are used to 
detect animate and inanimate electric fields by measuring 
minute changes in potential between the water at the skin 
surface and the basal surface of the receptor cells. Epider¬ 
mal pores and the jelly-filled canals comprising each elec¬ 
troreceptor organ ensure that the potential within the 
ampullary lumen is the same as that at the surface. The 
hair cells of each receptor act as voltage detectors and 
release neurotransmitter onto the primary afferent neu¬ 
rons according to the difference between the basal and 
apical potentials. The primary afferent neurons encode 
stimulus amplitude and frequency information that is 
sent to the brain, where a sophisticated set of filter 
mechanisms are used for extracting the weak electrosen- 
sory signals from a much stronger background noise, pre¬ 
dominantly created by the animal’s own movements. As 
each ampulla functions independently, the distribution 
of the ampullary organs on the body surface provides 
information about the electric field’s intensity, its spatial 
configuration, and possibly the direction of its source 
(Figure 4(a)). The behavioral relevance of this level of 
sensitivity was uncovered in a series of experiments 
involving both experimental and free-living elasmo- 
branchs, which induced feeding responses toward either 
buried fish or a pair of buried electrodes, that could not 
otherwise be detected using other sensory modalities. 

The high sensitivity of electroreceptors allows some 
species to localize prey by detecting the very faint potentials 
associated with the ionic leakage of the gills (modulated by 
ventilatory movements) of buried teleosts. Crustaceans pro¬ 
duce higher bioelectric fields (lOOOpVcm -1 ) (Figure 4 
(b)). Ampullary organs respond to DC or low-frequency 
electric fields, for example, 1-8 Hz in elasmobranchs and 
6-12 Hz in silurid teleosts. Sensitivity thresholds vary across 
taxa: 0.1 pV cm in lampreys ( Lampetra tridentata ), 5 nV 
cm -1 in elasmobranchs, and 5nVcm -1 in marine teleosts 
and 1 pV citC 1 in freshwater teleosts. 

A theoretical mechanism in which sharks or rays pro¬ 
cess directional information in the immediate vicinity of 
an electrical field has been suggested. This approach 
algorithm predicts that as an animal enters a local electric 
field, that is, emanating from potential prey, it corrects its 
swimming course to keep the angle between its rostro- 
caudal body axis and the detected electric field constant. 
It is suggested that this behavior is independent of the 
angle of approach, the polarity of the prey’s field, changes 
in the strength and the direction of the field, and the 
position of its source. 

The paddlefish, Polyodon spathula , possesses a rostrum 
that is adorned with ampullary electroreceptors, which 
act as an antenna (Figure 3(c)). The rostrum is consid¬ 
ered a sensory device with sufficient sensitivity to detect 


the electric fields of planktonic prey with a sensitivity 
threshold of 10 pV cm -1 , a considerably higher sensitivity 
than the sensitivity of individual electroreceptors. Paddle¬ 
fish use this rostrum to laterally strike at planktonic prey 
using its electric sense passively without the use of visual, 
chemical, and hydrodynamic senses at distances of 
8-9 cm. Higher concentrations of receptors along the 
edges of the rostrum and its saccade-like motion through 
the water may serve to enhance prey detection by increas¬ 
ing the width of the electrical scan field. 

In the axolotl, Ambystoma mexicanum , gill beat frequency 
increases and feeding behavior is elicited in the presence 
of an electrical field. A pair of electrodes hidden in the 
substrate is excavated in response to a threshold voltage of 
10 pV cm -1 with more reliable responses elicited above a 
voltage of 25 pV cm - . Studies with other amphibians 
(larvae of Salamandra salamandra and adult aquatic Triturus 
alpestris) also behaviorally demonstrate the capacity for 
prey detection by electroreceptors in other species within 
the urodeles. Although the threshold sensitivity of single 
fibers of the anterior lateral line nerve to square pulses of 
0.5 s is found to be 100 pV cm” or less (not an extremely 
high sensitivity), for single afferent fibers this is quite 
adequate to justify the conclusion of electroreception. 

Much like the rostrum of the paddlefish, the bill of the 
platypus also possesses electroreceptors arranged in para¬ 
sagittal stripes alternate with stripes of mechanoreceptors 
(Figure 3(a) and 3(d)). The role of the electroreceptors is 
to find submerged prey as the bill probes the substrate 
with characteristic side-to-side movements. This is an 
important sense for the enigmatic platypus since the 
eyes, ears, and nostrils are all closed in water. The bill 
acts somewhat like an antenna, where the electrical field 
decay across the bill can be used to locate crustaceans by 
temporally integrating volleys of signals. A maximal sen¬ 
sitivity of 50pVcm _1 has been recorded. Interestingly, 
behavioral thresholds are one to two orders of magnitude 
below the physiological thresholds recorded from the 
peripheral electroreceptors. 

Like the platypus, the star-nose mole is semiaquatic 
and fossorial, and probes the substrate for live worms and 
crustaceans using lateral head movements. Its nose is 
adorned with highly tactile (short and long) rays, which, 
along with the head, are extremely mobile during prey 
localization. Although the structural basis for electrore¬ 
ception has not yet been confirmed, these mammals 
appear to respond behaviorally to electrical fields. How¬ 
ever, further conclusive evidence is required in order to 
isolate the responses of electroreceptors and confirm this 
species as being the first example of a eutherian mammal 
to possess electroreception. 

The behavioral experiments carried out in freshwater 
crayfish reveal that at least one group of invertebrates 
can respond to DC and low-frequency electric fields 
(Figure 4(c)). However, behavioral thresholds to electric 
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fields vary between C. destructor (3—7 mV cm l ) and Pro- 
cambarus clarkii (20 mV cm -1 ), which could be attributed to 
either the different behaviors analyzed in the two studies 
and/or electric field shape. Despite these differences, these 
behavioral thresholds are extremely high compared to 
typical fields of animate and inanimate objects found 
within the natural environment of these species. 

Cockroaches exhibit a clear avoidance of electric fields 
at applied electrode voltages over 1 kV, which is equiva¬ 
lent to a modeled electric field strength of 8-10 kV m _1 . 
Behavioral experiments in both flies ( Drosophila) and cock¬ 
roaches ( Periplaneta ) show that electric fields can be 
detected in both species and that the information is used 
to evoke an escape response. With an ‘avoidance threshold’ to 
a static electric field strength of 8-10 kV m -1 , cockroaches 
change their behavior in response to a variety of anthropo¬ 
genic electric fields such as those produced by high-voltage 
wires and household appliances. Although there is some 
doubt about whether the electric sense is used in nature, it 
seems counter intuitive to assume that the ability to detect 
weak electric fields is not found throughout the animal 
kingdom and that with further research, more examples of 
electroreceptive invertebrates will be uncovered. 

Spatial Distribution of Electroreceptors 
and Localization of Prey 

Many large electroreceptive species show a wide variation 
in receptor number and distribution, reflecting differ¬ 
ences in habitat and feeding strategy rather than being 
constrained by phylogeny (Figure 2). This is especially 
relevant for elasmobranchs, which possess a range of body 
forms; skates and rays are dorsally compressed, while the 
body form of sharks is more conical. The distribution of 
pores over the head of skates and rays is most sensitive to 
the horizontal component of an electric field, while the 
pores in sharks are able to provide sensitivity in three 
dimensions. The spatial differences in the density of 
ampullae have been examined in 40 species of skates. 
Species that feed predominantly on benthic invertebrates 
possess high densities of pores on their ventral surface, 
especially around the mouth, providing a greater resolu¬ 
tion for locating, manipulating, and ingesting prey exca¬ 
vated from the substrate. On the other hand, skates that 
feed on more mobile fish prey possess low pore densities, 
where the need for increased resolution is not as critical 
and may be concomitantly mediated by the visual system. 
Hammerhead sharks (Sphrynidae), with their unique 
cephalofoil head morphology, constitute an intermediary 
between the flattened disk of skates and rays and the 
conical head shape of pelagic carcharinids. Sphyrnids 
possess a higher number of pores on the ventral surface 
of the head, while the sandbar shark Carcharhinus plumbeus 
possesses an even distribution over both the dorsal and the 


ventral surfaces of the head. Recent research in the lesser 
spotted catshark, Scyliorhinus canicula , reveals that the 
electroreceptors are derived from neural crest cells, and 
their distribution is, at least partly, determined by specific 
developmental signaling processes. 

The omnihaline bull shark, Carcharhinus leucas, pos¬ 
sesses an uneven distribution of ampullary pores over 
the dorsal and the ventral surfaces with a higher density 
of ampullary organs in the anteroventral areas of the head. 
This suggests a high dependence on electroreception in 
the capture of fish and other prey in the dark, murky 
waters characteristic of many coastal estuaries and 
riverways. 

The sensory mucous glands of the platypus are also 
nonhomogeneous and are distributed over the inner 
and the outer surfaces of the bill of both the upper 
and the lower jaws, and on the front surface of the 
shield (Figure 3(c)). Each gland is supplied with up to 
30 myelinated sensory axons. A total of 30 000-40 000 
mucous sensory glands are innervated by an estimated 
380 000-640 000 stem axons. The maximal sensitivity of 
50 pV cm - mentioned earlier is attained approximately 
80° from the rostral pole of the bill and 20° down, indicat¬ 
ing that information from the edge of the bill is important 
to the platypus as it searches the substrate for prey. Sensi¬ 
tivity of the animal to a stimulus varies over two orders of 
magnitude from the preferred orientation. Given the large 
difference in the spatial distribution of mucous glands, the 
head saccade behavior of the platypus helps to locate the 
direction of a stimulus using reorientation of the head to 
present the most sensitive part of the bill to the stimulus. 
In contrast, the sensory mucous glands in the echidna are 
all crowded into the tip of the snout and comprise a small 
fraction of the population of axons in the trigeminal 
nerve. The number and distribution of electroreceptors 
in the two species of echidna studied thus far suggests that 
electroreception is not as important as in the platypus. 

Irrespective of the location and spatial resolution of 
the ampullae/mucous glands, the electrosense is only a 
short-range sense for prey detection with the ability to 
detect both AC and DC bioelectric potentials at close 
range (at least for marine elasmobranchs) and is most likely 
augmented by visual, chemoreceptive, and mechanorecep- 
tive input in localizing and successfully capturing the prey. 

Passive Electroreception in Different 
Aquatic Environments 

Several studies have revealed that the sensitivity of pas¬ 
sive electroreception of low-frequency bioelectric fields 
emanating from prey may vary enormously in a range of 
different aquatic environments. Canal length varies sig¬ 
nificantly in the ampullary organs of saltwater and fresh¬ 
water vertebrates and is thought to be an adaptation for 
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adjusting sensitivity. The long canals of elasmobranchs 
enable low-frequency electric fields to be virtually unat¬ 
tenuated because of the high resistance of the canal walls 
and the low resistance of the jelly core. Marine ampullary 
receptors enhance sensitivity to voltage gradients since 
there is a relatively small transepidermal voltage differ¬ 
ence due to a low skin resistance relative to salt water. 
In contrast, the skin resistance of freshwater ampullary 
receptors is very high, due to its role in osmoregulation. 
Since the skin has a much larger resistance than the 
internal tissues, a long canal is unnecessary, where a 
more ‘superficial’ organ will detect a large voltage drop. 
Despite the two methods of measuring potential differ¬ 
ences, marine elasmobranchs are sensitive to voltage gra¬ 
dients of at least 5 nV cm -1 , while freshwater rays, that is, 
Potamotrygon circularise are sensitive to gradients between 
50 and 100 pV cm -1 . Similarly, some marine catfish are at 
least one order of magnitude more sensitive (0.08 pV 
cm -1 ) than some freshwater teleosts (1 pV cm -1 ). 

The effects of habitat salinity also have influence on 
the structure of the ampullary organs in teleosts, which 
are reduced to ‘microampullae’ in freshwater plotosid 
catfish, that is, Plotosus tandanus. These microampullae 
consist of short canals (50 pm in length) and contain low 
numbers of receptor cells (10-15) and appear different to 
the ampullary organs described for marine Plotosus angu- 
illaris, which are characteristically defined as resembling 
the ampullae of Lorenzini in elasmobranchs. In contrast, 
the canals of the ampullary organs in P anguillaris measure 
in centimeters and the ampullae include hundreds of 
receptor cells. Similarly, elasmobranchs such as the bull 
shark, C. leucas , which migrate between saltwater and 
freshwater rivers also possess differences in receptor types 
and therefore the ability to detect bioelectric fields. 
Although the average number of ampullary organs (2052) 
found in juvenile C. leucas is in agreement with the charac¬ 
teristically high numbers of organs in other carcharhinids, 
juvenile C. leucas collected from freshwater reaches of the 
Brisbane River in Australia possess ampullae of Lorenzini 
that differ morphologically from those previously described 
for marine elasmobranchs. These structural differences 
may allow the ampullae to function more effectively in 
freshwater habitats by shunting a portion of the electrical 
signal passing through the ampullae. A similar ecomor- 
phological difference has also been described for the 
ampullae in the freshwater stingray, Himantura signifer. 
These ‘miniampullae’ are relatively simple with a short 
canal and a reduced sensory epithelial surface area and 
are presumably adapted for operating in a freshwater 
environment. 

A recent study of electrosensitivity in the euryhaline 
Atlantic stingray, Dasyatis sabina , reveals that sensitivity to 
electric fields is significantly reduced in freshwater. In 
order to elicit a feeding response, stingrays tested in 
freshwater required an electric field 200-300 times 


greater than stingrays tested in brackish and saltwater 
environments and the maximum orientation distance is 
reduced by 35.2%, from 44.0 cm in brackish and saltwater 
environments to 28.5 cm in freshwater. 

In addition to differences in canal length, receptor struc¬ 
ture, and topographic arrangement in species that frequent 
both saltwater and freshwater, the associated changes in 
temperature and the ionic composition between the two 
environments may also have effects on sensitivity. Electro- 
physiological recordings show that the sensitivity of the 
apical microvilli in freshwater catfish, Ameiurus nebulosus , is 
reduced by 80% when exposed to a hyperosmotic solution. 
Discharge rates of ampullae of Lorenzini appear to be 
temperature sensitive over a wide physiological range, 
where sensitivity appears to increase as the temperature 
rises, providing a potential for the electric sense to be useful 
as a biomonitoring system for water pollution. 

3k comparison of 40 skate species, ranging from depths 
of 63-2058 m reveals that both the number of alveoli and 
the overall size of the ampullae increase significantly with 
depth. This trend suggests that species inhabiting deeper 
regions of the water column, where sunlight may fail to 
penetrate, possess higher numbers of receptor cells and 
may rely more heavily on electroreception in this rela¬ 
tively prey-depauperate environment. The depth-related 
modifications to the ampullae in the deep-sea skate, Raja 
radiata , are mostly restricted to the mouth region (along 
the superficial ophthalmic and mandibular clusters), empha¬ 
sizing the importance of prey localization. An increase in the 
number of alveoli and ampulla size in this region would 
enhance both receptor sensitivity and the signal-to-noise 
ratio, thereby mediating the perception of a slightly weaker 
bioelectric field than its shallow water counterparts. The 
resultant reduction in the signal-to-noise ratio may also 
allow these deeper dwelling species to search for prey higher 
in the water column and hence cover a greater area per unit 
time. Interestingly, the region of the dorsal nucleus in the 
medulla that receives input from the superficial ophthalmic 
ampullae occupies a disproportionately large input (40%) 
than ampullae from other clusters. 

Echidnas probe subterranean nests for prey and become 
particularly active after rain. They appear to probe the soil 
in an exploratory fashion with their nose and may dig 
furiously to expose a moving beetle or caterpillar. It is 
suggested that the movements of prey generate short- 
range electric fields, which are detected by the electrore¬ 
ceptors in the snout tip. However, since the number of 
mucous glands in echidnas is so low, electroreception can¬ 
not always provide a reliable method of locating food. 

The Detection of Potential Predators 

The selection pressures to evolve elaborate mechanisms 
for the detection of potential predators are always intense 
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Figure 5 (a) Little skate, Raja erinacea, aroused by food odor, orienting to a DC dipole electrical field of 0.2 j.iV cm -1 at the perimeter of 
the test area (20 cm from electrodes buried in the sand). Images from video frames are in left to right order, (b) Mating stingrays, 
Urolophus halleri, in shallow water of the Sea of Cortez orient to a buried plastic model during playback of the low-frequency bioelectric 
field recorded from a female. Males approach, explore, and sometimes dig up buried models (as they do actual females) in an attempt to 
mate. Females also locate and approach the model and often bury next to it. (c) Diagrams illustrating motional electric fields available to 
elasmobranchs for navigation in the ocean. Large-scale fields associated with ocean streams may be used by the fish to set a heading 
with respect to the stream (passive mode), or the fish’s own swimming movements within the earth’s magnetic field create fields whose 
polarity and intensity depends on the fish’s compass heading and velocity (active mode). Bh, Bv, earth’s magnetic field horizontal, 
vertical vector; V, velocity vector. Reproduced from Bodznick D, Montgomery JC, and Tricas TC (2003). Electroreception: Extracting 
behaviorally important signals from noise. In: Collin SP and Marshall NJ (eds) Sensory Processing in Aquatic Environments, 
pp. 389-403. New York: Springer, with kind permission from Springer Science + Business Media. 


especially early in development (Figure 5). However, only 
a few examples exist that illustrate the importance of 
electroreception in predator avoidance than in elasmo¬ 
branchs. Elasmobranch embryos, pups, and juveniles are 
particularly susceptible to predation. Embryos of egg-lay¬ 
ing elasmobranchs are naturally predated upon by teleosts, 
other elasmobranchs, and marine mammals. At this early 
stage in development, the stimulus invoking a predatory 
attack is induced by the embryo circulating water around 
the egg case alerting potential predators, which presumably 
use their mechanoreceptive lateral line to localize these 
stationary delicacies. Predation is potentially avoided by 
ceasing all ventilatory streaming, a freezing behavior eli¬ 
cited by the embryo’s electrosense, which responds to sinu¬ 
soidal electric fields between 0.5 and 1 Hz. This frequency 


band corresponds to the ventilatory pulses produced by 
large predators. 

Pups and juvenile elasmobranchs also possess increased 
sensitivity (five times that of embryos) due to an increase in 
the ampullary canal length brought about by a twofold 
increase in disk size as in the skate, Raja erinacea , for example. 
This relationship between canal length and voltage sensitiv¬ 
ity enhances the ability of these vulnerable stages to detect 
potential differences between the skin surface and the inter¬ 
nal ampullary cluster in order to avoid predation. In the 
catfish, Clarias gariepinus, an increase in the number of ampul¬ 
lary receptors forms the basis of nearly a fourfold increase in 
sensitivity during the first four months of development, 
thereby providing a finer spatial resolution for the detection 
of an electrical stimulus in the form of a potential predator. 
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The Role of Bioelectric Stimuli in Social 
Behavior 

The sensory specializations of peripheral electrosensory 
receptors enable prey detection by stimulation of individ¬ 
ual ampulla by bioelectric stimuli at close range. Although 
few studies have concentrated on the role of electrorecep¬ 
tion on behavior, some studies in elasmobranchs have 
revealed that weak bioelectric fields can provide the stim¬ 
ulus for the localization of mates and conspecifics. By 
modulating the ionic potentials produced by the spiracles, 
mouth and gill slits during ventilation, buried female 
round stingrays (Urolophus halleri) can be located by 
actively searching males in the absence of any other 
sensory cues. Female rays also use this weak stimulus to 
locate buried consexuals (Figure 5(a) and 5(b)). This 
ability is mediated in both skates (which can also encode 
the weak electric organ discharges produced by conspe¬ 
cifics during social and reproductive interactions) and 
stingrays, such as the Atlantic stingray, D. sabina (which 
do not possess electric organs for communication). The 
primary afferent neurons are most sensitive to stimuli that 
vary sinusoidally at the same frequency as the natural 
respiratory movements. 

The Role of Electroreception in Migration 
and Geomagnetic Orientation 

Behavioral studies have demonstrated that a range of 
animals, including representatives of all five vertebrate 
classes, are able to sense the earth’s magnetic field and 
use it as an orientation cue while migrating, homing, or 
moving around their habitat. Relatively little is known, 
however, about the physiological mechanisms that under¬ 
lie this sensory ability with numerous hypotheses pro¬ 
posed including processes mediated by electromagnetic 
transduction, a magnetite-based detection system, mag¬ 
netic effects on melanophores, a physicochemical mecha¬ 
nism of optical pumping, and chemical reactions to 
provide a physiological magnetic compass. Yet despite 
these theoretical analyses, little direct neurobiological or 
anatomical evidence exists to support any of the proposed 
mechanisms. In no case yet have primary magnetorecep¬ 
tors been identified with certainty. 

Some animals are known to regularly migrate over 
short and long distances, where individuals return to 
favorable environmental conditions and/or a preferred 
habitat over a range of time frames. On a macroscale, 
white sharks, Carcharodon carcloarias , are able to migrate 
up to 3800 km, showing a bimodal preference for depths 
of 0.5 and 300-500 m. On a microscale, some species 
migrate in and out of a region with changes in daily 
tidal flow or light-dark cycles, while others exhibit some 
sort of homing behavior, returning to particular regions 


on an annual or seasonal basis. These types of behaviors 
may be considered directed migrations, but true naviga¬ 
tion or the ability of an animal to know its position in 
relation to some specific destination has not been demon¬ 
strated convincingly in elasmobranchs. However, a num¬ 
ber of studies showing highly directional swimming 
suggest that these animals must be able to sense and 
react to a number of environmental factors, such as light 
irradiance, temperature, and directional landmarks such 
as ridges, valleys, and even the sun. Many of these orien¬ 
tational behaviors over long distances may not necessarily 
involve the electroreceptive sense (although it is often 
implicated) but may involve visual, olfactory, and/or lat¬ 
eral line input. 

It is postulated that the electroreceptive system is the 
basis for geomagnetic orientation in elasmobranchs and 
possibly other animals. In the ocean, sharks and rays are 
exposed to electric fields resulting from two sources. 
(1) Electric fields produced by their own motion through 
the water in the presence of the earth’s magnetic field, 
where the horizontal component of the animal interacting 
with the horizontal component of the magnetic field 
produces a vertical electromotive field and (2) electric 
fields associated with ocean streams and ionospheric circu¬ 
lation, where animals are thought to use the horizontal 
electric field produced by the interaction of the horizon¬ 
tal movement of the ocean stream with the vertical com¬ 
ponent of the earth’s magnetic field. Type 1 fields may 
provide ‘active electro-orientation,’ where an animal 
could maintain a heading by avoiding any change in the 
electric field induced by a change in direction through 
the horizontal component of the earth’s magnetic field. 
Type 2 fields may provide ‘passive electro-orientation,’ 
where an animal may ascertain its course, for example, 
its current speed and direction, by detecting the voltage 
induced by the motion of saltwater through the vertical 
component of the earth’s magnetic field. 

Ampullae of Lorenzini are considered unable to mea¬ 
sure DC voltages and the induced voltage due to water 
flow in the ocean is not uniquely interpretable in terms of 
the speed and direction of flow at the point where the 
electrical measurement is made (Figure 5(c)). A recent 
theory suggests that the electric sense is used to deter¬ 
mine a compass bearing as it swims by comparing the 
inputs of both the electroreceptors and the hair cells in 
the semicircular canals. According to this theory, the 
directional cue is the directional asymmetry of the change 
in induced electroreceptor voltage during turns. 

Other studies suggest that the directional movement 
patterns tracked by some sharks are due to a type of 
‘topotaxis,’ an orienting behavior to boundaries between 
different geomagnetic levels in sea-floor magnetization. 
The tracks made by some species of pelagic sharks actu¬ 
ally match topographic features such as ridges and valleys, 
where at 100 m above the sea floor, geomagnetic intensity 



620 Electroreception in Vertebrates and Invertebrates 


is known to vary by 1400 nTm -1 over a distance of 1 km. 
While sharks basking at the surface would swim in a 
straight line, while orienting to the earth’s main magnetic 
field, individuals were shown to swim up and down in the 
water column would swim along more tortuous paths, 
orienting to local magnetic topography. Therefore, these 
sharks may possess a method of tracking according to 
geomagnetic intensity. Minerals such as oxides of iron 
and titanium in the earth’s crust form patterns in associa¬ 
tion with seamounts and bands, providing the ability to 
detect geomagnetic gradients in sea-floor magnetization. 
A robust behavioral assay has recently been determined to 
reveal whether sharks detect magnetic fields and to mea¬ 
sure their detection thresholds. Captive sharks are 
conditioned by pairing activation of an artificial magnetic 
field with presentation of food over a target. Conditioned 
sharks subsequently converge on the target when the 
artificial magnetic field is activated but no food reward 
is presented, thereby demonstrating that they are able to 
sense the altered magnetic field. 

How could this gradient be detected? The electrosen- 
sory system is certainly a candidate where deposits of 
magnetic minerals or simply different bottom types may 
produce both local and regional electric fields that could 
facilitate orientational cues. However, an alternative mech¬ 
anism may be mediated directly via a magnetite-based 
sensory system. Although single domain magnetite is not 
yet described in elasmobranchs, magnetite crystals have 
been identified in teleosts, where they lie within the olfac¬ 
tory epithelium. Using confocal microscopy, magnetite- 
containing cells in the nose of the trout are innervated by 
the ros V nerve, which is one branch of the fifth cranial 
nerve (the trigeminal). Electrophysiological recordings 
from this nerve have revealed units that respond to mag¬ 
netic stimuli consisting of abrupt changes in field intensity. 

Static geomagnetic fields have also been shown to 
affect the navigation abilities of birds, although magnetite 
crystals have again not been identified. Electrophysiolog¬ 
ical and behavioral data suggest the existence of two 
separate magnetoreceptor systems in birds. The first sys¬ 
tem, which is associated with the visual system, may 
provide directional (compass) information and is based 
on a series of chemical reactions. A retinal-based bio¬ 
chemical reaction takes place where the subsequent spin 
of electrons is affected by subtle changes in magnetic 
gradients. A subsequent reaction between a photoreceptor 
protein called ‘cryptochrome’ and oxygen produces a 
complicated entanglement of scattered electrons, which 
spin in different ways and are affected by changes in the 


earth’s magnetic field. The second system is theoretically 
based on magnetite and is associated with branches of the 
trigeminal nerve. Therefore, birds might detect features of 
the earth’s field in two different ways that can be used in 
assessing geographic position (map information). 

See also: Active Electroreception: Vertebrates. 
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Introduction 

Social cognition is a complex and multifaceted topic 
that can be broadly defined by what individuals know 
about their social environment. This knowledge can be 
defined and studied at many different levels, ranging from 
straightforward questions about social perception (how 
individuals recognize one another) to higher-level cogni¬ 
tive questions (what individuals know about minds of 
others - a concept called theory of mind). Human studies 
have focused on this latter view and as such, social cogni¬ 
tion has become synonymous with theory of mind. Such 
an approach, however, is difficult for comparative studies 
because theory of mind cannot be directly measured using 
an observable behavioral analog. This article will focus on 
another critical, but often understudied, aspect of social 
cognition: how individuals visually communicate using 
facial expressions. It will review early ethological studies 
of primate facial expressions and their function in com¬ 
municating motivational tendencies. It will describe how 
chimpanzees perceive and process facial expressions 
and will suggest similarities between some facial emotions 
in humans and chimpanzees. The goal is to provide 
an understanding of social cognition based on the inter¬ 
actions that occur between individuals in their social 
environment. 

Social Cognition in Non-human Primates 

The Psychological Approach 

Most studies of social cognition in humans and other 
animals have taken a very high-level cognitive focus, ask¬ 
ing specifically what individuals know about the intentions 
and beliefs of others - a concept referred to as theory of 
mind. This psychological perspective on social cognition 
implies that individuals are able to understand the mental 
states of others and then use this information to make 
predictions about future events. Humans do not achieve 
this skill until they are around 4 or 5 years old, well after 
the onset of basic language skills, as evidenced by the false- 
belief task. In this task, children have to answer a simple 
social puzzle by taking the perspective of the main char¬ 
acter; for example, they are asked how this character will 
respond in a particular situation. Because solving the task 
requires this verbal instruction, the false-belief task has yet 
to be adapted for use with nonverbal organisms, such as 
non-human primates. 


Instead, studies of social cognition in non-human pri¬ 
mates have almost exclusively put animals in a situation 
where a dominant and subordinate individual compete for 
a food reward. In a typical setup, the subordinate chim¬ 
panzee will only attempt to access food when the domi¬ 
nant cannot, or has not, seen it. In these experiments, the 
measurable outcome is the proportion of trials in which 
the subordinate successfully takes the food, and the inter¬ 
pretation presumes that the subordinate knows what the 
dominant can and cannot see. Although the data from 
these studies are intriguing, their interpretation relies 
heavily on unobservable processes that lend chimpanzees 
the ability to mentally represent what others know, thus 
predicting how they will act, and then altering their own 
behavior accordingly. However, the ability to understand 
social behavior and respond flexibly to these complex and 
often unpredictable interactions, while being a hallmark 
of primate sociality, is not always best explained by high- 
level cognitive interpretations. Perhaps more importantly, 
by narrowly focusing on theory of mind as the standard 
for studying social cognition, researchers overlook other 
important social skills, such as visual communication, that 
are necessary for primates to navigate their social worlds. 
This is not to say that animal researchers should abandon 
their studies of theory of mind. On the contrary, it only 
suggests that this approach is not the only lens through 
which social cognition and social interactions should be 
studied in other species. 

An Alternative, Behavioral Approach 

The ability of non-human primates to navigate their 
complex social environment depends on a series of basic 
social skills. Individuals must, for example, be able to 
recognize each other and their relationship history: 
whether they are familiar or unfamiliar, relative or friend, 
alliance partner or rival, etc. These relationships are not 
only recognized with regard to oneself, but individuals 
must also be able to recognize and monitor the changing 
dynamics of each other’s social relationships. To keep 
track of these relationships, individuals recognize specific 
behavioral patterns and social cues, how these cues are 
used, and their meaning within different social contexts. 
Importantly, individuals must effectively communicate 
their motivations, intentions, and emotions in ways that 
maximize their own benefits within the social community. 
Therefore, important building blocks for social cognition 
are a number of innate and acquired skills that visually 
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orient individuals to meaningful social cues, such as faces, 
which enable the recognition of specific individuals, and 
facial expressions, which enable social communication 
and the expression of emotion. 

While it is extremely unlikely that this type of social 
complexity could be explained by a series of innate or 
learned stimulus-response contingencies (e.g., cue x 
means y and only y), there is also little justification for 
imposing more high-level, cognitive explanations that 
invoke unobservable mental states. Moreover, some have 
argued that the attention focused on social cognition as a 
high-level, mentalistic ability, like theory of mind, only 
reflects our own inherent Cartesian biases about how the 
brain affects behavior. Just because primates live in social 
groups and have large brains does not confirm the pres¬ 
ence of selection pressures to drive the evolution of 
advanced socio-cognitive strategies and counter-strate¬ 
gies, for example, the evolution of mentalizing, nor does 
it negate the fact that, in most cases, complex behavior can 
be explained by simpler rules. It has been argued, for 
example, that individuals (chimpanzees) can engage in 
seemingly complex social interactions by detecting regu¬ 
larities in ongoing behavior and then forming more 
abstract concepts, or general heuristics, from those beha¬ 
viors. For example, witnessing conspecifics rapidly orient¬ 
ing, through both gaze and posture, to a specific location 
can lead to a general heuristic about the presence of 
something important at that location, not and presumption 
that those individuals know what is there. Ultimately, the 
behavioral approach allows social cognition to be studied 
in terms of observable, distributed events, like the use of 
facial expressions during social interactions, rather than 
unobservable, private ones. This type of behavioral flexi¬ 
bility is a defining feature of primate social complexity 
and is particularly relevant for emotional communication, 
as will be described later. 

Facial Expressions in Primates 

Early ethological studies in non-human primates catalo¬ 
gued facial expressions in terms of their appearance, ante¬ 
cedent conditions, and potential function in beautiful 
objective detail. Facial expressions were identified as 
important social displays comprised of elemental move¬ 
ments, controlled by the facial musculature and embel¬ 
lished by features of the head and face, such as the scalp, 
eyes, eyelids, ears, lips, jaw, and mouth corners. It was also 
noted that facial expressions were not random assortments 
of independent movements, but rather some movements 
occurred together more frequently than others. However, 
the detailed and objective focus of these early ethologists 
led them to concentrate on the individual movements 
as the most useful unit of analysis. In fact, it was only a 
few years later that human researchers began studying 


universal facial expressions of emotion among different 
cultural groups and devised an intricately detailed and 
clever coding system (the facial action coding system 
(FACS)) to describe facial expressions according to the 
appearance changes produced by the underlying facial 
musculature. Thus, among humans and non-human pri¬ 
mates, the muscular basis for facial expressions was seen as 
the basic unit of analysis providing the most accurate and 
objective descriptions of the behavior. 

Next, in order to understand whether these expres¬ 
sions functioned as communicative displays, researchers 
focused on when specific patterns of facial movements/ 
expressions were likely to be produced. If expressions 
were produced in predictable social contexts, then they 
had the potential to serve important communicative func¬ 
tions and thus influence group members in meaningful 
ways. A particular facial configuration used just prior to 
an attack, for example, could be interpreted by group 
members as conveying an increased likelihood of attack, 
using a mechanism similar to the behavioral heuristics 
described earlier. Therefore, this expression provided 
important information about the future motivation of 
individuals who use the expression based on the general 
regularity of its consequences. This was an important 
distinction for the field of primate communication as 
previously researchers simply used their subjective intui¬ 
tion, based on their own expertise with a particular spe¬ 
cies, to determine the meaning of specific behaviors. 
These anthropocentric interpretations were fraught with 
difficulty not only because people form different opi¬ 
nions, but they failed to provide any objective or descrip¬ 
tive terminology for comparing these behaviors across 
situations and species. Moreover, humans cannot help 
but to interpret behavior using their own psychological 
constructs which, as mentioned earlier, do not necessarily 
translate to other species, no matter how similar the 
behaviors are in appearance. Humans, for example, auto¬ 
matically interpret facial expressions emotionally and 
have a very difficult time overcoming these projections 
even in other species, much to the profit of the advertising- 
industry. Objectively identifying specific movement pat¬ 
terns, however, removes any need for anthropocentric 
or context-dependent interpretation. This is what led 
researchers studying cross-cultural emotions to develop 
the FACS, because an objective quantifiable comparative 
tool, similar facial expressions across cultural groups 
would automatically be interpreted using emotion labels, 
when whether they communicated the same emotion was 
the question of study. 

The ability to compare similar facial configurations 
across species and social contexts has provided a much 
more detailed and accurate understanding of the homol¬ 
ogy of these displays. An example can be made using the 
primate bared-teeth display (see Figure 1). This expres¬ 
sion was observed to be given by subordinate monkeys 
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Figure 1 An illustration of the bared-teeth display in a human, chimpanzee, and rhesus macaque. 


after a fight, leading to its characterization as a submissive 
grin, or colloquially the fear grin. After more careful study 
in different species, the same expression appears to he 
used in numerous other contexts, such as during play or 
when approaching others in a friendly manner, and its 
meaning appears to have undergone considerable phylo¬ 
genetic transformation. Among some species of macaques, 
such as the rhesus monkey, the bared-teeth display is used 
almost exclusively by recipients of aggression and appears 
to signal submission, as noted earlier. However, among 
macaque species with a more egalitarian social organiza¬ 
tion than the rhesus monkey, such as the Barbary 
macaque, the expression is also used during greetings 
and other affiliative contexts and appears to have an 
overall reassuring function. No longer limited to the 
context of submission, the bared-teeth display appears to 
convey something more like benign intent, or ‘I mean no 
harm.’ Among humans, the bared-teeth display has been 
proposed to be homologous to the human smile, also 
serving a reassuring and appeasing function and exhibit¬ 
ing considerable behavioral flexibility in its use. Thus, 
researchers can gain a better understanding of the mean¬ 
ing of facial displays by having a broad and detailed 
understanding of how, when, and in what species they 
are produced. Recently, the importance of multimodal 
cues, i.e., the combination of facial, gestural, and vocal 
cues, has been shown to provide more context dependent 
meaning and elaborate on an already sophisticated com¬ 
munication system. 

After describing primate facial expressions in great 
objective detail, early ethologists went on to conduct struc¬ 
tural analyses of chimpanzee behaviors, including facial 
expressions. These analyses sort behaviors into specific 
factors representing statistical regularities in their appear¬ 
ance, which can later be interpreted by the researcher. 
Behaviors grouped by the same factor must be associated 
with the same motivations and tendencies and thus com¬ 
municate similar meaning. For chimpanzees, the factors 
that emerged were descriptively named affinitive, play, 


aggressive, submissive, and excitement. The researcher 
can then identify the particular facial expressions that 
are the most strongly associated with each factor. The 
silent-bared teeth display was most strongly associated 
with the affinitive category, not the submissive category. 
More interestingly was that this analysis revealed func¬ 
tional differences associated with several subtypes of the 
bared-teeth display that contained subtle differences in lip 
retraction, some associated more strongly with the sub¬ 
missive factor, while others were grouped with the affini¬ 
tive context. Using these procedures, the motivation 
behind these expressions can be described objectively 
using emotional terms and tied to a more general type of 
socioemotional context, rather than a specific situation. 

Homology with Human Emotional 
Expressions 

To understand the evolution of specific behaviors, 
comparative studies are needed and this requires a stan¬ 
dardized system of description and measurement. The 
FACS represents the gold standard for measuring facial 
movement in humans, so it should be no surprise that 
researchers have adapted the FACS for use with other 
species, both chimpanzees (ChimpFACS) and rhesus 
macaques (MaqFACS), following similar guidelines used 
to develop FACS. This involved first, confirming the pres¬ 
ence of similar facial muscles, or mimetic muscles, across 
different phylogenetic groups of primates. With very few 
contemporary studies in this area, researchers have con¬ 
firmed that non-human primates share a very similar 
pattern of mimetic facial muscles, refuting earlier ideas 
that both the number and control of mimetic muscles had 
become elaborated throughout phylogeny, with humans 
showing the most advanced repertoire of facial movement 
and expressions. Next, the way in which the contraction of 
specific muscles functioned to change the appearance 
of the face was identified using intramuscular stimulation 
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studies, and then these actions were labeled and assigned 
various criteria for coding. In total, 43 movements were 
described for the chimpanzee, 17 of which relate to spe¬ 
cific facial muscles and the remaining are miscellaneous 
action descriptors, such as head and eye movements. Inter¬ 
estingly, some movements common in humans, such as the 
knitting of the brow caused by contraction of the corruga- 
tor and associated muscles, were never observed in the 
chimpanzee. So, differences were present but overall, 
remarkable similarity was demonstrated between chim¬ 
panzees and humans. 

As a first use of the ChimpFACS, researchers set out to 
confirm the basic categories of chimpanzee facial expres¬ 
sions by examining their pattern of movements. Over 250 
photographs of chimpanzee facial expressions were coded 
using ChimpFACS, for example, by noting the presence of 
a specific component movement. These were also labeled 
using descriptions published in existing ethograms of 
chimpanzee facial behavior. A discriminant functions 
analysis was then used to calculate the agreement between 
these two classification types. This revealed a 70% agree¬ 
ment between the a priori category labels and the com¬ 
mon movement configurations coded using ChimpFACS. 
Furthermore, by selecting specific expression with the 
highest percentage of agreement (>90%), it was possible 
to identify the most prototypical movement combinations 
for each expression category. Table 1 illustrates some of 
these prototypical expression categories. 

Of interest for homology is whether any of these 
expressions resemble human emotional expressions, so 
the latter are also plotted along with their specific move¬ 
ment configurations. Many of the matching human 
expressions are not identical to those described by Paul 
Ekman as basic facial emotions (anger, fear, happiness, 
sadness, surprise, and disgust), but represent some varia¬ 
tion of these. Sadness may be most similar as both young 
human infants and chimpanzees have pout faces used in 
very similar situations. Happiness, conveyed best by 
laughter, is thought to be homologous to the chimpanzee 
play face, but in humans, the upper teeth are fully exposed 
while the chimpanzee play face conspicuously covers the 
upper teeth. Note that chimpanzee play faces also have a 
distinct laughter-type vocalization. Smiling, which can 
also convey happiness, shares most in common with the 
bared-teeth face and based on the earlier discussion, at 
least some versions of this facial expression are best char¬ 
acterized as appeasing/reassuring in both chimpanzees 
and humans. Anger shares some features in common 
with the chimpanzee bulging-lip face, although chimpan¬ 
zees do not show the brow knitting that is a characteristic 
of human anger. Anger can also be conveyed by scream¬ 
ing, as in strong protests or rage, and chimpanzee screams 
are largely expressions of protest as opposed to real terror 
or pain. Although these are only semiquantitative com¬ 
parisons, they provide a clear visual representation of 
how similar many of the facial expressions are between 


chimpanzees and humans, enabling informed assumptions 
about their underlying emotional content. 

Communication and Cognition 

Categorization of Facial Expressions 

Also important for social cognition is how different species 
perceive and categorize social signals, like facial expressions. 
The signals must be easily distinguished from one another or 
they would fail to have any predictive function. Seemingly at 
odds with this prediction is the well-established finding that 
primate, particularly chimpanzee, facial expressions are 
highly graded, both in terms of their form, the exact move¬ 
ments involved in the display, and their overall intensity. 
Some researchers have even noted that chimpanzees have 
some expressions that appear to be blends, showing features 
in common with several different types and that these 
expressions can be used in many different contexts. Explain¬ 
ing how chimpanzees perceive and process these highly 
variable signals would be difficult based on cue-response 
contingency learning. By invoking the concept of behav¬ 
ioral/cognitive flexibility, however, regularities in the use of 
these specific movement patterns can come to communicate 
general tendencies or motivations that can then be parsed in 
to more detailed meaning by incorporating additional fac¬ 
tors, such as actor, environment, and antecedent conditions. 
Thus, the concept of behavioral/cognitive flexibility nicely 
fits with existing data on emotional communication. At this 
stage, perceptual discrimination studies in chimpanzees 
have only utilized the most prototypical examples of facial 
expressions, like those shown in Table 1. However, it is very 
plausible that graded signals can provide meaning to 
group members mentioned earlier and beyond that related 
to motivational intensity. Small changes in expressions 
or blends between expressions may alter meaning in 
completely new and, as yet, unstudied ways. 

Parr et al. (1998) were the first to examine facial expres¬ 
sion discrimination in chimpanzees using a computerized, 
joystick-testing paradigm. According to this procedure, sub¬ 
jects first must orient to a sample stimulus, for example, a 
facial expression, by contacting it with a joystick-controlled 
cursor. Then, two comparison images appear on the screen, 
one showing another example of the same expression type 
as the sample and the other showing a neutral face (see 
Figure 2). In these experiments, all individuals were different, 
so subjects could not match based on individual identity. 
Of the five expression categories presented - bared-teeth 
display, pant hoot, scream, relaxed lip face, and the play 
face - subjects learned to discriminate all but the relaxed-lip 
and the neutral face. This was interesting as these two faces 
are emotionally-neutral, but the relaxed-lip contains the 
distinctive droopy lower lip. 

In an effort to understand the role of unique and 
distinctive features in expression discrimination, such as 
mouth position, visibility of the teeth, staring eyes, etc., 
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Table 1 A comparison of chimpanzee facial expression prototypes and similar emotional expression in humans 



Pant-hoot Anger/rage 

22,25,26 4,10,22,25 



Bulging-lip face 
17,24 


Mad face 
4,17,24 



Bared-teeth 

10,12,16,25 


Happy 

6,10,12,25 


Scream 

10,12,16,27 





Surprise 

2,10,12,25,27 



Play face 
12,16,25,26 





Joy 

6,10,12,25,26 


Pout 

22 


Numbers refer to action unit codes according to FACS and ChimpFACS (see text for details). 


a follow-up experiment was performed in which each 
expression category was paired with every other, so 
every pair-wise combination of expression types was 
represented. Performance discriminating these dyads was 
then correlated with the number of features shared 
between the two expression types, such as mouth open, 
teeth visible, etc. If performance was based on the detec¬ 
tion of specific features, like a droopy lip, then expression 
dyads that shared these features would result in poorer 
performance than expression dyads that had no overlap in 
features. This hypothesis was supported for only some 
expression types - the bared-teeth display, pant-hoot, 
and relaxed-lip face - but not others, such as the play 
face or scream. Thus, it was concluded that the features of 
some expressions are more salient than others. 

After the development of the ChimpFACS, this experi¬ 
ment was replicated using a standardized set of chimpanzee 
facial expressions generated using a three-dimensional 
chimpanzee model (see Figure 3). In this way, all facial 
expressions of the same category contained identical move¬ 
ments and each was standardized to its peak intensity. The 
pair-wise matching task was then replicated and the pattern 


of errors made by subjects was analyzed using a multidi¬ 
mensional scaling analysis. This creates a graph of how 
similar or different each expression is to each other. Those 
that cluster together are perceived as highly similar, while 
more dispersed expressions are perceived as more distinct. 
Then, the dimensions of the plot can be interpreted based 
on the features of each expression. One dimension appeared 
to reveal the degree of vertical mouth opening or closing 
and the other was the degree of horizontal mouth opening 
with lips either being retracted (as in the bared-teeth dis¬ 
play) or puckered as in the pout. 

In a slight modification of the task, subjects were 
required to match each expression prototype by selecting 
only one of its individual component movements, thus 
asking what individual movement, if any, was the most 
representative of each expression prototype. For example, 
the bared-teeth display is comprised of three move¬ 
ments, one raising the upper lip (action unit (AU) 10), 
one lowering the lower lip (AU16) and one retracting the 
lips back (AU12). These were combined into three trials, 
pairing the bared-teeth prototype with each combination 
of these three movements (see Figure 4). Subjects showed 
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Figure 2 An example of the matching-to-sample task used to study expression categorization in chimpanzees. The image on top is 
the sample, the one to match. The correct choice is the matching expression (lower left). 



Bared-teeth 



Scream Play face 



Pout Pant hoot Whimper 


Figure 3 An example of standardized, prototypical 
chimpanzee facial expressions created using 3D animation 
software. 


a clear preference for which movement was most repre¬ 
sentative of each prototype and, moreover, this single 
movement explained most of the errors found in the pre¬ 
vious cluster plot. Most expressions were relatively easy to 


discriminate and little confusion occurred, but when sub¬ 
jects did have trouble it was not because the two expressions 
in the pair shared the most number of features in common, 
as was the earlier hypothesis, it was that the two expressions 
shared their most salient movement in common. It is per¬ 
haps these salient movements that are involved in a general 
pattern recognition heuristic and provides chimpanzees 
with an ability to categorize facial expressions into basic 
groups, despite the degree of blending or grading, the 
meaning of which can be elaborated on by other factors, 
like context. 


Conclusion: The Role of Emotion in Social 
Cognition 

This article has argued that social cognition is best under¬ 
stood through detailed and objective measurements of 
observable behavior, such as facial expressions, with an 
appreciation for the dynamic environment in which these 
signals take place. By comparing how these emotional 
signals look and function in related species, we can 
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Bared-teeth AU10 AU12 AU16 

display 

Figure 4 The Poser chimpanzee model, showing the bared-teeth display prototype and each individual component movement it 
contains. Reproduced from Parr LA, Waller BM, and Heintz M (2008) Facial expression categorization by chimpanzees using 
standardized stimuli. Emotion 8: 216-231, with permission from • • •. 


begin to understand their evolutionary origins, thus better 
understanding their overall function and meaning. What 
has been learned is that the primate social environment is 
extremely complex and most behavioral interactions do 
not lend themselves to interpretation based on learned or 
innate cue-response contingencies, nor do they warrant 
rich interpretations based on unobservable mental states. 
Instead, it is suggested that primates interpret their social 
interactions using more flexible behavioral heuristics. 

Primates have the ability to recognize specific behav¬ 
ioral cues, such as faces and facial expressions, performed in 
a variety of social contexts, providing them with an under¬ 
standing of the basic motivational states of others. This is 
then filtered through an assessment of other factors, such as 
social context and previous experience, giving more 
detailed information about the overall emotional meaning 
of the signal, and what the sender is likely to do. As a result, 
the cognitive and emotional state of others can be inter¬ 
preted and maybe even predicted, not from mind reading, 
but from the perception of the others’ behaviors as it occurs 
dynamically within a specific environment. 

The dynamic nature of social communication creates an 
even more complicated scenario, as these interactions occur 
rapidly and can change course frequently, necessitating 
behavioral adjustments based on ongoing processing. Facial 
expressions do not appear in a simple sequence: behavior a, 
then expression b, leads to behavior c, interpreted as expres¬ 
sion b functions to change behavior from a to c. Rather, 
facial expressions are embedded within dynamic social 
interactions that takes the form of multiple feedback 
loops, dependent on the reaction of the social partner and 
changing in ongoing needs. To understand the real essence 
of social cognition, one must study these interactions within 
the distributed cognitive system in which they occur, where 
behaviors do not occur in linear cause and effect sequences, 
but rather communication emerges within a structure of a 
dynamic and ever-changing society. 

See also: Cognitive Development in Chimpanzees; 
Distributed Cognition; Empathetic Behavior; Interspecific 
Communication; Social Cognition and Theory of Mind; 
Social Recognition; Visual Signals. 
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Definitions of empathy commonly emphasize two aspects, 
which is the sharing of emotions and the adoption of 
another’s perspective. The latter, cognitive aspect remains 
controversial for many species, but the first, emotional 
aspect is hard to deny, and was already recognized by 
Darwin in The Descent of Man: .. many animals certainly 
sympathize with each other’s distress or danger.” 

Empathy allows the organism to quickly relate to the 
states of others, which is essential for the regulation of 
social interactions, coordinated activity, and cooperation 
toward shared goals. Even though perspective-taking is 
often critical, it is a secondary development. This is even 
true for our own species, as Hoffman noted: “humans 
must be equipped biologically to function effectively in 
many social situations without undue reliance on cogni¬ 
tive processes.” 

The selection pressure to evolve rapid emotional con¬ 
nectedness likely started in the context of parental care. 
Signaling their state through smiling and crying, human 
infants urge their caregiver to come into action, and equiv¬ 
alent mechanisms operate in other animals in which repro¬ 
duction relies on feeding, cleaning, and warming the young. 
Offspring signals are not just responded to but induce an 
agitated state, suggestive of parental distress at the percep¬ 
tion of offspring distress. Avian and mammalian parents 
alert to and affected by their offspring’s signals must have 
out-reproduced those that remained indifferent. 

Once the empathic capacity existed, it could be 
applied outside the rearing context and play a role in 
the wider network of social relationships. The fact that 
mammals retain distress vocalizations into adulthood 
hints at the continued survival value of care-inducing 
signals. For example, primates often lick and clean the 
wounds of conspecifics, which is so critical to healing that 
migrating adult male macaques have been observed to 
temporarily return to their native group, where they are 
more likely to receive this service. 

One of the first experimental studies of animal empa¬ 
thy was Church’s (1959) study entitled ‘Emotional Reactions 
of Rats to the Pain of Others'! Having trained rats to obtain 
food by pressing a lever, Church found that if a rat 
pressing the lever perceived that another rat in a neigh¬ 
boring cage receives a shock from an electrified cage floor, 
the first rat would interrupt its activity. Why should this 
rat not continue to acquire food? The larger issue is 
whether rats that stopped pressing the lever were 
concerned about their companions or just fearful that 
something aversive might also happen to themselves. 


Church’s work inspired a brief flurry of research during 
the 1960s that investigated concepts such as ‘empathy,’ 
‘sympathy,’ and ‘altruism’ in animals. This included studies 
of monkeys, which showed a much more dramatic empathy 
response than rats. Monkeys will for many days refuse to 
pull a chain that delivers food to them if doing so delivers 
an electric shock to a companion. In order to avoid accusa¬ 
tions of anthropomorphism, however, authors often placed 
the topic of their research in quotation marks, and their 
studies went largely ignored in ensuing years. 

In the meantime, human empathy became a respect¬ 
able research topic. In the 1970s began studies of empathy 
in young children, in the 1980s in human adults, and 
finally, in the 1990s, neuroimaging of humans watching 
others in pain, distress, or with a disgusted facial expres¬ 
sion. Mirror neurons are commonly invoked to explain 
human empathy, but despite the fact that these neurons 
were discovered not in humans, but in macaques, animal 
empathy research has lagged. 

Half a century after Church’s study, however, there is a 
revival of interest in animal empathy and a basic mechanism 
common to humans and other animals has been proposed. 
Accordingly, seeing another in a given situation or display 
certain emotions reactivates neural representations of when 
the subject was itself in similar situations or experienced 
similar emotions, which in turn generates a bodily state 
resembling that of the object of attention. Thus, seeing 
another individual’s pain may lead the observer to share the 
bodily and neural experience. These reactions are so auto¬ 
matic and instantaneous that it is not unusual for humans to 
shout ‘ouch!’ while watching a child scraping its knee. 

The Perception-Action Mechanism (PAM) of Preston 
and de Waal manifests itself very early in human life, such 
as when newborns cry contagiously, and is increasingly 
suggested for other animals. Examples range from involun¬ 
tary facial mimicry during play in orangutans, yawn conta¬ 
gion in both primates and canines, to heart-rate increases in 
geese while watching their mated partner in a fight. Physio¬ 
logical continuity between the ways humans and chimpan¬ 
zees process emotional stimuli is suggested by the apes’ drop 
in skin temperature while watching aversive images as well 
as human-like lateralized changes in brain temperature. 

Emotional Contagion in Mice 

Langford and colleagues put pairs of mice through a so- 
called ‘writhing test.’ In each trial, two mice were placed 
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in two transparent Plexiglas tubes such that they were 
able to see one another. Either one or both mice were 
injected with diluted acetic acid, known to cause a mild 
stomach-ache. Mice respond to this treatment with char¬ 
acteristic writhing movements. The researchers found 
that an injected mouse would show more writhing if its 
partner was writhing, too, than it would if its partner had 
not been injected. Significantly, this applied only to mouse 
pairs that were cage mates. 

Male (but not female) mice showed an interesting 
additional phenomenon while witnessing another male 
in pain: its own pain sensitivity actually dropped. This 
counter-empathic reaction occurred only in male pairs 
that did not know each other, which are probably also the 
pairs with the greatest degree of rivalry. Was that rivalry 
suppressing their reaction, or did they actually feel less 
empathy for a strange rival? 

Finally, Langford and colleagues exposed pairs of mice 
to different sources of pain - the acetic acid as before and 
a radiant heat source. Mice observing a cage mate writh¬ 
ing because of the acid injection withdrew more quickly 
from the heat source. In other words, their reactions could 
not be attributed to mere motor imitation, but involved 
emotional contagion, because seeing a companion react to 
pain caused sensitization to pain in general. 

Consolation Behavior 

A well-studied primate response to others’ distress is so- 
called consolation behavior, that is, friendly, reassuring 
contact by an uninvolved bystander toward a distressed 
party, such as the loser of a fight (Figure 1). Similar 
behavior in children is typically attributed to sympathetic 
concern. That consolation serves to alleviate distress is sug¬ 
gested by the finding that such contact is directed more 
at recipients of aggression than at aggressors, and more at 
recipients of intense than mild aggression (Figure 1). 

Other studies have confirmed consolation behavior in 
chimpanzees, gorillas, and bonobos as well as canines and 
corvids. However, when de Waal and Aureli set out to apply 
the same observation protocol to detect consolation in 
monkeys, they failed to find any, as did others. The conso¬ 
lation gap between monkeys and the Hominidae (i.e., 
humans and apes) extends even to the one situation where 
one would most expect consolation to occur: macaque 
mothers fail to comfort their own offspring after the receipt 
of aggression. Content analysis of hundreds of reports con¬ 
firms that reassurance of distressed parties is typical of apes 
yet uncommon in monkeys. 

After initial failures to find effects of consolation among 
chimpanzees, a comprehensive analysis demonstrated that 
the rate of self-directed behavior (i.e., self-scratching and 
self-grooming) is elevated following aggressive conflicts, 
but drops significantly as soon as individuals receive 





Figure 1 Consolation behavior is common in chimpanzees, 
and functions to reassure distressed parties. A juvenile puts an 
arm around a screaming adult male who has just been defeated 
in a fight with a rival. Photograph by Frans de Waal. 


consolation. Self-directed behavior serves as an index of 
anxiety, hence these observations suggest that consolation 
effectively counters anxiety induced by agonistic conflict. 

The early primate literature contains many striking 
qualitative accounts of consolation among apes. In 1925, 
Yerkes reported how his bonobo was so concerned about 
his sickly chimpanzee companion, Panzee, that the scien¬ 
tific establishment might not accept his claims: “If I were 
to tell of his altruistic and obviously sympathetic behavior 
towards Panzee I should be suspected of idealizing an 
ape.” Ladygina-Kohts noticed similar empathic tenden¬ 
cies in her young chimpanzee, Joni, which she raised at 
the beginning of the previous century. Kohts, who ana¬ 
lyzed Joni’s behavior in the minutest detail, discovered 
that the only way to get it off the roof of her house after an 
escape (much better than holding out a reward) was to 
appeal to his sympathy: ‘If I pretend to be crying, Joni 
immediately stops his plays or any other activities, quickly 
runs over to me ... he tenderly takes my chin in his palm, 
lightly touches my face with his finger, as though trying to 
understand what is happening.’ 

Empathic Perspective-Taking 

In 1996, I suggested that apart from emotional connect¬ 
edness, apes have an appreciation of the other’s situation. 
Psychologists usually speak of empathy only if it involves 
such understanding combined with the adoption of 
the other’s point of view. Thus, one of the oldest and 





630 Empathetic Behavior 


best-known definitions stresses the ‘changing places in 
fancy’ with the sufferer. The prevailing view of empathy 
as a cognitive affair dependent on imagination and mental 
state attribution explains the occasional skepticism about 
non-human empathy But perspective-taking by itself is, 
of course, hardly empathy: it is so only in conjunction with 
emotional engagement. 

Menze was the first to investigate whether chimpanzees 
understand what others know, setting the stage for studies 
of non-human theory-of-mind and perspective-taking. 
After several ups and downs in the evidence, current 
consensus seems to be that apes, but perhaps not monkeys, 
show perspective-taking both in their spontaneous social 
behavior and under controlled experimental conditions. 

One manifestation of empathic perspective-taking is 
so-called ‘targeted helping,’ which is help fine-tuned to 
another’s specific situation. For an individual to move from 
emotional sensitivity toward an explicit other-orientation 
requires a shift in perspective. The emotional state 
induced in oneself by the other now needs to be attributed 
to the other instead of the self. A heightened self-identity 
allows a subject to relate to the object’s emotional state 
without losing sight of the actual source of this state. The 
required self-representation is hard to establish indepen¬ 
dently, but one common avenue is to gauge reactions to a 
mirror. The coemergence hypothesis predicts that mirror self¬ 
recognition (MSR) and advanced expressions of empathy 
appear together in both ontogeny and phylogeny. 

Ontogenetically, there exists compelling evidence for 
the coemergence hypothesis. Bischof-Kohler found that 
the relation between MSR and the development of complex 
forms of empathy holds even after controlling for age. 
Gallup was the first to propose phylogenetic coemergence, 
a prediction empirically supported by the contrast between 
monkeys and apes, with compelling evidence for both MSR, 
consolation, and targeted helping only in the apes. 

Apart from the great apes, the animals for which we 
have the most striking accounts of consolation and tar¬ 
geted helping are cetaceans and elephants, which is why 
the coemergence hypothesis predicts MSR in these taxa. 
The mark test, in which an individual uses a mirror to 
locate a mark on itself that it cannot see without a mirror, 
has now tentatively confirmed this prediction for dolphins 
and elephants. MSR is believed to be absent in all other 
mammals. The coemergence hypothesis may have its own 
neural correlate, that is, the presence of Von Economo 
Neurons, or VEN cells. These special neurons have been 
found only in the brains of Hominoids (not other pri¬ 
mates), cetaceans, and elephants. 

In the future, we may be able to address the self-other 
distinction more directly through neural investigation. In 
humans, the right inferior parietal cortex at the tempor¬ 
oparietal junction helps distinguish between self- and 
other-produced actions, and this distinction may be criti¬ 
cal to full-blown empathy. 


Altruism and Prosocial Behavior 

The common claim that humans are the only truly altru¬ 
istic species, since animals are driven by return-benefits, 
assumes that animals not only engage in reciprocal 
exchange, but do so with a full appreciation of how this 
will ultimately benefit themselves. However, return- 
benefits generally remain beyond the cognitive horizon 
of animals, that is, occur too distantly in time to be linked 
to the original act. Since animals cannot be motivated by 
future events that they cannot predict, intentionally self¬ 
ish altruism involves highly speculative (and as yet 
unproven) assumptions. 

When animals alert others to an outside threat, work 
together for immediate self-reward, or vocally attract 
others to discovered food, biologists may speak of altruism 
or cooperation, but such behavior is unlikely to be moti¬ 
vated by empathy with the beneficiary. One category, 
however, termed directed altruism (i.e., altruistic behavior 
aimed at others in need, pain, or distress), is traditionally 
explained as a product of empathy in humans, and may 
share the same proximate causation in animals. 

Apart from evidence for consolation behavior (seen 
earlier), there exists a rich literature on primate support in 
aggressive contexts, costly cooperation, and food-sharing. 
Primates engage in the latter even when separated by 
bars, hence while protected from physical pressure to 
share. Emotional activation is often visible in the facial 
expressions and vocalizations of both altruists and bene¬ 
ficiaries. Empathy is a perfect candidate mechanism for 
directed altruism, since it provides a unitary explanation 
for a wide variety of situations in which assistance is 
dispensed according to need. Perhaps confusingly, the 
mechanism is relatively autonomous in both animals and 
humans. Thus, empathy often reaches beyond its original 
evolutionary context, such as when people send money to 
complete strangers, primates bestow care on unrelated 
orphans, or a bonobo saves an injured bird. 

Experimentation on risky altruism is ethically prob¬ 
lematic, yet there are increasingly experiments on low- 
cost altruism, also known as ‘other-regarding preferences.’ 
A typical paradigm is to offer one member of a pair the 
option to either secure food for itself or food for both itself 
and a companion. Recent experiments in my lab have 
shown well-developed prosocial tendencies in monkeys, 
such as marmosets and capuchins. In these studies, the 
role of reward could be ruled out in that the prosocial 
choices were made even if they delivered no extra rewards 
compared with selfish choices, and one study ruled out 
punishment in that the least vulnerable parties (i.e., domi¬ 
nants) turned out to be the most prosocial. These results 
are explained more easily by empathy with another’s 
situation than cost/benefit calculations. 

With regard to chimpanzees, the same tendencies have 
proved harder to establish until a series of experiments by 
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Warneken and colleagues yielded an outcome in line with 
the overwhelming observational evidence for spontaneous 
aiding behavior in this species. 


Empathy as Evolved Proximate 
Mechanism 

The PAM model predicts that the more similar or familiar 
subject and object, the more their neural representations will 
agree, and hence the more accurate their state-matching. 
Generally, the empathic response is amplified by similarity, 
familiarity, social closeness, and positive experience with the 
other (see Table 1 in Preston and de Waal’s 2002 paper). In 
studies in humans, subjects empathize with a confederate’s 
pleasure or distress if they perceive the relationship as coop¬ 
erative, yet show a counter-empathic response - also known 
as Schadenfreude— if they perceive the relationship as com¬ 
petitive. These effects of previous experience have been 
confirmed by fMRI research: seeing the pain of a coopera¬ 
tive confederate activates pain-related brain areas, but 
seeing the pain of an unfair confederate activates reward- 
related brain areas, at least in men. 

Relationship effects are also known for rodents, in 
which emotional contagion is measurable between cage 
mates, but not strangers. In monkeys, empathic responses 
to another’s fear or pain are enhanced by familiarity 
between subject and object, and prosocial tendencies in 
capuchin monkeys vary with social closeness, being stron¬ 
gest between partners that spend most time together. This 
means that empathy and prosocial tendencies are biased 
the way evolutionary theory would predict. Empathy is 
(1) activated in relation to those with which one has a 
close or positive relationship and (2) suppressed, or even 
turned into its opposite, in relation to strangers and defec¬ 
tors. The latter, retaliatory aspect is well-documented in 
chimpanzees, which show both reciprocation of favors 
within positive relationships and a tendency to square 
accounts with those that have acted against them. 

A common way in which mutually beneficial exchanges 
are achieved is through investment in long-term bonds to 
which both parties contribute. This reciprocity mechanism 
is commonplace in non-human primates, and has been 
suggested for human relations as well. Individual interests 
may be served by partnerships (e.g., marriages, friendships) 
that create a long-lasting communal ‘fitness interdepen¬ 
dence’ that flows from mutual empathy. Within close 
human relationships, partners do not necessarily keep care¬ 
ful track of which did what for which, as also indicated for 
reciprocal exchange among chimpanzees. 


Conclusion 



Perspective¬ 
taking, targeted 
helping 
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concern, 
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action, 
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Figure 2 The Russian Doll model of empathy and imitation. 
Empathy induces a similar emotional state in the subject as the 
object, with at its core the perception-action mechanism (PAM). 
The doll’s outer layers, such as sympathetic concern and 
perspective-taking (which includes understanding the reasons 
for another’s emotions), build upon this hard-wired socio- 
affective basis. Even though the doll’s outer layers depend on 
prefrontal functioning and an increasing self-other distinction, 
they remain fundamentally linked to its core. 


at its core and more complex mechanisms and perspective¬ 
taking abilities as its outer layers. Because of this layered 
nature of the capacities involved, we speak of the Russian 
Doll Model, in which higher cognitive levels of empathy 
build upon a firm, hard-wired basis, such as the PAM 
(Figure 2). The claim is not that PAM by itself explains 
sympathetic concern or perspective-taking, but that it 
underpins these cognitively more advanced forms of 
empathy, and serves to motivate behavioral outcomes. 
Empathy may provide the main motivation that makes 
individuals that have exchanged benefits in the past to 
continue doing so in the future. Instead of the cognitively 
demanding assumption of cost-benefit calculations and 
learned expectations to explain such behavior, the assump¬ 
tion here is one of empathy-based altruism mediated by 
bonding and emotional sensitivity. It is summarized in the 
following conclusions: 

1. Evolutionary parsimony assumes similar motivations 
to underlie directed altruism in humans and other 
animals. 

2. Consistent with kin selection and reciprocal altruism 
theory, empathy is biased toward close, familiar indi¬ 
viduals and previous cooperators, and biased against 
defectors. 

3. Empathy, broadly defined, may characterize all mam¬ 
mals and birds. 


Empathy covers all the ways in which one individual’s See also: Conflict Resolution; Emotion and Social 
emotional state affects another’s, with simple mechanisms Cognition in Primates. 
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Introduction 

Studying predator-prey behavior often requires observa¬ 
tional studies combined with field experiments, rather than 
traditional laboratory experimental methods. This article 
describes the particular characteristics of predator-prey 
systems that lead to specific methods for their study. 

There are some special characteristics of predator and 
prey behavior that need to be considered when designing 
empirical studies. 

1. Optimum behavioral strategies of both predator and 
prey are dynamic, changing very quickly depending on 
conditions. 

2. There are two broad classes of predator and prey 
behavior that require different approaches of study: 
primary behaviors concerned with encountering prey or 
avoiding encountering predators, and secondary beha¬ 
viors concerned with increasing the probability of cap¬ 
ture of prey or escape from predators that become 
important only if an attack occurs. 

3. The fitness and ecological effects of antipredation 
behavior are usually indirect, not involving direct pre¬ 
dation mortality, but rather arise through the nonlethal 
costs of carrying out avoidance or capture-reducing 
behaviors. 

4. The spatial and temporal scale over which predator- 
prey interact is frequently large and involves both land¬ 
scape features and alternative predators and prey 

5. Experiments involving manipulating predation rates 
or predator-prey occurrence are frequently unethical. 

As a consequence of the first four characteristics of empir¬ 
ical studies, the measures of the consequences of any one 
behavior in isolation, or under one set of conditions, may 
not give a representative idea of how important the 
behavior is generally. A priori predictions based on these 
measures are then usually impossible, or at best complex 
and condition dependent. Both avoidance and capture- 
reducing behaviors need to be studied simultaneously to 
fully understand the fitness consequences of a behavior, 
and the fitness consequences of avoidance behaviors need 
to be measured using a starvation—predation risk trade-off 
approach. Overall a strictly experimental approach may 
be impossible, inefficient, or misleading. 

A variety of specific empirical methods have been 
adopted to deal with the particular characteristics that 
arise when studying predator-prey behavior. The main 
approach is a long-term observational field study involving 


both predator and prey interacting in natural systems. 
Long-term studies need to employ technological solutions 
that allow individual predators and prey to be monitored 
remotely over varying temporal and spatial scales. Ideally, 
these capitalize on existing ‘natural’ experiments where 
predators and prey systems have been already altered by 
man or compare populations that are disturbed and undis¬ 
turbed by predators, or contain innovative field experiments 
utilizing the starvation-predation risk trade-off approach, 
or models of predators or prey The limitations of using 
an observational approach are then dealt with using statis¬ 
tical techniques to control for the effects of confounding 
variables and to suggest causation. 

In short, the dynamic, spatial and temporal nature of 
predator-prey behavior means that we have to adopt field- 
based observational studies of the whole system, involving 
measurements of starvation-predation risk trade-offs, tar¬ 
geted field-experiments, and statistical methods to mea¬ 
sure biologically significant effects and to infer causation. 

Special Characteristics of Empirical 
Studies of Predator and Prey Behavior 

Dynamic, Multiple and Interacting 
Predator-Prey Behaviors 

If a predator is to catch prey, it must outwit its prey. If a 
prey is to avoid being caught by a predator, it must outwit 
its predator. As a consequence, predator behavior can be 
understood only in the context of prey behavior, and vice 
versa (Box 1). 

A range of behaviors from either predator or prey can 
affect the probabilities of encounter/avoidance and cap¬ 
ture/escape in a very short space of time. Both predator 
and prey continually have to reassess these probabilities 
and change their behavior as the other does the same. For 
example, when a hawk hunts small birds, it chooses areas 
where it expects to encounter vulnerable prey - such as 
prey in small groups, far from protective cover, and feeding 


Box 1 Predation behavior equation 

From the prey’s point of view. 

P(survive) = p(avoidance) + p(behaviors on attack lead to 
escape) 

From the predator’s point of view: 

P(capture) = p(encounter) + p(behaviors on attack lead to 
capture) 
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intently rather than prioritizing vigilance. As it encounters 
such vulnerable prey, the prey immediately changes its 
behavior by forming larger groups, moving to cover, and 
prioritizing vigilance, so becoming less vulnerable. If 
alarm calls are given, then this change in vulnerability 
may even precede the hawk’s arrival, causing a hawk to 
change its intended location even before encountering the 
prey, because the spatial arrangement of prey changes. But 
the sudden appearance of a single vulnerable prey might 
suddenly cause the predator to remain in the area and to 
attack, altering the vulnerability of all prey in the area. 
Because the nature of predator-prey behavior is interac¬ 
tive, studying only prey or predator behavior is likely to 
give results that are impossible to interpret correctly. 

The range of behaviors available to predators and prey 
means that there may be certain behaviors suitable for 
particular circumstances or individuals, and these alter¬ 
native strategies may give similar fitness. For example, 
small birds may vary vigilance levels, exposure times, 
feeding patches, distance to cover, mass and group size 
to minimize predation risk. A value of any single one of 
these variables or combination of these variables may give 
equal fitness for any given ecological condition. There¬ 
fore, measuring only one behavior may lead to no corre¬ 
lation between that behavior and fitness. 

The two broad classes of predator-prey behavior 
(avoidance/encounter and escape/capture: Box 1) also 
lead to different levels of selection on the expression of 
behavior. Any variation in antipredation behavior should 
translate into some variation in survival, but general 
defenses, like predator avoidance, should have a greater 
effect on survival because they decrease the likelihood that 
an individual is attacked, whereas more specific defenses 
in response to attacks can only reduce risk of capture. This 
means that we can only understand the degree to which 
selection is operating on a behavior, consequences for 
fitness of that behavior, or the biological importance of 
that behavior by studying encounter or avoidance beha¬ 
viors alongside capture or escape behaviors. Any experi¬ 
ment that simplifies a system (because that is what 
experiments have to do to make clear predictions and 
tests) may cut out a major structuring variable that is the 
primary point of selection. For example, an estimate of the 
importance of vigilance in the reduction in capture rate 
during a laboratory experiment may not accurately repre¬ 
sent the level of selection on vigilance behavior if, in the 
natural system, the prey almost always avoids the predator. 

The two classes of behavior also require a different 
empirical approach because behaviors such as avoidance 
involve tracking movements of predators and prey, as well 
as the availability and behavior of alternative predators 
and prey, over a large spatial and temporal scale. In con¬ 
trast, measuring how capture probability varies involves 
measuring variables over very short time scales, because 
predator attacks may only last a few seconds and involve 
many interacting behaviors. 


Nonlethal Effects 

The fitness and ecological effects of antipredation behavior 
are usually indirect and do not involve direct predation 
mortality, but rather they arise through the nonlethal costs 
of carrying out avoidance or capture-reducing behaviors. 
This means that the fitness consequences of avoidance 
behaviors need to be measured using a starvation-predation 
risk trade-off approach, and it may be hard to identify and 
evaluate the relative importance of avoidance behaviors. 

There may often be little direct evidence of predators 
consuming prey if selection acts to favor individuals that 
respond to predation risk (i.e., that then show nonlethal 
effects) primarily by avoiding predators, by reducing their 
activity in a predator’s presence, or by carrying out beha¬ 
viors that reduce the chance of being attacked by a predator 
(e.g., a lion will not attack alert gazelles). This means that we 
need to measure the fitness consequences of antipredation 
behaviors indirectly using a starvation-predation risk trade¬ 
off. An animal’s use of resources, or inability to exploit 
resources fully, because of antipredation behaviors, should 
significantly reduce the time or level of resources available 
for other activities. Although reducing predation risk 
through behavioral and physiological means may increase 
survival in the short term, reducing predation risk will 
often result in a decrease in the time available to gather 
enough resources for survival in the long term, or for 
fecundity, reducing the overall fitness. In other words, any 
behavioral response to predation can, depending on cir¬ 
cumstances, increase or decrease the risk of predation, 
increase or decrease the likelihood of starvation (or long¬ 
term survival), or increase or decrease fecundity. But any 
increase in the time spent invested in one factor is likely to 
result in a decrease in the time spent on the other factors, so 
that changes in predation risk, starvation risk, and fecundity 
will not be independent of each other. Therefore, the 
appropriate framework in which to measure the effects of 
predation risk is via a trade-off. The costs (or benefits) 
of diverse nonlethal traits (i.e., any antipredation behavior 
from an increase in vigilance to avoidance of a dangerous 
area) can then be measured by a common currency of 
changes in survival or reproductive output (or correlated 
proxies such as reduction in foraging intake or body 
condition). 

The prevalence of nonlethal effects may then make it 
hard to identify and evaluate the relative importance of 
avoidance behaviors. If avoidance behavior is a common 
consequence of predation risk, then studying the effects of 
predation may be difficult: the absence of direct interac¬ 
tions between predator and potential prey may be because 
avoidance prevents interaction, or simply because the 
potential predator does not interact at all with the sug¬ 
gested prey. We can overcome this by examining systems 
that have been perturbed by changes in ecological condi¬ 
tions, for example, during severe weather periods, when 
animals may have to prioritize foraging over predator 
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avoidance (see section ‘Natural Experiments’). Alterna¬ 
tively, the conventional experimental approach may then 
be the only way to identify nonlethal effects. For example, 
if we wish to test the hypothesis that bats are nocturnal to 
avoid predation by day-flying hawks, then we either look 
for situations where nocturnal bats have been forced to 
forage diurnally, or experimentally create the conditions 
where this will occur. 

Predators themselves also respond to other predators, 
through interference competition or through intraguild 
predation risk. Many predators are themselves prey, or 
prey on other predators, dependent on the availability of 
alternative prey, predator density, and distribution and 
ecological conditions that promote the overlap or segre¬ 
gation of predators. Consequently, predators are fre¬ 
quently constrained in their behaviors because they 
avoid intraguild predation risk, and therefore a knowledge 
of both top-down and bottom-up trophic effects is neces¬ 
sary to fully understand predator behavior. 

This also means that there may be systematic biases in 
the predator-prey behavior literature because avoidance 
behaviors where predators and prey do not interact are 
hard to study directly (or less interesting to publish), 
whereas capture or escape behaviors can be more easily 
be related to predation risk and fitness. 

Scale 

Predators hunt over a large area because they require a 
large number of prey, or a small number of large prey that 
also range widely. Most predators are generalists, and there 
are frequently a whole guild of predators that can feed on 
the same prey. Consequently, preys have to respond to a 
variety of predators, and the predators themselves respond 
to other predators. Predation events are rare and the nonle¬ 
thal effects of predation risk become obvious only with a 
good behavioral-ecological field study of a species and its 
predators. This means that long-term field studies are nec¬ 
essary, over a large enough area sufficient to encompass a 
reasonable sample size of predators and focal prey, as well as 
alternative prey. This also means that realistic experimental 
systems are difficult to construct, and instead, innovative 
field experiments are needed. Any observational system 
also requires innovative methods to measure all relevant 
and confounding variables, particularly when the spatial 
and temporal scale varies so widely. 

Ethics 

Much interesting predator-prey behavior is from behavior- 
ally flexible and, therefore, intelligent species. Predation 
involves fear, suffering, wounding, and death. Therefore 
any experiment that manipulates predation risk, particu¬ 
larly in vertebrates, creates ethical problems in a modern 
society where unnecessary animal suffering is not sanc¬ 
tioned. This means that observational approaches may 


actually be the only legal approach. The legal obligation 
to use the observational approach means that statistical 
techniques to control for confounding variables are vital. 
This also means that experimental techniques that can 
manipulate predator occurrence without causing death 
of prey are important when studying predator-prey 
behavior. Stress and the nonlethal effects of predation 
risk remain of course, although many scientists rational¬ 
ize this type of stress as being a normal part of the 
experimental animal’s life in any case. Some experiments 
are carried out without recourse to ethics however: 
behavioral experiments found routinely in the literature 
can involve staged predation events between spiders of 
different sizes or handicapped through leg removal, drag¬ 
onfly larvae eating tadpoles, or fish eating other fish. 
Again scientists may rationalize this (rightly or wrongly) 
in terms of the ‘normal’ degree of predation that is pres¬ 
ent in a natural system, or that less ‘intelligent’ organisms 
require less ethical consideration. 

Empirical Methods Specific to Studying 
Predator and Prey Behavior 

Traditional laboratory experiments can tell us much 
about the causes and consequences of predator and prey 
behavior, but here we concentrate on why alternative 
approaches may be much more productive. As the specific 
characteristics of predator-prey systems outlined earlier 
suggest, a traditional, strictly experimental approach may 
be impossible or inefficient or misleading. Predator 
behavior depends on prey behavior and both depend on 
particular circumstances. This means that experimental 
systems can rarely capture details that may be crucial in 
eliciting a whole range of behaviors that determine 
encounter/avoidance and capture/escape probabilities. 
Many experiments may then give only very specific 
results and not necessarily give any indication of the 
biological importance (e.g., the relative importance) of 
the behavior being tested. This also means that a priori 
predictions in more realistic experiments are complicated: 
indeed many of the important findings in studies of 
predator-prey interactions have not been those expected 
by the experiment designers. 

The solution is to employ a range of specific empirical 
methods. These invariably involve an intimate knowledge 
of the natural system, based on long-term and widespread 
field observation to determine biological significance. 
This then allows the careful targeting of field experiments 
or statistics to determine or infer causation. 

Observational Studies 

Arguably, a very important approach to studying 
predator-prey behavior is an observational field study 
involving both predator and prey interacting in natural 
systems. This means that what might be considered 
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‘old-fashioned’ skills of the naturalist - patient and sys¬ 
tematic observation of animals in the field - comprise one 
of the most important components of studies of predation 
behavior. Long-term studies are needed to deal with the 
rarity of events and the low density of predators. Careful 
field skills are also needed to ensure that any behaviors 
observed are not profoundly affected by the predator and 
prey both potentially responding to the presence of the 
observer. 

Methods involved in observational studies are cen¬ 
tered on systematic and unbiased observations of predator 
and prey behavior. Focal sampling, time budgets, or 
mapping can measure hunting and avoidance behavior, 
as well as baseline anticapture behavior such as group size 
and vigilance. Data from observation of attacks are usually 
opportunistic because attacks are difficult to predict. This 
makes them particularly prone to bias. For example, it is 
easy to conclude that peregrine falcons Falco peregrinus 
chase their prey for long periods as a common hunting 
strategy because such hunts are much more likely to be 
noticed by an observer than the very short-duration sur¬ 
prise ambush hunts that are actually more common. Gen¬ 
erally circumstances that allow the frequent and easy 
observation of hunting behavior may not be representa¬ 
tive of how a predator and prey system operates: an owl 
hunting in daylight is observable and may yield many data 
on hunting behavior, but this may have no bearing on how 
it normally hunts or how prey respond to it during dark¬ 
ness. Such examples are obviously biased, but there are 
many circumstances where biases are very subtle. As a 
consequence, any unsystematic observation of hunting 
behavior, or anecdotal descriptions of antipredation behavior 
are rarely very useful in understanding predator or prey 
behavior. But, because of the rarity of any data on predators 
and prey interacting during attacks, conclusions based on 
these types of observations are common. 

A key factor in any observational study (and indeed 
any study) is to ensure that sampling is done appropri¬ 
ately. A large number of observations from a single prey 
animal and a single prey predator could never tell us as 
much about the general population as sampling several 
prey animals and several predators. Studies of predators 
are particularly prone to an inappropriate level of sam¬ 
pling (i.e., pseudoreplication) because predators may 
range over large areas and are at low density, precluding 
a researcher from sampling more than a few animals. 
Marking of focal animals is therefore very important to 
determine the level of sampling. This often involves cap¬ 
ture of prey and predators to attach tags or rings, but 
can also involve use of individual variation in appearance 
(e.g., whisker patterns in lions Panthera leo) as a means of 
individual recognition. 

A major problem of observational studies is an effect of 
the observer. Observers have their own ‘nonlethal’ effects 
on prey and predator distribution via disturbance and 


avoidance, or increased vigilance in the prey. The net 
effect might well then be as misleading as an artificial 
lab experiment where many of the normal behaviors that 
might be used by predators or prey are constrained by the 
experimental conditions. Studying populations of animals 
that are habituated to humans but not other predators is a 
way around this problem. 

Remote Monitoring of Predators and Prey 

A potential solution to gather unbiased observational 
data is to continuously monitor animals, using a remote 
monitoring or automated recording system. There are a 
variety of technological solutions that allow individual 
predators and prey to be monitored remotely over varying 
temporal and spatial scales, such as geographical position¬ 
ing system (GPS), radio, satellite, and passive integrated 
transponder (PIT) tags. The advantages of these systems 
are that representative data can be collected, because they 
do not depend on the animal being visible, and they allow 
observation of animals when they are less conspicuous. 
A key advantage is that they can remove observer effects, 
although the tags themselves may alter behavior. The 
disadvantages are that the animal must be caught and 
many animals need to be tagged to get representative 
data. Tags are expensive and difficult to deploy, and so 
many studies end up with many observations from a few 
animals or biased samples because tagged data are not 
collected systematically or from a representative sample 
of the population. 

Remote cameras can be used to collect data from 
predators or prey. Camera traps put out in an unbiased 
way can be used to map predators and prey, identify 
individual variation in behavior, and even record very 
rare predation events when cameras record prey continu¬ 
ously for long periods. Some classes of predator and prey 
behavior occur very rapidly: a whole range of attack and 
escape behaviors in hawk attacks on small birds typically 
last only a few seconds. Analysis of slowed down video 
records is then needed. 

Predator behavior can also be studied indirectly 
through studying prey remains. Many predators from 
octopuses (Octopoda) to song thrushes Turdus philomelos 
leave uneaten, undigestable or partly digested parts of 
prey as a record of what, where, and how frequently 
prey have been consumed. Many elusive predators such 
as big cats may leave conspicuous dung which allows 
studies of prey choice with respect to age, sex, and even 
identity when DNA is extracted. 

Natural Experiments 

Observational studies result in correlations but do not 
necessarily identify causation. Use of existing ‘natural’ 
experiments where predators and prey have been already 
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altered by man, however, can allow reasonable causation 
to be established. Natural experiments are particularly 
relevant to studies of predator-prey behavior because 
predators have been removed from many areas of natural 
occurrence, or are reestablishing. Introductions of pre¬ 
dators and prey species to new ecological circumstances, 
or where anthropogenic change alters existing ecological 
circumstances for predators or prey are common and can 
also be exploited. A classic example of this are studies of 
how small birds compensated for predation risk by man¬ 
aging their fat reserves in areas where hawks had been 
accidentally exterminated by man with areas where hawks 
were still present. Alternatively ‘natural’ experiments can 
be exploited on a smaller scale when particular environ¬ 
mental effects and constraints apply occasionally, in a 
similar way to changing conditions in a controlled exper¬ 
iment. An example of this might be comparing the char¬ 
acteristics of a prey group attacked with the nearest group 
that was not attacked. When the two groups occur in more 
or less identical conditions apart from the variable of 
interest (e.g., one group is larger than the other) and 
have just been encountered by a mobile predator, then it 
is reasonable to argue that this is more or less equivalent 
to a choice experiment. 

Field Experiments 

Field experiments, where conditions might be experimen¬ 
tally altered within the context of natural systems, are a 
good approach because they isolate single variables to 
identify causation, without restricting the full range of 
other behaviors or factors, so also indicating biological, 
rather than just statistical, significance. An example of a 
field experiment might be testing how changing perceived 
predation risk affects vigilance behavior by providing 
food at different distances from protective cover. A key 
approach is to observe, in natural systems, how prey 
behavior affects predator behavior and vice versa. This 
can be a short cut to determining the truly important 
behaviors in predator-prey behavioral interactions, and 
so focussing in on the most relevant experiments. 

A major class of field predation experiments involve 
altering predation risk via the abundance of predators. 
This can be done through the use of models or exclosures. 
For example, even approximate models of hawks flown 
down lines toward feeding birds, tested against control 
shapes, will elicit major behavioral changes consistent 
with their responses to natural hawk attacks. Human 
experimenters are often used to simulate predation risk to 
assess variation in behavioral responses: an experimenter 
might, for example, approach a bird on a nest in a standard 
way to determine how investment in nest defense depends 
on the stage of breeding. Predators may be placed into 
natural systems such as predatory fish in ponds, but 
restricted behind transparent barriers so that perceived 


predation risk can be manipulated without the ethical 
problems arising from direct predation. Some experiments 
on invertebrates may surgically alter predators, for example 
gluing mouthparts together to allow the introduction of 
predators without any lethal effects. Alarm calls, predator 
scents, predatory remains, and other indices of predation 
risk in natural systems are also used to experimentally 
manipulate perceived predation risk. 

Predator abundance can be decreased by the use of 
exclosures that will prevent the lethal effects of predators, 
but may not necessarily change perceived predation risk: an 
animal may not recognize that it is in a situation of lowered 
predation risk during the experiment, or its perception may 
change during the experiment confounding the results. 
In all of these experiments, varying the predation variable 
(i.e., the model type) and/or using proper controls are 
essential to determine whether the animals are responding 
as if they perceive predation risk as actually varying. This 
also, of course, relies on a detailed knowledge of how the 
animals behave in natural predator encounters. 

Predator behavior can also be experimentally manipu¬ 
lated by presentation of prey models. This is a frequent 
lab experimental technique to investigate optimal forag¬ 
ing and prey choice, but can also be used for field experi¬ 
ments. For example, stuffed prey models presented in 
pairs to hunting sparrowhawks Accipiter nisus in the field 
have been used to test whether hawk prey choice depends 
on the conspicuousness of prey and state of vigilance. 
Similarly, artificial nests with eggs from farmed birds 
such as quails Coturnix coturnix have been used widely to 
determine nest defense behavior and nest-predation 
behavior, although their effectiveness, as with all field 
experiments, depends on how closely they mimic the 
characteristics of the natural system. 

Another major class of field experiments involves using 
the starvation-predation risk trade-off approach, where 
food patches are provided for animals under varying 
conditions that are thought to affect predation risk, such 
as distance from predator concealing cover. According to 
optimal foraging theory, and backed up by many empirical 
studies, animals will visit a risky patch only if it is profit¬ 
able, and so will deplete safer patches to a higher degree. 
The technique measures what is called giving up density 
(GUD). The advantage of this technique is that varying 
dimensions of predation risk can be integrated into a 
single currency: how much foraging gain will an animal 
forgo to stay in a safe area. The disadvantage of the 
technique is that often different species visit different 
patches to different degrees, and predation risk may 
vary within a patch with time, so making any more than 
very general conclusions impossible. A variant on this 
type of field experiment is to provide animals with a 
choice of patches that vary in predation risk and profit¬ 
ability and to compare relative use. If rewards between 
patches are varied, then the point at which an animal will 
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switch from a poor but safe patch to a profitable but 
risky patch indicates the relative importance of preda¬ 
tion risk. Such techniques can also be used to identify and 
rank predation risk by identifying which variables result 
in the largest differential in patch profitability necessary 
to cause a feeding animal to shift between patches. 

Statistical Techniques 

The major disadvantage of the observational approach 
imposed on many aspects of the study of predator-prey 
behavior is that only correlations can be established, not 
definitive causation, and observed effects may be con¬ 
founded by uncontrolled variation. We can, however, use 
statistical techniques to control for the effects of con¬ 
founding variables and to suggest causation. Statistical 
modeling techniques such as generalized linear models 
can evaluate the effects of a range of potential predictor 
variables on a measure of behavior: potentially confound¬ 
ing variables measured secondarily in a study can also be 
effectively tested. For example, a model testing how fox 
hunting success depends on prey density might include a 
number of confounding variables such as time of year or 
time of day. Prey density might not turn out to make a 
difference to hunting success, but time of day might: a 
general modeling approach can allow many variables to 
be tested simultaneously. Exact causation can then be 
confirmed using a follow-up field experiment. This pro¬ 
cess can be much more efficient than carrying out a 
number of separate experiments that might only be able 
to test for the effects of one or two variables at the same 
time. Such a modeling approach requires large sample 
sizes, but because they can account for repeated sampling 
of the same individuals, they can test for the effects of 
changes in predictor variables within, as well as between 
individuals. This means that multiple samples from the 
same individual can be very informative, as long as a 
reasonable number of different individuals are also sam¬ 
pled. Other statistical techniques such as path analysis can 
allow directions of causality to be inferred. 

Conclusion: Planning Empirical Studies 
of Predator and Prey Behavior 

Studying predator-prey behavior presents a number of 
specific problems, but also some unique opportunities 
to increase our understanding of animal behavior. We 
need to consider predators and prey simultaneously in 
the context of natural systems, using predominantly an 
observational and field experimental approach, or realis¬ 
tically scaled and complicated lab experiments. We need 
to separate avoidance or encounter and escape or capture 
behaviors because each requires a different approach. We 
need to have sufficient time or a good system or a very 
technical approach. Overall, this means that observational 


studies are the most valid approach. These are of course 
useful only if they consider a range of variables so that 
potential confounding effects can be identified using sta¬ 
tistical techniques. 

Perhaps the three most important points to consider 
when planning any empirical study of predator and prey 
behavior are: first, prey behavior arises from the 
starvation-predation risk trade-off: therefore antipreda¬ 
tion behavior must be measured in conjunction with for¬ 
aging behavior to determine the true costs and benefits of 
a behavior. Second, any predator-prey pair that is studied 
exists within an interacting food web of many potential 
other predator-prey combinations: therefore behaviors 
can be fully understood only in the context that they are 
part of more complex systems. And third, and most 
importantly, prey behavior changes with predator behav¬ 
ior and vice versa, over very short time scales: therefore 
behaviors can be properly understood only in the context 
of dynamic systems that consider both predators and prey 
simultaneously. Overall, this makes empirical studies of 
antipredation behavior a continuing challenge for behav¬ 
ioral scientists. 

See also: Experiment, Observation, and Modeling in the 
Lab and Field; Experimental Design: Basic Concepts; 
Games Played by Predators and Prey; Playbacks in 
Behavioral Experiments; Predator’s Perspective on Pre¬ 
dator-Prey Interactions; Robotics in the Study of Animal 
Behavior. 

Further Reading 

Ajie BC, Pintor LM, Watters J, Kerby J, Hammond Jl, and Sih A (2007) 
A framework for determining the fitness consequences of 
antipredator behavior. Behavioral Ecology 18: 267-270. 

Caro TM (2005) Antipredator Defenses in Birds and Mammals. Chicago, 
IL: University of Chicago Press. 

Cresswell W (2008) Non-lethal effects of predation risk in birds. Ibis 150: 
3-17. 

Cresswell W and Quinn JL (2004) Faced with a choice, predators select 
the most vulnerable group: Implications for both predators and prey 
for monitoring relative vulnerability. Oikos 104: 71-76. 

Lima SL (1993) Ecological and evolutionary perspectives on escape 
from predatory attack - A survey of North-American birds. Wilson 
Bulletin 105: 1-47. 

Lima SL (1998) Stress and decision making under the risk of predation: 
Recent developments from behavioral, reproductive and ecological 
perspectives. Advances in the Study of Behavior 27: 215-290. 

Lima SL (2002) Putting predators back into behavioral predator-prey 
interactions. Trends in Ecology & Evolution 17: 70-75. 

Lima SL and Dill LM (1990) Behavioral decisions made under the risk of 
predation: A review and prospectus. Canadian Journal of Zoology 
68: 619-640. 

Lind J and Cresswell W (2005) Determining the fitness consequences of 
anti-predation behaviour. Behavioral Ecology 16: 945-956. 
Minderman J, Lind J, and Cresswell W (2006) Behaviorally mediated 
indirect effects: Interference competition increases predation mortality 
in foraging redshanks. Journal of Animal Ecology 75: 713-723. 

Roth TC, Lima SL, and Vetter WE (2006) Determinants of predation risk 
in small wintering birds: The hawk’s perspective. Behavioral Ecology 
and Sociobiology 60: 195-204. 




Endocrinology and Behavior: Methods 

K. L. Ayres, University of Washington, Seattle, WA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Endocrine Measures 

Researchers have long been interested in the interplay 
between animal behavior and ‘secretory blood-born pro¬ 
ducts/ later termed hormones. The most basic definition 
of a hormone is an organic chemical messenger between 
cells. The endocrine system is one of the most ancient 
chemical messenger systems in living organisms and plays 
a large role in physiology and behavior. A secretive cell 
secretes hormones, which then travel through blood and/ 
or tissue fluids and act on target cells. Target cells can be 
including different cells throughout the body or the cell 
that secreted the hormone (i.e., the secretive cell sends a 
signal to itself). Hormones help integrate, regulate, and 
coordinate physiology and behavior; therefore, they often 
have multiple, simultaneous functions. 

Hormones can be broken down into three main types: 

1. Modified lipids and phospholipids', derivatives of choles¬ 
terol and fatty acids such as steroid hormones (e.g., 
glucocorticoids, androgens, progestins, estrogens, etc.) 
and the prostaglandins. 

2. Peptides: hormones that are a string of amino acids (i.e., 
a protein). 

3. Modified amino acids : derivatives of tyrosine and trypto¬ 
phan such as thyroid hormones and the catechola¬ 
mines, respectively. 

Hormone Receptors 

Hormone receptors are proteins that bind hormones. 
Once bound, the hormone/receptor complex initiates a 
cascade of cellular effects resulting in some modification 
of physiology and/or behavior. Hormones usually require 
receptor binding to mediate a cellular response. Receptor 
binding and the associated cellular cascades amplify the 
hormone signal allowing hormones to act at very low 
concentrations, sometimes as low as parts per trillion! 
Scientists who study hormone receptors are interested in 
the cells and tissues that possess the receptors (i.e., the ovary, 
the testis, the stomach lining, specific parts of the brain, 
etc.). The location of the receptor shows where the hormone 
should be biologically active. 

Binding Globulin 

Binding globulins are plasma proteins with low solubility 
that bind hormones, such as the steroids and thyroid 


hormone, and help carry the protein through the blood. 
Measurements of the ‘total 7 concentration of a hormone in 
blood include hormones that are bound to a binding 
globulin and hormones that are ‘free’ or unbound to a 
carrier protein. Free hormones are only those that are not 
bound to binding globulins. 

Total Hormone Concentration 

The total hormone concentration is the combined con¬ 
centration of hormones bound to binding globulins as well 
as hormones that are ‘free’ or unbound. 

Free Hormone Concentration 

The free hormone concentration is the concentration of 
hormones that are circulating unbound or ‘free’ from 
binding globulins. 

Hormone Matrix 

A substance that contains hormones and/or hormone 
metabolites is called a hormone matrix. Hormones and 
hormone metabolites can be measured in a number of 
matrices such as blood, saliva, urine, fecal material, blub¬ 
ber, and hair. Each hormone matrix and hormone type has 
its own methodological pros and cons so the hormone and 
the matrix of interest will depend largely on the question 
being asked and the animal species that the researcher is 
studying. 

Blood 

Most hormones can be measured in blood, making this a 
very reliable matrix for analyzing almost any hormone of 
interest. If the study animal can be managed and bled, the 
blood hormone concentrations can be measured using 
RIA or ELISA. Blood is often a more invasive approach; 
however, some captive animals will allow blood to be 
drawn willingly if they are trained with positive reinforce¬ 
ment techniques. For example, captive dolphins at marine 
parks are trained to present their tail flukes so that blood 
may be drawn from the fluke. Blood hormones are 
secreted in pulses. Therefore, a researcher must be careful 
when working with circulating hormones, since results 
can vary drastically if the animal is sampled at the height 
of secretion versus a trough. This usually means that 
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multiple individuals must be sampled multiple times to 
adequately access average hormone concentrations. Also, 
handling the animal may elicit a physiological stress 
response. This may confound results if the researcher is 
interested in endocrine measures that are affected by 
stress, which are common in endocrinology. For that rea¬ 
son, it is often important to obtain the blood sample 
within a certain amount of time before the adrenals can 
secrete glucocorticoids that may interfere with the study. 
On the other hand, if the physiological stress response is 
the focus of the study, than blood is useful for testing the 
magnitude of the physiological stress response, which is 
not easy in other hormone matrices. 

Saliva 

Saliva is considered a good matrix for measuring biologi¬ 
cally active Tree hormones’ that are not bound to binding 
globulins. The binding globulins are thought to be too 
large to pass into the saliva, and therefore saliva should 
only contain free hormones separate from the binding 
globulins. Saliva has become a very popular way for mea¬ 
suring hormones in humans as this approach is fairly 
noninvasive and relatively sanitary. The researcher and/ 
or the subject require very little training to obtain a saliva 
sample. In fact, there are companies that now offer saliva 
hormone tests commercially, where you can send in your 
own saliva sample and they will analyze your hormone 
levels. Usually these commercial services test steroid and 
thyroid hormone concentrations. Some hormones that 
can be measured in saliva include estrogens, androgens, 
progestins, melatonin, and glucocorticoids. 

Saliva may not be the best option for sampling 
non-human species, because obtaining a saliva sample 
may be somewhat invasive for an unwilling or sensitive 
animal, not to mention an animal with a bad bite! This 
means that some animals would still require capture and 
restraint to obtain a saliva sample. 

Feces 

Fecal hormones have become very popular for studies of 
sensitive and/or endangered species; elusive species; and 
in studies where handling may confound results (i.e., stress 
physiology studies). Fecal hormones are also compounded 
over time making them less sensitive to the issues of 
pulsatile secretion associated with blood sampling. How¬ 
ever, while fecal sampling for steroid hormones and mod¬ 
ified amino acids is becoming common, peptide hormones 
are difficult, if not impossible, to measure in feces, 
because they are broken down during digestion. 

When conducting fecal hormone studies, it is impor¬ 
tant to thoroughly mix samples as hormones are usually 
unevenly distributed in the fecal material, causing hor¬ 
mone ‘hot spots’ and ‘cold spots.’ Samples should also be 


lyophilized, because increased food intake results in a 
higher concentration of water in the feces. Once freeze 
dried and extracted, hormone concentrations should be 
analyzed per gram dried fecal material for more accurate 
results. It is also important to consider the lag time asso¬ 
ciated with metabolism, excretion, and digestion of hormones. 
The digestive lag time is species specific and ranges 
around a few hours for small mammals and birds to 
around 12-48 h in larger mammals. Many fecal hormone 
issues have been addressed in Wasser et al. (1994, 2000). 
Some hormones that can be measured in fecal material 
include androgens, estrogens, progestins, glucocorticoids, 
and thyroid hormones. 

Urine 

Urine sampling is similar to fecal sampling, but is more 
common in captive animal studies. Captive animals can be 
trained using positive reinforcement techniques to urinate 
on cue as is done for captive dolphins in marine parks. 
The researcher can also line the bottom of enclosures to 
catch the urine whenever the animal urinates, making this 
approach very noninvasive with many of the same benefits 
as of fecal sampling. Unlike fecal sampling, the animal 
must usually be captive and/or present for the researcher 
to collect a urine sample. 

Researchers usually analyze urinary hormones per ml 
creatinine to control for differences in urinary excretion 
rates. Some hormones that can be measured in urine 
include androgens, estrogens, progestins, glucocorticoids, 
aldosterone, catecholamine metabolites, and leutinizing 
hormone. 


Recent studies have shown that some hormones can be 
extracted and measured from hair samples. For example, 
Gleixner and Meyer showed that you could extract and 
measure estradiol and testosterone in the hair of cattle. 
The extraction requires an agent to break the keratin 
bonds of the hair and an agent to facilitate the release of 
hormones from the hair into solution. They also found 
that different color hairs had different concentrations of 
hormones so hair color would need to be taken into 
account for hair hormone studies. 

Blubber 

Blubber sampling is popular for studies of marine mam¬ 
mals, which cannot easily be captured and/or restrained 
for drawing blood. The researcher uses a projectile dart to 
biopsy a small amount of skin and blubber from the 
animal, which can then be analyzed for hormones as 
well as some hormone receptors. This technique has 
become popular for assessing reproductive state in marine 
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mammals, where it is both difficult and dangerous to 
capture and/or sedate the animal. Some hormones that 
can be measured in blubber include progesterone, estra¬ 
diol, and testosterone. 

Egg Yolk 

Studies of hormones in egg yolk have been used to test 
nongenetic maternal effects on offspring development 
in egg-laying vertebrates. The environment experienced 
by the laying mother can affect what type and concen¬ 
tration of a particular hormone she deposits in the egg. 
This can have a significant effect on development and 
behavior after the chicks are hatched and reared. For 
example, Daisley and colleagues showed that higher 
levels of testosterone in the egg yolk of Japanese quails 
result in more ‘bold’ or ‘proactive’ behaviors after hatch¬ 
ing in both sexes. 

Hormone Extractions 

Before a researcher can assay hormone concentrations in 
their samples, it is important to select and validate an 
appropriate extraction solvent and protocol. Appropriate 
extraction protocols depend on the chemical properties of 
the hormone of interest and the biological matrix from 
which one is extracting the hormone. For example, steroid 
hormones are fairly nonpolar and are often extracted in 
methanol or ethanol. 

Measuring Hormone Concentrations 

Gas Chromatography-Mass Spectrometry 

GC-MS is a method of detecting and measuring the 
amounts of a chemical, using the separation of chemicals 
by chemical properties and mass. This technique is very 
accurate, but can be expensive and sometimes more spe¬ 
cific than is needed for many hormone studies compared 
to immunoassays, which are cheaper and better for high- 
throughput analyses. However, GC-MS is often used to 
initially validate hormone measures in immunoassays. 

High-Performance Liquid Chromatography 

High-performance liquid chromatography or high-pressure 
liquid chromatography (HPLC) is a type of column chro¬ 
matography used to separate, identify, and quantify hormone 
concentrations. A column is packed with chromatographic 
packing material called the stationary phase. The solvent 
and the extracted hormones are the mobile phase and are 
moved via a pump through the column to a detector. The 
detector records the retention times of the hormones in 


the sample. Retention time varies depending on the inter¬ 
actions between the stationary phase, the hormones, and 
the solvent used. 

Immunoassays 

Immunoassays have become very important for measur¬ 
ing hormone concentrations. Radioimmunoassay and 
enzyme-linked immunoassays tend to be the most utilized 
assays today and are very sensitive, which is important 
because hormones can be biologically active in concen¬ 
trations as small as part per trillion! 

Radioimmunoassay 

RIA was developed in the 1960s and 1970s and allows 
incredibly sensitive measures of hormone concentrations. 
The assay relies on a hormone specific antibody, which 
competitively binds the unknown hormone of interest 
with a known concentration of radioactively tagged hor¬ 
mone. The amount of bound radioactive hormone is com¬ 
pared with a standard curve, which allows one to calculate 
the unknown hormone concentration. 

Enzyme-Linked Immunoassay 

ELISA works the same way as RIA except that instead of 
radioactively tagging the known hormone, the hormone is 
tagged with a color-changing agent that can be measured 
using a spectrometer. This method does not involve 
handling radiation, which can be a logistical advantage 
over RIA. 

Hormone Validations 

Hormone validations are a series of experiments that are 
conducted each time a new hormone, matrix, and/or 
species is going to be studied. These experiments test 
the presence of the hormone(s) in the matrix, the ability 
to extract the hormone(s) given a specific extraction 
protocol, and the ability to measure the hormone con¬ 
centration^) effectively given a specific quantification 
technique. 

Recovery 

A recovery experiment is a validation experiment that 
tests the ability to recover a known amount of ‘tagged’ 
hormone from a given matrix. The tag is usually a radio¬ 
active isotope. The matrix of interest is spiked with a 
known amount of tagged hormone. The researcher then 
conducts the desired extraction protocol and tests for the 
percent recovery of the tagged hormone spike to see 
whether the extraction protocol was effective and suffi¬ 
cient to recover most, if not all, of the spike. 
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Parallelism 

Parallelism is a validation experiment conducted when 
beginning a study on a new species, matrix, extraction 
technique, antibody, and/or assay. Parallelism tests for the 
presence of the hormone of interest in the extract and the 
ability to detect a range of hormone concentrations in 
the assay To test parallelism, the researcher makes a series of 
serial dilutions from the unknown extract. Each serial 
dilution is quantified in an immunoassay. The hormone 
concentrations of the serial dilutions are then compared 
with the known standards that were used in the assay. 
If the hormone is present and can be quantified over a 
range of concentrations, then the serial dilution concen¬ 
trations should parallel the standard curve. If an extract 
shows nice parallelism, usually the dilution that yielded 
about 50% binding in the assay is used to test for accuracy. 
Fifty percent binding is the dilution that maximizes 
the number of samples that will fall on the standard 
curve when the researcher starts analyzing the actual 
samples for the study. However, if an unusually high- or 
low-concentration sample is used for the parallelism 
experiment, then the 50% binding will not be very useful 
to this effect. Therefore, if it is possible, parallelism should 
be run on a pool of different kinds of samples from the 
population of interest. 

Accuracy 

Accuracy is a validation experiment conducted when 
beginning a study on a new species, matrix, extraction 
technique, antibody, and/or assay. Accuracy tests the abil¬ 
ity of an assay to accurately measure a known hormone 
concentration when spiked with the extract that yielded 
about 50% binding in the parallelism validation. The test 
is conducted by running a normal set of standards in the 
assay along side another set of standards spiked with the 
concentration that yielded 50% binding. A zero is also run 
which contains only the ‘spike.’ After the assay is run and 
the hormone concentrations are quantified, the ‘spike’ 
concentration is subtracted from each of the spiked stan¬ 
dard concentrations and the results are graphed against 
the normal (un-spiked) standards. If the antibody in the 
assay measures the hormone concentration accurately 
with no interference, then concentrations of the normal 
standards graphed with the concentration of the spiked 
standards minus the spike should yield a line with a slope 
that is not significantly different from 1. 

Challenge Experiments 

Challenge experiments help validate that a physiological 
change in circulating hormone concentration is reflected 
in the matrix of interest. For example, one common 
challenge experiment is an ACTH (adrenocorticotrophic 


hormone) challenge. ACTH is the hormone released from 
the brain that tells the adrenals to release glucocorticoids. 
In an ACTH challenge, the animal is injected with ACTH 
and samples of the matrix of interest are collected before 
and after ACTH injection. Glucocorticoid concentrations 
are then assayed to see whether they have increased after 
the ‘challenge’ with ACTH. If the concentrations have 
increased after the challenge, then it shows that glucocor¬ 
ticoids in that matrix are an effective measure of adrenal 
activity during the physiological stress response. Another 
common challenge is a TSH (thyroid stimulating hor¬ 
mone) challenge, which tests whether or not measures of 
thyroid hormones in a certain matrix reflect thyroid 
function. 

Experimental Manipulation 

Many behavioral endocrinologists are interested in 
manipulating study organisms by introducing excess hor¬ 
mones/hormone activity or suppressing hormone con¬ 
centrations/activity to see how these changes affect 
behavior. Experimental methods employed by behavioral 
endocrinologists can be generally described as ablation, 
replacement, and overexpression manipulations. R. Silver 
outlined the necessary criteria used in behavioral endo¬ 
crinology to test whether a particular hormone affects a 
specific behavior or the behavior affects hormone con¬ 
centrations. These criteria include the following: 

1. A hormonally dependent behavior should disappear 
when the source of the hormone is removed or the 
hormone actions are blocked (ablation). 

2. After the behavior stops or is reduced, restoration of 
the missing hormonal source or its hormone should 
restore the absent behavior (replacement). 

3. Hormone concentrations and the behavior should 
covary. The behavior should be observed more often 
when hormone concentrations are higher and less 
often or never when hormone concentrations are lower. 

Ablation Manipulations 

Ablation manipulations remove the hormone of interest 
or block its actions. 

Surgery 

The oldest ablation manipulations in endocrinology are 
surgical organ/tissue removals. For example, the first 
recognized experiment in behavioral endocrinology was 
conducted by Berthold in 1849. In this study, Berthold 
removed the testes of or gonadectomized roosters. The 
gonadectomized roosters or ‘capons’ did not crow and 
exhibited more feminized morphology. 
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Antagonists 

Antagonists or ‘blockers’ are used as a way to chemically 
‘knockout’ or reduce hormone function. An antagonist binds 
the hormone receptor, but does not cause the down stream 
cellular effects that are characteristic of the hormone, 
resulting in less bioactivity by the hormone of interest. 

Blocker 

See section ‘Antagonists.’ 

Genetic Knockouts 

Genetic knockouts or partial knockouts can occur naturally 
by mutation or can be engineered to decrease hormone 
and/or hormone receptor production. These mutant phe¬ 
notypes can be used to test the effects of a particular loss of 
hormone function on morphology and behavior. 

Replacement Manipulations 

Replacement manipulations restore the source of the hor¬ 
mone or the hormone itself that was lost in an ablation 
manipulation. In Berthold’s rooster experiment, he trans¬ 
planted testes from a normal rooster into the gonadecto- 
mized capons. This restored crowing and male sexual 
behavior, while also restoring the typical rooster phenotype. 

Hormone Implants 

Implants are commonly used in behavioral endocrinology 
to replace a lost hormone or to overexpress a hormone 
of interest. Most implants involve silastic tubing packed 
with the hormone. The tubing is implanted under the 
skin and releases the hormone steadily over time to test 
how increased hormone levels affect behavior or to 
restore a lost phenotype and/or behavior from an ablation 
manipulation/mutation. 

Agonists 

Agonists or ‘mimics’ are similar to antagonists in that they 
are chemicals that bind hormone receptors, but unlike 
antagonists they do activate the cellular cascades indica¬ 
tive of the natural hormone. 

Mimic 

See section ‘Agonists.’ 

Genetic Mutations 

Mutations that cause the overexpression of a given hor¬ 
mone occur naturally or can be engineered. These mutant 
phenotypes overexpress a given hormone and/or receptor 
and can be used to test the effects of hyper expression of a 
given hormone on morphology and behavior. 


Conclusion 

The interplay of hormones and behavior is a fascinating 
and rapidly evolving field. There are many methods from 
which to choose when conducting research in this field 
and new questions and methods are emerging every day. 
The most effective method for a study will depend 
largely on the research question and the focal species. 
The researcher must decide on the types of hormones 
that are relevant to understanding their question. They 
must decide on the best matrix for their hormone of 
interest and how they will accurately extract and mea¬ 
sure the hormones from that matrix. Once these ques¬ 
tions are answered, endocrine measures can be very 
powerful tools for understanding how hormones affect 
behavior and how behaviors influence physiology. 

See also: Aggression and Territoriality; Behavioral Endo¬ 
crinology of Migration; Communication and Hormones; 
Conservation Behavior and Endocrinology; Defense 
Against Predation; Experimental Approaches to Hor¬ 
mones and Behavior: Invertebrates; Female Sexual 
Behavior: Hormonal Basis in Non-Mammalian Verte¬ 
brates; Field Techniques in Hormones and Behavior; 
Fight or Flight Responses; Food Intake: Behavioral 
Endocrinology; Hormones and Behavior: Basic Concepts; 
Horses: Behavior and Welfare Assessment; Hunger and 
Satiety; Immune Systems and Sickness Behavior; Internal 
Energy Storage; Invertebrate Hormones and Behavior; 
Memory, Learning, Hormones and Behavior; Molt in 
Birds and Mammals: Hormones and Behavior; Pair- 
Bonding, Mating Systems and Hormones; Parental 
Behavior and Hormones in Non-Mammalian 
Vertebrates; Pets: Behavior and Welfare Assessment; 
Poultry: Behavior and Welfare Assessment; Reproduc¬ 
tive Skew, Cooperative Breeding, and Eusociality in 
Vertebrates: Hormones; Seasonality: Hormones and 
Behavior; Sex Change in Reef Fishes: Behavior and 
Physiology; Sexual Behavior and Hormones in Male 
Mammals; Sleep and Hormones; Stress, Health and 
Social Behavior; Tadpole Behavior and Metamorphosis; 
Vertebrate Endocrine Disruption; Welfare of Animals: 
Behavior as a Basis for Decisions; Wintering Strategies. 
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Ethograms, Activity Profiles, and 
Energy Budgets 

When we study behavior, we examine all the actions of 
an individual over time. Behavior may be a continuous 
stream of activity, but we attempt to reduce this continuum 
to a series of discrete actions that we can examine and 
quantify. We ask what all this activity is about, what the 
functions of the actions are and what stimuli in the envi¬ 
ronment or the organism are responsible for the behavior. 
Behavior is therefore divided into elements that we 
believe are meaningful and such a process is inherently 
subjective. Nonetheless, we can operationally describe the 
structure of the units selected and produce what amounts 
to a dictionary of behavior, an Ethogram. Ideally, an 
Ethogram should include all the actions typical of a 
species. Idiosyncratic behavior or behavior found in only 
a few individuals, or behavior that is unusual, is usually 
not included in an Ethogram; it is placed in a general or 
‘wastebasket’ category. 

The Ethogram is then used in an attempt to measure 
the frequency and duration of the units of behavior, 
recognizing some as brief acts, or events, and others as 
prolonged states. We correlate these measures with 
observable stimuli to see what immediately preceded the 
element and therefore might be responsible for the behav¬ 
ior, and what followed as an apparent consequence of 
the behavior and therefore might be the function of the 
behavior. Function does not, of course, require intention 
at the time of the action, as many acts may be reflexive, 
resulting from prior selection acting on the ancestors of 
the individuals so that genes contributing to acts with 
favorable consequences (with regard to the individual’s 
genetic fitness) were selected for. Other behavior may 
come about through experiences during the lifetime of 
the individual, some of which may be learned. So we now 
have some idea about all four of Tinbergen’s ‘Why’ ques¬ 
tions regarding the structure under consideration: the 
proximal cause, the ontogenetic cause, the function, and 
the evolutionary cause (which may be quite distinct from 
the current function). 

One problem with Ethograms is that they may be 
different in the case of each investigator, and it may 
be impossible to compare data collected on the same 
individuals by different investigators, each using their 
own Ethogram. Comparing across Ethograms is not as 
easy as deciding whether one was a lumper and the other a 
splitter. If that were the case, then all one would need to 


do is combine the splitter’s categories into the larger units 
used by the lumper. 

For example, one person defined severe aggression as 
biting or chasing, whereas another defined and scored 
biting and chasing separately and did not have a ‘severe 
aggression’ category. On the other hand, if one investiga¬ 
tor defined severe aggression as biting or chasing and mild 
aggression as a slap or lunge, while another investigator 
defined severe aggression as biting and slapping and mild 
aggression as chasing, lunging, and a specific facial cate¬ 
gory, no ready comparison of their data is possible. You 
will note that the second included a facial expression, not 
scored by the other, in one category and combined the 
other categories differently from the first observer. There 
is no way to directly compare their quantitative data for 
severe and mild aggression. If we all used the same Etho¬ 
gram of course, we would have no problem, but no uni¬ 
versally agreed upon Ethogram currently exists. 

Data Collection Methodology 

Every investigator of behavior should begin with a 
defined Ethogram, for at least a subset of the animal’s 
activity, for example, reproductive behavior and corre¬ 
lated responses. None of us can study all that an animal 
does. When we try to do so, we score only what seems 
important to us at the moment and may stop scoring some 
elements as irrelevant after a while and add others that we 
decide are important. Unsystematic data collection of this 
sort can only tell us that we did see something, but not 
necessarily how often or for how long. Jeanne Altmann’s 
classic paper on data collection methods assumes that we 
begin with a discrete Ethogram (1974). She describes how 
we must focus on a single individual and record what 
happened, when and for how long, but for a predefined 
list of activities (Focal Data). Alternatively, we may try to 
watch all of the individuals in a group simultaneously and 
score some particularly noticeable action every time it 
occurs (All Occurrence Scans). 

Yet another alternative is to focus on a single individual 
at a time (as in Focal Data) but only for a brief instant, at 
predetermined intervals, to indicate whether or not it was 
in one of several particular states (Instantaneous Scans). 
In designing such a system, we should select intervals far 
enough apart so that our samples for each individual are 
relatively independent of what it was doing on the previ¬ 
ous scan. Determining the proper interval for collecting 
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Instantaneous Scan data requires some quantitative infor¬ 
mation on the duration of items in the Ethogram and 
whether they are random with regard to one another or 
occur in sequences in which the same elements are 
repeated. Pilot data are used to obtain such estimates. 

For example, if one were to use Instantaneous Scans 
to determine what percentage of the day humans spent 
sleeping, it would hardly do to collect 1000 scans at 10 s 
intervals. The probability of a human being asleep 10 s after 
having been observed to be asleep is considerably higher 
than the random probability of seeing a human asleep. The 
1000 scans collected in a 3 h period might falsely lead one 
to conclude that humans never sleep or that they spend 
100% of their time asleep. Clearly, if humans sleep for an 
average of 7 h at a time, then instantaneous scans taken at 
intervals of less than the mean sleep duration will not yield 
independent data. The interval used between scans must 
thus be based on the mean duration (plus 1.96 standard 
deviations to insure 95% confidence of the independence 
of each entry) of the longest state in the Ethogram being 
measured, or instantaneous scans must be performed at 
different intervals, depending on the item being examined. 
Of course if the number of scans is very large, then the 
inflated N produced by too frequent scanning will not 
jeopardize conclusions that would have been reached on 
the basis of a much smaller sample at longer intervals 
inasmuch as the increased power of tests with larger Ns 
becomes negligible as Ns become very large. 

Other data collection techniques include trying to keep 
a running log of whatever we see as it strikes us, just to find 
out what does occur (ad libitum data collection). Whereas 
ad libitum data collection may be necessary as pilot work 
to decide what seems worth studying more systematically, 
and as a prequel to systematic data collection, ad libitum 
data provide information only on the existence of acts and 
states. True Individual Focal Data, in contrast, will provide 
information on both the frequency and durations of all 
items in the Ethogram. Focal data collection is expensive 
in terms of time, for only a single individual can be fol¬ 
lowed at one time and in order to collect 1 h’s worth of data 
on a group of 100 individuals, one would need 100 obser¬ 
vers working simultaneously, or a single observer to spend 
100 h collecting 1 h’s worth of data on each individual. 
(If you are studying social interactions, 100 h of data actu¬ 
ally provide 2 h of data on each subject as you have 1 h on 
the subject and 1 h on each possible partner that could 
interact with the subject.) 

Instantaneous Scans are also done by observing one 
individual at a time, but since data collection is instan¬ 
taneous, a group of 100 individuals can be done as fast 
as the observer can find each on a predetermined list. 
A predetermined list and time frame is necessary so that 
data collection is random for all individuals. If one scores 
individuals opportunistically, then if A is grooming B at 
the scan for A, and B is scored next because it is available, 


then the data for B are not independent of what was just 
scored for A. Instantaneous Scan data can be used to say 
what percentage of scans included the behavior and 
hence, what percentage of time the individual spends in 
that activity. 

All Occurrence data will give us true frequencies, 
but if and only if all individuals under study are continu¬ 
ously visible and the behavior lasts long enough so that 
a scanning observer will be able to check all individuals 
in a time period shorter than the duration of the action 
or state. 

Another method is called ‘One-Zero’ data collection in 
which, for predetermined periods of time, one enters 
whether or not a particular action occurred (but not 
how often) during that period of time. Such data yield 
neither frequency nor duration data but do allow one to 
calculate the probability of seeing an act at least once 
in the predetermined interval of time. Some may question 
the biological significance of such data, but sometimes the 
probability of an act occurring can be more significant 
than how often it will occur or how long it will last. 

For example, when an individual must maintain prox¬ 
imity to another for a set period of time to achieve some 
goal, then the individual’s concern may be the probability 
of being attacked in that period of time, rather than how 
many blows will be struck (frequency) or how long the 
attack will last (duration). Being able to predict how 
others will respond is the essence of social skill. The 
probability of various responses to one’s behavior, by 
another, influences what course of action should be 
selected to achieve a goal at the least cost. The probability 
of favorable and unfavorable outcomes will certainly vary 
with the identity of the partner and partner identification 
is essential for the development of social skills, but it may 
also be important to predict the probability of a particular 
response on the basis of the duration of proximity with 
that partner. If the duration of the behavior an individual 
wishes to engage in while in proximity to a particular 
partner exceeds the typical duration that that individual 
will tolerate that individual’s presence at that distance, 
then it might be wise to postpone or forego that behavior. 
One must assess not only the distance that must be main¬ 
tained between oneself and a dominant individual that 
may wish to contest for a particular resource, but also the 
probability that the opponent will actually respond to one 
at a particular distance. One-Zero data are collected by 
investigators, but animals assess the probability of action 
by an opponent on the basis of what they are doing, at 
what distance, and for how long. Although One-Zero data 
provide no information on the frequency or duration of 
an opponent’s response, sometimes it is the likelihood 
of a response that is key to a decision, rather than the 
frequency or duration of that response. Being attacked can 
be of more concern than the duration of the attack or the 
frequency of elements in that attack. 
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Activity Profiles 

Having collected data with a specific Ethogram, an inves¬ 
tigator then may try to categorize a group or species by 
the amount of time it spends in each major activity. These 
data are summarized by time of day and by season or 
weather conditions to detect diurnal patterns in behavior, 
if they exist, and to note seasonal and weather adjustments 
of behavior by an individual or a group. Differences in 
how members of specific age-sex classes allocate their 
time can be examined and questions can be answered 
about how food supply or rainfall influences the amount 
of time spent resting, feeding, traveling, etc. Sometimes 
nonintuitive results are found as when animals travel less 
far while searching for food during the dry season, when 
food is scarce and most difficult to find. This may occur 
because the animals cannot search for food in some areas 
during the dry season because they need water to drink at 
some measured intervals and the time required to travel 
from the food sources in these areas to the nearest water 
source exceeds the time interval that the animals can go 
without drinking. 

Activity profiles can be used to compare groups under 
different ecological conditions, to compare the same group 
seasonally or diurnally, to compare different age-sex clas¬ 
ses, and to compare groups of different species. The latter 
is especially useful when two species are sympatric, living 
in the same geographically defined area. Differences in 
activity profiles between the two species may indicate 
that, although the two live in the same place, they have 
different ecological niches, that is, they use the available 
resources differently. Such differences can allow two 
species to share the same home range while minimizing 
competition between them. 

Energy Budgets 

Investigators may also try to theoretically determine 
how animals must allocate energy for survival in an area. 
This results in an Energy Budget that considers what 
the various needs of an individual are for survival, how 
long it takes to satisfy each need, and how long the 
individual can go before it is once again necessary to 
respond to that need. 

For example, an individual may need to eat every 6 h 
and therefore must never be more than 6h away from 
food, and it must drink every 24 h and so must never 
be more than 24 h from water. At the same time, it may 
need to rest in a secure location every 12 h. If resting 
takes 4 h, eating takes 1 h each time, and drinking takes 
5 min, one can find whether the distribution of resources 
in an area can accommodate all of an individual’s needs 
after considering the travel time between the various 
resources. 


For example, in this case if food and water are not in 
the same place, then food must always be within a 5 h walk 
from the nearest water (they must eat every 6h and it 
takes 1 h to eat) and resting locations must always be 
within a 2 h walk to food (they rest for 4 h and must eat 
every 6 h). When resource distributions change, or when 
the time to obtain the resource changes (e.g., feeding on 
soft fruit may require little processing time, whereas 
searching for insects, or extracting embedded nuts may 
require far more processing time to obtain the same 
amount of energy), one can calculate the adjustments in 
time allocations that must be made in order to satisfy the 
individual’s basic needs. 

Of course, something like food is complex for food 
represents not only calories but also specific nutrients 
which vary by the type of food. Moreover, most foods 
contain some level of toxins and the individual can only 
detoxify a certain amount in a given period of time thus 
limiting the amount of that kind of food that can be eaten 
at one time. An Energy Budget must consider all of the 
various aspects of ‘food’ in considering how much time 
must be allocated to obtaining each required type and 
what maximum benefits can be obtained from one type 
before limits, such as the ability to neutralize toxins in the 
food, are reached. By calculating an Energy Budget and 
plotting the location of resources, one can assess potential 
habitats as either suitable or not suitable for a particular 
taxon. This may explain why animals are not present 
in some locations that, at first glance, seem like suitable 
habitat. Such considerations are very important in con¬ 
servation planning and refine estimates of potential habi¬ 
tat on the basis of broad ecological classifications. 

Social Factors 

The study of social interactions adds complexity to the 
study in that at least two individuals must be considered 
simultaneously and each acts as a particular stimulus for 
the other and may change its stimulus value by changing 
its behavior (communication). Social resources are also 
harder to analyze in terms of how often they are needed, 
how long it takes to reestablish social relationships after 
separations, etc. Reproduction in most animals is neces¬ 
sarily social as is the rearing of young. Defense against 
attack, huddling for warmth, and even hunting for prey 
are social in socially living animals. Although hunting 
need not involve joint hunting or cooperation or sharing, 
socially living animals must coordinate their activities 
with other group members so that these activities do not 
disperse group members to the extent that they cannot 
readily reunite. In every case, the investigator must define 
the Ethogram of responses used to study the area 
of interest and produce quantitative data that can be 
used for analyses. Depending on the hypotheses under 
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investigation, different aspects of behavior may be studied 
and we may complain that an experiment failed to collect 
data on some aspect of particular interest to us (but not 
necessarily to the original investigator). 

No study can score everything and so each of us must 
carefully explain why we scored what we did and how we 
did it. A good experiment should be replicable, and to do 
that the methods, including the Ethogram, must be pre¬ 
sented in detail. In our replications, we can collect addi¬ 
tional data but the replication must use exactly the 
techniques used to collect the original data. In this way, 
Science builds on the past. 
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The Very Beginning 

Like for other aspects in biology, Charles Darwin can be 
safely viewed as the great grandfather of ethology. In his 
endeavor to understand the continuity between biological 
traits across different taxa, including humans, he realized 
that behavior was an important component of his evi¬ 
dence for biological evolution. He devoted a whole chap¬ 
ter of On the Origin of Species to the study of instinct, and in 
The Expression of the Emotions in Man and the Animals, Darwin 
observed: “With mankind some expressions, such as bris¬ 
tling of the hair under the influence of extreme terror, or 
the uncovering of the teeth under that of furious rage, can 
hardly be understood, except on the belief that man once 
existed in a much lower and animal-like condition.” 

Despite such precursors, the systematic study of animal 
behavior in Europe began with the work of Oskar Heinroth, 
director of Berlin Zoo and Aquarium from 1913 to 1945. 
The term ‘ethology’ was coined in America by the zoologist 
Morton Wheeler in 1902, and the eminent American biolo¬ 
gist Charles Otis Whitman, and his student Wallace Craig, 
had already gained significant insights into the behavior 
of animals by their systematic and comparative studies of pi¬ 
geons. In Europe, Heinroth published his Beitrdge zur Biologie, 
namentlich Ethologie and Psychologie der Anatiden (contributions 
to biology, especially ethology and psychology of the anatids) 
in the Verhandlungen des 5. Internationalen Ornithologen-Kongresses 
in Berlin in 1910, which might be considered as the first 
substantial ‘ethological’ publication. Oskar Heinroth was par¬ 
ticularly interested in the behavioral displays, social signals, 
and rituals among conspecifics. In good Darwinian tradition 
and using ducks, swans, and geese, he argued that species- 
specific instinctive behavior, such as morphology, could be 
used to determine the genetic affinities of different taxa, a 
view he shared with C.O. Whitman from Chicago. Together 
with his wife Magdalena, Heinroth raised numerous young of 
a great variety of bird species in ‘Kaspar Hauser conditions,’ 
that is, in isolation from other birds, with the ambitious aim 
to systematically study the instinctive behavior of all the bird 
species of central Europe. This massive piece of work was 
published from 1924 to 1934 in the four-volume classic of 
Die Vogel Mitteleuropas (The Birds of Central Europe). 

Development of Concepts 

Heinroth’s work was influential to a number of naturalists, 
mostly ornithologists, who readily accepted his view that 


behavior is a species-specific trait suited for comparative 
studies in order to reconstruct phylogeny. Most prominent 
among his disciples was to become the Austrian zoologist 
Konrad Lorenz, a zealous observer of behavior with an 
unrivalled intuitive knowledge of animals. Lorenz was 
strongly influenced by the idea that instinctive behavior 
patterns are innate and invariable, rendering them suitable 
to reconstruct phylogenies just like any other bodily struc¬ 
ture. In this view, instincts are equivalent to organs. Lorenz 
regarded the concept of instinctive behavior patterns not as 
a hypothesis to be tested but as a fundamental assumption. 
Like his much-admired mentor Heinroth, Lorenz used 
mainly birds as model systems, particularly because of the 
opportunity to raise them by hand and due to their simi¬ 
larity to humans with regard to sensory biology, conditions 
greatly facilitating systematic study. Lorenz’ declared 
approach was to start with impartial observations devoid 
of any hypothesis. On the basis of these observations, he 
developed ideas and concepts, above all, the hypothesis of 
‘innate releasing mechanisms.’ He also took up Heinroth’s 
concept of imprinting (which the latter had never called by 
this term) and elaborated it, first in his seminal paper on 
Der Kumpan in der Umwelt des Vogels (The companion in the 
bird’s world) that was published in German in 1935. 

Interestingly, Lorenz and the other early ethologists 
in Europe focused on questions that had been of interest 
mainly to psychologists, despite their highly divergent 
approach. The emphasis was on internal states and environ¬ 
mental influences, but the ethologists’ concern extended 
beyond the question of immediate causation of behavior. 
Comparative Ethology was, thus, intended to be an alterna¬ 
tive to (North American) behaviorism - being mainly a 
psychologists’ domain - and Pavlovian ‘reflexology.’ The 
European naturalists’ aim was to teach psychologists the 
comparative and evolutionary approach, and the necessity 
to understand the behavior of whole animals in their natural 
environment. The preeminent advocate of this approach 
was Niko Tinbergen, a Dutch naturalist, who turned out 
to become, besides Lorenz, the second founding father of 
ethology. Together, they developed the concept of instinct 
based on a hierarchical organization of drives, assuming as 
key categories of behavioral causality action-specific energy 
and consummatory acts, together with innate releasing 
mechanisms. These concepts were strongly shaped by an 
imagination of energy flow, but without assuming a material 
counterpart. The most conspicuous concepts of the day 
were Lorenz’ psycho-hydraulic model and Tinbergen’s 
hierarchical organization of drives. 
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The concepts of instinct, developed first and foremost 
by Lorenz and Tinbergen, were important sources of test¬ 
able hypotheses enabling young researchers to scrutinize 
resulting predictions by experimental, physiological, and 
cybernetic approaches. It is important, however, to consider 
these developments in a historical context. In the end, the 
original concepts proved to be too simplistic and partly 
mistaken, and considered in retrospect, they seem to have 
lead nowhere. If the concepts of the ‘classical’ period of 
ethology might now be viewed as scientific dead ends, at 
the time they were immensely important for the emergence 
and development of a behavioral science. Researchers like 
Gerard Baerends at Groningen, Robert Hinde at Oxford, 
and the American comparative psychologists Theodore 
Schneirla and Daniel Lehrman, were sparked by early 
ethological theory and took it to its first acid test. The 
intense discussion that ensued proved to be as important 
to the field as was the preceding development of the theory. 

Lorenz and Tinbergen 

Despite their common interest and general agreement, the 
roles of that important, odd couple, Lorenz and Tinbergen, 
diverged greatly. Lorenz was mainly concerned with the 
causality of behavior as a result of the interaction of exter¬ 
nal stimuli and innate, pre-programmed action patterns. 
He was interested in imprinting as a mechanism causing 
long-lasting effects of early experience and in the origin 
and function of ritualized social interactions. His major tool 
was the handraising of birds, mainly ducks and geese, which 
enabled him to observe his study organisms at close hand 
and largely undisturbed. Lorenz was no keen systematic 
experimenter but had a rather philosophical interest in the 
mechanisms underlying behavior at any level. In contrast, 
Tinbergen loved the systematic experimental approach, 
which he preferably used under field conditions. He for¬ 
malized the concept of instinct and strived for closer con¬ 
nections between the causal analysis of behavior and a 
physiological approach. Like Lorenz, he was a keen natu¬ 
ralist and an exceptionally gifted observer, but in addition, 
he was also an excellent experimenter. 

Over several decades, the rise of ethology in Europe was 
firmly in the hands of these two characters. Even if Karl von 
Frisch shared the 1973 Nobel prize of medicine and physi¬ 
ology with them for establishing ethology as a scientific 
discipline, von Frisch’s role in this endeavor was negligible. 
He was an outstanding experimenter and his research on 
the dance language of bees is a masterpiece, but he was not 
actively involved in the conceptual and practical establish¬ 
ment of ethology. In contrast, Lorenz and Tinbergen, in 
their own ways, strived for constructing the foundations for 
a scientific study of behavior. While Lorenz was the hyper¬ 
active motor developing and disseminating concepts of 
behavioral regulation, outspoken, self-confident, sometimes 


dogmatic, but well connected among his colleagues, Tinber¬ 
gen was more modest and careful in his attempt to gain 
attention for his ideas, and for the sake of ethology, always 
integrative in his actions and arguments, but nevertheless 
pushing hard towards the establishment of ethology as a 
biological science on an equal footing with, say morphology 
or physiology. Tinbergen realized that confining ethology to 
the study of causation would be too narrow a discipline. He 
wanted survival value and evolution incorporated in a sys¬ 
tematic study of behavior, just as ontogeny and causation - 
the four ‘Tinbergen questions’ that today still serve as the 
undisputed guideline for the study of behavior. 

Eventually, ethology gained momentum, and Lorenz 
and Tinbergen obtained prestigious positions with the 
Max-Planck Society and at the University of Oxford, 
respectively. Their continuous effort to establish this new 
discipline included the foundation of scientific journals, 
with Ethology being first in the field, cofounded by Lorenz 
under the name Zeitschrift far Tierpsychologie (Journal for 
Animal Psychology) in 1937. They organized international 
conferences that became increasingly popular, with the 
1952 meeting at Lorenz’ Max-Planck Institute in Buldern 
being the first of a series of ‘International Ethological 
Conferences’ (IECs) that still continue today, with bian¬ 
nual intervals. These activities spawned numerous disci¬ 
ples, and ethology groups emerged at various universities 
all over Europe. The most conspicuous centers of ethol¬ 
ogy in postwar Europe were the Max-Planck-Institute 
for Behavioural Physiology at Seewiesen, where Lorenz 
finally gained ground, and groups at the Universities of 
Oxford, Cambridge, Leiden, and Groningen. For several 
decades, Germany, Great Britain, and The Netherlands 
stood at the forefront of this new discipline. While the 
research directions pursued in German and British ethol¬ 
ogy diverged increasingly, ethology in the Netherlands 
kept its broad scope. 

Regional Divergence 

The policy of the German Max-Planck Society was to 
merge ethology with physiology, which defined the 
research activities at the Max-Planck-Institute for Beha¬ 
vioural Physiology at Seewiesen from the start (1958) 
right to its end (1999). This was an obvious combination, 
not only because, in essence, behavioral causation is a 
physiological problem, but also because of the strong 
position of physiology in biological science in Germany; 
its keen focus on sensory and neural physiology prepared 
the ground for the study of behavioral mechanisms at the 
level of organisms, organs, and cells. In Britain, on the 
other hand, where the tradition was strong in ecology and 
evolutionary thinking, the interest in the adaptive value of 
behavior gained momentum. While Tinbergen at Oxford 
strived to keep behavioral research in balance between the 
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ultimate and proximate levels of explanation, his succes¬ 
sors abandoned three of the four legs of ethology and 
capitalized entirely on the adaptive value of behavior - 
giving birth to the most conspicuous subdiscipline of 
ethology called behavioral ecology. 

Behavioral Ecology and Beyond 

The onset and expansion of behavioral ecology may be 
seen as the second success story of ethology, after its hype 
in postwar Europe that followed the birth of the discipline. 
It is also worth noting that behavioral ecology brought 
about the unification of behavioral research in Europe 
and America, despite the divergent history of this science 
on these two continents. The consequent application of 
evolutionary theory to the study of behavior revolutionized 
not only ethology, but the whole of organismic and inte¬ 
grative biology. William D. Hamilton of University Col¬ 
lege, London, achieved a breakthrough with his theoretical 
model of The genetical evolution of social behaviour published 
in 1964, where he concluded that “Species following the 
model should tend to evolve behavior such that each 
organism appears to be attempting to maximize its inclu¬ 
sive fitness.” This caused a paradigm shift from the focus on 
the maximization of individual fitness to the inclusion of 
effects on kin, which helped to understand the evolution of 
altruistic behavior such as known from eusocial insects - a 
dodgy puzzle to Charles Darwin. 

The other significant conceptual progress in the early 
days of behavioral ecology was its focus on the fitness 
effects of biological traits, which paved the way to the 
cost-and-benefit analysis of behavior. Role models of this 
development include John Krebs and Nicolas Davies 
from Oxford University, who developed elegant experi¬ 
mental tests of qualitative and quantitative predictions of 
foraging, aggressive, and reproductive behaviors. They 
spread the ideas and concepts of this new approach to the 
study of animal behavior by editing an influential series 
of books ( Behavioural Ecology: An Evolutionary Approach 
I—IV, 1978-1997). John Maynard Smith from Sussex 
and Geoffrey Parker from Liverpool proposed a game 
theoretical approach to the study of behavioral decisions, 
which had been used already long before in economy 
and military strategy. At the Max-Planck-Institute in 
Seewiesen Lorenz’ successor, Wolfgang Wickler, pursued 
a strict functional approach to behavior that had lasting 
effects on the development of ethology in Europe by 
the dispersion of his disciples. In the Netherlands, 
behavioral research centers at the Universities of 
Groningen, Leiden, and Utrecht thrived with a balanced 
approach to behavior that, remarkably, was not as nar¬ 
rowly confined to the study of its adaptive value as was 
the custom at many other centers of ethology. Countries 


in Scandinavia and Southern Europe developed their 
own strong research programs in behavioral ecology, 
which have contributed substantially to the progress in 
theoretical and empirical behavioral research in Europe. 

Despite this positive development, the unfavorably nar¬ 
row focus of behavioral ecology on the adaptive value of 
behavior proved to obstruct a comprehensive understand¬ 
ing. The study of the causation of behavior was largely left 
in the hands of specialists from other disciplines, such as 
neurophysiology, endocrinology, developmental biology, 
and experimental psychology. Despite the scientific prog¬ 
ress in these fields, a synthetic view of the origin, causation, 
function, and evolution of behavior has been largely miss¬ 
ing. It seems safe to conclude that in recent years, ethology 
in Europe has somewhat regained its balance. Behavioral 
development, causal mechanisms, adaptive value, and evo¬ 
lutionary patterns, all have their firm place in behavioral 
research and university curricula at literally hundreds 
of institutions distributed all over Europe. National and 
supranational behavioral societies thrive, small and large 
meetings on all aspects of behavioral research are popular, 
and the job market for young researchers in behavior shows 
promise for a bright future of this discipline. Ethology, or 
‘behavioural biology’ as it is often called, seems to have 
come of age. 

See also: Behavioral Ecology and Sociobiology; Com¬ 
parative Animal Behavior - 1920-1973; Darwin and 
Animal Behavior; Development, Evolution and Behavior; 
Future of Animal Behavior: Predicting Trends; Integration 
of Proximate and Ultimate Causes; Konrad Lorenz; 
Neuroethology: What is it?; Niko Tinbergen; Psychology 
of Animals; William Donald Hamilton. 


Further Reading 

Bateson PPG and Klopfer PH (eds.) (1973-1995) Perspectives in 
Ethology, vols. 1-11. New York: Plenum Press. 

Burkhardt RW (2005) Patterns of Behavior. Konrad Lorenz, Niko 
Tinbergen, and the Founding of Ethology. Chicago: University of 
Chicago Press. 

Hamilton WD (1964) The genetical evolution of social behaviour. I and II. 

Journal of Theoretical Biology 7: 295-311. 

Hinde RA (1966) Animal Behaviour. A Synthesis of Ethology and 
Comparative Psychology. New York: McGraw-Hill. 

Kappeler P (ed.) (2010) Animal Behaviour: Evolution and Mechanisms. 
Berlin: Springer. 

Krebs JR and Davies NB (eds.) (1978-1997) Behavioural Ecology: 

An Evolutionary Approach, vol. 1-4. Oxford: Blackwell Science Ltd. 
Lorenz K (1950) The comparative method in studying innate behaviour 
patterns. Symposia of the Society for Experimental Biology 
4: 221-268. 

Maynard-Smith J (1982) Evolution and the Theory of Games. 

Cambridge: Cambridge University Press. 

McFarland D (1985) Animal Behaviour. Essex: Addison Wesley 
Longman Ltd. 

Tinbergen N (1963) On aims and methods of ethology. Zeitschrift fur 
Tierpsychologie 20: 410-433. 




Evolution and Phylogeny of Communication 

T. J. Ord, University of New South Wales, Sydney, NSW, Australia 
© 2010 Elsevier Ltd. All rights reserved. 


The Legacy of Evolutionary History 

In broad terms, the way in which animals communicate 
with one another is dependent on three key factors: the 
function of a signal, the ability of receivers in the envi¬ 
ronment to detect a signal, and the historic interaction of 
these factors that may or may not be the same as they are 
today. For instance, many mating calls or displays given by 
males to entice females to mate with them are under 
selection to advertise each male’s quality as a mate; for 
example, that he is in good condition or likely to be a good 
parent. All animal signals must also travel through the 
environment before reaching receivers, during which time 
the message of the signal can become degraded because of 
reverberation, masking caused by noise, or a number of 
other factors. Certain types of signals are more resistant to 
environmental degradation than others and some signal 
types are also better at stimulating the sensory system of 
receivers than others. Yet, how communication evolves in 
response to social and environmental selection pressures 
is dependent on an animal’s evolutionary history. Put 
simply, the evolution of communication generally builds 
on what was present in evolutionary ancestors. Two spe¬ 
cies may produce a signal to attract mates and even face 
the same challenges of transmitting that signal through a 
noisy environment, but the type of signal each species 
evolves might be quite different because each species is 
descendent from different evolutionary ancestors. 

Studying how the evolutionary history of a species has 
contributed to present-day forms of communication pre¬ 
sents a difficult challenge for researchers. Behavior is an 
aspect of an animal’s phenotype that rarely leaves a trace 
in the fossil record. How then is it possible to know what 
communication was like in evolutionary ancestors, let 
alone attempt to understand the selective pressures that 
might have acted on historic signals and shaped the 
subsequent direction of signal evolution? By comparing 
the similarities and differences in the form of communi¬ 
cation used among closely related species, we can map 
this variation onto an evolutionary tree, known as a 
phylogeny (Figure 1), and extrapolate back in time to deci¬ 
pher what evolutionary ancestors might have been like and 
the types of selection pressures they probably faced. 

Let us consider an example of mate choice in a group 
of freshwater fish species from Central America known as 
swordtails. These fishes got their name because males 
possess an elongated tail filament that looks like a long 
sword protruding from the tail fin. Researchers have 


shown that females prefer males with longer swords to 
males with shorter swords. The sword as it is used today 
advertises to females that a male is in top-notch condition 
because he can deal with the ‘handicap’ of having an 
exaggerated ornament that impedes swimming, yet he 
can still forage and avoid predators successfully. 

Surprisingly, females in other closely related fishes in 
which males do not possess a sword also exhibit a prefer¬ 
ence for swords when researchers artificially attach swords 
to male tails. Obviously, the handicap principle cannot 
explain the presence of a female preference for tail fila¬ 
ments in species that lack this male ornament. With a 
clever series of mate choice experiments on different 
species that did and did not naturally possess swords and 
mapping findings onto a phylogeny, researchers were able 
to reconstruct the evolutionary history of both the sword 
and the female preference for the sword. This is because 
closely related species often share similar features inher¬ 
ited from a common ancestor. If females of two sister 
species both show a preference for male swords, it is likely 
that the common ancestor of these two species also had a 
similar preference. Using this comparative approach to 
extrapolate back in time, it was discovered that females 
evolved a preference for the sword before the sword evolved 
in males. How can females exert a preference for an orna¬ 
ment as specific as a sword when it does not actually exist 
in males? One explanation is that females did not initially 
fancy male swords per se, but large male size more gener¬ 
ally. Body size in many animals is a good indicator of 
condition. A cheap way for males to tap into a female’s 
preference for large size is to evolve an elongated tailfin to 
give the appearance of large size. As swords became 
increasingly longer over evolutionary time they subse¬ 
quently became reliable indicators of condition in their 
own right because of the increased costs associated with 
impeded swimming performance. By combining informa¬ 
tion on phylogeny, the communication systems used by 
species today and the factors that influence signal produc¬ 
tion and reception, it is possible to use the comparative 
method to gain considerable insight into how communica¬ 
tion has evolved. 

In the rest of this section, I will elaborate on the general 
concepts of how phylogeny and the comparative method 
can be used to understand the direction and mode that 
evolution has taken and how phylogenetic approaches can 
be used to identify the adaptive processes that have shaped 
the design of animal signals. In the final section, I will 
provide a brief overview to some of the available methods 
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Figure 1 Common phylogenetic terms illustrated by a 
phylogeny of the decorator crabs. Courtesy of Kristin Hultgren. 


that comparative biologists can use to reconstruct ancestor 
states, estimate the extent to which communication is 
dependent on evolutionary history, and the ways in which 
researchers can test hypotheses for the adaptive significance 
of communication. 




Change in environment 

Figure 2 Scatter plot showing the hypothetical relationship 
between the form of communication used by different species 
and the environment they live in, combined with the underlying 
phylogenetic relationships among species. Disregarding 
phylogeny, a strong positive relationship appears to exist. 
However, in actual fact much of the variation in communication 
and the type of habitat species live in is inherited from 
evolutionary ancestors. 


Phylogeny and the Trajectory of Signal Evolution 

A lot can be learnt from simply documenting when and to 
whom animals produce signals, and how those signals 
subsequently affect the behavior of receivers. Experiments 
might then follow to test the function and/or selection 
pressures believed to act on signal production through 
direct manipulation. This might consist of calls being 
recorded and played back to animals to determine that 
some call types are preferred by females to others, or the 
experimenter might induce changes in physiology that 
affect the production of signals (e.g., manipulations of the 
general condition of the signaler through dietary supple¬ 
ments) to confirm that signals convey reliable information 
on the condition of the sender. If a factor has been a general 
influence on the evolution of communication, then we 
would also expect other species in the same situation to 
exhibit similar characteristics and this leads to the obvious 
comparison of communication systems across species. 

In much the same way that you might look more 
similar to your brother or sister compared with somebody 
randomly picked out from a crowd, closely related species 
often share behaviors and have similar ecologies, because 
they retain those attributes from a common evolutionary 
ancestor. We therefore need to be a little careful in how we 
perform comparisons across species. If we do so without 
regard to the phylogenetic relationships of the species 
examined, we could erroneously conclude that an associa¬ 
tion between a signal characteristic and some other factor 
exists when in fact they occur together because both the 


signal and putative ‘causal’ factor have been inherited 
together from a common ancestor. Statistically, the compli¬ 
cation of treating data from closely related species 
as independent when in fact they are not is known as 
‘pseudo-replication’ (Figure 2). The extent to which 
closely related species share similar phenotypes, including 
the form of communication they use, is measured by esti¬ 
mating phylogenetic signal. A high phylogenetic signal indi¬ 
cates that the evolutionary relationships between species 
predict phenotypic similarities between those species - 
species that share a recent common ancestor also share a 
particular trait - whereas low phylogenetic signal reflects 
that species’ phenotypes are unrelated to their phyloge¬ 
netic relationships — species that share a recent common 
ancestor do not share the same trait (Figure 3). A related 
term is historical contingency, the tendency for evolutionary 
elaborations or changes in descendant species to be mod¬ 
ifications of historic phenotypes. Historical contingencies 
therefore relate to changes contingent on what has already 
evolved in the past. 

The degree to which species diverge from evolutionary 
ancestors is dependent on a number of factors, but at the 
core of these factors is the rate of genetic mutation. If 
mutations are rare, the genetic basis of communication 
will change very little over long periods of evolutionary 
time, even in the face of strong selection for modifica¬ 
tion. However, it is difficult to determine the extent to 
which low mutation rates explain the retention of particu¬ 
lar forms of communication over evolutionary time. 
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Figure 3 Animals may share communication systems through 
common ancestry or because they have converged on similar 
forms of communication when living in similar habitats through 
natural selection. Each dot represents the mean value of a 
species for some aspect of their communication, while the 
squares represent the type of habitat occupied. For example, the 
graph could illustrate the frequency of a mating call in frogs living 
in either open grasslands (orange) or closed tropical rainforests 
(chocolate). 


There are statistical methods available for estimating the 
correlation between communication signals and phylog¬ 
eny (i.e., the phylogenetic signal), but this can reflect a 
number of factors, not just low mutation rates. For exam¬ 
ple, if morphology influences the production of a commu¬ 
nication signal (e.g., the shape of the vocal track influences 
the type of calls that an animal can produce) and if mor¬ 
phology exhibits little evolutionary change because it 
needs to maintain a functional capacity in another unre¬ 
lated context (e.g., modifications to the vocal track might 
influence the ability of an animal to breathe or feed prop¬ 
erly), then this will constrain evolutionary change in com¬ 
munication. By the same token, communication signals 
may change over evolutionary time not because of an adap¬ 
tive response to selection, but because of random genetic 
change that culminates in arbitrary changes in signal design. 

Ecological determinism is sometimes billed as the antithesis 
of historical contingency: it refers to conditions where the 
ecology of an animal primarily drives evolutionary change. 
Ecological determinism is likely to be an important factor 
affecting communication, because communication is a phe¬ 
notypic trait that is often influenced by environmental 
conditions. Indeed, closely related species living in different 
habitats are expected to produce divergent forms of com¬ 
munication as species evolve signals suitable for commu¬ 
nication in their respective environments. Conversely, 
distantly related species occupying similar habitats should 
converge on similar forms of communication (e.g., Figure 3). 
Such convergent evolution in which remarkably similar char¬ 
acteristics evolve independently in different species in 


response to common selection pressures provides some of 
the most compelling evidence for adaptive evolution. 

Both divergent and convergent evolution are expected 
to be associated with low phylogenetic signal, because 
communication in species that exhibit these forms of 
evolutionary change is dependent on the ecology and 
not the phylogeny of the species in question. However, 
this is not to say that high estimates of phylogenetic signal 
automatically exclude the possibility of adaptation. Eco¬ 
logical determinism can also lead to stabilizing selection in 
which forms of communication are conserved even after 
species split from evolutionary ancestors. For example, 
niche conservatism occurs when closely related species 
occupy similar environments, perhaps because they are 
already adapted to a certain habitat type. While the envi¬ 
ronment is still an important source of selection acting on 
communication, because closely related species live in 
very similar environments, they will also tend to produce 
similar forms of communication through selection. Com¬ 
munication that conveys honest information on an animal’s 
condition can also exhibit high estimates of phylogenetic 
signal. There are only so many signal characteristics that 
can serve as quality indicators and once these evolve, they 
will tend to be retained with little modification over evolu¬ 
tionary time. Thus, communication may be very similar 
between species and exhibit high phylogenetic signal, yet 
still be under the influence of selection. 

Mode, Pattern, and Rate of Signal Evolution 

A question of special interest to evolutionary biologists 
concerns the mode by which evolution occurs. The clas¬ 
sical perspective of Charles Darwin views evolution as 
small incremental changes accumulating over long evolu¬ 
tionary time scales. This mode of evolution predicts a 
series of ‘intermediate’ links between ancient species and 
those in existence today, but these are often lacking in the 
fossil record. Instead, new species seem to appear sud¬ 
denly in the fossil record and live relatively unchanged for 
long periods of evolutionary time. 

Some paleontologists have suggested that this pattern 
of sudden changes followed by stasis is a true representa¬ 
tion of how evolution occurs. According to this nonincre- 
mental view, the formation of new species is accompanied 
by an intense period of selection that results in a rapid 
spurt of evolution, followed by long periods of relative 
stasis where species change very little (perhaps because of 
stabilizing selection). This process would lead to a more 
‘punctuated’ rather than a ‘gradual’ mode of evolution 
(Figure 4). Behavioral ecologists might find this debate 
somewhat esoteric, but it can be quite relevant to the 
study of communication. 

The use of signals during mating is a popular topic in 
the study of communication, especially how female mate 
choice might lead to directional selection on males for 
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Gradual Punctuated 



Change in communication 

Figure 4 How the evolution of communication would appear 
under a gradual mode of evolution, where change accumulates 
over time, or under a punctuated mode of evolution, where 
change is concentrated at species events (represented by the 
nodes of the phylogeny, see Figure 1) followed by periods of 
stasis. Some forms of sexual selection on communication can be 
expected to produce a gradual accumulation of change over 
time, while communication important in species recognition 
should follow a more punctuated pattern. 


increasing elaboration of sexual ornaments and other 
signals. This process should result in a gradual mode of 
evolution as modifications culminate over evolutionary 
time into increasingly more complex mating signals. To 
produce viable offspring, females must choose a male that is 
not only in good condition (for example) but also of the 
same species. Signal characteristics important in species 
recognition should be under considerable stabilizing selec¬ 
tion and only subject to change during speciation when 
divergence in communication systems between populations 
is expected to be rapid, a process that should result in a 
punctuated mode of evolution. 

The mode of evolution, whether it is gradual or punc¬ 
tuated, can also help to elucidate the function of different 
components making up the same communication signal. 
One of the main hypotheses explaining the evolution of 
elaborate multicomponent or multimodal signals (signals 
made up of components that use different sensory mod¬ 
alities, such as an acoustic signal - song - and a visual 
signal - colorful plumage or courtship dance) is the need 
to convey multiple messages. One component of a mating 
signal might communicate “I am of good condition” while 
another might communicate “I am of the right species,” 
which will lead to predictable differences in the mode of 
evolution that each component has taken. We can use 
phylogenetic comparative methods to determine which 
component has evolved gradually - consistent with sexual 
selection - or which component exhibits rapid bursts of 
evolution followed by relative stasis - consistent with 
species recognition. Despite being a powerful approach 
for testing the functional significance underlying the 


evolution of different signal components, few studies 
have documented whether different components used by 
animals in communication have evolved via different 
modes of evolution. 

We can also infer the presence of potential adaptive 
functions driving the evolution of communication by study¬ 
ing other phylogenetic patterns. Of particular interest is 
whether evolutionary changes are skewed toward the tips 
or base of a phylogeny, and whether new signal components 
are added to or replace previously existing components 
(Figure 5). Communication critical to species recognition 
should result in evolutionary changes in signal components 
skewed toward the tips of the phylogeny, because the evo¬ 
lution of species-typical signals will tend to result in new 
signal characteristics replacing preexisting forms, essen¬ 
tially ‘erasing’ similarities in communication between sister 
taxa. Communication that advertises the condition of the 
signaler or some other quality indicator will tend to be 
conserved with little modification in descendant taxa. 
This will tend to result in new signal components evolving 
early or toward the base of the phylogeny. Novel signal 
components may subsequently evolve, but because charac¬ 
teristics conveying honest information are costly to main¬ 
tain (otherwise they could be ‘faked’), innovations will tend 
to replace previously existing signal components. Overall, 
this will result in low diversity in signal designs across 
species because signal components will tend to be retained 
from evolutionary ancestors, but will also result in more 
instances of evolutionary convergence between distantly 
related species as similar honest indicators evolve indepen¬ 
dently in different groups. 

We can also expect the rate of evolution to differ 
depending on the type of selection acting on communica¬ 
tion. Unless constrained by low mutation rates, signal 
characteristics subject to intense forms of selection should 
evolve extremely rapidly. Yet, even when subject to the 
same selection pressure, different components making up 
the same signal can exhibit very different rates of evolu¬ 
tion. Multimodal signals are the product of different 
physiological and morphological attributes in the sender 
and rely on different sensory systems in receivers for 
detection. Elaborations of song are generally expected to 
evolve more freely than ornaments such as body colora¬ 
tion or elaborate plumage, because the latter are tied to 
morphological rather than behavioral adaptations. Voca¬ 
lizations are also dynamic signals that can be turned ‘on’ 
and ‘off,’ but conspicuous ornaments are static and remain 
permanently ‘on’ unless animals can shed them during 
periods when they are not required (e.g., winter plumages 
in birds are sometimes drab compared with the bright, 
colorful breeding plumages in the summer months). Con¬ 
spicuous forms of communication attract the attention of 
not only intended receivers such as mates, but also unin¬ 
tended receivers such as predators. If animals live in an 
environment with lots of predators, this opposing selective 
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Figure 5 Hypothetical distribution of character evolution where 
signal components evolved early in the history of a group and are 
concentrated at the base of the phytogeny, such as components 
that function as quality indicators, or where the evolution of new 
signal components appears skewed towards the tips of the 
phylogeny, such as those that might be important in species 
recognition. 


pressure can limit evolutionary change in conspicuous 
morphology, while dynamic signals are more free to vary. 

Correlated Evolution 

I have outlined how communication that is important in 
species recognition or subject to different types of sexual 
selection or genetic/physiological/morphological con¬ 
straints will leave telltale signatures in the mode, pattern, 
and rate of signal evolution. We can also explicitly test for 
associations between signal characteristics and the factors 
predicted to result in these evolutionary signatures. For 
example, the evolution of mating signals will be tightly 
linked to the intensity of sexual selection. For those spe¬ 
cies in which the sex ratio is heavily male-biased, females 
are a limited resource and males must compete intensely 
with one another for mating opportunities. One result of 
this increased competition is the evolution of more elab¬ 
orate mating signals in males, which predicts a positive 
correlation across species between how elaborate male 
mating signals are in species and the degree to which 
sex ratios are male-biased. Or perhaps we have a hypoth¬ 
esis that certain habitats select for particular forms of 
communication (e.g., Figure 3). In both instances, we 
can incorporate phylogeny into our statistical analyses 
to partition out the potential confounding affect of shared 
evolutionary histories and measure how variation in com¬ 
munication across species can be accounted for by social 
or environmental factors. 

Indeed, tests of correlated changes between communi¬ 
cation and predicted social or environmental influences 
are the most common use of phylogenetic comparative 
methods by behavioral ecologists and there are many 
studies that provide examples of what can be learnt by 


this approach. In my own work on the evolution of color 
signals in dragon lizards, I have used phylogenetic corre¬ 
lation analyses to show how the diversity of colorful 
morphologies found across species can be accounted for 
by the intensity of sexual selection males experience. 
Furthermore, the type of color signals species have 
evolved is heavily dependent on whether species live in 
habitats where lizards are more prone to predation by 
birds or where communication is more difficult because 
of visual obstructions and poor habitat light. Other exam¬ 
ples are listed in the suggested reading. 

Phylogeny, Cultural Inheritance, and Plasticity 

Explaining the diversity in animal communication need 
not be limited to investigating differences and similarities 
in communication across species. Different populations of 
the same species can also vary in communication. It could 
even be argued that if we truly want to understand the 
processes leading to signal divergence between species, 
we really should be investigating differences in commu¬ 
nication among populations within species, which repre¬ 
sent the starting points of evolutionary divergence. 
A critical step in the evolution of new species is the 
formation of reproductive barriers between populations. 
One of the key factors believed to limit members of differ¬ 
ent populations from interbreeding with one another, and 
to allow speciation to subsequently occur, is divergence in 
communication systems, especially those important in 
mating. The only way to detect divergences in signals 
that occur prior to speciation is to investigate variation in 
communication systems at the population-level. 

A cautionary note needs to be made here about the 
assumptions underlying how changes in signal character¬ 
istics are acquired when studying signal variation among 
populations compared with studying signal variation 
between species. The implicit assumption when studying 
differences in communication between species is that 
there is a genetic basis to these differences. This may 
not always be true between populations, especially when 
aspects of communication are learned or culturally inher¬ 
ited. A distinction is sometimes made between Vertical’ - 
meaning phylogenetic - versus ‘horzitonal’ - meaning 
cultural - transfer of signal characteristics (Figure 6). 
One solution is to measure the phylogenetic signal; if it 
is high, then signals are more likely to be genetically 
inherited and if it is low, signals could be culturally 
inherited. The difficulty with interpreting what phyloge¬ 
netic signal actually reflects is applicable here. As is true 
for comparisons across species, error in the measurement 
of signal characteristics inflates the estimated variation 
among populations (or species) and can lead to false 
inferences of low phylogenetic signal. Conversely, cultur¬ 
ally inherited signals may exhibit high phylogenetic signal 
because adjacent populations are more likely to share 




Evolution and Phylogeny of Communication 657 


Horizontal transfer 
(cultural inheritance) 



CD 


Figure 6 Communication transferred horizontally between 
populations through cultural inheritance, compared to vertical 
transfer via ancestry. In this example, the color of each dot might 
represent a song ‘dialect’ in different populations of a bird that is 
transferred through frequent contact or dispersal between 
populations. The connections between dots represent the social 
network or direction of dialect transfer. 


similar culturally inherited signals because of their geo¬ 
graphic proximity compared with more distant popula¬ 
tions. Adjacent populations are also more likely to be 
genetically related and hence a phylogenetic analysis 
would indicate that communication is correlated with 
phylogeny. 

‘Plasticity’ is another related issue particularly relevant 
to the study of the evolution of communication. Plasticity 
reflects the ability of animals to change their signals 
depending on the environmental or social conditions 
experienced at the time of communication. For example, 
birds in noisy habitats, such as those singing near high¬ 
ways, might produce songs that are much louder than 
birds singing in quieter areas. This difference could be 
genetic or plastic; birds in noisy habitats may be geneti¬ 
cally predisposed to produce loud songs or alternatively 
birds in noisy habitats may have learnt to increase the 
volume of their songs. In the first instance, evolution may 
have occurred, while in the latter instance, it has not. The 
consequence of plasticity on the evolution of communi¬ 
cation remains an open question and is relevant to inves¬ 
tigations of signal variation at both the population and 
species level. 

Neither cultural inheritance nor plasticity should nec¬ 
essarily exclude adopting a phylogenetic comparative 


approach, but interpretations of the underlying mecha¬ 
nism used to explain signal variation should be done with 
caution. Consider an example where we wish to test the 
hypothesis that species produce communication signals 
ideally suited for transmission through the environment 
in which communication is typically conducted. When 
populations live in different types of habitat, environmen¬ 
tally induced divergence in communication is expected 
and should in turn promote reproductive isolation 
between populations. An obvious test is to confirm that 
differences in communication are correlated to differences 
in habitat, but we are not sure whether communication is 
culturally inherited or whether animals can learn to tailor 
signals to prevailing environmental conditions. Currently, 
the best approach is to apply a phylogenetic comparative 
method that explicitly measures the correlation between 
characteristics and phylogeny and identifies the remaining 
variance that is associated with the environment. This 
will control for any pseudo-replication resulting from 
phylogenetic relationships or factors that might mirror 
phylogenetic relationships (e.g., closely related, adjacent 
populations inheriting signal components culturally) and 
determine whether the environment facilitates divergence 
in communication. Unfortunately, it is difficult to assess 
whether communication divergence reflects genetic adap¬ 
tation or plasticity. Obtaining the answer to this question 
requires intensive empirical study, such as detailed obser¬ 
vations of how animals change the way they communicate 
according to environmental fluctuations and/or so called 
‘common garden’ experiments in which individuals from 
one habitat type are transferred to another habitat type 
and assayed for behavioral change. 

New methods are being developed that incorporate 
geographic proximity into comparative analyses, provid¬ 
ing a more direct means to estimate how much of the 
variance in communication between populations is the 
result of genetic (phylogenetic/vertical transfer), geo¬ 
graphic (cultural/horizontal transfer) or environmental fac¬ 
tors. A phylogenetic comparative method that incorporates 
social network analysis to quantify more accurately the 
degree to which interactions between individuals from dif¬ 
ferent populations influence the transfer of signal charac¬ 
teristics would be especially useful (e.g., Figure 6). For now, 
however, investigators will need to remain cautious with 
their interpretations of what the underlying mechanisms 
are that have lead to the observed correlations. 


A Primer to Phylogenetic Comparative 
Methods 

The number of programs available for applying phy¬ 
logenetic comparative methods is daunting, so much so 
that it is difficult to know where to start or even what 
method is most appropriate for the question of interest. 
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Boxl 

There are a number software packages available that combine a variety of methods together and can be run regardless of a user’s 

platform (PC or Mac). All can be downloaded for free following a quick search online. 

- BayesTraits: Can be used to test correlations between traits, estimate phylogenetic signal, the mode of evolution, and whether 
evolutionary change is concentrated towards the tips or base of the phylogeny. 

- COMPARE: Phylogenetic Comparative Methods: Provides several programs to test correlations between traits using likelihood based 
methods or independent contrasts, estimates phylogenetic signal, and performs analyses for estimating the rate of evolutionary change 
in traits. Ancestor reconstructions can also be calculated using likelihood. 

- Mesquite: A Modular System for Evolutionary Analysis: A particularly useful program for reconstructing ancestor states graphically, 
using parsimony and likelihood based methods. Options are also available for testing correlations using independent contrasts and 
other methods. 


Most programs are free and available as downloads off the 
internet or by request from the program’s author. 
I provide a list of some popular methods in Box 1 and a 
brief outline of some commonly used techniques below. 
Readers interested in details of various techniques are 
referred to the suggested reading at the end of the section. 

Ancestor State Reconstructions 

There are several methods for reconstructing what commu¬ 
nication systems may have been like in the past (Figure 7). 
The simplest methods are those based on parsimony, an 
algorithm that maps ancestor ‘states’ onto a phylogeny by 
favoring solutions requiring the least amount of evolution¬ 
ary change. Parsimony approaches are often favored 
because of their straightforward computation, but they 
have also been criticized for lacking statistical rigor and 
for not presenting a realistic view of how evolution occurs. 
Other methods such as those based on least squares, maxi¬ 
mum likelihood, and Bayesian techniques apply a probabi¬ 
listic approach to finding a mathematical model of 
evolution that best fits the observed distribution of data 
across species on the phylogeny. These methods fit various 
scenarios of how evolution might have occurred — for 
example, gradual or punctuated, rapid or slow rate of evo¬ 
lutionary change - and calculate the probability that each 
explains present-day variation in traits. Once the model of 
best fit is identified, it is then used to assign ancestor states 
onto the phylogeny. 

Phylogenetic Signal, Patterns, and Rates of 
Evolution 

In fitting different models to the data, it is possible to use 
the parameters of the best fitting models to infer some¬ 
thing about the correlation between characteristics and 
phylogeny or the mode of evolution a characteristic has 
likely followed. Methods that estimate phylogenetic sig¬ 
nal do so by applying mathematical models that in effect 
transform the phylogeny, essentially stretching or shrink¬ 
ing phylogenetic branches, to simulate the evolution of a 
characteristic as if it were heavily dependent on phylogeny 


Parsiomony Maximum likelihood 



Figure 7 Alternative ancestor reconstructions of the repertoire 
size or number of distinct components making up 
communication in species. It is important to note that ancestor 
reconstructions will depend on both the method and the 
phylogeny used. In this example, differences are apparent at 
several nodes throughout the phylogeny. For instance, 
parsimony reconstructs a small repertoire in the root or most 
basal ancestor, while maximum likelihood assigns an equivocal 
state, meaning it is equally likely that this ancestor had a large or 
small repertoire. 

or not at all. Similar transformations to the underlying 
phylogeny are used to estimate the likelihood that evolu¬ 
tion has occurred via bursts during speciation followed by 
relative stasis, or through a more gradual mode of evolution. 
Regression slopes of estimated evolutionary change in a 
characteristic as a function of time since divergence from 
evolutionary ancestors can be used to estimate the rate of 
evolution: steeper slopes reflect more rapid rates of change 
compared with shallower slopes. 

Correlation Tests of Adaptation 

All taxa are related to each other in one way or another. 
Not incorporating phylogeny into statistical compari¬ 
sons across species can subsequently lead to inflated 
rates of Type I statistical error (i.e., erroneously con¬ 
cluding that a significant effect exists when in fact it 
does not). Phylogenetic independent contrasts are the 
most commonly used comparative method for conduct¬ 
ing correlation tests. It corrects for phylogenetic nonin¬ 
dependence by transforming species data into a set of 
differences or ‘contrasts’ between immediate relatives 
(Figure 8). In doing so, it assumes a null hypothesis that 
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Figure 8 Hypothetical example of how a phylogenetic independent contrast analysis is conducted. Plotting tail length in males by 
sex ratio suggests increased competition for mates is correlated with more showy tail plumage, (a) To correct for potential bias 
resulting from shared ancestry, difference scores are calculated between species pairs and ancestor nodes on the phylogeny, 

(b) to transform the data into phylogenetically independent contrasts, (c). Following this conversion, a positive relationship remains 
between tail length and sex ratio, (d) suggesting that an evolutionary relationship might exist between the elaboration of tail ornaments 
and competition for mates. 


variation among closely related species is explained by 
the phylogenetic relationships between those species. 
Newer methods use likelihood and Bayesian techniques 
to estimate the relationship between phylogeny and trait 
expression and control for this level of phylogenetic signal 
during correlation tests. 

Annotated Bibliography 

A detailed overview of phylogenetic comparative meth¬ 
ods for behavioral ecologists can be found in Ord and 
Martins (2009). Nunn and Barton (2001) also provide a 
useful practical guide to several methods. There are a 
number of books available but most are dated in the 
methods they present. Nevertheless, they still provide a 
solid conceptual foundation to comparative biology. 
These texts are Harvey and Pagel (1991), The Comparative 
Method in Evolutionary Biology. ; and Martins (1996), Phylo- 
genies and the Comparative Method in Animal Behavior Exam¬ 
ples of studies using comparative methods to study the 
evolution of communication include: acoustic signals in 
birds (Seddon, 2005) and frogs (Ryan and Rand, 1995); 
color signals in birds (Doucet et al., 2007), fish (Garcia 
and Ramirez, 2005), and chameleons (Stuart-Fox and 
Moussalli, 2008); the sword in swordtails (Basolo, 1990); 


dynamic visual displays in lizards (Ord and Martins, 
2006); vibration signals in insects (Henry and Wells, 
2004); and electric signals in fish (Turner et al., 2007). 

See also: Electrical Signals; Phylogenetic Inference and 
the Evolution of Behavior; Swordtails and Platyfishes; 
Tungara Frog: A Model for Sexual Selection and 
Communication; Visual Signals. 
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Host Manipulation Within an Evolutionary 
Context 

The evolutionary origins of host manipulation are not 
known with certitude, but according to several authors, this 
strategy may have been consecutive to the establishment of 
complex parasitic life cycles - that is, life cycles that require 
more than one host for completion. For instance, any indi¬ 
vidual parasite able to modify the behavior of its host with a 
resulting increase in the success of its transmission to the 
next host would have been favored over its conspecifics by 
natural selection. Given enough genetic variation, what 
originally may have been an incidental side effect of infec¬ 
tion could then have been shaped by selection into a refined 
manipulation mechanism. Within an evolutionary perspec¬ 
tive, one must also keep in mind that behavioral changes are 
not always the product of natural selection in a given 
host-parasite interaction; the capacity to manipulate can 
also be inherited from an ancestor of the parasite. For this 
reason, the evolution of host manipulation must be envi¬ 
saged within a phylogenetic context. When similar behav¬ 
ioral changes are induced by phylogenetically unrelated 
parasites experiencing comparable selective pressures, con¬ 
vergence is a reasonable explanation since similar manipu¬ 
lation of host behavior could have arisen independently in 
different parasite lineages. There is currently evidence of 
such convergence in different parasite taxa. In other systems, 
however, such as acanthocephalans in which all species are 
known to manipulate their hosts, it seems more parsimoni¬ 
ous to suggest that this capacity has been inherited, with 
subsequent modifications, from a common ancestor. When 
manipulations do not evolve independently (i.e., they are 
ancestral legacies), their adaptive value can nonetheless be 
maintained since they still significantly increase the proba¬ 
bility of successful transmission. 

Evolutionary Processes Leading to 
Parasitic Manipulation 

Compared with the large number of empirical studies that 
have described examples of host manipulation by para¬ 
sites, there have been relatively few attempts to determine 
the processes through which this strategy can evolve in 


host-parasite systems. Three main evolutionary routes 
have been hypothesized to have led to host manipulation 
in a large range of systems: (1) the manipulation sensu 
stricto, (2) the mafia-like strategy, and (3) the exploitation 
of compensatory responses. Routes (2) and (3) correspond 
to scenarios where the host genotype is involved in the 
evolution of manipulation. 

Manipulation Sensu Stricto 

Under this scenario, parasite-induced host changes that 
are adaptive for the parasite transmission are considered 
as illustrations of the ‘extended phenotype’ concept pro¬ 
posed by Dawkins, in which genes in one organism (i.e., 
the parasite) have phenotypic effects on another organism 
(i.e., the host). The extended phenotype perspective is a 
decidedly parasite-centered view. Despite this limitation, 
it has been, and remains, useful to envisage the evolution 
of manipulation within a theoretical perspective. Poulin 
published a key paper on this aspect, in which a funda¬ 
mental and reasonable assumption was to consider that 
the energy spent by parasites into host manipulation 
would not be available for other functions (such as growth, 
survival, fecundity, etc.). Some studies on trematodes and 
acanthocephalans indeed revealed that parasites act on 
host central nervous system, but precise mechanisms 
involved in these disruptions remain unclear. 

Genes of the parasite are thus expressed in the host 
phenotype, but there is a cost for the parasite. Resulting 
compromises, or trade-offs, therefore suggest that natural 
selection would optimize, not maximize, the influence of 
parasites on host behavior. In other words, there should be 
optimal manipulative efforts (ME*). Several predictions 
can then be derived on how ME* should increase or 
conversely decrease in relationship with various factors. 

One variable likely to influence ME* is the passive 
transmission rate of the parasite, that is the transmission 
rate without manipulation. It can be predicted that ME* 
should decrease with an increase in the passive transmis¬ 
sion rate (Figure 1, case 1). For instance, when the inter¬ 
mediate host of a parasite is a common prey species for 
definitive predatory hosts, there would be only weak 
selective pressure on parasites to manipulate the host, 
since successful transmission can be achieved without 
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Passive transmission rate Parasite fecundity 




Host or parasite longevity Prevalence of infection 



Average infrapopulation size 


Figure 1 Predicted relationship between the optimal 
manipulative effort ME* and various ecological variables 
(passive transmission rate, parasite fecundity, host or parasite 
longevity, prevalence of infection, and average population 
size). For fecundity, the three curves illustrate the three most 
likely scenarios: (a) ME* is only reduced when fecundity is 
very high, (b) ME* gradually decreases as fecundity 
increases, and (c) small increases in fecundity lead to large 
decreases in ME*. Reproduced from Poulin R (1994) 

The evolution of parasite manipulation of host behaviour: 

A theoretical analysis. Parasitology 109: SI 09-S118. 


manipulative effort. We thus expect ME* to be the highest 
in systems where passive transmission is negligible. Para¬ 
site fecundity is also expected to significantly influence 
ME*. Theory predicts that not all life-history traits can be 
maximized at the same time, and consequently, any 
investment in one trait is likely to occur at the expense 
of another trait. In such a context, we expect ME* to be 
smaller in parasite species with highly fecund adults than 
in less fecund species (Figure 1, case 2). Parasite longev¬ 
ity inside the host, as well as host longevity, may deter¬ 
mine ME*. Transmission success is indeed ultimately 
influenced by both the instantaneous transmission rate 
and the life expectancy of the host-parasite association. 
A small increase into a manipulative effort can strongly 
influence transmission success if both the parasite and the 
host have a long life. In this context, we can predict that, 
unless increasing the generation time is counterselected 
in the parasite, there should be, in many cases, a negative 
relationship between ME* and host/parasite longevity 
(Figure 1, case 3). Another relevant variable for the 


evolution of ME* is the prevalence of infection. For 
instance, when a parasite life cycle involves a prey species 
as intermediate host and a predator as definitive host, a 
small manipulative effort can be sufficient to attract the 
attention of predators and to favor transmission when 
prevalence of infection is low in the intermediate host 
population. However, when the prevalence increases, 
individual parasites must perform a higher ME* for their 
host to be preferentially captured by foraging predators. 
Therefore, everything else being equal, ME* should be 
positively related to prevalence of infection (Figure 1, 
case 4). Finally, when individual parasites (in gregarious 
species) can share manipulative costs, infrapopulation size 
can theoretically influence ME*. In such a case, it is 
expected that the manipulative effort of each parasite 
would decrease when the infrapopulation size increases 
(Figure 1, case 5). There is however no empirical demon¬ 
stration that parasites can cooperate and share manipula¬ 
tive costs (Thomas et al., 2005). 

Most studies consider the scenario of manipulation 
sensu stricto as the main process used by parasites to take 
the control of their host behavior; the majority of these 
studies also assume that costs are inevitably associated 
with manipulation. The latter assumption is undoubtedly 
reasonable (Poulin et al., 2005). However, despite the 
existence of suitable systems with which hypotheses 
about cost might be tested, at this stage, speculation has 
proven more attractive than data collection. This gap 
currently limits our understanding of the evolution of 
manipulative processes based on this scenario. 

Interactive Scenarios of Manipulation 

Because parasitic manipulation often dramatically reduces 
host fitness, it is frequently presented (e.g., as in the sce¬ 
nario of manipulation sensu stricto) as a game with evident 
winners (i.e., parasites) and losers (hosts). A different per¬ 
spective has been suggested recently, one that argues that 
the ability of parasites to manipulate host behavior inevi¬ 
tably results from a long-term coevolutionary interaction 
which probably leads to complex and interactive mechan¬ 
isms. These considerations are relevant in an evolutionary 
context since they mean that behavioral changes in in¬ 
fected hosts, even when they result in significant fitness 
benefits for the parasite, are not necessarily an illustration 
of the extended phenotype of the parasite alone. They can 
also be direct products of natural selection acting on the 
host genome as well. At the moment, very few studies have 
explored the degree to which parasite-manipulated be¬ 
haviors could be a compromise between host and para¬ 
site strategies. Two main processes have been proposed 
(mafia-like strategy and exploitation of host compensatory 
responses); both rely on the idea that ‘making the host do 
something can be achieved when the something 'll better than 
nothing for the host. 
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Mafia-like strategy 

This scenario, proposed by Zahavi, is undoubtedly the most 
extreme illustration of the possible interactive nature of the 
relationship between parasites and hosts in determining 
host behavior. In this scenario, parasites select for collabo¬ 
rative behavior in their hosts by imposing extra fitness costs 
in the absence of compliance. Such a parasite can adopt a 
facultative virulence commensurate to the rate of collabo¬ 
ration displayed by the host. When the host does not behave 
as expected, this parasite can increase its virulence, thereby 
making any noncollaborative behaviors a more expensive 
option for the host than collaborative ones. This ‘mafia-like 
strategy’ can, in theory, force the host to accept behaving in 
ways that benefit the parasite. Even ‘suicidal’ behavior (see 
Box 1) could be selected with this scenario, since, indeed, 
a reduction in survival is not synonymous with a reduction 
in fitness. From an evolutionary point of view, the key 
parameter to consider is net fitness and not survival. In 
this way, a host that cooperates with the parasite, even to 
the point of displaying suicidal (manipulated) behavior, 
could be favored if it had reduced fecundity compared to 
the complete castration experienced by an uncooperative 
host with a retaliatory parasite. Of course, these collabora¬ 
tive behaviors do not result from conscious choices or 
appreciation of the problem to be solved. Instead, selection 
is expected to produce, through time, population-specific 
phenotypic plasticity and to act on the pattern of condition- 
dependent expression of behavior, causing individuals to 
behave differently when infected. In particular systems, 


as with birds (see the example later), the infected host 
could develop behaviors that mitigate extra costs of parasit¬ 
ism; in other words, parasites could ‘teach’ the host that it is 
better to ‘comply’ than to resist. 

The great spotted cuckoo (Clamatorglandarius )—magpie 
{Pica pica) association is currently the best example of the 
mafia hypothesis (Figure 2). The host can raise at least 
part of its own young along with those of the cuckoo. Soler 
and colleagues found that ejector magpies suffered from 
considerably higher nest predation levels by cuckoos than 
did accepters. The interpretation was that the cuckoo 
retaliates and punishes noncompliant hosts. As a result, 
the frequency of‘accepting genes’ from the avian mafia is 
more likely to increase in the host population than ‘reject¬ 
ing genes.’ Because most host pairs that failed in their first 
reproductive attempt managed to lay a replacement 
clutch, cuckoos could in theory benefit from this second 
attempt if such hosts learned from their previous experi¬ 
ence and therefore were more prone to accept the cuckoo 
egg during a subsequent breeding attempt. This predic¬ 
tion was supported in areas with a high density of cuckoos. 

Recently, Hoover and Robinson provided experimen¬ 
tal evidence for the mafia strategy with another brood 
parasite, the brown-headed cowbird (Molothrus ater). In 
manipulating ejection of cowbird eggs and cowbird access 
to nests of their warbler host, they showed that 56% of 
ejector nests were destroyed by cowbirds, compared with 
only 6% of accepter nests. This mafia behavior selects for 
collaborative hosts not only in evolutionary time by 


Box 1 Examples of the Diversity of Parasite-Induced Behavioral Alterations 

Numerous trophically transmitted parasites alter the behavior of their intermediate hosts in a way that increases their vulnerability to 
predatory definitive hosts (Figure A, see also the section written by Janice Moore). Parasites can also manipulate host habitat choice; 
arthropods harbouring mature nematomorphs or mermithids seek water and jump into it, thereby allowing the parasitic worm to reach the 
aquatic environment needed for its reproduction (Thomas et al., 2002, Figure B). Parasitic wasps can make their spider host weave a 
special cocoon-like structure to protect the wasp pupae against heavy rain (Eberhard, 2000, see also Brodeur and Vet, 1 994), or can even 
cause the host to seek specific microhabitats where parasitoid mortality from natural enemies is reduced (Brodeur and McNeil, 1989). 
Viruses may stimulate superparasitism behavior in solitary parasitoids to achieve horizontal transmission (Varaldi et al., 2003). Some 
digeneans drive their molluskan intermediate hosts toward ideal sites for the release of cercariae (Curtis, 1 987). ‘Enslaver’ fungi make their 
insect hosts die perched in a position that favors the dispersal of spores by the wind (Maitland, 1994). Vector-borne parasites can render 
their vertebrate hosts more attractive to vectors, and/or can manipulate the feeding behavior of vectors to enhance transmission 
(Hamilton and Hurd, 2002). 



Figure A The crustacean amphipod Gammarus insensibilis manipulated by the trematode Microphallus papillorobustus (Photo 
P. Goetgheluck); infected gammarids display a positive phototactism, a negative geotactism, and an aberrant evasive behavior. Indeed, 
instead of hiding under stones, they swim toward the surface and are more frequently eaten by aquatic birds (definitive hosts). 

Figure B The Gordian worm (Paragordius tricuspidatus) exiting the body of a cricket (Nemobius sylvestris) (Photo P. Goetgheluck). 
Mature worms manipulate cricket behavior, causing them to jump into water. Once it has emerged, the parasite swims away to find a 
mate (Thomas et al., 2002). 
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Non-parasitized 


Parasitized 

Collaborative host Non-collaborative host 
(non-ejection) (ejection) 




(a) (b) 

(a) Cost of parasitism 


(b) Cost + extra-cost 

Figure 2 Mafia behavior in the cuckoo Clamator glandarius 
parasitizing the magpie host Pica pica (inspired from Ponton F, 
Biron DG, Moore J, Moller AP, and Thomas F (2006b) Facultative 
virulence as a strategy to manipulate hosts. Behavioural 
Processes 72: 1-5. 


decreasing the proportion of hosts that bear rejector 
genes, but also within an individual host’s lifetime through 
a learning processes. Learning occurs in systems where 
individual females are likely to be parasitized repeatedly 
within or across breeding seasons. 

Theoretically, retaliation can evolve even when hosts 
rear only the parasite’s young (e.g., the case when nests are 
parasitized by Cuculus conorus). This is possible if, during 
the breeding season, nonejectors enjoy lower rates of 
parasitism in later clutches compared to ejectors, making 
nonejectors able to rear a clutch of their own following 
the rearing of a cuckoo nestling. This however implies 
that brood parasites have a good memory for the location 
and status of nests in their territory. 

For this strategy of manipulation to evolve, several con¬ 
ditions must be met. For instance, both the host and the 
parasite must be able to adjust their life-history decisions in 
a state-dependent manner. Numerous lines of evidence 
suggest that host species are able to recognize environmen¬ 
tal cues, including parasitic infection, and to adjust their 
life-history traits accordingly. There are recent suggestions 
that parasites are also able to perceive a large set of envi¬ 
ronmental variables and to respond in a state-dependent 


manner. There is evidence that parasites can recognize 
many biochemical and physiological variables of their 
internal host environments that are of selective importance 
(e.g., sex and age of the host, presence/absence of other 
parasites, etc.). There are also good reasons to believe that 
parasites are able to perceive numerous cues of the external 
environment of their hosts such as, for instance, their host 
population density, the presence of predators, or sexual 
partner or competitors of the host. Thus, parasites could 
have some capacities to evaluate some of the phenotypes 
displayed by the host they are infecting (e.g., photo taxis, 
hyperactivity). 

Mafia-like strategy of manipulation works from a the¬ 
oretical point of view but concrete examples in the living 
world are still scarce; appropriate studies are lacking. 
Indeed, experiments must test infected hosts that exhibit 
noncompliance and study the fitness consequences of 
such noncompliance. Despite these difficulties, from an 
evolutionary perspective, it is important to demonstrate 
that infected hosts behaving in a way that benefits the 
parasite lack fitness compensation. In the absence of such 
a demonstration, the mafia scenario becomes a potential 
alternative to the manipulation sensu stricto hypothesis. 

Exploitation of host compensatory responses 

Recently, Lefevre and colleagues proposed that certain 
parasites could affect fitness-related traits in their hosts 
(e.g., fecundity, survival, growth, competitiveness, etc.) in 
order to stimulate host compensatory responses, because 
these responses can match at least partially with parasites’ 
transmission routes. 

Most organisms are able to alter some life-history traits 
plastically, to deal with adverse environmental conditions 
and alleviate the fitness costs incurred. For instance, one 
way of responding to poor environmental conditions is to 
reproduce earlier in life and produce larger numbers of 
offspring; a phenomenon called ‘fecundity compensation.’ 
Analogous to other environmental factors, parasites have 
the potential to influence the evolution of plastic compen¬ 
satory responses. When resistance is not possible by other 
means, selection is likely to favor hosts that react to parasite- 
induced fitness cost by adjusting their life-history traits. 
For example, parasitized hosts can respond to a fitness loss 
due to infection via mechanisms such as an enhanced court¬ 
ship behavior, increased rate of egg laying, higher off¬ 
spring number and/or size and/or stronger parental effort. 
Compensation is thus a widespread strategy among living 
organisms and parasitism can be a decisive environmental 
variable initiating compensatory responses in their hosts. 
In some cases, parasites can directly exploit the compen¬ 
satory responses that have been selected in other ecologi¬ 
cal contexts, by mimicking the causes that induce them. 
In other cases, because of their significant effects on host 
fitness, parasites can themselves be the causal agents of 
the compensatory response displayed by the host. 
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Although no study has yet been specifically designed to 
test this recent hypothesis, there are in the literature several 
examples of manipulation sensu stricto that could, in fact, 
illustrate an exploitation of host compensatory responses. 
For instance, an increased predation risk is a change that can 
potentially be of interest for trophically transmitted para¬ 
sites since, by definition, this type of parasite requires a 
predation event to complete its life cycle. Parasitized hosts 
are often more vulnerable to predators because they forage 
more to compensate for the negative effect of infection. 
Inducing energy depletion could then in certain cases be 
viewed as a cost induced by trophically transmitted para¬ 
sites to trigger a compensatory response that favors the 
transmission to a predatory definitive host. Vector-borne 
parasites have been shown to manipulate several pheno¬ 
typic traits of vectors in ways that favor parasite transmis¬ 
sion. For instance, infected insect vectors usually display 
increased probing and feeding rate. Because increased bit¬ 
ing is usually associated with mechanical interference, this 
could be interpreted as manipulation sensu stricto. How¬ 
ever when infected vectors, which also frequently display a 
decreased fecundity, are free to bite more, they can in 
certain cases recover a normal level of fecundity (i.e., 
equal to uninfected conspecifics). In this view, the increased 
biting rate may represent a host compensatory response to 
parasite-induced fecundity reduction. 

Other potential examples exist. For instance, parasites 
often reduce survival of their host, and infected hosts are 
expected to respond by increasing their reproductive 
effort. Parasites with direct transmission would benefit 
from decreasing the reproductive outlook of their host, 
because this should promote compensatory sexual activ¬ 
ities that increase social interactions, and hence parasite 
transmission. The sexually transmitted ectoparasite, Chry- 
somelobia labidomera , reduces the survival of its leaf beetle 
host ( Labidomera clivicollis). In response, infected males 
develop higher sexual motivation before dying. This 
behavioral modification clearly benefits the sexually 
transmitted parasite since enhanced inter- and intrasexual 
contact (i.e., copulation and competition) provide more 
opportunities for transmission. 

It thus appears that parasites could achieve transmis¬ 
sion by triggering host compensatory responses, when the 
latter fit, at least partially, with the transmission route. 
However, we are left with the same question as before: is 
this strategy common? Further studies are clearly needed 
to answer this question, even if it is sound from a theoret¬ 
ical point of view. This type of host manipulation seems 
parsimonious for several reasons when compared with the 
hypothesis of manipulation sensu stricto, in which the 
parasite must maintain a certain degree ol manipulative 
effort with putative fitness costs. Indeed, if among the 
arsenal of compensatory responses displayed by the host, 
some are beneficial for transmission, selection is likely to 
favor parasites that exploit these responses, not only 


because this meets their objectives, but also because this 
requires no manipulative effort: the host is doing the job. 
The main task of the parasite is to induce a fitness-related 
cost to the host, something that, by definition, parasites 
normally do. Another good reason to believe that exploit¬ 
ing host compensatory responses is a likely scenario from 
an evolutionary perspective comes from the fact that it is 
also advantageous for the host: once infected, it is better 
for the host to behave in a way that alleviates the costs of 
infection, even when this also ultimately benefits the 
parasite (Dawkins’ ‘aligned desiderata’). Under these con¬ 
ditions, resistance is less likely to evolve than when there 
is no compensation for the host. Based on these considera¬ 
tions, we could logically predict that manipulation sensu 
stricto should have mainly evolved in systems where there 
is nothing suitable for the parasite transmission within the 
repertoire of host compensatory responses. As a possible 
example of such a situation, we suggest the case of the 
well-known textbook example involving the small liver 
fluke ( Dicrocoelium dendriticum). It is indeed difficult to 
imagine what kind of compensatory responses could 
make the ant climb to the tip of grass blades. 

Manipulation sensu stricto and exploitation of host 
compensatory responses appear to be different scenarios, 
but it is important to keep in mind that they are not 
mutually exclusive; instead, these two processes can 
occur along a continuum (Figure 3). At least, exploitation 
of compensatory response offers a good hypothesis for a 
starting point of the evolution of host manipulation. How¬ 
ever, among the repertoire of compensatory responses 
that a parasite can induce in its host, all are not potentially 
useful for parasite transmission. Therefore, selection 
would favor parasite variants exploiting a response with 
transmission potential, or variants that induce specific 
costs to the hosts, for inducing the response of interest. 
As soon as such a process begins, because it is hard to 
imagine that such selection would have zero cost for the 
parasite, manipulation could evolve from an exploitation 
of compensatory response. 

Origin of the Manipulation: Exaptation? 

It has been hypothesized that certain parasites such as 
trematodes manipulate the behavior of their hosts by 
being encysted in the host brain, but this initially is favored 
because it allows the parasite to avoid an immune response 
from the host. The word ‘exaptation’ (defined in 1982 by 
Gould and Vrba as characters that evolved for other func¬ 
tions, or for no function at all, but which have been co¬ 
opted for a new use) could be proposed in such a context. 
However, whatever the term used, there is an obvious 
limitation when attempting to distinguish those changes 
that are true adaptations versus fortuitous payoffs: for most 
parasite-induced phenotypic changes, it will be impossible 
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Figure 3 Schematic representation of Lefevre et al. (2008) of the evolutionary dynamics of two manipulative strategies: (i) the 
manipulation sensu stricto and (ii) the exploitation of host compensatory responses. The two strategies can be represented by a 
continuum (arrow in bold) along which a parasite can both induce a host compensatory response (via its virulence, e.g., fecundity 
reduction) and invest energy in manipulation sensu stricto (i.e., a mixed strategy). Such a parasite has fitness costs associated with the 
manipulative effort of manipulation sensu stricto (C2) and with the virulence incurred to the hosts (Cl) and gains transmission 
benefits from the sensu stricto manipulation (B2) and from the host compensatory responses (B1). When B1-C1 > B2-C1-C2, natural 
selection favors a decrease in manipulative effort (i.e., decrease in C2) and thus favors the strategy based on the exploitation of host 
compensatory response. Inversely, when B1-C1 < B2-C1-C2 natural selection favors a higher investment in the manipulation sensu 
stricto strategy. At the extreme left is shown the case in which the parasite induces a host compensatory response that matches 
totally the parasite’s objectives. At the extreme right, no compensatory response exists in the host phenotypic repertoire; host 
behavior that benefits the parasite can be achieved only by manipulation sensu stricto. This simplistic view has the advantage of 
emphasizing the fact that when the compatibility between the type of host compensatory response and the parasite’s objective is 
strong enough, exploitation of host compensatory response is the best strategy of manipulation. 


to know the selective landscape in which they evolved. 
Thus, although it is always interesting to consider histori¬ 
cal information, one must he aware that taxa vary greatly in 
the availability of such information. This is probably the 
reason that little attention has been devoted at identifying 
the role of exaptation in manipulative changes. 

Parasitic Manipulation: An Ongoing (Co) 
Evolution? 

Is host manipulation a fixed trait in many parasites, or is 
it a phenomenon still under selection? It is generally 
thought that parasites and their hosts are constantly coe¬ 
volving. Parasites have to continually adapt to hosts 
because hosts are not their passive victims. Since most 


parasites are harmful to them, the hosts may either toler¬ 
ate parasites (i.e., reduce parasitism costs as discussed 
earlier) or resist parasites. When hosts resist, parasites 
are under pressure to evade this resistance. If a given 
parasite strain or variant can do so, it will be selected 
and will spread in the host population, because most of the 
host genotypes will be sensitive to this variant. But if a 
rare host variant (genotype) resistant to this spreading 
parasite variant is already present in the population or if 
it appears by mutation, this new resistant host variant will 
be able to fight the parasite, and co-evolution will con¬ 
tinue. Hosts and their parasites should therefore be under 
antagonistic co-evolution that should at least in part be 
genetically determined, and genetic variation must be 
present in both parasite and host populations for this 
process to work. This evolutionary frequency-dependent 
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arm race is often referred as the ‘red queen’ hypothesis, a 
metaphor taken from Lewis Carroll’s book Through the 
Looking Glass. Just as Alice and the Red Queen had to 
run as fast as they could in order to stay in the same 
position, living organisms always have to evolve and 
adapt to other living organisms to maintain themselves. 
This hypothesis has been investigated theoretically for 
many years, but only recently received empirical and exper¬ 
imental supports. The evolutionary scenarios described ear¬ 
lier proposed processes that could be at the root of the 
evolution of behavioral manipulation. But should we con¬ 
sider parasites altering host behavior as definitive winners, or 
should we consider these parasites as ‘typical’ parasites 
coevolving with their hosts? 

The arms race is based on the assumption that there is 
genetic variation in both the host’s ability to resist the 
parasite and the parasite’s ability to exploit its host. In the 
case of parasites altering host behavior, it has often been 
reported that individuals in a given parasite population do 
not modify host behavior with similar intensity. There are 
even hosts infected by a mature parasite that are not 
manipulated at all. However, to date, no investigation 
has asked if this variation has a genetic basis, either on 
host or on the parasite side. We only have an indication 
that, in one nonnatural case of parasites changing the 
host behavior, the host genotype matters: two laboratory 
inbred strains of mice are not equally sensitive to behav¬ 
ioral changes induced by Toxocara canis. 

A consequence of the arm race is the occurrence of local 
adaptations. Species are always composed of more or less 
discrete populations, linked by various proportions of 
migrants. In cases of host-parasite associations, it is pre¬ 
dicted that parasites should be more adapted to the host 
with which they coevolved (local host), than with hosts 
belonging to other populations. However, the pattern of 
local adaptation could be reverse: some hosts are adapted to 
resist their local parasites. The outcome of who is locally 
adapted to whom is determined by several factors, one of 
the most important being the relative migration rate of 
hosts and parasites between populations. If the parasite 
migrates more than the host, parasite local adaptation is 
predicted because high migrant parasite frequency 
increases the probability of occurrence of a parasite geno¬ 
type adapted to local hosts. If hosts migrate more than 
parasites, the hosts would be locally adapted to resist para¬ 
sites. To date, there is no study of local adaptation of 
parasites altering host behavior. 

Finding either genetic variation in parasite’s ability to 
manipulate host behavior (or host ability to resist manip¬ 
ulation), or a local adaptation pattern would provide 
helpful information about how this peculiar way of 
exploiting a host has evolved and continues to evolve. 
Such an approach could (and should) be combined with 
the trade-off approach described in section ‘Mafia-like 
strategy,’ because due to the arms race between hosts 


and parasites, maintenance of variation in manipulation, 
could prevent the predicted ‘optimal manipulation effort’ 
to be reached in field populations. 

Even without such evidence, there are data suggesting 
that manipulating host behavior is an evolving interaction 
rather than a static process. We have already noted that 
some parasite phyla such as the acanthocephalans are 
entirely composed of manipulative members. But all 
acanthocephalans do not alter their host behavior in the 
same way and do not change the same behaviors in all 
their hosts. A good example could be found in two sym- 
patric acanthocephalans infecting the same intermediate 
host, Gammaruspulex. One, Pomphorynchus laevis, infects fish 
as final hosts; the other, Polymorphus minutus , infects 
aquatic birds as final hosts. These two parasites modify 
different intermediate host behaviors: P laevis reverses 
phototaxis (gammarids are attracted by light when 
infected, making them more prone to be found in the 
river drift where fish are hunting), while P minutus 
reverses geotaxis (gammarids are attracted by the water 
surface when infected, making them more prone to grab 
on floating material where waterfowl are feeding). How¬ 
ever, these modifications are specific: P laevis does not 
change geotaxis, P minutus does not affect geotaxis, and 
the central nervous system is not disrupted in the same 
way by the two parasites. This clearly suggest that, even if 
these two acanthocephalans share a common manipula¬ 
tive ancestor, the manipulation evolved in an adaptive way 
for the two descendants in parallel with their adaptation 
to different ecological niches (fish and bird, respectively). 
We can conclude that enough genetic variation in behav¬ 
ioral manipulation existed in their common ancestor to 
allow evolution. There is no reason to suppose that this 
variation has been lost in contemporary species, especially 
if local adaptation should exist, because this process can 
maintain genetic variability in both hosts and parasites. 

Concluding Remarks and Future Directions 

As illustrated in this chapter, there are different evolution¬ 
ary routes allowing parasites to make their hosts behave in 
ways that favor transmission. This research topic is how¬ 
ever still in its infancy. The issues of manipulation sensu 
stricto versus interactive scenarios, as well as other ques¬ 
tions about parasite-induced behavioral changes, have 
much to gain from attention to mechanisms. Indeed, elu¬ 
cidating the proximate mechanisms mediating changes in 
host behavior could considerably help our understanding 
of manipulative processes. Collaborative and multidisci¬ 
plinary research approaches are necessary to show the 
physiological, the neurological, and ultimately the genetic 
basis of behavioral changes in parasitized organisms. 

Understanding the evolution of host manipulation by 
parasites also requires considering manipulated hosts 
within their ecological context. We indeed need to have 
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an accurate knowledge of the selective pressures really 
experienced by both the host and the parasite. For instance, 
most experiments do not take into account the fact that, in 
natural conditions, other predators unsuitable as hosts may 
also take advantage of the manipulation. This phenomenon is 
nonetheless critical to our understanding of the costs and the 
benefits of parasitic manipulation. In some cases, certain 
features of parasite-induced behavioral changes seem more 
relevant to limiting the risk of predation by the wrong (non¬ 
host) predator than to increasing transmission to appropriate 
hosts. Moreover, hosts in nature are usually infected by 
multiple phylogenetically unrelated parasites, which may 
have opposing interests in their use of the host. In certain 
cases, parasites have been shown to sabotage the manipula¬ 
tion exerted by other parasites, turning back infected hosts to 
a normal behavior. Manipulative parasites affect the struc¬ 
ture of the parasite communities that exploit the same host 
and the responses are clearly of an evolutionary nature. More 
generally, infections involving conflicting parasites are likely 
to explain some of the variation observed in behavioral 
changes associated with infections by manipulating parasites. 

Multidimensionality in host manipulation by parasites 
has received little attention so far. In most cases, manipu¬ 
lated hosts are not simply normal hosts with one aberrant 
trait (e.g., behavior); instead, they are deeply modified 
organisms with a range of modifications, some of which 
may favor parasites, and some of which may favor hosts. It 
is currently unknown whether multiple changes in host 
phenotype are related or independent; why and how the 
multidimensionality of host manipulation evolved are 
fascinating questions requiring collaboration among para¬ 
sitologists and researchers from other disciplines, especially 
physiology, morphology, and developmental biology. 

See also: Intermediate Host Behavior; Parasite-Induced 
Behavioral Change: Mechanisms. 
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Evolution: What Is It? 

Evolution is any change in the genetic structure of a popu¬ 
lation from one generation to the next. Populations that 
experience genetic change over succeeding generations 
may become sufficiently different from the original state 
and from other similar populations to produce new species. 

The concept of biological evolution implies mutability 
of species: species are not static entities but rather can 
shift from one generation to the next as a result of some 
evolutionary force. Many scientists accepted the concept 
of mutability prior to Darwin; indeed, Jean-Baptist 
Lamarcke proposed a cogent (albeit incorrect) mechanism 
to drive biological evolution. Charles Darwin (along with 
Alfred Russell Wallace) proposed the principal mecha¬ 
nism currently accepted, and called it natural selection. 
Darwin described a process whereby individuals with 
heritable variations that confer an advantage leave more 
offspring than others; as Darwin pointed out, this process 
is exactly analogous to the form of selection imposed on 
crops and domesticated animals by culling and selective 
breeding. We now know that natural selection is not the 
only process that can produce evolutionary change, and 
much contemporary research is devoted to understanding 
the relative roles of different evolutionary forces. 

Evolutionists often distinguish between microevolution 
and macroevolution. The former refers to short-term 
changes within populations, whereas macroevolution refers 
to long-term changes that involve speciation and extinction 
events. Microevolution and macroevolution are the results 
of the same underlying processes, but measured over dif¬ 
ferent time scales. Here, the fundamentals of microevolu¬ 
tion are reviewed. 

First, Some Terminology 

Note that our definition of evolution involves changes in 
genetic structure of populations. Populations evolve as 
the genotypes of individuals within it are replaced by 
other genotypes. Individual organisms do not evolve. 
Individual organisms live or die; reproduce or fail to do 
so. The aggregate result summed across different indivi¬ 
duals within a population can sometimes produce changes 
in the population genetic structure. 

Genetic structure refers to DNA sequences as well as 
the various ways that combinations of alleles become 
packaged within individuals. Thus, a population’s genetic 


structure includes the component of allele frequencies 
in the gene pool as well as genotype frequencies within 
the genotype pool, combinations of alleles at different 
genetic loci, and even chromosomal rearrangements. 
The simplest genetic structure is seen for haploid indi¬ 
viduals, with allele frequencies identical to genotype 
frequencies. Few animal species have all-haploid indivi¬ 
duals, but there are many for which the male is haploid 
and the female is diploid. Some prominent haplodiploid 
groups are hymenopterans (ants, bees, wasps, sawflies), 
mites, and thrips. 

Phenotype refers to a trait, and most of the time we are 
interested in traits that reflect DNA sequences. Thus, 
RNA sequences are phenotypes as are amino acid 
sequences in proteins, morphological traits, chemical sig¬ 
natures, behaviors, and even extensions of the individual 
such as nest structure. 

Markers are particular types of genes/alleles that pro¬ 
vide information about other genes or phenotypes 
encoded by other genes. Geneticist have used markers 
for decades to map out chromosomes, and in the last 
20 years, behaviorists have used markers like microsatel¬ 
lite DNA sequences, randomly amplified DNA sequences 
(RAPDs), and SNPs (single nucleotide polymorphisms) 
to gain insight into how complex behavioral traits evolve. 

Evolutionary Forces: Natural Selection 

Darwin’s formulation of evolution by natural selection has 
attained the status of true theory in science: it is univer¬ 
sally accepted as the predominant mode for adaptive 
evolution. Adaptive evolution occurs when a population 
improves its fitness from one generation to the next. 
Fitness itself is a somewhat slippery concept and can be 
defined for alleles, genotypic combinations, individuals, 
groups, and populations. 

Fitness is defined as reproductive success, which itself 
has two components, survival and reproduction. That is, 
an individual’s fitness depends on its probability of reach¬ 
ing adulthood (survivorship) as well as its probability of 
leaving offspring (fertility). Natural selection occurs when 
individuals vary in their fitness, that is, when there is 
differential reproductive success. 

Fitness can be measured only in the context of a 
particular environment: it is not an absolute. A trait 
advantageous in one environment can be deadly in 
another. The classic story of industrial melanism in the 
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British Isles demonstrates this principle neatly. The pep¬ 
pered moth is a common insect of British forests that is 
active at night and that spends its days resting on tree 
trunks. It has two distinct morphs that correspond to 
different genotypes. In forests near coal-burning indus¬ 
tries, dark-colored moths gain camouflage against soot- 
blackened trees. In forests away from pollution sources, 
those same moths stand out against their background and 
are easy prey. By contrast, the speckled morph is easily 
spotted by predators in polluted woods but camouflaged 
in unpolluted woods. Not surprisingly, the abundance of 
these two color morphs is a strong function of pollution: in 
unpolluted woods the black morph is rare and the speck¬ 
led one common, whereas in polluted woodlands the 
reverse is true. Fitness is a function both of genotype 
and environment. 

Species can arise when two populations derived from 
one ancestral population become genetically distinct over 
time. There are many mechanisms by which speciation 
can occur, and the prevailing mode is allopatric specia¬ 
tion: divergence as a result of populations occurring in 
separate environments with different selection pressures. 
A prime example is speciation observed on islands. Dar¬ 
win examined diversity among Galapagos finches to infer 
their long-term evolutionary history of modification from 
their ancestors in mainland populations. Similarly, 
hundreds of speciation events have occurred among Dro¬ 
sophila flies, as the Hawaiian Islands were formed and 
individual flies migrated to new habitats; their descen¬ 
dants then formed new populations that adapted to local 
conditions and diverged from populations experiencing 
other environments. 

Darwin, of course, knew nothing about genetics. 
Rather, he discussed traits of organisms, what we now 
call phenotypes. Phenotypes are the results of complex 
genetic and developmental processes; in turn the environ¬ 
ment in which an animal lives can affect those processes. 
We therefore must be clear about the fundamental distinc¬ 
tion between natural selection and evolution: they are not 
the same thing. Natural selection discriminates between 
phenotypes and evolution is a change in genotypes within 
populations. Natural selection is one mechanism that can 
cause evolutionary change, if there is a connection between 
genotype and phenotype. This is best illustrated in a figure 
adapted from Lewontin’s book (Box 1). 

Evolution occurs in the blue Genotype Space, whereas 
natural selection occurs in the red Phenotype Space. The 
two are related via Transformation Rules that dictate how 
changes occur. The transformation Rule xl dictates how 
phenotypes arise from genotypes of a cohort of fertilized 
eggs (zygotes). As those individuals mature, natural selec¬ 
tion (x2) can alter the phenotypic distribution within the 
population. The resultant new phenotypic distribution has 
a genotypic distribution that can be inferred from t 3. 
Adults mate and have offspring, which themselves have 


a genotypic distribution dictated by x4, principally the 
laws of Mendel. 

Note that natural selection, which occurs in phenotype 
space, is only one of the four transformation rules that 
dictate evolutionary change. Note also that natural selec¬ 
tion by itself need not produce evolutionary change, if 
there is no underlying shift in the genotypic distribution 
of the population. We therefore distinguish between nat¬ 
ural selection (the difference between PI and PE) and a 
response to selection (the difference between Gl and G2). 

This framework for evolution also allows us to think 
about how populations in different environments experi¬ 
ence different transformation rules, especially in pheno¬ 
type space. Those differences can cause two populations 
to move in different directions both genetically and phe- 
notypically. Ultimately, that divergence in genotype space 
can produce separate species. 

Evolutionary Forces in Addition to Natural 
Selection 

So far we have described only one mechanism that pro¬ 
duces evolutionary change, the mechanism proposed by 
Darwin and known as natural selection. Students of ani¬ 
mal behavior are prone to interpret most of what they 
study as the product of natural selection, but it is impor¬ 
tant to keep selection as a working hypothesis rather than 
unverified assumption. Few would dispute that natural 
selection is a major force in the evolution of animal 
behavior, but many traits cannot be explained in light of 
natural selection alone. The following are the chief evo¬ 
lutionary forces. 

1. Mutation: changes in genetic structure from one gener¬ 
ation to the next as a result of random alterations in DNA 
sequences during replication. Mutations occur exclu¬ 
sively in genotype space and arise constantly in popula¬ 
tions. Mutations in any given gene are rare, occurring 
roughly once in every million or so DNA replication 
events per gene. New mutations introduce variation into 
gene pools and are included in the transformation rule 
x4 in Box 1. Most mutations are deleterious and selec¬ 
tion weeds them out (unless protected as recessive alleles 
in heterozygous condition), but on occasion a mutation 
confers an advantageous phenotype to its bearer and can 
increase in frequency in the population. The genotypic 
variation we observe in natural populations ultimately 
derives from numerous mutation events. It is important 
to note that some entire classes of mutations are not 
subject to any force of natural selection because they 
produce no phenotypic change. The best such example is 
the third codon of DNA triplets: in the universal genetic 
code, the third codon is often ‘silent’ and thus mutations 
in that codon induce no change in the amino acid in the 
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Box 1 Schematic Diagram of the Evolutionary Process, adapted from Lewontin (1974) 



Evolution occurs within populations and involves processes operating on genotypes as well as phenotypes. In genotype space, shifts in 
genetic structure occur, whereas changes in trait distributions occur in phenotype space. While evolution is defined as a change in 
genetic structure between generations, evolutionary change is mediated by shifts in both genotype and phenotype space that occur via a 
set of transformation rules. 

In this figure, the blue genotype space has five points. In generation 1, the newly formed fertilized eggs have a certain genetic structure 
G1 whereas those same individuals as adults may have a different genetic structure G1'. In the next generation, G2 represents the genetic 
structure of the newly fertilized eggs whereas G2' represents the genetic structure of the next generation’s adults. Similarly, in the red 
phenotype space the newly fertilized eggs have a distribution of phenotypes given by PI, and PI' is the distribution of phenotypes of the 
resulting mature adults. P2 is the phenotypic distribution of the next generation of fertilized eggs, P2' of the resultant adults, and so on. 

The pathway of biological evolution moves within and between the spaces along a trajectory governed by what Lewontin termed 
‘transformation rules’: 

• t 1 represents the link between genotype and phenotype for fertilized eggs. It thus represents the set of processes from DNA 
transcription through translation and metabolism to give rise to the zygotes’ phenotypes. 

• x2 represents processes driven by the environment that selects among phenotypes from zygote to adult stages. The chief force is 
natural selection. 

• t3 represents the rules governing how phenotypes reflect genotypes. Not all phenotypic change induces genotypic change, especially 
for quantitative traits. 

• x4 represents the rules by which parental genotypes are reflected in the genotypes of their offspring, chiefly Mendel’s laws. 

With this framework, we can formally define evolution as a change from G1 to G2 (or, alternatively from GY to G2', if adults are the point of 
reference). Evolution by natural selection proceeds from genotype space to phenotype space and back. 


corresponding protein. Because the amino acid does not 
change even though the DNA sequence changes, such 
mutations are ‘silent’ and cannot produce phenotypic 
change. Another example is a change in repeat numbers 
for microsatellite DNA loci, which typically has no 
impact on fitness. 

2. Genetic drift: chance variations in gene frequencies that 
result from random sampling error. Genetic drift is 
the trickiest concept to grasp since it relies on an under¬ 
standing of probabilities. Let us examine the transforma¬ 
tion rules x4 above from a different perspective. 
Consider the sex ratio of offspring within litters 
of puppies. In canines, just as in humans and most 
mammals, XX individuals develop to become females, 
whereas XY individuals become males. Mendel’s laws 


predict that in any given litter half the puppies are 
male and half are female. Yet we understand intuitively 
that for a litter of two puppies, some consist of two males, 
some litters contain two females, and some contain one 
male and one female. Furthermore, in litters of four 
puppies, some contain two females and two males but 
some litters contain three of one sex and one of the other, 
while some litters contain only males or only females. 
We accept this variation among litters as a consequence 
of random events governing which type of sperm ferti¬ 
lizes each ovum. Any deviation from expectation result¬ 
ing from such events is called genetic drift. 

Now let us expand from a single litter of puppies to 
three litters of 4 puppies each. The 12 total puppies across 
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these litters are expected to produce 6 males and 6 
females, but we would not be surprised to see 7 and 5, 
8 and 4, or 9 and 3. In fact, the probability of having 
exactly 6 puppies of each sex in a pooled litter of 12 is 
only 22.5%. Thus in our example, genetic drift is more 
likely than an exact Mendelian sex ratio. 

Clearly, the strength of genetic drift as an evolutionary 
force depends crucially upon the number of parents 
reproducing in a population. If a population is small 
(e.g., endangered species or captive populations in zoos), 
the effects of drift can produce major changes in genetic 
and thus phenotypic structure. In large breeding popula¬ 
tions (such as mosquitos and Norway rats), the effects of 
genetic drift are minor. 

Random sampling error can also occur when a small 
number of individuals leave a large breeding population to 
initiate a new population. For example, a few mice might 
cross a frozen lake to populate an offshore island, and those 
few mice almost surely do not represent the full range of 
genetic variation in their original population. The alleles 
those individuals carry constitute the gene pool for an 
entire population to be established; the resultant reduction 
of genetic variation in the new population reflects a form 
of genetic drift known as the Founder Effect. 

3. Nonrandom mating refers to any pattern that deviates 

from random pairing between males and females. It has 

three principal syndromes: 

(a) Assortative mating occurs when mates preferen¬ 
tially choose phenotypes like their own (positive 
assortative) or unlike their own (negative or disas- 
sortative mating). Humans mate assortatively for 
height, ethnicity, IQ^, religion, and socioeconomic 
status. In the wild, assortative mating has been 
shown for snow geese and goby fish, among others. 
Disassortative mating is best encapsulated by the 
rare male effect, by which a male with an unusual 
phenotype captures an inordinate number of mat¬ 
ings. While we have some good examples of these 
mating schemes, assortative mating is more limited 
in scope than other evolutionary forces. 

(b) Inbreeding refers to preferential mating between 
relatives, and is widespread in the animal kingdom. 
Brother-sister mating is the rule for many insects, 
and father-daughter mating is not uncommon in 
highly structured social groups. Inbreeding usually 
reflects very low dispersal as juveniles mature to 
reproductive age. 

Inbreeding can produce pathological conditions, because 
repeated mating between close relatives tends to increase 
the frequency of homozygosity within a population. Indeed, 
population geneticists typically infer inbreeding from 
a deficit of heterozygotes (fewer than expected from 
Hardy-Weinberg frequencies, to be covered in the following- 


section). Homozygosity by itself is not necessarily problem¬ 
atic, but inbreeding allows deleterious alleles that have 
been ‘hidden’ from natural selection in heterozygous con¬ 
dition to become homozygous. Thus, inbred populations 
can develop pathologies that derive from genetic homo¬ 
zygosity of rare deleterious alleles. The result is that the 
entire population can experience reduced fitness, a con¬ 
dition called inbreeding depression. Managers of captive 
populations (such as in zoos and preserves) go to great 
lengths to avoid inbreeding for this reason. 

(c) Sexual selection is an extremely important evolu¬ 
tionary force in the animal world and is fully 
described in another section. Sexual selection is a 
form of natural selection whereby one sex exerts 
selection on the other. Females may choose males 
as a function of their phenotype, or vice versa. The 
same transformation rules given earlier for natural 
selection apply to sexual selection. 


The Concept of Equilibrium 

Many traits do not change from one generation to the next. 
For example, horseshoe crab morphology has changed very 
little over the past 200 My. Stasis of phenotypes implies 
evolutionary equilibrium. Equilibrium, however, does not 
mean that there are no evolutionary forces. We must dis¬ 
tinguish between neutral equilibrium, when no forces are 
acting on a trait, and balanced equilibrium, when two forces 
act in equal and opposite directions. 

The concept of neutral equilibrium is encapsulated in 
the Hardy-Weinberg law. It is easy to show mathematically 
that if there are no evolutionary forces (no selection, no 
mutation, large population size, and random mating), the 
allele frequencies and genotype frequencies are stable 
from one generation to the next and related to each 
other (see Box 2). The Hardy-Weinberg law rarely 
reflects natural situations, but it serves as the starting 
point for the large field of population genetics. 

If a trait is affected by more than one evolutionary 
force, and if those forces act in opposition to each other, 
then evolution should ultimately come to represent a 
balance between opposing forces. For example, the pea¬ 
cock’s tail is a marvel of adaptation that reflects two 
opposing selective forces: males have tails that serve to 
attract females (i.e., females exert sexual selection on 
males to have ever more elaborate tail plumage); those 
same tails, however, also slow males down and increase 
predation (predators exert natural selection to reduce tail 
elaboration). The tails we see in nature presumably reflect 
a state that is a balance of these two selective forces. 

Population geneticists have defined conditions that 
produce balances between mutation and selection, 
between opposing selection forces, between mutation 
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Box 2 The Hardy-Weinberg Equilibrium 

This algebra forms the starting point for population genetic theory. Here we treat the simplest possible genetic structure for any trait: a 
single gene controls behavior, and that gene has just two alleles (,A 1 and A 2 ) in the population. 

We first define allele frequencies as the proportions of the two alleles At and A 2 in the gene pool. We will let p equal the proportion of At 
and q the proportion of A 2 . Note that p + q = 1 by definition, since there are only two alleles in the gene pool. (Do not confuse this lower¬ 
case p with the uppercase P in Box 1 .) 

With two alleles Aand A 2 , there are exactly three genotypes segregating in the population: At At, and A 2 A 2 (homozygotes) and Ai A 2 
heterozygotes. These three genotypes can vary in relative proportion within the population, and we assign values as follows: 

D = the proportion of A-, A-, homozygotes 
E=the proportion of Ai A 2 heterozygotes 
F=the proportion of A 2 A 2 homozygotes 

Note that D + E + F must sum to 1, since there are only three genotypes in the population. It is easy to calculate the allele frequencies if 
we know the genotype frequencies: 

p = D + 1/2E since the Ai allele makes up 100% of the D genotype and half the E genotype 
q = F + 1 /2 E since the A 2 allele makes up 100% of the F genotype and half the E genotype. 

It is obvious then that p + q = D + E + F= 1. 

Let us take a simple example. Suppose our starting population has 50% AAt homozygotes, 20% Ai A 2 heterozygotes, and 30% A 2 
A 2 homozygotes. Then by definition, 

D = 0.50 
E—0.20 
F— 0.30 

and 

D + E +F=1 

Also our definition above allows us to calculate that the allele frequencies are 

P — D+ 1/2E=0.60 
q — F+ 1/2E= 0.40 

So far all we have done is to define terms for the genetic structure of this population. 

Now let us consider what happens when the population starts to mate and produce offspring. We assume there are no evolutionary 
forces operating at all: there is no selection, mating occurs at random, there is a large population size, etc. 

Then we can set up a table to determine offspring genotypes from these parents: 





Paternal genotype 




a 7 a 7 

A 1 A 2 

A 2 A 2 

Maternal genotype 

AtAt 

100% At At 

50% At At 

50% AtA 2 

100% AtA 2 


AtA 2 

50% At At 

50% AtA 2 

25% A 1 A 1 

50% AtA 2 

25% A 2 A 2 

50% AtA 2 
50% A 2 A 2 


A 2 A 2 

100% A 7 A 2 

50% AtA 2 

50% A 2 A 2 

100% A 2 A 2 


The frequencies of genotypes in the next generation are calculated from the frequencies of different kinds of pairing multiplied by the 
proportion of offspring from the pairing. 

At At offspring arise as follows: 


Parental cross 

Frequency of that cross 

Proportion At At offspring 

A-| A-| x A-i A-| 

D 2 

100% 

A-i A-i x A-| A 2 

DE 

50% 

A-| A-| x A 2 A 2 

DF 

0 

Ai A 2 x A-| A-i 

DE 

50% 

Ai A 2 x A-| A 2 

E 2 

25% 

A-| A 2 x A 2 A 2 

EE 

0 

A 2 A 2 x A-| A-| 

DF 

0 

A 2 A 2 x A-| A 2 

EE 

0 

A 2 A 2 x A 2 A 2 

E 2 

0 


Continued 
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Box 2 Continued 

In the next generation, A ^ A-\ offspring will occur with frequency: 

D z + DE + 1e 2 = (D + 1/2E) 2 =p 2 

Similarly, the proportion of A 1 A 2 offspring is 2 pq and the proportion of A 2 A 2 offspring is q 2 . Repeating this approach shows that these 
proportions remain stable for generations thereafter - the genetic structure is at equilibrium. 

This, then, is the Hardy-Weinberg law: in the absence of any evolutionary forces, within one generation, a simple and straightforward 
relationship arises between allele frequencies and genotype frequencies: 

D = p 2 
E — 2pq 

F— q 2 

It turns out that these proportions also occur at equilibrium conditions for many balanced polymorphisms as well. Therefore, we can use 
genotype frequencies to make inferences about other aspects of the population’s genetic structure. 

One important and well-studied evolutionary equilibrium represents a balance between mutation producing deleterious alleles and 
selection removing them. One can easily show that if the mutation rate is one mutation in every million DNA replication events, the 
frequency of recessive lethal alleles in the gene pool is 0.001. That is, one in every thousand alleles in the gene pool is an allele that causes 
death in homozygous condition. Using the Hardy-Weinberg ratios given earlier, we can then estimate the proportion of individuals who 
are ‘carriers’ for that allele, having one copy in heterozygous condition as 2pq = 2 x 0.999 x 0.001 = 0.002. We therefore infer that 1 of 
every 500 individuals in the population is a heterozygote carrying the lethal allele. 


and drift, and so on. In each case, the resulting balanced 
polymorphism maintains genotypic diversity within 
populations. Furthermore, at equilibrium we see the rela¬ 
tionship between alleles and genotypes predicted by the 
Hardy-Weinberg algebra. We can use those relationships 
to estimate the strength of selection, the rate of mutation, 
and other forces of evolutionary change. 

Two Approaches to Studying Evolution 

Given that evolution occurs partly in genotype space 
and partly in phenotype space, we have two general 
approaches for studying evolutionary change. The field 
of population genetics starts in genotype space and 
assumes relatively simple relationships between genotype 
and phenotype. Refer again to the diagram in Box 1. 
Population genetics examines the transformation laws 
t2 and x4 explicitly, but tends to ignore the xl and x3 
transformation laws. The Hardy-Weinberg equilibrium 
forms the foundation for this vast field, which focuses on 
how allele frequencies in populations change over time. 
Furthermore, the kinds of traits that this approach con¬ 
siders have fairly simple genetic bases and the typical 
one-to-one correspondence of genotype and phenotype 
allows for straightforward predictions about the trajectory 
of adaptive evolution. 

By contrast, the field of quantitative genetics starts 
in phenotype space and tries to understand how variation 
in the x2 transformation laws affects evolution in both 
phenotypic and genotypic space. Quantitative traits 
(sometimes called polygenic traits) are the norm in stud¬ 
ies of behavior. Traits such as running speed, plumage 


coloration, or diet choice must be affected by many genes 
simultaneously and also by the environment in which the 
animal lives. For such traits, the correspondence between 
genotype and phenotype is fuzzy, and populations display 
continuous variation to produce a distribution of pheno¬ 
types. Modeling such situations with the algebraic 
machinery of population genetics is unwieldy, and thus a 
quite different approach has been developed for the study 
of quantitative traits. 

Quantitative genetics typically examines the distribu¬ 
tion of phenotypes and how that distribution changes 
from one generation to the next, thereby implying change 
in the underlying genetic structure of populations. The 
field of quantitative genetics focuses almost exclusively on 
selection as an evolutionary force, because it derives from 
the agricultural tradition of artificial selection, or selec¬ 
tive breeding. 

This approach examines the distribution of pheno¬ 
types when selection is applied (see Box 3). If there is 
no change in that distribution from one generation to the 
next (i.e., there has been no response to selection), then 
the trait under study must have no underlying genetic 
basis: the variation in phenotypes is caused by factors in 
the environment rather than genetic variation among 
individuals. A response to selection implies otherwise, 
that phenotypic variation arises at least in part from 
genetic variation in the population. 

The contribution of genetic variation to phenotypic 
variation is encapsulated in the concept of heritability. 
Heritability, denoted by the symbol If, has a minimum 
possible value of 0; If = 0 implies that the phenotypic 
distribution is caused entirely by environmental differ¬ 
ences experienced by individuals. A group of animals 
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Box 3 The approach taken by the field of Quantitative Genetics 

This field deals explicitly with phenotypes for complex traits that show continuous variation and for which there is a distribution across the 
population: 



Typically, such traits are affected by many genes and also are affected by the environment of the bearer. For example, running speed 
in animals varies within a population. That variation reflects some genetic variance for running ability, but also reflects factors such as 
differential nutrition and disease. Trying to identify all the factors that cause a particular animal to run at a particular speed is a large task, 
and the field of quantitative genetics attempts instead to understand the relative importance of genetic variation versus other factors that 
give rise to the phenotypic distribution observed. 

The following is the basic equation of quantitative genetics: 

Phenotypic Variance = Genetic Variance + Environmental Variance + Gene-Environment Interaction 
or 


V P = V G + V E + V GxE 


In fact, each of the components of phenotypic variance can be further subdivided. For example, total genetic variance includes additive 
genetic variance (variance due strictly to allelic differences) as well as epistatic variance (variance resulting from interactions among genes) 
and dominance variance (variance resulting from dominance/recessiveness characteristics at different loci affecting the trait). 

Fundamental to understanding evolutionary change in phenotypic distributions is heritability, indicated by the symbol h 2 . Heritability is 
defined as the relative contribution of genetic variance to total phenotypic variance: 



Vg 

V E 


Heritability ranges from 100% (complete correspondence between phenotype and genotype) to 0% (no relationship between genotype 
and phenotype). Traits under selection can only evolve if those traits are heritable: 

R = h 2 S 


where R is the response to selection (measured as a change in the distribution of phenotypes from one generation to the next) and S is the 
strength of selection. If selection is strong, the phenotypic distribution shifts more rapidly from one generation to the next than if selection 
is weak. Alternatively, strong selection on a trait with low heritability may produce only a weak response to selection. 

Natural selection reduces genetic variation by eliminating alleles contributing to low fitness. That effect has the interesting conse¬ 
quence that as populations become adapted to their environments, there is less and less genetic variance upon which selection can act. 


that are clones can be reared in different individual 
environments to produce variation that has a heritabil¬ 
ity of zero. 

The maximum value of heritability is observed when 
the phenotypic distribution is generated exclusively by 
genotypic differences between individuals. It is theoreti¬ 
cally possible to generate a heritability of 1 by rearing 
animals in a constant environment. To approximate that 
condition, many studies of evolution are carried out in 
tightly controlled conditions; another alternative is to 


reduce environmental variance contributing to phenotypic 
variance via a ‘common garden’ experimental design. 

The fundamental equation of quantitative genetics is 

R = h 2 S 

where R is the response to selection (measured as the 
change in the phenotypic distribution of a trait, see 
Box 4), h 1 is heritability, and S is the selection pres¬ 
sure. Our fundamental equation has an important corol¬ 
lary that any response to an imposed selection pressure 
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Box 4 Types of selection modeled in evolution studies 

Scientists distinguish three broad categories of selection in nature, which differ in the way they change distributions of phenotypes that 
have a genetic basis. In the diagrams below, phenotypic distributions are given for a trait such as running speed. In each column, we start 
with the same distribution. However, note that the shading patterns are different. The intensity of blue within each bar indicates the relative 
fitness for an organism with that trait. 


Directional selection Stabilizing selection 


Before selection 

1 


Slow 

Fast 



Disruptive selection 




Suppose we are interested in the evolution of running speed in tropical lizards. We can envision three ways that selection acts upon 
running speed. In the first column, faster lizards have higher fitness than slower lizards; such a situation might be imposed by a very fast 
predator. Selection in this case is directional: it moves the distribution toward the high end. The response to selection (second row) shows 
how the distribution of running speeds changes as a result of the differential predation. The response would be measured as a change in 
the average running speed within the lizard population. 

The second column illustrates the case if both fast and slow lizards have lower fitness than lizards that run at medium speed; this 
situation could result if fast lizards reach physiological exhaustion quickly and thus are preyed upon at the same rates as slow lizards. In 
this case, the two tails have lowered fitness: selection acts to stabilize the middle of the distribution. After selection, the resulting 
distribution has the same average value, and the response to stabilizing selection is evident as a reduction in the variance of running 
speed. 

Finally, the third column supposes that fast and slow lizards have higher fitness than lizards with intermediate speed; this situation 
might result if predators fail to catch fast lizards and fail to notice slow lizards. Called disruptive selection, this form selects for the tails of a 
distribution and produces a phenotypic response to selection that is bimodal. 


implies genetic variation for the trait under selection. 
Therefore, scientists use the equation to estimate herita- 
bility in the lah by exerting a known selection pressure 
upon a trait of interest and then measuring the response to 
selection. 

Estimating heritability in nature is considerably 
trickier, because it is impossible to eliminate all environ¬ 
mental variation that contributes to phenotypic varia¬ 
tion. The approach in field studies typically requires an a 
priori estimate of genetic variation in the target popula¬ 
tion, for example, from the knowledge of family struc¬ 
ture. With that information, scientists can infer the 
relative contributions of genetic variation versus envi¬ 
ronmental variation in producing the total range of phe¬ 
notypic variation. 

In recent years, a blended approach has been employed 
to search for quantitative trait loci (QTLs). Using sophisti¬ 
cated genetic and statistical techniques, scientists have been 
able to not only estimate how many genes underlie com¬ 
plex traits, but also assess their relative contributions to 


those traits. Identification, mapping, and characterization of 
such loci have been facilitated by the development of 
molecular markers. Together, these approaches can provide 
new insights into how complex traits have evolved. 

See also: Bateman’s Principles: Original Experiment and 
Modern Data For and Against; Caste in Social Insects: 
Genetic Influences Over Caste Determination; Compen¬ 
sation in Reproduction; Cryptic Female Choice; Dictyos- 
telium, the Social Amoeba; Differential Allocation; 
Drosophila Behavior Genetics; Flexible Mate Choice; 
Forced or Aggressively Coerced Copulation; Genes and 
Genomic Searches; Helpers and Reproductive Behavior 
in Birds and Mammals; Infanticide; Invertebrates: The 
Inside Story of Post-Insemination, Pre-Fertilization Re¬ 
productive Interactions; Kin Recognition and Genetics; 
Marine Invertebrates: Genetics of Colony Recognition; 
Mate Choice in Males and Females; Microevolution and 
Macroevolution in Behavior; Monogamy and Extra-Pair 
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Introduction 

For those of us who study animal behavior, the principal 
reward is finding out how and why animals do what they 
do. The first step is to ask a question about behavior, 
which might be broad and generally descriptive or narrow 
and more hypothetical. As a research program develops, 
it tends to generate more specific questions, which tend 
to be influenced by earlier observations, questions, and 
potential answers. 

The behavior of red-winged blackbirds has been stud¬ 
ied by hundreds of researchers. Early observations of 
the behavior of this species of bird show that males try 
to keep other males out of small portions of nesting 
habitat. In other words, males defend territories, and this 
leads to the initial question: How do male red-winged 
blackbirds defend their territories? 

The next step is to do some background reading or 
make preliminary observations, and propose some possi¬ 
ble answers, called working hypotheses. 

Reading published descriptive studies and observing 
male red-winged blackbirds at a marsh in spring would 
show that males perch at prominent locations, scan the 
habitat constantly, sing, and show their red-and-yellow 
epaulets, which are the colorful wing patches after which 
the species is named. These observations yield at least two 
potential answers to our question: 

Singing is used to defend the territory. 

The red-and-yellow epaulets are used to defend the 

territory. 

The most important aspect of these potential answers is 
that each predicts the results of studies that we can per¬ 
form. A proposed explanation that makes testable predic¬ 
tions is a scientific hypothesis. We then perform those 
studies to see whether we get the predicted results. This 
process is called hypothesis testing, and having more than 
one possible answer means that we are using multiple 
working hypotheses. 

To make it easier to talk about our hypotheses, we give 
them descriptive names: the song hypothesis and the 
epaulet hypothesis for territory defense. What predictions 
do they make? productive approach is to use what 
philosophers of science call conditional scientific predic¬ 
tions, or an if—then construction. 

If red-winged blackbird song is used to defend terri¬ 
tory, then males should sing when they are on territory, 
but not when they are away from the territory, and males 


that are unable to sing should be unable to hold their 
territories. 

If red-winged blackbird epaulets are used to defend 
territory, then males should show their epaulets when 
they are on territory, but not when they are away from 
the territory, and males that lack epaulets should be 
unable to hold their territories. 

Once testable predictions have been stated, the next 
step is to choose a research design, including a statistical 
method, to test the predictions. The rest of this article is 
devoted to the methods by which hypotheses are tested in 
animal behavior. 

Hypothesis Testing 

The key aspect of hypothesis testing is whether the method 
is appropriate to test a specific prediction and whether the 
prediction, and therefore the hypothesis, can be rejected. 
Philosophers of science call it the hypothetico-deductive 
method of hypothesis falsification. (If you are interested in 
the philosophy of science, try searching the web for the 
names Karl Popper and Imre Lakatos.) According to this 
viewpoint, critical tests could produce results that are 
contrary to the hypothesis and its prediction, so any study 
with the potential to falsify a working hypothesis has the 
potential to add to our knowledge of animal behavior. 

Have predictions of the song and epaulet hypotheses 
been tested? Observational studies demonstrate that male 
redwings do not show their epaulets while trespassing 
on other territories, or when they are establishing their 
territories, but once they establish ownership, they show 
their epaulets during encounters with other males. Experi¬ 
ments show that males whose epaulets are blackened with 
hair dye are more likely to lose their territories than 
males receiving a sham treatment. Both the observations 
and experiments support the predictions of the epaulet 
hypothesis. 

Observations show that song is the most common and 
conspicuous vocalization male redwings give on their 
territories, but that trespassing males do not sing. Experi¬ 
ments show that males that are surgically prevented from 
singing have much more difficulty holding their terri¬ 
tories than males that are given sham operations. These 
observational and experimental studies also support the 
predictions of the song hypothesis. 

The study of animal behavior uses two major cate¬ 
gories of hypothesis tests: empirical studies and modeling. 
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Empirical methods run the gamut from descriptive field 
research to controlled laboratory experiments. Modeling 
uses mathematical analysis of equations and computer 
simulation of systems that cannot be solved analytically. 

Empirical Methods 

Research in animal behavior that involves gathering 
data can be divided into experimental and descriptive 
work, but we are better served thinking about empirical 
research as a continuum, with purely descriptive field¬ 
work at one end, tightly controlled laboratory experi¬ 
ments at the other, and many other kinds in between. 
The critical dimension is not where the data are gathered 
(field or laboratory) or how they are gathered (observation 
or experiment), but the degree of control the researcher 
has over the conditions of the study, and therefore the 
implications of the results. No one kind of research is 
inherently better than another because each has advan¬ 
tages as well as limitations. A thorough understanding of 
animal behavior requires a combination of methods. 

Internal and External Validity 

The degree of control is important because it affects 
the validity of the results. There are two kinds of validity 
to consider. External validity is how well results of a study 
generalize to other situations or conditions. (External 
validity is similar to ecological validity, or how well the 
study resembles the real world.) In contrast, internal 
validity is the extent to which an effect can be attributed 
to a specific cause. The practices that enhance external 
validity also reduce internal validity, however, and the 
methods that produce high internal validity are effective 
because they remove the complications of the real world. 

Field researchers want to experience many different 
conditions to see a full range of behavior, so they make no 
attempt to control conditions. Descriptive field studies 
thus have ecological and external validity, but the condi¬ 
tions that make such studies externally valid also prevent 
the researcher from identifying causation. 

At the other extreme, a controlled laboratory experi¬ 
ment achieves the so-called rule of one variable - control 
and experimental groups differ only in the variable that is 
manipulated by the researcher - so that any difference 
between groups must occur because of the experimental 
variable; there are no other, confounding variables. Con¬ 
trolled laboratory experiments therefore have high inter¬ 
nal validity, but the high degree of control necessary to 
achieve the rule of one variable makes it impossible 
to generalize the results to the real world, where every¬ 
thing varies. 

Between these extremes, but closer to the descrip¬ 
tive field study, is a natural experiment in which the 


researcher takes advantage of some change in the envi¬ 
ronment and compares behavior before and after the 
event. Although the researcher does not manipulate the 
environment, there is a weak sense of control in that 
the researcher makes a comparison of before and after 
groups. For example, the eruption of Mount St. Helens 
and an outbreak of periodical cicadas have produced 
natural experiments in the study of male red-winged 
blackbird behavior. 

Closer to the other extreme, in a field experiment or 
quasi-experiment the researcher controls some, but not all 
conditions. These experiments typically include a manip¬ 
ulation by the researcher, and compare control and exper¬ 
imental groups, but because not all possible factors are 
controlled, the rule of one variable is not fully achieved. 
Singing and silent loudspeakers have been used in the 
field in to assess the ability of song alone to defend an 
otherwise empty red-winged blackbird territory. 

Studies of cache recovery by birds that store (cache) 
food items have used a variety of empirical methods. 
Field studies show that caching birds store food items 
and find them, apparently with great accuracy. Research¬ 
ers hypothesized that caching birds have spatial mem¬ 
ories that allow them to remember many (thousands in 
some cases) specific cache sites, and to return to them 
accurately, many months later. This memory hypothesis 
was subsequently tested in controlled laboratory experi¬ 
ments. These studies show that caching birds accurately 
return to cache sites even if the food item and all other 
suspected cues are removed. These experimental results 
prompted further research, including quasi-experiments 
in the field. 


Preliminary Considerations 

Empirical data can be used to address Niko Tinbergen’s 
four central questions of animal behavior: (1) What causes 
the behavior to occur? (2) How does the behavior develop? 
(3) How does the behavior affect survival, mating ability, 
and reproductive success? (4) What is the evolutionary 
history of the behavior? Before behavior is measured, how¬ 
ever, some fundamental questions must be answered. 

What is the best level of analysis? 

Choose a level of analysis, from fine detail of individual 
movements to complex social interactions, that pro¬ 
vides the right amount of detail - not too little to be 
worthy of note and not so much that it is overwhelming. 
What is the right species? 

Choose a species that is appropriate for the topic. 
Among the things to consider are the availability and 
ease of observation, tolerance of human observers, 
appropriate life-history characteristics, social organiza¬ 
tion, and existence of suitable background information. 
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Where should I make my observations? 

The full richness of behavior occurs in the field, but 
field studies present practical difficulties, including 
the need for permission to work in a particular place, 
the difficulty of making good observations, and the 
logistics of traveling to and from the field site. 
Behavior can also be studied at zoos or farms, but 
these venues present their own challenges and 
limitations, including restrictions on what can be 
done and when it can be done, and the number of 
animals that can be observed. Behavior can also be 
studied in the laboratory, where conditions can vary 
from somewhat naturalistic to very artificial. 

When should I make my observations? 

Behavior must be observed at the appropriate time of 
year and day, and scheduling observations can help 
to reduce bias in data collection, but circumstances 
may dictate that schedule (e.g., the study area or 
laboratory building is closed a night) even though a 
different schedule would be superior. 

Once these four questions are answered, you need to 
consider observer effects, anthropomorphism, and ethics. 

Observer Effects 

An observer can have subtle or substantial effects on the 
behavior of animals. These effects can be mitigated by 
concealing yourself in a blind (hide) or by making a video 
recording of the behavior, but being restricted to a blind 
or using a video camera might make observation more 
difficult. An alternative is to spend time making the ani¬ 
mals accustomed to your presence, but it is difficult to 
assess the effectiveness such habituation attempts. 

Anthropomorphism 

When observing and describing animal behavior, it is 
tempting to assume that the animals are just like humans, 
with human thought processes and emotions. We often 
hear people say, “My dog is feeling guilty,” or “My cat is 
jealous.” But animals are not just like us - they can differ 
dramatically from us in their sensory abilities, behavioral 
responses, and ability to learn. Using human emotions and 
intentions to explain the behavior of (non-human) ani¬ 
mals can thus prevent us from understanding that behav¬ 
ior. On the other hand, viewing animals as machines is not 
productive either, and a bit of projection might lead to 
interesting hypotheses to test. 

Ethics 

Any study of animal behavior should balance the infor¬ 
mation to be gained against the harm to the animals. 
When examining the ethics of behavioral research, there 
are three important questions: Will the research increase 


scientific understanding? Will the research produce results 
beneficial to humans or to the animals themselves? How 
much suffering will the research inflict on the animals? 
The benefits measured by the first two questions must be 
weighed against the cost measured by the third. A valuable 
tool in determining this balance is the Guidelines for the 
Treatment of Animals in Research and Teaching, which 
can be found on the web site of the Animal Behavior 
Society. 

Keeping your question or hypothesis in mind, you 
next need to make preliminary observations, identify the 
behavioral variables to measure, and choose suitable record¬ 
ing methods for making the measurements. 

Principles of Animal Behavior 
Study Design 

Good studies of animal behavior are designed according 
to three principles. 

Replication Must Be Independent 

Independence means that one observation or animal 
(a replicate) does not influence or affect another. Inde¬ 
pendence of replicates is important because we use the 
differences among the replicates to estimate the overall 
differences in whatever we are studying. For example, if 
you observe one individual many times, each observation 
is not independent of the others because the same animal 
is involved. Such an improper use of repeated observa¬ 
tions is called pseudoreplication, and it leads to improper 
statistical analysis and interpretation of results. Attempts 
to avoid pseudoreplication can also, however, lead us 
astray. Suppose we want to know whether schooling fish 
respond differently to large and small predators. If we use 
a single school of 20 fish to observe reactions to large and 
small predators, then obviously each fish is not an inde¬ 
pendent replicate because each school member is affected 
by the other fish in the school, so we end up with only one 
replicate (the school). To avoid pseudoreplication and 
to generate a more useful sample size (number of repli¬ 
cates), we might observe each member of the school 
separately, thus producing 20 independent replicates. 
Unfortunately, although we have generated a statistically 
valid design, we have also produced a biologically mean¬ 
ingless (invalid) one because schooling fish do not encoun¬ 
ter predators individually. 

Variables Must Not Be Confounded 

If we observe schools of fish responding to large and small 
predators, but do the large-predator observations in the 
morning and the small-predator observations in the after¬ 
noon, then we cannot attribute a difference to the size of 
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the predator only. Fortunately for us, there are several 
sampling designs that address this issue. One is to ran¬ 
domize the order of observations using a randomization 
method such as flipping a coin or rolling dice, or using a 
table of random numbers or a computer’s random number 
generator. Random sampling is also an important require¬ 
ment for statistical testing, so we have another reason to 
use randomization procedures. Of course, if a sequence is 
truly random, then sometimes we will get a long series of 
the same group. A solution to this problem is to balance in 
combination with randomization. For example, randomly 
choose large or small predator first, observe the opposite 
next, and then repeat the process. This procedure pro¬ 
duces balanced pairs of observations. By the way, if two or 
more observers are involved in the study, then confound¬ 
ing applies to observers as well as to subjects, so do not 
have one observer watch responses to large predators and 
another watch responses to small predators. 

Known but Unwanted Sources of Variation 
Must Be Removed 

A way to deal with known confounds is by blocking 
(or matching). Block designs allow us to compare like 
with like or matched observations. So, in our fish school 
example, we would observe each school’s reaction to both 
large and small predators (but of course not always in the 
same order because order effects are another source of 
confounding). Block designs can be quite complex, so a 
full discussion of them is beyond us here. 

Our next two steps in testing our hypotheses are 
to identify appropriate behavioral variables and then to 
choose suitable methods to record them. 

Behavioral Variables 

We must break the continuous stream of behavior into 
distinct categories to make useful measurements, and we 
need names for the categories. Behavior can be described 
by its structure (postures and movements) or by its con¬ 
sequences (effects). Structural descriptions are objective, 
but they can be needlessly detailed. Describing behavior 
by its consequences is simpler, but the presumed conse¬ 
quences can be wrong. Neutral or descriptive labels avoid 
this problem. For example, nestlings of many bird species 
call and are subsequently fed by their parents. This calling 
could be described in great detail as a series of movements, 
postures, and sounds, or it could be called begging, or it 
could be called cheeping, which sounds like the call itself 
(an onomatopoetic name), but does not attribute a conse¬ 
quence. Another form of description uses spatial relation¬ 
ships (where and with whom) rather than what an animal 
does. For example, the parent bird bringing food to its 
nestlings could be said to approach and depart the nest. 


Observations of behavior can be divided into three 
types of measurements: latency, duration, and frequency. 
Latency is how long until a behavior occurs; duration is 
how long a behavior lasts. Frequency (rate) is how often 
a behavior occurs in a given period. When choosing 
among these types of measurement, it helps to consider 
the continuum from events to states of behavior. At one 
extreme, events are discrete behavior patterns (e.g., copu¬ 
lations) that can be counted to produce a frequency. At the 
opposite extreme are prolonged activities called states 
(e.g., resting) whose duration is measured. 

Recording Methods 

Rules for the systematic recording of behavior are critical 
to designing good studies, and the choices involve two 
distinct levels: sampling rules (which subjects to watch and 
when) and recording rules (how behavior is recorded). 
There are four kinds of sampling rules: ad libitum, focal 
animal, scan, and behavior sampling. Ad libitum sampling 
is simply noting whenever something of interest occurs. 
This method is simple, but it is biased in favor of the most 
conspicuous individuals and behavior. Focal animal sam¬ 
pling limits observations to specific individuals or groups 
for a specified period. The sequence of focal animals 
should be chosen according to the three principles of 
study design that we have already discussed. One problem 
with focal animal sampling, especially in the field, is that 
the focal animal may disappear during the specified sam¬ 
pling period. A method to reduce this problem is scan 
sampling, in which a group of individuals is scanned at 
specified intervals and the behavior of each individual at 
that instant is recorded. One last method is to focus on 
categories of behavior rather than on the individuals 
performing them. This method is called behavior sam¬ 
pling and it involves watching a group of animals and 
recording each occurrence of a particular behavior along 
with the individuals that perform it. Focal animal, scan 
and behavior sampling can be combined, for example by 
taking a scan or behavior sample each time all of the focal 
animal samples have been completed. 

There are two kinds of recording rules: continuous 
recording and time sampling. The goal of continuous (all¬ 
occurrences) recording is an exact record of frequencies, 
start and stop times, and durations of behavior, but this 
method is difficult to implement. An alternative is time 
sampling, in which behavior is sampled periodically at a 
specified sample point at the end of a sample interval. 
Time sampling can be subdivided into instantaneous sam¬ 
pling and one-zero sampling. Instantaneous sampling is used 
for events, but it is not appropriate for rare behavior, which 
would be missed too often. The result is the proportion of 
sample points in which the behavior occurred. One-zero 
sampling also uses sample points and produces a proportion 
of periods in which the behavior occurred, but unlike 
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instantaneous sampling, we note whether the behavior 
occurred at any time during the previous interval. The length 
of the sample interval makes a difference, so choose the 
shortest possible interval (and thus the most sample points). 

Recording Medium 

Our next consideration is the medium used to make 
recordings. Camera phones have made video recording 
easy, at least for short periods (think YouTube), but non¬ 
video alternatives include voice recorders (for detailed 
verbal descriptions), chart (event) recorders, automatic 
data recorders, and check sheets. Note that high-tech 
methods are not necessarily better than paper-and-pencil 
methods. Video and audio recordings have the advantage 
of instant replay, but the field of view of a video camera 
is limited and if you make a recording you then have to 
analyze it, which can be extremely time consuming. When 
I began studying red-winged blackbird behavior in 1973, 
I wanted to construct a time budget of male activities as well 
as to calculate frequencies of behavioral events. As a gradu¬ 
ate student with limited resources, I used paper-and-pencil 
methods to do continuous (all-occurrences) recording by 
setting up a data sheet with 15 rows, each representing 1 min 
and consisting of 60 equally spaced dots, and a short-hand 
code for each behavior. I recorded time budget categories by 
noting when each started, and events by writing a letter code 
for each category. Armed with a clipboard, windup stop¬ 
watch, and lots of pencils (first rule of field work: always 
have more than one pencil), I spent my mornings observing 
and recording the behavior of male red-winged blackbirds. 

These days there are commercially available methods 
of recording behavioral data that will run on desktop and 
laptop computers. 

For observational studies, the final methodological 
question to answer is, How much data should I collect? 
Answering this question with statistical analyses is beyond 
the scope of an undergraduate project, but graduate stu¬ 
dents will want to learn how to perform a priori power 
analyses. A rule of thumb is, gather as much data as 
possible given the logistical constraints. 

Once the methodological decisions have been made, 
it is finally time to observe behavior, and then to analyze 
the data, using appropriate statistical methods. Although 
proper statistical analysis is critical, this topic is also too 
large and complex for us to consider here. 

Throughout these stages, it is important to remember 
that your purpose remains testing hypotheses to answer 
the four principal questions of animal behavior. 

Experiments 

Everything we have discussed so far applies to all empiri¬ 
cal studies of animal behavior, but experiments have 


additional considerations. Experimental design is a huge 
and complex topic, but we need some understanding of 
basic principles to conduct even a simple experiment. 
A good starting point is a list of the desirable properties 
of experimental design: good estimation of treatment 
effects, good estimation of random variation, absence of 
bias, precision and accuracy, wide applicability, and sim¬ 
plicity in both execution and analysis. 

Experimental Designs 

The design of treatments is basic but crucial because it 
defines our hypothesis tests. Treatments can be broadly 
divided into unstructured (random differences) and 
structured (fixed differences) designs of which there are 
many. The design of layout, or how we assign treatments 
to experimental subjects, is a complementary consider¬ 
ation to treatment design. Five commonly used designs in 
studies of behavior are completely randomized one factor, 
randomized block, nested, Latin square, and completely 
randomized two factor (factorial) designs. Analysis of 
variance (ANOVA) can be used to analyze data from 
these designs. 

In contrast to the previous designs, which use specific 
levels of each factor (e.g., low-, medium-, and high- 
hormone treatments), in gradients we attempt to assess 
behavioral response to a continuous range of treatments 
(e.g., hormone concentration). Analysis of gradients uses 
statistical testing such as correlation or regression because 
both the measurement variable and the treatment variable 
are numeric. 

When two (or more) treatment variables are categori¬ 
cal and our measurement variable is a count (number of 
occurrences), enumeration methods such as goodness-of- 
fit tests and tests of independence are appropriate. 

Once the experimental methods are set, it is time to do 
the experiment and analyze the results with the proper 
statistical test. It is also important to remember once again 
that your purpose remains testing hypotheses to answer 
the four principal questions of animal behavior. 

Modeling 

Modeling involves the behavior of a set of equations or 
computer simulation rather than of animals, but the pur¬ 
pose is still hypothesis testing. Models are common in 
animal behavior and in everyday life. Think about giving 
directions to your house. A map of the route would probably 
be quite elementary - a few lines representing the streets 
to take and maybe a few major landmarks. This simple map 
is a model of reality, but it is not meant to be real. Like maps, 
models are simplified versions of reality. 

Models can be deterministic or stochastic, and static 
or dynamic, but all are formal and mathematical. 
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A mathematical model uses equations to describe the 
essential aspects of behavior by presenting our under¬ 
standing of that aspect of behavior in a testable form. 
The model’s equations can be solved mathematically to 
examine how behavior might occur under very clearly 
described circumstances, which are called the model 
assumptions. In animal behavior, a commonly used 
method is game theory, although many other methods 
are used as well. 

Game theory was introduced to animal behavior by 
John Maynard Smith, who first used it to analyze contests 
for an important resource such as food, territory, or mates. 
Maynard Smith tried to answer a question that had 
been puzzling animal behaviorists for many years: Why 
do animals use display (like disputing neighbors shaking 
their fists at each other) rather than more violent means 
to settle disputes? At one time the answer was “because 
fighting would produce injuries, which would be bad 
for the species.” Explanations that rely on advantages to 
the species or other groups of individuals are called group 
selection hypotheses, but evolutionary analyses in the 1960s 
and 1970s showed that these hypotheses are usually inade¬ 
quate. Maynard Smith’s model was the now-classic game 
that compares the behavioral strategies dove and hawk. 

A behavioral strategy is simply a fixed and predictable 
way of behaving in a contest. It does not imply that contest¬ 
ing animals make conscious decisions. The purpose of a 
game-theory model is to compare alternate strategies to 
see whether one is evolutionarily stable. An evolutionarily 
stable strategy (ESS) cannot be invaded by any other 
strategy. Maynard Smith was able to show that, contrary 
to the group selection hypothesis, a display-only (‘dove’) 
strategy could not resist invasion by a fight immediately 
(‘hawk’) strategy because a hawk will always defeat a dove. 
Perhaps surprisingly, the hawk strategy is also not stable 
against dove because dove does not pay the cost of injury. 
This game-theory model demonstrates that neither strat¬ 
egy is an ESS. 

Hawk and dove are certainly not the only ways that an 
animal might behave in a contest, and other strategies 
have been studied. If you are interested in learning how 
to develop game theory models, try Gamebug, a teaching 
and learning resource. 

In some cases, however, the relationships are too 
complex for mathematical (analytical) solutions, so a 
computer model can be used to simulate behavior. Like 
mathematical models, computer simulations attempt to 
model a particular behavioral system to gain insight into 
how the system works, but they require a computer (or 
even a network of computers) programmed to perform the 
tedious calculations and to display the results in a useful 
way. The first such simulation was of nuclear detonation 
for the Manhattan Project during WW II. Simulation was 
used because the scale of a detonation was far greater 
than blackboards and mathematical models could handle. 


Simulations such as stochastic dynamic programs and 
genetic algorithms follow a specified procedure, but 
others are purpose-built to test hypotheses for particular 
circumstances or species. What all simulations share is a 
set of representative scenarios for which a complete enu¬ 
meration of all possible states would be impossible. Like 
mathematical models, simulations start with assumptions 
and are typically run under different conditions to inves¬ 
tigate changes in those assumptions or other conditions. 

A study of bowerbirds provides an example of both 
game theory modeling and computer simulation. In many 
species of bowerbirds the males build amazing structures 
(bowers) and decorate them with artifacts. Females mate 
with males with the best bowers, so just a bit of thought 
suggests that a male bowerbird might do one of three 
things to be successful. He could spend time constructing 
and defending a bower against raiding by other males 
(‘defender’), or he could split his time between defending 
his own bower and visiting other bowers to steal their 
decorations (‘stealer’), or he could split his time between 
defending his own bower and visiting other bowers to 
destroy them (‘destroyer’). Using measurements of the 
costs and benefits of these strategies in terms of access to 
females, the game-theory model shows that both destroyer 
and stealer are stable against defender under most circum¬ 
stances. Simulations show that defender is stable if intru¬ 
ders have to travel long distances between bowers or if 
residents are able to repair damaged bowers quickly. 

Regardless of the modeling method used, as with 
empirical methods, our purpose remains testing hypoth¬ 
eses to answer the four principal questions of animal 
behavior. 

Conclusion 

A very real risk in writing or reading an article like this is 
losing the forest for the trees - we tend to get caught up in 
the fine details and thereby lose sight of the big picture. 
For those of us who have dedicated our lives to the study 
of animal behavior, the big picture remains explaining 
how and why animals do what they do. Our use of the 
methods outlined in this article has produced a lot of 
valuable information, but perhaps the most important 
conclusion for you, the reader, is that much more remains 
poorly understood or completely unknown. If you find 
animal behavior fascinating, then you can use the methods 
described here and elsewhere to answer the most general 
question, “How and why do animals do what they do?” 

See also: Endocrinology and Behavior: Methods; Etho- 
grams, Activity Profiles and Energy Budgets; 
Experimental Design: Basic Concepts; Game Theory; 
Measurement Error and Reliability; Neuroethology: 
Methods; Niko Tinbergen; Playbacks in Behavioral 
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Introduction and Definitions 

What Is an Invertebrate? 

Invertebrates constitute an estimated 97% of all animal 
species on earth. Current taxonomies describe more than 
30 invertebrate phyla, some of which have been evolving 
as separate lineages for hundreds of millions of years. 
What links these diverse phyla? Invertebrates are typi¬ 
cally defined in dictionaries and encyclopedias as ‘animals 
lacking a backbone or a notochord.’ Modern reference 
sources typically note that ‘invertebrate’ is not a scientific 
term, although it is widely known and instantly under¬ 
stood by nonbiologists. 

A scientific view of animals that reflects molecular 
evolutionary analyses divides the bilaterians (animals 
with a bilaterally symmetric body plan) into two great 
lineages (clades): deuterostomes and protostomes. These 
terms were originally developed on the basis of patterns 
observed during early embryonic development, including 
whether the blastopore (first opening) forms the mouth 
(protostomes) or anus (deuterostomes). Phylum Chordata, 
the phylum that is the taxonomic home of the vertebrates 
but which also includes some animals without a backbone, 
is one of a relatively small number of deuterostome phyla. 
The vast majority of bilaterians are protostomes. Estimates 
of the age of the last common ancestor of the deuteros¬ 
tomes and protostomes range from 600 to 1200 Ma. There 
is a lack of consensus on what this animal was like. Was it an 
animal similar in complexity to modern bilaterians, possi¬ 
bly with appendages? Or a microscopic flatworm? This is 
of interest to us in that understanding it will help us to 
identify the ancient and conserved elements of neuroen¬ 
docrinology. This is important not only for our under¬ 
standing of animal evolution, but also for the estimation of 
the value of invertebrate models to solve problems related 
to the health of humans and their predominantly verte¬ 
brate domestic animals. 

Our knowledge of the behavioral neuroendocrinology 
of invertebrates is slight compared with the number of 
invertebrate species, typically estimated to be some tens 
of millions. Many reasons account for this gap in our 
knowledge. Often, invertebrates are minute in size; 
many that are macroscopic live in habitats difficult to 
study (such as the deep ocean); others are poorly suited 
to life in the laboratory. Another reason why we know so 
little is that relatively few biologists have the taxonomic 


training needed to study invertebrates. As a consequence, 
investigators study a handful of model organisms, make 
broad generalizations on the basis of extremely limited 
data, and rue the missed opportunities for a truly com¬ 
parative analysis. 

Hormonal Regulation of Behavior in 
Invertebrates: An Overview 

Many invertebrates have an open circulatory system, which 
means that their tissues are bathed in a fluid that serves most 
of the functions of vertebrate blood. This fluid is commonly 
referred to as hemolymph in arthropods and as coelomic 
fluid in some other groups. Although open circulatory 
systems are low pressure and inefficient relative to the 
closed circulatory systems of vertebrates, a muscular heart 
is typically present. Invertebrate hormones can therefore be 
defined as chemical messengers present in the fluid that 
circulates through the tissues, and invertebrate endocrine 
cells as the sources of those chemical messengers. As in the 
case of vertebrates, autocrine and paracrine chemical mes¬ 
sengers are also found in invertebrates. 

Comparative studies have revealed that, like verte¬ 
brates, invertebrate animals rely heavily on circulating 
protein hormones, steroid hormones, and biogenic amines 
to coordinate behavior and physiology. Peptide hormones, 
which are small protein hormones (typically 30 amino 
acids in length or less) that regulate behavior are typically 
produced in the central nervous system and are often 
referred to as neuropeptides. If we compare the endocrine 
systems of vertebrates with those of invertebrates, we find 
that the signaling molecules themselves are often far less 
conserved than the receptors through which they signal. 
For example, a neuropeptide found in fruit flies and other 
insects (DH31, diuretic hormone) but not in vertebrates 
binds to a G-protein coupled receptor that is homologous 
to the mammalian corticotropin releasing hormone recep¬ 
tor. Another example of receptor conservation is found 
in the similarity of the ecdysone receptor, an important 
nuclear receptor for the steroid hormones of arthropods, 
to the liver X receptor alpha of mammals. Such observa¬ 
tions have led to the general conclusion that extant inver¬ 
tebrates and vertebrates do not use the same hormones but 
that hormone receptors reflect evolutionary conservation 
of ancient signaling pathways. However, the surprising 
persistence of some signaling molecules across the vast 
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reaches of animal evolution is now well-documented. Two 
excellent examples are the oxytocin family of peptides, 
found in animals as different as earthworms and humans, 
and the relaxin/insulin-like peptides and growth factors 
currently identified in chordates, arthropods, molluscs, 
and nematodes. Even more surprising is the growing 
body of evidence that the general function of a category 
of signaling molecule may be broadly conserved. For 
example, as is the case in vertebrates, the insulin-like 
peptides of insects play important roles in metabolism, 
the regulation of growth, and aging. 

In vertebrates, much research on the relationship of 
hormones and behavior has focused on reproductive 
behavior. Many invertebrate taxa are also characterized 
by male and female individuals that display overt and/or 
covert sexual dimorphisms and that have characteristic 
sex-specific behaviors. A major difference between verte¬ 
brate and invertebrate taxa is that there is relatively little 
evidence that sex differences in invertebrates reflect 
developmental actions of hormones. Other important 
topics in vertebrate neuroendocrine research, such as 
the hormonal regulation of ingestive behaviors, the hor¬ 
monal correlates of stress, and hormonal modulation 
of aggressive behavior, are also poorly represented in 
the invertebrate literature. A major point of convergence 
between vertebrate and invertebrate research is found 
in the study of hormonal modulation of life history 
transitions. Species-typical responses to a changing- 
environment - whether such changes are predictable, as 
in the case of seasons, or unpredictable, as in the case of 
severe weather events - are often directly reflected in 
changes in individual patterns of hormone synthesis and 
secretion, which in turn produce coordinated changes in 
both physiology and behavior. Many of the best-known 
examples of such responses in invertebrates come from 
studies of insects, a circumstance that reflects the eco¬ 
nomic importance of many insect species, either because 
they are pests or pollinators. These examples include 
choices between migrating and settling, between entering 
and foregoing a form of developmental arrest called dia¬ 
pause, and in the special case of social insects that main¬ 
tain a fixed nest, a choice between tending larval brood 
and foraging away from the nest. One example of particu¬ 
lar importance is found in what is likely one of the most 
common animal life history transitions on our planet: the 
shedding of a cuticle by an arthropod. Experimental 
attempts to identify the mechanisms regulating this life 
transition have driven the development of almost all the 
key experimental approaches important for the study of 
hormones and behavior in invertebrates. 

Arthropod Molting and Metamorphosis 

Arthropod molting and metamorphosis can only be 
understood in terms of the hormonal coordination of 


ontogeny, nutritional status, and environmental cues. 
The terms molting and metamorphosis are often used 
interchangeably by nonbiologists, but biologists use 
them to refer to specific different aspects of the process. 
Molting is the shedding of the exoskeleton (cuticle) of the 
previous life stage. Without molting, an insect cannot 
grow. Once a new cuticle is fully formed, an insect engages 
in species-specific stereotyped patterns of movements 
(molting behaviors) that liberate it from the cuticle of 
the previous stage. The timing of a molt is critical for 
two important reasons. First, the molt will fail (and the 
insect will die) if it is attempted prior to complete depo¬ 
sition of a new cuticle. Second, the fresh cuticle of a newly 
molted insect is pale and soft because the chemical reac¬ 
tions (tanning) that result in hardening and darkening take 
hours to days to be completed. The insect is extremely 
vulnerable to predators before the new cuticle has tanned. 
A molt should therefore occur only when the insect is in a 
safe, sheltered location, or at the time of day when its 
predators are inactive. Molts are now known to be acti¬ 
vated at specific times by complex coordinated actions of 
multiple neuropeptides on target neurons in the central 
nervous system, providing an important example of the 
modulatory role of peptides on neural circuits that con¬ 
trol behavior. These neuropeptides are secreted when 
both the nutritional status of the insect and the time of 
day (or season) signal that a successful molt is possible. 

The term metamorphosis refers to the development 
of winged, reproductively competent adults from feeding 
larval stages (Figure 1). It is not a behavior per se 
(although metamorphic changes in the nervous system 
can result in important changes in behavior, such as the 



Figure 1 Several adult worker honeybees (Apis mellifera) on a 
wax honeycomb from a standard removable frame hive typically 
used for beekeeping and research. Maggot-like white larvae 
shaped like the letter l C’ fill the cells of the honeycomb. The 
honeybee is an excellent example of a holometabolous insect. 
Both the molts (shedding of the cuticle of the prior stage) and 
metamorphosis (development of stage-appropriate tissues and 
structures) are controlled by hormones. Photograph by Professor 
Z. Huang, Michigan State University, East Lansing, Ml, USA. 
Used with permission. 
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shift from crawling to flying), but is rather a sequential 
process of tissue-specific regulation of gene expression 
In insects designated as holometabolous, the process of 
metamorphosis involves a series of feeding larval stages, 
each separated by a molt, followed by a quiescent pupal 
stage that precedes the molt to the adult stage. The larvae 
of holometabolous insects are typically soft-bodied cater¬ 
pillars or maggots. The morphological and behavioral 
changes that accompany the larval-pupal and pupal-adult 
transitions in such insects can be dramatic: for example, 
larval insects may possess very simple photoreceptors that 
permit the discrimination of light and dark, while the 
compound eyes of the adult provide the capacity for 
sophisticated color and form vision to the extent that 
some social insects are able to recognize specific conspe- 
cifics on the basis of their idiosyncratic patterns of facial 
markings. This life history strategy, which is also referred 
to as complete metamorphosis, is characteristic of many of 
the most familiar groups of insects, including moths, but¬ 
terflies, flies, bees, and beetles. By contrast, insects desig¬ 
nated as hemimetabolous progress through a series of 
feeding larval (also called nymphal) stages, each separated 
by a molt, during which they gradually acquire adult 
characteristics. In appearance, nymphs are typically mini¬ 
ature versions of the adults of their species. A final molt to 
the adult stage is associated with the attainment of repro¬ 
ductive maturity. A hemimetabolous life history strategy is 
often referred to as incomplete metamorphosis. Cock¬ 
roaches, crickets, and grasshoppers provide familiar exam¬ 
ples of insects that experience incomplete metamorphosis. 

Because of their importance to the development of 
invertebrate neuroendocrinology, examples of key exper¬ 
imental approaches for the study of hormones and behav¬ 
ior in invertebrates will be drawn primarily from studies 
of metamorphosis and molting in insects. Studies of the 
hormonal regulation of tissue metamorphosis have led to 
the definition of the major categories of insect hormones; 
studies of the hormonal regulation of molting have 
revealed the existence of a complex hierarchy of peptide 
signals that ensures that performance of this behavior is 
restricted to appropriate times in the insect’s life and that, 
once initiated, is carried through to completion. A brief 
account of techniques used to study hormonal regulation 
of polyphenisms in social insects follows the overview of 
major methods. 

Experimental Approaches: Overview of 
Major Methods 

Ablation 

Ablation of known or presumed tissue sources of hormones, 
followed when possible by replacement, was historically an 
extremely important technique in invertebrate behavioral 
neuroendocrinology, although its use is limited to species 


large enough to withstand surgical manipulation. A related 
technique called ligation exploits the fact that insects use a 
system of tracheal tubes connected to the body surface at 
openings called spiracles to supply oxygen to their tissues. 
This allows the insect body to survive division into separate 
compartments, with each compartment supplied only with 
hormones produced within that compartment. Ligation is 
often accomplished by tying a stout silk thread as tightly as 
possible around the boundary between the head and the 
thorax or between the thorax and the abdomen. Carefully 
timed ligations of caterpillars were used in the classic early 
experiments of Kopec to demonstrate that a factor pro¬ 
duced by the brain of the gypsy moth is required for 
metamorphosis. In an astonishingly prescient study pub¬ 
lished in the Biological Bulletin in 1922 titled ‘Studies on the 
necessity of the brain for the inception of insect metamor¬ 
phosis,’ Kopec named this factor ‘brain hormone.’ Given 
that this publication preceded by several years the 1928 
report of Ernst Scharrer describing what eventually came to 
be called ‘neurosecretory neurons’ in the fish hypothala¬ 
mus, Kopec can fairly be said to have been among the first 
to recognize that the brain is an important endocrine gland, 
although the significance of his results was not recognized 
until decades later. During the late 1930s and early 1940s, 
Fukuda used a double ligation technique to establish that, 
in addition to the brain, glands in the anterior thorax also 
produce a circulating factor (‘molting hormone’) required 
for molting and metamorphosis. In the 1930s, Fraenkel used 
abdomens of the relatively large larvae of calliphorid flies 
ligated into anterior and posterior abdominal compart¬ 
ments as a sensitive bioassay for the molting hormone. In 
these ligated larvae, the anterior compartment forms a 
normal, darkly tanned pupal cuticle, while the posterior 
compartment will remain white and soft, as is typical of 
larval cuticle, unless injected with a substance that contains 
molting hormone activity. This bioassay was subsequently 
used to purify (from a half ton of silkmoth pupae) sufficient 
molting hormone so that its chemical identify could 
be determined. We now know that hormone produced 
by the brain is the neuropeptide called prothoracicotropic 
hormone (PTTH); its target is a steroid-synthesizing gland 
in thorax called the prothoracic gland, which is the source 
of the molting hormone (Figure 2). The molting hormone 
obtained from the silkmoth pupae and the molting hor¬ 
mones of all insects were discovered to be steroids. They are 
members of a C27 group of steroids given the generic name 
‘ecdysteroids.’ A potent ecdysteroid with bioactivity in 
many insects is 20-hydroxyecdysone. Ecdysteroids act as 
transcription factors by binding to nuclear receptors in 
target cells. The historic first evidence that any steroid 
hormone acts via regulation of transcription came from 
studies of ecdysteroid regulation of puffing in the polytene 
chromosomes found in the cells of the salivary glands of flies. 
A model proposed by Ashburner to account for the regula¬ 
tion of gene expression in the salivary glands is now 



Experimental Approaches to Hormones and Behavior: Invertebrates 689 



Figure 2 Schematic diagram of the prothoracicotropic hormone (PTTH) neuroendocrine system in the model insect Manduca sexta, 
commonly known as the tobacco hornworm moth. Two pairs of neurosecretory neurons in the brain (for clarity, only one pair is depicted 
in this figure) synthesize the neuropeptide PTTH, which is transported to varicose release sites on the surface of the corpora allata 
glands. The prothoracic glands respond to PTTH by synthesizing ecdysteroids, the steroid hormones of insects. Diagram is based on 
the immunolocalization of PTTH (O’Brien et al., 1988), a technique described in the Chemical Neuroanatomy section of this article. 


accepted as a general mechanism for the action of ecdyster¬ 
oids on all tissues that have been studied, including the 
nervous system. 

Parabiosis (surgical union of the circulatory systems of 
two individuals) is a specialized technique for replace¬ 
ment of a hormone or putative hormone historically 
important in research on insect hormones. Parabiosis- 
based studies were used by Wiggles worth, who studied 
the blood-sucking bug Rhodnius prolixus , to establish that 
a third factor determines whether a molt is status quo 
(e.g., larval-larval or pupal-pupal) or metamorphic (e.g., 
larval-pupal). Wigglesworth named this factor juvenile 
hormone. Williams subsequently used the parabiosis tech¬ 
nique to establish that the abdomen of male silkmoth 
pupae is an enriched source of juvenile hormone, which 
eventually permitted the identification of the sesquiter¬ 
pene chemical identity of the juvenile hormones. Two 
small glands found at the base of the brain called the 
corpora allata are the major sites of juvenile hormone 
synthesis and release (Figure 2). 

Detection and Measurement of Hormones in 
Fluids and Tissues 

As is true in vertebrate endocrinology, the modern era 
of research in invertebrate hormones and behavior has 
its origins in the development of techniques for accurate 
measurement of low concentrations of hormones in fluid and 
tissue samples. The specific challenge posed by most inver¬ 
tebrates, however, is their small size and the correspondingly 
minute volumes of their hemolymph. The development 
of radioimmunoassay and other antibody-based assays and 
the use of high-performance liquid chromatography per¬ 
mitted the accurate measurement of hormones in small 
volume samples and freed researchers from dependence 


on technically challenging, time-consuming bioassays that 
at best yielded semiquantitative results, but it has often 
proved necessary to pool samples to make essential measure¬ 
ments. It is also often impossible to obtain sequential samples 
of hemolymph from a single individual, which poses a 
particular difficulty for detecting transient pulses of hor¬ 
mone secretion. 

Studies of insect molting and metamorphosis have 
advanced by the development of sensitive radioimmu¬ 
noassays for ecdysteroids and juvenile hormones. Because 
these hormones are not proteins, they are conjugated to 
proteins such as keyhole limpet hemocyanin or bovine 
serum albumen to elicit an immune response in mamma¬ 
lian hosts to in order to generate the antibodies required 
for quantitative assays. 

Advances in analytical chemical techniques for separat¬ 
ing and identifying complex mixtures of proteins from 
samples as small as the contents of a single cell are now 
beginning to be applied to the analysis of invertebrate 
neuroendocrine cells. Capillary separations and innovative 
mass spectrometry techniques (e.g., matrix-assisted laser 
desorption/ionization time of flight mass spectrometry 
(MALDI-TOF)) have been used to perform the first global 
characterizations of peptides in the nervous system of the 
mollusc Aplysia and the insect Apis mellifera (the honeybee). 
These methods are particularly important for the study of 
invertebrates as the small size of many species, including 
the fruit fly Drosophila melanogaster, makes the application of 
traditional protein chemistry methods to the characteriza¬ 
tion of insect hormones a heroic endeavor. 

Chemical Neuroanatomy 

Techniques used on vertebrate nervous tissue typically 
also work well on invertebrate preparations. One example 






690 Experimental Approaches to Hormones and Behavior: Invertebrates 


is the use of the aldehyde fuchsin method to stain pepti¬ 
dergic granules in neurosecretory neurons. The classic 
studies of Berta Scharrer (from the 1930s on) demon¬ 
strated, using cytological techniques, the likely existence 
of neurosecretory neurons in the central nervous system 
of many if not all invertebrates, including the mollusc 
Aplysia and cockroaches. The subsequent development of 
antibodies specific for insect peptides and their use with 
the same standard immunocytochemical techniques 
developed for the study of vertebrates has permitted the 
mapping of neurosecretory neurons in the brain as well as 
the identification of endocrine cells outside of the central 
nervous system, such as the Inka cells of the epitracheal 
glands. The use of fluorescent labels for antibodies in 
combination with laser scanning confocal microscopy 
has greatly advanced our knowledge of the distribution 
of peptides in the insect brain. Such studies, for example, 
confirmed the existence of lateral and medial groups of 
neurosecretory neurons in the protocerebrum of the insect 
brain. These neurosecretory neurons send their axons to 
a neurohemal release site outside of the brain called the 
corpus cardiacum. For example, the neurosecretory neu¬ 
rons that synthesize Kopec’s brain factor PTTH send their 
axons to the corpus cardiacum, from which it is released 
into the hemolymph in which it travels the short distance to 
the steroidogenic prothoracic glands. The paired corpora 
cardiaca glands of insects also contain intrinsic cells that 
release hormones synthesized at that site directly into 
the circulatory system. These antibody-based studies have 
therefore confirmed the idea championed by Berta 
Scharrer and others that the brain-cardiacum-allatum 
system of insects is analogous to the hypothalamic- 
hypophysial system of vertebrates. 

Although the corpora allata and corpora cardiaca are 
separate glands in most insects, some dipterans, including 
the fruit fly D. melanogaster, have a fused ring gland that 
unites the corpora allata, corpora cardiaca, and protho¬ 
racic glands in a single structure. 

Bioinformatics Analyses, Studies of Gene 
Expression, and Transgenics 

The burst of genome sequencing projects that marked the 
start of the twenty-first century included the genomes of 
several invertebrates important for behavioral research, 
including the honeybee A. mellifera. One exciting by¬ 
product of these projects has been the annotation of 
genes encoding peptides and their cellular receptors, 
which are almost all members of the G-protein coupled 
receptor superfamily of transmembrane proteins. In sev¬ 
eral species (including the fruit fly, honeybee, mosquito, 
the red flour beetle, and the nematode Caenorhabditis 
elegans), attempts have been made to identify the complete 
set of genes that encode peptide precursor proteins 
and/or the complete set of peptide hormone receptors. 


A Hydra Peptide Project has also been completed, 
extending our phylogenetic analyses to cnidarians. These 
projects have led to the discovery of many new hormones 
(the existence of many of which were predicted by earlier 
bioassay studies) and, through projects in which GPCRs 
are cloned and expressed, the matching of endogenous 
peptide ligands to their specific GPCRs. A project in 
which a bioinformatics analysis was combined with modern 
techniques of chemical analysis was used to predict the 
complete set of peptides in honeybees. These new data 
provide tools for both neuroendocrinologists and evolu¬ 
tionary biologists, as the former can test the function of 
the newly identified chemical signals and the latter can 
reconstruct their phylogeny. 

The development of molecular biological tools for 
studying gene expression through measurements of 
RNA extracted from tissues (including Northern blotting, 
RNase protection assays, DNA microarrays, and quanti¬ 
tative RT-PCR) has allowed regulation of gene expression 
in the brain and other to be used as an endpoint in 
endocrine studies. Microarray studies have focused on 
changes that reflect endogenous patterns of hormone 
secretion, as in a 1999 study by White and colleagues of 
changes in gene expression during metamorphosis in 
the fruit fly, or responses to hormone treatment, as in 
Whitfield’s 2006 study of the maturation of foraging 
behavior in honeybees. In situ hybridization, in which 
nucleic acid probes are used to identify cells in prepared 
tissue that contain specific mRNAs, can also be used to 
identify hormone sources in invertebrate tissues. For 
example, the two pairs of ventromedial neurosecretory 
neurons that express eclosion hormone, one of the insect 
neuropeptides involved in ‘turning on’ molting behavior, 
were identified in the brain of the tobacco hornworm 
(Manduca sexto), using the method of in situ hybridization. 

Identification of the genes that encode peptide hor¬ 
mones and their receptors also permits, in certain species 
of invertebrates, gene knockouts through creation of 
transgenics and gene knockdowns by treatment with 
double-stranded (ds) RNA (also referred to as RNA inter¬ 
ference, RNAi). Studies of transgenic flies using genetic 
ablations of specific populations of neurosecretory neu¬ 
rons by Clark and others have revealed a surprising com¬ 
plexity in the hormonal regulation of behaviors associated 
with molting. A study in which four of the neuropeptides 
associated with molting behavior (eclosion hormone, 
ecdysis-triggering hormone, crustacean cardioactive pep¬ 
tide, and bursicon) and their receptors were knocked 
down in the red flour beetle ( Tribolium castaneum ) using 
the RNAi method allowed Arakane and colleagues to ask 
if findings from studies of the fruit fly are generally 
applicable. The results were surprising in that the pheno¬ 
types of the mutant fruit flies did not successfully predict 
the phenotype of the beetles treated with RNAi. Studies 
using RNAi are likely to play an increasingly important 
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role in the analysis of hormone-behavior relationships in 
invertebrates, as they permit the study of species for 
which mutants cannot be readily created in the laboratory 
(which at present for invertebrates includes almost all 
invertebrate species except the fruit fly D. melanogaster 
and the nematode C. elegans). 

Hormonal Regulation of Morphological and 
Behavioral Polyphenisms in Social Insects 

Social insects (bees, wasps, ants, and termites) present 
opportunities to study the neuroendocrine regulation of 
complex social behaviors in a context free from cultural 
and ethical constraints. Social insects are characterized 
by polyphenisms: the occurrence of multiple phenotypes 
in a population that are not due to different genotypes, 
but rather reflect the impact of the environment (broadly 
defined) on gene expression during development. A fas¬ 
cinating and well-known example of a polyphenism 
in honeybees is the ability of a fertilized female egg to 
develop into either a reproductively active queen or a 
sterile worker (Figure 3). This phenomenon, which is 
often referred to as caste determination, results from dif¬ 
ferential larval nutrition (the feeding of royal jelly to future 
queens), which in turn causes changes in the temporal 
patterning of secretion of ecdysteroids and juvenile hor¬ 
mones, which in turn results in what Evans and Wheeler 
have described as ‘differential expression of entire suites of 


genes involved with larval fate.’ Studies using microarrays 
to study the differences in gene expression profiles in 
developing honeybee queens and workers have revealed 
that, among other changes, many genes related to metabo¬ 
lism are upregulated in future queens. Gene expression 
profiles have now been tracked throughout the develop¬ 
ment of reproductive and worker castes in several species, 
including ants and social wasps. 

An example of a purely behavioral polyphenism in 
social insects is found in the age-based division of labor 
characteristic of honeybee workers: in a typical colony, 
younger workers perform tasks within the hive such as 
comb building and tending larval brood, while older 
workers forage outside the hive for pollen and nectar 
(Figure 4). The transition from hive worker to forager 
typically occurs when an adult bee is 3 weeks old. Foragers 
have significantly higher circulating levels of juvenile hor¬ 
mone than younger workers, and treatment of younger 
bees with synthetic juvenile hormone induces the preco¬ 
cious onset of foraging. It was therefore surprising when an 
ablation study (surgical removal of the corpora allata, the 
sole source of juvenile hormone in the worker bee, on the 
first day of adult life) revealed that workers were able to 
make the transition to foraging in the absence of juvenile 
hormone. A breakthrough in the understanding of this 
behavioral transition occurred with the recognition of an 
interaction between circulating levels of juvenile hormone 
and stores of the yolk protein precursor, vitellogenin. 



Figure 3 View of the three adult members of a honeybee 
colony: the stocky male drones (white arrows), the female 
reproductive or queen (center), and the female workers 
(unmarked). In honeybees, as in most insects and unlike 
vertebrates, sex differences in morphology are not the result of 
gonadal hormone action on peripheral structures. The 
differences between the two female castes (queen and workers) 
are instead the result of nutritionally induced differences in the 
temporal profile of the secretion of ecdysteroids and juvenile 
hormone and reflect the feeding of the queen with royal jelly when 
she was a larva. Photography by Professor Z. Huang, Michigan 
State University, East Lansing, Ml, USA. Used with permission. 



Figure 4 A worker honeybee foraging at a flower for pollen 
and nectar. The honeybee colony is characterized by age 
polyethism, the division of labor according to worker age. In a 
colony with a typical age structure, the oldest workers will forage 
while the younger workers will maintain the physical structure of 
the hive, tend the queen, and feed the larvae. The transition from 
hive bee to forager typically occurs 3 weeks after the completion 
of metamorphosis and is associated with high titers of juvenile 
hormone. Individually number-tagged bees are often used in 
behavioral research. The tags are glued to the dorsal thorax on 
the first day of adult life, before the young bee is able to sting or 
fly. Photograph by Professor Z. Huang, Michigan State 
University, East Lansing, Ml, USA. Used with permission. 
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Studies in which RNAi knockdown of vitellogenin in 
young bees led to extremely precocious onset of foraging 
suggest that this protein may function either directly or 
indirectly as a hormone that regulates behavior. The dis¬ 
covery of a role for vitellogenin in the regulation of 
the transition to foraging in honeybees may eventually 
lead to an understanding of the regulation of the behavior 
of sterile workers in terms of the reproductive physiology 
of their fecund ancestors. 

See also: Caste Determination in Arthropods; Caste in 
Social Insects: Genetic Influences Over Caste Determi¬ 
nation; Developmental Plasticity; Division of Labor; 
Hormones and Behavior: Basic Concepts; Social Insects: 
Behavioral Genetics. 
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Observational Research 

Most research projects begin with reconnaissance obser¬ 
vations. Researchers will watch animal behavior with the 
idea of forming or refining research questions, developing 
an ethogram, or defining specific behaviors. Ultimately, 
the focus of the research shifts from documenting occur¬ 
rences to recording variables and making predictions 
about which variable or variables are predictive of certain 
behavior patterns. 

In research paradigms, independent variables, or vari¬ 
ables that are assumed to be predictive of behavior, 
are compared with dependent variables, which are the 
variables of interest, often rates or numbers of behaviors. 
In reconnaissance observations or observational research, 
independent variables are not manipulated but are instead 
observed or recorded (i.e., sex or age class of individuals 
in a wild group of chimpanzees). However, many observed 
independent variables are confounded, or interrelated, 
making it difficult to discern the true relationship between 
the independent variables and the dependent variable or 
the behavior of interest. For example, in male hippopota¬ 
mus, dominance status, age, and weight may all be highly 
correlated. Picking just a single one of these variables may 
result in misleading conclusions unless the other variables 
are measured and controlled in an analysis. 

A behavioral measure can be thought of as having 
two key components: a treatment component, which is 
the independent variable or variables impacting on the 
behavior, and an error component, which is composed of 
the uncontrolled or unmeasured variables or inherent 
variability that is also driving the behavioral measure. 
In observational research, it can be extremely challenging 
to determine whether it is the treatment component or 
the error component that is driving a behavioral measure 
because of lack of control or confounds. For this reason, 
many researchers turn to experimental methods. 

Experimental Research 

The goal of experimental research is to utilize experimen¬ 
tal designs to tease out the effects of variables on behavior 
by controlling as many variables as possible. Experimental 
designs are protocols intended to manipulate and control 
independent variables so a small number of variables 
can be tested to determine what, if any, the effects on 
the behavior in question are. 


Replications 

Because the research questions involved in animal behav¬ 
ior research often apply to large populations of indivi¬ 
duals, a single measurement from a single individual is 
rarely sufficient to make intelligent statements about the 
relationships between variables. As a result, multiple mea¬ 
surements, or replications, are collected and inferential 
statistics are used to test hypotheses about the relation¬ 
ship between the variables. 

Replications can be generated in many different ways. 
The simplest and most common method is to take a sample 
of multiple individuals and randomly assign each individ¬ 
ual to one of two experimental groups. This is called a 
between-group experimental design. In between-group 
designs, the groups may be naturally occurring, such as 
comparisons of males and females, or they may be manipu¬ 
lated as part of a controlled experiment, such as the 
administration of a drug to one group and not the other. 

There are many types of experimental designs based 
on this model of assigning subjects to treatment groups. 
The most basic design includes a control group, which is 
not manipulated in any way, and a second group, called the 
treatment group, which is changed or manipulated in some 
manner. More complicated designs may include multiple 
treatment groups, or subgroups nested within a treatment. 

Randomly assigning a group of subjects to one of 
two conditions is one way of achieving replication, but it 
is not the only method. Other methods may provide a 
better measure of the impact of the independent variable. 
For example, with random assignment to conditions, a 
great deal of variability remains within the replications 
because each subject is different. By assigning subjects 
to groups randomly, it is possible that more aggressive or 
healthier subjects end up in a certain group, thereby con¬ 
founding the results. An alternative strategy for controlling 
this variation is to use an experimental design called a 
matched-pair design. 

Using a matched-pair design, subjects are matched for 
characteristics such that they are more like each other. In 
this way, individuals of similar age, sex, weight, rearing 
history, etc., can be paired, thereby making comparisons 
of the treatment more accurate. For example, in a labora¬ 
tory study of working memory in food-caching birds of 
differing ages, it may be that older birds may have more 
experience with the task and are more proficient. If the 
subjects are randomly assigned, more older birds may 
end up in the same treatment group and confound the 
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results. However, if the subjects are matched for age, 
paired-up, and one bird from each pair is randomly 
assigned to each treatment, then both treatment groups 
will be equally represented across the age groups and age 
will no longer be a factor in the experiment. This experi¬ 
mental design helps to control some of the error compo¬ 
nent in the measure and to reduce the results being 
confounded. 

An extreme version of the matched-pair design is a 
within-subject or repeated-measure design. In within- 
subject designs each subject is evaluated in both the con¬ 
trol and the treatment conditions. This design has the 
least variability because the same subjects serve as their 
own control, further reducing the number of potentially 
confounding variables. This method may be more time 
consuming because the two groups cannot be tested 
simultaneously. However, it is a preferred experimental 
design because fewer animals are required in experimen¬ 
tal settings to achieve the same statistical power. 

Inferential Statistics 

Inferential statistics are often used to compare the differ¬ 
ences between the treatment groups. Inferential statistics 
use measurements from the sample of subjects in the 
experiment to compare the treatment groups and make 
generalizations about the larger population of subjects. 

There are many types of inferential statistics and 
each is appropriate for a specific research design and 
sample characteristics. Researchers should consult the 
numerous texts on experimental design and statistics to 
find the right statistical test for their experiment. How¬ 
ever, most inferential statistics are based on the principle 
that a test-statistic value is calculated on the basis of a 
particular formula. That value along with the degrees of 
freedom, a measure related to the sample size, and the 
rejection criteria are used to determine whether differ¬ 
ences exist between the treatment groups. The larger the 
sample size, the more likely a statistic is to indicate that 
differences exist between the treatment groups. Thus, 
the larger the sample of subjects, the more powerful the 
statistic is said to be. 

Virtually all inferential statistics have an important 
underlying assumption. Each replication in a condition 
is assumed to be independent. That is each value in a 
condition is thought to be unrelated to any other value in 
the sample. This assumption of independence can create a 
number of challenges for animal behavior researchers. 

Experimental Challenges 

A number of challenges exist for employing experimental 
designs in animal behavior research. First, it may be 
impossible to select subjects for experimental treatments 


and manipulations. This is the reality in most field 
research. In these cases, researchers often employ quasi- 
experimental designs. These designs have many of the 
same components as true experimental designs, including 
comparison of two levels of an independent variable, but 
they lack much of the control seen in true experimental 
designs. While quasi-experimental designs are not per¬ 
fect, they often provide more information than simple 
observations. Thus, while the results must be interpreted 
with caution, the information can be extremely valuable. 

Another challenge for animal behavior research is that 
experiments are often plagued by small sample sizes. 
For example, captive animal facilities such as zoos and 
aquariums often house only a small number of a given 
species. Small sample sizes can result in statistical tests 
with extremely low power. When sample sizes are extremely 
small, the resulting statistics may not indicate the need to 
reject the null hypothesis when they should. This is called a 
Type II error. Type II errors may be even more likely when 
small sample sizes indicate the need to use nonparametric 
statistics because of the violation of additional assumptions 
of parametric statistics. Nonparametric statistics are typi¬ 
cally less powerful than their parametric counterparts 
and may result in an even higher incidence of making a 
Type II error. 

In an effort to avoid a Type II error by increasing 
sample sizes, researchers may be guilty of errors of pseu¬ 
doreplication or pooling. Pseudoreplication is the incorrect 
use of replications for inferential statistics. Pseudorepli- 
cated studies result in measurements that are not statisti¬ 
cally independent of one another and may increase the 
potential for having a Type I error, rejecting the null 
hypothesis when it should not be rejected. 

In its most egregious form, pseudoreplication involves 
the inclusion of multiple measurements from a single 
individual within a condition. For example, when com¬ 
paring the number of offspring in litters of lion cubs from 
two different habitat types, only a single litter from each 
lioness should be used. Including multiple litters from a 
single female would bias the sample, particularly if that 
female produced much more or much less offspring than 
others in her habitat type, and give the impression of 
group differences when the differences may be attributed 
only to a single female. In addition to biasing the mean 
value for that habitat type, using multiple measures from a 
single female artificially inflates the degrees of freedom 
and violates the assumption of independence, a compo¬ 
nent of virtually all inferential statistics. 

Another less conspicuous form of pseudoreplication is 
known as pooling. The pooling of data occurs when data 
from individuals in different groups are compiled into the 
same treatment group for an inferential statistic. This is 
most easily illustrated in captive environments. For exam¬ 
ple, if rates of aggressive behavior in chichlids were com¬ 
pared using groups of 3-5 fish from multiple tanks, each 
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group of fish would have more in common, that is, space, 
tank-mates, and water, than fish in other groups. This 
violates the assumption of independence and increases 
the potential for a Type I error. 

Solutions 

The use of experimental design in animal behavior 
research is very discipline-dependent. Researchers work¬ 
ing with large populations of rats or other laboratory 
animals may have the sample sizes and the control to 
use traditional designs when conducting experiments. 
Alternatively, researchers in other settings, such as zoos 
and aquariums may have limited numbers of subjects and 
may struggle to obtain good control for experiments and 
battle small samples sizes and the statistical problems that 
go along with them. Researchers studying animal behavior 
in the field may also have to fight with small sample sizes. 
Additionally, they may not be able to conduct true experi¬ 
ments due to a lack of ability to control variables or assign 
animals to treatment conditions. 

However, despite the experimental design limitations 
that animal behavior research presents, there are still a 
number of options. First, researchers should understand the 
principles of experimental design and the limitations their 
particular research discipline presents. In situations where 
control and manipulation are possible, researchers should 
utilize any of the large number of resources on research 
design to employ one of the traditional experimental designs, 
including the completely randomized design, blocked 
designs, and Latin square designs. While these designs 
require relatively large amounts of manipulation and con¬ 
trol, they are well documented as to their effectiveness. 

When control and manipulation of subjects and vari¬ 
ables is possible but small sample sizes create statistical 
challenges, researchers should avoid pseudoreplicating or 
pooling their data. If researchers have multiple data points 
per subject, a mean or aggregate value can be used or 
a multilevel statistical model can be employed. Finally, 
measures of effective size can be paired with standard 


statistical tests to provide supplemental information and 
prevent Type II errors. When experimental manipula¬ 
tions are not possible, researchers should employ quasi- 
experimental designs to generate valuable information 
but the results should be interpreted cautiously. 

Overall, experimental designs are intended to control 
variables and determine the relationship between inde¬ 
pendent variables and behaviors of interest. Many of these 
methods are time-tested and when properly employed can 
be very effective. However, it is important to remember 
that the practical application of many of these designs 
can be challenging and modified versions of these 
designs can produce valuable information but the results 
should always be interpreted cautiously. 

See also: Endocrinology and Behavior: Methods; Etho- 
grams, Activity Profiles and Energy Budgets; Experiment, 
Observation, and Modeling in the Lab and Field; Measure¬ 
ment Error and Reliability; Neuroethology: Methods. 


Further Reading 

Cohen J (1988) Statistical Power Analysis for the Behavioral Sciences, 
2nd edn. Hillsdale, NJ: Lawrence Erlbaum Associates, Inc. 

Heffner RA, Butler MJ, and Reilly CK (1996) Pseudoreplication revisited. 
Ecology 77: 2558-2562. 

Hinkelmann K and Kempthorne O (2007) Design and Analysis of 
Experiments, Introduction to Experimental Design, vol. 1. New York, 
NY: John Wiley & Sons, Inc. 

Hurlbert SH (1984) Pseudoreplication and the design of ecological field 
experiments. Ecological Monographs 54: 187-211. 

Kirk RE (1968) Experimental Design: Procedures for the Behavioral 
Sciences. Belmont, CA: Brooks/Cole. 

Kuhar CW (2006) In the deep end: Pooling data and other 

statistical challenges of zoo and aquarium research. Zoo Biology 
25: 339-352. 

Lehner PN (1996) Handbook of Ethological Methods, 2nd edn. 

Cambridge: Cambridge University Press. 

Martin P and Bateson P (2007) Measuring Behaviour, 3rd edn. 

Cambridge: Cambridge University Press. 

Shadish WR, Cook TD, and Campbell DT (2002) Experimental and 
Quasi-Experimental Designs for Generalized Causal Inference. 
Boston, MA: Houghton-Mifflin. 

Sheskin DJ (2007) Handbook of Parametric and Nonparametric 
Statistical Procedures, 4th edn. Boca Raton, FL: CRC Press. 





Female Sexual Behavior: Hormonal Basis in Non-Mammalian 
Vertebrates 

D. L. Maney, Emory University, Atlanta, GA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

The hormonal control of sexual behavior has been studied 
far less in females than in males. This disparity may stem 
from the perception that, for many species, female beha¬ 
viors leading to the union of egg and sperm consist pri¬ 
marily of remaining stationary and acquiescing to the 
male’s advances. In reality, however, female sexual behav¬ 
ior is far more complex, and in most species, far from 
simply passive. Sexual attraction, courtship, and engaging- 
in copulatory behaviors must be mutual, and the control 
of sexual behavior in the female is at least as complex and 
interesting as in the male. In this article, we will see that 
female behavior is affected by many hormones, among 
which the best studied and most ubiquitous by far is 
estradiol, an estrogen that is secreted by the ovaries and 
can also be synthesized in the brain. 

Estrogens such as estradiol are the most ancient steroid 
hormones, and their role in reproduction has remained 
relatively unchanged throughout vertebrate evolution. 
Estradiol associated with reproduction is secreted by 
developing ovarian follicles under the influence of gona¬ 
dotropins from the anterior pituitary (Figure 1). As the 
follicles and the eggs inside them mature, estradiol levels 
increase in the plasma until peaking at or just before 
ovulation. Temporally, therefore, estradiol is in a good 
position to coordinate reproductive behavior with the 
fertilization of eggs - and indeed, in most vertebrates, 
the peak of sexual behavior does occur at precisely the 
same time as the peak in estradiol. Note, however, that 
mating is not always coincident with the highest levels of 
estradiol; in some species, mating occurs well outside that 
window. Even in those species, however, removal of the 
ovary usually abolishes sexual behavior and estradiol 
treatment restores it, which demonstrates that although 
the concentration of estradiol in blood does not need to be 
greatly elevated in order to support sexual behavior, it 
does need to reach some threshold level. Most research 


indicates that estradiol, which is also involved in vitello¬ 
genesis and other physiological and morphological traits 
associated with reproduction, primes the brain so that 
sexual behavior is facilitated by other factors that would 
not be effective without the priming. The other factors 
include reproductive hormones such as gonadotropin¬ 
releasing hormone, the gonadotropins, progesterone, and 
prostaglandins, which also peak at various times during 
ovarian maturation, ovulation, and oviposition. Each of 
these hormones, including estradiol, is thus well suited to 
facilitate reproductive behaviors, such as territoriality, 
nest building, and of course sexual behavior, which we 
define here as social interactions that lead to the union of 
gametes. 

A founding pioneer of behavioral endocrinology, Frank 
Beach, divided sexual behaviors into three categories 
which, although they were developed specifically for 
mammals, are useful when considering the behaviors of 
all vertebrates. The first, attractivity is defined as the stimulus 
value of female in evoking sexual responses from the 
male. Attractivity is often related to an olfactory signal 
such as the sexual pheromone of female rough-skinned 
newts ( Tarica granulosa) or a visual signal such as orna¬ 
mental coloration in female budgerigars ( Melopsittacus 
undulates) and Crotaphytus lizards. Such signals are often 
most attractive when plasma levels of ovarian hormones 
are high. Since the attractivity of the female is in the eye 
of the beholder, in this case the male, and because most 
examples of attractivity are nonbehavioral in that they 
involve signaling with chemicals or pigments, this review 
focuses primarily on the second and the third categories of 
female sexual behavior: proceptivity and receptivity. Attrac¬ 
tivity, particularly as it relates to visual and olfactory 
signals, is covered elsewhere in this series. 

Proceptive behaviors occur in response to stimuli from 
the male, and like the signals that fall into the category of 
attractivity, serve to lessen the distance between him and 
the female. Note that the presence of a male can affect 
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Figure 1 The hypothalamo-pituitary-gonadal (HPG) axis is 
nearly identical in birds and mammals. Gonadotropin-releasing 
hormone (GnRH) neurons project to the base of the brain where 
they release GnRH into the portal vasculature. From there, GnRH 
travels to the anterior pituitary to stimulate the release of 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) 
which act at the ovary to induce estradiol (E2) secretion and 
follicular development. E2 travels via the bloodstream back to the 
brain to stimulate reproductive behavior. OC, optic chiasm. 


plasma estradiol concentrations, which in turn can affect 
the signals used in attraction; however, such responses are 
not normally considered proceptive. Rather, proceptive 
behaviors are those that are elicited on a more rapid 
time scale by signals from the male, and are normally 
directed to him specifically. They include behaviors as 
simple as approaching the male and as complex as multi¬ 
modal courtship displays. Receptive behaviors are those 
that are both necessary and sufficient for the fertilization 
of eggs, and include the adoption of postures that facilitate 
copulation as well as the maintenance of contact with the 
male during copulation. With very few exceptions, both 
proceptive and receptive behaviors appear to depend 
universally on estradiol. 

The Role of Ovarian Steroids in 
Proceptivity 

Estradiol Is the Primary Ovarian Hormone 
Involved in Female Proceptive Behavior 

During a proceptive response, the female reacts to stimuli 
from the male by attempting to bring him closer to her - 
either by attracting him or by approaching him herself. In 
the case of the latter, simply moving toward the male or 
spending time in his immediate vicinity is considered 
proceptive, and is in many cases under the control of 
ovarian steroids. In many species, particularly those that 
breed at night or in murky environments wherein the 
female may have difficulty locating a male, a male must 
advertise his position to a female by signaling to her. In 
midshipman fish ( Porichthys notatus ), for example, males 


vibrate the muscles of their swim bladders to produce a 
distinctive hum. When a gravid female hears a male’s 
hum, she orients toward it and approaches him - a behav¬ 
ior called ‘phonotaxis.’ Once she enters his nest, he stops 
humming and spawning begins. Only gravid females, in 
other words those ready to lay eggs, are attracted to the 
males’ hums. Females that have already released their eggs 
do not respond to the hums, suggesting that the response 
may depend on reproductive condition and therefore 
have a hormonal basis. 

The best-studied example of hormone-dependent 
phonotaxis occurs in female anurans. In many species, 
such as the Tungara frog ( Physalaemus pustulosus) and the 
American toad (Bufo americanus ), males emit loud vocali¬ 
zations that are amplified by specialized structures called 
‘vocal sacs’ and can be heard at a great distance. Because 
recordings of calls played from a speaker can induce 
female phonotaxis both in the field and in the lab, behav¬ 
ioral assays are a popular way to study it. Females do not 
perform this behavior unless they are gravid, so the early 
experiments had to be done using females collected as 
they began to mate with males. In an effort to circumvent 
this problem, it was discovered that injections of human 
chorionic gonadotropin induced phonotaxis in female 
African clawed frogs ( Xenopus laevis ), thereby showing 
some of the first evidence that this behavior has a hor¬ 
monal basis. Human chorionic gonadotropin acts by mim¬ 
icking the actions of gonadotropins on the ovary to induce 
the secretion of estradiol and progesterone. The induction 
of estradiol secretion may be the more important effect of 
human chorionic gonadotropin in the frog model; more 
recent research has demonstrated that experimental ele¬ 
vation of estradiol to breeding levels induces phonotaxis 
in ovariectomized females. Concurrent administration of 
progesterone does not increase phonotaxis any further, 
suggesting that estradiol alone is sufficient. 

One of the best-studied proceptive behaviors in female 
nonmammalian vertebrates is the copulation solicitation 
display (CSD) of songbirds (Figure 2). Females can be 
seen and heard performing this display throughout the 
early part of the breeding season. During the display, the 
female raises her tail and head, quivers her wings dramat¬ 
ically, and gives a trill-like vocalization. CSD is usually 
performed in response to stimuli (such as song) from the 
male and functions as a signal to him that the female is 
ready to mate. Like phonotaxis in female anurans, CSD is 
strongly dependent on estradiol and is performed only by 
females with sufficiently elevated levels of this sex steroid. 
Also like phonotaxis in anurans, CSD can be elicited 
in laboratory-housed females in response to an audio 
recording of male courtship vocalizations. In wild-caught 
females of many species, endogenous plasma estradiol 
does not increase enough in captivity to support the 
behavior, and exogenous estradiol must be administered. 
In these species, the number of displays performed is 
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Figure 2 A female white-crowned sparrow performs a copulation 
solicitation display (CSD). This display signals to the male that she is 
in reproductive condition. Reprinted with permission from the 
Journal of Neuroendocrinology 10(8), cover material. 

directly related, in a highly linear manner, to the dose of 
estradiol. In species that solicit and breed easily in captiv¬ 
ity, such as canaries (Serinus canaria ), the number of dis¬ 
plays performed is not related to endogenous levels of 
plasma estradiol, but the latency to perform the display 
can be lengthened by blocking estradiol synthesis. No 
female of any species has been observed to perform 
CSD when not in breeding condition or otherwise treated 
with estradiol. It is also notable that progesterone has a 
clear inhibitory effect on CSD, which is perhaps not 
surprising given that in birds, progesterone levels are 
generally low until the first egg is laid and copulation 
ceases. Clearly, estradiol is the more important ovarian 
hormone governing proceptive responses to male vocali¬ 
zations in the fish, frogs, and songbirds that have been 
studied. 

Estradiol Acts Directly on Sensory Systems 

By what neural mechanism does estradiol facilitate pro¬ 
ceptive behavior? It is possible that estradiol acts directly 
on sensory structures to alter how the male’s signal is 
processed or perceived. There is evidence, for example, 
that estradiol may facilitate phonotaxis by tuning periph¬ 
eral auditory structures to the acoustic features of the 
signal. Electrophysiological recordings from the auditory 
nerve in midshipman fish have revealed that the female’s 
peripheral auditory organ is better tuned to the male’s 
hum during the breeding season than outside it. The inner 
ear of this species contains estrogen receptors, and the 
tuning shift toward the male hum can be induced outside 
the breeding season by treatment with estradiol. This shift 
in tuning parallels the female’s behavioral response to the 
hum, which is strongest when her estradiol levels are 


peaking. It will be interesting to determine whether the 
peripheral auditory organs in other species are also estra¬ 
diol sensitive; this work is currently being carried out in 
frogs and songbirds. 

Of course, in order to more completely understand the 
effects of estradiol on behavior, we must look inside the 
brain. Estradiol receptors are distributed widely in sen¬ 
sory areas as well as in areas more directly involved in 
social behavior. Sound-induced neural responses in these 
regions have been shown in some species to depend on 
reproductive state or season, implying hormonal regula¬ 
tion. For example, electrophysiological studies have 
shown that auditory response properties in the inferior 
colliculus, a major auditory integration center in the 
midbrain, appear to depend on reproductive state in sev¬ 
eral species of anuran. Hormonal modulation of neural 
responses can also be studied using the expression of 
immediate early genes, which are associated with new 
protein synthesis and thus allow the detection and label¬ 
ing of neurons responding to stimuli. This technique 
allows quantification of sound-induced activity through¬ 
out the brain. In my laboratory, for example, we played 
male song or a less relevant sound, synthetic tones, to 
female white-throated sparrows (Zonotrichia albicollis) and 
compared the resulting expression of the immediate early 
gene Egr-1. We quantified Egr-1 responses not only in 
auditory areas, but also in an extensive network of brain 
regions involved more generally in social behavior. In 
females with normal breeding levels of estradiol, the 
Egr-1 response to song was higher than the response to 
tones in nearly every region we looked at (Figure 3). In 
birds with low estradiol, as they would have during the 
nonbreeding season, the responses to song and tones were 
indistinguishable in most regions. In other words, the 
Egr-1 responses were selective for male song only when 
estradiol was high. This result, together with the work 
done in fish and anurans, suggests that estradiol facilitates 
proceptive behavior by promoting the recognition of and 
attention to the signals that trigger it. 

The Role of Ovarian Steroids in 
Receptivity 

Estradiol 

Feminine receptive behavior, whether it is the neck¬ 
bending posture of an anole, the crouch of a quail, the 
S-shaped posture of a killifish, or the knee flexion of a 
frog, serves one purpose - to maintain contact with the 
male and facilitate the union of eggs and sperm. In some 
species, mating involves the coordinated release of both 
types of gametes, and fertilization occurs externally. In 
species with internal fertilization, the sperm are usually 
transferred directly from the male to the female via an 
intromittent organ or cloacal contact. In some species, 
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Figure 3 Estradiol (E2) modulates selective responses in 
interconnected brain regions important for social behavior. In 
this representation of the social behavior network, the brain 
regions or ‘nodes’ are shown as circles at each corner of a 
hexagon. The area of each circle corresponds to selective 
activation in that node by hearing song (the amount of Egr-1 
induced by song, minus the amount induced by control sounds, 
or tones). Filled circles represent positive values and white 
denotes negative, that is, a larger response to tones than to song. 
In female white-throated sparrows, both the level and the 
selectivity of the response increase after treatment with E2. For 
abbreviations, see Reprinted from Maney DL, Goode CT, 

Lange FIS, Sanford SE, and Solomon BL (2008) Estradiol 
modulates neural responses to song in a seasonal songbird. 
Journal of Comparative Neurology 511:173-186, with permission 
from John Wiley & Sons, Inc. 

such as urodele amphibians, the male deposits onto the 
substrate a spermatophore which the female picks up. 
Either way, in the majority of species eggs are ready 
and waiting to be fertilized either immediately or within 
a few days after mating. For this reason, it is highly 
efficient and effective for sexual behavior and ovulation 
to be under the same hormonal control. Female receptiv¬ 
ity closely mirrors plasma estradiol in internally fertiliz¬ 
ing fish as well as all anurans, most newts and lizards, 
many turtles, and all birds; in the species for which such 


manipulations have been done, ovariectomy invariably 
inhibits receptivity and exogenous estradiol almost always 
restores it. 

In a few species, mating appears to have become tem¬ 
porally dissociated from ovulation and peaking levels of 
plasma estradiol. For example, in sting rays ( Dasyatis 
sabina), red-sided garter snakes ( Thamnophis sirtalis ), and 
green sea turtles ( Chelonia mydas), mating occurs before 
ovarian development is well underway and the sperm 
can apparently be stored in the female’s reproductive 
tract for months before ovulation. It is important to 
realize in these cases that although mating and the estra¬ 
diol peak do not occur concurrently, estradiol does 
not have to be high to be involved in receptivity. The 
behavior can often be supported by relatively low 
levels of estradiol. Female skinks ( Niveoscincus ocellatus) 
mate in the fall, store sperm all winter, and then ovulate 
in spring, yet in even in the fall vitellogenesis has 
clearly begun and plasma estradiol is elevated above 
basal levels. Even in red-sided garter snakes, which 
are sexually receptive at a time when their plasma estra¬ 
diol levels are at an annual low, ovariectomy abolishes 
receptivity and estradiol treatment can restore it within 
minutes. Thus, although not much estradiol is needed, 
it is necessary to support receptivity. Because the fre¬ 
quency of sexual behavior is clearly not always corre¬ 
lated directly with plasma estradiol levels, it is thought 
that estradiol plays a priming, or permissive role, and 
that other hormones or neurotransmitters are also 
important. 

Progesterone 

In mammals, particularly rodents, estradiol-dependent 
feminine sexual behavior is often greatly facilitated by 
another important ovarian steroid, progesterone. In most 
vertebrate females, progesterone peaks either along with 
or somewhat after the peak in plasma estradiol. The role 
of progesterone has been investigated in nonmammalian 
vertebrate taxa, with mixed results. As noted earlier, pro¬ 
gesterone does not seem important for proceptive behav¬ 
ior in that it does not enhance phonotaxis independent of 
estradiol, and it inhibits CSD. Some researchers, however, 
have found evidence that it may play a role in receptive 
behavior in some species. In ovariectomized African 
clawed frogs, for example, estradiol alone does not fully 
restore receptivity; treatment with progesterone is also 
required. In ovariectomized green anoles ( Anolis carolinen- 
sis ), estradiol treatment can fully restore receptivity but 
only at high doses. When progesterone is administered as 
well, much lower doses of estradiol are required, suggest¬ 
ing that estradiol primes the brain for the actions of 
progesterone. In many other species, however, such as 
some skinks and quail, progesterone does not restore 
receptivity any further after estradiol treatment. 
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Testosterone 

Because plasma testosterone peaks in many female verte¬ 
brates around the same time as estradiol and progester¬ 
one, some researchers have hypothesized that it is 
involved in female sexual behavior. Those studying mam¬ 
mals, particularly primates, have often argued that testos¬ 
terone is even more important than estradiol. This claim 
has been controversial, however, and there is little evi¬ 
dence supporting it from nonmammalian vertebrates. It is 
important to remember that particularly in the brain, 
testosterone can be converted into estradiol, so experi¬ 
ments manipulating testosterone may affect estradiol syn¬ 
thesis. When ovariectomized green anoles are treated with 
testosterone, feminine receptivity is restored; when they 
are treated with a drug that blocks the conversion of 
testosterone to estradiol, however, testosterone does not 
have the same effect. Similarly, in both green anoles and 
leopard geckos (Eublepharis macularius ), receptivity is not 
restored by a form of testosterone that cannot be con¬ 
verted to estradiol. Thus, even if testosterone from the 
ovary does facilitate sexual behavior in female anoles, it 
most likely does so via conversion to estradiol in the brain. 

Sexual Behavior and Nonsteroid 
Hormones 

Prostaglandins 

In many species, both proceptive and receptive behaviors 
appear to be stimulated by the presence of eggs in the 
reproductive tract. For example, in both midshipman fish 
and in anurans, only gravid females perform phonotaxis. 
After a female has released her eggs, she is much less 
likely to approach a speaker playing male courtship 
sounds. Do the eggs themselves act as a signal to facilitate 
sexual behavior? A large body of research, primarily on 
goldfish (Cassius auratus ), indicates that receptivity is trig¬ 
gered by distention of the reproductive tract by ovulated 
eggs. Removing the ovulated eggs from the ovarian lumen 
will abolish spawning behavior, and the insertion of 
foreign objects will stimulate it. When it is distended, 
the goldfish ovary secretes nonsteroid fatty acid hor¬ 
mones called prostaglandins. Levels of the prostaglandin 
PGF2a increase many fold around the time of ovulation 
and decrease sharply once the eggs are released. Injection 
of PGF2a stimulates spawning within minutes in at least a 
dozen species of fish, and spawning can be blocked by 
treating with drugs that block prostaglandin synthesis. 
Although prostaglandins are thought to be rapidly meta¬ 
bolized, they can travel via the bloodstream from the 
reproductive tract to the brain and bind to receptors 
there. Injecting PGF2a directly into the brain of a female 
goldfish is many times more effective at stimulating 
receptivity than is systemic injection, suggesting that the 


brain is a primary target during prostaglandin-induced 
spawning. In another fish, the paradise fish (Macropodus 
opercuhris), PGF2a stimulates the female to approach a 
male, lead him to the nest, and display to him, demon¬ 
strating that prostaglandins can stimulate proceptive as 
well as receptive behaviors. Prostaglandins appear to have 
a similar function in anurans, stimulating both phonotaxis 
and receptive behavior. 

Both estradiol and prostaglandins appear to act on the 
brain to facilitate sexual behavior, in fish and anurans, but 
whether both are required, or how they interact, is not well 
understood. Blocking prostaglandin synthesis can reduce 
expression of sexual behavior in estradiol-primed females, 
showing that prostaglandin action is necessary even when 
estradiol is high. Some of the work in goldfish has shown 
that prostaglandins cannot stimulate sexual behavior unless 
the ovary is present and active, which suggests that the 
dependence of one hormone on the other may be mutual. 
Other work, however, has revealed evidence that PGF2a 
can stimulate spawning and phonotaxis even in ovariecto¬ 
mized or otherwise nonovulatory females. These results 
are surprising given the nearly universal dependence of 
female sexual behavior on estradiol. The key to this mystery 
may lie in the fact that prostaglandin synthesis is related 
to estradiol and vice versa; each stimulates the synthesis of 
the other. Concentrations of the two are positively correlated 
in the brain, and applying prostaglandins to brain cells in 
culture activates enzymes in the estradiol synthetic path¬ 
way and increases estradiol production. Thus, treatment 
of females with prostaglandins may in fact increase estra¬ 
diol within the brain even if the ovary has been removed. 
Because the two types of hormones are so closely linked, it 
is difficult to separate their actions and functions experi¬ 
mentally. They are likely to synergize with each other in 
the control of both proceptive and receptive behavior. 

In snakes and lizards, prostaglandins inhibit receptiv¬ 
ity - which at first seems curiously at odds with the strong 
stimulatory effect in fish and anurans. The mechanism 
underlying prostaglandin’s effects, however, is remarkably 
similar to other taxa: stimulation of the reproductive tract, 
in this case not by eggs but by the male, causes prosta¬ 
glandin secretion. In reptiles such as red-sided garter 
snakes and green anoles, females become unreceptive 
almost immediately after mating. The male’s intromittent 
organ apparently stimulates the female’s reproductive 
tract to produce prostaglandins (there may also be some 
prostaglandins in the male’s seminal fluid), which travel to 
the brain where they rapidly and profoundly inhibit fur¬ 
ther mating. Treatment with exogenous PG2a, whether 
injected systemically or directly into the brain, facilitates 
the switch from receptive to unreceptive. So, although the 
secretion of prostaglandins from the stimulated reproduc¬ 
tive tract appears to have been conserved across taxa, the 
behavioral result of prostaglandin action in the brain 
appears to be more plastic. 
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Gonadotropin-Releasing Hormone 

At the top of the hypothalamic-pituitary-gonadal axis is a 
hormone known as gonadotropin-releasing hormone. 
Most vertebrates have at least two forms of it. One, abbre¬ 
viated GnRHl, is synthesized primarily in the preoptic 
area of the hypothalamus, released into the bloodstream 
at the base of the brain, and controls ovarian estradiol 
production by stimulating gonadotropin release at the 
pituitary. In that sense, it is one of the most important 
hormones promoting ovarian development and oogenesis. 
Not all of the GnRHl axons, however, terminate at the 
base of the brain to secrete their product into the blood¬ 
stream. In many amphibians, reptiles, and birds, large 
numbers of GnRHl fibers project to brain regions asso¬ 
ciated with sexual behavior. GnRHl is therefore in a 
position to affect reproductive physiology and behavior 
simultaneously. In female rough-skinned newts, for exam¬ 
ple, GnRHl levels rise in the brain during courtship, and 
exogenous administration facilitates receptivity. 

The second form of gonadotropin-releasing hormone, 
abbreviated GnRH2, is not thought to play a role in 
ovarian development but rather coordinates reproductive 
behavior and energy availability. As is the case for 
GnRHl, neuronal fibers carry GnRH2 to brain regions 
involved in sexual behavior. GnRH2 increases in the brain 
during spawning in goldfish and may synergize with 
prostaglandins. PGF2a increases GnRH2 levels in the 
brain, and exogenous GnRH2 enhances PGF2a-induced 
spawning behavior. Both forms of GnRH, when adminis¬ 
tered centrally in estradiol-treated female white-crowned 
sparrows (Zonotrichia leucophrys), enhance the CSD re¬ 
sponse to song playbacks. Although not a lot of research 
has been conducted on how these neuropeptides affect 
sexual behavior in nonmammalian vertebrates in gen¬ 
eral, the existing research confirms what is known for 
mammals - that the peptides play a facilitatory role. 

Vasotocin 

The neuropeptide vasotocin is involved in many types of 
social behaviors across vertebrate taxa. Most of what is 
known about its involvement in reproductive behavior has 
come from studying males, but some effects of vasotocin 
are clear in females. In killifish [Fundulus heteroclitus ), for 
example, treatment with vasotocin induces spawning 
behavior in both sexes. In anurans, vasotocin increases 
receptive behavior and also facilitates phonotaxis, making 
females more likely to respond to male calls. In white- 
crowned sparrows, intracranial administration of vasoto¬ 
cin induces spontaneous CSD behavior. The auditory 
midbrain in both frogs and birds is innervated by neuronal 
fibers containing vasotocin and also has vasotocin recep¬ 
tors, suggesting that the neuropeptide may, like estradiol, 
affect sensory processing of courtship signals. 


In addition to stimulating CSD, intracranial vasotocin 
in songbirds also stimulates singing, calling, and preening, 
which suggests a rather nonspecific effect on behavior. 
Vasotocin stimulates CSD, however, only in estradiol- 
treated females; in nonreproductive females not treated 
with estradiol, vasotocin induces all the other behaviors 
but not CSD. Other effects of vasotocin on proceptivity 
and receptivity also seem to depend on ovarian steroids; 
for example, phonotaxis in frogs is enhanced by vasotocin 
only in the spring when estradiol levels are high. The 
neural actions of vasotocin, like many other factors, may 
therefore depend on estrogen priming. 

Conclusion 

Estradiol is one of the most evolutionarily ancient hor¬ 
mones and has served to coordinate reproductive physi¬ 
ology with sexual behavior for close to 500 My. In females 
of all vertebrate taxa, normal sexual behavior cannot 
proceed without it. There are, of course, a small number 
of possible exceptions. In guppies (Poecilia reticulata ), for 
example, even though receptivity in adult sexually expe¬ 
rienced females depends on ovarian activity, young virgin 
females are always receptive - before the ovary is fully 
developed, and even if it has been removed. It is important 
to remember, however, that the dependence of behavior 
on steroid hormones is often difficult to study. First, 
the brain is itself a source of hormones. Removal of the 
ovaries does not necessarily remove all the estradiol. Second, 
because the actions of estradiol on behavior are permissive, 
low levels are often sufficient to prime the brain to respond 
to other factors such as prostaglandins, gonadotropin¬ 
releasing hormone, and vasotocin. Thus, sexual behavior 
is not always directly correlated with plasma estradiol 
levels, and may peak well outside the period wherein 
plasma estradiol concentrations are at their highest. 

Although the interactions of steroid hormones with 
neuromodulators and neurotransmitters in the nonmam¬ 
malian vertebrate brain are beginning to be understood 
for males, the same interactions are not well studied in 
females. Because females are more sensitive to environ¬ 
mental cues and because their reproduction is under 
tighter control than is male reproduction, studying them 
will provide valuable insight into phenomena such as 
steroid-dependent sensory processing, the neural and 
hormonal bases of adaptive mate choice, and the timing 
of reproduction. In addition, because the hormonal control 
of their sexual behavior is so well conserved, cross-species 
investigations can help us understand the evolution of 
hormone-behavior relationships. 
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Introduction 

About 100 hormones have been described to date, and many 
of them influence or are influenced by behavior. Well- 
controlled laboratory experiments have been providing 
basic knowledge about hormonal control of behavior and 
hormonal responses to behavioral interactions. However, 
laboratory settings and the use of domestic species set 
implicit limits on what can be studied. These limits do not 
concern only the reduced, altered behavioral repertoire of 
captive animals. In fact, captivity can have substantial effects 
on the endocrine systems. Thus, studying behavioral endo¬ 
crinology in the field is a necessary complement to labora¬ 
tory studies for understanding the complexity and variety 
of hormones and behavior relationships in animals. This 
is particularly true for complex behavioral interactions 
among individuals, which cannot be simulated in the labo¬ 
ratory, even in large enclosures. Studies in field behavioral 
endocrinology have focused mainly on hormonal systems 
that are capable of modulating behaviors associated with 
life history stages like reproduction, territoriality, and sea¬ 
sonal cycles. As a consequence, there is a large number 
of field studies of behavioral traits that are controlled 
by the hypothalamus-pituitary-gonadal axis and the 
hypothalamus-pituitary-adrenal axis. These two axes 
influence many key behavioral contexts including court¬ 
ship, male and female sexual behavior, mating systems, 
territorial aggression, social rank, parental care, maternal 
effects, migration, parent-offspring conflicts, and pair 
bonding. 

History 

Traditionally the first study of behavioral endocrinology 
is reported to be that done by Arnold Adolph Berthold 
in 1846. It was well known that castration of young male 
cockerels prevents the development of male sexual traits 
including crowing and sexual behavior - an effect called 
caponization. Berthold showed that male typical behavior 
could be restored by reimplanting the testes in the same 
birds or in other castrated cockerels. Because the grafted 
testes did not build any tissue connection with the body 
of the host, Berthold concluded that some substances 
secreted by the testes - ‘androgens’ - were responsible for 
the activation of male sexual behavior. Soon afterwards, 
naturalists started to investigate the relationships between 
endocrine glands and behavior in free-living animals. 


In fact, already in 1802 George Montagu had noted that 
songbirds sing more at the times of the year when their 
testes are larger. By the end of the 1940s, the most impor¬ 
tant androgen and estrogen hormones, testosterone and 
estradiol, had been isolated and methods for their synthesis 
had been developed. These discoveries opened new per¬ 
spectives in endocrinology as they allowed studying how 
specific hormones influence behavior. The founders of 
behavioral endocrinology, Frank A. Beach, Daniel Lehrman, 
and William C. Young, worked on a number of domestic 
or laboratory animals, building the conceptual bases for 
later extending behavioral endocrinology to the field. 
Initially, field endocrinology involved shooting the ani¬ 
mals to measure the size of their endocrine glands. In 1960, 
Rosalyn Yalow and Solomon Aaron Berson published a 
new method called Radioimmunoassy, which allowed 
the measurement of hormones in relatively small blood 
samples. The birth of ‘modern’ field behavioral endocri¬ 
nology can be traced to 1975, when John C. Wingfield and 
Donald S. Farner published a method for measuring five 
different steroid hormones in small blood samples taken 
from free-living songbirds which could be released imme¬ 
diately after sampling. This allowed studying behavioral 
interactions between conspecifics and correlate behav¬ 
ioral differences with hormonal ones. More importantly, 
because animals did not have to be killed to measure 
hormonal parameters, it was possible to study time- 
dependent changes in hormones in individual animals 
that could be sampled repeatedly. 

Major Issues in Field Behavioral 
Endocrinology 

The benefits and limits of field compared to laboratory 
studies are a common denominator of all behavioral stud¬ 
ies and are not discussed in detail here. Instead, this article 
focuses on conceptual issues specific to field behavioral 
endocrinology. Hormones influence the likelihood of the 
occurrence of behavior, and in turn behavioral interactions 
affect hormone concentrations. Hormone action depends 
on a number of regulatory factors such as hormone carrier 
molecules, hormone metabolism, hormone receptors, and 
hormone coactivators expression. Only few of these factors, 
however, such as blood concentration of hormone-carrier 
proteins, can be studied in free-living animals with mini¬ 
mally invasive methods. Thus, the large majority of field 
studies in behavioral endocrinology belong to two 
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categories. The first category consists of correlation studies, 
in which the main question is whether variation in a given 
behavior or behavioral pattern is paralleled by variation in 
the circulating concentration of one or more hormones. 
This is one of the main methods used to ascertain if there 
exists a relationship between a hormone and a behavior. 
The second category includes experimental manipulations 
of the hormone and/or its action by means of treating the 
animals with the hormone or with drugs that interfere, for 
example, with its metabolism or its binding to the receptor. 
Changes in behavior following the hormonal manipulation 
are then recorded. 

Measuring Hormones in Free-Living 
Animals 

In principle, the measurement of hormones in free-living 
animals involves the same methods used in laboratory 
studies, among which the most important ones are various 
kinds of immunoassays (radio-, enzyme-, and fluorescence- 
immunoassay) and more recently high-performance liquid 
chromatography (HPLC), and mass-spectrometry com¬ 
bined with gas chromatography (MS-GC). Analytical 
protocols based on these assay methods were originally 
developed for measurements of hormone concentrations 
in bodily fluids such as plasma, serum, or urine. The 
peculiarities of field research, where the capture or 
handling of wild animals is not always possible or not 
desirable, has lead to the establishment of new protocols 
for measuring hormone concentrations in other tissues 
such as feces, hair, and skin. In most cases, hormones - 
or hormone metabolites - contained in these tissues need 
to be extracted and separated by the other components 
before they can be measured. Thus, new developments in 
hormone assays for field endocrinology concern mainly 
the methods used to purify the sample before the actual 
assay. However, in the case of excreta such as feces and 
urine, only the metabolites of the target hormone can be 
measured. In such cases, the establishment of new meth¬ 
ods also involves the assessment of the relationships 
between the amount of hormone metabolites detected 
in the excreta and the actual circulating concentrations 
of the same hormone. 

Capture and Handling 

Tissue sampling for hormone measurement is often done 
when animals are caught for marking and/or measurement 
of morphological and physiological variables. This approach 
guarantees unambiguous individual identification and 
collection of determined amounts of samples. Because 
blood is to date the choice tissue for hormone measurement- 
hormones are by definition circulating factors - blood sam¬ 
pling of immobilized animals has been the most commonly 


used approach. There are, however, disadvantages in collect¬ 
ing samples for hormone measurement from caught animals. 
Depending on the species, traps, nets, or narcotic darts are 
used to temporarily immobilize the animals. All these meth¬ 
ods induce a stress response that might affect the release of 
target hormones. For example, corticosteroids are well 
known to be affected by capture and handling within a 
short period of time, and when studying these hormones, it 
is imperative that the samples are taken within a few minutes 
of capture. Because corticosteroids are important modula¬ 
tors of a number of other hormonal systems such as the 
hypothalamus-pituitary-gonadal axes, rapid collection is 
always crucial with blood. 

Sample Collection 
Blood 

Blood remains the choice tissue for hormone measure¬ 
ment for a series of reasons. Endocrinological research 
until the 1990s relied almost exclusively on blood concen¬ 
trations of hormones. Thus, there is a large amount of 
information relating blood (or plasma/serum) hormone 
concentrations with behavioral, physiological, and mor¬ 
phological traits. This is not just the consequence of the 
lack of methods for measuring hormone concentrations in 
other tissues. Hormones are by definition those factors that 
are actively released into the circulation by the endocrine 
glands, and their presence in the feces or in the urine is the 
result of metabolism and excretion. Thus, blood concen¬ 
trations represent the actual message - and the hormonal 
response-whereas fecal concentrations of hormone meta¬ 
bolites depend on a series of factors including food intake, 
metabolic rate, time required for the feces to be formed, 
etc. Hormone concentrations are rarely measured directly 
in the blood. Typically, red blood cells are separated by 
centrifugation to give plasma or by coagulation to give 
serum. Most assays are designed to measure plasma or 
serum concentrations. The main disadvantage of using 
blood to determine hormones is that the animals have to 
be caught and immobilized to collect the sample. Plasma 
samples are typically stored frozen until analysis, but 
recently other methods of conservation have been tested 
that do not depend on electricity or gas supplies. 

Feces/urine 

The development of methods to measure hormones in 
feces and urine has given a new pulse to field endocrinol¬ 
ogy in the last 20 years. These methods were developed 
during 1950s-1960s to evaluate hormone metabolism 
and for pharmaceutical studies, including the detection 
of anabolizing steroids illegally used by athletes. With the 
increased interest in conservation biology and the more 
stringent ethical rules for animal experimentation, how¬ 
ever, the availability of noninvasive methods for collecting 
samples to use for hormone analysis has become of great 
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help. Urine and feces in mammals or mixed fecal and 
urine droppings in birds and reptiles can be collected 
without disturbing the animals and as often as required. 
There are, however, several issues that need to be taken 
into account when working with this type of samples. 
Excreta typically contain metabolic products of the origi¬ 
nal hormones, not the hormone itself. Back calculating the 
original blood concentration of hormone from knowing 
the concentration of its metabolites in the excreta is very 
difficult if not impossible for it would require knowledge 
of several factors, such as number of metabolic pathways, 
their relative importance, that is, the time required to 
form and accumulate in the excreta, and the concentra¬ 
tion of the excreta themselves. This means that although 
fecal or urine concentration can be compared between 
animals of the same species, comparison between species 
is problematic. The proper interpretation of fecal and 
urine hormone metabolites thus requires a rigorous vali¬ 
dation of the method for each study species. In all cases, 
the validation procedure should make sure that the sub¬ 
stance that is measured from urine, feces, or droppings is a 
true metabolite of the hormone in question. Without such 
a validation, any substance that cross-reacts with the 
antibody in the respective immunoassay may render the 
measurement meaningless. In addition, the concentration 
of the metabolite should vary in response to a specific 
stimulation and parallel changes in blood hormone con¬ 
centrations. For example, the injection of gonadotropin¬ 
releasing hormone (GnRH) induces an increase in the 
blood concentration of testosterone, and a proper valida¬ 
tion should demonstrate that the amount of testosterone 
metabolites in the excreta shows a similar increase - with 
a predictable delay. 

Skin and skin derivatives 

The measurement of hormones or hormone metabolites 
in skin derivates such as hair and feathers is a promising 
alternative to blood or excreta. Similar to the case of 
blood, collection of these samples typically requires the 
capture and immobilization of the subjects, although skin 
derivatives such as feathers are renewed regularly and can 
be collected in nests or tree holes. Skin derivatives accu¬ 
mulate hormones during their growth and thus provide a 
hormonal history of the animals during their growth. 
A limitation to the use of these types of tissues is that 
the concentrations of hormones tend to be relatively low 
and thus their determination requires either large amount 
of tissue or very sensitive methods. However, the potential 
applications of these techniques are many and they will 
probably receive much attention in the future. 

Eggs 

Hormones accumulate in eggs during their formation and 
their concentration will influence the development of the 
embryo and possibly the behavior of the adult. This is a 


particularly important phenomenon in species with large 
eggs (reptiles and birds) in which the entire development 
depends on reserves stored in the egg. The concentration 
of hormones in the egg has become the focus of a large 
number of studies on maternal effects. 

Sample Storage and Transport 

A major challenge in field studies in remote regions is the 
preparation and conservation of biological samples. Blood 
derivatives such as plasma or serum should be kept refri¬ 
gerated or better frozen until assayed, which is not an easy 
task where electric power is not available. Recent tests 
with conservative agents such as ethanol have shown that 
at least steroid hormones can be stored at ambient tem¬ 
perature for relatively long periods of time. However, it is 
highly recommended that such methods are validated 
before they are used for other hormone categories. 

Experimental Hormone Manipulation 

The major challenges in field endocrinology are com¬ 
mon to other research areas that deal with free-living 
animals: uncontrolled and often unpredictable environ¬ 
mental conditions, interference of conspecific or hetero¬ 
specific individuals, and difficult planning of treatment 
and measurements. However, there is an additional prob¬ 
lem with field endocrinology. Most of the available tech¬ 
niques and experimental protocols derive from laboratory 
studies and were often designed to address specific ques¬ 
tions in specific contexts. For example, a large proportion 
of experiments in endocrinology were (are) based on the 
removal-replacement protocol: to investigate the function 
of a hormone, the gland producing the hormone is removed. 
In a subset of individuals, the hormone is then replaced 
by administering exogenous hormone. If the effects of 
the gland abduction are counteracted by the hormone 
replacement, the traits which were reduced by the removal 
and restored by the replacement are called hormone- 
dependent. This protocol has been of crucial importance 
in identifying the roles of most hormones and their impli¬ 
cation for behavior. However, many experimental protocols 
that were derived from this basic one are not supported by a 
rationale in different conditions. For example, gonadectomy 
is rarely practiced in field studies for a series of reasons 
including complications of surgery and increased predation 
risk for experimental subjects. Thus, the role of testicular 
testosterone for controlling reproductive behaviors (such as 
courtship) is often tested by administering testosterone to 
intact animals. Such a treatment can elevate testosterone 
levels for a short time, but these effects are likely to be 
cancelled soon by feedback mechanisms that will reduce the 
production of endogenous testosterone. Thus, unless the 
treatment brings testosterone levels above the physiological 
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range, which is not desirable, it is likely that it will loose its 
efficacy within a few days from the onset of the treatment. 
Therefore, any behavioral effect of the treatment should be 
registered within a few days to relate it to increased testos¬ 
terone concentrations. 

Treatment Methods 

In the field, cases in which repeated administration of a 
hormone or a drug is possible are rare. Even if this was 
practically feasible, the repeated capture of the animal 
would have substantial consequences on its physiology - 
stress - and behavior. Therefore, most field studies that 
involve hormonal manipulation require a more or less 
permanent implant which guarantees a long-term release 
of the active principle. Among the most common methods 
for hormonal treatment are silicon tubing, osmotic pumps, 
and time-release pellets (Figure 1). All these methods 
have advantages and disadvantages which should be care¬ 
fully evaluated. 

Silicon tubing 

Silicon tubing has been used extensively in endocrinolog¬ 
ical research and continues to be one of the favorite 
choices among researchers for its versatility of use. Tub¬ 
ing can be cut at any desired length, fdled with lipophilic 
substances such as steroid hormones, and closed at 
both ends with silicon glue. The substance contained in 



Figure 1 Some of the most common drug-releasing devices 
used for experimental studies on hormones and behavior. 

(a) Osmotic mini-pumps (ALZET, Durect Corporation, Cupertino, 
CA, USA). The internal reservoir is filled with the solution to be 
delivered. The external chamber has a high salt concentration 
and pulls water through the outer, semipermeable surface, 
pushing the drug solution out through the exit port, (b) Silastic 
Tubing (Dow Corning Corporation). The tubing can be cut at any 
desired length, filled with a lipophilic substance, and then closed 
at both ends with silicon glue. The substance diffuses slowly 
through the walls of the tubing, (c) Time-release pellets (Innovative 
Research of America, Sarasota, FL, USA). The hormone or drug is 
packed into an organic matrix which dissolves slowly when in 
contact with the bodily fluids. Scale = 10 mm. 


the tubing will slowly diffuse through the walls when 
submerged in a fluid, such as subcutaneous or internal 
fluids. The principle of use for lipophilic substances such 
as steroid hormones is that they pass through the wall of 
the tubing at a rate that depends on the substance and the 
thickness of the wall. Obviously, longer tubes of larger 
diameters will release the hormone at higher rates. The 
major advantage of using silicon tubing is that most lipo¬ 
philic hormones and drugs can be delivered for long 
periods of time. The availability of tubing of different 
diameters with a length defined by the researcher allows 
great flexibility. The major disadvantage of the silastic 
tubing comes from the preparation procedure. Typically, 
the hormone is pushed into the tubing and tightly packed. 
However, the packing can differ considerably between 
operators and labs, which affects the replicability of the 
treatment. 

Time-release pellets 

The rationale of these devices is that of packing the drug/ 
hormone to be released into an organic matrix that dis¬ 
solves slowly when in contact with the bodily fluids. The 
main advantage of these pellets is that any type of sub¬ 
stance in principle can be packed into an appropriate 
matrix, and because the pellets are machine-packed, the 
replicability is high and the variability low. On the other 
side, the pellets cannot be prepared by the researcher and 
are relatively expensive. Moreover, they should be prop¬ 
erly tested when used for a new hormone/drug or taxa, to 
validate release rate and functionality. 

Osmotic minipumps 

These devices have become increasingly popular in labo¬ 
ratory studies and have been used in several field studies 
as well. The pump is filled with a solution of the drug to 
be delivered and implanted subcutaneously or intraperi- 
toneally. The walls of the pump slowly absorb water from 
the bodily fluids and physically push out the solution 
contained in the pump at a given rate. The main advan¬ 
tage of this type of device is the reliable release rate and 
the replicability of the treatment between labs and opera¬ 
tors. However, the pumps can be filled only with aqueous 
solutions and are relatively large and expensive. Moreover, 
because of their size and their composition, the osmotic 
pumps need to be removed at the end of the experiment, 
thus requiring capture, immobilization, and sedation of the 
animal at least twice. 

Other treatment methods 

Rapid technological advances in drug delivery and manip¬ 
ulation of gene expression offer a range of new techniques 
to study how alteration of hormonal action affects behavior. 
These include use of antisense olgonucleotides to interfere 
with gene translation, and viral vectors to induce gene 
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expression. The application of these techniques in the field 
is a stimulating challenge for future studies. 

Treatment Duration 

Most methods for hormonal treatment in field studies rely 
on devices that release the hormonally active substance 
over a prolonged period of time, like those described in the 
previous section. There are two major aspects that need to 
be considered when performing long-term hormonal 
treatment. First, most methods can provide a continuous 
but seldom a constant release. Typically, the amount of 
released substance will be higher in the first days of 
treatment and decrease subsequently (Figure 2). 

Thus, it is important to know the extent of this decrease 
ifone desires to relate the frequency of a given behavior to 
a certain hormone concentration. Second, any hormonal 
manipulation will elicit a response by the endocrine system 
with consequent changes in the production of endogenous 
hormones. Thus, effects observed days or weeks after the 
beginning of the treatment could in fact reflect this endo¬ 
crine response rather than the original treatment. This is 
an inescapable problem of any endocrinological manipu¬ 
lation, but is more severe in free-living animals which are 
typically intact, that is their endocrine glands are not 
surgically removed prior to the hormonal treatment. 
Therefore, it is important to conduct a thorough validation 
of the treatment (see section ‘Treatment Validation’) and 
to reduce the time lags between hormonal manipulation 
and the behavioral measure. For example, if the aim of the 
study is to test whether an increase in testosterone results 



Figure 2 Concentration of testosterone in the plasma of female 
canaries following the subcutaneous implantation of time-release 
pellets or silicon tubing containing testosterone. Testosterone 
concentration decreased less sharply in pellet-implanted 
females compared to silicon-implanted ones. Data shown are the 
means ± the standard error of the mean; the numbers in the 
legend report the sample size. Redrawn from Fusani L (2008) 
Endocrinology in field studies: Problems and solutions for the 
experimental design. General and Comparative Endocrinology 
157: 249-253. 


in an increase in aggression and the study is conducted by 
treating intact males with physiological doses of the hor¬ 
mone (which is highly recommended), it is important to 
record aggression within the first few days of the treat¬ 
ment. In the long term, the testosterone implant can lead 
to a regression of the testes and abolishment of the pro¬ 
duction of endogenous testosterone, which eventually 
might result in a decrease of testosterone levels below 
the initial, pretreatment values. Thus, aggression recorded 
weeks after the beginning of the treatment might be 
associated with a decrease in testosterone levels, even if 
the treatment is still in course. 

Treatment Validation 

A common problem encountered in designing field stud¬ 
ies which involve hormonal manipulation is establishing 
the dose of the treatment. Sometimes an acute change in 
circulating hormone concentrations is desired, although 
the majority of studies in field behavioral endocrinology 
aim to modify for a relatively long time (hours, days, 
weeks) the hormonal profile of the experimental subjects. 
In both cases, a proper validation of the treatment is 
required especially when it is applied for the first time 
to the study species. The two main aspects to take into 
consideration are the resulting concentrations of target 
hormones and their variability over time. 

Conclusions that can be drawn from the study will 
depend strongly on these two aspects. For example, sev¬ 
eral hormones are released in a pulsatile or circadian 
fashion. Examples are the gonadotrophin luteinizing hor¬ 
mone (LH) and the pineal hormone melatonin. To date, 
there are no devices readily available for long-term treat¬ 
ment which can reproduce time-dependent release. Thus, 
behavioral effects of the treatment will have to take into 
account that the circadian or pulsatile variation in circu¬ 
lating hormone concentration has been damped or even 
abolished by the treatment, which may lead to continu¬ 
ously high concentrations. The absolute concentration 
of the hormone is also very important. Endocrinologists 
often refer to the physiological range of concentrations, 
which is usually calculated as two standard deviations 
below and above the mean. However, such a definition can 
be misleading when dealing with species that show large 
seasonal or cyclical variations in hormone concentrations. 
For example, in birds androgen levels can be very low or 
undetectable during the molt and rise 100-fold at the begin¬ 
ning of the breeding season. Thus, a ‘physiological’ dose 
given to a molting individual can be very different from the 
concentrations that the animal experiences at another time 
of the year and during a particular life cycle stage. 

See also: Experimental Approaches to Hormones and 
Behavior: Invertebrates; Hormones and Behavior: Basic 
Concepts. 
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Introduction 

When animals are faced with perceived or anticipated 
dangers from the environment, they initiate a stress 
response - a generic term for a bewildering suite of physi¬ 
ological and behavioral responses that are designed to help 
an animal survive these dangers (called stressors because 
they elicit a stress response). The two best-studied physi¬ 
ological responses are the release of glucocorticoid steroid 
hormones and the activation of the sympathetic nervous 
system. Discussion of the glucocorticoid response is pre¬ 
sented in other articles and sympathetic activation, usually 
referred to as the fight-or-flight response, is the subject of 
this article. 

The term fight-or-flight dates back to the early twen¬ 
tieth century and is an excellent brief description of the 
role of sympathetic nervous system activation. Fight-or- 
flight evokes immediacy. Life is hanging in the balance 
and there is no time for reproduction, mate selection, 
foraging, digestion, etc. At this precise instant, only sur¬ 
vival is important. The fight-or-flight response is the first- 
line physiological mechanism for giving an animal its best 
chance for survival. If an animal mounts a fight-or-flight 
response, it suggests that the animal is reacting quickly, 
strongly, and immediately in order to survive. The sym¬ 
pathetic nervous system mediates these reactions. 

Although many stressors can elicit a fight-or-flight 
response, the stressor most commonly associated with a 
fight-or-flight response is a predator attack. Predators can 
have numerous behavioral effects on their prey, including 
increasing vigilance, decreasing foraging times, changing 
how animals interact with other individuals (such as flock¬ 
ing or forming herds), and even altering where individual 
animals choose to live (i.e., changing prey distribution 
patterns). Predator presence, predator calls, and predator 
odors can all evoke a fight-or-flight response and even the 
threat of predation is sufficiently powerful that animals 
often react as if there were predators present even 
when there are none. These predator-induced changes 
in behavior have been studied for decades, but predator 
pressure can also change hormonal and physiological 
systems. Predation risk alters the hormonal and physio¬ 
logical regulation of reproduction and appears to have led 
to the evolution, in some bird species, of the restriction of 
sleep to one hemisphere of the brain at a time, an adapta¬ 
tion thought to allow the bird to maintain vigilance for 
predators at all times. The physiological changes asso¬ 
ciated with predation risk are so powerful that chronic 


exposure to predator cues is used as a laboratory model 
for studying human anxiety. 

Clearly, the fight-or-flight response occupies a critical 
position in coping with a short-term stressor such as a 
predator attack. This article presents an overview of how 
the sympathetic nervous system regulates a fight-or-flight 
response and how that response might help an animal to 
survive. 

Sympathetic Nervous System 

The details of sympathetic activation are highly con¬ 
served among vertebrates. Although there are some spe¬ 
cies differences, the broad outlines are present in every 
species examined, from fish to mammals. This should 
highlight how central the fight-or-flight response is for 
survival. 

Catecholamines 

The activity of the sympathetic nervous system is primarily 
regulated by a class of hormones called catecholamines. 
Epinephrine and norepinephrine are the two primary cate¬ 
cholamines involved in the fight-or-flight response. They 
are equivalent to adrenaline and noradrenaline, epineph¬ 
rine/norepinephrine being the names used in the United 
States and adrenaline/noradrenaline used in Europe. Epi¬ 
nephrine and norepinephrine are produced primarily in 
neurons (or modified neurons in the case of adrenal tissue). 
Synthesis begins with the amino acid tyrosine and ends 
with the rate-limiting conversion to norepinephrine by 
tyrosine hydroxylase. Epinephrine can then be converted 
from norepinephrine, using the enzyme phenylethanola- 
mine AZ-methyltransferase (PNMT). PNMT is then the 
rate-limiting enzyme for epinephrine production. Both 
tyrosine hydroxylase and PNMT are often the targets for 
assays and in situ localizations to determine where, and 
potentially how much, epinephrine and norepinephrine 
are being produced. 

Anatomy 

The location of epinephrine release depends in part on 
the species. In mammals, epinephrine is primarily pro¬ 
duced in the adrenal medulla - the center portion of 
the adrenal gland. The adrenal medulla is essentially a 
modified sympathetic ganglion where each secretory cell 
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is a neuron without an axon. Epinephrine and norepi¬ 
nephrine are released from two different cell populations 
in the adrenal medulla. Another major source of norepi¬ 
nephrine is nerve terminals of the sympathetic nervous 
system. Most nonmammalian species, however, lack a 
well-defined adrenal medulla. In these species, cells that 
release epinephrine and norepinephrine are embedded in 
the wall of the kidneys. These cells are called chromaffin 
and are homologous to cells in the adrenal medulla of 
mammals. The physiological responses in mammals and 
nonmammals, however, appear to be essentially identical. 
When a stressor begins, epinephrine and norepinephrine 
are released from the adrenal medulla and norepineph¬ 
rine is released from the sympathetic nerve terminals. 
Because the secretory cells are neurons, catecholamine 
release is very quick and effects can be seen in less than a 
second. 

Catecholamines orchestrate the entire fight-or-flight 
response. The amount released, however, is very impor¬ 
tant. Sympathetic activation is not an all-or-nothing 
response and the strength of the response can be modu¬ 
lated to the needs of the moment. If too little response is 
released, the impact on target tissues will be insufficient; 
too much release, however, is often fatal. Consequently, 
the amount of epinephrine and norepinephrine released 
is usually carefully titrated to correspond to the severity 
of the stressor. 

Physiological Effects 

Once released, the catecholamines exert a number of 
effects throughout the body. Catecholamine-induced 
changes in the cardiovascular system have been known 
for almost a century. Catecholamines alter the delivery of 
nutrients, especially glucose and oxygen, to the brain, 
heart, lungs, and skeletal muscles, at the cost of the 
peripheral tissues. They do this by increasing cardiac 
output, increasing blood pressure, vasodilating arteries 
in skeletal muscle, vasoconstricting arteries in the kidney, 
gut, and skin, vasoconstricting veins in general, stimulat¬ 
ing the lungs to dilate air passages, and initiating 
hyperventilation. 

Although it might seem counterintuitive that catecho¬ 
lamines would exert such opposite effects as both vasodi¬ 
lation and vasoconstriction, the explanation resides in a 
difference in receptors. Catecholamine receptors come in 
both a- and (3-varieties, both of which have two subforms 
(ai and oc 2 , Pi and p 2 ). The a-receptors have higher 
affinity for norepinephrine, whereas the p-receptors 
have a higher affinity for ephinephrine. Furthermore, 
each receptor type mediates different functions. For 
example, in arteries -receptors mediate vasoconstric¬ 
tion, whereas p 2 -receptors mediate vasodilation. How¬ 
ever, the binding dynamics of a- and p-receptors 
described earlier apply to mammals. Birds have different 


binding dynamics (both epinephrine and norepinephine 
bind preferentially to p-receptors) and other taxa may 
show slight differences as well. Consequently, the physi¬ 
ology of catecholamine function can be richly varied in 
different species. 

A second major effect of catecholamines is to increase 
the energy available to the muscles and brain, especially 
when glucose is being rapidly consumed during a fight or 
when fleeing. Catecholamines accomplish this by stimu¬ 
lating the liver to increase the production of glucose, 
specifically via glycogen breakdown, which is then 
released for delivery to peripheral tissues. The end result 
is a quick burst of glucose that can be used by muscles, the 
brain, and other essential tissues. Catecholamines also 
stimulate white adipose tissue to release free fatty acids 
that the liver can then use to produce more glucose. Once 
extra glucose becomes available in the blood stream, the 
final step in this process is to get the glucose into the cells 
that need it. Catecholamines also stimulate increased 
glucose uptake in these cells. 

A third major effect of catecholamines is to regulate a 
number of effects in the skin. Catecholamines vasocon- 
strict blood vessels in the skin in order to shunt blood 
preferentially to internal organs, stimulate sweat produc¬ 
tion, and induce piloerection, the standing up of hairs in 
their follicles. Piloerection may serve two purposes: to 
enhance heat retention and to make the animal appear 
larger and fiercer to rivals and predators. Catecholamines 
may also regulate facultative changes in skin color in some 
species, especially to hide from predators. 

Finally, the nervous system is also a major target for 
catecholamines. Their major effects in the brain are to 
increase attention and alertness. This leads to increased 
performance on cognitive tasks as well as a decrease in 
muscular and psychological fatigue. Catecholamines also 
cause the pupils to dilate, which aids in distance vision. 

Increases in Heart Rate 

Measuring the strength of the fight-or-flight response or 
even determining whether a fight-or-flight response is 
initiated, is often difficult. One problem is how fast the 
sympathetic nervous system is activated. Catecholamines 
are released into the blood so quickly that it is virtually 
instantaneous. Currently, one of the few techniques avail¬ 
able is to measure changes in heart rate as an index of 
catecholamine release. Basic regulation of cardiac func¬ 
tion is common across the vertebrates with epinephrine as 
the primary mediator of heart rate during exposure to 
a stressor. Epinephrine is released either directly from 
nerve terminals or indirectly from the adrenal and binds 
to (3-receptors on the heart. Epinephrine results in an 
increase in heart rate (tachycardia) after most stressors. 
Furthermore, the degree of tachycardia depends upon the 
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strength of the stressor - stronger stressors evoke higher 
increases in heart rate. 

The diversity of stressors that can elicit tachycardia is 
impressive. Much of the work has been done under labo¬ 
ratory conditions, where stressors such as sounds, lighting 
conditions, novel odors, confinement, and abnormal social 
groups can stimulate increases in heart rate. In addition, a 
small but growing number of studies indicate that wild 
free-living animals increase heart rate in response to 
stressors such as human disturbance, social interactions, 
and capture and handling. 

Social interactions are potent stressors that can result 
in robust tachycardia. However, animals can modulate 
these responses. For example, animals can habituate to 
intermittent social stressors, resulting over time in lower 
responses to equivalent social situations. Only the animal 
that wins the social encounter habituates, however. The 
loser retains, and even augments, its original tachycardia 
during subsequent encounters. In addition, the degree of 
tachycardia in the loser can depend upon the individual 
coping style of the animal. Animals have been shown to 
have either reactive or proactive coping styles when faced 
with novel situations. When faced with many, but not all, 
stressors, animals with reactive coping styles show a stron¬ 
ger activation of the sympathetic nervous system and thus 
a stronger tachycardia. 

Although stressors induce tachycardia, the relationship 
can be reversed experimentally. The degree of tachycar¬ 
dia can be used to infer the strength of a stressor. If a 
stimulus evokes tachycardia, it is assumed to be a stressor, 
and if stressor evokes greater tachycardia than another 
stressor, then the stressor associated with the greater 
tachycardia is assumed to be the stronger stressor. There 
are several examples of this type of work. First, increased 
crowding evokes greater tachycardia, with the subsequent 
inference that crowding is stressful to these species. Sec¬ 
ond, increases in heart rate have also been used to show 
that many species can distinguish between familiar and 
unfamiliar conspecific calls, suggesting that vocalizations 
from neighbors are less stressful than vocalizations from 
strangers. Finally, animals can have robust increases in 
heart rate by simply watching agonistic interactions by 
other animals, even though they are not directly involved. 
This bystander effect suggests that social interactions, 
even those in which the individual is not directly 
involved, can elicit far more robust responses than other 
potentially dangerous stimuli. 

In fact, tachycardia can be a more sensitive index of a 
fight-or-flight response than behavior. Animals often use 
behavior in order to avoid a costly physiological response - 
in other words, to avoid a fight-or-flight response. The 
result is that behavioral and physiological responses are 
often uncoupled. For example, an animal moving away 
from a disturbance will not necessarily be in the midst of 
a fight-or-flight response. In fact, it may be moving away 


specifically to avoid a potential stressor. Conversely, a 
number of studies have indicated that tachycardia can 
show a strong increase without any overt behavioral 
changes. Birds sitting in a nest, for example, may be 
acutely aware of a nearby predator, and show marked 
tachycardia, even though there is no outward change in 
behavior. Consequently, increases in heart rate are often 
better indicators of an underlying physiological fight-or- 
flight response than overt changes in behavior. 

Heart rate can also be used to determine whether free- 
living wild animals are affected by putative anthropogenic 
stressors. Many things that humans do, such as building 
roads, ecotourism, wilderness sports, etc., are presumed 
to serve as potent stressors to wildlife. However, this 
assumption is rarely tested. Even if these activities change 
a species’ settlement patterns or reproductive success, it is 
not necessarily true that the activities will induce a phys¬ 
iological fight-or-flight response. Implanted or attached 
heart rate transmitters, devices that collect heart rate data 
from freely behaving animals and transmit those data to 
a remote detection device, can be used to determine 
whether anthropogenic activities are, in fact, stressors. 
The evidence to date suggests that the impact of anthro¬ 
pogenic disturbances is more complex than originally 
thought. Many anthropogenic disturbances elicit robust 
fight-or-flight responses and thus can clearly be described 
as stressors, but other disturbances do not. The presence 
or absence of a fight-or-flight response may be an excel¬ 
lent diagnostic tool to determine what is, or is not, a 
stressor. 

Finally, it should be remembered that an increase in 
heart rate, driven by the sympathetic nervous system, can 
extract a heavy price. For many years we have known that 
humans can go into sudden cardiac arrest and die because 
of severe emotional trauma. Although it is unknown 
whether this occurs in wild animals, it could be the 
mechanism underlying reports of trap death where wild 
animals spontaneously die for no apparent reason when 
captured. The fight-or-flight response is clearly necessary 
to escape from predators, but the increase in heart rate 
can create its own problems. 

Decreases in Heart Rate 

The uncoupling of tachycardia and behavior points out a 
weakness of the term fight-or-flight. Not all immediate 
emergency behaviors can be easily categorized as a fight 
response or a flight response. Flight generally evokes 
images of animals running/flying away from a predator. 
However, moving toward a predator may be a better 
strategy. Several studies indicate that moving toward an 
attacking predator, thereby reducing the predator’s 
maneuvering time, can actually decrease predator success. 
In fact, often the most effective tactic is to freeze and not 
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move at all: a tactic taken to its extreme in those species 
that feign death. Furthermore, the type of tactic employed 
often varies, both between individuals and within the 
same individual over time. Sometimes the individual 
flees and sometimes it freezes. These behaviors, freezing 
or moving towards a predator, are not generally consid¬ 
ered to be part of the fight-or-flight response, yet are 
likely regulated by the same mechanisms. 

Whether an animal flees or freezes when faced with a 
predator is not always predictable, but the choices are 
mutually exclusive with respective pluses and minuses. 
Fleeing immediately is the better choice when there is 
sufficient distance and speed to outrun the predator. The 
downside is that the animal also draws the predator’s 
attention immediately and almost guarantees a chase. 
Freezing, on the other hand, may allow the animal to 
elude detection. This response is especially useful if the 
animal is not yet detected or has an asset, such as nearby 
young, that needs to stay hidden. The downside of this 
choice is that it can allow a predator to get lethally close. 
The decision whether to freeze or flee is complex, par¬ 
tially dependent upon the individual animal’s predilec¬ 
tion, its distance to a refuge, and the potential benefit of 
confusing a predator by being unpredictable. 

When an animal chooses to freeze, however, there is a 
very different change in the sympathetic nervous system. 
In general, the response is bradycardia, not tachycardia. 
A classic example is the feigned death of species like the 
opossum. When faced with a predator, the animal will 
become limp and nonresponsive to poking and prodding. 
This behavioral response is accompanied by a marked 
bradycardia. Heart rate plummets regardless of the behavior 
of the predator. Bradycardia makes sense in this context - 
if the goal is to appear dead, then decreasing heart rate 
helps to damp any behavioral and/or physiological 
responses. Once the danger has passed, however, the classic 
sympathetic response resumes and a strong tachycardia 
ensues. Interestingly, freezing behavior is rarely, if ever, 
seen in captive animals. Sympathetic activation, with its 
associated tachycardia, appears to be the default response. 
Freezing, with its attendant bradycardia, appears to 
require a specific context that is absent in caged animals. 

Seasonal Differences in the Fight-or- 
Flight Response 

All animals seasonally adjust behavioral and physiological 
responses. Cardiovascular function and the underlying 
fight-or-flight response is no exception. For example, 
resting heart rate is lower during the winter than during 
the summer for many species. In general, seasonal changes 
are linked to a lower energetic demand resulting from a 
lower winter metabolism. However, there are also seasonal 
differences in sympathetic activation in response to a 


stressor. The fight-or-flight response can be modulated 
depending upon the life-history stage. For example, ani¬ 
mals can show a stronger fight-or-flight response to con- 
specific crowding when they are defending territories in 
the spring than when they are gregarious in the winter. The 
fight- or flight response can also be modulated depending 
upon the physiological state of the animal. When an ani¬ 
mal is in a particularly energy-intensive period, such as 
molt or pregnancy, the fight- or flight response can be 
dramatically suppressed. The lack of response highlights 
that the magnitude, and perhaps even the presence, of a 
fight-or-flight response may depend upon the season and/ 
or physiological state of the animal. 

Seasonal and life-history-stage differences in the fight-or- 
flight response are not well studied. However, understanding 
how and when sympathetic responses are modulated should 
provide important insights into the survival benefits of the 
generalized fight-or-flight response. The modulation of 
sympathetic activation may be related to seasonal changes 
in the prevalence and severity of stressors. The end result 
would be an animal fine-tuning its fight-or-flight response 
in order to maximize effectiveness. 

Sympathetic Responses During Chronic 
Stress 

The fight-or-flight response seems well-suited to help an 
animal cope with short-term emergency situations. If a 
stressor continues for a long time, however, or if a series of 
short-term stressors continues in rapid succession, many of 
the short-term emergency responses can themselves become 
damaging. When this occurs, it is called chronic stress. The 
constant and/or repeated initiation of the fight-or-flight 
response can lead to profound disruption of the sympathetic 
nervous system. For example, chronic stress can lead to 
coronary heart disease in both humans and animals. 

Many studies indicate that, over time, chronic stress 
leads to a lowering of the magnitude of heart rate eleva¬ 
tions in response to a variety of stressors. In other words, 
chronic stress leads to a damping of the fight-or-flight 
response. The chronically stressed animal can no longer 
mount a robust sympathetic response to a novel stressor. 
This decrease is often interpreted as habituation to the 
stressor, but other data suggest that this might be too 
simple an explanation. Stores of both epinephrine and 
norepinephrine are depleted during chronic stress, 
which results in diminished release of both hormones. 
This appears to be the underlying mechanism that results 
in the attenuated fight-or-flight response. 

If the fight-or-flight response is indeed down-regulated 
during chronic stress, it would have tremendous fitness 
implications. An appropriate fight-or-flight response, 
necessary to survive stressors in the wild, would be com¬ 
promised. This suggests that chronic stress greatly impacts on 
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an animal’s potential survival, especially in terms of evad¬ 
ing predators. 

In contrast, other studies show long-term increases in 
heart rate during chronic stress. The increase is in both 
basal heart rates, indicating chronic sympathetic over- 
stimulation, and in the heart rate response to a stressor, 
that is the fight-or-flight response. The underlying mech¬ 
anism appears to be increased synthesis and storage of 
catecholamines, which may allow the animal to respond 
stronger to a novel stressor. 

Note that the two sets of studies come to completely 
opposite results. One set shows a decrease in catechola¬ 
mines, leading to decreases in the fight-or-flight response, 
and the other set shows an increase in catecholamines, 
leading to increases in the fight-or-flight response. The 
reasons for this disparity are currently unknown, but a 
difference in individual coping styles is one candidate. 

The impact of heart rate changes during chronic stress 
could also be ameliorated over the course of the day. In 
some models of chronic stress, the heart rates recover 
quickly once the chronic stress ends. This suggests that 
the chronic stress-induced changes are not long-lasting. 
Furthermore, most chronic stress models apply stressors 
only during a portion of the 24 h cycle (e.g., during the 
active period). The heart rate can often recover and even 
overcompensate during nonstress periods (e.g., during the 
sleep period). Because mounting a fight-or-flight response 
is costly energetically, the heart rate changes at night 
might be an attempt to balance the daily energy budget 
and compensate for the energy lost when responding to 
the chronic stress. 


See also: Conservation and Anti-Predator Behavior; 
Defense Against Predation; Ecology of Fear; Stress, 
Health and Social Behavior; Trade-Offs in Anti-Predator 
Behavior; Vigilance and Models of Behavior. 
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Introduction 

Application of the term, migration, to fishes generally 
adheres to the definition originally proposed by ecolo¬ 
gist Walter Heape and refers to predictable movements 
between areas or habitats, related to resource availability, 
in which the migrants are compelled to return to their 
place of origin. This concept guided early classifications 
of fishes based on their migratory habits, but the preva¬ 
lence of migration among the fishes remains difficult to 
quantify for three primary reasons. First, a wide range of 
definitions for migration are commonly used (both explic¬ 
itly and implicitly) in current literature (see below for the 
concept adopted here). Second, the temporal and spatial 
characteristics of movements in fishes represent conti¬ 
nuums and are therefore, not always amenable to classifi¬ 
cation. Alexander Meek recognized this fact nearly a 
century ago and asserted that the majority of fish species 
are migratory to some degree. Third, large gaps still exist 
in our knowledge of movement and life history patterns 
in many fish taxa. Due to these difficulties, attention to 
migration has focused on the 1% of fishes (~300 species) 
that make ‘extensive’ migrations. The distinction of 
‘extensive’ migrations is arbitrary, and often biased toward 
species that are of economic importance and make long¬ 
distance migrations with seasonal periodicity. Migratory 
species (primarily, anchovies; shads and herrings; hakes 
and cods; and mackerels and tunas) account for most of 
the catch among fisheries worldwide and, consequently, 
also account for the greatest body of published research 
on fishes. Nevertheless, cyclical, to-and-fro movements 
exist in fishes over many spatial and temporal scales, and 
sometimes, across generations. Thus, it is important to 
recognize that small spatial and short temporal scale 
movements of one species may have the same adaptive 
significance (i.e., increased fitness) as the extensive migra¬ 
tions seen in other species. For example, many live-bearing 
poecilid fishes (e.g., guppies) have life spans less than 
1 year and make migrations of several hundred meters 
that are extensive in the context of their life histories. 

Though many definitions of migration exist, perhaps the 
most inclusive one defines migration as an adaptive response 
to spatial changes in the availability of resources andj or mortality 
risk. This definition applies to disparate taxa and yet recog¬ 
nizes migration as a singular phenomenon different from 
other types of movement. At the level of the individual, a 
hallmark of adaptive migration is uninterrupted movement 


in which reactions to stimuli, such as suitable habitats or 
forage, are temporarily suppressed. At the level of the 
population, migration is a hypothesis to explain seasonal 
or other cyclical changes in the distribution of individuals. 
Thus, migration is central along the continuum of move¬ 
ments represented by foraging and commuting (see section 
Vertical Migrations for an example) at one end and ranging 
or natal dispersal (i.e., metapopulation dynamics) at the 
other. Here, our intention is to introduce the major patterns 
and scales of migration in fishes, along with examples, some 
of which are not commonly cited. We first provide a short 
background outlining the historical context for considering 
the adaptive function of migration in fishes. We also 
emphasize insights that have been gained from the study 
of intrapopulation variability in migration. Finally, we 
examine the great diversity of migratory patterns found 
in fishes, applying traditional classifications and terminol¬ 
ogy. The key references and vocabulary in this summary 
should provide the reader with a synoptic understanding 
and productive directions for further study of migration in 
this incredibly diverse group of vertebrates. 

Adaptive Function of Migrations 

The evolution of migratory behavior requires interaction 
between multiple genetic determinants and environmen¬ 
tal factors. The resulting suite of physiological and behav¬ 
ioral character states associated with migration thus has 
a complex explanation representing what some have 
termed a migratory syndrome. One prominent example 
is the preemptive changes in morphology, coloration, 
osmoregulation, growth rate, and rheotaxis that accompany 
smoltification (metamorphosis from a stream-dwelling to 
a marine form) and prepare juvenile salmon to leave natal 
streams and survive at sea. To be adaptive, such changes 
must provide distinct advantages in terms of reproductive 
opportunities, energetics, and/or survival of the individ¬ 
ual that outweigh the costs of movement and risks of 
starvation, predation, and reproductive failure as well as 
the costs and risks of not migrating. Further, the adaptive 
advantage of migration may be condition-dependent such 
that an individual may have higher fitness by becoming a 
nonmigratory resident (see section Partial Migration). 

At the level of the population, ontogenetic niche shift 
(ONS) theory provides great insights to the adaptive 
function of migration. ONS theory predicts the body 
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size at which a change in niche (e.g., habitat, diet, and 
behavior) would provide an adaptive advantage by mini¬ 
mizing the ratio of mortality to growth. Interestingly, 
movement to a niche with higher mortality may be favored 
if there are sufficiently high opportunities for resource 
acquisition. More importantly, the ONS concept can be 
extended to reproductive stages as much as individual 
growth and cohort biomass are related to fecundity and 
fertility. For the vast majority of egg-laying fishes, fecun¬ 
dity increases approximately as a cubic function of length; 
therefore, at least in females, strong selection for mini¬ 
mizing the mortality-to-growth ratio should be expected. 
In practice, understanding how this dynamic operates can 
be far more difficult because the migration activity may 
impose significant energetic costs with attendant conse¬ 
quences for growth (or achievable size) in the alternative 
habitat and/or energy allocated to reproduction. 

Recognizing that a migration involves numerous char¬ 
acter states and evolves in response to a suite of factors, it 
is clear that the ultimate cause for migration can vary 
substantially across species. In the earliest works on animal 
movements, migrations were classified as alimentary, gametic, 
or climatic based upon endogenous considerations of the 
primary motivation for movement. With the application of 
the definition of migration we have adopted, this scheme 
provides an effective context for developing and testing 
hypotheses about migration, but we also note that refuge 
migrations are an additional category to include. 

Gametic Migrations 

Gametic migrations are movements that increase repro¬ 
ductive success of individuals by promoting gonad devel¬ 
opment, increasing sexual encounter rates, or increasing 
the survival of offspring. Gametic migrations are complex 
and highly evolved and the consequence of not migrating 
is often reproductive failure. In fishes, gametic migrations 
are often tied to geographical locations (e.g., larval reten¬ 
tion areas) or a specific type of habitat. The most impres¬ 
sive and well-known gametic migrations in fishes are seen 
in those that migrate between freshwater and saltwater 
during specific life stages to reproduce (see section 
Diadromy). 

Alimentary Migrations 

Alimentary migrations are those that increase trophic 
success by allowing access to new or more abundant 
prey resources or by decreasing competition for available 
prey. A majority of the migratory patterns exhibited by 
fishes are alimentary in function and may occur over 
widely varying scales dependent upon life stage. Trophic 
movements, referred to as migrations, often occur on tidal, 
diel, lunar, and seasonal temporal scales as well as a wide 
range of horizontal and vertical spatial scales. Thus, the 


correlated changes in forage resources may be repre¬ 
sented by short-term accessibility to intertidal habitats 
exploited by many drum species (family Sciaenidae) and 
also broad-scale synchrony between the movement of 
some planktivorous elasmobranchs (e.g., whale sharks 
and mantas) and the spawning episodes of corals and 
reef fishes. 

Climatic Migrations 

Climatic migrations are driven by physiological toler¬ 
ances of individuals to environmental factors such as 
temperature or salinity. Climatic forcings are often the 
proximate causes for migrations that ultimately serve to 
increase foraging or reproductive success. Nonetheless, 
consideration of climatic migrations is critical because 
energetic costs and mortality risks are often greatly increased 
for individuals that fail to migrate. An important distinc¬ 
tion for climatic migrations is that movement occurs 
despite the immediate presence of sufficient foraging 
opportunities in the initial habitat. For example, in many 
temperate estuaries, boreal species may temporarily fill 
the niches of temperate species that have migrated due to 
seasonal declines in water temperature. 

Refuge Migrations 

Refuge migration functions directly to decrease the risk of 
mortality from predation. Often, refuge habitats are inac¬ 
cessible to predators due to physical (e.g., water depth) or 
physiological (e.g., salinity) tolerances. However, complex 
habitats may also serve as refuges even in the presence of 
predators by allowing concealment. In addition, juveniles 
of many species migrate to distinct nursery habitats that 
provide refuge but are also highly productive forage areas; 
therefore, migration has both refuge and alimentary pur¬ 
poses. Compared to the other categories, the refuge func¬ 
tion of migration has probably received the least attention, 
though experiments to test proximate mechanisms of the 
refuge hypothesis might easily be constructed through 
manipulations of food supply. 

It is important to emphasize that fish migrations often 
entail a combination of the above motivations, and when 
adaptive advantages are gained in more than one of these 
dimensions, we frequently observe a highly stereotyped 
life history pattern. This point is best illustrated by the 
large body of research on salmon species in which the 
downstream removal migration of juveniles provides a 
different adaptive advantage than the return migration 
of adults. Smoltification and downstream migration in 
salmon during a nonreproductive life stage are likely 
driven by higher productivity in coastal habitats. The 
advantages of shifting to a marine environment include 
increased forage and reduced intraspecific competition 
compared to stream habitats, fitting the paradigm of an 
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alimentary migration. The return migration to spawn 
involves cessation of feeding and loss of energy reserves 
from upstream movement that are typically between 50% 
and 70%. Because the return of adults entails natal hom¬ 
ing mechanisms, reproduction, and death (in some spe¬ 
cies), this migration is clearly gametic. As expected, we 
also find a similar degree of highly stereotyped life history 
complexity in other diadromous species (see section 
Diadromy). 

Intrapopulation Variability 

Most empirical insights about the interplay between the 
genetic architecture and phenotypic plasticity of migra¬ 
tion have been gained through investigations of individual 
variability in the occurrence or magnitude of migration. 
This variability generally falls into two categories: partial 
migration , where only a fraction of individuals migrate, and 
differential migration , where the pattern of migration varies 
among population segments (e.g., between sexes or life 
stages). Examining this variability provides opportunities 
to learn how obligately migratory populations evolve or 
how some species can establish migratory populations 
from nonmigratory ones and vice versa. More impor¬ 
tantly, when this intrapopulation variability persists, we 
are faced with a more complex challenge for conservation 
or resource management that demands an understanding 
of its adaptive significance. 

Partial Migration 

A growing body of research indicates that, for a given 
genetic architecture, migratory versus nonmigratory life 
history alternatives represent tactics dependent upon the 
condition of the individual. Condition-dependent migra¬ 
tion presumes that the individual can somehow evaluate 
its own situation (resource acquisition rate, mortality risk, 
and/or competition) when ‘deciding’ (unconsciously) 
whether to migrate. Support for condition-dependent 
migration comes from information on other animals, and 
in fishes, manipulative experiments have demonstrated 
phenotypic plasticity where transplanted nonmigratory 
fish became migratory and where manipulated nutritional 
states determined migratory tendencies. The interesting 
question is why partial migration is a persistent phenom¬ 
enon in many migratory fish populations. 

Evolutionary biologist, Mart Gross, produced a classic 
example that illustrated how condition-dependent phe¬ 
notypic plasticity could be involved in maintaining partial 
migration for Oncorhynchus kisutch , coho salmon. In Gross’s 
study, most male coho salmon either matured precociously 
and remained resident in freshwater (jack) or became 
migratory and matured later at a larger size (hooknose). 
The conditions that lead to either life history alternative 


appeared to be linked to parr body size, which is influ¬ 
enced by multiple factors (e.g., maternal effects, emer¬ 
gence time, growth-rate, intraspecific interactions, and 
hydrological conditions) such that any individual male pre¬ 
sumably could adopt either tactic. Hooknose males typi¬ 
cally exhibited a fighting behavior to gain access to 
females for spawning, whereas jacks typically exhibited a 
sneak-spawning tactic. More importantly, the breeding 
success of the jacks was dependent upon the frequency 
of hooknoses in the population and vice versa. Overall 
reproductive success was reduced when there were too 
many hooknose males (interference between males 
defending territory) or too many sneaker males, which 
require hooknose males in order to spawn successfully. 
This negative frequency-dependent selection leads to an 
evolutionarily stable strategy with both male life histories. 
Similarly, density-dependent (as opposed to frequency- 
dependent) effects on reproductive success or survival in 
a particular habitat could promote partially migratory 
populations. In addition, when there are multiple optimal 
habitats depending upon the particular condition and 
mortality risk, partial migration may include a gradient 
of tactics. 

Differential Migration 

Migration patterns that vary as a function of sex or age can 
be observed in both immature and reproductive life 
stages. In juvenile fishes, differential migrations are often 
a balance between obtaining a trophic advantage (alimen¬ 
tary) and seeking physical protection (refuge). Larger or 
older conspecifics may become migratory due to trophic 
requirements and size-based reductions in mortality risk. 
Alternatively, density-dependent competition in a habitat 
with low mortality risk may result in differential migra¬ 
tion of inferior competitors. Considering the entire life 
cycle, a reduced tendency to migrate can provide a repro¬ 
ductive advantage by allowing some individuals to remain 
in close proximity to the spawning area and reduce ener¬ 
getic costs associated with migration or gain priority in 
the selection of reproductive habitats. When differential 
migration occurs at a mature life stage, requirements of 
parental care may have a dramatic influence on observed 
patterns. The most striking examples of sexual differences 
in migration occur in species that employ internal fertili¬ 
zation. Both sexes necessarily exhibit a gametic migration 
to a common geographical location for mating, but 
females (or in rare cases, brooding males) show an addi¬ 
tional migratory phase to specific regions or habitats for 
parturition. As the gametic contribution of the males ends 
at mating, they do not participate in this migration phase. 
For example, sandbar sharks, Carcharhinus plumbeus, in the 
western North Atlantic exhibit ontogenetically and sexu¬ 
ally differential migrations that serve a variety of adaptive 
functions (Figure 1). 
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Figure 1 Major patterns of migration in the sandbar shark, Carcharhinus plumbeus, in the Northwest Atlantic Ocean. Sandbar sharks 
are born in warm-temperate estuaries (e.g., Chesapeake Bay), which serve as primary nurseries, providing forage and refuge from 
predation during the first summer. The juvenile sharks undergo a climatic migration south to wintering areas in the fall and a return 
alimentary/refuge migration to the natal estuary the following summer. This migration pattern is repeated annually until they are at least 
7 years of age but is ontogenetically differential. Very young sharks (<3 years) use the estuary during summer (a) and overwinter in 
relatively shallow coastal waters (b). Older sharks (4-8 years) are larger and more vagile, and therefore are less susceptible to predation 
and can exploit additional habitats. The summer habitats used by these older juveniles are in nearshore coastal waters (c) adjacent to 
and north of the natal estuary and the wintering areas are progressively expanded southward and to deeper waters (d). Juvenile female 
sandbar sharks maintain this migratory pattern until about 12 years of age while juvenile males older than age 7 rarely return to the natal 
region, a sexual difference that is likely linked to sexually differential migration of adults. Adult females (>15 years) are philopatric, 
making gametic migrations to their natal estuaries for parturition on a 2-year cycle (e). This adult migration is not exhibited by male 
sandbar sharks. Many subadult and adult sandbar sharks of both sexes overwinter nearshore off the east coast of Florida (f), though 
some move into the Gulf of Mexico, concentrating along the edge of the continental shelf (h). Some sandbar sharks, especially 
nonpregnant (resting) females, remain in southern waters year-round while others, especially adult males, migrate to foraging areas 
along the edge of the continental shelf off the northeast coast of the United States during summer (g). This diagram is based primarily on 
the work of R. D. Grubbs and J. A. Musick (Virginia Institute of Marine Science). 


Migratory Patterns 

The Greek term dromos translates to ‘running’ or ‘race’ 
and is the root for describing the major migratory patterns 
in fishes. The terms anadromy (up-running) to describe 
migration from the sea into freshwater and catadromy 
(down-running) to describe migration from freshwater 
to the sea dates back nearly a century. These terms origi¬ 
nally described migrations toward spawning areas; how¬ 
ever, their use has broadened their use to refer to any 
inshore or upstream migration as anadromy and any off¬ 
shore or downstream migration as catadromy. The wider 
use of the terms complicated their meanings, but ichthy¬ 
ologist George Myers brought some consistency to the 
nomenclature in the later 1940s by introducing the term 
diadromy (through-running) to include all true migrations 
between marine and freshwater habitats while preserving 
the original definitions of anadromy and catadromy. 
Myers also introduced the term amphidromy to describe 
diadromous fishes that migrate between freshwater and 


seawater for purposes other than spawning. In addition, 
the terms oceanodromy and potamodromy (Greek potamos = 
river) were introduced to describe those migrations that 
take place wholly in seawater or freshwater, respectively. 

Diadromy 

Although diadromy is exhibited by only ~1% of fish 
species, ~27% of recent scientific literature on fish 
migration addresses this narrow topic. In part, the bias is 
due to a small number of diadromous species that support 
highly productive and valuable fisheries such as Pacific 
salmon or anguillid eels. Another related bias is that much 
more is known about the habits of diadromous species 
during the freshwater phase of life due to the relative 
difficulties of studying fish behavior in the open ocean. 
Sea-going habits of Pacific salmon are poorly understood 
and the specific marine spawning locations of anguillid 
eels are still unknown. An obvious predisposition for the 
evolution of diadromy is the ability to switch reversibly 


































































































Fish Migration 719 


between hypo- and hyper-osmoregulation. In addition, 
since many diadromous species are semelparous (repro¬ 
ducing once before death; e.g., anadromous salmon spe¬ 
cies), we find elaborate sensory capabilities (rather than 
social learning mechanisms) adapted for natal homing, 
including olfactory imprinting and mechanisms for geo¬ 
magnetic and celestial navigation. 

Anadromy and Catadromy 

The adaptive significance of migration likely has similar 
origins in anadromy and catadromy, and is linked to 
productivity differences between adjacent marine and 
freshwater ecosystems. As a percentage of diadromous 
species, anadromy predominates in the northern hemi¬ 
sphere where ocean habitats are more productive than 
adjacent freshwater habitats. Likewise, in the southern 
hemisphere where ocean and freshwater primary produc¬ 
tion rates are more similar, catadromy is more frequent. 
The advantages of a more productive environment are 
apparent in the faster growth rates of migratory versus 
nonmigratory individuals in many salmonid populations. 
Faster growth and larger size leads to earlier maturation 
and greater potential for gamete production. As catadro- 
mous and anadromous species are sympatric in some 
freshwater systems (e.g., American shad and American 
eel populations), an additional consideration for the 
ocean productivity hypothesis is ancestral legacies. 
Salmon populations introduced into southern hemisphere 
rivers retain anadromous behavior, and the ancestral ori¬ 
gin of catadromous eels in the northern hemisphere is 
likely the tropical regions of the southern hemisphere. 

Atlantic or Pacific salmon are the archetypal examples 
of anadromy, but temperate sea basses (Moronidae), alo- 
sine shad, and sturgeons are also well-known examples 
from the northern hemisphere. Within these, there is a 
wide range of migration distances. Some shad and salmon 
species migrate over 1000 km inland with an accompany¬ 
ing elevation change of 1 km. By comparison, anadromous 
migrations of some temperate sea basses do not extend 
beyond the influence of tides. Classic examples of catadr¬ 
omy are American and European eels, which have broad 
freshwater distributions as juveniles occupying nearly 
every catchment in subtropical, temperate, and boreal 
climates of the northern Atlantic. Both eel species undergo 
a striking metamorphosis (transforming from juvenile yellow 
eels to nonfeeding mature silver eels) and migrate to an 
unknown location in the Sargasso Sea where they spawn 
and die. 

There is growing knowledge of the importance of 
partial migration in anadromy and catadromy which 
may manifest as multiple distinct and persistent migra¬ 
tory modes, referred to as contingents in the fisheries sci¬ 
ence literature. Temperate sea basses, such as white perch 
(Morone americana ), typify this wide variation in partial 



Figure 2 Life cycle diversity and migratory pathways of an 
anadromous temperate sea bass (Morone americana). White 
perch exhibit partial migration characterized by early life 
differences in habitat use that perpetuate into adulthood. 
Migratory adults make gametic migrations (dotted arrows) to 
common, spatially limited freshwater environments where 
nonassortive mating with nonmigratory individuals occurs. 
Seasonal refuge and foraging migrations are also observed as 
upstream-downstream (vertical dashed arrows) and littoral 
movements (horizontal dashed arrows). Eggs and larvae develop 
in tidal freshwater, and upon metamorphosis, juveniles may take 
up residence in the natal freshwater habitats or disperse to 
brackish habitats. This pattern is related to growth performance 
early in life with correlation between faster larval growth and 
nonmigratory behavior. The disparity in larval growth is reversed 
later in life when migratory adults exhibit faster growth rates and 
attain larger size. In addition, infrequent strong year-classes (gray 
arrows) generate a higher proportion of migratory individuals; 
therefore, the biomass productivity is primarily determined by the 
migratory fraction of the population. The relative reproductive 
contribution of nonmigratory individuals becomes increasingly 
important when conditions for early life survival are poor and 
ensures some reproductive success during such episodes. 
Some nonmigratory adults may become migratory later in life, 
and this may be due to higher than average growth performance 
of these individuals. This diagram is based primarily upon the 
works of R. T. Kraus and D. H. Secor (University of Maryland). 

migration (see Figure 2). The diversity of individual 
migratory behaviors may also help to resolve the paradox 
of catadromy in anguillid eels in the northern hemisphere. 
There is evidence that eel catadromy may be facultative, 
and a few researchers have posited that freshwater eels 
make an insignificant reproductive contribution to the 
population. Instead, most population productivity appears 
to occur in more productive, coastal marine habitats, 
which supports the ocean productivity hypothesis of 
diadromy. 

Amphidromy 

The ocean productivity hypothesis does not fully explain 
the adaptive function of amphidromy. Amphidromy has 
been a source of much debate and confusion, and most 
recent discussions have restricted its definition to freshwater 


























720 Fish Migration 


amphidromy only. While Myers, in his original descrip¬ 
tion of amphidromy, identified the freshwater amphidro- 
mous gobies of the genus Sicydium as the representative 
example, he also recognized that marine amphidromy is 
probably more common than realized. 

The pattern of freshwater amphidromy is well docu¬ 
mented. Spawning, egg development, and hatching occur 
in freshwater, followed by the immediate transport of 
larvae through entrainment downstream into marine 
habitats. The juveniles spend a relatively short time in 
seawater and then actively migrate back into the streams 
or rivers where most somatic growth, as well as matura¬ 
tion and spawning, occur. Most fishes that exhibit this 
pattern are riverine species associated with oceanic 
islands. The streams associated with many oceanic islands 
are small high-velocity torrents that flow through com¬ 
plex and steep terrain. The upstream migrations of tiny 
juveniles of these species can be incredibly impressive. 
The endemic Hawaiian goby Lentipes concolor may climb 
vertical waterfalls and damp rock walls more than 100 m 
in height to reach the natal habitat. Fish migration expert, 
Robert McDowall, hypothesized freshwater amphidromy 
to be an island adaptation related to the colonization and 
recolonization of obligatory, spatially limited freshwater 
habitats after calamities such as volcanic eruption. Con¬ 
sidering this, freshwater amphidromy lies at the ranging 
end of the migration spectrum, and is thus most important 
as a metapopulation phenomenon, an idea supported by 
recent analyses indicating genetic homogeneity among 
conspecific populations. 

Marine amphidromy may be more common than pre¬ 
viously realized because most amphidromous species 
appear to exhibit this behavior facultatively. Many marine 
coastally spawning species make significant migrations 
into freshwater habitats during early life and return to 
the sea as juveniles, supporting predictions that marine 
amphidromy may be more widespread than freshwater 
amphidromy. The distances and speed traveled often 
exceed the swimming capabilities of larvae, thus selective 
tidal stream transport (see section Vertical Migrations) is 
a key migration mechanism during early life. Transport 
of larvae into freshwater estuarine habitats may result 
in increased growth rates and reduced mortality due to 
increased feeding opportunities and turbidity, thus reduc¬ 
ing recruitment variability. Subsequently, these species 
return to coastal marine habitats where reproduction 
and, for some, the majority of somatic growth occurs. 
These species are often estuarine-dependent and rarely 
move into nontidal freshwater habitats. North American 
examples include Atlantic menhaden, Atlantic needlefish, 
temperate drum species, and some flatfishes. As freshwa¬ 
ter habitat use is facultative in these species, they are not 
typically classified as diadromous. Future research on fish 
migration should include reevaluating the condition of 
diadromy in these and other coastal and estuarine species. 


Oceanodromy 

Migrations occurring entirely at sea are not easily char¬ 
acterized because many forms operate on varied spatial 
and temporal scales, and some are not as regimented as 
diadromous migrations. One critical difference between 
diadromy and oceanodromy involves the role of rheotaxis 
and currents. Freshwater movements in diadromous 
migrations involve adaptations to deal with primarily 
unidimensional currents that vary only on temporal 
intensity. In contrast, current regimes in oceanic environ¬ 
ments occur in three spatial dimensions simultaneously 
and are typically weaker and more variable than those in 
freshwater. Further, gyres and counter currents are com¬ 
mon, and movement perpendicular to currents can pro¬ 
mote physical entrainment and retention within a specific 
geographical area. These movements cost far less in terms 
of lifetime energy budgets than the upstream movements 
of diadromous migrations. It is not surprising, therefore, 
that the migratory patterns of oceandromous fishes initi¬ 
ally appear less complex and regimented, but a closer 
examination reveals a complexity, which indicates that 
these patterns are no less significant to the evolutionary 
success of marine fishes. 

Open ocean 

Many oceanic migration patterns are linked to highly 
persistent oceanographic currents. Large pelagic fishes, 
such as tunas, are of high economic value and have gar¬ 
nered much attention from researchers. The migratory 
patterns of some species are highly regimented and typi¬ 
cally include three fundamental component migrations to 
spawning areas, feeding areas, and wintering areas, a pat¬ 
tern described by fish ecologist, Roy Harden Jones, as a 
migration triangle. The migration of adults to spawning 
grounds is adaptive by increasing the encounter rates of 
reproductive individuals, and spawning grounds are 
located where pelagic eggs and larvae will be retained in 
areas that promote development, feeding, and growth. 
Spring and summer migrations of juveniles and adults to 
separate feeding grounds, often in productive waters that 
are physiologically intolerable in winter, serve an ener¬ 
getic function maximizing growth, maturation rate, and 
gonadal development. Juveniles typically alternate sea¬ 
sonally between feeding areas and wintering areas, while 
adults rotate between feeding areas, wintering areas, and 
spawning areas. This pattern of oceanic migration is much 
more prevalent for pelagic fishes that have feeding areas in 
temperate latitudes but spawn in subtropical latitudes (e.g., 
Figure 3, bluefin tuna — Thunnus thynnus). Many tropical 
pelagic fishes (e.g., yellowfin tuna, Thunnus albacares) have 
poorly defined gametic migrations because spawning may 
occur over broad areas or throughout the year whenever 
water temperature and nutritional state promote gonad 
development. Migrations in these species often facilitate 
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Figure 3 Ocean basin scale migration patterns of Atlantic bluefin tuna. Owing to the high metabolic rate and endothermy in this 
species, seasonal foraging areas (hashed areas) and individual foraging movements may span the entire Atlantic Ocean and a wide 
range of temperatures. Concordant with the concept of alimentary migrations, individual movements within these vast areas correlate 
strongly with temporal changes in food supply and are to some degree anticipatory because of predictable seasonal occurrences of 
these fishes throughout their range. Despite extensive mixing during seasonal feeding migrations, gametic migrations (black arrows) to 
principal spawning locations (green areas) isolate western Atlantic (red) from eastern Atlantic populations (blue). Juveniles in the 
Mediterranean Sea may remain there for multiple years until they migrate into the Atlantic. Partial migration may be occurring in 
populations of the Mediterranean Sea as size (and presumably growth) may determine the tendency to migrate. By comparison, there 
are no resident bluefin tuna in the Gulf of Mexico. Adults leave immediately after spawning, and juveniles migrate to the Atlantic during 
the first 3-6 months of life. Overwintering areas (black outlines) appear to be concentrated within limited subregions of the seasonal 
foraging range, but unlike the gametic migrations mixing between western and eastern populations can occur. The boundaries of these 
migration areas vary on decadal and interannual scales. The migration of Atlantic bluefin tuna has been revealed primarily through 
electronic tagging methods and the synthesis of information on the species’ biology and population structure. Many researchers 
deserve credit here, and a good starting place for further reading is the work of J. R. Rooker (Texas A&M University). 


arrival at discreet locations coinciding with concentrated 
forage that is temporally predictable (e.g., mesopelagic 
shrimp spawning on seamounts) or they follow major 
oceanographic features to remain in relatively productive 
areas (e.g., convergence zones) throughout the year. 

Coastal ocean/estuaries 

Coastal and estuarine fishes exhibit a wide array of migra¬ 
tory behaviors, including migratory circuits between win¬ 
tering areas, feeding areas (and refuges), and spawning- 
areas similar to the patterns described for the pelagic 
fishes. The sea-snail (Liparis liparis ), a confusingly named 
marine fish, lives 1 year but has a highly regimented 
migration pattern. Spawning takes place in coastal marine 
waters, but juveniles migrate to inshore estuaries for trophic 
benefits and refuge. The following fall, sea-snails leave 
the estuaries on a gametic return migration to coastal 


spawning areas with the specific habitats (demersal 
hydroids) necessary for egg deposition. 

Reef fishes often have very precise diel and seasonal 
alimentary migrations, and regimented gametic migra¬ 
tions. Adults of some coral reef taxa migrate seasonally 
to discrete areas that aggregate spawners (e.g., groupers 
and snappers), while others move to specialized habitats 
to deposit demersal eggs (e.g., damselfishes). The larvae of 
many reef fishes settle in seagrass meadows and man¬ 
groves that serve as nursery habitats. With growth, the 
juveniles egress to intermediate patch reefs before ulti¬ 
mately migrating to adult habitats. Many reef fishes exhibit 
precise diel (crepuscular) movements between resting and 
foraging areas. Some tropical haemulids (grunts), for 
example, aggregate at specific sites on reefs or in man¬ 
grove habitats during the day but disperse in dendritic 
patterns at sunset into seagrass habitats to forage. At 
sunrise, they follow the same course, returning to the 
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highly conserved aggregation sites. These movements do 
not result in displacement outside the fish’s normal home 
range and may be considered ‘commutes’ rather than true 
migrations. However, they are invariably referred to as 
migrations in the literature. 

Deep sea 

The study of migration in deep sea fishes is in its infancy, 
but it is likely that many deep sea fishes exhibit highly 
developed gametic and alimentary migrations. While most 
abiotic factors (e.g., temperature, salinity, and dissolved 
oxygen) vary little below 1000 m, primary production of 
phytoplankton and the resulting vertical fluxes of carbon 
vary on multiple temporal scales, especially lunar and sea¬ 
sonal. Some bathyal fishes (species occurring 200-4000 m 
deep) such as orange roughy ( Hoplostethus atlanticus) range 
widely through most of the year but make seasonal gametic 
migrations hundreds of kilometers to discrete spawning 
sites. Similarly, many large mesopelagic fishes that live 
most of the year on the lower continental slope migrate to 
bathymetric features such as the shelf/slope break to spawn 
(e.g., the gempylid, Thyrsites atun). 

Littoral Migrations 

Littoral migrations specifically refer to those occurring in 
the littoral (i.e., intertidal) zone; however, the term is often 
applied to any migrations occurring between inshore and 
offshore or between shallow and deep waters. By this 
expanded use, littoral migrations may occur in freshwater 
as well as marine habitats and with tidal to seasonal 
periodicities. Many fishes that inhabit rocky and muddy 
intertidal shores (e.g., gobies, blennies, and sculpins) migrate 
with the ebb and flood of tides, exploiting resources that 
are inaccessible to subtidal competitors while avoiding 
most marine predators. Thereby, these migrations serve 
alimentary and refuge functions. Abiotic factors (temper¬ 
ature, salinity, pH, and dissolved oxygen) vary dramati¬ 
cally in littoral habitats, and tidal or seasonal movements 
(climatic migrations) are often necessary for fishes to 
remain within physiological tolerances. Littoral migra¬ 
tions serving gametic functions are also common. Many 
atheriniform fishes (silversides and grunions) migrate 
inshore to spawn with fortnightly frequency. Spring high 
tides provide the only access to appropriate habitats 
for embryonic development. Silversides need access to 
rooted vegetation in intertidal areas for the attachment 
of filamentous eggs, while grunions lay eggs in the moist, 
warm sand above the high-tide line where abrasion is 
minimized. 

Potamodromy 

Less than 0.01% of all water on Earth is contained in 
freshwater lakes, rivers, and streams, yet ~40% of all 


fishes, nearly 12 000 species, live exclusively in freshwater. 
The migratory patterns of such a diverse fauna are not 
well described. Most freshwater ecosystems are strongly 
seasonal in terms of temperature, pH, and flow (or avail¬ 
ability of water); therefore, spawning is also strongly sea¬ 
sonal. Most freshwater fishes have demersal eggs that are 
typically larger and higher in yolk content than marine 
fishes, adaptations that prevent loss of offspring to down¬ 
stream transport and high predation in a spatially limited 
habitat. Spawning requires migrating to areas that meet 
specific habitat requirements (e.g., depth, substrate, tem¬ 
perature, and current speed) for the survival and develop¬ 
ment of eggs. Most known potamodromous migrations are 
freshwater analogs of anadromy and involve the upstream 
migration of adults to spawn (e.g., paddlefish, Polyodon 
spathula ), an adaptation to the unidirectional flow of most 
freshwater environments. However, lateral migrations (lit¬ 
toral analogs) are also common, as many freshwater fishes 
(e.g., sunfishes, family Centrarchidae) migrate seasonally 
into shallow waters to tend nests for spawning. Flood 
plains that are inundated seasonally also provide critical 
spawning habitats for riverine species, for example, alliga¬ 
tor gar ( Atractosteus spatula) and Nile perch (hates niloticus), 
providing areas of high productivity and forage for post¬ 
larvae and/or juveniles while affording protection from 
aquatic predators and damaging currents. 

Vertical Migrations 

Vertical migrations have received considerable attention 
by biological oceanographers but little consideration in 
discussions of fish migration. This is largely because the 
most dramatic vertical migrations correspond to tidal and 
diel cycles, and thus, may be considered commutes rather 
than true migrations. Considering that vertical movements 
are frequently called ‘migrations’ and often include changes 
in physical environments (temperature, depth, light, and 
pressure) equivalent to extreme horizontal migrations 
(e.g., between tropic and polar latitudes), they represent 
an important category of fish migration. Vertical migrations 
are commonly alimentary, exhibited with diel periodicity 
in freshwater (African cichlids), marine (cod, haddock, and 
herring), and diadromous (clupeids and juvenile salmo- 
nids) species. Fishes of mesopelagic boundary communities 
(MBC) in the open ocean are perhaps the best known. 
These communities, which include many taxa, spend 
daylight hours 500-1000 m deep, but migrate en masse 
to 0-200 m depths at sunset where they remain until 
sunrise when they return to deeper habitats. These migra¬ 
tions may be pelagic (in the water column) or demersal 
(following the bottom slope). The upward migration 
allows access to plankton concentrated in the photic 
zone and thermocline. Mesopelagic fishes that vertically 
migrate have higher metabolic rates, necessitating higher 
daily rations, than nonmigratory taxa. The return 
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Figure 4 Diel vertical migration of an adult bluntnose sixgill shark (Hexanchus griseus) near Flawaii, as revealed by an electronic tag. 
The top chart shows the regimented vertical patterns in the swimming depth and temperature of the shark over a 14-day period. 

The bottom graph shows the vertical position of the shark pooled over a 23-day period relative to dawn and dusk. The sixgill shark 
spent daytime hours between 500 and 800 m deep, but followed the insular slope to depths of 200-300 m at sunset. Before sunrise, 
the shark returned to the deeper daytime depths. This diel migration is coincident with the movements of the mesopelagic boundary 
community (MBC). The sharks occupy a trophic position two or three levels higher than most of the MBC taxa. Direct predators of 
the MBC often have similar patterns of vertical movements. It is hypothesized that predators of MBC taxa are prey for the sixgill 
sharks. This migration thereby serves and trophic function. These data are from ongoing research by R. D. Grubbs to elucidate the 
life history and ecology of this and other deep sea elasmobranchs. 

migration (deeper at sunrise) is linked to decreased pre¬ 
dation rates and slower metabolism in darker, colder 
waters. Many mesopelagic fishes possess bioluminescent 
photophores which emit light of similar wavelength to down- 
welling light, thereby obliterating silhouettes. This mech¬ 
anism of counter-illumination is a direct adaptation 
for vertical migration. Often, multiple trophic levels of 


pelagic and demersal fishes undergo diel vertical migrations 
coincident or opposite those of the MBC (Figure 4). 

Selective tidal stream transport (STST) is a specialized 
and highly evolved form of vertical migration exhibited 
by larvae and postsettlement juveniles of many coastal and 
estuarine species. These small fishes seek refuge and 
forage inshore or upstream but are unable to swim against 
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tidal currents. Therefore, they selectively move vertically 
to harness tidal energy. The fish are demersal during ebb, 
seeking to maintain position, but swim toward the surface 
during flood where currents transport them upstream. 
The results are dramatic, and explain how relatively 
young (~1 month) larvae and juveniles in the drum family 
traverse brackish waters with net downstream flow and 
arrive in freshwater habitats that are 300 km from where 
they were spawned. The exact mechanism is not 
completely understood, but it likely involves both endog¬ 
enous rhythms and external cues. A similar mechanism 
exists in some open ocean taxa that selectively use surface 
currents and deeper countercurrents to maintain position 
over productive habitats such as seamounts. 

Concluding Remarks 

The great diversity of fishes and the parallel diversity of 
migratory patterns present a fascinating and massive chal¬ 
lenge for the conservation of biodiversity and the sustain¬ 
able management of human food resources of great 
significance. Traditional conservation and resource man¬ 
agement draw fixed geographical boundaries and develop 
benchmarks based upon closed populations, whereas the 
complex life history patterns of fishes demand a spatially 
explicit and sometimes adaptive approach, especially 
when the ecological boundaries are variable or unclear. 
In some cases, critical habitats may be occupied only 
briefly and at varying times, and for a majority of species, 
the major aspects of migration are simply unknown. Fish¬ 
eries science has made great advances (albeit with only a 
few species) to deal with these issues, but they are often 
short-circuited by political realities. Given the driving 
forces of climate change and the expansion of human 
population, our success in facing these challenges will 
depend largely on our ability to understand how complex 
spatial life histories can adapt and evolve. 


See also: Behavioral Endocrinology of Migration; Con¬ 
servation and Animal Behavior; Evolution: Fundamentals; 
Fish Social Learning; Habitat Imprinting; Habitat Selec¬ 
tion; Life Histories and Predation Risk; Migratory Con¬ 
nectivity; Optimal Foraging Theory: Introduction; Risk 
Allocation in Anti-Predator Behavior; Risk-Taking in Self- 
Defense; Trade-Offs in Anti-Predator Behavior; Vertical 
Migration of Aquatic Animals. 
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Introduction 

To make appropriate decisions regarding where to live 
and reproduce, where to forage and which foods to eat, 
which potential predators to avoid and how to avoid 
them, and with whom to mate, animals need information 
about their alternatives. Individuals can use either per¬ 
sonal (asocial) information that they acquire directly 
through experience with their environment or they can 
use social (public) information produced by other ani¬ 
mals. Acquisition and use of public information can lead 
to social learning, defined as any process whereby the 
behavior of an individual (an observer) is altered as a 
result of the observer either observing the behavior of 
another individual (a demonstrator or model), or inter¬ 
acting with the demonstrator, or being exposed to its 
products. 

In theory, whether individuals acquire and use asocial 
or social sources of information to make adaptive behav¬ 
ioral decisions depends on their relative availability, asso¬ 
ciated benefits and costs, and on whether individual and 
social learning conflict with one another. 

Here, I provide an overview of social learning in fishes, 
some of the behavioral contexts and circumstances under 
which social learning occurs, and some of its evolutionary 
consequences. For more comprehensive recent reviews 
of social learning and related behavioral phenomena in 
fishes, the reader is referred to Brown and Laland (2003), 
Kendal et al. (2005), Brown et al. (2006). 

Do Group Living and Social Networks 
Facilitate Social Learning? 

Group living is ubiquitous among fishes. Social groups 
among fish are referred to as shoals or schools, nonran¬ 
dom social associations of individuals commonly assorted 
by species, body length, sex, and (or) parasite load. Living 
in a social group can confer a number of benefits to 
individuals, including increased foraging efficiency and 
reduced risk of predation. However, life in social groups 
also has potential costs, such as increased competition for 
resources and risk of disease. Underlying the benefits 
associated with shoaling and schooling is the inadvertent 
social transmission and sharing of public information 
among individual members of a group about features 
of the external environment, including the movements 
of near neighbors. 


Further, it has been shown recently in a couple of fish 
species (guppy, Poecilia reticulata ; threespine stickleback, 
Gasterosteus aculeatus) that social networks exist within 
populations. Such networks may be formed by preferen¬ 
tial social associations and repeated behavioral interac¬ 
tions between certain individuals in a population. Social 
networks can persist over extended periods. Both group 
living in general and social networks in particular are 
likely to facilitate social learning. However, neither is 
necessary for social learning to occur. Nonetheless, 
because fishes commonly live in social groups, possess 
the cognitive ability to recognize and remember the iden¬ 
tity of other fish, and often preferentially associate with 
familiar individuals, we should expect social learning to 
be prevalent in fishes. 

Migration and Habitat Choice 

Most, if not all, fish species undergo a number of adaptive 
habitat changes during their lifetimes. Such habitat changes 
are generally achieved though directional movements 
(migrations) of individuals varying widely in distance tra¬ 
versed, orientation, and time scale. Such movements or 
migrations commonly occur in shoals or schools, which, 
as previously noted, provide opportunities for social learn¬ 
ing to occur. Habitat choice, as an outcome of migratory 
movements, may be facilitated through social learning 
when individuals copy the observed prior habitat choice 
of others. 

Using a generic agent-based model of grouping behav¬ 
ior, Couzin et al. recently showed that informed virtual 
individuals that had been programmed to prefer to move 
in a particular direction within mobile groups could influ¬ 
ence the directional movements of naive individuals 
within the group. As a result, and as is commonly observed 
in real fish schools in the wild, the entire group moved 
cohesively in the same direction. This rapid social trans¬ 
mission of information about preferred direction from 
informed individuals to neighboring naive individuals 
within the group occurred without any overt signaling 
and without knowledge among group members about 
which individuals were informed. 

Consistent with the results of Couzin et al.’s model is 
the observation from some laboratory studies that indi¬ 
vidual fish in aquaria can be trained to swim along specific 
routes to feeders or to specific locations at specific times 
of day to obtain food rewards, and that these informed 
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individuals subsequently lead naive individuals in their 
shoal to location where food is available. Initially-naive 
observer fish learned a specific route to a foraging patch 
or to travel to a specific location to feed by observing the 
behavior of informed demonstrators. The information 
concerning movement was socially transmitted among 
shoal members, and the learned behavior was subse¬ 
quently maintained in the absence of the trained demon¬ 
strator fish. If such conformity of movement behavior 
among shoal members is sufficiently strong and main¬ 
tained for sufficient time through social learning, then as 
illustrated below, it may favor the evolution of local 
behavioral traditions. 

The strongest evidence for a role of social learning in 
fish migration in nature comes from two field studies with 
coral-reef fishes. French grunts (Haemulon flavolineatum) in 
the Virgin Islands form daytime resting shoals at specific 
sites on coral reefs. At dusk and dawn, shoals migrate 
along regular routes from their resting sites to distant 
foraging sites. Juvenile grunts occasionally follow older 
and presumably more informed individuals into such 
foraging groups and, in doing so, can socially learn the 
specific migratory route of the group that they have 
joined. Helfman and colleagues transplanted juvenile 
grunts from other sites into resting shoals. They then 
allowed the transplants to follow their foster shoals 
along their specific migratory routes for 2 days. Next, 
they removed all the original members of the foster 
shoal from the reef. The transplanted juveniles continued 
daily use of the migratory routes of their foster shoal and 
returned to the reef resting site that the foster shoal 
had used. Juvenile grunts in a control treatment were 
transplanted to reef sites from which resting resident 
shoals had already been removed. These transplanted 
juveniles were thus not provided the opportunity to 
learn from a foster shoal. They did not adopt the latter’s 
migratory routes or resting sites. Rather, they continued to 
use migratory routes appropriate to their original home 
resting site. 

In a second field study, Warner found that blue head 
wrasse (Thalassoma bifasciatum) in Panama migrate to spe¬ 
cific sites on reefs to spawn that remain constant over 
several generations. To determine whether social learning 
maintained the stable mating sites, Warner experimen¬ 
tally removed all wrasses from some reefs and replaced 
them with individuals collected at a different location. 
The transplanted wrasses rapidly established mating sites 
on their new home reefs different from those used by the 
original population and used these new sites consistently 
over several generations. Presumably, female wrasses learn 
the locations of mating sites from other, more experienced 
female conspecifics. 

These two field studies provide compelling experi¬ 
mental evidence for a role of social learning in migrat¬ 
ion in general and specifically in the establishment and 


maintenance of local behavioral traditions or cultures in 
natural fish populations. However, whether social learn¬ 
ing is implicated in the more spectacular long-distance, 
annual migrations of other fishes, such as salmon and eels, 
remains unknown and open for future investigation. 

Antipredator Behavior 

Fishes exhibit a wide range of behaviors in response to 
predators, including avoidance of dangerous habitats, 
immobility, hiding, fleeing, and shoaling. Selection for 
individuals to respond appropriately to predators is strong, 
because failure to do so is likely to result in death. Conse¬ 
quently, it has long been thought that fishes should inher¬ 
ently recognize and respond to their natural predators, and 
numerous studies on different fish species support this 
contention. However, an increasing body of research 
reveals that individual fish can assess the local risk of 
predation and adjust their antipredator behavior to the 
perceived level of threat. Evidence for a direct role of 
social learning in the development of such antipredator 
behavior in fishes is limited but accumulating. 

Individual fish may learn about the presence or 
identity of a predator by observing the behavior of 
nearby conspecifics or heterospecifics without having 
directly experienced the predator themselves. For exam¬ 
ple, many fishes can individually learn to recognize and 
respond appropriately to a novel predator by associating 
visual or odor cues emitted by a predator with chemical 
alarm cues released from the skin of other fishes when 
they are frightened, injured, or captured by a predator. 
The antipredator response to the detection of alarm cues 
is referred to as a fright response. It has been shown 
experimentally that acquired fright responses of one or 
more individuals can rapidly be socially transmitted to 
nearby naive fish, who in turn behave similarly without 
having either seen the predator or directly detected either 
its odor or alarm cues released by other fishes. Presum¬ 
ably, observer fish learn socially about the presence and 
identity of a predator and the level of risk it poses by 
associating the fright response of other fishes with the 
predator, and subsequently avoid any stimulus that elicits 
fright responses in others. Whether such socially-learned 
antipredator behavior represents an example of observa¬ 
tional conditioning or some other underlying process 
remains uncertain. 

There is little evidence that fishes learn socially about 
specific antipredator tactics (e.g., fleeing, hiding) by 
observing others. A notable exception is a recent study 
showing that initially naive guppies learn an appropriate 
escape route in response to a simulated predation threat 
by observing and following demonstrator fish that have 
been trained previously to use a particular route. The 
observer guppies continued to use the learned escape 




Fish Social Learning 


727 


route even after removal of their demonstrators and 
exhibited increased efficiency at escaping. 

Foraging Behavior 

Actively foraging animals are faced with the tasks of 
finding patchily-distributed food, deciding which patches 
to forage in, when to leave a food patch, and which prey 
to eat within a patch. Social learning can play a role both 
in finding food and in patch choice of fishes. However, 
surprisingly little information is available on whether 
social learning influences prey selection. 

Early studies on fish shoaling behavior revealed that 
shoals of fish locate patchily-distributed food faster than 
do individuals. Once an individual in a group finds a food 
patch and begins foraging, other members of the group are 
quickly attracted to it by observing the foraging behavior 
of the finder. This phenomenon has been referred to as 
‘forage area copying,’ which is probably a form of local 
enhancement. Moreover, there is evidence that individual 
foraging rates are enhanced when neighboring fish can see 
one another forage, suggesting social enhancement of for¬ 
aging performance. Alternatively, enhanced foraging rates 
could result from per capita reduction in time spent in 
antipredator vigilance, and concomitant increase in time 
available for foraging, that commonly occur with increas¬ 
ing group size. 

Theory suggests that use of public information in 
making foraging decisions should become more likely as 
either the costs associated with acquiring and using per¬ 
sonal (asocial) information or the degree of uncertainty 
about food resources increases. Uncertainty may result 
from either lack of information, unreliable personal infor¬ 
mation or outdated personal information about food 
resources in the environment. Accumulating evidence, 
particularly from the research of Laland and his collea¬ 
gues, reveals that fishes will preferentially use public 
information, and thus learn socially, under both of these 
circumstances (i.e., cost and uncertainty). For example, 
vulnerability to predation while foraging can increase 
the propensity to use social information. More generally, 
use of public information may depend on the costs asso¬ 
ciated with acquiring personal information. Threespine 
sticklebacks are better protected against predators than 
are ninespine sticklebacks (Pungitius pungitius), because 
threespines possess more extensive body armour. Accord¬ 
ingly, threespines are more willing than ninespines to 
swim in open water to sample for themselves the profit¬ 
ability of available food patches; ninespines are more likely 
to remain in the relative safety of vegetative cover and 
observe other fish sample food patches and then use this 
public information about the relative profitability of the 
patches when choosing a patch. Using public information 
may be a less costly strategy than direct sampling for 


individuals that are relatively vulnerable to predation. 
Because personal information is generally more current 
and reliable than public information, all else being equal, 
individuals that are not particularly vulnerable to preda¬ 
tors should prefer to use personal information to evaluate 
foraging patches. 

Exploitation of public information about food re¬ 
sources is also expected, when foragers are uncertain 
about the relative quality of available food patches in the 
environment. In a recent study, van Bergen and colleagues 
experimentally manipulated both the reliability and 
recency of personal information regarding the profitability 
of two food patches that they presented to ninespine 
sticklebacks in an aquarium. As expected from theory, 
focal fish that had reliable, current personal information 
obtained through their own foraging ignored the observed 
foraging success of demonstrator fish at the feeders, but 
switched to using public information when their own 
personal information was unreliable or outdated. Individ¬ 
ual fish do not indiscriminately copy the foraging behavior 
of others. Rather, they continually assess the relative costs 
and benefits of social and asocial learning and select the 
appropriate strategy. 

Mating Behavior 

Competition for mates, assortative (i.e., nonrandom) mat¬ 
ing and mate preferences are widespread in fishes. Female 
mate choice is most common, but mutual mate choice 
and male choice also occur. Most evolutionary models 
of sexual selection assume that individual mating pre¬ 
ferences are genetically based and inherited and that 
individuals choose mates independently of one another. 
However, considerable evidence from a wide range of 
taxa, including fishes, reveals both that the mate prefer¬ 
ences of individuals can be flexible and that social experi¬ 
ences can influence mate-choice decisions. 

Because mating is often a social phenomenon in verte¬ 
brates, public information associated with mating activ¬ 
ities is readily available. Individuals can acquire social 
information from conspecifics about potential mates that 
can influence their subsequent choice of mates, as illu¬ 
strated in the following section. 

Mate-Choice Copying 

Mate-choice copying is a form of nonindependent mate 
choice resulting from social learning, in which an individ¬ 
ual gains information about potential mates by observing 
courtship and mating behaviors of nearby conspecifics. 
Mate-choice copying is considered to have occurred if a 
focal individual’s observation of a sexual interaction 
between a male and a female increases its likelihood of 
subsequently preferring the individual observed mating. 
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Questions as to (1) the advantages to an individual of 
copying the mate choice of another rather than assessing 
and choosing a mate based on personal information, (2) 
which individuals should be copied, and (3) when to copy 
and when to rely on personal experience have guided 
much recent research. 

Potential benefits of mate-choice copying include a 
reduction in any costs associated with the search for and 
assessment of potential mates and an increase in the 
accuracy of mate assessment, particularly when the rela¬ 
tive quality of potential mates is difficult to determine. 
Putative costs of mate-choice copying include: (1) acqui¬ 
sition of inaccurate or outdated information about poten¬ 
tial mates from a demonstrator, (2) a risk of reduced 
fertility by mating with an individual who has recently 
mated with another, either through sperm depletion of 
males or sperm competition in females, and (3) increased 
risk of predation from spending time in the vicinity of a 
consorting pair whose behavior may attract the attention 
of predators. Reliance on social information about mates 
should theoretically be favored, when costs associated 
with independent mate choice are high and when discrim¬ 
ination between potential mates is uncertain or difficult. 

A number of theoretical models have shown that, 
under certain conditions, a strategy of mate-choice copy¬ 
ing can invade and be maintained in a population. Mate- 
choice copying should be favored and, therefore, most 
common in nonresource-based, polygynous/promiscuous 
mating systems, where some individuals have many mates 
and others few mates and the choosy sex (usually female) 
gains only gametes from the chosen sex (usually male). 
Evolutionary models have shown that mate-choice copy¬ 
ing can have important implications for biological evolu¬ 
tion. Copying the mate choice of others may increase 
variance in mating success in the population, increasing 
the probability that more matings are achieved by fewer 
individuals, and thus may influence the opportunity for 
sexual selection and the evolution of the traits preferred 
by the choosy sex. Further, depending on conditions, 
copying can either favor or constrain the spread of a 
novel trait in a population. 

To date, mate-choice copying has been documented in 
at least eight species of fish, all of which exhibit a polygy- 
nous or promiscuous mating system. The most extensive 
evidence comes from research on the guppy and sailfin 
molly (Poecilia latipinna). The first strong experimental 
evidence for mate-choice copying came from Dugatkin’s 
(1992) laboratory study of the guppy, a small poeciliid fish 
species native to Trinidad and adjacent islands. Using- 
guppies descended from a natural population living in 
the Turure River in Trinidad, Dugatkin first showed 
that focal adult female guppies preferred to affiliate with 
males that they had previously observed courting a nearby 
female (to another male of similar body length and color¬ 
ation seen alone). This initial result could have been 


explained by a number of behavioral mechanisms other 
than mate-choice copying. However, additional experi¬ 
ments systematically eliminated these alternative expla¬ 
nations for his initial findings. 

Subsequent to Dugatkin’s initial study with Turure 
River guppies, and using variations on his original experi¬ 
mental design, several studies have demonstrated mate- 
choice copying in guppies descended from two other natu¬ 
ral populations in Trinidad, and some of the conditions 
under which it occurs have been elucidated. Researchers 
working with other fish species, particularly the sailfin 
molly, also have observed mate-choice copying. However, 
experiments using feral or guppies obtained from pet shops 
have found no evidence of mate-choice copying, and some 
species with resource-based mating systems, such as the 
threespine stickleback, may not copy the mate choices of 
others when given the opportunity to do so. 

Despite the evidence for mate-choice copying in a num¬ 
ber fish species, knowledge of both the fitness-related ben¬ 
efits and costs of copying to an individual and the 
prevalence of mate-choice copying in nature remains very 
limited. Indeed, there is no evidence in fishes unambigu¬ 
ously demonstrating that mate-choice copying increases the 
fitness of the copier. In theory, copying should benefit an 
individual if it increases the reliability of information about 
potential mates or an individual’s ability to discriminate 
between them, thus reducing uncertainty about which 
potential mate to choose. Consistent with this proposition, 
female guppies are more likely to copy the mate choice of a 
nearby female when the difference in body coloration and 
body length of potential mates being assessed is small. When 
phenotypic differences between males are large, females do 
not copy. Rather, they choose males based on genetically- 
based preferences for more colorful and larger males. Fur¬ 
ther, the tendency to copy can be influenced by the amount 
or nature of the information gained from observing a sexual 
interaction between nearby males and females. Young 
female guppies are more likely to copy the mate choices 
of older model females, perhaps because the former are 
likely to be more experienced and, therefore, better able 
to assess male quality than younger females. In both guppies 
and sailfin mollies, focal females are more likely to copy the 
mate choices of conspecific demonstrator females, when 
they observe two rather than one demonstrator female 
interacting sexually with a particular male and when they 
observe sexual interactions between a demonstrator female 
and a male over long rather than short periods. 

A further proposed benefit of copying the mate choice 
of others is a reduction in the costs associated with 
directly searching for and assessing potential mates. To 
date, only two studies, both with guppies, have investi¬ 
gated this putative benefit. Both failed to provide sup¬ 
port for it. Neither experimentally varying the level of 
predation threat nor the hunger level of focal females 
increased reliance on public information. Clearly, more 
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research is needed concerning this possible advantage of 
mate-choice copying. 

Because alternative mechanisms can generate a mating 
pattern similar to that of copying, investigating the occur¬ 
rence of mate-choice copying behavior in free-ranging 
fishes is difficult. Consequently, knowledge of mate-choice 
copying in fishes in the wild is currently limited to four 
experimental field studies, two on river-dwelling species 
(sailfin molly, guppy) and two on marine reef species 
(whitebelly damselfish, Amblyglyphidodon leucogaster. ; ocel- 
lated wrasse, Symphodus ocellatus). All four studies report 
results that are consistent with mate-choice copying. 
Additional field studies on other species are required to 
determine the prevalence of use of social information 
in making mate-choice decisions. 

Social Eavesdropping on Male-Male 
Competitive Contests 

Females not only copy the mate choices of nearby females, 
they can also gain at little cost information about the 
quality of potential mates by observing, or eavesdropping 
on, aggressive interactions between competing males and 
use this public information to make mate choices. Such 
social eavesdropping occurs when a focal individual, an 
eavesdropper, extracts social information from observing 
a signaling interaction between others in which the focal 
animal is taking no direct part. Because a male’s ability to 
fight is a reliable indicator of his quality, eavesdropping 
females that are biased towards winners of aggressive 
encounters between males should increase the quality of 
the males with whom they mate. After observing two 
males interact aggressively in the laboratory, eavesdropping 
female Siamese fighting fish (Bern splendens ) preferred to 
affiliate with the winner; focal females that were not allowed 
to eavesdrop on the aggressive interaction did not. A similar 
finding has been reported for male pipefish ( Syngnathus 
typhle ), a sex-role reversed species in which females are 
more aggressive than males and males are more parental 
than females. Male pipefish that observed display contests 
between females and then chose between contestants as 
potential mates preferred the more competitive females. 

Prospects 

Although individual learning in fishes is well established, 
experimental evidence for social learning in this taxon has 
accumulated only during the past two decades. Most work 
has been focused on the use of social information when 
foraging and mating, is based on just a few species, and is 
largely restricted to laboratory studies. Relatively little is 
known about the possible role of social learning in the 
development of antipredatory, migratory, habitat selection, 
communication, cooperative, and aggressive behaviors, or 
of the prevalence of social learning in natural populations. 


Nonetheless, informed by theoretical models, there has 
been much progress in identifying conditions under which 
the use of social information and social learning is favored 
over the use of personal information in decision making in 
fishes. In brief, available evidence suggests that fishes prefer 
to use personally-acquired information, but will switch to 
acquiring and using social information when asocial learning 
is costly or when they are relatively uncertain about what to 
do. Because fish commonly live in shoals or schools and 
possess sensitive lateral line, visual and chemosensory sys¬ 
tems, public information can be rapidly transmitted among 
members of a group, facilitating social learning. 

Fishes constitute the most species-rich and ecologi- 
cally-diverse group of vertebrates. Consequently, they are 
an ideal taxon in which to investigate the ecological con¬ 
ditions that favor the use of social learning. Such compar¬ 
ative studies should provide information bearing on the 
question of whether within-species facultative reliance on 
social information is an adaptive response to the demands 
of particular ecologies. 

See also: Avian Social Learning; Culture; Imitation: 
Cognitive Implications; Mammalian Social Learning: 
Non-Primates; Social Learning: Theory. 
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Introduction 

Traditionally, investigators and theorists have supposed 
that mate choice is directional and fixed within a species 
as well as static within individuals over time, so that the 
most extreme expression of a sexually selected trait 
should always be preferred. However, mate choice is 
dynamic and can select simultaneously for elaborate traits 
in the opposite sex, and also for behavioral displays and 
genital morphology. Most investigators of mate choice 
have worked on female choice, since females are regarded 
as the choosier sex. However, mate choice occurs in both 
sexes and this article includes examples of both. Males 
can benefit from choosing, either when mating is costly 
(sperm limitation, high predation risk, absence of compe¬ 
tition, temporally high chances of fathering offspring) or 
when there is any variance in female reproductive output. 
In many species with indeterminate growth, males prefer 
larger females. There are also examples of species in 
which both females and males manifest mate choice 
simultaneously (mutual mate choice), as in Drosophila 
pseudoobscura , and broad-nosed pipefish ( Syngnathus typhle). 
In this pipefish, females compete with each other for 
males that brood the embryos in foldings on their abdo¬ 
men. Males are smaller than females and both sexes mate 
with multiple mates. Males prefer large, dominant, and 
ornamented females and females prefer large males with 
thick brood pouches. Mutual mate choice also occurs in, 
for example, the gregarious cockroach ( Blattella germanica) 
and the three-spined stickleback ( Gasterosteus aculeatus). 
Importantly, which sex is predominantly competitive 
does not determine whether that sex is discriminating 
when it comes to choosing mates, as competition and 
mate choice are not mutually exclusive processes. It is 
also possible, theoretically at least, that all individuals 
assess potential mates before acting as though they are 
choosy (rejecting some potential mates) or indiscriminate 
(accepting all potential mates as encountered) as posited 
by Gowaty and Hubbell (see section ‘Theory’). 

Previously, there has been a strong tendency to assume 
that mate preferences are stable for a certain species and 
that an individual’s preferences or assessments are consis¬ 
tent over time. Methods for predicting mate choice have 
often focused on the population level, for example, Poten¬ 
tial Reproductive Rate Theory and Operational Sex Ratio 
Theory, and thus do not take individual variation into 
account. In such cases, investigators interpret individual 
variability in mate choice as statistical error. However, 


recent discoveries have revealed large variation in indi¬ 
vidual mate choice behavior in insects, birds, amphibians, 
and fish (Table 1). Mating preferences, thus, are flexible 
and change according to ecological conditions, in relation 
to social interactions and the state of the choosing indi¬ 
vidual, and experimental studies in flies, mice, and other 
species show that mate preferences correlate positively 
with offspring viability and the number of offspring sur¬ 
viving to reproductive age. 

History 

The first indications that mate choice might be flexible in 
response to environmental conditions came from studies 
of guppies. In 1970s, male guppies ( Poecilia reticulata) from 
rivers with high predation pressure were found to have 
fewer and smaller color spots than those from low preda¬ 
tion sites. Therefore, investigators suggested that male 
color patterns are the result of balancing selection pres¬ 
sures from female choice for brightly colored males and 
predation selecting for crypsis. This idea was later sup¬ 
ported experimentally; female guppies change their mate 
choice behavior in response to perceived predation risk. 
These results are consistent also with other models of 
flexible mate choice behavior (see section ‘Theory’). 

Theory 

In a review in 1997, Jennions and Petrie pointed out the 
lack of studies of variation in female mate choice. They 
summarized theoretical and empirical studies of variation 
in mating preferences and put forward a theoretical 
framework for exploring variation in female mate choice 
(see Figure 1). Jennions and Petrie distinguished two 
aspects of mate choice, preference function, that is, 
the order in which potential mates are ranked, and choo- 
siness, the willingness to invest time and energy in mate 
choice (assuming that mate assessment is costly in contrast 
to Gowaty and Hubbell’s model, see below in this section). 
Animals may have innate preferences, but these preferences 
are not always realized in their choice of mate. Thus, 
variation between individuals in either preference func¬ 
tion or choosiness results in flexible mate choice. Jennions 
and Petrie’s review inspired a growing field of studies in 
variation of female mate choice. Lately, evidence of indi¬ 
vidually flexible mate choice is accumulating rapidly. 

Changes in the environment favor flexibility in all 
kinds of behavior and should do so also in mate choice. 
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Environment 

Physical 
environment 
Predation risk 
Habitat quality 


State of the 
choosing individual 

Body size 
Parasite load 
Condition 
Age 



Social factors 

Population density 
Operational sex ratio 
Availability of mates 
Monopolization 


Preference 

function 

(rank order of 
prospective 
mates; affected 
also by innate 
predisposition) 


Choosiness 

(willingness to 
spend time and 
energy on mate 
searching and 
assessment) 



Flexible 

mate 

choice 


Figure 1 Factors that give rise to variation in mate choice according to the model by Jennions and Petrie (1997). Individuals can vary 
in mate choice because of differences in preference function (the order in which they rank potential mates) and choosiness (their 
willingness to invest in mate search) which result in flexible mate choice. 


Indeed, models by Patricia Gowaty and Steve Hubbell 
show that fitness is enhanced when individuals are able to 
change from choosy to indiscriminate behavior dynami¬ 
cally as environmental and social conditions change. This 
model predicts that individuals, regardless of sex, should 
adjust mate choice dynamically and moment by moment 
to changing environmental and social conditions. Their 
model provides a justification for the idea that all indivi¬ 
duals regardless of their sex assess likely fitness rewards 
from mating with alternative potential partners before 
expressing what we usually call choosy or indiscriminate 
behavior. In nature and in the laboratory, what we see are 
individuals that accept all or reject some. Gowaty and 
Hubbell’s model says that even individuals that accept 
all base their decision on assessments of fitness rewards. 

Mate choice decisions vary over different time scales, 
throughout the breeding season and over an individual’s 
lifespan, thus, time constraints are important. As the need 
for breeding becomes more urgent, for example, when an 
individual comes closer to the end of the breeding season, 
the threshold for acceptable mates decreases to increase 
the number of possible mates. Gowaty and Hubbell’s 
model is a theorem that predicts that individuals should 
accept or reject potential mates in response to variation in 
their survival probabilities, encounter rates, time before an 
individual can remate (latency), and distribution of fitness 
that would be conferred from mating with each potential 
opposite sex mate in the population (see Figure 2). An 
individual is expected to assess fitness differences of mat¬ 
ing with potential mates and the time it has left to repro¬ 
duce and respond adaptively to variable environmental 
cues. Thus, an individual should accept more potential 
mates (i.e., become less choosy) when it experiences 


(1) lower survival probability (e.g., increased predation 
risk or enhanced parasite load), or (2) decreased encoun¬ 
ter rates with potential mates (e.g., by reduced population 
density or increased competition), or (3) decreased 
latency (e.g., shortened reproductive rate), or (4) if the 
distribution of fitnesses conferred is more right-skewed 
(so that a larger proportion of potential mates in the 
population result in high fitness) (see Figure 2). The 
distribution of conferred fitnesses for all individuals in a 
population can be, for example, left-skewed (if many 
combinations result in low fitness) or right-skewed (if 
many combinations result in high fitness). This model 
assumes that individuals assess the fitness that would 
result from mating with potential mates. Furthermore, 
chance is important because, when potential mates or 
competitors face catastrophes, otherwise leave the popu¬ 
lation, or enter latency, encounter rates and survival prob¬ 
abilities are affected. Using this model, chance effects on 
fitness outcomes can also be discerned from other effects 
on variability in mate choice. Therefore, evolution of 
flexible mate choice is expected to occur through the 
evolution of sensitivity to environmental cues, the ability 
to assess potential mates, and the response so that mate 
choice can be adjusted adaptively. 

Importantly, whether an individual gets to mate with 
its preferred mate or not affects offspring viability. When 
females and males get to mate with their preferred part¬ 
ners, their offspring have higher viability than when 
mated with potential mates they did not prefer. This 
viability enhancement has been shown in a number of 
species, in female grasshoppers (Gryllus bimaculatus) and 
both sexes in mice and fruit flies. These results suggest 
mate choice for adaptive gene combinations. 
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Table 1 Studies that have observed flexible mating behavior 


Factor 

Species, scientific name 

Environmental 

factors 

Increased 

Females 

predation risk 

Crickets, Gryllus integer 

Water striders, Aquarius remigis 

Sand gobies, Pomatoschistus minutus 
Guppies, Poecilia reticulata 

Tungara frogs, Physalaemus pustulosus 
Green swordtails, Xiphophorus helleri 
Males 

Broad-nosed pipefish, Syngnathus typhle 

Habitat quality 

Females 

Cockroach, Nauphoeta cinerea 

Males 

Cockroach, Nauphoeta cinerea 

Demographic 

factors 

Increased density 

Females 

of opposite-sex 
conspecifics 

Fruitfly, Drosophila melanogaster 
Guppies, Poecilia reticulata 

Butterflies, Acraca encedon 

Pill bugs, Armadillidium vulgare 

Males 

Pipefish, Syngnathus typhle 

Katydids 

Changing OSR 

Females 

Two-spotted gobies, Gobiusculus 


flavescens 


Katydids 

Males 

Two-spotted gobies, G. flavescens 
Broad-nosed pipefish, Syngnathus typhle 
Katydids 

Increased 

Females 

guarding or 
territoriality 

Mosquito fish, Gambusia holbrooki 
Eurasian dotterel, Charadrius morinellus 

Increased territory 

Females 

homogeneity 
among males 

Beaugregory damselfish, Stegastes 


leucostictus 

State of the 


choosing 

individual 


Increased parasite 

Females 

load of the 
chooser 

Upland bullies, Gobiomorphus breviceps 
Calopterygid damselfly, Calopteryx 


haemorrhoidalis 

Increased age of 

Females 

chooser 

House crickets, Acheta domesticus 
Tanzanian cockroaches, Nauphoeta cinerea 
Guppies, Poecilia reticulata 


Continued 


Table 1 Continued 


Factor 


Species, scientific name 


Increased body 
condition of 
chooser 


Relative 

attractiveness or 
availability of 
resources near 
the chooser 


Experience 


Females 


Wolf spider, Schizocosa 
Males 

Two-spotted goby, Gobiusculus 
flavescens 

Sail-fin molly, Poecilia latipinna 
Males 


Beaugregory damselfish, Stegastes 
leucostictus 

Threespine sticklebacks, Gasterosteus 
aculeatus 

Common goby, Pomatoschistus microps 
Females 

Field crickets, Teleogryllus oceanicus 

Bark beetles, Ips pini 

Males 

Drosophila paulistorum 
Red-sided garter snakes, Thamnophis 
sirtalis parietal is 


This article demonstrates that mate choice is often 
flexible and adjusted to environmental conditions, that 
is, phenotypically plastic. Mate preferences, like other 
reproductive decisions, are dynamic and affected by 
both internal and external factors. 


Environmental Factors 

Environmental factors affect population density and hab¬ 
itat quality, which in turn affects possibilities for encoun¬ 
ters with potential mates. Generally, it has been assumed 
that mating systems result from the spatial distribution of 
suitable breeding sites that determine males’ opportu¬ 
nities to monopolize females. However, females often 
mate multiply and male distribution will also affect 
female sampling costs. Furthermore, physical properties 
of the environment such as light intensity will affect the 
efficacy of visual signaling, and water current affects the 
cost of mate sampling in fish. For example, under certain 
light conditions or in deeper waters, it is impossible to 
distinguish between certain colors. Therefore, attractive¬ 
ness of different phenotypes may differ under different 
environmental conditions. Hence, variation in environ¬ 
mental conditions results in flexible mate choice. 

Predation Risk 

Under predation risk, individual survival probabilities 
decline and searching for mates becomes more costly; 
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Encounter rate 

(affected by population density, 
OSR, monopolization, chance) 


Decrease in 



Survival probabilities 

(affected by condition, 
predation risk, age, parasite 
load, chance) 


Latency 

(affected by gamete production, 
parental investment, 
manipulation by other sex) 


Result in 



Fewer rejections of 
potential mates 

(mate choice is adaptively 
flexible adjusting moment by 
moment) 


or more 
right-skewed 


Fitness distribution 

(when more potential mates 
confer high fitness) 


2 How environmental, social, and intrinsic factors and chance result in adaptively flexible mate choice behavior as modeled 
by Gowaty and Hubbell (2005, 2009). An individual, regardless of sex, will adjust its mate choice behavior according to experienced 
variation in encounter rate, survival probability, latency, and fitness distribution conferred from mating with each potential opposite 
sex mate in the population. A decrease in encounter rate, survival probability or latency or a more right-skewed fitness distribution 
(more potential mates in the population result in high fitness) is predicted to result in fewer rejections of potential mates. Likewise, 
an increase in either of these factors or a more left-skewed fitness distribution would result in more rejections. Environmental, social, 
and intrinsic factors as well as chance cause variation in encounter rate, survival probability, latency and fitness distribution, which 
result in adaptive flexible mate choice. 


for either or both of these reasons, individuals should 
adjust their behavior. One way to reduce the increased 
cost under predation risk is to mate at random. By spend¬ 
ing less time searching for mates and mating as potential 
mates are encountered, mate choice under predation risk 
often results in mating with lower quality mates or mates 
of more variable quality. For example, female sand gobies 
(Pomatoschistus minutus) prefer large and colorful males in 
the absence of predators, but become indiscriminate when 
presented with a visible predator. Likewise, broad-nosed 
pipefish males choose larger females in the absence of 
predators. With a predator present, males do not discrim¬ 
inate between large and small females. 

Another way to reduce the risk of predation is to 
change preference to partners that are less conspicuous. 
This pattern has been shown in green swordtails 
(Xip hop horns helleri) and guppies. 

Female green swordtails prefer males with long swords 
under predator-free conditions, but after having seen a 
video with a long-sworded male being eaten by a predator, 
females shifted their preference to males with shorter tails 
(Figure 3). 

Responses to predation pressure are also dependent on 
the evolutionary history of a population. In experiments 
with guppies collected from two rivers in Trinidad differ¬ 
ing in predation pressure, females showed preference for 
colorful males in the absence of predators. However, when 
exposed to predation risk, only the females from the high- 
predation site became indiscriminate with regard to male 
coloration. This experiment shows that female responses 
to individual males have evolved in response to predation 
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Figure 3 Individual green swordtails (Xiphophorus helleri) 
change their mating preferences from males with long swords 
to those with short swords after having seen a video with a long- 
sworded male being eaten by a predator. Reproduced from 
Johnson JB and Basolo AL (2003) Predator exposure alters 
female mate choice in the green swordtail. Behavioral Ecology 
14: 614-625, with permission from Oxford University Press. 


pressure. Animals change their mating behavior both in 
immediate response to predation risk and over evolution¬ 
ary time as the sensitivity to predation risk differs between 
populations. 

Habitat Quality 

Habitat quality affects the distribution of individuals in 
space and influences the potential for resource acquisition. 
A poor habitat can also entail decreased survival. Interest¬ 
ingly, high-quality habitats sometimes render animals 
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choosier and sometimes less choosy. A classical example 
of flexible mate choice due to changes in habitat quality 
occurs in katydid insects (undescribed species of Zaprochi- 
linae). When pollen resources are scarce, females are 
dependent on nutrient-rich spermatophores for the pro¬ 
duction of eggs. Males produce spermatophores and under 
low resources take longer time to produce them, thus few 
males are available for mating. Thus, when pollen is scarce, 
females compete with each other for male partners. But 
during the season when pollen is abundant, males instead 
compete for females and females reject more males. Hence, 
in this case, abundant resources induce females to reject more 
potential mates and males to accept more potential mates. 

Furthermore, mate choice is often based on both male 
phenotype and the quality of the territory. In heteroge¬ 
neous habitats, female choice in pied flycatchers ( Ficedula 
hypoleuca ) was based on territory quality and unrelated to 
male phenotype. In contrast, in a homogenous environ¬ 
ment, females preferred certain plumage patterns. Thus, 
in heterogeneous environments, large variation in terri¬ 
tory quality overshadowed female preference for male 
plumage pattern. 

Demographic Factors 

Demographic factors, such as operational sex ratio 
(OSR), population density, and competition, influence 
the encounter rate and can result in flexible mate choice 
(see Figure 2). 

Population Density and Operational Sex Ratio 

When potential mates are abundant, encounter rates are 
usually high, and little time is lost during searching for 
a mate. When potential mates are few, or where there are 
few chances of finding a mate at all so that encounters are 
unlikely, an individual will gain more fitness by accepting 
most potential encountered mates. Changes in OSR are 
known to influence mate choice in a number of species. 
Male pipefish change their likelihood of accepting or 
rejecting potential mates in relation to OSR. When OSR 
is female-biased, males reject many smaller females as 
mates, but in male-biased OSR, males accept both small 
and large females as mates. 

Two-spotted gobies ( Gobiusculus flavescens) change the 
sex that predominantly compete and perform mate choice 
over the season. At the beginning of each summer, males 
compete among themselves for access to females, and the 
females often reject potential mates. At the end of the 
season, this pattern is reversed, with females competing 
for males and males often rejecting potential mates. This 
flexibility corresponds to a change in the adult sex ratio. 
At the beginning of the summer, there are plenty of males 
performing courtship to arriving females, but as the 


season proceeds, breeding males become scarce, possibly 
dying. Later in the season, there are more females than 
males available for mating, and this overturned balance in 
available mates leads to female-female competition and 
male mate choice (Figure 4). 

Mate preferences are adjusted to perceived fitness 
differences between potential mates, and therefore an 
individual’s previous experience may change mating pre¬ 
ferences (see Figure 2). Female bark beetles (Ips pini) 
are more prone to mate with intermediate-sized males 
when first presented with small rather than large males. 
Similarly, male red-sided garter snakes (Thamnophis sirta- 
lis parietalis) adjust their mate choice criteria after expo¬ 
sure to large or small females. 



May -► July May -► July 

(b) Time of season 


Figure 4 Change in the adult sex ratio can completely change 
which sex is choosy at the population level. In the two-spotted 
goby, females are choosy and males competitive in the beginning 
of the breeding season. Late in the season, males are scarce and 
choosy while females compete among each other and courtship 
males, (a) Two-spotted goby pair and (b) propensity to courtship 
by males and females is reversed over the season. Part (a) with 
permission from E. Forsgren. Part (b) reproduced from Forsgren E, 
Amundsen T, Borg AA, and Bjelvenmark J (2004) Unusually 
dynamic sex roles in a fish. Nature 429: 551-554, with permission 
from Nature Publishing Group. 
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Competition 

Intrasexual competition and monopolization of mates 
may hinder females and males from exerting their mate 
preferences. It is well-known that male-male competition 
can reduce females’ encounter rates and thus the fraction 
of potential mates they find acceptable. In the mosquito 
fish ( Gambusia holbrooki), male guarding succeeds in 
restricting female encounters with other potential mates. 
Likewise, in the polyandric shorebird Eurasian dotterel 
([Charadrius morinellus), female competition restricts sub¬ 
dominant females to mate with dull males. However, 
female—female competition is important not only in spe¬ 
cies in which female competition is more common than 
male competition, but also in any situation where there is 
variation in male quality. Moreover, intrasexual competi¬ 
tion may also make mate assessment easier. 

State of the Choosing Individual 

Mate choice is expected to be costly, but the costs have 
been difficult to measure directly. Instead, experimental 
manipulations and correlational studies show that indivi¬ 
duals discriminate less when costs of mate choice increase. 
For example, swimming against a current, which is ener¬ 
getically costly, reduces preference for colorful male 
three-spined sticklebacks ( Gasterosteus aculeatus). 

If an individual is in bad condition, this can lower 
encounter rates (less energy to search for mates), lower 
survival probability, or prolong the latency to remating 
(see Figure 2). Individuals in good condition have more 
time available for mating and reproduction, and therefore 
their fitness may be favored by rejecting more potential 
mates. Variation in condition between individuals and 
within individuals over time will therefore lead to flexi¬ 
bility in mate choice. 

Body Size 

The prediction that higher quality individuals should 
reject more potential mates has received some support. 
In the sail-fin molly ( Poecilia latipinna), large males are 
more energetic in courtship and reject more potential 
mates than small males. Similarly, large male two-spotted 
gobies accept more colorful females, while small males 
accept females without regard to female coloration. 

Parasite Load 

Parasites may decrease the condition and change the behav¬ 
ior of the infected host. Females reject heavily parasitized 
males, but what happens if the chooser is parasitized? 
When parasites decrease the body condition of an individ¬ 
ual, the individual’s survival probability declines, so that it 
has less time for mating and reproduction, and we would 


expect it to accept more potential mates. This behavioral 
change has been shown in several species of fish. 

One example is the upland bully ( Gobiomorphus brevi- 
ceps): parasitized females made fewer visits to potential 
mates before accepting a mate, and often ended up with a 
mate of smaller size. Likewise, in broad-nosed pipefish, 
male and female pipefish were infected experimentally 
with a parasite. Healthy males rejected infected females, 
whereas infected males accepted more potential mates. 

One can interpret these results as being due to reduced 
choosiness of infected individuals, or due to a shift in 
infected individuals’ thresholds for accepting potential 
mates because of reduced encounters or reduced survival. 

Condition 

Just as parasites may reduce an individual’s physical con¬ 
dition and thus their survival probabilities, high-quality 
resources may increase their condition and thus affect the 
probability of accepting or rejecting potential mates. For 
example, female black field crickets ( Teleogryllus commodus) 
fed on high-protein diet expressed stronger mate prefer¬ 
ence than those that were fed low-protein diet. 

Age 

As individuals grow older, their survival probability may 
decrease, and therefore, they should accept more poten¬ 
tial mates as they age. Consistent with this prediction, 
older female house crickets ( Acheta dosmeticus) accept more 
potential mates, as do Tanzanian cockroaches ( Nauphoeta 
cinered) and guppies ( Poecilia reticulata). 

Implications for Sexual Selection 

As we have seen, variation in accepting and rejecting 
potential mates can result from a number of factors and 
mechanisms. By studying this variation, we may be able to 
understand better the variation in sexually selected traits, 
the maintenance of heritable variation in cues that induce 
acceptance or rejection of potential mates, and the evolu¬ 
tionary history of preferences and traits. 

The effects of flexible acceptance and rejection of 
potential mates on sexual selection are not straight¬ 
forward. Adaptive variation in factors affecting acceptance 
and rejection of potential mates might constrain the evo¬ 
lution of selected characters through a less intense selec¬ 
tion pressure that leads to a lower degree of change in 
selected traits. If different phenotypes are successful bree¬ 
ders during different years, then preferences may change 
accordingly. One example is that traits correlated with 
acceptance of potential mates in lark buntings ( Calamosiza 
melanocorys) shift between years. Male ornaments that 
females prefer change dramatically between years. 
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Additionally, the preferred traits correlate with high nest¬ 
ing success, suggesting that traits serving as fitness indi¬ 
cators switch between years. Adaptive variation, such as 
shifting between preferred traits, may reduce or even 
eliminate male trait evolution. 

At the same time, condition-dependent mate choice is 
expected to result in high-quality individuals choosing 
highly ornamented mates, and the ornamented indivi¬ 
duals gain even higher reproductive success by attracting 
not only more mates, but also mates in better condition. 
Condition-dependent mate preferences could therefore 
reinforce linkage disequilibrium between genes for orna¬ 
ment, preference, and condition, and could thereby result 
in stronger sexual selection. 

One example that illustrates the multifaceted effects of 
flexible mate choice on sexual selection is how predation 
risk influences both signaling and the accept versus reject 
behavior of three-spined sticklebacks. Under predation 
risk, males develop less nuptial coloration, making it 
harder for females to discriminate among males on the 
basis of their colors. However, in this case, predation risk 
also reduces the number of males guarding territories so 
that only high-quality males are able to hold a territory. 
Even if females accept more potential mates under preda¬ 
tion risk, they may still be able to mate with high-quality 
males since low-quality males are less prone to build nests. 

There are a number of theoretical predictions of when 
flexible mate choice should be adaptive. Genetic comple¬ 
mentarity, for example, choice of mates with complemen¬ 
tary major histocompatibility complex (MHC) alleles, 
results in better resistance against parasites. Mate prefer¬ 
ences based on genetic compatibility are often frequency 
dependent, changing over time, and therefore, they may 
maintain genetic polymorphism. Phenotypic compatibil¬ 
ity might facilitate mating, for example, female red- 
groined toads (Uperoleia laevigatga) choose males that 
weigh 70% of their own weight. Larger males may be so 
heavy as to drown them, while smaller males may not 
provide enough sperm. Therefore the optimal mate 
choice is related to the female’s own body size. 

When there is a heritable component of variation in 
mate choice, it can lead to the evolution of mating pre¬ 
ferences. Genetic models expect mating preferences and 
preferred traits to co-evolve. However, at times there 
might also be sexually antagonistic evolution, so that 
selection of a trait in one sex is coupled with deleterious 
effects of the other. Such sexually antagonistic pleiotropy 
will preserve variation in genetic quality. 

Furthermore, mate choice may also differ between differ¬ 
ent social, ecological, or genetic contexts. Both males and 
females often mate multiply and the criteria for acceptance 
of a social partner and extra-pair partners may differ. For 
example, female pied flycatchers accept as primary mates 
males with good territories or an ornament signaling 
good parental abilities, but when females solicit extra 


pair copulations, mate choice may be based on genetic 
qualities alone. Sometimes, it might even be advantageous 
to have a social partner of the same sex. In black swans, 
same-sexed male pairs have higher breeding success, are 
more aggressive, have larger territories, and share incuba¬ 
tion time more evenly than opposite-sex pairs. 

Multiple mating also makes cryptic female choice 
possible. Very little is known about the extent to which 
females determine the outcome of sperm competition, 
which also possibly varies with environmental, social, 
and intrinsic factors. 

Quality assortative mating can occur when a low- 
quality individual expects a high-quality mate to be 
taken over by higher quality individuals. Assortative mat¬ 
ing is thought to be a strong force in speciation and 
requires variation in acceptance and rejection of potential 
mates. Assortative mating has even been found to result 
in sympatric speciation in seahorses. Hence, examining 
processes leading to variation in mate preferences is 
important for understanding sexual selection and specia¬ 
tion processes that ultimately generate diversity in nature. 

Some Current Questions 

Flexible mate choice is a new field of study that has just 
started. At this moment, studies are accumulating on 
context- and condition-dependent mate choice. We still 
have much to learn about determinants of individuals’ 
decisions to accept or reject potential mates, and why 
different individuals make different decisions. Temporal 
variation in mate preferences might also be rewarding to 
look for. Furthermore, mate choice and intrasexual com¬ 
petition interact. Mate choice for partners with good 
genes may result in offspring with increased fecundity 
and survival, but also for success in intersexual selection. 
Future studies will reveal more about these interactions. 

We are beginning to understand mate choice as an 
integral part of life history. For example, female guppies 
either change preferences to duller males or become 
sexually unreceptive under predation pressure. Thus, ani¬ 
mals can adjust their life histories in response to ecologi¬ 
cal factors to maximize lifetime reproductive success. 

In the future, we will see farther exploration of the 
genetic mechanisms of mate choice. Since the expression 
of sexually selected traits are context-dependent, benefits 
from choosing the most ornamented partner might differ 
between environments. Genes that are good in one envi¬ 
ronment might have a negative effect in another. One 
fruitful way to go would be to investigate the effects of 
genes and environment on mate preferences. Is there a 
reaction norm of mate choice? 

It will be exciting to see further tests of Gowaty and 
Hubbell’s predictions that individuals adjust their behav¬ 
ior in response to changing environmental, social, and 
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intrinsic cues, on a moment-by-moment basis, resulting in 
adaptively flexible acceptance or rejection of particular 
potential mates and competitive behavior. Ultimately, we 
will be able to distinguish to what extent perceived typical 
differences between females and males are due to genetic 
sex-linked traits or an effect of ecological forces that 
individuals experience. 

See also: Cryptic Female Choice; Mate Choice in Males 
and Females; Reproductive Behavior and Parasites: 
Invertebrates; Reproductive Behavior and Parasites: 
Vertebrates; Sexual Selection and Speciation; Social 
Selection, Sexual Selection, and Sexual Conflict. 

Further Reading 

Candolin U and Wong BBM (2008) Mate choice. In: Magnhagen C, 
Braithwaite V, Forsgren E, and Kapoor BG (eds.) Fish Behaviour , 
pp. 337-376. Enfield, NH: Science Publishers. 


Cotton S, Small J, and Pomiankowski A (2006) Sexual selection and 
condition-dependent mate preferences. Current Biology 16: 
R755-R765. 

Forsgren E, Amundsen T, Borg AA, and Bjelvenmark J (2004) Unusually 
dynamic sex roles in a fish. Nature 429: 551-554. 

Godin JGJ and Briggs SE (1996) Female mate choice under predation 
risk in the guppy. Animal Behaviour 51:117-130. 

Gowaty PA and Hubbell SP (2005) Chance, time allocation, and the 
evolution of adaptively flexible sex role behavior. Integrative 
Comparative Biology 45: 931-944. 

Gowaty PA and Hubbell SP (2009) Reproductive decisions under 
ecological constraints: It’s about time. Proceedings of the 
National Academy of Sciences 106: 10017-10024. 

Jennions MD and Petrie M (1997) Variation in mate choice and 
mating preferences: A review of causes and consequences. 
Biological Reviews 72: 283-327. 

Johnson JB and Basolo AL (2003) Predator exposure alters 
female mate choice in the green swordtail. Behavioral Ecology 
14: 614-625. 

Qvarnstrom A (2001) Context-dependent genetic benefits from 
mate choice. Trends in Ecology and Evolution 16: 5-7. 

Widemo F and Saether SA (1999) Beauty in the eye of the 
beholder: Causes and consequences of variation in mating 
preferences. Trends in Ecology and Evolution 14: 26-31. 




Food Intake: Behavioral Endocrinology 

T. Boswell, Newcastle University, Newcastle upon Tyne, UK 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Food intake is a complex behavior that serves several 
functions. Animals eat to acquire the energy, vitamins, 
minerals, and macronutrients necessary for survival. 
This is linked to the expression of food-seeking behaviors 
that involve learning and reward mechanisms to ensure 
the selection of foods that meet the body’s needs while 
avoiding possible toxicity. On a daily basis, patterns of 
feeding are adjusted to an animal’s way of life (e.g., whether 
nocturnal or diurnal), and eating is generally organized into 
bouts or meals. The availability of food is often unpredict¬ 
able, both on a daily and a seasonal basis, and animals cope 
with this by storing excess energy in times of plenty that 
can be drawn upon when food is scarce. Vertebrates are 
able to match energy intake to expenditure very precisely 
over long periods in order to maintain what is called 
‘energy balance’ or ‘homeostasis.’ An animal’s life history 
may require food intake to be modulated on a seasonal 
basis, and adjustments must be made continuously to 
changes in the environment. Also, males and females are 
likely to have different feeding requirements, necessitating 
sex-specific controls over food intake. This study considers 
the neuroendocrine mechanisms that integrate external 
cues with internal physiological signals to control feeding 
behavior in vertebrates. 

Neuroendocrine Control of Feeding 
Behavior by the Brain 

Role of the Hypothalamus and Signaling 
Molecules 

The importance of the hypothalamus in the regulation of 
food intake was established by investigations in the 1940s 
and 1950s showing stimulation or inhibition of feeding in 
rats following electrical stimulation or lesions in different 
hypothalamic regions. These findings were later extended 
to other vertebrates including birds and teleost fish. The 
initial interpretation of these findings was that two spe¬ 
cific stimulatory and inhibitory feeding centers exist in 
the hypothalamus. This has been repeatedly challenged as 
it has become apparent that the regulation of feeding 
involves complex coordination and integration between 
neural networks throughout the brain. However, the 
experiments demonstrated the importance of the hypo¬ 
thalamus in vertebrates, and it has remained a central 
focus of research on the neuroendocrine regulation of 


feeding, not least because it is an important site of pro¬ 
duction of many neural signaling molecules that exert 
potent effects on food intake. 

A key development was the advances in protein chem¬ 
istry in the 1980s that allowed small neural peptide sig¬ 
naling molecules, or neuropeptides, to be extracted from 
brain tissue and their amino acid sequence determined. 
This allowed them to be synthesized and be readily made 
available to researchers. The powerful influence on feed¬ 
ing of these molecules is exemplified by neuropeptide 
Y (NPY). The amount of food eaten after an NPY injec¬ 
tion can be greater than the meal eaten after a rat has been 
deprived of food for 24 h, and even satiated animals will 
eat a normal-sized meal. Neuropeptides that influence 
feeding can be divided into those that exert stimulatory 
(orexigenic) effects when injected into the brain, and 
those that are inhibitory (anorexigenic). In addition to 
neuropeptides, many of which will be considered later, 
other signaling molecules that influence feeding through¬ 
out the brain include the classical neurotransmitters glu¬ 
tamate, catecholamines, serotonin, and GABA. Attention 
has also been focused recently on the endocannabinoid 
system. The appetite-stimulating properties of marijuana 
are well known, but the cannabinoid receptors in the brain 
that bind the psychoactive component of the drug were 
only identified in the 1990s. The natural ligands for these 
receptors - endocannabinoids - are derived from phos¬ 
pholipids. The endocannabinoid system acts to influence 
food intake both in the brain and in the body, and it 
interacts with many of the peptide-based signaling sys¬ 
tems considered in the following lines. 

Five key regions of the rat and mouse hypothalamus 
have been linked to the regulation of food intake. These 
are the arcuate, paraventricular (PVN), ventromedial 
(VMH), and dorsomedial (DMH) nuclei, together with 
the lateral hypothalamic area (LHA). Of these, the arcuate 
nucleus has been a particular focus of attention. 

The Arcuate Nucleus: A Neural Network that 
Monitors and Responds to Energy Deficit 

Free-living vertebrates will naturally experience periods 
of reduced food availability during which the energy 
needed for survival and reproduction can be drawn from 
body energy stores. Homeostatic mechanisms exist to 
monitor these stores and replace them when they are 
depleted. One of these mechanisms involves a network 
of neuropeptide-producing neurons within the arcuate 
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nucleus of mammals. This is found in the basal hypothal¬ 
amus, just above the pituitary gland. Its positioning is 
significant because this region has greater access to 
blood capillaries than most other parts of the brain, and 
is well placed for neurons to receive nutritional signals 
from blood-borne nutrients and metabolic hormones. The 
neuroendocrine signaling network within the arcuate 
nucleus is centered on the melanocortin system. This 
includes several melanocortin peptides encoded by a 
single pro-opiomelanocortin (POMC) precursor gene 
that exert their biological effects by interacting with mel¬ 
anocortin receptors. Melanocortin peptides are secreted 
by the pituitary gland in vertebrates. A well-known exam¬ 
ple is a-melanocyte-stimulating hormone (a-MSH) that 
stimulates pigment cells to modulate skin color in amphi¬ 
bians. By the 1980s, it became clear that melanocortin 
peptides were also synthesized within the brain. In addi¬ 
tion to those encoded by the POMC gene, another impor¬ 
tant melanocortin system peptide is agouti-related 
peptide (AGRP), so called because the structurally simi¬ 
lar agouti protein is responsible for producing character¬ 
istic yellow fur and obesity in the mutant line of agouti 
mice. Melanocortin receptors exist in several subtypes. 
The MC4R is of particular significance for regulation of 
food intake. Pharmacological studies indicate that it 
exerts an inhibitory influence. Two melanocortin system 
neuropeptides produced within the arcuate nucleus com¬ 
pete for access to the MC4R. AGRP acts as an antagonist, 
reversing the receptor’s normal inhibitory influence and 
thereby stimulating feeding. In contrast, a-MSH is an 
agonist that promotes the MC4R’s inhibitory effect. 

The neurons synthesizing AGRP and a-MSH exist as 
two distinct cell groups within the arcuate nucleus. Indi¬ 
vidual AGRP neurons not only produce AGRP, but also 
NPY. Neurons transcribing the POMC gene produce 
a-MSH and, from another gene, also synthesize cocaine 
and amphetamine-regulated transcript (CART). CART, 
as its name suggests, was originally identified in rats 
administered cocaine or metamphetamine and has been 
linked to the anorexia induced by these drugs: its normal 
physiological role in the brain is to inhibit food intake. 
The appetite-stimulatory AGRP/NPY and inhibitory 
POMC/CART cell groups share reciprocal neural con¬ 
nections allowing them to influence each other’s activity. 
A key feature of the neuronal network within the arcuate 
nucleus is the energy sensitivity of the neurons. They 
synthesize receptors for several metabolic hormones, as 
is discussed in the following section, and have access to 
blood-borne nutrients. This enables them to monitor the 
animal’s energy status and make adjustments to maintain 
body energy balance. The network is activated following 
periods of energy deficiency that arise either because an 
animal is unable to feed, or because its energy expendi¬ 
ture exceeds its energy intake. Under such circumstances, 
AGRP/NPY neurons are activated (neural activity and 


neuropeptide release and gene transcription are stimu¬ 
lated) and POMC/CART neurons inhibited. 

In some working models of the hypothalamic control 
of feeding, the arcuate nucleus neurons responsible for 
receiving and integrating metabolic information from the 
blood are regarded as first-order neurons that send signals 
to second-order neurons that are responsible for modu¬ 
lating feeding behavior. Second-order neurons that are 
innervated by axons from AGRP/NPY and POMC/ 
CART neurons in the rat brain include those in the PVN. 
This nucleus is believed to exert an inhibitory effect on 
feeding owing to the presence of neurons that synthesize 
the inhibitory MC4R as well as those producing feeding- 
inhibitory peptides such as corticotropin-releasing factor 
(CRF, also known as CRH) and thyrotropin-releasing hor¬ 
mone (TRH). In mammals and birds, a-MSH appears to 
induce its inhibitory effect on feeding by acting on CRF 
neurons. In contrast, second-order neurons in the LHA and 
perifornical area produce the feeding-stimulatory neuro¬ 
peptides orexin and B (also known as hypocretin 1 and 2), 
and melanin-concentrating hormone (MCH). Although the 
details of this signaling network were established in studies 
of laboratory rats, the first-order melanocortin system neu¬ 
rons showing sensitivity to energy deficit are present in 
other mammalian orders as well as in the neuroanatomical 
equivalents of the mammalian arcuate nucleus in several 
bird and teleost fish species. However, the organization of 
second-order neurons may differ among vertebrates because 
orexins and MCH appear ineffective in stimulating food 
intake in birds. The functional role of the arcuate nucleus 
network is to initiate and coordinate a behavioral and phys¬ 
iological response to restore lost energy stores. Many verte¬ 
brates will increase food intake when food becomes available 
following a period of fasting or food restriction, and this can 
be combined with a decreased body heat production and 
metabolic changes to promote the building of new body 
energy stores. The behavioral response to energy deficit of 
some species such as the Siberian hamster (Phodopus sun- 
gorus) is expressed primarily as an increase in food hoarding 
rather than increased feeding. Food hoards can be viewed as 
an external fat store. In this species, injections of AGRP and 
NPY into the brain preferentially stimulate hoarding behav¬ 
ior over increased food intake. 

Control of Feeding and Digestion by the 
Brainstem 

The brainstem is another important region for the control 
of food intake. Like the arcuate nucleus, this region is well 
placed to monitor blood-borne hormonal and metabolic 
signals owing to its proximity to the brain’s ventricular 
system where the blood-brain barrier is incomplete. 
The nucleus of the solitary tract (NTS) is a particularly 
important center because it is connected both to the 
hypothalamus and also to sensory fibers of the vagus 
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nerve that innervates the gut. It is therefore able to inte¬ 
grate feeding with digestive processes. Neurons in the 
NTS produce receptors for many of the neuropeptides 
and hormones involved in feeding regulation. A popula¬ 
tion of NTS cells also synthesizes the neuropeptide pre¬ 
cursor molecule proglucagon that is processed to produce 
glucagon-like peptides 1 and 2 (GLP-1 and GLP-2), and 
oxyntomodulin, all of which decrease food intake when 
injected into the brain. 

Regulation of Food Reward 

It is well known that the presentation of palatable food, 
such as high-fat items, can cause food intake to be 
increased to a level greater than that required by an 
animal’s immediate energy requirements. One important 
brain region for the regulation of reward is the midbrain 
dopamine system. In rats and mice, this consists of neu¬ 
rons containing dopamine within the ventral tegmental 
area (VTA) that connect with the nucleus accumbens. 
Selection of palatable food has been linked to signaling 
by opioid neuropeptides in the nucleus accumbens. 

Hormones Influencing Food Intake 

Adipose Tissue Hormones: Leptin 

Given the importance of adipose tissue as a body energy 
store, it could be predicted that feedback systems exist 
to inform the brain of body fat content. This was encap¬ 
sulated in the lipostat hypothesis proposed by Kennedy in 
the 1950s. However, the discovery that adipose tissue 
actively secretes signaling molecules known as ‘adipo- 
kines’ has been made only recently. The breakthrough 
in this area came in 1994 with the characterization of 
the gene that is mutated and causes extreme obesity in 
the ob/ob strain of mice studied since the 1950s. The 
protein product of the ob gene was given the name ‘leptin’ 
(derived from the Greek leptos for thin), and the ob gene is 
now known as ‘the leptin gene.’ Leptin is secreted by fat 
cells, circulates in the blood in proportion to body fat 
content, and is transported into the brain where it inhibits 
food intake and increases energy expenditure. Leptin 
received wide publicity at the time of its discovery as a 
potential treatment for clinical obesity in humans. How¬ 
ever, it became clear that obese patients tend to be unre¬ 
sponsive to leptin treatment, a phenomenon known as 
‘leptin resistance.’ While the clinical emphasis of early 
investigations focused on the effect of high circulating 
concentrations of leptin, it became clear that from an 
evolutionary perspective, decreasing levels of leptin are 
a more relevant signal to free-living animals that face 
fluctuations in food availability in their environment. 
Leptin concentrations in the blood fall during fasting or 
food restriction and signal the activation in the brain of 


mechanisms to compensate for reduced energy intake, 
including increased foraging and feeding. 

Much research has focused on the interaction between 
leptin and the arcuate nucleus cellular network described 
earlier. Both the AGRP/NPY and POMC/CART cell 
groups synthesize the leptin receptor. The hormone’s 
inhibitory effect on food intake is signaled through activa¬ 
tion of the POMC/CART neurons when the hormone is 
at high circulating concentrations. In fasting conditions, 
when leptin levels are low, the AGRP/NPY neurons are 
activated and feeding is stimulated. Leptin acts as a signal 
of body fat content (or ‘adiposity’) to coordinate an ani¬ 
mal’s feeding behavior and physiology in relation to its 
energetic state. As such, it impinges on facets of feeding 
behavior other than the feeding response to energy deficit. 
For example, leptin interacts with mechanisms governing 
the rewarding properties of food. In mice, the leptin recep¬ 
tor is produced in taste bud cells on the tongue, and leptin 
selectively inhibits responsiveness to sweet taste. Leptin 
appears to suppress the rewarding properties of food and, 
in rats, there is evidence that this is mediated by leptin 
signaling in the ventral tegmental area of the midbrain, 
richly supplied with dopamine neurons containing leptin 
receptors. 

While rapid progress was made in uncovering leptin’s 
role in regulating food intake and energy balance in 
mammals, it took 10 years for leptin genes to be identified 
in other vertebrate taxa. These have now been character¬ 
ized in several species of teleost fish (which possess two 
leptin genes) and in amphibians. The effects of leptin on 
food intake in these groups appear to have been conserved 
during evolution, with leptin administration reducing 
food intake, and leptin gene transcription being sensitive 
to fasting. Whether leptin is present in birds is contro¬ 
versial. No unequivocal evidence exists for an avian leptin 
gene and it is absent from the sequenced chicken and 
zebra finch genomes. However, mammalian leptins inhibit 
food intake in birds, and a leptin receptor is present in the 
avian genome that shows functional signaling properties. 

Peptide Signals from the Gut 

Food intake in vertebrates tends to be episodic, with food 
being ingested in discrete meals owing to the develop¬ 
ment of satiation mechanisms that terminate a meal. The 
gut secretes a number of peptide satiety signals to influ¬ 
ence meal size. The best known of these is cholecystoki- 
nin (CCK), which has been investigated since the 1970s. 
In rats, the octapeptide form of CCK, CCK-8, meets the 
criteria that have been established in the literature for a 
molecule to be considered a true physiological satiety 
signal. These are that it should reduce meal size when 
administered before a meal at doses in the physiological 
range, and that this should not occur as a result of illness; 
that it should be secreted as a result of food ingestion; and 
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that meal size is increased when it is removed or its action 
antagonized. CCK is released from the small intestine in 
response to the presence of nutrients. Some of it enters 
the blood to influence digestive processes, but its inhibi¬ 
tion of food intake is mediated by a local action on sensory 
fibers of the vagus nerve. The vagus nerve makes neural 
connections to the NTS in the brainstem. Leptin acting in 
the arcuate nucleus, and also possibly the brainstem, 
enhances the strength of the satiety signal mediated 
by CCK. Thus, the control of meal size is integrated in 
relation to the animal’s overall energy status. The eight 
amino acids of CCK-8 are highly conserved between 
vertebrate taxa, and it inhibits food intake when injected 
into the body of teleost fish and also birds, where there is 
evidence that it signals via the vagus nerve as in mammals. 
Thus, the control of meal size by CCK appears to have 
been conserved during evolution. 

Other gut peptides have also been implicated in the 
regulation of meal size in vertebrates. These include 
the amphibian peptide bombesin, structurally related to 
gastrin-releasing peptide (GRP) in other vertebrates, and 
several peptides derived from processing of the progluca¬ 
gon precursor in the small intestine: GLP-1 and-2, and 
oxyntomodulin. An interesting evolutionary characteristic 
of bombesin/GRP, proglucagon-derived peptides, and 
CCK is that they are produced by neurons in the brain 
as well as in the gut in vertebrates. Their inhibitory effect 
on food intake by action in the gut is mirrored by a reduced 
feeding response after injection into the brain. Peptide YY 
(PYY) is another satiety factor produced by the small 
intestine. It is structurally related to NPY and, in common 
with other members of the pancreatic polypeptide family, 
interacts with NPY receptors. Its secretion increases fol¬ 
lowing a meal and this is reflected in increased circulating 
PYY in the blood. The truncated form of the PYY peptide, 
PYY 3 _ 36 , inhibits food intake in rodents and humans, and 
this appears to be mediated by an action on the NPY Y2 
receptor in arcuate nucleus neurons. The action of this 
signaling pathway on the regulation of food intake in 
other vertebrates has yet to be investigated. 

In contrast to other gut peptides, ghrelin, discovered in 
rat stomach in 1999, stimulates food intake in mammals. 
Ghrelin was identified as the previously unknown natural 
ligand of a growth hormone secretagogue (GHS) receptor. 
Ghrelin is produced in the stomach and parts of the 
intestine, and is released into the blood during fasting. 
This pattern contrasts with decreased leptin levels during 
a fast. Ghrelin is believed to induce feeding in rodents 
by acting on neurons producing the GHS receptor in the 
arcuate nucleus and PVN, and also in the brainstem. 
In particular, ghrelin stimulates the AGRP/NPY neurons 
in the arcuate nucleus. Ghrelin also induces effects on 
feeding in the brain via a second population of ghrelin- 
producing cells located close to the arcuate nucleus. The 
hormone influences food intake in other vertebrates. 


A stimulation of ghrelin production in response to fasting 
has been observed in birds, teleost fish, and an amphibian. 
In fish, ghrelin injections into the brain or body stimulate 
feeding as in mammals. However, in birds, a general 
inhibitory effect on food intake has been observed, the 
reasons for which are uncertain. The actions of ghrelin in 
promoting eating after fasting in mammals are comple¬ 
mented by other actions of the hormone in the brain. As 
for leptin, there is suggestive evidence that ghrelin acts on 
the midbrain dopamine system to influence the rewarding 
properties of food. There is also evidence for ghrelin 
acting in the hippocampus to modulate memory reten¬ 
tion, and this has been linked to foraging behavior. 

Pancreatic Hormones 

Pancreatic hormones play a prominent role in the regula¬ 
tion of food intake. Prior to the discovery of leptin, insulin 
was the strongest candidate for a hormonal signal of body 
fat content. The function of insulin in regulating energy 
storage and feeding behavior is evolutionarily ancient, 
occurring in invertebrates. Although injections of insulin 
into the body in mammals provide a stimulus to eat, this 
occurs as a secondary effect of the hormone reducing 
concentrations of blood glucose. In its normal physiological 
role, insulin inhibits food intake in vertebrates. Insulin is 
secreted in proportion to body fat content and is trans¬ 
ported into the brain where, in rodents, it interacts with 
insulin receptors produced in feeding-relating neurons, 
including AGRP/NPY neurons in the arcuate nucleus. 
The intracellular signaling pathways stimulated by insulin 
and leptin to regulate feeding overlap. As with leptin, 
POMC/CART neurons are stimulated by insulin, while 
AGRP/NPY neurons are inhibited by insulin at higher 
concentrations, and stimulated when insulin levels decrease 
during fasting. An inhibitory effect of insulin on feeding 
when injected into the brain has also been observed in 
birds. Like leptin and ghrelin, insulin regulates food reward 
in the midbrain dopamine system in rodents and also 
influences memory processes in the hippocampus. Insulin 
also acts like leptin in modulating the sensitivity of the 
feeding response to CCK. 

xYmong the other pancreatic hormones, glucagon and 
amylin act as satiety signals to reduce meal size in mam¬ 
mals, teleost fish, and birds. Pancreatic polypeptide (PP) is 
structurally related to NPY and PYY. In mammals and in 
the chicken, PP is secreted after food ingestion and this is 
related to coordination of digestion. When injected into 
the body, PP reduces food intake in rodents and humans, 
but this has not been investigated in other vertebrates. 

Adrenal Hormones: Glucocorticoids 

Glucocorticoids play a fundamental role in the regulation 
of feeding, metabolism, and energy storage. The type of 
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glucocorticoid secreted by the adrenal cortex in verte¬ 
brates varies. For example, the principal glucocorticoid in 
rats, mice, terrestrial amphibians, reptiles, and birds is 
corticosterone, whereas in primates and teleost fish, it is 
cortisol. In rats, removal of the adrenal gland (adrenalec¬ 
tomy) results in reduced food intake and can be reversed 
by administration of corticosterone. Glucocorticoids sig¬ 
nal through two main types of glucocorticoid receptor - 
mineralocorticoid (MR), type I, and glucocorticoid (GR), 
type II receptors - and these are expressed in many brain 
areas, including the arcuate nucleus and the paraventri¬ 
cular nucleus. Administration of glucocorticoids stimu¬ 
lates food intake and foraging behavior in mammals, fish, 
and amphibians. In rats, corticosterone acts in the arcuate 
nucleus to stimulate synthesis of NPY in the x\GRP/NPY 
neurons, a mechanism that comes into play in the adaptive 
response to fasting, when glucocorticoid concentrations 
are increased in birds and mammals. The effect is to 
promote foraging behavior and to increase food intake 
when food is found. A series of feedback loops between 
NPY, CRF, insulin, and glucocorticoids integrates food 
intake and energy storage or mobilization with the gluco¬ 
corticoid response to stressors in the rat. The effects of 
glucocorticoids are closely linked to insulin secretion. 
Corticosterone stimulates insulin secretion that, in turn, 
reduces the corticosterone-mediated stimulation of food 
intake. The two hormones exert opposing effects in the 
body, with insulin being anabolic (promoting energy stor¬ 
age) and glucocorticoids catabolic (promoting mobiliza¬ 
tion of energy stores). Thus, fat will be stored when both 
glucocorticoids and insulin are high, whereas energy 
stores will be broken down when glucocorticoids are 
high and insulin low. The effect of glucocorticoids in 
promoting feeding is opposed by the inhibitory effects of 
CRF produced in the PVN. Situations of reduced food 
intake in response to stressors are linked to the action of 
CRF, because injections of CRF into the brain reduce 
feeding in all vertebrate classes. 

Pituitary Hormones: Prolactin 

Prolactin, secreted by the anterior pituitary gland, has 
been linked to the phase of increased food intake asso¬ 
ciated with maternal provisioning in vertebrates. In ring 
doves (Streptopelia risoria), male and female parent birds 
feed their young on crop milk, a situation resembling 
lactation in mammals. To support this, both sexes increase 
food intake during the posthatching period, when prolac¬ 
tin concentrations in the blood are highest. Prolactin 
stimulates food intake when injected into the brain of 
ring doves and has been linked to a stimulatory effect 
of the hormone on NPY neurons in the avian equivalent 
of the arcuate nucleus. A comparable situation applies 
during lactation in mammals when food intake is also 
increased. In lactating rats, the prolactin receptor is 


synthesized in NPY neurons in the DMH and NPY 
production is regulated in this nucleus by suckling and 
prolactin. 

Sex Steroid Hormones 

The effects of removal of the ovaries and testes on food 
intake are variable among vertebrates and even among 
mammals. However, evidence indicates that sex steroids 
interact with neuronal circuits controlling feeding to 
bring about sex differences in food intake. In rats and 
mice, food intake is reduced at the time when estrogen 
levels rise before ovulation. Removal of the ovaries (ovari¬ 
ectomy) results in an increase in food intake that is sus¬ 
tained until body mass stabilizes at a new, higher, level. 
Injections of estrogen into the brain or body of an ovariec- 
tomized rat decrease food intake. In contrast to the situa¬ 
tion in females, testis removal in males decreases food 
intake and administration of testosterone reverses this. 
The respective increase and decrease in food intake after 
gonad removal are associated with increased meal size in 
females and decreased meal frequency in males. The effect 
on meal size in females has been linked to an interaction of 
estrogen with estrogen receptors in the brainstem to alter 
the sensitivity of the feeding response to CCK. Suggestive 
evidence also exists for regulatory effects of estrogen on the 
sensitivity of food intake to inhibition by leptin, which 
appear to differ between male and female rats. 

Regulation of Seasonal Cycles of Food 
Intake and Fat Deposition 

In many vertebrates, food intake is adjusted seasonally to 
enable animals to meet the demands of life history events 
such as reproduction, molt, migration, and hibernation. 
The best-studied model of seasonal food intake and fat 
deposition is the Siberian hamster. In this species, when 
maintained in the laboratory, exposing the animals to 
short days results in decreased food intake and loss of 
body mass. It might be predicted that these changes could 
be achieved by adjustments in the production of leptin 
and arcuate nucleus neuropeptides. However, blood levels 
of the feeding-inhibitory hormone leptin are paradoxi¬ 
cally highest when food intake is highest under long days, 
while short day animals show greater leptin sensitivity. 
Thus, seasonally obese hamsters show the phenomenon 
of leptin resistance observed in obese humans. Similarly, 
synthesis of most of the hypothalamic neuropeptides is 
not adjusted between long days and short days in the 
direction expected to explain the seasonal difference in 
food intake. This can be explained by the operation of 
a ‘sliding set point’ for body mass. Thus, the function of 
leptin and the hypothalamic neuropeptide networks is to 
return energy stores to a homeostatic level in response to 
energy deficit. However, the homeostatic level at which 




Food Intake: Behavioral Endocrinology 743 


food intake and body mass are maintained is adjusted on a 
seasonal basis in hamsters, a process known as involving a 
‘sliding set point’ or ‘rheostasis’. The use of DNA micro¬ 
arrays identified some of the genes that may regulate this 
process. These include genes involved in thyroid hor¬ 
mone metabolism, histamine and retinoic acid signaling, 
and VGF production. Implantation of tri-iodothyronine 
(T3) into the hypothalamus blocked short day weight loss. 

See also: Behavioral Endocrinology of Migration; Cach¬ 
ing; Digestion and Foraging; Hormones and Behavior: 
Basic Concepts; Hunger and Satiety; Parental Behavior 
and Hormones in Mammals; Parental Behavior and 
Hormones in Non-Mammalian Vertebrates; Taste: Verte¬ 
brates; Water and Salt Intake in Vertebrates: Endocrine 
and Behavioral Regulation. 
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Introduction 

Many animals produce vocal signals in the context of 
discovering or ingesting food and such signals are of inter¬ 
est for a variety of reasons. First, do these calls actually 
refer to food suggesting that they may function as referen¬ 
tial signals much as predator-specific calls do with each call 
type representing a specific predator type? Or do food- 
associated signals simply represent emotional expressions 
of elation with no true specificity to food? In the latter case, 
it may simply be that food is the most commonly observed 
context of elation, and signals may be mislabeled as food 
signals when in fact something different is communicated. 
Second, why should individuals discovering food call at¬ 
tention to others? The production of food-associated sig¬ 
nals would seem to be a cost to the individual who locates 
the food if the individual subsequently must share food 
with others. Third, if food-associated signals are honest 
signals of food, what prevents individuals from cheating 
and failing to produce food-associated signals when out of 
view of others? Fourth, how does the production and usage 
of food-associated signals change with development? Are 
individuals able to produce signals appropriately at birth 
and use them in feeding contexts or are these signals 
learned? Finally, can food-associated signals be used by 
adults in teaching young how to forage or to learn which 
foods are appropriate to eat or to avoid? In one family of 
primates, the marmosets and tamarins (Callitrichids), food 
signals appear to play an important role in teaching. These 
species are cooperative breeders meaning that typically 
only one female in a group reproduces and all other 
group members assist with infant care, often to the detri¬ 
ment of their own reproduction. 

Before addressing each of these questions, let us first 
look at some examples of food-associated signals. Chick¬ 
ens produce calls in response to food and they appear to 
call more frequently to highly preferred foods such as 
nuts than to less preferred foods such as peas. Other 
avian species with food-associated calls include sparrows, 
swallows, and ravens. Among nonprimate mammals, food- 
associated vocalizations are found in naked mole rats, 
dolphins, and greater spear-nosed bats. In non-human pri¬ 
mates, calls associated with food have been observed in 
marmosets, tamarins, capuchin monkeys, spider monkeys, 
macaques, chimpanzees, and bonobos. Thus, calls given 
in conjunction with feeding are seen in a wide array 
of species. 


Are Food-Associated Signals Functionally 
Referential? 

So far I have been careful in saying ‘food-associated sig¬ 
nals’ rather than ‘food calls,’ since it is important to know 
whether the calls are specific to foods or whether they 
communicate about something different that happens 
to be associated with feeding. Thus, the calls may serve 
primarily to promote social attraction, or may be used to 
attract mates or to signal status at feeding sites without 
directly communicating about food. It is equally important 
to demonstrate that the call structure differs from other 
calls in the repertoire if it is to have a unique function as 
a food call. 

Signals are labeled as functionally referential when they 
are used predominantly in contexts where some external 
referent can be identified and when playback of calls in the 
absence of the hypothesized referent leads animals to 
respond as if the referent was present. Thus, in studies of 
chickens, food calls are given at higher rates to food items 
such as peanuts than to nonfood items such as peanut shells, 
but calls are still given to peanut shells. Toque macaques in 
Sri Lanka produce a certain type of call most often when an 
individual has found an abundant source of food such as a 
fig tree with ripe figs, but these monkeys also give the same 
calls on a sunny day at the end of the monsoon and to the 
first rain clouds at the end of the dry season, suggesting an 
elation component to the signal. Captive cotton-top tamar¬ 
ins give calls mainly to food, but as with toque macaques, 
3% of the situations during which the calls were recorded 
did not involve food. However, when adult tamarins were 
offered small, manipulable objects the same size as food 
pieces, they did not vocalize suggesting that food rather 
than some other feature was most likely to elicit calls. 

Tamarins also gave a greater number of vocalizations to 
highly preferred foods than to less preferred foods, sup¬ 
porting an emotional or motivational component to the 
calling. Similarly, chimpanzees give more calls to many 
items of fruit than to small or only single items of fruit and 
they gave more calls to a watermelon cut into 20 pieces 
than to a single intact watermelon suggesting that the 
ability to share food plays an important role in whether 
an animal calls or not. Initially, referential signals were 
thought to indicate something about the cognitive skills of 
animals, but signals may be primarily emotional from the 
perspective of the caller and still communicate about an 
external referent such as food. 
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Determining whether signals are truly related to food or 
to something else is critical in interpreting the results of 
studies of these calls. For example, an initial interpretation 
of the chimpanzee food calls was that chimpanzees sup¬ 
pressed calling to small numbers of items or nonsharable 
items, and that this was evidence of deception. Yet an 
alternative explanation might be that small amounts of 
food are not sufficient to motivate calling. One study on 
chickens found that males frequently ‘food called’ and 
that hens would approach the male, but nearly 50% of the 
time the male had no food and thus must be deceiving 
his mate. However, chickens and many other birds engage 
in tid-bitting behavior (food sharing) as part of court¬ 
ship, and the calls that were labeled as ‘food calls’ may 
have served multiple functions, including courtship and 
affiliation. Before labeling a signal as a ‘food signal,’ it is 
necessary to evaluate alternative or additional functions so 
that results are not overinterpreted. This is best done exper¬ 
imentally by offering animals a variety of food items that 
vary in quality and amount as well as by testing with 
nonfood items of similar size and shape. Since one hypoth¬ 
esis of food calling may be simple elation, testing for calls 
in nonfeeding contexts where elation may be present is 
also important. 

Relatively few playback studies have involved food- 
associated calls, but two independent field studies of two 
species of capuchin monkeys have found results sugges¬ 
tive of functional reference. Both the studies identified 
calls that were given mainly in the context of feeding and 
when these calls were played back, capuchin monkeys 
were more likely to orient to the speaker and to move in 
the direction of the speaker than to control sounds, sug¬ 
gesting that the monkeys reacted to the sounds as if food 
had been located. 

Why Produce Food Signals? 

It is puzzling that animals should vocalize when they 
discover food. If the food is also an animal, then vocaliza¬ 
tions may allow the prey to escape. Indeed, even though 
animate prey are highly preferred foods for them, neither 
wild capuchin monkeys nor captive pygmy marmosets 
(Figure 1) vocalized to animate prey although they do 
vocalize to inanimate preferred foods. 

Feeding competition is often cited as a major determi¬ 
nant of spacing patterns and mating systems in animals. If 
feeding competition is critical to individual survival and 
reproductive success, then it seems paradoxical that an 
individual should vocalize when it finds food. One conclu¬ 
sion would be that food calling should be more likely to 
occur when a food source is abundant beyond the ability 
of the discoverer to ingest all the food or if the spatial 
distribution of the food allows multiple individuals to eat 



Figure 1 Pygmy marmoset in Amazon ingesting exudates. 
Courtesy of Pablo Yepez. 


simultaneously. Indeed some studies find that food-related 
calling is more likely at large abundant patches than at 
small patches. 

Another explanation is related to kin selection. If by 
calling when one locates food, one can lead kin (offspring 
or siblings) to a food resource, then even if there is some 
cost to the caller, its kin may benefit from the information 
about the location of food. Additionally, there may be 
social benefits beyond helping kin that make the produc¬ 
tion of food-associated signals adaptive. In some tamarin 
species, but not others, and in capuchin monkeys and 
chickens, the presence of conspecific group members 
leads to a greater probability of calling. Thus, if a rooster 
is tested alone with food, he is unlikely to vocalize, but if 
he is tested with a hen nearby, he will vocalize in the 
presence of food. The male’s calling is not simply trig¬ 
gered by the presence of another animal alone, since if 
another rooster is present instead of a hen, the rooster 
exposed to the food will inhibit his calling. 

In capuchin monkeys, both social status and the presence 
of an audience affected calling in the presence of food. In a 
study in captivity, high-ranking capuchin monkeys called 
less frequently over all, but called as often as lower ranking 
monkeys when they found food in the presence of all group 
members. Lower ranking monkeys called less often when 
alone than with one other partner or with the whole group 
present. In a field study of capuchin monkeys, food finders 
called less often in the season when food was scarce and less 
often to smaller amounts of food than to larger amounts, 
regardless of season. Females called with a significantly 
longer latency than males. There was a clear audience effect 
with animals of all social status calling with shorter latency 
when other group mates were close by. One conclusion 
from these results is that food calling is being used strate¬ 
gically by both chickens and capuchin monkeys with calling 
occurring only when a potential mate or other group 
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members are nearby. This may be characteristic of species 
living in groups with a clear dominance hierarchy. 

In cooperatively breeding red-bellied tamarins, indivi¬ 
duals called more often when they found food out of 
sight of other group members even when the amounts 
of food were small. This result contrasts with those on 
capuchin monkeys and chickens, where calling was influ¬ 
enced by the presence, rather than the absence, of other 
group members. One explanation could be the coopera¬ 
tive care system of tamarins, where all group members 
must work together to care for infants. However, a study 
of the related cotton-top tamarin found no differences in 
the rates of calling when food was discovered in circum¬ 
stances where group mates were out of sight. The animal 
discovering food called as often when in sight of its mate 
as when out of its sight, but the mate responded with food- 
associated calls of its own even though it had no access to 
food. This is a natural playback study that shows that 
food-related calls of one individual can induce similar 
calling in another even though the latter has no food 
available. 

Are Cheaters Punished for Failure 
to Call? 

If there is a social function of food calling, and animals in 
species with dominance hierarchies do not call unless 
there is a group member nearby, then is there any mecha¬ 
nism for dealing with animals that do not call when they 
discover food? How are selfish individuals treated when 
discovered by other group members? A study of free- 
ranging rhesus monkeys on an island off the coast of 
Puerto Rico found that the monkeys produced several 
call types when they discovered food, but they produced 
these calls on only 45% of trials. Other group members 
found food with the same latency whether the discoverer 
called or not. However, the animals that did not vocalize 
when they discovered food were more frequently the 
targets of aggression from other group members than 
those who did call when they found food. Thus, the rest 
of the group essentially punished a monkey if it failed to 
call when it discovered food. Interestingly, the dominant 
adult males were not punished if they failed to call, but 
females that called when they found food actually had 
higher levels of ingestion than females that failed to call 
and were punished. These results farther support the 
findings mentioned earlier that dominance has an effect 
in food vocalizations and shows that macaques have a 
system of punishment for those that fail to call. However, 
given that an animal is punished if it fails to find food and 
actually will gain more food by calling than by not calling, 
it is puzzling why the rate of calling when food is discov¬ 
ered is so low. It would appear advantageous for nearly all 
animals to call when they discover food. 


How Do Food-Associated Signals 
Change with Development? 

The development of communication involves acquisition 
of the production of appropriate signals, the usage of these 
signals in appropriate contexts, and the understanding of 
signals produced by others. The major work on develop¬ 
ment of food-related signals has been done with cotton- 
top tamarins. This is a cooperatively breeding species 
native to Colombia, in which adults other than the mother 
carry infants, transfer food to infants at the time of wean¬ 
ing, and engage in vigilance behavior. 

When captive groups of animals with new-born infants 
were tested weekly over the first months of infant life 
through infant independence, adults always produced 
well-formed vocalizations that are associated with feeding. 
In adults, these calls are usually single chirp-like vocaliza¬ 
tions with two forms, one given as animals approach food 
and the other when animals ingest food. In contrast to 
adults, infants presented with highly preferred foods initi¬ 
ally produced a sequence of chirps that varied in pitch 
rather than the calls produced by adults. Over the course 
of the first 5 months, most, but not all, infants eventually 
produced a single call similar in structure to that of adults. 
However, once an infant had produced an appropriate call 
in a feeding context, there was only a 44% chance that it 
would produce that call on a subsequent trial. Although 
infants vocalized in feeding contexts, they usually did not 
use the same call as adults and appeared to require some 
time to master the call. 

When captive tamarins were tested systematically after 
infancy, adolescent animals feeding completely indepen¬ 
dently of adults produced food-related calls that were 
similar to those of adults, but were much more variable 
in structure. These young tamarins also produced a vari¬ 
ety of other vocalizations that adults did not produce in 
feeding contexts. Furthermore, young tamarins also over¬ 
generalized, that is, they called not only to food items but 
also to small objects of similar size that could be manipu¬ 
lated. Thus, young tamarins show some aspects of adult 
production and usage, but they do not produce calls that 
are as stereotyped as adult calls and produce them in 
contexts other than feeding. 

It would seem likely that with increasing age, there 
would be a gradual change toward adult structure and that 
animals would be increasingly likely to limit calling to 
food alone. However, even a year or more after puberty, 
tamarins showed no evidence of improved performance. 
This result is puzzling. However, a characteristic of coop¬ 
erative breeders is that older siblings do not reproduce 
but instead assist the breeding adult pair with infant care. 
One hypothesis is that these nonreproducing animals are 
signaling their subordinate status through continuing 
to use juvenile forms of calls even after they are repro- 
ductively adults. If this hypothesis is true, then the 
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food-calling behavior of tamarins should change as soon 
as their social status changes. This was the case. When 
postpubertal animals living in the natal groups were 
paired with novel animals and began breeding, there was 
a rapid change in behavior with respect to food. Within 
2 weeks, the tamarins no longer gave other types of 
vocalizations with food and no longer called to small, 
nonfood control objects. Within a few more weeks, all 
the monkeys produced calls that had the consistent and 
stereotyped structure of adult food-associated calls. 
Young tamarins did not produce appropriate calls from 
birth and appeared to learn both how to produce appro¬ 
priate calls and to use them in appropriate contexts. 
However, they did not demonstrate adult structure and 
usage of calls until they had reached the social status of 
breeding animals. Nonetheless, young tamarins were 
attracted to calls given by others and readily approached 
sites with preferred food. 

What Is the Role of Food-Related 
Signals in Teaching? 

An extremely interesting use of food signals is in apparent 
teaching behavior of marmosets and tamarins. Teaching 
has been operationally defined as one animal engaging in a 
behavior at some cost to itself in the presence of a naive 
observer. Using a combination of encouragement and pun¬ 
ishment, the teacher shapes the behavior of the observer so 
that the observer acquires a skill at a younger age or with 
greater speed and efficiency than would otherwise be the 
case. In the cooperatively breeding marmosets and tamar¬ 
ins, adults other than the mother spend the majority of the 
time in infant care. This involves both carrying infants 
through the habitat and transferring food to young at 
weaning (Figure 2). In many species, the willingness of 
an adult to engage in food transfers with infants is signaled 
by a rapidly repeated and high-amplitude sequence of the 
calls used by adults in feeding contexts (Figures 3 and 4). 
Adults use these more intense calls only when willing to 
engage in food transfers and young are unlikely to receive 
any food unless these calls are given. 

In longitudinal studies of captive cotton-top tamarins, 
the earlier an infant begins to receive food transfers from 
an adult, the sooner it will begin to eat on its own and 
to produce adult-like food vocalizations. As the infants 
increase in independent feeding, the adults reduce the rate 
at which they will produce the intense food-related signals 
and they become less likely to transfer food to infants. By the 
time infants are 5 months of age, most are fully weaned and 
food transfers and accompanying vocalizations are rare. 
However, when juvenile tamarins (6—9 months) were con¬ 
fronted with a novel foraging task offering a highly reward¬ 
ing food that an adult could solve, the adults again began 
giving the intense form of food vocalizations to juveniles 



tamarin. Courtesy of Carla Boe-Nesbit. 


14 - 

12 - 

10 - 



6 - 

4 - 

2 - 


0.5 

s 

Figure 3 Sound spectrogram of adult cotton-top tamarin 
food-associated call. 
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Figure 4 Sound spectrogram of intense form of food call used 
by adult cotton-top tamarins in food transfers with infants. 

(just as they had with infants) and engaged in food transfers 
with the juveniles. However, as soon as the juveniles have a 
single successful trial with the foraging apparatus, the adults 
immediately refused to transfer food to infants and no 
longer produced the specialized vocalizations associated 
with food transfers. 

In parallel studies of lion tamarins and common mar¬ 
mosets, adults in captive groups were more likely to trans¬ 
fer food to infants when the food was novel to the infant or 
difficult to process than when food was familiar or easy to 
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locate and process. In field studies of golden lion tamarins, 
juveniles were able to forage successfully on fruits and 
leaves but were much less successful with animate prey. 
Adults in the wild continued to give food transfer signals 
and offer prey to juveniles, but as juveniles became more 
skilled adults reduced signals and direct transfers. How¬ 
ever, observers have noted adults giving food vocalizations 
that attract a juvenile, but with no obvious prey to transfer. 
When the juvenile approached the calling adult, it looked 
for prey in nearby areas and was often successful. This 
systematic use of food-related vocalizations with the 
reduction of adult calling and food transfers as infants 
and juveniles become more successful suggests that adults 
are sensitive to what the infants and juveniles know about 
food and how to obtain it. In the light of the earlier point 
that some monkeys do not give food-associated calls in the 
presence of animate prey, the use of food-associated voca¬ 
lizations to juveniles only in the context of animate prey 
that juveniles find difficult to obtain is further support for 
the fact that this is some form of teaching. 

Summary 

There is evidence that at least some calls that are pro¬ 
duced in feeding contexts are functionally referential, that 
is, they directly signal the presence of food. However, 
these calls also convey motivational information about 
food quality and quantity and may also be used in non¬ 
feeding contexts of excitement. Food-associated calls are 
often used strategically, given only in the presence of a 
potential mate or conspecific or to inanimate foods. There 
is some evidence that animals that fail to call when they 
find food are punished and that those that call honestly 
are likely to receive more food even if it must be shared 
with others. Finally, food-associated calls are used in more 
intense forms by cooperatively breeding primates in the 
context of food transfers to infants and the withdrawal of 
calling and food transfers by adults as infants acquire 
foraging skills is suggestive of teaching in these animals. 


See also: Acoustic Signals; Communication and Hor¬ 
mones; Group Foraging; Monkeys and Prosimians: Social 
Learning; Motivation and Signals; Parent-Offspring Sig¬ 
naling; Referential Signaling. 
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Introduction 

It would be an exaggeration to say that in the evolution of 
foraging anything is possible, but not much of an exagger¬ 
ation. Collectively, animals eat a huge diversity of differ¬ 
ent food types, from shoe polish (the fly Megaselia scalaris) 
to feces to the living tissues of other animals. Add to this 
the many ways that animals mix foods to compose their 
diets, and locate, capture, and process these foods, and the 
number of foraging strategies approaches the number of 
species. Furthermore, many species eat different diets at 
different stages in the life cycle, and in some, different 
individuals of the same age have different foraging adap¬ 
tations and diets (called resource polymorphisms). The diver¬ 
sity of foraging strategies can therefore in theory exceed 
the number of species. 

To help to understand this diversity, researchers have 
classified animals into ‘foraging modes.’ Although not 
perfect, these categories have been useful, because they 
help to impose some order on what would otherwise be an 
unstructured catalog of different cases. They also expose 
some important questions which help to build a more 
complete understanding of the diversity of foraging 
observed in nature. I return to these questions in the 
final section, after presenting an overview of the criteria 
that have been used for classifying animals according to 
their foraging mode. 

Foraging Modes 

Foraging involves an interrelated set of components, 
which can usefully be categorized into a series of roughly 
sequential steps. At the one extreme is the choice of the 
general category of foods that are eaten and the general 
habitat in which to forage. Within the chosen habitat, the 
animal needs to locate, capture, and ingest the food items, 
while avoiding hazards such as predators, physical 
defenses, and toxins. The swallowed foods are then further 
processed in the digestive tract to separate absorbable 
components from wastes. Many schemes exist for group¬ 
ing animals into modes based on these aspects of foraging, 
with different schemes emphasizing different components 
(habitat selection, food choice, the pattern of foraging, 
food detection, food capture, and postingestive proces¬ 
sing). These classifications are not, of course, mutually 
exclusive, because an animal can be classified separately 
according to different criteria or combinations of criteria 


(Figure 1): it might, for example, be similar to some 
animals in the foods that it eats, but similar to others in 
the way that it processes them in the gut. 

Habitat 

A very broad categorization of foraging strategies con¬ 
cerns the habitat in which an animal forages. At the most 
general level, terrestrial foragers seek their foods on land, 
while aquatic consumers forage in water. If aquatic, forag¬ 
ing might take place in the sea (marine), lakes ( lacustrine ), 
or rivers and streams (lotic). Within these habitats, some 
animals feed on the bottom (benthic), while others feed in 
the open water (pelagic if marine, limnetic if in lakes). 
Terrestrial foragers are similarly classified according to 
a finer-scale distinction between types of habitats - for 
example, arboreal (in trees), fossorial (underground), aerial 
(in the air), desert, grasslands, etc. Within each of these 
habitats, foraging might take place during the day (diur¬ 
nal), at night (nocturnal), at dawn (matinal), or dusk (vesper¬ 
tine). Many animals forage in more than one habitat type: 
amphibious foragers, such as crocodiles, forage on land and 
in water, while crepuscular animals are active both at dawn 
and dusk. 

Some animals feed in one habitat and perform other 
activities (e.g., sleep, hide from predators, etc.) in another. 
For example, archer fish capture insects and other small 
invertebrates from outside their aquatic habitat by shoot¬ 
ing them off overhanging vegetation using a jet of water 
forcefully expelled from a specialized mouth. In general, it 
is expected that cases where the two habitats are very 
different will be rare, because of the challenges involved 
in adapting to both. This is illustrated by the Australian 
spinifex hopping mouse (Notomys alexis), which burrows 
underground but uses saltatorial locomotion (hopping) to 
move through the arid open areas in which it forages. 
Research has shown that the adaptation of this species 
for saltatorial locomotion makes burrowing significantly 
more energetically expensive compared with specialized 
bur rowers. 

Foods 

The most conspicuous, and in some respects the most 
important, aspect of foraging concerns the categories of 
foods that animals eat. For this reason, a good deal of 
attention has been paid to classifying animals into forag¬ 
ing modes according to their diet choice. These categories 
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Figure 1 Continued 
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Figure 1 Continued 
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Figure 1 A diversity of foraging modes, (a) New Zealand butterfish (Odax pullus) start life as carnivores, then become obligate 
algivorous herbivores - that is, they are life-history omnivores. In the herbivore stage, they use oral teeth to bite off pieces off 
macroalgae, which are then mechanically processed between the plates of a pharyngeal mill. Microbial populations in the hindgut 
ferment the food, but there is no specialized fermentation chamber, (b) Common dolphins (Delphinus delphis) are active marine 
predators, which feed both on fish (piscivorous) and squid (molluscivorous). They usually hunt in groups, using a range of cooperative 
hunting strategies, (c) New Zealand Weka (Gallirallus australis) are broad-scope terrestrial omnivores, eating a variety of plant- and 
animal-derived foods. They prefer forest and bush, but will forage across a wide range of habitats, including sandy beaches (as 
pictured), (d) The butterflyfish Chaetodonton baronessa is a specialist corallivore, which in some areas of its range feeds exclusively on 
a single species of coral ( Acropora hyacinthus). (e) Blue mao mao (Scorpis violacea) are marine planktivores which often feed in large 
groups, (f) A parasitic Cymothoa isopod leaving the mouth of a recently dead butterfish (O. pullus). C. exigua are ectoparasites, which 
attach to the tongues of their hosts causing the organ to degenerate. They remain attached to the stub of the tongue, occupying the 
space formerly dedicated to the defunct organ, (g) Corals (here Acropora sp.) have nutritional symbioses with algal dinoflagellates. 
These unicellular algae provide the coral with photosynthesates, and in turn utilize waste nutrients excreted by the coral, (h) Holothuria 
sea cucumbers are detritivores, which pass large amounts of sediments through their guts extracting organic material and excreting the 
undigested sand (upper left), (i) A herbivorous black and white colobus monkey eating soil (geophagy). This common behavior is most 
likely a means to redress deficiencies in micronutrients, particularly sodium which is deficient in their folivorous diet, (j) Acraea 
butterflies in Uganda feeding on decaying feces of a mammalian predator. This behavior, known as ‘puddling,’ is a form of 
supplementary feeding believed to be targeted at obtaining micronutrients, (k) Scorpion fish (Scorpaena spp.) are cryptic ambush 
predators. (I) Australasian gannets (Morns serrator) are colonial-living central place foragers. They are visual-hunting, plunge pursuit 
predators, which hunt pelagic prey (fishes and squid). Here, a parent has just transferred a meal offish to its unfledged chick, (m) New 
Zealand kakapo (Strigops habroptila) are solitary, flightless, nocturnal herbivores. They are central place foragers which eat a wide 
range of plant foods at night and nest during the day. Their eyes are not well developed, and it is likely that olfaction is an important 
sense used in foraging, (n) When eating fibrous leaves, kakapo (Figure 1(m)) selectively extract the juice and soft portions, discarding 
the less digestible, fibrous component as a ‘chew.’ Here, the chew is still attached to the plant. Kakapo are thus cytoplasm feeders, 
(o) Giant pandas eat large amounts of bamboo and selectively excrete the fibrous components. They are thus concentrate feeders. 
All photos by D. Raubenheimer. 
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are usually (but not always) assigned a name consisting of 
a description of the food with suffix L vore (e.g., folivore = 
eater of leaves) or ‘ phage (e.g., phytophage = eater of 
plants). The L vore versus ‘phage distinction is of no partic¬ 
ular significance: they both mean ‘eater of,’ but in Latin 
and Greek, respectively. In some cases, a feeding habit is 
described using Greek- and Latin-derived names inter¬ 
changeably - for example, animals that eat plants are 
known both as ‘herbivores’ and ‘phytophages.’ 

A common basis for denominating foraging modes is 
based (roughly) on the taxonomic group from which foods 
are drawn. Thus cannibals eat members of their own species, 
bacterivores eat bacteria, fungivores eat fungi, while herbivores 
eat plant-produced foods (Figure 1(a)), carnivores (some¬ 
times called faunivores) (Figure 1(b)) eat animal-produced 
foods, and omnivores (Figure 1(c)) eat a combination of 
plant- and animal-derived foods. These categories are 
further split into subgroups: graminivores are herbivores 
that eat mainly grasses, while piscivores (Figure 1(b)) are 
carnivores that eat fish, molluscivores eat molluscs, spongi- 
vores eat sponges, arthropodovores eat arthropods, and cor- 
allivores (Figure 1(d)) eat corals. In some cases, there is 
further nesting within these groups: entomophages are 
arthropodovores that specifically eat insects, while myrme- 
cophages and lepidophages are entomophages that eat ants 
and Lepidoptera, respectively. Other denominations are 
more specific about the parts of food organisms that are 
taken; for example, folivores eat leaves, nectarivores eat 
nectar, xylophages eat wood, palinivores eat pollen, gramini¬ 
vores eat seeds, haematophages eat blood, mucophages eat 
mucus, and coprophages eat feces. 

A common distinction made for terrestrial herbivores 
is between grazers (which feed on grasses), browsers (which 
feed on dicotyledonous plants), and mixed feeders or inter¬ 
mediate feeders (which feed on both). Although grasses and 
dicotyledonous plants are taxonomically distinct, the 
grazer versus browser dichotomy for terrestrial mamma¬ 
lian herbivores is more about the properties of the foods 
than their taxonomic status. Thus, browsers are some¬ 
times referred to as concentrate feeders , and grazers as rough- 
age selectors , because grasses tend to contain lower 
concentrations of nutrients than do the dicotyledonous 
foods of browsers. However, since grasses are not always 
more fibrous than dicotyledonous leaves, a more refined, 
two-way, classification has been proposed, where animals 
are distinguished both according to the proportion of 
grass versus browse in the diet and the degree to which 
they feed selectivity within each category: selective browsers 
(i.e., concentrate selectors, e.g., pronghorn), selective grazers 
(e.g., bighorn sheep), unselective browsers (e.g., moose), and 
unselective grazers (e.g., elk). The browser versus grazer dis¬ 
tinction is also used for marine animals, but the usage 
there has been more variable than for terrestrial herbi¬ 
vores. Some marine biologists consider grazers to be her¬ 
bivores that feed by scraping or sucking and in so doing 


ingest significant amounts of inorganic material, in con¬ 
trast with browsers, which tear or bite pieces from more 
upright macroalgae and so rarely ingest inorganic mate¬ 
rial. Others use the term ‘grazer’ more generally to denote 
all marine herbivores whatever their feeding mode (includ¬ 
ing browsers, scrapers, particle feeders, etc.), and yet others 
do not restrict the use of these terms to herbivores. For 
example, the turtle-headed sea snake ( Emydocephalus annu- 
latus ), which moves slowly through its environment feed¬ 
ing frequently on small, immobile, defenseless items (fish 
eggs), has been described as a browser, while some parrot- 
fish are said to graze on the reproductive parts of corals. 
The criteria for distinguishing marine grazers and brow¬ 
sers are thus not consistently based on the properties of 
the foods, but sometimes on the mode of feeding. 

Some groupings of foraging mode are based on more 
explicitly ecological criteria. For example, planktivores (e.g., 
Figure 1(e)) feed on plankton, a taxonomically mixed 
group (including plants, animals, bacteria, and archaea) 
which is defined by their ecological niche: small organisms 
that drift in the water column. An important ecologically 
inspired categorization of foraging modes emphasizes the 
trophic level from which foods are taken. In this classifica¬ 
tion, herbivores (e.g., Figure 1(a)) eat primary producers 
(plants), carnivores (Figure 1(b)) eat secondary or higher- 
order consumers (herbivores, omnivores, or other carni¬ 
vores), and omnivores (Figure 1(c)) eat both plants and 
other animals. Life-history omnivores (Figure 1(a)) switch 
diets during development. Some ecologists distinguish 
between strict predators and intraguild predators , the former 
being predators that eat herbivores, and the latter predators 
that prey on other predators. In this approach, trophic omni¬ 
vores are predators that feed both on herbivores and other 
predators, while closed loop omnivores eat both a resource and 
other consumers of that same resource. 

A classification of foraging modes that is important 
both in the context of ecology and evolution is based on 
the nature of the biological interaction between the con¬ 
sumer and its foods. Predators kill their prey either in the 
act of or prior to eating them. Parasites (Figure 1(f)) take 
food from living hosts, which reduces the evolutionary 
fitness of the host but does not usually directly result in its 
death. Some parasites live inside the bodies of their hosts 
(endoparasites ), while others live on their hosts ( ectopara¬ 
sites ). Parasitoids spend a significant proportion of the life 
cycle living on or in the host, and ultimately kill it. 
Commensals , likewise, take food from other organisms, but 
at no net cost to those organisms. This is the case for some 
microbes living in the guts of animals, including humans, 
and also for some species of fish that swim beneath others 
eating their freshly excreted feces. Mutualists take food 
from another organism, but reciprocate by providing a 
nutritional or other benefit to the donor. Ants, for exam¬ 
ple, harvest honeydew from living aphids, and in return 
protect the aphids from predation; some invertebrates, 
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including corals (Figure 1(g)), derive carbohydrates from 
symbiotic unicellular algae which, in turn, benefit from 
waste nutrients excreted by the corals. In contrast to these 
categories, detritivores (Figure 1(h)) feed on dead and 
decaying organic matter and are therefore of no direct 
functional relevance to their foods (although living 
microbes might contribute significantly to their nutritional 
gain). Some animals supplement their diet with nutrients 
from inorganic sources, including clay (a feeding habit 
known as geophagy) (Figure l(i)), and many butterflies 
feed from nutrient-rich puddles or decaying organic matter 
(known as puddling ) (Figure l(j)). In this case, there is 
clearly no evolutionary significance for the food. 

A widespread criterion for grouping animals into for¬ 
aging modes is the breadth of foods eaten. Various terms 
have been used for this, the most common being generalist 
(wide range of foods) (Figure 1(c)) versus specialist (nar¬ 
row range of foods) (Figure 1(d)). Other, more arcane 
terms include monophage (single food type), oligophage (a 
few food types), and polyphage (a wide range of foods). The 
term stenophage is sometimes used to refer to animals that 
have a narrow diet range (i.e., monophages and oligo- 
phages). It is important in characterizing diet breadth to 
distinguish between the range of foods eaten by indivi¬ 
duals and the species as a whole. In some generalists, each 
individual mixes its diet from a wide range of foods 
(individual generalists), while in others the species as a 
whole has a diverse diet but each individual eats a subset 
of this diet ( population generalists). One mechanism for this 
is local specialization , where individuals in different parts 
of the geographic range specialize on different foods. 
Another is life-history omnivory (as mentioned earlier in 
this section), in which animals switch diets at different 
stages in the life cycle (e.g., Figure 1(a)). 

Foraging, Food Detection, and Food Capture 

Among predators, the strategies of hunting and prey cap¬ 
ture are widely used criteria for distinguishing foraging 
modes. At the most general level, active predators move in 
search of prey (Figure 1(b)), while sit-and-waitpredators or 
ambush predators (Figure l(k)) adopt an ambush position 
and wait for prey to come to them. Sit-and-wait predators 
can enhance the probability of encounter through the 
choice of ambush position, but many also actively lure 
prey. Examples of the latter include female angler fish, 
which have a modified dorsal spine that protrudes forward 
dangling a glowing lure above the mouth, and spiders that 
attract insects by mimicking the bright coloration of flow¬ 
ers or chemical sex attractants (pheromones). 

Several variants of these strategies have been 
described. Active predators that spend a high percentage 
of their time moving are sometimes referred to as widely 
foraging predators, while those that have frequent short 
bursts of movement are called saltatory or pause-travel 


foragers. Some biologists use the term cruise predators to 
describe animals that search actively but move slowly 
compared with other active predators. Other classifica¬ 
tions distinguish between pursuit predators, which pursue 
mobile prey, and close-quarter predators which detect and 
capture prey over short distances. Flush-pursuit predators 
use conspicuous movements to startle their prey from 
hiding and then pursue them. Hunting strategies of snakes 
have been described as browsing (see previous section), 
slow pursuit, or active pursuit predation. Among the strate¬ 
gies of active pursuit by seabirds are deep pursuit divers, 
which use underwater flight (e.g., penguins), foot-propelled 
divers, which swim with their feet in pursuit of benthic or 
pelagic prey (e.g., cormorants), and plunge pursuit predators 
which capture prey using steep dives often from heights of 
up to 30 m (e.g., gannets; Figure 1(1)). Birds in the genus 
Rhynchops (skimmers) are described as skim feeders, for their 
behavior of flying low over water with the tip of the lower 
mandible submersed and seizing prey items on contact. 
Some species of whales (e.g., right and sei whales), which 
feed by swimming through patches of plankton with their 
mouths open and trapping the prey in a baleen filter, have 
also been described as skim feeders. Skim-feeding whales 
are contrasted with gulp feeders, which engulf large mouth¬ 
fuls of water and use their tongue to force it through 
the baleen filter (e.g., humpback whales), and bottom feeders 
(e.g., the gray whale) which filter invertebrates from 
mouthfuls of sand and mud taken from the seabed. Four 
main modes of prey capture occur in fish: biting where 
teeth are used to capture food (e.g., Figure 1(a)); suction 
feeding where the food is sucked into the mouth; ram 
feeding where the predator uses body propulsion to cap¬ 
ture prey in their elongated jaws; and filter feeding (e.g., 
Figure 1(e)) where prey are filtered from the water using 
various mechanisms that are functionally equivalent to the 
baleen filter of the whales referred to above. Fish that feed 
in a manner equivalent to skim-feeding whales are some¬ 
times referred to as ram filterers. 

Animals that return to a central place (e.g., a nest, 
burrow, or sleeping site) between foraging trips are 
referred to as central place foragers. Where several such 
sites are used, this behavior is called multiple central place 
foraging. Many nesting birds are central place foragers 
when feeding young (Figure 1(1)). Some spider monkeys 
and Fapland longspur birds are examples of multiple 
central place foragers. Animals are referred to as hoarders 
if they collect a surplus of food when availability allows 
and store it for later consumption. The food might either 
be stored in one or a few large caches ( larder hoarders, e.g., 
hamsters) or in multiple, dispersed sites (scatter hoarders, e.g., 
gray squirrels). 

The principal sensory modality used to detect and 
distinguish prey is another criterion that has been used 
to categorize foraging modes. Thus, visual foragers (e.g., 
gannets, Figure 1(1)) principally use their eyes; auditory 
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foragers (e.g., bat-eared foxes) use their ears, while olfac¬ 
tory foragers use their noses (e.g., rats) or tongues (e.g., 
some reptiles). Many predators combine the use of several 
sensory modalities in hunting. The American water shrew 
(.Sorex palustris), for example, is a flush-pursuit predator 
that feeds on, among other foods, fish. Experiments have 
shown that on foraging dives it uses motion to detect 
moving prey, but also uses odor and tactile hairs (vibris- 
sae) to inspect stationary objects. This is a highly effective 
combination for a flush-pursuit predator, because it 
exposes prey to detection both when sitting immobile in 
the substrate and when attempting to escape. 

Finally, an important criterion for classification of for¬ 
aging strategies concerns the social context in which 
animals forage. Some animals are solitary foragers (e.g., 
kakapo, Figure l(m)), while others forage in small or 
large groups. Among the latter, groups may consist of 
individuals that cooperate in locating and subduing prey 
[cooperative hunters — Figure 1(b)), or merely comprise an 
assemblage of individually foraging animals (Figure 1(e)). 
Cooperative hunting enables predators to prey on animals 
that are larger, have greater endurance or are faster than 
would otherwise be possible, while group foraging has 
been demonstrated in several species to reduce the risk 
of the foragers falling prey to other animals. 

Food Processing 

The ability of animals to process foods after capture is an 
important consideration, because it influences all aspects 
of foraging from habitat choice to food selection. Foods 
are first harvested from the environment using various 
oral structures (teeth, mandibles, filters, sucking stylets, 
etc.), and exposed to digestive enzymes which help to 
extract nutrients and convert them to a form suitable for 
absorption. These enzymes are synthesized either by the 
animal (i.e., are endogenous) or by symbiotic microbes in 
the gut ( exogenous ). Nutrients are absorbed through the gut 
wall either passively by diffusion, actively by means of 
energy-driven nutrient transporters, or using a combina¬ 
tion of passive and active mechanisms. In some cases, solid 
foods are swallowed whole (e.g., many predators), but 
many animals mechanically process foods to facilitate 
swallowing and increase the surface area exposed to diges¬ 
tive enzymes. This is commonly done using oral teeth or 
equivalent structures (e.g., arthropod mandibles), but 
some birds, reptiles, fish, and invertebrates use a muscular 
part of the gut called a gastric mill (also known as a gizzard) 
to grind food, sometimes with the aid of stones that are 
swallowed especially for this purpose. In some fish, a 
secondary set of jaws in the pharynx, called pharyngeal 
jaws , is used to crush and grind food (e.g., the New 
Zealand butterfish, Figure 1(a)). There are many exam¬ 
ples of how the strategies of mechanical and chemical 
breakdown of foods are adapted to the diet and lifestyle 


of animals, but in the context of foraging modes the most 
interesting aspect is the relationship between the rates at 
which nutrients are eaten and the efficiency with which 
they are extracted from the foods. 

Overall nutrient gain is the product of the amounts 
of nutrients eaten and the efficiency with which they 
are extracted from the foods and retained by the animal. 
The rate of overall nutrient gain is often constrained by a 
trade-off between these parameters: an increase in either 
the feeding rate or the efficiency of digestion is offset by a 
decrease in the other. Both extrinsic constraints (ecological) 
and intrinsic constraints (i.e., properties of the animal) are 
responsible for this trade-off. An example of an extrinsic 
constraint is that high-quality foods that are easily 
digested, such as other animals, young leaves and seeds, 
tend to be less abundant and/or more difficult to find or 
capture than foods with a high proportion of poorly 
digestible material such as grasses, tree leaves, wood, 
and corals. An important intrinsic constraint is that gut 
size imposes a limit on the amount that can be eaten, and 
when filled to capacity the animal can increase its intake 
further only by passing the food through the gut more 
rapidly. In so doing, it will decrease the time available for 
digestion and absorption, and hence reduce the efficiency 
with which nutrients are extracted. Conversely, increased 
digestive efficiency requires prolonged exposure to diges¬ 
tive enzymes and this limits the rate of intake. 

The trade-off between the quantity of a food type 
available and its digestibility has helped to explain many 
issues associated with the foraging strategies of animals. 
For example, herbivores tend to spend more time eating, 
retain foods for longer in the gut, and have larger guts 
than do carnivores, while the guts of omnivores tend to be 
intermediate. Farge guts ease the limit on the rate of 
consumption by herbivores, and help to compensate for 
the low digestibility of plants by increasing the time that 
food is exposed to digestive enzymes and absorptive tissue 
of the gut. The smaller guts of carnivores, on the other 
hand, reduce the energetic costs of maintaining expensive 
gut tissue and possibly also improve agility and hence 
prey capture efficiency. Carnivores also tend to have 
larger brain size when scaled for body mass than do 
herbivores. Since both gut and brain tissues are energeti¬ 
cally expensive to maintain, it has been suggested that the 
energetic savings due to the small guts of carnivores might 
help to fund their larger brains and the associated behav¬ 
ioral complexity. 

The quantity-quality framework has also helped to 
make sense of differences in the distributions of feeding 
types among birds and mammals. Very few birds (3% of 
living species) eat leaves, probably because birds have a 
high metabolic rate, and hence higher energetic require¬ 
ments than can readily be satisfied by a poor-quality diet. 
Also, the larger guts needed for processing leaves are 
costly to maintain and transport, and even more costly 
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to transport when filled with slowly digesting bulky foods. 
Not surprisingly, most folivorous birds are poor flyers and 
some, like the New Zealand kakapo (Figure l(m)), have 
an unusually low metabolic rate. Kakapo also preprocess 
leaves to selectively ingest the soluble components and 
discard a fibrous ‘chew’ (Figure l(n)). An interesting 
exception among birds is geese, which are both folivorous 
and exceptionally strong flyers. Studies have shown that 
these birds have biochemical adaptations that increase the 
rates at which enzymes digest and gut transporters absorb 
nutrients. 

Diet quality varies not only between herbivores and 
carnivores, but also within these groups. For example, as 
discussed in the section ‘Foods’, some mammalian browsers 
tend to select high-quality plants and plant parts (i.e., they 
are ‘concentrate selectors’), while others eat varying 
amounts of fibrous foods with lower concentration of read¬ 
ily extractable nutrients. A related classification is based on 
the ways that herbivores deal with the fibrous, structural 
components of plants. At the one extreme are cytoplasm 
consumers , which avoid dietary fiber through selective feed¬ 
ing (e.g., Figure l(n)), or else eat large amounts of fibrous 
plants and selectively assimilate the cell contents while 
defecating the tough cell wall components more or less 
intact (e.g., the giant panda, Figure 1 (o)). Other herbivores, 
called cell wall consumers, retain fibrous foods in the gut for 
long periods during which the cell walls are digested. Many 
herbivorous insects are cytoplasm consumers, whereas 
most mammalian herbivores are cell wall consumers. This 
distinction might have evolved because the large size and 
high metabolic rate of mammals makes it difficult to har¬ 
vest cytoplasm at a rate that can satisfy their nutritional 
needs, whereas for smaller insects it is more challenging to 
retain enough food in the gut for the long periods needed 
to digest fiber. Exceptions are many wood-feeding insects, 
including termites, which are cell wall consumers (rely on 
cellulose digestion as a nutrient source), and among mam¬ 
mals giant pandas (Figure l(o)), which are cytoplasm 
consumers (eat large amounts of fiber in their diet of 
bamboo, most of which is excreted in the feces). 

Cell wall consumers tend to rely on specialized fermen¬ 
tative chambers in the gut which house fiber-digesting 
microbial symbionts. In some of these animals, known as 
hindgut fermenters, the chamber is located posterior to the 
small intestine, whereas foregut fermenters have a primary 
chamber located in the first part of the stomach (but 
almost always also have some fermentation in the hind- 
gut). Both strategies have advantages and disadvantages. 
Having the fermentation chamber after the stomach and 
small intestine allows hindgut fermenters to absorb soluble 
nutrients before they are utilized or transformed by the 
microbes. On the other hand, amino acids that are released 
from microbes in posterior fermentation chambers do not 
make contact with the more anterior absorptive sites, and 


so are lost in the feces. Animals with anterior fermentation 
chambers, by contrast, are able to absorb symbiont-derived 
amino acids as they are released from the chamber and 
move down the gut over the absorptive surfaces. Anterior 
chambers therefore help to increase nitrogen utilization 
efficiency, and they also enable microbes to detoxify some 
noxious plant compounds. The problem of losing microbial 
amino acids has been solved by some mammalian hindgut 
fermenters by eating their own feces ( coprophagy ), while 
some herbivorous birds have evolved the ability to absorb 
amino acids in the hindgut. Not all herbivores that ferment 
their foods do so in specialized chambers: the New Zealand 
butterfish (Figure 1(a)), for example, ferments algae in a 
relatively undifferentiated, tubular hindgut. 

Finally, the strategies of digestion are sometimes clas¬ 
sified using chemical reactor theory. Three types of 
chemical reactors have been recognized in animal diges¬ 
tive system. Batch reactors process ingested foods in large, 
discrete batches, which are poorly mixed. They may have 
only one opening, such that food is ingested and feces 
excreted through the same hole (e.g., cnidarians, such as 
sea anemones), but are also found in some animals that 
infrequently ingest large prey items and eject indigestible 
remains through the mouth (e.g., some predators, such as 
owls, regurgitate undigested hairs and bones). In plug flow 
reactors, the food passes along a tubular gut or gut section 
in the order that it was ingested, and as it does so nutrients 
get digested and absorbed. The small intestine of many 
animals most closely approximates this strategy. Plug flow 
reactors provide a high rate of digestion but are usually 
not particularly efficient, and so are best suited to animals 
with a readily digestible diet such as carnivores and nectar¬ 
feeding birds. This explains why the guts of such animals 
are dominated by the small intestine. In the third category 
of digestive strategy, the continuous-flow stirred tank reactor, 
food flows more or less continuously through a spherical 
reaction chamber which is kept well stirred. The fermen¬ 
tation chambers of foregut fermenters best approximate 
this strategy. 

Priorities: The Dimensions of Foraging 

So far, I have shown that many criteria have been used to 
classify animals into foraging modes - habitat, foods, 
sensory capabilities, hunting strategies, food processing, 
etc. The priority for the future, I believe, is to move ahead 
in understanding the ecological and evolutionary factors 
that drive this diversity. For this, attention needs to be 
focused on the classifications themselves and how animals 
are distributed in relation to these classifications. As I see 
it, there are three central questions, which are character¬ 
ized geometrically in Figure 2: the ‘dimensions,’ ‘distri¬ 
bution,’ and ‘cohesion’ questions. 
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Figure 2 Dimensions, distributions, and cohesion in foraging 
modes, (a) Two dimensions are assessed (characters A and B), 
one of which shows a discrete distribution of cases and the other 
a dispersed distribution, (b) Bivariate distributions (filled circles) 
can be discrete, even when both the univariate component 
distributions (hollow circles) are continuous. The discrete 
bivariate distribution reveals cohesion between the two 
characters: animals with a high value for character A tend to have 
a low value for character B and vice versa. 


The ‘dimensions’ question concerns the decision of 
which criteria to use in classifying the foraging mode of 
an animal (Figure 2(a)). For example, do we use the diet 
of the animal, or the mode of capture as well as the diet? If 
the diet, which aspect or aspects of the diet should we use: 
the size of the prey (microalgae vs. macroalgae), the food 
consistency (liquid vs. solid), or the trophic status of the 
prey (e.g., plant vs. animal)? Ultimately, this decision will 
depend on the specific interests of the researcher. It will, 
however, often be the case that carefully chosen combina¬ 
tions of variables will provide a better framework for 
addressing unresolved questions and revealing new ones 
than will any single dimension. We saw an example of this 
in the section ‘Foods’, in relation to the classification of 
mammalian herbivores into grazers versus browsers. In 
another example, the diets of insects have been usefully 
classified according to their consistency (liquid vs. solid) 
and their trophic status (plant vs. animal). 

The ‘distributions’ question asks whether animals fall 
into discrete groups along an axis or whether they are 
dispersed as a continuum (Figure 2(a)). The digestive 
strategies of mammalian and avian cell wall consumers 
(see section ‘Food Processing’) provides an example of a 


discrete strategy, since these animals tend to either have 
an enlarged fermentative chamber in the foregut or in 
the hindgut, but not both. Some researchers believe 
that the searching behavior of lizards represents an 
example of a continuous strategy in which sit-and-wait 
and active predators occupy the two extremes. Some¬ 
times, however, it can be misleading to categorize ani¬ 
mals based on the distributions of a single dimension, 
because combining dimensions may give a very different 
picture (Figure 2(b)). This is illustrated in a recent 
study, where two measures of movement were integrated 
to examine the foraging strategies of lizards: percent 
time moving (PTM) and number of movements per 
minute (MPM). Results showed that while PTM and 
MPM are individually continuously distributed, lizards 
tend to occupy discrete regions of the space that is 
defined by both variables. 

Examination of the distributions of two or more 
dimensions exposes a third question, concerning the 
‘cohesion’ of traits related to foraging modes. This asks: 
to what extent are animals that are similar on some axes 
also similar on other axes? One example comes from 
studies of amphipods, which suggest that mobile foragers 
(mobility axis) might benefit more from mixed diets (diet 
breadth axis) than to do sedentary foragers. A second 
example is the association of a high proportion of leaves 
in the diet with large gut size (see section ‘Food 
Processing’). 

Finally, an understanding of foraging modes requires 
that the question of cohesion is extended beyond traits 
that are immediately related to foraging, including also 
other aspects of the biology, life history, and ecology of 
animals. An example of this is the observation that in 
endothermic vertebrate herbivores diet quality correlates 
negatively with body size. This correlation exists because 
both nutrient requirements and gut size decrease with 
body size, but the slope of decrease is steeper for gut 
size than for nutrient requirements. Consequently, smaller 
animals have higher nutrient requirements per unit of gut 
tissue than do larger animals, and to satisfy these require¬ 
ments they need to target readily digestible foods; in 
contrast, the relatively larger guts of bigger animals 
enables them to process poorer-quality foods. This allo- 
metric model has provided a framework within which to 
understand various adaptations that have evolved for par¬ 
tially circumventing the constraint that body size imposes 
on diet selection and allowing some smaller animals to 
capitalize on relatively abundant low-quality foods. One 
mechanism, which exists both in small mammals and 
birds, is to selectively retain the readily digestible compo¬ 
nents of the food and more rapidly excrete the larger, 
poorly digestible particles. In this way, smaller animals 
are able to assemble a diet of relatively high digestibility 
by eating poor-quality foods. 
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Body size has, similarly, been an important factor in 
understanding the diet choice of mammalian predators. 
Analyses show that a discrete transition exists in the 
relationship between the body size of mammalian preda¬ 
tors and the size of their prey, such that animals of 25 kg or 
lighter take prey that are less than 50% of their body 
weight, whereas only larger predators prey on animals 
with body mass that approaches their own. The likely 
reason for this is that small prey such as insects provides 
an abundant food source for smaller predators, but larger 
predators cannot acquire these at a high enough rate to 
satisfy their higher absolute energy requirements. This 
study provides a good example of how dimensions can be 
combined (prey size and body size) to reveal interesting 
distributions (in the relationship between predator and 
prey body size) which provide new insight into cohesion 
between traits associated with foraging. 

See also: Digestion and Foraging; Empirical Studies of 
Predator and Prey Behavior; Habitat Selection; Klepto- 
parasitism and Cannibalism; Optimal Foraging and 
Plant-Pollinator Co-Evolution; Optimal Foraging Theory: 
Introduction. 
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Definitions: Phenomenological and 
Functional Considerations 

Forced or coerced copulation is here defined as any copu¬ 
lation that is not freely sought or accepted by one of the 
individuals copulating. This definition is sex-neutral, indi¬ 
cating that in theory individuals of either sex may be 
vulnerable to forced copulation, depending on the behav¬ 
ior, physiology, and morphology of gamete sharing. Forced 
copulation does not depend on observation of either 
insemination or fertilization. The definition is operational 
and depends only on observable variation in copulatory 
behavior of individuals of both sexes in a given population 
or species. 

It is not always easy to clearly determine if a copulation 
is coerced or forced, so that investigators of non-human 
animal behavior justify claims of forced copulation based 
on the existence of resistance and comparison of a copu¬ 
lation within the context of ‘normal’ copulatory behavior 
for a given population or species. For example, in obliga¬ 
tory traumatic insemination that occurs in bedbugs or 
octopus, every insemination may appear to be forced, 
when it remains likely that some females may freely 
seek or accept insemination; thus, obligatory traumatic 
insemination is not always resisted by females and thus 
may not be forced. In many other species, females signal 
their receptivity to copulate with a particular male. 
Receptivity signals are sometimes subtle as in Drosophila 
where female acceptance is often indicated by standing 
still. In contrast, rejection signals are often dramatic, 
including motor patterns that are ritualized and stereo¬ 
typed, such as kicking, biting, emitting alarm calls, or 
females moving the position of their ovipositors, running 
or flying away or attempting to run or fly away. If rejection 
and resistance signals are observable, investigators are jus¬ 
tified in naming a copulation as ‘forced’ when males ignore 
female rejection and resistance signals and attempt to cop¬ 
ulate. In some cases such as when males copulate with 
teneral females as described for Drosophilia species by 
T. Markow in American Naturalist, copulation is called 
‘forced’ because females cannot resist as their exoskeletons 
are not yet hardened. Furthermore, these immature females 
are sometimes injured when males copulate with them. 

An advantage of the operational definition used here 
is that it allows investigators to examine alternative 
functional explanations of adaptive significance, if any, 
of forced copulation (the function is not implied by the 
definition of the motor pattern). Thus, this definition 


differs from Randy Thornhill’s insistence in an early 
study on the adaptive significance of forced copulation 
that to demonstrate forced copulation one must observe 
not only that females resist the copulation (phenomeno¬ 
logical criterion), but also that a male that force-copulates 
a female thereby enhances his own fitness (functional 
criterion). A disadvantage of the definition used here is 
that it is biased against observing forced inseminations 
that are cryptic and difficult to observe as they are in 
garter snakes (Shine et al., 2003). In such cases, the 
extraordinary knowledge of particular species allows nat¬ 
ural scientists to demonstrate coercive copulation. 

Investigators of non-human animals, who observe that 
individuals being forced to copulate are often physically 
hurt or even killed in the process, are inclined to seek 
ultimate or functional explanations for escalating female 
rejections. Why do females resist copulation if there is a 
risk of injury or death from resistance? Because the effects 
of aggressive copulation are sometimes so great, it is hard 
not to imagine that the stakes are very high for females 
who give in to copulations they resist. Yet, in most cases, 
investigators do not know what the fitness costs of accept¬ 
ing a resisted copulation may be. Unless it is extremely 
rare, forced copulation and/or male aggression against 
females is likely to have some function for males who 
force copulate. But again, in most cases, it is not yet 
clear what the function(s) of forced copulations are for 
males (in section below ‘Fitness Dynamics of Sexual Con¬ 
flict’). It is also likely that the adaptive significance of 
female resistance is different from the adaptive signifi¬ 
cance of force by males. Aggression associated with so- 
called forced copulation is exaggerated, one wonders if it 
is reasonable to categorize the behavior as copulation. Are 
apparent forced copulations better characterized as male 
aggression against females? Thus, understanding the 
adaptive significance of female resistance to forced copu¬ 
lation is a crucial goal for investigators of animal behavior. 

Is It Forced Copulation or Male Aggression 
Against Females? 

A further complication arises when male aggression against 
females looks like forced copulation, something that hap¬ 
pens when more than one male ‘gangs up’ on female bank 
swallow or female mallard. Gangs force the female to the 
ground, so that males can stand on the female’s back and 
pummel her. When this happens, it is difficult, perhaps 
impossible, for observers to see cloacal contact (bank 
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swallows) or intromission of the penis (in mallards). 
Observers assume such interactions are forced copulation 
because males are in the copulatory position on the backs 
of females. When what looks like forced copulation occurs 
in the winter when fertilization is impossible as it often 
does in mallards, it is more likely that it is male aggression 
against females rather than a reproductive act. With or 
without intromission and insemination, males can hurt 
females when males are on females’ backs, and indeed 
these interactions sometimes kill females. This moves 
the question away from why do males force-copulate to 
why are males are aggressive to females. As Barb Smuts 
and R. Smuts showed years ago, male aggression against 
females is common. 

Rape Includes more than Forced Copulation 

In contrast to forced copulation, by social convention (laws) 
in many democracies of the world, rape is a type of sexual 
assault that is violence against women, and whether it 
affects the biological fitness of the women who are raped 
(except when women are severely injured or killed) and the 
men who rape them is extraordinarily difficult to evaluate. 
In fact, decrements in the victim’s Darwinian fitness or 
enhancements to the rapist’s Darwinian fitness are not 
included in the criminalization of rape. Therefore, many 
in the social sciences and humanities, in law, and among 
the public-at-large argue that the adaptive significance of 
rape is beside the point. What is agreed upon in the social 
sciences is that rape is violence against women, and rape is 
widely considered a mechanism for the control of women’s 
sexuality and reproductive behavior. Rape in humans is 
sometimes not physically forced; an example of rape that 
is not physically coerced is statutory rape that occurs when 
an adult has apparent consensual sex with a minor. Men most 
often are statutory rapists; nevertheless, women too have 
recently been convicted as statutory rapists, because they 
had apparent consensual sex with teenage boys. Because of 
the important differences between rape and forced copula¬ 
tions, those of us who study animal behavior agreed years 
ago to refer to ‘forced copulation’ in non-human animals, 
and to reserve the term ‘rape’ for humans. 

Taxonomic Distribution of Forced 
Copulation 

Forced copulation occurs in a wide variety of species 
including the great apes - chimpanzees, but not bonobos, 
more frequently in orangutans - as well as several species of 
old and new world monkeys including spider monkeys Ateles 
belzebuth chamek, quanacos Lama quanicoe, lizards including 
iquanas, Iquana iquana , marine iquanas, garter snakes, fish, 
crustacia including some spiders, and insects species 
including dragonflies such as Calopteryx haemorrlooidalis. 


Forced copulations are common in duck species, and forced 
copulation is particularly well studied in mallards. Despite 
the widespread taxonomic distribution of forced copula¬ 
tion, it is far from ubiquitous, being absent from most 
species studied to date. For example, in some species such 
as Anolis carolinensis, in which investigators have specifically 
looked for evidence of coerced matings (those that are 
forced, associated with harassment or intimidation), forced 
copulations do not occur. In addition, under some ecologi¬ 
cal conditions, females are more likely to be force copulated 
than others; so that interpopulation variation in forced 
copulation exists. Thus, two questions arise, (1) why are 
some species more likely to exhibit forced copulations 
than other species? And, (2) why within populations and 
species are some females less vulnerable to forced copula¬ 
tion and other forms of male aggression than other females? 

Fitness Dynamics of Forced Copulation 

Two premises suggest that female resistance is a defensive 
response to some loss of fitness that would be associated 
with the copulation. The first is that selection should favor 
females able to control their own reproductive decisions, 
and the second is that female resistance to male control 
should evolve whenever male control of females’ repro¬ 
duction is costly to females as discussed in a review by 
R Gowaty in 1997. Forced copulation may affect females’ 
survival probabilities as well as reproductive success. 
Experiments on flies Drosophila pseudoobscura , cockroaches 
Naupheta cinerea , mice Mas mu sc ulus, fish, and mallards 
Anas platyrynchos , which tested the fitness effects for 
experimental females that were constrained to reproduce 
with males they did not prefer and females that were 
allowed to mate with a male they did prefer, showed that 
offspring viability and mother’s productivity were signifi¬ 
cantly lower when females lacked control of the decision 
about with whom to mate. Despite some clarity on the 
benefits of resistance for females, the fitness benefits for 
males who force copulate are not yet clear. As Gowaty 
and Buschhaus hypothesized in 1998, males may increase 
their mating success, their immediate fertilization success, 
or they may gain kin-related benefits. 

Fitness Dynamics Suggest that Sexual Conflict 
Results in Sexual Dialectics 

When males seek and females reject copulations, it is hard 
not to think that the interests of the male and female are 
in conflict over the copulation. When the fitness interests 
of the sexes conflict, animal behaviorists expect dynamic 
interactions between the subjects. When females reject 
male solicitations for copulation, some males persist, 
so that, when they can, females will run or fly away. 
When females cannot escape by leaving, whether the 
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female is force-copulated or not, will depend on her 
ability to retaliate by kicking, hitting, or biting the forcing 
male, as happens among dwarf chameleons, Bradyodion 
pumilum. If female resistance behavior fails, once insemi¬ 
nated, females may often expel the inseminate immedi¬ 
ately. If forced insemination is successful, evolutionary 
biologists expect that female resistance physiology will 
evolve, so that many investigators now assume that once a 
force-copulated female is inseminated that females most 
often control what happens after that, something that 
Bill Eberhard described in his 1996 book called Female 
Control. Female reproductive physiology and morphology 
suggest very long histories of female control of insemi¬ 
nates, in that females can kill sperm, encapsulate them, 
or store sperm for later use. And, in response, mechan¬ 
isms for the physiological manipulation of females have 
evolved among males including hormone mimics that 
act as physiological chastity belts, which may manipulate 
females into using the sperm of the inseminating male 
rather than another male’s sperm. No one has yet asked 
whether females have the ability to inhibit the effects of 
manipulative male seminal peptides. However, as long as 
the fitness interests of the sexes conflict, evolutionary 
theory says that the dynamics of male attempts to control 
and female resistance will continue whenever any varia¬ 
tion exists upon which selection can act. 

Variation Between Females in Their 
Vulnerability to Forced Copulation 

Females in different species experience different degrees 
of threat of sexual coercion and forced copulation, and in 
most species between-female variation in their vulnera¬ 
bility to control by others including forced-copulation is 
predictable. Variation in females’ vulnerabilities to con¬ 
trol of reproduction by others depends upon both intrinsic 
differences between females and ecological differences. 
For example, in Iquana iquana , a male force copulated a 
female who lacked a front leg and was therefore crippled, 
possibly unable to escape the forcing male by running 
away or fighting. Despite the fact that between-individual, 
within-population variation exists in females’ abilities to 
avoid forced copulation, and despite the fact that variation 
among females is a key predictor of the outcome of forced 
copulation attempts as P. A. Gowaty has insisted, there are 
few studies in non-human animals that yet test the impor¬ 
tance of between-female variation in vulnerabilities to 
forced copulation or in female resistance behavior during 
attempted forced copulation. 

Females Resist Forced Copulation in 
Many Ways 

Females at risk of forced copulation may solicit protective 
services from other males or from relatives to reduce their 


risk of forced copulation. During the season when sub¬ 
adult males are most likely to harass female Sumatran 
oranutans Pongo pygmaeus abilii , females solicit protective 
services of adult males from forced copulation by subadult 
males. Thus, females may trade protection from males by 
allowing protective males sexual access. This is not an 
uncommon pattern in species with larger males than 
females and male aggression against females. The potential 
trade of sexual access for protection was one of the key 
ideas in CODE hypothesis of Gowaty and Buschhaus. 

Females may resist copulation attempts or other types of 
male harassment by hiding, wedging themselves between 
rocks as do marine iquanas, Amblyrhynchus cristatus , or flying 
away as adult Drosophila females do. 

If males are able to force copulate females, females 
may eject the inseminate as do mosquitoes Aedes aegypti , 
some species of ducks and geese, razorbills Alca torda , 
northern gannets, penguins, humans and presumably the 
other great apes, and zebras. Or, they can denature sperm, 
sequester it, or store it for later use, possibilities that are 
common in insects in which females often have more than 
one type of organ for killing, sequestering, or storing 
sperm for later use. 

Questions that have yet to be addressed include how 
variable females are within populations in their morpho¬ 
logical, physiological, or behavioral resistance mechanisms. 
Given that it is this variation on which rests the likelihood 
of successful forced copulation, these are important ques¬ 
tions that deserve much more research attention. 

The Evolutionary Power of Female Variation 

The selective force of female resistance may have favored 
the evolutionary loss of the intromittant organ in passer¬ 
ines. In species in which males have intromittant organs, 
females are more vulnerable to forced copulation than 
in species without. Consider birds. Ancestral birds had 
intromittant organs, but 97% of extant bird species lack 
intromittant organs. Copulation occurs when both the 
female and the male evert the second compartments of 
their cloacae through their vents into the air and are then 
touched together. During these usually very brief cloacal 
kisses lasting from 1 s to about 2 min, sperm are trans¬ 
ferred from the male’s cloacal surface to the female’s. 
Because females are as active as males in these copula¬ 
tions, sperm transfer cannot take place without females’ 
active cooperation. Therefore, many ornithologists and 
animal behaviorists consider forced copulation impossible 
in bird species that lack male intromittant organs. The fact 
that forced copulation is common in bird species with 
intromittant organs and much rarer, perhaps absent, in 
species without intromittant organs is consistent with the 
hypothesis that male intromittant organs are a means of 
male control of females’ reproduction. The selection pres¬ 
sure favoring loss of intromittant organs in birds is much 
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debated, but it is readily explained by a female control 
hypothesis. Jim Briskie’s and Bob Montgomerie’s argu¬ 
ment is related to avian life histories, notably that females 
lay only a single egg at 1- or 2-day intervals, so females 
may readily abandon eggs fertilized by males they do not 
prefer without risking the loss of her entire clutch. Flexi¬ 
ble females able to facultatively destroy an egg produced 
the selective pressure that favored males who could not 
force-copulate. A similar argument is based on the con¬ 
clusions of experiments described earlier that showed that 
females constrained to mate with males they did not 
prefer had lower viability offspring then females not so 
constrained. If this is usually the case, the selection pres¬ 
sure favoring the loss of male intromittant organs would 
have been variation in the viability of offspring of females 
who were forced copulated and females who freely chose 
with whom to copulate. Thus variation in offspring via¬ 
bility would favor not just female resistance, but the loss 
of intromittant organs in males. Both the female life 
history constraint hypothesis and the offspring viability 
hypothesis are reasonable explanations for the loss of the 
male intromittant organ in most passerines. 

Forced Copulation Favored Induced Ovulation 
in Canids 

Induced ovulation may function as a guard against forced 
copulation and subsequent forced fertilization by males 
that females do not prefer. An observation inconsistent 
with induced ovulation as a resistance mechanism would 
be no differences in the likelihood that ovulation is 
induced by copulation with a male the female prefers 
compared to a male the female does not prefer. 

Hypotheses Explaining Forced Copulation 

All evolutionary hypotheses attempting to explain forced 
copulation assume that the fitness interests of the sexes 
conflict. Some hypotheses explaining forced copulation 
deal exclusively with why males attempt forced copula¬ 
tion. There have as yet been no strong inferential tests in 
any species designed to eliminate alternative predictions 
of these hypotheses. 

The inferior male hypothesis of Thornhill explains forced 
copulation only in species in which females depend on 
males to provide resources necessary for reproduction 
such as food or nesting sites. It assumes that females are 
unable to provide themselves with resources necessary to 
reproduce. The hypothesis implicitly assumes that females 
cannot sequester or denature sperm once it is inseminated. 
It also assumes that the chief basis for female preferences 
for males is male resource accruing ability. This hypothesis 
predicts that males who are unable to provide females with 
resources for reproduction resort to forced copulation and 


thereby gain some immediate enhancement to their repro¬ 
ductive success, such as immediate fertilization success. 
This hypothesis therefore cannot explain forced copulation 
in the many species in which males do not provide females 
with resources for reproduction; nor does it apply to spe¬ 
cies in which males that do supply resources to females also 
force copulate females. 

The by-product hypothesis of Palmer says that forced 
copulation is not in itself fitness enhancing for males but 
is a by-product of other traits that do enhance male 
fitness. This hypothesis assumes near universal sex differ¬ 
ences in behaviors associated with reproductive decisions: 
it assumes females are evolved to be choosy in contrast 
to males being evolved to be ardent, indiscriminate, and 
profligate about with whom they mate. This hypothesis 
says that male ardor occasionally slips into intimidation, 
threat, and forced copulation of females who reject them, 
so that this hypothesis predicts that all males may force 
copulate. It is notable in not predicting fitness variation 
among males that force copulate, but does predict that 
females will suffer reduced fitness relative to females who 
are not force-copulated. 

The CODE hypothesis of Gowaty and Buschaus assumes 
that whenever females are not in control of their repro¬ 
ductive decisions, that female fitness is lower than when 
they are in control of their reproductive decisions. The 
CODE hypothesis assumes females can eject, denature, or 
sequester sperm; thus, it assumes that forced copulation 
is unlikely to result in immediate fertilization success for 
forcing males. It says that forced copulation is a type of 
extreme male aggression against females that conditions 
the future behavior of females - those who are actually 
force-copulated and those who only witness the force - 
for the benefit of the male and his male kin. This 
hypothesis says that forced copulation creates a dangerous 
environment for all females so that females are willing to 
trade future copulations for male protective services. The 
CODE hypothesis predicts that any male may force cop¬ 
ulate. It predicts that male benefits of forced copulation 
accrue to all males in the population enhancing the proba¬ 
bility that all males have a social mate who copulates exclu¬ 
sively with them; thus, the CODE hypothesis can account 
for the evolution of social monogamy in species with no 
male parental care. It says that because male aggression 
constrains female reproductive decisions, females have 
lower fitness when male aggression against females is higher 
than in contexts where male aggression against females is 
reduced or absent. 

The killing time hypothesis of Gowaty and Hubbell does 
not assume that females have evolved to be necessarily 
choosy and males necessarily indiscriminate. It does 
assume that females can kill, sequester, or eject sperm of 
males they do not prefer. This hypothesis says that male 
aggression against females decreases female’s survival 
probabilities. The killing time hypothesis is derived from 
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the switchpoint theorem of Gowaty and Hubbell that 
demonstrated that individuals who trade off likely fitness 
gains and losses (from mating with this or that particular 
mate) against the time they have available for mating and 
reproduction will have higher fitness than individuals who 
do not trade off time and fitness. That it is says that 
individuals who have fixed reproductive decisions, such 
as only accept these, always reject others, will have lower 
fitness than individuals who flexibly adjust their decisions. 
Thus, the switchpoint theorem says that individuals who 
have more time available for mating and reproduction 
will reject more potential mates than individuals who 
have less time. The switchpoint theorem showed that 
whenever time available for mating is reduced, say from 
a very long search time for potential mates or from 
reduced individual survival probabilities, individuals will 
reduce their threshold for acceptance of potential mates. 
That is, when individuals have less time they will more 
likely accept a potential mate who will confer lower fit¬ 
ness. Thus, the killing time hypothesis assumes that 
aggressive or forced copulation reduces female survival 
probabilities and perhaps also their encounters with 
potential mates. In turn, females with reduced survival 
probabilities or reduced encounter probabilities will be 
manipulated into accept males as mates who confer on 
them lower fitness. Thus, aggressive or forced copulation 
may manipulate a female’s reproductive decision to use 
a particular male’s sperm. The killing time hypothesis 
says that male aggression against females is a manipulative 
mechanism that males may use to exploit females’ preex¬ 
isting biases so that such males persuade females to use 
rather than to kill his sperm. This hypothesis is the only 
quantitative hypothesis predicting the effects of aggressive 
or forced copulation. 

Some Remaining Questions about the 
Natural History of Forced Copulation 

There are many additional questions one could ask about 
forced copulation and aggression against females. Future 
studies should, as many of the investigators cited here did, 
thoroughly describe behavior of females and males when 
they think they are observing forced copulation. If obser¬ 
vations are insufficient for definitive observation of intro¬ 
mission or insemination, investigators should consider the 
related question of why males are aggressive to females. 
What are the effects on female survival probabilities of 
forced copulation or male aggression against females? 
Are there effects also on females’ subsequent encounter 
probabilities with potential mates? As in some of the cited 
studies here, investigators should carefully document the 
timing of forced copulations relative to the likelihood of 
fertilization. The identity of forcing males is not always 


easy to determine, but that should be a high priority in 
future studies of forced copulation. Are forcing males 
also the social partners of the females they aggress or 
force-copulate? Perhaps most important, because it is 
least known, investigators should document variation 
among females in their vulnerabilities to forced copula¬ 
tion. Of course, questions about how forced copulation 
affects fitness are extremely important for informing our 
understanding of the fitness effects of forced copulation 
and should be a component of most studies of forced 
copulation. There are a few studies of hormonal correlates 
in males of forced copulation, but so far, few or no studies 
of the proximate effects on females. 

See also: Cryptic Female Choice; Infanticide; Inverte¬ 
brates: The Inside Story of Post-Insemination, Pre- 
Fertilization Reproductive Interactions; Social Selection, 
Sexual Selection, and Sexual Conflict. 
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Introduction 

Animal Behavior Is Biology and Biology 
Is Animal Behavior 

Typical investigators of animal behavior are complete 
biologists, and sometimes physicists, chemists, or concep¬ 
tual and mathematical theorists. Often investigators work 
simultaneously on wild subjects in field settings and on 
captive animals in laboratories. Most animal behaviorists 
are experimentalists; some rely entirely on observations of 
animals in the wild. Animal behaviorists increasingly rely 
on mathematical modeling to explore the limits of their 
hypotheses. It is no exaggeration to call animal behavior¬ 
ists among the most broadly knowledgeable, highly disci¬ 
plined of biological scientists: We have to be, because our 
questions are complex. 

Pathways to the Future 

As in any attempt to predict the future, the past and the 
present are starting points for our comments and conclu¬ 
sions. Themes - or our main predictions about the future - 
that wind through our review include: 

1. Animal behavior will be thoroughly integrated across 
traditional lines of proximate and ultimate causation. 

2. Some animal behaviorists will continue to have major 
influence not just as animal behaviorists but as evolu¬ 
tionary theorists. 

3. More robust theory, new methods, better-trained 
investigators, and a broader, more inclusive under¬ 
standing of hereditary mechanisms will influence the 
questions we ask and how we investigate them. 

4. Social factors, as always, will continue to affect the con¬ 
duct of research. How we deal with the vagaries of 
research funding, reviews (of papers, of grant proposals, 
or colleagues) as individuals and collaboratively will 
determine the vitality of the discipline of animal behavior. 

In the following sections, we examine the classic tensions 
between ultimate and proximate causation of behavior to 
introduce some speculations about further integration in 
the future. We then explore the ways in which new methods 
will impact what we study and the importance of molecular 
studies of development, evolution, and gene expression to 
the fully integrated future we imagine. We conclude with a 
section on the emerging synthetic approach to behavior. 


Tinbergen’s Four Questions and the Future 

Investigators studying animal behavior classically pursue 
what is known as ‘Tinbergen’s four questions’: (1) What, 
if any, adaptive function does behavior accomplish? 
(2) What are the evolutionary patterns of behavior? How 
does behavior map to phylogenies? (3) What are the hor¬ 
monal and neural mechanisms mediating behavior, and 
(4) How does development or ontogeny affect behavior? 
The first two questions fall into the category of ultimate 
questions and the last two questions fall into the category of 
proximate questions. These questions - deeply embedded 
in organismal, population, and evolutionary biology - 
stress the comprehensive and integrative nature of animal 
behavior done well. 

We imagine a future for animal behavior that is fully 
integrated, rather than dissected into parts and neatly 
stacked in proximate and ultimate bins. Thus, it should 
be no surprise to today’s animal behaviorists that the new 
evolutionary theorists are often animal behaviorists. The 
works of animal behaviorists like Maryjane West-Eberhard 
and Marion Lamb and her colleagues are harbingers of an 
integrated theoretical future for all of biology in which 
the concept of the determinism of genes will finally give 
way to a fuller understanding of what influences pheno¬ 
types. Their work elaborates and explains the remarkable 
discoveries of the scientists studying evolutionary develop¬ 
ment who have relatively recently discovered that organ¬ 
isms as diverse as flies and mammals share most of their 
genes, and that so-called house-keeping genes are con¬ 
served from worms to great apes. These discoveries have 
propelled longstanding debates about the determination of 
phenotypes onto center stage, where evolutionary theorists 
like animal behaviorist West-Eberhard are leaders. 

The remarkable discoveries of Frans de Waal and 
others like him interested in the evolution of morality, 
the significance of learning and culture to the biology of 
organisms and to the demography of their populations, 
suggests that animal behaviorists will continue to lead the 
full integration of biology, linking processes of individual 
and group selection for further understanding of the 
ultimate origins of developmental plasticity. No one is 
surprised that it is animal behaviorists who are elucidating 
the influence of learning and culture on individual and 
group phenotypes. But, historians of science will likely 
mark as significant the fact that the theorists of develop¬ 
mental plasticity, flexible phenotypes and epigenetics are 
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animal behaviorists, just as the prominent evolutionary 
theorists of the last 40 years were. (In this context, we 
think of animal behaviorists/evolutionary theorists William 
D. Hamilton, Robert L. Trivers, John Maynard Smith, and 
David Sloan Wilson). 


Dominance of Ultimate Questions 

Shortly after the birth of sociobiology in the mid-1970s, 
behavioral ecology was born; several journals specifically 
devoted to behavioral ecology originated, and it seemed 
that this subdiscipline was ascending. During the last 35+ 
years, behavioral ecology has organized most of its questions 
around the adaptive significance of behavior. Behavioral 
ecologists ask questions about fitness variation in the present. 
Typically, they ask two kinds of questions: What is the 
adaptive significance, if any, of this or that trait? And, what 
traits evolve in response to this or that selection pressure? 

Successes and Unresolved Challenges 

Empirical studies testing the predictions of optimal forag¬ 
ing theory were spectacularly successful, as were empirical 
studies about the evolution of so-called helpers-at-the- 
nest. Other notable achievements include a vastly en¬ 
hanced understanding of the evolution of sex allocation. 
We believe that the success of these three subdisciplines 
in behavioral ecology is associated with the existence of 
efficient theory (e.g., optimal foraging theory, kin selection 
theory, and Fishers sex allocation theory) and the investi¬ 
gators’ use of strong inference in observational and experi¬ 
mental protocols. 

Yet, in other areas of behavioral ecology, what we 
learned in the 1980s is remarkably similar to today’s 
continuing discoveries. For example, advances in our 
understanding of mating system evolution seem to be 
limited to small incremental achievements, rather than 
to definitive resolution of some outstanding questions. 
Consider what animal behaviorists have learned about 
social monogamy and extra-pair paternity. In the 1980s 
and today, we are able to conclude that in most socially 
monogamous species, some females, at least, and some¬ 
times all females are genetically polyandrous. Neverthe¬ 
less, we still seem unwilling to conclude what is consistent 
with most data: that the vast majority of males in these 
species are genetically monogamous as well as socially 
monogamous. Strong evidence in support of the hypothe¬ 
sis that some males in these species are genetically polyg- 
ynous has seldom been observed or reported. Some 
reasons could be that (1) our tools may not be adequate 
to answer the question at hand about male fitness varia¬ 
tion; or (2) we may need other hypotheses to explain 
mating systems. 


Or, consider the state of sex role science, one of the 
most contentious areas in animal behavior. Most behav¬ 
ioral ecological theory in sex role science begins with 
assumptions about ‘genes for coyness in females’ and 
‘genes for profligate behavior in males.’ There is no 
doubt that the intuitive theories from the early 1970s 
from Bob Trivers and Geoff Parker, which were affected 
by Angus Bateman’s classic data on Drosophila , changed not 
only the questions we asked, but over the long run, led to an 
incredibly large number of new observations. Some of these 
observations and resulting predictions are consistent with 
their predictions, and importantly, some that are not sup¬ 
portive of those predictions. What is hard to explain is the 
failure of students of sexual selection to incorporate the 
insight of Stephen P. Hubbell and Feslie K. Johnson that 
demographic stochasticity may explain variances in fitness 
usually attributed to sexual selection. It is now clear that 
demographic stochasticity should be a component of effi¬ 
cient theory (see section ‘Dialectical Cycles of Efficient 
Theory, Observation, and Revision’) in sexual selection. 

We believe that current state of the behavioral ecology 
of mating systems and sex roles is attributable to (1) 
paradigmatic dominance, (2) biases against alternative 
ideas, (3) bandwagon effects on what questions get asked 
and who gets to publish, and (4) the resultant narrowing of 
attention to a few questions. It might also be because most 
theory in mating systems and sex roles has been concep¬ 
tual, graphical, and intuitive rather than efficient theory 
from first principles (see later). 

Does this somewhat pessimistic view of some areas of 
behavioral ecology mean that behavioral ecology is dead? 
We don’t think so. Rather, we believe that what we need is 
new strong, efficient theory from first principles (see 
later) to guide new investigations. Despite the fact that 
there is some new efficient theory in animal behavior, it 
remains for the future to know where additional efficient 
theory will lead us. 

Mechanisms: Proximate Causation 

Phenotypic Plasticity 

Proximate causes are the mechanisms underlying behav¬ 
ior. Mechanisms tell us how behavior occurs. In terms of 
mechanisms, it is useful to think of an isosceles triangle 
(Figure 1) with the points labeled as nervous system, 
endocrine system, and immune system; all of the physio¬ 
logical processes that are the basis for behavior. Inside 
the triangle, we envision the genetics of the organism. 
A balloon surrounding the triangle represents all of the 
organism’s behavior. Outside the circle are myriad eco¬ 
logical and life history traits of the animal, bridging to 
functional and evolutionary aspects of behavior. 

There is a longstanding discussion concerning whether 
behavior is determined by genes or environmental factors. 
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Systems and animal behavior 



Figure 1 This depiction of the various elements that comprise 
the scope of work in animal behavior, build outward from the 
genes and physiological processes to the behavior of organisms 
in populations and the surrounding ecological conditions. 

Today, we accept that all behaviors have a genetic basis, 
and that all behaviors are influenced by environmental 
factors. The work of Mary Jane West-Eberhard focused 
attention on developmental plasticity not just in behavior 
and physiology, but in morphology as well. This provides 
a much broader empirical and conceptual platform for a 
fuller integration of how other mechanisms of heredity 
along with genes influence phenotypes. In her big book 
published in 2003, West-Eberhard engages her readers in 
a long argument that enjoins us to the view that genes and 
environments are inextricably intertwined in the devel¬ 
opment of phenotypes. She says her book is about ‘the 
dual nature of the phenotype - the undeniable fact that 
the phenotype is a product of both genotype and environ¬ 
ment, and the equally undeniable fact that phenotypes 
evolve.’ She goes on to say ‘there is no escape from the 
conclusion that evolution can occur without genetic change’ 
(West-Eberhard, 2003, p. 17). Mary Jane West-Eberhard’s 
book is game changing, and it arrived just when gene- 
expression studies were beginning to be commonplace. 
The study of the proximate and ultimate causation of behav¬ 
ior will be profoundly influenced by West-Eberhard’s work, 
and we refer readers to her germinal work. 

Thus, Figure 1 can be expanded to include epige¬ 
netic mechanisms of behavior as well as environmental 
variation that induces flexibility of individuals when 
they are confronted with different environmental or 
social circumstances. 

Mechanistic Effects 

What will research on internal mechanisms and develop¬ 
mental aspects of the study of behavior look like in the 
future? There are three major themes that we think will 


emerge for the study of proximate mechanisms of behavior. 
First, little has been done with respect to interactions 
between immunology and behavior, and (Figure 1) the 
interactions of the immune, nervous, and endocrine sys¬ 
tems affecting behavior. The likelihood of strong connec¬ 
tions between immunology and behavior is obvious, as 
many studies in this collection demonstrate; this field 
is off and running and also wonderfully open avenue for 
future research. 

Second, techniques involving genetic profiling will 
enable scientists to relate genes to the interactive effects 
of environmental factors on behavior. This is going to be 
true for both the initial development of individuals and, 
most notably, for changes in its phenotype during its 
lifetime. These studies may well be the center of animal 
behavior research in the next decade or two, linking 
ecology and internal mechanisms. 

Third, we will, with modern field techniques, com¬ 
bined with laboratory analyses, gather new information 
on aspects of the physiology and related behavior of free- 
living organisms. Wingfield uses the integration of tech¬ 
niques to study annual cycles in birds with an emphasis on 
endocrine systems. This includes reproduction, migra¬ 
tion, and overwintering and accompanying stress levels. 
His work also integrates theoretical and empirical tech¬ 
niques. Andy Bass has used singing fish to examine ways 
that phenotypic variation in vertebrate brain organization 
leads to adaptive behavioral phenotypes, with an empha¬ 
sis on neural systems. 

New Methods 

Field and laboratory technologies and protocols from the 
last several decades, coupled with recent and future advances 
in the apparatus and analysis of data from these systems, will 
enhance the study of behavior. Simple radio tracking of 
specific animals has evolved to the use of satellites that can 
not only continuously record the animal’s position, but can 
also provide information on various physiological para¬ 
meters. Sophisticated remote camera systems, augmenting 
the earlier photos triggered by animals, can give us more than 
just a picture; these images can be used for gathering data on 
behavioral sequences and even interactions. 

Another important advance was development of col¬ 
lection of samples for analysis of hormone levels and other 
chemical constituents in urine and feces. Animals need 
not be disrupted or handled, to obtain samples, reducing 
the confounding effects of capture and restraint. These 
are not immediately new techniques, but combined with 
other, newer technologies, they produce much more accu¬ 
rate and highly significant information. 

A series of new laboratory technologies promises fresh 
insights into behavior and the underlying genetics and 
physiology. The first of these, with a longer than 30-year-old 
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history, involves bringing samples to the laboratory from 
field settings and then translating the information back to 
the natural setting. Several of these techniques involve the 
use of DNA and other genetic material for assignment of 
parentage, determination of mating partners, and using 
gut contents to determine specific prey items consumed 
by predators. New uses for genetic information arise on a 
regular basis. The future holds real-time, mobile, genetic 
parentage devices that will result in immediate analysis in 
the field that will allow further observations and experi¬ 
ments on wild-living animals whose histories we can 
readily infer. Our work will go faster in the future. 

The use of stable isotope technology enables scholars 
to examine, in detail, the specific locations where animals 
obtained their foods. Elaboration of detailed food chains 
and food webs is possible using such technology. The 
measurement of hormone levels from urine and feces 
through laboratory-based assays leads back to the inter¬ 
pretation of behaviors in relation to reproductive success, 
stressful environments, or social stress. 

Several procedures with laboratory animals provide 
insights regarding neural aspects of behavior and genetics 
and behavior. Some of these techniques may, eventually, 
be applicable to animals in free-living situations. Techni¬ 
ques for brain imaging and measuring activity in specific 
brain areas when the animal is engaged in particular activ¬ 
ities, which we do regularly with human subjects, and some 
non-human primates, are applicable to other animals as 
well. Molecular biology-based systems for genetic profiling 
are a good bet in terms of working out relationships between 
genetics, development, and phenotypic traits. As we gather 
information with genetic profiling, a technique, which 
shows us which genes ‘light up’ via tags we have applied, 
provides basic information on which genes are turning on 
and off, in what sequences, and on what sorts of time scales. 
While the uses for this technology are mainly in the basic 
medical sciences at present, there will be increased applica¬ 
tions in animal behavior. 

Other Developments: Applied Animal 
Behavior 

There are some important problems involving animal 
behavior that are both new and expanding. Behavioral 
toxicology is most often associated with humans and 
involves a variety of pollutants and toxic substances that 
negatively impact behavior. Lead paint and brain develop¬ 
ment in children is an example. Animal models and direct 
effects of toxic substances on non-human animals is also a 
problem. The entire study of endocrine disrupters on phys¬ 
iology and behavior, which involves invertebrates such 
as corals, and many insect species, and vertebrates, such as, 
fish, birds, mammals, and humans, is based on human-made 
substances that now pollute our environment. Chemicals 


that disrupt endocrine systems influence diverse behaviors 
including reproduction, parental care, activity level, intra- 
specific partner preferences, and others. Current and future 
studies will require additional attention to the behavioral 
consequences of the chemicals that we directly or indirectly 
place in our environment. 

The mix of behavior, ecology, and disease, as exempli¬ 
fied by aspects of the some of the newly emerging viruses 
like hanta virus, is quite important, both for human health 
and for wildlife biology and conservation. Understanding 
the behavior of organisms like deer mice that carry the 
hanta virus will enable better understanding of how the 
disease is transmitted and perhaps some suggestions on 
how to control the spread of the virus. Another example 
involves plague, which is found in a number of western 
US rodent species, most notably in prairie dogs where it is 
fatal. Plague can infect humans and several other mam¬ 
mals; the Black Death in Europe in the fourteenth century 
was due to the same organism. Knowing more about 
prairie dog behavior, the nature of the rodent reservoirs 
for this disease, and possible vectors will be necessary to 
protect humans and various wildlife species. 

We already have considerable progress to show for 
work on applied animal behavior as it concerns both 
domestic species and animals that are of interest in 
terms of conservation. Understanding the behavior of 
our pets provides a better experience for both the pet 
and its owner. Work on behavior of domestic livestock 
helps in terms of animal welfare concerns and with 
productivity. Conservation of a number of endangered 
and threatened species benefits from our knowledge of 
behavior. This is most evident when one examines the 
social and mating systems of particular species. Giving 
animals in captive breeding programs more choice in 
terms of mates leads to better success with production of 
progeny. Understanding some aspects of the behavior 
of animals like oryx, from both wild and captive studies, 
enables reintroductions of these animals in areas that they 
formerly occupied. We expect that new avenues of work, 
including a fuller understanding of topics like phenotypic 
flexibility mentioned earlier, will be important to these 
investigations of applied aspects of behavior. So too will 
new technologies and some of the protocols for collecting, 
for example, endocrine data, on free-living animals in 
seminatural settings. 

Synthesis: The Wave of the Future 

Dialectical Cycles of Efficient Theory, 
Observation, and Revision 

The great flowering of animal behavior since the late 
1960s came about, we think, because animal behaviorists 
formulated hypotheses and models that captured rele¬ 
vant details but provided an abstracted description of 
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behavior that yielded novel predictions of yet unob¬ 
served phenomena. These efficient theories, in turn, 
motivated novel studies that fueled the observational 
and the experimental successes of the last 40 years. 
Think of the simplicity and elegance of Hamilton’s kin- 
selection theory, for example, an idea that has reached all 
areas of biology, explained the adaptive significance of 
social insects and helping in birds, and predicted the 
then unobserved phenomenon of kin recognition. We 
mention the spectacular advances that accrued from kin 
selection theory because we think the efficiencies of the¬ 
ories like Hamilton’s represent the wave of the future in 
animal behavior. Hamilton’s theory came from the itera¬ 
tive processes of induction and deduction; his focus on 
first principles yielded novel predictions and inspired new 
tests. As more animal behaviorists and their students rec¬ 
ognize the value of the dialectic tension between developing 
efficient theories from first principles, assumption and pre¬ 
diction testing, and theory revision, we predict even greater 
progress in the science of animal behavior. 

One of the great proponents of this dialectic between 
theory, prediction, and testing was John Platt, who in 1964 
invited all scientists to pursue what he named strong 
inference. Strong inference is a simple but rigorous 
generalized protocol useful in experimental or observa¬ 
tional science including animal behavior that allows for 
efficient testing and falsification of alternative hypotheses. 
One of the key insights associated with strong inference is 
the idea of a crucial prediction, one that if tested well in a 
carefully designed experiment or observational protocol, 
would simultaneously reject one hypothesis and support 
another. Platt and other proponents of strong inference 
argue that using strong inference reduces the likelihood of 
unintentional bias in favor of one hypothesis or another 
because no matter what the results, the scientific endeavor 
will move forward and investigators will have something 
to say. But, the strongest of Platt’s insights was that using 
strong inference is efficient. Scientific progress is faster 
when investigators use strong inference. 

By analogy to strong inference in hypothesis testing, 
we argue that animal behaviorists who embrace efficient 
theory will enhance the progress of our science. (We use 
theory here in the vernacular to mean a hypothesis or a 
model, i.e., we are not using it as philosophers do to 
indicate an accepted body of already-tested ideas.) The 
definition that we use says that efficient theories make 
fewer, simpler, and more fundamental assumptions, and 
simultaneously generate a greater number of testable pre¬ 
dictions per free parameter, than do less efficient theories. 
Some efficient theories will begin as approximate theories 
that when confronted with data require revision; it is the 
process of confrontation between prediction and data that 
results in successive theoretical refinement and progress in 
science. As animal behaviorists become more conversant 
with efficiency in theory, as well as strong inference experi¬ 
ments, animal behavior will integrate ever faster. 


Reaching New Horizons 

The achievement of new levels of understanding con¬ 
cerning animal behavior will grow, in part from our own 
interactions as scientists. These collaborations will con¬ 
tinue to expand beyond the current involvement of ecol¬ 
ogists, psychologists, anthropologists, and zoologists. We 
already see molecular biologists, neurobiologists, engi¬ 
neers, computer scientists, sociologists, and others joining 
teams that work on problems in animal behavior. As we 
train students with crossdisciplinary emphases, we will see 
other disciplines involved with problems in animal behav¬ 
ior. With the depth and breadth of our explorations of 
behavior, the need arises for specialized expertise in order 
to work out both evolutionary mechanisms and the under¬ 
lying genetic, developmental, and physiological mechan¬ 
isms for behavior. Indeed, scholars trained to look at all 
aspects of phenotypic flexibility are needed in great num¬ 
bers. The silos or narrow subdisciplinary bins that we 
have inhabited for the first three generations of animal 
behavior will disappear, to be replaced by new types of 
scholars with a different set of skills. 

Another form of collaboration will involve a greater 
mixing of theoretical considerations with empirical studies. 
This has occurred in many areas of behavioral ecology 
in the past two decades. We look for that pattern of 
theoretical-empirical combinations to expand to other 
areas of behavior, particularly pieces of the puzzle that 
involve genetics, development, and physiological mechan¬ 
isms underlying phenomena like phenotypic plasticity. 

How will we get from our current state of affairs to these 
exciting new horizons? The process is transpiring even now - 
science always has forward momentum. First, we need to 
carefully consider the training that we provide for our stu¬ 
dents. Here again, the concept of subdisciplinary silos must 
be discarded. Older scholars in the field need to grasp the 
need for a different sort of training for their students. Early 
in the graduate experience, we need to incorporate expo¬ 
sure to a broad range of frameworks, both theoretical and 
empirical, and to a wide range of techniques now available 
for exploring animal behavior. No individual will take away 
all of the in-depth skills needed for studying behavior, but 
by exposing students to the range of models, testing para¬ 
digms, and techniques, they can be conversant with colla¬ 
borators who do have a complete grasp of particular modes 
of thinking or use of certain techniques. This means that 
training students will involve much more than working in a 
single laboratory, honing skills specific to the project(s) 
supported by a major professor. We must rethink the training 
process and engage a wide range of faculty and current 
students to arrive at what likely will be several different 
models for solving the problem of providing proper training. 
Also, we must consider and make available the possibilities 
for current scholars of animal behavior (in its broadest sense) 
to become exposed to the new ways of thinking and new 
technologies. This can and should be a shared endeavor. 
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While the major focus will be on procedures for train¬ 
ing students and current scholars, there are several other 
aspects of the future of animal behavior. First, journals 
should consider their mission, with particular attention to 
highlighting studies that contain new, more integrative 
approaches. These may involve mixes of subdisciplines 
like endocrinology and ecology, or development and ecol¬ 
ogy, or they could be reviews making strong connections 
between theoretical and empirical work. In a similar man¬ 
ner, we as practicing animal behaviorists need to assist, in 
a positive manner, the various granting agencies with a 
push to secure both additional funding and funding that is 
specifically directed at the sorts of studies and training we 
have suggested here. 

Like most shifts in subfields of science, this will be an 
incremental process; nothing will transform overnight, or 
even in a few years. However, this is an exciting new 
pathway and we expect that as it gains momentum, it 
will flourish and give a new emphasis to the importance 
of the exploration and explanation of animal behavior. We 
suggest that targeted symposia, workshops, and plenary 
talks at national and international meetings can be both 
a training venue and a stimulus to excite interest in these 
new approaches. 

Funding Animal Behavior Research: The 
Changing Sociology of Science 

What animal behaviorists study makes those who work 
with Disney, the Discovery Channel, or Animal Planet 
wealthy. It is no mystery as to why students recruit to 
animal behavior in significant numbers. The lives of 
non-human animals, their behavior in the wild, and what 
they teach us about evolution are fascinating. Undergrad¬ 
uates turn on to biology in their first exposures to animal 
behavior. Enthusiastic graduate students compete fiercely 
for the few graduate fellowships typically available for the 
study of animal behavior. 

Yet, increasingly there is less funding per capita and 
fewer rather than more jobs for animal behaviorists. We 
find this distressing given that we think animal behavior is 
the linchpin holding together the integration of biology. 
The behavior of animals is at the center of a continuum 
that begins with cells and biochemistry at one end, passes 
through tissues, organs, and physiology to the organism, 
and moves to the other end of the spectrum through 
populations, communities, and ecosystems. In effect, 
behavior is the set of tools with which an animal plays 
the evolutionary game. Thus, we contend that animal 
behavior should receive considerably more grant support. 
Instead, animal behaviorists are among the most poorly 
funded of biological scientists. 

Sources of funding for animal behavior research, such 
the National Science Foundation and National Institutes 


of Health in the United States, must realize and act on the 
importance of understanding the integrative importance of 
behavior. We are also hopeful that nongovernmental orga¬ 
nizations who use the work generated by animal behavior¬ 
ists can establish foundations to supply funds for work in 
this area of investigation. To increase the likelihood of 
enhanced funding from all sources, we need more spokes¬ 
persons able to discuss the history and current state of 
animal behavior studies. 
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Introduction 

Modeling is a way to test behavioral hypotheses, but it 
does not involve observing or experimentally manipula¬ 
ting the behavior of animals. Instead, we study the beha¬ 
vior of a model. Like a simple, hand-drawn map, a model 
is a representation of reality, but it is not meant to be 
real. Despite their simplified view of behavior, mathe¬ 
matical models can be used to study animal behavior by 
presenting our understanding of an aspect of behavior 
in a formal and testable set of equations. The equations 
can be solved mathematically to examine how behavior 
might operate under very clearly described circum¬ 
stances, which are called the model assumptions. Despite 
the mathematical nature of these methods, they are used 
to test predictions of hypotheses, so they are relevant to 
us. In animal behavior, a commonly used modeling 
method is game theory. 

Game theory, a branch of applied mathematics, was 
developed to study decision making in conflict situations. 
It describes behavior strategically in situations where one 
individual’s success depends on the choices of others. It 
was initially developed to analyze zero-sum contests in 
which one individual does better at another’s expense, but 
it has been expanded to cover many other situations. In 
many applications, the goal is to identify equilibria or best 
solutions. A well-known example is the Nash equilibrium, 
which was devised by John Nash (made famous in the 
movie, A Beautiful Mind ) for economic systems. 

Game theory formally began in 1944 with the publica¬ 
tion of John von Neumann and Oskar Morgenstern’s 
Theory of Games and Economic Behavior. The application of 
game theory to biology did not occur immediately, 
despite the prevailing view that evolution is a contest 
between alternate entities (genes, individuals, groups, 
species). John Maynard Smith is credited for applying 
game theory to animal behavior, and he was awarded the 
1999 Crafoord Prize for this work. 


The Hawk-Dove Game 

Maynard Smith and Price (1973) first used game theory to 
analyze contests between rivals who are competing for 
an important resource such as food, territory, or mates. 
Maynard Smith and Price were trying to answer a ques¬ 
tion that had been puzzling animal behaviorists for many 
years: Why do animals use conventional methods such 
as display (like disputing neighbors shaking their fists at 
each other) rather than more violent means to settle 
disputes? At one time, the answer was, because fight¬ 
ing would produce lots of injuries, which would be bad 
for the species. Explanations that rely on advantages to the 
species or other groups of individuals are called group 
selection hypotheses, but evolutionary analyses in the 
1960s and 1970s showed that these hypotheses are often 
inadequate - they cannot explain how advantages to a 
group could overcome disadvantages to individuals. If a 
displayer comes up against a fighter, the fighter would win 
every time, even if fighting were disadvantageous for the 
species as a whole. Maynard Smith and Price’s solution 
was the now-classic hawk-dove game. 

As with all modeling studies, the hawk-dove game 
starts with assumptions. 

• Animals engage in contests over a resource, and in each 
contest there is a winner that takes possession of the 
contested resource. 

• Winning the resource item increases the fitness 
(survival/mating success/reproductive success) of the 
winner. 

• An injury sustained in a contest reduces fitness. 

• If a contest continues for a long time, both contestants 
experience a reduction in fitness as a result of the time 
wasted (i.e., time that could have been used to acquire 
other resource items). 

• Finally, each animal always employs (plays) a particular 
strategy (a method of competing) in all contests. 


1 



2 Game Theory 


Before we look at the game, the meaning of the term 
strategy in this context must be clear. A behavioral strat¬ 
egy is simply a fixed and predictable way of behaving in a 
contest. It does not imply that contesting animals make 
conscious decisions. Although contests involve two con¬ 
testants, the purpose of a game-theory model is to com¬ 
pare alternate strategies with each other to see if one is 
better. In this case, we compare the contest strategies of 
hawk and dove. 

A dove (i.e., an animal that always plays the dove 
strategy) uses threat display in a contest but never fights. 
If the opponent also displays, then the dove continues to 
display as well, but if the opponent attacks, the dove 
retreats immediately, losing the contest but avoiding- 
injury. Thus, a contest between two doves is protracted 
and wastes a lot of time for both contestants, although 
neither contestant is injured. In contrast, a hawk (an 
animal that always plays the hawk strategy) attacks imme¬ 
diately. If a hawk plays against a dove, the hawk always 
wins and the dove always loses because the dove retreats 
immediately. On the other hand, if a hawk plays another 
hawk, a fight ensues and both contestants risk injury as a 
result. 

These written descriptions of what happens in partic¬ 
ular contests can be stated formally in a payoff matrix, 
which is usually presented in the form of a table of fitness 
payoffs to one strategy when confronted by either the 
same or the other strategy (Table 1). 

What do all these letters mean? The fitness payoff of 
winning a contest is E (for victory). E measures the 
amount by which the winner’s fitness increases as a result 
of gaining the contested resource. The fitness loss as 
a result of injury when two hawks fight is W (for 
wound). T represents the fitness loss caused by wasting 
time in a protracted contest between doves. When a hawk 
plays a dove, the hawk wins the resource, so gets a payoff 
of V When a dove plays a hawk, the dove loses the 
resource but avoids injury, so the payoff to the dove is 0 
(dove neither gains nor loses fitness as a result of the 
contest). If two doves play each other, the payoff to the 
dove is only E/2 because each wins only half the time, but 
because the contests are protracted, there is a cost of T for 
the wasted time. Finally, if two hawks play each other, the 
fitness gain of victory (E) is devalued by the cost of injury 
(IV). The difference V— W is halved because each wins 
only half the time. With the payoff matrix formally spe¬ 
cified, we can try to find the best strategy. 


Table 1 Payoff matrix for the hawk-dove game. Fitness 
payoffs accrue to the strategies on the left when each plays the 
strategies at the top 



Hawk 

Dove 

Hawk 

(V - W)/2 

V 

Dove 

0 

(972) - T 


The concept that makes game theory models useful in 
the study of animal behavior is the evolutionarily stable 
strategy (ESS). An ESS cannot be invaded by (is stable 
against) any other strategy. Let us assume that a popula¬ 
tion of animals is comprised of individuals that all play a 
particular strategy. What would happen if a new indivi¬ 
dual with a different strategy joins this population? If the 
new strategy wins against the old one, it will begin to 
spread in the population (i.e., this new individual will be 
successful in reproducing, so its offspring will become 
more and more prevalent over time). Eventually, the 
new strategy will become so common that most contests 
are between two contestants playing that strategy. At this 
point, if the new strategy still has higher fitness than the 
old one, which is now rare, the new strategy will continue 
to spread. Eventually, all animals in the population will 
play the new strategy. In this case, the old strategy is 
clearly not an ESS. 

What about the hawk-dove game - is there an ESS? To 
answer this question, we must compare the average fitness 
of each of the two competing strategies. To do that calcu¬ 
lation, we assume that we have a mixed population (i.e., 
some animals play hawk and some play dove). Let us 
denote the proportion of the mixed population that plays 
hawk as H and the proportion that plays dove as D. As 
there are only two strategies in our population, their 
proportions must add (sum) to 1 (H+D= 1, and thus 
D= 1 — H). If we assume that encounters occur at random 
(i.e., doves do not seek out doves, for example), then we can 
calculate the mean fitness of doves and hawks by weighting 
the payoffs of each strategy by its frequency, as follows. 

Mean fitness of doves = (0 x H) + ([E/2 — T] x D) [l] 

Mean fitness of hawks = {([E — IE]/2) x H} + ED [2] 

The term (0 x H) in eqn [1] is simply the payoff to dove 
when playing against hawk (0 because dove loses but 
avoids injury) times the proportion of hawks in the popu¬ 
lation (how often that interaction will occur). Likewise, 
the term ([E/2 — T]xD) in the same equation is the payoff 
of to a dove that plays another dove times the likelihood 
that the dove’s opponent is a dove. (Equation [2] has a 
similar construction.) 

So, how do we decide whether dove or hawk is an ESS? 
We start with a population that is entirely one strategy 
and then we see what happens when an individual that 
plays the other strategy arrives. Suppose that we have a 
population of doves. If hawk cannot invade this popula¬ 
tion, then dove is an ESS. Incidentally, this situation is the 
one that group selection (for the good of the species) 
explanations would predict, so our game theory model 
allows us to test the group selection hypothesis. It should 
be clear to you, however, that dove cannot resist invasion 
by hawk. Try using eqns [1] and [2] with values of 
D= 0.99 and H— 0.01. As long as both Eand Tare greater 
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than 0, which is how we have defined them, hawk has higher 
fitness than dove and therefore, hawk will spread. If we 
start with an all-hawk population, we get a similar result. 
Dove can invade because it plays against hawk almost all 
of the time initially (dove is rare and hawk is common) 
and under these conditions, dove does better than hawk 
because dove does not pay the cost of injury. Our game- 
theory model predicts that neither strategy is an ESS, at 
least as long as V < W (i.e., the cost of injury is high). 

If neither strategy is an ESS, what will happen to our 
all-dove and all-hawk populations? Your intuition might 
suggest that a mixture of the two strategies might result, 
but a mathematical analysis of our equations will show us 
that a particular mixture is a stable equilibrium. What is a 
stable equilibrium? In this case, it is the mixture (propor¬ 
tions) of hawks and doves at which the fitnesses of the 
two strategies are equal, or the proportions at which 
neither strategy does better than the other on average. 
To calculate this stable mixture, we simply set eqn [1] 
equal to eqn [2] and solve for the equilibrium values of H 
and Z), which we call H eq and D eq . A bit of algebra yields 
the following equilibrium solutions. 

Equilibrium proportion of doves (D cq ) = (W— V)/(2 T 4~ W ) 

[3] 

Equilibrium proportion of hawks (H cq ) = (2 7’+ V)/ (2 7’+ W) 

[4] 

In game-theory terms, this equilibrium is called a mixed 
ESS. Recall that our last assumption when we began this 
modeling exercise was that each animal always plays the 
same strategy. If we keep that assumption, then, regardless 
of the starting mixture, at equilibrium our population will 
have some individuals (H eq ) that play hawk and others (Z) eq ) 
that play dove. One important aspect of modeling, however, 
is to examine what happens when we relax assumptions. If 
we drop the fixed strategy assumption, we end up with a 
population of individuals that play hawk H eq of the time and 
dove the rest. As in the fixed strategy version, eqns [3] and 
[4] describe these equilibrium proportions. 

The Hawk-Dove-Retaliator Game 

Hawk and dove are certainly not the only ways that an 
animal might behave in a contest. Another possibility 
might be called retaliator, which displays against a dove 
but fights (retaliates against) hawk. To illustrate how this 
new strategy changes the analysis, I will present a simpli¬ 
fied payoff matrix (Table 2). 

The new payoff matrix uses hypothetical fitness values 
rather than algebraic expressions, but is analyzed in the 
same way as the more general version of Table 1. These 
values would result from parameter values of V= 2, 
IV =4, and T= 0. A few other differences must be 


Table 2 Simplified payoff matrix for the hawk-dove-retaliator 
game. Fitness payoffs accrue to the strategies on the left when 
each plays the strategies at the top 



Hawk 

Dove 

Retaliator 

Hawk 

-1 

2 

-1 

Dove 

0 

1 

0.9 

Retaliator 

-1 

1.1 

1 


explained as well. When hawk plays retaliator, both fight 
immediately, so the payoff to hawk (—1) is the same as if 
hawk played another hawk. If retaliator always displayed 
against dove, then these two strategies would look identical, 
so we make a minor modification to the retaliator strategy. 
When playing against a dove, retaliator occasionally ‘probes’ 
with an attack. Such probes result in the immediate retreat 
of the dove, so retaliator does slightly better than dove when 
playing against that strategy (1.1), and dove does slightly 
worse when playing against retaliator (0.9). For this reason, 
a better name for this new strategy is prober-retaliator. 

Is there an ESS for this game? Using the ESS analysis 
methods of the previous model, it should be clear that 
there are two. As in the original hawk-dove game, there is 
a mixed ESS, in this case a 50-50 mix of hawk and doves 
(or individuals that play hawk half the time and dove half 
the time), but retaliator is also an ESS because it can resist 
invasion by either dove or hawk. 

These classic game theory models of contests have 
been expanded considerably over the years. For example, 
other models have considered games between individuals 
that differ in ability (asymmetric games), games involving 
repeated interactions between the same contestants (iter¬ 
ated games) or between relatives, games in which a strat¬ 
egy is compared to the population as a whole (playing the 
field), and games that are dynamic rather than static. 

A study of bowerbirds provides an example of mathe¬ 
matical modeling using game theory. In many species of 
bowerbirds, the males build and decorate amazing struc¬ 
tures (bowers) that females use to choose their mates. 
Females are able to assess the quality of a male’s bower, 
so a male needs a good one to reproduce. Females are 
known to visit many bowers before they choose the best 
one, so of course there is tremendous competition among 
the males. Just a bit of thought about this system suggests 
that a male bowerbird might do one of three things to be 
successful. He could spend lots of time building and 
decorating a great bower and then defend it against raid¬ 
ing by other males (defender). Or, he could split his time 
between building and defending his own bower and 
visiting other bowers to steal the decorations placed 
there by neighboring males (stealer). Or, he could split 
his time between building and defending his own bower 
and visiting other bowers to destroy them (destroyer). By 
measuring the costs and benefits of these strategies in 
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terms of access to females, the game-theory model shows 
that both destroyer and stealer are stable against defender 
under most circumstances. 

The Prisoner’s Dilemma 

Game theory models can be used to analyze many com¬ 
petitive aspects of animal behavior, including habitat 
selection, foraging, predator-prey interactions, communi¬ 
cation, parent-offspring interactions, and sibling interac¬ 
tions. They have also been used to study cooperative 
behavior, perhaps most famously in the prisoner’s dilemma. 

Cooperative behavior is another topic that seemed 
difficult to explain without resorting to group advantages. 
The prisoner’s dilemma game has provided a means 
of investigating the fitness consequences of cooperation 
on the basis of reciprocity. The model assumes that inter¬ 
actions between pairs of individuals occur on a proba¬ 
bilistic basis, and the results of a computer tournament 
show how cooperation can spread in an asocial world, can 
thrive while interacting with a wide range of other stra¬ 
tegies, and can resist invasion once fully established. 

The prisoner’s dilemma is a symmetric, two-player 
game with two alternate strategies, ‘cooperate’ and 
‘defect.’ The payoff matrix is shown in Table 3. 

Imagine that the police arrest two suspected thieves, 
who are immediately placed in separate rooms. The 
police do not have enough evidence to convict either of 
them, but each is offered the following deal. If one testifies 
(defects) against the other and the other remains silent 
(cooperates), the defector goes free and the cooperator 
receives 10-year sentence. If both remain silent (cooper¬ 
ate), each is sentenced to only 6 months a minor charge. If 
each betrays the other, each receives a 5-year sentence. 
Thus, there is a strong temptation to defect (T) and if the 
other suspect cooperates, he gets a sucker’s payoff (S). If 
both cooperate, each gets the reward for mutual coopera¬ 
tion ( R ), and if both defect, they pay the punishment for 
mutual defection ( P ). Each player does better by defecting 
than cooperating (T> R and P> S), but the combined 
payoff to cooperation is greater than the combined payoff 
for cheating (R > P), which produces the dilemma. Each 
suspect must then choose to defect or to cooperate. What 
should the suspects do? 

Alexrod and Hamilton (1981) answered this question 
for an iterated (repeated interactions) prisoner’s dilemma 


Table 3 Payoff matrix for the prisoner’s dilemma game. 
Fitness payoffs accrue to the strategies on the left when each 
plays the strategies at the top 



Cooperate 

Defect 

Cooperate 

R = 3 

S = 0 

Defect 

7=5 

P= 1 


in two ways: by soliciting strategies and then playing the 
14 that were submitted in a round-robin computer tour¬ 
nament, and by determining mathematically whether one 
strategy is an ESS. One strategy, ‘tit for tat’ (TFT), which 
was submitted by Anatol Rapoport, won the tournament 
and was shown to be an ESS when the probability of inter¬ 
acting with the same player on the next move of the game 
was high enough. An animal (or suspect) playing TFT 
cooperates when first meeting an opponent, and subse¬ 
quently does whatever the opponent does. The three char¬ 
acteristics that make TFT a winning strategy are as follows: 
it is nice initially, it retaliates, and it forgives immediately. 

Since the original use of the prisoner’s dilemma as a 
model for the evolution of reciprocity (one route to coop¬ 
eration), many modifications have been developed, includ¬ 
ing changing the number of players, number of strategies, 
relatedness of players, and degree of stochasticity. 

One possible example of reciprocation by TFT is 
predator inspection by guppies. When guppies and other 
fish first encounter a potential predator, individuals often 
approach it, perhaps to gather information about the 
identity and motivation of the predator. It is very likely 
that the payoff for inspecting in a group is greater than the 
payoff if no fish inspects, so R> P In addition, although 
having no inspectors is dangerous, it is more dangerous to 
be the lone inspector, so P> S. Thus, guppies engaging in 
predator inspection seem to experience a prisoner’s 
dilemma. A reciprocal strategy such as TFT would ensure 
that the advantages of inspection exceed those of keeping 
a safe distance. Guppies are capable of recognizing and 
remembering the inspection behavior of partners and may 
employ a conditional approach strategy in which a fish 
swims toward a predator (inspect) on the first move of a 
game and subsequently only moves forward if the other 
fish swims beside it. Inspectors thus appear to be nice 
(starts to inspect), retaliatory (ceases inspecting if partner 
stops inspecting), and forgiving (resumes inspecting if 
partner resumes inspecting). 

Honest Communication 

Communication occurs when the behavior or some 
other cue of one animal affects the behavior of another. 
Signals and displays are traits that function specifically for 
communication and have evolved by natural selection 
for that function. They are thus products of signaler/ 
receiver coevolution, but communication is not neces¬ 
sarily cooperative because the interests of signaler and 
receiver are not identical. In many cases signalers and 
receivers have conflicting interests, so that communication 
has the potential to be manipulative. In such situations, 
game theory can provide powerful insights into signal 
evolution and mechanisms that maintain signal honesty 
or reliability. 
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Many game theory models have been developed to 
study interactions in which communication occurs, such 
as between parents and offspring, contestants for impor¬ 
tant resources, prey and predators, and males and females. 
One question they have in common is, How is honest 
communication possible when signalers can benefit from 
deceiving receivers? 

Maynard Smith (1974) considered this question when 
he wondered why accurate information is ever transferred 
during contests. He viewed the coevolution of sender and 
receiver as analogous to an arms race, with senders 
attempting to manipulate receivers and receivers attempt¬ 
ing the resist the manipulation of senders. But because 
empirical studies showed clearly that animals communi¬ 
cate information honestly, he concluded that lying may be 
impossible or may be punished in some cases. 

Subsequent studies showed that displays that are physi¬ 
cally constrained (e.g., large frogs produce deep croaks, 
but small ones cannot) are honest. After considerable 
controversy, game theory models showed that signals 
that confer a handicap on the signaler are also honest 
(the handicap principle). Signals can be costly to signalers 
because they are energetically expensive to produce, or 
they are disadvantageous in some other way such as inter¬ 
fering with locomotion or the immune system. They can 
also be costly because signals attract unwanted eavesdrop¬ 
pers such as predators or receivers that attack (punish) 
dishonest signalers. 

Honest signaling models indicate that reliable infor¬ 
mation transfer is common even if deceit occurs occasion¬ 
ally and that the form of the communication is influenced 
by selection for signal efficacy and for signal reliability 
because unreliable signals are not evolutionarily stable. 

Game Theory and Animal Behavior 

Many researchers consider the application of game theory 
to animal behavior to be one of the two most important 
theoretical developments since the modern synthesis of 
evolution and genetics. In many respects, game theory has 
changed the thinking of those who study animal behavior. 
The fundamental principle of game theory that the 
behavior of one animal affects the fitness of others and 
that these effects must be understood when explaining the 
evolution of behavior, and the concept of an ESS, have 
become a fundamental principle of animal behavior in 
particular and of biology more generally. The concept of 
ESS has also invaded psychology, political science, and 
even mathematics itself. 

Despite the ability of game theory models to address 
many aspects of the social behavior of animals, there have 
been relatively few empirical tests of game theory models, 
especially in comparison with other classes of models such as 


optimal foraging. In addition to the usual objections to 
theoretical approaches to biology, game theory models seem 
to face some particular difficulties, including that they are 
unnecessary or that they are irrelevent because they ignore 
the underlying genetic structure and constraints. 

On the other hand, game theory models have yielded a 
rigorous evolutionary understanding of social behavior 
that is otherwise difficult to explain, such as settling con¬ 
tests conventionally, communicating honestly, cooperation 
in the face of the temptation to cheat, and the maintenance 
of behavioral polymorphisms. It is likely that empirical 
testing will become more common as game theory models 
make more realistic assumptions and more explicit predic¬ 
tions, which will make these models more accessible to 
empiricists. 

If you are interested in learning how to develop game 
theory models, try Gamebug, a teaching and learning 
resource. 

See also: Agonistic Signals; Alarm Calls in Birds and 
Mammals; Communication: An Overview; Cooperation 
and Sociality; Decision-Making: Foraging; Experiment, 
Observation, and Modeling in the Lab and Field; Games 
Played by Predators and Prey; Group Foraging; Honest 
Signaling; Optimal Foraging and Plant-Pollinator Co- 
Evolution; Parent-Offspring Signaling; Vigilance and 
Models of Behavior. 
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Introduction 

Game theory has been very useful in the understanding 
of the behavior of animals. Game theory models and the 
concept of evolutionarily stable strategy (ESS) provided 
sound explanations to a variety of phenomena that could 
not otherwise be fully understood. A game theoretic 
approach should be used to understand the behavior of 
animals whenever there are reasons to believe that the 
strategy or the behavior of one organism is affected by the 
behavior of the other and vice versa. The mathematical 
tools used to solving game theory problems generate 
predictions regarding the best response of each player to 
the strategy of the opponent. Initially, most game theory 
models dealt with different individuals within a species. 
With time, asymmetric games were analyzed, and later on, 
this was expanded to include games between individuals 
of different species. Predator-prey games are a special 
type of asymmetric games, in which the players are 
engaged in a predator-prey relationship and often belong 
to different species. The players do not necessarily have to 
belong to different species (e.g., as in cannibalistic rela¬ 
tionships), but the examples in this study only refer to 
predator-prey game models between different species. 

As in other types of games between animals, one can 
investigate the predator-prey game on two different time 
scales: the game may describe situations and life-history 
strategies that were selected for at the evolutionary time 
scale, or it could describe behaviors and strategies 
operating within the life of the individual, often termed 
ecological time scale. 

The Types of Predator-Prey Games 
Considered 

Games of Temporal Distribution 

Predators and prey may be involved in games of temporal 
nature, the most general of which are games that address 
the question of when should prey and predators choose to 
be active outside their shelter or roost. A different type of 
game, often termed the ‘waiting game’ or ‘shell game,’ also 
belongs here: a prey animal escapes into a shelter from 
which it cannot know whether the predator is still waiting 
outside the shelter. These models calculate simultaneously 
both the optimal emergence time of the prey from the 
shelter and the appropriate length of time for the predator 
to wait for the prey outside the shelter, before it moves on 


in search of alternative prey. Hugie showed that the dis¬ 
tributions for the waiting times of the predator and the prey 
have different shapes, and only rarely was the waiting time 
of the predator longer than that of the prey. 

Games of Spatial Distribution 

Habitat selection games involve the physical location in 
which the players spend their activity time. In one of the 
first predator-prey games described, Iwasa analyzed the 
vertical migration of zooplankton species and their pre¬ 
dators in lakes or in the sea (great depth during daytime 
and near the surface at night). Previous explanations 
included effects of the physical environment or biotic 
relationship between zooplankton and phytoplankton. 
However, a habitat selection game based on predator 
avoidance at the time of high predator efficiency better 
explained many observed characteristics of the vertical 
migration. 

Intuitively, in habitat-selection games, the prey is 
expected to concentrate its activity where its food is 
abundant, while the predator seeks the habitat or micro¬ 
habitat where it can capture the most prey. In fact, these 
considerations are much more complicated due to the 
involvement of trade-offs in the strategy of each player, 
and one of the most obvious trade-offs is between food 
and safety: often, the habitat that has the highest abun¬ 
dance of food exposes the animal to higher predation 
risk. Habitat selection games are the most common 
predator-prey games modeled and discussed so far. As 
we shall see later, due to the nature of the stable solutions, 
at times, we find the results of these games quite 
unintuitive. 

Games of Vigilance and Search Intensities 

Even when the time of activity and its locations have been 
determined, the predator and the prey may be involved in 
games that determine how much effort each one should 
invest in detection of the other. The prey may invest time 
in vigilance, thereby sacrificing foraging time or forging 
efficiency. The predator may determine how much (in 
terms of energy and time) it should invest in search 
activities. Search activities often involve much more 
energy expenditure than resting, expose the predator to 
risks of injury or risks from its own predators, and reduce 
the time available for social interactions. 
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Games of Pursuit and Escape Behaviors 

After the prey has been detected, both predator and prey 
still need to determine how much effort to invest in 
pursuit and in escape, respectively Before predator-prey 
games were investigated specifically, Stewart used a 
genetic model to find the appropriate search strategy of 
a predator and the corresponding escape behavior of the 
prey, after it had encountered cues of the predator. Later 
on, Vega-Redondo and Hasson investigated pursuit deter¬ 
rence: which behaviors can a prey animal use to manipu¬ 
late and reduce the pursuit motivation of the predator. In 
this case, the investigators were seeking an honest signal 
by the prey that would clarify to the predator that the 
pursuit will not lead to a successful capture. 

Games of Life-History Parameters: Growth, 
Birth, and Death Rates 

While the previous types of games represent the evolu¬ 
tion of behavioral decisions of predators and prey in 
situations formed while they are engaged in a game, 
there are games between predators and prey in which 
their life-history parameters are assumed to be deter¬ 
mined at a larger evolutionary scale. Such games may 
involve growth rate decisions or other growth decisions. 
For example, Bouskila and colleagues modeled the timing 
of the switch of a prey animal from one growth phase to 
another, considering the ability of predators to evolve and 
modify their search strategy to adjust for this change. In 
addition, games have been proposed to address the co¬ 
evolution of characters that affect birth and death rates of 
predators and prey (such as body size) toward a stable 
solution that maintains coexisting populations of the two 
types of organisms. 

Games of Traits: Thermal Physiology 

Another set of predator-prey games at a large evolution¬ 
ary scale concern the co-evolution of physiological and 
morphological traits. The evolution of physiological 
adaptation under a situation of a game was recently 
entered into a framework of a game between competing 
conspecifics, through an Ideal Free Distribution game. 
This concept was expanded to a predator-prey game by 
Mitchell and Angiletta, leading to conclusions regarding 
the effects of the predators on the evolution of physiolog¬ 
ical specialty. For example, under severe predation pres¬ 
sure, prey animals are predicted to evolve toward being 
generalists in thermal preference, rather than specialists. 
Prey that specialize on a narrow range of temperatures 
spend time in specific patches that maintain this range of 
temperatures and facilitate predation. Thermal speciali¬ 
zation among prey animals can be a stable solution only 
when predation pressure is mild. 


The Type of Models Used 

Various approaches have been used to model 
predator-prey games. Analytical solutions are often 
sought to solve the simplest games. Models are formulated 
as a set of equations, including the fitness functions of 
predators and prey, sometimes in matrix form. Equilib¬ 
rium points are found analytically through the simulta¬ 
neous calculation of the derivatives of the functions. These 
models often necessitate simplifying assumptions, such as 
assuming that all players within a category (predators 
or prey) are identical. While this assumption has been 
useful in simplifying the models, there are cases in which 
more complicated elements need to be included in order 
to capture the essence of the system described by the 
model. In such cases, computing-intensive simulations 
are employed for their solution by using a state-variable 
dynamic game or an evolutionary algorithm. The former 
calculates the best response of a mutant in a group and 
then allows the rest of the group to copy the state- 
dependent solution found by the mutant. This process is 
cycled as many times as needed to reach a stable solution, 
in which the best reply to the group’s strategy is the same 
strategy. In order to adjust this game to a predator-prey 
game, the state-dependent solutions are found simulta¬ 
neously both for the predator and the prey. The evolution¬ 
ary algorithms have a game concept embedded in their 
structure, because new genomes are formed either by 
genetic mutations or recombinations, and they compete 
against all other genomes. A stable solution is reached 
when a genome proliferates and cannot be invaded by 
new genomes, and here too, the process is run simulta¬ 
neously for genomes of prey and predators. Mitchell com¬ 
bined an evolutionary algorithm with an Individual-Based 
Model, to determine the fitness consequences of the 
actions taken by the different genomes. All together, 
these techniques enable the incorporation of such con¬ 
cepts as the states of individual animals and their spatial 
distribution, which have been shown in other disciplines as 
very useful tools for reaching solutions of complex evolu¬ 
tionary problems. As it is sometimes done, Alonzo ana¬ 
lyzed each of the games among prey individuals and 
among predators separately, and then the full game 
between predators and prey was analyzed and compared 
to the partial games. 


Empirical Work Used 

The theory of predator-prey games was mainly developed 
in recent years. Empirical studies have been conducted 
only rarely in the past in a way that demonstrates that 
animals indeed use a game-theory solution. Apart from 
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the fact that the theory that might have led to such 
empirical studies was not very well developed, there are 
objective difficulties that stem from the fact that predation 
events are involved here. Predation events in general, not 
necessarily in game situations, are quite rare to observe in 
nature. It is thus quite complicated to design a study in a 
natural system that includes predation rates or predation 
events. One solution to this problem has been to transfer 
such studies to seminatural conditions or even to labora¬ 
tory conditions. An additional difficulty stems from the 
nature of the game itself. When animals are engaged in a 
game situation, simple observation cannot easily verify if 
a game is going on. Observing the end result of the game 
may hide the behavioral options that were not chosen or 
led to unstable solutions. In order to test the existence 
of the game, quite often, the game needs to be perturbed, 
that is, animals need to get cues for a different situation, 
and only then may their behaviors be evaluated under the 
framework of game. Here, too, the ability to change the 
conditions of the game are limited when done in nature 
and are more likely to be done under more controlled 
conditions. Thus, occasionally, the empirical work men¬ 
tioned in games of predators and prey is compatible with 
the concept of such games but cannot always demonstrate 
the existence of the game as the best or only explanation 
for the observed pattern. A few examples of field studies, 
as well as studies in seminatural arenas and in the lab, are 
listed as follows. Such studies are often mentioned in 
theoretical work, and in some cases, have contributed to 
the development of the theory of predator-prey games. 

Empirical Work Used 

Field Observations 

Quinn and Cresswell found that predators preferentially 
attack prey according to their vulnerability, rather than 
according to their numbers. They performed experiments 
with model birds at different vulnerability positions and 
recorded the attacks on these birds. This result is compat¬ 
ible with game theory models that predict the common 
interest of nonvulnerable prey and predators, both against 
vulnerable prey individuals. Bouskila manipulated pres¬ 
ence and absence of snakes in the Mojave Desert and used 
seasonal changes in activity of the snakes to study the 
habitat selection of rodents and their predators. Rodents 
avoided habitats in which snakes were placed, and also 
habitats in which snakes are likely to choose for ambush, 
even when they were not placed there. Results were 
compatible with a model that described the simultaneous 
habitat selection of a predator and its prey. Additionally, 
the same model was also compatible with observations of 
snake movements in a rich oasis embedded in a dry desert 
matrix. 


Experiments in Seminatural Field Conditions 

Altwegg manipulated simultaneously the state of prey and 
predators in order to analyze the effectiveness of antipre¬ 
dator behavior of tadpoles against their invertebrate pre¬ 
dators while they are at different states. The study was 
done outdoors, in standard tubs, and it demonstrated that 
predatory rates depended both on the behavior of the 
prey and the predators. A somewhat similar study was 
performed by Berger-Tal and Kotler, but with vertebrates 
both as prey and as predators, in a large aviary (Figure 1): 
the energetic state of owls and their prey (desert gerbils) 
were simultaneously manipulated in order to shed some 
light on the game between these players. Unlike the 
previous study, the predators in this study were not very 
sensitive to the state of the prey, while the prey definitely 
modified their forging behavior depending on the hunger 
level of the predators. 

An important consideration that predators need to 
consider while they pursue prey is their own exposure 
to risk of injury or risk from their own predators. One of 
the empirical studies that addressed the game between 
foxes and their prey involved experiments in the same 
aviary mentioned earlier. Berger-Tal and colleagues 
manipulated the risk of injury to foxes when they foraged 
in food trays. Foxes demonstrated that they consider the 
risk of injury in their decisions of time allocation, and this 
has important implications for predator-prey games in 
which the prey spends time in microhabitats that may 
impose high risk of injury to the predator. 

Laboratory Experiments 

Hammond and colleagues studied habitat selection of 
tadpoles and dragonflies in laboratory experiments. 



Figure 1 An example of a two-compartment large enclosure 
suitable for observing and manipulating elements of 
predator-prey games. The enclosure includes infrared sensors to 
monitor transitions of foxes between the compartments as well 
as electronic seed trays, to monitor individual rodent visits at 
various stations. Photo: A. Bouskila. 
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They recorded choice of habitat (rich or poor in prey 
resource) under three treatments: prey alone, predator 
alone, and both species together. These experiments 
tested and confirmed some of the predictions generated 
by predator-prey game models, such as the preference of 
predators for patches with abundance of prey food, which 
the predators do not consume. In addition, the prediction 
that prey animals are not sensitive to the density of their 
own resources was confirmed too. In this study, a model 
selection approach was used to choose among factors that 
could potentially explain the patterns of space use that 
were observed. 

In some cases, experiments are performed in situations 
where the predators and the prey are likely to be in a 
game situation, but the experiment itself was not meant to 
demonstrate or verify if the results fit any theory based on 
games. For example, Dangles and colleagues describe the 
optimal velocities of a spider for approaching and captur¬ 
ing a cricket and found that there are two speeds in which 
the vulnerability of the cricket was maximized, and thus, 
this approach speed was utilized by the spiders. Although 
this study was performed without an underlying model to 
test, it deals with simultaneous decisions of predators and 
prey and may provide a basis for such a model. 

Common Themes in Models and 
Experiments 

Cases In Which Predators Respond to Prey 
Resource 

In many cases, it has been found that predators should 
distribute themselves according to the distribution of prey 
resource, rather than according to the parameters that are 
supposed to affect the predators directly. This nonintuitive 
result is one of the most consistent results that emerged 
from several predator-prey game models. This effect of 
one player’s parameters on the second player is especially 
pronounced when there is no competition or other intra¬ 
specific interactions within the population of each player. 
In some of the models, when intraspecific interactions are 
included, the predators are still affected by prey resource 
distribution, but the prey too is affected by its food distri¬ 
bution. In such cases, prey distribution does not match the 
distribution of resource, as we would expect according to 
the Ideal Free Distribution model, rather it undermatches 
the resources, that is, the proportion of animals in the rich 
patches is smaller than the resource proportion. Other 
considerations emerged when Hugie and Dill included 
metabolic and foraging costs, and found that these caused 
undermatching to the resource too. 

Alonzo included the state of the players in the model 
and found that another consideration emerged and caused 
undermatching of prey resources by prey animals: indivi¬ 
duals at lower states were forced to forage in the risky and 


rich food patch. Thus, the predicted resource matching 
was not achieved in this game too. 

Habitat preferences due to food distribution are often 
traded off with safety considerations, if safety differs 
among habitats. When the number of shelters or the 
level of safety in a habitat is manipulated in models, 
another general result emerges, namely, the prey is 
strongly associated with the habitat that provided safety, 
while the predators often concentrate in the habitat where 
the predator has a higher success rate. 

Efficient Predators Make Predator Avoidance 
Ineffective 

Predator prey game models have also shown that when a 
predator is able to efficiently react to the change in the 
prey distribution, the predator may render the prey anti¬ 
predator behavior inefficient. In such cases, the prey can¬ 
not escape predation and as a result, the prey should 
abandon all predator-avoidance strategies. Avoiding pre¬ 
dation usually comes at a cost of foraging efficiency, due to 
the food and safety trade-off mentioned earlier. In those 
situations where the prey will gain nothing by antipredator 
behaviors, the prey should attempt to collect food as much 
as possible and at least grow as fast as possible. 

Equally, during a thermal game where patches with 
different temperatures were provided as the resource, 
prey animals became indifferent to temperatures (i.e., 
evolved into generalists) when predation pressure was 
high. 

Another case in which antipredator behavior is pre¬ 
dicted to be ineffective was described by Wolf and 
Mangel. They analyzed a situation in which the prey 
selects the antipredator behavior, while the predator 
chooses the attack rate. At high attack rates, the prey 
loses so much time following attacks that they are forced 
to forage in the rich and dangerous habitat to avoid 
starvation, basically abandoning their antipredator behav¬ 
ior. An interesting situation is thus predicted in such 
systems: the predators should make many false attacks 
(undistinguishable by the prey from true attacks) in 
order to induce the prey to abandon its antipredator 
behavior. 

Implications and Importance of 
Predator-Prey Games 

Individual Behavior Implications 

The recent development of models of predator-prey 
games has demonstrated that the incorporation of the 
game approach into the analysis of the predator-prey 
relationship has important implications. For many years, 
studies of predators and prey assumed, often for simplic¬ 
ity, that the prey is faced with a constant level of 
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predation, at least at a given time and habitat. Predators 
were considered unresponsive to prey distribution or to 
prey behavior. However, as in other disciplines within 
animal behavior in which the game approach has been 
incorporated, the development of predator-prey games 
has allowed us to capture a much more precise image of 
the situation by allowing predators and prey to choose 
their behavior for the best strategy to both players. 
Removing the assumption of rigid behavior of predators 
has opened up the development of new hypotheses and a 
different way to view the behavior of prey and, obviously, 
predators too. The use of this approach is beginning to 
change the view of predator-prey behavior in all situa¬ 
tions in which a game is likely to take place. 

Population and Community-Level Implications 

Predator-prey models are usually calculated at the indi¬ 
vidual level. Nevertheless, the implications from the pre¬ 
dicted behaviors of the individuals have been extended 
at times to populations and communities. For example, 
Brown and colleagues demonstrated that a predator-prey 
game that predicts the activity time of each player given 
that the resource for the prey is provided as a pulse, 
increases the stability of population dynamics. At a larger 
evolutionary scale, Brown and Vincent address co¬ 
evolution of predators and prey in a community and 
allow the number of predator and prey species to be 
evaluated at the ESS point, as an emergent property of 
the stable strategy. Depending upon conditions, the pre¬ 
dators may either be keystone species (whose removal 
may lead to prey species extinction) or may have insignif¬ 
icant impact on current populations of prey. Not only may 
the number of species in the community be determined 
by a predator-prey game, but in some cases, such a game 
may lead to selection of certain characters, and in extreme 
cases, even to speciation, such as toward two different 
species with different thermal preference. 

Future Challenges 

Multitrophic-Levels Games 

Most of the current predator prey games deal with two 
trophic levels. In one of the few exceptions, Rosenheim 
added the consideration of a top predator and demon¬ 
strated that under such circumstances a predator-prey game 
reaches very different predictions. Models have yet to be 
developed in order to describe the simultaneous decisions 
of several species within one of the trophic levels. The 
more alternative prey species that are involved in the 
game (or the more predator species), the more compli¬ 
cated the results may become. However, in such models, 
the decisions of one player are likely to be less coupled to 
those of any one player from the second trophic level. 


Incorporating Realistic Assumptions 

As in other types of models, the assumptions of the 
predator-prey game models are introduced for simplifi¬ 
cation and to keep the models tractable. There is a well- 
known trade-off between generality and specificity in 
models: in general models, there might be simplifying 
assumptions, but they might not be realistic for many 
specific systems, or even not for any of the systems. 
Now that some of the general patterns are beginning to 
emerge from the current models, it seems useful to mod¬ 
ify some of the assumptions and make them more realistic 
(at the cost of generality, in some cases). 

Experimental Design 

In spite of the wave of game theory models of predator 
and prey, there still is a great lack of empirical studies that 
deal with such situations and even fewer studies that can 
demonstrate that a game situation indeed exists between 
predators and prey. As mentioned before, there are inher¬ 
ent difficulties in the design of experiments to test the 
existence of a game between predators and prey. The 
game often needs to be perturbed by either supplying 
misleading cues or limiting the freedom of choice from 
one of the players in order to check whether the reactions 
of the other player are compatible with the existence of 
game considerations in the interactions. For example, Sih 
suggested five treatments to fully analyze a predator prey 
habitat selection game: (1) prey alone, (2) predator alone, 
(3) prey with restricted predator, (4) predator with 
restricted prey, and (5) predators and prey free to move 
between both habitats. This requirement is not impossible 
to achieve, but it requires specific studies in controlled 
environments, such as in the lab and in seminatural arenas 
and enclosures. Such designs are beginning to be more 
prevalent, and the best demonstrations will be achieved 
when specific experiments will be coupled with specific 
predator-prey game models, designed or adjusted to the 
system in question. 

See also: Empirical Studies of Predator and Prey 
Behavior; Game Theory. 
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Introduction 

Behavioral genetics can be argued to be the oldest branch 
of genetics and can loosely trace its ancestry back to 
Francis Galton’s book ‘Hereditary Genius,’ which was 
first published in 1869. In this epic study, Galton 
(1822-1911) examined the male relatives of highly distin¬ 
guished Victorian men and observed that the larger the 
genetic distance between family members, the lower the 
frequency of outstanding mental abilities. Galton’s work 
became central to the ‘eugenics’ movement of the first half 
of the twentieth century, which was later so tragically 
perverted by the Nazis. Nor did the American psychiatric 
establishment distinguish itself in this regard, with 
thousands of people sterilized and institutionalized, 
often on the flimsiest ‘evidence’ of genetic mental ‘inferi¬ 
ority.’ From this extreme genetic determinism of the 1920s 
sprang behaviorism, the extreme environmentalism of the 
psychologist John Broadus Watson (1878-1958) that car¬ 
ried almost everything before it, but with the odd excep¬ 
tion, notably the studies on the genetic basis of learning in 
rodents from the laboratories of Edward Chase Tolman 
(1886-1959) and Robert Chaote Tryon (1901-1967). Per¬ 
haps it is from this period that behavioral genetics, as an 
experimental discipline, was finally born. However, it 
was not until the dust of the Second World War settled 
that a handful of zoologists and psychologists began 
serious work on the genetic basis of animal behavior. 
A subgroup of these, the ethologists Konrad Lorenz 
(1903-1989), Niko Tinbergen (1907-1988), and Karl von 
Frisch (1886-1982) studied instinctive species-specific 
behavior in vertebrates and insects, with the implication 
that these motor programs had an underlying genetic 
basis. They were to share a Nobel Prize for Medicine 
and Physiology in 1973. Yet it was many years before 
the first ‘behavioral’ gene was identified at the molecular 
level (see Hay’s (1985) textbook for more on the history of 
this subject). 

The behavioral geneticists of the 1950s, using inbred 
lines or selection experiments, studied the genetic archi¬ 
tecture underlying behavioral phenotypes such as mating 
or open field activity, by making a series of genetic crosses, 
usually in mice, rats, or flies. They could even map differ¬ 
ences in behavior between strains of flies to specific chro¬ 
mosomes. Studies, such as those of Fulker, used the 
methods of quantitative genetics to provide some infor¬ 
mation about the evolutionary history of the behavioral 
trait in question. However, it was not until this kind of 


formal genetic analysis was blended with molecular biol¬ 
ogy in the 1990s that progress was made in identifying 
individual genes that contributed, at least partially, to 
complex behavioral phenotypes. Thus, in the 1960s, the 
best one could do if one wished to study single gene 
effects on behavior was to take a morphological mutant 
in the fly such as ebony or yellow\ or a neurological mutant 
mouse such as waltzer or twirler .; and study various behav¬ 
ioral phenotypes in the hope that something interesting 
might emerge. Sometimes it did and sometimes not. 

The Birth of Neurogenetics - Genetic 
Screens for Behavioral Phenotypes 

In the mid- 1960s, Seymour Benzer (1921-2007) suggested 
a novel ‘bottom up’ approach whereby a single mutation 
was made randomly within the genome of a model organ¬ 
ism, and then behavior was screened for interesting phe¬ 
notypes. His organism of choice was the fruitfly. Not only 
did it have a life cycle of only 10 days, making genetic 
analysis relatively rapid (compared to several months in 
mice), but the genetic map of the fly was already well 
understood, and the behavior of a fly seemed genuinely 
interesting. Benzer’s idea was to feed the flies a powerful 
mutagen, and then screen for behavioral mutants using 
various fly-specific genetic tricks. The underlying muta¬ 
tion would alter one nucleotide base pair, and if that 
altered a codon, the amino acid change might generate a 
phenotypic difference. Using simple yet ingenious behav¬ 
ioral screens involving flight, movement, vision, court¬ 
ship, etc., Benzer’s students soon identified many 
mutants that would do strange things, not fly, not mate, 
not see, shake violently, and they were given colorful 
names like drop-dead, coitus interruptus, ether-a-go-go , etc. 
These behavioral mutations could be mapped to the 
genome, thereby identifying the corresponding gene as a 
position on a chromosome. In addition, ‘fate mapping,’ a 
technique that Benzer extended to behavior, allowed an 
approximate identification of the likely neuronal (or oth¬ 
erwise) tissues in which the mutated behavioral gene was 
having its primary effect. The molecular analysis of these 
genes came much later, with the advent of cloning and 
germline transformation techniques in the 1980s. 

Benzer’s students soon progressed to identifying muta¬ 
tions in more complex and interesting behaviors, for 
example in learning and memory and circadian rhythms. 
Flies learn to associate specific odors with electric shocks, 
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Figure 1 Identification of the period gene in Drosophila melanogaster. Chemical mutagenesis of DNA resulted in three single 
nucleotide changes within the per gene giving rise to short, long period and arrhythmic animals. The locomotor activity of a fly is double- 
plotted on the horizontal axis, for 5 days (vertical axis). Wild-type per + flies, are active (blue) or sleep (yellow) in 24 h rhythms, so they 
start activity and end it at the same time each day. The short, per* mutant, has fast 19 h rhythms so activity begins and ends 5 h earlier on 
every successive day (the ‘actogram’ moves to the left). The per L mutant has long 29 h cycles, so the activity trace moves to the right, 
while the per 0 mutant is arrhythmic. Adapted from Konopka RJ and Benzer S (1971) Clock mutants of Drosophila melanogaster. 
Proceedings of the National Academy of Sciences of the United States of America 68: 2112-2116, with permission from • • •. 


and avoid these in future. Mutations in genes dunce, amne¬ 
siac, rutabaga, turnip, zucchini fail these memory tests. One 
of Benzer’s students, Ron Konopka, developed a method 
to measure circadian (24 h) locomotor activity rhythms in 
flies, and subsequent mutagenesis identified three alter¬ 
native mutant alleles of a single gene termed period (per), 
which produced short- or long-period, or arrhythmic 
behavioral cycles (Figure 1). Sometime later, it was dis¬ 
covered that per could be deleted entirely from the 
genome, yet the fly appeared happy, healthy, but arrhyth¬ 
mic - in other words, per was not a vital gene - it was as 
true a behavioral gene as any could be. Thus, the identifi¬ 
cation of per comes at the birth of the field known as 
neurogenetics, which has flourished ever since. Indeed, 
the fly story mentioned here has been significantly 
enhanced by similar studies of phenotype-driven ‘forward 
genetics’ in mice (for further reading on flies, see Nita- 
bach and Taghert (2008)). In 1994, Joe Takahashi and his 
group used chemical mutagenesis to identify a variant that 
disrupted circadian locomotor behavior. They called this 
mutant mouse Clock ( Clk) and it provided the entree into 
the molecular basis of the vertebrate circadian mecha¬ 
nism, which incidentally turns out to be highly conserved 
between flies and mice. 

Transposon Mutagenesis 

Chemical mutagenesis usually changes one base pair at a 
time, but mutagenesis can also be accomplished by hop¬ 
ping a mobile piece of DNA (a transposable element, TE) 
into another gene and disrupting it to cause a behavioral 
phenotype. Many behavioral mutants in flies are caused 
by such TEs, including some clock mutants. These types 
of approaches have one neat advantage over chemical 
methods in that they can be used as molecular tags to 


clone the surrounding areas (the behavioral gene into 
which they have hopped). These flanking DNA sequences 
surrounding the transposon can be identified and entered 
into the fly genome database to find the disrupted fly gene 
(http://flybase.org/). One disadvantage however is that 
transposons, unlike chemical mutagens, do not interrogate 
the genome randomly, but tend to prefer certain sequence 
compositions for their insertion. On the other hand, 
chemical mutagenesis has the disadvantage that time- 
consuming genetic mapping followed by positional clon¬ 
ing is usually the only way to identify the molecular 
lesion, as in the case of mouse Clk. 

RNAi - RNA Interference, a Revolution 
in Genome Screening 

A few years ago, small double-stranded RNA molecules 
(dsRNA) were discovered by Fire and Mello, which was to 
earn them a Nobel Prize in 2006. These molecules have 
the ability to interfere with the translation of any mRNA 
that has a similar sequence and provides a means for 
‘knocking down’ gene expression. To downregulate a par¬ 
ticular mRNA, a double-stranded RNA molecule 
corresponding to the gene must be made and introduced 
into the organism. For example, a short sequence from per 
could be used to make an inverted repeat of that sequence 
that will allow the two complementary sequences to base 
pair and form a dsRNA molecule. This can then be trans¬ 
formed into the fly in a way that will target it to cells that 
express per. These short molecules will then pair with the 
endogenous per mRNA and block translation. A number of 
centers around the world have generated dsRNA mole¬ 
cules providing RNAi for every gene in the fly genome, all 
14 000. One can order a fly strain that carries a dsRNA of 
interest, and then by crossing this line to another strain 
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that carries an activator of this dsRNA, fused to a sequence 
that targets the activator to a tissue of choice, your favorite 
gene can be knocked down tissue-specifically. Systematic 
screening of all RNAi lines for behavioral phenotypes is 
usually too laborious, unless the behavioral screen can be 
made ‘high throughput.’ Instead, it is possible to use a 
cellular model as a behavioral readout, as was done by 
Amita Sehgal, who was able to screen a molecular RNAi 
library within cell lines in order to identify new genes that 
were important for entraining the cellular circadian clock 
to light-dark cycles. 

RNAi experiments provide an example of gene prod¬ 
uct driven ‘reverse genetic’ approaches. Another reverse 
method is to knock out or eliminate a gene. In circadian 
biology, most of the murine clock genes that are homolo¬ 
gous to the fly genes were identified by sequence similar¬ 
ity and then targeted by gene knockouts (KOs) to examine 
any phenotypes. Thus, a KO of the mouse homolog of fly 
eye (called Bmall) made by Bradfield and colleagues gives 
complete arrhythmicity, revealing the striking functional 
conservation of the two species genes. 

What Do Gene Sequences Tell Us? 

From the mid-1980s, it became possible to molecularly 
clone fly genes, identify their DNA sequences, and trans¬ 
late them into their putative proteins in silico using the 
genetic code. When the perge ne was first sequenced in the 
mid-1980s, it looked like nothing else in the databases - it 
encoded a ‘pioneer protein.’ Over the years, a number of 
other proteins were identified in various organisms that 
shared a particular sequence domain with PER called PAS. 
This domain was important for protein-protein interac¬ 
tions and was found in many proteins that were environ¬ 
mental sensors, and particularly responsive to light, 
oxygen, and voltage. This makes a certain sense as PER 
must have evolved in response to environmental 
light-dark cycles. This PAS domain of PER was used in a 
reverse genetic approach as a trap to identify a protein 
partner of PER called TIMELESS (TIM). At about the 
same time, a forward genetics mutagenesis produced a tim 
mutant which was arrhythmic. It turns out that PER and 
TIM are partner molecules in the fly clock mechanism. 
They are transcribed into mRNA early at night in clock 
cells and then translated into proteins in the cytoplasm 
during the night (Figure 2). Late at night they dimerise via 
the PAS domain of PER and move into the nucleus. There, 
they (PER-TIM) interact with the transcription factor 
CLK (see above - it is found in the fly as well as the 
mouse) and negatively regulate their own genes by seques¬ 
tering CLK and its partner CYCLE (CYC, also initially 
defined by mutagenesis, both CYC and CLK have PAS 
domains). Later on, around dawn, PER and TIM degrade, 
releasing their block on CLK and CYC, which are now free 


to move back onto per and tim and reactivate transcription 
(Figure 2). This relentless molecular cycle of^crand tim 
mRNA and their proteins thus requires the two negative 
factors PER and TIM, and the two positive factors CLK 
and CYC, within the negative feedback loop that underlies 
the circadian mechanism, both in flies, and with some 
minor modifications, in mammals. 

Gene sequences can be translated in silico into a protein 
sequence, which can then be compared with thousands of 
other sequences of known function in a protein database. 
For example, if the protein has a kinase domain, it will 
phosphorylate another protein, possibly leading to 
changes in its stability. If it is a transcription factor, it 
will be turning on or off other downstream genes. If it is 
a signaling protein, it will be involved in a transduction 
cascade, and so on. This information is crucial for 
understanding the underlying functional biology of the 
behavioral phenotype and informs and guides future 
experimentation. 

Cellular Biology of Behavior 

We linger on biological rhythms as they provide the best 
example we have of forward genetics being used to iden¬ 
tify clock components. However, once a gene is identified, 
so is the protein, and using reagents such as antibodies or 
hybridization probes for the endogenous mRNA, a pre¬ 
cise determination of exactly which tissues express the 
gene and protein, and when, can be made. This opens up 
the cellular as well as the molecular biology of the behav¬ 
ioral phenotype, and needless to say, in circadian rhythms, 
or learning, and courtship in flies, these approaches have 
been refined to an art form. Almost any gene can be 
expressed or misexpressed in almost any tissue of the fly, 
and this permits a panoramic exploration of the biology of 
behavior. So, for example, the critical clock neurons in the 
fly have been identified, and misexpressing clock genes or 
apoptotic genes (that cause cell death), within subsets of 
these neurons has revealed separate oscillators that con¬ 
trol ‘morning’ and ‘evening’ behavior. In courtship, mis- 
expression of a male-specific splice form of the gene fruitless 
( fru ), in different neurons within the antennal regions, can 
convert a phenotypic female into a ‘she-male,’ who will 
inappropriately court other females. Careful examination 
of these regions of the central and peripheral nervous 
system by Billeter and colleagues reveal sex-specific anato¬ 
mical differences in the shapes and the numbers of some of 
these fru- expressing neurons. 

Neurogenetic Disease Models 

It is also possible to subvert the fly and use it to study 
behavior indirectly. For example, Huntington’s disease 
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Figure 2 Forward genetics defines the molecular basis for the fly’s intracellular circadian clock. The genes (italics) and corresponding 
proteins (Roman) are color coded. The period and timeless genes are activated by the CLK and CYC transcription factors (green 
arrows). The mRNAs (shown as single stranded squiggles) are exported to the cytoplasm where PER and TIM are translated. PER is 
phosphorylated (small yellow circles) by DBT kinase (encoded by the doubletime gene, not shown), which earmarks it for degradation 
(small blue circles). TIM is also phosphorylated (small yellow circles) by the kinase encoded by the shaggy (sgg) gene (not shown). Late 
at night TIM prevents DBT from phosphorylating PER so PER levels build up, and TIM-PER enter the nucleus and negatively regulate 
the CLK-CYC dimer (red lines), thereby repressing per/tim transcription as well. Thus per and tim mRNAs and proteins cycle in 
abundance during the circadian cycle. The Clk gene is itself positively (green arrows) and negatively (red lines) regulated by VRI and 
possible PDPIs (dotted green arrow) leading to cycles in Clk and CLK abundance. Thus the Clk and per/tim feedback loops are 
interconnected, leading to additional stability. Both vri and Pdpls genes are also positively regulated by CLK-CYC (green arrows) and 
negatively by PER-TIM (red arrows). The blue-light photoreceptor Cryptochrome (CRY) is activated by light at dawn, and physically 
interacts with TIM, causing its degradation (small red circles). PER is thus exposed to DBT and degraded, thereby releasing the 
repression on the per and tim genes (this also occurs in constant darkness via another molecular route not involving CRY). The 
CLK-CYC dimer can now restart the molecular cycle by activating per and tim transcription. The roles of all these genes in the circadian 
clock were initially identified by forward genetics (i.e., mutagenesis) except for Pdpls, which was identified initially as a cycling 
transcript in fly heads. The vri and sgg genes were identified via a clever transposon mutagenesis whereby a specially constructed TE 
landed close to each gene, and was activated to overexpress the adjacent vri or sgg mRNA in clock neurons, revealing disruptive effects 
on circadian behavior. 


(HD) is caused by an expansion of a polyglutamine tract 
(polyQ) within the huntingtin protein that is toxic to the 
human nervous system and causes devastating neuro- 
behavioral impairments. When this expanded mammalian 
polyQ^ region is expressed in the eye of a fly, the eye 
degenerates, providing a cellular model for HD. Benzer 
screened 7000 TE lines and found several that could 
suppress the mutant Huntington’s eye phenotype. Two 
of these lines had TEs inserted into genes that encoded 
chaperone domains, which are found in proteins that can 
prevent the misfolding of proteins that are under stress, be 
it mutational or environmental. Thus, the fly eye can 
be used as a substitute for more laborious behavioral 
screening and implicate gene products that might be 
used in future therapeutic interventions. Indeed, the fly 
has provided a surprisingly good model for dissecting 


neurodegenerative disorders, and not just those related 
to expanded polyQ^ repeats (there are nine polyQ^ 
diseases known in humans). Alzheimer’s, Parkinson’s, 
Fragile-X, and Angelman’s syndrome are just some of 
the other neurogenetic diseases that are being studied 
with the fly. 

Mammalian Screens 

Obviously, systematic genomic searches for behavioral 
genes are time consuming and expensive, and hence the 
prominence of Drosophila as the major model system. 
Nevertheless, large-scale mouse screens for many behav¬ 
ioral phenotypes such as learning and memory, circadian 
rhythms, psychostimulant responses, vision, and stress 
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responses have been underway for some time. In addition, 
many mouse genes have now been KO’d and can be 
directly screened for behavioral defects. This would 
seem the perfect way to look for behavioral genes in 
mammals, but there is an associated problem. In mam¬ 
mals, many genes have paralogs, that is, copies of them¬ 
selves somewhere else in the murine genome that 
duplicated from the ancestral gene millions of years ago. 
As evolutionary time goes by, paralogs will take on over¬ 
lapping but related functions. In fact, a mouse Clk KO gave 
very subtle effects on the circadian phenotype, compared 
to the original Clk mutation, which, when homozygous, 
was dramatically arrhythmic. The Clk KO phenotype was 
compensated by a paralog, whereas the chemically 
induced Clk mutation was a dominant gain-of-function 
allele that basically gummed up the clockworks. It is 
interesting to speculate that if the Clk KO had been the 
only means to screen interesting circadian genes in the 
mouse, the Clk gene would probably have remained 
undiscovered in this context. This kind of result in 
which the KO mutant is not as dramatic as a chemically 
induced mutant may turn out to be quite widespread in 
mammals. In flies, most genes are single copy, so this 
problem of compensating paralogs in fly gene KOs does 
not usually rear its ugly head. 


T ranscriptomics 

There are other ways of screening genomes for behavioral 
genes, and all are based on reverse genetics approaches. 
Transcriptomics is a popular method for detecting change 
in mRNA levels that correlate with altered behavior. For 
example, Dierick and Greenspan selected for highly 
aggressive male flies over a number of generations from 
a base population. They then isolated the head mRNA 
from the aggressive and the control males, and after copy¬ 
ing it into cRNA, hybridized it to a commercial gene chip 
or microarray. On this microarray were placed the DNA 
corresponding to the entire fly transcriptome (~ 13 500 
sequences, Figure 3). If any one of these sequences 
(arrayed as DNA spots) gave a higher or lower intensity 
hybridization signal in the aggressive compared to the 
control flies, it would suggest that the mRNA for that 
particular gene was up or downregulated. About 80 genes 
were differentially expressed in the aggressive flies, one of 
them, Cyp6a20a , encoded a cytochrome P450. To validate 
the microarray results, a mutant strain for this gene was 
obtained and was found to be significantly more aggres¬ 
sive, consistent with the microarray observation that the 
selected aggressive flies were downregulated in this par¬ 
ticular mRNA species (Figure 3). Thus, a transcriptomic 
screen had identified a gene for aggression, which was 
subsequently found to be expressed in nonneuronal cells 
that are associated with pheromone receptors, indicating 





Figure 3 Transcriptomic screen for aggression genes in 
Drosophila. A base population was selected for highly aggressive 
flies (black arrow) or simply maintained as neutral flies (blue 
arrow). Microarrays were independently interrogated with mRNA 
from the heads of aggressive and neutral flies, and a number of 
genes were differentially regulated (seen as dark or light spots, 
each spot corresponding to a particular gene sequence). From 
these candidate aggression genes, one, Cyp6a20, is 
downregulated in aggressive flies and a mutation in this gene 
which reduces mRNA levels, gives increased aggression (loosely 
based on Dierick and Greenspan (2006) Nature Genetics 38: 
1023-1031; cartoon of fighting flies reprinted with permission 
from Dierick H (2008) Curr Biol 18: R161-163.). 


that olfaction plays a prominent role in these agonistic 
encounters. 

Similar transcriptomic analyses have been used to 
identify ~150 genes whose mRNAs cycle in abundance 
with a circadian period in the fly’s head, or several hun¬ 
dred similarly cycling genes from the suprachiasmatic 
nuclei of the mouse, the organ that determines murine 
behavioral rhythms. Unlike the example of aggression, 
it is not differences in behavior that are being assayed 
here, but a molecular phenotype that has behavioral 
implications. 

These types of studies require considerable statistical 
aplomb in order to separate false hits from real ones, and 
validation of candidate mRNAs is required, either by 
independent molecular methods or with the use of 
mutants, as in the fly aggression example cited earlier. 
However, as an entree into the molecular basis of a be¬ 
havioral phenotype, transcriptomics have the added 
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flexibility that even nonmodel organisms can be studied. 
What is required in these cases is the generation of the 
microarray (gene chip) carrying thousands of cDNA 
spots, each one corresponding to a different gene made 
from the RNA of the relevant organism (see Figure 3). 
This is followed by the interrogation of the chip with the 
RNA from the individuals that show differences in the 
phenotype, be it behavioral or molecular. Any positive 
hits on the slide can then be sequenced to identify the 
corresponding differentially expressed gene. 

Applying Molecular Genetics to Identify 
Natural Genetic Variation 

Generating mutants by forward genetics approaches is 
rather like hitting the animal on the head. The screen 
usually involves a drastic change in the phenotype for the 
new mutant to be noticed. However, the gene sequences 
that are identified by mutagenesis can then become the 
focus for studies of natural genetic variation. Thus, a 
natural polymorphism in the tint gene of D. melanogaster 
was shown to be spreading from southern Europe into 
northern Europe, under directional selection. The new 
mutation had originally occurred a few thousand years 
ago in a single fly in southern Italy and the new mutation 
had spread slowly northwards. This new tim allele 
provided the fly with a more adaptive behavioral response 
to the seasonal environments experienced in Europe, 
compared to the ancestral tim allele, which had evolved 
in sub-Saharan Africa, in which there is much less of a 
seasonal challenge. Without the tim sequence (identified 
by forward genetics and mutagenesis), there could have 
been no reverse genetics whereby the natural polymor¬ 
phism in tim could be placed within a functional and 
evolutionary context. 

Natural genetic variation can also be used to dispense 
with mutagenesis completely, and provide a gentler 
approach for searching for behavioral genes. The expo¬ 
nential increase in the available DNA sequence data and 
the identification of specific sequence regions (‘markers’) 
make this a tractable proposition. Quantitative Trait Loci 
(QTL) mapping is a natural continuation of the types of 
studies that biometrical behavioral geneticists were doing 
in the 1980s, before the molecular revolution really took 
off. This method can commence with two inbred parental 
lines, ideally (but not necessarily) showing a different 
phenotype (Figure 4). The two lines are crossed, and 
recombination in the FI is captured in the F2 generation, 
which is then itself inbred for a number of generations. 
Each recombinant inbred line is therefore a unique 
mosaic of the two parental strains, and various algorithms 
are available to correlate the behavior of each recombi¬ 
nant inbred line with the genetic marker information 
(Figure 4). This method can also be directly applied to 


individuals from an F2 or a backgross generation without 
further inbreeding. 

The development of molecular markers does not nec¬ 
essarily require a sequenced genome, so QTL mapping 
can be extended to nonmodel organisms. Most of the 
studies, however, are in model-organisms such as Drosoph¬ 
ila and mouse. Not only are there stable recombinant 
inbred lines available for this type of work, but also the 
available genome sequences permit detailed mapping of 
QTLs and potentially may identify single loci mediating 
the behavior. For example, an extensive QTL study of 
circadian behavior in the mouse revealed 14 loci that 
were involved in regulating various rhythmic parameters. 
However, most of these QTLs did not include known 
circadian clock genes. 

QTL mapping is limited to loci that are variable (poly¬ 
morphic) between the parental lines. Genes encoding 
critical components for Darwinian fitness will probably 
be under strong directional selection, which reduces 
genetic variation, and so these loci may not be uncovered 
by QTL mapping. However, a powerful aspect of QTL 
mapping, which is unrivalled by the other methods we 
have described earlier, is the opportunity to scan simulta¬ 
neously for the interaction (epistasis) between different 
loci: indeed, using our circadian example, a substantial 
amount of epistasis across the mouse genome among 
circadian loci was revealed. 

Identifying the causative genes within a QTL is still a 
major challenge, as these genomic regions are large (tens 
to hundreds of kilobases) and typically include many 
genes. Finer mapping of these large regions can be 
extremely painful, but this process can be accelerated if 
some candidate genes are lurking therein. As yet, few 
behavioral QTL studies have revealed the underlying 
gene(s). In a study of emotionality in mice, a modified 
QTL screen using outbred stocks indicated that a regula¬ 
tor of G-protein signaling, Rgs2 contributed a small pro¬ 
portion to the behavioral variation (~5%). Although this 
might seem less than overwhelming, Rgs2 null mutants 
studied by Willis-Owen and Flint did show altered anxi¬ 
ety responses, thereby validating the QTL. Thus, QTL’s 
may provide the candidate genes through subtle natural 
variation, but for validation, mutants (KOs, RNAi knock¬ 
downs or chemically or transposon induced, see above) 
will be required. 

One potentially informative approach is to apply 
microarrays to the kinds of genetic crosses that we have 
discussed, and correlate behavior with differential gene 
expression in the segregating generations. The net result 
can be described as a gene network in which large num¬ 
bers of genes interact to produce the phenotype. This 
kind of analysis has become popular recently, and some 
believe that the future of behavioral genetics may lie in 
understanding these networks. One possible problem may 
be that these networks may not be very robust, in that a 
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Figure 4 Mapping quantitative trait loci (QTL) involved in foraging behavior in Drosophila larvae (hypothetical example). Two parental 
strains that behave like ‘sitters’ (left) and do not move around very much on an agar plate, or ‘rovers’ (right), which do move considerably 
more, are crossed. The FI progeny show intermediate behavior. The FI are crossed for a few generations and then recombinant inbred 
lines (RILs) are generated by full-sib crosses. Each RIL is a mosaic of the parental genome, which can be identified by molecular 
markers. The behavior of each RIL is scored. The arrow indicates RILs that inherit a fragment from parent 2, and show the parental rover 
phenotype. This fragment is likely to carry a QTL affecting foraging behavior. Modified from Mauricio R (2001) Nature Reviews Genetics 
2: 370-381, with apologies to Marla Sokolowski. 


slight change in the conditions in which the behavior is 
measured (‘noise’) could significantly affect the overall 
topography of the network, recruiting new genes or losing 
others. 

Human Molecular Neurogenetics 

We cannot end without some comment on the develop¬ 
ment of neurogenetics with that most difficult of model 
organisms, Homo sapiens. The major tool that is used here 
is the linkage study. Briefly, if we take a family pedigree 
within which is segregating a behavioral phenotype of 
interest and consider the underlying causative behavioral 
mutation, the flanking genomic regions will likely contain 
another variant (perhaps a SNP, single nucleotide poly¬ 
morphism, in a nearby gene) that always cosegregates 
with the behavioral mutation because the two loci are 
so close together that they remain undisturbed by genetic 
recombination. The two loci are thus in linkage and the 
two variants are in linkage disequilibrium, and thus the 
SNP in this case becomes a marker for the behavioral 
mutation. This is the basic principle behind linkage stud¬ 
ies, and they have had their successes in human behav¬ 
ioral genetics. 

A classic case involves that of a large Dutch family in 
which some of the boys showed unusually high levels of 


violence and antisocial behavior, including arson, 
attempted rape, and other impulsive displays such as 
exhibitionism. The mutation was tracked down by linkage 
analysis to an X-linked gene encoding monoamine oxi¬ 
dase A (MAOA), an enzyme that is used to break down 
neurotransmitters. Later studies in other families were to 
show that boys carrying milder mutations that produced 
less active versions of MAOA would not show any of these 
problems unless they had been subjected to abuse during 
childhood. These studies show beautifully how the social 
environment can modulate the expression of a mutant 
phenotype. Indeed, in the field of maternal behavior in 
rodents, there exists some stunning work that documents 
how environment can alter the heritable expression of a 
gene. Rat pups that receive minimal maternal care from 
their mothers do the same to their offspring because their 
gene encoding the receptor for the steroid stress response 
hormone, glucocorticoid, has been epigenetically modi¬ 
fied through methylation of the DNA sequence (Fish 
et al., 2004). This environmentally triggered modification 
of the gene is passed on to the next generation, providing, 
superficially, a quasi-Lamarckian type of inheritance. 

Another remarkable linkage study showed that a fam¬ 
ily that was segregating a dominant, autosomal disorder in 
which the affected individuals would wake up early and 
also fall asleep extremely early (Advanced Sleep Phase 
Syndrome or ‘larks’) contained a mutation in one of the 
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four copies of the human Per gene ( hPerl ). In fact, this 
human clock mutation was very similar to the original per 
mutation found by Konopka in his short-period fly 
mutant. In both the fly and the human variants, a key 
Serine amino acid that is phosphorylated had been 
replaced, and mutants of both species showed fast-run¬ 
ning clocks. In a 24 h world, both the fast-running mutants 
adapted by advancing their sleep-wake cycles by several 
hours and becoming ‘larks.’ 

These two spectacular and successful examples are 
rarities within the behavioral field, because an enor¬ 
mous and largely unsuccessful effort has been mounted 
over the past two decades in identifying some of the 
genes that contribute to common complex phenotypes, 
particularly those involving psychpathology, schizo¬ 
phrenia, uni- and bi-polar depression, alcoholism, etc. 
The net result of hundreds of such studies, many large 
scale and expensive, has been disappointing. A number 
of studies have found associations between genes such 
as neuregulin , dysbindin , and the gene encoding COMT 
(catechol-o-methyltransferase), and schizophrenia, for 
example, yet for every study that identifies such a 
candidate gene, there appear to be several others than 
cannot confirm this association. This has led some to 
question whether this kind of approach will ever be 
successful in isolating these loci, and some imaginative 
alternative hypotheses about the genetic and evolution¬ 
ary basis of schizophrenia have been proposed, partic¬ 
ularly by Tim Crow. He has suggested that epigenetic, 
not genetic, modifications are responsible, thereby 
explaining why no genetic factors have been consis¬ 
tently identified. This epigenetic modification is 
invoked to involve the protocadherin genes (encoding 
cell surface adhesion molecules) located on the X and 
Y chromosomes within a chromosomal rearrangement 
that distinguishes humans from the great apes and 
other primates. This rearrangement may have played 
a role in both the evolution of language and in its 
distortion in schizophrenia (hallucinations and delu¬ 
sions, i.e. hearing voices). Crow’s ingenious epigenetic 
theory fits in well with the known environmental mod¬ 
ulation of this pathology, yet a stringent experimental 
molecular analysis is difficult with human subjects. 

Future Prospects 

Neurogenetics is now a mature discipline that straddles 
behavior, evolution, neurobiology, and genetics. Techni¬ 
cal developments such as RNAi have extended the field 
beyond the model organisms of fly, mouse, zebrafish, and 
nematode worm. A marine biologist, for example, might 
be interested in using RNAi to knock down a per homolog 
in a crab to study whether this manipulation disrupted the 
crustacean’s 12 h tidal rhythms. Perhaps a gene originally 


identified within the fly that affects memory, if knocked 
down in a honeybee, might affects the workers ability to 
associate the sun compass with a food source? The tech¬ 
nology now exists to potentially manipulate genes in 
organisms that have no formal genetics, so these rather 
more interesting eco-behavioral phenotypes will become 
open for neurogenetic analysis. Natural genetic variation 
will continue to be studied through QTL-type approaches, 
although many challenges still remain in dissecting out 
loci that contribute small yet significant components of 
behavioral variation, via reverse-genetics, where a gene 
sequence originally identified through mutagenesis then 
becomes the substrate for examination of natural poly¬ 
morphisms. Complex behavior in humans as well as animals 
will have complex underlying genetic architectures, so 
whether the QTL or linkage and association approaches 
will make major contributions to dissecting out natural 
genetic variation remains to be seen. One prediction is 
that the epigenetic modification of behavioral genes that 
we have touched on briefly will become a major field of 
study in the ensuing years. Needless to say, those will be 
very exciting times. 

See also: Honeybees; Nasonia Wasp Behavior Genetics. 
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Introduction and Definitions 

Fish feed in schools, birds forage in flocks, and large 
mammals graze in herds, while packs of carnivores hunt 
them down. Group foraging is taxonomically widespread. 
Initial research interest in group foraging was concerned 
primarily with its adaptive advantages. More recently, 
interest has shifted to behavioral decisions within the 
group. Behavioral ecologists have produced and tested 
economic models of group foraging decisions: a field 
that has become known as social foraging theory. 

Having others around makes a big difference when it 
comes to figuring out the best decision, because the out¬ 
come now depends on the actions of others: a strategy’s 
payoff becomes frequency-dependent. For instance, 
choosing the best foraging place depends on how much 
food is available. However, in a social group, the amount 
available will depend on how many individuals choose to 
forage there. So, the behavior of others influences which 
site is better. Traditionally, problems like those called for 
game theory , a technique to analyze the choice of strategies 
given the likely choice of others. In evolutionary game 
theory, expected solutions must be an evolutionary stable 
strategy (ESS): a strategy which, once fixed in a population, 
prevents the evolution of any other plausible alternative. 
I apply this approach to the study of social foraging 
decisions. 

Social Foraging Decisions 

Classic foraging theory has been concerned mostly with the 
decisions of prey choice and patch residence times. These 
decisions are also part of social foraging theory although 
they have been little studied and modeled in a social 
context. Social foraging also includes two additional deci¬ 
sions: group membership and scrounging, whether to 
search for food or exploit other individuals’ search efforts. 
Given a great deal of similarity between social and classic 
prey and patch decisions, I choose to focus mostly on the 
two decisions that are unique to social foraging theory: 
group membership and scrounging 

The Group Membership Decision 

While walking downtown, I often notice pigeons feeding 
on the ground (Figure 1). In one park, there are typically 


a hundred or so individuals; in a parking lot, I commonly 
see a dozen and occasionally one or two hang around the 
campus entrance. Is this variation in group size just noise 
or is it the result of a group membership decision that 
leads to the formation of large groups in some conditions 
and smaller ones in others? Right off the bat, it seems odd 
that individuals choose to feed together in the first place 
given that the presence of competitors ought to reduce 
one’s access to resources. So, what sort of evolutionary 
advantage does group foraging provide that would be 
sufficient to overcome competition costs? Scientists have 
proposed several and they come in two types: antipreda- 
tory and foraging benefits. 

Antipredatory Benefits 
Dilution 

Once a solitary pigeon is detected by a predator, whether 
a cat or perhaps even a hawk, it has some nonzero chance 
of being caught. When the same pigeon is detected while 
being surrounded by flock mates, its chances of being the 
victim are instantly diluted by the presence of alternative 
targets around it. Grouping, therefore, dilutes the risk of 
being the victim of a predator, assuming groups do not 
increase the likelihood of detection too much or increase 
the number of repeated attacks by a given predator. 

Early warning 

Most foragers stop periodically to scan their surround¬ 
ings. The scanning and especially the intervals between 
successive scans are thought to be designed to detect an 
approaching danger soon enough to allow a safe escape. In 
a group of independently scanning foragers, the interval 
between two successive scans will decrease as group size 
increases. Whenever one group member flees, it instantly 
informs all others that it has just detected some danger. As 
a result, the larger the group, the shorter is the interscan 
intervals between any of its members and the more diffi¬ 
cult it becomes for a predator to sneak up close enough to 
attack successfully. Naturally, this advantage assumes that 
individuals take flight immediately upon detecting a 
predator. There is evidence that detection and flight 
may not always coincide in time such that the optimal 
moment for flight also depends on foraging state. 

Group defense 

Sometimes, even dangerous predators can be forced to 
retreat by the concerted defense of a group. Muskoxen 


606 



Group Foraging 607 



Figure 1 Feral pigeons (Columba livia) are commonly seen in 
groups such as this in parks and squares in downtown areas. 


that form protective rings to defend their young against 
wolf predators are an eloquent example of the power of 
group defense. 

Foraging Benefits 
Increased feeding time 

Because groups have many eyes available to detect danger, 
individuals could afford to reduce their own scanning 
(longer intervals and or shorter scans) without reducing 
the level of predator detection they enjoy. The time saved 
from scanning could then be invested in feeding. This 
combined reduced vigilance and increased feeding has 
been reported in a wide range of animals and is called 
the group size effect. Although commonly associated with a 
reduced need to scan for predators, the group size effect is 
also compatible with increased competitive pressure that 
calls for faster eating at the expense of scanning. Research 
is currently aimed at whether predation or competition 
explains the group size effect. 

Increased capture efficiency 

Group foraging can allow individuals to gain access to 
prey that are unusually large or dangerous. For example, 
by hunting in groups, lionesses can capture prey as large 
as zebra, items that are otherwise unavailable to lion-sized 
solitary felids. 

Increased encounter rates with food clumps 

Just as was the case for danger detection, when one group 
member finds food, its feeding behavior instantly informs 
all others that food is present at that location, offering 
them the option to join and scramble for a share. This is 
known as the information-sharing scenario. Assuming no 
interference among searching individuals, a group of G 
foragers will encounter food patches G times faster. So, the 
patch encounter rate increases with group size, but not 


necessarily individual feeding rates because each individ¬ 
ual only gets a 1 /Gth share of each patch - that is, each 
individual in a group of 10 would get 1/10th. This means 
that each individual in a group of G foragers must encoun¬ 
ter G times more patches than if it were alone just to break 
even. Nonetheless, under some special circumstances, 
that system can increase an individual’s feeding rate. For 
instance, feeding rate may be enhanced if each individual 
can expect more than 1/G items from each patch. This 
could happen because the clump is very large (providing 
more than a meal to each forager) or if it is so ephemeral 
(say because once the predator has been detected, the 
prey quickly escape) that the amount obtained by each 
group member is independent of G. 

Reduced foraging variance 

Over the course of a foraging bout, a solitary animal can 
be unlucky and find no food. Coming up with nothing, 
however, is slightly less likely for two individuals and even 
less for three and so on. So, a group of G foragers is less 
likely to find nothing and if animals share each other’s 
discoveries, it becomes increasingly likely that they will 
eat something, even if very little. So, by being in a group, 
an individual may obtain less food on average because 
it has to share with others, but on the other hand, it is 
more certain of obtaining something: a variance-reducing 
advantage. 

Testing the Hypotheses 

Testing the empirical validity of these hypotheses for 
group foraging benefits has traditionally assumed that a 
positive correlation between some measured individual 
benefit and group size provides qualitative support for an 
advantage. More quantitative testing of hypotheses is rarer 
because it requires a match between the expected and the 
observed group size. For a long time, the optimal group size , 
the group size that provides maximum advantages, was the 
expected group size. The logic presiding over such an 
expected group size has been increasingly criticized on 
the basis that the optimal group size is unlikely to be a 
stable group size solution to a group membership game. 

The Group Membership Game 

Picture a flock of pigeons as the outcome of a game 
between members of a population each trying to maxi¬ 
mize their benefits. Each individual chooses to join a 
flock when this option pays more than staying alone. 
Although pigeons do not achieve levels of social cohesive¬ 
ness sufficient to collectively control whether solitary 
outsiders are allowed in or not, if they could keep others 
out, they would allow their group to grow until it provided 
them with maximum benefits: the optimal group size. 
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However, when as is likely for animals such as pigeons, 
group members cannot control group entry, solitary indi¬ 
viduals would join flocks so long as this was an improve¬ 
ment over solitary foraging. The flock size will then grow 
well beyond the optimum until it is so large that it is no 
longer profitable for outsiders to join. At this stable group 
size , group members enjoy no advantage over solitary 
foragers, a situation sometimes referred to as the ‘paradox 
of group membership.’ 

Even when animals have sufficient social cohesiveness 
to keep others out, excluding others is a costly business, so 
we only expect group members to repel prospective join¬ 
ers when the benefits of keeping the others out exceed the 
costs of allowing them in. From the intruder’s point of 
view, the reverse is also true: overcoming the costs of 
repulsion must be worth the effort of gaining access to 
the group. The expected group size then is a negotiated 
outcome based on local resource richness and some com¬ 
promise between the net benefit of keeping intruders out 
and the net benefits of overcoming group entry costs. 
Under a group membership game, group size should be 
adjusted to the local conditions and at equilibrium, all 
individuals in the population, no matter what group size 
they end up in, should experience the same fitness bene¬ 
fits. So, finding no correlation between group size and 
some hypothetical benefit of grouping does not reject 
the hypothesis. In fact, no such correlation is expected at 
equilibrium. 

The Effect of Kin 

Genetic relatedness will affect the negotiated group size. 
When group members control entry, increased genetic 
relatedness between group members and solitary outsi¬ 
ders favors altruistic group members that let outside kin 
in, and so let the group size grow beyond the optimum. 
When group members have no control over entry, the 
outsiders should be altruistic toward their kin and increas¬ 
ingly refuse to join groups when this reduces the mem¬ 
bers’ benefits. As relatedness increases, the expected 
group size would move toward the optimum. 

The Scrounging Decision 

Earthworms live below ground and starlings that like to eat 
worms must probe the soil with their bill to find them. 
Earthworms are distributed in clumps so that finding one 
means that more are likely to be close by. Starlings appar¬ 
ently know this because when an individual finds a worm, 
many flock mates are attracted to the site and start probing 
there. This behavior looks a lot like the information¬ 
sharing scenario described earlier. However, unlike for 
information sharing, it is not clear here that all flock 
mates are instantly attracted to a food patch that is 


discovered. Christopher Barnard and Richard Sibly have 
therefore, taken a different view of group foraging. In a 
study they published in 1981, they suppose that a group 
forager must decide whether it should search for its food - 
say, probe the soil in the case of starlings - or wait for the 
opportunity of usurping someone else’s patch. Unlike the 
information-sharing scenario, this approach implicitly 
assumes that individuals cannot search concurrently for 
food (play producer) and for opportunities to usurp others’ 
discoveries (play scrounger). The decision therefore, is 
analyzed as a producer—scrounger game. 

The Producer-Scrounger Game 

When is it profitable to wait for someone to find (play 
scrounger) as opposed to searching (play producer)? It 
depends: the benefits of playing scrounger decline with the 
number of individuals using that option. When too few 
individuals use it, it pays much more to play scrounger; 
when too many use it, then playing producer is more profit¬ 
able (Figure 2). The producer-scrounger game is a two- 
option scramble where phenotypically equal players choose 
between producer and scrounger. Under most conditions, 
the stable solution to the game is a mixture of producer and 
scrounger. The mixture can take a wide range of forms 
within the group but more commonly involves a set of 
players, each playing a combination of producer and 
scrounger such that the group is at the stable equilibrium 
frequency. The game has been modeled into a foraging 
problem in a number of ways, including intake-maximizing, 
stochastic variance-sensitive as well as dynamic variance- 
sensitive games. 

The Intake-Maximizing Game 

The model applies to animals in a group of G individuals, 
say starlings looking for earthworms. Only individuals playing 
scrounger instantaneously detect a successful producer. 


The producer-scrounger game 



Figure 2 Payoffs to each strategy in a producer-scrounger 
game cross at some intermediate frequency of scrounger. That 
frequency is a stable equilibrium where the payoffs to each 
strategy are equal. 
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The food clump (a patch or worms) contains F indivisible 
items (worms); the finder of the clump always gets a 
items, the finders advantage , for its exclusive use before 
the scroungers arrive and share the remaining F — a items. 
The proportion of the group playing producer is p and the 
proportion playing scrounger is (1 — p). Once a producer 
finds a food patch, the (1 — p)G individuals playing the 
scrounger strategy arrive together and share the remain¬ 
ing F — a food items with the producer. The energy intake 
of a producer and a scrounger is 7 p and 7 S , respectively. 
The variable A is a producer’s rate of encounter with food 
patches. The producer’s intake after time T is: 


I P = AT a-h 


F — a 


1 + (1— P)G. 


[ 1 ] 


and the scrounger’s intake is: 



( F - a 

'■ - 

The equilibrium mixture of producer and scrounger 
obtained by setting: 7 p = 7 S and solving which gives: 


[ 2 ] 


p A = a/FT 1 / G 


[3] 


where p A is the stable frequency of playing producer 
within the group for a < F and for G> 2. 

This intake-maximizing model predicts that the fre¬ 
quency of scrounger in a group depends on the finders 
share ( a/F ), and the group size (G). The smaller the 
finder’s share, the more scrounging is expected at equilib¬ 
rium. The larger the group, all else being equal, the more 
scrounging is expected at the equilibrium. 


Empirical Evidence 

All the experimental evidence for this intake-maximizing 
game comes from laboratory tests using flocks of 5-10 
granivorous estrildid finches, either nutmeg mannikins 
(Lonchura punctulatd) or zebra finches (Taenopygia guttata). 
In these tests, the finder’s share is modified by changing 
the number of seeds per patch and adjusting the quantity 
of patches so that the same total number of seeds is used 
during a trial. The finder’s share is largest for patches with 
few seeds and smallest in patches with more seeds. The 
birds search for these patches within indoor aviaries and 
the experimenters count the number of patches discovered 
and scrounged by focal individuals. Invariably, results are 
qualitatively consistent with the expectations of the PS 
game: when patches contain few seeds, there is more pro¬ 
ducing at equilibrium, and as the number of seeds per patch 
increases, so does the equilibrium use of scrounging. 

The change in producing and scrounging is actually 
associated with a behavioral alteration because a bird’s 
success at scrounging is given by its amount of hopping 
with the head up while its success at producing depends 




Figure 3 Representation of a head up (a) and head down 
(b) hopping position in a nutmeg mannikin (Lonchura punctulata). 


on its hopping with the head pointed down (Figure 3). 
Birds alternate between these two forms of hopping, but 
the relative investment in each changes in the expected 
direction. The amount of hopping with the head up is 
relatively insensitive to changes in predation danger and 
responds more strongly to changes in the expected 
amount of scrounging at equilibrium. Birds that run a 
higher risk of predation as a result of being wing clipped 
have been demonstrated to increase their use of 
scrounger. So, it is possible that hopping with the head 
up in order to scrounge also provides some enhanced 
safety from predators. 

A group’s investment in producing and scrounging can 
be changed without changing patch size. For instance, 
increasing flock size from 5 to 10 birds, while keeping 
feeding area and amount of food per bird constant, results 
in a higher proportion of scrounging. Increasing the diffi¬ 
culty of finding patches by making them cryptic induces 
producer-specific costs: only producers waste time peck¬ 
ing in empty patches. When patches go from obvious to 
cryptic, all else being equal, birds reduce their use of 
producer and so increase their frequency of scrounger. 


Variance-Sensitive Games 

Variance-sensitive games assume that producer provides a 
more uncertain payoff than scrounger because producer 
must rely on its own food discoveries and because of that, 
runs a greater chance of coming up with nothing. When it 
does find food, however, it enjoys some priority of access 
to the resources over the scroungers and so it may then 
obtain more food per patch than the scroungers. 
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Scrounger, on the other hand, provides a more certain 
payoff because it pools the search efforts of several pro¬ 
ducers. However, each patch provides them with less food 
than for the producer. Overall, the scroungers are less 
likely than any given producer to end up with nothing. 

The variance sensitive model’s predictions are not as 
straightforward as for the intake-maximizing game and 
depend on specific combinations of factors. The model 
predicts that scrounger will be rare when the costs asso¬ 
ciated with its use are high or when the producer’s prior¬ 
ity over the resources is high. All other factors being 
equal, the proportion of scrounger within a group is 
expected to increase as the expected encounter rate with 
resource clumps increases. The direction of the effect of 
physiological requirement, however, depends on group 
size and the extent of the producer’s priority over food 
resources. When producers have a strong competitive 
advantage over the clump’s resources, then the proportion 
of scrounger should decrease with increasing physiologi¬ 
cal requirement. When the producer’s priority is low, an 
increase in physiological requirement should lead to an 
increase in the use of scrounger despite its variance- 
averse properties, because the large difference in the 
mean rewards obtained by producer and scrounger far 
outweighs the effects of differences in their variance. 

Experimental Evidence 

There is much less empirical testing of the variance- 
sensitive models. Early tests have used food-deprived 
starlings to experimentally increase food requirement, a 
method that is not entirely compatible with the model. In 
any event, the starlings provided equivocal support. Tests 
using nutmeg mannikins that were maintained on either 
positive- or negative-energy budgets have provided some 
significant but modest support for the variance-sensitive 
predictions. More recently, individual zebra finches 
recorded to have consistently high basal metabolic rates 
have been found to have a significantly greater preference 
for using the scrounger foraging tactic compared to indi¬ 
viduals with systematically low basal metabolic rates. 
If higher basal metabolic rates equate with greater phys¬ 
iological requirements, these results match qualitative 
predictions from a variance-sensitive social foraging 
model that assumes that producer priority is low. 


Concluding Remarks 

Up to this point, the expected solutions to the games we 
explored have been described as evolutionarily stable. 
That is, we assumed that the stable equilibrium solution 
was reached by natural selection acting on genetic alter¬ 
natives. Most of the games we explored, however, are 
likely played again and again by the same animals in the 
course of their lifetimes. When a flock of birds changes its 
producer-scrounger equilibrium because the food patch 
size it exploits has changed, the new equilibrium is attrib¬ 
utable to individual birds adjusting their use of alternative 
tactics, not to natural selection acting on genetic alterna¬ 
tives. Because of this, it may be more accurate to call these 
solutions behaviorally stable rather than evolutionarily 
stable. Once this distinction is made, it opens the door 
to research into the behavioral mechanisms involved in 
reaching behavioral stability. 

A large number of group foraging topics, whether early 
warning, the group size effect, information sharing, or 
producer-scrounger games, all assume that group mem¬ 
bers obtain information from the behavior of other group 
members. This socially acquired information takes many 
forms, but research now seems to be increasingly directed 
to exploring the kinds of socially acquired information 
that are used by group foragers and the cognitive mechan¬ 
isms that allow their processing. 

See also: Cooperation and Sociality; Decision-Making: 
Foraging; Defense Against Predation; Economic Escape; 
Game Theory; Group Living; Habitat Selection; Kleptopar- 
asitism and Cannibalism; Optimal Foraging Theory: 
Introduction; Patch Exploitation; Rational Choice Behav¬ 
ior: Definitions and Evidence; Trade-Offs in Anti-Predator 
Behavior; Vigilance and Models of Behavior. 
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Introduction 

Living in groups is widespread in animals, ranging from 
invertebrate swarms to mammalian herds and including 
other well-known aggregations such as fish schools and 
bird flocks. Group living has been thought to increase 
foraging efficiency and reduce predation risk, and these 
benefits often outweigh the negative consequences of 
living in groups such as increased food competition and 
disease transmission. 

In this article, I will explore the various ways in which 
group living enhances survival through a reduction in 
predation risk. I will focus mostly on foraging groups, 
but many of the concepts reviewed here apply to other 
types of groups such as colonies and communal breeding 
groups. In illustrating the various ways group living can 
reduce predation risk, I will cover a large range of taxa, 
although it should be clear that not all mechanisms nec¬ 
essarily apply to any one species. 

Group living can enhance survival at several stages 
during the predatory attack sequence. Here, I focus on 
adaptations that reduce the attack rate by predators and 
those that reduce the capture rate once an attack is 
launched. I then move on to contentious issues regarding 
how to disentangle the mechanisms that are purported to 
reduce predation risk. 

Adaptations to Reduce Attack Rate 

Several mechanisms are known to reduce the attack rate 
by predators, and as such, these mechanisms can decrease 
predation risk and increase survival. I will discuss how 
aggregation by prey and the use of mobbing and group 
defenses work to reduce the attack rate by predators. 

Spatial Aggregation 

When predators must search through space for their prey, 
spatial aggregation by prey will increase the amount of 
time between prey encounters and may lead to increased 
survival for aggregated prey when aggregations are no 
more detectable than solitary individuals and when the 
predator does not capture all individuals within the group 
upon attack. In some cases, larger groups can be less 
detectable than solitary prey if, for instance, a predator 
will abandon an area with aggregated prey because of low 
prey encounter rate. But generally, larger groups are 


probably more detectable visually due to the larger area 
that they occupy in space and because such groups may 
also be noisier. Therefore, reduced encounter rate with a 
group is often not considered sufficient on its own to 
account for the formation of groups. While predators are 
often attracted to large aggregations, large groups of prey 
that use conspicuous morphological traits, such as warn¬ 
ing colors, to signal unprofitability are often avoided. The 
use of such aposematic displays is covered in detail in 
other articles. 

Group Defenses 

Groups of animals can also reduce the attack rate by 
resisting attacks through group defense, or deterring 
attacks through active pursuit of predators. In the face of 
predatory threat, many species bunch together in defen¬ 
sive formation. The pinwheel formation in musk oxens 
upon attacks by wolves represents a well-known example. 

defensive formation multiplies individual defenses, 
such as horns or hooves, and may thus act as an attack 
deterrent. Perhaps more impressive are active pursuits of 
predators by potential prey as seen in many species of 
birds and monkeys. Such mobbing seems counterintuitive 
at first given that it decreases the distance between a 
predator and a prey. Indeed, mobbing animals have been 
known to be captured by predators. However, mobbing in 
groups reduces individual risk and can, in fact, be more 
effective in driving the predator away. In the end, a pred¬ 
ator that is mobbed cannot rely on surprise to launch an 
attack, may be forced to move on, or can even be killed, 
thus decreasing, at least temporarily, predation risk for 
individuals in the group. 

Adaptations to Reduce Capture Rate 

Once a predator has launched an attack, animals in groups 
can reduce the capture rate using several mechanisms 
which are described below. 

Improved Detection 

As far back as the nineteenth century, naturalists won¬ 
dered about the adaptive value of living in groups and 
suggested that by being in groups, rather than alone, 
individuals would be less likely to be approached unde¬ 
tected by a predator due to the presence of many eyes and 
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ears tuned to predation threats. By increasing detection of 
threats, living in groups may allow animals to deploy 
escape maneuvers more quickly and thus reduce the risk 
of capture. 

Intuitively, the odds of detection should increase quite 
rapidly with group size given that many eyes and ears are 
available to detect predators. Therefore, in a large group, 
any individual could reduce its own investment in vigi¬ 
lance against predators at no increased risk to itself, given 
that the odds of detection by the group are still far 
superior to those of a single individual. For the cheaters, 
the time thus freed from vigilance activities could be used 
for other fitness-enhancing activities such as feeding and 
resting, which are largely incompatible with vigilance. 
In response to this threat of unilateral cheating, the best 
response by other group members is to reduce their own 
vigilance level. The end result of this game amongst group 
members is a level of individual vigilance that is much 
lower than the vigilance that would provide the most 
benefit for the group. The game-theory model of vigi¬ 
lance leads to the prediction that vigilance, when aimed 
at predation threats, ought to decline with group size. 
Nevertheless, the odds of detection at the group level, 
even in large groups with low individual vigilance levels, 
are expected to be higher than what a solitary individual 
can achieve, meaning that group living can still provide 
extra protection. In addition, it may be costly for an 
individual to maintain vigilance levels that are too low 
since predators can aim their attacks at the least vigilant 
group members. Also, least vigilant group members may 
be amongst the last to escape from an attack and thus be 
more vulnerable to capture. 

The advantages from improved detection rely on the 
ability of group members that have not directly detected 
the predation threat to use information gleaned from others 
to initiate their own response to an attack. This use of 
information from the group, which is known as collective 
detection, assumes that once an individual has detected a 
predator, all other individuals in the group that have not 
detected the threat directly are alerted about the threat very 
rapidly. Collective detection can be based on alarm calls or 
obvious escape behavior by the detectors, but in practice, 
signals of threat detection can be ambiguous and collective 
detection can thus lead to frequent false alarms in a group. 

That groups, as opposed to solitary individuals, benefit 
from improved predator detection has been corroborated 
in many species. For instance, larger groups of prey are 
quicker to detect an approaching threat and can detect 
these threats at greater distances. The prediction that 
vigilance ought to decline with group size has also been 
documented in many species, but the group-size effect 
on vigilance is not as strong as predicted in many spe¬ 
cies, including many primate species. One possibility to 
explain these unexpected findings is that vigilance can be 
aimed not only at predation threats but also at other group 


members, for instance, to monitor aggressive companions or 
detect foraging opportunities. Given that such intragroup 
monitoring often increases with group size, the end result is 
that the overall vigilance may not decrease with group size 
as rapidly as expected. Other reasons why vigilance may not 
decline with group size include the fact that large groups 
may be targeted more often by predators or that vigilance in 
large groups may not be as effective as predicted due to 
visual interference from other group members. 

While the above model assumes that adjustments in 
vigilance are a response to variation in group size, it is 
clear that the effect of group size can be confounded by 
several ecological factors, most notably, food density. 
Given that large groups often aggregate in areas of higher 
food density and that vigilance may be reduced when 
animals feed more, the group-size effect of vigilance 
may be confounded by the direct effect of food density 
on vigilance. Other factors that can obscure the effect of 
group size on vigilance include scramble competition in 
larger groups, which on its own would also predict a 
decrease in vigilance with group size, and individual 
phenotypic attributes that vary with group size, such as 
sex or satiation level, which could on their own explain 
part of the decline in vigilance with group size. Disen¬ 
tangling the effect of these various factors often requires 
experimental manipulation of group size or statistical 
control of confounding factors. 

Dilution of Predation Risk 

In many predator-prey systems, predators attacking a 
group can at most capture one individual. Therefore, the 
presence of many group members dilutes predation risk 
for everyone. Specifically, if groups of different sizes are 
attacked at the same rate, each individual in a group of 
n foragers only experiences a 1 In risk of being attacked by 
the predator. An added assumption is that the risk of being 
targeted by the predator is similar for all group members. 
Put simply, the dilution effect is a decrease in predation 
risk due to the presence of alternative targets in a group. 

The dilution effect can, on its own, explain why vigi¬ 
lance decreases with group size. Most models of vigilance 
in animals incorporate collective detection and dilution 
effects, which are then seen as being additive, although 
dilution is expected to play a greater role in larger groups. 
The assumption of equal risk is probably questionable in 
larger groups where some individuals are more likely to 
be targeted by predators due to a more exposed position 
on the edges of the group. 

Confusion Effect 

Prey aggregation can also reduce predator success 
through the confusion effect. With the confusion effect, 
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a predator attacking a group becomes disoriented by the 
flight reaction in the group and thus experiences difficul¬ 
ties in singling out one individual. Flight reaction can 
confuse and disorient a visually guided predator providing 
extra time for the prey to flee. The confusion effect can be 
enhanced by conspicuous body markings and erratic flight 
behavior. The confusion effect predicts a decrease in the 
capture rate with group size and this has been most 
convincingly shown in laboratory experiments with fish 
and more recently in experiments with human subjects 
trying to locate objects on computer monitors. Exactly 
how a predator can be confused remains largely unex¬ 
plored, but recent studies imply increased spatial target¬ 
ing errors when attacking larger groups. 

Selection against oddity would seem to follow from the 
confusion effect, since any individual that would deviate 
from the norm when fleeing may represent an easier 
target for the predator. This may account for the observa¬ 
tion that upon attack, odd fish in mixed-species fish shoals 
abandon the group. 

Selfish-Herd Effect 

Selfish behavior by individuals in avoiding a predator has 
been thought to lead to spatial aggregation. This scenario 
is based on the assumption that a predator will strike the 
nearest prey individual. Therefore, a solitary forager is 
more likely to be targeted because it has a larger domain 
of danger, defined as the space closer to that individual 
than to any other group members. Predation risk for an 
individual in such a group should be proportional to the 
ratio of its domain of danger to the area occupied by the 
group. Consequently, to reduce predation risk, an individ¬ 
ual could move closer to neighbors to reduce its own 
domain of danger at the expense of others. As the group 
becomes more compact, all domains of dangers necessar¬ 
ily become smaller, but the key point is to have a relatively 
smaller domain of danger than the neighbors. 

The concept of dilution is often confused with the 
selfish herd effect since both rely on predation risk dilu¬ 
tion in groups. However, with dilution, an individual can 
only reduce its predation risk by foraging in a larger group. 
With the selfish-herd effect, greater safety can be achieved 
within the confines of the same group by altering position. 
Key predictions from the selfish-herd effect include a 
tendency to bunch when attacked and a lower predation 
risk for individuals with a smaller domain of danger. 

The selfish-herd effect means that individuals at the 
edges of groups, which have greater domains of danger, 
will usually be more at risk from predators attacking from 
the outside of the group. The observation that vigilance 
against predators is usually higher at the edges of groups 
is compatible with position-sensitive risk. However, for¬ 
aging opportunities are often greater at the edges of 


groups, and in the end, the spatial position may reflect a 
trade-off between food gains and predation risk. 

Empirically, studies have shown increased spatial cohe¬ 
sion upon attack and a preference for central locations, 
which are more buffered from attacks originating from the 
outside of the group. One issue that confounds many empir¬ 
ical studies is the probable correlation between phenotypic 
attributes related to predation risk, such as hunger, which 
could force an individual to forage away from the group, and 
the size of the domain of danger or position within the group. 
Selfish-herd effects assume, however, that all individuals are 
intrinsically equally at risk controlling for the size of the 
domain of danger. 

Recent theoretical emphasis has been on determining 
which movement rules could account for the observed 
bunching given that simply moving to the nearest neigh¬ 
bor does not necessarily produce spatial cohesion. Rules 
whereby individuals move to the more crowded part of 
the group appear to produce bunching as predicted by the 
original model of the selfish-herd effect. Further work is 
needed to assess these issues. 


Disentangling Collective Detection and 
Predation Risk Dilution 

The contribution of collective detection and risk dilution 
to the group-size effect on vigilance has been difficult to 
disentangle because the two mechanisms make very simi¬ 
lar predictions. For instance, in addition to the predicted 
decrease in vigilance with group size, the two mechanisms 
also predict an increase in vigilance with higher interin¬ 
dividual spacing. With collective detection, the behavior 
of distant neighbors can be more difficult to monitor, and 
with risk dilution, a wider spacing increases the domain of 
danger of each individual and thus their vulnerability to 
predation. 

Disentangling the two mechanisms requires varying 
the contribution of one mechanism while maintaining 
the other constant. One example of this occurs when 
predators are more likely to attack from one side of the 
group. Collective detection can be assumed constant if all 
individuals in the group can detect the predator equally 
well. In the case of risk dilution acting alone or with 
constant collective detection, individuals occurring on 
the riskier side of the group are unlikely to be protected 
to the same extent as group members buffered further 
inside the group. The prediction that vigilance should be 
higher on the riskier side of the group was corroborated 
recently indicating that collective detection alone could 
not account for changes in vigilance within the group. 
Other scenarios holding risk dilution constant and varying 
collective detection in order to disentangle the two 
mechanisms are also promising. 
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Disentangling Scramble Competition 
Effects and Predation Risk 
Management 

The cause for the decline in vigilance with group size has 
been usually attributed to predation risk management 
involving mechanisms such as collective detection and 
risk dilution. However, it has become clear that mechan¬ 
isms unrelated to predation risk may also cause a decrease 
in vigilance with group size. For instance, increased com¬ 
petition in large groups may induce a decrease in individ¬ 
ual vigilance levels as foragers scramble for a greater 
proportion of limited resources. Although the potential 
influence of scramble competition on vigilance has long 
been recognized, theoretical and empirical interest in the 
matter has only risen recently. 

Scramble models assume that resources such as food 
are limited and that foragers jostle to obtain a greater 
share of resources. Scrambling for food should lead for¬ 
agers to adopt more risky behavior such as a decrease in 
vigilance. To obtain a greater share of resources, indivi¬ 
duals must forage more quickly than their competitors, 
since the best response to an increase in exploitation 
speed by companions is a further increase in speed. 
If vigilance is traded-off against foraging gains, foragers 
could decrease individual investment in vigilance to 
increase exploitation speed. As competition increases 
with group size, scrambling for resources can induce a 
decline in vigilance with group size. 

The empirical evidence in support of the scramble 
hypothesis comes from recent work indicating that 
vigilance decreases when individuals feed on rapidly dis¬ 
appearing food items. In another experiment, foragers 
decreased their vigilance levels when other group mem¬ 
bers were foraging to a greater extent. In both cases, group 
size was maintained constant to ensure that predation risk 
dilution also remained constant. 


underpinnings of these mechanisms is rather well known, 
empirical studies have not always been successful in dis¬ 
entangling their effects, and support for some mechan¬ 
isms, such as the selfish-herd effect and the confusion 
effect, is still scant. 

See also: Antipredator Benefits from Heterospecifics; 
Defensive Coloration; Trade-Offs in Anti-Predator Behav¬ 
ior; Vigilance and Models of Behavior. 
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Conclusion 


Several mechanisms allow groups to reduce predation risk 
either by avoiding predators or by reducing the capture 
rate once an attack is launched. While the theoretical 
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Introduction 

Why Group? 

Individuals from almost any animal species will be found 
in association with others at certain points in their lives. 
At one end of the spectrum, solitary (sexually reprodu¬ 
cing) individuals, if successful enough to find a mate, will 
have temporarily belonged to a pair. At the other extreme, 
individuals can spend their entire lives, from the moment 
they are born until the moment they die, in close proxim¬ 
ity with many other individuals. Most animals, however, 
fall somewhere in between, forming and breaking groups 
with remarkable frequency. Current ideas on the evolu¬ 
tion and ecology of group living are therefore the result of 
researchers scrutinizing the interactions that occur when 
individuals come into proximity with one another, and 
trying to understand the short- and long-term conse¬ 
quences of such interactions. 

Where these costs and benefits of grouping dictate that 
individuals are better off acting together, individuals 
should be expected to coordinate their movements. Imag¬ 
ine a pair of hungry individuals that have to stick together 
for protection and have to choose between two available 
food patches - patch A or patch B - and these patches are 
of exactly the same size and quality. Whichever individual 
makes the move to patch A or B first will leave the other 
individual no option but to follow. Since they get the same 
food reward at each food patch, a failure to coordinate 
their behavior, and to move together, will mean that they 
forfeit the reduced risk of predation they gain from stick¬ 
ing together. 

Moving as a Group 

Since the action of movement is preceded by the group 
decision to move, we will look at group movements asso¬ 
ciated with two types of decisions - when to move and 
where to move. Often, these decisions will have to be 
made together; for example, a honeybee colony choosing 
a new nest site is required to agree both when they move, 
and the location of the new site, before departure. Never¬ 
theless, we make this distinction to allow us to better 
illustrate the different mechanisms animals within groups 
adopt to achieve collective group movements, and the 
functional costs and benefits to realizing these move¬ 
ments. We begin with a discussion of theoretical models 
that have been developed over recent years. 


Theoretical Models of Group Movement 

Group movements are dependent on the social interac¬ 
tions of its members. It is easy to make verbal arguments 
for groups of two (like our above foraging example), but 
difficult, or impossible, to think through the consequences 
of a large number of social interactions by verbal argu¬ 
ment alone. Therefore, mathematical models have proved 
to be very useful not only for structuring our thinking 
about group movement but also for generating testable 
predictions. 

Where to Go? 

The precise rules by which animals interact within mobile 
groups are still poorly understood, largely due to a dearth 
in appropriate experimental data. However, individual- 
based models that simulate explicitly local interactions 
such as avoidance of collisions, attraction and alignment 
to others, have helped to explore the principles by which 
coordinated motion can merge, giving us a better under¬ 
standing of how group cohesion and structure results from 
these interactions (see Figure 1). 

These types of models have also been an important 
starting point for investigations into how individuals 
within mobile groups decide where to go when there are 
differences in informational status among them. For 
example, individuals can differ in their directional prefer¬ 
ence which may be used on an expectation of the location 
and quality of a remembered resource, or on sensory 
information available to individuals as they move through 
their environment. Individuals with a preferred direction 
must therefore reconcile this with their need to maintain 
group cohesion (if they are to accrue the benefits from 
group membership). If there are few costs to leaving 
group-mates, and/or there is a large benefit to moving 
in the preferred direction, individuals are expected to 
strongly bias their movement in their preferred direction, 
and leave the group. However, if maintaining group mem¬ 
bership is important, individuals with a preferred direc¬ 
tion of travel may be able to exert their influence on the 
group by exhibiting a less strong (but existent) bias. Thus, 
groups can be guided spontaneously without requiring 
individual recognition or signaling. Furthermore, the 
models reveal that as group size gets larger, the proportion 
of informed individuals required to accurately guide the 
group actually gets much smaller, and only a very small 
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Figure 1 Principles of individual-based models. Shown are sets 
of rules followed by ‘agents’ in the individual-based models we 
describe, and the emergent properties at the level of the group 
structure, (a)-(c) represent three different model scenarios, where 
an agent is represented as an arrow, and the shaded volumes 
represent its interaction zones with its neighbors. The red zone at 
the center (consistent across all scenarios) represents an agents’ 
‘zone of repulsion’; individuals try to maintain personal space and 
to avoid collisions by being repelled from conspecifics that enter 
this zone. The largest area, shown in light blue (also consistent) 
is an agent’s ‘zone of attraction.’ This represents the volume in 
which individuals are attracted to one another, which is 
responsible for maintaining group cohesion. Finally, the dark blue 
intermediate zone, which is not present in (a), is small in (b), and 
larger in (c), represents the ‘zone of orientation’ - the zone in which 
agents tend to orientate themselves in the average direction of 
their neighbors within this zone. With very low, or no, zone of 
orientation (a) agents in the models form a ‘swarm.’ In this swarm 
state, even though individuals rotate around the group center, they 
do so in different directions. As the size of the zone or orientation is 
increased, (b) groups spontaneously form a ‘torus’ in which 
individuals perpetually rotate around an empty core, the direction 
of rotation being random. Finally, if the zone is increased further, 
the group adopts a ‘dynamic parallel’ structure in which the 
agent’s movements are aligned in a single direction, but 
individuals move throughout the group and the group itself can 
spontaneously change the direction of travel. Adapted from 
Couzin ID, Krause J, James R, Ruxton GD, and Franks NR (2002) 
Collective memory and spatial sorting in animal groups. Journal of 
Theoretical Biology 218(1): 1-11. 

proportion of individuals can effectively determine the 
group direction. 

This example of a few ‘leaders’ guiding many ‘followers’ 
could represent the case where only one, or a few, indivi¬ 
duals are socially dominant; if subordinate individuals do 
not express directional preferences (or are punished from 
doing so), then spontaneously it will be the dominant 
individual(s) that guide groups. Similarly, if differences in 
the temperaments of individuals exist, bolder individuals 
can more often take the initiative and bias group move¬ 
ments. In other cases, it may be that leadership is transfer¬ 
able among group members. Perhaps only one, or a few, 
individuals are knowledgeable about a food source, or a 
migration route, and others are naive. Under such circum¬ 
stances, the same model can explain how leadership will 
emerge according to informational status. 


In the case of conflict within the group, such as when 
individuals that are exerting a directional bias are not in 
agreement about where to go, it has been shown that these 
types of social interactions can facilitate consensus 
decision-making, even if the individuals in disagreement 
only constitute a small proportion of the overall group 
membership. The models predict that if there is no major¬ 
ity (that there are an equal number of individuals wanting 
to go in each preferred direction), and that if the angle 
between the preferred directions of travel is small, the 
group will tend to split the difference and go in the 
average direction. Above a critical difference in opinion, 
however, it is predicted that the group will collectively 
select one or other direction (see Figure 2). Consensus 
can also be made in favor of the direction preferred by the 
numerical majority and sometimes by those individuals 
that mostly depend on moving in their preferred direc¬ 
tion, even if they are in a (slight) minority, as they are most 
willing to pay the costs of leaving the group and thus risk 
isolation by exerting a strong directional preference (this 
has been termed ‘leading according to need’). 

When to Go? 

Models exploring the functional costs and benefits of lead¬ 
ing and following also abound, but tend to concentrate on 
‘when’ problems, which require a group to agree on the 
timing of a particular activity or event (e.g., when to start 
foraging). These game theoretical models predict that lead¬ 
ership (where a single individual’s preference is followed), 
as well as scenarios where an average or median ‘compro¬ 
mise’ between all individual’s preferences is employed, can 
each be evolutionarily stable in groups of all sizes, but that 
the averaging of preferences — as in the individual-based 
models described above - should evolve under a wider 
range of social and ecological conditions. 

Signals, Rules, and the Brains that Implement 
Them 

The social environment and a need to coordinate clearly 
impose strong selective pressures on animals, but does 
complexity in group movements necessitate cognitive 
complexity? We have already stated that the precise rules 
by which animals interact within mobile groups are poorly 
understood, but we can speculate: animals can use simple, 
local (and error-prone) rules during the decision-making 
process and are unaware of whether other group members 
are in agreement or disagreement with them, or even if 
there are any other individuals within the group that have 
a directional preference. Furthermore, if members of 
groups integrate their directional preferences with one 
another, individuals cannot only make collective decisions, 
but by determining whether they can assert their own 
influence on the group motion infer something about 
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Figure 2 Outcome of decision-making in homing pigeons, (a) Predictions of a theoretical model of group movement under conflict 
of interest. In this model, there are two conflicting subsets of informed individual (si and s2; here, five individuals in each subset), 
and the whole group adopts the average preferred direction below a critical difference in opinion. Above this, the group enters a 
consensus phase in which, given a symmetrical conflict, the whole group goes in one preferred direction or the other with equal 
probability (here, the group size was 100). In cases of an asymmetry, such that si does not equal s2, the group will select, collectively, 
the majority direction with high probability, (b) When faced with a similar conflict, pairs of homing pigeons also tend to compromise 
when the difference in the preferred route is small, but do tend to select one direction or the other when this becomes large. The figure 
shows the point-by-point distances between each bird’s established route and its route taken during experimental trials. Adapted from 
Couzin ID (2009) Collective cognition in animal gourps. Trends in Cognitive Sciences 13(1): 36-43. 


their informational status with respect to other group 
members. This latter behavior, although more compli¬ 
cated, still requires only simple rules. This does not 
mean that individuals are incapable of more cognitively 
demanding decision-making, but rather that apparently 
sophisticated inference may often he based on relatively 
simple integration of local information. 

It is often difficult to distinguish between simple and 
more cognitively complex mechanisms of collective 
decision-making associated with group movements. For 
instance, ungulates and primates are described as partici¬ 
pating in ‘voting’ behavior whereby individuals use body 
orientation or initiation movements to come to a consen¬ 
sus on group movement directions. This cognitively 
demanding hypothesis relies on an estimate of the relative 
number of votes. Note, however, that the motion charac¬ 
teristics described may also look, to an observer, like 
voting behavior since individuals with a directional pref¬ 
erence tend to orient in their preferred direction. It may 
be that individuals respond to near-neighbors with only 
relatively simple interaction rules. Further work now 
needs to focus on this issue, in order that we can discrimi¬ 
nate between these hypotheses, and describe these inter¬ 
actions more precisely. 

Testing the Models 

The theoretical models described here have been devel¬ 
oped with the intention of their predictions being tested 


across different animal taxa. Yet the models have 
advanced far more rapidly than empirical studies, often 
without validation of basic assumptions and without tests 
of their predictions. In fact, the need for empirical studies 
to test these model predictions has become increasingly 
obvious - and this challenge has been taken up with fervor 
in recent times by researchers studying in animal behav¬ 
ior, with researchers considering both the ‘when’ and 
‘where’ problems (and those that combine both problems). 

Empirical studies have not only begun to describe inter¬ 
action patterns but have also emphasized how the relative 
differences between individual group-mates’ physiology or 
temperament, as well as their position within networks of 
social alliances and dominance, can all contribute to the 
process by which animal groups are able to coordinate their 
actions and move as a collective. 

We will now provide a series of empirical examples 
which describe group movement patterns in a variety of 
species. We will follow a taxonomic structure, beginning 
with the insects and fish, and then the birds and mammals. 


Swarming Insects 

Some of the most sophisticated and best-studied group 
movement decisions are made by the social insects (spe¬ 
cies of bees, ants, and termites). Here, the close genetic 
relatedness among individuals often results in individuals 
working together to achieve a common goal in daily 
activities such as foraging, nest building, and brood care. 






28 Group Movement 


Social insects must also move the entire colony from one 
location to another when moving home. In some species, 
this important movement occurs only when a colony out¬ 
grows its existing home, or when it becomes irreversibly 
damaged. In other species, such as the nomadic army and 
driver ants, colonies must regularly move to new foraging- 
grounds when they have decimated the local invertebrate 
(prey) population. In the case of nomadic species, the 
timing of movement is determined by the reproductive 
status of the colony, while their destination appears to 
have been selected during the daily raid of prey that 
precedes the move. However, the practical difficulties 
encountered when working with such wide-ranging spe¬ 
cies limit our current understanding of this process. 

Much better understood are the habits of honeybees, 
Apis mellifera , and a small cavity-dwelling rock ant, Tem- 
nothorax albipennis. In both species, independent scouts 
assess the quality of potential nest sites, using a range of 
criteria, including an estimate of its size as well as the 
light-level, humidity, and structural integrity. If consid¬ 
ered acceptable, the scouts will begin to actively recruit 
others to visit the nest. The ants do so by attempting to 
lead a single follower to the site (Figure 3(a)), whereas 
honeybees express their preference by increasing the 
duration with which they perform special ‘waggle dances’ 
for favored sites (Figure 3(b)). Recruits independently 
assess the site and may then begin recruiting others them¬ 
selves. Once a threshold (quorum) of individuals is 
detected at the nest site, the insects increase their rate of 
recruitment, which allows a compromise between the 
speed and accuracy of decision-making. 

In honeybees, a further process is required; once hon¬ 
eybee scouts have come to a consensus among themselves, 
the colony (or part of it, if the move is related to repro¬ 
ductive fissioning) must relocate and be guided to the new 
site. The problem here is that the collective movement of 
the bee colony can comprise tens of thousands of indivi¬ 
duals, of which typically less than 5% (i.e., the scouts) 
have information on the newly chosen site location. This 
appears to pose a considerable problem, and yet whilst the 
precise mechanism is currently unknown, experiments 


and computational models suggest that once again, rela¬ 
tively simple local rules are sufficient to guide the colony 
to their new home, not unlike the process of leading a 
mobile group as we have already described. 

The above examples are from eusocial insects, but one 
of the most dramatic examples of group movement among 
insects are the massive migratory swarms formed by 
insects such as locusts and crickets. The Desert locust, 
Schistocerca gregaria, is the most notorious and best-studied 
example. Swarms of this species can cover several hun¬ 
dred square kilometers, and contain billions of insects. 
They can be devastating, with the locusts’ range expand¬ 
ing in plague years to cover in excess of 20% of the Earth’s 
land surface, and they are estimated to damage the liveli¬ 
hood of one in ten people on the planet. 

Locust aggregates typically form when insects are juve¬ 
niles, and before they grow wings. These mobile groups are 
called ‘marching bands’ and inevitably precede the flying 
swarms. Although highly coordinated, the drive for such 
collective motion is far from cooperative. Locusts, and 
other band-forming insects such as the Mormon cricket, 
Anabrus simplex , are in fact engaged in a ‘forced march’ 
driven by cannibalism resulting from urgent nutritional 
needs. When critical resources become scarce, specifically 
protein, salt, or water, the insects are forced to prey upon 
each other, since conspecifics represent the only source of 
these essential nutrients. Perhaps surprisingly, rather than 
creating chaos, these cannibalistic interactions establish 
order in the movements of the bands: insects move away 
from those attempting to cannibalize them, and towards 
those whose vulnerable abdomen may become the impor¬ 
tant next meal. Individual-based models that represent 
these types of interactions in mathematical terms show 
that if the local population is above a critical density, this 
can lead to an auto-catalytic process where cannibalism 
drives the formation of marching bands, and these predic¬ 
tions have been verified experimentally. Since it is canni¬ 
balistic interactions that drive these movements, it is likely 
that individuals with the greatest nutritional needs most 
strongly exert an influence on the onset and maintenance 
of marching within bands. 



Figure 3 (a) Tandem running in ants; the ant on the left is following the other to a known food source, and is led via tactile 
communication. Image courtesy of Tom Richardson and Nigel Franks, (b) Honeybee ‘waggle’ dance (indicated by the white lines) 
signaling the location and quality of potential nest sites to colony members. Image courtesy of Jurgen Tautz and Marco Kleinhenz. 
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The self-driven motion of these locust marching bands 
has also been shown to be inherently unpredictable, 
making control efforts difficult. Cannibalistic interactions 
may not only provide locusts with essential nutrients, but 
may drive the band to cover substantially greater distances 
than individual insects, thus effectively searching larger 
areas for new sources of food. Additionally, traveling with 
conspecifics as a potential food source may decrease pre¬ 
dation risk and enable locusts in bands to persist longer 
while traversing unfavorable parts of a patchy nutritional 
environment. Thus, a large number of different selection 
pressures may underlie the motion of migrating insect 
swarms. 

Schooling Fish 

Experiments on schooling fish have revealed that indivi¬ 
duals with a directional bias can spontaneously lead unin¬ 
formed individuals to resources, or through a maze. The 
degree to which an individual appears to be influenced 
by the directed motion of others depends on its informa¬ 
tional status. If individuals lack personally acquired infor¬ 
mation about their environment, or when it is dangerous 
to acquire personal information, they tend to follow the 
movement decisions of others. 

Social interactions have also been shown to be impor¬ 
tant to the timing of such movement events. Stickleback 
fish, Gasterosteus aculeatus , have been shown to exhibit 
variation in their propensity to leave a ‘safe zone’ (deep 
water with vegetation), and to move to look for food in a 
‘risky zone’ (shallow with no shelter) in their tank. Ran¬ 
domly pairing fish that lie on this bold-shy continuum has 
revealed that the temperament of both fish plays a role in 
the exploratory behavior of the pair. Both fish in a pair 
respond to each other’s movements - each more likely to 
leave the safe zone if the other was already out and to 
return if the other returns. Bolder fish display a greater 
initiative to move to risky zones, and are less responsive to 
partners, whereas shyer fish displayed less initiative but 
follow their partners more faithfully. Notably, the shy fish, 
when following, also elicited greater leadership tenden¬ 
cies in their bold partners - showing a sort of social 
feedback that ensured both fish fed, and importantly 
that they journeyed into the risky zones together. 

Complimentary to these studies, it has also been 
revealed that the number of individuals appearing to 
choose a common direction of travel also plays an impor¬ 
tant role in fish school movement decisions. It may be ill- 
advised to indiscriminately copy the decisions of others 
when decisions are based on uncertain information (as in 
most biological scenarios). Stickleback fish have evolved a 
simple, but elegant, solution. They largely disregard the 
movement decisions of a single neighbor, but strongly 
increase their probability of copying the movement deci¬ 
sions as more neighbors (a ‘quorum’) commit to a give 


direction of travel. This response was found not only to 
dramatically improve the accuracy of collective decision¬ 
making by allowing individuals to integrate their own 
estimation with that of others, but does so with minimal 
costs in terms of the time taken to make the decision. 
Using this functional response, it has also been shown that 
individual-level accuracy in decision-making increases as 
group size increases. 

Under other circumstances, such as during collective 
migration, fish may form very large aggregates. This may 
not only be a consequence of synchronized timing of the 
event (e.g., individuals collectively respond to an environ¬ 
mental cue indicating a change in season), but allow schools 
to locate and climb weak and noisy long-range gradients 
(such as resource or thermal gradients) that individual fish 
may have only a poor capability of detecting. Specifically, 
by grouping, fish form a large ‘sensor-array’ which both 
covers a large area, and allows individuals to average their 
estimates with a large number of others (see Figure 4). 
Thus, groups may be able to respond to structure in the 
environment, which is not possible for individuals. Such 
principles may also underlie the migration abilities of other 
organisms such as wildebeest and flocking birds. 

Flocking Birds 

Experiments on homing pigeons, Columba livia, have tested 
the theoretical prediction, outlined in our earlier model 
section, that the degree to which individuals differ in 
directional preference may play an important role. As 
predicted by the model, pairs of homing pigeons tend to 
compromise when the difference in preferred directions 
among the group members is small, but to select one 
direction or the other when this difference becomes 
large (Figure 2). Navigational accuracy in homing 
pigeons has also been shown to depend on group size, 
with larger groups being more accurate, as predicted by 
models in which the individual interactions spontane¬ 
ously act to average individual error (Figure 4). 


Start Target 



Figure 4 The advantageous effect of large group size on 
navigational accuracy. The figure shows the navigational 
accuracy for a theoretical migrating bird flock. The triangles 
depict 95% confidence intervals of trajectories for a single bird 
and flocks of 10, 100, and 1000 individuals of equal navigational 
ability. Figure adapted from Simons AM (2004) Many wrongs: 
The advantage of group navigation. Trends in Ecology & 
Evolution 19: 453-455. 
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Grouping Mammals 

Many ungulate species, such as plains zebra, Equus burcel- 
lii, live in fission-fusion societies (Couzin and Laidre, 
2009). In populations where group membership is fluid, 
movement initiation tends to depend on the individual 
state at the time of the decision. Specifically, in the case of 
zebra, female reproductive state (lactation) alters the 
water and energy needs for females, creating a greater 
motivation to seek out resources, and, consequently, 
becomes a crucial determinant of leadership and group 
movements, similar to the ‘leading to according to need’ 
hypothesis. 

There have also been a number of group movement 
studies in primates in recent times. Getting a large sample 
to study (i.e., multiple groups) is a challenge, since pri¬ 
mates typically range over large distances and are shy of 
observation. This means that researchers, for the moment, 
need to be content with small sample sizes or to resort to 
studies on semi-free ranging and captive populations in 
which the social and ecological conditions are not always 
ideal for studies of movement patterns. Nevertheless, a 
number of studies have been successful. 

One such study took place on wild chacma baboons, 
Papio ursinus, in Namibia. Researchers presented baboon 
groups with experimental food patches within their home 
ranges, in addition to natural patches that they regularly 
forage in. There was an important difference between 
these two patch types. At natural patches, dominant 
baboons could rarely monopolize the food, and so, food 
intake was relatively evenly spread across group members. 
At experimental food patches, the food was at a higher 
density, allowing dominant baboons to monopolize almost 
the entire patch. If you consider the individual costs and 
benefits for each of these movement decisions (to visit 
natural or experimental patches), movements to natural 
patches are expected to represent movements based on 
the average of all group members’ preferences. In con¬ 
trast, movements to the experimental patches should rep¬ 
resent movements based on the preferences of a few 
dominant individuals. 

The baboon groups studied consistently visited exper¬ 
imental patches in preference to natural patches 
(Figure 5), and the dominant male appeared to lead 
groups to these locations in both cases. Despite not coerc¬ 
ing subordinates, they followed nevertheless - despite 
getting less food than had they foraged independently to 
natural resources. Why did the subordinates follow those 
that were dominant, and why did the group not split up? 
As we have already discussed, individuals will be expected 
to leave a group only when the benefits of leaving out¬ 
weigh the benefits of staying. Since the subordinates do 
not benefit in food acquisition, they should be expected to 
do so in other ways. It may be that dominants provide 
subordinates increased protection from predators, as well 


as protection for their infants from infanticidal males from 
other groups - all risks they would run by leaving. These 
hypotheses are backed up by the fact that the individuals 
that followed the dominant most closely in these move¬ 
ments were the dominant’s closest ‘associates’ who most 
frequently groomed one another. 

The baboon experiment has a very simple design, but 
was difficult to implement as it required observers to 
monitor the movements of groups over many kilometers, 
rather than within experimental tanks like in the stickle¬ 
back fish experiments described above. For that reason, 
semi-free ranging conditions - where the movements of 
groups are somewhat restricted - provide scope for more 
detailed investigations into the mechanisms for group 
movement. 

In a recent study, researchers examined group move¬ 
ments in a group of 11 captive white-faced capuchins, 
Cebus capucinus , moving between a resting and foraging 
zone in their semi-captive enclosure. They specifically 
investigated what happened after an individual began 
moving in its preferred direction (getting up after resting 
and moving a short distance towards the foraging zone). 
Using a modeling approach, they demonstrated that the 
capuchin monkeys’ group movements were determined 
by two important and complementary phenomena. First, 
the frequency with which capuchins followed an individ¬ 
ual that had proposed moving (the initiator), and second, 
the willingness of the propensity of the initiator to give 
up (i.e., cancellation rate). Interestingly, this cancellation 
rate appeared to be completely reliant on the number 
of followers an initiator attracted; if an initiator elicited 
more than three followers, the chances were that the 
whole group would move toward the feeding zone. But if 
the initiator was unsuccessful in attracting three followers, 
or less, the chances are (s)he would give up on leading the 
group, and return to resting. Such a quorum response (see 
Figure 6) is very similar to that we previously described 
for stickleback fish. Any individual could act as an initia¬ 
tor, and their success was not found to correlate to age, 
sex, or dominance. Under this captive setting though, the 
capuchins only need to choose between a resting or for¬ 
aging zone. This makes the problem a true ‘when’ prob¬ 
lem, seeing as they have no alternate choices of where to 
move. It will be interesting to see if these results hold 
where these two problems are interacting - when capu¬ 
chins have to decide both when and where to move 
simultaneously. 


Conclusions 

Organisms that live in interactive groups have to cope with 
the ever-changing social demands - preserving bonds, 
forging alliances, tracking cooperation, detecting cheaters, 
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Figure 5 Baboon group movements and leadership. Group movements for a baboon group at the edge of the Namib Desert in 
Namibia studied by King et al. (2008). (a) Shows the GPS-tracked movements (collected by observers on foot following the baboons) of 
the group under regular conditions, over 13 days, (b) Shows the GPS-tracked movements of the group when an experimental food 
patch was presented at gird location D4, marked with a black square, over n = 16 days, when the alpha male led subordinate individuals 
to the experimental food patch, resulting in drastic changes in collective group movements. Sleeping site locations, where the group 
started and ended each day, are shown by white-filled circles. Light shaded areas represent a (dry) river and its tributaries that run 
through the baboon home-range. Grid cells represent 1 km by 1 km. (c) Shows the baboons at King et al.’s field location, moving through 
their home-range in a single file. Photo credit: ZSLTsaobis Baboon Project/Hannah Peck. Figures from KingAJ, Douglas CMS, Huchard E, 
Isaac NJB and Cowlishaw G (2008) Dominance and affiliation mediate despotism in a social primate. Current Biology 18: 1833-1838. 


communicating information, and manipulating competi¬ 
tors (discussed in these volumes). All of these play a crucial 
role in shaping local movement patterns, and conse¬ 
quently, group cohesion and collective group movements. 

We have shown in this article that such a complicated 
social environment does not necessarily require compli¬ 
cated cognition. Instead, simple rules-of-thumb may suf¬ 
fice, and excel in generating extremely complex patterns 
of group movements. We have described fundamental 


shared mechanisms that operate across insects, fish, and 
mammals, and are even known to work in the studies of 
human crowd behavior. Indeed, a surprising degree of 
common themes and organizational principles are begin¬ 
ning to emerge from research in animal group movements. 
Tests between alternate (but not necessarily mutually 
exclusive) hypotheses concerning how individual interac¬ 
tions scale to group movements are now revealing specific 
decision rules (like the stickleback fish and capuchin 
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No. of individuals departed 


Figure 6 Capuchin monkey group movements. Group 
movements in capuchin monkey’s studies by Petit et al. (2009). 
The figure shows the results of a model fitted to the data. It shows 
the probability (per second) of an individual following a proposer 
(capuchin monkey who moves first) to a foraging zone within their 
enclosure and the probability of the proposer canceling the 
movement and staying in their resting zone, as function of the 
number of individuals already departed. Figure redrawn from 
Petit O, Gautrais J, Leca J-B, Theraulaz G, and Deneubourg JL 
(2009) Collective decision-making in white-faced capuchins. 
Proceedings of the Royal Society, Series B 276: 3495-3503. 
Photograph courtesy of Odile Petit. 


monkey examples we discussed). There are now clear 
predictions to test, and the problems of measurement 
can be overcome by a careful selection of variables and 
methodology. 

Our understanding of the mechanisms and ultimate 
function of animal group movements is important not only 
because of the relevance to grouping behavior in social 
animals, but because the same principles might have wider 
application, such as to coordinated control of autonomous 
grouping robots, and may give us deep insight into the 
evolution of the highly sophisticated group movements 
and decision-making that established the evolutionary 
success and expansion of our own species. 


See also: Collective Intelligence; Consensus Decisions; 
Dance Language; Locusts; Queen-Queen Conflict in 
Eusocial Insect Colonies; Social Learning: Theory. 
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‘Habitat imprinting’ is one of several terms used to describe 
a tendency of animals to use or settle in habitats containing 
stimuli experienced early in life. As a process that influences 
the environment, mates, and other selective pressures that 
animals experience after natal dispersal, it is of particular 
interest to ecologists and evolutionary biologists inter¬ 
ested in meta-population dynamics, host race formation, 
and speciation. Furthermore, it is of interest to researchers 
involved in animal reintroduction because these efforts 
rely on animals accepting habitats that may be very differ¬ 
ent from the habitats in which they were reared. 

Habitat ‘Imprinting’ and Natal Habitat 
Preference Induction 

The term ‘imprinting’ was originally used to describe the 
acquisition of social preferences early in life. Most agree 
that imprinting is not caused by any unique learning 
mechanism, but rather by some combination of associative 
conditioning and perceptual learning that results in two 
distinct characteristics: (1) the existence of a ‘sensitive 
period’ during which experience has a particularly strong 
effect on future preference, and (2) the persistence of that 
preference even when the individual is provided alterna¬ 
tive experiences later in life. 

The majority of studies purporting to demonstrate 
habitat imprinting do not provide experimental evidence 
of a sensitive period or of persistence. For this reason, Davis 
and Stamps used the term ‘Natal Habitat Preference 
Induction’ (NHPI) to describe any case where ‘experience 
with stimuli in an individual’s natal habitat increases 
the probability that the individual will, following dis¬ 
persal, select a habitat that contains comparable stimuli.’ 
NHPI is, thus, an umbrella concept which includes habi¬ 
tat imprinting, but is not necessarily characterized by a 
sensitive period. 

Three mechanisms can cause animals to select habi¬ 
tats similar to their natal habitat. First, individuals from 
low-quality habitats may suffer physiological deficits that 


cause them to become less choosy during dispersal, and 
more likely to accept a low-quality habitat, than individuals 
that developed in high-quality habitats. Second, indivi¬ 
duals can develop behavioral, morphological, and physio¬ 
logical traits prior to natal dispersal that make them 
particularly adept at utilizing resources and avoiding pre¬ 
dators found in their natal habitat type. Therefore, when 
sampling the environment during dispersal, animals are 
more likely to have positive (i.e., rewarding) experiences 
in a particular habitat when that habitat is similar to their 
natal habitat. Habitat preferences learned during dispersal 
will therefore be biased toward the natal habitat. Third, 
prior to natal dispersal, animals may learn to prefer stimuli 
present in their natal habitat. NHPI and habitat imprinting 
fall under this final category. A number of learning 
mechanisms can be responsible. These include habituation 
to typically aversive stimuli present in the natal habitat, a 
learned association between some unconditioned stimuli 
(e.g., food and hosts) and stimuli unique to that habitat type, 
or perceptual learning, in which the animal learns to 
quickly discriminate its natal habitat type from other 
environments. 

More research is needed, but it is likely that in many 
species, NHPI exhibits imprinting-like properties. That 
is, experience early in life probably has a stronger influ¬ 
ence on habitat preferences than later experiences. NHPI 
will bias the habitats sampled during dispersal toward 
those that resemble the natal habitat, thus preempting 
the possibility of learning about alternatives. Animals 
often move long distances during natal dispersal relative 
to dispersal events later in life, when they are less likely to 
encounter alternative habitat types. As a result, preferences 
shaped in the natal habitat will have disproportionate 
influence on the habitat types that animals will live in. 
In many species, individuals spend more time in their 
natal habitat than they will in any habitat they encounter 
prior to settlement, allowing them more time to recognize 
and respond to the stimuli present in that habitat. 

Because the natal habitat is experienced first, and for 
a relatively long time, NHPI can share qualities with 
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imprinting even if there is no selective pressure favoring 
a particular sensitive period in neural development. That 
being said, in some cases, there are selective advantages 
to developing preferences in the natal habitat that cannot 
be altered by later experience. In these cases, preferences 
formed in the natal habitat may persist through life even 
if alternative experiences are experimentally forced upon 
the animal. 

Evidence of Habitat Imprinting 

The experiments demonstrating NHPI vastly outnumber 
those that clearly demonstrate habitat imprinting. Below, 
the evidence for each is reviewed for some major groups 
of animals. 

Vertebrates 

Mammals 

While several studies on mammalian dispersal suggest 
that habitat preferences are influenced by NHPI or habi¬ 
tat imprinting, it has been difficult to eliminate the con¬ 
founding influence of other sources of variation in habitat 
preference. In most studies on mammals to date, juveniles 
are marked while still in their natal habitat and tracked or 
recaptured in the field to determine their habitat selection 
decisions. Studies on mice and squirrels conducted in this 
way demonstrate that while individuals tend to settle in 
habitats similar to the habitats where they were captured, 
but they do not control for the possibility that individuals 
captured in particular habitats are there because their 
parents had a heritable preference for that habitat - a 
preference that the juvenile experimental subjects will 
also express. NHPI can only be convincingly shown if 
juveniles (or mothers) are randomly divided into natal 
experience treatments. Wecker found that prairie deer 
mice ( Peromyscus maniculatus bairdi) from lab strains, but 
not those from recently wild-caught strains, showed a 
preference for their natal habitat type when tested in 
outdoor enclosures. 

There is no clear-cut evidence of a sensitive period in 
the acquisition of mammalian habitat preferences. Popu¬ 
lation genetic and behavioral studies of rodents, canines, 
and ungulates suggest that habitat preferences tend to be 
retained over long periods of time. 

Birds 

NHPI has been shown to influence perching, nesting, or 
foraging habitat preferences in nine families of birds. Of 
particular interest are studies on the host-nest prefer¬ 
ences of brood parasitic species, as habitat or host imprint¬ 
ing has long been thought to be a potential mechanism by 
which races or gentes of brood parasitic birds, such as 
cuckoos, maintain host-specific adaptations (e.g., egg and 


nestling appearances that closely mimic those of the host). 
Cuckoos ( Cuculus canorus) demonstrate individual-level 
variation in habitat preferences, but the evidence that 
those preferences are shaped by juvenile experience is 
mixed. Female indigobirds ( Vidua chalybeata) show a strong 
preference for the nests and songs of the host species they 
were reared with. Male indigobirds mimic their natal 
hosts’ song. As a consequence of host and sexual imprint¬ 
ing, reproductively isolated lineages of indigobirds spe¬ 
cializing on different hosts have evolved. 

A few studies on birds address sensitive periods in the 
formation of habitat preference. Griinberger and Leisler 
demonstrated that a coal tit’s ( Periparus ater) decision to 
perch in deciduous or coniferous tree branches is influ¬ 
enced strongly by natal experience, and that forcing the 
birds to perch on the nonnatal tree for 7 weeks reduced, but 
did not eliminate, the preference for the natal branch-type. 
A study on Barn owls ( Tyto alba) indicated that owls 
preferred the type of habitat they were reared in from 
4 to 10 weeks of age over the habitat they were kept in 
from 10 weeks to 10 months of age. On the other hand, 
a study on cuckoos indicated that the small effect of NHPI 
seen during the first breeding season was lost by the 
second breeding season. 

Fish, reptiles, and amphibians 

The extreme home stream fidelity seen in some anadro- 
mous fishes clearly demonstrates that early experience 
can influence a fish’s response to habitat cues. To date, 
however, the effect of natal experience on fish preferences 
for generalized habitat-types has been shown only for the 
anemone host preferences of the anemonefish ( Amphiprion 
sp.). The few studies conducted on reptiles and amphi¬ 
bians indicate that early experience with odor, visual, and 
tactile cues can affect later response to those cues in some 
species. Little work has been done on the existence of 
sensitive periods for the development of habitat prefer¬ 
ences in these groups. Snapping turtles ( Chelydra serpen¬ 
tina) exhibit preferences for food items experienced early 
in life that persist despite later experience with alternative 
food types. 

Invertebrates 

Perhaps because of the ease of manipulating early experi¬ 
ence, most studies on NHPI have been conducted on 
insects. On average, the influence of natal experience on 
insect habitat preferences is not as large as is seen in birds; 
however, in some species, the effect is very strong. For 
example, Jaisson demonstrated that when worker ants (from 
the species Formica polyctena) reared in artificial nests with 
thyme sprigs were forced to colonize new nests, all chose 
nests with thyme over nests without thyme. All but one 
group of ants reared without any plant cues avoided nests 
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containing thyme, and the group that selected the nest 
with thyme made quick work of removing the thyme from 
the nest! 

The host preferences of some caterpillars are strongly 
affected by their previous diet. In some of these cases, 
after feeding on one host plant during the first and/or 
second stage of larval life, the caterpillars refuse to eat 
alternative hosts during later instars and, indeed, will 
starve before doing so. This pattern was originally 
described as ‘imprinting’ because the strong host prefer¬ 
ences are formed during a sensitive period. However, 
the preferences observed as a consequence of larval food 
imprinting have only rarely been shown to carry over into 
the host preferences of adults. Because larval food prefer¬ 
ence induction does not necessarily influence the adult 
behavior, it is not considered a form of NHPI. 

The question of whether larval experience can influ¬ 
ence adult preferences (a concept referred to as ‘Hopkins’ 
Host Selection Principle (HHSP) by entomologists) has 
been a major focus of insect NHPI studies. While the 
majority of published experiments have failed to support 
HHSP, a handful of recent studies on moths and parasit- 
oid wasps have provided some evidence. One mechanism 
for HHSP is that chemical stimuli may be trapped on the 
pupae of metamorphic individuals, allowing emerging 
adults to learn those stimuli and use them during host 
search. This mechanism is referred to as the ‘chemical 
legacy hypothesis.’ HHSP could be caused by the reten¬ 
tion of memories formed through preimaginal condition¬ 
ing (learning prior to adulthood). The neural circuitry of 
holometabolous insects is greatly reorganized during 
metamorphosis, so this mechanism seems unlikely (or at 
least costly). Preimaginal aversive conditioning (training 
larval insects to avoid stimuli associated with punishment 
treatments such as electrical shock) has been shown to 
generate adult aversion to chemical stimuli in moths. It 
is at least possible for the memory of chemical stimuli to 
be maintained across metamorphosis. Perhaps preimagi¬ 
nal conditioning has a potential role in the development 
of host preferences, but because of neural costs, is only 
rarely supported by selection. 

Very little work has been conducted on noninsect 
invertebrates. Preference induction for food items has 
been shown in gastropods, crustaceans, and spiders. 

Adaptive Value of Habitat Imprinting 

There are several hypotheses explaining how an increased 
preference for the natal habitat type might be favored by 
selection. First, as discussed above, animals develop mor¬ 
phological and physiological phenotypes that allow them 
to deal with environmental challenges particular to the 
natal habitat type. When this occurs, there is a clear 
selective advantage for individuals to more readily accept 


their natal habitat type relative to individuals that devel¬ 
oped in other habitat types. This has been called the 
habitat-training hypothesis. If development in the natal 
habitat results in relatively permanent changes in the 
phenotype, selection may favor natal habitat preferences 
that are not altered by postdispersal experience, that is, 
habitat imprinting. 

x4nother adaptive explanation for NHPI is that survival 
to dispersal age indicates that the natal habitat is at least 
minimally suitable for development. On average, indivi¬ 
duals that increase the acceptance of the natal habitat will 
perform better than those that do not alter their prefer¬ 
ences in response to natal experience. This is the habitat 
cuing hypothesis. In this case, experience in the natal 
habitat provides information to dispersers that, prior to 
settling in the postdispersal habitat and attempting to 
breed, cannot be gathered elsewhere, specifically infor¬ 
mation about the ability of the natal habitat to support 
juvenile development. The value of early experience should 
favor a sensitive period such that an induced preference 
for a habitat (in response to mere survival) will only occur 
prior to natal dispersal. 

Habitat cuing and habitat training hypotheses suggest 
that NHPI provides fitness benefits after settlement in 
a new habitat. In addition to the potential postsettlement 
advantages of settling in the natal habitat, NHPI may 
increase efficiency during search. Elizabeth Bernay’s ‘neu¬ 
ral hypothesis’ of specialization argues that animals (in 
particular, insects) that specialize on particular resources 
are able to make decisions faster and with lower neural 
cost than generalists. If this is the case, then imprinting 
may allow generalist animals to enjoy the search efficien¬ 
cies of specialists by attending only to stimuli from one 
habitat type. This fitness advantage would only accrue 
if, as a consequence of early experience, the difference 
in attractiveness between the natal habitat and alternative 
habitats increased. For example, if an animal reared in a 
typically avoided habitat becomes just as likely to accept 
that habitat as the most preferred habitat, it has exhibited 
NHPI, but has become more, not less, generalized, and 
thus, is expected to pay costs in terms of search efficiency. 

Ecological and Evolutionary Implications 
of Habitat Imprinting 

Habitat imprinting is a source of individual variation in 
habitat preferences, and therefore, has important ecologi¬ 
cal and evolutionary consequences. If mothers are occa¬ 
sionally forced to rear their offspring in habitats not 
previously used by that particular species, habitat imprint¬ 
ing may allow that species to rapidly invade and thrive in 
empty niches. The ongoing recovery of peregrine falcon 
{Falco peregrinus) populations is partially a consequence of 
the falcons’ ability to learn to recognize urban 
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environments as potential habitats. Because the falcons 
return to their natal habitat type, the success of falcons in 
urban environments has not resulted in the recolonization 
of some of their traditional breeding grounds (i.e., Appala¬ 
chian cliffs). 

While habitat imprinting may be the first step in niche 
expansion, it is not clear how readily entirely new habitat 
preferences can emerge. Many tested species demonstrate 
biases in what habitats they will develop strong prefer¬ 
ences for. In anemoneflsh (Amphiprion melanopus), a strong 
preference for the natural anemone host requires early 
experience with that host. However, providing experience 
with an alternative host does not result in a strong prefer¬ 
ence for that alternative. 

Once a population begins using more than one habitat 
type, habitat imprinting may create a correlation between 
the performance of individuals in a particular habitat and 
their preference for that habitat. This is because those 
individuals that have genotypes particularly well suited 
to their natal habitat are more likely to survive to dispersal 
age. Individuals dispersing from a particular habitat are 
better suited to that habitat type than the population as a 
whole. If, as a consequence of NHPI, those individuals 
prefer to settle in their natal habitat type, a correlation 
between habitat preference and performance will form. 
Such correlations have been shown to be important in 
allowing environmental heterogeneity to maintain genetic 
variation in populations. The correlation between pref¬ 
erence and performance will reduce gene flow between 
populations breeding in different types of habitats. Re¬ 
duction of gene flow, in turn, facilitates local adaptation. 
If the strength of preferences is strong enough, gene flow 
between populations breeding in different habitats could 
become so low that populations evolve into distinct 
species. 

Applications in Conservation and Pest 
Management 

The importance of habitat imprinting to conservation 
efforts is most evident in translocation and captive-release 
programs. Such efforts frequently fail when animals move 
long distances after release, indicating that they may 
perceive postrelease habitat as unsuitable. For species in 
which habitat preferences are shaped by imprinting, suc¬ 
cessful reintroduction will depend on the extent to which 
salient habitat cues present in the rearing environment 
and the reintroduction environment are similar. Release 
efforts with ferrets and lynx indicate that animals tend to 
disperse shorter distances upon release into the wild when 
they are reared in naturalistic environments, as compared 
to when they are reared in traditional cages. Ensuring that 
individuals are reared in the type of habitat in which they 
will be released into has the additional advantage that 


animals are more likely to develop phenotypic characters 
important for success in that habitat type (e.g., the ability 
to recognize predators and the ability to recognize and 
digest food). If natal experience influences the habitat 
preferences of a candidate for reintroduction, it is useful 
to know whether the mechanism resembles imprinting. If 
there is no sensitive period during which persistent habi¬ 
tat preferences are formed, conservation biologists can 
acclimatize soon-to-be-released animals by maintaining 
animals in proximity with their new habitat for some 
amount of time prior to release. Such efforts have been 
shown to reduce postrelease dispersal distances. 

In addition to conservation efforts, knowledge of 
NHPI can be used to improve pest and weed management 
strategies. Parasitoid wasps lay their eggs in the eggs and 
larvae of other insect species. They are often used as a 
biological control agent for insect pests. Numerous stud¬ 
ies have shown that these wasps use chemical stimuli 
experienced in their natal habitat to track down potential 
hosts. Thus, rearing these wasps in environments similar 
to the ones they will be released into, can improve the 
effectiveness of this control strategy. Browsing animals 
such as goats can be trained to forage on particular weed 
species and then released into areas where that species 
needs to be controlled. 

See also: Avian Social Learning; Foraging Modes; Habitat 
Selection. 
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Habitat selection refers to the rules used by organisms to 
choose among patches or habitats that differ in one or 
more variables, such as food availability or predation risk, 
that influence its fitness. These rules determine the spatial 
distribution of organisms, and may thereby influence 
population and community-level processes. For example, 
differences in habitat selection rules between species 
or competitive classes may allow these groups to coexist. 
Habitat selection rules influence the growth of popula¬ 
tions, particularly if some habitats act as population 
sinks - habitats in which fewer individuals are produced 
than die, but which are maintained by migration. Changes 
in habitat use in response to changes in resources or 
perceived risk of predation can result in a variety of direct 
and indirect effects to predator and prey species, with 
implications for community structure and dynamics and 
management. 

The theoretical framework of habitat selection at small 
scales (the microhabitat or foraging scale) is closely 
related to that of foraging theory, particularly models of 
patch selection, patch residence time, and social foraging. 
Throughout this article, I define patches as relatively 
homogeneous areas that differ in some way from other 
parts of the landscape; I refer to patches and habitats 
interchangeably. Much of this chapter focuses on the 
ideal free distribution (IFD) and its derivatives, which 
form a general model of microhabitat selection. This 
social foraging model is used to predict the distribution 
of foragers when the benefits of foraging in a patch or 
habitat are density-dependent. Many more recent empir¬ 
ical and theoretical models of microhabitat selection have 
included other fitness influencing factors, such as social 
interactions, risk of predation or physiological tolerances 
to the basic IFD framework, as well as incorporating costs 
of movement within and among different patches. 

History 

The first influential models of habitat selection were 
introduced in the late 1960s and early 1970s. The IFD 
and ideal despotic distribution model habitat use deci¬ 
sions by ideal animals; that is, those with perfect informa¬ 
tion about the relative qualities of different habitats at all 
times. The IFD further assumes that animals can freely 
move among habitats, while the ideal despotic distribu¬ 
tion assumes that some patch residents are able to despot¬ 
ically control access to those habitats. 


In the 1970s, Rosenzweig introduced a graphical tool, 
the isoleg, to understand how competition between species 
influences habitat use. Isolegs are the sets of points of equal 
fitness for an organism that is selective in terms of habitat 
and one that does not actively select among habitats. Isolegs 
demonstrated the link between individual habitat use deci¬ 
sions and patterns of community structure. For example, 
isolegs allowed exploration of how past competitive inter¬ 
actions could explain habitat segregation and competitive 
coexistence (the ghost of competition past). 

Starting in the mid-1980s, a wide variety of new models 
were developed which relaxed or changed some of the 
assumptions of the basic IFD. These included models of 
interference competition, models in which competitive 
abilities varied among consumers, models incorporating 
perceptual constraints and costs of movement, and many 
others. Also in the 1980s, another graphical tool, the isodar, 
was introduced. Isodars are the sets of points of equal 
fitness for animals choosing between habitats on a plot of 
density in each habitat, and are used to understand patterns 
of density-dependent habitat use. Isodars provide informa¬ 
tion about how individuals value different habitats on the 
landscape. Although isodars and isolegs measure different 
things, the two are conceptually related, and isolegs can be 
derived from isodars. Similarly, expected isodars can be de¬ 
rived from ideal distribution models. 

While the original ideal distribution models and many 
of their descendants assume that animals maximize the 
long-term rate of net energy intake, several more recent 
models investigate how animals trade off energetic intake 
against other factors, such as predation risk or tempera¬ 
ture. Deviation from the expectations of IFD and other 
changes in foraging behavior have been used to measure 
the risk of predation and other habitat-specific fitness 
costs. The isodar framework has also been used exten¬ 
sively to understand how animals value their landscape in 
terms of both energy and mortality. 

Theory 

The Ideal Free Distribution 

The IFD describes the expected distribution of foragers 
when resource patches differ in quality and foragers com¬ 
pete for resources. This model assumes that foragers are 
‘ideal’: they have perfect information about relative patch 
quality and the densities of foragers in each patch, and 
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‘free’: foragers are able to move between patches without 
cost or time delay and are not excluded from entering 
patches by the current inhabitants. As an example, con¬ 
sider two people at opposite ends of a small pond feeding 
pieces of bread to a large population of ducks. Suppose 
that one person provides twice as many pieces of bread 
per minute as the other. Where should ducks feed if they 
seek to maximize the amount of bread received? A piece 
of bread eaten by one duck is not available to the others, 
and so if all the ducks congregated at the more productive 
location, each individual duck would receive few pieces of 
bread. At the other end of the pond, the other feeder 
provides fewer pieces of bread overall, but there is also 
no competition for that bread. Therefore, some ducks 
could increase the amount of bread received by moving 
to that end. By doing so, however, they would increase 
competition for food at the new location. How many 
ducks, then, should occupy the more productive location 
and how many should occupy the less productive loca¬ 
tion? The answer depends on how food arrives in a patch 
and how the density of competitors influences the rate at 
which ducks ingest their food. 

Continuous input 

The continuous-input IFD model assumes that food items 
arrive randomly at different rates in different patches and 
foragers consume them immediately. If these assumptions 
are met, the long-term rate of net energy intake in patch i is 
the per capita encounter rate with food items, R r This rate 
is the ratio of the rate of resource (food) input {Qg to the 
density of competitors in that patch (dj) (i.e., R/= Qi/d t ). 
The model also assumes that foragers should maximize 
their long-term rate of net energy intake. By assumption, 
ideal free consumers can identify and move to any habitat 
that will provide them with a greater intake rate. When all 
competitors are equal, there is a unique equilibrium dis¬ 
tribution by which no foragers can improve their intake 
rate by switching habitats unilaterally (in game theory, 
this is referred to as a Nash equilibrium; see Glossary). 
If there are two patches that differ in quality, then this 
point occurs when the ratio of competitor densities in 
patches 1 and 2, d\/d 2 , equals the ratio of resource inputs 
Qx/Qz {input matching). 

The continuous-input IFD model makes two testable 
predictions. The first is that all patches provide the same 
intake rate at equilibrium. The second is that, at equilib¬ 
rium, consumers should be distributed so that the ratio 
of consumer densities across patches equals the ratio of 
patch resource input rates, that is, there should be 
input matching. However, empirical tests of the IFD 
rarely find support for the quantitative predictions of 
input matching and equal intake rates across patches. In 
many experiments, the proportion of foragers in high- 
quality patches is less than the theoretical expectation, 


a phenomenon known as ‘undermatching.’ When this is so, 
foragers in the high-quality patch often have higher 
intake rates than do occupants of lower-quality patches. 

Interference 

In the previous model, food items arrive in the patch and 
are consumed immediately. However, many resources do 
not deplete so rapidly. Nevertheless, the fitness payoffs to 
foraging in non- or slowly depleting habitats may still be 
density dependent because consumers interfere with one 
another. Interference can result from aggressive defense of 
resources, kleptoparasitism (the theft of resources from 
others), changes in the behavior or defenses of prey, or any 
other interaction that leads to a reversible decrease in 
intake rate with increasing consumer density. One way 
to incorporate interference into an analogous model to 
the continuous-input IFD is through the addition of an 
‘interference constant’ {m) on searching rate, so that the 
intake rate when handling time is zero is: 



Here, Qi is the foraging rate of a solitary forager. When 
m is high, changes in density have a strong effect on intake 
rate; when m is low, changes in density have little effect on 
intake rate. The equilibrium point in the two-patch inter¬ 
ference model is reached when the ratio of the densities of 
competitors in patches 1 and 2, d\/ d 2 , equals {Qx/Qi) 1 ^- 
When m= 1, this model makes the same predictions as the 
continuous-input model. If m> 1, and the effects of inter¬ 
ference are strong, this model predicts undermatching at 
equilibrium. This is because the effects of competition are 
particularly strong in the more productive, and more 
densely occupied, patch. If m< 1, competition is weak 
and the interference IFD model predicts overmatching. 
Again, intake rates are equal across patches at equilibrium. 

‘Mechanistic’ interference models of the IFD assign 
foragers to states, such as searching for food, handling or 
processing food, and fighting over food, and define the 
density-dependent transition rates between states. Such 
models are solved analytically or through simulation to 
find the equilibrium distribution of individuals among 
patches, if one exists. The predictions of mechanistic 
models depend strongly on their assumptions. For exam¬ 
ple, if handling individuals do not experience interference 
(e.g., food cannot be stolen while being handled) then 
mechanistic models of equal competitors predict overuse 
of high-quality patches relative to resource abundance. If, 
on the other hand, handlers remain susceptible to inter¬ 
ference (e.g., food can be stolen during handling), then 
such models predict input matching. These predictions 
change when competitors differ in ability to search for 
food or engage in interference (see section ‘Differences in 
Competitive Ability’). 
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Differences in competitive ability 

One of the assumptions of the continuous-input and inter¬ 
ference models introduced earlier is that all competitors 
are equal. That is, the probability of encountering, captur¬ 
ing, and ingesting food items and the effects of interference 
on intake are the same for all individuals. This is unlikely to 
be the case in many, if not most, foraging situations where 
competitive ability may vary with age, experience, size, and 
many other factors. Continuous-input ideal free models 
that include unequal competitors predict input matching, 
where each individual is weighted by its relative competi¬ 
tive ability. In a large population, a very large number of 
distributions exist that can satisfy input matching of com¬ 
petitive weights. 

Unequal-competitors interference models often pre¬ 
dict a truncated phenotype distribution in which the best 
competitors exploit the most productive habitats, and 
poorer competitors are restricted to poorer habitats. Aver¬ 
age intake rates are not equal across habitats at equilib¬ 
rium. Rather, there is a positive correlation between 
habitat quality and intake rate because a small number 
of good competitors have exclusive use of the most pro¬ 
ductive patches. This distribution is also predicted when 
competitive weights themselves are a function of habitat 
quality — competitors are predicted to use the habitat in 
which their relative competitive ability is the greatest. As 
in other ideal free models, perceptual constraints and the 
need to sample multiple patches in order to choose among 
them may prevent achievement of the equilibrium distri¬ 
bution and result in overuse of less profitable patches (see 
Empirical tests, later). Some mechanistic models of inter¬ 
ference predict a similar distribution, known as a semi- 
truncated phenotype distribution. In this distribution, better 
competitors (those with competitive ability exceeding the 
boundary phenotype) are found only in the high-quality 
patches, but poorer competitors occur in all patches. 


Other Ideal Distributions 

When competitors differ in some way that allows some 
individuals to preempt or displace others, the IFD does 
not apply, because preempted or displaced individuals are 
no longer free to choose among patches. These effects can 
occur because dominant individuals defend territories 
that maximize their fitness, interfering with habitat selec¬ 
tion by nonterritorial or more subordinate individuals. 
The expected distribution in this case is referred to as 
the ‘ideal despotic distribution.’ Preemption may also 
occur if early arrivals stake out the best foraging locations. 
This is referred to as an ‘ideal preemptive distribution.’ 
The expected distributions of foragers in both these 
models are similar; at equilibrium, individuals in higher- 
quality habitats will have higher fitness than individuals in 
lower-quality habitats. 


Isolegs 

The IFD and related models predict the distribution of 
organisms under specific sets of assumptions about how 
organisms interact with one another and their environ¬ 
ment. In contrast, researchers can use the observed distri¬ 
bution or behavior of animals to interpret how animals 
value habitats and the effects of competition within and 
between species on habitat use. For example, in the Negev 
Desert, two species of gerbils, Gerbillus andersoni allenbyi 
and Gerbillus pyramidum , compete for seeds. Both species 
prefer to forage in the same semistabilized habitat. Early 
in the night, the larger G. pyramidum is able to exclude its 
competitor from these patches. However, later in the 
night, G. pyramidum stops foraging and G. andersoni allenbyi 
switches to partially using the preferred habitat. These 
effects - shared preferred habitats and exclusion of the 
smaller G. andersoni allenbyi from preferred habitats when 
G. pyramidum are common — have been replicated in 
populations established in enclosures. The set of densities 
of G. pyramidum at which G. andersoni allenbyi switches from 
using both habitats to using a single habitat, across a 
variety of competitor densities is referred to as its isoleg 
(Figure 1). Isolegs are particularly useful in identifying 
density-dependent competition effects that influence 
community structure. For example, observed patterns of 
different habitat use may result from past competitive 
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Figure 1 The ghost of competition past, using isolegs to 
illustrate coexistence of competing species when two habitats 
(habitat A and habitat B) are available. Species 1 is a generalist 
below and to the right of its isoleg (dotted line), and selects 
habitat A to above and to the left of this line. The isoleg represents 
the set of points for which the fitness benefits of using both 
habitats and using only one habitat are equal. Species two is a 
generalist above and to the left of its isoleg (the dashed line) 
and selects habitat B below and to the right of this line. In the 
region between the two isolegs, coexistence of the two species 
is possible because they use different habitats. Differential 
habitat use is a result of competitive interactions, however. 
Competition results in the observed patterns of habitat use 
even though these species no longer compete in this region of 
species density space. 
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interactions (the ghost of competition past), even if com¬ 
petition is no longer apparent because of specialization in 
different habitats. 

Isodars 

In the Rocky Mountains of Alberta, Canada, small rodents, 
such as deer mice, pine chipmunks, and red-backed voles, 
can choose between dry open habitats and moister forest. 
For each species, plotting the density of that species in one 
of these habitats against its density in the other habitat 
reveals different patterns of habitat preference. For exam¬ 
ple, deer mice are found at much higher densities in dry 
habitats relative to forest habitats; deer mice continue to 
prefer dry habitats even when no deer mice are present in 
the alternative habitat. Similarly, red-backed voles prefer 
forest habitats, and their abundance in these habitats has 
little correlation with their abundance in the alternative 
habitat. In contrast, chipmunks use both habitats and there 
is a strong correlation between densities in the two habitats. 
The set of points describing the relationship between den¬ 
sity in each habitat for each species is known as an isodar 
(Figure 2). Assuming that animals can freely move among 
habitats, the isodar is also the set of points on a plot of 
densities in each habitat for which the fitness effects of 
choosing each habitats are equal; therefore, isodars can be 
derived from foraging models. The slopes and intercepts of 
isodars provide information on the value of different habi¬ 
tats to foragers. The slopes of isodars indicate the relative 
quality of different habitats. In the continuous-input IFD 
model, the slope of the isodar is the ratio of resource input 
rates. The intercepts of isodars also yield information about 
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Figure 2 An illustration of the isodar framework. The isodar is 
the set of points at which the fitness payoffs for a consumer 
selecting one habitat equal those for a consumer selecting the 
other habitat. The example shown here is consistent with the 
continuous-input IFD. Because the slope of the isodar is linear 
and the intercept is zero, habitat selection does not change with 
density (i.e., the ratio of consumers in habitat A/habitat B is the 
same for all densities). 


preferences. Nonzero intercepts indicate that habitats dif¬ 
fer in fitness returns at low densities; as a consequence, 
habitat selection rules vary with population size. Zero 
intercepts indicate that habitat selection rules do not vary 
with population size (if the slope is linear), as in the 
continuous-input IFD. 

Costs of Foraging and Movement 

Moving among and within patches may be costly. How 
such costs influence habitat selection depend on the scale 
of movement, because costs of dispersal (rare, long¬ 
distance movements between patches) are different than 
costs of moving within patches or short distances between 
patches. If short-distance movement is costly, individuals 
may avoid some of those costs by being nonselective (in 
other words, selecting the first habitat they encounter). If 
encounters with habitats are random, this is likely to 
result in overuse of low-quality patches relative to the 
IFD. However, at the dispersal scale, the decision to leave 
one’s current home range should only be undertaken if the 
expectation of finding a sufficiently high-quality patch to 
compensate for costs of movement is high. Thus, costs of 
dispersal result in a decrease in the value of low-quality 
patches and an increase in the value of high-quality 
patches. Dispersal costs alone should result in increased 
use of high-quality patches, while short-distance costs 
alone should result in decreased use of high-quality 
patches over no cost. In reality, both costs are likely 
present for a habitat-selecting animal, but the importance 
of each varies with spatial scale. 

Moving Beyond Energetics 

In nature, foragers often must trade off the long-term rate 
of net energy intake against other influences on fitness, 
such as risk of mortality or injury from predators, expo¬ 
sure to pathogens and parasites, risk of starvation, oppor¬ 
tunities to engage in or avoid social interactions, mating 
opportunities, nutrient acquisition, and osmoregulatory, 
thermoregulatory, or other physiological considerations, 
among others. Several models investigate how animals 
trade off net energy intake rate and predation risk when 
selecting habitats. The predictions of models of habitat 
selection under predation risk differ greatly depending on 
assumptions regarding relative riskiness of patches and 
how predation risk is influenced by the density of prey. 
For example, when patches differ in riskiness, fewer indi¬ 
viduals are expected in the risky patch than expected 
based only on resource input rates. If predation risk 
decreases with increasing density of prey, this can result 
in complete abandonment of the risky patch. If both 
patches are equally risky but differ in productivity, prey 
are expected to exclusively use the most productive patch 
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if risk decreases with increasing prey density. Incorporat¬ 
ing differences in competitive ability or vulnerability to 
predators leads to further complexity in predator-prey 
models. 

Further complexity arises if predation risk depends on 
the density of predators, and predators are also able to 
move among patches. When this is so, habitat use becomes 
a game between predators and prey. Models of the IFD 
that include mobile predators and prey predict that the 
distribution of prey should be a function of the relative 
riskiness of patches, while that of predators should be a 
function of the abundance of the prey’s resource, rather 
than the distribution of the prey itself. 

One common way of measuring how predation risk or 
other costs influence habitat use is to examine giving up 
densities. In a patch that depletes without renewal, the rate 
at which a randomly searching forager encounters new 
prey items will decline with increased time spent in the 
patch as more and more items are eaten. At some point, 
the encounter rate with prey in the patch will fall below 
that expected in the environment as a whole. An optimal 
forager should quit the patch when this is so. If the cost of 
remaining in a patch is relatively high, for example, 
because the risk of predation is high, then the forager should 
give up on this patch earlier, leaving a higher remaining 
density of prey. A researcher can use giving up densities 
to estimate differences in the cost of foraging in different 
habitats by creating artificial patches that have equal initial 
densities of food and then returning after animals have 
foraged to measure the density of prey remaining in the 
patch. 

Empirical Tests of Habitat Selection 
Theory 

Tests of the Ideal Free Distribution 

Experiments designed to test the two main predictions of 
the continuous-input IFD, input matching and equal 
intake rates across habitats, have focused on a small num¬ 
ber of systems that closely match the assumptions of the 
continuous-input model, particularly the assumption that 
food continually enters the habitat and is immediately 
consumed or removed. One such system is ducks feeding 
on small pieces of bread thrown into the pond, as intro¬ 
duced previously. Another classical system is stream fish 
feeding on small invertebrates drifting in the current. 
These studies have found that the qualitative prediction 
of increased densities in high-quality patches (those with 
a high resource input rate) is met, but that there are 
typically lower densities than expected in high-quality 
patches and higher densities than expected in low-quality 
patches. As this pattern of undermatching is common, it 
suggests that the assumptions of this simple continuous- 
input model are often violated. Interference models can 


lead to such patterns when interference is very high, but 
also commonly predict the opposite effect, overmatching 
of resource inputs in high-quality patches. Violation 
of the assumption of perfect information can lead to 
undermatching and differences in intake rate between 
patches. Animals may be limited by cognitive or percep¬ 
tual abilities from distinguishing between alternatives that 
are very similar in payoffs. If this is so, there may be some 
minimal necessary difference in quality, below which 
animals choose habitats randomly. Such perceptual con¬ 
straints will always lead to overuse of low-quality patches 
and underuse of high-quality patches. Deviation from 
input matching may also result from stochastic variation 
in input rates. If resource input rates are variable and 
there is some risk of starvation, then the variance of 
resource inputs may be important influences on habitat 
use. In one risk-sensitive model of the IFD (risk sensitivity 
here referring to the classical behavioral ecological defi¬ 
nition of risk as variance), underuse of high-quality 
patches is predicted when the risk of starvation is great 
and overuse of high-quality patches is expected when the 
risk of starvation is slight. 

Predation Risk and Habitat Use 

A pair of laboratory experiments used guppies ( Poecilia 
reticulata) and coho salmon ( Oncorhynchus kisutch) to test 
both the predictions of IFD models and the effects of 
predation risk on habitat use. In these experiments, fish 
were first allowed to choose between habitats that differed 
in the food input rates. In both cases, observed habitat use 
matched the input matching predictions of the IFD (or 
the unequal competitors IFD in the case of coho salmon). 
Overhead cover was then added to one patch. For many 
fish, predation risk from birds is significant; the addition of 
overhead cover should therefore increase the safety of that 
patch. This addition resulted in a shift in the distribution 
of fish to greater use of the covered patch than before. The 
investigators then added food to the uncovered (riskier) 
patch until the distribution matched that in the absence of 
cover. Thus, the investigators were able to estimate the 
amount of energy required to make up for the difference 
in safety between patches, allowing risk and energy intake 
rate to be expressed using the same currency (although 
this interpretation has been criticized for only holding if 
there is no effect of group size on predation risk). 

Experimental manipulation of predation risk may not 
be possible in many field situations; however, variation in 
the presence and density of predators may allow evalua¬ 
tion of the effects of predators on habitat use. The shallow 
waters of Shark Bay, Western Australia, support extensive 
sea grass beds which, in turn, provide food and shelter for 
a diverse array of marine vertebrates. The presence and 
density of a top predator, tiger sharks ( Galeocerdo cuvier ), 
varies seasonally within the bay, and from year to year 
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within seasons. For several large marine vertebrates, such 
as bottlenose dolphins (Tursiops aduncus), dugongs (Dugong 
dugon ), and cormorants (Phalacrocorax varius ), shallow sea- 
grass beds represent risky but productive foraging habi¬ 
tats, while deeper channels between the seagrass beds are 
less productive but safer from sharks. These species 
appear to alter their patterns of habitat use depending 
on the presence of tiger sharks. When sharks are absent, 
these herbivores and piscivores are found at higher den¬ 
sities in productive shallow seagrass beds. When sharks 
are present, these species shift to greater use of deeper, 
less productive patches. These habitat use decisions have 
cascading effects in Shark Bay communities, with reduced 
grazing pressure in risky areas and increased grazing 
pressure in safer areas. 

See also: Defense Against Predation; Ecology of Fear; 
Endocrinology and Behavior: Methods; Foraging Modes; 
Game Theory; Group Foraging; Hunger and Satiety; 
Optimal Foraging Theory: Introduction; Parasitoids; 
Trade-Offs in Anti-Predator Behavior. 
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Introduction 

Focusing on insects, this article presents their remarkable 
capacity to adapt their sensory morphology to unconven¬ 
tional and sometimes severe evolutionary constraints. As 
morphological diversity is also a hallmark of arthropods in 
general, the notion that auditory mechanisms may be 
present in many more arthropod species than reported 
so far is also discussed. As our understanding of hearing 
acquires depth, it is likely that this sensory modality will 
be discovered in more arthropod species, unveiling more 
diversity in this spectacularly successful and creative 
phylum. 

The sense of hearing in insects has been the subject of 
several reviews covering different aspects, such as evolu¬ 
tion and development, structure and diversity, and func¬ 
tion. The work edited by Hoy, Popper, and Fay gathers a 
series of authoritative studies of insect hearing, and several 
reviews covering each of these aspects are also included in 
further reading. 

Hearing is defined as the detection of acoustic energy 
borne in the fluid medium surrounding the animal, air, or 
water. Therefore, an essential aspect of the auditory pro¬ 
cess relies on the efficient coupling between sensory 
structures and sound energy in the physical environment. 
This coupling is the first step in the chain of events that 
converts acoustic energy into mechanical energy, and its 
transduction into neural activity and auditory information. 
Hearing, as a matter of definition, is concerned with the 
detection of low levels of air-borne or water-borne vibrations. 
An acoustic stimulus is considered to be adequate if it elicits 
a specific response in the auditory organ, as opposed to 
nonspecific high-level vibrations that may impart mechanical 
energy to tissue and organs other than the auditory struc¬ 
tures, or for that matter the entire animal. 

Behaviorally relevant sound waves or acoustic signals 
are usually inherently low in energy. Hearing, as a 
mechanical sense, is therefore a delicate act of mechano- 
reception. For insects, as for many other auditory animals, 
specialized mechanosensory cells can detect mechanical 
vibrations that induce motions in the range of just a few 
nanometers (10 _9 m), or sometimes a fraction thereof. 
Such motions are commensurate with, for instance, the 
thickness of the cell membrane, the diameter of an ion 
channel, or the length of a glucose molecule. The exact 
molecular and cellular mechanisms supporting the detec¬ 
tion of such small mechanical inputs are still not completely 
known. Yet, significant progress has been achieved by 


studying fruit flies and their particular amenability to 
genetic analysis. x\dditionally, the range of stimulation 
magnitude, the dynamic range, of hearing organs in insects 
is remarkable as they are capable of responding to eight 
orders of magnitudes of acoustic or vibration inputs. Such 
range of detection is comparable to that reported for 
vertebrate ears. 

Auditory functions are diverse and nonexclusive. 
Insects use sounds for the detection and recognition of 
conspecifics, and in some species, they engage in two-way 
acoustic communication. Female crickets detect and localize 
the songs of the conspecific males in acoustically complex 
environments. Although the sound emissions of male 
crickets are loud in comparison with other insect sounds, 
such as the wing noise of passing flies, one challenge has 
been to understand the mechanisms subtending the direc¬ 
tional detection of male songs. The mechanism involved 
relies on the acoustic coupling between the ears, whereby 
the tympanal membrane is driven by external and internal 
sound pressure. Acting as pressure difference receivers, 
the ears of crickets gain their directionality by virtue of 
constructive and destructive interference between the 
internal and external pressure inputs. 

Insect ears have also evolved in response to selective 
pressures exerted by important acoustic predators such as 
bats. Well-documented examples come from the capacity 
of moths to detect the echolocation calls of bats and 
engage in aerial maneuvers attempting to avoid predation. 
A third function found in insect ears is prey localization, 
a task that has been documented in parasitoid flies that 
acoustically seek hosts for their larval progeny. 

Outstanding issues remain to fully understand the 
exact functions of physiological and behavioral auditory 
processes in insects, in relation to, for instance, a physical 
environment generating deleterious signal distortions. 
How does a female cricket auditory system process tem¬ 
porally and spectrally distorted signals to assess the pres¬ 
ence and quality of a singing male? How robust is signal 
processing in insect auditory systems? 

Insects are small animals. The physics of sound propa¬ 
gation in the atmosphere is such that most insects are 
smaller than the wavelength of sound they emit or hear. 
Consequently, the acoustic cues usually used by larger 
animals such as most, but not all, vertebrates can become 
very small. Illustrating such size constraints, a small para¬ 
sitoid fly Ormia relies on finding singing male crickets as 
a food source for her larvae. Yet, because the fly is only a 
couple of millimeters in size, the difference in the time of 
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arrival of a sound wave at the two ears, a major cue for 
directional hearing, is no larger than a couple of micro¬ 
seconds. Such time difference is admittedly too short for 
neural encoding, which usually takes place in the millisecond 
range. Yet, a peripheral mechanism has been reported that 
allows the fly ears to be directionally sensitive to the songs 
of their cricket host. 

Another example pertains to the remarkable acoustic 
behavior of mosquitoes. Male mosquitoes have been long 
known, since Johnston’s work in 1856, to use their antennae 
to hear passing females; the complexity of their auditory 
mechanisms and behavior has only recently been revealed. 
In effect, it turns out that both male and female mosquitoes 
can hear flight sounds and can alter the sound emissions 
generated by their flapping wings. In addition, recent work 
has demonstrated that hearing in mosquitoes is an active 
process similar to that found in vertebrate ears. This process 
is deemed to boost the mosquito’s sensitivity to faint 
sounds and enhance frequency selectivity, thus improving 
overall fidelity in signal detection. 

The Sophisticated Small Ears of Insects 

Insects have a diffusion-limited respiratory system that 
operates efficiently only on a small scale (cm range). This 
physiological constraint is considered to limit the body 
size of insects. Insect ears are therefore necessarily physi¬ 
cally close to each other, sampling the sound field at 
adjacent points in space. From all insects known to have 
tympanal membranes on each side of their body, on their 
thorax, abdomen, or legs, the distance between the ears is 
typically less than 1 cm, and sometimes in the range of a 
few millimeters. This makes target location, based on the 
time differences between the sound reaching the two ears, 
hard. A spatial separation of 1 cm between ears, such as 
that of a field cricket, generates a maximal time difference, 
the interaural time difference, of about 30 ms. Such time 
intervals are very short in terms of neural processing, as 
neurons usually operate at time scales of milliseconds. 
However, some smaller insects, namely parasitoid flies, 
with an interaural distance as small as 0.5 mm, are capable 
of detecting the direction of incident sound waves, using 
vanishingly small time cues and produce appropriately 
oriented phonotactic behaviors. 

Hearing in insects is made possible by two fundamen¬ 
tally different types of auditory organs. Anatomically, 
insect ears can present an eardrum — as in tympanal ears — 
or take the form of an antennal or a hair shaft - as in 
flagellar ears. Interestingly, tympanal ears have been 
found and characterized in insects only to date, while 
flagellar sound receivers have been identified in several 
classes of invertebrates, including insects, arachnids, and 
crustaceans. Morphologically, tympanal ears are made 
of a thin cuticular membrane stretching over a cavity, 


a modified tracheal air sac. In addition, multicellular 
mechanosensory structures, the scolopidia serve to convert 
mechanical energy into neural signals. Scolopidia can 
directly or indirectly attach to the tympanal membrane 
and are composed of attachments cells, support cells, and 
ciliated mechanosensory neurons. Noteworthy is the fact 
that both hearing (flagellar and tympanal) and somatosen¬ 
sory organs are of the chordotonal type, employing similar 
histoarchitectures of multicellular scolopidia containing 
ciliated neurones. 

Functionally, tympanal ears are sensitive to variations 
in acoustic pressure in the order of pascals to micropascals 
(atmospheric pressure typically being 100 kPa). Pressure 
waves propagate well across the atmosphere and therefore 
carry information many wavelengths away from the sound 
source. Another physical component of the energy con¬ 
stitutive of a sound wave is the particle velocity in the 
medium, a quantity expressed in m/s, which retains usable 
magnitude only close to the sound source. In effect, the 
part of the acoustic energy contained in the particle velocity 
component of the propagating sound wave becomes very 
weak, and therefore hardly detectable many wavelengths 
away from the source. Typical sensitivity is in the range of 
mm/s. An important example of such auditory apparatus 
is the fruitfly Drosophila for which sound is part of signaling 
during mating behavior. Remarkably, hearing in Drosophila 
is an active process, whereby mechanosensory neurons en¬ 
dowed with axonemal cilia are actively feeding back 
mechanical energy in the oscillations of the auditory system. 
The molecular mechanisms enabling active and passive 
mechanoreception are currently being investigated in great 
detail using the powerful genetic analytical tools available 
in the fruitfly. This is set to yield exciting future results. 

Many organisms have evolved such sensitive detectors 
that capture the velocity component of the sound field. 
Flagellar ears are typically antennae (Figure 1) or single 
filiform hairs borne on the surface of the insect body. 
Notably, antennal structures are found in many, if not 
all, insect species. In fact, 99% of insect species (100% 


Figure 1 The sexually dimorphic antennal hearing organs of 
Aedes aegypti mosquitoes, (a) Male antenna, with numerous fine 
setae borne on the antennal shaft and a large second antennal 
segment, the pedicel at the base of the antenna, (b) Female 
auditory organs presenting fewer antennal setae, a smaller 
pedicel. Both antennae respond very well to incident acoustic 
waves, an indication that both sexes are endowed with a sense of 
hearing. 
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of winged species) are endowed with an organ rich in 
mechanosensory neurons (Johnston’s organ) at the base 
of their antenna. This does not mean that all antennal 
structures are organs that are mechanically sufficiently 
sensitive (pm/s-mm/s range) to constitute functional auditory 
organs. On the other hand, hair-like sensory systems are 
widespread among arthropods. Spiders can have thousands 
of such protruding hair sensors, the trichobothria, endowed 
with several mechanosensory neurons. The function of these 
sensors has been related to both prey and predator detec¬ 
tion. In field crickets, hundreds of innervated mechan¬ 
osensory hairs can be found on the caudal appendages, 
the cerci. Their behavioral function is primarily linked 
to predator avoidance, but an involvement of short- 
range detection of air currents and sounds emitted by 
singing males has not been excluded. Most arthropods 
have mechanosensitive hairs on the surface of their cuticle; 
it is therefore quite possible that both harmonic and bulk 
oscillations of the medium (air or water) elicit hair 
vibrations and deflections, and therefore neural activity. 
The informational value of such activity is not trivial to 
investigate, yet evidence is plentiful that arthropods make 
use of this sensory modality to detect the presence and 
direction of a source of sound, and therefore a mate, a prey, 
or a predator in their nearby environment. Caterpillars 
(Barathra sp.) have been shown to react to the flight 
tones of approaching wasps, while jumping spiders can 
locate and pounce on passing flies in complete darkness. 
The specialized sensory system spiders use to detect motion 
of the air medium is superbly adapted to the task, as 
revealed by Friedrich Barth’s research on hunting spiders. 
From sensory and behavioral ecological, and evolutionary 
points of view, it would be very interesting to investigate 
the possibility of such hearing and sensing capacity in 
other arthropods such as crustaceans. Crabs are endowed 
with numerous arborized hairs on their cuticle. Many 
other examples dot the literature and indicate that this 
form of capture of air-borne acoustic and water-borne 
energy is widespread across the phylum. Evidence of 
the sensory mechanisms and adaptive behaviors involved 
still seems, however, to be sparse. 

It is in mosquitoes that the most elaborate flagellar 
auditory organs have been found and described to date. 
Johnston’s organ in male and female mosquitoes contains 
16 000 and 8000 mechanosensory cells (Figure 2), respec¬ 
tively by comparison, the human cochlea contains many 
hair cells, an indication that the metabolic investment 
made by mosquitoes in their Johnston’s organ must be 
under sustained selection pressure. 

Mate Finding Using Auditory Cues 

Acoustically driven behavior in insects is very diverse and 
reflects the variety of sensory ecologies in insects and the 



Figure 2 The ear of Toxorhynchites brevipalpis. (a) The 
verticillate antennal flagellum and the pedicel harboring the 
mechanoreceptive Johnston’s organ (JO), (b) Schematic 
cross-section of Johnston’s organ, showing the organization 
of the mechanoreceptive neurons (MR) inside the pedicel (Pe). 
Modified from Clements AN (1999) The Biology of Mosquitoes, 
vol. 2. Oxford, UK: CAB International. The ~60-fold radial 
symmetry of JO suggests a capacity for directional hearing in this 
type of auditory organ that is inherent to the vectorial nature of 
the particle velocity acoustic stimulus. 

superb capacity of adaptation. A complete list of key 
references to foundational work done on praying man- 
tisses, field and bush crickets, moths, flies, and cicadas can 
be found in Hoy et al. (1998). 

Acoustic communication in insects is particularly well 
illustrated by the acoustic signaling of male crickets, 
which advertise their presence and quality to their con- 
specifics. Acoustic signals fulfill several functions, helping 
orientation and localization for mate finding, courtship 
and mate selection, and competition between males. In 
some other orthopteran species, such as the bow-winged 
grasshopper (Chorthippus biguttulus ), females respond to male 
signals by emitting very brief signals that are deemed to 
constitute clues for males, yet remain cryptic to potential 
predators. A rich documentation of the mechanisms, neu¬ 
robiology, and behavior of acoustic communication, and 
its comparative analysis in insects and frogs can be found 
in a seminal book by Gerhardt and Huber. Insect commu¬ 
nication systems have allowed the investigation of the role 
of acoustic conditions in scattering and nonscattering 
environments, complex phonotactic behaviors, and the 
neurobiology of signal detection and recognition, quite 
remarkably in both laboratory and field settings. 

Recent research has revisited the role played by acous¬ 
tic cues in the mating behavior of mosquitoes, revealing a 
complex dynamic acoustic interplay between male and 
female in midair. Elegant experiments have put flying 
males and females tethered to a thin wire in each other’s 
presence. Surprisingly, the flight tone (e.g., the wing beat 
frequency) of both sexes varied as to reduce, but not 
nullify, the difference between them. The behavior is 
remarkable in that male-female interactions lead to 






























52 Hearing: Insects 


convergence in frequency, while male—male interactions 
lead to a divergence of tones in these conditions. More 
importantly, this behavior constitutes the first observation 
of an acoustically mediated response in female mosquitoes. 
Further research is likely to establish whether or not mosquito 
swarms rely on acoustic interactions of that sort for their 
formation and cohesion. Acoustics may be one aspect so far 
neglected in the search for agents of mosquito control. 

Hearing in mosquitoes is an active process that resembles 
that found in vertebrates and in Drosophila. The mechanical 
response of the antennal flagellum was shown to vary 
nonlinearly with the amplitude of the stimulus acoustic 
stimulus (Figure 3). This nonlinearity results in a variable 
mechanical sensitivity, whereby faint stimuli are amplified 
(excess of mechanical energy) and loud ones attenuated. 
The mechanical activity of the ciliary mechanosensory neu¬ 
rons is deemed to be involved. The active mechanisms in 
Johnston’s organ contribute to enhancing frequency selec¬ 
tivity and high-fidelity signal detection, likely contributing 
to the observed acoustic interplay behavior. 

A Particular Problem for Insects: 
Directional Detection 

As we have seen, size is the major constraint insects face in 
their task to reliably detect sound and be directionally 
sensitive to incident sound waves. Remarkably though, 



Figure 3 The nonlinear mechanical response of the antenna of 
the mosquito Toxorhynchites brevipalpis to varying particle 
velocity magnitude. The response is measured using 
microscanning laser Doppler vibrometry, assessing the velocity 
of the antenna in a calibrated sound field. The thin blue light 
depicts a linear proportional response of the antenna to 
increasing sound particle displacement stimulus (x-axis). The red 
line shows the antennal response as the amplitude of the 
stimulus increases to its maximum (red arrow). Past ~0.3 urn, the 
antennal response exceeds that of the stimulus. The black curve 
indicates the response to a decreasing stimulus amplitude (black 
arrow). Notably, during the decreasing amplitude regime the 
antennal response remains high to displacements that otherwise 
would generate a smaller antennal response (hysteresis). The 
vertical double arrow highlights the difference in the level of 
mechanical energy that the antennal system dissipates. Modified 
from Jackson JC, Wndmill JFC, Pook VG, and Robert D (2009) 
Synchrony through twice-frequency forcing for sensitive and 
selective auditory processing. PNAS 106: 10177-10182. 


this constraint seems to apply to tympanal receivers only, 
as particle velocity detectors are inherently directional. 
Inherent directionality stems from the fact the particle 
velocity is a vectorial quantity that will apply physical 
forcing of the receiver along the vector of sound propagation. 
Although acoustic vector fields can change substantially 
in the close vicinity of objects, it is generally accepted that 
flagellar or hair-like receivers can determine the direction 
of incidence directly from the orientation of their own 
oscillation in the sound field. 

Small tympanal ears, however, face the dual problems 
that sound pressure variations over short distances are 
negligible, and that time differences between the ears 
are very short. An extreme example of such size constraint 
is the parasitoid flies that use the acoustic emissions (the 
calling songs) of their hosts to locate them. Such flies, 
some tachinids hunting field crickets and sarcophagids 
homing in on cicadas, have evolved ears that can use 
minute directional cues from the sound field. As true 
evolutionary innovations, the mechanisms used have been 
found thus far only in these flies and rely on the mechanical 
coupling between the two bilateral but adjacent ears. In 
tachinids, the mechanisms of mechanical coupling allow 
of minuscule 1.7-ps time difference at the ears to be 
converted into some 300 ps at the level of the primary 
sensory neurons. The phonotactic behavior of one of the 
flies Ormia ochracea has been investigated in free flight, using 
two infrared cameras mounted on computer-controlled 
pantilt servomotors. Video image analysis was used to 
provide command signals to the motors to keep the flying 
fly within the video frame, like one’s eyes would follow a 
fly across the flight arena. The 3-D trajectory of the fly 
was recorded as she approached a loudspeaker broadcasting 
an attractive cricket song in infrared darkness (Figure 4). 
The phonotactic parasitoid flies are remarkably accurate 
in their localization of the sound source. Surprisingly, 
they are also accurate when the attractive song is present 
for only part of the phonotactic flight bout (Figure 4). 
In effect, the transient presence of acoustic information is 
sufficient for the fly to successfully find the source of the 
cricket song. This simple experiment suggests the presence 
of 3-D acoustic detection in this fly, and the possible 
memorization of sufficient auditory spatial information 
for a cue-free, yet oriented flight toward the target. The 
mechanisms allowing this behavior are still unknown. 

How Ubiquitous Could Hearing Be in 
Arthropods? 

In particular, with respect to the very widespread capacity 
of insects to harbor numerous long, thin mechanoreceptive 
sensillae, it is perhaps worth calling for a renewed attention 
to the equally impressive morphologies of arachnids and 
crustaceans to build such elaborate sensory structures. 
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Figure 4 The phonotactic behavior of the acoustic parasitoid 
fly Ormia ochracea. (a) A naive fly never flown in that experimental 
arena (length 6.8 m, width 4.9 m, height 4.0 m) is deposited on a 
starting platform (green column). A loudspeaker (blue square) 
located on the floor some 3 m from the standing fly is switched 
on. The fly takes off, cruises at relatively constant altitude before 
engaging in a descending spiral to land on the loudspeaker. 
Measured for n = 80 trajectories from N = 10 flies, landing 
accuracy was 8.2 ± 0.6 cm. (b) When tested to the other (red 
square) loudspeaker, the same fly initiates a similar flight 
trajectory (yellow trace). As the loudspeaker is switched off (black 
arrow), the fly is left with no extrinsic information about the 
location of the source. Yet, the fly continues her flight (red trace) 
and initiates her descent to the target with remarkable accuracy. 
Modified from Muller P and Robert D (2001) A shot in the dark: 
The silent quest of a free-flying phonotactic fly. Journal of 
Experimental Biology 204: 1039-1052. 


Research on hunting spiders clearly indicates the use of 
air velocity to detect passing prey, a strong evidence that 
the sense of hearing, as defined by the detection of har¬ 
monic or bulk air velocity, in arthropods in general may 
be vastly more widespread than previously thought. 

See also: Hearing: Vertebrates. 
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Introduction 

Animals are able to detect sound if they can couple the 
sound energy in some ways to receptor organs. Receptors 
can respond either to the motion of molecules in a sound 
field (acoustic particle motion) or to the sound pressure, the 
force acting on a given area. All tetrapods (amphibian, 
reptiles, birds, and mammals) are sound pressure sensitive, 
whereas fish, the largest groups of vertebrates comprising 
about half of all extant vertebrates (~28 000 out of 55 000 
species in total), detect the motion component in a sound 
wave (a large number of fishes can detect both). Because of 
different physical constraints, sound detectors and their 
periphery have to be constructed differently to pick up 
sound energy and excite sensory cells. 

Particle motion detectors oscillate in phase with the 
particles of the surrounding medium. In aquatic animals 
wherein the density of the medium and the body are quite 
similar, it is difficult to get relative movement between 
a sensory cell structure and the main body of the animal. 
In addition, at a given sound energy, particle displacement 
is much smaller in water than in air, which makes it even 
more difficult to evolve a sensor that responds to these 
tiny particle movements. In order to solve this problem, 
the sensory cells have to be coupled to an object that is 
denser than the surrounding tissue. This object then 
oscillates either with a lag or a lower amplitude relative 
to the sensory hairs, creating a relative motion, which 
excites sensory cells. If the denser object is made of 
calcium carbonate, which is the case in fishes (e.g., the 
otolith), then the particle motion detectors are sensitive 
only to lower frequencies. 

Particle motion detectors have one advantage com¬ 
pared to sound pressure detectors but several properties 
that make them impractical for solving many hearing 
and communication tasks. The main advantage is that 
motion detectors are inherently directional and thus can 
be used to determine the location of sound sources. Dis¬ 
advantages of motion detectors include the fact that they 
respond only to low frequencies of a few hundred hertz 
(<1 kHz). Moreover, they react only to sound close to the 
sound source, which limits sound detection to rather short 
distances and to higher amplitudes of sounds. 

Sound pressure detection evolved successfully in all 
classes of vertebrates and in arthropods as well. In order 
to detect sound pressure, animals need a thin membrane 
(often called ‘tympanum’) over an air-fdled cavity, which 
moves in and out when outside pressure is higher than in 


the cavity and vice versa. This membrane movement is 
then transmitted to sensory cells. Sound pressure has no 
inherent direction. Thus, in order to allow animals to 
localize sound sources such as vocalizing mates or terri¬ 
tory intruders, two ears are necessary, and differences 
between the ears in arrival time or intensity of sound 
can be used to extract information about the sound 
source’s location. Depending on the wavelength and size 
of the animal’s head, there exist different ways for how 
sound pressure can be used for sound source localization. 
If the ears are connected to each other and sound pressure 
acts on both sides of the tympanum, the pressure differ¬ 
ence will bend the tympanum toward the side with the 
lower sound pressure. Such pressure-gradient receivers 
are inherently directional similar to particle movement 
detectors. 

Utilizing pressure detectors, vertebrates are able to 
detect sound frequencies of up to several or even tens of 
kilohertz with upper frequency limit beyond 100 kHz 
at very low sound intensities. Sound pressure detecting 
membranes can be found either on the outside of the 
head, as in all tetrapods, or within the body as in numer¬ 
ous fishes, called ‘hearing specialists.’ Sound pressure 
detection allows animals to communicate over distances 
of up to several hundred meters or even kilometers 
such as in baleen whales. This allows the establishment 
of large territories by acoustically advertising ownership, 
attracting mates, or performing mate choice over large 
distances. 

Ears and Hearing in Fishes 

Fishes do not possess external or middle ears similar to 
tetrapods. They possess inner ears (or labyrinth) which 
consist of three semicircular canals with ampullary enlar¬ 
gements, two oriented vertically and one horizontally 
(these are similar to all other vertebrates with the excep¬ 
tion of jawless agnathans) and three otolithic end organs, 
the utricle, saccule, and lagena. In the following, we focus 
on the structure and function of bony fishes because, 
contrary to cartilaginous fishes, many species use sound 
for intraspecific acoustic communication in addition to 
orientation. Very often, the saccule is the largest otolithic 
end organ and the lagena the smallest. Each otolithic end 
organ consists of a sensory epithelium, or macula, and an 
overlying calcium carbonate otolith (ear stone). Each 
macula is built up of a large number of sensory hair 
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cells, which are usually oriented in different direction. 
The shapes of the maculae of the three otolithic endor- 
gans differ in that they could be round, moon shaped, or 
L-shaped. Sensory epithelia are smaller than the overlying 
otolith especially within the saccules where the ovoid 
otoliths (called ‘sagittae’) only contact the sensory maculae 
along an L-shaped shallow indentation. 

According to our current knowledge, fishes do not 
possess a morphological structure solely devoted to 
hearing. The majority of fishes seem to utilize the saccule 
for hearing. To what degree the saccule serves vestibular 
task such as gravity detection in addition to hearing needs 
to be explored. In a few taxa such as herrings and marine 
catfishes, the utricle might be the main auditory end 
organ. Thus, fishes are clearly distinguished from frogs, 
reptiles, birds, and mammals in not having a sensory 
structure exclusively for hearing and in not being able to 
detect sound pressure but particle motion, as mentioned 
in the introduction. Subsequently, their hearing is limited 
to low frequencies of a few hundred hertz. 

Interestingly, while all fishes are sensitive to motion of 
molecules, at least a third of all species developed accessory 
morphological structures, termed ‘hearing specializations,’ 
which enable them to detect sound pressure. Sound pres¬ 
sure detectors need a tympanum and an air-filled chamber 
to work properly. External tympana do not work when 
the animals and the medium have the same density and 
vibrate in phase, so some fishes have found another way to 
circumvent this problem. Their solution is to use internal 
tympana, by connecting gas-filled chambers, which 
undergo volume changes in an acoustic field, to the 
inner ear. Oscillations of the epithelia of such chambers 
are transmitted in various ways in nonrelated taxa to the 
inner ear and thus evolved independently several times in 
fishes. Squirrelfishes (soldierfishes, holocentrids), drums 
(sciaenids), and herrings (clupeids) possess tubelike ante¬ 
rior extension of the gas-filled swim bladder which are 
more or less in contact with the inner ear and enhance the 
hearing sensitivity of these families. The African freshwa¬ 
ter family Mormyridae, a group of weakly electric fishes, 
have an air bubble very close to the inner ear (otic bulla) 
which fulfils the same task. The Southeast Asian and 
African group of labyrinth fishes (Anabantoidei) use an 
air-breathing chamber, the suprabranchial organ, which is 
located close to the inner ear for hearing sound pressure 
waves. The most sophisticated sound pressure receiving 
mechanism evolved in otophysines, a group of fishes 
comprising carps and minnows (cypriniforms), catfishes 
(siluriforms), characins (characiforms), and knifefishes 
(gymnotiforms). This group includes ~8000 species and 
make up about two-thirds of all freshwater fish species. In 
otophysines, a series of tiny ossicles transmit oscillations 
of the anterior part of the swimbladder to the inner ear. 
These ossicles, called ‘Weberian ossicles,’ are functionally 
similar to the middle ear ossicles in mammals, but 


they differ phylogenetically because they did not derive 
from parts of jaw elements but from the anterior vertebrae 
(Figure 1). 

The aforementioned groups are often called ‘hearing 
specialists’ because they possess special structures for 
hearing. The hearing sensitivity in these specialists extends 
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Figure 1 Schematic drawings of the ears of otophysine fish, 
amphibia, and a higher vertebrate. Otophysine fish belong to 
hearing specialists and possess a connection between the inner 
ear (utricle, saccule, lagena) and an air-filled cavity (swim 
bladder). Oscillations of the swim bladder wall in the sound field 
are transmitted to the inner ear via a chain of tiny ossicles 
(Weberian ossicles). In the amphibian ear, movements of the 
tympanic membrane are transferred by the columella to the oval 
window of the inner ear. This causes fluid movements within the 
periotic labyrinth and furthermore in the otic labyrinth, which 
results in motion of the tectorial membrane relative to the hair 
cells. The bird, reptile, and mammal ear is built up of an outer ear 
(with or without a pinna), one (birds and reptiles), or three 
(mammals) middle ear ossicles and the cochlear duct of the inner 
ear. The cochlea is stretched in birds and reptiles, coiled in 
mammals, and consists of three fluid-filled canals. Movements of 
the fluids cause bending of the basilar membrane and hair cells 
relative to the tectorial membrane and stimulation of the hair 
cells. Amphibia and higher vertebrate, modified from Bradbury 
JW and Vehrencamp SL (1998) Principles of Animal 
Communication. Sunderland, MA: Sinauer Associates, Inc. 
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up to several kilohertz and to lower sound levels; thus, 
they possess much better hearing abilities than groups 
lacking accessory hearing structures (called ‘hearing non¬ 
specialists’ or ‘generalists’) (Figure 2). Some herrings 
(clupeids) such as shads are able to detect ultrasound up 
to 200 kHz, higher than bats or dolphins. This hearing 
may have evolved to detect dolphin predators. 

What were the selective forces leading to the evolution 
of sound pressure detection and thus hearing enhancement 
in certain fish taxa? Fishes are a vocal group of vertebrates 
and it is intriguing to assume that many hearing refinements 
evolved to facilitate acoustic communication. However, 
the ability to produce sounds and communicate acousti¬ 
cally is not limited to hearing specialists. Many hearing 
nonspecialists such as toadfishes (batrachoidids), cichlids, 
sunfishes (centrarchids), or gobies (gobiids) emit sounds 
in various behavioral contexts such as territorial defense, 
courtship, and spawning. Obviously, they can compensate 
for their relatively poor hearing ability by increasing the 
intensity of their sounds or by shortening the communi¬ 
cation distance under given ambient noise levels. Com¬ 
munication often takes place over a distance of a few 
centimeters, where even faint sounds are detectable by 
conspecifics. On the other hand, sound production is not a 
common feature of all hearing specialists. Among otophy- 
sines, carps and minnows (cypriniforms) are the most 
primitive groups. Interestingly, only a few representatives 
of this large order are known to vocalize and in no case has 
there been a vocal organ described. Hearing sensitivity 



Frequency (kHz) 


Figure 2 Hearing thresholds for various fishes (hearing 
generalists and hearing specialists). Hearing thresholds or 
audiograms show the softest sound an animal can hear at 
different frequencies. Dashed lines illustrate hearing curves of a 
damselfish and a cod which have a less extended frequency 
range and the swim bladder is not connected to the inner ear, 
though it is believed to play a role in hearing. Modified from 
Ladich F and Popper AN (2004) Parallel evolution in fish 
hearing organs. In: Manley G, Popper AN, and Fay RR (eds.) 
Evolution of the Vertebrate Auditory System. Springer 
Handbook of Auditory Research, pp. 95-127. New York, NY: 
Springer-Verlag. Note different x-axis ranges in Figure 2 versus 
Figures 3 and 4. 


and fine structure of hearing organs do not seem to differ 
between vocal and nonvocal genera among otophysines, 
labyrinth fishes, or mormyrids. Both groups of fishes seem 
to use the temporal patterning of sounds to code information 
about species identity, sex, and mate assessment. Dominant 
frequencies of sounds can extend to higher frequencies 
(above 1 kHz) in hearing specialists than in generalists. In 
summary, data suggest that acoustic communication was 
not the driving force for the selection of hearing enhance¬ 
ment in fishes. 

Which other constraints cause the ancestors of otophy¬ 
sines and other specialists to enhance their hearing sensi¬ 
tivity? Interestingly, specializations are often found in 
taxa, which initially arose in shallow freshwater habitats 
such as lakes, rivers, and flood plains, and they are seldom 
found in taxa from upper regions of rives or in fishes that 
evolved in marine environments except probably for the 
deep sea. The majority of freshwater fishes (more than 
two-thirds) are hearing specialists such as otophysines, 
mormyrids, and labyrinth fishes, while only a small por¬ 
tion of marine species possess hearing specializations such 
as a few squirrelfishes (holocentrids), drums (sciaenids), 
and probably deep-sea fishes. One explanation may 
be related to the limited range of propagation of low- 
frequency sounds in shallow water. As a result, to detect 
sound that comes from any distance, there would have 
been selective pressure for detection of the higher 
frequencies. Another explanation might have been that 
the detection of low-level sound in particular in quiet 
stagnant habitats was advantageous. What types of sound 
sources did freshwater specialists detect if not communi¬ 
cation sounds? Important sound sources for any animals 
are sounds that emanate from predators. Many fishes 
show a characteristic startle behavior so that the fish 
turns away from the direction of the attack of predators 
(C-start). Predator avoidance through the development or 
improvement of specific hearing abilities has been the 
major selective pressure in the evolution of ultrasonic 
hearing in flying insects. A similar response has been 
described in many species of herrings (clupeids) in response 
to dolphin-like ultrasonic pulses. Another important aspect 
of improving survival is prey or food detection. Feeding or 
swimming noises from conspecifics as well as all kinds of 
noise generated by prey species might be very important 
for the localization of prey and food items. 

Ears and Hearing in Amphibia 

The ear of adult amphibians as well as other tetrapods 
possesses an external tympanum (and thus acts as sound 
pressure receiver), a middle ear, and auditory endorgans 
in the inner ear, which are solely devoted to hearing. This 
is in contrast to fishes, which generally lack such structures 
(Figure 1). 
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The tympanum or ear drum is easy to see from outside 
because it is a large round membrane located immediately 
behind the eyes in frogs and toads. The middle ear con¬ 
sists of an air-filled cavity and a column-like ossicle, the 
columella (which includes a small extracolumella), which 
transmits the vibrations of the tympanum to the oval 
window, a thin epithelium of the inner ear. This columel- 
lar system primarily conducts airborne (and sometimes 
waterborne) sound in adult anurans and urodeles. Besides 
this columellar pathway, amphibians possess a second 
sound transmission pathway, the opercular subsystem for 
the detection of seismic signals borne through the ground. 
The opercular system consists of a muscle connecting the 
shoulder girdle to the operculum, a moveable skeletal 
element which is located in the oval window. Thus, vibra¬ 
tions of the ground are picked up by the forelimbs 
and transmitted via the shoulder girdle to the inner ear. 
Tadpoles do not possess ear drums (tympana) - these 
develop during metamorphosis - but use extratympanic 
pathways such as lungs for sound detection similar 
to the way certain fishes use their swim bladders for 
hearing. Thus, amphibia have the ability to hear effi¬ 
ciently underwater, underground and in air, an ability 
few if any other vertebrates have (Figure 1). Frogs and 
toads listen to the ground and to the air at the same time, 
whereas urodeles (newts and salamanders) mainly listen 
to the ground. 

Besides these various sound-conducting pathways, the 
amphibian ear is unusual in the number of end organs the 
inner ear contains. All anurans and some urodeles contain 
eight endorgans, three of them (saccule, amphibian papilla, 
and basilar papilla) seem to serve entirely acoustic functions 
(auditory and/or seismic/ground vibrations). Acoustic signals 
arriving at the oval window by the tympanic or extratym¬ 
panic pathways are channeled via the periotic labyrinth 
to the acoustic sensors in the otic labyrinth (saccule, 
amphibian, and basilar papillae). Movement of the oval 
window causes fluid flow in the periotic labyrinth and via 
contact membranes movement in the endolymph of the 
otic labyrinth. Contact membranes are thin membranes 
where epithelia of the periotic and the otic labyrinth fuse 
and where acoustic energy is transmitted to the endo¬ 
lymph. The saccule, the amphibian, and basilar papillae 
differ in general structure. The saccule is an otolithic end 
organ where calcium carbonate crystals called ‘otoconia’ 
cover the apical part of the sensory hair cells, while the 
amphibian and basilar papillae lack otoconia but possess 
tectorial membranes instead. 

The acoustic frequency range seems to be divided 
among the saccule, amphibian papilla, and basilar papilla. 
The anuran saccule exhibits the best excitatory frequency 
typically below 100 Hz and is exquisitely sensitive to 
substrate vibrations (seismic signals). Many frogs are 
thus able to detect enough low-frequency energy to be 
very sensitive to approaching predators. The amphibian 


papilla responds to frequencies ranging from 100 Hz to 
~ 1200 Hz. The basilar papilla responds to frequencies 
higher than those detected by the amphibian papilla and 
is generally tuned to some component of the animal’s calls 
at several kilohertz. The saccule and amphibian papilla 
seem to be more general-purpose acoustic sensors providing 
tuning over a broad frequency range. The American green 
tree frog Hyla cinerea shows maximal sensitivity to a fre¬ 
quency of 900 Hz representing a spectral peak in its 
advertisement call. Moreover, the audiogram shows a second 
dip in threshold around 3000 Hz, near the dominant high- 
frequency peaks in its call. 

In general, amphibian hearing curves show maximal 
sensitivity between 600 and 1000 Hz similar to hearing 
specialists in fishes. Unlike fish, hearing in amphibia is 
limited to frequencies below 6000 Hz, with sensitivity 
somewhat less than that measured in other vertebrates 
(Figure 4). Under certain circumstances such as high 
ambient noise level near waterfalls, some Asian frogs switch 
to ultrasonic acoustic communication. 

Ears and Hearing in Birds and Reptiles 

Among vertebrates, birds are one of the most vocal 
groups. Many birds rely strongly on their sense of hearing 
for communication in social contexts and for alarm signals. 
Among reptiles, crocodiles and geckos are also vocal, a 
rare trait in reptiles. 

The ears of birds are built up of an outer ear consisting 
of an external auditory meatus, a middle ear, and an inner 
ear. On the tympanum inserts a columella (or stapes 
similar to amphibians), which crosses the middle ear cavity 
and ends with its footplate into the oval window of the 
cochlear duct next to the round window. The cochlea is 
not coiled as in mammals but bent and somewhat twisted. 
It consists of three fluid-filled canals and one single sen¬ 
sory epithelium entirely devoted to acoustical functions. 
Adjacent to the oval window follows the scala vestibuli 
and the scala tympani which ends in the round window. 
Both scalae are connected with each other at the apical 
end of the cochlear duct, and both are filled with peri¬ 
lymph (Figure 1). Between both fluid-filled canals lies the 
endolymphatic scala media which is separated from the 
scala tympani by the basilar membrane. 

In the avian auditory sensory epithelium (basilar 
papilla), hair cells are not arranged in rows as in mammals 
but form a mosaic. The sensory epithelium is shorter 
(4—5 mm, maximum: 11 mm) and wider than that of a 
typical mammal. A typical cross section shows up to 50 
hair cells, as against four to six in mammals. There are 
no structural grounds to distinguish discrete types of hair 
cells in the avian papilla. Hair cell height is roughly 
correlated with response frequency, being generally 
shorter in birds hearing higher frequencies, and shows 
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a reduction in height toward the base of the papilla. 
The basilar membrane is tonotopically organized with 
low frequencies encoded at the apical end and high fre¬ 
quencies at the base of the papilla. The tectorial mem¬ 
brane covers the entire papilla in all species and all hair 
cells are firmly attached to it. 

Birds are sensitive to frequencies from 100 Hz up to 
10 kHz and hear best at frequencies between 1 and 5 kHz. 
The barn owl Tyto alba has exceptional high-frequency 
sensitivity that exceeds 10 kHz, while the dove Columba 
livia is sensitive to infrasound (10 Hz). Based on phylogeny 
and hearing, three groups of birds can be defined. Median 
audibility curves illustrate general trends (Figure 3). Song 
birds (Passeriformes such as sparrows, tits, starlings, and 
crows) hear better at higher frequencies than nonsongbirds 
such as chicken (Galliformes), ducks and geese (Anseriformes), 
doves (Columbiformes), and falcons (Falconiformes). There¬ 
fore, high-frequency 8-kHz alarm calls of great tits, and 
related songbirds are mostly inaudible for their predators 
such as sparrow hawks. On the other hand, nocturnal 
predators such as owls hear better than both former groups 
over the entire frequency range. 

The main energy of bird vocalizations falls within the 
frequency region of their best hearing sensitivity. Thus, 
intraspecific communication was most likely the main selec¬ 
tive force in the evolution of their hearing abilities. Owls 
constitute an exception because their absolute sensitivity 
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Figure 3 Median hearing thresholds curves from reptiles 
(black) and birds (birds). In reptiles, the uppermost curve is from 
snakes that have no external ear opening, the lowest curve 
showing highest sensitivity from crocodiles. In between, curves 
from lizards and turtles are located. Lizards and crocodiles 
possess the best hearing sensitivity at higher frequencies. 

In birds, the lowest hearing curve and thus best hearing 
sensitivity is found in nocturnal predators such as owls. The 
curve in between is from songbirds. Worst high-frequency 
hearing sensitivity is found in the evolutionary older nonsongbirds 
such as geese, falcons, and doves. Modified from Dooling RJ, 
Lohr B, and Dent ML (2000) Hearing in birds and reptiles. In: 
Dooling RJ, Fay RR, and Popper AN (eds.) Comparative Hearing: 
Birds and Reptiles. Springer Handbook of Auditory Research, 
pp. 308-359. New York, NY: Springer-Verlag. 


is driven by their predatory lifestyle and less by the 
correlation between the distribution of the energy in 
their vocal repertoire and the hearing sensitivity. Interest¬ 
ingly, oilbirds Steatornis that produce clicks and detect 
their echoes did not evolve high-frequency ultrasonic 
hearing such as bats and dolphins, but have auditory 
curves similar to other birds because the main energy of 
echolocation pulses falls in the 1.5-2.5 kHz range. Oilbirds 
use echolocation only for orientation in the darkness of 
caves, where they roost and nest and not primarily for 
hunting small prey species such as echolocating mammals 
(bats and dolphins). 

Hearing in reptiles depends on the presence or absence 
of external ear openings and tympana. In reptiles with 
external ear structures, the tympanic membrane is visible, 
either nearly contiguous to the surface of the skin (as with 
iguanids such as the green iguana), or recessed deeper 
into the head. Crocodilians are the only reptiles with an 
outer ear that moves. A mobile flap of skin allows the 
crocodilians to close their external ears to a thin slit when 
they are under water. Snakes have no tympanum and the 
columella is attached to the quadrate bone which is linked 
to the lower jaw. Snakes are more sensitive to vibrations in 
the ground than to airborne sounds. 

Our knowledge of reptile hearing comes almost exclu¬ 
sively from physiological recordings (either from the ear 
or from nerve recordings) contrary to that of birds whose 
hearing was studied primarily by behavioral training 
methods. Reptiles are sensitive to frequencies from 
100 Hz up to 4-8 kHz. As a rule, reptiles without an 
external ear opening show absolute sensitivities roughly 
20-30 dB higher than other groups. Snakes reveal best 
hearing at 100-500 Hz. Lizards and crocodilians, two 
relatively derived groups, exhibit better hearing at higher 
frequencies. In crocodilians, best frequencies are between 
200 and 1000 Hz with a level of sensitivity approaching 
that of most birds (Figure 3). In crocodiles, some lizards 
such as geckos, and some turtles, hearing serves intraspecific 
acoustic communication during territorial contests, mat¬ 
ing and parent-offspring communication (crocodiles). In 
nonvocal reptiles, hearing probably functions in predator 
avoidance and prey detection partly through the detection of 
ground vibration. 


Ear and Hearing in Mammals 

Mammals differ from fishes, amphibian, reptiles, and birds 
in the morphology of the ear as well as in the audible 
frequency range, which is significantly broader than in 
other vertebrate classes due to the ability to detect higher 
frequency sound. 

The mammalian ear differs in the external, middle, and 
inner ear morphology from other vertebrates. The exter¬ 
nal ear consists of large pinna, which is often moveable 
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and which enhanced sound intensity at the tympanum 
and provides frequency-dependent directional cues. 
A moveable tragus (bats) may function as a valve to control 
sound intensities. The pinna surrounds the tube-like ear 
canal which ends at the tympanum. The middle ear con¬ 
sists of three articulated tiny ossicles (malleus/hammer, 
incus/anvil, stapes/stirrup) (Figure 1). The leverage and 
the small size of the bones make the whole system very 
sensitive to higher frequencies. The inner ear contains the 
cochlear duct, which consists of three fluid-filled canals 
(scalae vestibuli, media, and tympani). The cochlea is two 
to three times longer and narrower than in birds and 
coiled. The sensory structure known as ‘the organ of Corti’ 
possesses two classes of hair cells: one row of inner hair 
cells and 3-5 rows of outer hair cells separated by tunnels 
all of which are covered by a tectorial membrane. Outer 
hair cells are innervated from the brain, undergo length 
changes in response to stimulation, and in some way, 
control and amplify the sensitivity of the inner hair cells. 
Sound pressure changes arriving at the tympanum are 
transmitted by the middle ear ossicles to the oval window 
and propagate in the scala vestibuli. They generate a traveling 
wave in the basilar membrane and exhibit a peak of 
maximum displacement at a specific location that is 
determined by the frequency of the acoustic stimulus. 
High-frequency stimulation causes maximum displacement 
near the base of the cochlea, and low frequencies near the 
apex (tonotopic arrangement). 

Special adaptations to aquatic life are found in aquatic 
mammals. The pinnae may be reduced (seals) or completely 
missing (whales). The opening of the ear canal is missing 
in whales or wax-filled and the tympanic membrane 
unrecognizable but middle ear ossicle are existent. It is 
assumed that sound is transmitted to the middle ear in 
various ways. In dolphins, echolocation sound is picked up 
by the lower jaw and transmitted in a fat-filled canal to the 
middle ear. 

The audible frequency range of mammals is generally 
broader than that in other vertebrates, extends up to 
180 kHz, and reveals a large diversity. Some species are 
able to detect low frequencies and even infrasound such 
as large terrestrial and aquatic mammals, for example, 
elephants and baleen (plankton feeding) whales. Infrasound 
detection enables animals to communicate over long dis¬ 
tances. Elephants can detect sounds up to kilometers and 
baleen whales up to dozens of kilometers. A majority 
of mammals, including cats, dogs, horses, and rodents, are 
able to detect ultrasound either for intraspecific communi¬ 
cation purposes or for the detection of predators and prey. 
Hearing of ultrasound up to 100 kHz and higher is particu¬ 
larly well developed in echolocating mammals such as 
bats and dolphins (Figure 4). High-frequency hearing is 
linked to their predatory lifestyle, because they need to 
create sound waves with wavelengths shorter than the 
body size of their prey species (e.g., moth in bats or fish in 



Figure 4 Hearing threshold curves from some frogs and 
several mammals. For comparative purposes, hearing thresholds 
of birds (dotted lines) have been added to this comparison. 
Hearing extends up to higher frequencies in birds as compared to 
frogs but cannot compete with that of mammals, a vertebrate 
class where the audible frequency range regularly extends into 
the ultrasonic region. The lowest detectable frequencies are 
found in the elephant (left most curve), the highest in bats and 
dolphin (both right most curves). Data from Fay RR (1988) 
Hearing in Vertebrates: A Psychophysics Data Book. Winnetka, 
IL: Fay-Hill Associates; Dooling RJ, Lohr B, and Dent ML (2000) 
Hearing in birds and reptiles. In: Dooling RJ, Fay RR, and Popper 
AN (eds.) Comparative Hearing: Birds and Reptiles. Springer 
Handbook of Auditory Research, pp. 308-359. New York, 

NY: Springer-Verlag. 

dolphins) in order to discriminate objects reasonably well. 
Besides ultrasonic clicks, toothed whales produce social 
sounds at much lower frequencies, which are outside 
their best hearing range. 

The upper frequency limit of hearing in a wide range 
of mammals is correlated with the effective head size. As 
distances between ears decrease, the sound frequencies 
required to generate detectable interaural intensity differ¬ 
ences increase. Therefore, high-frequency hearing and 
subsequently acoustic communication seem to be an 
adaptation for the localization of sound sources in small¬ 
sized species. Mammals lack connections between both 
ears. Such connections enable small animals, such as frogs, 
birds, and reptiles, to create a pressure gradient at a single 
sound detector and improve directional hearing. 
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Introduction 

Animals rarely act in isolation. The vast majority of ani¬ 
mals live within a social environment, their lives being 
affected by the presence and activities of the other indi¬ 
viduals around them. For example, foraging, mating, rear¬ 
ing young, predator defense, and practically every aspect 
of an individual’s behavior will be influenced in some way 
by others around them. Many of us are genuinely fasci¬ 
nated by the wide spectrum of social interactions we see 
across the diversity of animal life. This may be so because 
everybody has a social life, and much of the interest 
probably emerges from comparisons with our own social 
situation. On the other hand, our fascination may be in 
understanding the widespread existence of social beha¬ 
viors between individuals. These social interactions, 
which can be in the form of cooperation or conflict, can 
occur over a wide range of strategies and at various levels. 
Individuals cooperate in hunting, food sharing, fending off 
enemies, and migrating from one site to another. 

Many animals live and breed in colonies, and males 
and females interact when mating and/or caring for off¬ 
spring. Behavior that provides a benefit to another indi¬ 
vidual and importantly, has evolved at least partly because 
of this benefit can be defined as cooperative. But why 
should an individual carry out a cooperative behavior 
that appears costly to perform, but benefits other indivi¬ 
duals? This question seems to be hard to answer from an 
evolutionary perspective. Evolutionary theory states that 
selection favors individuals who efficiently translate 
resources into survival and reproductive success, thus 
maximizing their genetic contribution to future genera¬ 
tions. Evolutionary theory predicts that individuals are 
adapted to maximize their own fitness even if it leads to a 
decrease in fitness of their partner or of other group or 
family members. This would appear to lead to a world 
dominated by selfish behavior. As such, cooperative beha¬ 
viors pose a problem to evolutionary theory because they 
appear to reduce the relative fitness of the performer and 
hence should be selected against. As cooperation is appar¬ 
ent throughout the natural world, there must be a solution 
to this paradox. As a consequence, the evolution of invest¬ 
ment should be driven by the relative costs and benefits of 
investment. For example, the amount of care provided by 
the male to offspring may be adjusted in line with his 
confidence of genetic parentage. 

In the last few decades, detailed long-term studies, 
which use modern molecular techniques to accurately 


determine genetic relationships, have revealed the true 
diversity and complexity of breeding systems and have 
changed our perception of monogamy radically For 
example, in passerines (less accurately known as ‘song¬ 
birds’ with around 5000 species), true genetic monogamy 
(i.e., all offspring are fertilized within the social pair-bond) 
occurs only in few studied species, while extrapair pater¬ 
nity (i.e., offspring resulting from fertilizations outside the 
social pair-bond) occurs regularly in most studied species. 

While many instances of apparent cooperation are, after 
detailed investigation, explicable as the selfish motives of 
individuals, other forms of cooperation have proved more 
difficult to explain (for the hierarchical structure leading 
to cooperative breeding and for the different forms of 
cooperative breeding, see Figure 1). For example, in 
some species, individuals live and breed in bisexual 
groups of three or more adults and share in providing 
parental care at a single breeding attempt. Some of these 
adults are mature individuals that do not breed indepen¬ 
dently but instead act as helpers that care for young that 
are not their own genetic offspring, as in Florida scrub- 
jays ( Aphelocoma coerulescens ; Figure 2). 

Typically, such cooperative breeding systems comprise 
family groups - for example, a breeding pair and their 
offspring - that live together on permanent, stable, all¬ 
purpose territories. However, cooperative breeding sys¬ 
tems may also comprise individuals that help unrelated 
dominants to raise offspring. Systems may include a 
breeding pair assisted by nonbreeding helpers, as in gray 
wolves ( Canis lupus) and naked mole-rats ( Heterocephalus 
glaber ; Figure 2). Although in most species cooperative 
breeding groups contain only a small number of helpers, 
in several species they may contain dozens, or even, as in 
the naked mole-rat, hundreds of helpers. Alternatively, a 
dominant pair may be accompanied by subordinates, ol 
one or both sexes, that share reproduction with the domi¬ 
nant of the opposite sex, as in Lake Tanganyika cichlids 
[Neolamprologuspulcher, Figure 2), dwarf mongoose ( Helogale 
parvula ), meerkats ( Suricata suricatta ), superb fairy-wrens 
(Malurus cyaneus ), and Seychelles warblers ( Acrocephalus 
sechellensig Figure 2). Among vertebrates, cooperative 
breeding is found in at least 9% of birds, 3% of mammals, 
and in some fish species, with a particularly high frequency 
of 19% in oscine passerine species, that is, the true songbird 
species, and in Australian birds and in primate species. 
Whatever the structure of the system (for the various 
forms of helping, see Figure 1), the fact that cooperative 
breeding systems consist of individuals that spend part, 
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Figure 1 Hierarchical structure of decisions leading to 
cooperative breeding. 

or all (i.e., naked mole rats), of their lives helping others to 
reproduce provides an intriguing evolutionary paradox. 
For example, when one of these subordinates has found 
food, why should it hand it over to one of the offspring of 
the dominant pair? How can we reconcile this behavior 
with selfish interests and the struggle for survival and 
reproduction? 

The aim of this review is to discuss the evolution of 
cooperative breeding in vertebrates and to investigate 
how ecological and environmental factors may lead 
to such behavior. We discuss cooperative breeding behav¬ 
ior in relation to habitat use and quality, indirect and 
direct fitness benefits; resource competition and social 
interactions; social behavior and population dynamics; 
and interspecific interactions. Throughout, we use the 
term ‘subordinates’ for mature individuals that cohabit 
with the dominant breeding pair either as nonhelpers, 
nonreproducing helpers, or breeding helpers. 

Evolution of Cooperative Breeding 
Systems: Kin-Selected Benefits 

Although the existence of helpers within cooperative 
breeding systems has been known for many years, it was 
not until Hamilton and Maynard Smith developed the 
theory now referred to as ‘kin selection,’ that there was 


a firm foundation for the empirical study of cooperative 
breeding. These authors argued that the total number of 
genes, identical by descent to its own, that are present in 
subsequent generations, determines the fitness of each 
individual. Consequently, nonbreeding subordinates can 
increase their fitness indirectly through enhancing the 
reproductive success of related individuals (which carry 
the same genes), the increased survival of recipient young, 
and through increased parental survival or future breed¬ 
ing success. There are multiple lines of evidence that the 
presence of helpers increases fledging success, food deliv¬ 
ery rates, nestling growth rates, and parental survival. By 
helping a close relative reproduce, an individual is still 
passing copies of its genes on to the next generation 
indirectly. Cooperative behaviors that are costly to the 
actor and beneficial to the recipient are termed altruistic 
and indirect fitness effects are the best explanation for 
their evolution. Hamilton realized that their evolution 
would be affected by relatedness. In other words, allopar- 
ental care will be favored by selection only if rb — c > 0, 
where ris the genetic relatedness between the helper and 
the offspring helped, b is the fitness benefit to the offspring 
helped, and c is the fitness cost of helping. Hamilton’s rule 
therefore predicts greater levels of cooperation when the 
benefits ( b ) or relatedness (r) is higher, and lower levels 
when the costs of behaving in such a manner are higher. 
These indirect, or kin-selected, benefits had been widely 
regarded as being of fundamental importance in the evo¬ 
lution of cooperative breeding systems, but such benefits 
can be accrued only if helpers assist their relatives. 
Helpers can accrue the largest indirect fitness gains by 
providing aid to the closest genetic relatives (‘kin discrim¬ 
ination’). As a consequence, Komdeur and Hatchwell 
suggested that the ability to discriminate between indi¬ 
viduals or groups of individuals and to assess the related¬ 
ness of social partners plays a major role in the evolution 
of social behavior. Only by responding differently to kin 
and nonkin can an individual maximize the fitness bene¬ 
fits delineated by inclusive fitness. Individuals should, 
therefore, possess some mechanism or rules for identify¬ 
ing their kin and assessing their relatedness to social 
partners. 

It is clear that a degree of relatedness between the 
helpers and the helped is essential if indirect benefits are 
to be accrued. High relatedness between interacting indi¬ 
viduals within groups can be a result of active kin discrimi¬ 
nation - where an individual distinguishes relatives from 
nonrelatives and preferentially helps relatives — or merely 
a consequence of limited dispersal (see Section ‘Access to 
Reproduction: Role of Ecological Constraints’). Active 
kin discrimination has been demonstrated in several co¬ 
operatively breeding vertebrates, such as long-tailed tits 
(Aegithalos caudatus\ Figure 2). In this species, all mature 
individuals try to breed independently each year, but if 
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their breeding attempt fails, these failed breeders may 
help raise offspring at another nest. Observations showed 
that helpers usually assist at the nest of a relative, and 
their help has a significant effect on nestling recruitment 
so that helpers accrue a substantial kin-selected indirect 
fitness benefit from their cooperation. However, an appar¬ 
ent kin preference could emerge simply by failed bree¬ 
ders becoming helpers at the closest available nest in a 
kin-structured population. In fact, this is not the case; 
an active choice of kin was demonstrated in an experiment 
where the success of breeding attempts was manipulated 
to offer potential helpers (i.e., failed breeders) the choice 
between equidistant broods belonging to kin and those 
belonging to nonkin: helpers preferentially helped kin. 

Playback experiments by Sharp and colleagues have 
shown that long-tailed tits can discriminate between kin 


and nonkin on the basis of their vocalizations. The calls 
that provide cues for discrimination develop during the 
last few days of the nestling period and as adults, calls are 
individually distinctive. Moreover, the calls of siblings 
are more similar than those of nonsiblings. Partial cross- 
fostering of nestlings among unrelated broods showed that 
cross-fostered birds that survived to adulthood had calls 
that were more similar to their foster siblings and foster 
parents than to their true siblings reared apart or their 
true parents. Thus, the characteristics of calls that can be 
used as kin recognition cues are learned during develop¬ 
ment rather than being genetically determined. Further¬ 
more, the recognition template must develop in a similar 
way because foster siblings did not discriminate between 
related and unrelated brood mates when deciding which 
to help as adults. This leads to a situation in which 
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Figure 2 Continued 
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Figure 2 Six species used in studies investigating the evolution of delayed dispersal and cooperative breeding (a-f) and the evolution 
of delayed dispersal and the absence of cooperative breeding (f) in vertebrates: (a) naked mole-rat (Heterocephalus glaber, photo: R.A. 
Mendez); (b) Lake Tanganyika cichlid (Neolamprologus pulcher). A breeding group defending their territory against the predatory fish 
Lepidiolamprologus elongatus (photo: M. Taborsky); (c) Seychelles warbler (Acrocephalus sechellensis, photo: D. Ellinger); (d) long¬ 
tailed tit (Aegithalos caudatis, photo: A. MacColl); (e) white-winged choughs (Corcorax melanorhamphos, photo: P. Thistle); (f) Florida 
scrub-jay (Aphelocoma coerulescens, photo: Mwanner); (g) Siberian jay (Perisoreus infaustus). Offspring do not provide alloparental 
care while in the family groups (photo: J. Ekman). 


individuals tend to help relatives which they have been 
associated with during the nestling phase. 

However, in most species helpers usually accrue lower 
mean indirect fitness returns by helping than they do by 
breeding independently. Indeed, in some systems where 
subordinates are unrelated to the dominant breeders, such 
indirect benefits are not possible at all. Thus, cooperative 
behavior can be seen as a best-of-a-bad-job strategy, 
adopted when opportunities for independent breeding 
are limited. Therefore, understanding why mature indi¬ 
viduals do not, or cannot, breed independently is the key 
to understanding the evolution of cooperative breeding. 
As such, the evolution of vertebrate cooperative breed¬ 
ing systems can be viewed as a two-step process; first, 
the decision by mature individuals to join a group and 
forgo independent breeding, and second, the decision by 
subordinates in a group, to become helpers (Figure 1). 


The first step should be the key to the formation of 
family units and is usually attributed to the existence 
of ecological constraints, such as a shortage of breeding 
territories or mates, that prevent offspring from indepen¬ 
dent breeding (‘ecological constraints’ hypothesis). The 
second step envisages that individuals that have already 
delayed dispersal can gain a net benefit through helping 
(‘benefits of philopatry’ hypothesis). 

Access to Reproduction: Role of 
Ecological Constraints 

The ‘ecological constraints’ hypothesis has been widely 
accepted as explanation for the evolution of delayed dis¬ 
persal and group living. The logic behind the role of 
environmental conditions comes from the fact that 
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remaining and not breeding paves the way for the forma¬ 
tion of family groups while offspring may chose to wait for 
a breeding opportunity at their birth site. Offspring are 
expected to delay dispersal if the benefits they receive due 
to increased survival or increased probability of current 
or future reproduction exceed the benefits they would 
receive if they were to float or attempt to disperse to 
another site. A critical prediction of the constraints 
hypothesis is that helpers are making the best of a bad 
job and would become breeders if given the chance. 
Numerous observational studies have found a positive 
association between the severity of constraints - such as 
shortage of adequate breeding territories, high dispersal 
costs, a shortage of breeding partners - and the postpone¬ 
ment of dispersal. However, these observational studies do 
not demonstrate causation. Cogent support for a causal 
role of‘ecological constraints’ in delay of the reproductive 
debut is found in experimental studies in which con¬ 
straints are artificially relaxed. 

Experimental removal of breeders results in helpers 
of the same sex as the removed birds abandoning helping 
and moving to occupy the vacant breeding opportuni¬ 
ties. For example, Walters and colleagues found that 
in red-cockaded woodpeckers ( Picoides borealis) the provi¬ 
sion of new nest sites induced helpers to leave home 
and establish breeding territories. In acorn woodpeckers 
(Melanerpes formicivor), experimental removal of the sole 
breeder of one sex created a ‘power struggle’ over the 
resulting reproductive vacancy involving a large number 
of philopatric offspring from other territories. The con¬ 
tests often lasted for several days. Similarly, in Seychelles 
warblers, the number of territories with subordinates 
increased as the habitat became saturated. Seychelles 
warblers were previously endangered because their 
range is restricted to a few small Seychelles islands. By 
1940, anthropogenic disturbance had pushed this species 
to the verge of extinction and less than 29 individuals 
remained on the island of Cousin. In 1968, when the 
population consisted of just 26 individuals, habitat resto¬ 
ration programs were implemented. Over the following 
30 years, the population grew impressively. By 1982, the 
population had grown to nearly 320 birds. No cooperative 
breeding was reported among Seychelles warblers until 
1973, roughly the time at which all suitable breeding habi¬ 
tats become occupied. In essence, young Seychelles war¬ 
blers delayed dispersal and stayed in their natal territories as 
the habitat became saturated with territories. To enhance 
the numbers of this endangered species, birds were intro¬ 
duced onto three nearby, previously unoccupied islands. 
To obtain birds for these transfers, breeding adults were 
removed from occupied territories on the original island. 
By this it was possible to create breeding opportunities. 
In the Seychelles warbler, removal of a breeder from a 
territory resulted in subordinates of the same sex rapidly 
moving in from other groups to fill the breeding opportunity. 


Dispersal not only requires vacant breeding territories, 
but more generally it also requires other resources like 
breeding mates and access to food. For example, families 
of superb fairy wrens (M. cyaneus) consist predominantly 
of parents and grown sons. The creation of male breeding 
vacancies through removal of breeding males caused the 
dissolution of family groups, with mature-nonbreeding 
sons leaving home to fill these vacancies. However, when 
vacant territories without a breeding partner were created 
by removal of the breeding pair, male helpers did not 
disperse. Therefore, habitat and mate availability are 
both important constraints in these species. Dispersal as 
well as natal philopatry can also be induced through 
manipulations of food levels. In a unique experiment, 
the natural food resources were depleted in family terri¬ 
tories of western bluebird ( Sialis mexicana). In winter, 
western bluebirds are dependent mainly on berries of 
the oak mistletoe ( Phoradendron villosum) for food. After 
removal of half of the mistletoe by volume, sons (the 
philopatric sex) left the depleted territory. Fikewise off¬ 
spring in a Spanish population of carrion crows ( Corvus 
corone corone) that were given additional food (dog food) in 
their birth territory were more likely to delay dispersal. 
These experiments show that offspring are more likely to 
stay when territories are of higher quality in terms of food 
levels. 

Cooperative Breeding: Adaptive 
Responses Under Individual Control 

Yet, despite the aforementioned evidence for a causal role 
(referred to as proximate role) of ‘ecological constraints’ 
on limiting immediate dispersal, there should also be 
adaptive motives of staying (referred to as ultimate role). 
As such, Emlen further developed the ‘ecological con¬ 
straints’ hypothesis. He suggested that dispersal and inde¬ 
pendent reproduction should be delayed only when it 
carries compensating fitness gains over the lifetime. In 
other words, the seeming contradiction between the 
facts that a postponement of dispersal is constrained by 
environmental conditions while it should simultaneously 
be an adaptive choice can be reconciled by the difference 
in perspective. 

The ‘ecological constraint’ hypothesis was later refined 
by Stacey and Figon with a new perspective on the 
importance of variation in habitat quality for the evolu¬ 
tion of cooperative breeding. The ‘benefits of philopatry’ 
hypothesis they put forward predicts that young will stay 
on high-quality territories because the direct benefits of 
increased survivorship and access to high-quality terri¬ 
tories, combined with indirect benefits due to helping, 
exceed the fitness expectations for individuals dispersing 
to breed independently on available low-quality terri¬ 
tories. The idea was important because it focused on 
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individual assessment and demonstrated that the decision 
to delay dispersal and help should he based not on the 
average fitness of helpers versus breeders, nor on the absolute 
availability of breeding habitat, but on the relative fitness 
consequences of the helping and breeding options avail¬ 
able to an individual at any given point in time. In the 
‘benefits of philopatry’ hypothesis, the benefits of helping 
and staying are no longer viewed separately An individual 
that gains inclusive fitness benefits by helping on a high- 
quality territory should not move to a low-quality territory 
where its inclusive fitness benefits, through direct repro¬ 
duction, will be comparatively low. Therefore, the delay 
in dispersal should be seen as a trade-off decision under 
individual control. 

Direct comparisons of lifetime reproductive success of 
individuals delaying dispersal with that of individuals that 
do not delay dispersal provide the strongest evidence for 
an adaptive delayed dispersal. An understanding of the 
role of ‘ecological constraints’ for natal philopatry has 
been severely hampered by the fact that the consequences 
of behavior have rarely been assessed in a lifetime per¬ 
spective. This is so because in most studies calculations of 
the total lifetime reproductive success of each individual 
are hampered because survival and reproductive esti¬ 
mates are confounded by dispersal outside the study 
population and the complex patterns of shared parentage 
of broods and extrapair parentage which may go unno¬ 
ticed. However, those studies capable of addressing fitness 
values through the relative difference in the lifetime 
reproductive success rather than the proximate control 
of immediate dispersal show that the prospects from 
delaying dispersal may indeed not be bleak at all. 

The early 1990s saw the first experimental evidence 
for the simultaneous importance of both habitat satu¬ 
ration and variation in habitat quality with work by 
Komdeur on the Seychelles warbler. In this species, the 
benefits, in terms of future breeding success and survival, 
of remaining on high-quality territories (high insect food 
abundance) as nonbreeders outweigh the benefits of inde¬ 
pendent breeding on lower quality territories (lower 
insect food abundance). Consequently, nonbreeding 
Seychelles warblers did disperse to take up a breeding 
vacancy only in territories classified as of high quality, 
and conversely nonbreeding individuals from high- 
quality territories rarely dispersed to fill vacancies in 
territories classified as of low quality. The translocations 
of individuals to previously unoccupied islands allowed 
this result to be experimentally verified. First, all of the 
offspring initially produced by translocated birds on 
‘unsaturated’ Aride and Cousine dispersed from their 
natal territories as yearlings, and none became helpers. 
Thus, in the absence of habitat saturation, delayed 
dispersal and cooperative breeding simply did not occur. 
Only later, when all of the high-quality areas on Aride and 
Cousine became occupied, did young birds from the best 


territories begin to remain on their natal territories and 
act as helpers. This occurred, even though there was 
abundant space in lower quality areas to establish terri¬ 
tories and to breed independently. Second, in the original 
population on Cousin breeding vacancies created by 
breeder removals were filled immediately (some within 
hours) by formerly nonbreeding helpers, which dispersed 
from territories of the same or lower quality (Figure 3). 
In other words, nonbreeders from high-quality terri¬ 
tories dispersed to fill vacancies on other high-quality 
territories, but did not fill medium- or low-quality vacan¬ 
cies because in the latter case helping on high-quality 
territories remained a better option than breeding on 
superior-quality territories. Similarly, nonbreeders from 
medium-quality territories never filled vacancies on 
low-quality territories (Figure 3). These results clearly 
demonstrate that dispersal decisions by warblers are influ¬ 
enced by the relative quality of both the natal and vacant 
territory. That the offspring can actually do better over 
life by delaying dispersal was also demonstrated for the 
Siberian jay (Perisoreus infaustus\ Figure 2), the mountain 
gorilla (Gorilla beringei beringei ), and the green woodhoopoe 
{Phoeniculus purpureus) (see Komdeur and Ekman, 2009). 

These studies confirm that the ‘benefits of philopatry’ 
hypothesis can be accommodated within the ‘ecological 
constraints’ hypothesis by recognizing that these hypoth¬ 
eses differ only in the emphasis they place on either the 
costs of leaving or the benefits of staying. This realization 
has resulted in a more inclusive approach to investigating 
the evolution of delayed dispersal and helping, with 


n 38 26 41 



Quality vacancy 

Figure 3 The effect of quality of breeding vacancies on Cousin 
Island on the origin of individual Seychelles warblers that filled 
the vacancies (n, number of vacancies; from Komdeur, 1992). 
Mean quality territory: gray bars, low; white bars, medium; black 
bars, high. Komdeur J (1992) Importance of habitat saturation 
and territory quality for evolution of cooperative breeding in the 
Seychelles warbler. Nature 358: 493-495. 
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emphasis on individual fitness-based decisions. Since the 
1990s, this approach has accounted for most of the prog¬ 
ress toward understanding cooperative breeding systems 
in the last decades. 

Cooperative Breeding in the Absence of 
Kin-Selected Benefits 

Until the late 1990s, the indirect, or kin-selected, benefits 
have been widely regarded as being of fundamental 
importance for the evolution of cooperative breeding 
systems. However, the case for kin selection in the evolu¬ 
tion of cooperative breeding systems is not as strong 
as once considered, especially for vertebrates. First, 
although most social vertebrate groups consist of relatives, 
it is not clear that relatedness is consistently higher in 
cooperative breeders than in species that live in stable, but 
noncooperative, groups. Second, in many systems the 
amount of help given does not vary with the relatedness 
of the subordinates and in some systems totally unrelated 
helpers often occur within groups. Third, the magnitude 
of indirect fitness benefits relative to direct fitness benefits 
may have been overestimated because of factors such as a 
failure to recognize the costs of competing with kin, the 
confounding effect of individual or territory quality, or an 
underestimation of the extent of cobreeding by subordinates. 
Finally, extragroup paternity (with young sired by males 
from outside the group) occurs in many cooperative systems. 
This complicates our understanding of cooperative breeding 
as extragroup parentage will reduce relatedness between 
subordinates and the offspring they help to raise and con¬ 
sequently, the potential indirect benefits of helping. 

Given that the case for kin selection for helping behav¬ 
ior is not as strong as once considered, there has been a 
trend of shifting the focus of family living away from 
relatedness, r, in Hamilton’s rule toward the effects of 
costs, c, and benefits, b. As a consequence, an adaptive 
explanation is still required for those cooperative breed¬ 
ing societies where related subordinates do not help, or 
where helpers are unrelated to the young but still invest as 
heavily as close relatives. In some cases, helpers actively 
compete for access to unrelated offspring, as shown in 
the meerkat, the dwarf mongoose, the Lake Tanganyika 
cichlid, the African wild dog ( Lycaon pictus), the superb 
fairy-wren, and the stripe-backed wren ( Campylorynchus 
nuchalis). This competition to feed unrelated young may 
result in adoption, involving recruitment and care of 
dependent young from another group. 

Adoption has been seen in the Florida scrub jay 
(A. coerulescens) and the Arabian babbler ( Turdoides 
squamiceps). An extreme form of adoption, ‘kidnapping,’ 
occurs when adults herd young from another territory 
into their own territory. This has been seen in white¬ 
winged choughs ( Corcorax m ela nor ha mphos ; Figure 2). 


Adult ‘kidnappers’ fed the fledglings they adopted, and 
these young later become unrelated helpers in their new 
groups. Another oft-cited explanation for care being given 
by helpers to nonkin is that helpers may foster the forma¬ 
tion of ‘social bonds’ with recipient young, bonds that 
later benefit the helper either by increasing the probabil¬ 
ity that the young will return the favor, or by promoting 
the development of coalitions beneficial in competing for 
breeding positions. For example, white-winged choughs 
require helpers to reproduce successfully; selection may 
have favored kidnapping because the resulting ‘special 
bonds’ cause kidnapped young to help their kidnappers 
(Heinsohn, 1991). Thus, by feeding unrelated offspring, 
helpers may parasitize a kin-recognition mechanism 
based on associative learning; the deceived offspring rec¬ 
ognize those that care for them as kin and later help rear 
their provisioner’s offspring. 

An alternative hypothesis to explain why helpers might 
provision unrelated offspring is that helpers increase their 
own survival and future reproduction by cooperating with 
others (direct fitness gains). For example, helping may 
lead to an increase in overall group size which, because 
larger groups are better at competing with other groups or 
deterring predators, increases the survival of all group 
members, including the subordinates. Such group augmen¬ 
tation does not require kinship within cooperative groups. 
Therefore, it pays to recruit new members by increasing 
group productivity or even by ‘kidnapping’ members of 
other groups. Another direct benefit that may be gained 
by helping to raise offspring is the accumulation of breed¬ 
ing experience, which allows individuals to be more pro¬ 
ductive when they gain a breeding position themselves (as 
observed in the Seychelles warbler). Alternatively, indivi¬ 
duals may help only to avoid being evicted by the domi¬ 
nants (‘pay to stay’ hypothesis), whereby they would lose 
the benefits associated with remaining in a group while 
waiting for future breeding opportunities. Indeed pro¬ 
longed residency within a group can also enhance the 
probability that an individual ascends to the dominant 
breeding position itself, or can allow subordinates to gain 
resources through ‘budding off’ of a portion of the territory. 

The important point is that in situations where help¬ 
ers gain some direct fitness through their cooperative 
behavior, the ability to recognize and discriminate kin 
from nonkin is not necessarily a prerequisite for the 
evolution of helping behavior. For example, in several 
societies, subordinates not only maintain social relation¬ 
ships and helping activities with members of their own 
group but also (temporarily) leave groups to join other 
unrelated groups nearby and become helpers there. In 
such cases, the goal of helping may be the establishment 
of familiarity and social relationships with individuals 
from other territories. Subordinates use these neighbor¬ 
ing groups’ territories as safe havens when the risk 
of staying in the home territory increases, and may 
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successfully migrate into other groups. This suggests that 
subordinates may be prepared to risk expulsion because 
other groups are available to disperse to, and they may 
strategically choose which groups to join and which 
breeders to help. If dominants gain fitness by accepting 
additional helpers, helpers might trade their helping 
contribution for being accepted in a territory that pro¬ 
vides beneficial conditions. 

Remaining in the Group: The Role of 
Dominants 

Although the assumption is that higher numbers of sub¬ 
ordinates have a positive effect on the reproduction or 
survival of the group, there may also be disadvantages of 
living in larger groups. The decision to remain or disperse 
is not, however, a unilateral one. Subordinate group mem¬ 
bers may compete with dominant group members for 
mates or food. Large groups may attract more predators, 
and may have a higher risk of parasite or disease infection 
and increased competition for food, which may lead to 
reduced survival and reproduction of group members. On 
the other hand, dominant group members may force sub¬ 
ordinates to disperse when the costs of having subordi¬ 
nates in the group exceed the benefits. Whether or not 
eviction occurs, and who is targeted is, at least in part, 
dependent on relatedness between group members. 

A number of studies of parent behavior in family 
groups have documented that parents are more tolerant 
toward offspring than toward nonkin group members. 
Dominant individuals may be less tolerant toward inde¬ 
pendent young to which they are less related. In other 
words, dominants that are unrelated to the group young 
are more likely to evict young. This is most obvious when 
territories get taken over by new dominants, as for exam¬ 
ple in African lions (Panthera leo) and white-faced capu¬ 
chins (Cebus capucinus ), where takeovers result in the 
immediate killing or eviction of unrelated young. This is 
not to say that parent-offspring relations are without 
conflict or that related dominant individuals are always 
tolerant. For example, in the superb fairy-wren, any 
female offspring still in the natal territory at the start of 
the next breeding season are forced by the mother to 
disperse. Overall it is clear that in cooperative breeding 
systems those individuals that remain on natal territories 
may only be able to do so because the dominant group 
members allow them to. Yet, data on such parental toler¬ 
ance and its implications for family living are still limited 
in comparison with the effort devoted to communal 
breeding. One reason for this paucity of data could be 
that such tolerance is taken for granted as a part of 
parental care, but it is also nonbehavior being character¬ 
ized by the absence of aggression and as such easily 
overlooked. 


That members of cooperatively breeding groups are 
often related may also affect dispersal in another way. 
When a dominant individual dies or disappears, group 
young of the same sex may attempt to occupy the vacant 
breeding position. If the parent of the opposite sex is still 
alive and dominant, this pattern of inheritance would 
result in incestuous mating, which may lead to decreased 
fitness. To avoid this, young should be selective when it 
comes to territory inheritance. In Florida scrub-jays, 
territory inheritance occurs more often when the surviv¬ 
ing breeder is a stepparent of the potential heir rather 
than its natural parent. Similarly, males of Antechinus agilis , 
a small-sized dimorphic carnivorous marsupial, are more 
likely to remain philopatric if the mother is removed at 
the time of weaning. In acorn woodpeckers, red-cockaded 
woodpecker and superb fairy-wrens, dominants have even 
been observed to give up their breeder positions when all 
the opposite sex members of the group are closely related 
to them. These results show that incest avoidance can lead 
to individuals giving up breeding opportunities and there¬ 
fore, to increased dispersal in an attempt to find other 
breeding vacancies with unrelated individuals. At a less 
facultative level, the evolution of general sex-biased pat¬ 
terns of dispersal may also have evolved to avoid 
inbreeding. Indeed although sex-biased dispersal is almost 
ubiquitous in vertebrates, it appears to be especially pro¬ 
nounced in cooperative breeders. 

An alternative way that females can avoid incestuous 
matings with related group members is through extra¬ 
group paternity, which, as stated earlier, can be relatively 
common. However, this means that in cooperative groups 
there can be a conflict of interest between dominant 
females that wish to gain extragroup paternity, and the 
dominant males and helping subordinates of either sex 
that may gain kin-selected helping benefits by protecting 
within-group paternity. How these conflicting interests 
are resolved within groups remains undetermined. 

Conclusions and Future Directions 

This review has described and discussed empirical studies 
to identify the proximate and ultimate causes underlying 
the occurrence of cooperative breeding and their evolu¬ 
tionary consequences. Association in family groups arises 
as the offspring delay dispersal and in doing so, they are 
often assumed to incur an evolutionary cost in lost per¬ 
sonal reproduction. Selection for associating in families 
has been studied extensively for philopatric offspring 
participating in brood rearing, and the current evidence 
indicates that alloparental care is a selective trait offering 
inclusive fitness gains. However, there are many species in 
which young delay dispersal and live in groups but do not 
provide alloparental care. Brown suggested that the great¬ 
est insights into cooperative breeding would come from 
comparisons of species in which delaying dispersal and 
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delaying breeding on the one hand and helping on the 
other are uncoupled. So far, species exhibiting delayed 
dispersal of offspring that do not help have attracted little 
attention. There are only a few in depth studies that have 
revealed that the offspring forego personal reproduction 
to associate with breeding parents and yet do not provide 
alloparental care. 

Parents sometimes actively prevent offspring from 
approaching the nest. For example, in the Siberian jay, 
breeding success is poor because of high risk of predation 
by nest predators, mainly corvids. Unlike cooperative 
breeders, Siberian jays, which may stay with their family 
for a couple of years, do not gain indirect benefits or take 
part in the care of younger siblings hatched from conse¬ 
cutive broods. This is so because given the high risk of 
nest predation, activity around the nest is a main threat to 
reproductive success and retained offspring are actively 
prevented from approaching the nest. These retained 
offspring do receive other benefits. While in company 
with their parents, retained offspring enjoy survival bene¬ 
fits because parents provide protection against predators 
and tolerance in sharing of food. Furthermore, once 
retained offspring become breeders, they obtain better 
territories and enjoy higher lifetime reproductive success 
than their siblings that did not stay in the family unit. In 
general, species with delayed dispersal of offspring that do 
not provide alloparental care have received little atten¬ 
tion, because such young do not exhibit the apparent 
altruism that has been the focus of research into coopera¬ 
tive breeding in the past decades. Any inclusive fitness 
benefits of helping would certainly augment benefits of 
delayed dispersal but they appear to be neither necessary 
nor sufficient to explain why dispersal should be delayed. 

The two questions ‘why stay?’ and ‘why help?’ represent 
two independent behavioral decisions, though the costs and 
enefits of one decision may affect the potential fitness 
consequences of other decisions. Studies of species with 
delayed dispersal that do not help allow investigators to 
analyze the specific fitness consequences of delayed dispersal 
without the confounding fitness consequences of helping 
behavior. This topic should receive more attention. 

See also: Cooperation and Sociality; Group Living; Kin 
Selection and Relatedness; Subsociality and the Evolu¬ 
tion of Eusociality. 
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Introduction 

In this article, Herring Gulls serve as a model for the 
study of behavior, ecology, and the effects of human 
disturbance and contaminants on the species. Increas¬ 
ingly, public policy-makers, managers, biologists, envir¬ 
onmentalists, and the public are interested in assessing the 
health of our environment, including species, populations, 
and communities. Yet most habitats are composed of 
hundreds or thousands of species, making it impossible 
to determine the health status and populations trends of 
even a small proportion of the species within any habitat. 
While it is possible to describe the behavior, ecology, and 
population biology of an array of different species, it is 
often useful to examine a range of attributes in one or two 
species within a habitat, using them as bioindicators of 
the overall health of the ecosystem. Bioindicators should 
serve as indicators of the health of the individuals and 
populations of that species, as well as of its prey, compe¬ 
titors, and predators. 

Bioindicators that provide information that is useful for 
assessing both ecological health and human health, and that 
can be models for anthropogenic effects are particularly 
useful. Ideally, bioindicators are sufficiently common so 
that their use does not jeopardize their populations, and 
are sufficiently widespread that they can be used to provide 
information over a wide geographical range. 


Herring Gulls as a Model 

Herring Gulls are ideal as bioindicators of ecosystem and 
environmental health, and as model organisms to study 
ecology, behavior, and the effects of environmental vari¬ 
ables and contaminants because they are diurnal, com¬ 
mon, abundant, large, and long-lived, as well as they nest 
in colonies over a wide geographical distribution. Because 
they are diurnal, common, large, and nest in colonies, they 
can be studied easily without unduly disrupting their 
populations; because they are long-lived they make ideal 
subjects for studies of age-related differences in behavior, 
reproductive success, and biomagnification of contami¬ 
nants; and because they have wide geographical distribu¬ 
tion they can be used to assess differential exposures 
and effects of environmental and anthropogenic factors 
(Figure 1). 


Long-term and comparative studies of Herring Gulls 
are being conducted in many parts of the world, including 
in the Great Lakes, New Jersey, and in Europe. Studies by 
my research group in New Jersey will be used to illustrate 
the kinds of studies that can be conducted with Herring 
Gulls to examine behavior, ecology, and the effects of 
human disturbance and contaminants on behavior and 
ecology. These studies provide paradigms for the study 
of Herring Gulls elsewhere, other birds and other verte¬ 
brates elsewhere, and in some cases, serve as models and 
sentinels for understanding the exposure and effects of 
contaminants on human behavior. 

Relevant Life History 

Herring Gulls are large, white-headed gulls that nest in 
colonies ranging in size from only a few individuals to 
many hundreds of pairs, although occasionally pairs nest 
solitarily. Pierotti and Good’s account in the Cornell 
Laboratory of Ornithology’s Birds of North America pro¬ 
vides basic information about the biology of this species. 
They primarily live along shorelines of oceans, seas, 
large rivers, and lakes, such as the Great Lakes of North 
America and migrate south in the winter. Herring Gulls 
generally nest near water in places that are sheltered from 
inclement weather and storms, and are safe from preda¬ 
tors, such as islands, offshore rocks, abandoned piers, cliff 
ledges, and even on the roofs of buildings in some cities. 
They are highly territorial, and some birds even prey on 
the eggs or chicks of neighbors, of their own and other 
species. This species was nearly extirpated in some parts 
of North America by plumage hunters and eggers during 
the nineteenth century, but they have recovered their 
populations due mainly to protection and the food 
provided by garbage dumps in the twentieth century. 

Its circumboreal breeding range includes much of 
North America, Central Asia, and Europe. They are 
not long-distance migrants, some breeding birds remain 
relatively near their breeding colonies throughout the 
year, while others migrate a few hundred miles south. 
In Europe, they are considered nonmigratory. There is, 
however, postbreeding dispersal away from the breeding 
colonies, presumably to decrease foraging competition. 
Although there is size dimorphism within pairs (male on 
average weigh 1050-1250 g; female on average weigh 
800-980 g), the overlap often makes sexual identification 
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Figure 1 Picture of Herring Gull with young. Photo by Joanna 
Burger. 


difficult. Color-marking or banding are essential to identify 
individuals, and morphometric measurements (weight, bill 
length, and width) are usually sufficient to identify sex. 

Herring Gulls are opportunistic foragers that feed 
primarily on fishes and invertebrates. Foraging habitat 
typically is spatially separate from nesting habitat; they 
nest on land and forage in nearby bays, estuaries, lakes, or 
the ocean. They forage at sea, in intertidal, on sandy 
beaches and mudflats, in refuse dumps and ploughed 
fields, and around picnic areas or fish-processing plants. 
In general, there are age-related differences in foraging 
success, with young of the year being less efficient and 
foraging in less difficult situations. 

Habitat Selection 

Herring Gulls normally nested in the northern regions of 
North America, but in the early 1900s they moved into 
Massachusetts and then into Long Island. The first Herring 
Gull nested in New Jersey in 1948. The expanding popu¬ 
lation, which has continued to the present, allowed for an 
examination of habitat selection and interactions with 
native species. Herring Gulls nest in a range of habitats, 
but in coastal New Jersey they have moved into salt 
marshes, nesting in the higher areas of Spartina or on 
wrack (dead Spartina and eelgrass strews in windrows on 
the high marsh). The use of salt marshes was a new adapta¬ 
tion as a result of lack of other suitable habitats, such as 
rocky islands or cliffs, although they nest on sandy islands 
where they are available. On salt marsh islands there is 
a premium for nesting on the highest spots, because these 
are the last to flood during high or storm tides (Table 1). 

Behavioral observations over a 4-year period indicate 
that there is competition between Herring Gulls and other 


Table 1 Effect of vegetation type on nesting behavior of 
Herring Gulls in New Jersey (6 years of study) 


Vegetation type 

Mean date of laying 
(depending upon 
year) 

Hatching success 

(fledging 

success/nest) 

Dense bushes 

20 April to 2 June 

2.4 ± 0.8 eggs 
(1.6 ± 0.9 chicks) 

Sparse bushes 

23 April to 5 June 

2.3 ± 0.8 eggs 
(1.7 ± 0.5 chicks 

Dense grass 

25 April to 6 June 

2.0 ± 1.0 eggs 
(1.0 ± 1.3 chicks) 

Sparse or low 
grass 

1 May to 12 June 

1.8 ± 1.3 eggs 
(1.2 ±0.9 chicks) 


Source: Burger, J and Shisler, J (1980). The process of colony 
formation among Herring Gulls Larus argentatus nesting in New 
Jersey. Ibis 122: 15-26. 

Burger, J (1984). Pattern, mechanism, and adaptive significance 
of territoriality in Herring Gulls (Larus argentatus). Ornithological 
Monographs 34: 1-92. 

species that nest with them. In general, larger species (e.g., 
Great Black-backed Gull, Larus marinus) win over Herring 
Gulls, and they in turn can win over smaller species (such 
as Laughing Gulls, Larus atricilla). The success of Herring 
Gulls is partly due to their arrival earlier on the breeding 
grounds than Laughing Gulls, but is also a function of the 
larger species winning in aggressive encounters. Selecting 
the best sites for nests often involved choosing the highest 
places, which reduces the chance of reproductive losses due 
to high tides and storm tides. Thus, Herring Gulls succeed 
in using the highest locations, which are located in Spartina 
patens or near bushes, which has forced Laughing Gulls 
into lower sites, which increased their losses due to high 
tides. Over the last 30 years, salt marsh islands in Barnegat 
Bay (New Jersey) once inhabited only by Laughing Gulls 
have been taken over completely by Herring Gulls, and 
Laughing Gull populations have declined. 

Natural changes in habitat due to storms or high tides 
often resulted in decreasing available habitat, especially on 
vulnerable salt marsh islands, or in small sandy islands. If 
the changes are not severe, however, the gulls simply nest 
more densely. Unfortunately, sandy islands, or sandy bea¬ 
ches on salt marsh islands, are preferred by recreationists, 
and such disturbance is detrimental to nesting gulls by 
keeping them from incubating their eggs or protecting 
young. With increased human use, the gulls eventually 
abandon these sites, or are crowded into smaller places. 

Anthropogenic changes to salt marshes, such as ditch¬ 
ing for mosquito control, resulted in Herring Gulls avoid¬ 
ing these islands in favor of natural marshes. The 
continued ditching and open marsh management (a pro¬ 
cedure where ditches and pools are dug to mimic the 
natural marsh) allowed for a natural experiment of the 
effects of habitat manipulation on Herring Gull nesting 
behavior. Pairs that had previously used islands that were 
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later ditched continued to do so, but new prospecting 
pairs avoided the ditched islands, perhaps because the 
spoil piles were unvegetated, and there were fewer hushes 
(the preferred habitat because such areas are the highest 
ones on the marshes). Colony formation usually involves 
the formation of epicenters where a few pairs nest 
densely, and subsequent pairs choose to nest near these 
clusters. Initially, the gulls avoided the unvegetated spoil 
piles (dirt thrown up on the marsh by ditching) in favor of 
other nearby islands that had bushes and no bare soil. 
However, in successive years, Iva bushes moved onto the 
spoil piles, and these then became preferred places, 
because they were both higher than other places on the 
marsh, and had bushes that provided cover from predators 
and from inclement weather. 

Territory 

Herring Gulls are territorial, and their territory size 
depends on season, reproductive stage, habitat, number 
of birds in the colony (and the available space), and the 
presence of other species (and whether they are larger or 
smaller). They maintain three types of territories: (1) a 
unique territory, the smallest one, that is defended against 
all intruders at all times; (2) a primary territory that is 
defended against all conspecifics (and some other spe¬ 
cies); and (3) a secondary territory that is defended against 
neighbors. Territory size is elastic, in that it is large in the 
preincubation phase when they are initially defending 
space, is smallest when they are incubating eggs, and 
expands during the chick phase to be larger than it was 
during the preincubation phase. Thus to some extent, 
territory size reflects what they are protecting; it is possi¬ 
ble to enlarge their territory size after incubation because 
some pairs fail, leaving open space. 

There is a complex relationship between aggressive 
interactions, territory size, and reproductive success in 
Herring Gulls. The most successful pairs (those raising 
some chicks), had intermediate-sized territories, and 
engaged in less aggression that those raising no chicks 
(Figure 2). That is, pairs that spent much of their time 
defending the territory either had smaller ones, because 
there was such intense competition that they spent all 
their time defending it (mainly from close neighbors), or 
their territory was so large that many different pairs tried 
to usurp some of the space. When pairs were very aggres¬ 
sive toward other gulls, they did not adequately defend 
their eggs or chicks from predators (other gulls, crows) or 
protect them from inclement weather. In general, pairs 
that raised three chicks engaged in an average of less than 
one aggressive interaction per hour, those that raised three 
chicks engaged in less than 1.3 aggressive interactions per 
hour, and those that raised one chick engaged in up to 2.6 
aggressive interactions per hour. 


Territoriality in herring gulls 



Primary territory size (m 2 ) 


Figure 2 Relationship of reproductive success (open 
circle = nonfledged, solid circle = some fledged) to primary 
territory size and rate of aggression for 43 Herring Gull pairs 
observed in intermediate bush habitat on Calm Island. 
Reproduced from Burger, J (1984) Pattern, mechanism, and 
adaptive significance of territoriality in Herring Gulls (Larus 
argentatus). Ornithological Monographs 34, 1-92, with 
permission from Elsevier. 


Effects of Human Disturbance on 
Behavior and Reproductive Success 

Because Herring Gulls are so common, and nest in colo¬ 
nies (with and without other species), it is possible to 
examine the effects of people on behavior and reproduc¬ 
tive success. As with other aspects of Herring Gulls 
behavior and ecology, such studies can be used to test 
hypotheses that help manage them, as well as other spe¬ 
cies, including threatened and endangered species. Upon 
approaches by people, Herring Gulls usually become 
alert, then stand, and eventually fly from the nest or 
chicks when people approach too closely. Herring Gulls 
then engage in active defense of their eggs and chicks by 
mobbing and dive-bombing intruders, both humans and 
predators. Leaving the nest exposes vulnerable eggs and 
chicks to predation and weather stresses (either cold or 
hot), and thus can lead directly to nest failure. When, for 
example, two or three Crows are in a colony, while the 
gulls are mobbing one, another may successfully eat eggs 
or chicks. Similarly, when gulls are mobbing people or a 
predator, other Herring Gulls may eat eggs or chicks. 

In Herring Gulls, continued exposure leads to habitu¬ 
ation, where gulls respond less quickly to people, fewer 
leave the nest, and with time, gulls mob humans more 
intensely, even hitting them on the head. Habituation to 
predators, however, such as dogs, does not occur, mainly 
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because the direct threat has not decreased. That is, 
people usually cause no direct harm to the gulls, their 
eggs or chicks, whereas a dog may eat or trample eggs and 
chicks (and might kill an adult that remained). It should 
be remembered that this is not always the case. Egging was 
common in North America and Europe in the late 1800s 
and early 1990s, and is still common today in some places, 
especially by Native populations or by immigrants to the 
United States who collected eggs in their native countries. 

Remarkably, gulls are able to discriminate a direct 
versus a tangential approach. Gulls respond when a per¬ 
son is greater distance away if the person is facing them 
and on a trajectory that would take them directly to a nest, 
in comparison to a person that is on a path to take them by 
the nest, even if they will only be a meter away. This fine 
discrimination allows them to remain on the nest, and not 
waste energy flying when there is no direct threat from 
people. 

Bioindicators of Environmental 
Contamination 

Because Herring Gulls are so common and widespread, 
they can be used as bioindicators of environmental con¬ 
taminants, and have been used extensively to track sea¬ 
sonal, yearly, and geographical differences in a wide range 
of contaminants, including organochlorines and heavy 
metals. Contaminants have been examined in eggs, feath¬ 
ers, and a wide range of internal tissues. Feathers and eggs 
have proven particularly useful as bioindicators of con¬ 
taminants, because they can be collected with little effect 
on population dynamics. Since gulls normally lay three 
eggs, but fledge only one or two chicks, the removal of one 
egg for contaminant analysis does not affect reproductive 
success. Similarly, feathers can be collected without injur¬ 
ing the bird. Because there are age-related differences in 
plumage patterns, differential accumulation can be exam¬ 
ined in young, juveniles, and adults. 

Selection of the tissue for analysis of contaminants 
provides information on local contamination versus dis¬ 
tant contamination and the season of exposure, as well as 
information about individuals and pairs. For example, 
contaminants in eggs reflect exposure of the female parent 
and usually reflects rather local exposure if the female was 
on the breeding grounds for a few weeks prior to egg- 
laying. Metals in the feathers of young birds in the nest 
reflect some exposure from the egg as well as local expo¬ 
sure since the parents had to collect the food they fed 
them locally, feathers from fledglings reflect local expo¬ 
sure because as recently (or almost-fledged) chicks they 
grew their feathers while their parents were feeding them, 
and these feathers (as opposed to down) reflect little 
exposure from the egg (the chick has grown so much 
since hatchling that any residual has been swamped by 


growth). Metals in the feathers of adults reflect where 
they were when they last molted (often on the wintering 
ground), and metal levels in primaries can be used to 
identify temporal patterns of exposure, because they 
mold them in sequence. Internal tissues can be used 
to evaluate a wide range of contaminants, and each tissue 
is known to integrate exposure over different time frames. 
That is, blood usually represents recent exposure, while 
internal tissues reflect exposure over a longer period 
of time. 

Effects of Contaminants on Behavior 

Herring Gulls are ideal models to study the effect of 
contaminants on behavior and reproductive success, 
because young birds can be maintained in the laboratory, 
and experiments can be conducted both in the labora¬ 
tory and in the field. One of the most important tools in 
understanding the effect of contaminants on wildlife is to 
be able to determine contaminant levels in the field, 
determine effects that specific doses cause in the labora¬ 
tory, and correlate the specific doses that cause effects 
with levels in specific tissues. Understanding these three 
aspects allows managers, biologists, and the public to 
effectively determine the significance of levels found in 
wild populations. 

Understanding the effects of contaminants on behavior 
and reproductive success thus requires controlled labora¬ 
tory experiments, correlating dose and associated effects 
with levels in tissues, and conducting controlled field exper¬ 
imentation to validate the laboratory studies. Herring Gulls 
proved an ideal model for the studies described in the 
following section, conducted mainly with lead, a contami¬ 
nant of some concern in many estuarine and coastal waters. 
Further, exposure to lead remains a significant concern 
for people residing in cities, partly as a function of the past 
use of lead paint and lead in gasoline. 

In the laboratory experiments, the level of lead used 
was selected on the basis of examining lead levels found in 
feathers of young in nature in New York and New Jersey, 
and dosing young in the laboratory until the dose pro¬ 
duced the levels found in nature. Therefore, unlike most 
laboratory studies with contaminants where higher doses 
are given to obtain an effect so that dose-response curves 
can be determined, these studies used lead levels that 
were directly relevant to the exposure of birds in the 
wild. Thus lethal effects were not expected. On the con¬ 
trary, sublethal effects might occur in nature, and these 
might directly affect survival or reproductive success. 
These experiments were then followed by field experi¬ 
ments where one chick in each nest was injected with 
a dose of lead that was used for the laboratory experi¬ 
ments, one was injected with a saline solution (an injection 
control), and the third was not injected. Herring Gulls 
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normally lay three eggs, and treatment was random with 
respect to laying order. Behavior was then observed by an 
observer blind to treatment, and the gulls were generally 
not disturbed. 

The sublethal behavioral deficits and morphologi¬ 
cal effects of lead exposure in Herring Gulls in labora¬ 
tory studies included growth abnormalities, begging 
response, feeding behavior, feeding response time, right¬ 
ing response, avoidance of heat stress, sibling recognition, 
exercise ability, endurance, perception, learning, and 
expression of synaptic neural cell adhesion molecules in 
the brain; these findings are summarized in a review by 
Burger and Gochfeld. All of these characteristics affect 
the survival of young in nature. This is one of the primary 
advantages of working with behavioral and morphological 
effects of contaminants in birds - the behaviors that can 
be examined both in a laboratory and a field situation 
relate directly to survival. While these experiments are 
time consuming and labor intensive, they nonetheless 
provide information on important behavior, ecological, 
and evolutionary traits leading to survival, and eventually 
to reproductive success differences. 

In the laboratory, young chicks exposed to lead are less 
able than control birds to accomplish the following: (1) 
right themselves quickly when turned on their backs, 
which directly affects their ability to respond quickly to 
falling down sand dunes or logs in the wild; (2) locate and 
remain in shade when exposed to full sun, which would 
expose them to potentially damaging heat stress; (3) avoid 
falling off a cliff, exposing them to injury when faced with 
an incline or cliff face (Herring Gulls sometimes nest 
on rock cliffs or buildings); (4) identify food as early, 
thus rendering them less competitive for limited food 
resources; (5) beg as vigorously to stimulate food provi¬ 
sioning by parents, or to obtain the food parents bring 
back, which could lead to starvation; (6) walk as steadily or 
walk on a narrow balance beam, which would affect their 
ability to remain on narrow cliff ledges during develop¬ 
ment; (7) learn in a series of trials where the food was 
located when it was covered with a cup, which affects their 
ability to quickly find food in a competitive situation; (8) 
learn to walk on a treadmill or to maintain endurance, 
which would affect their ability to run from predators, 
avoid humans, or follow parents that were changing terri¬ 
tory locations; and (9) identify siblings, which in nature, 
would allow them to return correctly to their own nest 
rather than that of a neighbor. These experiments sug¬ 
gested that, in nature, lead-exposed chicks would be less 
able to survive to fledging (see Burger and Gochfeld, 
2000, 2005, and references therein). 

One of the key questions in ecotoxicology is whether 
effects identified in the laboratory exist in the wild, 
whether they are as severe, and whether they directly 
affect survival. In the field, the same doses of lead resulted 
in similar effects, and the effects were still evident 3 weeks 


after injection, although some effects were less severe 
with time (Figure 3). For example, the differences in 
begging ability between experimental and control chicks 
remained relatively constant, while they lead-injected 
chicks improved in their walking ability and their failure 
to beg from their parents. 

In comparing the results from laboratory experiments 
with those conducted in nature revealed that field effects 
were more severe for some things (number of hits on their 
parents bill while begging for food, walking and number 
of falls), they were less severe for the percent of misses 
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Figure 3 Behavioral responses of herring gulls in the wild. 
Shown are mean scores (± standard error) of lead-injected and 
control chick (all significantly different, dose = 100 mg kg -1 . 
Reproduced from Burger, J and Gochfeld, M (1994). Behavioral 
impairments of lead-injected young Herring Gulls in nature. 
Fundamental and Applied Toxicology 23: 553-561; Burger, J and 
Gochfeld, M (1997). Lead and neurobehavioral development in 
gulls: A model for understanding effects in the laboratory and the 
field. NeuroToxicology 18: 279-287. Walking and begging ability 
were scored on a scale of 10 (the highest score). Fall refers to the 
number of times a chick fell when walking a 1 -m distance; failure 
refers to the percent of times a chick missed its parent’s bill when 
pecking for food. 
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Figure 4 Comparison of behavior herring gulls raised in the 
field (lead-injected and controls) with lead-injected herring gulls 
raised in the laboratory (all injections were at 2 days of age, 
dose = 100 mg kg -1 ). In all cases the lead-injected chicks 
differed from the field controls. Reproduced from Burger, J and 
Gochfeld, M (1994). Behavioral impairments of lead-injected 
young Herring Gulls in nature. Fundamental and Applied 
Toxicology 23: 553-561; Burger, J and Gochfeld, M (1997). Lead 
and neurobehavioral development in gulls: A model for 
understanding effects in the laboratory and the field. 
NeuroToxicology 18: 279-287. Hits are successful pecks at 
parent’s bill. 


while begging (Figure 4). On the whole, however, the 
experiments indicated that the effects found in the labo¬ 
ratory did indeed occur in the wild, at about the same 
intensity. These deficits in the field clearly indicated that 
the young were impaired, which in the laboratory resulted 
in the lead-injected chicks being severely underweight at 


fledging, despite being individually fed. However, in the 
field, the adults compensated for the inability of lead- 
injected chicks to beg and feed as well as their siblings 
by splitting up the brood for feeding. That is, one parent 
would feed the lead-impaired chick, which the other fed 
the other two chicks, which were begging furiously and 
able to obtain the food rapidly from their parent’s bills. 
This behavioral compensation by the parents was 
surprising, and resulted in there being very little differ¬ 
ence in weight of the lead-injected and control chicks at 
fledging in nature. However, these experiments were con¬ 
ducted in a year when food was abundant, in a bad food 
year, parents may be unable to conduct split feeding of 
their brood. 

The inability to recognize siblings on the part of lead- 
injected chicks, however, led directly to survival differ¬ 
ences. In Herring Gulls, parental recognition by chicks 
occurs at the time they begin to walk freely around their 
territory, and to wander into those of their neighbors. 
Such wandering occurs with regularity when the colony 
is disturbed by people or predators, because the parents 
give a warning call when they fly from the nest. The 
chicks respond by running to cover (which may not be 
their nest). The chicks that wandered into the territories 
of neighbors, and were consequently killed by them, were 
lead-injected chicks. Thus, deficits in sibling recognition 
(which might also apply to parental recognition) resulted 
in direct differences in survival. 

These experiments demonstrate the utility of Herring 
Gulls as a model for the study of morphological, behav¬ 
ioral, and physiological effects of contaminants. Further, 
abnormalities and deficits identified in the laboratory 
were also found in the wild, indicating that laboratory 
studies can be extrapolated to the field. The ability to 
perform similar experiments in the field is a real advan¬ 
tage because it allows for the examination of the 
biological significance of deficits or abnormalities caused 
by lead or other contaminants. 
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See also: Conservation and Behavior: Introduction; 
Pigeons. 
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Introduction 

Mammals and birds are endothermic (within heating). They 
differ from ectothermic organisms, which rely on external 
heat for thermoregulation and comprise most animals and 
plants, primarily in their ability to regulate body tempera¬ 
ture (7b) by a generally high but adjustable internal produc¬ 
tion of heat generated by the combustion of fuels. Because 
the surface area in relation to the volume of heat-producing 
tissues of animals increases with decreasing size, many small 
endotherms must produce an enormous amount of heat to 
compensate for heat loss over their relatively large body 
surface. While heat loss is especially pronounced during 
cold exposure, even exposure to mild ambient temperatures 
(T a ) of 25-30 °C, considered to be warm by humans, causes 
mild cold stress in many small species. 

Obviously, prolonged periods of high metabolic rates 
(MR) for heat production can only be sustained by regular 
food intake. During adverse environmental conditions 
and/or food shortages, energetic costs for thermoregula¬ 
tion may exceed those that can be obtained via food 
uptake. High energy expenditure and food uptake also 
require substantial foraging times and consequently expo¬ 
sure to predators even when food is abundant. Therefore, 
not all mammals and birds are permanently homeother- 
mic (i.e., maintain a constant high normothermic 7b), but 
many, especially small species, enter a state of torpor 
during certain times of the day or the year. Torpor in 
these ‘heterothermic endotherms’ is characterized by a 
controlled reduction of Tf, energy expenditure, and 
other physiological processes and functions. 

Torpor is by far the most effective means for energy 
conservation available to mammals and birds. Torpor 
conserves energy because no thermoregulatory heat for 
maintenance of a high normothermic Tf of around 
37-40°C is required. Moreover, because many torpid 
animals are thermoconforming over a wide range of T a , 
Tf falls with T a , and the substantial fall of Tf reduces MR 
via temperature effects. Further, in some species, inhibi¬ 
tion of metabolism (in addition to temperature effects) 
can substantially lower energy expenditure to only a small 
fraction of the basal metabolic rate (BMR) or mainte¬ 
nance MR of normothermic, resting individuals under 
thermoneutral conditions. 

Although MR and 7], during torpor in heterothermic 
endotherms are very low and often similar to those in 


ectotherms, torpid endotherms can rewarm from low Tf 
during torpor by using internally generated heat, whereas 
ectotherms, such as lizards, must rely on uptake of heat 
from external sources for raising Tf. Moreover, unlike in 
ectotherms, Tf in torpid endotherms is regulated at or 
above a species-specific minimum by a proportional 
increase in heat production that compensates for heat 
loss to prevent Tf from falling to critically low levels, 
likely to prevent tissue or organ damage, or to maintain 
the ability for endothermic arousal. 

Torpor is often confused with ‘hypothermia,’ which 
also is characterized by reduced Tf and MR. However, 
torpor is a precisely controlled physiological state, 
whereas hypothermia is pathological and nothing but a 
failure of thermoregulation often due to depletion of 
energy reserves, excessive cold exposure, or from the 
influence of certain drugs. 

Hibernation and Daily Torpor 

The two most common patterns of torpor are hibernation 
(prolonged multiday torpor) and daily torpor. Hiberna¬ 
tion often is seasonal and usually lasts from autumn to 
spring; however, ‘hibernators’ do not remain torpid con¬ 
tinuously throughout the hibernation season (Figure 1). 
Bouts of torpor, during which Tf are low and bodily 
functions are reduced to a minimum, last for several 
days or weeks, but are interrupted by periodic rewarming 
and brief (usually <1 day) resting periods with high nor¬ 
mothermic Tf and high energy turnover, apparently to 
recuperate from the prolonged time at low Tf. Hibernat¬ 
ing mammals (with the exception of bears and some other 
large carnivores that reduce Tf only by about 5-8 °C) are 
generally small (<10 kg), and most weigh between 10 and 
1000 g with a median mass of 85 g. Many hibernators 
fatten extensively before the hibernation season and rely 
to a large extent on stored fat for an energy source in 
winter, whereas fewer species store food for the hiberna¬ 
tion season. 

Hibernating species usually reduce their Tf to below 
10°C, with a minimum of — 3 °C in arctic ground 
squirrels and most have minimum Tf of around 5°C. 
The MR in torpid hibernators is on average reduced 
to about 5% of the BMR, but can be as low as 1-2% of 
BMR in small hibernators and often is <1% of that in 
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Mountain pygmy-possum, Burramys parvus 



Figure 1 Body temperature (7" b ) fluctuations during the 
hibernation season of a free-ranging mountain pygmy possum, 
Burramys parvus (body mass: 50 g). The hibernation season lasts 
for ~6 months, but torpor bouts when 7" b and other functions are 
reduced to a minimum last only for up to about 2 weeks and are 
interrupted by periodic endothermic arousals. 


active individuals. Energy expenditure during the mam¬ 
malian hibernation season is reduced by ~85-95% in 
comparison to that of an animal that would have remained 
normothermic throughout winter, even if the high cost of 
periodic arousals is considered, which consume most of 
the energy required during the hibernation season. This 
enormous reduction in energy expenditure is perhaps best 
illustrated by the fact that many hibernating mammals can 
survive for 6-8 months or even longer entirely on body fat 
that has been stored prior to the hibernation season. 

Daily torpor is the other widely used pattern of torpor 
in mammals and also in birds. This form of torpor in the 
‘daily heterotherms’ is usually not as deep as hibernation, 
lasts only for hours rather than days or weeks, and is 
usually interrupted by daily foraging and feeding. Daily 
heterotherms are unable to express multiday torpor bouts. 
Many daily heterotherms are less seasonal than hiberna- 
tors, may employ torpor throughout the year, although 


torpor use often increases in winter. While daily torpor in 
many species occurs predominantly as a response to acute 
energy shortages, in other species, it appears to be used 
regularly to balance energy budgets even when environ¬ 
mental conditions appear favorable. For example, in hum¬ 
mingbirds, daily torpor is not only used to lower energy 
expenditure during adverse conditions, but may be 
employed to conserve energy during migration when 
birds are relatively fat. The marsupial Mulgara (Dasycercus 
cristicaudd) appears to use daily torpor during pregnancy 
to store fat for the energetically demanding period of 
lactation. On average, daily heterotherms are even smaller 
than hibernators and most weigh between 5 and 100 g 
with a median of 19 g. 

In contrast to hibernators, many daily heterotherms do 
not show extensive fattening before the season torpor is 
most commonly employed, and often only enter torpor 
when their body mass is low. The main energy supply of 
daily heterotherms even in their main torpor season 
remains food, often gathered during daily foraging, rather 
than stored body fat. In daily heterotherms, T b usually fall 
to 10-20 °C with an average minimum T b of 18 °C. How¬ 
ever, in some hummingbirds, T b below 10 °C have been 
reported, whereas in other, mainly large species, such as 
Tawny frogmouths (Podargus strigoides ), T b just below 
30 °C are maintained. The MR during daily torpor are 
on average reduced to about 30% of the BMR although 
this percentage is strongly affected by body mass and other 
factors. When the energy expenditure at low T a is used as 
point of reference, reductions of MR during daily torpor to 
about 10-20% of that in normothermic individuals at the 
same T a are common. Overall, daily energy expenditure is 
usually reduced by 10-50% and in extreme cases by up to 
90% on days when daily torpor is employed in comparison 
to days when no torpor is used, primarily depending on the 
species, the duration of the torpor bout, torpor depth, 
whether or not basking is employed during rewarming 
and rest, and how long animals are active. 

As stated earlier, torpor bouts in the daily hetero¬ 
therms are shorter than 1 day, independent of food supply 
or prevailing ambient conditions. Hibernators also can 
show brief torpor bouts lasting <1 day early and late in 
the hibernation season or at high T a . However, it appears 
that physiologically these are nothing but brief bouts of 
hibernation with MR well below those of the daily hetero¬ 
therms even at the same T b . Thus, the term ‘daily torpor’ 
seems inappropriate for describing short torpor bouts of 
hibernators. 

Often contrasted with hibernation and daily torpor, ‘esti¬ 
vation’ describes a period of torpor in summer or under 
warm conditions, which appears to be induced to a large 
extent by a reduced availability of water and consequently 
lack of food due to high T a . In some ground squirrels, the 
hibernation season begins in the hottest part of the year and 
therefore qualifies as estivation. Many hibernating bats 
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enter short bouts of torpor in summer and therefore estivate. 
Small arid zone marsupials regularly express daily torpor in 
summer, which not only reduces energy expenditure, but 
also water loss. However, it appears that there is no physio¬ 
logical difference between estivation and hibernation/daily 
torpor, apart from the higher T b and thus MR during 
estivation because of the relative high T a experienced in 
summer. It also appears that estivation is often not directly 
induced by heat because animals still employ torpor during 
the coolest part of the day, and it is likely that heat affects 
torpor use indirectly by reducing supply of food and water. 
However, reduced foraging opportunities because of heat 
may also result in torpor use. 



Torpor in Mammals and Birds 

Over recent years, the number of known heterothermic 
mammals and birds has increased substantially. Contrary 
to what was widely believed in the past, these are found in 
a wide diversity of taxa and in a variety of climatic regions 
ranging from arctic and alpine areas to the tropics. 

In mammals, hibernation occurs in many species from 
all three mammalian subclasses. Hibernators include the 
egg-laying short-beaked echidna ( Tachyglossus aculeatus) of 
Australia (Monotremata) and several marsupials including 
the Chilean opossum ( Dromiciops gliroides; Microbiotherii- 
dae), several pygmy-possums (Burramyidae), and feather- 
tail glider (Acrobatespygmaeug Acrobatidae). In the placental 
mammals, hibernation occurs in rodents (dormice, mar¬ 
mots, chipmunks, ground squirrels, hamsters), armadillos 
(Zaedyus pichiy), perhaps in some elephant shrews (Macro- 
scelidea), some small primates ( Cheirogaleus me dim, fat-tailed 
lemur; Microcebus murinus , mouse lemur), many bats (Micro- 
chiroptera), and the insectivores (e.g., Erinaceus europaeus , 
hedgehogs; Echinops tel fairi, tenrecs). 

The ‘winter sleep’ of the large Carnivores (bears; 
European badger, Meles meles) appears to differ somewhat 
from deep hibernation in small mammals since T b falls 
only by ~5°C rather than by >30 °C, as in most of the 
small species. This type of dormancy, especially in bears, 
is often referred to as ‘winter anorexia.’ 

Daily torpor (Figure 2) is known from a very large 
number of small marsupial and placental mammals. It 
occurs in several marsupial families from Australia (e.g., 
insectivorous/carnivorous marsupials, e.g., Sminthopsis spp. 
or Pseudantechinus macdonnellensis , Dasyuridae; small pos¬ 
sums, Petaurus breviceps , Petauridae; honey possum, Tarsipes 
rostratus , Tarsipedidae) and South America (e.g., mouse 
opossums, Thylamys elegans , Didelphidae). In placentals, 
daily torpor occurs in rodents (deermice, Peromyscus spp., 
gerbils, Gerbillus spp., small Siberian hamsters, Phodopus sun- 
gorus ), some elephant shrews ( Elephantulus spp., Macrosce- 
lidea), some primates (. Microcebus mouse lemurs), bats 
(some Microchiroptera and small Megachiroptera), the 



False antechinus, Pseudantechinus macdonnellensis 
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Figure 2 Daily torpor in two free-ranging false antechinus, 
Pseudantechinus macdonnellensis (31 g). The species is 
generally active with high T b of about 36 °C for the first half of the 
night, enters torpor around midnight (characterized by a rapid 
reduction of 7" b ), and in the morning employs basking in the sun 
(arrows indicate visual observations) for rewarming from torpor 
(rapid rise of T b ) to minimize energy expenditure. 


insectivores (shrews, e.g., Crocidura spp.), and some small 
carnivores (e.g., skunk, Mephitis mephitis). 

In birds, daily torpor also is common. Many birds have 
normothermic T b around 40 °C, whereas during daily tor¬ 
por, T b are usually in the range of 10-30 °C, depending 
on the species. In diurnal birds, daily torpor occurs at night. 
In nocturnal birds, daily torpor often commences in the 
second part of the night or early in the morning. Daily 
torpor is known from several avian orders including todies 
(Todus mexicanus ) and kookaburras ( Dacelo novaeguineae , 
Coraciiformes), mouse birds ( Colins spp., Coliiformes), 
swifts (e.g., Apus apus, Apodiformes), hummingbirds (e.g., 
Calypte spp., Trochiliformes), nightjars (e.g., Caprimulgus 
spp., Caprimulgiformes), pigeons (e.g., Drepanoptila holoser- 
icea , Columbiformes), and martins ( Delicon urbica ), woods- 
wallows ( Artamus cyanopterus), chickadees ( Parus spp.), and 
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sunbirds (Nectarinia spp.) (Passeriformes). The largest bird 
presently known to enter daily torpor is the Australian 
tawny frogmouth (500 g), a nightjar relative. In contrast to 
mammals, multiday hibernation is presently known only 
for one bird, the common poorwill (Phalaenoptilus nuttallii) 
from North America. 

Torpor is characterized by reduced activity, and tradi¬ 
tionally, lack of movement or poor coordination has even 
been used for defining torpor. However, in recent years, 
new evidence has emerged showing that even torpid 
individuals can move at low T b , for example, to basking 
sites, expressing behaviors that minimize energy expendi¬ 
ture for rewarming from torpor. Other species employ 
social torpor in groups and must behaviorally interact to 
maximize energetic outcomes. Some species are repro- 
ductively active even during the torpor season, which 
obviously will entail some behavior. Moreover, before 
they commence to employ torpor, many species prepare 
for the torpor season by selecting sites for torpor use or 
hibernacula, hoarding food, or accumulating fat, and this 
usually is accompanied by a change in behavior. The aim 
of this summary is to synthesize these behaviors. 


Preparation for Hibernation 

Shortening of photoperiod in late summer or autumn 
initiates physiological and behavioral changes of many 
species in preparation for hibernation. In other species, 
as for example ground squirrels, a strong innate circann- 
ual rhythm controls the seasons of activity and torpor use 
largely irrespective of photoperiod. Other species, for 
example, those from unpredictable habitats, may show 
opportunistic hibernation and seem to enter prolonged 
torpor irrespective of season or photoperiod, but at any 
time of the year when environmental conditions deterio¬ 
rate, or perhaps to avoid predation. 

As many daily heterotherms enter torpor throughout 
the year, they have to be able to do so without major 
preparation. However, in those species that express sea¬ 
sonal changes in torpor use, photoperiod, food availability, 
and T a appear the major factors that affect the seasonal 
adjustments in physiology. 


Selection of Hibernacula and Torpor Sites 

Selection of an appropriate hibernaculum or torpor site 
is of vital importance. Hibernators often use underground 
burrows, boulder fields, piles of wood or leaves, tree 
hollows, caves, or mines. Hibernacula do not only provide 
shelter from potential predators, but also from tempera¬ 
ture extremes and potential desiccation. Most hibernacula 
show temperatures a few degrees above the freezing point 


of water even when outside T a are well below freezing. 
Snow often acts as additional thermal blanket. 

The selection of thermally appropriate hibernacula or 
sites where torpor is expressed is important, because at T a 
close to the minimum T b that is defended during torpor, 
MR are lowest and arousals are least frequent and therefore 
energy expenditure is minimal. Selection of a hibernaculum 
with a T a below the minimum T b for much of the hiberna¬ 
tion season can be detrimental for small and solitary species 
because of the increased thermoregulatory energy expen¬ 
diture and more frequent arousals. Therefore, it is likely 
that the minimum T b is subject to strong selective pressure 
for adjustments that result in approximating the minimum 
T b to the minimum T a experienced. Arctic ground squirrels 
( Spermophilusparryii) do hibernate solitary at a T a that is well 
below their minimum T b (—2 to —3°C); however, this 
species supercools and is rather large (~1 kg), is likely to 
use insulated nests, and obviously there is a limit how far T b 
can be reduced, without causing freezing of tissues. 

There is also some evidence that the selection of 
hibernacula may change during winter during periodic 
arousals apparently when the thermal conditions change 
due to, for example, rainfall or seasonal T a change in 
caves. Mountain pygmy possums select different torpor 
sites after rain, which decreases T a in sub-nivean spaces, 
whereas bats are known to select appropriate hibernacula 
sites along thermal gradients in caves that generally 
change with season. 

Some species such as bats or fat-tailed lemurs enter 
torpor under bark, in trees hollows, or even under leaves 
with little physical protection. In blossom bats, roosts 
selection changes with season with bats selecting forest 
centers in summer to avoid heat exposure and forest edges 
in winter likely to allow bats to rewarm passively from 
torpor with the increasing T a in the late morning. Long¬ 
eared bats (Nyctophilus spp.) enter torpor under bark that 
will be exposed to sun on the following morning to also 
take advantage of passive rewarming. 

Fat Stores and Dietary Lipids 

Preparation for hibernation involves primarily fattening 
and/or hoarding of food. Prehibernation fattening is com¬ 
mon in many hibernators. Fat stores are important quan¬ 
titatively because in many species they are the main 
source of energy throughout the prolonged hibernation 
season. Some species approximately double their body 
mass largely due to fat storage in autumn, but increases 
in body mass the order of 10-30% are more common. 
Fattening often is achieved by a combination of hyper- 
phagy and a reduction in activity. 

While the quantity of fat is important as it is the main 
energy source in fat-storing hibernators during winter, 
patterns of hibernation are also affected by the composition 
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of dietary fats and body lipids. Function at low T b during 
mammalian torpor obviously requires some physiological 
adjustments. In ectothermic organisms, increases of 
unsaturated polyunsaturated fatty acids in tissues and 
cell membranes form an important role in facilitating 
function at low T b because unsaturated fatty acids 
lower the melting point of depot fats and increase the 
fluidity of cell membranes at low temperatures. In torpid 
endotherms, polyunsaturated fatty acids increase only 
slightly in depot fat and some membrane fractions. How¬ 
ever, dietary polyunsaturated fatty acids have been 
shown to enhance torpor in hibernators as well as in 
daily heterotherms. Ground squirrels and chipmunks 
fed on a diet rich in polyunsaturated fatty acids, in com¬ 
parison to conspecifics on a diet rich in saturated fatty 
acids, have lower T b and MR and longer torpor bouts 
substantially reducing energy requirements during win¬ 
ter. In the wild, ground squirrels and marmots select food 
rich in polyunsaturated fatty acids during prehiberna¬ 
tion fattening apparently to enhance winter survival, 
and perhaps to retain fat for the mating season imme¬ 
diately after hibernation. Further, recent evidence shows 
that selection of dietary fats is affected by photoperiod 
exposure with hamsters exposed to short photoperiod 
increasing their preference for diets rich in unsaturated 
fatty acids. These observations support the view that 
uptake of appropriate dietary fats form part of the winter 
preparation of many heterothermic mammals. 

Behavior During Torpor or the Torpor 
Season 

Social Torpor 

Interestingly, alpine marmots (Marmota marmota ) do suc¬ 
cessfully hibernate at T a below their minimum T b for 
some of the winter despite increased thermoregulatory 
energy expenditure. However this species, like other mar¬ 
mots, is very large and uses social hibernation to enhance 
the chance of winter survival. To achieve this, individuals 
huddle closely in their hibernacula to decrease the 
exposed surface area and to limit heat loss. Moreover, 
torpid marmots synchronize entry and arousals from tor¬ 
por to minimize heat loss to the environment. Especially 
during endothermic rewarming, large adults typically 
commence to rewarm first and their endogenously pro¬ 
duced heat can be shared by other, particularly small 
juveniles, minimizing their rewarming costs. Other spe¬ 
cies that are known to enter torpor socially are sugar 
gliders and feathertail gliders; however, although it is 
known that arousals in the former can be highly synchro¬ 
nized and that huddling in normothermic groups reduces 
energy expenditure, there are no data on whether or not 
huddling reduces rewarming costs. 


Reproduction and Torpor 

Social torpor and also solitary torpor do not prevent some 
heterothermic species to undertake some important 
reproductive behaviors. Whereas torpor and reproduction 
often are seen to be mutually exclusive, recent evidence 
has shown that both pregnant and lactating females may 
use torpor for energy conservation. For example, hoary 
bats (Lasiurus cinereus) employ torpor during pregnancy 
during cold spells in spring, which in addition to energy 
conservation may be used to reduce growth rates of young 
to delay parturition until conditions are more favorable 
for lactation and neonatal survival. Moreover, mating may 
occur during the hibernation season in bats and echidnas. 
Short-beaked echidnas mate in late winter when promis¬ 
cuous males appear to seek out torpid females and mate 
with these either while torpid or during brief normother¬ 
mic periods of females. A large proportion of torpid 
females were pregnant, suggesting that mating during 
hibernation is a common practice in this species, and 
perhaps may be employed by females for selection of 
males. Another group of mammals that is known to mate 
during the hibernation season are bats. In little brown bats 
(Myotis lucifugus), mating occurs frequently early in the 
hibernation season when bats are active. However, later in 
the hibernation season when the number of torpid females 
increases, adult males often force copulation with torpid 
individuals (females and males). 

Basking During Rewarming from Torpor 

Endothermic rewarming from torpor is energetically 
expensive and reduces the savings accrued from daily tor¬ 
por and often results in death of light individuals during 
hibernation if they arouse too frequently. Small insectivo¬ 
rous/carnivorous dasyurid marsupials living in Australian 
deserts use daily torpor in winter frequently in the field and 
frequently employ basking during rewarming apparently 
to lower energy expenditure during arousal. Elephant 
shrews are the only other group of mammals for which 
data strongly suggest they may bask when rewarming from 
torpor. Basking during rewarming from torpor in dasyurids 
can reduce rewarming costs by up to 85% and conse¬ 
quently is highly significant to small mammals with high 
thermoregulatory energy expenditure, especially for those 
living in resource-poor environments such as deserts. 

Arid zone dasyurids known to employ basking during 
rewarming are two dunnarts and a planigale living on sandy 
or clay substrate, and the rock-dwelling false antechinus 
(Table 1). In these species, torpor occurs frequently 
(~60-100% of days) in the wild in autumn and winter. 
Basking was observed in individuals that moved from their 
rest site, where they apparently had entered torpor, to a 
basking site in the sun at T b ranging between 13.8 and 
19.7° C, well below the T b often used for defining torpor 
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Table 1 Basking in torpid mammals 


Species 

Basking T b 
minimum (°C) 

Source 

Marsupials 

Planigale Planigale gilesi 

13.8 

Geiser et al. 

(8 g) 


(2008) 

Dunnart Sminthopsis 

14.6 

Warnecke 

crassicaudata (10 g) 


et al. (2008) 

Dunnart Sminthopsis 

19.3 

Geiser et al. 

macroura (15 g) 


(2008) 

False Antechinus 

19.3 

Geiser et al. 

Pseudantechinus 


(2002) 

macdonnellensis (31 g) 

Placentals 

Elephant shrew 

— 

Mzilikazi et al. 

Elephantulus my urns 


(2002) 

(55 g) 


in mammals (i.e., T b < 30 °C). Basking often commenced 
about 3 h after sunrise when the sun reached openings of 
rock crevices or soil cracks employed by torpid individuals 
to expose themselves to sun. Basking often lasted through¬ 
out the entire rewarming process. When an observer 
approached too closely, animals rapidly retreated into 
their shelter, demonstration that these individuals are fully 
alert and well enough coordinated even at low T b . 

In Elephant shrews, rewarming from torpor was tightly 
linked with changes in T a . The T b rose from low values 
at the same time T a in the sun increased, strongly suggest¬ 
ing that the animals were basking, as basking was also 
observed independently in normothermic individuals. 

Detailed behavioral observation on basking are avail¬ 
able for free-ranging false antechinus, which typically 
basked with the back oriented toward the sun and less 
commonly with the flanks facing the sun. Both exposure 
of the entire body and exposure of only parts of the body 
were observed. Basking animals did not remain stationary 
for long periods and regularly changed body position or 
posture. These changes included altering orientation 
toward the sun by as much as 180°, and small movements 
of the body to increase or decrease the amount of sun 
exposure. Usually, a change of body posture or position 
occurred every ~5 min, suggesting that the animals were 
seeking to maximize heat uptake depending on their 
internal thermal condition. In the laboratory, torpid dun- 
narts (Sminthopsis crassicaudata) actively moved from a 
shaded area where they entered torpor to a heat lamp on 
100% of observations to passively re warm from low T b . 

Summary 

While in the past lack of activity and movement were 
widely used to define periods of torpor, it is now clear 
that torpid animals at low T b often are well aware of their 


surroundings and even express a number of complex beha¬ 
viors either while torpid or during normothermic periods 
between torpor bouts. These behaviors likely contribute to 
maximize survival of the torpor season or the survival of 
a species in general as heterothermic species are more 
resistant to extinction than homeotherms. It thus appears 
that torpor, although widely viewed as the ‘physiological 
option,’ in contrast the ‘behavioral option’ as for example 
migration, for survival/avoidance of adverse conditions, 
also involves several important behavioral components 
that form an crucial role in enhancing a species’ fitness. 

See also: Behavioral Endocrinology of Migration; Cach¬ 
ing; Circadian and Circannual Rhythms and Hormones; 
Conservation and Anti-Predator Behavior; Female Sexual 
Behavior: Hormonal Basis in Non-Mammalian Verte¬ 
brates; Group Living; Habitat Selection; Internal Energy 
Storage; Seasonality: Hormones and Behavior. 
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Introduction 

Classical ethologists largely thought of communication 
in terms of senders broadcasting information indicating 
their internal motivational state, and receivers upon whom 
these signals then acted as releaser stimuli. The receiver’s 
response to these signals was assumed to be a behavioral 
response appropriate to the signaler’s state. The outcome 
of this interaction would then be of mutual benefit to both 
signaler and receiver. Evolution was thought to act to 
make signals less ambiguous about the signaler state, and 
more efficient and effective at longer and longer ranges. 
Unfortunately, the logical basis of this classical approach 
has a potential flaw. 

The outline of a challenging problem to this classical 
view emerged during the 1970s with the rise of explicitly 
‘selfish’ gene-centric views of evolution. The application of 
game theoretical thinking to social behavior highlighted 
the importance of conflicting interests in signaling interac¬ 
tions. Most conspicuous communication occurs between 
individuals in some sort of conflict. Fighting animals often 
communicate their strength to one another. A prospective 
suitor will show-off to a prospective mate using court¬ 
ship displays. Dependent young beg their parents for 
food. If honest, then all these situations seem to involve 
individuals giving away information to their disadvan¬ 
tage: some individuals informing a receiver that they are 
weak, unfit mates, or less hungry than their siblings. 
Such submaximally escalated signals ought to encourage 
the opponent to continue fighting, the wooed to spurn, 
parents to provision less. On the other hand, if all fight¬ 
ing animals signal that they are incredibly strong, suitors 
always signal that they are the most conceivably deserv¬ 
ing mates, and offspring signal that they are starving 
then, presumably the receivers of these signals would 
evolve to ignore them entirely. 

Do Displays Transfer Information? 

An early hypothesis advanced to solve the dilemma of 
communication with conflicting interests was to question 
whether signals actually conveyed any information at all. 
The prediction that there ought to be no information trans¬ 
mitted follows from the game theoretical model of an 
auction as applied to the use of threat displays. If an agonis¬ 
tic interaction is seen as a bidding process in which the 
individual who is willing to escalate the most wins, then a 
threat display that announces how much the signaler is 


going to bid guarantees losing. A signal that correctly 
identifies the signaler’s state, that is, the intended bid, 
allows the opponent to out-bid by a small amount every 
time. In such a situation, it is clearly best to keep one’s 
bid secret. In a 1979 analysis of avian threat display 
use, Peter Caryl concluded that there was very little 
evidence to support the traditional view that there was 
bid-like information in the signal. Few, if any, threat dis¬ 
plays were followed by an attack with more than even 
probability; different threat displays in the same species 
did not precede attacks with remarkably different prob¬ 
abilities; and a single threat display may ‘predict’ attack 
with the same likelihood of predicting abandonment of 
the contest. In the early 2000s, several authors critically 
reviewed these conclusions, pointing out that threat dis¬ 
plays did consistently predict, albeit with low predict¬ 
ability, subsequent aggressive escalation on the part of the 
signaler. Caryl’s conclusion that the quality of the infor¬ 
mation transmitted is poor, remains true. These are, at 
best, quite ambiguous signals. 

Is Communication an Arms Race? 

A wider case against honest communication was advanced 
in a number of highly influential articles by John Krebs 
and Richard Dawkins in the late 1970s and early 1980s. 
Dawkins and Krebs argued that the exaggerated signals 
seen in communication between individuals with con¬ 
flicting interests were attempts to manipulate receivers 
into acting against their own self-interests. Such hypnotic 
signals overwhelmed the receiver’s senses, hypnotizing 
them into acting as the signaler’s agent. This manipulation 
of the receiver’s behavior was suggested to evolve in con¬ 
cert with ever increasing sales resistance on the receiver’s 
part in an evolutionary arms race. 

In contrast to this view of evolutionarily unstable 
spiralling co-evolution of manipulation and scepticism 
is the view that signals actually convey useful informa¬ 
tion, that is, they are basically honest and their use is 
an evolutionarily stable strategy. Reconciling the latter 
view with the criticisms leveled against the classical 
ethological perspective has been a very active research 
topic, with game theoretical models playing a prominent 
role. We can address this problem by considering how 
different types of signals can be used to convey informa¬ 
tion. For each of these signal types, there is a different 
reason that receivers may believe the information com¬ 
municated is reliable. 
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Types of Signals 

Several distinct types of signal have been proposed to be 
evolutionarily stable against the corrupting pressure of 
deception or manipulation. 

Handicaps 

By far the most influential honest signaling hypothesis is 
the handicap principle, advanced by Amotz Zahavi in a 
pair of papers in the mid-1970s. Zahavi’s verbal model 
proposed that signal reliability was maintained by the 
inherently wasteful costliness of a signal. Signalers adver¬ 
tising a desirous or fearsome ability or state could only do 
so credibly if they use up some of that ability or state. 
A signal that was wastefully costly to produce could be 
afforded only by the most able signalers. This verbal 
model, likening biological communication to a signal of 
wealth by means of conspicuous consumption, was met 
with a great deal of scepticism by theoreticians such as 
John Maynard Smith. 

Zahavi’s hypothesis gained widespread support only 
after a formal game theoretical model by Alan Grafen 
demonstrated that the idea could work, in principle. Zahavi 
has gone on to suggest that the mechanism underlying 
handicapped signaling applies to a far wider class of phe¬ 
nomena, claims that have not been widely embraced by 
researchers in the fields involved. Grafen’s models do con¬ 
tinue to have widespread support, but some notable cri¬ 
ticisms have been made. For example, Tom Getty has 
questioned whether the critical assumption in Grafen’s 
model, and others like it, that the costs and benefits of 
different signals are linearly separable, is justified in the 
biological cases the model is typically applied to. Linearly 
separable means that, as far as the signaler is concerned, 
the sources of signal costs are independent of the benefits 
that a signal will bring. For example, if a courting male 
uses a handicapping courtship display, then a more attrac¬ 
tive display must be more costly when the male is of lower 
quality. The traditional assumption is that the benefit of a 
successful courtship is equal for males of all quality. But it 
may be that males of higher quality are able to turn a 
successful courtship into greater reproductive success 
than lower-quality males. If the costs vary with signaler 
quality, and the benefits do as well, then the two are not 
linearly separable. Getty concludes that this critical as¬ 
sumption is not justified, and, moreover, that the whole 
idea of a handicap principle is distractingly unhelpful, and 
the metaphor ought to be boycotted in favor of less loaded 
language. The costs of producing and bearing intense 
signals may prevent some signalers from using them, 
thereby maintaining honesty, in a process quite like 
Grafen’s models, but without necessarily conforming to 
Zahavi’s larger view of handicaps. Plausible models of 
signals without linearly separable costs and benefits may 


produce evolutionarily stable, honest signals in which the 
cost of producing more attractive signals is prohibitive to 
signalers of lower quality (the cost of increasing signal 
intensity prevents signalers of all qualities from exagger¬ 
ating) yet the absolute cost paid by signalers is zero. 
Whether this situation can be described as ‘handicapping’ 
is debatable. The cost that prevents dishonest exaggera¬ 
tion looks just like a handicap, but that cost is not actually 
paid. At some point, debating whether it is a handicap or 
not is less useful than asking how close this model matches 
what is seen in real biological signals. 

Indices 

The handicap continues to be a very influential idea, and 
while it may be the most talked-about form of signal, it is 
not the only one. Another form of signal that has a much 
longer, less controversial history is the index. Indices 
are signals that are honest by way of physical constraint. 
A large toad makes a deeper croak than a smaller toad and 
is constrained to do so because of the physics of sound 
production. If a larger male toad is more attractive to 
females, and more intimidating to other males, then a 
deep croak serves as an index of that desirable, fearsome 
dimension. Whether a specific signal is best described as a 
handicap, or an index, may be debatable. Some authors, 
such as Maynard Smith and Harper, see indices as a more 
widespread, and important, class of signal than do some 
others. For example, it may be that the depth of the toads 
croak is exaggerated to a maximum across the population, 
and the cost of further overcoming the physical constraint 
on call frequency prevents any further exaggeration. 
Empirical models of index use such as the sequential 
assessment game, a model of escalating threat display 
use based on indices of size, are better supported by 
empirical data than are handicaps. 

Conventional Signals 

A more controversial alternative to indices and handicaps 
are conventional signals, signals without the wasteful cost 
of a handicap or the physically constrained honesty of an 
index. A signal is said to be conventional when the mean¬ 
ing of the signal can, theoretically at least, be exchanged 
with that of another signal. For example, a human in a bar 
could extend their middle finger upwards and show the 
back of the hand to another human. This is called ‘giving 
the finger’ and involves no more inherent, wasteful, cost 
than would a similar display using an upraised thumb. 
One can easily imagine a culture in which a ‘thumbs-up’ 
and ‘the finger’ have their meanings reversed. If the costs 
and benefits of these signals can be reversed, then their 
meaning is established by convention; they are conventional 
signals. Several authors, Zahavi included, have dismissed 
conventional signals as impossibilities. Game theoretical 
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models of conventional signal use show that they work, at 
least in principle. The cost imposed by receivers acting on 
their conventional interpretation of a bluffed signal of 
strength or desperation in a threat display game can make 
cheating far less successful than honesty Some signals, such 
as the threat displays used by birds, seem more like conven¬ 
tional signals than handicaps or indices. 

Some signals do incorporate aspects of both handicap¬ 
ping signals and conventional signals. Vulnerability, or 
interaction, handicaps are signals that have no inherent 
cost of production but may bear costs that depend entirely 
on the receiver’s response to the signal, as in conventional 
signals. Interaction handicaps share with the more classic 
handicaps described earlier, the property that the form of 
the signal influences the cost. No cost is paid to produce 
the signal per se; instead, a cost is paid only if the receiver 
makes a specific response. The best example of such a 
signal is a threat display the form of which makes the 
individual performing the display vulnerable to counter¬ 
attack from the receiver. The classic example of a vulner¬ 
ability handicap is the use of a threat display by a newly 
molted arthropod. Waving their large claw functions as a 
threat display but entails a great risk of cost, since the claw 
is effectively useless and vulnerable to damage if (and 
only if) the receiver reacts to the threat with a counter¬ 
attack. x41though these signals do blur the distinction 
between conventional signal and handicaps, it is impor¬ 
tant to realize that conventional signals and handicaps do 
not grade into one another as general classes of signals. 

The costs which maintain honesty in handicaps, if 
imposed on a game theoretical model in which conven¬ 
tional signals are evolutionarily stable and honest, pro¬ 
duce counterintuitive results. Simply adding an arbitrary 
cost to a conventional signal will not make it extra-resistant 
to dishonest use. In a model of conventional threat display, 
if one of the conventional signals is made to be costly in a 
handicapping sense, then it will be used by the stronger, 
not weaker, individual. Both the original and posthandi¬ 
cap versions are evolutionarily stable and produce honest 
signaling, but signalers gain higher fitness in the former, 
in which signaler quality could be associated with either 
signal. In the latter, the lower-quality signalers use the 
handicap and they gain lower payoffs, while everyone 
else’s payoffs remain unchanged. This handicap-enhanced 
outcome seems unstable in the long run, in that the han¬ 
dicapped signal will not be used at all if a new, costless, 
signal is made available for use to replace it. The handicap 
will be used only if the number of signals that can be used 
is so small that signalers have no option but to include the 
costly one in their repertoire. 

All the three of these signal types: handicaps, indices, 
and conventional signals, can maintain honesty between 
individuals with conflicting interests, at least in theory. 
All have some degree of support from empirical stu¬ 
dies. Most likely, all the three do function in stabilizing 


communication between animals, to some degree, in some 
cases. However, the debate over the relative importance of 
these three signal types is far from settled. 

Signaling in Biological Contexts: The 
Degree of Conflict 

While animals signal to each other in a wide variety of 
situations, there are several specific communication sce¬ 
narios that have interested researchers. Begging signals, 
courtship displays, threat displays and signals about, or 
directed to, predators are some of the best-studied exam¬ 
ples of biological signaling. These examples may all be 
placed on a continuum of conflicting interests, as has been 
done by William Searcy and Stephen Nowicki. Searcy 
and Nowicki classify the interests of signalers and recei¬ 
vers as identical, overlapping, divergent or opposing, cor¬ 
responding roughly to interactions within an individual, 
between kin, between potential mates, and between indi¬ 
viduals in aggressive interactions, respectively. The idea 
that the form of signals used in a social interaction is 
influenced by the degree of conflict between the partici¬ 
pants traces back at least as far as Krebs and Dawkins. The 
assumption has been that more escalated, or costly, signals 
will be used in those interactions in which there is a 
greater degree of conflict. While the idea makes a great 
deal of intuitive sense, a number of counterexamples can 
be made. Aposematic signals, in which a toxic signaler 
and a potential predator have little conflict, show consid¬ 
erable signal exaggeration nonetheless. Conventional sig¬ 
nals, where the cost is least, seem to be most likely used in 
aggressive interactions where the conflicting interests 
seem rather more stark. In fact, it may be that animals 
involved in an aggressive interaction have interests that 
are far more in common than it seems on first inspection. 
While both individuals prefer that they prevail and the 
opponent concede, they are united in preferring not to 
have a potentially injurious escalated physical battle. This 
sort of pattern of common interest across some possible 
outcomes, and conflicting interests across others, not only 
drives conventional signaling models, but may also make 
it hard to predict large-scale patterns of signal property 
from the overall degree of conflict. 

Honesty and Deception, or Ambiguity? 

Various game theoretical models show that signaling can 
be honest in the face of conflicting interests between 
signaler and receiver. Empirical studies show that animals 
do communicate to receivers information that they then 
put to use. But this does not mean that signals are neces¬ 
sarily honest. Communication between animals seems 
remarkably ambiguous and imprecise. With the possible 
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exception of alarm calls, where one short call may be used 
to provide warning to the audience, biological signals 
seem nothing like the maximally informative, ‘say it 
once, and all is revealed,’ traits predicted by most game 
theory models, or the acme of signals the classical ethol¬ 
ogists suggested that evolution selects for. The impreci¬ 
sion of signals may simply reflect some external constraint 
acting on signals that prevents evolution from removing 
a large ‘noise’ component from the signal. According to 
this view, signalers would benefit if the signals could be 
made more precise and informative. 

An alternative view is that these noisy signals are not 
failed attempts at maximum honesty, but best thought of 
as honest-on-average. Alan Grafen and Rufus Johnstone 
modeled an evolutionarily stable blend of honest and 
deceptive signalers in a handicapped begging game. The 
idea that signalers may sporadically exploit receivers while 
the proportion of honest signals remains high enough to 
maintain the response in the receivers makes intuitive sense 
and is widely accepted. The Grafen and Johnstone model, 
like that of stomatopod threat displays by Eldridge Adams 
and Michael Mesterton-Gibbons, produces deceptive sig¬ 
naling within a larger population of honest signalers by 
combining the honest and dishonest signalers together 
through the use of the same signal. The receiver has to 
treat the class of all signalers using the same signal as the 
average of both honest and dishonest types using that 
signal, in effect never being able to adjust to the types 
differentially. It is as if the receiver were in a city where 
5% of all the $20 bills were counterfeit, choosing to be paid 
in $20 bills from various sources, but always receiving $19 
whenever spending any $20 bill. The receiver chooses to 
accept $20 bills, without fear of getting stuck with a coun¬ 
terfeit, but never expecting the bill to be worth anything 
more than $19. Thus, honest and dishonest $20 bills coexist, 
but the receiver does not have to be described as being 
‘deceived.’ 

An alternative to the view that signals are either ‘honest’ 
or ‘deceptive’ is taken by Tom Getty and Peter Hurd, 
among others. This view proposes that signals might be 
better characterized as simply ‘ambiguous’ but still infor¬ 
mative. Consider the case of a sentry giving an alarm call. 
Empirical studies of alarm calling in birds have found 
examples in which about half the alarm calls are given in 
the absence of predators, but provide the sentry with the 
opportunity to take food uncovered by the flock while 
they take cover from the predator that isn’t there. This 
signal clearly meets the definition of a deceptive signal 
(below) when given in the absence of a predator. When¬ 
ever the alarm is raised, the receivers may either be 
deceived (by inferring that they were not aware of the 
possibility that the ‘alarm call’ signal might be a false 
alarm), or they may have the correct expectation that a 
predator has a 50% probability of being present. In the 
latter case, the receivers may not be deceived, so much as 


gambling with known odds. This same logic may be 
extended more productively to situations with more varia¬ 
tion. Imagine that a territorial male is either more or less 
likely to attack an intruder because of some variation in 
subjective resource value, such as whether a female nesting 
on his territory is fertile or not. The male has a repertoire 
of several different threat displays. In each of these differ¬ 
ent levels of resource value, the male has different prob¬ 
abilities of attacking after each of the different threat 
displays. If evolution has led to a stable pair of signaler 
and receiver strategies, then the receiver must be working 
with an accurate expectation of these probabilities. Out¬ 
comes may be better or worse, but the signaler plays the 
game knowing the odds and cannot properly be described 
as cheating. If one accepts that evolution has led to an 
evolutionarily stable pairing of signaler and receiver states, 
then any signaling system will be honest in this sense. 

Definitions 

A word about definitions. Perhaps more than any other 
area within animal behavior, the study of communication 
has a long history of making liberal use of important terms, 
with poor, or multiple conflicting, definitions. This may 
indicate that the central concepts are so intuitively clear 
that reasonable progress can be made without universally 
agreed upon formal definitions or that the concepts are so 
hoary and vague that ideas appearing to be simple require 
redefining at each use, resulting in a pile of incommen¬ 
surate crosstalk obstructing the resolution of any of the 
central issues. The following definitions have been para¬ 
phrased from Searcy and Nowicki, and may be subject 
to all the criticisms mentioned earlier, but still function 
adequately. 

Signal: A signal is a character or behavior that has 
evolved so as to provide information to other organisms. 
Signals are usually defined so as to exclude traits that 
convey information to the detriment of the signaler, such 
as the rustling noise of a mouse in the grass which is heard 
by a nearby owl. Some of the more extreme applications of 
the handicap idea may include such apparently detrimen¬ 
tal signals. For example, it could be argued that such life- 
threatening grass rustling serves as a signal of his quality 
because of the handicap it imposes on him. 

Honesty: For the purpose of this article, honesty will be 
usually mean ‘reliable,’ that is to say: there is some vari¬ 
able state that the signaler is in, or aware of, that the 
receiver cannot know directly. The receiver would benefit 
from knowing this state. The signal chosen by the signaler 
allows the receiver to choose a response that is appropri¬ 
ate for the actual state. 

Deception: A signal X is said to be deceptive if it elicits a 
response Y from the receiver which benefits the signaler, 
and the response Y would be appropriate, beneficial to the 
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receiver, if the state that the signaler is in, or aware of, 
were a different one from the actual state. 

See also: Agonistic Signals; Alarm Calls in Birds and 
Mammals; Game Theory; Mating Signals; Parent-Off¬ 
spring Signaling. 
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Background 

The honeybees, all members of the genus Apis, are one of 
the most familiar flying animals of terrestrial habitats. The 
center of diversity of the genus is Southeast Asia, where 
several species are found. Most of these species are limited 
in range to tropical and montane zones in Southeast and 
South Asia, but two species have far broader ranges. Apis 
cerana , sometimes called the Eastern hive bee, occurs as far 
north as Japan and into the Middle East. Apis mellifera , or the 
Western hive bee, is native to Africa. It expanded its range 
into Europe and Asia as the ice-age glaciers retreated, and 
has been spread by humans to the Americas, Australia, and 
Hawaii (Figure 1). A. mellifera has also been introduced 
through much of the range occupied by A. cerana. , including 
Japan and mainland China. In this article, I review the basic 
biology of the genus Apis, with a focus behavior. 

Human associations with honeybees are deeply rooted 
in prehistory. Honey hunting was likely an important 
source of food for early humans living in Asia, Africa, and 
Europe. Cave paintings in Spain record prehistoric honey 
hunting by humans, and honey remains an important 
human food source. An image of the honeybee forms a 
key element in the ancient Egyptian hieroglyph symboliz¬ 
ing Lower Egypt. Roman ruins sometimes feature niches in 
walls that were designed to hold honeybee colonies, and 
numerous such walls constructed in the seventeenth and 
eighteenth centuries are found in the French and British 
countryside. Currently, honeybees are highly important 
pollinators, providing pollination services in manipulated 
agroecosystems in which native bee populations are reduced 
and for nonnative crop plants. 

Most of our scientific knowledge of honeybees comes 
from studies of A. mellifera. Scientists’ fascination with 
the honeybee dates back at least to Aristotle, and the 
maintenance of bee colonies by medieval religious com¬ 
munities fostered knowledge of bee management and 
behavior. Early publications, such as Charles Bulter’s 
Feminine Monarchic (1609) held a great amount of detail 
about honeybee biology, some correct and some incor¬ 
rect, and form the foundation for modern knowledge of 
honeybees. The discovery by Jan Dzierzon in 1845 that 
male honeybees arise from unfertilized (haploid) eggs 
and females from fertilized (diploid) eggs is an excellent 
example of how the tradition of beekeeping by educated 
clergymen led to intellectual explorations of bee biology 
and behavior. Haplodiploidy, the system of sex determi¬ 
nation discovered by Dzierzon and known as Dzierzon’s 


rule, is now understood to be a characteristic of nearly 
all Hymenoptera. 

Twentieth century studies of honeybees are rooted in 
the work of Karl von Frisch (1886-1982), who shared the 
1973 Nobel Prize in Physiology or Medicine with Niko 
Tinbergen and Konrad Lorenz. Von Frisch’s discoveries of 
color vision in bees, the dance language of the honeybee, 
and the ability of bees to use the polarization of light in 
their orientation were key to the development of sensory 
physiology and animal behavior as scientific fields. Gen¬ 
erations of scientists have followed in von Frisch’s foot¬ 
steps, refining and further developing concepts first 
proposed by von Frisch and his students. 

The Apis Family Tree 

Honeybees lie in the subfamily Apinae of the family 
Apidae (Figure 2) although it should be noted that 
there has been considerable controversy over the phylog- 
eny of these bees. Their branch of the apine family tree 
includes other eusocial taxa, the bumblebees and the 
stingless bees. In addition to eusociality, honeybees share 
the use of wax in nest construction with bumblebees and 
stingless bees, although honeybees are the only taxa to use 
wax as the sole construction element of their combs. 

Two major sets of differences align with the evolution of 
species in Apis - size and nesting habit. The genus divides 
among dwarf bees, giant bees, and bees that we would regard 
as more ‘normal’ in size, like A. mellifera. The overall appear¬ 
ance ol all Apis species is quite similar, but size varies many- 
fold between the dwarf species, like A. florea, and giant 
species like A. dorsata. The dwarf honeybees, subgenus 
Micrapis, which includes A. florea (Figure 3) and A. andreni- 
flormis, are generally considered the basal, or most primitive, 
group within Apis. The giant honeybees are first derived 
from the dwarf honeybees and then the cavity-nesting hon¬ 
eybees are derived. The giant honeybees, subgenus Macrapis .; 
include A. dorsata (Figure 4) and A. laboriosa. Micrapis and 
Macrapis species build nests of a single exposed comb sus¬ 
pended from a branch, cave roof or cliff. Bees in the subge¬ 
nus Apis—Apis mellifera, A. cerana, A. nigrocincta, A. nuluensis, and 
A. koschevnikovi — all nest in cavities, such as hollow trees, 
and build nests of multiple combs. 

What features are held in common among all species in 
the genus? While the level of documentation varies among 
species, from the very well-known A. mellifera to the almost 
entirely unknown A. nuluensis, some generalizations about 
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Figure 1 Western honeybee, Apis mellifera, colony in a small 
cave. The use of multiple combs is typical of cavity nesting 
honeybees, subgenus Apis. Photo by Thomas Ranker. 


the genus are widely accepted. All Apis species are highly 
eusocial, meaning that queens and their daughter workers 
live together in colonies, there is a strong morphological 
differentiation between queens and workers, and the work¬ 
ers cooperate to rear additional workers, males (drones), 
and new queens from among their sibs. All members of the 
genus build nests of wax combs, have workers with barbed, 
autotomous stings, and have queens that, after multiple 
matings, store sperm for use throughout their life. Workers 
in all honeybee species communicate about food resources 
using a dance language and release alarm pheromones to 
alert nestmates to threats. Honeybees reproduce by swarm¬ 
ing, with the queen in a colony leaving the nest with about 
half the workers and establishing a new nest; she is replaced 
in the old nest by one of her daughter queens. 

As with other eusocial Hymenoptera (ants, some 
wasps, as well as some other types of bee), all honeybee 
workers are female. Apis workers are highly differentiated 
from queens, with larger eyes, hairier bodies, small ovar¬ 
ies, no capacity to mate, and autotomous stings. Drones 
have yet stouter bodies and even larger eyes, probably 
adaptations for both flight and spotting potential mates. 

Honeybees, Agriculture, and Ecosystems 
Services 

A. mellifera is the champion honey producer in the genus. 
While all Apis species store some concentrated nectar 
(honey) in their combs, most honeybee species abscond 


from nests if conditions are poor and seek out a more 
favorable nesting site, or are seasonally migratory, moving 
to accommodate variation in rain and temperature. 
A. mellifera is the only species which is successful across a 
vast expanse of the northern temperate zone (in Europe 
and Asia, and introduced into temperate North America). 
Escaping temperate winters is beyond the migratory abil¬ 
ity of honeybees and it is likely that storage of large 
amounts (50 kg or more) of honey evolved as a way of 
having food stores for overwintering. Temperatures inside 
A. mellifera nests (and to the extent A. cerana lives in 
temperate climates, in cerana nests) are maintained near 
30 °C through the unfavorable season. 

Storing food creates an attractive resource for animals 
like skunks, raccoons, bears, and, obviously, humans. 
Additionally, the larvae and pupae, which are reared in 
cells in the comb, have high nutritional value. It is no 
surprise that honeybees have intense defensive methods 
available to them, and these defenses are highly effective 
against vertebrate predators. In many human cultures, bee 
larvae or pupae are consumed in addition to honey. Bees¬ 
wax is regarded as a high-grade base for cosmetics and 
candles. Propolis (plant resins collected by bees to seal 
cracks and supplement wax as a structural material) was 
used as a base for varnishes prior to the development of 
petroleum-based wood finishes. Propolis was reputedly a 
key ingredient in finishes used on fine violins, such as 
those made by Stradivarius. Recently, hive products such 
as pollen, royal jelly, and propolis have been touted for 
their medicinal properties. 

Globally, most agriculturally managed honeybees are 
A. mellifera , but A. cerana colonies are maintained in parts of 
Asia. The techniques used to keep these two species are 
similar. Until the nineteenth century, bees were typically 
maintained in sections of hollow logs (Figure 5) or in 
woven straw hives, called ‘skeps.’ The skep is a state 
symbol for Utah, appearing on highway signs and at the 
center of the state seal. These arrangements had the disad¬ 
vantage of not allowing inspection and management of 
the combs, and required at least partial destruction of the 
colony when honey was harvested. Early honeyhunters and 
beekeepers learned that smoke seemed to pacify bees, 
allowing for collection of honey with less risk of stinging. 

Much of beekeeping is based in the management of bee 
behavior. Beekeeping underwent a major advancement 
with the invention of moveable frames; these wooden (or 
now, plastic) supports hold the comb and allow for 
removal of individual combs from a hive. Also important 
in artificial hive construction is the concept of‘bee space’; 
if the right-sized gaps - about 1.0 cm - are left between 
frames, and between the frames and the hive box, the bees 
use the spaces as passages, rather than filling them with 
wax and propolis. Keeping bee space means that frames 
are not cemented into place, facilitating their easy 
removal. The American beekeeper, Lorenzo Langstroth, 
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Figure 2 A cladogram of the bee subfamily Apinae places the genus Apis on a branch with other eusocial bees, Bombus (the 
bumblebees) and the stingless bees (Melipona/Liotrigona). Genera labeled in green are extinct. Bombus, labeled in yellow, 
is primitively eusocial, with relatively little morphological differentiation between queens and workers. The genera labeled in red, 
including Apis and the stingless bees, are highly eusocial, with strong morphological differentiation between queens and workers. 
Reproduced with permission from Engel M S (2001) Monophyly and extensive extinction of advanced eusocial bees: Insights from an 
unexpected Eocene diversity. Proceedings of the National Academy of Sciences USA 1661-1664. Copyright 2001 National Academy of 
Sciences, USA. 


is generally credited with developing the concept of bee 
space and linking it with moveable frames in the 1850s, 
resulting in the basis for modern beekeeping. The perfec¬ 
tion of techniques for artificial insemination of honeybee 
queens, particularly by Harry Laidlaw, has allowed bee¬ 
keepers and scientists to make controlled crosses among 
honeybees to enhance honeybee agricultural performance 
and for experimental purposes. 

Diseases and Parasites of Honeybees 

Honeybees have attracted their share of diseases and 
parasites. Because of the commercial value of honeybees, 


more is probably known about honeybee diseases than 
diseases afflicting any other insect. Viruses, such as bee 
paralysis viruses (BPV), bacteria, including the spore¬ 
forming American foulbrood, Paenibacillus larvae, protists 
such as Nosema apis, and the chalkbrood fungus, Pericystis 
apis , can all impair or kill workers (larvae in the cases of 
foulbrood and chalkbrood, adults for BPVs and Nosema). 
Mites, such as the tracheal mite, Acarapis vooodi , and the 
Varroa mite, Varroa destructor, are also significant threats to 
honeybees. For most of these diseases and parasites, it is 
not clear in which species of Apis they originated, 
although all are now problems for A. mellifera populations. 
The Varroa mite evolved as a pest of A. cerana in Southeast 
Asia and its recent switch to A. mellifera, facilitated by 
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Figure 3 An Apis florea colony. This dwarf honeybee nests 
lower in the vegetation and on slimmer branches than giant 
honeybees (see Figure 4). The comb, which is obscured by the 
bees, extends over the branch and a flattened portion of comb 
above the branch serves as a platform for dances in this 
species. Photo by Xiaobao Deng. 



Figure 5 An Apis cerana colony maintained in a log hive in 
southern China (Yunnan province). The ends are removable 
for access to the combs. Photo by Michael Breed. 



Figure 4 An Apis dorsata colony. Note that the comb does 
not extend up and over the tree branch. Apis dorsata often 
nests in aggregations, with many colonies occupying a large tree. 
Photo by Michael Breed. 


global commerce in honeybees, has been disastrous for 
A. mellifem populations, whose natural defenses are only 
weakly developed. 

Recent public attention has focused on colony collapse 
disorder (CCD), a disease or complex of diseases that has 
greatly impacted global A. mellifera populations. Colony 
losses have exceeded 90% in some locations and loss of 
pollination services have had major impacts on some 
growers of fruits and vegetables. A variety of diseases 
have been suggested as causes of CCD, including paralysis 
viruses and Nosema ceranae , which has switched hosts from 
A. cerana to A. mellifera , but other factors, such as use of the 
neonicotinoid insecticide imadocloprid and global cli¬ 
mate change have also been implicated. Resolution of 


the cause or causes of CCD is a matter of extreme 
urgency, given the importance of ecosystem services 
provided by honeybees. 

Hygienic behavior is very much a part of honeybee 
responses to disease and parasites. Bees may respond to 
diseased or dying larvae and pupae by removing them 
from their colony. Carl Rothenbuhler’s famous studies in 
the 1960s of hygienic behavior in response to brood infec¬ 
tions stood for many years as classic examples in behav¬ 
ioral genetics of how simple Mendelian models could 
explain behavioral variation. While we now understand 
that the genetics underlying hygienic behavior are more 
complex than what Rothenbuhler proposed, his basic 
finding of genetic variation for hygienic behavior should 
be recognized as a key stimulus for the development of the 
field of behavioral genetics. Genetic lines of A. mellifera 
selected for hygienic behavior have good levels of resis¬ 
tance to Varroa mites because infested larvae are removed 
from the colony before the mites reproduce. Bees may 
also groom themselves or their nestmates (allogrooming) 
to remove ectoparasites; this behavior is not genetically 
related to classic hygienic behavior but may enhance 
resistance to Varroa mites, as well. 


The Honeybee Life Cycle 

Honeybees have no solitary phase in their life cycle. This 
differentiates them many, perhaps most, other eusocial 
insects. Queens depend completely on workers for their 
survival, and workers are nearly completely dependent on 
queens for reproduction. (Workers may occasionally lay a 
male egg.) New colonies are started by swarms, which 
consist of the reigning queen from a colony and a large 
number of her workers. Swarms settle usually on a tree 
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limb or fence, but sometimes at inconvenient spots like a 
parked car, and scouts from the swarm search for appro¬ 
priate nest sites. Returning scouts dance to indicate possi¬ 
ble nest locations and within a few hours or days, the 
colony arrives at a consensus and moves to the new site, 
where they initiated comb construction and the queen, 
once comb is available, starts to lay In temperate habitats, 
spring is the most promising time to swarm, as the colony 
will then have ample time to provision its new nest for the 
upcoming winter. Hence the Mother Goose rhyme: 

A swarm of bees in May 
Is worth a load of hay; 

A swarm of bees in June 
Is worth a silver spoon; 

A swarm of bees in July 
Is not worth a fly. 

In the days prior to swarming, colonies rear several new 
queens in larger than typical cells that extend from the 
bottom edges of the comb. Queen larvae receive a diet of 
royal jelly that apparently stimulates development of the 
queen morphology but all female eggs have the potential to 
develop into either queens or workers. While typically only 
one new queen is needed, the extra queens provide a 
degree of insurance. The first queen emerging from her 
cocoon may kill the other queens; sometimes, large colo¬ 
nies produce secondary swarms headed by new queens. 

Colonies also produce drones, beginning in the spring 
and extending well into the summer. Drones fly in aggre¬ 
gations several meters in the air, and queens on mating 
flights seek those aggregations, with drones then engaging 
in a chase to actually mate with the queen. Drone genita¬ 
lia are ripped out and left in the queen’s reproductive tract 
when a drone mates, providing an ineffective block against 
subsequent matings by the queen. 


The Comb and Behavior 

One of the most unique and intriguing aspects of honey¬ 
bee biology is the use of wax for the construction of the 
nest (Figure 6). The mechanical and architectural prop¬ 
erties of the comb are the result of an enchanting inter¬ 
play between an outstanding construction material and 
perfect design. Honeybees produce wax from glands 
located in the intersegmental membranes on the sternal 
surface of the abdomen. Wax scales from the glands are 
chewed, secretions from glands in the head are added, and 
then wax is formed into comb. Wax is a metabolically 
costly product; 6-7 kg of honey are required to make 
1 kg of wax. Wax consists of hundreds of compounds. 
Alkanes, like those found in petroleum-based waxes, are 
but a small component of beeswax. Wax esters, and, nota¬ 
bly, fatty acids, which add strength and resilience, are 



Figure 6 Apis mellifera comb, showing the beautiful symmetry 
and efficient use of materials by honeybees in comb 
construction. Photo by Michael Breed. 


important parts of the blend. Even though beeswax has 
superficial similarities to paraffin wax, its unique proper¬ 
ties have made it a preferred material for cosmetics, 
applications in art such as batik, and high-quality candles. 
Behaviorally, the fatty acids and alkenes (which are pres¬ 
ent in smaller amounts) serve as important cues for bees in 
the colony in social recognition. 

Under natural conditions the bees shape the comb. 
In managed colonies apiarists often give the bees a founda¬ 
tion, made of wax or plastic, that guides comb construction 
within moveable frames. The hexagonal cells (Figure 6) are 
a marvelous extraction of maximum strength and storage 
space from a minimum of material. The bees appear to be 
guided in their construction by innate knowledge and the 
ability to build new comb following the pattern of existing 
comb. The comb is a result of the collective behavior of 
many individual bees, each adding a few wax scales secreted 
from their wax glands. It may appear that complex guiding 
forces drive comb-building. Hexagonal construction is, 
however, not unique to honeybees; it appears in the paper 
nests of many eusocial wasps and in some parts of stingless 
bee nests, and may be a simple result of close packing of 
developing larvae. As the comb is used for rearing larvae, the 
silk larval cocoons are incorporated, and the old comb has a 
much darker color than the new comb. 

Details of construction, though, are remarkably consis¬ 
tent across species. The size of most of the cells in the 
comb matches the size of worker larvae; dwarf species 
produce the comb with small cells and giant bees have 
very large cells. Cells intended for rearing drones are 
slightly larger than worker cells, and tend to be located 
around the margins of the comb. As a unifying feature of 
the genus Apis , the use of the wax comb for nests is, 
indeed, a marvel of nature. 
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Division of Labor 

All honeybee workers are alike, morphologically, and it 
seems that all are equally capable of contributing to tasks 
within the colony. Age is the most important variable in 
determining the behavior of a bee at any given moment, 
with the youngest adult workers performing tasks deep 
inside the colony, such as cleaning and nursing brood. 
Slightly older bees engage in comb construction. Between 
10 and 20 days of adult age workers shift to the periphery of 
the colony, guarding (Figure 7), fanning to circulate air, 
and removing dead bees. Yet older bees forage or stand 
ready to fly in colony defense, serving as soldiers. In the 
summer, workers live roughly 4 weeks. This pattern of age- 
related shifts in activity is termed as temporal polyethism. 

Physiologically, the picture is more complex, as workers 
vary in the likelihood that they will become nectar or pollen 
foragers. Genetic differences among workers, at least in 
part, underly fates of bees in becoming nectar or pollen 
foragers. The interactions between age, demand for task 
performance, and genetics in determining worker activities 
within colonies remain a fascinating topic for future study. 

The role of queens is simpler and much more easily 
defined. After emergence as adults, queens may enter a 
short phase of competition with other potential queens, 
which can include fights to the death. Queens then leave 
the colony for one or more mating flights, after which they 
return. Having mated 10-20 times (at least in A. mellifera ), 
the queen soon begins laying eggs, her only task until she 
dies; queens may live 5-7 years. Egg-laying by the queen 
is interrupted only by unfavorable seasons - winter in the 
temperate zone, dry seasons in the tropics - and times 
when the colony is absconding (all bees leave the nest and 



Figure 7 A guard honeybee, Apis mellifera. Photo by Michael 
Breed. 


search for a new location) and swarming (the queen leaves 
with about half the workers). 

Male honeybees, drones, do not work within the col¬ 
ony. Their role is to fly and attempt to mate with queens. 
Late in summer, drones may be forcibly removed from 
colonies by the workers. 

Queen Pheromones 

Queens release pheromones throughout their lives. 9-Oxo- 
decenoic acid (9-ODA) serves as a sex pheromone in 
A. mellifera , attracting males to queens on their mating 
flight, and a related compound, 10-hydroxydecenoic 
acid (10-HDA) serves a similar function in A. florea. 
A mixture of compounds from the mandibular glands of 
queens (queen mandibular pheromone, or QMP) appears 
to inhibit production of new queens and to maintain some 
aspects of worker-like behavior. In A. mellifera , QMP includes 
9-ODA, 9-HDA, methyl-/?-hydroxybenzoate (HOB), and 
4-hydroxy- 3-methoxy phenylethanol (HVA). Queens 
continuously produce QMP; if the queen is removed or 
QMP production is blocked, workers begin rearing emer¬ 
gency replacement queens. QMP attracts a retinue of 
workers to surround the queen; QMP is transmitted via 
retinue workers throughout the colony, but it is volatile 
and disappears quickly from the colony if the queen is 
not present. 

Other Pheromones 

Pheromones probably play a role in almost every aspect of 
honeybee behavior. Brood pheromone, for example, has 
received attention as a possible stimulant of foraging 
behavior. Nasonov pheromone, produced from the Naso- 
nov glands on the dorsum of the abdomen, is composed of 
highly volatile oils, such as geraniol and citral, and serves 
as an assembly pheromone during swarming. Footprint 
pheromones may mark locations that foragers have vis¬ 
ited. Alarm pheromones are discussed below. The rich 
chemical life of honeybees is only partly understood. 

Colony Defense 

Honeybee colony defense can be loosely divided into 
three categories of responses - defense against other bee 
colonies, defense against invertebrate predators and 
honey thieves, and defense against vertebrates. The pri¬ 
mary weapon of the honeybee is the sting, which is sup¬ 
plemented by biting with the mandibles. The sting is 
autotomous, meaning the tissue attaching the sting to 
the bee’s body is weak and the sting pulls out of the bee 
easily. Barbs on the shaft of the sting catch in the skin of 
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the victim, the sting pulls loose, and muscles remain with 
the sting pump venom into the skin. The queen has a 
sting, but it is not barbed. Alarm pheromones, highly 
volatile chemicals released from a gland associated with 
the sting, serve to alert other bees in the colony to threats. 

Honeybee nests have tempting concentrations of 
honey, and when nectar is low in availability, workers 
may turn to robbing other colonies. Robbing and defenses 
against robbing are best studied in A. mellifera , which, as 
pointed out above, tends to store large amounts of honey. 
The mixture of fatty acids in the comb of any given colony 
is unique to that colony, and gives the workers the means 
to discriminate colony mates from noncolony mates. 
Guard bees, which patrol near hive entrances, examine 
approaching bees with their antennae and bite and sting 
bees from other colonies. Guarding is more intense when 
nectar supplies are low. Less is known about this type of 
colony defense in other species of honeybee. 

Invertebrate predators on honeybee colonies have gen¬ 
erated a set of interesting adaptations. In Asia and the 
Middle East, hornets feed on adult bees and can decimate 
colonies. Bees forming the blanket on the surface of 
A. florea and A. dorsata nests (Figures 3 and 4) ‘shimmer’ - 
move their wings to produce a wave-like effect radiating 
through the bees - in response to the presence of a hornet. 
A. cerana workers shimmer at the entrance of their nest. If 
the bees capture a hornet, large numbers may surround 
it; the bees then produce heat by shivering and can actu¬ 
ally bake a hornet to death. 

For most people, the pain caused by the defensive 
abilities of honeybees against vertebrates determines 
their most immediate impression of bees. The sting of a 
single worker can cause local pain, itching, and, in 
hypersensitive individuals a catastrophic anaphylactic 
reaction. Honeybee venom consists of two nonenzyme 
proteins, apamin and melittin, an enzyme, hyalonuri- 
dase, and the biogenic amines, dopamine and histamine. 
Apamin is a neurotoxin which may associate with 
the pain that accompanies a bee sting. Melittin lyses 
cell walls, probably enhancing local inflammation. Hya- 
lonuridase breaks down connective tissues, perhaps 
enhancing the spread of the venom, and dopamine and 
histamine probably increase circulation in the area of the 
sting, also improving venom spread. Apamin and melittin 
are hyperallergens, so vertebrates with repeated expo¬ 
sure may be at risk for developing strong immune reac¬ 
tions to bee venom. Major disturbances of a honeybee 
nest, by a human or other vertebrate, result in hundreds 
or thousands of bees flying near the nest. These bees 
orient to dark colors and movement, and tend to con¬ 
centrate around the eyes and ankles of the victim. Alarm 
pheromone released from stings stimulates even more 
bees to fly. 

Defensive behavior against vertebrates is, again, best 
studied in A. mellifera , but the giant honeybees also have a 


reputation of being aggressive defenders of their nest and 
fierce stingers. Some ecotypes of A. mellifera , sometimes 
called ‘African’ or ‘Africanized’ bees, have particularly 
intense colony defense, with their defended area extend¬ 
ing many meters from the nest and large numbers of bees 
responding to threats. Following the release of these more 
strongly defensive bees into Brazil, thousands of people 
have died in stinging events. ‘African’ bees are more 
successful in tropical climates than ‘European’ bees and 
have spread to their southern climatic limits in Argentina 
and near their northern limits in California, Arizona, and 
Texas. In addition to their defensiveness, ‘African’ bees are 
noted for their high likelihood of absconding under poor 
living conditions, production of large numbers of swarms, 
and long-distance movement of swarms. Beekeepers in 
North America attempt to genetically manage their 
bees to reduce the defensive characteristics of their colo¬ 
nies, while beekeepers in Central and South America 
have, over time, adapted to working with these more 
difficult bees. 

Foraging Behavior 

Honeybees are usually thought of as floral generalists, 
exploiting a wide range of flowers for their nectar and 
pollen. Honeybees sometimes collect food from wind 
pollinated plants, like pollen cattails, or from extrafloral 
nectaries. Honeybees collecting sugary fluid from soda 
cans or from unscreened kitchens may be viewed as 
pests. Within this overall pattern of generalist foraging, 
though, individual worker bees can remain quite faithful 
to a given plant species. 

Here I highlight a few interesting points about the 
large topic of communication about food resources. 
A small subset of foragers work as scouts for a colony. 
The mechanism for determining which bees scout and 
how many bees scout is poorly understood. These bees, 
when they find nectar or pollen, dance upon return to the 
nest, and recruit other bees to the same food source. As 
noted above, some foragers specialize in pollen collection, 
others in nectar, and some collect both types of food. 
Another class of foragers collects water, which on hot 
days is brought into the colony and evaporated for cool¬ 
ing; without evaporative cooling extreme temperatures 
would quickly melt the comb wax. In times of severe 
forage shortage in the surrounding landscape, honeybee 
colonies send out few scouts; low activity may conserve 
food reserves. 

Honeybee foragers can range up to several kilometers 
from their nest, but most of the foraging activity from a 
given colony is concentrated within a few hundred 
meters of the nest. Honeybees are not territorial on 
flowers, so bees from many colonies can forage in the 
same area without direct aggression occurring at flowers. 
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This contrasts with some stingless bees, which are highly 
territorial at flowers. 

Honeybees are efficient pollinators; the fidelity of a 
given bee to a plant species results in effective cross¬ 
pollination. Flowers with open corollas and accessible 
nectaries, such as apples, are easily worked by honeybees, 
while honeybees have difficulty with deep, narrow cor¬ 
ollas, such as honeysuckle, or complicated flowers, like 
alfalfa. The manipulability of honeybee behavior and 
their broad range of acceptable flowers makes them the 
prime agricultural pollinator in many ecosystems. 

Genomics and the Future of Honeybee 
Research 

The honeybee genome has been sequenced, with the first 
release of sequence data in 2003. The availability of geno¬ 
mic data opens important future pathways for learning 
how gene expression relates to eusocial behavior and caste 
differentiation. The basic groundplan for reproductive 
biology in insects, and in Hymenoptera in particular, has 
been modified in bees to support the existence of distinct 
reproductive and nonreproductive castes; genomic research 
may ultimately help to explain how animals with the same 
genes - queens and workers - can have such different 
morphology and behavior, and what genetic modifications 


are required to evolutionarily move from the solitary ances¬ 
tors of Apis to the sophisticated social behavior of this genus. 

See also: Ant, Bee and Wasp Social Evolution; Caste 
Determination in Arthropods; Collective Intelligence; 
Dance Language; Developmental Plasticity; Division of 
Labor; Queen-Queen Conflict in Eusocial Insect Colo¬ 
nies; Queen-Worker Conflicts Over Colony Sex Ratio; 
Social Recognition. 
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Introduction 

Behavioral endocrinology is the scientific study of the 
interaction between hormones and behavior. This interac¬ 
tion is bidirectional: hormones can affect behavior, and 
behavior can feedback to influence hormone concentra¬ 
tions. Hormones are chemical messengers released from 
endocrine glands that influence the nervous system to 
regulate the physiology and behavior of individuals. Over 
evolutionary time, hormones regulating physiological pro¬ 
cesses have been co-opted to influence behaviors linked to 
these processes. For example, hormones associated with 
gamete maturation such as estrogens are now broadly 
associated with the regulation of female sexual behaviors. 
Such dual hormonal actions ensure that mating behavior 
occurs when animals have mature gametes available for 
fertilization. Generally speaking, hormones change gene 
expression or cellular function, and affect behavior by 
increasing the likelihood that specific behaviors occur in 
the presence of precise stimuli. Hormones achieve this by 
affecting individuals’ sensory systems, central integrators, 
and/or peripherial effectors. To gain a full understanding 
of hormone-behavior interactions, it is important to moni¬ 
tor hormone values, as well as receptor interactions in the 
brain. Because certain chemicals in the environment can 
mimic natural hormones, these chemicals can have pro¬ 
found effects on the behavior of humans and other animals. 

Behavioral Endocrinology Techniques 

A number of methods are used to gather the evidence 
needed to establish hormone-behavior relationships. 
Much of the recent progress in behavioral endocrinology 
has resulted from technical advances in the tools that allow 
us to detect, measure, and probe the functions of hormones 
and their receptors. These techniques, with a brief descrip¬ 
tion, are listed in Table 1. Several of these techniques are 
the result of advanced research in behavioral endocrinology, 
including the time-honored ablation-replacement techni¬ 
ques, bioassays, as well as modern assays that utilize the 
concept of competitive binding of antibodies that include 
radioimmunoassay (RIA), enzyme-linked immunosorbent 
assay (ELISA; enzyme-linked immunoassay (EIA)), autora¬ 
diography, and immunocytochemistry. Other techniques 
commonly used in behavioral endocrinology include neural 
stimulation and single-unit recording, techniques that acti¬ 
vate or block hormone receptors with drugs, and gene 


arrays and genetic manipulations including interfering 
with RNA and use of viral gene vectors to deliver novel 
genes directly into the brain. Because hormones must inter¬ 
act with specific receptors to evoke a response, many of 
these techniques are used to influence or measure hormone 
secretion, hormone binding, or the physiological and behav¬ 
ioral effects that ensue after hormones bind to their respec¬ 
tive receptors. 

Hormones 

Hormones are organic chemical messengers produced 
and released by specialized glands called ‘endocrine 
glands.’ Endocrine is derived from the Greek root words 
endon , meaning ‘within,’ and krinein , meaning ‘to release,’ 
whereas the term hormone is based on the Greek word 
hormon , meaning ‘to excite.’ Hormones are released from 
these glands into the bloodstream (or the tissue fluid 
system in invertebrates), where they act on target organs 
(or tissues) generally at some distance from their origin. 
Hormones coordinate the physiology and behavior of an 
animal by regulating, integrating, and controlling its bodily 
function. Hormones are similar in function to other chemi¬ 
cal mediators including neurotransmitters and cytokines. 
Indeed, the division of chemical mediators into categories 
mainly reflects the need by researchers to organize biological 
systems into endocrine, nervous, and immune systems, rather 
than real functional differences among these chemical sig¬ 
nals. Hormones often function locally as neurotransmitters 
and also interact with neurotransmitters and cytokines to 
influence behavior. 

Hormones can be grouped into four classes: (1) peptides 
or proteins, (2) steroids, (3) monoamines, and (4) lipid- 
based hormones. Generally, only one class of hormone is 
produced by a single endocrine gland, but there are some 
notable exceptions. It is important and useful to discrimi¬ 
nate among the four types of hormones because they differ 
in several important characteristics, including their mode 
of release, how they move through the blood, the location 
of their target tissue receptors, and the manner by which 
the interaction of the hormone with its receptor results in a 
biological response. The major vertebrate hormones and 
their primary biological actions are listed in Table 2. 

Although exceptions always exist, the endocrine sys¬ 
tem has several general features: (1) endocrine glands are 
ductless, (2) endocrine glands have a rich blood supply, 
(3) hormones, the products of endocrine glands, are 
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Table 1 Common techniques in behavioral endocrinology 

Ablation (removal or extirpation) of the suspected source of a hormone to determine its function is a classic technique in endocrinology. 
Suspected brain regions that may regulate the behavior in question can also be ablated. Typically, four steps are required: (1) a gland 
that is suspected to be the source of a hormone affecting a behavior is surgically removed; (2) the effects of removal are observed; 
(3) the hormone is replaced, by reimplanting the removed gland, by injecting a homogenate or extract from the gland, or by injecting a 
purified hormone; and (4) a determination is made whether the observed consequences of ablation have been reversed by the 
replacement therapy. 

Radioimmunoassay (RIA) is based on the principle of competitive binding of an antibody to its antigen. An antibody produced in 
response to any antigen, in this case a hormone, has a binding site that is specific for that antigen. Antigen molecules can be ‘labeled’ 
with radioactivity, and an antibody cannot discriminate between an antigen that has been radiolabeled (or ‘hot’) and a normal, 
nonradioactive (‘cold’) antigen. A standard curve is produced with several tubes, each containing the same measured amount of 
antibody, the same measured amount of radiolabeled hormone, and different amounts of cold purified hormone of known 
concentrations. The radiolabeled hormone and unlabeled hormone compete for binding sites on the antibody, so the more cold 
hormone that is present in the tube, the less hot hormone will bind to the antibody. The quantity of bound hormone can be determined 
by precipitating the antibody and measuring the associated radioactivity resulting from the radiolabeled hormone that remains bound. 
The unknown concentration of hormone in a sample can then be determined by subjecting it to the same procedure and comparing 
the results with the standard curve. 

Enzymoimmunoassay (EIA), as RIA, works on the principle of competitive binding of an antibody to its antigen. ElAs do not require 
radioactive tags; instead, the antibody is tagged with a compound that changes optical density (color) in response to binding with 
antigen. Other than home pregnancy tests, most ElAs are developed to provide quantitative information. A standard curve is 
generated so that different known amounts of the hormone in question provide a gradient of color that can be read on a spectrometer. 
The unknown sample is then added, and the amount of hormone is interpolated by the standard curves. A similar technique is called 
‘enzyme-linked immunosorbent assay’ (ELISA). 

Immunocytochemistry (ICC) techniques use antibodies to determine the location of a hormone in cells. Antibodies linked to marker 
molecules, such as those of a fluorescent dye, are usually introduced into dissected tissue from an animal, where they bind with the 
hormone or neurotransmitter of interest. For example, if a thin slice of brain tissue is immersed in a solution of antibodies to a protein 
hormone linked to a fluorescent dye, and the tissue is then examined under a fluorescent microscope, concentrated spots of 
fluorescence will appear, indicating where the hormone is located. 

Autoradiography is typically used to determine hormonal uptake and indicate receptor locations. Radiolabeled hormone is injected into 
an individual or into dissected tissue. Suspected target tissues are sliced into several very thin sections; adjacent sections are then 
subjected to different treatments. One section of the suspected target tissue is stained in the usual way to highlight various cellular 
structures. The next section is placed in contact with photographic film or emulsion for some period of time, and the emission of 
radiation from the radiolabeled hormone develops an image on the film. The areas of high radioactivity on the film can then be 
compared with the stained section to determine how the areas of highest hormone concentration correlate with cellular structures. 
This technique has been very useful in determining the sites of hormone action in nervous tissue, and consequently has increased our 
understanding of hormone-behavior interactions. 

Blot tests use electrophoresis to determine in which cells specific DNA, RNA, or proteins are located. Homogenized tissue of interest is 
placed on a nitrocellulose filter, which is subjected to electrophoresis that involves application of an electric current through a matrix 
or gel that results in a gradient of molecules separating out along the current on the basis of size (smaller molecules move farther than 
larger molecules during a set time period). The filter is then incubated with a labeled substance that can act as a tracer for the protein 
or nucleic acid of interest: radiolabeled complementary deoxyribonucleic acid (cDNA) for a nucleic acid assay, or an antibody that has 
been radiolabeled or linked to an enzyme for a protein assay. If radiolabeling is used, the filter is then put over film to locate and 
measure radioactivity. In enzyme-linked protein assays, the filter is incubated with chromogenic chemicals, and standard curves 
reflecting different spectral densities are generated. Southern blots assay DNA; Northern blots assay RNA, whereas Western blots 
test for proteins. 

In situ hybridization is used to identify cells or tissues in which mRNA molecules for a specific protein (e.g., a peptide hormone) are 
produced. The tissue is fixed, mounted on slides, and either dipped into emulsion or placed over film and developed with 
photographic chemicals. Typically, the tissue is also counterstained to identify specific cellular structures. A radiolabeled cDNA probe 
is introduced into the tissue. If the mRNA of interest is present in the tissue, the cDNA will form a tight association (i.e., hybridize) 
with it. The tightly bound cDNA, and hence the messenger RNA (mRNA), will appear as dark spots. This technique can be used to 
determine whether a particular substance is produced in a specific tissue. 

Pharmacological techniques are used to identify hormones and neurotransmitters involved in specific behaviors. Some specific 
chemical agents can act to stimulate or inhibit endocrine function by affecting hormonal release; these agents are called ‘general 
agonists’ and ‘antagonists,’ respectively. Other drugs act directly on receptors, either enhancing or negating the effects of the 
hormone under study; these drugs are referred to as ‘receptor agonists’ and ‘antagonists,’ respectively. 

Brain imaging techniques reveal brain activation during behaviors. Paired with endocrine manipulations or monitoring, imaging can 
provide important information about hormone-behavior interactions. Positron emission tomography (PET) scanning permits detailed 
measurements of real-time functioning of specific brain regions of people who are conscious and alert. PET gives a dynamic 
representation of the brain at work. Computer-assisted tomography (CT) scanner shoots fine beams of X-rays into the brain from 
several directions. The emitted information is fed into a computer that constructs a composite picture of the anatomical details within 
a ‘slice’ through the brain of the person. Magnetic resonance imaging (MRI) does much the same thing, but uses nonionizing radiation 
formed by the excitation of protons by radiofrequency energy in the presence of large magnetic fields. Functional MRI (fMRI) uses a 
very high spatial (~1 mm) and temporal resolution to detect changes in brain activity during specific tasks or conditions. When 
neurons become more active, they use more energy, and require additional blood flow to deliver glucose and oxygen. The fMRI 
scanner detects this change in cerebral blood flow by detecting changes in the ratio of oxyhemoglobin and deoxyhemoglobin. 


Continued 
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Table 1 Continued 


Gene manipulations. In behavioral endocrinology research, common genetic manipulations include the insertion (transgenic or knockin) 
or removal (knockout) of the genetic instructions encoding a hormone or the receptor for a hormone. In knockout mice, behavioral 
performance can then be compared among wild-type (+/+), heterozygous (+/-), and homozygous (-/-) mice, in which the gene 
product is produced normally, produced at reduced levels, or completely missing, respectively. Inducible knockouts when specific 
genes are inactivated in adulthood promise to become important tools in behavioral endocrinology. An alternative approach involved 
gene silencing via RNA interference (RNAi), which is used to deplete protein products made in cells. 

Gene arrays can be used to determine relative gene expression during the onset of a behavior, or a change in developmental state, or 
among individuals that vary in the frequency of a given behavior or hormonal state. Essentially, a miniscule spot of nucleic acid of 
known sequence is attached to a glass slide (or occasionally nylon matrix) in a precise location often by high speed robotics. This 
identified, attached nucleic acid is called ‘the probe,’ whereas the sample nucleic acid is the target. The identification of the target is 
revealed by hybridization, the process by which the nucleotides link to their base pair. 


secreted into the bloodstream, (4) hormones can travel in 
the blood to virtually every cell in the body and can thus 
potentially interact with any cell that has appropriate 
receptors, and (5) hormone receptors are rather specific 
binding sites, embedded in the cell membrane or located 
elsewhere in the cell that interact with a particular hor¬ 
mone or class of hormones. As mentioned, the products 
of endocrine glands are secreted directly into the blood, 
whereas other glands, called ‘exocrine glands,’ have ducts 
into which their products are secreted (e.g., salivary, sweat, 
and mammary glands). Some glands have both endocrine 
and exocrine structures (e.g., the pancreas). Recently, the 
definition of an endocrine gland also had to be reconsid¬ 
ered. For example, adipose tissue produces the hormone, 
leptin, and the stomach produces a hormone called ‘ghre- 
lin.’ Probably the most active endocrine organ, and the 
one that produces the most diverse types of hormones is 
the brain. 

As single cells evolved into multicellular organisms, 
chemical communication within and between cells, as 
well as between individuals and populations, developed. 
The endocrine system evolved to become a key compo¬ 
nent of this complicated intra- and intercellular commu¬ 
nication system, although other systems of chemical 
mediation exist. For example, chemical mediation of 
intracellular events is called ‘intracrine mediation.’ Some 
intracrine mediators may have changed their function 
over the course of evolution and now serve as hormones 
or pheromones. Autocrine cells secrete products that may 
feed back to affect processes in the cells that originally 
produced them. For example, many steroid-hormone- 
producing cells possess receptors for their own secreted 
products. Chemical mediators released by one cell that 
induce a biological response in nearby cells are called 
‘paracrine agents’; nerve cells are well-known paracrine 
cells. In several cases, a single hormone (especially pep¬ 
tides) can have autocrine, paracrine, or endocrine func¬ 
tions. For example, leptin stimulates expression of itself 
and its receptor. Generally, leptin is produced in adipose 
tissue and it functions as a hormone when released into 
the blood by regulating energy balance at the level of the 
hypothalamus. However, leptin is also produced in the 


anterior pituitary gland where it diffuses locally to influ¬ 
ence thyroid-stimulating hormone (TSH) secretion 
(paracrine). Many chemical mediators display similar 
diversity in function. 

Some hormones are water-soluble proteins or small 
peptides that are stored in the endocrine cell in secretory 
granules, or vesicles. In response to a specific stimulus for 
secretion, the secretory vesicle fuses its membrane with 
the cellular membrane, an opening develops, and the 
hormones diffuse into the extracellular space via a process 
called ‘exocytosis.’ The expelled hormones then enter the 
blood system from the extracellular space. Other hor¬ 
mones, such as steroid hormones, are lipid soluble (i.e., 
fat soluble), and because they can move easily through the 
cell’s membrane, they are not stored in the endocrine cells. 
Instead, a signal to an endocrine gland to produce steroid 
hormones essentially serves as a signal to release them into 
the blood as soon as they are produced by the cellular 
machinery. 

Hormone receptors, that are either embedded in the 
cell membrane or located elsewhere within the cell, inter¬ 
act with a particular hormone or class of hormones. 
Receptor proteins bind to hormones with high affinity 
and generally high specificity. As a result of the high 
affinity of hormone receptors, hormones can be very 
potent in their effects, despite their very dilute concen¬ 
trations in the blood (e.g., 1 ngml -1 of blood). However, 
when blood concentrations of a hormone are high, bind¬ 
ing with receptors that are specific for other related 
hormones can occur in sufficient numbers to cause a 
biological response (i.e., crossreaction). Also, many hor¬ 
mones are structurally similar so that antibodies designed 
to attach to one hormone may cross react with other 
similarly shaped molecules (e.g., growth hormone and 
prolactin, the sex steroids, and the glycoproteins, viz., 
luteinizing hormone, follicle-stimulating hormone, and 
thyroid-stimulating hormone). 

But generally, hormones can directly influence only 
cells that have specific receptors for that particular hormone 
and served as target cells. The interaction of a hormone 
with its receptor begins a series of cellular events that 
either eventually lead to activation of enzymatic pathways 
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Table 2 Vertebrate hormones 


Glands/hormone 

Abbreviation 

Source 

Major biological action 

Adrenal glands 
Mineralocorticoids 




Aldosterone 


Zona glomerulosa of 

Sodium retention in kidney 



adrenal cortex 


11 -Deoxycorticosterone 

DOC 

Zona glomerulosa of 

Sodium retention in kidney 



adrenal cortex 


Glucocorticoids 




Cortisol (hydrocortisone) 

F 

Zona fasciculata and 

Increases carbohydrate metabolism; antistress 



z. reticularis of 
adrenal cortex 

hormone 

Corticosterone 

B 

Zona fasiculata and 

Increased carbohydrate metabolism; antistress 



z. reticularis of 
adrenal cortex 

hormone 

Dehydroepiandro-sterone 

DHEA 

Zona reticularis of 

Weak androgen; primary secretory product of fetal 



adrenal cortex 

adrenal cortex 

Ovaries 

Estradiol 


Follicles 

Uterine and other female tissue development 

Estriol 


Follicles 

Uterine and mammary tissue development 

Estrone 


Follicles 

Uterine and mammary tissue development 

Progesterone 

P 

Corpora lutea, placenta 

Uterine development; mammary gland development; 




maintenance of pregnancy 

Testes 

Androstenedione 


Leydig cells 

Male sex characters 

Dihydrotestosterone 

DHT 

Seminiferous tubules 

Male secondary sex characters 



and prostate 


Testosterone 

T 

Leydig cells 

Spermatogenesis; male secondary sex characters 

Peptide and protein hormones 




Hormone 

Abbreviation 

Source 

Major biological action 

Adipose tissue 

Leptin (Ob protein) 


Adipocytes 

Regulation of energy balance 

Adiponectin 


Adipocytes 

Modulates endothelial adhesion molecules 

Plasminogen activator 

PAI-1 

Adipocytes 

Regulation of vascular hemostasis 

inhibitor-1 




Adrenal glands 

Met-enkephalin 


Adrenal medulla 

Analgesic actions in CNS 

Leu-enkephalin 

Gut 


Adrenal medulla 

Analgesic actions in CNS 

Bombesin 


Neurons and endo¬ 

Flypothermic hormone; increases gastrin secretion 



crine cells of gut 


Cholecystokinin 

CCK 

Duodenum and CNS 

Stimulates gallbladder contraction and bile flow; affects 

(pancreozymin) 



memory, eating behavior 

Gastric inhibitory polypeptide 

GIP 

Duodenum 

Inhibits gastric acid secretion 

Gastrin 


G-cells of midpyloric 

Increases secretion of gastric acid and pepsin 



glands in stomach 
antrum 


Gastrin-releasing peptide 

GRP 

Gl tract 

Stimulates gastrin secretion 

Ghrelin 


Stomach mucosa/GI 

Regulation of energy balance 



tract 


Glucogon-like peptide-1 

GLP-1 

L cells of intestine 

Regulates insulin secretion 

Motilin 


Duodenum, pineal 

Alters motility of Gl tract 



gland 


Secretin 


Duodenum 

Stimulates pancreatic acinar cells to release 




bicarbonate and water 

Vasoactive intestinal 

VIP 

Gl tract, hypothalamus 

Increases secretion of water and electrolytes from 

polypeptide 



pancreas and gut; acts as neurotransmitter in 
autonomic nervous system 

Peptide YY 

Heart 

PPY 

Gl tract 

Regulation of energy balance/food intake 

Atrial naturetic factor 

ANF 

Atrial myocytes 

Regulation of urinary sodium excretion 

Hypothalamus 

Agouti-related protein 

AGRP 

Arcuate nucleus 

Regulation of energy balance 


Continued 
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Table 2 Continued 




Glands/hormone 

Abbreviation 

Source 

Major biological action 

Arg-vasotocin 

AVT 

Hypothalamus and 
pineal gland 

Regulates reproductive organs 

Corticotropin-releasing 

CRH 

Paraventricular nuclei, 

Stimulates release of ACTH and (3-endorphin from 

hormone 


anterior 

periventricular nuclei 

anterior pituitary 

Gonadotropin-releasing 

hormone 

GnRH 

Preoptic area; anterior 
hypothalamus; 
suprachiasmatic 

Stimulates release of FSH and LH from anterior pituitary 

Gonadotropin-inhibiting 

hormone 

GnIH 

Species-dependent 

loci 

Inhibits release of LH (in birds) 

Kisspeptin 

KISS 

Arcuate and 
anteroventral 
periventricular nuclei 

Critical for normal puberty 

Luteinizing hormone-releasing 
hormone 

LHRH 

Nuclei; medial basal 
hypothalamus 
(rodents and 
primates); arcuate 
nuclei (primates) 


Somatostatin (growth 


Anterior periventricular 

Inhibits release of GH and TSH from anterior pituitary 

hormone-inhibiting 


nuclei 

inhibits release of insulin and glucagon from pancreas 

hormone) 

Somatocrinin (growth 
hormone-releasing 

GHRH 

Medial basal hypothala 
mus; arcuate nuclei 

Stimulates release of GH from anterior pituitary 

hormone) 

Melanotropin-release 
inhibitory factor (Dopamine) 

MIF (DA) 

Arcuate nuclei 

Inhibits the release of MSH (no evidence of this peptide 
in humans) 

Melanotropin-releasing factor 

MRF 

Paraventricular nuclei 

Stimulates the release of MSH from anterior pituitary (no 
evidence of this peptide in humans) 

Neuropeptide Y 

NPY 

Arcuate nuclei 

Regulation of energy balance 

Neurotensin 


Hypothalamus; 
intestinal mucosa 

May act as a neurohormone 

Orexin A and B 


Lateral hypothalamic 
area 

Regulation of energy balance/food intake 

Prolactin-inhibitory factor 

PIF (DA) 

Arcuate nuclei 

Inhibits PRL secretion 

(Dopamine) 

Prolactin-releasing hormone 


Paraventricular nuclei 

Stimulates release of PRL from anterior pituitary 

Substance P 

SP 

Hypothalamus, CNS, 
intestine 

Transmits pain; increases smooth muscle contractions 
of Gl tract 

Thyrotropin-releasing 

hormone 

TRH 

Paraventricular nuclei 

Stimulates release of TSH and PRL from anterior 
pituitary 

Urocortin 


Lateral hypothalamus 

CRH-related peptide 

Liver 

Somatomedins 


Liver, kidney 

Cartilage sulfation, somatic cell growth 

Angiotensinogen 


Liver, blood 

Precursor of angiotensins, which affect blood pressure 

Ovaries 

Relaxin 


Corpora lutea 

Permits relaxation of various ligaments during 
parturition 

Inhibin (folliculostatin) 


Follicles 

Inhibits FSH secretion 

Gonadotropin surge- 

GnSAF 

Follicles 

Control of LH secretion during menstruation 

attenuating factor 

Activin 


Sertoli cells 

Stimulates FSH secretion 

Pancreas 

Glucagon 


a-cells 

Glycogenolysis in liver 

Insulin 


(3-cells 

Glucose uptake from blood; glycogen storage in liver 

Somatostatin 


5-cells 

Inhibits insulin and glucagon secretion 

Pancreatic polypeptide 

PP 

Peripheral cells 
of pancreatic islets 

Effects on gut in pharmacological doses 

Pituitary 

Adrenocorticotropic hormone 

ACTH 

Anterior pituitary 

Stimulates synthesis and release of glucocorticoids 

Vasopressin (antidiuretic 

ADH or AVP 

Posterior pituitary 

Increases water reabsorption in kidney 

hormone) 

|3-endorphin 


Intermediate lobe of 
pituitary 

Analgesic actions 


Continued 
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Table 2 Continued 


Glands/hormone 

Abbreviation 

Source 

Major biological action 

Follicle-stimulating hormone 

FSH 

Anterior pituitary 

Stimulates development of ovarian follicles and 
secretion of estrogens; stimulates spermatogenesis 

Growth hormone 

GH 

Anterior pituitary 

Mediates somatic cell growth 

Lipotropin 

LPH 

Anterior pituitary 

Fat mobilization; precursor of opioids 

Luteinizing hormone 

LH 

Anterior pituitary 

Stimulates Leydig cell development and testosterone 
production in males; stimulates corpora lutea 
development and production of progesterone in 
females 

Melanocyte-stimulating 

hormone 

MSH 

Anterior pituitary 

Affects memory; affects skin color in amphibians 

Oxytocin 


Posterior pituitary 

Stimulates milk letdown and uterine contractions during 
birth 

Prolactin 

PRL 

Anterior pituitary 

Many actions relating to reproduction, water balance, 
etc. 

Thyroid-stimulating hormone 
(thyrotropin) 

Placenta 

TSH 

Anterior pituitary 

Stimulates thyroid hormone secretion 

Chorionic gonadotropin 

CG 

Placenta 

LH-like functions; maintains progesterone production 
during pregnancy 

Chorionic 

somatomammotropin 
(placental lactogen) 

Testes 

CS (PL) 

Placenta 

Acts like PRL and GH 

Mullerian inhibitory hormone 

MIH 

Fetal Sertoli cells of 
testes 

Mediates regression of Mullerian duct system 

Inhibin (folliculostatin) 


Seminiferous tubules 
(and ovaries) 

Inhibits FSH secretion 

Activin 

Thyroid/para thyroid 


Sertoli cells 

Stimulates FSH secretion 

Calcitonin 

CT 

C-cells of thyroid 

Lowers serum Ca 2+ levels 

Parathyroid hormone 

PTH 

Parathyroid gland 

Stimulates bone resorption; increases serum Ca 2+ levels 

Thyroxine (tetraiodothyronine) 

t 4 

Follicular cells 

Increases oxidation rates in tissue 

Triiodothyronine 

t 3 

Follicular cells 

Increases oxidation rates in tissue 

Parathyroid-related peptide 

Thymus 

PTHrP 

Parathyroid gland (and 
other tissues) 

Regulation of bone/skin development 

Thymosin 


Thymocytes 

Proliferation/differentiation of lymphocytes 

Thymostatin 

Monoamine hormones 

Adrenal glands 


Thymocytes 

Proliferation/differentiation of lymphocytes 

Hormone 

Abbreviation 

Source 

Major biological action 

Epinephrine (adrenaline) 

EP 

Adrenal medulla (and 
CNS) 

Glycogenolysis in liver; increases blood pressure 

Norepinephrine 

(noradrenaline) 

Central nervous system 

NE 

Adrenal medulla (and 
CNS) 

Increases blood pressure 

Dopamine 

DA 

Arcuate nuclei of 
hypothalamus 

Inhibits prolactin release (and other actions) 

Serotonin 

Pineal gland 

5-HT 

CNS (also pineal) 

Stimulates release of GH, TSH, ACTH; inhibits release of 
LH 

Melatonin 

Lipid-based hormones (eicosanoids) 

Pineal gland 

Affects reproductive functions 

Hormone 

Abbreviation 

Source 

Major biological action 

Leukotrienes 

LT 

Lung 

Long-acting bronchoconstrictors 

Prostaglandins E-i and E 2 

PGE-i and 

pge 2 

Variety of cells 

Stimulates cAMP 


Continued 
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Table 2 Continued 

Glands/hormone 

Abbreviation 

Source 

Major biological action 

Prostaglandins F 1a and F 2a 

PGF 1a and 

Variety of cells 

Active in dissolution of corpus luteum and in ovulation 


PGF 2a 



Prostaglandin A 2 

pga 2 

Kidney 

Flypotensive effects 

Prostacyclin 1 

pgi 2 

Variety of cells 

Increased second messenger formation 

Thromboxane A 2 

tx 2 

Variety of cells 

Increased second messenger formation 


Reproduced from Nelson RJ (2005) An Introduction to Behavioral Endocrinology. Sunderland, MA: Sinauer Associates. 


or to a genomic response wherein the hormone acts directly 
or indirectly to activate genes that regulate protein syn¬ 
thesis. The newly synthesized proteins may activate or 
deactivate other genes, causing yet another cascade of 
cellular events see section ‘Steroid Hormone’ below. 

When sufficient receptors are unavailable because of 
a clinical condition, or because previous high concentra¬ 
tions of a hormone have occupied all the available recep¬ 
tors and new ones have yet to be made, a biological 
response may not be sustained (see later). Such a reduc¬ 
tion in the numbers of receptors may lead to a so-called 
endocrine deficiency despite normal or even supernormal 
levels of circulating hormones. For example, a deficiency 
of androgen receptors can prevent the development of 
male traits despite normal circulating testosterone con¬ 
centrations. Conversely, elevated receptor numbers may 
produce clinical manifestations of endocrine excess 
despite a normal blood concentration of the hormone. 
Thus, in order to understand hormone-behavior interac¬ 
tions, it is sometimes necessary to characterize target 
tissue sensitivity (i.e., the number and type of receptors 
possessed by the tissue in question) in addition to mea¬ 
suring hormone concentrations. 

Protein Hormones 

Most vertebrate hormones are proteins. Protein hormones 
that comprise only a few amino acids in length are called 
‘peptide hormones,’ whereas larger ones are called ‘pro¬ 
tein’ or ‘polypeptide hormones.’ Protein and peptide hor¬ 
mones include insulin, the glucagons, the neurohormones 
of the hypothalamus, the tropic hormones of the anterior 
pituitary, inhibin, calcitonin, parathyroid hormone, the 
gastrointestinal (gut) hormones, ghrelin, leptin, adiponec- 
tin, and the posterior pituitary hormones. Protein and 
peptide hormones can be stored in endocrine cells and 
are released into the circulatory system by means of 
exocytosis. Protein and peptide hormones are soluble in 
blood, and therefore, do not require a carrier protein to 
travel to their target cells, as do steroid hormones. How¬ 
ever, protein and peptide hormones may bind with other 
plasma proteins, which slow their metabolism by pepti¬ 
dases in the blood. Hormones are removed from the blood 


via degradation or excretion. The metabolism of a hor¬ 
mone is reported in terms of its biological half-life, which 
is the amount of time required to remove half of the 
hormone (radioactively tagged) from the blood. Gener¬ 
ally, larger protein hormones have longer half-lives than 
smaller peptide hormones (e.g., growth hormone has 
200 amino acids and a biological half-life of 20-30 min; 
thyroid-releasing hormone has three amino acids and a 
biological half-life of <5 min in humans). Again, a gut 
hormone such as cholecystokine (CCK) may function in 
a paracrine manner when released locally in the brain to 
affect behavior. 

Steroid Hormones 

The adrenal glands, the gonads, and the brain are the most 
common sources of steroid hormones in vertebrates. Ver¬ 
tebrate steroid hormones have a characteristic chemical 
structure that includes three six-carbon rings plus one 
conjugated five-carbon ring. In the nomenclature of ste¬ 
roid biochemistry, substances are identified by the num¬ 
ber of carbon atoms in their chemical structure. The 
precursor to all vertebrate steroid hormones is choles¬ 
terol. The cholesterol molecule contains 27 carbon atoms 
(a C 2 7 substance), although cholesterol itself is not a true 
steroid and can be stored within lipid droplets inside cells. 

Because steroid hormones are fat soluble and move 
easily through cell membranes, they are never stored, 
but leave the cells in which they were produced almost 
immediately. A signal to produce steroid hormones is also 
a signal to release them. The range of responses can be a 
rather slow one: the delay between stimulus and response 
in biologically significant steroid production may be 
hours, although ACTH stimulates corticoid secretion 
within a few minutes and LH acts quickly to affect pro¬ 
gesterone production during the periovulatory surge. 
In most cases, however, the signal to produce steroids 
is relatively slow; steroid hormones are not very water 
soluble. In the circulatory system, steroid hormones must 
generally bind to water-soluble carrier proteins that 
increase the solubility of the steroids and transport them 
through the blood to their target tissues. These carrier 
proteins also protect the steroid hormones from being 






104 Hormones and Behavior: Basic Concepts 


degraded prematurely. The target tissues have receptors 
for steroid hormones and accumulate steroids against a 
concentration gradient. 

Upon arrival at the target tissues, steroid hormones 
dissociate from their carrier proteins and either interact 
with receptors embedded in the membrane or diffuse 
through the cell membrane into the cytoplasm or nucleus 
of the target cell, where they bind to cytoplasmic receptors. 
The amino acid sequence of steroid hormone receptors is 
highly conserved among vertebrates. Each steroid hormone 
receptor comprises three major domains: the steroid hor¬ 
mone binds to the C-terminal domain, the central domain 
is involved in DNA binding, and the N-terminal domain 
interacts with other DNA-binding proteins to affect tran¬ 
scriptional activation. Steroid receptors are kept inactive 
by the presence of corepressors (consisting mainly of heat- 
shock proteins (HSP)), which bind to the internal receptors 
and keep them inactive. It is the release of these HSP after 
formation of the hormone-receptor complex that acti¬ 
vates the steroid receptor, and if not there already, the 
activated steroid-receptor complex is transported into 
the cell nucleus, where it binds to DNA sequences called 
‘hormone response elements’ and stimulates or inhibits 
the transcription of specific mRNA. The effects of environ¬ 
mental, social, or other extrinsic or intrinsic factors on 
the regulation of specific coactivators have been understu¬ 
died and represent yet another process by which individ¬ 
ual variation in hormone-behavior interactions may be 
mediated. Environmental factors such as day length can 
determine whether photoperiod regulates whether steroids 
affect physiological and behavioral processes via slow 
(hours to days) genomic or fast (seconds to minutes) non- 
genomic pathways. For instance, in beach mice, estrogen 
rapidly (<15min) increases aggression in short-but not 
long-day mice. This suggests that estrogen increases aggres¬ 
sion via nongenomic actions on short days, but not on long 
days. Moreover, gene chip analyses indicated that estrogen- 
dependent expression of genes containing estrogen re¬ 
sponse elements in their promoters was decreased in the 
brains of short-day mice compared with that of long-day 
mice suggesting that the environment regulates the effects 
of steroid hormones on aggression in by determining the 
molecular pathways that are activated by steroid receptors. 
Transcribed mRNA migrates to the cytoplasmic rough 
endoplasmic reticulum, where it is translated into specific 
structural proteins or enzymes that produce the physiolog¬ 
ical response. 

Thus, the actions of steroids on target tissues are based 
on three factors: (1) the steroid hormone concentrations in 
the blood, (2) the number of available receptors in the 
target tissue, and (3) the availability of appropriate coac¬ 
tivators. Blood concentrations of steroid hormones are 
also dependent on three factors: (1) the rate of steroid 
biosynthesis; (2) the rate of steroid inactivation by catabolism, 
which occurs mainly in the liver; and (3) the ‘tenacity’ 


(affinity) with which the steroid hormone is bound to its 
plasma carrier protein. Recently, it has been determined 
that different ‘types’ of steroid receptors exist. For exam¬ 
ple, three versions of the estrogen receptor (a, (3, and y) 
are currently recognized. Multiple versions of steroid 
receptors represent another mechanism by which respon¬ 
siveness to steroid hormones can be regulated. Also, it 
appears that the brain can produce steroid hormones de 
novo and that the local effects of these steroids can have 
dramatic behavioral effects without altering blood con¬ 
centrations of these hormones. These paracrine effects of 
steroids in the brain present special challenges to asses¬ 
sing hormone-behavior interactions. 

How Might Hormones Affect Behavior? 

All behavioral systems, including animals, comprise three 
interacting components: (1) input systems (sensory systems), 
(2) integrators (the central nervous system), and (3) output 
systems, or effectors (e.g., muscles). Again, hormones do 
not cause behavioral changes. Rather, hormones influence 
these three systems so that specific stimuli are more likely 
to elicit certain responses in the appropriate behavioral or 
social context. In other words, hormones change the prob¬ 
ability that a particular behavior will be emitted in the 
appropriate situation. This is a critical distinction that 
affects conceptualization of hormone-behavior relation¬ 
ships. For example, female rodents must adopt a rigid 
mating posture (called ‘lordosis’) for successful copulation 
to occur. Females only show this posture when blood 
estrogen concentrations are high coincident with the 
maturing ova. Females adopt the lordosis posture in 
repsonse to tactile stimuli provided by a mounting male. 
Estrogens affect sensory input by increasing the receptive 
field size in sensory cells in the flanks. Estrogen affects 
protein synthesis, the electrophysiological responses of 
neurons, and the appearance of growth-like processes on 
neurons in the central nervous system, thus altering the 
speed of processing and connectivity of neurons. Finally, 
estrogen affects the muscular output that results in lordosis, 
as well as chemosensory stimuli important in attracting a 
mating partner. 

How Might Behavior Affect Hormones? 

The female rodent mating posture example demonstrates 
how hormones can affect behavior, but, as noted previ¬ 
ously, the reciprocal relation also occurs, that is, behavior 
can affect hormone concentrations. For example, chemo¬ 
sensory cues from males may elevate blood estradiol con¬ 
centrations in females, and thereby stimulate proceptive 
or male-seeking behaviors. Similarly, male mammals 
that lose an aggressive encounter decrease circulating 




Hormones and Behavior: Basic Concepts 105 


testosterone concentrations for several days or even weeks 
afterward. Similar results have also been reported in 
humans. Human testosterone concentrations are affected 
not only in those involved in physical combat, but also 
in those involved in simulated battles. For example, tes¬ 
tosterone concentrations are elevated in winners and 
reduced in losers of regional chess tournaments. 

Types of Evidence for Establishing 
Hormone-Behavior Interactions 

What sort of evidence would be sufficient to establish 
that a particular hormone affected a specific behavior or 
that a specific behavior changed hormone concentrations? 
Experiments to test hypotheses about the effects of hor¬ 
mones on behavior must be carefully designed, and, gener¬ 
ally, three conditions must be satisfied by the experimental 
results to establish a causal link between hormones and 
behavior: (1) a hormonally dependent behavior should dis¬ 
appear when the source of the hormone is removed or the 
actions of the hormone are blocked, (2) after the behavior 
stops, restoration of the missing hormonal source or 
its hormone should reinstate the absent behavior, and 
(3) finally, hormone concentrations and the behavior in 
question should be covariant, that is, the behavior should 
be observed only when hormone concentrations are rela¬ 
tively high and never or rarely observed when hormone 
concentrations are low. 

The third class of evidence has proved difficult to obtain 
because hormones may have a long latency of action, and 
because many hormones are released in a pulsatile manner. 
Also, some pharmaceutical grades of steroids (e.g., esterfied 
steroids) have been altered to remain in circulation longer 
than endogenous steroids. Pulsatile secretion of hormones 
presents difficulties with making hormone-behavior infer¬ 
ences. For example, if a pulse of hormone is released into 
the blood, and then is not released for an hour or so, a 
single blood sample will not provide an accurate picture of 
the endocrine status of the animal under study. Completely 
different conclusions about the effect of a hormone on 
behavior could be obtained if hormone concentrations 
were assessed at their peak rather than at their nadir. This 
problem can be overcome by obtaining measures in several 
animals or by taking several sequential blood samples from 
the same animal and averaging across peaks and valleys. 
Another problem is that biologically effective amounts of 
hormones are vanishingly small and difficult to measure 
accurately. Effective concentrations of hormones are usu¬ 
ally measured in micrograms (pg, 10 _6 g), nanograms 
(ng, 10 _9 g), or picograms (pg, 10 -12 g). The development 


of techniques, such as the radioimmunoassay, has increased 
the precision with which hormone concentrations can be 
measured, but because of the multiple difficulties asso¬ 
ciated with obtaining reliable covariant hormone-behavior 
measures, obtaining the first two classes of evidence usually 
has been considered sufficient to establish a causal link in 
hormone-behavior relations. 

The unique conditions of the laboratory environment 
may themselves cause changes in an animal’s hormone 
concentrations and behavior that may confound the 
results of experiments; thus, it has become apparent that 
hormone-behavior relationships established in the labo¬ 
ratory should be verified in natural environments. The 
verification of hormone-behavior relationships in natural 
environments is challenging, but useful for differentiat¬ 
ing laboratory artifacts from true biological phenomena. 
Establishing hormone-behavior interactions in the field 
presents other challenges including difficulties in reli¬ 
ability, treatment with exogenous hormones, and recap¬ 
tures for hormone determinations. These difficulties can 
be overcome by noninvasive hormone determinations 
(e.g., fecal steroid assays), but again, coordination between 
lab and field studies is needed for a full appreciation of 
hormone-behavior interactions. 

See also: Field Techniques in Hormones and Behavior. 
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Horse welfare is often evaluated in terms of the behavior 
the animal shows, just as it occurs for other species. 
Getting information about such a large animal is challeng¬ 
ing, so the tendency is to observe behavior and use that 
information as a guide relative to the animal’s welfare state 
without looking for ways to validate the connection. There 
are times when behavior is a good monitor of a horse’s 
welfare, and there are times when it is not. In addition, 
there are a number of other things that have a direct impact 
on welfare that need to be mentioned to understand the 
breadth of this subject. Because animal welfare has a philo¬ 
sophical component, it is important to understand as much 
as we can about the scientific validation of a behavioral 
assessment of welfare. There is still much to be learned. 

Behavior as a Good Indicator of Welfare 

In looking at the myriads of welfare issues that affect 
horses, it becomes clear that perceptions of what a horse 
is vary considerably around the world and that these 
perceptions do change over time. Horses have always 
been considered a prime mode of transportation, whether 
it is by physically carrying a person from one place to the 
next, or by pulling carts and wagons. The native people of 
North America and Mongolia used horses to move their 
possessions to new campsites and to carry warriors. Mare’s 
milk is a nutritious beverage in some cultures, while meat is 
used as food in others. Racing can be added to the list of 
uses in most cultures. Over time, however, things change, 
especially as a country becomes more affluent, and the 
population shifts from rural to urban areas. People have 
the luxury of worrying about things besides where their 
next meal might come from, and they lose the latently 
learned understanding of what is normal horse behavior. 
The focus of attention shifts from self and family, and so 
animal welfare becomes more significant. With regard to 
horses, this has meant that in peoples’ minds their role 
has changed more to that of a typical pet. 

Stereotypies 

The behaviors most commonly associated with poor wel¬ 
fare are stereotypies and the discussions about them are 
extensive. It has been argued that the presence of a ste¬ 
reotypic behavior indicates that the horse has had poor 
welfare and has developed the stereotypy as a coping 
mechanism. Others argue that a stereotypy is not a sign 


of poor welfare, but rather a successful mechanism used to 
cope with a less than perfect environment. A lot of recent 
research on horses suggests that the picture is even more 
complicated than just environmental imperfection. 

Cribbing (aerophagia, wind sucking) 

Cribbing is probably the best studied of all the stereo¬ 
typies, at least in horses, and various studies have sug¬ 
gested that the incidence of cribbing is ~4% of the horse 
population, at least in the United States. This is a behavior 
where a horse will bite on an object without actually 
chewing it. During the time it contacts the object, the 
neck muscles tighten. (It should be mentioned that a few 
horses will show the tightening of the neck muscles and 
other associated oral behaviors without actually having 
contact with an object.) Eventually most horses will begin 
to make a ‘gulping’ sound and actually swallow air. 

For a long time, the behavior has been considered to be a 
learned vice, and so horse owners were concerned that other 
horses in a stable would start showing the behavior if one 
of the horses was already showing it. Other people argued 
that the behavior ‘spread’ between horses in a barn because 
all the horses tended to be of the same breed and personality 
type and/or were subjected to the same environmental 
conditions. What has recently been shown is that the ten¬ 
dency to show this behavior is about 60% heritable in 
thoroughbred horses, indicating that there is a genetic pro¬ 
pensity for the behavior to occur, at least in certain breeds. 

Several other findings connect cribbing to conditions 
of the gastrointestinal tract. The peak amount of cribbing 
behavior is found to occur about the same time that 
ingesta reach the cecum. Horses that crib have also been 
shown to have a fecal pH lower than that of unaffected 
horses, although the reason is not known. A high number 
of affected horses have gastric ulcers, and cribbers tend to 
improve - showing fewer and shorter bouts of the cribbing 
behavior - when fed antacid medications. There might be 
a connection between ulcers and ingesta reaching the cecum. 
The stomach is more likely to be empty and susceptible to 
damage from acid in those horses stalled all day and fed 
only a couple of times a day, and the associated pain 
would be expressed the most about the time the ingesta 
reached the large intestine and the next meal was due. 
There has also been an interesting finding that for some 
reason, over 50% of horses that have epiploic foramen 
entrapment of intestines are cribbers. The relationship 
of these gastrointestinal findings is not known, but it is 
interesting that they exist at all. 
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Other recent research findings suggest certain indivi¬ 
duals may be predisposed to cribbing, and perhaps other 
stereotypies, because of physiological differences. Cribbers 
have a higher baseline cortisol level, suggesting they are 
more stress-susceptible. This stress-prone personality can 
be shown as having behavioral components too. Horses 
that are more aggressive to neighboring horses are more 
likely to develop cribbing behavior. Cribbers also have 
lower levels of (3-endorphins, so the endorphin released 
while doing the cribbing behavior may have a greater-than- 
normal reward value. 

Self-mutilation syndrome 

A unique problem in horses is the tendency for some to 
traumatize themselves (Figure 1). This behavior is most 
common in stallions (about 70% of the cases), but does 
occur in geldings and mares. The stereotypic form of the 
behavior will involve other repetitive behaviors such as 
spinning and head tossing, bucking, and being hypersen¬ 
sitive to touch, in about 40% of horses each. Vocalization 
occurs in 32%. The typical horse looks at its side, nips at 
the region (anywhere from its chest to its flank), turns 
about 180°, and kicks out with one hind foot. Some will 
then squeal. We do not know if there are internal predis¬ 
posing factors, such as those that exist for cribbing, but we 



Figure 1 Lesions on a racing-bred Quarter Horse stallion 
that began the self-directed aggression when confined after a 
training injury. 


do know that many of these horses are racing-bred animals. 
These animals get injured while in racing training and are 
stalled for several weeks to months but remain on full feed 
during that time. 

There are a couple of factors thought to be associated 
with this condition in animals that have been injured. 
Stallions are often isolated even more than usual from 
contact or sight of other horses, which is an atypical 
situation for a social species. They are consuming a lot 
of energy but not expending as much while their injuries 
are healing, so over time this imbalance can lead to the 
behavior. Whether other physiological or genetic factors 
are involved is not known. Management while the horse is 
healing is the current general approach to treatment of 
self-mutilation. Reducing the energy level of the food is done 
by putting them on a high-quality hay-only diet. Social 
factors are addressed by putting them with another horse, 
pony, or donkey if possible. A goat or dog may also work as 
a social contact when another equid cannot be used. Drug 
therapy, as described later, has been tried but is expensive. 

Other stereotypies 

Horses express a variety of other stereotypies (Table 1), 
but these have not been as well studied as cribbing. Wood 
chewing occurs in ~12% of horses, weaving in 3%, and stall 
walking in 2%. We do not have data about the frequency 
of other behaviors such as head bobbing, pawing, and 
noise making. 

Even though wood chewing is listed as a stereotypy, 
that is not always the case. A direct connection has been 
shown between this behavior and the low intake of dietary 
roughage and with the lack of dietary salt, too. And while 
‘boredom’ is difficult to prove in animals, horses confined 
to stalls without a great deal of environmental enrichments 
or social interactions will often show the behavior in a 
nonstereotypical form. 

Drug therapy has been used on stereotypic behavior, 
particularly drugs that are classified as selected serotonin 


Table 1 Common stereotypies in horses 


Head-oriented 

stereotypies 

Locomotor stereotypies 

Cribbing/wind sucking 

Head tossing, circling, shaking, 
nodding 

Lip/tongue flapping 

Kicking 

Lip licking 

Noise making (door banging, 
kicking) 

Licking 

Pacing (with head flipping) 

Playing in water 

Pawing 

Rubbing of teeth 

Rearing 

Self-mutilation 

Running away 

Wood chewing 

Self-rubbing 

Stall walking 

Tail swishing 

Weaving 
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reuptake inhibitors and tricyclic antidepressants. From work 
done with dogs, it is expected that these drugs would be 
helpful in about 50% of cases, and then not necessarily at 
high levels of success. Narcotic antagonists also have some 
success in helping relieve stereotypies, probably by blocking 
the (3-endorphin effects. Unfortunately in both cases, the 
drugs are expensive, hard to administer, and not always 
available in long-acting formulations, thereby limiting 
their use in horses. 

Obsessive-Compulsive Disorders 

There has also been discussion about the development of 
obsessive-compulsive disorders in horses. The obvious 
problem is that without being able to read a horse’s 
mind, we will never be sure if there is really an obsessive 
component. Separating the obsessive-compulsive behaviors 
with a repetitive component from true stereotypies may 
not be possible. Our understanding of obsessive-compulsive 
disorders is rudimentary at this time. 

Pain and Behavior 

Behavior changes are commonly seen with painful condi¬ 
tions because horses are not considered to be particularly 
stoic animals. The two most common behavioral expres¬ 
sions of pain are lameness and colic. There are, however, 
many other times when behavior changes indicate pain. 
In a study done at Texas A&M University, horses were 
videotaped before a dental surgery and then afterward, 
so they served as their own control. Postsurgical beha¬ 
viors of anorexia, restlessness or reduced movements, and 
a lowered head posture were indicators that pain medica¬ 
tions were needed. Return to normal, presurgical behavior 
indicated the successful application of these medications 
and eventually that medication was no longer needed. 
One of the problems that was noted had to do with the 
extreme variation in severity of behavioral changes that 
occurred. Some of the horses showed changes that would 
be obvious to the most casual observer, regardless of 
whether that person knew what presurgical behaviors 
were. Other horses showed relatively few obvious signs of 
pain, but these signs were more noticeable if the pre- and 
postsurgical behaviors were compared. 

Horse owners often remark that the animal ‘just isn’t 
acting right’ even before an obvious problem exists. We 
know now that the stress of traveling and competition can 
be associated with gastric ulcers, and these could certainly 
be part of the subtle changes an owner recognizes. There are 
other painful conditions, such as sore backs caused by poor 
fitting or dirty equipment, that can also result in subtle changes. 

Horse Show Competition 

Competition in the horse industry has led to a number 
of unique problems of welfare. Competitors in most breed 


shows have a number of practices unique to that type of 
horse that is intended to enhance the desirability of the 
horse while it is showing. This practice is often associated 
with poor welfare for the individual horse. As an example, 
the soring of Tennessee Walking Horses is an ongoing 
problem that persists even with very strict measures 
intended to prevent it. The special walking gait of this 
breed is very animated compared to the typical walk of 
most horses. The exaggeration of this gait is highly desirable 
in the show ring, so trainers/owners try to promote as 
much animation as possible through genetics and artificial 
techniques. One such technique is to place chains around 
the fetlock, loose enough to hit the sensitive area at the 
top of the hoof. In addition, people may actually damage 
the skin in that area to create a painful sore, which the 
chains then keep active. This practice is an irritation at 
best and probably very painful. Because it is bilateral, lame¬ 
ness is not obvious. In the Quarter Horse breed, a few 
horses that show in western pleasure classes will have had 
the nerves to their tail deadened so that they cannot swish 
the tail. Horses that are trained in a rush, so that they can 
perform well at a very young age, may develop this behavior 
from being booted in the side too heavily and often. 
Arabian horses that show in halter classes may have the 
pupils of the eyes dilated so that the bright lights of the 
arena frighten them into a more high-strung behavior. 
The list goes on and on. Horse associations, and in the case 
of soring, the federal government, try to discourage the 
practices that negatively impact welfare, but these attempts 
have not been totally successful. These are cases where the 
human desire to win can result in the application of techni¬ 
ques to change a behavior but negatively impact welfare. 

Unique Problems in Assessing Welfare 
by Behavior 

The biggest problem in assessing the welfare of the horse 
is anthropomorphism by the general public. Horses and 
other equids continue to be work animals in much of the 
world, especially outside North America and Europe. As 
such, there are welfare concerns about their proper use 
and injuries that can result. In First World countries, 
horses tend to be thought of as large dogs by the majority 
of the population because most people in those areas only 
see horses in the riding-for-pleasure environment. They 
are uneducated about how horses behave and what their 
actual welfare needs might be. Any injury that occurs or 
stereotypy that develops must, by their reasoning, be the 
human’s fault and detrimental to the animal’s welfare. 
They fail to understand that race horses run for the love 
of running and are not beaten to force them to run. They 
fail to appreciate that occasionally bones will break in a 
running horse because of the amount of pressure carried 
on a relatively small surface area called a foot. Then, they 
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do not understand the difficulty in trying to treat a broken 
bone in a horse or how significant the individual’s behav¬ 
ior is in order for the healing process to go well. 

Another example of the misunderstanding of horse 
behavior and welfare is commonly associated with rodeo 
stock. ‘Bucking broncos’ buck, not because the flank straps 
are hurting them, but because they are genetically bred 
to do so or are individuals who preferentially show the 
bucking behavior. For thousands of years, the wild horse 
had to react with bucking to fend off mountain lions and 
other predators to survive. Thus, there is a strong tendency 
to want to keep things off its back. Training can reduce that 
inborn fear from most horses, but some retain the behavior. 
Anthropomorphic viewers want the horse free to roam on 
the prairies or in lush green pastures and be treated with 
lumps of sugar or carrots. They forget about the dangers 
that the mustangs and other feral horses still face. 

Lameness, as previously mentioned, is associated with 
pain. Broken bones, tendon inflammation, navicular dis¬ 
ease, bone cysts, and many other conditions do cause pain 
and lameness. However, a unique challenge to the horse 
owner and the veterinarian is to differentiate these con¬ 
ditions from lameness that is not associated with pain. 
Medications are not particularly helpful in the latter cases. 
Mechanical lameness results when a limb cannot work 
correctly, such as when a joint is fused, a muscle becomes 
calcified, the patella gets stuck abnormally in an upward 
position, or a ligament was ruptured in the past. This 
lameness may be viewed by others as being inhumane, 
and yet the horse is not experiencing pain or distress. 

Housing situations can also be called into question 
regarding welfare. Wild horses are capable of finding 
shelter from the elements. Domesticated horses are protected 
by their owners with shelter that ranges from rudimentary 
things such as wind barriers, to elaborate barns with exten¬ 
sively bedded stalls. Even the fanciest barn and paddock 
setup may not meet all the behavioral needs of the horse, 
even though the picture of the welfare looks perfect. On a 
breeding farm, for example, the stallions may be kept in 
one barn and mares in another. The paddock area where 
the stallions exercise is extensive, yet careful observation 
shows that the stallions spend most of their exercise time in 
an area near the mare barn, often going back and forth 
along the fence (Figure 2). 


Areas Where the Interrelation of Behavior 
and Welfare Need More Research 

Effects of Roundups 

The mustangs that are free-roaming in the western 
United States and the ponies living on the coastal islands 
experience some problems where welfare and behavior 
are comingled. Each of these groups has to have the herd 



Figure 2 A large stallion exercise arena at the Lippizan Piber 
breeding farm in Austria shows that the stallions limit their 
activities to areas near the mare barn located to the left of the 
picture. The solid black arrows show the extent of the most used 
path. The hollow white arrows point to the top rail where it is 
chewed (left) and relatively untouched (right). 


size artificially managed so that they do not overgraze 
areas where they live. To manage herd size, there are 
periodic roundups of the herd and then selection of which 
animals will be returned to the wild and which ones will 
be sold to the public or cared for in managed environments. 
When this type of artificial selection occurs, it results in 
stress behaviors and injuries by forcing harem bands to 
come together into large groups of horses that would not 
ordinarily be in such close proximity. In addition to all 
the other implications of stress, aggression is a common 
occurrence. A second consequence is that the existing 
harem groups are disrupted so there is a need to reshape 
the social structures for those horses that are returned to 
the wild. For those kept in holding facilities, they are 
usually forced to live in a crowded situation that does 
not respect personal space needs, so the amount of agonistic 
behavior is greater than should be seen. A great deal of 
research needs to be done to understand the implications 
of breaking up of harem groups and of social crowding on 
behavior and on the health of individual horses. Ulcers are 
commonly associated with the stress of showing; could 
they be associated with these artificial management situa¬ 
tions too? 
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The ‘Unwanted Horse’ 

One of the biggest challenges to the welfare of the horses 
has come to light in the United States with what is being 
called ‘the unwanted horse.’ In recent years, activists have 
effectively shut down the few remaining horse slaughter 
plants in this country, claiming that the transport methods 
used are inhumane and that the method of stunning is not 
humane. Previously, the horse slaughter facilities in the 
United States would process between 60 000 and 120 000 
horses a year, with much of the meat going for human 
consumption in other countries. The majority of the 
horses that went to these plants were those that owners 
could not find other homes for - such as those that were 
chronically lame or dangerous to handle. As a result of 
plant closures, there has been a buildup of ~ 100 000 
horses each year that are no longer wanted. Added to 
this picture has been the downturn of the global economy, 
which has resulted in more people who can no longer 
afford to take care of their horses nor take on care of 
additional ones. Horses are being turned loose to fend 
for themselves, and owners are neglecting the horses that 
they do have. More and more horses are starving. The 
traditional city or county animal shelter or humane soci¬ 
ety has difficulty raising enough money to care for owner- 
surrendered and captured free-roaming dogs and cats. 
The expense of caring for just one horse is far greater 
than that for several of the smaller animals. The few horse 
sanctuaries that do exist are overflowing already and do 
not have funding, space, or facilities to handle more 
animals. In addition, there is no consistent regulatory 
oversight of these sanctuaries to ensure proper care of 
the horses kept there. In fact, some have actually been 
charged with the inhumane care of the horses they were 
supposed to be helping. Alternative humane euthanasia 
and carcass disposal options are also expensive and lim¬ 
ited for an animal as large as a horse. 

The quandary is what to do with these unwanted 
animals. One proposed solution is to bring them together 
on large sections of land in the western United States; 


however, funding for the overall management and care has 
not been forthcoming from the private sources that were 
promised, and no consideration has been given for what 
will happen when the grasslands on which they would 
roam are overgrazed or for ensuring that the care for them 
is as promised. Some people are proposing that breeders 
should simply decrease the number of foals born each 
year by ~ 100 000 to solve the problem. That tactic has 
not worked for dogs and cats, so it is not expected to work 
for horses either unless there is significant governmental 
control on breeding - something not likely to happen in 
the United States. In addition, the problem is not as simple as 
too many horses being born each year, but rather that 
there are horses that are not behaviorally or physically 
appropriate to keep. 

Horse welfare and its relationship to behavior is an 
important area for additional study. To do so will require a 
scientific evaluation of carefully designed projects. Care 
must be taken to ensure that the emotional component of 
the horse-as-a-pet not be allowed to override the scientific 
conclusions. At the same time, it is important to ensure good 
welfare and the ability of horses to express natural behaviors. 

See also: Group Living; Neural Control of Sexual 
Behavior; Pair-Bonding, Mating Systems and Hormones; 
Parent-Offspring Signaling; Reproductive Success; So¬ 
cial Selection, Sexual Selection, and Sexual Conflict; 
Stress, Health and Social Behavior. 
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Introduction 

Hunger and satiety have played a conspicuous role in 
shaping human prehistory and history, and persist as a 
dominant influence at scales from international politics to 
the rhythm of our daily lives. Given their salience in our 
personal experience, it is no wonder that these concepts 
also permeate our interpretations of the behaviors of non¬ 
human animals, both informally and in the context of 
scientific research. 

But what are ‘hunger’ and ‘satiety’? This is a deceptively 
complex question. In the context of human behavior, these 
terms refer to the subjective sensations associated with 
eating: hunger is what we experience when we need food, 
and satiety is the persisting sensation of repletion that 
results from eating. A related concept, ‘satiation,’ is the 
feeling of fullness at the end of a meal. These concepts fit 
comfortably with our everyday experience of food and 
eating, and also work in the scientific study of nutrition in 
a species that can articulate subjective sensations. But these 
terms are deeply associated with the study of nutrition in 
non-human animals for which we have no way of measur¬ 
ing subjective sensations, or even knowing for sure whether 
these sensations are experienced. Indeed, ‘hunger’ and 
‘satiety’ are among the most widely used concepts in ani¬ 
mal behavior in relation to feeding and nutrition. 

How can unmeasurable and unknowable things form 
the bedrock of the study of feeding and nutrition in animal 
behavior? Our aim in this chapter is to address this ques¬ 
tion by providing an overview of the scientific develop¬ 
ment of these concepts in animal behavior, ranging from 
conceptual difficulties with their use to the constructive 
role they have played in behavioral science. We will first 
examine hunger and satiety from the behavioral view¬ 
point, and then provide an overview of what is known 
about the physiological mechanisms. We end with a model 
that enables the hunger-satiety spectrum to be linked to 
animal performance and evolution. 

The Behavioral View 

The difficulties of measuring subjective sensations like 
‘hunger’ and ‘satiety’ in non-human animals do not nec¬ 
essarily mean that these cannot play a useful role in 
understanding nutritional behavior. It does, however, 


mean that we need to be extra vigilant in how we incor¬ 
porate these concepts into scientific thinking. We begin 
this section with a brief overview of some of the philo¬ 
sophical dangers of using subjective notions like hunger 
and satiety, and thereafter explain the constructive role 
they can play in scientific thinking about animal behavior. 

Conceptual Pitfalls 

At one level, it seems obvious that when an animal sets out 
in search of prey, and invests energy and risks injury in the 
pursuit and attack, it is being driven by the deep-seated 
sensation that would cause us to do the same. This inter¬ 
pretation is reinforced by the observation that, as is true in 
our personal experience, the levels of effort and risk that 
animals are prepared to take to acquire food increase with 
hunger. 

Unfortunately, compelling as it may seem, there are 
hidden dangers with this view. It is based on a logical error 
called ‘anthropomorphism,’ and can infect scientific rea¬ 
soning with other logical errors called affirming the con¬ 
sequent and circular reasoning. It also raises the specter of 
the scientifically debatable doctrine of mentalism. 

Anthropomorphism 

Anthropomorphism is the attribution of human charac¬ 
teristics to non-human things - for example, the beliefs 
that earthquakes strike when the earth is angry, love bonds 
frogs to their mating partners, and the feeling of hunger 
causes horses to eat. 

xAnthropomorphism can be useful in forming hypoth¬ 
eses about the similarities between humans and other 
animals, but presents the risk that the compelling reality 
of our own subjective experience may distort the objec¬ 
tivity with which we observe and interpret the behavior of 
other animals. At worst, anthropomorphism can fool us 
into accepting as scientific truth something for which 
there exists no objective evidence. 

Indeed, even if our anthropomorphic inference is true — 
if, for example, horses do feel hunger - problems none¬ 
theless remain with attributing human feelings to non¬ 
human animals. The fact that these states cannot be 
observed in other animals, but must be inferred, makes 
their use in animal behavior vulnerable to the logical 
fallacies called affirming the consequent and circular 
reasoning. 
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Affirming the consequent 

Affirming the consequent is a logical error of the form: 

If H then F 

Observe F 

Conclude H. 

Consider, for example, the case where H is ‘hunger,’ and 
F ‘feeding.’ Since we cannot observe hunger directly, we 
need to rely on feeding (which we can observe) to infer 
hunger. ‘If H then F’ now becomes ‘if the animal is hungry 
then it will feed.’ The logical error arises if we then 
observe an animal feeding (Observe F), and from this 
conclude that it is hungry (Conclude H). 

The error here, of course, is that ‘If H then F’ states 
that the animal will feed when it is hungry, but it does not 
state that the animal will feed only when it is hungry. The 
feeding animal might not be hungry at all, but thirsty, 
or feeding to provision its hungry offspring, or to self- 
medicate against parasites and pathogens. Therefore, our 
ability to infer the state (hunger) from the behavior (feeding) 
is limited, and vulnerable to the logical fallacy of affirming 
the consequent. 

Circuiar reasoning 

Circular reasoning is the logical fallacy we commit when 
we assume the proposition to be proved in our premise. 
For example, an experimenter might observe that a rat in 
a cage ate more than its identical twin. If the experiment 
was properly controlled to rule out other causes of eating 
(e.g., thirst, provisioning of offspring, and self-medication), 
then the experimenter could reasonably infer that the 
animal that ate more was the hungrier of the two. In this 
case, because hunger could not be observed, the scientist 
took the acceptable step of using the amount eaten as an 
operational definition of hunger. 

However, the experimenter could not then conclude 
that the animal ate more because it was the hungrier. This 
would be circular reasoning: hunger has been defined in 
terms of food intake, and so to say that the animal ate 
more because it was hungrier (=ate more) is to say that it 
ate more because it ate more. This is a pseudoexplanation, 
which does not move beyond the original observation that 
food intake was greater for one animal than for the other. 

Mental ism 

To break the circularity in the aforementioned example 
and legitimately explain the observed difference in food 
intake, the experimenter would need to link food intake to 
another observable variable, such as gut fullness. In this 
case, a noncircular explanation would be that the one 
animal ate more than the other because it was hungrier, 
and it was hungrier because it had an emptier gut. 
Here, however, all the explanatory work is done by the 


association between the two observables - gut fullness and 
amount eaten - and to insert a causal role for the inferred 
variable, ‘hunger,’ adds nothing to the explanation. 

Unless, that is, the experimenter subscribes to the 
doctrine of mentalism. Mentalism is the view that mental 
states, such as hunger and satiety, have causal power in 
their own right, and thus provide a level of explanation 
that is different from the mechanisms regulating the 
behavior and from the behavior itself. Many scientists 
studying animal behavior stridently contest this view, 
most notably those that have leanings toward the behav- 
iorist school of animal psychology. 

The relative merit or otherwise of mentalism as a valid 
scientific paradigm is a huge field that has been debated at 
library-length by philosophers and psychologists better 
qualified for the task than we are. For now, suffice to say 
that mentalism clearly is a useful model for the study of 
human behavior (on it rests much of clinical psychology), 
and some headway has been made in extrapolating to apes 
and possibly also to nonprimate mammals such as rats. But 
at which point does it cease to be useful? What about fish, 
frogs, or pubic lice - is their feeding behavior also caused 
by mental states? At best, this remains an empirical ques¬ 
tion (to the extent that it can be addressed empirically at 
all). At worst, even in humans, mental states such as 
hunger may be no more than transitory illusions we 
experience as bodily mechanisms affect behavior. For 
the general case, therefore, to answer the unknown ‘what 
caused the animal to feed?’ by invoking a mental state 
such as hunger is to substitute one unknown for another. 

Hunger and Satiety as Intervening Variables 

We would excuse the reader for having concluded at this 
point that the concepts hunger and satiety are disreputa¬ 
ble obstacles to the study of animal behavior. This is not 
our view: these concepts have played an important histor¬ 
ical role, and will continue to do so provided we remain 
vigilant of the pitfalls discussed above. We now explain 
the sense in which hunger and satiety can make a useful 
contribution to the study of nutrition and foraging. 

In the nonanthropomorphic, nonmentalist sense, ‘hun¬ 
ger’ and ‘satiety’ are considered in behavior theory to be 
‘intervening variables. ’ Intervening variables are hypotheti¬ 
cal internal states that are used as a framework to explain 
the relationships between two real and observable events, 
but are themselves not assumed to be either observable or 
real. They cannot, therefore, in any reasonable sense be 
said to ‘cause’ behavior. 

For example, if a properly replicated and controlled 
experiment showed that rats move toward an air source 
(one observable event) when it emits a food odor (the 
second observable event) but not when it emits air alone, 
then it can reasonably be concluded that food odor sti¬ 
mulates (causes) the rats to move toward the source. 
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However, the behavior of animals is more complex than is 
implied by this simple stimulus-response relationship. 
Thus, a rat that responded to the stimulus on one occasion 
might on an identical subsequent trial need a stronger 
odor to elicit the same behavior, might not respond at all, 
or might even respond aversively to the odor. In this case, 
something clearly has intervened in the relationship 
between the stimulus and response that accounts for the 
difference between the behaviors on the successive trials. 
Since the environment has not changed between the trials, 
this something must be intrinsic to the animal - it might 
have learned that the odor is not associated with a food 
reward, it might have become ill, or it might have fed 
shortly before the second trial and so had no incentive to 
pursue food-related cues. Intervening variable is the general 
term used to refer to such changes in the state of the 
animal that are associated with this kind of behavioral 
variability. Examples of intervening variables are person¬ 
ality, learning, motivation, intelligence, libido, and ... 
yes ... hunger and satiety. 

The useful thing about the concept ‘intervening vari¬ 
able’ is that it enables researchers to take account of 
factors that are clearly important in the animal’s interac¬ 
tions with its environment without specifically knowing 
the details. For example, in the scenario we gave in the 
previous section of the twin rats, the observation that the 
rat with the emptier stomach ate the most is important, 
because it links two observable events (gut fullness and 
amounts eaten) and thus furthers the researcher’s ability 
to predict and understand rat behavior. This is true 
whether or not the researcher knows anything about how 
gut fullness influences rat behavior, or indeed has any 
interest in the messy details of how the stomachs, nervous 
systems, and muscles of rats are linked. Instead, the 
researcher can construct a framework according to 
which gut fullness influences behavior via a general - 
and in this case poorly understood - state called ‘hunger,’ 
and proceed with the study of how rats relate to their 
nutritional environment. 

If that is where it ended, then adopting the term 
‘hunger’ as shorthand for ‘gut fullness influences feeding 
but how I do not know’ would be useful, but not particu¬ 
larly exciting. On the other hand, the concept of hunger 
could be a more substantial component of the model that 
is developed to explain the animal’s nutritional behavior. 
For instance, in the twin rat example discussed earlier, we 
operationally defined hunger in relation to gut fullness. 
Research shows, however, that in many cases a complex 
mix of several factors influences the amount eaten - 
including gut fullness, levels of nutrients in the blood, 
body water stores, etc. In such cases, we can move beyond 
the operational definition of ‘hunger = gut fullness,’ and 
adopt a model according to which gut fullness is one 
component among many in the hunger of the animal. 
This model can then be used as a framework to investigate 


the factors that affect feeding. Researchers have used 
various forms of systems analysis from engineering to 
construct highly sophisticated models of hunger, which 
are then refined using controlled experiments. 

The key point in the new model is that hunger is no 
longer synonymous with gut fullness, and therefore ‘hun¬ 
ger’ plays a role in the model that is different from gut 
fullness. But does ‘hunger’ now contribute anything that is 
not contributed by the second observable, feeding behav¬ 
ior? The answer is ‘yes,’ it can contribute something extra. 
Imagine that we performed an experiment in which the 
two rats were treated identically, and so had equal gut 
fullness, levels of nutrients in the blood, state of hydration, 
etc. According to our model, the rats would be equally 
hungry and should eat similar amounts of the experimen¬ 
tal food. But if the two rats were offered different foods 
(e.g., one got the original food and the other the same food 
but combined with a flavor that it associated with toxins), 
then it is likely that the rats would eat dissimilar amounts - 
even though they were identical in terms of the hypothet¬ 
ical variable hunger. This demonstrates that feeding 
behavior is not synonymous with hunger, because the 
same level of hunger can be associated with different 
behaviors if there are differences in the environment 
(e.g., food flavors differ). 

One Hunger or Many? 

Hunger and satiety become especially important devices 
in the study of behavior when they are linked not only to 
the behavior they are postulated to control, as in the 
earlier examples, but also to the consequences for the animal 
of performing that behavior. In this section we consider 
one category of consequences, namely the consequences 
for the homeostatic regulation of the animal’s physiologi¬ 
cal condition. In the final section we take this a step 
further, and consider also the longer-term, evolutionary 
consequences. 

From the viewpoint of homeostasis, feeding should be 
linked to the nutritional status of the animal - the animal 
should feed when reserves of a nutrients drop below a 
certain threshold and cease to feed when they are replen¬ 
ished. It is clearly the case that animals do regulate their 
feeding in this way, and even the most basic models of 
hunger should take this into account. However, the details 
of the way that nutritional status is linked to feeding are 
potentially very complex. This is because animals need, 
and foods contain, not just a single nutrient, but a partic¬ 
ular balance of many nutrients (carbohydrates, fats, amino 
acids, calcium, sodium, etc.), and an effective homeostatic 
system should take this multiplicity of nutrients into 
account. But how could it do this? 

The simplest mechanism would be to have ‘unitary 
hunger’ - a generalized hunger that paid attention only 
to a single food component. Many models of nutrition 
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make this assumption, most commonly assuming that 
feeding is linked only to the energetic status of the animal. 
Such a system would serve the animal’s energetic needs, 
but would not enable it to balance its intake of different 
energetic nutrients (carbohydrates, proteins, and fats) or 
nonenergetic nutrients such as minerals and vitamins. 
A slightly more complex model would link hunger to a 
range of nutrients, where the animal feeds when any one 
of these drops below some threshold. Such a system would 
help the animal to avoid shortages not just of energy but 
of all nutrients to which it was linked. In this regard, it 
would be an improvement on the previous model, but it 
would present problems of its own. Specifically, it would 
not enable the animal to feed selectively on foods that 
contain high levels of the particular nutrient that is defi¬ 
cient at a given time. Such nonselective feeding would 
result in the animal not only redressing the current nutri¬ 
ent shortage, but also ingesting excesses of other nutrients 
that it already has in sufficient quantities. This is an 
important problem, because experiments have shown 
that ingested excesses of nutrients can be as costly as 
nutrient deficiencies, or even more costly. 

To get around this problem, the animal would need 
to select foods with a balance of nutrients that suits its 
current nutritional state. For example, if deficient in car¬ 
bohydrate but not protein, it would need to feed specifi¬ 
cally on foods that are high in carbohydrate and low in 
protein (e.g., honey); conversely, when protein deficient 
but carbohydrate replete it would feed not on honey but 
on foods with a high ratio of protein:carbohydrates (e.g., meat). 
This could be achieved if the animal had separate hunger 
systems for different nutrients - that is, it would seek 
honey when ‘carbohydrate hungry’ but ‘protein satiated,’ 
and meat when hungry for protein but not carbohydrate. 

Considerable evidence shows that many animals can 
indeed mix their intake in this way to obtain a nutrition¬ 
ally balanced diet — a phenomenon known as dietary self- 
selection. This has been observed not only in laboratory 
experiments, but also in wild animals in their natural 
habitats (Figure 1). Some studies have linked dietary 
self-selection to physiological mechanisms in a way that 
clearly demonstrates a role for nutrient-specific hungers. 
For example, over half a century ago, the experimentalist 
Curt Richter showed that rats could compensate for sur¬ 
gically induced losses of a nutrient from the body by 
increasing their intake of that nutrient. When Richter 
disrupted salt homeostasis in rats by removing their adre¬ 
nal glands, the animals compensated for the resulting salt 
loss by drinking large volumes of saline; likewise, rats in 
which calcium homeostasis had been disrupted by remov¬ 
ing their parathyroid glands specifically increased their 
calcium intake. In both cases, the altered feeding prefer¬ 
ences of the experimental animals rescued them from 
what otherwise would have been certain death. Moreover, 
in neither case did the intake of other nutrients increase, 



Figure 1 Mountain gorillas in Bwindi Impenetrable National 
Park, Uganda, eat dead and decaying wood as a source of 
sodium. Photo: J. Rothman. 


demonstrating that feeding is linked to physiological 
homeostasis in a nutrient-specific way. More recent stud¬ 
ies have shown that in addition to calcium and sodium, a 
wide range of animals have nutrient-specific appetites for 
macronutrients (protein, carbohydrates, and fat), as dis¬ 
cussed further below. 

The advantages of nutrient-specific appetites are thus 
clear: they provide a framework for understanding how 
animals choose foods and combinations of foods that 
satisfy their complex and ever-changing nutrient needs. 
In the following section we discuss the physiological 
mechanisms involved in nutrient-specific feeding, and in 
the final section we consider the links between mechan¬ 
isms, behavior, and evolution. 


Mechanisms for Regulating Nutrient 
Intake 

Maintaining a balanced intake of energy and nutrients 
requires three things: (1) an ability to assess the nutri¬ 
tional quality of foods, (2) the capacity to measure current 
nutritional state, and (3) a means of integrating these two 
to produce appropriate feeding responses. We will con¬ 
sider each of these in turn. 

Detecting Nutrients in Foods 

The most fundamental and direct way of assessing the 
nutritional value of food is to detect nutrients by tasting 
them. Receptors for the detection of amino acids, sugars, 
and essential minerals such as sodium and calcium evolved 
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well before the evolution of multicelled organisms and 
direct the chemotaxic behavior of single-celled organisms. 
Both invertebrate and vertebrate animals possess such taste 
receptors on external appendages (e.g., the feet and exter¬ 
nal mouthparts of insects and the barbels of some fish), 
within the oral cavity, and along the gastrointestinal tract, 
providing the opportunity to assess the nutritional value of 
food before, during, and after ingestion. 

The balance of positive and negative chemosensory 
inputs to the central nervous system influences whether 
feeding is initiated, and if so how much is eaten within a 
meal. Other chemoreceptors, such as the bitter receptor of 
vertebrates and the deterrent receptors of herbivorous 
insects, are stimulated by potentially toxic compounds 
in food and elicit food avoidance responses. An evolution¬ 
ary twist on this pattern is seen in those herbivorous 
insects which have evolved to specialize on particular 
plant taxa and are able to detoxify the associated second¬ 
ary metabolites in their host plants. In these herbivores, 
secondary plant compounds that would be deterrent to 
other insects stimulate feeding and serve as a means of 
recognizing host plants. 

Whereas evolutionarily ancient taste receptor mechan¬ 
isms provide the basic framework for detecting nutrients 
in food, animals cannot taste all nutrients so the chemical 
consequences of eating a food may not become apparent 
until the meal is processed and absorbed. Such postinges- 
tive feedbacks provide the basis for learned associations 
which affect subsequent responses to food-related sensory 
cues. Two basic types of association between food cues 
and postingestive consequences are found: learned aver¬ 
sions and positive learned associations. Food aversion 
learning was first reported in 1955 by John Garcia in rats, 
and has since been found to be widespread among verte¬ 
brates and invertebrates. It is unusual among associatively 
learned responses, in that an aversive association is made 
between the flavor of a food (the conditioned stimulus, 
CS) and deleterious consequences of its ingestion (the uncon¬ 
ditioned stimulus, US) that may manifest themselves 
hours later - rather than the CS-US interval being a 
few seconds as in other types of associative learning. 
Deleterious consequences can include toxicity and nutri¬ 
tional imbalances such as absence of essential amino acids. 

Learned positive associations, such as flavor preference 
learning, occur when previously ineffective food cues 
paired with nutritionally rewarding foods come to stimu¬ 
late feeding, and have been demonstrated in a wide range 
of vertebrates and invertebrates. A special but rarely 
reported case is known as a ‘learned specific appetite.’ In 
such cases, an animal learns to associate a cue with the 
specific nutrient content of a food and is subsequently 
stimulated by that cue when in a state of deprivation for 
that nutrient. Such nutrient-specific learned associations 
have been reported for protein and carbohydrates in 
rodents and insects. For example, locusts which have 


been specifically deprived of protein for only 4 h become 
attracted to odor or color cues previously paired with 
high-protein foods. 

In addition to associatively learned feeding behaviors, 
nonassociative responses such as neophilia and neopho¬ 
bia, in which novel foods become more or less acceptable, 
respectively, according to nutritional state provide a 
means of maintaining within acceptable bounds the intake 
of nutrients that are not directly sensed, for example, 
micronutrients such as vitamins. 

Sources of Information about Nutritional State 

Assessment of current nutritional state requires systemic 
nutrient and energy sensors. Many, if not all, cells in the 
body have the capacity to sense their nutrient status, but 
at the level of the whole animal the major coordinating 
role is played by the brain, in neural and chemical dialog 
with other organs, notably the liver and pancreas in verte¬ 
brates and the fat body in insects. There are three major 
sources of nutritional information. The first are the con¬ 
centrations of nutrients such as glucose, amino acids, free 
fatty acids, and mineral ions circulating in the blood system; 
whether the closed blood system of vertebrates or the open 
hemocoel of invertebrates. Circulating nutrients potentially 
provide an instantaneous measure of nutritional state in 
respect of specific nutrient groups. Second is the level of 
energy in cells, as indicated for example by the ratio of 
adenosine monophosphate (AMP) to adenosine triphos¬ 
phate (ATP). The third source of information about nutri¬ 
tional state comes from levels of reserves in storage organs 
such as adipose tissue and liver, as signaled by secretion of 
hormones such as insulin from the pancreas and the verte¬ 
brate hormones leptin and adiponectin from adipose tissue. 

The two best known (but not the only) intracellular 
nutrient sensing pathways are the evolutionarily conserved 
protein kinase systems, AMPK (AMP-activated kinase) and 
TOR (target of rapamycin), which are expressed in a range 
of tissues in vertebrates and invertebrates. The AMPK 
pathway responds to a decline in circulating levels of glu¬ 
cose, amino acids, and fatty acids, and to energy depletion 
as indicated by an increased AMP/ATP ratio, and triggers a 
cascade of metabolic changes that are broadly catabolic, 
involving the breakdown of complex molecules such as 
fats and proteins, thus liberating stored nutrients and inhi¬ 
biting growth and reproduction. In contrast, high levels of 
nutrients stimulate TOR, notably branch chain amino acids 
such as leucine, and glucose (in an amino -acid-dependent 
manner). TOR signaling coordinates a series of anabolic 
metabolic responses, involving synthesis of fats and pro¬ 
teins, and enhanced cell division, growth, and reproduction. 

Integrating Food Nutrients and Nutritional State 

Taste and other inputs associated with food nutritional 
composition need to be integrated with systemic signals 
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indicating nutritional state to produce regulatory feeding 
behavior. The brain coordinates feeding behavior, and it is 
here that nutritional integration must ultimately be 
mediated. We will first consider the example of insects, 
where a primary site of nutritional integration occurs at 
the sensory neurones that detect nutrients in food, leaving 
the brain with the simple task of responding to already 
integrated, nutrient specific inputs. 

Insects possess chemoreceptors within porous cuticular 
pegs and hairs (called ‘sensilla’) located on various body 
parts, including antennae and external mouthparts, within 
the preoral cavity, on the tarsi (feet) and ovipositor. Chemi¬ 
cals on and within foods enter the terminal pore on gusta¬ 
tory sensilla and stimulate the dendrites of neurones within 
the lumen of the sensilla. Experiments on locusts have 
shown that concentrations of nutrients and the signaling 
molecule nitric oxide in the blood directly modulate the 
responsiveness of these gustatory neurones in a nutrient- 
specific manner. Hence, when the insect is protein deprived 
but sugar replete, levels of free amino acids in the blood fall 
and sugar levels rise, the responsiveness of gustatory recep¬ 
tors to amino acids in the food is elevated, and responsive¬ 
ness to sugar falls. As a result, the insect becomes highly 
responsive to foods containing amino acids and ignores 
foods containing sugar. Sugar, amino acid, and salt responses 
are modulated independently by blood composition, result¬ 
ing in the animal tasting what it needs and eating what it 
tastes. Hence, sophisticated nutritional choices are made 
without the brain having to do more than summate incom¬ 
ing gustatory impulses, with the peripheral taste organs 
serving as the integrator of information about the quality 
of food and the animal’s instantaneous nutritional state. 
Learned responses (see earlier) help to fine-tune this feed¬ 
back system and direct efficient foraging behavior. Addi¬ 
tionally, volumetric feedbacks from the gut and body wall 
play a role in modulating feeding behavior, determining 
when meals end and influencing when they next begin. 

In mammals, the major point of nutritional integration 
is within the brain itself. Gustatory inputs from the mouth 
project to the hindbrain, as do stretch receptor inputs 
from the upper gastrointestinal tract, nutrient receptor 
inputs from the gastrointestinal tract and liver (carried 
via the vagus nerve), and neural signals from the forebrain 
(discussed further below). The other source of signals 
associated with food in the gut is a suite of hormones 
that are released from the gastrointestinal tract and act 
variously on gut motility, the vagus nerve, and directly on 
the brain. Among these hormones are peptide YY (PYY), 
glucagon-like peptide-1 (GLP-1), and cholecystokinin 
(CKK), which are stimulated by food intake and depress 
feeding behavior, and ghrelin, secretion of which is inhib¬ 
ited by food intake, rises with food deprivation and sti¬ 
mulates food intake. 

Within the forebrain, the hypothalamus plays a central 
role in integrating nutritional signals, in particular the 


arcuate nucleus. The arcuate nucleus contains two major 
groups of neurones that control feeding behavior. One of 
these subpopulations is termed ‘POMC/CART’ because 
they coexpress pro-opiomelacortin (POMC) and cocaine- 
and amphetamine-related transcript (CART). These neu¬ 
rones release a-melanocyte-stimulating hormone, which 
binds to melanocortin-4 receptors and inhibits food intake. 
The second population of neurones in ARC is termed 
‘NPY/x\gRP neurones’ since they release neuropeptide 
Y (NPY) and agouti-related protein (AgRP), which in¬ 
crease food intake. Systemic nutritional signals modulate 
the levels of activity in these two neural subpopulations. 
Hence, elevated levels of amino acids, glucose, fatty acids, 
insulin, and leptin inhibit NPY/AgRP neurones and stim¬ 
ulate POMC/CART neurones, as does low AMP/ATP 
ratio and low ghrelin concentrations. By contrast, the 
opposite nutritional and hormonal trends have the reverse 
effect, exciting NPY/AgRP neurones and inhibiting 
POMC/CART neurones. The sensing of these nutritional 
variables by the ARC neurones is mediated via AMPK and 
TOR signaling pathways (see earlier), providing an ele¬ 
gant link between cellular nutrient sensing mechanisms 
and the regulation of nutrient intake and utilization at the 
level of the whole animal. 

There is crosstalk between the arcuate nucleus and 
hindbrain integrative centers, as well as input from higher 
brain areas dealing with other sensory modalities and 
food reward, allowing learned responses to be integrated 
into the control of feeding behavior. Quite how specific 
appetites for different macronutrients are controlled 
within these hormonal and neural pathways is not under¬ 
stood as yet, but it is worth noting that other forebrain 
areas such as the anterior piriform cortex have been 
implicated in regulation of amino acid intake. 

Linking Mechanisms, Behavior, and 
Evolution 

Above, we have shown how the concepts ‘hunger’ and 
‘satiety,’ if used with due caution, can provide a useful 
framework that guides research into the links between 
behavior, physiological homeostasis, and regulatory phys¬ 
iology. The Holy Grail for nutrition research is to extend 
this framework to deal also with evolutionary aspects. In 
this section, we present an approach that has been devel¬ 
oped for this purpose, known as the ‘geometric framework 
for nutrition.’ 

We have already mentioned that the hunger-satiety 
spectrum has been represented using sophisticated sys¬ 
tems models derived from engineering. The geometric 
framework is an example, based on a method known as 
‘state-space geometry.’ It differs from other system mod¬ 
els of feeding in combining three key features. (1) It 
represents several nutrients simultaneously, and can 
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therefore distinguish between unitary and multiple hun¬ 
gers. (2) While in most models of hunger and satiety the 
primary observables are behavior and regulatory physiol¬ 
ogy, the geometric framework is centered on the outcomes of 
behavior and physiology, in terms of nutrient gains, losses, 
and expenditures. (3) Focusing on nutrients in this way 
provides a common currency that enables direct links to 
be made between the environment (foods), behavior (food 
selection and feeding), physiology (nutrient extraction, 
utilization, and excretion), animal performance (health, sur¬ 
vival, growth rates, reproduction, etc.), and, ultimately, 
evolution (how natural selection has shaped the behavior 
and physiology of the animal to achieve favorable nutri¬ 
tional outcomes). 

The first step in building a model using the geometric 
framework is to identify the nutrients of interest in a given 
situation, then represent each nutrient on an axis to define 
a geometrical space called a ‘nutrient space’ (see Figure 2). 
This space can have as many dimensions as there are 
relevant nutrients, but for illustration we will assume a two- 
dimensional nutrient space comprising axes for protein 
(P) and carbohydrate (C). A nutrient space so constructed 
provides the setting within which foods, feeding, nutritional 
physiology, and animal performance are interrelated. 

To see the value of nutritional space, consider a food 
type that contains 30% protein and 70% carbohydrate. 
An animal that eats Y grams of this food obtains 0.3 Y 
grams of protein and 0.7 Y grams of carbohydrate. If the 
animal eats more, it obtains more protein and more car¬ 
bohydrate, but the amount of carbohydrate gained 
increases more quickly than the amount of protein. We 
can represent this relationship in nutritional space using a 
straight line, which will be steeper for foods with more 
carbohydrate and shallower for foods with more protein. 
A hypothetical food type with equal amounts of protein 
and carbohydrate would have a slope of 1. All such lines 
go through the origin (P = C= 0), because eating amount 
zero necessarily yields zero carbohydrate and zero pro¬ 
tein, regardless of the mixture in a given food. Following 
the geometric framework, we call lines like these ‘nutri¬ 
tional rails.’ 

An animal can therefore be viewed as ‘moving’ along a 
nutritional rail as it feeds, over a distance that is propor¬ 
tional to the amount of the food that it eats. In Figure 2(a) 
for example, the unfilled circle on the nutritional rail 
represents the current nutritional state of the animal 
(the amounts of P and C gained) having fed on the food 
for some hypothetical period at the beginning of which its 
state was taken to be OP 0C (no gain of either nutrient). 

Also depicted within the nutrient space is a point or 
region representing the optimal position that the animal 
could move to (i.e., the amounts of the two nutrients that 
would benefit it most), known as the ‘intake target’ (shown 
in Figure 2(a) as the pink region labeled IT). The intake 
target in reality moves with time, because the animal’s 


nutrient requirements change with development, health, 
etc., but it can also be considered to be static if the model 
pertains to a snapshot in time. For simplicity, in the 
examples that follow, we will assume the static case, 
although they could equally be developed in dynamic 
models. In either case, the ‘goal’ of the animal is to move 
through nutrient space, reaching or approaching as close 
as possible to the intake target. 

In the scenario shown in Figure 2(a), this is a straight¬ 
forward task because the nutritional rail passes through 
the intake target (i.e., the food contains the same balance 
of P and C as is needed by the animal) and the animal 
needs only to ensure that it eats enough of the food to 
reach the target. In Foods 2 and 3 (Figure 2(b)), by 
contrast, the PC ratio is too low and too high, respectively, 
so an animal assigned either of those foods could not 
reach the intake target. However, if it had access to both 
these foods, then it could reach the target by mixing its 
intake from the two. It could, for example, first feed on 
Food 2 until it reached the point Si and then switch to 
Food 3; alternatively it could first feed on Food 3 and at 
point S2 switch to Food 2; or it could switch between the 
foods several times in one of a very large number of possible 
patterns (e. g, the route to point S3). The scenario depicted 
in this figure is the phenomenon of nutrient self-selection 
that we discussed earlier in the section titled ‘Hunger and 
satiety as intervening variables.’ 

An important point that this hypothetical example 
illustrates is how geometric models provide a framework for 
representing internal nutritional states in a quantitative 
way and relating these to behavior and regulatory mech¬ 
anisms. Thus, the distance and direction from the intake 
target of the animal’s nutritional state can be used as a 
measurable, geometric quantity, to make a prediction 
about the animal’s feeding behavior. Consider, for exam¬ 
ple, the three states represented in Figure 2(b) as Si, S2, 
and S3. That all three of these states fall on the negatively 
sloped dashed line shows that the animals in these states 
have all eaten the same total amount of macronutrient 
(P+ C), and might well have done so by eating the same 
total amount of food (if the macro nutrient density of Food 
2 and 3 are equal). And yet their different positions in 
nutrient space lead to the prediction that the three ani¬ 
mals will show very different feeding behavior from that 
point on. The animal in state Si would be more likely to 
feed on Food 3 (as this will take it to the intake target), 
while the animal in state S2 would be more likely to feed 
on Food 2. The animal in state S3 would, like the animal at 
Si, probably feed on Food 3, because this is the food that 
would take it closer to the target balance of nutrients. It 
would, nonetheless, differ from the animal at Si, because 
its incentive to select Food 3 would be lower. This is 
because if the animal in Si continued to feed on Food 2 
(e.g., to S4), then it would have veered too far off course 
and could no longer subsequently reach the target by 
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Nutritional rail 




Figure 2 The geometric framework for nutrition, (a) Focal food 
components, in this case protein (P) and carbohydrate (C), are 
plotted as axes which define a ‘nutrient space.’ The solid dot 
shows the amount of the two nutrients in a food item, and the line 
radiating from the origin through this point gives the balance of 
the two nutrients in the food. In this case, the P/C balance is 1:1, 
and the line thus has a slope of 45°. Such lines representing the 
nutrient balance of foods are called ‘nutritional rails.’ The amount 
of the nutrients needed by the animal (the ‘intake target’) is also 
shown (labeled IT). As the animal eats the food, it gains nutrients 
in the same proportion they are present in the food (i.e., P eaten/ 
C eaten = P in food/C in food), and can thus be viewed as 
‘moving’ along the nutritional rail (hollow circle and arrow). In 
panel A, the rail passes directly through the intake target 
(because the balance P in food/C in food = P needed/C needed), 
and the animal can thus reach its target by eating this food - that 
is, this food is balanced with respect to the animal’s requirements 
for the two nutrients, (b) Here the animal does not have access to 
nutritionally balanced Food 1, but to two nutritionally imbalanced 


eating F3 - at best, it could occupy some position along 
the broken arrow. The animal at S3, by contrast, would 
have more leeway to correct its course before reaching the 
point where the target is no longer accessible. Experi¬ 
ments have shown that animals do indeed ‘navigate’ 
through nutrient space in this way (e.g., Figure 3) and, 
as shown in the previous section, the mechanisms are 
partly understood. 

Geometric models also enable nutritional state to be 
linked to functional outcomes and ultimately evolutionary 
fitness. To do this, you construct a performance surface 
which maps onto nutrient space the consequences for the 
animal of achieving different nutrient intakes. A perfor¬ 
mance surface is equivalent to a topographical map, but with 
isolines that represent not altitude but the levels achieved 
of whatever performance variables are of interest (e.g., survival, 
growth rates, fecundity, etc.). Performance surfaces enable 
the fitness consequences to be compared between different 
feeding strategies - for example, the two food selection 
options open to the animal at Si in Figure 2(b), as discussed 
earlier. In Figure 4, we give a real example, showing that 
female fruit flies select the balance of nutrients that max¬ 
imizes lifetime egg production. Such performance surfaces 
provide a powerful approach for understanding the costs 
and benefits for animals of achieving different nutritional 
states, thereby clarifying the factors that underlie the 
evolution of nutritional regulatory systems. 


Conclusions 

Nutrition-related behavior gives the strong impression of 
goal-directedness: animals become increasingly focused 
on nutrition as food deprivation progresses, and cease to 
do so once sated. Hunger and satiety are useful concepts 
in animal behavior because they provide a framework that 
captures this property of goal-directedness. Not only does 
this represent an important characteristic of the system 
being modeled, but the property of goal-directedness also 
enhances the predictive power of a framework. However, 


foods with rails that do not pass through the intake target: Food 
2 has excess C relative to P, and Food 3 excess P relative to C. 
However, since these rails lie on opposite sides of the intake 
target, the animal can nonetheless reach the intake target by 
mixing its intake from the two foods. Several scenarios of such 
food mixing are given: first eat Food 2, and when in states SI 
switch to Food 3; first eat Food 3 then switch to Food 2 at state 
S2; or pass through state S3 by switching repeatedly between 
the two foods. If the animal stays on Food 2 until it reaches S4 it 
cannot subsequently reach the target, because by then switching 
to Food 3 it will be confined to the trajectory given by the dashed 
arrow. The diagonal dashed red line is a nutritional isoline, any 
point on which represents the same total gain of the two nutrients 
(i.e., P + C = constant). 
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Figure 3 Results of an experiment in which male 
cockroaches (Blatella germanica) were given one of three foods 
for 48 h, and then for the following 120 h allowed access to all 
three foods. The solid black lines are nutritional rails representing 
the protein/carbohydrate balance of the artificial foods, which 
were identical except for the P/C ratio. Each point represents 
mean ± bivariate standard error intake of protein and 
carbohydrate by > 15 insects, with the colors distinguishing 
treatment groups (green = high P/C, blue = intermediate P/C, 
and red = low P/C). The first mean in the series for each treatment 
(i.e., that which falls on the respective nutritional rail) represents 
the nutrient intake following 48 h in which the animals were 
confined to the respective food, while subsequent means show 
the point of cumulative intake over subsequent 4 h periods in 
which the insects were able to self-select a diet from all three 
foods. All treatment groups headed in different directions, so 
as to compensate for their period of constrained imbalance, and 
by 48 h had converged on the same intake point. They 
maintained this grouping, and continued to select the same 
macronutrient balance, until the experiment was terminated at 
120h. Data from Raubenheimer D and Jones SA (2006) 
Nutritional imbalance in an extreme generalist omnivore: 
Tolerance and recovery through complementary food selection. 
Animal Behaviour 71:1253-1262. 


the use of goal-directed frameworks in animal behavior 
calls for particular vigilance against the risk of teleology - 
the anthropomorphic, mentalistic notion of conscious 
intent. Teleology can be avoided, however, by adopting 
the working hypothesis that ‘hunger and ‘satiety’ are not 
things that actually exist within animals, but ‘intervening 
variables.’ These are hypothetical internal states that 
allow researchers better to understand those aspects of 
animals that we can observe - their physiology, behavior, 
and the functional consequences of these. Such an 
approach has been labeled ‘teleonomic,’ to distinguish it 
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Figure 4 Experiment investigating the link between 
macronutrient selection and performance in fruit flies 
(Drosophila melanogaster). Female flies were allocated to one 
of 28 dietary treatments, which resulted in a wide spread of 
macronutrient intakes (the small gray dots represent intakes of 
1000 individual flies). The lifetime egg production of these flies 
was then plotted as a performance landscape, where red 
represents high values and blue low values. In a second 
experiment, three groups of 25 flies were each given a different 
combination of nutritionally complementary foods from which 
they could self-select a diet. Dashed arrows show how flies in the 
three self-selecting treatments adjusted their intake of separate 
yeast and sugar solutions to converge on a common nutrient 
intake trajectory that maximized lifetime egg production. In each 
case, flies had access to a 180 g I -1 solution of sugar, and a yeast 
hydrolysate solution at either 180g I -1 (green arrow), 90 g I -1 
(white arrow), or 45 g l —1 (pink arrow). This experiment 
demonstrates dietary self-selection, as seen for cockroaches in 
Figure 3, and also that self-selected macronutrient balance 
corresponds with that which maximizes fitness. Data are from 
Lee KP, Simpson SJ, Clissold FJ, et al. (2008) Lifespan and 
reproduction in Drosophila: New insights from nutritional 
geometry. Proceedings of the National Academy of Sciences of 
the United States of America 105: 2498-2503. 


from teleology. Teleonomic frameworks that use objec¬ 
tive, quantitative terms of reference, such as Cartesian 
geometry, are better insulated against teleology than are 
those couched in the language of human psychology. We 
believe that the field is fast progressing to the point where 
teleonomic frameworks can confidently be used in the 
study of nutritional behavior, while avoiding the risks of 
teleology. Central to this progress is rapid growth in our 
understanding of the mechanisms that control feeding, 
and the development of models for exploring how these 
mechanisms interact in the regulation of behavior. 
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See also: Adaptive Landscapes and Optimality; Norway 
Rats; Self-Medication: Passive Prevention and Active 
Treatment; Taste: Invertebrates; Taste: Vertebrates. 
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Introduction 

Definitions of concepts relevant to social learning and 
influence presented in this article have borrowed freely 
from earlier attempts by Galef, Whiten and Hamm, and 
Zentall to distinguish among the various mechanisms 
thought to affect the behavior of animals when exposed 
to others of their species. 

Some researchers who have studied social learning 
have been interested in its adaptive value. Others have 
been more interested in the mechanisms by which animals 
are able to integrate the information that is available when 
they observe another animal perform a response, and then 
perform the observed response themselves. In the follow¬ 
ing sections, I will try to describe the various mechanisms 
that have been thought to play a role in social learning, 
and examine the evidence for imitation in animals, a kind 
of social learning that is thought to imply higher cognitive 
functioning. 

Social Influence 

Species Typical Influences: Contagion 

Predisposed tendencies to match specific behaviors of a 
conspecific are called contagious behaviors, mimesis, 
response facilitation, or response priming. Contagion 
can be used to describe certain courtship displays, anti¬ 
predator behavior (such as mobbing), and social eating. 
For example, a chicken that has eaten its fill and then 
stopped eating will begin eating again if placed with 
another chicken that is eating. 

Motivational Influences 

Factors that affect the arousal or motivation of an animal 
may affect its general activity, which may, in turn, lead to 
faster learning. 


Social facilitation 

The mere presence of another animal, irrespective of the 
other animal’s behavior, may increase (or decrease) 
arousal, a phenomenon called social facilitation. Increased 
arousal can lead to increased activity leading to increased 
contact with environmental contingencies. For example, if 
the presence of another animal increases an observer rat’s 
general activity, the rat may discover (on its own) the lever 
that when pressed leads to reward. 

Socially induced incentive motivation 

Being in the presence of a conspecific that is eating may 
further increase the arousal of an observing animal. Thus, 
if a rat sees another rat eating, it may result in a greater 
increase in the activity of an observer than just seeing 
another animal, leading the observer to discover the 
rewarding lever. 

Observation of aversive conditioning 

Being in the presence of a demonstrator that is acquiring or 
performing a response motivated by avoidance of painful 
stimulation (e.g., electric shock) can provide the observer 
with an additional source of motivation. For example, emo¬ 
tional cues provided by another animal either escaping 
from or avoiding shock may evoke fear in an observer, 
and increased fear may lead to faster learning. 

Perceptual Factors 

Observation of a performing demonstrator also may draw 
attention to the place where the demonstrator is 
performing (local enhancement) or to the object that the 
demonstrator is manipulating (stimulus enhancement). 
The added attention may increase the likelihood that 
the observer will explore the place or the object and 
learn individually about the object. For example, the 
movement of a lever pressed by a demonstrator may 
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draw attention to the lever and cause the observer to 
approach the moving lever (or a lever that looks like the 
moving lever) more readily. 

Simple Social Learning 

Social influence results in behavior that makes it more 
likely that an observer will be motivated to learn or will 
notice cues that are necessary for learning. However, the 
learning is individual. 

Discriminated Following or Matched Dependent 
Behavior 

Rats can be trained to follow a trained conspecific to food 
in a T maze in the absence of any other discriminative 
stimulus. Although the leader rat in such experiments is 
clearly a social stimulus, the data are parsimoniously 
interpreted as demonstrating simple discrimination 
learning with the leader serving as a salient, discrimina¬ 
tive stimulus. For example, a rat could easily be trained to 
follow a block of wood pulled through a maze by a string. 
It may be easier for the rat to learn to follow a social 
stimulus, because it is more salient than an inanimate 
object. However, a leader rat is not conceptually different 
from a block of wood. 

Observational Conditioning 

The observation of a performing demonstrator may do 
more than draw attention to the object being manipulated 
(e.g., a lever or joystick). Because the observer’s orientation 
to the object is often followed immediately by presentation 
of food to the demonstrator, a (higher order) Pavlovian 
association called observational conditioning may be estab¬ 
lished between the object, towards which the observer 
orients, and food. If sight of the moving object subsequently 
serves as a conditioned stimulus, the animal may be drawn 
to it, contact it, and thus attain a reward. 

Socially transmitted food preferences of the sort stud¬ 
ied by Galef and his colleagues represent a special case of 
observational conditioning. In these studies, rats that have 
interacted with another rat eating a novel food item will 
be more likely to eat that same food than another equally 
novel food item. Although food preference may appear to 
fall into the category of unlearned behavior, consuming 
food that has a novel taste is an acquired behavior that can 
be learned through its association with another animal. 

Vocal Mimicry (Bird Song) 

A special case of matching behavior is the acquisition of 
regional variations in bird song that appear to depend on the 
bird’s early experience with conspecifics. Bird song consists 


of auditory stimuli, and the sounds produced by a singing 
demonstrator and those produced by a listener learning to 
sing a regional dialect can be similar. Thus, stimulus match¬ 
ing by trial and error could mediate the listeners’ acquisition 
of a song, similar to that of its demonstrator. 

Visual Matching 

The preceding analysis of the imitation of vocal behavior 
can also be applied to certain examples of visual imitation. 
Any behavior that produces a clear change in the envi¬ 
ronment, such that, from the perspective of the observer, 
there is a match between the result of the action of a 
demonstrator and that produced by an action of an 
observer, may allow for stimulus matching. Consider what 
happens when you see someone turn up the volume of a 
radio. When the knob turns to the right, the volume 
increases. Similarly, when you turn the knob, you see it 
turn to the right and hear the volume increase. You could 
learn to turn the knob simply by learning to match the 
movement of the knob in response to your action with 
the movement of the knob in response to the demon¬ 
strated action. Such cases of visual stimulus matching 
can be distinguished from the, perhaps, more abstract 
and interesting case that I will consider in more detail 
later, opaque imitation, in which no visual stimulus match 
is possible, for example, imitating the body position of a 
person who has his hands clasped behind his back. 

Emulation (Object Movement Reenactment) 

When observation of a demonstrator allows an animal to 
learn how the environment functions, a sophisticated form 
of learning is certainly involved. However, because learning 
how the environment works may not require observation of 
the behavior of another animal, one may not want to view 
such learning as social learning. Learning about how the 
environment works has been referred to as the emulation of 
affordances or object movement reenactment. 

Emulation may be involved in a procedure used with 
chimpanzees in which they learned to open a box to 
obtain a reward. Some demonstrator chimpanzees were 
trained to poke a bolt to open a box, whereas other 
demonstrators were trained to twist and pull the bolt to 
achieve the same result. Observers given access to the box 
tended to remove the bolt the same way that they had seen 
it removed. However, because the bolt moved differently 
in the two cases, it is possible that the observers learned 
how the bolt moved (by emulation) rather than to copy 
the actions of their demonstrators (by imitation). 

Although emulation may not be considered social 
learning, because it is learning about the movement of 
objects rather than the actions of demonstrators, emula¬ 
tion is a phenomenon of interest in its own right. Under¬ 
standing how things work has implications for cognitive 
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learning. Interestingly, although there is some evidence 
that pigeons can emulate the direction of movement of a 
screen permitting access to food, chimpanzees have shown 
little evidence of emulation. 

Complex Social Learning 

To researchers interested in cognitive mechanisms 
involved in social learning, the most interesting forms of 
social learning are those that cannot be explained easily 
by any of the previously described mechanisms. 

Opaque Imitation 

The term imitation is used to indicate behavior of an 
observer that matches the behavior of a demonstrator 
that cannot be accounted for with any of the motivational, 
attentional, or simple learning mechanisms described so 
far. Such imitation may be referred to as opaque imitation 
because, under these conditions, the observer’s own 
movements cannot be readily seen by the observer. 
Under appropriate conditions, the bidirectional control 
and two-action procedures are accepted methods for 
demonstrating opaque imitation. 

The bidirectional control procedure 

When a screen that could be pushed to the left or right was 
placed in front of a feeder, observer pigeons tended to push 
the screen in the same direction that they saw a demon¬ 
strator push it. To distinguish this learning from emulation, 
a ‘ghost control’ is needed in which the screen appears to 
move by itself without a demonstrator pushing it. 

The two-action procedure 

The two-action procedure controls for emulation by hav¬ 
ing the demonstrator produce the same environmental 
outcome in one of two different ways. For example, 
quail were trained to respond to a treadle (a metal plate 
near the floor of the chamber) for food either by pecking 
at the treadle or by stepping on it. When given access to 
the treadle, observers used the same part of their body to 
make the response as had their respective demonstrators. 

It is important to note, first, that the environmental 
consequences of stepping and pecking were essentially 
the same (i.e., everything was the same except the response 
topographies of the demonstrators), and second, that there 
was little if any similarity between the visual stimulus the 
observer saw during observation and the visual stimulus it 
saw during its own performance of either response. That is, 
the appearance of the demonstrator’s beak on the treadle 
must have appeared quite different to the observer from 
the sight of its own beak on the treadle. Similarly, although 
perhaps not so obviously, when the quail stepped on the 
treadle (located near the corner of the chamber), it pulled 


its head back and thrust its chest forward. Thus, it could not 
see its foot making contact with the treadle. Once again, to 
the observer, the demonstrator’s response to the treadle 
must have appeared quite different from the observer’s 
own response to the treadle. Thus, in such an experiment, 
any account of imitation based on stimulus matching is 
quite implausible. 

Variables That May Influence Opaque Imitation 
Demonstrator reinforcement 

A cognitive account of imitation suggests that the 
observer understands what the demonstrator is doing 
and perhaps why it is doing it. If such an interpretation 
is correct, whether evidence of imitation is found may 
depend on the consequences of the demonstrated 
response for the demonstrator. Consistent with such a 
hypothesis, Zentall found that quail imitated only when 
they observed demonstrators receiving a reward after they 
pecked or stepped on a treadle. 

It is possible to explain the effect of demonstrator 
reward on observer imitation by appealing to observa¬ 
tional conditioning, a simpler form of learning described 
above. In observational conditioning, an observer’s atten¬ 
tion is drawn to a stimulus (in this case, the demonstrator 
quail depressing the treadle) because this action precedes 
reward. Although observational conditioning might account 
for the difference in the effect on observer imitation of 
reward, it cannot account for the correspondence between 
the observer’s and demonstrator’s response topographies. 
Thus, demonstrator reward may act as a catalyst to bring 
out imitative learning in an observer. 

The effect of the outcome for the demonstrator may 
play an even more important role when more complex 
responses than pressing a treadle are demonstrated. For 
example, humans performed a task in the presence of 
chimpanzees in which, first, one response (poking a stick 
in a hole in the top of a box) did not lead to obtaining food 
but another response (poking the stick in a hole in the side 
of the box) did. Next, subjects were given access to the box 
and the stick. When the box was opaque, so that subjects 
could not see that the top hole did not provide access to 
food, the subjects often started by poking the stick in the 
top hole. However, when the box was transparent, and 
subjects could see that the top hole did not provide access 
to food, the subjects generally avoided poking the stick in 
the top hole and instead poked the stick directly into the 
side hole that had produced food. Horner and Whiten 
proposed that when the box was transparent, subjects 
recognized the causal structure of the task and avoided 
the response that did not lead to reward, however, when 
the box was opaque, it was not clear that inserting the stick 
in the top hole was not a necessary prerequisite to insert¬ 
ing the stick in the side hole. Thus, chimpanzees could 
acquire the entire sequence of responses through 
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observation, but omitted part of the sequence when it was 
apparent that one of the demonstrated responses was not 
necessary to achieve the goal. 

Observer motivation 

The hypothesis that observer motivation affects imitation 
was tested by comparing imitative learning by quail that 
were either hungry or sated at the time of observation. It 
was found that the hungry quail matched the demonstra¬ 
tor’s reinforced behavior, whereas sated quail did not. It is 
possible, however, that the observers that were hungry 
paid more attention to what the demonstrators were 
doing than observers that were not hungry. 

Deferred imitation 

Bandura proposed that there is an important cognitive 
difference between immediate imitation (that Bandura 
called imitation) and deferred imitation (that he called 
observational learning) where some time passes between 
observation and observer performance. For Bandura, 
immediate imitation may be a reflexive response akin to 
contagious behavior, whereas deferred imitation indicates 
a more cognitive process where an observer has to repre¬ 
sent the response at the time of observation for later 
retrieval when performance is assessed. 

To determine if animals are capable of deferred imita¬ 
tion, hungry quail observed either treadle pecking or trea¬ 
dle stepping. When they were tested 30 min later, they 
imitated as frequently as observers tested immediately 
following observation. If, as Bandura proposed, deferred 
imitation is evidence of a more cognitive process, then 
quail show good evidence of cognitive representation. 

More Complex Forms of Imitation 
Generaiized gestural imitation 

A form of imitative learning that is conceptually related to 
the two-action procedure involves copying the gestures of 
a model on command (e.g., ‘Do this!’). Successful do-as-I- 
do performance has been reported in chimpanzees 
(Custance et al.), dolphins (Herman), and parrots (Pep- 
perberg). Remarkably, because the imitated models were 
humans, there was little similarity between corresponding 
body parts of observer dolphins and parrots, and the 
human demonstrator. 

Custance et al. found that chimpanzees learned to 
respond to the command ‘Do this!’ by imitating a broad 
class of behaviors demonstrated by humans including 
touching the back of their heads and other actions that 
could not be seen as they were performed. Such imitated 
opaque actions cannot be explained by some form of 
visual stimulus matching. Furthermore, because objects 
are not involved in this kind of imitation, local and 
stimulus enhancement are irrelevant. Finally, each imi¬ 
tated gesture serves as a control for other imitated 


gestures, and the broad range of gestures that have 
been imitated within a few seconds of demonstration 
suggests that differential motivation plays no role. Suc¬ 
cess in such do-as-I-do experiments shows not only that 
chimpanzees can imitate, but also that they are capable 
of forming a generalized concept of imitation, because 
they selectively imitate any of a broad class of gestures 
when cued to do so. 

Intentionality 

Interest in imitation research can be traced, at least in 
part, to the possibility that imitation involves some degree 
of intentionality. Intentionality is surely involved in many 
higher order forms of imitation, such as the human dancer 
who repeats the movements of a teacher. Unfortunately, 
because of its indirect nature, intentionality in animals 
can only be inferred, and evidence for intentionality 
appears most often in the form of anecdote rather than 
experiment. 

Mitchell provides a number of examples of imitation at 
these higher levels. For example, Mitchell discusses 
observations of a young female rhesus monkey who, 
after seeing her mother carrying a sibling, walked around 
carrying a coconut shell at the same location on her own 
body. If there were any way to carry out experiments 
involving the manipulation of intentionality, the credibil¬ 
ity of these anecdotes would be greatly increased. 

Understanding the intentions of others 

Recent evidence suggests that 14-month-old children are 
able to understand the intentions of another and use this 
understanding to mediate their imitative behavior. When 
children watched a demonstrator whose hands were occu¬ 
pied turn on a light by touching it with her forehead, they 
subsequently turned on the light more efficiently by using 
their hands. However, when the demonstrator’s hands were 
not occupied, so that observing children might assume that 
it was necessary to use their forehead to turn on the light, 
children copied the demonstrator in using their forehead. 

More surprising, there is evidence that dogs may be able 
to make similar inferences. When dogs watched a dog 
demonstrator with a ball in its mouth pull a rod with its 
paw to obtain a treat, the observer dogs pulled the rod more 
efficiently with their mouth. However, if the demonstrator’s 
mouth was not occupied and it pulled the rod with its paw, 
the observers also pulled the rod with their paw, suggesting 
that dogs, like human children cannot only imitate but can 
understand intentions of a demonstrator. 

Program-level imitation 

Byrne has distinguished action level imitation, for exam¬ 
ple, pressing a lever or poking at a bolt, from program- 
level imitation that involves learning of a coordinated 
sequence of actions leading to reward. As already noted, 
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Horner and Whiten have shown that when a human 
demonstrated a response sequence (poking a stick into 
the top hole of an opaque box and then the side hole), 
chimpanzees copied both responses. Even pigeons can 
show evidence of the imitation of a sequence of two 
quite different response alternatives (stepping on a treadle 
vs. pecking at the treadle and then pushing a screen 
blocking a feeder either to the right or to the left). 
Whether program level imitation is conceptually different 
from imitation of a single response is yet to be shown. 

Associative Learning Accounts of 
Imitation 

Heyes and Ray have recently proposed an associative 
learning account of imitation. According to their associative 
sequence learning (ASL) model, specific responses, such 
as stepping or pecking, have been reinforced in the past 
when they have occurred in the presence of other animals 
engaged in similar behavior. So, for example, the theory 
assumes that before participating in any experiment, 
observers ate at the same time as others and consequently 
learned to peck when others were pecking, and they fed 
from a similar feeder and consequently learned to step 
toward the feeder when others were doing so. As a result, 
seeing others pecking or stepping would become a dis¬ 
criminative stimulus for engaging in the same behavior. 

There are some difficulties with this account. First, 
laboratory birds are often fed at different times, so typi¬ 
cally pecking and stepping at the same time as other birds 
would not be reinforced. Second, the theory requires that 
the home-cage context generalizes to the experimental 
context, despite the fact that the experimental environ¬ 
ment is typically quite different from the home-cage 
environment. Third, in the two-action procedure, the 
treadle is not located near the feeder. Finally, it is not 
clear how ASF can account for results of bidirectional 
control experiments in which a screen encountered for 
the first time is pushed in the same direction as a demon¬ 
strator pushed it. As Whiten suggests, if the mechanisms 
responsible for imitation involve basic learning processes 
that are present in many animal species, why is it that only 
humans, certain great apes, and birds, show clear evidence 
imitation learning? 

Possible Biological Mechanisms 

Response Facilitation 

Byrne proposed that response facilitation could account 
for much of the imitation reported in animals. As noted 
above, response facilitation implies that observation of a 
response elicits a similar response in an observer. By this 
account, the observed behavior is already in the repertoire 
of the observer, and observation of it automatically primes 


the representation of the behavior in the brain, increasing 
the probability that the behavior will occur. Although this 
view provides a noncognitive mechanism for the kinds of 
imitation most frequently studied in animals, it does not 
provide a particularly convincing account of imitation of 
behaviors that an animal encounters for the first time in 
an experimental setting, for example, pushing a screen to 
left or right to access food. 

The Mirror System 

Neurons found in the premotor cortex of monkeys are 
activated not only when the monkey picks up an object 
but also when it sees either a human or another monkey 
pick up an object. These ‘mirror’ neurons are thought to be 
responsible for imitation, and their presence in the pre¬ 
motor cortex rather than the visual cortex suggests that 
they may have a preparatory cognitive function. Although 
the mirror neurons may be involved in stimulus matching, 
it is not clear whether they can account for perceptually 
opaque imitation when there is little similarity between 
the visual input animals receive from watching the behav¬ 
ior of another and what they can see of their own behavior. 

Conclusions 

Procedures have recently been developed that separate 
imitation from other forms of social influence and social 
learning, and the results of initial studies indicate that 
species from chimpanzees to quail can imitate. Such find¬ 
ings should not be surprising because social learning, 
whether by imitation or some other process, often pro¬ 
vides greater benefits than genetically based behavior or 
trial-and-error learning. However, the mechanisms enabling 
animals to match their behavior to that of a demonstrator 
are poorly understood. Imitation may involve some form 
of coordination of visual and tactile sensory modalities, 
perspective taking, or response facilitation. However, the 
role of such processes in opaque imitation is not yet well 
understood. A reasonable strategy to better understand 
the mechanisms involved in imitation would be to deter¬ 
mine the necessary and sufficient conditions for opaque 
imitation to occur and to explore the range of behaviors 
that animals can imitate. 

See also: Apes: Social Learning; Vocal Learning. 
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Introduction 

The vertebrate neuroendocrine system responds to changes 
in social and physical environments, adjusting an animal’s 
phenotype to match current or impending conditions. 
A classic example is the prebreeding rise in testosterone 
among seasonally breeding males, which increases the like¬ 
lihood of exhibiting courtship, mating, and territorial 
behaviors. Another vital physiological process affected 
by hormones is immune function. While immune defenses 
are crucial to individual health and survival, they entail 
considerable metabolic and opportunity costs (other beha¬ 
viors or processes that must be sacrificed to mount the 
response). Organisms must balance these costs against 
competing processes, which require information about 
the value of defense against infection versus other fitness 
priorities (e.g., breeding). Endocrine hormones provide a 
reliable, integrated source of such information. 

Exemplar endocrine—immune interactions include the 
behavioral responses to infection, or sickness behaviors. 
These behavioral changes include lethargy, anorexia, 
adipsia (decreased water intake), somnolence, anhedonia 
(reduced performance of pleasurable behaviors), and 
decreased libido. In 1988, Benjamin Hart suggested that 
sickness behaviors are likely to increase fitness by con¬ 
serving energy for use on costly physiological immune 
responses, such as fever and defensive protein synthesis, 
both of which increase pathogen clearance. Moreover, 
anorexia can limit a pathogen’s access to nutrients crucial 
to replication. On the other hand, as sickness behaviors 
impose considerable opportunity costs, infected animals 
must reduce some adaptive behaviors (e.g., foraging, terri¬ 
torial defense, parental care, and mating effort) to deal with 
an infection. Understanding how and why animals balance 
these various costs to achieve protection against infection 
remains an ongoing challenge and comes under the purview 
of the emerging field of ecological immunology. 

In this article, we examine some of the ways in which 
hormones can influence immune responses in general, and 
sickness behaviors in particular. To begin with, we provide 
a brief introduction to the vertebrate immune system and 
discuss how studying immunology in the context of life 
history can help elucidate why immune responses vary and 
when (and how) we would expect endocrine modulation 
to occur. We then introduce cytokines and immune 


system-signaling molecules as key links among the endo¬ 
crine, immune, and nervous systems. Finally, we demon¬ 
strate how several specific hormones enable the appropriate 
expression of sickness behaviors (see Figure 1), and we 
briefly discuss several directions for future research. 

The Vertebrate Immune System 

The vertebrate immune system protects against infection 
via a network of proteins, cells, and tissues, classically 
divided into innate and adaptive arms. The innate arm 
includes rapidly mobilized immune cells and defensive 
proteins that bind, kill, or engulf foreign invaders. The 
adaptive arm becomes fully active several days after path¬ 
ogen infiltration and includes antibody production by 
B-lymphocytes and/or proliferation of T-lymphocytes 
that eliminate infected host cells, regulate B-cell function, 
or coordinate innate immune activity. Adaptive immunity 
has the capacity for memory of specific antigens, in that a 
second infection by the same pathogen induces a more 
efficient response. Innate immunity lacks this capacity, 
but it is much more broadly effective. 

Historically, there has been a bias towards understand¬ 
ing the adaptive immune system. However, it is becoming 
clearer that the dichotomy between these two arms is 
oversimplified; the majority of adaptive immune pro¬ 
cesses coordinate innate immune function. For these rea¬ 
sons, and because innate immunity is the only defense 
that most organisms possess, the innate immune system is 
receiving greater attention today. 

Sickness behaviors are innate immune defenses and 
part of the acute phase response, a systemic enhancement 
of the immune system engaged early in the course of an 
infection. At present, we do not understand how initial 
local, low-grade inflammation escalates into a full-scale 
acute phase response. Nevertheless, once acute phase 
responses are induced, they place the host in an emergency 
life history state in which survival from infection domi¬ 
nates physiology and behavior. Acute phase responses 
entail heterothermia (i.e., fever in most vertebrates), copi¬ 
ous release of defense-oriented hepatic proteins (which 
control foreign invaders through a variety of mechan¬ 
isms), increased leukocyte activity (e.g., phagocytotic 
capacity), and sickness behaviors. These defenses come 
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Figure 1 Upon infection, a vertebrate’s immune cells and tissues release cytokines, signaling molecules that promote subsequent 
immune responses and the sickness behaviors listed above. To express these sickness behaviors in a context-dependent manner, 
animals must physiologically integrate information about breeding status (purple), season (green), energy reserves (yellow), and 
external stressors (pink). In this article, we highlight how bidirectional interactions among cytokines, endocrine hormones (blue), and 
the nervous system facilitate this integration and the adaptive expression of sickness behaviors. 


at considerable costs: fever increases the metabolic rate by 
10-15% for each degree Celsius increase in body temper¬ 
ature, defensive protein production requires both energy 
and at least 5% of daily amino acid intake, and sickness 
behaviors carry the substantial opportunity costs discussed 
above. Moreover, because of their broad, nonspecific 
effects, these defenses can also induce considerable collat¬ 
eral damage to host tissue. 

Acute phase responses are coordinated predominantly 
by the proinflammatory cytokines, interleukin-1 (3 (IL- 
1(3), interleukin-6 (IL-6), and tumor necrosis factor-oc 
(TNF-a). These signaling molecules are typically 
induced once leukocyte receptors (pattern recognition 
receptors, PRRs) that detect molecules shared by numer¬ 
ous pathogens (pathogen-associated molecular patterns, 
PAMPs) are activated. Thus, it has been possible to study 
sickness behaviors (and other acute phase response com¬ 
ponents) simply by exposing organisms to microbial frag¬ 
ments. This approach has been critical for distinguishing 
the costs associated with true pathogens from the costs of 
the immune defenses engaged to combat them. One par¬ 
ticularly commonly used molecule is lipopolysaccharide 
(LPS), a part of Gram-negative bacterial cell walls. 

Immune Variation Reflects Costs and 
Benefits in an Ecological Context 

In spite of their putative protective values, sickness beha¬ 
viors are variable. Some sickness behaviors are diminished 


greatly and some eliminated altogether in certain species in 
specific contexts. The emerging field of ecological immu¬ 
nology proposes that the costs and benefits of sickness 
behaviors drive this variability. In other words, immune 
variability may be explained by the fitness benefits of 
defending oneself from infection versus maximizing cur¬ 
rent reproductive success. A unifying paradigm that directs 
this field is the following trade-off: if immune responses 
require metabolic resources or time to resolve infections, 
other priorities may have to be sacrificed in the meantime 
or over some period thereafter. Extensive recent work in 
a host of organisms has demonstrated the costs of immune 
function sufficient to affect other fitness-related traits. 
Whether this cost-benefit context is useful in explaining 
the variation in sickness behaviors is only now being 
considered. 

Unlike other acute phase components such as fever 
and hepatic protein production, sickness behaviors 
impose few direct resource costs. Rather, opportunity 
costs represent the greatest challenges to fitness for sick¬ 
ness behaviors. Indeed, animals appear to dampen sickness 
behaviors when opportunity costs become too high. 
For instance, during a study in early spring, when terri¬ 
tory defense is critical to annual reproductive success, 
male song sparrows (Melospiza melodia morphna) showed 
little or no reduction in aggression after simulated infec¬ 
tion. Later in the year, when the reproductive benefit of 
territoriality was presumably lower than the benefit 
of surviving to the next breeding season, territorial 
aggression was greatly attenuated when birds were 
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infected. Opportunity costs also influence how sick female 
mice care for their pups. Females treated with LPS at 
low ambient temperature suppressed sickness behaviors, 
retrieved pups quickly, and ensured that nests were well 
maintained. At room temperature, when pups were not 
thermally challenged, LPS-treated females took longer to 
retrieve pups and did not maintain nests of the same 
quality. A similar explanation was proposed for differ¬ 
ences in sickness behaviors between male and female 
rats. Sexual behaviors of ill male rats were no different 
than untreated controls, whereas in females, lordosis 
(a characteristic mating posture) and other reproductive 
behaviors were dampened in response to simulated infec¬ 
tion. For males, the costs of missed reproductive oppor¬ 
tunities outweigh the transient reduction in immune 
function that is mandated to engage in copulations. For 
females, conception during sickness may increase the 
risk of complications during pregnancy, so the benefits 
of reducing sexual behaviors during illness outweigh 
the costs. 

Cost-benefit perspectives also apply to species or 
population-level differences in sickness behaviors. LPS- 
treated song sparrows from populations with small clutch 
sizes and a long breeding season reduced both territorial¬ 
ity and locomotor activity more than populations with 
larger clutch sizes and shorter breeding seasons. This 
outcome suggests that when time is limited, as during a 
short breeding season, reproduction takes priority over 
sickness behaviors. In a study on Peromyscus mice, similar 
patterns emerged: reproductively, prolific species showed 
little lethargy when infected, whereas reproductively, 
conservative species displayed pronounced lethargy. 
Moreover, reproductively, prolific species did not alter 
food intake when sick but conservative ones ate less 
when infected. In a study of captive white-crowned spar¬ 
rows, the pattern was reversed: during the breeding sea¬ 
son, a population with greater reproductive effort per unit 
time showed exaggerated anorexia compared to the one 
with lower effort. 

Given that two different classes of vertebrates (mam¬ 
mals and birds), some wild and some captive, some breed¬ 
ing and some reproductively quiescent, were used in the 
above studies, it is difficult to make generalizations about 
the underlying causes of alterations in anorexia or other 
sickness behaviors. The extensive variability, however, 
warrants explanation. Evaluating the importance of the 
opportunity costs associated with sickness behaviors ver¬ 
sus the costs associated with other components of acute 
phase responses explains some inconsistencies. As sickness 
behaviors are regulated by the same mechanisms (e.g., 
proinflammatory cytokines) as other acute phase compo¬ 
nents, they may not always be dissociable. In such cases, 
variation in sickness behaviors may be best explained 
through concurrent consideration of other acute phase 
response components and their respective costs. 


Cytokines Facilitate 
Neuroendocrine-Immune Interactions 
and the Modulation of Sickness Behaviors 

In order to understand variation in sickness behaviors 
among individuals, populations, and species, it is critical 
to identify how animals physiologically integrate diverse 
environmental information. Because endocrine hor¬ 
mones relay information about external and internal 
environments, these signals can help modulate immune 
responses in accordance with current conditions. Endo¬ 
crine interactions with the immune system are wide¬ 
spread and diverse in nature. Hormones can act directly 
upon immune cells to influence their proliferation and 
function. In addition, endocrine hormones can alter the 
production and efficacy of cytokines. Cytokines have a 
broad array of functions, including control of local and 
systemic inflammation, promotion of antibody or T-cell 
responses, and modulation of sickness behaviors. In this 
section, we present several of the best-studied examples 
of endocrine-immune interactions, paying particular 
attention to sickness behaviors and the role of cytokines 
in these relationships. 

Androgens 

Androgens, most notably testosterone, promote male repro¬ 
ductive physiology and behavior. In seasonal breeders, 
androgen levels rise in response to environmental cues 
such as changes in day length, which are transduced 
through photoreceptors in the brain to the hypothalamic- 
pituitary-gonadal axis. Additionally, social instability and 
the presence of receptive females elevate testosterone. 
Thus, androgens serve as integrated mediators of repro¬ 
ductive and social state and could be important in facil¬ 
itating trade-offs between breeding success and immune 
defense. Androgens have long been portrayed as immu¬ 
nosuppressants. Even before the isolation and purifica¬ 
tion of testosterone in the 1930s, Calzolari found that 
castrated rabbits had larger thymuses. More recently, 
Folstad and Karter proposed a physiological variant of 
the handicap hypothesis of sexual selection involving the 
immunosuppressive effects of androgens. Their immuno- 
competence handicap hypothesis suggests that because 
testosterone is crucial in developing some secondary sex¬ 
ual traits and also in suppressing immune function, only 
the highest quality males could afford (honest) secondary 
sexual signals. 

Although androgens indeed depress some immune 
responses, the effects are inconsistent across species and 
parts of the immune system. Additionally, testosterone- 
mediated immunosuppression cannot explain seasonal 
differences in immune function commonly found in 
females, which have low levels throughout the year, or 
sex-differences in immune function in invertebrates 
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(females stronger) that do not possess androgens. On the 
other hand, androgen receptors exist on or in several types 
of leukocytes. Moreover, androgens can decrease synthesis 
and the release of inflammatory cytokines, including 
TNF-a and IL-1(3, in cultured human immune cells. 

Such findings support a link between androgens and 
the immune system, but is likely to be a context- or tissue- 
dependent one. Further, the link between androgens and 
the immune system is not unidirectional. In mammals and 
birds, proinflammatory cytokines decrease the circulating 
levels of luteinizing hormone and testosterone. Such 
changes may help facilitate decreased libido during sick¬ 
ness in many animals. In general, though, the role of 
androgens in modulating sickness behaviors is relatively 
unknown. Consistent with the ability to down-regulate 
certain proinflammatory cytokines, testosterone would be 
predicted to diminish sickness behaviors. This appeared 
to be the case in a study of white-crowned sparrows, as 
exogenous testosterone decreased anorexia. However, few 
other studies focus on wild vertebrates, necessitating more 
research in this area. 

Estrogens and Progestins 

As with testosterone in males, in seasonally breeding 
females, estrogens and progestins vary across the year. 
Additionally, pregnancy in mammals involves transiently 
elevated estrogen, suppression of T-cell functions, and 
increases in antibody production and innate immune 
responses. Studies on adult mice have shown that at 
least some of these changes can be attributed directly to 
estrogen. Progesterone can compromise cell-mediated 
immunity too, inhibiting T-lymphocyte activation in 
cultured cells and decreasing the likelihood of skin graft 
or exogenous tissue rejection in mammals. Both proges¬ 
terone and estrogen concentrations correlate with the 
production of pro- and anti-inflammatory cytokines in 
humans, which may help explain how the immune system 
becomes biased towards certain immune responses during 
pregnancy. As with testosterone, more research is needed 
about the roles of estrogens and progestins in regulating 
sickness behaviors. In one study, progesterone enhanced 
the lethargy induced by the proinflammatory cytokine 
IL-1 (3, suggesting that this hormone helps modulate sick¬ 
ness behaviors across the estrous cycle. To our knowledge, 
however, no work has been done in an ecological context 
on the effects of either estrogens or progestins on sickness 
behaviors. 

Melatonin 

In mammals, melatonin integrates information about sea¬ 
sonal changes in environmental conditions. The pineal 
gland and retina secrete this hormone during darkness; 
as day-length changes with season, the changing duration 


of melatonin secretion informs an animal of the time 
of year. In general, melatonin augments immune function. 
In at least some species, however, melatonin diminishes 
the components of the acute phase response, including 
the intensity and duration of fever. In terms of sickness 
behaviors, the links between melatonin in the immune 
system have been best studied in Siberian hamsters. When 
housed under long day lengths (shorter nocturnal mela¬ 
tonin secretion duration), this species shows greater leth¬ 
argy and anorexia than under short day lengths; these 
differences are largely dependent upon pineal melatonin. 
Interestingly, differences in sickness behaviors between 
seasons correlate highly with both production of and 
sensitivity to inflammatory cytokines. This suggests that 
cytokines and melatonin work in concert to integrate 
seasonal information into appropriate immune responses. 

Leptin 

Leptin is produced in adipose tissue and reflects the status 
of current energy reserves and functions as a satiety factor. 
These functions make this hormone an attractive candi¬ 
date for modulating both immune function and behavior 
in accordance with an animal’s energetic reserves. Indeed, 
leptin can influence a variety of immune responses, 
including fever and T-cell proliferation. With regard to 
sickness behaviors, impairing leptin signaling in LPS- 
treated mice caused exaggerated lethargy. This result is 
consistent with severely diminished locomotor activity as a 
means of conserving limited supplies of energy, as when fat 
reserves are extremely low. While increased leptin generally 
decreases feeding in healthy animals, its role in sickness- 
induced anorexia is somewhat less clear; disrupting leptin 
signaling in rats and mice can enhance, suppress, or 
have no effect on feeding behavior. Such variable results 
may reflect the numerous connections between leptin and 
cytokines. During the early stages of an acute phase 
response, peripheral proinflammatory cytokines increase 
circulating leptin. Leptin may then modulate anorexia by 
affecting cytokine signaling within the hypothalamus, 
which can influence glucocorticoid secretion (see section 
‘Glucocorticoids’). Additionally, leptin can diminish the 
production of proinflammatory cytokines by peripheral 
monocytes, which may provide a negative feedback on 
systemic inflammation as an infection resolves. 

Glucocorticoids 

Glucocorticoids are steroid hormones that modulate 
metabolism, salt balance, development, reproductive pro¬ 
cesses, and immune function. While acute elevations of 
glucocorticoids enhance some immune functions, such as 
leukocyte infdtration at the sites of injury, chronic eleva¬ 
tions induce leukocyte apoptosis, reduce proinflamma¬ 
tory cytokine release, and generally suppress immune 
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activity. In terms of sickness behaviors, glucocorticoids 
reduce sickness-induced lethargy and anorexia, and also 
dampen immune defenses as an infection resolves. These 
outcomes are regulated at multiple levels: glucocorticoids 
decrease the efficacy of proinflammatory cytokine signal¬ 
ing in brain regions associated with sickness behaviors, 
and they down-regulate proinflammatory cytokine syn¬ 
thesis in the periphery. These connections between cyto¬ 
kine and glucocorticoid signaling pathways are also 
bidirectional, since the induction of an acute phase 
response increases glucocorticoid production. Such 
effects support the notion that in the wild, glucocorticoids 
may help minimize sickness behaviors after an acute 
stressor, when time must be allotted to other behaviors 
crucial to immediate survival. As of yet, however, the role 
of glucocorticoids in modulating sickness behaviors in 
wild animals remains unstudied. 

Conclusions and Future Directions 

Hormones physiologically encode endogenous and exog¬ 
enous resource levels and threats and have manifold 
effects on immune responses, including sickness beha¬ 
viors. Through interactions with cytokines, these hor¬ 
mones link the immune and nervous systems and help 
animals express sickness behaviors appropriate to their 
environment. Numerous examples of such interactions 
exist and ecological immunologists are developing frame¬ 
works to understand how and when these connections 
vary among individuals, populations, and species. 

Several avenues of research will augment our under¬ 
standing of the endocrine modulation of sickness beha¬ 
viors in the coming years. First, few studies have 
examined how such connections change when resources 
are experimentally manipulated and how and why effects 
might vary across species. Such studies will help deter¬ 
mine which hormones are crucial in relating information 
about energetic, nutritional, or temporal resources, and 
what species-specific characteristics may enhance these 
relationships. Additionally, examining the effects of exog¬ 
enous hormones on sickness behaviors in free-living ani¬ 
mals is crucial for understanding the importance of 
endocrine—immune interactions when natural conditions 
constrain an animal’s response. Finally, because lethargy, 
somnolence, and decreased libido can reduce the contact 
rates and interactions among individuals, being able to 


predict which individuals or groups are most likely to 
express sickness behaviors will have important conse¬ 
quences for epidemiology. Progress will thus require an 
integrative and multidisciplinary study of diverse animals. 

See also: Field Techniques in Hormones and Behavior; 
Hormones and Behavior: Basic Concepts; Male Sexual 
Behavior and Hormones in Non-Mammalian Vertebrates; 
Stress, Health and Social Behavior. 
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Introduction 

Infanticide refers to the killing of dependent offspring, 
or more formally, to any form of lethal curtailment of 
parental investment in offspring brought about by con- 
specifics. As is evident from this broad definition, it is a 
behavior that is as diverse in its forms and functions as 
it is disturbing to human observers. The victims can be 
embryos, newborns, or older but still dependent offspring; 
the perpetrators can be mothers, fathers, unrelated adults, 
or even other, larger immatures; and the actions involved 
can range from neglect or abandonment to active killing 
and eating. What unites this seemingly disparate array of 
actions and contexts is the fact that the species involved 
have parental care, dependent offspring are killed, and 
that it usually improves the perpetrator’s access to limit¬ 
ing resources, be it food, nest sites, help, or mates. 

Especially when the perpetrators kill but do not eat the 
immatures, the function of this behavior is not immedi¬ 
ately apparent. Little wonder, then, that early observers 
tended to dismiss their observations of infanticide in 
mammals as pathological aberrations evoked by unusual 
conditions, rather than adaptations honed by natural 
selection. Yet, even though infanticide is often rare in 
the species in which it is found and therefore often over¬ 
looked and incompletely documented, there is increas¬ 
ingly abundant and systematic evidence that perpetrators 
gain some fitness benefit from their act. Indeed, many 
biologists are convinced that the threat of infanticide 
has acted as the selective agent for the evolution of a 
slew of counteradaptations ranging from biparental care 
to permanent male—female association to unusual mating 
behavior or reproductive physiology. The presence of 
these counteradaptations can explain why infanticide is 
often rare: it happens only when these defenses fail. 

Infanticide overlaps with cannibalism, which refers to 
the consumption of conspecifics, regardless of whether 
they are young. We also follow common usage by regard¬ 
ing it as distinct from siblicide, in which the perpetrators 
themselves are immatures. In the first major review of the 
topic in 1979, Sarah Hrdy recognized several functionally 
distinct forms of infanticide (i.e., kinds of contexts where 
infanticide improves the perpetrator’s fitness), and her 
categories will largely serve as the section headers of 
this article. Nonparents can kill conspecific young (1) to 
eat them, (2) to reduce competition for critical resources 
to them or their own offspring, (3) to avoid misdirecting 
their parental care, or (4) to be able to sire offspring 


sooner with the victim’s parent, in a bizarre twist to sexual 
selection. Under some conditions, (5) even parents can 
benefit from eliminating their own offspring. In all these 
forms, the killing of the infant is usually deliberate, not 
accidental, although occasionally infants may die because 
they got in the way of escalated fights among others. 

These functional categories are not necessarily exclu¬ 
sive, such as when an infant killed to improve resources 
available to one’s own young is also eaten. But each func¬ 
tional benefit arises only under a strictly delineated set of 
biological conditions and thus is expected only in some 
lineages but not in others. Each comes with a set of testable 
predictions about the kinds of situations in which infants are 
at risk and from whom. Each is also likely to have favored 
the evolution of counterstrategies. Table 1 provides an 
overview of these forms of nonparental infanticide. 

Finally, each functional category is also likely to have 
its own set of psychological mechanisms that regulate the 
behavior, specifying the stimuli that elicit attacks on 
infants or the rules that animals use to identify potential 
victims. For obvious reasons, there is less experimental 
evidence for the regulation of infanticide than for that of 
other behaviors, so that much of our insight into its 
proximate control is anecdotal. Moreover, the experimen¬ 
tal insights obtained for one functional category cannot 
necessarily be generalized to others. Yet, we know enough 
in general of the stimuli and conditions eliciting infanti- 
cidal attacks not to expect that each and every instance of 
infanticide be clearly adaptive to the perpetrator, merely 
that cases should be so on average. This consideration is 
important to delineate functional infanticide from the 
possibility that infanticide is an expression of (6) patho¬ 
logical behavior. 

Cannibalism of Young 

The most obvious functional benefit of the killing of 
conspecific immatures is that they serve as food. The 
younger, and thus smaller the immatures, the easier it 
should be for adults to capture and eat them. This advan¬ 
tage may account for many cases among species where 
parents do not attend to young. Cannibalism of young has 
been recorded among many invertebrates, amphibians, 
and fishes. 

The only precondition is that the perpetrator not eat 
its own offspring (although even that can occasionally be 
adaptive: see the following section) and thus that some kin 
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Table 1 Nonparental infanticide: perpetrators, conditions, counterstrategies 



Male 

Female 

Condition 

Counterstrategy parent 

Cannibalism 

Yes 

Yes 

Infant unprotected & recognized as 
nonkin 

(Bi)parental care 

Resource: nest site 

No 

Yes 

Nest sites limiting & infant unprotected 

Cooperative defense with other 
relatives; biparental care 

Resource: allo-care 

No 

Yes 

Allo-care limiting & infant unprotected 

Synchronize breeding if infants share 
nest; desynchronize breeding if 
infants are carried 

Avoid misdirected 

care 

Yes 

Rare 

Perpetrator is provisioning sex; females 
kill if exploited by foreign young 

Infant: hide identity of parent 

Mating competition 

Yes 

Sometimes 

Infant loss advances mating access 
to other sex; female kills only in 
role-reversed species 

Reproductive physiology, producing 
paternity confusion and illusions; 
associate with protector 


recognition mechanism ensures that there is a strict sepa¬ 
ration between the treatment of own young and other 
small conspecifics. A potential cost is that the perpetrator 
may contract (species-specific) communicable diseases; 
this probably happens quite rarely, but when it happens, 
the costs may be dramatic. 

It is likely that the risk of cannibalism of unguarded 
young served as one of the major selective benefits for the 
evolution of parental care and in some cases, even of 
biparental care. In Australian lizards of the genus Egernia , 
for instance, the presence of parents in experimental 
encounters strongly reduced attacks by conspecific adults 
on the young. Similarly, the presence of both parents 
seems to be most effective in preventing infanticide in 
burying beetles. 

Among species with parental care, cannibalism either 
complements other benefits, thus lowering the threshold 
for such behaviors being selectively favored by increasing 
the benefits, or may, alternatively, be a byproduct of other 
benefits to killing infants. The distinction depends on 
whether infants are consistently eaten. Thus, while in 
carnivores, such as bears or hyenas, and some rodents, 
such as ground squirrels, infants killed are generally can¬ 
nibalized as well, in many primates and pinnipeds, infants 
that are killed are rarely eaten. 

Resource Competition 

Offspring can be vulnerable because killing them 
improves access to resources such as food or nest sites 
abandoned by the victim’s parent, for either the perpetra¬ 
tor or its offspring. Since there are some costs to such 
actions, natural selection reasoning does not predict 
infanticide due to resource competition whenever the 
benefits might equally accrue to many others as well (in 
effect creating a public good), because those who receive 
them for free have a net gain relative to the perpetrators. 
Indeed, the best examples come from organisms in which 


only a few broods share a single resource. Thus, among 
burying beetles (Nicrop horns), when two unrelated females 
breed communally on the same carcass, one female may 
kill the eggs laid by the other one, thus eliminating com¬ 
petitors for her own offspring. Similarly, in ground 
squirrels, female victims abandon nesting sites that are 
in short supply. 

Perhaps the most common resource over which there is 
competition is care for the young: killing someone’s 
dependent offspring turns this former parent into a helper 
to the perpetrator, providing the latter with the double 
benefit of having less competition and more support. 
These conditions should thus largely overlap with those 
favoring cooperative breeding. In social insects and a 
variety of cooperatively breeding birds and mammals, 
dominant females kill the newborns of other females in 
their unit, which subsequently help the dominant female’s 
offspring (and in mammals sometimes even allo-nurse). 
Similar behavior is sometimes seen among communal 
breeders, in which females jointly rear their young. It 
can be speculated that communal breeding (in which 
cohabiting females all reproduce and care for each other’s 
young) is found only where protective mechanisms exist 
to prevent frequent infanticide by dominants. 

Psychologically, the governing mechanisms are expected 
to be condition dependent, because dominants kill young 
only if the timing is such that their care would compete 
with the care for their own young. If a subordinate female 
gives birth at other times, the young may get spared. 
However, because dominants have high reproductive 
rates, such opportunities may arise only rarely, and in 
many of the cooperative breeders vulnerable to this kind 
of infanticide, subordinate females will not show ovarian 
activity, which can be seen as an adaptation to preventing 
certain infanticide or eviction. Where the animals have 
communal nests, as in meerkats (Suricata suricattd) and 
banded mongooses (Mungos mungo), subordinate females 
may be able to prevent infanticide of their young by 
synchronizing themselves with the dominant female, 
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adjusting their gestation length to give birth on the same 
day as the dominant female. This works because females 
cannot pick out their own young unless there are major 
size differences. Not surprisingly, dominant females tend 
to evict pregnant subordinates. 

Social counterstrategies apart from emigration will 
not work in cooperative breeders, but in others, one way 
to reduce the risk of being victimized is maintaining strict 
nesting territories against conspecifics, even when food is 
superabundant. In yet others, females find a protective 
associate, often the other parent. In burying beetles men¬ 
tioned earlier, for instance, new females rarely try to 
intrude on a carcass occupied by both a male and a female, 
thus providing the female with a benefit to pair bonding. 

A puzzling instance is the killing of infants, especially 
those of recent immigrants, by female chimpanzees (Pan 
troglodytes) seen at some sites with long-term observations. 
Because single females cannot easily kill another female’s 
baby, the precondition seems to be that females, though 
basically solitary, can occasionally form a coalition stable 
enough to overwhelm a female with an infant and together 
kill her infant. Cannibalism cannot be the main benefit 
because it does not happen systematically enough, but it is 
possible that the killers benefit from the fact that the 
affected mothers will in future avoid the area in which 
they currently range. However, the perpetrators must have 
somehow overcome the problem befuddling all collective 
action, namely that free riders benefit more than those that 
participate, which often prevents the collective action from 
happening. Because such cases are quite rare, they may be 
dismissed as flukes, but they may also represent adaptive 
responses that can only be shown in very specific and 
therefore rare conditions, as suggested by the targeted and 
persistent nature of the attacks. Continued detailed long¬ 
term study may help to reveal these conditions. Moreover, 
similar cases may happen in other species, but may not be 
recorded because studies are not intensive enough. 

Adoption Avoidance 

Where a parent engages in extensive postnatal care of its 
offspring, it is important that this care is directed at the 
correct offspring lest valuable time should be lost that 
could be spent investing in their own offspring. Various 
mechanisms ensure that the offspring is recognized as 
such, and when they suggest that the offspring are foreign, 
the young may be removed or killed, and in some cases 
eaten. In many birds, foreign eggs may be ejected from 
nests, provided they are recognized as such. Female guira 
cuckoos, which have communal nests, eject eggs laid by 
their co-habiting females (in this case, this functional 
benefit may overlap with the elimination of competition 
discussed earlier). Males in some cichlid fish that guard 
nests sites with a limited capacity will try to remove 


broods produced by females they did not spawn with. 
Male blue-footed boobies that had been experimentally 
removed from their mate for less than a day during the 
week before egg laying started evicted the first egg laid by 
their female, whereas separation before that time had no 
effect. 

Surprisingly, high parental investment does not auto¬ 
matically lead to elimination of foreign young. Thus, in 
many Neotropical primates, males placed into new 
groups will immediately care for the young. The function 
of this restraint is unclear, but female control over male 
behavior may be a major factor. Human males, too, often 
care for infants not their own, although they may also kill 
them (see the following section). 

Gaining Access to Mates: The Sexual 
Selection Hypothesis 

Another nonobvious condition in which infanticide is adap¬ 
tive, much studied in mammals and especially carnivores 
and primates, is where by killing a mate’s offspring the 
perpetrator (usually a male) gains more rapid mating access 
to the parent. This idea is called the sexual selection 
hypothesis, because it contains elements of both competi¬ 
tion for mates and mating conflict. Infanticide may be an 
adaptive male strategy whenever four conditions are met: 
(1) the male is unlikely to have sired the offspring, (2) the 
loss of dependent offspring advances the timing of renewed 
receptivity; (3) the male is more likely than before to father 
the female’s next offspring; and (4) the costs of killing the 
infant, either as injury or as time lost to other more valuable 
pursuits, are low enough. A compilation of observed cases in 
primates indicated that the average infanticide leads to a 
fitness benefit for the male perpetrator, because he was 
probably not the sire of the infant he killed, the female 
returned to receptivity on average about 30% earlier than 
she would have otherwise, and, being newly dominant, he 
had very good chances of siring the next infant, while never 
sustaining any serious injuries. 

The key condition, then, is whether female reproduc¬ 
tive condition is affected by the loss of dependent off¬ 
spring. In most mammals, females become pregnant again 
soon after giving birth, during their so-called postpartum 
estrus, so loss of the current offspring will not affect her 
reproductive status. However, as life-history pace slows 
down, for example, because body size increases, lactation 
becomes relatively longer. Once its duration begins to 
exceed that of gestation, postpartum estrus disappears, 
and so-called postpartum amenorrhea ensues. Only spe¬ 
cies with postpartum amenorrhea are vulnerable to this 
form of infanticide. Thus, the lactation/gestation ratio 
predicts whether a species is vulnerable to sexually 
selected infanticide. An additional risk factor is the litter 
size, in part because large litters usually mean longer 




Infanticide 141 


lactation, but also because the size of the current litter 
may affect the future performance of the gestated litter, 
both in terms of embryo survival and growth rate. These 
rather unusual conditions explain why the vulnerability 
to infanticide by males shows such a restricted taxonomic 
distribution among mammals, being limited largely to 
precocial taxa with slow life history or altricial ones with 
very large litters and prolonged lactation. 

Male mammals cannot usually directly recognize their 
immature offspring and must rely on a set of indirect 
indicators, based on the quality, timing, and degree of 
monopolization of copulations with the female, in addi¬ 
tion to being locally dominant and thus likely to mate 
with the female later. Experiments with rodents showed 
that mating played a critical role and that timing mat¬ 
tered: male mice experience their maximum inhibition to 
kill a female’s infants at around one mouse gestation 
length (3 weeks), which declines to zero at around the 
end of what would be the lactation period. In primates, 
anecdotal evidence suggests a less strict clock mechanism, 
but in all cases mating history is critical. 

The male assessment mechanisms provided natural 
selection with the opportunity to evolve changes in 
female reproductive physiology and behavior that manip¬ 
ulate these recognition mechanisms. Female mammals in 
species vulnerable to infanticide almost universally use 
polyandrous mating to cause paternity dilution (by incit¬ 
ing sperm competition) and create paternity illusions 
(due to mating when conception is highly unlikely or 
impossible, as during pregnancy). Females usually have a 
conflict of interest with the dominant male about pater¬ 
nity, however, and in a subset of these vulnerable species, 
the Old World primates, dominant males tend to mate 
guard females so assiduously that the latter have limited 
control over which male they mate with. In these species, 
additional features serve to reduce the hold of the domi¬ 
nant males over the female’s preferences for balanced 
polyandry: females have lengthened attractive periods 
per cycle (accompanied by unpredictable ovulation) and 
thus extended follicular phases of their ovarian cycles, 
have multiple cycles per conception, and often continue 
mating during pregnancy. Many even show exaggerated 
sexual swellings and copulation calls, both of which may 
serve to attract subordinate males intimidated by the 
dominant male. Some of these characteristics are even 
plastic within individuals. In various Old World monkeys, 
the arrival of unfamiliar males induces females to extend 
their follicular phase well beyond their regular length or 
to become receptive again during pregnancy or even 
during early lactation. 

Social counterstrategies are more straightforward: the 
likely sire is interested in protecting the offspring, but he 
must be around to do so. Among primates and equids, 
species vulnerable to infanticide show year-round associ¬ 
ation between males and females, whereas others do not. 


Where adult females can disperse between social units, 
decisions whether and when they do so often serve to 
reduce the risk of infanticide. 

A third class of counterstrategies is curtailment in the 
investment in the current offspring. The most dramatic 
version of this is the Bruce effect, where a pregnant 
female experimentally exposed to a novel dominant 
male (implying the elimination of the previous local 
dominant) resorbs (or more rarely, aborts) her fetuses. 
This is interpreted as cutting her losses in light of near¬ 
certain loss of the offspring upon birth. Although some 
naturalistic observations on rodents suggest that this may 
be a laboratory artifact, some primate observations fit 
nicely. Fess dramatic but probably more widespread is 
that females prematurely wean their offspring and develop 
sexual receptivity to novel dominant males even though 
they were still fully lactating just before. Here, the inter¬ 
pretation is that the infants’ survival prospects are com¬ 
promised less when weaned early than when not weaned 
at all. 

Among birds, infanticide by males should be favored 
when mated males die in the middle of the breeding 
season (which is not so common), or when displacing a 
female’s mate followed by destruction of her clutch or 
nestlings would cause her to mate with the perpetrator 
and start laying again, and there is enough time in the 
breeding season to do so. The second condition may 
appear quite general, yet infanticide is not very common 
in birds, perhaps because the usual combination of 
monogamy and seasonal breeding means that unmated 
males are both rare and rarely strong enough to beat 
breeding males. In fact, a long-term study of barn swal¬ 
lows found increased infanticide as the proportion of 
unmated males increased and as the condition of male 
breeders decreased. 

Sexually selected infanticide is even found among 
invertebrates. In eresid spiders, females provide suicidal 
care for their offspring, allowing the hatchlings to kill and 
eat her. A male can remove the female’s egg sac containing 
the fertilized eggs, forcing her to mate again with him. 

Although it is usually males that reap the mating 
benefits by killing infants, logic suggests that in species 
with reversed sex roles (exclusive paternal care) females 
would be seen to commit infanticide and thus gain a mate. 
Indeed, in jacanas, polyandrous lake and swamp birds, 
females are the ones that kill clutches of other females 
and then mate with the males, which would otherwise 
have been occupied with brood care duties. 

Parental Manipulation 

In all the functional categories examined so far, the per¬ 
petrators were not related to the immatures they killed. 
At first sight, the idea that parents that kill their own 
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offspring derive a fitness benefit from doing so seems very 
far-fetched. Yet, under some circumstances, this may turn 
out to be adaptive as shown by the following examples. 
First, fathers in some mouth-brooding fishes sometimes 
swallow their own young when in poor condition. This 
allows them to gain enough energy to care for the remain¬ 
ing young until independence, or to care more success¬ 
fully for a next brood. In effect, they are using some of the 
female’s eggs to sustain their brooding activity. Second, 
many rodent mothers, when they experience a sudden 
deterioration in food abundance while trying to rear a 
large litter, lose pups (especially males are vulnerable to 
starvation). Although in many cases these young may 
simply die and then be consumed, there are also reports 
of mothers actively removing or killing young. Third, 
there are reports of mothers killing deformed or runty 
young, which have poor survival prospects. Similar reports 
abound in humans, where also babies of the nonpreferred 
sex (usually females), babies born too early, or the smaller 
of twins may be killed. Because in humans these decisions 
are often culturally sanctioned and thus geographically 
variable, this form of infanticide is presumably controlled 
differently in humans than in other species. 

Cooperative breeders constitute a special case. In 
them, mothers frequently abandon, reject, or even kill, 
their newborns when help is absent or insufficient. In 
callitrichid monkeys, for instance, newborns are twice as 
likely to be rejected when the female has no helpers; and 
when triplets are born, rather than the usual twins, the 
weakest tends to be rejected as well. Something similar is 
seen in humans, where (usually young) women without 
resources and social support, abandon or kill their new¬ 
born babies. Psychologically, some women tend to hide or 
deny their pregnancy and have a detached attitude toward 
their baby. 


Pathology and Byproduct 

The pathology interpretation could explain sexually 
selected infanticide by males and particularly in primates. 
However, the pathology prediction is not met, because 
perpetrators are otherwise behaviorally normal indivi¬ 
duals, who target their victims quite specifically under 
the conditions in which infanticidal behavior is expected 
and then turn into protective parents of their own off¬ 
spring, once these are born (see Figure 1, for male long¬ 
tailed macaques). This high conditionality of the behavior 
is indicative of adaptive responses rather than pathology. 
The case of humans may form an exception, where com¬ 
mitting infanticide has in some cases been linked to other 
behavioral abnormalities. 

Of course, this does not mean that the generally adap¬ 
tive responses are perfect in that they will always prove to 
increase the perpetrator’s inclusive fitness. Thus, several 
cases in primates have been reported of infants getting 
killed that belong to a neighboring group or that had 
already been orphaned. Such cases can easily be under¬ 
stood as a reflection of the stimuli and conditions that 
elicit these attacks, even though the actual outcome was 
not adaptive. However, pointing out such misfiring of an 
adaptive system is not the same as arguing that the system 
as a whole is pathological, that is, systematically produc¬ 
ing maladaptive results because a behavior system that 
evolved for a different function is triggered under unusual 
circumstances. A pathological interpretation would be 
plausible when such mistaken infanticides make up a 
considerable proportion of all cases and add up to a net 
loss to the perpetrator’s fitness. 

Some behaviors may look pathological but are merely 
a byproduct of other motivations that are by themselves 
adaptive. A case in point is the ‘aunting to death’ seen in 
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Figure 1 Difference in social parameters between males who have acquired top dominance rank but have not yet sired offspring 
and males (usually the same individuals in subsequent years) who were already dominant during the previous mating season, and 
thus were the likely sires of the infants, in a group of long-tailed macaques (Macaca fascicularis) in a natural population (Ketambe, 
Sumatra, Indonesia): % time male spends within 5 m of receptive females, mothers with dependent infants, infants and 1-year old 
juveniles, as well as the tendency to answer contact calls from other group members (based on data in van Noordwijk MA and 
van Schaik CP (1988) Male careers in Sumatran longtailed macaques (Macaca fascicularis). Behaviour 107: 24-43. 









































































































Infanticide 143 


female primates and social carnivores such as hyenas. The 
infant eventually dies as a result of younger or infantless 
females directing inadequate mothering skills or simply 
keeping the mother from reaching and nursing her own 
infant. This is functional behavior if it turns out that the 
young female actually gains experience that improves her 
own rearing success, but the evidence for this functional 
benefit is mixed at best. Most work suggests instead that 
infant abuse is simply a byproduct of mothering instincts 
directed at another female’s infant because the female is 
too young to have her own infant or just lost her own. This 
handling may be costly for the infant involved but not 
costly for the handler for selection to be able to eliminate 
it. On the other hand, high-ranking females might even 
benefit from this abuse, because they can more easily 
acquire the infants to handle and may eliminate rivals 
for their own infants or those of kin. Thus, careful study 
is needed of the behaviors, the triggering stimuli, and 
their demographic consequences to evaluate where on 
the gradient from adaptive to byproduct ‘aunting to 
death’ is located. 

Consequences of Infanticide 

Infanticide may have consequences at the level of the 
population. In a comparative study oi blue monkeys ( Cer- 
copithecus mitis), for instance, unmated males collected in 
the most productive habitat, leading to such short tenures 
of males in the harem groups there and thus such a poor 
infant survival that the local population density was far 
lower than elsewhere in the same forest. Other things 
being equal, population growth rates are reduced as infan¬ 
ticide increases in prevalence. It is possible that high rates 
of infanticide have driven some populations or even spe¬ 
cies extinct and therefore that species selection has 
weeded out lineages with social and life-history charac¬ 
teristics that generated exaggerated infanticide rates. 

Infanticide can also have immediate consequences for 
population management and conservation efforts. In both 
lions and various bear species, elimination of breeding 
males by trophy hunters has led to increased frequency 
of takeovers by other males, followed by infanticide or 
other costs to females because of avoidance behavior. 
Thus, managers of vulnerable species must be aware of 
this risk. 

Even though elaborate social norms govern much of 
human behavior, the empirical study of human infanticide 


with an evolutionary perspective has proved invaluable in 
improving our understanding of the circumstances in 
which a human dependent child faces a heightened risk 
of being killed, abused, or abandoned. This example 
shows that the study of animal behavior can have unantic¬ 
ipated benefits for humanity. 

See also: Compensation in Reproduction; Cooperation 
and Sociality; Differential Allocation; Forced or Aggres¬ 
sively Coerced Copulation; Risk Allocation in Anti- 
Predator Behavior; Social Selection, Sexual Selection, 
and Sexual Conflict. 
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Introduction 

Communication is the transfer of information from a 
sender to a receiver by means of signals. This succinct 
definition raises many questions, such as what signals are, 
what information is, how information is measured, and 
how it is transferred by the sender and used by the 
receiver. These issues are considered before I turn to the 
major focus of the chapter: the principles by which infor¬ 
mation is embedded in signals. 

Physical Structure of Signals 

The physical nature of signals is highly diverse. Animal 
signals may be visible light, ultraviolet radiation, infrared 
radiation, sound, ultrasound, vibration, air- or waterborne 
chemical molecules, molecules deposited on a substrate, 
mechanical contact, electricity, and perhaps even others. 

The physical signals used by a given species in intra¬ 
specific communication are determined by such factors as 
its sensory systems, its ability to generate signals, the 
environment in which the signaling takes place, and con¬ 
straints imposed by the evolutionary ancestry of the spe¬ 
cies. In communication between species, the sensory 
systems of the receiver are also an important factor in 
decoding information carried by the signal. 

In some cases, the kind of information to be commu¬ 
nicated may put additional constraints on the kind of phys¬ 
ical signals employed. This factor, however, appears to be a 
relatively minor one because information of all kinds is at 
heart simply variety. So long as a system of signals can 
transfer the requisite variety needed for the kind of infor¬ 
mation communicated, the physical structure of the signals 
is unimportant. For example, depending upon the species, 
an individual may signal its sex by its coloration, the sounds 
that it makes, the chemical signals it releases, or other types 
of signals. The amount and kind of information (sex iden¬ 
tity) are the same but the signals used to communicate this 
information vary widely among species. 

Information, Entropy, and Capacity 

The usual quantitative concern about communication is 
the average amount of information encoded by a given 
system, as opposed to the information associated with a 
particular signal. This average amount may fall short of 
the theoretical capacity of the system, in part because not 
all of the information encoded is necessarily transferred 


effectively to the intended receiver. In other words, there 
are three related quantities: (1) the amount of information 
that the system could theoretically encode in signals, 
called the channel capacity; (2) the average amount of 
information actually encoded in the signals, called the 
source entropy; and (3) the actual amount of information 
passed to the receiver, called the transferred information. 
These terms are often shortened to capacity, entropy, 
and information, respectively. As entropy is the potential 
amount of information that could be transferred, it is often 
called information when confusion between the latter two 
quantities would be unlikely. 

Channel capacity and simple entropy 

As information is variety or diversity, it is a measurable 
quantity. For various reasons, a logarithmic measure is 
particularly useful. So instead of designating the informa¬ 
tion in sex signals as 2 (male and female), it is expressed as 
log 2. Different logarithm bases have been employed for 
expressing variety of various kinds, but communication 
studies use base 2. Thus the entropy of a sex-signaling 
system is log 2 2 = 1, the unit being called the bit, a con¬ 
traction of the term binary digit. The entropy of a sex¬ 
signaling system is 1 bit only if the two alternative signals 
are equally likely to occur. Most species do in fact have 
approximately equal numbers of males and females. 

The expression log 2 v is general for all values of x so 
long as the x alternative signals are equiprobable. For 
example, there are four suits in a deck of playing cards, 
with equal numbers of clubs, diamonds, hearts, and 
spades. So if the suits were used as signals, the entropy 
would be log 2 4 = 2 bits per suit (or bits/suit). Technically, 
units should be bits per something, in this case per signal. 
When rates of information are under scrutiny, the quan¬ 
tities would be in bits per unit time. When bits/signal is 
intended, the per-signal part is often omitted. 

The bit unit is the common currency of communica¬ 
tion. Channel capacity, source entropy, and information 
transferred are all expressed in bits. Furthermore, signal¬ 
ing systems from two different species using physically 
different signals could be compared quantitatively. Com¬ 
parison is useful in answering such questions as to 
whether species A or species B communicates the location 
of a food source more precisely. 

Realistic entropy 

Alternative signals are rarely equiprobable in the real 
world so that log 2 v merely sets an upper limit to actual 
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entropy. That limit is in fact the aforementioned channel 
capacity of the system. When the alternative signals are 
not equiprobable, the proportional contribution of each 
must be calculated and summed over all the signals. In the 
simple case of a one-bit system such as signaling sex, the 
alternative signals for both male and female have the same 
probability of 0.5. Therefore, the entropy is calculated as 
0.5 log 2 2 + 0.5 log 2 2 or 1 bit/signal as previously calcu¬ 
lated. This is the maximum entropy a two-signal system 
can have, and it can be appreciated intuitively that the 
minimum approaches zero as one of the components 
increases to a probability of 1 with the other component 
decreasing to a probability of zero. 

The foregoing calculation can be written more sym¬ 
bolically. Begin by expressing the probability of occur¬ 
rence (0.5 in the example) as p, which is 1 divided by 
the number of alternative signals (2) or n. Therefore, 
we can write each equiprobable component as p log 2 n. 
As p=\/n , it is also true that n— \/p , so the component 
can be written as p log 2 1 /p. Finally, another mathematical 
trick for simplification is remembering that the log \/x is 
—log v (this is true for any base). So bringing the negative 
sign to the start, we can write an entropy component as 
—p lo g 2 p. It turns out that this works not only when the 
alternative signals are equiprobable but is perfectly gen- 
eralizable to any value of p. The sum of the individual p’s 
is always unity and the sum of the —p log?/? components 
is the entropy. 

Information transferred 

The last of the three informational quantities is the 
average information transferred to the receiver. The 
theoretical capacity of a signaling system is log 2 /? and 
the average source entropy (or encoded information) is 
the sum of the —p log 2 /? components. It is obvious by 
definition that if all the entropy that is encoded in signals 
gets through to the receiver, then the information trans¬ 
ferred is quantitatively identical with the entropy. That is 
another reason why the entropy is often called the infor¬ 
mation of a system. 

It need not be the case, however, that all the informa¬ 
tion is transferred. For simplicity, return to the silly exam¬ 
ple of using the suits of playing cards as a signal. Suppose 
a card is seen so briefly that the shape of the suit icon 
could not be made out but the color was detected as red. 
Now the observer knows that the signal is a diamond or 
heart so the new entropy becomes log 2 2 = 1 bit/signal. 
The initial entropy was log?4 = 2 bits, and the difference 
between the initial and new entropy is the information 
transferred, in this case 1 bit. Put differently, the receiver 
is uncertain about something, as measured by the source 
entropy. The amount by which that uncertainty is 
reduced by receipt of a signal is the amount of informa¬ 
tion transferred. 


Effect of Information on the Receiver 

We can tell that information has been transferred if the 
receiver does something different from what it would 
have done in the absence of communication. In practice, 
detecting such a difference is often quite difficult. It is an 
easy call only when the receiver makes an immediate, 
obvious, and unexpected change in behavior upon receipt 
of the signal. 

One reason why a signal’s effect may be difficult to 
detect is that a receiver might have changed its behavior 
in the absence of communication but upon receipt of a 
signal does not alter its behavior. For example, many birds 
have a special alarm call that causes nestlings to freeze in 
silence. Eventually, they will resume begging, but if 
hearing another alarm note will instead continue to be 
motionless and silent. Sometimes a given signal causes the 
receiver to change behavior and sometimes to maintain 
ongoing behavior. 

Another reason for the difficulty of detecting a signal’s 
effect is that it may be delayed. These cases are often 
extremely hard to establish. Suppose a parent bird sees a 
snake and gives an alarm call. The nearby fledglings may 
not see the snake, but they associate the place with alarm. 
The fledgling may then avoid that place in future move¬ 
ments or be especially vigilant when near it. 

The most general reason why detecting a signal’s effect 
on the receiver is tough is the simple difficulty of estab¬ 
lishing what would have happened in the absence of 
communication. Many repetitions of the same context 
with and without receipt of a signal are required to 
demonstrate the effect the signal has on the receiver. 

Coding and Information Content 

More is known about the source entropy and how signals 
encode it than about the information actually passed to 
the recipient. This difference occurs because it is difficult 
to determine the effect of communication on receivers, 
and therefore the amount of information transferred. 
In general, the more complex the encoding, the greater 
the information content. Types of signaling codes can 
be grouped into three major categories: binary codes, 
multivalued codes, and a heterogeneous category of mul¬ 
tivariate codes. 

Binary Codes 

Binary codes have two alternative signals (values of the 
encoding variable). Binary codes are probably the most 
prevalent category of animal signals and are used to con¬ 
vey all sorts of information about species identity, sex, 
group identity, territorial boundaries, predator danger, 
reproductive state, and so on. 
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Types of binary codes are nearly as numerous as the 
kinds of information they encode or the physical struc¬ 
tures of the signals used. Indeed, there are more kinds 
than can be enumerated here. One common type has 
already been mentioned: two distinctive signals like 
those often used for sex identification. If there are equal 
numbers of males and females, the system has an entropy 
of 1 bit. The sex ratio of adults of several species may be 
highly skewed, however, in which case the binary signals 
encode far less than the maximum of 1 bit. 

Another common type is the encounter sign. Here, one 
of the alternative values of the coding variable is some 
signal and the other is its absence. For example, a territo¬ 
rial species of mammal may encounter a deposited scent 
indicating the boundary of another individual’s territory. 
Much of the time an animal may encounter no scent at all 
so the binary system encodes only some fraction of a bit 
per unit time. It is true, though, that the rare encounter is 
a very informative signal. It is possible to express the 
magnitude of this information as — log 2 />, where p is the 
encounter probability. This quantity has been named 
surprisal. 

Periodic reports are another common class of binary 
codes. While defending a territory in the spring, for 
example, a male song bird may utter a song every few 
minutes. The signal indicates that a state is being con¬ 
stantly maintained, in this case the territory. 

Closely related to periodic reports are state indicators 
when a signal is chronically on while some state is main¬ 
tained. For example, females of some lizards sport a 
unique color pattern while in reproductive condition. 

Of various other kinds of binary signaling systems 
perhaps the least obvious is one in which the outside 
observer could incorrectly conclude that more than two 
values are involved. These systems have been called 
cryptically binary and they are common signals of species 
identity. An experienced bird observer can identify 
instantly many species of puddle ducks in flight by their 
species-specific wing markings. The birds themselves 
appear to cue on the same signals, but they make only a 
binary distinction: conspecific or not. A duck in flight tries 
to join others of its kind, but makes no distinctions among 
other species. 

Multivalued Codes 

Obviously a simple binary code can convey at most only 
1 bit of information. It follows that the informational 
content can be increased by using three or more values 
of the coding variable. With equiprobable signals, a three¬ 
valued code has a maximum of log 2 3 = 1.58 bits/signal, a 
four-valued code log 2 4 = 2 bits, and so on. For every 
doubling of the number of coding values, the maximum 
entropy increases by a bit. Many more kinds of multivalued 
codes exist than can be mentioned here. 


Most straightforward are simple multivalued codes 
which have three or more different signals. For example, 
in several species of damselflies three or more body col¬ 
orations occur. ‘Ordinary’ males and females have one 
type, but there is also a male-like coloration of some 
females, believed to be a deceptive signal to deter males 
from harassing such females. In some damselfly species, 
even more colorations exist. 

A number of avian and mammalian species use multi¬ 
valued event markers when detecting a predator. One 
value of the variable is the absence of any signal and the 
two or more others are different signals for different types 
of predators detected. This kind of event marker is known 
from a number of birds, vervet monkeys, tree squirrels, 
and other animals. 

The aforementioned codes are discrete, with a count¬ 
able number of signal types, but graded signals also exist. 
The brightness of feathers in many male birds varies 
continuously among individuals, communicating to a 
potential mate their health and general fitness. Coloration 
varies quantitatively in other animals such as the head 
coloration of cichlid fish and the facial skin of mandrills. 

A related kind of signaling is by variations in perfor¬ 
mance rates. Honeybees give more dances per unit time 
when communicating the nearness of a food source. Gull 
chicks beg at an increasing rate indicating their level of 
hunger. Chickadees encode levels of danger in their 
chick-a-dee call. The smaller the size of a predator, the 
more ‘dee’ notes chickadees give in their mobbing calls, as 
small owls are their most dangerous predators. 

Multivariate Codes 

The defining characteristic of multivariate codes is that 
the information-laden signal is constructed from values of 
two or more underlying variables that are transmitted 
simultaneously or successively to form a decodable mes¬ 
sage. If this definition seems vague or overly general, it is 
so because types of multivariate codes are so different 
from one another. Indeed, each subcategory could be 
considered as conceptually equal in level to binary and 
multivalued codes. Five such subcategories can be 
distinguished. 

Composite signals 

The most straightforward type of multivariate code is 
composed of values of two or more variables taken 
together. It does not matter whether these variables are 
binary or multivalued. 

Composite signals are well illustrated with a slightly 
involved but clear example, namely the species-specific 
wing patterns of puddle ducks. As noted earlier, this is also 
an example of a cryptically binary signal in that a given 
duck will make only the distinction between its species 
and all remaining species collectively. As this binary 
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distinction is true for every species of duck, every species 
must be different. Therefore, the question is how to 
encode this variety. 

The critical wing pattern used for species recognition 
in flight is called the speculum (plural specula). The spec¬ 
ulum is a rectangular area on the trailing half of the inner 
wing, and it may be divided into seven parts (Figure 1). 
Black, white, gray, and five chromatic colors are used for 
these parts in the common puddle duck species of eastern 
North America. 

With seven parts, each of which could be one of eight 
colors, an enormous number of different specula are 
theoretically possible. Any given sample of species, 
such as the nine illustrated in Figure 1, need to use 
only a few of these possible patterns in order to render 
it unique. This composite signal can be characterized by 
the color of each patch in the order numbered in the 
figure. Using B for blue, G green, K black, L light blue, 
N brown, P purple, W white, x for absent, and Y for gray, 







Figure 1 Example of a composite signal with a fixed spatial 
word length of seven: wing specula of nine species of puddle 
ducks. The spatial words are diagrammed at lower right and 
arbitrarily numbered, with a female mallard at lower left showing 
the position of the specula. Reproduced from Hailman, JP (2008). 
Coding and Redundancy: Man-Made and Animal-Evolved 
Signals, p. 122. Cambridge, MA: Harvard University Press. 


the species’ specular patterns can be represented as a 
seven-letter ‘word’ of sorts (Table 1). In the parlance of 
coding theory, these seven-letter designations constitute 
a code word. 

Most of the many examples of composite signals in the 
literature employ many fewer than seven variables. Even 
if there are merely two, however, they still constitute a 
code word, which is the smallest unit having a decodable 
meaning. Nor do composite signals have to be visual. 
Two closely related American treefrogs, green treefrog 
(Hyla cinerea) and barking teefrog (//. gratiosa ), for exam¬ 
ple, use a two-variable code word in their calls. Each has a 
high-frequency band and a low-frequency band, but the 
frequencies used are different in the two species. Experi¬ 
ments in female choices showed that both bands were 
needed to elicit a full species recognition. 

Compound signals 

For lack of a better term, signals made up of two or more 
interacting variables can be called compound. The differ¬ 
ence between these and the foregoing composite signals is 
that compound signals cannot be described by values of a 
finite list of coding variables. Put differently, compound 
signals do not have code words. Think of the world’s 
national flags: a huge array of distinct patterns but differ¬ 
ing in all sorts of ways. The whole is more than the sum of 
individual parts. The entirety is perceived as an organized 
unit, or Gestalt (to borrow a term from psychology). 

Compound signals are very common in animals and 
are often signals of species, social group, or individual 
identity. Compound signals have been described in all 
sorts of physical forms, such as octopus display colora¬ 
tions, sex pheromones of insects and mammals, electric 
fish discharge patterns, and calls of Australian frogs. 
In fact acoustic signals provide abundant examples from 


Table 1 Speculum code words 


Species 

Code-word 

Mallard 

xWKBBKW 

American black duck 

xxKPPKW 

Mottled duck 

xxKBBKW 

Northern pintail 

xxKxxKW 

Gadwall 

xxKWYxx 

American wigeon 

xxKGGKx 

Northern shoveler 

xWKGGKW 

Blue-winged teal 

LWKGGxx 

Green-winged teal 

xWxGGxW 


Source 

Hailman, JP (2008). Coding and Redundancy: Man-Made and 
Animal-Evolved Signals, p. 123. Cambridge, MA: Harvard 
University Press. 

The spatial code - composed of the seven elements shown in 
Figure 1 (lower right) - is tabulated here for all the species shown 
in Figure 1 (upper). 
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birds and mammals: vocalizations of finches, terns, 
Guinea fowl, reindeer calves, piglets, mother seals, and 
individually specific calls of monkeys. 

Concurrent signals 

Some kinds of unitary signals are made of two or more 
variables that encode different kinds of information. 
A simple analogy is the wind sock, where its orientation 
in a circle encodes the direction of the wind and the degree 
to which the sock is inflated encodes the wind’s speed. 

It seems likely that many signals of animals that we see 
as unitary in fact have different aspects that encode dif¬ 
ferent kinds of information. The classical case is the 
figure-8 dance of the honeybee. The orientation of the 
straight part between the loops indicates the direction to a 
food source, whereas the rate of several components all 
encode the food source’s distance. Odor trails of fire ants 
have similar dual meanings. 

Concurrent signals are common in vocalizations. 
Domestic fowl give different alerting calls to objects on 
the ground and in the sky, and at least the aerial call 
encodes the degree to which the caller sees the object as 
dangerous. Dual aspects have also been described in 
cricket calls, frog songs, and chimpanzee vocalizations. 

To provide a visual example, consider the coloration of 
birds, especially displaying males. As mentioned, the 
brightness of colorful aspects signals health, because the 
colors are produced by carotenoid pigments. Carotenoids 
must be taken in the diet as they cannot be synthesized 
from scratch, and the production of these pigments is 
negatively correlated with immune system activity. In 
other words, dull carotenoid-based coloration indicates 
poor nutrition or infection. The dark red, brown, gray, 
and black colorations, on the other hand, are based on 
synthesized melanin, a biochemical process under genetic 
control. Good dark colors thus indicate good genes, so the 
complex coloration of birds concurrently encodes both 
good health and good genes. 

Alternation signals 

A type of multivariate code using on and off states of an 
apparent single variable in fact involves two variables, 
because in alternation patterns both the on and off states 
vary in duration to form patterns. Put differently, the on state 
and off state are both coding variables in their own rights. 

The classic example of an alternation signal is the 
bioluminescent flashing patterns of small beetles known 
as fireflies or lightning bugs. The male of each species has 
a different pattern, which is a series of on and off states. In 
fact, most of the species in eastern North America were 
not even distinguished until the patterns of their flashing 
revealed various types that were repeatedly consistent. 
The flashing is done in flight so that the display in many 
species also describes a characteristic shape, somewhat like 


shapes children make with chemically luminescent wands. 
The soft courtship buzzing of Drosophila flies is another 
example of a species’ distinctive alternation pattern. 

Alternation patterns are not just distinctive for species, 
but can also be individual recognition signals. The lower 
frequencies of the ‘kuyrriefl calls of different crested terns 
are not noticeably different, but the upper frequencies 
(5-10 kHz) show alternation patterns of sound and 
silence. In a sonographic display of frequency as a func¬ 
tion of time, the patterns somewhat resemble the familiar 
UPC bar codes that have become ubiquitous on all items 
for sale. It turns out that upper frequency patterns are 
very similar in the calls of one individual but consistently 
different among individuals. 

Combinatorial signals 

Finally, the most complicated multivariate encoding so far 
described for animals begins to take on language-like 
characteristics. In combinatorial signals, a meaningful mes¬ 
sage is a combination of elements. The elements used 
in any given signal are a sample from a finite group of 
different elements. These elements, however, can be com¬ 
bined in more ways than there are types of elements. Only 
a few such systems have been described for animals but 
many more probably await discovery. 

An interesting example is the call system of a mischie¬ 
vous little monkey called the wedge-capped capuchin. 
The combinable elements are all used by themselves as 
well as in combinations, and were named chirps, huhs, 
screams, squaws (sic), trills, and whistles. The trills, though, 
vary and four types could be distinguished reliably. Some¬ 
times apparent intermediate calls were recorded, and a 
few vocalizations could not be typed. Nevertheless, as 
biological systems go, this is a fairly clean one. 

From the use of calls in a large variety of social contexts, 
the investigator identified three quantitative emotional 
variables underlying the vocalizations: the levels of aggres¬ 
siveness, submission, and seeking of physical contact. The 
call types could then be plotted as unique loci in three- 
dimensional space. The combinations of these calls - 
nearly 300 doublets, eight triplets, and three quadruplets 
- were plotted in places intermediate between their com¬ 
ponent calls. Thus, the combinations encoded information 
quantitatively different from the lone uncombined calls. 
When combined, these calls were given in relatively fixed 
sequences, but the reason for this syntax is unclear. 

A somewhat similar system is the ‘chick-a-dee’ calls of 
the black-capped chickadee and its close relatives. Differ¬ 
ent species may have different numbers of combinable 
note types, the black-capped chickadee having four 
(unimaginatively termed A, B, C, and D). Like the capuchin 
calls, occasional intermediate and unclassified notes are 
uttered. Also like the capuchin calls, notes are almost 
always given in a fixed sequence, namely A-B-C-D. 
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Unlike capuchin calls, though, chickadee calls can be 
combined in a virtually limitless number of ways. This 
potentially huge call vocabulary results from repeating 
the component notes a variable number of times. Also 
unlike capuchin calls, chickadee calls are only rarely of 
one note type, except long trains of D notes do occur in 
special contexts such as mobbing predators. 

Overview 

The information content of signals is not determined by 
their physical structure so long as the sender’s alternative 
signals can encode sufficient information that, in turn, can 
be decoded by the receiver. Information is variety or 
diversity and can be expressed quantitatively when the 
relative probabilities of occurrence of the alternative sig¬ 
nals are known. The simplest systems have two alternative 
signals (binary codes), more complex systems have three 
or more alternative signals (multivalued codes), and the 
most complicated systems employ two or more signal 
variables (multivariate codes). Of these last, using differ¬ 
ent combinations from the same set of alternative signals 
to mean different things (combinatorial codes) begins to 
approach the complexity of human language. 

See also: Adaptive Landscapes and Optimality; Anthro¬ 
pogenic Noise: Impacts on Animals; Communication 
Networks; Decision-Making: Foraging; Multimodal Sig¬ 
naling; Syntactically Complex Vocal Systems. 
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Introduction 

In Swaythling, a village in southern Britain, in 1921 
the first observation was made of a blue tit opening 
milk bottles left outside homes and drinking the cream. 
Ornithologists and members of the public noted repeated 
occurrence of the behavior, and over the next 30 years, 
milk-bottle opening was reported at numerous sites across 
the United Kingdom and mainland Europe. Milk-bottle 
opening has become the best-characterized and perhaps 
best-known example of the spread of a novel behavior 
pattern, or innovation, in non-human animals. Experimen¬ 
tal investigation determined that the rate of innovation was 
likely quite high and that the behavior probably spread by 
social learning in localities where milk bottles were intro¬ 
duced. However, it is just one example of thousands of 
innovations reported in non-human animals, with exam¬ 
ples ranging from novel elements in the song of birds to 
novel tool use in primates. Many innovations appear to be 
responses to changed circumstances, such as human 
impacts. However, innovations are also produced in stable 
environments, where an animal discovers a new method of 
exploiting the environment, an example of niche construc¬ 
tion. It would seem that a large number of animals invent 
new behavior patterns, modify existing behavior to a novel 
context, or respond to social and ecological stresses in an 
appropriate and novel manner. Such behavior can usefully 
be termed ‘innovation,’ and can be distinguished from 
related processes such as exploration and learning. 

When a novel learned behavior spreads through an 
animal population as individuals learn from one another, 
typically a single individual will have initiated the process. 
Such diffusion requires two processes: the initial inception 
of the behavioral variant, termed innovation, and the 
spread of the novel trait between individuals, a process 
called social learning. In recent years, animal innovation 
has begun to be recognized as an important component of 
animal social learning research. However, not all innova¬ 
tions spread by social learning. A common observation, in 
both primates and birds, is that many innovations fail to 
spread through animal groups, even though they are of 
apparent utility to the inventor. This phenomenon has also 
been noted in humans. Possible explanations for this lim¬ 
ited diffusion include differences in ability or motivation, 
noninventors being able to benefit (scrounge) from the 
innovations of others without learning the innovation, 
and that innovators may not be attended to (e.g., they 


may be on the periphery of the group). In birdsong innova¬ 
tion, female preferences can act in some circumstances 
against the spread of novelties and is thus a conservative 
force (e.g., in swamp sparrows), while in other circum¬ 
stances a preference for large vocal repertories may pro¬ 
mote the spread of innovations (e.g., sedge warblers). 

Innovation is widespread in non-humans, and evidence 
is mounting for its functional importance. For example, 
innovation appears to play an important role in ecology 
(for instance, facilitating range expansion), in evolution (for 
instance, driving subspecies diversification), and as the 
vital first step of social learning and cultural diversifica¬ 
tion. Innovations appear in both the social domain (e.g., 
some instances of tactical deception) and the nonsocial 
domain (e.g., novel tool use or foraging techniques). Inno¬ 
vation is also key to cumulative cultural evolution, where 
a careful balance must be struck between faithful social 
transmission (to minimize loss of previous innovations) 
and innovation (to minimize stagnation and allow adaptive 
change). Although clear evidence of cumulative cultural 
evolution is lacking in animals, the use of hammers and 
anvils by common chimpanzees to crack nuts, and leaf tool 
manufacture in New Caledonian crows, have been sug¬ 
gested as possible cases. Innovation may have also played 
an important role in primate and avian brain evolution. 
A strong case can be made for the assertion that non¬ 
human animals innovate, although the consanguinity of 
animal and human innovation is a matter of debate. 

Defining Animal Innovation 

In 2003, Reader and Laland put forward a definition of 
animal innovation in the first book on the topic. They 
proposed two operational definitions, relating to the use 
of innovation as a newly invented behavior pattern (the 
‘product’) or as the process of devising inventions (the 
‘process’). Innovation sensu product is a new or modified 
learned behavior not previously found in the population. 
Innovation sensu process is a process that introduces 
novel behavioral variants into a population’s repertoire 
and results in new or modified learned behavior. Thus, the 
key features of innovations are that they are learned and 
that they are novel to a population. Innovations can spread 
by social learning; however, the introduction of a novel 
behavior into a population by social learning is not con¬ 
sidered innovation (this contrasts with some definitions of 
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human innovation, which refer to acquisition of a novel 
act by any route as innovation, and the initial inception as 
‘invention’). Other researchers add another definitional 
qualification, that an innovation should not be environ¬ 
mentally induced, that is, not predictably produced in a 
particular environment. However, the utility of this extra 
qualifier in identifying innovations has been questioned. 

Ecological and Evolutionary Significance 

Behavioral scientists have long noted that species differ 
in their tendency to innovate. In 1912, Lloyd Morgan 
speculated that behavior may be composed of a repetitive 
component that has occurred before and a smaller pro¬ 
portion of novel behavior, found particularly in so-called 
‘higher’ organisms, that can be regarded as a creative 
departure from routine. Although there are long tradi¬ 
tions of research into related topics, such as neophilia, 
exploration, and insight learning in animals, and while 
innovation in humans has been subject to considerable 
investigation, animal innovation has only relatively recently 
begun to receive attention. Field studies of primates, 
particularly in common chimpanzees and Japanese maca¬ 
ques, were critical in drawing attention to the potentially 
significant role of innovation. For example, in Kummer 
and Goodall’s (1985) landmark review of primate innova¬ 
tion, they suggested that some innovations derive from 
the ability of the individual to profit from an accidental 
happening, while others result from the ability to use 
existing behavior patterns for new purposes. A third kind 
are completely new behavior patterns. Innovation may be 
prompted by need (such as a period of drought or a social 
challenge), or alternatively an excess of resources, which 
will allow animals to bear the costs of exploration. Recent 
experimentation and meta-analyses of published cases of 
innovation suggest that necessity is probably the dominant 
factor prompting animal innovation, consistent with the 
saying ‘necessity is the mother of invention.’ 

In the last decade, two major surveys of innovation 
have collated reports from published literature, using 
keywords such as ‘novel’ or ‘never seen before’ to classify 
behavior patterns as innovations. The first and most 
extensive survey, by Louis Lefebvre and colleagues, docu¬ 
mented over 2200 examples of foraging innovations in 
birds. We conducted a similar survey in primates, where 
over 500 innovations were documented. Although these 
kinds of analysis are vulnerable to reporting biases - well- 
studied animals will be reported to exhibit more innova¬ 
tion than poorly studied animals - researchers have 
devised statistical methods for evaluating and counter¬ 
acting these biases. Accordingly, there are reasonable 
grounds to be confident that these innovation data are 
reliable, allowing the rate of innovations for a given 
species to be used as one measure of its behavioral 


flexibility. Confidence in such measures is further 
enhanced by the observation that a species’ innovation 
rate correlates with its performance in laboratory tests of 
learning, reinforcing the idea that innovation is a cognitive 
measure. In both birds and primates, innovation rate has 
also been shown to correlate positively with the forebrain 
size. This parallel finding in two independent taxa raises 
the possibility that increased innovativeness may have 
given a selective advantage driving brain enlargement 
over evolutionary time, although since the data are corre¬ 
lational, causality is difficult to establish. The phyloge¬ 
netic distribution of innovation suggests that selection may 
have favored innovativeness as part of a cognitive suite of 
traits in particular lineages, with innovation part of a 
survival strategy based on flexibility to cope with unpre¬ 
dictable, changing socioecological environments. Thus, 
particular taxa appear unusually prone to innovation. 

There are numerous reports of specific innovations 
apparently facilitating survival in changed circumstances, 
while innovation is also thought to be of critical impor¬ 
tance to those endangered or threatened species forced to 
adjust to impoverished environments. To test the idea that 
innovations may facilitate survival in novel circumstances, 
biologist Daniel Sol and colleagues took advantage of a 
series of natural experiments, where humans have intro¬ 
duced bird species into new habitats. Species innovative in 
their natal habitat were found to be more likely to survive 
and establish themselves when introduced to new loca¬ 
tions than other species. This supports the hypothesis that 
the ability to innovate may aid survival in changed envi¬ 
ronmental conditions. Consistent with this, nonmigratory 
birds are known to innovate most in the harsher winter 
months. Conversely, migratory species have been found to 
be less innovative than nonmigrants, suggesting that migra¬ 
tory birds may be forced to migrate because of an inability 
to adjust behaviorally to the changed winter months. 

Innovation has also been proposed to play a key influence 
on the tempo and course of evolution. For instance, in 1985, 
molecular evolutionist Allan Wilson proposed a ‘behavioral 
drive’ hypothesis, which argued that innovation combined 
with cultural transmission led animals to exploit the envi¬ 
ronment in new ways, exposing them to novel selection 
pressures and increasing the rate of genetic evolution. Sup¬ 
port for this idea comes from the aforementioned studies 
of bird innovation. Innovative species and innovative taxa 
contain more subspecies and species, respectively, compared 
to less innovative taxa, suggesting that the rate of evolution¬ 
ary diversification has been greater in innovative groups. 

Individual Differences in Animal 
Innovation 

Observational and experimental studies show that indivi¬ 
duals, like species, differ in their propensity to innovate. 
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Innovation is influenced by variables such as social rank, 
age, sex, competitive ability, and motivational state, and is 
correlated with both behavioral (e.g., learning rate, tool 
use) and hormonal measures (e.g., testosterone). There is 
even evidence for innovative ‘personalities’ in some spe¬ 
cies (e.g., guppies), although consistent individual differ¬ 
ences in the propensity to innovate have not been found in 
other species (e.g., capuchin monkeys). 

Some of these studies rely on natural observations of 
innovation, and recognition criteria have been developed 
to identify ‘true’ innovations. For example, in wild oran¬ 
gutans, behavior patterns were classified as innovations if 
they were not universally expressed across populations 
and if their absence did not have a clear cause (e.g., 
an observational artifact, such as insufficient observation 
time, or an ecological cause, such as lack of a particular 
resource). This process identified 43 innovations, such as 
the manufacture of branch cushions or ‘throat-scraping’ 
sounds made by mothers with young infants before 
moving. Although such recognition criteria cannot pro¬ 
vide incontrovertible evidence that a particular act is or is 
not an innovation, they can identify potential innovations 
for further investigation. Such investigation may have 
surprising results. For example, grackles dunk hard food 
in water, a relatively rare behavior originally described as 
innovative, even insightful. However, the vast majority of 
the population will dunk food if placed in ideal circum¬ 
stances, suggesting dunking is rarely expressed because 
the costs (e.g., kleptoparasitism) usually exceed the bene¬ 
fits (softened food). This implies that rarity per se cannot 
be used to identify innovation. 

As an alternative or addition to observational studies, 
innovation can be studied experimentally, in both captiv¬ 
ity and the wild, by presenting animals with novel chal¬ 
lenges, such as puzzle boxes that they must open to access 
food, and exploring the factors influencing innovation. 
One of the most marked examples of innovative tool 
manufacture was observed when a female New Caledonian 
crow named Betty bent a wire to manufacture a hooked tool 
and obtain a food reward. Further experiments investigated 
the technical understanding of this individual in solving 
such tasks. Innovative tool use has also been recorded in 
wild-living New Caledonian crows, such as individuals 
enhancing their usual leaf tools by bending them. 

Experiments have documented a number of behavioral 
correlates of innovation. For example, studies of several 
species of birds and of callitrichid monkeys (marmosets 
and tamarins) have established that those individuals least 
reluctant to approach novel objects (i.e., showing low 
levels of object neophobia) are fastest to solve novel 
foraging tasks. Thus, differences in innovative tendency 
need not be ascribed to differences in cognitive ability, but 
can be at least partially explained by the willingness to 
engage with novel stimuli. The ability to inhibit pre¬ 
viously learned responses may be another important 


correlate of innovation. In feral pigeons Columba livia , 
cut-throat finches Amadina fasciata , and zebra finches 
Taeniopygia guttata, animals that performed well in innova¬ 
tion tasks were also superior in social learning tasks. Thus, 
in these species at least, innovators also tend to be those 
individuals most able to make use of social information. 

A number of studies have focused on age and innova¬ 
tion. Perhaps influenced by a small number of high- 
profile cases, the prevailing assumption among many 
primatologists is that young or juvenile primates are 
more innovative than adult individuals. This innovative 
tendency among the young is often thought to be a 
consequence or side effect of their increased rates of 
exploration and play. However, a recent meta-analysis of 
the primate innovation literature challenges this view. 
A greater incidence of innovation was found in adults 
than in nonadults, which the researchers interpreted, in 
part, as a reflection of the greater experience and compe¬ 
tence of older individuals. 

These findings are supported by a detailed experimental 
analysis of innovation in callitrichid monkeys. Researchers 
presented novel extractive foraging tasks to family groups 
of monkeys in 26 zoo populations in order to examine 
whether youth or experience most facilitates innovation. 
Exploration and innovation were found to be positively 
correlated with age, perhaps reflecting adults’ greater 
experience, manipulative competence, or cognitive ability. 
Younger monkeys, particularly subadults and young adults, 
were disproportionately likely to first contact the tasks, 
but adults were disproportionately first to solve the tasks. 
Thus, older individuals were significantly more likely 
than younger individuals to turn task manipulations into 
solutions. Subsequent statistical analyses provided evi¬ 
dence that at least some of the methods of box opening 
subsequently spread through the group through social 
learning. Another study, this time of brown-mantled tamarins, 
also found that adults acquire information more effi¬ 
ciently and that they can recognize and classify objects 
more quickly, than nonadults. Such experiments suggest 
that experience and competence allow older individuals 
to solve novel problems more effectively than younger 
individuals. However, other developmental factors, such 
as improvements in manipulative skills, increased strength, 
and maturity with age, may also play a role. Further inves¬ 
tigations of species differences in innovativeness among 
monkeys suggest that certain life-history characteristics, 
particularly a diet reliant on extractive foraging, may favor 
enhanced innovation. 

If dominant individuals monopolize resources, or if low- 
status individuals are driven by lack of success in other 
regards to devise new solutions, then social rank orders 
might predict who innovates. A number of avian studies, 
as well as observations of macaques and other primates, 
have demonstrated that subordinates are more likely to 
innovate, but are often usurped by dominants. In primate 
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groups, low-ranking monkeys may acquire a novel behavior 
but not express it in order to avoid the attention of domi¬ 
nants. Conspecifics may speed or slow approach to novel 
objects (e.g., ravens approach novel objects more rapidly 
when alone than when in groups, but will spend more time 
investigating the objects when in groups). Thus, there may 
be social constraints and influences on the invention and 
expression of novel behavior patterns. 

Studies of guppies demonstrate that motivational state 
can be a critical determinant of innovation. Small groups 
of fish were presented with novel maze tasks containing 
food, and the first individual to solve the task was char¬ 
acterized as an innovator. Females were found to be more 
likely to innovate than males, food-deprived fish were 
more likely to innovate than nonfood-deprived fish, 
and smaller fish were more likely to innovate than were 
larger fish. Innovators were neither the most active fish 
(males) nor those with the greatest swimming speed 
(large fish). Here, the most parsimonious explanation 
for the observed individual differences in problem solving 
is that innovators do not need to be particularly intelligent 
or creative, but are driven to find novel solutions to 
foraging problems by hunger or by the metabolic costs of 
growth or pregnancy. 

To further investigate how motivational state affects 
innovation, researchers monitored the relation between 
past foraging success and foraging innovation, again using 
guppies. Groups of fish were fed food items one at a time, 
and thus had to compete for food. Poor competitors - fish 
that had gained the least weight and obtained the least 
food during the scramble competition - were predicted to 
be more likely to innovate when presented with the novel 
foraging tasks. In male but not female guppies, this pre¬ 
diction was upheld. Females appeared more motivated to 
solve the foraging tasks than males, regardless of how they 
had fared during the scramble competition. In many ver¬ 
tebrate species, female parental investment exceeds that 
of males, so male reproductive success is most effectively 
maximized by prioritizing mating whereas female repro¬ 
ductive success is limited by access to food resources. This 
is particularly true in guppies, since females can store 
sperm, are viviparous, and unlike males, have indetermi¬ 
nate growth, with a correlation between energy intake and 
female fecundity. Consequently, finding high-quality food 
has greater marginal fitness value for females than for 
males, which may explain why females should be more 
investigative than males and are constantly searching for 
new food sources, whereas males begin searching for food 
only when they become food-deprived. 

A study of the spread of innovations in small captive 
groups of starlings (Sturnus vulgaris) investigated whether 
the pattern of spread could be predicted by the knowledge 
of relevant variables. The researchers presented small 
groups of starlings with a series of novel extractive forag¬ 
ing tasks. Object neophobia and social-rank measures best 


characterized which animal was the first of the group to 
contact the novel foraging tasks. However, asocial learning 
performance, measured in isolation, was the best predictor 
of the first-solvers of the novel foraging tasks in the group. 
In other words, one can predict how innovative a starling 
will be on the basis of its previously measured learning 
performance in isolation. The solutions to these tasks 
appeared to spread through social learning, since indivi¬ 
duals acquiring the behavior later in the diffusion exhib¬ 
ited shorter learning times. This pattern would be 
expected if the subjects learn socially, since later solvers 
have more demonstrators than individuals that acquire 
the behavior early. However, perhaps surprisingly, associ¬ 
ation patterns did not predict the spread of solving: birds 
were no more likely to learn from close associates than 
birds with which they spent little time. Similar results 
were found in studies of novel foraging behavior in 
guppies. This may reflect the relatively small size of the 
groups and enclosures in both studies, and innovations 
may be more likely to spread along networks of asso¬ 
ciation in larger groups living in more naturalistic 
environments. 

Summary 

Numerous animals acquire novel skills and information 
from others, and behavioral innovations can diffuse 
through natural and captive populations by social learning 
processes. It is instructive to refer to the initial inception 
of such behavioral variants as innovation and to investi¬ 
gate the factors that underlie and predict variation in 
innovation within and between species. Innovation can 
be studied in animals experimentally by presenting 
novel tasks to captive or natural populations and carefully 
monitoring the spread of the solution. Experimental stud¬ 
ies of animal innovation, in various vertebrates including 
fish, birds, and primates, suggest that the adage ‘necessity 
is the mother of invention’ explains a lot of data. Hungry, 
small individuals and individuals of low status dispropor¬ 
tionately engage in innovative behavior. Adults perform a 
disproportionate amount of innovation, and the greater 
experience, strength, and maturity of elder individuals 
may be necessary to translate exploration into successful 
exploitation. Sex differences in innovation can be inter¬ 
preted, and to some extent predicted, using conventional 
behavioral-ecology theory, such as parental-investment 
and sexual-selection theory. Comparative data demon¬ 
strate a potential role for innovation in brain evolution, 
introduction success, and evolutionary diversification. 
Animal innovation has received relatively little empirical 
attention, but there is growing evidence that it is func¬ 
tionally important. 

See also: Social Cognition and Theory of Mind. 
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Introduction 

Insects are among the most agile and adaptable animals in 
the world. In addition to stable movements on relatively 
flat, horizontal substrates, they can readily walk through 
tortuous terrain that requires climbing, tunneling, or turn¬ 
ing movements to deal with obstacles. Beyond that, many 
insects can also walk on water or fly through the air. What 
is it about insects that make them so successful? Certainly, 
much of their success in locomotion is due to mechanical 
factors. The hexapod body plan allows insects to maintain 
passive stability over a variety of movements, and a sprawled 
leg posture adds to that stability. However, beyond their 
body plan, insects take advantage of a remarkable array of 
sensors that provide a wealth of information to a sophisti¬ 
cated central nervous system (CNS) that in turn acts through 
an efficient neuromuscular system to alter movements 
appropriately. These neural and muscular systems, working 
with their lightweight exoskeletons, allow them to adjust 
to a wide range of terrain. 

Sensors fall into two groups. Local sensors located on 
appendages such as legs and wings monitor immediate 
properties of the limb such as joint position and load. 
These proprioceptors contribute to reflex circuits in the 
thoracic ganglia and also impact pattern generators that 
control the timing of joint movements. Exteroceptors 
located primarily on the head are associated with a sophis¬ 
ticated brain. These sensors provide a remarkable amount 
of information on the insect’s surroundings (e.g., chemical, 
mechanical, auditory, and visual cues). The sensory infor¬ 
mation gained by these structures is processed in primary 
sensory regions, and then used by association centers to 
generate descending commands, which in turn alter local 
movement parameters in the thoracic ganglia. Many 
researchers have learned a tremendous amount about 
the local reflex circuits of the thoracic ganglia and the 
primary sensory regions of the brain. However, we are 
only beginning to examine the brain circuitry that influ¬ 
ences locomotion. 

Interestingly, this hierarchical locomotion control 
scheme parallels that of vertebrate animals, in spite of 
the fact that they evolved legged locomotion indepen¬ 
dently. In vertebrates, local control similar to that found 
in insect thoracic ganglia is found in the spinal cord. 
Vertebrate exteroceptors are also processed in sophisti¬ 
cated brain regions, leading to descending commands. 
The convergence between insect and vertebrate control 
systems underscores the notion that the hierarchical 


design used by both these successful animal groups repre¬ 
sents a particularly good system that was selected for at 
least twice for negotiating a range of complex terrains. 

An Overview of Walking 

Before examining the neural basis of walking, it is impor¬ 
tant to understand the leg structures and the basic walking 
movements that are made by most insects. Insect legs are 
made up of a series of leg segments surrounded by hard 
cuticle and connected by soft joints. Starting with the first 
leg segment that attaches to the thorax and moving dis- 
tally, the leg segments are the coxa, trochanter, femur, and 
tibia (Figure 1). Beyond that, a series of tarsal segments 
make up the foot, which typically ends in a segment 
containing claws and/or attachment pads. Most of these 
joints are simple hinges that flex in one plane. In contrast, 
the most proximal thoracic-coxal (ThC) joint that con¬ 
nects the leg to the thoracic cuticle is a mechanical 
wonder, a compound joint that allows rotation around 
three different axes. Effective leg movements that propel 
the body forward require coordination of these joints, 
both within a single leg and between the various different 
legs of the body. 

Being hexapods, adult insects typically walk in a tripod 
gait, in which the front and rear legs on one side of the 
body step simultaneously with the middle leg on the 
opposite side. This tripod alternates with the remaining 
three legs, maintaining continuous static stability under 
most conditions. The period of the walking cycle during 
which legs are in contact with the ground and propel the 
body forward is called the stance phase. This period alter¬ 
nates with the swing phase when the legs are lifted off the 
ground to either return to their starting position or move 
to a new starting position in anticipation of a turn or other 
maneuver. At slower speeds, legs move in a metachronal 
pattern with one leg stepping at a time on each side of the 
body, starting from the rear and moving forward. This can 
grade into a tripod gait if, for example, the hind leg begins 
another step before the front leg finishes moving. 

Although the three legs of a tripod set down and lift off 
together, their actions are not the same. Rather, the rear, 
middle, and front legs move through very different joint 
actions and interact differently with the ground, generat¬ 
ing unique ground-reaction forces. The rear legs make 
piston-like movements, with the two distal joints extend¬ 
ing through similar angles to produce a powerful 


155 



156 Insect Flight and Walking: Neuroethological Basis 



Figure 1 Diagram of a cockroach from the ventral side showing 
the location of the three pairs of legs. One metathoracic leg is 
expanded to the right with leg segments labeled. 


rearward-directed motion at the tarsus. That movement 
generates accelerating horizontal ground-reaction forces 
that propel the body forward. In contrast, the front legs 
make variable movements that typically extend the tarsus 
in front of the insect’s head. On contact, these legs actually 
decelerate the forward motion of the body. The middle 
legs make intermediate sweeping movements that coun¬ 
teract the lateral forces of the other two legs. Their 
ground-reaction forces initially decelerate and then accel¬ 
erate the body. The details of these mechanical properties 
of insect locomotion and their responses to perturbations 
have been studied extensively by Robert J. Full and his 
collaborators. 

Local Control Circuits in Thoracic Ganglia 

Insects require a sophisticated neural control system to 
coordinate the movements of each of these legs. Recent 
neurobiological studies in several laboratories are begin¬ 
ning to describe the local control circuits that lead to 
these movements. 

A technical advantage to studying insect motor control 
stems from the relatively small number of motor neurons 
that control each muscle. Indeed, at several joints, one can 
monitor motor activity with simple electromyogram wires 
anchored to the cuticle and thereby examine activity from 
a specific, identified motor neuron. For example, in the 
cockroach, the main muscle that extends the femur-tibia 
(FTi) joint is controlled by only two motor neurons (the 
slow and the fast extensors of the tibia or SETi and FETi, 
respectively), and FETi is only active when the insect is 
running at relatively high speed. 

The timing of extension and flexion in each joint is 
controlled by a separate pattern generator located within 
the thoracic ganglia. These small neural circuits are found 
throughout the animal kingdom and can act independent 
of sensory activity to provide basic timing commands for 
oscillatory behaviors. However, in normal behavioral 
situations, pattern generators typically act in concert 
with associated sensory structures to produce specific 
actions that are appropriate for the conditions that the 


animal is experiencing at any given moment. In insects, 
the transitions between extension and flexion of individ¬ 
ual joints are influenced by sensory signals from leg 
proprioceptors. These sensors include chordotonal organs 
that monitor angle and direction of movement in each 
joint, strain detectors called ‘campaniform sensilla’ that 
provide information on load and muscle forces, and hair 
plates that detect maximal joint flexion. Thus, for exam¬ 
ple, a transition between stance and swing movements 
typically requires both pattern-generator activity and 
unloading of the leg. 

How do leg proprioceptors exert their influence on leg 
movements? Their activation typically evokes reflex 
responses in specific motor neurons. In the simplest situ¬ 
ation, these are resistance reflexes. For example, stretch of 
a chordotonal organ that normally occurs when the FTi 
joint is flexed will excite the motor neuron that, in turn, 
activates the muscle that counteracts the movement 
(SETi). Increases in load are detected by the campaniform 
sensilla and evoke similar reflexes to counteract imposed 
load and maintain posture. 

When the insect is walking, these reflexes become 
more complex. Many reflexes are both quantitatively 
and qualitatively altered from the situation found in a 
standing insect. Moreover, they must now interact with 
the pattern generators that control timing of joint behav¬ 
ior in order to produce different leg movements that are 
appropriate for walking on horizontal surfaces, inclines, 
walls, or ceilings. Changes in joint coordination can also 
lead to movements associated with turning, climbing, or 
backward walking. 

A particularly interesting finding from Ansgar Btischges’ 
laboratory in Cologne, Germany, revolves around the 
roles of proprioceptors in coordinating joint movements. 
After eliminating sensory signals from leg proprioceptors, 
the outputs of the pattern generators continue to burst, 
but their individual phase patterns are unrelated, indicat¬ 
ing independence among the actual pattern generation 
circuitry That is, there does not appear to be a master 
pattern generator present for each leg that would coordi¬ 
nate the various joints of that leg. However, coordination 
of joints can occur via interjoint reflexes. It is now appar¬ 
ent that proprioceptors project to neurons that control 
adjacent joints as well as those that control the joint that 
they monitor. These weaker interjoint reflexes influence 
transitions between flexion and extension of adjacent 
joints. 

The interjoint reflexes that control stick insect legs 
have now been documented in great detail. Moreover, 
the pattern of these reflexes was used by Ekeberg, Bliimel, 
and Btischges to control a sophisticated, dynamic simula¬ 
tion of a stepping leg. By simply progressing through the 
various chains of reflexes, the simulated leg moves realis¬ 
tically through stance and swing phases of walking. Inter¬ 
estingly, hind legs tend to move very differently than front 
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and middle legs, yet the simulation can replicate those 
movements also by simply reversing some of the reflexes. 
Similar alterations in leg movement occur in cockroach 
middle legs when they transition between forward walking 
and turning behaviors. Robotic models of both the stick 
insect and the cockroach leg, developed in the Ritzmann 
laboratory based upon the Ekeberg model, have con¬ 
firmed that a transition from forward walking to turning 
can occur through changes in reflex sign. 

These observations and models suggest a hypothetical 
mechanism for redirecting leg movement. Under this 
model, descending commands from the brain alter locally 
coordinated actions in each leg by modifying various 
opposing reflex circuits in the thoracic ganglia. Laiyong 
Mu, working in the Ritzmann laboratory, demonstrated 
that proprioceptive leg reflexes could, in fact, be influ¬ 
enced by activity that descends from the brain. His experi¬ 
ments examined an interjoint reflex generated by stretching 
and relaxing the femoral chordotonal organ (FCo) that 
monitors the position of the FTi joint. In addition to the 
intra-joint reflex described earlier for SETi, this organ 
also excites the slow depressor motor neuron that controls 
extensor muscles of the coxa-trochanter joint (Ds). In 
intact animals, relaxation of the FCo inhibits Ds. How¬ 
ever, in animals with descending activity from the brain 
eliminated by cutting both cervical connectives, the reflex 
reverses and FCo stretch generates excitation in Ds. Sim¬ 
ilarly, Turgay Akay, working in the Btischges laboratory, 
has demonstrated that reflexes in stick insects reverse 
sign when the animal changes from forward to backward 
walking. 

In addition to coordination within each leg, effective 
movements must also be coordinated among all six legs. 
The manner in which this occurs has been formalized by a 
set of rules described by investigators in Hoik Cruse’s 
laboratory in Bielefeld, Germany. These rules stem from 
examination of various insect locomotion behaviors. They 
describe effects that the state of one leg has upon adjacent 
leg movements. For example, one rule states that a leg 
should not be lifted off the substrate for return while the 
next posterior leg is still in swing. Another rule states that 
as an anterior leg progresses through the stance power 
stroke, it increasingly influences the next posterior leg to 
enter into its swing return phase. 

The total set of ‘Cruse rules’ can explain much of the 
interleg coordination that is seen in insect locomotion. 
They have also been used to control several robotic 
devices and to guide neurobiological studies that seek to 
understand the neural basis of these properties. 

Influence of Brain Circuits on Locomotion 

One might conclude from the previous section that walking 
movements are controlled exclusively by local circuits, 


with higher centers serving merely to initiate movement. 
However, the situation becomes more complex when 
considering movements through unpredictable, natural 
terrain. Upon encountering a block, a cockroach rears up 
to an appropriate height, so that it can place its front 
legs on the top surface, and then climbs over the barrier. 
A shelf-like obstacle can evoke either tunneling or climb¬ 
ing. Detailed behavioral analysis by Cynthia Harley in the 
Ritzmann laboratory indicates that this decision is largely 
dictated by the manner in which antennae contact the 
obstacle. Contact from above evokes climbing, while contact 
from below yields tunneling. Of course, other options are 
possible. Insects readily turn and walk around obstacles, 
follow complex walls, and span gaps in substrates, and 
several laboratories have described these behaviors in a 
variety of insect species. 

Any of these obstacles requires a directed change in the 
actions that are typically made by the legs as the insect 
walks forward. While some barriers can be dealt with 
through local reflex effects, the redirection of leg move¬ 
ments associated with large barriers requires that the 
animal become aware of the barrier, evaluate it, and then 
redirect leg movements accordingly. In order to accom¬ 
plish these adjustments, the insect takes advantage of the 
various sensory systems located on its head. These 
include tens of thousands of mechanoreceptors on each 
antenna and on the maxillary palps, chemoreceptors also 
on those structures, visual cues detected by either com¬ 
pound eyes or simple ocelli, and in some insects, auditory 
or vibration signals. Many of these sensors project to 
primary sensory regions and then to association regions 
of the brain. This neural processing of sensory informa¬ 
tion must ultimately lead to descending commands that 
interact with the local control circuits in the thoracic 
ganglia and thereby redirect leg movements appropri¬ 
ately. Indeed, insects that have experienced damage 
within various brain regions fail to negotiate barriers 
appropriately. 

Two main association regions exist in the insect brain. 
They are the mushroom bodies (MB) and the central 
complex (CC). The MBs are perhaps the most studied 
region of the insect brain. They are involved in learning 
and memory as well as olfactory processing. The CC was 
originally described by Fes Williams. It is made up of 
several midline neuropils, including the fan-shaped 
body, ellipsoid body, protocerebral bridge, and two paired 
nodules. The morphology of these neuropils has been 
described in detail for several insects. Several have a 
distinctly columnar organization, and fibers project 
between the left and right columns in the protocerebral 
bridge and columns of the fan-shaped body. This anatomy 
suggests that turning decisions may be made in the CC. In 
earlier experiments, Franz Huber found that stimulation 
within the CC of crickets evoked increases in locomotion 
and turning movements. More recently, both genetic and 
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mechanical lesions within the CC have been associated 
with motor deficits. 

Physiological studies have only recently focused upon 
the CC. Perhaps the most remarkable finding is a topo¬ 
graphic map of polarized light space that was described by 
Uwe Homberg’s laboratory. Observations in the Ritzmann 
laboratory describe multisensory CC units that respond 
to visual and antennal stimulation. Some of these units 
are biased to one antenna or to a preferred direction of 
movement of either antenna. Thus, it is possible that 
sensory information on barriers as well as surrounding 
ambient conditions acts through the circuits of the CC 
to ultimately influence the local control circuits of the 
thoracic ganglia. 

Descending activity, influenced by sensory information 
processed in the CC, could represent the commands that 
are required to alter local reflexes and redirect leg move¬ 
ments, as described earlier. Neurons leaving the CC project 
to a region of the brain called ‘the lateral accessory lobe,’ 
and several neurons that ultimately descend to the thoracic 
ganglia also pass through this region. Thus, it is possible that 
the remarkable agility of insects in the face of complex 
terrain arises in large part from descending commands 
that are influenced by head-based sensors through the 
actions of CC circuits. Appropriate modifications on basic 
walking patterns would then occur when these descending 
commands alter local reflexes within the thoracic ganglia. 
By allowing the local reflex circuits to perform the moment- 
by-moment control of actual leg movements, insects 
achieve both remarkable stability and amazing flexibility. 

Insect Flight 

Of course, insect locomotion is not limited to walking and 
running. Many insects are among the most maneuverable 
flyers in the animal kingdom. How is the hierarchical 
control system modified to suit this form of locomotion? 
Conceptually, the issues faced by flying insects are similar 
to those confronted by walking ones. The wings beat up 
and down with an intrinsic rhythm, and descending com¬ 
mands from the brain based on sensory information must 
be processed and executed within the context of this 
ongoing locomotor pattern. In many ways, flight control 
can be viewed as an extreme example of terrestrial loco¬ 
motor control, as many of the same sensors and neural 
circuits are involved. The extreme limits of a behavior, 
however, are often informative regarding what factors 
limit an animal’s ability to perform, survive, and thrive. 

One prominent control problem, differing between 
walking and flying, is that flight is only dynamically stable, 
meaning that an insect cannot simply stop in place to 
gather or process more sensory information before imple¬ 
menting an action. Further complicating this situation is 
the fact that motor commands must be executed at an 


appropriate phase of the wing beat cycle, just as a walking 
animal must contract its muscles at the right times to 
influence movement. Because the wing beat frequencies 
are generally higher than stepping rates, this means that 
descending control mechanisms must include extremely 
precise methods for gating and synchronization with loco¬ 
motor rhythms. To make matters even worse from a 
control standpoint, in some insects the powerful muscles 
which drive the wings up and down are not under direct 
control of the nervous system, as the upstroke and the 
downstroke muscles excite each other mechanically 
through stretch activation. Therefore, the animal must 
use sensory information to determine the state of its 
own muscles and body, combining this appropriately 
with information about the outside world to produce and 
execute a turning movement through precisely timed con¬ 
tractions of the wings’ small steering muscles. 

The true (dipteran or two-winged) flies have 
specialized sense organs which are extremely well suited 
to monitor motions of their bodies. In these insects, the 
hind pair of wings has evolved into very small, club- 
shaped organs called ‘halteres’ (Figure 2). The halteres 
beat back and forth at the same time as the wings, but have 
no aerodynamic function and instead are tightly packed 
with mechanosensors. Most of the sensors on the halteres 
are dedicated to measuring the back-and-forth motions, 
which presumably serve to report the wings’ positions to 
the central nervous system. In combination with similar 
signals from the wings themselves, information from the 
halteres could be used to calculate not only the state of 
each wing power muscle, whether contracting or relaxing, 
but may also contain clues as to whether the wings are 
moving as they should be, in phase with the halteres, or if 
wind, load, or other external forces have derailed the 
wings from their normal pattern. 

Beyond these uses, the halteres also have a more cele¬ 
brated function as onboard gyroscopes, recently studied 
in depth by Michael Dickinson’s lab. Some of the halteres’ 
mechanosensors do not respond phasically to each stroke, 



Figure 2 Crane fly showing prominent halteres behind wings. 
Photo: Armin Hinterwirth. 
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but rather are activated when the halteres are deflected 
from their stroke plane. Since the halteres are so tiny, such 
a deflection would not result from a swat or even from 
wind blowing the haltere, but only by Coriolis forces 
corresponding to a rotation of the fly’s body, and then 
only during a particular part of the haltere’s stroke phase. 
Afferent neurons from the deflection-sensitive fields are 
electrically coupled to motor neurons of the wing steering 
muscles, thereby producing very fast and precisely timed 
contractions designed to compensate for the imposed 
rotation of the body. This ability to sense body rotations 
seems to be very important to insect flight, possibly 
because the inherent instability of flight in small animals 
makes the maintenance of equilibrium a task of primary 
importance. Recent studies suggest that moths and but¬ 
terflies may use their antennae as rotation sensors, in a 
similar manner to the halteres of flies. 

In line with the hypothesis that ongoing patterns of 
movement are controlled by descending commands work¬ 
ing indirectly through reflex arcs, the halteres are 
equipped with their own set of steering muscles. Thus, a 
neuron from the brain might cause a contraction in the 
haltere steering muscles, in addition to or instead of 
modifying the wing motions directly. These muscles 
could act to deflect the haltere from its stroke plane in 
the same way that Coriolis forces do, thus triggering a 
reflex cascade that leads to the fly turning. Work in the 
Dickinson laboratory has demonstrated that visual stimuli 
are capable of eliciting activity in the haltere steering 
muscles, but the rest of this pathway remains conjectural. 
One especially appealing part of this hypothesis is that the 
haltere reflexes, just like those acting through leg mechan- 
osensors, normally have precise and effective influence 
over locomotor activity, so co-opting those mechanisms to 
produce directed movements takes advantage of this 
built-in robustness. 

Mechanosensation is not the only way that insects 
detect the motions of their bodies during flight. Bees, 
beetles, ants, locusts, crickets, and even cockroaches can 
fly without any known mechanical ability to sense body 
rotations independently from their wings, but exceed¬ 
ingly few insect species can fly stably in complete dark¬ 
ness. Dragonflies, in fact, are so dependent on vision for 
flight control that they cannot fly in normal indoor 
lighting. Even nocturnal insects, such as moths, make 
extensive use of vision to navigate and to sustain flight. 
Many fundamental visual processes, such as the delay- 
and-correlate model for retinal motion detection, were 
derived from experiments on flies by Werner Reichardt 
and subsequent investigators. Karl Gotz, in particular, 
advanced the use of what might now be called ‘insect 
psychophysics’ to probe the neural processes underlying 
visually mediated flight behaviors. These experiments 
involve tethering a fly to a sensitive torque meter and 
using the forces produced by the insect to close the 


feedback loop, rotating a patterned cylinder in place 
around the animal. This artificial-closed-loop sensory 
environment allows experimenters to manipulate para¬ 
meters of both the stimulus and the feedback to determine 
how visual information is processed in a behaving animal. 
For example, researchers such as Axel Borst and Martin 
Egelhaaf have shown that, rather than parsing the world 
into collections of objects like trees or rocks, basic insect 
flight control is based only on optic flow — the amount 
and direction of movement seen by the retina. This is 
partially due to the poor spatial resolution of the insect 
eye (something like us viewing the world through a 
40 x 40-pixel camera), but also reflects the minimum 
requirements to keep an insect airborne. Martin Heisen¬ 
berg has suggested some forms of shape learning in flies 
and Mandyam Srinivasan has shown memory for color 
and texture in bees, but simply maintaining steady flight is 
a much lower-level goal and can seemingly be achieved 
using motion cues alone. 


Summary 

Insects take advantage of both local reflexes and sensors 
mounted on their heads to generate adaptable movements. 
Sensory information is processed both locally within the 
thoracic ganglia and in sophisticated brain regions. Inter¬ 
actions within this hierarchical neural control system then 
allow insects to quickly adjust their movements according 
to immediate demands. As a result, they can successfully 
navigate a wide range of terrestrial terrain and, for many 
insects, fly with an agility that is unmatched by manmade 
devices. These control systems, coupled with efficient 
body mechanics, certainly contribute to their unparalleled 
success within the animal kingdom. 

See also: Insect Navigation; Nervous System: Evolution 
in Relation to Behavior; Robot Behavior; Robotics in the 
Study of Animal Behavior; Vision: Invertebrates. 


Further Reading 

Borst A and Haag J (2002) Neural networks in the cockpit of 
the fly. Journal of Comparative Physiology A: 

Neuroethology, Sensory, Neural, and Behavioral Physiology 
188(6): 419-437. 

Buschges A, Akay T, Gabriel JP, and Schmidt J (2008) Organizing 
network action for locomotion: Insights from studying insect walking. 
Brain Research Reviews 57: 162-171. 

Buschges A and Gruhn M (2008) Mechanosensory feedback in walking: 
from joint control to locomotory patterns. Advances in Insect 
Physiology 34: 194-234. 

Frye MA and Dickinson MH (2004) Closing the loop between 

neurobiology and flight behavior in Drosophila. Current Opinion in 
Neurobiology 14(6): 729-736. 




160 Insect Flight and Walking: Neuroethological Basis 


Ritzmann RE and Buschges A (2007) Insect walking: From reduced Zill SN, Schmitz J, and Buschges A (2004) Load sensing and control of 

preparations to natural terrain. In: North G and Greenspan RJ (eds.) posture and locomotion. Arthropod Structure & Development 

Invertebrate Neurobiology, pp. 229-250. Cold Spring Harbor, NY: 33: 273-286. 

Cold Spring Harbor Laboratory Press. Zill SN and Seyfarth E-A (1996) Exoskeletal sensors for walking. 

Ritzmann RE and Buschges A (2007) Adaptive motor behavior in Scientific American 275: 86-90. 

insects. Current Opinion in Neurobiology 17: 629-636. 




Insect Migration 

J. W. Chapman, Rothamsted Research, Harpenden, Hertfordshire, UK 

V. A. Drake, University of New South Wales at the Australian Defence Force Academy, 

Canberra, ACT, Australia 

© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Although invasive movements of desert locusts were 
recorded in biblical times, insect migration received rela¬ 
tively little scientific attention before the 1920s and 1930s 
when systematic observations of the highly visible low- 
altitude migrations of butterflies and dragonflies by field 
naturalists began. At about the same time, the develop¬ 
ment of aviation revealed an unexpected abundance of 
insects at altitudes of hundreds, and even thousands, of 
meters during warm weather. It was soon realized that 
these movements well above the surface were intense 
enough, and occurred on a large enough scale, to account 
for the annual reappearance of some species and the infes¬ 
tation each year of newly planted crops by specialist pests. 
In the 1940s and 1950s, research on the migrations and 
migratory behavior of agricultural pests, most notably 
locusts in Africa and aphids in the United Kingdom, 
bloomed. By the 1960s, this work had led to the develop¬ 
ment of a conceptual basis, founded in biology rather than 
natural history, that remains extant and generally valid 
today. At the end of that decade, which can be seen now 
to have been a pivotal period for this field, C.G. Johnson 
published a large and comprehensive volume presenting 
thematic syntheses that distinguished the individual and 
collective aspects of migration and related migratory activity 
to life history, weather and wind systems, and habitat condi¬ 
tion. Just a year earlier, in 1968, the first special-purpose 
insect-detecting radar had been deployed in Africa and 
had revealed some remarkable and unforeseen phenomena 
(Figure 1). The new capability that radar provided - of 
direct observation of insects flying at high altitude and at 
night - opened a new era for insect migration science. The 
1970s and 1980s saw a radar-driven surge in field observa¬ 
tions that demonstrated the importance of night-time 
movements and further emphasized significance of the 
meteorological factors and phenomena on migration dis¬ 
tances, directions, and intensities. In parallel with the field 
observations, the 1980s especially saw the development of 
laboratory programs to investigate the flight performance 
of migrant species and the physiological traits enabling 
these. This research extended, through selection experi¬ 
ments, to establishing that these traits have a genetic basis. 
In the 1990s and 2000s, the navigational capabilities of 
insect migrants have been receiving particular attention. 


Migration occurs in all major insect taxonomic groups 
and has evidently evolved multiple times. Insect orders 
with numerous and well-studied (and often economically 
important) migrant species include Orthoptera (locusts 
and grasshoppers), Hemiptera (particularly aphids and 
planthoppers), and Lepidoptera (butterflies and moths, the 
latter being the adult forms of various crop pests known as 
armyworms, cutworms, bollworms, etc.). Some migrants are 
vectors of disease, and some are parasites of migrant pest 
species and therefore, beneficial to agriculture. Insect 
migration has been most studied in Europe (especially 
Britain and northern Europe), Africa (the desert and sahel 
zones across the north, and the east-African savannah), east 
Asia (China and Japan), Australia, North America (especially 
the southern and eastern United States and eastern Canada), 
and Central America (Panama). It occurs commonly in 
these regions, and probably over all larger land areas, when 
temperatures are high enough to support insect develop¬ 
ment and flight. 

Entomologists have come to view migration as, first and 
foremost, a behavioral phenomena. The behaviors are 
understood as being adaptive and as leading to outcomes 
(displacements) that have significant consequences for indi¬ 
vidual survival and population development. This article 
reflects this perspective. It also emphasizes aspects of the 
migration phenomenon that are peculiar to, or particularly 
evident in, insects. Finally, it aims to provide some context, 
both by relating migratory behavior to lower (e.g., physio¬ 
logical) and higher (e.g., ecological) organizational levels 
and by recognizing that it has evolved through, and is still 
subject to, natural selection. 

What Distinguishes Migratory Movement? 

Although movements that are recognizably migratory 
occur throughout the animal kingdom, their character 
differs somewhat from one taxonomic group to the next. 
These differences likely arise from broad constraints 
imposed by the animal’s general form: its size, its lifetime, 
its mode of locomotion, its cognitive and sensory capa¬ 
cities, and the medium in which it lives. Insects probably 
sit toward one end of the spectrum on most of these counts, 
and definitions or assumptions about what constitutes 
migration that derive from the studies of higher animals 
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Figure 1 Display of a scanning entomological radar showing a 
migration of moths at altitudes of 100-200 m over inland New 
South Wales, Australia. The triple exposure photograph shows 
steady movement to just east of north, which was the downwind 
direction. The uneven pattern of echoes around the screen 
indicates a high degree of common orientation to the northeast. 
(Targets to the northeast and southwest are head- or tail-on to 
the radar and produce such a weak echo that they are not 
detected.) The range rings are at 463-m intervals and the radar 
beam was pointing upward at an angle of 8°. The ring of white 
near the center is artefactual. Reproduced from Drake VA and 
Farrow RA (1985) A radar and aerial-trapping study of an early 
spring migration of moths (Lepidoptera) in inland New South 
Wales. Australian Journal of Ecology 10: 223-235. 

are not always applicable. What perhaps most differenti¬ 
ates insect migration is that there are only a very few cases 
where a single generation completes an entire round trip. 
These special characters of insect migration have provoked 
some insights, including the recognition that behavioral 
criteria may best distinguish migration from other forms 
of movement and that the process of migration should be 
examined primarily at the individual level while its func¬ 
tion is to be understood more in terms of population 
processes and the changing distribution of resources. 
This latter dichotomy was well summarized by the title 
of a landmark 1985 paper by J.S. Kennedy: “Migration, 
Behavioral and Ecological.” 

Aphids are small insects and have airspeeds so low that 
their horizontal displacement due to locomotion is essen¬ 
tially negligible. Yet, on warm days they, and many other 
types of microinsect, are numerous at altitudes of several 
hundred meters over many terrestrial habitats. They are 
carried along on the wind and travel tens, even hundreds, 
of kilometers in a single day. As agriculturalists well know, 
these movements are very effective at colonizing new 
habitats (e.g., spring cereal crops), and they likely also 
provide a means to escape from exhausted or otherwise 


deteriorating ones. By the 1960s, the notion that these 
movements were accidental was no longer being seriously 
entertained. It was established that the insects initiated 
their flights by launching themselves into the air and that, 
while convective up-currents may have helped them gain 
altitude, they maintained themselves in the wind stream 
by continuous wing flapping. These sustained flights were 
therefore, clearly an adaptation, one that enabled exploi¬ 
tation of short-lived habitats and that perhaps also allowed 
populations to grow to sizes that, in a sedentary species, 
would have been overtaken by epidemic disease or parasites. 
Still, movement direction was determined by the wind and, 
at least over the United Kingdom where these pioneering 
studies took place, the seasonal back-and-forth (usually 
approximately north—south) population movements typical 
of vertebrate migration were not especially evident; some 
workers, therefore, preferred the term ‘dispersal’ to describe 
these microinsect flights. 

Some key behavioral experiments undertaken by 
J.S. Kennedy, and his inspired interpretation of the results, 
firmly established that not only is migration in insects an 
active rather than a passive process, but that migratory 
flight can be recognized by its persistence and by being 
undistracted. Migrants do not respond to appetitive cues 
(e.g., food items or sex pheromones) that would normally 
cause them to stop or change course, and migration tra¬ 
jectories are therefore, steady and straightened out. They 
are quite distinct from the erratic and intermittent pattern 
traced out by a foraging individual: that is, one that does 
respond to localized cues. Migration ends when its char¬ 
acteristic inhibition of responsiveness to appetitive stimuli 
declines (perhaps as a direct physiological consequence of 
the act of migrating itself) and the migrant settles. From 
this behavioral perspective, widely adopted by migration 
entomologists, the important distinction is between migratory 
and appetitive (sometimes termed trivial) movement. The 
term ‘dispersal’ is now usually reserved for movements 
that either incorporate some spreading out of a population 
or that are internal to a population’s range and lead to 
mixing and the occupation of vacant habitat patches. 

Migration Syndromes 

Migratory behavior depends upon, and must have evolved 
alongside, a suite of enabling morphological, physiologi¬ 
cal, and life-history traits. This was first recognized by 
C.G. Johnson who described the oogenesis-flight syn¬ 
drome, in which, for the great majority of insect migrants, 
migratory activity is confined to the short period follow¬ 
ing metamorphosis into the adult form and before sexual 
maturation. Flight is by far the most efficient means of 
long-distance movement available to insects, and only the 
final adult life stage has wings; but females can be much 
heavier when gravid than when newly developed and 
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presumably are then much less able to undertake sustained 
flight. Whether for this or other reasons, for most species, 
the two primary tasks of a migrant adult female - relocation 
to a habitat in a suitable condition for the next generation 
to develop, and fertilization and laying of eggs - are 
undertaken sequentially Not uncommonly, the flight 
apparatus is autolyzed after migration and its materials 
and energy content converted to egg mass. 

What has come to be known as the migration syn¬ 
drome (a concept developed especially by H. Dingle 
through his studies of seed-feeding bugs) comprises the 
entire suite of traits enabling migration - or, when both 
migrant and nonmigrant individuals occur within the same 
species, the suite of traits that differ between these forms. 
In addition to the timing of reproductive maturation, the 
syndrome includes wing and wing-muscle size, wing poly¬ 
morphism, deposition and metabolism of flight fuels, flight 
duration and propensity (and modulation of the latter by 
environmental cues), and the hormonal processes that 
largely control all these. Selection experiments have 
shown that these traits are variable and that variations are 
genetically correlated in migrant species. Laboratory stud¬ 
ies have established that this correlation arises in part 
through mediation by a common hormonal pathway, that 
involving juvenile hormone (JH) and its esterase (JHE). 
Traits not directly involved in migration, such as size, 
development rate, and fecundity, may also exhibit correla¬ 
tions, many of which presumably arise through trade-offs. 

One of the seed-feeding bugs studied by Dingle is also 
interesting because its populations are generally seden¬ 
tary, and flight is required only for locating scattered host 
plants or moving within and between stands of mass- 
fruiting hosts. Thus, a migration syndrome is not neces¬ 
sarily associated with movement over long distances or 
with region-wide deterioration of habitat. Another inter¬ 
esting case peculiar to insects is the autumn movement of 
the sexual forms (gynoparae) of alternating-host aphids 
to the woody plants on which they pass the winter. This 
movement may be over short distances and within the 
population’s range, but it certainly requires flight and 
some capacity for finding the specific winter host. 
A focus on the migration syndrome, therefore, leads to a 
broader perspective on what constitutes migration, or 
perhaps alternatively leads to the recognition that adapta¬ 
tions required for ecological processes that are commonly 
regarded as distinct may, in fact, be very similar. 

Migration as a Spatial Process 

Even if we set aside short-distance flights and confine the 
term ‘migration’ to movements that lead to a significant 
change in the boundary of the region that a population 
occupies, migration can still take on a variety of spatial 
forms: to and fro, loop, or erratic - the latter often being 


termed ‘nomadism.’ Because of the short lifetimes of most 
insects, each generation typically completes only a one-way 
movement, or even only a segment of one. Thus, the 
migration of Monarch Butterflies through the United States 
to their overwintering sites in Mexico is completed by one 
generation, while the return movement, the following spring, 
extends over two or even three. One counterexample is 
provided by the Bogong moth of Australia: in this uni- 
voltine species, the adults fly to the mountains and esti¬ 
vate there and then return to the plains (though probably 
not to the particular region from which they originated) to 
initiate the next generation on winter-growing host plants. 

Nomadic movement patterns have seemed more prev¬ 
alent in insects than in vertebrate migrants, perhaps 
because much research on insect migration has been 
undertaken in semiarid regions where patchy and unpre¬ 
dictable rainfall, rather than regular seasonal changes of 
temperature, determines host-plant availability. The pio¬ 
neering work of L.R. Taylor, using a network of traps and 
map-based analyses, showed that annual patterns of aphid 
and moth distributions are also sometimes irregular in 
temperate regions. This led to the perception of a reticu¬ 
late population structure, in which temporarily distinct 
subpopulations form and, perhaps only after a number of 
generations of near isolation, coalesce. However, at higher 
latitudes, a north-south pattern is usually present, with 
poleward spring movements taking the migrants out of 
lower-latitude regions with dry summers and into favor¬ 
able habitats (most obviously growing crops). The return 
movement in autumn is often less apparent, but many 
instances have now been established. 

In insects, movements over distances sufficiently great 
to allow the exploitation of climatic differences almost always 
require wind assistance, and prevailing seasonal airflows 
play as important a role in sustaining a migratory popula¬ 
tion as do seasonal changes of temperature and rainfall. 
This dependence on wind led to the concept of rectifica¬ 
tion (the term recognizes an analogy with electrical circuit 
theory), whereby poleward winds in spring are favorable 
for migration as they are warm, but the return movement in 
autumn is suppressed because the equatorward winds 
required then are cool, with temperatures often below the 
flight threshold of these poikilothermic organisms. The notion 
that insects carried to high latitudes and breeding suc¬ 
cessfully on summer crops (or other seasonal vegetation) 
there might constitute dead-end populations unable to escape 
fatal winter cold - termed ‘the Pied Piper effect’ - has 
largely been discounted. However, the autumn migration 
is probably a more chancy process than that in spring 
and natural selection can be expected to act particularly 
vigorously on it, fine-tuning the migration syndrome 
to exploit the few available transport opportunities. 
A pioneering study by M. Wikelski and colleagues using 
radiotracking (a technology that at present can be employed 
only with the largest insect species) has shown that the 
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green darner dragonfly Anax junius is stimulated to fly to 
lower latitudes in autumn by two successive nights of 
falling temperatures. In subtropical climates, temperature 
is not limiting and the seasonal back-and-forth pattern, 
sometimes evident only as a trend in predominantly 
erratic and reticulate population trajectories, is between 
winter and summer rainfall regions. 

At a more fundamental level, and as recognized partic¬ 
ularly by C. Solbreck and T.R.E. Southwood, migration 
can be understood as an adaptation to resources that are 
ephemeral and moreover that arise in different places at 
different times. In a study of 35 species of wing-dimorphic 
planthoppers, R.F. Denno and colleagues found that long¬ 
winged forms were predominant (>50%) in species inha¬ 
biting temporary habitats like crops but were infrequent 
(<1%) in species using freshwater and salt marshes that 
have existed for thousands of years. As insects often com¬ 
plete several generations in a year, each resource devel¬ 
opment episode may support breeding; this leads to much 
higher reproductive rates than will arise from the alterna¬ 
tive strategy of a sedentary existence and dormancy until 
favorable conditions recur. Both strategies, of course, have 
trade-offs in terms of material and energy expended and 
risks taken. Migration will often need to be preemptive, 
with habitats abandoned before they have deteriorated and 
the Pied Piper trap is closed: such preemption depends on 
behavioral responses and the inhibition of responsiveness 
to appetitive stimuli so emphasized by J.S. Kennedy. 

The Biometeorology of Insect Migration 

Insect airspeeds in the sustained flight required for migra¬ 
tion are typically 3-6 ms - for larger species (grasshop¬ 
pers, butterflies, and larger moths) and ~lms - for 
microinsects, and above the vegetation canopy, these are 
often less than the wind speed. Friction due to the surface 
leads to an increase in wind speed with height through the 
lowest few hundred meters of the atmosphere. F.R. Taylor 
recognized that for each species there will be a flight 
boundary layer (FBF), within which individuals are able 
to make their way in any direction (albeit only slowly as 
the wind speed approaches the insect’s airspeed), but 
above which only movement with a downwind compo¬ 
nent is possible. Movement with an upwind component is 
best effected at as low an altitude as practicable, to take 
maximal advantage of the frictional slowing of the air. 
Movement in an approximately downwind direction will 
be most efficient above the FBF, where the migrant may 
need to expend only the energy needed to keep itself 
aloft. Wind speeds of 10-20 ms -1 occur frequently at 
altitudes of only a few hundred meters and can carry 
insects between climate zones - that is, over distances of 
the order of 1000 km - over a few days or nights of flight. 
Nevertheless, some strong-flying and longer-lived species, 


notably butterflies, do migrate in opposing winds, often in 
daylight, and their low-altitude flights are highly visible 
and amenable to study. The more opportunistic down¬ 
wind movements above the FBF, whether by day or by 
night, are much less apparent and have been investigated 
mainly through trapping and with entomological radar. 
Microinsects flying at altitude are sometimes referred to 
as ‘aerial plankton,’ but these flights are not continuous 
and are actively initiated (and probably also actively ter¬ 
minated), so the analogy with oceanic drift is not close 
and the term is probably better avoided. 

An early biometeorological contribution to insect migra¬ 
tion science was the realization, by R.C. Rainey, that flights 
by locusts in the winds north and south of the intertropical 
convergence zone would carry the locusts to, and maintain 
them within, a region receiving rain. Although horizontal 
inflows of air into a convergence are approximately bal¬ 
anced by an ascending outflow, insects generally will not 
rise far, either through an active behavioral response or due 
to passive cessation of locomotory activity when ascent 
takes them to altitudes where temperatures (which nor¬ 
mally decrease quite rapidly with height) are below their 
threshold for flight. Thus, the migrants will become con¬ 
centrated, and in locusts, this can lead to the development of 
swarms. Radar observations have shown that concentrations 
also form at more localized and shorter-lived convergences, 
such as those occurring in small-scale wind systems like 
such as sea breezes and thunderstorm outflows; again, some 
behavioral response presumably inhibits ascent and causes 
the insects (but not the air that is conveying them) to 
accumulate at low altitudes near the front (that is, the inter¬ 
face of the two flows). On sunny days, convective air move¬ 
ments usually develop, to a depth of about 1 km, over land 
areas. Most daytime migration begins around mid-morning 
just as these vertical flows are becoming strong (Figure 2). 
Insects are carried into updrafts by the convergent airflows 
around their bases, and become concentrated in the updraft 
zone through some response that prevents them from being 
carried up to the region of divergent flow around the 
updraft’s top. Remaining in an updraft obviously conveys 
an advantage in reducing the wing-flapping effort, and thus, 
the energy expenditure, required to remain aloft. In models, 
behavioral responses to ascent and descent seem to repro¬ 
duce observed concentration patterns and mean profiles 
(variation with height) better than a simple cut-off of loco¬ 
motion at the height of the species’ temperature threshold. 

In the fair-weather conditions generally favorable for 
migration, convection ceases before nightfall and the sur¬ 
face becomes cool and in turn cools the air immediately 
above it. The night-time lower atmosphere is thus, strati¬ 
fied, with temperatures increasing with height (an inver¬ 
sion) to a maximum somewhere between 100 and 400 m; 
wind speed is also reduced in the inversion zone, to which 
the slowing effect of surface friction is confined. Except 
when an ephemeral disturbance (e.g., a thunderstorm 
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outflow) passes through, vertical air movements are essen¬ 
tially absent. In these circumstances, radar observations 
almost invariably show some degree of aggregation of 
insect migrants around particular altitudes, sometimes in 
quite narrow layers (Figure 2). Layers often form near the 
top of the inversion, where temperatures are highest; in 
warmer conditions, when temperatures are apparently not 
limiting, they also occur at greater heights where winds are 
faster or in different directions. These observations indicate 
behavioral responses to environmental variables and possi¬ 
bly also to visual cues from the surface, but the details 
remain to be elucidated. The adaptive benefit, however, 
appears clear: maximal utilization of the transport oppor¬ 
tunity and possibly some control over the direction. 

Night-time migration is generally favored by the larger 
species that exploit wind transport - principally orthopterans 
(grasshoppers and locusts) and noctuid and pyralid moths. 
Migration commences at dusk with an ascent flight to the 
cruising altitude, which is usually between 100 and 
1500 m (Figure 2). Flight durations vary from an hour 
or two through to the whole night, but - except when the 
migrants find themselves over the sea - nearly always 
cease at dawn. Termination of flight is probably often due 
to poor condition (low fuel reserves) or environmental 
inclemency (e.g., low temperatures). However, behavioral 
responses, either to external cues or internal physiological 
changes arising from the act of migration itself, may also 
be involved. This stage of migration is particularly difficult 
to study in the field, and little is known about termination 
behaviors even though their importance for postmigration 
survival and reproductive fitness seems obvious. 

Orientation and Navigation 

The low-altitude daytime migrations of butterflies and 
dragonflies are typically highly directed and occur in 
predictable seasonal directions. This indicates that these 
insects possess one or more compass orientation mechanisms 


and a preferred heading that changes with the season in a 
beneficial manner. The best-known example is the Mon¬ 
arch Butterfly of eastern North America, which migrates 
up to 3500 km south westward in autumn to its communal 
hibernation site in central Mexico. While Monarchs have 
been observed ascending to considerable altitudes when 
winds are favorable, much of this migration, and the return 
movements in spring, occur within the FBL. Experiments 
by H. Mouritsen and BJ. Frost with tethered Monarchs in 
a flight simulator have established that during the autumn 
migration, a time-compensated solar compass is used to 
select and maintain the preferred migratory heading; 
whether this species also possesses a magnetic compass 
that would allow them to keep oriented in completely 
overcast conditions, is a subject of debate. 

A time-compensated solar compass has also been 
demonstrated for two neotropical butterflies, which move 
between forests on the Atlantic and Pacific coasts of the 
Isthmus of Panama around the onset of the rainy season. 
R.B. Srygley and R. Dudley tracked the flight of these and 
other insect migrants over a large expanse of water by 
following them in a boat and measuring both flight and 
wind parameters. They have shown that some species can 
fully compensate for wind drift by using visual landmarks 
on the horizon. Females of one species flew higher when 
benefiting from a tailwind, and for four species, airspeeds 
were lower when relative lipid content (i.e., fuel load) was 
lower, which is consistent with a strategy of regulating 
energy expenditure to maximize the distance covered per 
unit of fuel. This research has revealed that butterflies have 
evolved specific migratory behaviors that are reliant on 
sophisticated sensory systems. 

Radar observations of nocturnal migrations of larger 
insects flying at altitudes of hundreds of meters very 
frequently show that the insects are exhibiting some 
degree of common orientation (Figure 1). Convective 
updrafts and downdrafts may disrupt this behavior during 
the day, but the stable night-time atmosphere clearly 
allows an insect to maintain its orientation. The spread 
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Figure 2 Time/height plot of the number of windborne insect migrants recorded by a vertical-looking entomological radar in southern 
UK from 11:00 h on 25 June to 10:00 h on 26 June 2003. The color key refers to the number of resolvable insects detected at each of the 
15 sampling altitudes between 190 and 1100m above the ground, during 5-min periods scheduled every 15 min. Numbers of 
diurnal migrants decline with altitude during the daytime, but in contrast at night, a dense altitudinal layer at about 600 m forms from 
the intense dusk (around 20.30 h) take-off of nocturnal migrants. There is also a discrete dawn (around 03.30 h) take-off, which did not 
lead to prolonged migration on this occasion. 
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of orientations is often quite broad, but there is usually a 
clear maximum. The mean direction often varies with 
height, and is sometimes closely aligned to that of the 
wind, which results in the insects adding their airspeed to 
the windspeed and achieving the maximal displacement 
distance possible from flight at that particular height. As 
an organism carried along in a stream cannot determine 
the flow speed and direction directly, these migrants must 
be able either to assess their movement relative to the 
ground (in darkness, from altitudes of hundreds of meters) 
or to determine it somehow from anisotropies within the 
flow itself, most likely small-scale turbulence associated 
with wind shear. As wind shear is sometimes concentrated 
in shallow zones, it may also be related to some forms of 
layering (see earlier); common orientation is indeed often 
present in layers, though this is unsurprising as both 
phenomena are of frequent occurrence. The average dis¬ 
tance between migrants is usually so great that visual 
interactions with other migrants can be discounted as an 
orientation cue. 

Using season-long observations from an entomological 
radar, J.W. Chapman and colleagues have shown that the 
moth Autographa gamma , when migrating over the United 
Kingdom at night, uses a sophisticated suite of behavioral 
mechanisms to achieve long-distance movements in sea¬ 
sonally adaptive directions. Firstly, the moths use a com¬ 
pass (probably magnetic) to select favorable tailwinds, and 
secondly, they migrate predominantly at the height of the 
fastest airstreams (200-1000 m). Thirdly, they orientate 
approximately downwind, and lastly, they partially com¬ 
pensate for crosswind drift from their preferred headings 
(toward the north in spring and the south in autumn). 
These strategies in combination can result in movements 
of 600 km per night, which is sufficient to carry them 
between a summer-breeding area in the British Isles and 
a winter-breeding area in the Mediterranean Basin. 

Concluding Comments 

Insect migration researchers today perceive that migration 
encompasses all levels of biological organization, from the 
genetic through the developmental/morphological, phys¬ 
iological, and behavioral to the ecological and evolutionary. 
They view migratory activity, and the capacity to under¬ 
take it, as an adaptation that has evolved through, and 
moreover is maintained by, the action of natural selection 
on migration outcomes (and nonattempts). This perspective 
indicates a central role for behavior in the phenomena they 
study, because it constitutes the expression at the individual 
level of the broader migratory adaptation which includes 
the morphological and physiological traits that enable it. 
It is behavior - migratory activity and its modulation in 
response to environmental cues - that directly influences 
migration outcomes and thus, is acted on most immediately 


by natural selection. However, despite this appreciation 
of its importance, and of the impact that J.S. Kennedy’s 
pioneering flight-chamber experiments on aphids have 
had on our understanding of migration, direct investiga¬ 
tion of migratory behavior through stimulus-response 
experiments has been minimal. The recent development, 
by H. Mouritsen and B.J. Frost, of flight simulators that can 
be used to investigate the compass of butterflies migrating 
in the FBL is therefore, welcome. Most laboratory investi¬ 
gation of migratory flight has been concerned with biome¬ 
chanics or aerodynamics, or with determining maximum 
durations. The greater part of our knowledge of insect 
migratory behavior has been inferred from the observa¬ 
tions of migration patterns in natural populations, and 
while this is valid and often insightful, it needs to be 
complemented by experimentation in controlled conditions. 

See also: Insect Navigation; Magnetic Compasses in 
Insects. 
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Introduction 

The possibility that insects learn the spatial layout of their 
environment had been dismissed by some as mere ‘anthro¬ 
pomorphic delusion,’ before experiments by early twenti¬ 
eth century ethologists, such as Jean-Henri Fabre and 
George Romanes, showed that insects were indeed capable 
of learning about and navigating around a familiar environ¬ 
ment. One elegant example from Romanes involved taking 
a hive of bees, relocating them to a house, and then allow¬ 
ing them to forage freely from that location. After a period 
during which bees foraged, he captured a cohort of foragers 
and transported them ~250 m to a flowerless cliff top. From 
this location, where bees were unlikely to have foraged, no 
individuals found their way home. In contrast, all bees 
released from a flowered garden, also 250 m from the 
hive, successfully returned. Romanes had shown simply 
that rather than any arcane ‘spatial sense,’ it was the expe¬ 
rience of places that was necessary for successful homing. 
When an animal moves to a goal location in this way, it can 
be classified as true navigation, because the animal must 
calculate the current location relative to the goal before it 
can move accordingly. In contrast, equally remarkable spa¬ 
tial behaviors such as long-distance migration or chemo- 
taxis, need only involve the moment-to-moment alignment 
of an animal’s body using sensory feedback and are classi¬ 
fied as orientation. 

In this article, we focus on the mechanisms that under¬ 
pin true navigation in insects. We begin with a discussion 
of path integration, an innate navigational strategy that 
enables an animal to return to the starting point of a route. 
We then discuss how insects learn about the landmarks 
within their environment and use this knowledge to guide 
complex routes. Insects are capable of impressive feats of 
navigation using only this simple toolkit of innate beha¬ 
viors and learned landmark information. Yet, the smooth 
operation of these navigational strategies requires sophis¬ 
ticated cognitive mechanisms, and we end the article with 
a discussion of how insects organize the large set of mem¬ 
ories required for navigation. 

As is evident from this article, our knowledge of navi¬ 
gation in insects is almost exclusively drawn from the 
study of central place foragers, predominantly, the hyme- 
nopteran social insects. Unfortunately, we know much less 
about the navigation of other insects, but there are strong 
suggestions that the general mechanisms discussed here 
are likely widely applicable. 


Path Integration 

In order to fully exploit environmental resources, an 
animal must leave her nest and occasionally venture into 
new territory, from where she must safely return to the 
starting point of the journey. This is a basic requirement 
for an animal navigator, and the general mechanism, 
which is shared by most animals, is called path integration 
(known to sailors as dead reckoning). Path integration (PI) 
involves monitoring the orientation and length of journey 
segments and integrating this information to maintain a 
continuous estimate of the distance and direction of the 
direct line back to the starting point of the route (Figure 1 (a)). 
Therefore, at any time, such as when a food item is located 
or a predator attacks, the animal can take the quickest 
route home. In addition to guiding a direct route home, 
information acquired using PI can be used to inform 
others of the location of a food source. This is seen in 
the remarkable waggle dance of the honeybee, which is 
performed by a forager upon returning from a profitable 
food source. The dances (Figure 1(b)) were decoded by 
Karl von Frisch, who discovered that the orientation of the 
waggle runs, relative to gravity, indicates the direction of 
the goal relative to the azimuthal position of the sun, 
while the distance to the goal is strongly correlated with 
the waggle duration. Following von Frisch, scientists were 
able to read the dance of a returning forager, thus giving 
an insight into an insect’s mind. We will see in subsequent 
sections how reading the dance has been an important 
tool for investigations of the mechanisms of navigation. 

To perform path integration, an insect needs three 
things: a compass to measure orientation, an odometer 
to measure distance or speed, and neural machinery to 
iteratively perform the path integration calculation. 
As yet, we know little about how insects’ brains perform 
the PI calculation, though we do know about the compass 
and odometer mechanisms used by walking and flying 
insects. 

Odometric Mechanisms 

There are three possible ways for an insect to measure 
the distance it has traveled: a proprioceptive mechanism 
that monitors the movement of the insect’s legs or wings; 
a system that monitors energy usage during a route; 
or, a sensory mechanism monitoring the consequences 
of movement, for instance, the optic flow experienced 
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Figure 1 (a) Path integration in desert ants. The outward foraging path of a desert ant is shown until she finds food. Before the ant 

can make a return trip, it is displaced. The homeward path is parallel to the route from food to nest indicating the use of an egocentric 
estimate of position rather than landmark information. Filled circle denotes nest and fictive nest, open circle food Reproduced from 
Wehner R, Boyer M, Loertscher F, Sommer S, and Menzi U (2006) Ant navigation: One-way routes rather than maps. Current 
Biology 16(1): 75-79. (b) The waggle dance of the honeybee. A returning forager performs a waggle dance on the vertical honeycomb 
in order to communicate food location to other bees. The dance is made up of a waggle runs followed by loops of alternating 
direction. The direction to the food is signaled by the orientation of the waggle run relative to gravity which represents the bearing the 
recruit should take relative to the current azimuthal position of the sun (inset). Distance to the goal is signaled by the duration of the 
‘waggling’ during the waggle run. 


during a route. The most appropriate odometric mecha¬ 
nism for a given species will vary as a consequence of their 
mode of locomotion. 

For a walking insect that is in contact with the ground, 
a reliable estimate of the distance traveled can be 
retrieved from monitoring its own leg movements. This 
‘step-counting’ hypothesis was verified for ants by manip¬ 
ulating the lengths of their legs before they were allowed 
to make a PI guided return to their nest. Foragers were 
allowed to find a feeder at the end of a long channel and 
from there they were transported to a test channel. When 
control ants are released in this channel, they walk the 
distance that would have ordinarily taken them back to 
their nest, before starting to search. Two further groups of 
ants were subjected to a delicate surgery before being- 
placed in the test channel. Ants with shortened legs 
searched at a reduced distance and ants with their legs 
lengthened with pig bristle, overshot the fictive nest posi¬ 
tion. In each of these three conditions, the ants’ return 
journey consisted of approximately the same number of 
strides. So, we can conclude that ants use a proprioceptive 
odometer as also used by other terrestrial invertebrates 
such as spiders and crabs. 

For flying insects, the influence of air movement means 
that the attempts to measure distance in terms of motor 
output or energy usage may be inaccurate, although, 
following the ideas of von Frisch for a long time, the 
predominant theory of odometry for flying insects was 
one based on energy consumption. It took a simple exper¬ 
iment by Harald Esch and John Burns to overturn the 
energy hypothesis and suggest an alternative. They 


trained bees to forage at a feeder in an open field and 
then recorded the distance signaled by the dances of 
returning bees. Over time, the feeder was raised above 
the ground, so bees had to fly further and use more energy 
flying against gravity. However, the distance signaled in 
their dances reduced, leading Esch and Burns to suggest 
that bees’ distance estimates may depend on the degree of 
visual motion generated by their flight. Visual motion, 
also known as optic flow, is generated by an animal’s 
movement as the images of environmental objects move 
across the retina. The degree of visual motion depends on 
the animal’s speed and the distance between the animal 
and environmental objects. As Esch and Burns forced bees 
to fly higher and higher to the elevated feeder, the amount 
of perceived visual motion dropped because bees were 
flying further from the ground. This led to the ‘optic flow’ 
hypothesis: that a bee’s estimate of distance depends on 
the amount of perceived visual motion rather than its 
energy usage. 

The optic flow hypothesis has been rigorously tested 
by Mandyam Srinivasan and colleagues who trained bees 
to fly in small tunnels with high contrast stripes on 
the walls. One of their earliest experiments shows the 
influence of the optic flow on the bees’ perception of 
distance. Bees were trained to find food at a fixed dis¬ 
tance along a tunnel which had a radial (perpendicular 
to the direction of flight) stripe pattern on the walls and 
floor. Bees were able to learn the food distance and 
would search persistently at the correct distance when 
tested in a feederless fresh tunnel. However, when the 
radial stripes were replaced with axial stripes (aligned 
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with the direction of flight), bees showed no focused 
search pattern. The axial pattern provides no optic 
flow relative to the direction of flight, making distance 
estimation impossible. 

The fact that flying insects use optic flow to measure 
distance creates a problem for our perception of the 
waggle dance, as the dance cannot signal an absolute 
distance but only the amount of optic flow experienced 
along a route. This will depend on the proximity and 
density of objects along the flight path, so the relationship 
between the waggle duration and the absolute distance 
varies as a function of the environment within which a 
particular colony forages. However, this is not a problem 
as long as the bee following the dance takes a similar path 
through the environment as did the dancer. 

Compass Mechanisms 

For many insects, the sun plays a major role in providing 
compass information, as is evident from the waggle dance 
of honeybees. To use the sun as a compass, insects must 
solve two fundamental issues: Firstly, the sun moves dur¬ 
ing the day, and secondly, the sun is often hidden by 
clouds. Insects can compensate for the daily movement 
of the sun by learning its position relative to the time of 
day. Insects have some innate knowledge of the sun’s 
movements, they know that the sun’s position changes 
slowly near dawn and dusk and more quickly around 
noon. Combining this knowledge with observed sun posi¬ 
tions relative to stable environmental landmarks allows an 
insect to learn an accurate function describing how the 
sun moves throughout the day, We know about the innate 
knowledge of bees following experiments where new for¬ 
agers have their experience of sun position restricted to 
the morning. In orientation tests in the afternoon, the 
insects show that they have fitted their morning experi¬ 
ence of the sun’s position to a step-shaped template which 
includes information about the rapid sun movement 
around noon and slower sun movement late in the day. 

When the sun is obscured by clouds, but portions of 
blue sky remain, insects are able to derive compass infor¬ 
mation from the polarization patterns created by the 
scattering of sunlight in the upper atmosphere. The ori¬ 
entation of polarized light forms concentric circles around 
the sun’s position, and if an insect knows the time of day, 
she can retrieve compass information from any patch of 
blue sky. Insects are, therefore, able to use the sun as a 
compass even when it is not in view. To detect these 
polarization patterns, most diurnal insects’compound 
eyes have special dorsal areas that are sensitive to the 
direction of polarized light. Of course, there will be over¬ 
cast days when no celestial compass information is avail¬ 
able. On such days, bees use the same prominent 
landmarks they used as references when learning about 
the movement of the sun. Other insects are able to take a 


more leisurely approach on overcast days, the desert ant 
Cataglyphis remains inside the nest on those rare days 
when there is no sun. 

Path integration allows insects to explore unfamiliar 
terrain while being connected to the starting point of their 
journey by the distance and the direction information 
required for a direct route back to the start. What is 
more, insects can store the PI co-ordinates of a profitable 
location and use PI to guide a subsequent return or signal 
that location to a nestmate. With such an elegant mecha¬ 
nism to guide insects between important locations, why 
should they use any other navigational strategy? The 
answer lies in the fact that PI is an egocentric estimate 
of position and so, small errors will accumulate through¬ 
out a route. Therefore, upon the completion of a PI- 
guided homeward trajectory, the insect may not be at 
the goal as expected. An inexperienced animal has no 
choice but to search systematically for the goal. However, 
if an insect is familiar with a location, it can use terrestrial 
landmarks to guide its search and correct for any errors 
accrued during the path integration process. In the next 
section, we look at the mechanisms and uses of landmark 
guidance. 

Using Landmarks to Pinpoint a Goal 

Terrestrial landmarks provide a stable geocentric refer¬ 
ence by which animals can define a location. This was 
demonstrated by Niko Tinbergen in his famous digger 
wasp experiment (Figure 2(a)). Tinbergen identified a 
digger wasp nest and placed a ring of pine cones around 
the entrance. When the digger wasp departed, she inspected 
the nest surrounds before leaving on her foraging trip. 
While the wasp was away, Tinbergen relocated the pine 
cone ring, and on her return, the wasp searched at the 
center of the relocated pine cone ring even though the 
real nest entrance was only centimeters away. Tinbergen 
concluded that the information learned about the nest 
entrance’s position relative to the pine cones dominates 
over any directly perceptible odor or visual cues from the 
entrance itself. In natural situations, because landmarks 
are usually stable, learning how a goal location relates to 
the surrounding landmarks mitigates the risk that cumulative 
errors from PI will lead to missing the goal. 

View-Based Navigation 

We now know much about how insects use visual land¬ 
marks to define a goal location. Evidence from ants, flies, 
and solitary and social bees and wasps suggests that places 
are represented as 2D retinotopic images of the world as 
seen from that place. We can illustrate the basic phenom¬ 
enon with recent data from wood ants (Figure 2(b)). Ants 
were trained to find food at a location defined solely by 
two cylindrical landmarks. In tests, with no feeder present, 
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Figure 2 (a) Tinbergen’s digger wasp. Upper: Tinbergen placed a circle of pine cones around the nest of a solitary digger wasp. 
This change in surroundings triggers a period of observation before she finally departs the nest locale. Lower: During the wasp’s 
foraging trip, Tinbergen moved the ring of pine cones, resulting in the wasp searching for the entrance in the wrong location. 
Reproduced from Tinbergen N (1951) The Study of Instinct. Oxford: Clarendon Press. Reprinted with the permission of Oxford 
University Press, (b) Goal localization using snapshots. Upper: Ants are trained to find food midway between two cylinders (white circle) 
and their search distribution is concentrated on that spot when the feeder is missing. Darker areas denote the regions where ants 
spent the most time during search. Lower: Training cylinders are replaced by one cylinder that is smaller (in height and width) and one 
that is larger. Ants’ searches are focused at the location where the cylinders look the same as they did from the feeder in training 
(white circle). Reproduced from Graham et al. (2004). 


ants search mostly at the training location. In farther tests, 
with one small and one large cylinder, ants show a search 
distribution biased towards the small cylinder. The peak 
of this new search distribution is at the location where the 
small and large cylinders have the same apparent size as 
did the regular cylinders from the food location during 
training. Using view-based matching to find a goal is an 
economical navigational strategy as it does not require the 
computation of the absolute distance to objects. 

Stored retinotopic views of the world from goal loca¬ 
tions are commonly known as snapshots. Snapshots are 
made up of the retinal positions of a set of visual features 
such as apparent size, orientation of high contrast edges, 
color, and vertical center of gravity. Importantly, snap¬ 
shots are not only used to identify when an insect is at the 
goal location. Insects also use the difference between their 
current view of the world and their stored snapshot to 
derive a movement direction. Identifying the differences 
between the current view of the world and the stored 
snapshot is made easier if the insect faces in the same 
direction as when the snapshot was stored. Bees and wasps 
can fly in any direction relative to their line of sight 
and can therefore fix a body orientation, using their 
compass mechanisms, thus aligning current view with the 
stored snapshot before moving to reduce the discrepancy 
between the two. The process of snapshot alignment is 


less clear for walking insects because they can only trans¬ 
late in the direction of their body axis and cannot main¬ 
tain a fixed orientation. There is some evidence that ants 
align snapshots by fixating conspicuous landmarks or 
using compass information. However, these mechanisms 
can align snapshots only temporarily, and it is not yet 
clear what ants do when the current view and goal snap¬ 
shot are not aligned. 

Learning About a Goal Location 

When Tinbergen’s Digger wasp left her nest, she initiated 
a period of observation of the nest locale prompted by the 
conspicuous change in nest surroundings. This was an 
example of a learning flight, a type of predictive learning, 
where insects anticipate what information will be useful in 
the future and use stereotyped learning behavior to 
acquire that information. Tinbergen’s rough sketch did 
not capture the detailed structure of this flight, but using 
film and video technology, further experiments have 
revealed the fine structure of the similar learning beha¬ 
viors of other wasp and bee species. 

When an individual bee or wasp leaves an important 
location, be it nest, feeder, or even a parasitized host, 
she turns to face that location and moves backwards and 
upwards while flying in arcs of increasing size (Figure 3(a)). 
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Figure 3 (a) The learning flight of a wasp. Learning flight of a solitary wasp. (Cerceris rybyensis) as she leaves the nest Circles 
with tails denote the wasp’s position and orientation every 20 ms. The star shows the nest entrance, and the filled black circle indicates 
a small cylinder placed nearby. Reproduced from Collett TS and Zeil J (1996) Flights of learning. Current Directions in Psychological 
Science 5(5): 149-155. (b) The learning walk of a wood ant. Departure walk of an ant after visiting a feeder at the base of a black 
cone. Reproduced from Nicholson et al. (1999). 


This provides a prolonged period of observation from the 
point of view that she will adopt when returning to the 
goal. Because bees do not have stereoscopic vision, they 
have to generate 3D depth structure from the motion 
parallax generated by translatory movements. The arcing 
structure of the flight is, therefore, suited to determining 
the relative distance of the landmarks surrounding the 
goal and identifying those close landmarks which are 
the most reliable for navigation. The apparent paradox 
between a snapshot, which does not contain any absolute 
depth or distance information, and the learning flight, 
which seems ideally structured to extract depth informa¬ 
tion, was addressed by Miriam Lehrer and Tom Collett. 
They trained bees to collect a reward from a feeder that 
was located in a fixed position relative to a cylinder. Probe 
tests demonstrated that bees learned both apparent size 
(a snapshot) and also the absolute distance between the 
landmark and the feeder. Following further tests, it was 
shown that the absolute distance provides the primary 
cue during the initial phase of learning, with the absolute 
size becoming more important later on. Later, when the 
close-by landmarks have been reliably identified, the bee 
can rely on a snapshot which contains only the apparent 
size of those landmarks. As the insect gains experience, the 
duration of learning flights drops off and eventually, the 
insect will fly directly away from the goal. However, flights 
will recommence at the start of each day, if local landmarks 
are changed or following a difficult inbound trip. 

Early in their foraging careers, bees also gain experi¬ 
ence of the large-scale environment around their nest by 
undertaking a series of flights in which they do not collect 
nectar or pollen. The so-called survey flights seem to 
consist of a series of loops with relatively direct trajec¬ 
tories away from and returning to the hive. This structure 
would seem suited to learning about the routes back to the 
hive from surrounding areas, and it has been shown that 


after a single survey flight, bees are able to fly directly 
home from release sites within a direct line of sight of the 
hive. The time and effort invested in learning and survey 
flights highlights the importance of gaining accurate 
information about local landmarks. This advantage also 
applies to ants which have been observed performing a 
similar behavior (Figure 3(b)), referred to as learning 
walks. These maneuvers are similar to learning flights in 
terms of inspecting the goal area and surroundings, but as 
yet, we do not have a functional analysis of learning walk 
behavior. 

Habitual Routes 

Insects could theoretically navigate using a toolkit of path 
integration augmented by snapshot guidance near a goal. 
However, they do not restrict themselves to this simple 
procedure, but also build extensive knowledge of their 
environment by learning sets of instructions that can 
guide long and complex idiosyncratic routes. As with 
place learning, route learning depends on the sophisti¬ 
cated interaction of innate behavior and predictive 
learning. Additionally, the organization of the large sets 
of memories required for route navigation highlights the 
cognitive abilities of insects. 

The consummation of the route learning process is a 
set of procedural instructions associated with visual land¬ 
mark information. Figure 4(a) gives an elegant demon¬ 
stration of the properties of such a learned route. Martin 
Kohler and Rudiger Wehner allowed individual Australian 
desert ants to learn a route between their nest and a food 
source. Individual foragers showed idiosyncratic and stable 
routes through the scrub and grass tussocks. Experienced 
ants were then taken from the feeder or from near their 
nest and relocated to the midpoint of their habitual route. 







172 Insect Navigation 


In both cases, they accurately reproduce the second half of 
the route. From this demonstration, we can infer several of 
the properties of visually guided routes. Firstly, even with 
its low resolution eyes in a world of similar objects, the ant 
is able to identify its location. Secondly, this knowledge 
has to be accessible independently of path integration or 
sequence information. Finally, the ant knows which way 
she is going and reproduces the second half of her home¬ 
ward rather than her foodward route. These properties of 
routes come about because of the way navigational mem¬ 
ories are organized in the insects’ brain, and this is dis¬ 
cussed in the section ‘Organization of Spatial Memories.’ 
In the remainder of this section, we look at the types of 
procedural information used to guide routes as well as the 
strategies that insects have for the rapid learning of route 
information. 

Mechanisms for Route Following 

Experienced foragers demonstrate in their habitual routes 
a variety of ways of utilizing visual landmark information. 
In the section ‘Using Landmarks to Pinpoint a Goal,’ we 
showed how snapshots can be used to navigate to a single 
goal location, and snapshot guidance can similarly be used 
to guide insects to subgoals along a route. However, routes 
do not generally require the same level of precision along 
their entire length as they do at the end. Therefore, simple 
procedural instructions, such as taking the correct direc¬ 
tion at a recognized location, will ensure that an insect 
stays on course. 

Two simple procedural mechanisms have been identified 
from the studies of the North African desert ant Cataglyphis. 
Firstly, if navigating in cluttered terrain, routes can be des¬ 
cribed as a series of detours around recognized landmarks. 


Studies have shown that ants will learn the appearance of 
landmarks close to a route. They will then make appropri¬ 
ate detours to put the landmark on the same side of their 
path as they experienced during route learning, although they 
do not take a precise route to exactly match the retinotopic 
appearance of the landmark experienced in training. The 
second procedural mechanism for route guidance comes 
from associating compass directions with defined locations. 
In the experimental example from Figure 4(b), ants were 
trained to take an L-shaped route from a permanent 
feeder back to their nest. The first part of the route was 
along a channel, and from the end of the channel, ants would 
head due south to the nest. Experienced ants have learned 
to associate the end of the channel with the southerly 
direction habitually taken there. This association of a 
direction with a salient location is called a local vector. If 
the channel is shortened, ants will have conflicting informa¬ 
tion at the end of the channel. Their local vector will 
point due south but their path integration system will 
point in a south westerly direction. We see that the pro¬ 
cedural information ‘wins out’ and ants follow their local 
vector, though the path integrator continues to calculate 
the homeward direction, and after a while, the ants switch 
to following the direction set by PI. 

The Scaffolding of Route Learning 

In order to accurately and quickly learn route informa¬ 
tion, insects should establish a consistent route shape as 
soon as possible. As the shapes of routes are determined 
by path integration and an insect’s innate responses to 
objects, innate behaviors play an important role in 
learning by ensuring that a naive individual takes similar 
routes on her early foraging trips. We can thus say that the 



Figure 4 (a) Idiosyncratic foraging routes. Australian desert ants (Melophorus bagoti) complete their habitual route when placed at 
the midpoint after being taken from the feeder (F) or close to the nest (N) Dotted lines show normal homeward trajectories. Black lines 
show test paths. Gray areas depict grass tussocks Reproduced from Kohler M and Wehner R (2005) Idiosyncratic route-based 
memories in desert ants, Melophorus bagoti : How do they interact with pathintegration vectors? Neurobiology of Learning and 
Memory 83(1): 1-12. Reprinted with the permission of Elsevier, (b) Local vectors. Ants were trained on an L-shaped homeward path 
consisting of 8 m in an open topped channel (thick line) and 8 m over open ground to the nest (•). i: The trajectories of ants taken 
from the feeder and placed at the end of a test channel on a novel test ground, ii: Trajectories from ants taken from the feeder to the 
end of a 4 m channel. Reproduced from Collett M, Collett TS, Bisch S, and Wehner R (1998) Local and global vectors in desert ant 
navigation. Nature 394: 269-271. 
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innate behaviors act as a scaffold for learning, providing a 
consistent route shape allowing the insect to confidently 
learn landmark information from along the route. The key 
outcome of this process is that experienced foragers can 
guide their routes independently of the original innate 
behavior which determined the route shape. 

Path integration provides one obvious mechanism for 
ensuring a consistent route across multiple foraging runs. 
Another is the innate attraction that some insects show 
towards conspicuous visual landmarks (beacons). In an 
illustrative experiment with wood ants, individual fora¬ 
gers were allowed to learn routes with a large landmark 
placed laterally to the direct path between the start-point 
and the feeder. Mature routes were biased towards this 
beacon, which became an intermediate goal on the route 
to the feeder. In tests, however, experienced ants per¬ 
formed the same routes even when the beacon was 
removed or displaced, showing that they had learned 
other visual cues to guide their route. Although the bea¬ 
con determined the shape of the route, routes were robust 
to the removal of the beacon. 

Organization of Spatial Memories 

An insect’s navigational repertoire consists of a set of 
simple behaviors, including path integration, view-based 
homing, and local vectors. In combination, these simple 
behaviors enable insects to learn and robustly perform 
complex foraging routes of many thousands of body 
lengths. What is more, individuals can learn multiple 
routes as necessitated by cyclical or seasonal changes in 
resource availability. Therefore, an individual forager not 
only has to organize the large set of procedural instruc¬ 
tions that define a single route but must also have multiple 
sets of route instructions that lead to different locations. 
The efficient organization and accurate recall of route 
memories is critical for navigation, and the studies of these 
processes highlight the impressive cognitive performance 
of an insect’s small brain. 

Organization of Memories for a Single Route 

A single route through cluttered terrain is built from many 
instructions associated with specific locations or landmarks 
(route marks) of which accurate identification is essential. 
Yet, natural landmarks, such as trees, shrubs, bushes, and 
grass tussocks, may look similar to insects’ low-resolution 
eyes. To lessen the chance of misidentification leading to 
the recall of an inappropriate route instruction, insects 
bind together memories of route marks with contextual 
information from larger and more distant landmarks. As 
an insect moves along a route, the appearance of distant 
landmarks changes more gradually than the appearance of 
local route marks. These distant landmarks can therefore 


be used as contextual cues, reducing the set of possibilities 
about the insect’s current position and simplifying the 
task of recalling the appropriate route instruction for the 
current route mark. The binding together of information 
about route marks with information from larger land¬ 
marks has been shown for both ants and bees when a 
spatial task requires an individual to treat identical land¬ 
marks differently in two contexts. 

One alternative mechanism for recalling the appropri¬ 
ate instruction for the currently perceived landmark 
would be to store route memories as a rigid sequence of 
instructions where the performance of one action primes 
the recall of the next instruction in the sequence. An 
internal mechanism of this type may not be necessary 
when considering spatial behavior as the route sequence 
already resides in the external environment. Addition¬ 
ally, we have seen that the Australian desert ant is able to 
perform her routes independently of a rigid sequence 
(Figure 4(a)). However, experiencing route landmarks in 
the correct sequence does seem to have some effect. Lars 
Chittka and colleagues trained bees to fly along a route 
marked by a series of conspicuous tents. Compressing the 
distance between the tents prompted bees to search for 
the feeder after a shorter distance than usual. This 
showed that the bee’s expectation of finding the feeder 
is not just triggered by landmarks close to the goal but by 
perceiving those goal landmarks after experiencing the 
route landmarks in the correct sequence. 

Organization of Multiple Route Memories 

Although insects show flexibility in their ability to access 
route memories out of sequence, the individual must 
ensure that only those memories associated with the cur¬ 
rent route are available to be accessed. In the simplest 
instance, a central place forager with experience of its 
environment will have two routes through it: an outward 
route to a food source and an inward route back to the 
central place. An elegant experiment by Rudiger Wehner 
shows how the information for guiding outward routes is 
insulated from that for guiding inward routes. Using bar¬ 
riers, Wehner was able to spatially separate outward and 
inward routes so that ants took a looped route from the 
nest to the feeder and back. Experienced ants on their 
inbound route were captured either from the feeder, along 
the inbound route, or near the nest and then displaced to a 
point on their habitual outward route. Despite this being a 
familiar location, ants behaved as if they were lost and 
only managed to return home if their systematic search 
led them by chance to discover their familiar inbound 
route. Further experiments with bees and ants have con¬ 
firmed that an insect’s internal motivational state can act 
as a contextual cue for priming appropriate memories for 
outbound or inward routes even in identical spatial 
contexts. 
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Other examples of contextual signals that can prime 
particular route memories are the time of day and odor. 
Bees will readily learn routes to two locations if nectar is 
available in one location in the morning and another in 
the afternoon. Similarly, if bees are trained to forage at 
two locations with differently scented feeders, simply 
introducing one of the scents into the hive is enough to 
motivate bees to recall the route instructions that will take 
them to the feeder carrying that scent. In summary, we see 
that the use of multiple contextual cues allows an insect to 
organize memories for multiple routes. These mechan¬ 
isms give an insect the flexibility to choose different 
routes for different purposes and yet ensure that only 
the instructions for the current route are used. 

Cognitive Maps 

One of the most persistent debates within navigation 
research is whether insects are able to organize their 
large set of spatial memories into a single representation 
of the world; a so-called ‘cognitive map.’ In principle, the 
path integration system would allow co-ordinates to be 
allocated to key goals and landmarks so that locations 
would share a common frame of reference. While much 
energy has been wasted on debates surrounding the defi¬ 
nition of the term ‘cognitive map,’ there is a general 
consensus that the behavioral signature of such a map 
would be the ability to take novel shortcuts between 
familiar locations. 

Here, we look at the evidence from ants and bees to 
determine whether insects construct cognitive maps. For 
ants, the simple experiment by Rudiger Wehner (section 
‘Organization of Multiple Route Memories’) shows how 
sets of route instructions are insulated from each other 
rather than integrated into a single map. Moreover, 
despite the indirect interaction between landmark learn¬ 
ing and path integration (section ‘The Scaffolding of 
Route Learning’), there is no evidence that familiar loca¬ 
tions or prominent landmarks can become associated with 
the metric information acquired from path integration. In 
contrast, the debate over whether bees might hold a 
cognitive map has been more intense. 

The idea that bees might be able to develop a unitary 
representation of the world, while ants do not, may be 
based on the bees’ elevated perspective of the world and 
their ability to cover large distances during foraging trips. 
This would, in principle, make it easier to integrate infor¬ 
mation from different locations and routes. So, when 
James Gould reported that bees did, in fact, build a 
cognitive map, the finding was not considered controver¬ 
sial. Gould had trained bees to find one feeder (A) located 
in a wooded area and then proceeded to catch regular 
foragers as they left the hive and transported them to a 
new location (B). The ground sloped up from B to A such 
that bees could not see A from the new location. Yet, bees 


flew directly from B to A suggesting that they had knowl¬ 
edge of the world, enabling them to take direct paths to 
important locations; this would satisfy many people of the 
existence of a cognitive map in bees. However, this finding 
has proved difficult to replicate. For instance, Fred Dyer 
reports an experiment similar to Gould’s original. Two 
feeders, A and B, were established at equal distances from a 
hive. The terrain meant that feeder A was higher than B. 
Bees departing the hive for either A or B were transported 
to the other feeder and released; bees familiar with B were 
able to fly directly to B from A; however, bees familiar 
with A could not reach it from B. Only when bees from 
A could see the landmarks surrounding B, could they fly 
directly there, suggesting that bees were using simple 
landmark guidance rather than a map-like representation. 
Dyer’s experiment had seemingly quietened the cognitive 
map debate; yet, recent experiments using radar tracking 
have shown bees appearing to take novel shortcuts to their 
hive. So far, the data is inconclusive, but the interest and 
debate surrounding cognitive maps is sure to continue. 

Concluding Remarks 

True navigation requires a combination of physical, 
sensory, and cognitive adaptations, and insects tell a 
fascinating story in all these three dimensions. The scale 
over which some insects navigate is astounding, and the 
mechanisms they use to do this, represent a paradoxical 
combination of simplicity and sophistication. We have 
seen how insect navigation is built on the interaction of 
innate strategies with learned information. Throughout its 
life, an individual gains experience of the world and thus, 
develops a reportoire of stored snapshots and procedural 
vector instructions linked to familiar places. These mem¬ 
ories are bound together into contextually labeled routes. 
Representing knowledge of the world in this way, as a 
series of routes, may be the limit of an insect’s navigational 
ability. There is no evidence that insects are capable of 
building a map-like representation of the world as verte¬ 
brates appear to do, and perhaps, this is a fundamental 
limitation of the small brains of insects. Either way, with 
ever-improving technologies, the continued study of social 
and solitary insects is sure to reveal more examples of 
elegant behavioral and cognitive solutions to the problem 
of navigating through the real-world. 

See also: Magnetic Compasses in Insects. 
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Introduction 

Our understanding of insect learning has changed dra¬ 
matically in the past few decades and it is now well 
established that learning affects all major insect activities 
including feeding, predator avoidance, social interactions, 
and sexual behavior. Although we understand individual 
learning in insects rather well, the role of social learning 
in this diverse group is still not clear. Until recently, there 
have been no research programs devoted to examining 
insect social learning. Furthermore, students of insect 
behavior who worked on topics relevant to social learning 
typically did not relate their research to the literature on 
social learning, which has focused on vertebrates. Exam¬ 
ples detailed in this article include studies of intergenera- 
tional transfer of substrate preference in a variety of 
insects and communication about food in eusocial insects. 

This brief review of insect social learning begins with 
general considerations of how insect characteristics could 
affect the prevalence of social learning in this large and 
diverse group. The analysis of what is known about 
socially influenced learning is then divided into two 
parts, one devoted to the majority of insects that are 
solitary, and the other to the well-studied minority that 
are highly social. 

Insect Life History and Social Learning 

Social learning has a fitness advantage over individual 
learning only under a restricted set of conditions. Such 
conditions may not be widespread among insects, suggest¬ 
ing that social learning may occur only in a small propor¬ 
tion of insect taxa. In this article, two key life history traits 
are discussed that may limit the use of social learning in 
insects. 

Lack of Parental Care 

Social learning is perhaps most beneficial for young, inex¬ 
perienced individuals that are cared for by their more 
experienced parents. The life history of many vertebrates 
requires a period of parental care, during which the 
dependent young can acquire reliable information from 
their parents. For example, in most song birds (oscines), 
young males must hear their father sing in order to sing 
properly when sexually mature, and both sexes sexu¬ 
ally imprint on their opposite-sex parent. However, 


vertebrate-like parental care is rare in insects. Even in 
the exceptional cases where an insect cares for her young, 
for example, in some sand wasps (tribe Bembicini), paren¬ 
tal care is limited to the adult providing food for her 
larvae inside the underground burrow. This limits the 
repertoire of information that can be socially transmitted 
because the parents and offspring do not spend time 
together in the above-ground settings most relevant to 
the adult. Furthermore, only little information may sur¬ 
vive metamorphosis from larvae to adults. 

Another type of interaction between kin that is wide¬ 
spread among social insects involves siblings, but siblings 
typically do not exhibit the same dichotomy in experience 
as parents and offspring do. Hence learning from siblings 
may not be as beneficial as learning from parents. Never¬ 
theless, social learning among siblings is known among 
social insects and is discussed in a following section. 

Nonoverlapping Generations 

As previously mentioned, social learning is most benefi¬ 
cial when inexperienced individuals can gain relevant 
information from experienced ones. In animals with over¬ 
lapping generations, there are typically distinct age 
groups that differ in their levels of experience so the 
younger, inexperienced generations can acquire social 
information from the older, more experienced ones. 
Many insects, however, have nonoverlapping generations. 
For example, many solitary bees emerge in the spring, 
provision their nest with floral reward, and lay eggs. The 
bees typically live for only a few weeks, whereas their 
offspring emerge in the following spring. The lack of age- 
related experience hierarchies in insects with nonoverlap¬ 
ping generations could limit the occurrence of social 
learning. Furthermore, unlike individual learning, social 
learning allows for information transmition across genera¬ 
tions but this is less likely to occur in insects with non¬ 
overlapping generations. This means that insects with 
nonoverlapping generations are less likely to possess 
socially transmitted traditions. 

Social Learning in Solitary Insects 

Social learning is more likely to occur if there are frequent 
interactions among individuals who gain from sharing 
valuable information. This is clearly the case among social 
insects, which typically share a nest with numerous 
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closely related conspecifics. Because social insects are 
unique among animals and more likely to possess social 
learning than solitary insects, they will be discussed sepa¬ 
rately Here, the limited knowledge we have about 
social learning in solitary insects is addressed, dividing 
the discussion between insects that interact little with 
other individuals and insects that typically occur in 
aggregations. 

Truly Solitary Insects 

In many insects, interactions among individuals are lim¬ 
ited to courtship and mating. Otherwise, there may be 
little between-individuals contact, which could allow for 
information transfer. Currently, no social learning in the 
context of sexual behavior is known in solitary insects. 
Similarly, although a variety of insects are territorial and 
many meet incidentally at food sites, no social learning in 
these contexts has as yet been described in solitary insects. 

Perhaps the best opportunity for social learning to 
occur among solitary insects involves the indirect inter¬ 
actions between mothers and offspring. Many insect spe¬ 
cies specialize on a single food source and possess an 
innate repertoire of behaviors and physiology linked to 
that source. At the other end of the spectrum, generalist 
insects may exploit a variety of food sources. In insects 
that are not extreme specialists, offspring could acquire 
indirect information about appropriate food from their 
mother. In many insects, the mother either lays her eggs 
on a food substrate or delivers food to her nest, where she 
has laid her eggs. Although the larvae typically do not 
interact with their mother, they do consume the food she 
has chosen. If these larvae succeed in maturing into adults, 
the newly eclosed adults who know their mothers’ food 
choice possess socially acquired information that this 
food is adequate. 

How can newly eclosed adults know what they have 
eaten as larvae? There are three scenarios, all apparently 
occurring among insects. First, the larvae can simply learn 
the characteristics of the food they consume. Individual 
learning has been well studied in several insect larvae, 
most notably fruit flies ( Drosophila melanogaster). The larval 
memory, however, would have to survive the massive 
cellular reorganization that accompanies metamorphosis. 
Neurobiological work in fruit flies indicates that parts of 
the mushroom body, the brain part involved in olfactory 
learning and memory, remains intact throughout meta¬ 
morphosis, suggesting that memory transfer from larvae 
to adults is mechanistically feasible. Empirical studies of 
this scenario are somewhat inconclusive. The first careful 
test documenting survival of memory from larvae to 
adults in fruit flies involved associating one odor with 
electric shock and another odor with safety. The fly larvae 
exhibited avoidance learning of the odor associated with 
shock and the same individuals tested as adult flies 


exhibited similar odor-specific avoidance. Although at¬ 
tempts to replicate this finding have failed, studies in 
other insect taxa including moths and parasitoid wasps 
have also suggested that specific memories can be trans¬ 
ferred from larvae to adults. These studies await replication. 

The other two mechanisms allowing for social trans¬ 
mission of information from larvae to adults do not 
require survival of memory through metamorphosis. In 
some insects, the pupal case may contain odors of the 
larval food, which the newly eclosed adults can learn. 
Finally, various insect species pupate either on the larval 
food substrate or close to it, so the young adults can learn 
about their larval food upon emergence. Indeed a few 
studies in D. melanogaster indicate that adults prefer either 
odors of their larval food remaining on the pupal case or 
simply the food substrate upon which they have eclosed. 

Regardless of the mechanism involved, it is clear that 
intergenerational transfer of information can take place 
in a variety of insects. Although this constitutes a simple 
form of social learning, it can have dramatic ecological 
and evolutionary implications as it can influence patterns 
of host-plant use by herbivores and processes leading to 
speciation. 

Insect Aggregations 

Many solitary insects live in aggregations, which vary 
greatly in the frequency of interactions among members. 
Some aggregations are formed owing to either indivi¬ 
duals’ tendency to stay where they were born or some 
desirable substrate features, which independently attract 
many individuals. Such aggregations seem to have little 
social interactions. For example, many solitary bees and 
wasps nest in aggregations in which each female appears 
to have minimal contact with her neighbors. No social 
learning among adults is known in these species. Other 
aggregations are created as a result of active recruitment 
and attraction of conspecifics, which often rely on species- 
specific aggregation pheromones. Examples include many 
fruit flies ( Drosophila spp.), bark beetles (most species of 
Dendroctonus and Ips), and locust (e.g., Schistocerca gregaria). 
To date, no study has documented social learning in 
actively aggregating species, but such taxa would be 
prime candidates for relying on socially acquired infor¬ 
mation, given the frequent social interactions among 
conspecifics. 

Social Learning in Social Insects 

Until recently, research on social-insect behavior was 
disassociated from the literature on vertebrate social 
learning. Consequently, cases of probable social learning 
in social insects were typically described as communica¬ 
tion and no critical tests for social learning were 




178 Insect Social Learning 


conducted. Nevertheless, some behaviors of social insects 
have been so well studied that it is obvious that they 
constitute social learning. 

Learning About Distant Food 

Some social insects forage on plentiful but ephemeral 
food sources. For example, a flower patch can provide 
nectar and pollen for many bees, but may end blooming 
within a couple weeks. Locating new flower patches is a 
difficult task so bees could benefit from informing their 
hive mates, which are typically closely related, about a 
rich source they have discovered. Indeed many social 
bees, wasps and ants (hymenoptera) possess means of 
communication about distant food sources. The most 
celebrated case of such social transfer of information is 
the waggle dance of honeybees (Apis mellifera). Foragers 
(models) returning with nectar from a rich patch of flow¬ 
ers regurgitate their load to workers in the hive. If a 
forager senses high demand for her nectar, she performs 
the waggle dance on the vertical comb inside the dark nest 
cavity. The waggle portion of the dance involves the bee 
moving in a certain direction while waggling her body 
from side to side and vibrating her wings to produce a 
buzzing sound. At the end of each waggle run, the bee 
circles back to her starting point, alternating between 
clockwise and counter clockwise turns such that each 
two successive rounds create a figure eight. The angle of 
the waggle run relative to the upward direction indicates 
the angle of the flower patch relative to the sun’s position 
in the sky and the duration of the waggle is positively 
correlated with the distance to the flowers. Finally, the 
overall number of waggle runs is positively correlated 
with relative food quality. Typically, a few observer bees 
closely attend to the dancer’s movements and the floral 
odors carried on her body. 

A variety of experiments as well as recent observations 
using harmonic radar indicate that observer bees indeed 
learn the direction and distance information encoded in 
the waggle dance and rely on that knowledge to arrive in 
the general vicinity of the flowers. The bees are further 
assisted by olfactory and visual cues from the flowers and 
perhaps also by directly following model bees and pher¬ 
omones. Honeybees also rely on waggle dances to inform 
hive mates about other resources as well as new potential 
nest sites when the colony swarms. 

Although the waggle dance has not originally de¬ 
scribed as such, it meets the commonly agreed upon 
definition of teaching. First, the teacher should incur 
some cost. The model bee spends time and energy on 
the dance and also pays the opportunity cost involved in 
delaying her departure to the rich flower patch. Second, 
teaching of a given task should be performed selectively 
only in the presence of individuals not familiar with that 
task. A returning forager performs the waggle dance based 


on her assessment of the patch and colony needs, and the 
sole function of the dance is to recruit bees unfamiliar 
with a given flower patch to that patch. Third, the pupil 
should benefit from the teaching. Critical experiments 
indeed indicate that inexperienced bees can find a given 
flower patch much faster after attending to waggle dances 
coding its location. Finally, an implicit assumption about 
teaching is that the pupil has learned new information 
that would guide its future behavior in the absence of the 
teacher. In honeybees, new recruits first learn the dance 
information, which enhances their initial arrival in the 
flower patch. They then learn the landmarks associated 
with the patch and can locate the patch in the future on 
their own. Furthermore, the recruits can also code this 
newly acquired information in their own waggle dances if 
they choose to perform recruitment dances. 

Unlike the waggle dance, tandem running, which is 
among the simplest means of conveying social informa¬ 
tion, has been formally described as teaching. Tandem 
running occurs in some ant species and involves a suc¬ 
cessful forager leading a recruit from their nest to the food 
site. Here the teacher adjusts her behavior to ensure that 
the recruit follows her and this lengthens the teacher’s 
travel time. The recruit, however, arrives in the food faster 
than she would on her own and she can find the food 
independently in further trips. 

Between the extremes of advanced waggle dances and 
simple tandem running, social hymenoptera exhibit a 
variety of means for conveying information to nestmates. 
Many but not all of these mechanisms of social commu¬ 
nication may be classified as social learning. For example, 
stingless bees (tribe Meliponini), which are among the 
closest relatives of honeybees (tribe Apini), consist of 
over 450 species found mostly in the Neotropics. In 
most of the species that have been examined, successful 
foragers display behaviors somewhat similar to those of 
honeybee dances. The dances are followed by recruits 
leaving the nest in search of food. Some species rely 
heavily on scent trails leading to the food, whereas others, 
such as Melipona panamica , seem to communicate the 
distance and height of the food via sound. In M. panamica , 
no feature of the dance is correlated with the food direc¬ 
tion, leading to the suggestion that observers directly 
watch the departing model and follow her in the direction 
of the food. All social hymenoptera studied exhibit excel¬ 
lent individual learning, so it is likely that when observers 
respond to social signals, they also learn that information. 

Choice and Handling of Flowers 

In addition to recruiting nestmates to distant food sources, 
social bees can also copy the flower choice of experienced 
foragers. In one study with bumblebees (Bombas terrestris ), 
each trial was initiated by allowing a demonstrator bee to 
forage on an inflorescence consisting of artificial flowers in 
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an arena containing four yellow and four blue inflores¬ 
cences that were equally rewarding. Then an inexperienced 
observer bee was introduced to the arena. The observer bees 
showed significant preference for landing on the occupied 
inflorescence over the others and exhibited significant pref¬ 
erence for that inflorescence color on subsequent foraging 
trips in the absence of the demonstrator. 

Social learning may also influence bees’ handling of 
flowers. Nectar robbing means that bees either punch a 
hole at the base of a flower or use previously punched 
holes to extract nectar rather than access the flowers legit¬ 
imately, in the way that facilitates pollination. Observer 
bees ( B. terrestris) that extracted nectar from flowers with 
holes previously punched by model bees were later more 
likely to punch holes in intact flowers than control bees 
with no prior nectar robbing experience. 

Conclusion 

Research on insect social learning is still in its infancy but 
it is already clear that some insect species rely on social 
learning to guide their behavior. The types of information 
learned from others can be rather minimal as in the case of 
odor cues remaining from the larval period, which can help 
newly eclosed adult insects choose their own egg-laying 
substrate, or sophisticated as in the honeybee waggle dance, 
which involves symbolic coding of environmental features. 
It is likely that many cases of insect social learning have not 
been described, whereas others, such as the forms of social 


learning about food sources within the numerous species 
of stingless bees (Meliponini), require further study. Some 
features of insect life history, including lack of parental care 
and nonoverlapping generations, could limit the preva¬ 
lence of social learning. Other insect attributes, most nota¬ 
bly their sheer diversity and the social behavior of some 
species, could allow for intriguing forms of socially ac¬ 
quired information. 

See also: Dance Language; Group Movement; Honey¬ 
bees; Insect Navigation; Robotics in the Study of Animal 
Behavior; Social Learning: Theory. 
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Introduction 

A discussion of proximate and ultimate causation in rela¬ 
tion to animal behavior must begin with some definitions. 
Proximate causation refers to the underlying endocrine 
system, nervous system, immune system, and develop¬ 
mental processes that result in observed behavior pat¬ 
terns. Ultimate causation refers to the effects of behavior 
on fitness, through an understanding of the ecology of the 
organism and its evolution. Consequently, the integration 
of these two concepts would involve an examination of 
the ways in which evolutionary selection pressures shape 
the various internal mechanisms that regulate behavior. 

These terms, and their definitions, should not be 
confused with the nature-nurture debates. The observed 
behavior, part of the organism’s phenotype, is a product of 
its genetic blueprint unfolding under the influence of 
all the experiences and environmental effects beginning 
from fertilization. In this way, we perceive genetics as 
setting up limits for potential phenotypic traits and the 
experiences as shaping the actual phenotype. For exam¬ 
ple, feeding behavior is constrained genetically by several 
traits, including the ability to forage for and ingest certain 
foods, the digestion of those foods in terms of enzymes 
and other features of the digestive tract, and the capacity 
of the animal to shift its diet seasonally whenever that 
is necessary. The actual, phenotypic, food preferences 
are shaped by where the animal lives, the foods that are 
available, and the experiences that it has had with differ¬ 
ent foods. 

Our purpose in this article is to provide a historical 
perspective on the ideas behind proximate and ultimate 
causation to give the reader some context for where we are 
today. As discussed in another article on the future of 
animal behavior, scientists are moving forward with stud¬ 
ies that integrate the proximate and ultimate causation 
concepts. The link between these two major ideas is, of 
course, genetics. For evolution to occur, via differential 
reproductive success, there must be changes in the genet¬ 
ics of the organism. Each organism ‘faces’ the world with its 
phenotype as its set of tools. The success of the organism 
depends on how its internal mechanisms meet the ecolog¬ 
ical challenges it faces on a daily basis; that is, how well the 
animal functions can be measured in terms of the number 
of progeny, which is a dual product of genetics and envi¬ 
ronmental influences. Studies of both proximate and ulti¬ 
mate causation occur in the context of the interaction of 


the genetics and environment of the organism. The article 
concludes with an up-to-date coverage of the ongoing 
integration of proximate and ultimate causation. 

One term in particular, mechanism, is typically defined 
in one way by those who study primarily proximate 
mechanisms, and in another way by those who study 
ultimate mechanisms. For those who explore proximate 
causation, the meaning of mechanism incorporates the 
animal’s physiology, immunology, endocrinology, nervous 
system, and development. These are basically internal 
processes. To an individual examining ultimate causation 
of behavior, mechanism generally refers to the ways in 
which an animal’s phenotype functions in its ecological 
context. These are usually considered as traits best stud¬ 
ied in a natural or wild setting. We attempt to be explicit 
when we use the term ‘mechanism’ in this essay. 

Ultimate Causation: Historical 
Perspective 

The easiest way to distinguish between proximate and 
ultimate causation is to consider the answers one might 
get when asking why a particular behavior pattern occurs. 
For instance, when asked why dogs wag their tails, we 
might give an answer based on proximate causation, in 
terms of the nerves and muscles involved, the role of the 
central nervous system, and so on. Alternatively, we might 
answer that it is based on ultimate causation, in terms of 
the function of the pattern (communicating aggression 
perhaps) and the evolutionary history of the pattern. 

A second example is to ask why male rhesus monkeys 
invariably leave their natal social group around the time 
of puberty (4 years) and join a new social group. The 
transition process can be difficult, as they are likely to 
be rejected by members of any different group. While in 
their natal group, they share their mother’s social rank, 
but in the new group they assume the lowest dominance 
rank, where rank is based on group tenure. Why would an 
adolescent male give up the security and status of his 
mother’s group and risk rejection and possible injury by 
joining a new group? The proximate causes of this behav¬ 
ior are not clearly understood, but are manifested as an 
incest taboo, as is seen in human cultures. Either the males 
are somehow repulsed by the proximity of their mothers 
and other female relatives, or they are rejected by them as 
possible mates. The male sex hormone testosterone is 
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likely involved because the departure occurs during the 
mating season and castrated males do not emigrate. The 
ultimate causes are likely the avoidance of inbreeding and 
its resulting accumulation of deleterious recessive genes. 
A male that fails to emigrate potentially could mate with 
the large number female relatives of his mother and thus 
could have inbred offspring of lower fitness. 

In this section, we focus on the study of ultimate 
causation, that is, the evolutionary forces responsible 
for behavior patterns. Ultimate causation of behavior is 
mediated by the environment, through such negative 
pressures as climate, predators, and competitors, as well 
as through positive opportunities such as new food sources 
or new habitats. These environmental variables create 
pressures for genetic evolution by means of natural selec¬ 
tion. In responding to these pressures, the species is con¬ 
strained by the amount of genetic variability present in 
a population and the existence of mutations that might 
increase fitness. This process of adaptation takes many 
generations. 

One of the earliest experimental studies exploring ul¬ 
timate causation of behavior was Tinbergen’s observations 
of black-headed gulls removing the eggshells from around 
the nest after their young hatched. Tinbergen wondered 
what the function of such behavior was, given the appar¬ 
ent cost of such a behavior pattern. Although the eggs are 
mottled-brown colored on the outside, inside they are 
bright white and highly visible, suggesting that egg pre¬ 
dators might cue in on broken egg shells. Tinbergen 
tested this notion by placing broken eggs at varying dis¬ 
tance from intact eggs. As predicted, the closer the intact 
eggs were to the shells, the more likely they were to be 
taken by predators. From this manipulation, Tinbergen 
inferred that the tendency to remove egg shells was a 
heritable trait that had become typical of this and other 
gull species through natural selection. 

Tinbergen’s approach to questions of ultimate causa¬ 
tion derives directly from Darwin’s theory of evolution by 
means of natural selection, whereby members of a species 
differ in characteristics, some of which increase survival 
and reproduction. Although Darwin did not understand 
the mechanism of inheritance, he realized that these traits 
tended to be passed on to offspring, so individuals with 
such traits tended to increase in the population from one 
generation to the next. In the gull example, if an individ¬ 
ual happened to remove eggs shells from the vicinity of 
the nest, its chicks would be more likely to survive. If the 
tendency were heritable, their chicks in turn would be 
more likely to show that behavior pattern, and egg shell 
removal would spread throughout the population. 

Study of the evolution of behavior patterns by means 
of natural selection had received relatively little attention 
up to this point, in spite of much progress being made 
on the role of genetics in animal behavior. A series of 
publications in the 1960s and 1970s focused attention on 


the level, individual versus group, that natural selection 
acts on. Darwin had argued that selection acts at the level 
of the individual, since the individual is what natural 
selection ‘sees’ in terms of survival and offspring produc¬ 
tion. He was troubled by instances of seemingly altruistic 
behavior in social insects, where workers sacrifice their 
reproductive interests to help the queen raise more off¬ 
spring. His way around this problem was to consider 
the colony or hive a ‘superorganism,’ such that selection 
would act on the colony as a whole. 

In the early twentieth century, many, if not most, 
biologists accepted the notion that traits could evolve 
for the good of the group or species and paid little atten¬ 
tion to the level upon which selection was supposed to act. 
Survival of individuals and groups was thought to increase 
as a function of the degree to which they harmoniously 
adjusted themselves to their physical and social environ¬ 
ment. This line of thinking was especially prevalent 
among many plant ecologists, who spoke of plant ‘sociol¬ 
ogy.’ Studies of overcrowding and stress in animal popula¬ 
tions revealed that hormonal changes can lead to reduced 
reproductive activity and increased morbidity. It was 
argued that this behavioral-endocrine feedback loop 
serves as a group-level adaptation for regulating popula¬ 
tion density; as populations reach the carrying capacity 
of the environment, aggression increases, followed by 
increases in stress hormones and the associated loss of 
fitness. Once the population declines, aggression declines 
and individual fitness increases. 

The idea that individuals sacrifice reproduction for 
the good of the group was expounded in two books by 
Wynne-Edwards. He argued that many species have 
evolved behavior patterns he called epideictic displays 
that function to tune the birth rate to the available 
resources. Groups or populations that lack such patterns 
are more likely to exceed the carrying capacity of the 
habitat and potentially go extinct. If the unit of selection 
were the population, then selection might occur for indi¬ 
viduals that sacrifice their own reproductive interests for 
the good of the group. In other words, groups that avoid 
overexploiting the environment are more likely to survive 
and may later colonize habitats left vacant by imprudent 
groups that have become extinct. 

This train of thought was vigorously challenged by 
George C. Williams, who argued (as had Darwin) that 
group selection, as proposed by Wynne-Edwards and 
others, was much less likely than individual selection to 
be a potent force for evolutionary change. He pointed out 
that the conditions necessary for group selection to over¬ 
ride selection at the individual level were stringent, given 
that groups must maintain their integrity for relatively 
long periods, that groups must differ genetically for traits 
that affect the groups’ survival, and that group extinction 
rates must be relatively high. In most cases, traits that 
lower fitness of individuals will be selected against, even 
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if they favor group survival. Williams argued that selec¬ 
tion at higher levels should be invoked only if lower-level 
selection, that is, the individual and its offspring, cannot 
explain the evolution of the observed traits. This view has 
dominated the thinking of most behavioral ecologists as 
they explore the ultimate causes of behavior, and group 
selection, although considered theoretically possible, is 
generally discounted or ignored altogether. 

In the meantime, several other ideas of how altruistic 
behavior could evolve were put forth that were argued not 
to involve group selection. One is the concept of inclusive 
fitness, that is, the sum of an individual’s direct fitness, as 
measured by the reproductive success of one’s own off¬ 
spring, and indirect fitness, as measured by the reproduc¬ 
tive success of one’s nondescendent relatives, for example, 
siblings or cousins. For instance, in the classic study of 
prairie dogs by Sherman, he argued that although indivi¬ 
duals risked their own lives by giving alarm calls, thus 
revealing their whereabouts to predators, they increased 
their inclusive fitness by warning close relatives, a process 
referred to as kin selection. Other models based on games 
theory were developed, such as reciprocal altruism, where 
one individual performs an altruistic act with the expec¬ 
tation of being repaid, with interest, at a later time. 

In 1975, E. O. Wilson published his compendium enti¬ 
tled Sociobiology, The New Synthesis. Wilson drew heavily 
on population biology in shaping the emerging fields of 
sociobiology and behavioral ecology. Evolutionary history 
and environmental factors that determine the ecological 
niche affect population growth and dispersal rates, the 
focus of evolutionary ecology. Behavioral and population 
parameters, such as birth and death schedules and gene 
flow between populations feed into the theory of socio¬ 
biology. This theory’s goal is to enable predictions of 
behavior from knowledge of population parameters and 
the behavioral constraints imposed by the gene pool. 
Although several models of group selection were presented 
in the book, it was generally assumed by Wilson that 
individual selection is main force for behavioral evolution. 

The year after the publication of Wilson’s tome, 
Richard Dawkins published The Selfish Gene. The basic 
argument was that the unit of selection is the gene, rather 
than the individual organism or group. Genes are referred 
to as replicators that typically help their temporary host, 
the organism, survive, and reproduce, thus improving the 
gene’s own chances of being passed on. In some instances, 
however, the gene’s interests may not coincide with the 
host’s, and hence the term selfish gene. 

Most biologists still think of the organism, or phenotype, 
as the main unit of selection because that is what natural 
selection ‘sees.’ Genes can perhaps be better thought of as 
the unit of evolution, since evolution results from changes 
in gene frequency. Thinking of genes as replicators makes it 
somewhat easier to understand how altruistic traits might 
be maintained in a population via kin selection: Organisms 


might act against their individual interests to help related 
organisms reproduce because genes set ‘helping’ copies of 
themselves in other bodies to replicate. Thus, the ‘selfish’ 
actions of genes might lead to unselfish actions by 
organisms. 

The study of ultimate causation in behavioral ecology 
and sociobiology mushroomed in the 1970s and continues 
to this day, testing the fitness consequences of behavior 
patterns and social groupings. The vast majority of these 
studies follows Williams’s law of parsimony and assumes 
that selection occurs at the level of the individual and no 
higher. Most instances of helping behavior or other poten¬ 
tially altruistic acts not explained by classic Darwinian 
selection are explained by kin selection, reciprocal altru¬ 
ism, or some other model not involving selection above 
the level of the individual. 

Although group selection was dismissed by most 
behavioral ecologists, as noted earlier, new modeling 
techniques and empirical data suggest that it may play a 
more important role than previously thought. D. S. Wilson 
has argued that adaptations can potentially evolve at 
any level, from genes to ecosystems. In a joint paper 
with E. O. Wilson, they dismiss what they call the naive 
group selection arguments of early workers, including 
Wynne-Edwards, who assumed that group selection would 
easily prevail over selection at the individual level. But 
Wilson and Wilson go on to argue that the theoretical 
foundation of sociobiology needs to be reformulated to 
include multilevel selection, including selection at the 
level of the group. Whether theoretical and empirical evi¬ 
dence will continue to build in support of higher-level 
selection remains to be seen. 

Proximate Causation: 

Historical Perspective 

The study of proximate mechanisms dates back to antiq¬ 
uity, in a general sense, with initial interest in the ‘how’ 
questions of animal behavior with regard to potential food 
sources and predators. In the first millennium, anatomists 
learned a great deal about animal structure through their 
extensive dissections. When, after stagnation during the 
Middle Ages, scientific inquiry resumed in the sixteenth 
and seventeenth centuries, new discoveries were made. 
These included Harvey’s findings on circulation and 
Borelli’s contributions on form, function, and muscular 
physiology. These works and others provided the basis 
for the emergence of studies of how internal and develop¬ 
mental processes influence behavior. 

One important distinction between studies of ultimate 
and proximate causation of behavior involves the ability to 
‘see’ the subject matter. Generally, as covered in the previ¬ 
ous section, behavior in the functional and evolutionary 
sense can be observed directly, whether in a field or 
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laboratory environment. On the other hand, mechanisms 
that involve the nervous system, endocrine system, and 
underlying genetics and development, all take place away 
from our normal visual world. To be sure, these events can 
be observed with a variety of techniques, but most people 
do not see behavior in this way. This distinction could be a 
partial reason for the divergence between those who study 
proximate mechanisms and those who explore ultimate 
causation. 

In a modern sense, the investigation of proximate 
causes of behavior begins with three threads, all of 
which emerged in the latter half of the nineteenth century 
and continued into the first half of the twentieth century. 
First, psychologists, primarily in North America, explored 
the possible relationships between human and non¬ 
humans in terms of their mental processes. This progres¬ 
sively led to interest in species-specific behavior and 
the functional aspects of observed phenomena. Second, 
American zoologists began formulating explanations 
about behavior mechanisms on the basis of both natural 
history and physiology. Early writings in natural history 
by colonists and later explorations westward provided 
information that led to questions about how the behavior 
patterns were controlled and concerning their functions. 
During the first half of the twentieth century, this blos¬ 
somed into studies relating physiological mechanisms to 
observed behavior. Last, the ethology tradition in Europe 
was initiated with studies of natural history and attempts 
to explain, via models, the internal processes underlying 
behavior. So, for example, Lorenz and others developed 
terminology including ‘innate releasing mechanism’ and 
‘sign stimulus’ to explain behavior that was under signifi¬ 
cant genetic control. European work also included aspects 
of physiology, such as the studies by von Holst, bridging 
ethology and emerging neurobiology. 

During the last half of the twentieth century, several 
individuals provided overall schemes for categorizing the 
way scientists posed questions about animal behavior. 
Niko Tinbergen’s 1963 paper ‘On the Aims and Methods 
of Ethology,’ provided such a scheme, one that is used 
even today. He proposed four types of questions: two 
concerning proximate mechanisms and two about ultimate 
mechanisms. His scheme involved causation (control), ontog¬ 
eny (development), survival value (function), and evolution. 
Frank Beach provided a similar scheme, which included 
historical determinants, direct and indirect determinants, 
and organismal determinants. More recently, Donald 
Dewsbury proposed a structure involving three categories 
of questions: the genesis of the behavior, its control, and 
the consequences of the actions. The common elements in 
these schemes, from a proximate causation perspective, 
encompass physiological mechanisms and development. 

Physiological studies of the neural bases for behavior, 
and explorations of endocrine functions and behavior have 
their roots in early American comparative psychology, 


augmented into the mid-twentieth century by work in 
zoology. Karl Lashley was a key pioneer in the exploration 
of the neural bases for behavior, sensory systems, and brain 
function. Others who made significant contributions to 
this emerging field were Hermann von Helmholtz for 
work on visual systems; Donald O. Hebb, who worked on 
connections between the brain and learning; James Olds, 
who co-discovered the pleasure centers in the brain; and 
Rita Levi-Montalcini, who discovered the nerve growth 
factor. Signaling the growing importance of neurobiology 
in relation to behavior, Nobel Prizes for Physiology or 
Medicine were awarded to Roger Sperry, David Hubei, 
Torsten Wiesel, and Eric Kandel for their research and 
findings on vision and cognitive neuroscience. 

Many journals involving various aspects of neurobiol- 
ogy began publication during the decades of the 1970s 
and 1980s as the field expanded and diversified. Until the 
past few years, there were almost no papers published in 
Animal Behaviour, the primary journal in this field, with 
neural aspects of behavior as a major focus. Even now, the 
vast majority of papers are concerned with ultimate cau¬ 
sation issues. This decades-long emphasis in the journal 
no doubt was a significant stimulus for the many neuro¬ 
biology journals that emerged. 

Frank Beach was an early proponent of examining the 
endocrine bases for behavior. His work on hormones and 
reproduction served as the primary basis for launching a 
number of careers and lines of inquiry. One key principle 
Beach championed was that the endocrine-behavior link 
worked both ways. That is, hormones can affect behavior, 
but also behavior can influence hormone levels. 

Both field and laboratory environments are used for 
investigations of endocrines and behavior. Much of the 
work on female sexual receptivity in birds and mammals, 
maternal and paternal behavior, male aggression, and the 
interplay between behavior and endocrine systems has 
been laboratory-based research. Lehrman’s elegant work 
on coordinated activities and hormones in the breeding 
cycle of the ring dove is particularly fascinating in this 
regard. 

Field studies have involved the use of artificial hor¬ 
mone doses to test effects in wild or free-living animals. 
Collection of blood, urine, or feces provides a way to 
measure various hormone levels. However, the stress asso¬ 
ciated with capture and restraint, or even just being in a 
laboratory setting, can compromise hormonal information 
gathered in this manner. With the advent of new hormone 
assay technologies, investigators can now gather samples 
of urine or feces without the necessity of capturing the 
animal and providing a picture of hormone levels based 
not on a point in time, but representative of a longer 
period, up to a day or more. Monitoring hormone levels 
in wild animals makes it possible to examine variations in 
both sex steroids and stress hormones for animals under 
different conditions and in different social situations. 
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Research on hormones and behavior led to its inclu¬ 
sion in classes and textbooks in physiological psychology 
by the 1950s. Further growth in this arena spawned a new 
journal, Hormones and Behavior. There have been at least 
three textbooks devoted to the subject of endocrines and 
behavior. 

In the last three decades, a new horizon has emerged: 
the investigation of relationships between the immune sys¬ 
tem and behavior. This topic was addressed by Hamilton 
and Zuk in their work on blood parasites in birds. Work on 
the Major Histocompatibility Complex (MHC) in mice 
and its role in odor preference and mate choice also relate 
to the role of the immune system in affecting behavior. 
More recent work by Wingfield draws connections between 
stress, sickness, and immune system function in birds and 
mammals. Though the interplay between an animal’s 
immune system and behavior has received modest attention 
for several decades, this relationship is currently being 
more thoroughly investigated. 

The interrelationships among neural, hormonal, and 
immunological systems provide a stimulus for future 
exploration of the two-way roles between these systems 
and behavior. The key to understanding the connections 
between proximate mechanisms of behavior and the func¬ 
tional or ultimate causation is genetics. This is a key 
theme in the section on integration at the conclusion of 
this article. 

Behavior development received considerable attention 
in the early days of comparative psychology, probably 
because of the connections drawn between human and 
non-human animal learning during growth and matura¬ 
tion. The processes of behavior development are often 
divided along a chronological timeline beginning with 
prenatal or prehatching events, followed by early postna¬ 
tal considerations, and aspects of behavior during juvenile 
stages. Play behavior is often considered as part of the 
investigation of behavior development. 

Prenatal influences on behavior include such things as 
exposure to hormones in utero, effects of stress on the 
mother on later offspring behavior, and ways in which 
both external and internal stimulation contribute to the 
maturation and refinement of the brain, sensory systems, 
and motor development. Early postnatal events include 
imprinting, emergence of food preferences, and the begin¬ 
ning of some forms of play behavior. Among the extensive 
investigations of juvenile and adolescent behavior are those 
on bird song, the form and functions of play behavior, 
sexual maturation and changes in behavior, and connec¬ 
tions between early behavior actions, prior to birth or 
hatching and the period immediately following those 
events with later behavior. 

Imprinting refers to the formation of either filial ties 
involving formation of an attachment to a parent or object, 
or the establishment of strong tendencies to court and 
mate with individuals of the same kind. The phenomena 


associated with imprinting encompass many subtopics 
among which are the notions of critical and sensitive 
periods, the importance of different sensory modalities, 
and variations in the timing and strength of the imprinting 
experience. 

A favorite procedure for the early investigators of 
behavior development was the isolation (deprivation) 
experiment. Can we isolate an organism from particular 
sorts of stimulation and discover specific deficits in later 
actions? These studies provided useful information, but 
various confounds rendered them less important as the 
field progressed. The opposite manipulation, providing 
and enriched environment with added stimulation, some¬ 
times specific and other times general, was used to explore 
ways in which environmental impacts enhanced the 
learning of various organisms. Many of these studies 
were, of course, directed at understanding the processes 
occurring in human development. Relating differences in 
environment to learning and other endpoints served as 
the basis for changes in such areas as early childhood 
education and orphanages. 

Synthesis and Integration 

Categorization of causes of behavior patterns as either 
proximate or ultimate is an arbitrary distinction, though 
convenient at some levels. The term ‘ultimate’ is also 
problematic in this context, since it conveys the notion 
of an absolute end point; ‘proximate,’ on the other hand, 
is a relative term. A more appropriate antonym for 
‘proximate’ is ‘distal.’ Consider the study of the role of 
natural selection by observing behavior in the field, as 
Tinbergen did with the egg shell removal experiment, 
versus documenting changes in gene frequencies due 
to selection using new molecular and statistical techni¬ 
ques. Both approaches ask evolutionary questions, but 
the latter is clearly getting at proximate causes of evolu¬ 
tion. The same can, no doubt, be said for examples of 
proximate causation discussed earlier: some are more 
proximal than others. A full understanding of any behav¬ 
ior pattern requires study at all levels, from its selective 
advantage or disadvantage in the field, that is, how and 
why it affects fitness, through all levels of organization 
down to the mechanisms of gene action. This line of 
thinking might predict a trend toward studies taking a 
multilevel approach to causation, but this has not always 
been the case. 

In his 1975 treatise on sociobiology, E. O. Wilson 
depicted the relative sizes of the different fields dealing 
with animal behavior in 1950, 1975, and 2000. On the left, 
or proximal end, was neurophysiology and its close con¬ 
nections with cellular biology. On the right, or ultimate 
end, were behavioral ecology and sociobiology, with con¬ 
nections to population biology. In 1950, connecting the 
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two ends of this ‘dumbbell’ were the two large traditional 
branches of animal behavior, ethology and comparative 
psychology. Wilson predicted that, rather than the expan¬ 
sion of these connecting disciplines to unify the ends, 
neurophysiology would cannibalize ethology and compar¬ 
ative psychology from one end, and behavioral ecology 
would cannibalize them from the other. To some extent 
this has come true, given the explosion of research in both 
cellular/molecular biology at one end and in population 
biology/behavioral ecology at the other. 

Countering the trend toward increasing dichotomy 
between proximate and ultimate causation is the appear¬ 
ance of a number of academic departments dedicated to 
integrative biology. Many of these, however, incorporate 
evolution and ecology to the extent that they deal mainly 
with ultimate causation, leaving proximate causation to 
departments of cellular and molecular biology. Funding- 
agencies tend to follow the same pattern. 

Perhaps more important than names for channeling 
academic programs and grant proposals, however, is the 
increasing number of research projects in animal behavior 
that span many levels of causation. For example, the study 
of mating systems in rodents has been approached at a 
number of levels, from the environmental conditions 
favoring the evolution of monogamy versus polygamy 
in field experiments to the differences in the DNA that 
regulate these mating systems. At the proximal level, not 
only have researchers identified a gene that controls 
the number of hormone receptors in the forebrain of the 
polygynous meadow vole, but they have also been able to 
transfer extra copies of this gene into the brain and cause 
meadow voles to behave like monogamous prairie voles. 
At the same time, others are exploring the long-term 
fitness consequences of these manipulated animals in 
seminatural field enclosures. 

A number of other research teams are studying behav¬ 
ior at multiple levels of causation, including those of both 
Ketterson and Wingfield on bird physiology, Houck on 
salamander mating pheromones, Robinson on honeybee 
genomics and social behavior, and Strassmann and 
Queller on genomics and the evolution of slime mold 
sociality. Although much of this research gets published 
in specialized journals, the teams work at multiple levels 
and ask questions about both proximate and ultimate 
causation. The success of such efforts to demonstrate 
how evolutionary selection pressures shape the various 
internal mechanisms that regulate behavior depends in no 
small part on project leaders that have a broad vision and 
the ability to coordinate the activities of researchers with 
different specializations. 


See also: Behavioral Ecology and Sociobiology; Com¬ 
parative Animal Behavior - 1920-1973; Ethology in 
Europe; Future of Animal Behavior: Predicting Trends; 
Neurobiology, Endocrinology and Behavior; Psychology 
of Animals. 
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Introduction 

For internal parasites, hosts are both habitat and nutri¬ 
tional resource. Because the host is also ephemeral, trans¬ 
mission between hosts is essential for parasite survival and 
reproduction. Parasite transmission falls into three gen¬ 
eral categories: transmission of propagules, transmission 
by living vectors, and transmission by intermediate hosts. 

Some parasites have direct life cycles; these parasites 
produce propagules that colonize new hosts and pro¬ 
duce yet more propagules. Other parasites use vectors - 
commonly hematophagous insects — to transmit infective 
stages to new hosts. In the case of yet other parasites, 
immature stages develop to an infective stage in interme¬ 
diate hosts. When the intermediate host and the parasite it 
contains are eaten by an appropriate predator (i.e., the 
final, or definitive, host), the immature parasite develops 
into an adult in the intestine or the intestinal diverticulae 
of that final host. The parasite then produces eggs, which 
usually exit with feces, becoming available to other poten¬ 
tial intermediate hosts. 

Of the parasites that are transmitted by intermediate 
hosts, the best known are cestodes (tapeworms), trema- 
todes (flukes), nematodes (roundworms), and acanthoce- 
phalans (thorny-headed worms), along with some protists. 
There are many variations on this intermediate host-final 
host life cycle, but no matter what happens in the remain¬ 
der of the life cycle, the intermediate host must be eaten 
for transmission to occur. Because of this, the behavior of 
the intermediate host can influence transmission success 
in unexpected ways. These predator-prey interactions 
involving intermediate and final hosts are critical to the 
survival and reproduction of the parasite; without preda¬ 
tion by the final host, the parasite does not develop or 
produce offspring. Changes in intermediate host behavior 
as a result of parasitism can therefore be seen as poten¬ 
tially adaptive for the parasite if they aid transmission. 
Indeed, this adaptive-for-parasite scenario is a major 
hypothesis that can explain some of these behavioral 
changes, although it is not the only hypothesis. 

In fact, parasites are known to alter host geotaxis, 
phototaxis, humidity responses, antipredator behavior, 
habitat selection, activity levels, and a variety of other 
behaviors. The adaptive significance of these alterations 
is more difficult to demonstrate than their occurrence, 
which seems to be ubiquitous. 

In this article, the history of this field is summarized 
and some recent findings are introduced that are at once 


exciting and that point to the complexity of this little 
understood field. Keep in mind that a generation ago, 
topics such as pathogens, disease, and parasites were con¬ 
sidered inappropriate and/or uninteresting for ecological 
and behavioral study. Times have changed. 

A Brief History of Parasites and 
Intermediate Host Behavior 

Parasitologists have long suspected that intermediate host 
behavior is influenced by parasites. In the 1930s, Eloise 
Cram noticed that grasshoppers parasitized by a nema¬ 
tode of chickens were sluggish, and hypothesized that 
this might make these grasshoppers easier prey for chick¬ 
ens. Around the same time, Wesenberg-Lund watched 
snails that contained brightly striped, pulsating trematode 
(Leucochloridium sp.) broodsacs in their tentacles. These 
broodsacs have been mistaken for caterpillars by humans, 
and it is reasonable to expect birds (the final host) to make 
the same error. However, Wesenberg-Lund had to admit 
that despite hours of observation, he never witnessed 
avian predation on the trematode and, in a statement 
that (regrettably) would never be allowed in a modern 
scientific paper, expressed his sympathy for the hard¬ 
working trematode. Leucochloridium is difficult to maintain 
in the laboratory, and that might be part of the reason why 
such a spectacular parasite has not been the subject of 
more investigation. 

When we think of predatory final hosts, large animals 
with big teeth probably come to mind. However, as we 
have seen with Leucochloridium , the final host does not have 
to be a ‘typical’ predator, that is, a carnivore; herbivores or 
insectivores are frequently final hosts if they accidentally 
consume the intermediate host, say, a small arthropod. 
Such a life cycle characterizes another trematode, Dicro- 
coelium dendriticum , a parasite that is as well known as 
Leucochloridium , and just as recalcitrant when it comes to 
definitive studies. The adult worm lives in sheep and 
other ungulates. Eggs pass out with feces and are eaten 
by pulmonates. ‘Slime balls’ - mucous balls containing 
cercariae, a trematode larval stage - are released from the 
mantle cavity of the infected snail and picked up by 
foraging ants. When an ant feeds on this material, the 
ingested parasites begin an anterior migration that ceases 
when one of them reaches a depression in the anterior 
part of the subesophageal ganglion near the nerves to the 
mouthparts. It produces a thin-walled cyst there, while 
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the remaining metacercariae (the trematode stage follow¬ 
ing cercariae) remain in the ant hemocoel. The infected 
ant behaves like other ants during the day, but as the cool 
of the evening approaches, it does not return to the nest. 
Instead, it ascends a blade of grass and attaches there with 
its mandibles until temperatures rise the next day. Ungu¬ 
lates that graze in the evening or early morning may 
ingest this ant, along with its ‘brainworm.’ Clearly, the 
parasite’s influence on ant behavior is very likely to 
increase risk of predation from a source (an ungulate) 
that is rarely a danger to uninfected ants; nonetheless, 
quantifying this risk, or even showing that it exists, is a 
nontrivial undertaking. 

It is for reasons like these - uncooperative snails, 
uncountable ants, and in general, the constraints that 
face ecologists who study predation - that the examples 
of parasite-induced behavioral alterations far exceed the 
evidence that such alterations actually cause a change in 
transmission. However, the evidence does exist, some of 
which comes from surprising corners of the animal world. 
In fact, over 50 years ago, W. H. van Dobben used ejecta 
from cormorants to show that the birds caught an unusu¬ 
ally large number of roach ( Leuciscus rutilus) infected with 
a tapeworm, Ligula intestinalis , compared to what would be 
expected on the basis of samples from fishermen’s catches. 
The cestode was making the roach more available to 
cormorants (final hosts) than to fishermen. The immature 
cestodes in the roach become quite large, and the Tat’ fish 
are probably more visible - and perhaps closer to the 
surface - than uninfected roach. 

In the 1970s, William Bethel and John Holmes focused 
on acanthocephalans of ducks in some of the first labora¬ 
tory demonstrations of parasite-induced behavioral 
alterations and associated increases in predation risk. 
These worms use amphipod intermediate hosts (e.g., Poly- 
morphus paradoxus in Gammarus lacustris)\ infected amphi- 
pods exhibited normal antipredator behavior until the 
parasite reached an infective stage. Amphipods containing 
immature parasites behaved like uninfected conspecifics; 
they avoided light, diving and burrowing into the sub¬ 
strate if disturbed. Once the parasite became infective, 
these responses changed dramatically. The gammarids 
became photophilic and positively phototaxic, and they 
skimmed across the surface or clung to objects on the 
surface - including final hosts! In laboratory tests, naive 
mallards (a final host) ate nearly four times as many 
gammarids infected with P. paradoxus as they did unin¬ 
fected gammarids, in large part because the ducks seemed 
to be intrigued by the skimming organisms and the float¬ 
ing vegetation to which they frequently clung. Muskrats, 
an unsuitable host, also ate some of these gammarids. 

Other duck parasites had different effects on amphi¬ 
pods. Corynosoma constrictum (another parasite of mallards) 
in Hyalella azteca induced increases in both photophilia 
and phototaxis. Polymorphus marilis , a parasite of diving 


ducks (e.g., scaup), induced photophilia in its intermediate 
host (G. lacustris), but the parasitized crustacean did not go 
to the surface, and as a result, did not get consumed by 
mallards. Being in well-lit portions of the water column, 
albeit not at the surface, might have enhanced parasite 
transmission to diving ducks. (Scaup are reluctant fora¬ 
gers in the laboratory, so tests of this hypothesis could not 
be conducted.) In the end, it seemed to Bethel and 
Holmes that the parasites altered amphipod behavior in 
ways that were likely to increase encounters with final 
hosts - thus increasing transmission - even if some of the 
amphipods were noticed by unsuitable predators (e.g., 
muskrats). 

As noted earlier, assessing predation in the field, much 
less differential predation on infected and uninfected 
animals, is no simple task. In addition, observing behav¬ 
ioral changes themselves in the field is fraught because 
although we may see that infected and uninfected animals 
differ behaviorally, we do not know whether they have 
always shown those differences, that is, if infected animals 
are infected simply because they behaved differently in the 
first place. In the 1980s, Moore combined field and labo¬ 
ratory approaches to show that behavioral changes 
observed in the laboratory can have transmission conse¬ 
quences in the field. She studied an acanthocephalan 
(Plagiorhynchus cylindraceus) that uses terrestrial isopods 
(Armadillidium vulgare) as intermediate hosts and Euro¬ 
pean Starlings as final hosts. She infected isopods in the 
laboratory and learned that infected animals were more 
likely than uninfected conspecifics to spend time in areas 
of relatively low humidity and on light-colored substrate, 
and they were less likely to spend time under overhanging 
shelter. In addition, the infected isopods had a tendency to 
be more active than uninfected ones. In the field, Moore 
measured acanthocephalan prevalence in isopods col¬ 
lected from areas where parent starlings foraged; simulta¬ 
neously, she calculated rates of isopod delivery to nestling 
starlings. She discovered that there were significantly 
more infected nestlings than were predicted on the basis 
of the proportion of infected isopods in the isopod popu¬ 
lation; in other words, the parents were not taking isopods 
randomly, but were feeding an unusually high proportion 
of infected isopods to their nestlings, probably because 
they were encountering these isopods more frequently, 
given the behavioral changes induced by the parasite. 
This ‘preference’ was also demonstrated in an aviary 
setting. 

An Abbreviated Review of Behavioral 
Changes 

The list of behaviors that parasites alter is amazingly long 
and ranges from odor production to changes in predator 
avoidance. Some of the behaviors for which there are long 
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lists of examples include altered phototaxis/photophilia 
and elevation seeking, as well as changes in activity, 
reproductive behavior, and feeding behavior. Increased 
movement toward light, increased tolerance of lighted 
areas, or decreased photophobia can make intermediate 
hosts more conspicuous to predators. In the case of eleva¬ 
tion seeking, intermediate hosts may climb up to high 
places, swim high in the water column, crawl high on 
beaches, fail to burrow, and do any of a number of other 
things that would put them in the way of predators. 
Activity changes are more puzzling. They are probably 
the most commonly reported of all parasite-induced 
behavioral changes and perhaps among the least under¬ 
stood of those changes. Although decreased activity seems 
a more pervasive response to parasitism, there are numer¬ 
ous examples of increased activity as well, and researchers 
have argued that decreased activity (depending on the 
nature of the change in activity) makes intermediate hosts 
less likely to escape predators or that increased activity 
makes intermediate hosts more noticeable to predators. 
A large literature has emerged around parasites and host 
reproductive behavior; common interpretations include 
the possibility that reduced reproductive activity might 
enhance host survival or might result in reallocation of 
resources to parasites. As for modified feeding, this is most 
typically reported in vectors, but intermediate hosts are 
also known to alter their selection of food items and 
feeding times when parasitized. It is both intriguing and 
intimidating to speculate upon the variety of behavioral 
changes that may occur given the fact that there is no 
parasite-free organism in nature. 

Keep in mind that these changes are just that - changes 
in behavior. We do not know whether they might be 
associated with parasite transmission until appropriate 
transmission studies have been performed, and in many 
cases, those are very difficult to do. Indeed, changes in 
reactions to light, elevation seeking, activity and foraging 
preferences may also be consistent with host defensive 
behavior. Moreover, recall that humans are a visual spe¬ 
cies. We are much more likely to record visually salient 
behaviors (e.g., activity, photophilia, elevation seeking, 
etc.) than other phenomena. The sensory-perceptual 
world of other animals extends far beyond these stimuli 
and we are barely conscious of what is probably an 
immense array of parasite-induced auditory or olfactory 
alternations, for instance. 

‘Targeted’ Transmission? 

There are other parasite-induced behavioral modifica¬ 
tions that might seem to be more ‘targeted’ at transmis¬ 
sion. In the case of intermediate hosts, reduced 
antipredator behavior would probably top this list. 
Indeed, aquatic isopods ( Caecidotea intermedius) that are 


hosts to acanthocephalans ( Acanthocephalus dims) are 
more likely to be near the fish final host predator than 
uninfected isopods are, and sticklebacks infected with 
cestodes ( Schistocephalus solidus) recover from frightening 
stimuli faster than uninfected conspecifics. Rats infected 
with a protist {Toxoplasmagondii) that is spread in cat feces 
are unafraid of cat odor. However, even these behaviors 
can be complicated. Another protist {Eimeria vermiformis) 
induces fearlessness in mice, and in this case, predation 
would spell the end of both mouse and parasite; however, 
the same phenomenon can also increase social interaction 
on the part of the infected mouse, thus directly transmit¬ 
ting this parasite to other mice. 

This raises the question of ‘mistakes’ in manipulated 
hosts. Even if parasites benefit from transmission as a 
result of predation upon behaviorally aberrant intermedi¬ 
ate hosts, what about the cost of possibly getting into the 
wrong host? Although this does happen, there is some 
evidence that in some systems the probability of this 
outcome is minimized. Habitat shifts that result in 
increased encounters with some hosts may decrease 
encounters with other predators (see Bethel and Holmes’ 
work). In the case of a trematode {Diplostomum spathaceum) 
that lives in the eyes of fish and affects vision, avoidance 
responses to avian final host predators are diminished, but 
the infected fish continues to avoid piscine predators; its 
nonvisual senses (e.g., lateral line, olfaction) remain intact. 
In general, we might expect behavioral modifications that 
lead to transmission to reflect the general constraints and 
proclivities of the host-parasite association. Thus, para¬ 
sites in intermediate hosts that are cryptic species might 
increase visual conspicuousness, especially if the final 
host is a visual predator, while parasites in intermediate 
hosts that escape predation by fleeing might affect stam¬ 
ina or speed. Such a prediction has yet to be tested in a 
comparative manner and requires a substantial database; 
however, it is not an unreasonable expectation. 

Timing of Behavioral Change 

Another expectation of behavioral alterations in inter¬ 
mediate hosts has to do with timing: if the intermediate 
host engages in risky, predation-prone behavior induced 
by a parasite and favored by natural selection acting on 
that parasite, we expect this behavior to occur when the 
parasite is infective for the next host, and not before that 
time. Tests of this prediction are relatively rare because 
they are time-consuming; the same behavioral tests must 
be performed at intervals throughout the infection, dur¬ 
ing parasite development, so that the behavioral effects 
of immature and infective stages can be compared. 
Nonetheless, the experiments that have been performed 
have largely upheld the expectation. One of the first 
such demonstrations was that of Bethel and Holmes, 
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who showed that the acanthocephalan in question did 
not change gammarid behavior until it was infective 
to ducks. Similar results have been found with some 
trematodes and cestodes in their intermediate hosts. In 
yet other host-parasite associations, changes in behavior 
seem to intensify as the infection develops; these are 
more difficult to interpret and may involve some patho¬ 
logical responses. 

In addition to the ontogeny of the altered behavior, 
timing may also be important in the daily expression of 
the parasite-induced behavior. In the case of the brain- 
worm of ants, recall that the infected ants were trapped 
atop blades of grass at dusk and remained until dawn. If 
not consumed by morning, they were able to release their 
grasp and resume normal behavior. This meant that while 
the ants were in position to be eaten by ungulate final 
hosts during the foraging times of those hosts, they were 
not exposed to heat and desiccation during the day. Like¬ 
wise, snails ( Potamopyrgus antipodarum) containing infective 
stages of trematodes (. Microphallus sp.) shifted feeding (i.e., 
exposed) times to coincide with the foraging schedule of 
the final host. 

Appearance and Behavior 

Although changes in appearance (e.g., size, color) do 
not strictly qualify as behavior, they are common among 
intermediate hosts, and some are among the few parasite- 
induced attributes that are amenable to experimental 
examination because they can be isolated from a broader 
array of changes that a given parasite might induce. 
Gigantism is common in snails parasitized by trematodes, 
and across parasite taxa, a veritable rainbow of host altera¬ 
tions has been reported. For instance, the juvenile of the 
acanthocephalan Pomphorhynchus laevis looks like an 
orange dot under the exoskeleton of the amphipod Gam- 
marus pulex , which also becomes more positively photo¬ 
tactic when infected. To see what effect this orange dot 
had on the likelihood that the gammarid would be eaten 
by sticklebacks, Theo Bakker and colleagues painted 
orange dots on uninfected gammarids, and covered up 
the orange parasite in the case of infected gammarids. 
In this experiment, they discovered that both altered 
behavior and altered appearance increased gammarid 
predation risk. x\gain, comparative studies would be most 
helpful in understanding both the evolutionary history 
and the current role of color changes in parasitized hosts. 
Parasite-induced changes in the substrate color preference 
of hosts can have the same overall effect as the color 
change of the host itself, that is, increased conspicuousness 
as a result of color contrast; this is probably important in 
Moore’s study of terrestrial isopods, which do not change 
their dark color but do spend more time on light substrates 
when infected. 


Some Current Questions About 
Behavioral Change 

Given the rich diversity of behavioral alterations in para¬ 
sitized hosts, it is all too tempting to envision adaptive 
significance where none has been demonstrated. Faced with 
an expanding literature about behavioral alteration, in the 
1990s Moore & Gotelli and Poulin suggested more rigorous 
approaches to these studies, especially when addressing 
evolutionary explanations. They emphasized the role of 
phylogeny and the importance of testing alternative hypoth¬ 
eses. For instance, a behavior that seems to predispose a 
host to predation might actually function in host defense; 
the fitness consequences of the altered behavior for either 
host or parasite must be investigated. Since then, workers 
have attempted to pay attention to such nuances while 
struggling with host-parasite systems that are not always 
amenable to all the questions one would like to ask. 

Of course, if one parasite can modify behavior, what 
happens if several species share a host, as is often the case? 
Theoretically, it should depend on whether or not the 
interests of the participating parasites coincide or conflict. 
For instance, when two manipulating parasites have the 
same life cycle and alter behavior in ways that have 
additive transmission benefits for both, we might expect 
them to co-occur more frequently than a random model 
would predict, that is, natural selection should favor 
co-occurrence. When one of these parasites is a manipula¬ 
tor and one is not, we expect natural selection to favor the 
nonmanipulator that can ‘hitch-hike’ with a manipulator, 
taking advantage of the enhance transmission offered by 
the manipulation. The scenarios become even more 
intriguing in the case of parasites that share intermediate 
hosts but have different final hosts. In these cases, success¬ 
ful manipulation on the part of one parasite increases the 
probability that the other reaches a dead end. These para¬ 
sites are in conflict, and different outcomes can be 
expected: potentially conflicting parasites may avoid para¬ 
sitized intermediate hosts, that is, avoid co-occurrence, or 
one may kill or out-manipulate the other. Indeed, some 
parasites such as microsporidians are often overlooked by 
students of parasite-induced behavioral alterations, but 
recent studies indicate that these ubiquitous organisms 
can themselves affect the behavioral outcome in hosts 
with other co-occurring parasites. While the literature 
on behavioral effects of co-occurring parasites in interme¬ 
diate hosts is still spare, it is growing, and offers a rich 
source of evolutionary understanding. 

Some of the predictions about the outcomes of co¬ 
occurrence are based on the assumption that it is costly 
to manipulate host behavior. To date, these hypothesized 
costs have not been measured, but in general are thought 
to be closely linked to the mechanisms that cause the 
behavioral shifts. Mechanisms range from neurotransmitter 
changes found in some acanthocephalan infections to 
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mechanical interference that occurs when trematodes invade 
eyes or when cestodes grow so large that a streamlined 
fish becomes bulky and visible. The costs of behavioral 
alterations will be as variable as the vast range of mechan¬ 
isms that we are only beginning to identify, but without 
some measure of these costs, our understanding of the 
evolution and distribution of behavioral manipulation will 
be greatly compromised. 

In some host-parasite systems, the parasite that alters 
behavior acts almost like an on-off switch. This is true in 
the gammarid-amphipod system that Bethel and Holmes 
studied. Fully developed cystacanths always induced the 
same response - reversed phototaxis, surface-skimming, 
and clinging. In many other host-parasite systems, how¬ 
ever, all hosts are not altered in the same way, or to the 
same extent. The source of this variation is poorly under¬ 
stood. Might it be some mitigating effect of host age or 
resistance to manipulation? Do parasites themselves vary in 
their ability to induce alteration? Is this an indication of 
genetic variation in host or parasite, or some environmental 
factor? For that matter, we understand very little about 
how parasite-induced alterations vary over the range of the 
parasite or host. For example, it is reasonable to expect 
different responses if we compare phototaxis in hosts from 
humid environments to those from dry environments. 
Will this in turn affect how their parasites might alter 
phototaxis? What constraints limit the ability of parasites 
to alter host behavior and where do we expect to find 
them? At the root of all this is the assumption that the life 
cycles that we study are those that actually function in 
nature. In fact, while many organisms may support some 
generalist parasites in experimental contexts, it is much 
more difficult to determine which of these hosts is respon¬ 
sible for the majority of that parasite’s survival and repro¬ 
duction in nature. These and other questions are central 
to our understanding of how parasite-induced behaviors 
have come to be. 


They are also central to our understanding of how 
these behaviors affect communities and ecosystems. If 
parasitized hosts demonstrate altered habitat preferences, 
react differently to stimuli, forage at different times of day 
or prefer different foods or unusual quantities of food or 
interact differently with predators - to name a few com¬ 
mon alterations - if they do all this and more, then what is 
the effect on their participation in ecological interactions? 
We know from ‘simple’ two-species competition experi¬ 
ments that a protistan parasite can reverse the outcome of 
competition between two species of flour beetles; the 
consequences that are possible in a complex ecosystem 
challenge the imagination. 

See also: Beyond Fever: Comparative Perspectives on 
Sickness Behavior; Evolution of Parasite-Induced Be¬ 
havioral Alterations; Parasite-Induced Behavioral 
Change: Mechanisms; Parasite-Modified Vector Behav¬ 
ior; Reproductive Behavior and Parasites: Vertebrates. 
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Introduction 

If you hear the expression ‘she eats like a bird’ you might 
imagine a thin woman who eats very little in a delicate 
way. It would be more appropriate, however, to think 
about the Monty Python character, Mr. Creosote from 
the fdm ‘The meaning of life.’ He is a disgustingly fat 
character who eats an incredible amount of food before he 
finally explodes. Birds do not eat until they explode, but a 
small bird in a cold environment will have to eat so much 
food that it can gain 10% of its lean body mass in fat - on a 
daily basis! Not all food can be transformed to fat - such a 
gain will require an awful lot of eating. 

For most animals, food comes in bouts even though 
they need energy continuously. This means that energy 
supply to the cells in the body must be evened out relative 
to how food is ingested. In animals with developed diges¬ 
tive tracts, food will pass through these during digestion, 
but it cannot be saved for long here, because digestion will 
soon break it down. Still, food under digestion may be an 
important energy buffer. Seed-eating birds such as grouse 
and finches may fill their digestive tract with food in the 
evening and use this for energy expenditure over night. 

Energy from digested food will be released into the 
bloodstream, for example, as glucose or free fatty acids. If 
more energy is available than required for immediate 
metabolism, the surplus will be stored as carbohydrates 
or triglycerides. Carbohydrates are stored as the polysac¬ 
charide glycogen. A triglyceride is an alcohol glycerol 
esterified with three fatty acids. A triglyceride that is 
fluid in room temperature is called an ‘oil,’ whereas one 
that is solid is called a ‘fat.’ Usually, plants store triglycer¬ 
ides as oils, whereas animals store them as fats. The 
difference between these makes most vegetable oils better 
for human health than animal fat. The former are less 
saturated (meaning that have more double carbon 
bounds), and do not contain cholesterol. In marine ani¬ 
mals and in insect cuticles, fatty acids can be stored as wax 
esters. Proteins are also a form of stored energy, but have 
other primary purposes. 

Cellular respiration metabolizes glucose and releases 
energy. This process starts with the citric acid cycle. This 
well-known metabolic pathway transforms the glucose 
molecule into acetyl coenzyme A, and other pathways 
transform fat and proteins into this coenzyme. Via anabolic 
(builds up) and catabolic (breaks down) reactions, fat and 
carbohydrates (and proteins) can be seen as strategic 
alternatives for energy storing. For example, surplus glucose 


may be stored as fat rather than the more natural polymer 
carbohydrate, glycogen. This explains why humans can 
get fat from eating carbohydrate-rich food. 

Storing Fat or Carbohydrates? 

Glycogen occurs in the muscles or in the liver. Since 
carbohydrates are more oxygen efficient than fat, they 
are suitable for short-term high power work. Fat, on the 
other hand, is hydrophobic and therefore less heavy. Since 
each fat molecule contains three long fatty acid chains, fat 
is more energy efficient per gram than carbohydrates and 
thus suitable for long-term energy storing in the body. 
A person who expects a long period of starvation should 
build up large fat reserves. Someone who is going to 
participate in a marathon run, on the other hand, should 
build up glycogen reserves a day or two before the race. 

Flying animals such as birds build up and metabolize 
fat deposits on a daily basis. The reason that they have 
developed the ability to use fat efficiently in such a short¬ 
term perspective is that they need to stay light, but flying 
animals will also store energy in the form of carbohy¬ 
drates. At least in insects, long-distance flyers tend to 
store energy as fat, whereas short-distance flyers store 
energy as glycogen. 

Amphibians provide an example of this temporal dif¬ 
ference in storage strategies. Species that breed explo¬ 
sively mainly rely on glycogen, whereas species with 
prolonged breeding periods mainly rely on fat as a stored 
energy source. 

Strategic or Environmental Control? 

Since flying organisms are sensitive to increases in body 
mass, natural selection should act strongly to favor an 
optimal level of fat storage for these animals. Investigators 
have explored the idea of an optimal and precisely regu¬ 
lated fat storage system in at least three avian study 
systems: (1) small passerines in cold winter environments, 

(2) fuelling and energy regulation in migrating birds, and, 

(3) overnight energy regulation in hummingbirds. 

It is important to realize, however, that constraints will 
often prevent animals from regulating their fat reserves 
optimally. In a study in South-central Sweden, subordi¬ 
nate willow tits carried larger fat reserves than dominant 
birds. This may make sense because dominant individuals 
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get to eat first when a foraging flock encounters food. So, 
dominants experience a more predictable food supply and 
they can afford to carry less fat than a subordinate that 
experiences less predictability The dominant willow tits 
were minimizing predation risk by staying lighter than the 
subordinates. 

This study has later been replicated independently 
twice. Both replicates got the opposite result; dominant 
individuals carried larger fat deposits than subordinates. 
One might ask who was right then, should dominants 
carry larger or smaller fat deposits than subordinates? 
The answer is that both were right! The replicates were 
done in field sites further north than the first study. In 
these regions, the climate is harsher. Under such condi¬ 
tions, dominants used their priority access to food to grab 
a larger proportion of the food. The subordinates would 
probably have carried even more fat than the dominants if 
they had been able to, but the limited amount of food in 
the environment prevented this. In the first study, the 
birds had strategic control of their fuel reserves, while 
the subordinates in the replicates carried suboptimal fat 
deposits due to environmental restrictions. 

Fat in Birds 1: The Little Bird in Winter 

For a 10-g bird, simply surviving the winter in a cold 
northern forest is a remarkable feat. Since surface increases 
with the square of length while body mass increases with 
the cube, small homeothermic animals must metabolize 
more energy per unit body mass than large ones just to 
maintain body temperature. This means that small passerines 
must spend most of their time foraging during daylight 
hours in midwinter. At high latitudes, the short winter 
days make this especially hard. Furthermore, temperatures 
may stay below —20 °C for long periods. To survive a cold 
night under such conditions, species such as willow tits, 
Siberian tits, and boreal chickadees must gain almost 10% 
of their lean body mass in fat each day. At night, they will 
metabolize this fat to maintain body temperature. To 
repeat this mass gain on a daily basis means that these 
birds must find food items such as nuts and insects almost 
continuously. A small mammal that inhabits the same forest 
faces a less difficult problem because it can forage under 
the insulating snow cover. Also, most small mammals can 
extend foraging into the night, but a diurnal bird cannot. 

Starvation Risk and Predation Risk 

Random fluctuations in overnight temperatures mean that 
a bird cannot know beforehand how much fuel it will need. 
Furthermore, the next day’s foraging conditions will also 
vary unpredictability, meaning that the bird cannot accu¬ 
rately predict how much fat it will need in the morning. 
The only safe option is to carry sufficient reserves for the 


worst possible case. However, starvation is not the only 
threat. Predators, especially airborne ones, comprise an 
ever-present risk. If a predator such as an owl or a hawk 
attacks, acceleration and maneuverability may be critical 
to the bird’s survival. A light bird that carries small fat 
deposits will have a better chance of escape than a heavy 
bird. The small bird in winter thus faces a trade-off between 
two sources of mortality; avoiding predators favors a lean 
body but avoiding starvation favors fat storage. 

To optimize survival, a bird should minimize total 
mortality from both these sources. As a bird gains fat, the 
predation risk increases at the same time as the starvation 
risk decreases. When the slope of the increase balances 
the slope of the decrease, the result will be a straight, 
horizontal line. This line is the derivative of the total mor¬ 
tality, which then must be at its minimum since the slope is 
zero. This will usually occur where death from predation 
is much more frequent than death from starvation. 

Some evidence suggests that birds can reduce mass- 
dependent predation risk by increasing flight muscle mass 
in parallel with body fat. In an experiment, starlings were 
equipped with extra weights and tested in an obstacle 
course. Initially, the weights clearly reduced their speed 
and maneuverability. After carrying the weights for a 
week, however, they could fly as well as before. Somehow, 
the starlings compensated for this extra mass, probably by 
gaining flight muscle mass. 

Fat Regulation in Food Hoarders and 
Nonhoarders 

Considering that it is dangerous to carry large fat reserves, 
one might believe that a food-hoarding species should 
delay the gain of night time fuel deposits compared to a 
nonhoarding species. Since a hoarder has access to reli¬ 
able food (caches), it could wait longer before it builds up 
its night time fuel. In this way, a hoarder could minimize 
the time it has to carry this fat load. However, both models 
and empirical data show that it is the other way around, 
hoarders gain more fat in the morning than nonhoarders, 
but not later in the day. This occurs because hoarders 
always carry smaller body fat deposits than nonhoarders. 
After a night, fuel reserves will be at their daily low and the 
hoarder will have to build up a buffer of fat. Nonhoarders, 
in contrast, do not have access to caches and must therefore 
hedge for the worst possible night by carrying sufficient 
reserves. Most nights are not as bad as the worst one, 
meaning that nonhoarders will experience a carryover of 
fat until the morning. 

Fat in Birds 2: Migration and Fat 

When we think of migration, we typically think of high-flying 
bird flocks, surprising orientation abilities, spectacular 
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long-distance flights, etc. Most of the time, however, a 
migrating bird will be eating. A migrating bird spends up 
to 90% of migration time on the ground, refueling, and 
resting. Migrants of many species will gain considerable 
store of fat before a long-distance flight, sometimes more 
than 100% of their lean body mass. This means that some 
birds may double their body mass before they take off. 
There is a ceiling, however, to how much fat a flying 
animal can carry. The maximum flight distance follows a 
curve of diminishing returns as the animal gets fatter, because 
the cost of flying accelerates with increasing body mass. 

Yet, some birds do make spectacularly long flights. 
According to records from satellite tracking, for example, 
a female bar-tailed godwit flew directly from Alaska to New 
Zealand, a distance of more than 11 000 km. Judged from 
her even speed, she did not land once during this 8-day 
flight. The Black brant, an American subspecies of the 
brent goose, regularly fly overseas from the Alaskan pen¬ 
insula to the coast of Baja Californica. This will be shorter 
than a shorter crossing from Alaska to British Columbia 
followed by southward migration along the coast. How¬ 
ever, the direct passage to Baja California is potentially 
dangerous since the geese cannot feed in the open ocean. 
Still, most geese prefer this route in autumn, even though 
they follow the coast when they return north in the spring. 
The reason for this difference is probably that there are 
reliable southward tailwinds in autumn. 

On migration flights, birds usually burn both proteins 
and fat; we can think of the energy stored for migration as 
fuel rather than just fat. Several factors affect how much 
fuel migratory birds need before a long flight. If arriving 
quickly is important, birds should carry large fuel depos¬ 
its. This may occur in the spring when migrants need to 
reach their breeding territories before competitors. In 
other cases, it may be more important to minimize energy 
expenditure. In such cases, a migrant should migrate in 
shorter steps, taking on smaller amounts of fuel at each stop. 
In cases when food is abundant and the bird is not in hurry, it 
may be more important to minimize predation risk. 

Fuelling before migration is usually referred to as 
‘premigratory fattening,’ a phenomenon that has been 
studied in some detail. Not surprisingly, birds respond 
adaptively to variation in the energy requirements of 
migration, for example, migrants behave as if they ‘know’ 
how much fuel they will need to make their next flight. It 
has been demonstrated that they will carry more fuel 
before a long nonstop flight than before other flights. 
Especially long flights are necessary to pass over barriers 
such as seas or deserts, where foraging and/or resting is 
hard or impossible. 

Even first-time migrants load more fuel in anticipation 
of long flights, so this cannot be learned from prior expe¬ 
rience. Environmental factors such as regional differences 
in the earth magnetism might provide cues for this. For 
example, thrush nightingale’s winter in tropical Africa and 


the long passage across Sahara requires larger fuel deposits 
than average-distance laps on the European continent. 
First-year thrush nightingales caught and tested in Sweden 
increased fuel loading when investigators exposed them to 
a magnetic field that simulated a location in Egypt. 

Even if premigratory fattening has primarily been 
studied in birds, it also occurs in other migrating animals. 
Many species of large whales migrate between cold areas 
where food is abundant and warm calving areas. Many 
baleen whales prefer prey such as krill that they can find 
in high concentrations only in Arctic and Antarctic waters. 
Newborn calves have relatively thin blubber layers meaning 
that they do not possess sufficient insulation for cold water. 
In the calving areas, however, there is not much food for 
baleen whales. For many species, the fat they have stored 
before migration will be the main energy source until they 
return to their Arctic/Antarctic foraging areas. Especially 
pregnant females must build up large premigratory fat 
deposits since they will need to sustain not only them¬ 
selves but also their calves for many months before they 
can resume serious feeding. 

The migration of the gray whales along the American 
west coast is well known since the whales in many places 
can be observed from land. In summer, the gray whales 
feed in the Chukchi and Bering seas off Alaska. In October, 
the whales will start their journey south. Compared to 
birds, the whale migration proceeds slowly, the bulk of the 
whales will reach the lagoons they prefer in Baja California 
in mid-February to mid-March. (The brant goose makes 
roughly the same trip in 3 days!) These lagoons will then 
be filled with mating and calving whales. Since the whales 
follow the coast, this will be the longest known regular 
migration in any mammal. 

Hibernation and Fat 

Hibernation is a hypothermic condition when animals 
save energy during cold seasons by lowering body tem¬ 
perature, metabolism, breathing, and heart rate. This makes 
it possible for an animal to survive the winter on a fat 
deposit that would not last the winter. Animals usually 
hibernate in a protected, well-insulated site. There are 
several forms of hibernation: true hibernation, torpor, and 
denning. The term ‘hypothermia’ is general, because it can 
occur in a range of situations from hibernation to cooling 
during accidents. 

This terminology is not always agreed on, I will use 
‘hibernation’ for the deep dormant state from which ani¬ 
mals cannot wake up quickly. Torpor has sometimes been 
used for true hibernation, but here I will use ‘torpor’ to 
refer to more temporary hypothermic conditions, for 
example an overnight reduction in body temperature. 
Denning describes the situation, common in bears and 
badgers, in which animals enter a state similar to deep 
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normal sleep, with only a slight reduction in body tem¬ 
perature. People commonly call this ‘hibernation,’ but this 
is strictly not correct. 

Truly hibernating animals may lower body tempera¬ 
tures to a few degrees above freezing. At such low tem¬ 
peratures, heart rates and breathing are lowered to a 
minimum. In many homeothermic animals, hibernation 
will be interrupted by arousals when the animal restores 
normal body temperature before entering hibernation 
again. Examples of true hibernators are bats, hedgehogs, 
dormice, marsupials, and snakes. Among birds, some 
nightjars such as the common poorwill may enter true 
hibernation. 

In autumn, before they go into winter hibernation, bats 
may use temporary torpor as a preparation for hiberna¬ 
tion. At such occasions, they will roost in relative cool 
locations even if warmer ones are available. The lower 
ambient temperature makes it easier for them to decrease 
body temperature and metabolism during daytime roost¬ 
ing, thereby saving body fat for the winter hibernation. 

While true hibernation and torpor primarily are stra¬ 
tegies to save energy, denning can be seen as a strategy to 
escape food shortage. Before entering a winter den, bears 
and badgers will build up large body fat stores. These fat 
deposits will be sufficient for the winter if the animal stays 
near its BMR, basal metabolic rate, that is, if it sleeps. 
They will not be sufficient otherwise, because an active 
animal’s metabolism would be several times larger than 
the BMR. The advantage of this condition compared to 
true hibernation is obvious. A bear or a badger will have a 
body core temperature that almost is normal. This makes 
it possible to care for cubs, react to danger, etc. when they 
are in the den. That’s why you should never poke a bear - 
even if it is ‘hibernating.’ 

Regular fat is white but there is also brown fat (BAT, 
brown adipose tissue). This type of fat will not only 
insulate, but also generate heat. Brown fat contains many 
more mitochondria and capillaries than white fat. Brown 
fat occurs in newborns, but it has also been found in 
hibernating animals, for example bats. Brown fat will 
generate heat when the bat is leaving its hypothermic 
state. It is believed to be important for arousal. 

The benefit of the hypothermic condition in a hiber¬ 
nating animal is obviously to reduce energy expenditure. 
Hypothermia can therefore be seen as another form of 
energy storing, the balance can be improved not just by 
storing, but also through saving. Chickadees and titmice 
in the boreal winter forest are not only large-scale food 
hoarders and finely tuned fat regulators. They will also 
exhibit a night time torpor that is better developed than in 
close relatives living in temperate climates. On a cold 
night, a willow tit or a black-capped chickadee will reduce 
its body temperature down to 35° C (from 41° C), thereby 
saving a substantial amount of energy. This strategy is not 
without a cost, however. At dawn, it will take a hypothermic 


bird about 15 min to regain normal temperature. Mean¬ 
while, it will be stiff and immobile, and this may be fatal if 
a predator passes by. 

The ability of 10-g birds to spend the winter in the 
boreal forests is impressive, but a hummingbird’s abilities 
to regulate energy may be even more impressive. Many 
species have a lean body mass of 3-4 g. Due to their tiny 
size, they have an even higher metabolism than chickadee¬ 
sized birds. Hummingbirds need to eat several times their 
own body mass each day. Maintaining their daytime met¬ 
abolic rate during a cool night would require larger fat 
deposits than they can carry. To solve this problem, hum¬ 
mingbirds have developed special torpor adaptations. 
They can decrease night time body temperatures to a 
state only a few degrees above the environment. They 
will not, however, lower it to near freezing, as hibernating 
bats do. If the ambient temperature drops below around 7°, 
the hummingbird will increase metabolism so that its tem¬ 
perature does not drop below this. 

Reproduction and Fat 

Reproduction is energetically costly. Reproducing indivi¬ 
duals must be in good condition and have sufficient fat 
reserves to breed successfully. Female lizards, for exam¬ 
ple, store fat in their tail that they can use during egg 
production. Female geese breeding in the far north carry 
larger fat deposits than conspecific breeders in southern 
regions. For geese migrating to arctic breeding grounds, 
early arrival is an imperative. Fat may be critical for these 
early arriving geese, because food in the form of fresh 
plants may not be available when they arrive. Also, fat 
females can spend more time in the nest than a lean 
female who has to spend more time foraging. This is 
important in the far north, where bad weather is danger¬ 
ous for eggs and nestlings that are not covered by a female. 

Female mammals, for example humans, will gain fat 
during pregnancy and this will be an important energy 
buffer for lactation. Female seals provide an extreme example 
of this, in some species, such as the gray seal, the mother 
will fast and stay with the pup during the whole lactation 
period. A gray seal pup will gain almost 3 kg of fat each 
day during the 16-day lactation. The mother may lose 
almost 40% of her body mass during lactation. 

The king penguin has a breeding period that lasts 
longer than a year. It breeds on sub-Antarctic islands. 
During the southern hemisphere summer, the parents 
will feed the chick intensively. In autumn, both parents 
leave the island and depart for winter foraging areas. The 
chick is still downy and it cannot forage or enter the water. 
Cuddled together with other chicks, it will spend the 
winter standing on land, living on stored body fat. In 
spring, the parents will return and resume provisioning. 
After a couple of months, the chick will lose its down, 
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fledge, and become independent. The amount of body fat 
in autumn is crucial, because lean chicks experience very 
high winter mortality. 

Food Hoarding Versus Fat Storing 

As discussed earlier, we expect food-hoarding birds to 
carry smaller fat reserves than nonhoarding species. The 
extent to which animals can substitute stored food for 
body fat, however, depends on how accessible the stored 
food is. Food in a larder or a granary can substitute for fat 
effectively, because the hoarding animal can easily access it. 
Scatter hoarded food, on the other hand, may not always 
be a good alternative to body fat, because it take more 
time to recover the individually hoarded items. In this 
case, a good spatial memory (that will speed up retrieval) 
can make it easier to substitute hoarded food for fat. In 
contrast, a hoarder that does not remember exact caching 
positions may have to spend time searching for the caches 
before they can be eaten. In some cases, hoarded food 
might thus serve as an alternative to body fat, but there are 
other cases when it instead should be seen as a way of 
increasing food availability. 

Some Current Questions 

The question of how migrating birds can adjust fuel levels 
to local conditions, even when they are inexperienced, 
continues to attract interest. The topic under study here 
is the relationship between migrative fattening and geo¬ 
magnetic cues/latitude. Another field discussed in this 
article that still attracts much interest is adaptations to cold 
climates in small animals, especially small birds in winter. 

In some current studies, fat is seen as one aspect of a 
larger question: energy regulation in general. Fat deposits 
cannot be considered in isolation; optimal energy regula¬ 
tion includes energy-saving behavior and hypothermia. 

Body fat deposits shows distinctly at magnetic reso¬ 
nance scanning images (MRI). This will make it possible 
to measure fat contents on living animals with higher 
precision than in older studies. 


It is not known how fast birds can gain flight muscles in 
parallel to fat deposits, but it has been suggested that it 
may occur on a daily basis. This would explain why bird 
flight in some cases seems less affected by increased fat 
deposits than predicted by physical laws. 


Summary 

Energy is stored in the body either as fat or carbohydrates. 
In mammals, fat is primarily long-term fuel, whereas it 
may serve also as short-term fuel in birds. There is a 
strategic aspect of fat; especially in flying animals the 
amount of body fat carried is under strong selection. Lean 
animals may starve to death, fat animals may be easy to 
capture for attacking predators. Several study systems in 
birds have been thoroughly studied, for example small 
birds in cold environments and optimal fuel loading dur¬ 
ing migration. 

See also: Amphibia: Orientation and Migration; Bat 
Migration; Bats: Orientation, Navigation and Homing; 
Bird Migration; Caching; Fish Migration; Insect Migration; 
Insect Navigation; Irruptive Migration; Magnetic Com¬ 
passes in Insects; Magnetic Orientation in Migratory 
Songbirds; Maps and Compasses; Migratory Connectiv¬ 
ity; Pigeon Homing as a Model Case of Goal-Oriented 
Navigation; Sea Turtles: Navigation and Orientation; 
Vertical Migration of Aquatic Animals. 
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Introduction 

Interspecific communication usually deals with signals 
that provide a receiver with information about the hetero¬ 
specific sender, which includes the sender’s aggressive 
intentions in the case of interspecific aggression, territorial 
status, which can be important in the case of interspecific 
competition (undoubtedly a common interaction among 
animals), suitability as a mate in the case of interspecific 
hybridization, and current actions which are important 
signals for the coordinated activities of group members 
to maintain group cohesion. Interspecific communication 
may also deal with signals in which the sender provides the 
heterospecific receiver with referential information about 
objects external to itself. Such objects could be other 
individuals of the same trophic level, accessible resources 
such as food, or predators. 

Most often interspecific signaling occurs between eco¬ 
logically related species which usually belong to the same 
guild, to alert both conspecifics and heterospecific mem¬ 
bers of mixed-species groups of potential danger and 
recruit nearby individuals for mobbing defense. Examples 
include mixed troops of monkeys, mixed-species flocks of 
birds, and fish schools in the tropics. However, interspe¬ 
cific communication can also occur between nonadjacent 
trophic levels to warn a predator that it has been spotted, 
or involve prey individuals signaling to the predators of 
their predators. In some cases, signal use occurs between 
species of the same or similar trophic levels, but under 
circumstances that do not involve individuals of the same 
social group. This is called eavesdropping, also known as 
information parasitism, which occurs when an individual 
other than the intended receiver cues in on public sensory 
information. 

Within-Trophic-Level Interspecific 
Communication 

Within-Trophic-Level Social Integration Signals 
of Heterospecific Animals 

There is a variety of social contexts in which individuals 
belonging to two or more species must integrate their 
activities to achieve a common goal. Protection against 
predators is among the most important reasons for indi¬ 
viduals to become members of a multispecies group. The 
integration of members of group-living heterospecifics to 
maintain group cohesion, to coordinate movement, and to 


organize communal activities of all members of multispe¬ 
cies groups should be synchronized in such a way that they 
enhance predator protection. Social integration requires 
recognition of key target individuals (such as conspecific 
and heterospecific group members), appreciation of both 
interspecific and intraspecific dominance hierarchies, and 
honest signals. For example, mixed-species aggregations of 
breeding birds and mixed-species foraging groups may 
result from an active search for heterospecific companions. 
Recognition of neighboring species is involved in these 
assemblages. It is well established that birds actively aggre¬ 
gate in mixed-species foraging groups to gain protection 
against predators and/or enhance feeding efficiency, sup¬ 
porting the view that positive ecological interactions are 
important in structuring some breeding bird communities. 

Signaling an internal state to heterospecifics 

Many animals stay as members of mixed-species groups 
where interspecific competition restricts access both to 
food and to the safest and most preferred feeding sites. 
In such groups, the position of the individual in the 
group’s intraspecific and interspecific dominance hierar¬ 
chy affects its resource access and survival. Larger animals 
are usually more dominant in interspecific dominance 
hierarchies. Given the stability of interspecific domi¬ 
nance hierarchies, the individual’s ability to recognize 
aggressive intentions by heterospecific group members 
allows a potential threat posed by more dominant indivi¬ 
duals of other species to be more easily recognized. The 
ability to understand the aggressive signaling by other 
species makes the groups consisting of heterospecific indi¬ 
viduals more coherent and decreases the probability of 
overall aggressiveness and being injured during the inter¬ 
ference competition between social species. 

Interspecific signaling of mating and 
territorial status 

Animals living in complex communities need to be able to 
identify other species and retain memories of species iden¬ 
tities for long periods of time to make optimal choices. The 
ability to discriminate between conspecifics and heterospe¬ 
cifics may be crucially important in the refinement of 
mating preferences during speciation and for premating 
isolation of sympatric species. Various species defend terri¬ 
tories not only against conspecifics but also against certain 
other, usually congeneric, species. In birds, interspecific 
interactions over territoriality are effected through inter¬ 
specific reactions to territorial songs. Where Regulus species 
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are interspecifically territorial in Spain, both goldcrest 
(Figure 1), Regulus regulus , and firecrest, R. ignicapillus , can 
sing species-specific or mixed songs, and most males react 
aggressively to the song of the other species. This example 
shows how song convergence between two species of song¬ 
birds may play an important role in resource partitioning by 
signaling to a heterospecific competitor. Recently, it has 
been shown that male blackcaps (Figure 2) Sylvia atricapilla, 
can associate species-specific songs with species-specific 
plumage and that they can retain the memory of this asso¬ 
ciation for an 8-month period without contact with hetero¬ 
specific rivals, indicating that signals from two different 
sensory modalities (visual and auditory) are important for 
distinguishing conspecifics from heterospecifics. 

Multispecies group integration 

Group living serves a variety of adaptive functions and 
social animals need special signals to coordinate their 
movements and other activities to facilitate social benefits 
such as warning and defense against predators. The level 
of group integration depends largely on mechanisms used 


to recognize group members and signals used to maintain 
group cohesion. When group membership is unstable, a 
group label is meaningless and groups are more appropri¬ 
ately called aggregations. Examples include swarms of 
insects, migratory flocks of birds, and herds of antelopes. 

In contrast, group labels can be critical in socially cohe¬ 
sive mixed-species assemblages. Individual recognition 
based on familiarity with group members is a common 
mechanism used to distinguish group members from non¬ 
members. Groups must be relatively small and stable in 
composition for this mechanism to operate. In multispecies 
groups, individual recognition facilitates the development 
of stable dominance hierarchies within groups because each 
individual can remember the outcome of prior encounters 
with other members. In mixed groups of the tits ( Paridae ), 
crested tits (Figure 3), Lophophanes cristatus , usually dom¬ 
inates over willow tit (Figure 4), Poecile montanus , indivi¬ 
duals. In some cases, willow tits may rise in rank above 
crested tits by demonstrating aggressive postures and giving 
aggressive calls, and these changes in dominance hierarchy 
are permanently accepted by all crested tits. 



Figure 1 Goldcrest, Regulus regulus. 


Figure 3 Crested tit, Lophophanes cristatus. 




Figure 2 Blackcap, Sylvia atricapilla. 



Figure 4 Willow tit, Poecile montanus. 
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Coordination of multispecies group movement 

For the majority of group-living species, the advantages of 
grouping can accrue only when group members remain in 
close proximity When groups move over large areas as a 
unit, mechanisms for maintaining group cohesion are 
required. The signals used to coordinate group movement 
vary depending on the function of grouping, the precision 
required, and the mode of locomotion. In a wide variety 
of social species, three types of vocalizations are found: 
(1) soft, frequently repeated contact calls with individual 
signature, (2) louder and longer separation calls by indi¬ 
viduals that have become separated from the group, and 
(3) movement initiation calls, which are the loudest of the 
three types and are structured to be easily localizable. 
The existence of such vocalizations is consistent with 
the ideas of Marler about signal design features and 
motivation-structure rules proposed by Morton suggest¬ 
ing that selection would favor the use of tonal, high- 
frequency vocalizations in fearful and friendly contexts 
because these sounds symbolize smaller size or juvenile 
age class, thus reducing the likelihood of attack by the 
receiver of the call. 

Within-Trophic-Level Interspecific Referential 
Communication About External Objects 

Mixed-species groups are often observed in birds, pri¬ 
mates, and cetaceans. However, direct measurements of 
the fitness value of gregariousness and the understanding 
of principles of interspecific communication in these ani¬ 
mal species are still in their infancy. Predation represents 
a strong selective factor in prey populations, resulting in 
the development of complicated and unique behavioral 
defenses. The trade-off between maintaining antipredator 
vigilance and devoting resources to other activities has been 
ameliorated in many group-living species by the develop¬ 
ment of calls accessible to members of a local community. 
The most important signals about external objects used in 
heterospecific company include resource-recruitment sig¬ 
nals, distress signals, and alarm signals. Alarm signals can be 
further categorized as low-risk warning signals, which may 
be followed by on-guard signals, inspection or mobbing 
signals, and high-risk warning signals. 

Resource-recruitment signals 

A variety of social primates and birds produce a food call 
while at the location of a newly found food source. Call 
rates usually increase with food preferences and quantity 
found. In primates, an individual out of sight of other 
group members is more likely to produce a discovery 
call than one with others nearby. This suggests that the 
calls are used to ensure sufficient group sizes for predator 
surveillance during feeding. However, actual field data on 
food calls among individuals belonging to different spe¬ 
cies are surprisingly rare, despite the fact that social 


foraging should reduce the risk of energetic shortfall, 
and that resource-recruitment signals are well known 
among members of groups consisting of a single species. 
Nonetheless, such calls might be expected to evolve 
because some associations composed of heterospecific 
animals (such as mixed-species flocks of temperate tits 
and mixed-species associations of dolphins) are most con¬ 
vincingly explained by the foraging advantage hypothesis. 

Alarm calls 

Alarm calls are among those signals that are usually shared 
by ecologically related sympatric species. Mixed-species 
associations can reduce group members’ risk of predation 
through dilution effects, predator deterrence, and improved 
detection. However, a positive association between the group 
size and predator detection efficiency relies on the ability 
of the members to communicate. For this reason, the 
evolution of social complexity is often associated with 
the evolution of a large vocal alarm repertoire. Not sur¬ 
prisingly, such animals as passerine birds, primates, and 
cetaceans having large alarm call repertoires are predis¬ 
posed to grouping with heterospecifics and responding 
to heterospecific alarm calls. Defining sociality as group 
living in which members interact and form relationships, 
several researchers have found that recognition of hetero¬ 
specific alarm vocalizations is an essential component of 
antipredator behavior, especially in primates. Their alarm 
calls are very similar structurally, and all members of a 
mixed troop respond to any species’ alarms. 

Several studies have shown that the forest wintering 
tits save vigilance time not only by flocking with conspe- 
cifics but also by associating with other tit species, gold- 
crests and treecreepers, Certhia familiaris. Heterospecifics 
in such mixed-species flocks are generally considered to 
substitute for conspecifics as predator protection at lower 
competition cost. However, this poses several important 
questions related to the causes of alarm calling when in 
the company of heterospecific individuals. Will members 
of multispecies groups give alarm calls irrespective of 
the absence of conspecifics? Will an individual belonging 
to one species warn individuals belonging to the other 
species - in other words, how reliable are heterospecific 
alarm calling? It is possible that even within the same 
flock, the compensatory benefits of emitting warning sig¬ 
nals may vary with the participant, which suggests that 
the field of alarm calling among heterospecifics and the 
origin and evolution of warning communication are still 
puzzling and largely unanswered. 

Mobbing behavior 

A simple definition of mobbing is the development of 
an assemblage of individuals around a potentially danger¬ 
ous predator. In 1960s, the eminent Austrian ethologist 
Konrad Lorenz used the English term mobbing to describe 
the behavior that animals use to scare away a stronger, 
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predatory enemy: ‘a number of weaker individuals crowd 
together and display attacking behavior, such as geese 
scaring away a fox.’ This well-defined behavioral pattern 
occurs in a wide diversity of animals, especially in birds 
and mammals. If two territorial neighbors cooperate dur¬ 
ing mobbing, they have an increased opportunity to drive 
the predator from their breeding area. Under natural con¬ 
ditions, mobbing often occurs in a company of heterospe¬ 
cifics and they benefit from the antipredator behavior of 
other species. This implies that individuals belonging to 
different species should recognize mobbing calls of other 
species and that there is a possibility of reciprocity among 
heterospecifics. This is so because the emission of mobbing 
signals puts the mobber in jeopardy, and an altruistic act 
helping a nonrelative only pays the altruist if it is directed 
at a particular heterospecific individual that on a later 
occasion reciprocates. Although human behavior abounds 
with reciprocal altruism, few examples exist documenting 
reciprocal altruism in animals, while experimental evi¬ 
dence on interspecific mobbing as a reciprocity-based 
behavior is so far lacking. 

Within-trophic-level distress signals 

Prey individuals often give distress calls in the final stages 
of predator attack or being caught in a trap. These signals 
are fundamentally different from alarm calls and mobbing 
calls. Among avian species, distress calls are notably simi¬ 
lar in structure, generally consisting of short, screaming 
repeated bursts of unmusical sound covering a wide range 
of frequencies, characteristics that increase the effective 
distance and localization of the call. The calls seem to be 
convergent among different bird species. Parents of many 
animal species will respond to distress calls of their own 
offspring. However, intraspecific responses by the vesper- 
tilionid bats, Pipistrellus pygmaeus, showed that they respond 
to the distress calls of unrelated conspecifics, thus reject¬ 
ing the hypothesis that distress calls request aid from 
kin. Moreover, some authors have observed interspecific 
responses to the distress calls of the phyllostomid bat, 
Artibeus jamaicensis. 

A number of hypotheses have been put forward 
to explain the function of distress calls. Some of the 
explanations require strong reciprocity links between 
sender and receiver before it pays a receiver to respond. 
For example, an individual giving distress calls may warn 
other heterospecific individuals of the presence of a pred¬ 
ator, provide other individuals with information about a 
predator (and thus reduce the chance of those individuals 
falling prey to a predator in the future), or attract other 
individuals that will mob a predator (which may in turn 
facilitate the caller’s escape). Distress signals may there¬ 
fore resemble a request of aid from reciprocal altruists. 
While there is some evidence for these hypotheses, 
within-trophic-level distress calling has not, to date, 
been studied in detail. 


Within-trophic-level interspecific eavesdropping 

Animal communication networks can be extremely com¬ 
plex, consisting of many signalers and many receivers. 
The idea about communication network follows from 
the observation that many signals travel further than the 
average spacing between animals. This is self evidently 
true for long-range signals, but at a high density the 
same is true for short-range signals such as begging calls 
of nestling birds. Growing evidence clearly shows that 
alarm calls elicit responses not only from conspecifics 
but also from eavesdropping heterospecifics. If an individ¬ 
ual intercepts information from the alarm calls directed 
toward another individual, this is termed ‘interceptive 
eavesdropping.’ This differs from ‘social eavesdropping,’ 
which involves obtaining information from an interaction 
between two signalers. Numerous studies have shown that 
mammals, birds, amphibians, and fish recognize alarm 
signals of other species, and interceptive eavesdropping 
can even occur between taxa that are not closely related. 
For example, vervet monkeys, Cercopithecus aethiops , respond 
to the alarm calls of superb starlings, Spreo superbur, dwarf 
mongooses, Helogaleparvula, recognize hornbill, Tockus spp., 
alarm calls; and red squirrels, Sciurus vulgaris , respond to 
the alarm calls of jays (Figure 5), Garrulus glandarius. 
Although these examples show the ability of many animals 
to recognize the alarm calls produced by other species, the 
amount of information they glean from these eavesdropped 
signals is largely unknown. 

Instead of using a general type of alarm call, some 
species have categorically distinct vocalizations that are 
each associated with a different type of predator encoun¬ 
ter (e.g., different calls that refer to aerial vs. terrestrial 
predators). There are a few studies that show that birds 
and mammals discriminate among categorically distinct 
types of heterospecific vocalizations. For example, the 
closely related Diana monkeys, C. diana, and Campbell’s 
monkeys, C. campbelli , recognize each other’s acoustically 
distinct leopard and eagle alarm calls and treat them 



Figure 5 Northern (or Eurasian) jay, Garrulus glandarius. 
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Figure 6 Chickadee (Poecile atricapillus) alarm calls encode 
information about predator size and risk. 


similar to conspecific alarm calls. A sympatric bird, the 
yellow-casqued hornbill, Cemtogymna elata , also differenti¬ 
ates between these two types of monkey alarm calls. 
Similarly, vervet monkeys discriminate among the aerial 
and terrestrial predator alarm calls of superb starlings. 

Instead of or in addition to using acoustically distinct 
vocalizations, some animals encode considerable informa¬ 
tion about predators in more subtle variations of a single 
type of call. It was recently shown that chick-a-dee alarm 
calls (Figure 6) of black-capped chickadees, P. atricapillus , 
encode a surprising amount of information about the size 
and threat of a given predator through variations in the 
acoustic structure of the calls, demonstrating that chick¬ 
adees have one of the most sophisticated mobbing call 
systems yet discovered. 

Complex information, including predator size and 
type, can potentially be gleaned from these calls by het¬ 
erospecific individuals. This idea is supported by experi¬ 
mental work revealing that red-breasted nuthatches, Sitta 
canadensis , a temporary flock-mate of black-capped chick¬ 
adees, respond appropriately to subtle variations of these 
‘ chick-a-dee calls, thereby showing that they have gained 
important information about potential predators in their 
environment. These findings clearly demonstrate that our 
knowledge about complexity and adaptiveness of commu¬ 
nication between species is surprisingly superficial. 


Intertrophic-Level Interspecific 
Communication 

Signals exchanged by animals within the same trophic level 
are likely to be cooperative in the sense that the sender is 
providing useful information to the receiver, whereas sig¬ 
nals exchanged between trophic levels occur when con¬ 
flicts of interest between sender and receiver may be really 
high. This guarantees signal honesty, which is required 
before the receivers attend to the signal. Many animals 
give signals often to individuals belonging to species of 
different trophic levels (prey individuals vs. predators). 
Such signals can be divided into those that cause a 
receiver to approach the sender and those that encourage 
the receiver to repel. 


Interspecific Attraction Signals 
Distress signals 

A number of animals give loud distress calls when 
attacked by predators. Some may release pheromones 
from damaged tissues as soon as they are attacked. Grow¬ 
ing evidence suggests that most animal distress signals 
function to attract predators other than the one attacking 
the distressed individual. If the additional predators dis¬ 
tract or interfere with the first, the prey may have a 
chance to escape. A more complex function of distress 
signals is the attraction of predators of the attacking pre¬ 
dators. This could be viewed as behavioral manipulation, 
although there are no definitive examples of this manipu¬ 
lation. However, such interactions have been described in 
a system consisting of plant, herbivore and herbivore’s 
parasites or predators. 


Interspecific Repellent Signals 
Notification of predator detection 

A signal emitted in the presence of a predator could be 
not only an alarm intended to warn other prey individuals, 
but it can also be designed to deter the predator from 
attack. Stalking predators rely on surprise, and if a prey 
individual detects a predator and signals this fact to it, the 
predator usually gives up its current hunt, since it is now 
likely to be unsuccessful. Loud alarms of a variety of birds 
and primates, foot stamping by kangaroo rats, and tail 
wagging by many lizards, all appear to be signals to notify 
a predator that it has been detected. Ground squirrels 
have recently been shown to signal to potential predatory 
rattlesnakes by waving their tails that they have heated 
through increased blood flow. Clearly, a predator will 
attend to such signals only if they are largely honest. 
Prey individuals that perform the signal repeatedly, 
whether a predator is stalking or not, risk having their 
signal ignored by the predator. Therefore, many prey 
animals give just a few calls, which are usually enough to 
signal to the predator that it has been spotted. 


Predator inspection and mobbing 

In many animals, calls of notification of detection may be 
followed by predator inspection. Predator inspection 
ensues when the assembled prey conspicuously monitor 
the predator’s subsequent activities, which is often fol¬ 
lowed by mobbing in some species. Mobbing alarm calls 
are produced in response to perched raptors or terrestrial 
predators. Mobbing behavior may have several different 
functions, but one of the most important is that the mob¬ 
bing is likely to harass the predator enough to drive it 
from the area so that it does not surprise the birds later. 
This view is supported by anecdotal observations suggest¬ 
ing that when mobbing perched raptors, passerine birds 
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tend to approach more dangerous stationary predators 
more closely than less dangerous ones, probably in order 
to ensure its desertion from the vicinity. 

Notification of condition 

Prey in good enough condition to escape pursuit may 
benefit by signaling this fact to a predator when it has 
already begun an attack. Prey that failed to signal would 
therefore be at a disadvantage, thus providing a strong- 
incentive for prey in poor condition to cheat and produce 
the signal regardless of condition. Predators, in turn, should 
rely on such signals only if they are honest indicators of 
condition. One mechanism that would ensure signal hon¬ 
esty is the ‘handicap principle’: honesty is ensured if the 
signal is sufficiently difficult or costly to produce that only 
high-quality prey are able to produce it. This appears to be 
the case for the jumping gait called stotting used by a 
number of African antelopes. Once wild dogs begin a 
chase, some Thompson’s gazelles, Gazella thornsoni, stot and 
some do not, and those that do, stot at different rates. The 
stotting itself neither hinders nor helps the gazelle to escape 
once it is chased by a dog. However, it appears to be difficult 
for a gazelle in poor condition to stot at high rates. Wild 
dogs preferentially focus their chases on gazelles with lower 
stotting rates. In contrast, Thompson’s gazelles rarely stot 
for stalking cheetah, in which the attack is quick and there is 
little time for targeted prey to respond before the predator 
is upon them. 

Aposematic signals 

Animals armed with unpalatable and even toxic spines 
often exhibit conspicuous colors or behavioral patterns. 
Such aposematic signals are clearly aimed at discouraging 
predators from attacking the senders of such signals; these 
senders are usually highly conspicuous against the rele¬ 
vant background. Many salamanders, butterflies and other 
insects, frogs, and skunks are well-known examples. 

Eavesdropping of prey signaling by predators 

Interspecific eavesdropping by predators and parasites is 
common and occurs in all sensory modalities. Many mat¬ 
ing systems are characterized by conspicuous male sexual 
displays, where males aggregate and advertise acoustically 
to attract mates. Chorusing as an example of male aggre¬ 
gation and sexual display is especially prevalent in anur- 
ans. Males in aggregations might have advantages in 
attracting females over males advertising alone. There 
are also disadvantages to males that join choruses. Several 
studies have shown that acoustically advertising anuran 
males have a higher probability of attracting predators 
such as frog-eating bats, Tmchops cirrhosus , and philander 
opossums, Philander opossum. Recently, it was confirmed 
that white storks, Cionia ciconia , could discriminate the 




Figure 7 (a) Carothella blood-sucking flies attacking tungura 
frogs, (b) Closeup of a fly on a frog’s nose. 


signals of moor frogs, Rana arvalis. This suggests that 
such predators as frog-eating bats, storks, opossums, and 
even blood-sucking flies (Figure 7), Carothrella , are acous¬ 
tically orienting predators during the reproductive season 
of frogs and that chorusing is costly in terms of predation. 


Learning of Heterospecific Signals 

Alarm signals contain some of the most pertinent infor¬ 
mation an animal can learn about its environment: the 
presence of a predator. Thus, an animal that is able to 
eavesdrop on the alarm signals of another species may 
obtain considerable, potentially even life-saving, informa¬ 
tion. This response could be innate and may be triggered 
by acoustical properties shared between alarm calls. Play¬ 
back experiments with apostlebirds, Struthidea cinera , sug¬ 
gested that experience with a particular species’ call is not 
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essential to elicit mobbing; rather, intrinsic aspects of the 
calls themselves may explain heterospecific recognition. 

The heterospecific response can result also from a 
learned association between predator presence and alarm 
calls. This was supported while examining the role of 
learning in the discrimination of heterospecific vocaliza¬ 
tions by wild bonnet macaques, Macaca radiata , in southern 
India. The bonnet macaques’ flight and scanning responses 
to playbacks of their own alarm vocalizations were com¬ 
pared with their responses to playbacks of vocalizations of 
Nilgiri langurs, Trachypithecus johnii\ Hanuman langurs, 
Semnopithecus entellus ; and sambar deer, Cervus unicolor. 
Age and experience appeared to be important factors in 
heterospecific call recognition by bonnet macaques. 

Some other studies of heterospecific eavesdroppers such 
as the Galapagos marine iguana, Amblyrhynchus cristatus (that 
does not emit any kind of vocalization or auditory alarm 
signal); the golden-mantled ground squirrel, Spermophilus 
lateralis ; the red squirrel, S. vulgaris ; and Gunther’s dik- 
dik, Madoqua guentheri (which do not live socially) also 
support the idea that the learning of heterospecific alarm 
signals is important and suggest that sociality is not always a 
necessary prerequisite for the evolution of flexible associa¬ 
tive learning abilities. 

See also: Agonistic Signals; Alarm Calls in Birds and 
Mammals; Communication Networks; Dolphin Signature 
Whistles; Dominance Relationships, Dominance Hierar¬ 
chies and Rankings; Ethology in Europe; Food Signals; 
Group Foraging; Group Movement; Honest Signaling; 
Konrad Lorenz; Referential Signaling; Rhesus Macaques; 
Social Learning: Theory; Tungara Frog: A Model for 
Sexual Selection and Communication; Vocal Learning. 
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Introduction 

A Clark’s nutcracker (Nucifraga columbiana ) flies to the top 
of a pine tree and selects one of the many cones. She twists 
and pecks at the stem until the cone breaks free from the 
branch and, with one foot, holds the cone in the crotch of 
a branch. She then repeatedly hammers her long bill in 
between the scales of the cone. After forcing out one of the 
seeds, she tips her head back a bit, clicks the seed in her 
bill a few times, and closes her bill. A few minutes later, 
the shredded cone drops to the snow, the nutcracker 
having extracted several dozen seeds. Each time she closes 
her bill, the nutcracker makes a choice: she either swal¬ 
lows the seed or places it in a small pouch of skin under 
her tongue. The seeds placed in her pouch are destined 
for a site several kilometers away, where she buries them 
under a bit of dirt or leaf litter. In the autumn, she may 
bury 33 000 seeds in this manner, only to return to 
uncover them a few months later during the harsh moun¬ 
tain winter. This form of food storing or caching typifies 
an interesting and wide-ranging set of decisions faced by 
animals: intertemporal choices. 

The term ‘intertemporal’ choice refers to decisions in 
which the benefits associated with different outcomes 
occur at different times. For instance, for each seed, the 
nutcracker must choose between eating it now versus 
waiting to consume it in the winter. Often, there exists 
a trade-off between the size of the benefit and the cost 
(time delay), such that larger benefits accrue after longer 
delays. Thus, the decisions of interest are between obtain¬ 
ing immediate or short-term rewards and investing in a 
grander future. 

Intertemporal Choice in the Wild 

Although not usually framed in this way, many decisions 
that animals face involve a temporal trade-off. The life 
history trade-off of growth versus reproduction offers an 
example of balancing the immediate, competitive benefits 
of growing larger with the delayed benefits of investing 
in offspring. Even plants and other organisms face these 
kinds of temporal trade-offs. Although these provide per¬ 
fectly reasonable examples of temporal trade-offs, most 
work in this area has explored more active intertemporal 
choice decisions that often reflect the particular ecology 
of the individual species. The food caching example 
provides a nice illustration of species-specific choices 


between immediate and delayed consumption in a forag¬ 
ing context. Caching provides a remarkable example of 
intertemporal choice because of the long delay until 
food recovery. Many other foraging-based intertemporal 
choices involve rather short delays: for instance, con¬ 
tinuing feeding in the current food patch versus moving 
on to another patch. In fact, patch exploitation offers a 
classic example of intertemporal choice from behavioral 
ecology that is well studied both theoretically and 
empirically 

Imagine a bird eating berries from a bush. Every berry 
consumed depletes the patch and increases the average 
time required to find the next berry. When should the bird 
stop searching in that patch (after all, there may be no 
more berries in the bush) and move to the next bush? 
Staying too long can waste time better used in searching 
for food elsewhere. Leaving too early can waste opportu¬ 
nities to obtain a quick meal. Optimal foraging theory 
predicts a simple patch-leaving rule when patches are 
similar: leave when the foraging rate in the patch drops 
below the average foraging rate in the environment. We 
can calculate this foraging rate: 


t T t T h 

where A represents the amount of food, t represents the 
time required to travel between patches, t represents the 
delay to finding food within a patch, and h represents 
the time required to process and consume the food. Max¬ 
imizing this foraging rate results in an optimal solution to 
the question of intertemporal choice in the patch-foraging 
situation. 

Foraging decisions often involve the temporal trade¬ 
offs characterizing intertemporal choices, from patch 
foraging to caching to decide between a smaller, easier- 
to-process food item and a larger, more difficult one. 
Yet intertemporal choice extends far beyond foraging. 
Returning to the category of life history examples, paren¬ 
tal investment exemplifies an important temporal trade¬ 
off. Investment in current offspring reduces potential 
investment in future offspring. How should a parent dis¬ 
tribute investment over time? Also, mating decisions have 
a critical temporal component - along the lines of choos¬ 
ing between Mr. Right and Mr. Right Now. Should an 
individual accept the currently available mate or continue 
looking for a higher quality mate? 

Cooperative situations may also involve intertemporal 
choices. Reciprocal altruism, for instance, requires that 
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animals trade the immediate benefits of defection against 
the delayed benefits of reciprocated cooperation. Clearly, 
many behaviors fall under the umbrella of intertemporal 
choices, although they are not typically analyzed with this 
framework. Even when viewing these decisions as inter¬ 
temporal choices, researchers use various terms such as 
temporal discounting, self-control, impulsivity, patience, 
and delayed gratification. Because of the broad nature of 
intertemporal choices, they have attracted the attention 
of many disciplines, including economics and psychology, 
as well as biology. 

Economics of Intertemporal Choice 

One of the first disciplines to investigate intertemporal 
choice was economics. Economists study the consumption 
of goods and services; thus, they want to know how agents 
manage streams of benefits that accrue over time. How do 
they balance the consumption of a small amount of a 
commodity now compared to a larger amount later? The 
economic perspective focuses on a ‘rational’ account of 
how agents should respond to choices over time. That is, 
assuming that agents have all information about the goods, 
what response provides the optimal return? Economists 
noticed that, when given a choice between the same 
benefit immediately or in the future (say, one dollar now 
vs. in 20 years), people preferred the immediate payoff. 
This effect suggests that people temporally discount or 
devalue future payoffs. In other words, a delay reduces the 


subjective value of receiving a benefit. Why should we 
discount the future? 

Economic theory proposes a number of reasons to 
discount the future. First, inflation literally makes money 
less valuable. One dollar will buy more lollipops today 
than it will after 20 years. Also, individuals can invest 
currently available benefits. That is, there are opportunity 
costs associated with not being able to use or invest bene¬ 
fits that are locked away during the delay. Investing one 
dollar now will yield much more in 20 years than one 
dollar. Finally, the future is uncertain. A bird in the hand 
is worth three in the bush because the three in the bush 
may never be in hand. Future rewards run the risk of not 
being realized; instead, some force may interrupt their 
consumption. 

These three reasons for discounting are related, and 
economists have developed a model to account for inter¬ 
temporal choice. In this model, each option yields a 
present value: 

V = S'A [2] 

where S represents a discount factor and t represents the 
delay to receiving reward amount A. The discount factor S 
accounts for the remaining value after a single unit 
of delay (thus, from S we can calculate the rate of 
discounting - the proportional rate of decrease in value). 
This ‘exponential discounting model’ has a special fea¬ 
ture: the rate of discounting remains constant across the 
delay (Figure 1). So, a reward delayed 1 day after another 
reward is available will lose the same value if the first 



Figure 1 Models of temporal discounting describe how the subjective value of a reward at the present time decreases with the delay 
to receiving that reward. The exponential model promoted by economists predicts that the rate of discounting is constant over time, 
whereas, the hyperbolic model promoted by psychologists predicts a decreasing rate of discounting. As an example, we can compare 
the difference in values for the two models over two time frames: from t = 0 to t = 10 and from t = 10 to t = 20. At t = 0, both the 
hyperbolic model (\/ h (0)) and the exponential model (\4(0)) start with a value of 1. At t = 10, \/ h (10) = 0.65 and l/ e (10) = 0.61, thus the 
hyperbolic value decreased by 0.35 in 10 time units, and the exponential value decreased by 0.39. At t = 20, however, \4(20) = 0.48 and 
\4(20) = 0.37. The relative decrease from f= 10 is 0.26 for hyperbolic and again 0.39 for exponential. Thus, the decrease remained the 
same for exponential value but diminished for hyperbolic value. 
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reward is available today or in a year. In other words, value 
decreases at the same rate across time. 

This constant rate of discounting makes sense when 
organisms discount because of future uncertainty, that is, 
when the risk of interruption makes a delayed reward less 
valuable. If random events interrupt the receipt of delayed 
payoffs, then decision makers face a constant probability 
of loss, making discounting to match the environmental 
loss rate beneficial. Thus, discounting may closely relate 
to uncertainty and risk. 


Psychology of Intertemporal Choice 

For decades, psychologists have acted as the fly in the 
ointment for the elegant economic models of decision 
making. The psychological approach focuses on describ¬ 
ing the actual behavior of decision makers rather than 
creating models of omniscient, godlike agents. In many 
cases, the models do not hold up well - behavior deviates 
substantially from the rational predictions. So, how can 
we measure the temporal preferences of animals to test 
the models? 

Experimental Methods 

Animal experiments often use the ‘self-control’ paradigm 
to explore intertemporal choice (Figure 2(a)). This typi¬ 
cally involves offering a subject the choice between 
a smaller amount of food after a shorter delay (smaller— 
sooner option) and a larger amount of food available after 
a longer delay (larger-later option). Subjects often start 
with a fixed set of options, then the experimenter adjusts 
either the long delay or the larger amount to titrate an 
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Figure 2 (a) The most frequently used method to investigate 
intertemporal choice in pigeons and rats is the self-control 
paradigm. In this technique, subjects experience an intertrial 
interval in which nothing happens. Following this interval, 
subjects choose between receiving a small amount of food after 
a short delay and a large amount of food after a long delay. After 
consuming the food, another intertrial interval begins, (b) In the 
delayed gratification paradigm, a certain amount of food 
accumulates at fixed rate, say, one food reward per 10 s. 
Interrupting the stream of food results in stopping the 
accumulation of rewards. 


indifference point, that is, to find a pair of options 
between which the subjects choose equally. For example, 
a subject may first face the choice between two food items 
available immediately and six food items available imme¬ 
diately. Assuming that the subject prefers the larger 
amount, a one-second delay is added to the larger option. 
The experimenter will continue to add one second incre¬ 
ments to the large amount until the subject chooses the 
two immediate food items as often as she chooses the six 
delayed items. This indifference point then indicates how 
long a subject will wait for three times as much food. 
Many psychologists interpret these data as a kind of 
discounting: the delayed food loses value relative to 
the immediate food. As discussed later, biologists have 
another interpretation that does not invoke discounting. 
Pigeons have been the workhorse for self-control experi¬ 
ments, but rats and primates have been tested using this 
technique as well. 

The ‘delayed gratification’ technique provides a 
second method to study intertemporal choice in animals 
(Figure 2(b)). This method mirrors Walter Mischel’s 
pioneering work on delayed gratification in children. In 
the animal version, a stream of food rewards accumulates 
over a period of time. For instance, a grape appears in 
front of the subject every 5 s. The catch is, once a subject 
interrupts this stream by reaching for or eating the food, 
the stream stops. So if subjects can delay their gratifica¬ 
tion, they will receive all of the rewards in the stream; 
however, they constantly face the temptation to consume 
the available rewards. Rather than choosing between two 
options, in the delayed gratification paradigm, subjects 
choose when to stop waiting for the reward. Researchers 
have primarily used this method with primates but occa¬ 
sionally with pigeons as well. 


Hyperbolic Discounting 


Most work on animal intertemporal choice uses the self- 
control paradigm and assumes that this tests temporal 
discounting in their subjects. With a series of indifference 
points, one can derive a discounting function that quanti¬ 
tatively describes how reward values decrease with delays. 
Recall that exponential discounting (eqn [2]) implies a 
constant rate of discounting. Unfortunately, experiments 
in both humans and other animals show little support for 
this prediction. Instead, the discount rate decreases with 
time, showing high discounting at short delays and a lower 
rate at longer delays (Figure 1). This type of discounting 
is termed ‘hyperbolic discounting.’ Psychologists favor 
a particular hyperbolic function that describes how 
the present value of a reward amount A decreases with 
the delay t\ 



A 

1 + kt 
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where k represents a discounting parameter that accounts 
for the steepness of the slope. This model has a declining 
discounting rate and describes data from pigeons, rats, and 
humans quite well. 

The actual rate of discounting also violates the eco¬ 
nomic model. If viewed as a proxy for the interest rate in 
humans or the interruption rate in animals, the rate of 
discounting should be rather small. A rational investor 
should have a discount rate that matches available interest 
rates (around, say, 5% per year). In experiments and ‘field 
studies’ in humans, the estimated discounting rates often 
range between 10 and 30% per year for delays beyond 
1 year (and are much higher for shorter delays). Humans, 
therefore, choose much more impulsively than predicted 
by economic analysis because they have strong prefer¬ 
ences for sooner outcomes. Animals also exhibit impulsive 
preferences, but on an even shorter time scale, typically 
only waiting for seconds or minutes for delayed payoffs. 
This would imply implausibly high interruption rates (up 
to four interruptions per minute!) to discount the future at 
this level. Thus, from a psychological perspective, high 
levels of impulsivity remain a puzzle. Rather than offer 
ultimate explanations of behavior, the psychological per¬ 
spective emphasizes the cognitive variables underlying 
behavior. 

Cognitive Variables 

The psychological study of intertemporal choice often 
highlights how individuals overcome temptation for 
short-term gratification. A number of cognitive variables 
play key roles in trade-offs between short- and long-term 
rewards. 

Commitment 

One way to avoid the temptation of immediate gratification 
is to use external commitment devices that force an indi¬ 
vidual to choose the delayed option. Examples of commit¬ 
ment devices in humans include automatically transferring 
salary into a retirement account to save money for the 
future, throwing away a pack of cigarettes to avoid smoking, 
placing the alarm clock across the room to avert the draw of 
the snooze button, and Ulysses lashing himself to the mast 
of his ship to resist the Sirens’ songs. Although little or no 
evidence suggests that animals actively pursue commit¬ 
ment devices, they can use them when available. For 
instance, Howard Rachlin and Leonard Green conducted 
a series of experiments in which pigeons faced an additional 
choice before experiencing the standard self-control choice 
between a smaller-sooner and larger-later option. In one 
version of the task, the subjects could choose between 
experiencing a delay, then continuing on to the standard 
self-control choice or experiencing a delay, then automati¬ 
cally receiving the larger-later option. This second choice 
represents a form of commitment because the pigeons can 


commit themselves in advance to the larger-later option. 
Interestingly, the pigeons did use the commitment device, 
and most subjects significantly preferred it when a long 
delay separated to two sets of choices. Therefore, the 
pigeons used commitment if the temptation was far enough 
in the future. 

Reward magnitude 

Both the exponential and hyperbolic models predict that 
the absolute magnitude of the rewards should not matter; 
only the relative magnitudes should matter. So, the choice 
between one food item now and three items tomorrow 
should be devalued the same way as 20 items now and 
60 items tomorrow. Only the threefold increase in reward 
amount should matter. The absolute magnitude does, 
however, influence choices in humans: the discounting 
rate decreases as the magnitude increases. So, human 
subjects choose more patiently (meaning that they opt 
for the larger-later reward more often) when assessing 
rewards in hundreds or thousands of dollars compared to 
tens of dollars. Interestingly, this ‘magnitude effect’ does 
not appear in animals. The ratio of rewards influences 
choices rather than the absolute magnitude. Testing the 
magnitude effect, however, proves difficult in animals 
because the magnitudes cannot scale to the same degree 
as in humans. Experiments in humans can vary hypothet¬ 
ical monetary payoffs over several orders of magnitude, 
whereas animal food rewards can only vary over a single 
order of magnitude. Thus, as we will see in the next 
section, the currency of the reward is a key aspect of 
intertemporal choice. 

Currency 

Food is the most commonly used reward currency in 
studies of animal intertemporal choice because it is easy 
to manipulate, highly motivating, and slow to cause satia¬ 
tion. Most experimental studies show that animals will 
wait for seconds or minutes for food rewards. Water pro¬ 
vides another primary reward (a reward needed for sur¬ 
vival) used in studies of intertemporal choice. Self-control 
studies rewarding deprived rats with water show similar 
patterns as when using food: rats only wait for a few 
seconds and their discounting function matches the 
hyperbolic model. Unfortunately, we do not have good 
experimental data on other currencies such as mating 
opportunities or social contact, but this provides an impor¬ 
tant avenue of future research. If intertemporal choices 
are adaptive in animals, we might expect that different 
currencies vary in how they lose value over different time 
scales, and animal intertemporal choices might match this 
variation. Food may elicit a strong preference for imme¬ 
diacy because it often does not persist long in the 
environment — competitors will take it if you do not. 
Also, food is, of course, something animals constantly 
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need, so discounting of food may result from close ties to 
metabolic rates. 

Currency effects appear more prominently in humans. 
Food, money, and health options all seem to show hyper¬ 
bolic discounting but over different time scales. In fact, 
when tested with food in a similar way as other animals, 
humans also show very impulsive choices. So, food seems to 
be a universally impulsive currency. However, money and 
health options allow for much longer-term delays, even if 
they are shorter than those predicted by economic models. 

Attention 

Mischel’s work on delayed gratification in children high¬ 
lights the role of attention. In his design, an experimenter 
placed a single treat (cookie or marshmallow) in front of a 
child and said that she would leave the room. If the child 
waited and did not eat the treat until she returned, the 
child could have two additional treats. The experimenter 
would then leave the room and measure how long the 
children would wait (up to 15-20 min). Mischel and col¬ 
leagues manipulated attention in several ways. First, they 
simply varied whether the children could see the treat. 
When the treat was hidden, the children waited sig¬ 
nificantly longer than when it was visible. Next, the 
experimenters drew the children’s attention to the treat 
in different ways. They either focused the children’s 
attention on the delicious properties of the treat (e.g., 
‘the marshmallow sure looks like a yummy, sweet treat, 
doesn’t it?’) or had them divert their attention by thinking 
of the treat as something else (e.g., ‘imagine the marsh¬ 
mallow is a soft, fluffy cloud’). Again, diverting attention 
from the treat as food increased patience. Similar studies 
in animals have used the delayed gratification paradigm. 
Pigeons, for instance, can wait longer when their food is 
not visible, and chimpanzees can wait longer when experi¬ 
menters provide toys to distract subjects from the accu¬ 
mulating food. The availability of distraction therefore 
can increase patience — reducing attention to waiting 
makes delays more tolerable. 

Mechanisms of control 

One of the most interesting and controversial topics in 
psychology is the nature of mechanisms of control over 
behavior. Are behaviors consciously or reflexively con¬ 
trolled? Are they genetically determined, learned, or rea¬ 
soned out? These questions certainly apply to intertemporal 
choice, but unfortunately we have not begun to address 
them systematically. Claiming that plants make intertem¬ 
poral choices suggests that strong genetic mechanisms with 
relevant environmental input can generate intertemporal 
choices. Of course, the same can be said of animals. Parasit- 
oid wasps, for instance, can detect cues associated with a 
short life expectancy (such as lower barometric pressure 
indicating an impending storm). When detecting these cues, 


they lay more eggs in lower quality hosts than in the absence 
of the cues. They therefore accept a lower reproductive 
output when responding to a shortened temporal horizon. 
Caching also likely falls under the category of intertemporal 
choices with strong genetic components. Caching species 
probably do not weigh the current and future benefits of the 
seeds in front of them - foresight months into the future 
seems unlikely. Nevertheless, caching species show extreme 
flexibility in their behavior, and foresight into a much 
shorter future seems perfectly reasonable. Experiments 
with scrub jays show that they attend to the decay of food, 
the time since caching, the presence of possible cache 
thieves, and future need. Thus, they have an extraordinarily 
flexible system for dealing with delayed rewards, although 
we do not fully understand how they represent the future. 
The abstract representation of time in humans allows us 
extreme flexibility in anticipating future payoffs - we can 
mentally travel in time. Although other animals can plan for 
the short term (hours, maybe days), the full scope of their 
mental time horizons remains unclear. 

Evolution of Intertemporal Choice 

The psychological approach offers insight into the 
mechanisms of intertemporal choice, but it does not offer 
a satisfying explanation of the circumstances under which 
animals should choose patiently or impulsively. An evolu¬ 
tionary account, however, can make specific predictions 
about temporal preferences and the change in discount 
rate over time. The evolutionary view stresses the fit 
between the decision mechanisms used to make temporal 
trade-offs and the environment in which these mechan¬ 
isms evolved. Thus, natural selection favors a good fit 
between the decisions and the ecology of organisms - 
temporal preferences should be ‘ecologically rational’ 
rather than economically rational. This perspective leads 
to predictions that can account for some of the variation in 
species differences in patience and impulsivity. 

The ecological rationality perspective suggests that 
decision mechanisms should fit the environment in which 
they operate. Thus, intertemporal choices should match the 
kinds of problems often faced by animals. This may explain 
animal impulsivity in the self-control paradigm. Rather 
than discounting, the rats and pigeons in these experiments 
may use simple rate-maximizing rules that are adapted to 
foraging in patches (maximizing intake also results in a 
hyperbolic discounting function). David Stephens and his 
colleagues have proposed that actual foraging situations 
rarely have the property of simultaneous choice used in 
the self-control paradigms (Figure 2(a)). Instead, animals 
typically choose when to leave a patch. A rule that max¬ 
imizes the short-term intake rate: 


t + h 
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where t represents the delay and h represents the time 
required to process the food, makes similar predictions as 
the long-term rule (eqn [1]) in the patch situation. In the 
self-control situation, however, it predicts impulsive 
choice. Experiments with blue jays suggest that they 
make appropriate decisions in a patch situation, hut 
choose more impulsively than expected in a self-control 
situation. This short-term rule is ecologically rational 
because it works well in a more naturalistic environment 
in which animals forage in patches. 

Ecological rationality can also make predictions about 
species differences in intertemporal choice because spe¬ 
cies differ in their ecologies. Although relatively few 
animals have been tested systematically, interesting pat¬ 
terns emerge in the data across species. Comparing spe¬ 
cies can pose difficulties, especially with phylogenetically 
distant species. With more closely related species, how¬ 
ever, the comparative method can yield interesting 
insights. For instance, chimpanzees and bonobos are sister 
taxa that share many morphological, ecological, and 
behavioral similarities. Yet, they differ in key aspects of 
their foraging ecologies. Although their diets overlap sub¬ 
stantially, chimpanzees often hunt for food, whereas bono¬ 
bos spend more time consuming the abundant terrestrial 
herbaceous vegetation in their habitat. This means that 
chimpanzees frequently face delays in food consumption: 
they decide to hunt and then must wait until capturing 
food before consuming it. Bonobos, in contrast, rarely 
hunt, instead feeding on the plentiful vegetation that is 
virtually immediately accessible. Ecological rationality 
would predict that these differences in foraging ecology 
should translate into different decision mechanisms and 
preferences between the two species. In fact, chimpanzees 
are more patient in the self-control task than bonobos, 
reflecting the differences in natural foraging. Although 
chimpanzees and bonobos differ, they wait longer than 
any other species systematically tested so far. Macaques 
wait for an intermediate length of time, and capuchin 
monkeys, tamarins, and marmosets wait as long as pigeons 
and rats. Yet differences still exist between these species, 
some of which may result from foraging ecology. The 
comparative study of intertemporal choice remains in its 
infancy, and testing more species can help reveal the 
underlying nature of temporal preferences. 

See also: Animal Arithmetic; Caching; Mental Time 
Travel: Can Animals Recall the Past and Plan for the 


Future?; Optimal Foraging Theory: Introduction; Patch 
Exploitation; Rational Choice Behavior: Definitions and 
Evidence. 
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Introduction 

It is difficult to provide an overview of just about any 
topic dealing with all the invertebrate animals found in 
the biosphere. Indeed, about 98% of all animal species are 
invertebrates, comprising approximately 30 phyla. This is 
especially true about hormones and behavior. There is 
much known about some topics in some species (such as 
molting in arthropods or egg laying in molluscs), but com¬ 
parisons are complex due to differences observed among 
related species (e.g., crustaceans vs. insects or caterpillars vs. 
fruit flies). Given these constraints, I attempt to provide 
an overview of the topic. This topic is of basic and applied 
interest to a wide range of readers due to the importance 
of invertebrates as follows: (1) cultured and wild-caught 
species (crustaceans and molluscs) that form some of the 
world’s most valuable food commodities; (2) keystone 
species in various ecosystem food webs (including agri¬ 
cultural systems), which in some cases are predators and 
in others prey species; and (3) major disease vectors (espe¬ 
cially insects) and parasites that greatly influence human 
endeavors. In addition to these practical reasons for the 
promotion of research into invertebrates, they provide 
very useful model systems for the study of the chemical 
mediation of behavior. Invertebrates are well suited to 
endocrine-related experiments on behavior. They are espe¬ 
cially tolerant of experiments using classical endocrino¬ 
logical techniques (e.g., ablation, injection, reimplantation, 
and organ culture). 

Arthropoda 

Crustacea 

Molting 

Crustaceans, like all arthropods, must periodically shed 
their external, confining exoskeletons and take up air or 
water to expand their new and larger exoskeletons in 
order to grow in size. The problem of how to increase in 
body size is even more formidable for crustaceans (com¬ 
pared to insects) due to their mineralized, relatively rigid 
exoskeletons. Figure 1 shows the molting of the overlying 
old exoskeleton in the lobster Homarus americanus. This 
ecdysial process lasts about 30 min. However, the entire 
molt cycle occurred over many weeks, and ecdysis was 
simply the culmination of this process. 

The arthropod molting hormone was identified as the 
steroid 20-hydroxyecdysone (20E; see Table 1). 20E is 


the principal active form of the molting hormone found in 
both insects and crustaceans. It is a member of a class of 
steroids, ecdysteroids, that show molting hormone activity. 
In most species examined, ecdysone is the prohormone 
secreted by the molting gland (Y-organ in crustaceans), 
and it is hydroxylated by target tissues to 20E. Although 
20E is the predominant molting hormone in all decapod 
species examined to date, other ecdysteroids have been 
characterized in hemolymph and tissues of various crusta¬ 
cean species. 

Like vertebrate steroid hormones, ecdysteroids recog¬ 
nize target tissues by binding with nuclear receptors. The 
ecdysteroid receptor has been isolated and characterized 
from the fiddler crab Uca pugilator. It has been sequenced 
and has homologies with insect ecdysteroid receptors. 
Transcripts for the receptor were isolated from crab 
limb buds and developing ovaries. 

Hemolymph ecdysteroid concentration fluctuates dra¬ 
matically during the molt cycle (e.g., from <10 ngmP 1 in 
postmolt to >350ngml _1 in premolt lobsters). These 
changes mediate the various biochemical and physiologi¬ 
cal processes that occur during the cycle. The rates of 
synthesis and/or secretion of ecdysone by the Y-organ 
vary during the molt cycle and partially account for these 
hemolymph fluctuations in ecdysteroid titer. Just prior to 
the substage of premolt in which the highest concentra¬ 
tion of ecdysteroids is found in the hemolymph, explanted 
Y-organs secrete the greatest amount of ecdysone. Low 
hemolymph concentrations correlate with low Y-organ 
secretory rates. 

Removal of both stalked eyes of U. pugilator results in a 
shortening of the molt interval. This observation led to 
the postulation of an endocrine factor present in the eye- 
stalks that normally inhibits molting - a molt-inhibiting 
hormone (MIH). Detailed microscopical examinations 
resulted in the discovery of a neurohemal organ in the 
eyestalk of several decapod crustaceans. This neurohemal 
organ is called ‘the sinus gland’ and serves as a storage site 
for neurosecretory products. It consists of the enlarged 
endings of a group of neurosecretory neurons collectively 
called ‘the X-organ.’ 

The shortened molt interval observed in eyestalk- 
ablated decapods is likely due to a rapid elevation in the 
concentration of circulating ecdysteroids, which is a result 
of X-organ/sinus gland removal. However, recent evi¬ 
dence indicates that the regulation of the Y-organ is 
more complex than simple inhibition by MIH. No overt 
changes in the hemolymph levels of MIH were observed 
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Figure 1 Molting of a juvenile lobster (Homarus americanus). The entire sequence took about 30 min from start to finish, (a) The lobster 
has resorbed much of its old exoskeleton’s mineralization. The exoskeleton splits at the junction of the thorax and abdomen, (b) The 
anterior of the animal retracts from its old exoskeleton by pulling posteriorly, (c) The posterior of the lobster pulls anteriorly, (d) The 
lobster is almost free of its old exoskeleton and begins to take up water to expand its new, flexible, larger exoskeleton, (e) The animal is 
above its shed exoskeleton. It will take several days for the exoskeleton to deposit layers of chitin, protein, and calcium carbonate. 
Photos by staff of the Bodega Marine Laboratory. 


Table 1 Overview of the hormones affecting invertebrate behavior discussed in the article 


Taxonomic group 

Hormone 

Glandular source 

General function(s) 

Crustacea 

20-Hydroxyecdysone 

Y-organ 

Molting, pheromone, 
allelochemical (in the 
chelicerate pycnogonids) 


Molt-inhibiting hormone 

X-organ/sinus gland 

Molt inhibition 


Androgenic gland hormone 

Androgenic gland 

Reproduction, aggression 

Insecta 

20-Hydroxyecdysone 

Prothoracic gland 

Molting 


Prothoracicotropic hormone 

Brain 

Molt promotion 


Corazonin 

Brain 

Ecdysial behavior 


Pre-ecdysis-triggering hormone 

Inka cells 

Ecdysial behavior 


Ecdysis-triggering hormone 

Inka cells 

Ecdysial behavior 


Eclosion hormone 

Brain 

Ecdysial behavior 


Juvenile hormone 

Corpus allatum 

Development, reproduction, 
migration, social behavior 

Mollusca 

Egg-laying hormone 

Bag cell neurons 

Egg laying 


Caudodorsal cell hormone-1 

Caudodorsal cells 

Egg laying 


Peptides A, B 

Apical gland 

Egg-laying promotion 

Echinodermata 

Radial nerve factor 

Radial nerves 

Spawning promotion 


1-Methyl adenine 

Follicle cells 

Spawning 


in a crab over the molt cycle, except for a large increase 
during late premolt immediately before ecdysis. This 
peak of premolt MIH likely mediates the sudden drop in 
circulating ecdysteroids just prior to ecdysis. The MIH 


from the green crab Carcinus maenas was among the initial 
MIHs to be characterized. It is a member of a novel 
neuropeptide family, representatives of which have so 
far been found only in arthropods. This neuropeptide 
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family regulates such diverse functions as molting, repro¬ 
duction, and metabolism. 

Pheromones and allelochemicals 

The hypothesis that hormones can serve as pheromones 
has been tested with positive results in only a few instances 
in the animal kingdom. Perhaps the best known examples 
are from fish. Compared to fish, relatively little evidence 
exists for a pheromonal role of crustacean hormones. 

Ecdysteroids are not only mediators of molting, but also 
act as gonadotropins. Since molting is usually a prerequi¬ 
site for insemination in many female decapod crustaceans, 
it is not unreasonable to hypothesize that ecdysteroids 
may act as mating pheromones. There are some early 
studies in support of this hypothesis. A premating stance 
is typically displayed by male crabs in the presence of 
chemical cues released by a premolt female. This stance 
involves elevation of the cephalothorax with the anterior 
margin tilted up. Males walk on the tips of their dactyls of 
the first three pairs of walking legs with the fourth pair 
extended backward. The chelipeds are partially extended 
in a lowered position. In the presence of 20E, male shore 
crabs ( Pachygrapsus crassipes) display the premating stance. 
A dose response curve for the activity of 20E was published 
showing a range of effects from 10 -13 to 10 -5 M. Research¬ 
ers observed that lower doses of 20E resulted in longer 
reaction times before the premating stance was displayed. 
These researchers then hypothesized that 20E was re¬ 
leased by premolt female crabs (presumably in their 
urine) and initiated mating behavior. 

The proposal that crustacean release pheromones 
through urine is supported by several experiments. There 
is evidence that urine contains ecdysteroids and that their 
amounts vary during the molt cycle. Urinary concentrations 
of ecdysteroids are highest in late premolt, corresponding 
to an observed dramatic decline in hemolymph ecdyster¬ 
oids immediately prior to ecdysis. 

There have been challenges, however, to the proposal 
that ecdysteroids are in fact pheromones. For example, 
other research failed to demonstrate any pheromonal 
activity of various tested ecdysteroids on C. maenas and 
did not find changes in mating behavior when lobsters, 
H. americanus, were bioassayed with 20E or ecdysteroid 
metabolites. These latter experiments indicated the initi¬ 
ation of alert responses to some of the compounds tested. 
No mating responses were observed when blue crabs, 
Callinectes sapidus ; were tested with 20E. Perhaps the 
major difficulty in proposing a pheromonal role of ecdys¬ 
teroids is the lack of species specificity. Since all arthro¬ 
pods examined so far synthesize, secrete, and use 
ecdysteroids for molting, it is difficult to envision how 
an ecdysteroid acting as a pheromone can be species 
specific. One possibility is that only a very limited number 
of species evolved receptors capable of binding extraor- 
ganismal ecdysteroids. 


The hypothesis that ecdysteroids have some phero¬ 
monal activity has recently been revisited. Male C. maenas 
had decreased feeding responses during the summer repro¬ 
ductive season. During these months, postmolt females are 
soft shelled. Males are observed to decrease their foraging 
activities and are less likely to cannibalize these postmolt 
females. The application of exogenous 20E deterred male 
crabs from feeding on bivalve prey items. Female crabs were 
not deterred. Thus, it appears that 20E may act as a sex- 
specific feeding-deterrent pheromone. Although postmolt 
female crabs have low circulating ecdysteroid concentra¬ 
tions, presumably they excrete sufficient quantities via the 
urine or from exoskeletal pores to be perceived by males in 
very close proximity (as in the mating embrace). 

Another recent study indicates a role for 20E as a 
chemical mediator of aggressive interactions in premolt 
lobsters. When physiologically relevant concentrations of 
20E were released near the antennules of premolt lobsters, 
their level of aggression increased relative to controls. The 
controls consisted of the release of the prohormone ecdy- 
sone, artificial seawater, or the use of lobsters that could 
not smell. Presumably, the increased aggression will chase 
off other lobsters and ensures that the premolt lobster will 
deter a subsequent physical confrontation between its 
future postmolt, defenseless self and any nearby cannibal¬ 
istic conspecifics. 

As described earlier, the primary function of ecdyster¬ 
oids is to mediate the molting process. Recent work 
demonstrates that molting hormones have been addition¬ 
ally used by pycnogonids (sea spiders) as defensive com¬ 
pounds against crustacean predators. Pycnogonids are not 
crustaceans; they are related chelicerate marine arthro¬ 
pods. Eight different ecdysteroids have been isolated from 
the pycnogonid Pycnogonum litorale. Much of these ecdys¬ 
teroids exist as acetate or glycolate conjugates. These 
conjugates may affect metabolism of the ecdysteroids 
and/or their biological activities within the host pycnogo¬ 
nid. These combined ecdysteroids are found in very high 
concentrations in P. litorale — as much as 2-3 orders of 
magnitude higher than in other arthropods. 

In feeding choice experiments, crabs were deterred 
from eating either powdered extracts of pycnogonids or 
food pellets containing high levels of ecdysteroids. Since 
all arthropods to date have been shown to be sensitive 
to the molt-promoting effects of ecdysteroids, P. litorale 
must have a mechanism to isolate their allelochemical 
compounds from their circulating hemolymph. P. litorale 
sequesters its defensive ecdysteroids in epidermal glands. 
These glands can be selectively stimulated to release their 
contents. Ecdysteroids apparently act as antipredation 
compounds because potential crustacean predators of 
pycnogonids are susceptible to the molt-inducing effects 
of exogenously applied ecdysteroids. The effect of exoge¬ 
nously applied ecdysteroids is frequently an early entry 
into premolt followed by an unsuccessful ecdysis. 
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Just as some terrestrial plants have high concentra¬ 
tions of ecdysteroids that act as antifeeding allelochemicals 
against herbivorous insects, it will be interesting to deter¬ 
mine if marine algae have high levels of ecdysteroids that 
act as deterrents against herbivorous crustaceans. The evo¬ 
lution of plant ecdysteroids appears to have occurred mul¬ 
tiple times throughout the plant kingdom. There is at least 
one example of ecdysteroid-like molecules in a red alga. 

Aggression 

Ecdysteroids also appear to have neuromodulatory activ¬ 
ities. With in vitro neuromuscular preparations, increased 
amplitudes and frequency of the excitatory potentials 
were observed in the opener muscle of the lobster claw 
in the presence of 20E. In abdominal muscle, these poten¬ 
tials were significantly smaller in the presence of 20E 
compared to control abdominal muscle. These observa¬ 
tions were consistent with the changes observed in vivo in 
which premolt lobsters (with high circulating levels of 
ecdysteroids) had increased aggressiveness relative to 
other molt stages. In support of these observations on 
alterations in neuromuscular activity, experiments were 
conducted on lobsters using 20E injections. Intermolt 
females injected with 20E displayed increased aggressive¬ 
ness relative to saline-injected controls. 

Reproduction 

The androgenic gland (AG) is located on the distal por¬ 
tion of the sperm duct in male crustaceans. In genetic 
males, the AG develops and begins to secrete AG hor¬ 
mone. In the absence of a developed, active AG (i.e., in 
females), there is an absence of AG hormone and female 
structures develop. Following removal of the AG from a 
male, spermatogenesis waned and in some cases oocytes 
appeared. More recent experiments have been conducted 
in the giant freshwater prawn Macrobrachium rosenbergii in 
which complete sex reversal followed the removal of the 
AGs at an early immature stage. This operation resulted 
in complete female differentiation, complete with ovaries 
and oviducts including reproductive behavior, successful 
mating, and production of offspring. Implantation of AGs 
into females resulted in the development of male copula- 
tory organs with reported cases of functional sex reversal 
and progeny obtained when fertile sex-reversed animals 
were crossed with normal prawns. 

M. rosenbergii males progress through a succession of 
male morphotypes beginning with small males. These 
small males have relatively short claws and minimal repro¬ 
ductive capacity. Orange-claw males are a larger, interme¬ 
diate morphotype. This progression of male morphotypes 
ends with the dominant blue-claw males. These very large 
males have long claws and maximal reproductive capacity. 
The AG is necessary for this morphotypic progression in 
males. When implanted into females, the AG induces male¬ 
like reproductive and aggressive behavior. 


These observations have interesting implications for 
the aquaculture industry. Most economically important 
cultured crustaceans show sexually bimodal growth pat¬ 
terns in which males grow faster than females or vice 
versa. Monosex culture has been recently suggested as 
one of the most promising ways to improve produc¬ 
tion efficiencies of crustacean aquaculture. An example 
of the application of endocrine research in crustaceans 
is the potential for the production of male monosex 
M. rosenbergii. This would be the result of AG removal 
from immature males; this results in sex reversal with 
complete and functional female differentiation (neofe¬ 
male). Neofemale prawns display female mating behavior 
and are capable of mating with normal males to produce 
all-male offspring. These crosses produce all-male prog¬ 
eny because of the homogametic (ZZ) nature of the males. 
Selective harvest of the largest males would have to be 
conducted in order to reduce aggression. 

Insecta 

Ecdysis 

Like the crustaceans, insects use 20E as their predominant 
molting hormone. There are, however, several distinct 
differences between the two groups of arthropods. Instead 
of the inhibitory control of the molting gland by MIH as in 
crustaceans, insects employ a stimulatory hormonal regu¬ 
lation of their molting glands (prothoracic glands). This 
stimulatory peptide is prothoracicotropic hormone that is 
produced in brain neurons and released from neurohemal 
organs called ‘the corpora cardiaca.’ The morphological 
stage produced as a result of an insect molt is regulated by 
juvenile hormone (JH). This terpenoid hormone is pro¬ 
duced by the corpora allata and promotes the develop¬ 
mental status quo. For example, in the presence of high 
concentrations ofJH, most insect taxa retain their juvenile 
or larval characteristics when stimulated to molt by 20E. In 
the presence of reduced amounts of JH, ecdysteroid- 
mediated molting proceeds toward mature stages. 

Details of the actual mechanisms involved in the shed¬ 
ding of the old exoskeleton, or ecdysis, have only been 
elucidated in the insects. Several peptide hormones medi¬ 
ate this ecdysial behavior. A brain hormone (corazonin) 
stimulates the secretion of pre-ecdysis-triggering hor¬ 
mone (PETH). PETH is produced by the Inka cells, 
which are located near the spiracles. PETH acts on the 
abdominal ganglia to promote the initial phase of pre- 
ecdysial behavior. This may include searching for an 
appropriate location in which to molt and body move¬ 
ments of rhythmic muscular contractions that serve to 
loosen the connections between the old overlying exo¬ 
skeleton and the new one lying beneath it. 

Ecdysis-triggering hormone (ETH) is also secreted by 
the Inka cells. It mediates the next phase of the pre-ecdysis 
motor pattern. In the tobacco hornworm (Manduca sextet), 
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this involves rhythmic cycles of muscular constriction and 
relaxation along the lateral margin of the abdomen. Addi¬ 
tionally, the prolegs display waves of extension and relax¬ 
ation. The next targets are brain neurons that secrete 
eclosion hormone (EH). EH mediates the actual ecdysis 
behavior. In M. sexta , one primary activity of EH is the 
initiation of waves of peristaltic movements that result in 
the sliding of the old cuticle to the posterior. The details of 
ecdysis in insects are highly complex and are still being 
worked out. There are several other peptide hormones 
involved and reciprocal interactions cloud the situation. 
For example, there is evidence that EH forms a positive 
feedback loop upon the secretion of ETH. ETH also 
induces the secretion of other hormones that have fur¬ 
ther downstream effects. Study of ecdysis behavior per¬ 
mits an elegant blend of research that uses the tools of 
neural physiology, molecular biology, and comparative 
endocrinology. 

Reproduction 

As with many aspects of the endocrine control of insect 
behavior, it is difficult to make generalizations across the 
diverse and numerous insect orders. The primary media¬ 
tor of female reproductive behavior is JH. However, some 
insects continue to display apparently normal reproduc¬ 
tive behavior in the absence of functioning corpora allata, 
while there are examples of the loss of sexual receptivity 
upon removal of these glands in individual species of 
various groups. Often, reproductive behavior can be rein¬ 
stated with JH replacement therapy. Functioning corpora 
allata or JH injections stimulate male mating behavior in 
some species. 

A great deal of research has been conducted on the 
isolation and characterization of insect pheromones (see 
Further Reading). There is no evidence for insect hor¬ 
mones acting as pheromones. However, in the mosquito 
Anopheles gambiae, males transfer large amounts of 20E into 
the female upon copulation. This transferred hormone is 
pheromone-like in that it is a chemical messenger pro¬ 
duced by one member of a species and transmitted to 
another member of the same species, resulting in a physi¬ 
ological change. In this case, the change is enhanced 
production of yolk by the female. 

Migration 

The milkweed bug ( Oncopeltus fasciatus) presents one of the 
best models for migratory behavior. Under the proper pho¬ 
toperiod (long days) and high temperatures, the female 
initiates reproductive processes after a short dispersal flight. 
This behavior is mediated by a large and rapid rise in 
circulating JH. Short days and lower temperatures result 
in intermediate titers ofJH. This results in a long migratory 
flight. If the insects do not find sufficient food and environ¬ 
mental conditions, the JH concentration drops further and 
they enter into a quiescent resting stage called ‘diapause.’ 


Social behavior 

In social insects, different castes perform specific func¬ 
tions. The proportion of the members of each caste is 
often determined by colonial and environmental condi¬ 
tions. In some termites, transformation of workers to 
soldiers is mediated by elevated levels of JH. In some 
ant species, application of JH to juveniles will result in 
the formation of a higher proportion of queens. And in 
honeybees, low JH titers in adults may promote nursing 
and hive-related activities, while high JH titers may pro¬ 
mote foraging behavior. 

Mollusca 

The neuroendocrine control of egg laying is well under¬ 
stood in two species of gastropods - the sea hare Aplysia 
californica and the pond snail Lymnaea stagnalis. Egg-laying 
behavior of A. californica is controlled by two clusters of 
peptidergic neurons called ‘bag cells.’ These bag cell neu¬ 
rons of the abdominal ganglion synthesize an egg-laying 
hormone (ELH) precursor protein. This precursor hor¬ 
mone undergoes posttranslational processing that results 
in multiple peptides in addition to ELH. These additional 
peptides include a-, (3-, y-, 5-, and 8-bag cell peptides and 
an acidic peptide, which have various activities upon the 
animal’s physiology and behavior. Some of these peptides 
can mimic the action of ELH. As the name implies, the 
primary behavior mediated by ELH is egg laying. Other 
behaviors associated with egg laying are mediated by ELH. 
These include inhibition of locomotion and feeding, 
increased respiratory pumping, and initiation of stereo¬ 
typical head movements. 

The ultimate control of egg laying has not been 
completely elucidated. Other factors, such as the apical 
gland, which is associated with the reproductive tract, may 
be involved. It produces several factors, including peptides 
A and B that stimulate ELH secretion. Another apical 
gland peptide (‘egg-laying release hormone’) can stimu¬ 
late egg laying in the absence of the abdominal ganglion. 

Egg-laying behavior in the pond snail L. stagnalis is 
regulated by the caudodorsal cells located in the cerebral 
ganglia. Like the bag cells of A. californica , the caudodorsal 
cells produce a family of peptides through a series of 
posttranscriptional and posttranslational modifications. 
The major peptide of these neurosecretory cells is caudo¬ 
dorsal cell hormone-I (CDCH-I). The CDCH-I precursor 
displays some homology to the ELH precursor (about 
28%). CDCH-I mediates a suite of behaviors related to 
egg laying. In addition to ovulation, this hormone initiates 
a resting behavior in the snail followed by a turning behav¬ 
ior. During the turning phase, the snail scrapes the sub¬ 
strate with its buccal mass. This scraped substrate is the 
future location of egg deposition. Oviposition then occurs 
and is followed by the snail’s inspection of the egg mass. 
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Both these molluscan neurohormonal systems have 
provided valuable insight into gene structure and posttran- 
scriptional and posttranslational processing. These species 
have relatively few cells in their relatively accessible central 
nervous systems and well-defined behaviors that are 
responsive to the relatively small peptide hormones. 

Echinodermata 

Most of the work on hormones in echinoderms has been 
conducted on sea stars. This research includes the sepa¬ 
ration of follicle cells from the oocyte (ovulation), the 
induction of germinal vesicle breakdown, and the release 
of maturing oocytes into seawater (spawning). Fertiliza¬ 
tion then occurs in the aquatic medium. Pioneering stud¬ 
ies demonstrated that the radial nerves, components of the 
sea star central nervous system, contain a peptide that is 
able to mediate these events. This hormonal factor was 
initially called ‘gonad-stimulating substance 7 and is now 
called ‘radial nerve factor 7 (RNF). Subsequent work iden¬ 
tified the target cells of RNF as the follicle cells (though 
more recent work indicates that nonfollicular cells may 
also be targets). The primary action of RNF is to stimu¬ 
late the release of maturation-inducing substance that 
actually induces the biological activities observed with 
RNF. Maturation-inducing substance has been identified 
as 1-methyladenine (1-MA). Some of the actions of 1-MA 
may be due to the subsequent induction of a locally acting- 
factor called ‘maturation-promoting substance. 7 

Of particular relevance to this article’s central topic, 
injection of 1-MA induces release of oocytes from their 
surrounding follicle cells (Figure 2) and generates spawn¬ 
ing posture and brooding behavior. During spawning, sea 
stars usually become stationary and assume a characteris¬ 
tic posture of raising their central disk off of the substrate. 
This may be accompanied with rhythmic waves of con¬ 
traction that start at the arm tips and progress medially. 
This is followed by spawning of gametes (and occurs 
in both females and males). In some brooding sea stars, 
1-MA injection mediates the formation of a brood pouch 
under the arms and central disk of females. Normally this 
pouch is used for the brooding of embryos. 

Conclusions 

This is an exciting time for research on the interface of 
endocrinology and behavior in invertebrates. I think that 
some key areas of future research on this topic include the 
following: 

1. I have only discussed data from three invertebrate 
phyla. There are dozens of other invertebrate phyla 
that undoubtedly have hormones that regulate behavior. 



Figure 2 An ovarian lobe dissected from an arm of the sea star 
Pisaster ochraceus and placed into filtered seawater. The lobe in 
the bottom panel was incubated with 1.0 j_iM of 1-methyladenine 
for 60 min. Mature, fertilizable oocytes have been released from 
their surrounding follicle cells. The lobe in the top panel did not 
have anything added to the seawater. 


Those hormones and their effects upon behavior are 
waiting to be characterized. 

2. The further identification and characterization of 
ecdysteroid and neuropeptide receptors in arthropods 
will be achieved using modern molecular techniques. 
This area of research will identify putative target tis¬ 
sues and quantify receptor activities during molt and 
reproductive cycles. 

3. The molluscs that display the most complex behaviors 
are the cephalopods. Although classical hormonal ma¬ 
nipulations (ablation and implantation experiments) 
have been conducted on squid and octopus, little is 
known about the endocrines in this class of animals. 
With advances in the successful culture of cephalopods, 
we can expect new findings on the hormonal regulation 
of behavior. 

4. The sea urchin genome has been sequenced. This 
database will permit informative comparisons between 
hormones and behavior in these invertebrate deuter- 
ostomes and the chordates. 

5. There is growing interest in the field of invertebrate 
endocrine disrupters. There will likely be much more 
research devoted to the determination of the effects 
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of exogenous chemicals upon invertebrate endocrine 
systems. Behavioral assays will be useful indicators of 
environmental contamination. 
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Introduction 

In organisms with internal fertilization, females serve as 
arenas for postinsemination, prefertilization interactions 
between the sexes. Although these interactions are not 
visible to the naked eye, from those species in which 
they have been studied, females are clearly the site of a 
rich intersexual dialog that considerably impacts the fit¬ 
ness of both sexes. 

Among and within various invertebrate taxa are 
species with either external or internal fertilization 
(Table 1). Even where fertilization is internal, it is not 
necessarily preceded by copulation or by penetration of 
the female by an intromittent organ. For example, in 
some marine and freshwater invertebrates, sperm enter 
the females via the water column, while in others, 
females collect spermatophores and place them into 
their own reproductive tracts. Cases also exist in which 
insemination is referred to as ‘traumatic’ as it involves 
piercing of the female’s body in order to deliver the 
ejaculate. This article will not concern itself with copu- 
latory organs or copulation itself. Instead, the focus, 
regardless of how females come to be inseminated, will 
be the nature of intersexual interactions that take place 
inside the female. The intent is not to provide a complete 
review of all invertebrate taxa with internal fertilization, 
but instead to highlight some of the variability that exists 
in reproductive tract interactions in invertebrates with 
internal fertilization. This article is organized to first 
present what is known of the components interacting 
inside the mated female reproductive tract, including 
the sperm and any accompanying ejaculate as well 
as the structural and chemical features of the female. 
Following this, intersexual interactions, starting with the 
arrival of the ejaculate until the moment of fertilization, 
will be treated. The final section will address the evolu¬ 
tionary implications of the reproductive structures, sub¬ 
stances, and processes that occur inside females. 

Components 

Male Ejaculate 

What is the nature of the material inseminated females 
acquire from males? Typically, the ejaculate consists of 
the sperm and the chemical cocktail accompanying them. 


In cases where there is a spermatophore, or packet of 
sperm, the chemical cocktail includes the covering of the 
packet. Both sperm and nonsperm constituents of ejaculates 
can be highly variable within and between species. Sperm 
can vary morphologically, chemically, and quantitatively 
Nonsperm components also exhibit qualitative and quanti¬ 
tative variability. Furthermore, some of the ejaculate varia¬ 
bility will be nongenetic: nutrition, age, mating status, and 
mating type (genotypes of each member of the pair) may 
influence the qualitative and quantitative features of what 
males pass to females. 

Sperm 

Sperm size and shape and surface chemistry are all fea¬ 
tures capable of interacting with the female. While we 
typically think of sperm as having a head, a midpiece, and 
tail, in some taxa, sperm have multiple or no flagella. In 
others, they are amoeboid. Among those species with 
tailed sperm, such as certain Drosophila, sperm can be 
many times the length of the male’s body. The number 
of sperm transferred to females can vary within and 
among individuals or species by over a 100-fold. 

The sperm surface contains substances that interact 
directly with the female or with the oocyte surface. 
Sperm plasma membrane glycosidases are implicated in 
gamete recognition in a range of invertebrates, including 
molluscs, ascidians, and insects, where they are considered 
as candidate proteins in binding with the egg surface 
at fertilization. In a detailed comparative study of 11 
Drosophila species, the Perotti laboratory at the University 
of Milan has examined four sperm glycosidases, candi¬ 
dates for sperm-egg binding. While expression of all four 
glycosidases was observed in the 11 species, their distri¬ 
bution on sperm surfaces as well their activities were 
found to vary among species. 

Nonsperm 

In many invertebrates, including worms, crabs, beetles, crick¬ 
ets, and butterflies, sperm are transferred in a spermatophore, 
or a discrete package. A spermatophore’s contents may be 
compartmentalized into portions with and without sperm, 
depending upon the species. Furthermore, not all spermato¬ 
phores are directly deposited into the female. In some spe¬ 
cies, females themselves insert spermatophores into their 
own reproductive tracts. Because nonsperm components of 
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Table 1 Internal fertilization in the invertebrates 


Taxon 

Fertilization 

Copulation 

Poriferans 

Both 

No 

Colenterates 

Both 

No 

Platyhelminthes 

Both 

Yes 

Roundworms 

Yes 

Yes 

nematode 



Echinoderms 

Rarely internal 

But some stars and sea 

Rare if at all 


cucumbers 


Molluscs 

Both 

Yes 

Crustaceans 

Both 

Yes 

Arachnids 

Internal 


Insects 

Internal 

Yes and no 


spermatophores are in discrete packages, they lend them¬ 
selves more easily to comprehensive chemical analyses 
than does seminal fluid passed directly, without any sort 
of membrane, to the female. Spermatophores vary tremen¬ 
dously in their size and composition. In some Orthoptera, 
spermatophores can he up to one-third of the male’s body 
weight. Bush cricket spermatophores are mostly water and 
protein, with small amounts of glycogen and lipid, primar¬ 
ily hydrocarbons. Crab spermatophores are largely muco¬ 
polysaccharide, lacking glycogen. Specialized compounds 
such as alkaloids and carotenoids also are found in sperma¬ 
tophores of certain species, and may provide benefits to 
females or their eggs in the form of protection against 
parasitism or oxidative stress. In butterflies, spermatophore 
composition varies with adult diet. 

In invertebrates lacking spermatophores, chemical 
analyses of seminal fluid are less advanced. Ejaculate 
quantities are small and the fluid itself is difficult to obtain 
in pure form. Some studies have utilized radioactive 
labeling of males to track and identify male-derived sub¬ 
stances in females. Labeling studies have revealed the 
transfer of elements such as sodium and phosphorus. 
Studies of invertebrate seminal fluid, however, have 
tended to focus on seminal fluid proteins and the genes 
that code for them. Genomic and proteomic approaches 
have led to the characterization of male accessory gland 
and other seminal proteins in the honeybee Apis melifera , 
in the malarial vector Anopheles gambiae , and in several 
species of Drosophila. These studies, despite using different 
approaches, have revealed over a 100 different male pro¬ 
teins in each of the foregoing taxa. Some proteins appear 
to be conserved across these diverse invertebrate taxa, and 
even share, in the case of the honeybee, considerable 
overlap with human seminal fluid. Other proteins, in 
Drosophila , for example, are so rapidly evolving that they 
cannot even be identified in other members of the same 
genus. Seminal fluid proteins fall into a number of func¬ 
tional categories, indicating their involvement in pro¬ 
cesses such as sperm energetics and immune defense. 


Female Arena 
Morphology 

Some species such as poriferans and coelenterates have 
internal fertilization but typically lack specialized female 
tissue for receiving or storing sperm. In some sponges, 
however, oocytes develop in association with a cluster of 
nurse cells, one of which is specialized to capture sperm. 
Certain bivalve molluscs store sperm in gill chambers. At 
the other extreme, many molluscs and arthropods have 
highly developed female reproductive tracts, often with 
multiple types of structures. Reproductive tracts typically 
include a uterine structure or bursa where sperm enter 
and may or may not remain. Sperm storage organs can 
vary in shape, size, and number. Frequently, there are 
tubular receptacles and paired spermathecae, some of 
which have sphincter valves at the base and muscular 
coverings. Spermathecae and seminal receptacles also 
exhibit high levels of interspecific variability in shape 
and size. A wide variety of accessory glands occur in 
female tracts, although their specific functions typically 
remain unidentified. Lampyrid beetle female reproduc¬ 
tive tracts, for example, have a certain structure that is 
assumed to be a spermatophore-digesting gland. 


Chemistry 

Reproductive tract morphology of female invertebrates 
has been studied far more extensively than has female 
chemistry. In those species in which female reproductive 
tract chemistry has been examined, however, it is prov¬ 
ing to be complex and variable. Our information pri¬ 
marily derives from proteomic and genomic studies 
of economically or medically important insects and of 
Drosophila. In bloodsucking sandflies, spermathecae are 
filled with a mucopolysaccharide secretory mass. Hon¬ 
eybee spermathecal fluid has been found to have over 
a 100 proteins. In other cases, chemical interactions can 
be inferred from structural or ultrastructural studies. For 
example, in the lampyrid beetle, the spermatophore- 
digesting gland presumably contains digestive enzymes 
of some sort. In female houseflies, the posterior repro¬ 
ductive tract has at least six proteins with acid phospha¬ 
tase activity, each of which exhibits specificity with 
respect to particular structures of the reproductive 
tract. Female reproductive proteins in several Drosophila 
species and in honeybees have been the most extensively 
studied of any invertebrates. Several hundred candidate 
female reproductive genes turned up in expression stud¬ 
ies of whole Drosophila female lower reproductive tracts, 
while ~40 proteins were found in the spermathecae 
alone. Proteomic studies of the seminal fluid of honey¬ 
bee queens revealed over a 100 proteins in this storage 
organ, most of which have energetic or antioxidant 
function. 
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Eggs 

Outer membranes of freshwater and marine invertebrates, 
because desiccation is not a problem, are usually different 
from those of terrestrial species. Oocytes of terrestrial 
arthropods typically are covered not only with the vitel¬ 
line membrane, but also a tough chorion, or shell, on the 
outside. In the vast majority of insect species, because of 
the impenetrable outer coverings, oocytes have a tubular 
structure or micropyle, through which sperm must enter. 
Oocytes of species in the Hemipteran family of Cemicoi- 
dea, where fertilization takes place in the ovariole even 
before the egg’s vitelline membrane and chorion are com¬ 
plete, lack a micropyle. In most insects, oocytes have just 
one micropyle, but in some species there are two and even 
up to 70 micropyles, often arranged in a circle. In related 
taxa where the micropyle number differs, it is usually 
constant for a given species. Micropyles have unique 
surface carbohydrates that interact with sperm, purport¬ 
edly the glycosidases mentioned earlier. Consistent with 
this idea, in Drosophila , the Perotti group has shown inter¬ 
specific differences in the distribution of these carbohy¬ 
drates in and around the micropyle. Spiders and other 
invertebrates, for the most part, lack any specialized 
sperm-guidance structure on the egg surface. 

Processes 

Once the ejaculate enters the female, one or more pre- 
zygotic processes occur, including sperm storage, various 
female physiological responses, and sperm retrieval and 
fertilization. These processes may happen quickly or last 
several years, depending upon the species, but all rely on 
interactions among the structural and molecular compo¬ 
nents discussed in the previous section. 

Reaching Their Destination 

Whether the immediate destination inside the female is the 
oocyte or a longer-term storage location, some mechanism 
(s) must guide sperm to their destination. In certain species, 
for example, the sponges previously mentioned, sperm are 
not stored. Rather, upon flowing through the body cavity 
with the seawater, a sperm is captured by a specialized 
female cell and quickly delivered to the oocyte where 
fertilization takes place. Nematode sperm are amoeboid 
and crawl from the uterus to the spermatheca where 
fertilization takes place. Oocytes of Caenorhabditis elegans 
use polyunsaturated fatty acids to control directional 
sperm motility within the uterus. 

In species where sperm have tails, the storage process is 
assumed to be at least partially a function of their motility. 
Contraction of female reproductive tract musculature 
moves sperm in many insect species. As in C. elegans , 
however, chemical signaling is likely to play a role in 


where sperm go. Even in taxa with flagellated, highly 
motile sperm, such as Drosophila , the Wolfner laboratory 
at Cornell University has shown using RNA interference 
and antibodies that certain seminal fluid proteins control 
the sperm storage process. In some cases, male proteins 
localize to specific regions of the female reproductive tract. 
Such specificity would be difficult without corresponding 
localized biochemical differences in the female reproduc¬ 
tive tract. In another Dipteran, the sand fly, the mucopoly¬ 
saccharide mass of the spermatheca appears to activate the 
sperm in the spermatophore, promoting their uptake into 
storage. In certain insects, females appear to dump or kill 
sperm, although the underlying mechanisms are unknown. 

Traumatic and hypodermic insemination represent spe¬ 
cial cases of sperm delivery. A number of invertebrate taxa, 
including molluscs, insects, and spiders, have traumatic 
insemination. In most cases of traumatic insemination, 
sperm are delivered directly to the female reproductive 
tract. Hypodermic insemination, in which the females’ 
body is pierced and sperm are delivered to the female 
hemolymph, requires some mechanism by which sperm 
navigate through the female’s body to her reproductive 
tissue. In the Dysderid spider, Harpactea sadistica , for exam¬ 
ple, where sperm storage organs are atrophied, sperm travel 
directly to the ovary where fertilization occurs. In this and 
other cases, the mechanisms guiding sperm to their destina¬ 
tion remain unknown. 

Maintenance in Storage 

In those invertebrates where sperm are stored, what does 
maintenance of sperm in storage require and who pro¬ 
vides it? Duration of sperm storage can last less than an 
hour or several years as in some species of hymenoptera. 
In honeybees and leaf cutter ants, both the seminal fluid 
and spermathecal secretions are important in the long¬ 
term viability of sperm in the sperm storage organs. In 
many invertebrates in which females store sperm, they 
also mate multiply. The presence of multiple ejaculates in 
the storage organs sets the stage for interejaculate inter¬ 
actions as well as more complex, multiindividual interac¬ 
tions that include the multiply inseminated female and 
influence the fitness of all parties. 

Physiological Changes in the Female 

Male materials produce a variety of changes not only in 
the female reproductive tract but in somatic tissues as 
well, either by mechanical or chemical means or both. 
Innervation of the female reproductive tract can detect 
the presence of sperm and signal responses leading to 
ovulation and fertilization. In isopods, mating itself trig¬ 
gers remodeling of the sperm storage organs. In some 
Drosophila species, especially those of the mulleri complex 
of the repleta group, a large mass forms in the uterus 
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following mating that can last up to 10 h in intraspecific 
and indefinitely in interspecific matings. Drosophila spe¬ 
cies have proved highly informative regarding the action 
of specific seminal proteins in triggering oogenesis, ovu¬ 
lation, and delaying remating. While the well-known sex 
peptide is found in many Drosophila species, other proteins 
produce similar responses in mated females. Microarray 
and other experiments have revealed postmating changes 
in the expression of many functional categories of genes in 
females. Immune responses to mating may include upre- 
gulation of immune-response genes as in Drosophila as well 
as their downregulation as in Tribolium. 

Females of several taxa take up seminal fluid sub¬ 
stances, including proteins, sodium, and phosphorus, to 
incorporate them into their somatic tissues and ovaries. In 
Drosophila melanogaster, some seminal proteins appear to be 
associated with reduced female lifespan, while in the major¬ 
ity of Drosophila examined, no lifespan reduction seems to 
result from mating. In certain ant species, however, queens 
mating with either fertile or sterile males experience signif¬ 
icantly longer lifespans than virgin queens. 

Retrieval/Fertilization 

Fertilization in invertebrates with stored sperm requires 
(1) the retrieval of sperm from storage, (2) ovulation, and 
(3) fusion of the sperm with the oocyte. In the majority of 
species studied, females release from their ovaries mature 
oocytes, which then are fertilized by stored sperm. What 
triggers the processes leading to fertilization? Signals may 
consist of environmental cues, internal cues, and/or their 
interaction. Environmental cues may be abiotic, such as 
light or temperature, or biotic, such as the availability of 
suitable oviposition sites. Internal factors can include the 
nutritional state of females, such as a recent blood meal in 
hematophagous species, and its influence on the produc¬ 
tion of mature oocytes. Female reproductive tracts fre¬ 
quently are innervated, by stretch or proprioceptors, 
signaling to a female that she is inseminated. Chemical 
features of seminal fluid, particularly male accessory 
gland proteins, also can initiate the steps toward fertiliza¬ 
tion via the female nervous system. Oviposition decisions, 
therefore, while they may appear to be female controlled, 
can be under the morphological or biochemical influences 
of both sexes long after copulation. In Rhodnius. , male secre¬ 
tions cause contractions of the female oviduct. 

An unidentified product of the paired sex accessory 
glands of the posterior reproductive tract of female 
houseflies allows penetration of the eggs by sperm, either 
by ‘activation’ of the sperm or alteration of the egg 
membrane. Tribolium females exert muscular control 
over sperm storage, although there is no evidence to 
date that females use this to differentiate among mates. 
The development of sperm storage organs allows females 
control over sperm storage and subsequent utilization. 


Molecular mechanisms are implied to be the male’s way 
of controlling the same processes, but in ways that benefit 
the male. 

Evolutionary Implications of Reproductive 
Tract Interactions 

A major challenge remains to understand the evolution¬ 
ary significance of the observed intra- and interspecific 
variability in the processes that take place within insemi¬ 
nated females. Postmating control over reproduction fre¬ 
quently is discussed in different contexts such as cryptic 
female choice or sexually antagonistic co-evolution. 
These processes presumably occur inside the mated 
female and ultimately influence the genotypes of the 
fertilized eggs, embryos, or even older stages of the prog¬ 
eny that subsequently issue from the female. If we are to 
understand the evolution of these processes at their most 
fundamental levels, their underlying genetic architecture 
first must be identified. For example, if multiply mated 
females are able to selectively store and or use the sperm 
from one male over another, some heritable characteristic 
of the ejaculate must be not only variable among males, 
but it must also be detectable to females. Females also 
must have heritable mechanisms by which to detect male 
ejaculate variants and in order to differentially respond to 
them. Sperm uptake, storage, and retrieval each represent 
critical control points if female sperm choice is a reality. 

firm grasp of the genetic underpinnings of each step 
will allow stringent and manipulative tests of the evolu¬ 
tionary processes hypothesized to explain the particular 
intersexual interaction. 

Currently, we know only parts of the story. For exam¬ 
ple, while there is strong evidence for selection on genes 
encoding both male and female reproductive proteins, 
especially in Drosophila and there is evidence of assortative 
fertilization in several taxa, including Drosophila , no con¬ 
nection currently exists between these different bodies of 
evidence. What is the role of precopulatory factors, such 
as whether a mating was preferred by one or both part¬ 
ners, on postcopulatory processes? Are certain steps in the 
postcopulatory sequence of interactions more probable 
than others to influence fertilization success? In other 
words, is selection stronger on particular types of internal 
interactions than on others? Are certain components more 
variable than others either at a genetic or nongenetic, 
including the environmental level? 

What is the relationship between fertilization success 
within a species and the evolution of postcopulatory- 
prezygotic reproductive isolation? 

Much of our information on proximate mechanisms 
comes from laboratory studies of model organisms such as 
Caenorhabditis , Drosophila , Tribolium , or Apis. These model 
organisms exist in nature as well, and are not especially 
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difficult to study in the wild. Furthermore, with next- 
generation sequencing technologies and other molecular 
approaches becoming affordable, a larger range of ecolo¬ 
gically interesting taxa can be added to the pioneering 
studies on model organisms. Perusal of Table 1 shows that 
in the porifera, coelenterata, platyhelminthes, mollusca, 
and crustea both internal and external fertilization occurs. 
How many times within one of these groups has internal 
fertilization evolved and what are the ecological, behav¬ 
ioral, and internal correlates? Carefully selecting new taxa 
to study should generate hypothesis-driven investigations 
of the relationship between mating system, reproductive 
tract interactions, and fitness. 

See also: Cryptic Female Choice; Forced or Aggressively 
Coerced Copulation; Social Selection, Sexual Selection, 
and Sexual Conflict; Sperm Competition. 
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Introduction 

Most migrations in birds are regular, taking place at the 
same seasons each year, with individuals moving between 
fixed breeding and wintering areas. In irruptive migra¬ 
tions, the proportions of birds leaving the breeding range, 
and the distances they travel, vary greatly from year to 
year. While regular migrations are associated with regular 
and predictable food supplies, irruptions are associated 
with sporadic food supplies, which vary in abundance and 
distribution from 1 year to the next. Typical irruptive 
migrants are all food specialists for at least part of the 
year, and all can breed or winter in widely separated areas 
in different years. Strictly, the term ‘irruption’ (or ‘inva¬ 
sion’) is applicable only to the region receiving the birds, 
whereas ‘eruption’ is often applied to the region losing 
them, but for general discussion it is convenient to use a 
single term. 

Typical irruptive migrants of northern regions include: 
(1) boreal finches and others that depend on fluctuating 
tree-seed crops; and (2) owls and others that depend on 
cyclically fluctuating prey populations. This chapter is 
concerned with both groups, but in some parts of the 
world waterfowl and other birds of arid regions show 
irruptive movements, in association with sporadic rainfall 
patterns that influence their habitats and food supplies. 

Boreal Seedeaters 

The Food Base 

Typically, northern tree-seed crops vary greatly in size 
from year to year, and in some years fail completely 
(Figure 1). Fruiting depends partly on the natural rhythm 
of the trees themselves and partly on the weather. Trees of 
most species require more than 1 year to accumulate the 
nutrient reserves necessary to produce fruit. For a good 
crop, the weather must ideally be fine and warm in the 
preceding autumn when the fruit buds form, and again in 
the spring when the flowers set. Otherwise, the crop is 
reduced or delayed for another year. In any one area, most 
of the trees of a species fruit in phase with one another 
partly because they come under the same weather, and 
often those of several different species also crop in phase. 
The result is a great profusion of tree fruits in some years, 
and practically none in others. Good crops almost never 
occur in consecutive years, and nor do poor crops, but each 
good crop is usually followed by a poor one (Figure 1). 


The trees in widely separated areas may be on differ¬ 
ent fruiting regimes, partly because of regional variations 
in weather, so that good crops in some areas may coincide 
with poor crops in others. Nevertheless, good crops may 
occur in many more areas in some years than in others, so 
the total continental seed production also varies greatly 
from year to year. An analysis by W.D. Koenig and 
J.M.H. Knops of the fruiting patterns of various boreal coni¬ 
fer species in many localities in North America and Eurasia 
revealed high synchrony in seed production in localities 
500-1000 km apart, depending on tree species. The syn¬ 
chrony declined at greater distances, and by 5000 km no 
correlation was apparent within particular tree species. 

The various seed-eating species of irruptive migrants 
are listed in Table 1 (in which scientific names are given). 
Some seedeaters eat mainly seeds the year-round, but 
different types of seeds at different seasons, as exemplified 
by the Common Redpoll and Pine Siskin. Others eat 
mainly insects in summer and seeds (or fleshy fruits) in 
winter, as exemplified by the Bohemian Waxwing, Bram- 
bling, and Evening Grosbeak. The latter tend to concen¬ 
trate on breeding in areas with insect outbreaks - the 
Brambling in areas with high densities of the Autumn 
Moth Epirrita autumnata and the Evening Grosbeak in 
areas with Spruce Budworm Choristoneura fumiferana — 
but both species seek tree seeds in winter. Other species 
also exploit the same foods as irruptive species, but do not 
depend so heavily on them, so are less affected by their 
fluctuations. 

Density Fluctuations 

In parallel with their local food supplies, the densities of 
many irruptive seedeaters have been found to fluctuate 
greatly from year to year (Figure 2). Local breeding 
densities can vary from nil or almost nil in poor food 
years to hundreds or thousands of pairs per 100 km 2 in 
good food years. Local increases in numbers from 1 year 
to the next are often far greater than could be explained 
by high survival and reproduction from the previous year, 
so must also involve immigration. Such species contrast 
with other seedeaters, whose densities typically vary by 
less than threefold from year to year. 

Movements 

One line of evidence suggesting frequent shifts between 
breeding localities in different years comes from 
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measured rates of turnover in the occupants of particular 
study areas. In regular migrants, if the birds occupying a 
particular study area are trapped and banded in the 
breeding season, large proportions of the same individuals 



Figure 1 Annual fluctuations in the size of Norway Spruce P/'cea 
abies cone crops in south Sweden, 1909-1967. Almost complete 
fruiting failure occurred in 15 different years out of the 59 years 
covered. Reproduced from Newton I (2008) The Migration 
Ecology of Birds. London: Academic Press. 


are usually found nesting in the same area next year. Most 
are found on the same territories, and those that change 
territories usually move over relatively short distances, 
staying within the general area. The proportions of indi¬ 
viduals that return to the same area are usually within the 
range 30-60% for passerines and 60-90% for nonpasser¬ 
ines. Allowing for expected mortality, such high figures 
imply that most surviving individuals return to breed in 
the same limited area year after year. In some such regular 
migrants, the same holds for wintering areas. 

Among irruptive migrants, in contrast, return rates to 
the same study area are much lower. For example, among 
Bramblings trapped in the breeding season in various 
areas, individuals were seldom or never caught in the 
same locality in a later year, so that each year’s occupants 
were different from those the year before. In one study, 
Lindstrom and colleagues reported that only seven (0.6%) 
of 1238 adult Bramblings were retrapped in the same 
area in a later year, and none of 1806 juveniles, despite 
a regular annual trapping program over many years. 


Table 1 


Established year-to-year correlations between bird abundance and food supply in seed-eating and fruit-eating birds 


Preferred winter food a 


Great spotted woodpecker Dendrocopos major (P) 
Bohemian waxwing Bombycilla garrulus (H) 

Fieldfare Turdus pilaris (P) 

Coal tit Parus ater (P) 

Black-capped chickadee Parus atricapillus (N) 

Great tit Parus major (P) 

Blue tit Parus caeruleus (P) 

Wood nuthatch Sitta europaea (P) 

Red-breasted nuthatch Sitta canadensis (N) 
Brambling Fringilla montifringilla (P) 

Eurasian siskin Carduelis spinus (P) 

Pine siskin Carduelis pinus (N) 

Common redpoll Carduelis flammea (H) 

Arctic (Hoary) redpoll Carduelis hornemanni (H) 
Eurasian bullfinch Pyrrhula pyrrhula (P) 

Pine grosbeak Pinicola enucleator (H) 

Evening grosbeak Hesperiphona vespertina (N) 
Purple finch Carpodacus purpureus (N) 

Common (Red) crossbill Loxia curvirostra (H) 
Two-barred (white-winged) crossbill Loxia 
leucoptera (H) 

Parrot crossbill Loxia pytyopsittacus (P) 

Eurasian Jay Garrulus glandarius (P) 

Thick-billed nutcracker Nucifraga 
c. macrorhynchos (P) 

Thin-billed nutcracker Nucifraga c. caryocatactes (P) 
Clark’s nutcracker Nucifraga Columbiana (N) 


Spruce, pine, and other seeds 
Rowan and other berries 
Rowan and other berries 
Spruce seeds, insects 
Conifer seeds, insects 
Beech seeds 
Beech seeds 
Spruce seeds 

Pine and other conifer seeds 
Beech seeds 

Birch, alder, and conifer seeds 
Conifer, birch, and alder seeds 
Birch and alder seeds 

Various tree seeds and berries 

Maple and other tree seeds 
Various tree seeds 
Spruce and other conifer seeds 
Larch and other conifer seeds 

Scots pine seeds 
Oak seeds 

Hazel and Swiss stone pine seeds 

Siberian stone pine seeds, brush 
pine seeds 

Whitebark pine and other conifer 
seeds 


Summer 

densities 


Winter Autumn 

densities emigration 


Scientific names of trees: alder Alnus, Beech Fagus sylvatica, birch Betula, Hazel Corylus avellana, larch Larix, maple Acer, oak 
Quercus, Rowan Sorbus aucuparia, Scots Pine Pinus sylvestris, Siberian Stone Pine Pinus sibirica, spruce Picea, Swiss Stone (Arolla) 
Pine Pinus cembra, Brush Pine P. pumila, Whitebark Pine Pinus albicaulis, Chihuahua Pine Pinus chihuahuana. Where several species in 
the same genus are involved, only the generic name is given. 

H, Holarctic; N, Nearctic; P, Palearctic. 

Source: Newton I (2008) The Migration Ecology of Birds. London: Academic Press. 
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Figure 2 Annual fluctuations in the breeding densities of the 
common crossbill Loxia curvirostra in relation to Norway Spruce 
cone crops in an area of Finland. Crossbills in number of pairs per 
120 km transect; spruce crop ranked in five categories. 

Redrawn from Reinikainen A (1937) The irregular migrations of 
the crossbill, Loxia c. curvirostra, and their relation to the 
cone-crop of the conifers. Ornis Fennica 14: 55-64. 

Similar findings have come from studies on other irrup¬ 
tive species elsewhere. 

Return to specific wintering sites was even lower than 
return to breeding sites. Despite some very large numbers 
banded, return rates of irruptive seedeaters were mostly 
nil or less than 1%. Evidently, extremely few individuals 
of such species returned to the same areas in subsequent 
years. They thus showed little or no site fidelity, summer 
or winter, in striking contrast to more regular migrants. 

For some species, band recoveries have given some idea 
of how far individuals can shift their breeding site from one 
year to another. The main breeding season of the spruce¬ 
feeding Common Crossbill in Europe is in January-April, 
when the cones begin to open. Several adults trapped and 
banded in this period one year were recovered in the same 
period in a later year. Apart from one bird which had 
moved only 28 km, the rest had moved distances of 
790-3170 km, with none at lesser distances (Figure 3). 
Similarly, three Crossbills banded as chicks or recently 
fledged juveniles were recovered in later breeding seasons 


at distances of 1100-2950 km, with none at lesser distances 
(Figure 3). In North America, a study by Brewer and 
colleagues showed that two Red Crossbills were recovered 
at places 1288 km apart (November 1969-October 1971) 
and 1409 km apart (May 1991-May 1992); these dates 
could have fallen within the autumn and spring breeding 
periods of the species on this continent. Although relevant 
band recoveries are few, other irruptive finches have also 
been found in different breeding seasons at localities up to 
several hundred kilometers apart. 

Individuals of irruptive species have also been found in 
widely separated localities in different winters, sometimes 
on opposite sides of a continent. Extreme examples 
include a Pine Siskin banded in Quebec in one winter 
and recovered in California in a later winter, an Evening 
Grosbeak banded in Maryland in one winter and recov¬ 
ered in Alberta in a later winter, and a Common Redpoll 
banded in Belgium in one winter and recovered in China 
in a later one. Another Common Redpoll was recorded in 
North America in one winter and Eurasia in a later one, 
having been banded in Michigan and recovered near 
Okhotsk in Siberia, some 10 200 km to the northeast. All 
these birds are likely to have returned to the breeding range 
in the interim and taken a markedly different migration 
direction in the second year. Although they are extreme 
examples, dozens of individuals of various irruptive species 
have now been recorded at places 500-1500 km apart in 
different winters. 

The extent to which irruptive finches wander for food 
is well shown by the Evening Grosbeak, which breeds in 
conifer forests and moves south or southeast in autumn. 
This species feeds in winter mainly on large, hard tree 
fruits, but also visits garden feeding trays, a habit which 
makes it easy to catch. D.H. Speirs analyzed the recoveries 
of 17 000 individuals banded over 14 winters at a site in 
Pennsylvania. Of these, only 48 (0.003%) were recovered 
in the same place in subsequent winters, yet 451 others 
were scattered among 17 American States and four Cana¬ 
dian Provinces. Another 348 birds that had been banded 
elsewhere were caught at this same locality, and these had 
come from 14 different States and four Provinces. These 
recoveries show how widely individual Grosbeaks range, 
and how weak is their tendency to return to the same 
place in later years. 

Irruptions 

The extent of autumn emigration from the breeding range 
has been related to food supplies in almost all seed-eating 
and fruit-eating species discussed here, with the biggest 
emigration in the years of crop failure (Table 1). More¬ 
over, the various species that depend heavily on the same 
seed or fruit crops tend to irrupt in the same years: exam¬ 
ples include north European Blue Tits and Great Tits, 
both of which feed heavily on beech mast, and Common 
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Figure 3 Banding and recovery sites of common crossbills Loxia curvirostra that were both banded and recovered in different 
breeding seasons (taken as January-April in areas of Norway Spruce Picea abies). Continuous lines - banded as adults (representing 
breeding dispersal); dashed lines - banded as juveniles (representing natal dispersal). Reproduced from Newton I (2006) Movement 
patterns of common crossbills Loxia curvirostra in Europe. Ibis 148: 782-788. 


Crossbills and Great Spotted Woodpeckers, both of which 
feed heavily on spruce seeds. Where different tree species 
fruit in phase with one another, the number of participat¬ 
ing species is increased further. Over much of the boreal 
region of North America, conifer and other seed crops 
tend to fluctuate biennially, and in alternate years of poor 
crops several species that depend on them migrate to lower 
latitudes. Analyses by Bock & Lepthien and Koenig & 
Knops show that for much of the twentieth century, at 
least eight species of boreal seedeaters tended to irrupt 
together, in response to a widespread, synchronized pat¬ 
tern of seed crop fluctuations (namely Common Redpoll, 
Pine Siskin, Purple Finch, Evening Grosbeak, Red Cross¬ 
bill, White-winged Crossbill, Red-breasted Nuthatch, and 
Black-capped Chickadee). These species vary in the pro¬ 
portions of conifer and broad-leaved tree seeds in their 
diets. Over periods of years, different species of trees in the 
same area can drift in and out of synchrony with one 
another, affecting the movements of birds. During the 
period 1921-1950, Larson and Bock found that the bien¬ 
nial pattern and synchrony between the various North 
American seedeaters was less marked than before or after 
this period. 

In 1954, David Lack noted that the food shortage that 
leads to a long and heavy migration is accentuated if the 
birds themselves are especially numerous at the time, as a 
result of good survival and breeding in the previous years, 
when food was plentiful. It is not, therefore, merely poor 
food supplies that stimulate large-scale emigration, but 
poor supplies relative to the number of birds present. 


In 1962, Staffan Ulfstrand showed that when poor food 
supplies are associated with low bird numbers, little emi¬ 
gration occurs, while at other times moderate food supplies 
are associated with exceptionally high bird numbers and 
large-scale emigration. It is the ratio of birds to food that 
seems to count: the greater the imbalance, the greater the 
proportion of birds that leaves. 

Other Aspects 

In some irruptive species, the timing of autumn emigra¬ 
tion appears much more variable than among regular 
migrants. Roos found that the dates for peak passage of 
Eurasian Siskins through Falsterbo Bird Observatory in 
Sweden during 1949-1988 varied from 15 August (in 
1988) to 17 November (in 1958), the last date the station 
was manned that year, and elsewhere Svardson noted that 
heavy southward movements have been seen as late as 
December-January. The birds tended to pass in largest 
numbers, and at the earliest dates, in years when their 
food crops were poor. The tendency for birds to linger 
longer in the north in years of good tree-seed crops has 
been noted in many other irruptive seedeaters, as has their 
tendency to arrive earlier in more southern wintering 
areas in invasion years. 

Compared to regular migrants in autumn, irruptive 
seedeaters also tend to show more spread in their depar¬ 
ture directions, as is evident both from observations at 
particular watch sites and from subsequent band recoveries. 
Whereas recoveries of typical migrants from particular 
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sites normally fall on a relatively narrow route toward 
wintering areas, those of irruptive migrants are often spread 
over an arc of more than 45°, say, from east to south, or 
southwest to southeast. 

Another difference concerns the frequency of move¬ 
ments within a winter, for irruptive migrants do not nec¬ 
essarily remain in the same localities throughout a winter, 
but move on repeatedly. Banding has revealed rapid turn¬ 
over in the individuals present at particular sites, and the 
occurrence of the same individuals at widely separated 
sites within the same winter. The implication is that, in 
the nonbreeding period, individuals frequently make long 
moves, perhaps in continual search for good feeding areas. 
As Haila, Tiainen, and Vepsalainen have shown in their 
work in Finland, many seedeaters travel progressively 
further from their breeding areas during the nonbreeding 
period, stripping food crops as they go. 

Owls and Other Rodent Eaters 

The Food Base 

Similar aspects of behavior are shown by those species of 
owls and raptors that specialize on cyclically fluctuating 
prey populations, with mass emigration occurring in years 
when prey is scarce. Two main cycles are recognized: (a) 
an approximately 4-year cycle in small rodents in tem¬ 
perate, boreal, or tundra environments and (b) an approx¬ 
imately 10-year cycle of Snowshoe Hares Lepus americanus 
in the boreal forests of North America. Some grouse-like 
birds are also involved, but whereas in some areas they 
follow the 4-year rodent cycle, in others they follow the 
10-year hare cycle. As with tree seeds, the peaks in rodent 
numbers are usually synchronized over hundreds or 
thousands of square kilometers, but out of phase with 
those in other regions. However, Chitty noted that peak 
populations may occur simultaneously over many more 
areas in some years than in others, giving a measure of 
synchrony, for example, to lemming cycles over large 
parts of northern Canada, with few regional exceptions. 
In most places, the increase phase of the rodent cycle 
usually takes 2-3 years, and the crash phase occurs within 
1 year. The hare cycle, in contrast, occurs more or less 
simultaneously over most of the North American boreal 
region, with little regional variation, the increase phase 
occurring over several years and the crash phase over 
1-2 years. 

Density Fluctuations 

Among the rodent eaters, local breeding densities can 
vary from nil in low rodent years to several tens of pairs 
per 100 km 2 in intermediate (increasing) or high rodent 
years. For example, in a 47-km 2 area of western Finland, 
over an 11-year period, Korpimaki and Norrdahl found 
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Figure 4 Annual fluctuations in the breeding densities of short¬ 
eared owls/As/'o flammeus in relation to field vole Microtus arvalis 
densities in an area of western Finland. Reproduced from 
Korpimaki E and Norrdahl K (1991) Numerical and functional 
responses of Kestrels, short-eared owls and long-eared owls to 
vole densities. Ecology 72: 814-825. 

that numbers of short-eared Owls varied between 0 and 
49 pairs, numbers of long-eared Owls Asio otus between 
0 and 19 pairs, and Eurasian Kestrels Falco tinnunculus 
between 2 and 46 pairs, all in accordance with spring 
densities of Microtus voles (Figure 4). All these predators 
were summer visitors to the area concerned and settled 
according to vole densities at the time. Similar fluctua¬ 
tions in these and other rodent specialists were recorded 
elsewhere. In each case, the year-to-year increases were so 
great that they could be explained only by massive immi¬ 
gration. Their fluctuations contrast with findings from 
other owls and raptors that depend on a wider range of 
prey species and show much more stable breeding den¬ 
sities from year to year. 

Movements 

The importance of movements has again been confirmed 
by banding studies. For example, among Eurasian Kes¬ 
trels, of 146 individual breeders trapped and banded in a 
63-km 2 area in Finland over a 11-year period, Korpimaki 
and Norrdahl reported that only 13% of males and 3% of 
females were found back in the same area in a later year. 
In this and other species, return rates were extremely low, 
compared to what would be expected from their annual 
survival rates. The implication is again that a large pro¬ 
portion of breeders changed their nesting localities from 
year to year; and as in the seedeaters, long-distance moves 
between the breeding sites of different years have again 
been shown by banding or radiotracking studies. 

Mark Fuller and coinvestigators followed some 
remarkable movements by four adult Snowy Owls Nyctia 
scandiaca that were radiotagged while nesting near Point 
Barrow in Alaska (long. 150° W), and tracked by satellite 
over the next 1-2 years. These birds mostly stayed in the 
arctic but dispersed widely in different directions from 
Point Barrow, reaching west as far as 147° E and east as far 
as 116°W, a geographical spread encompassing nearly 
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one-third of the species Holarctic breeding range. Two 
birds that bred at Point Barrow in 1999 were present 
during the next breeding season in northern Siberia 
(147° E and 157° E, respectively), up to 1928 km east of 
Point Barrow, and then in the following breeding seasons 
they were on Victoria Island (116°W) and Banks Island 
(122° W), respectively, in northern Canada. The two birds 
that bred at Point Barrow in 2000 were present on Victo¬ 
ria and Banks Islands in the breeding season of 2001. The 
successive summering areas of these four birds were thus 
separated by distances of 628-1928 km. From the dates 
they were present, some could have bred successfully, 
while others were unlikely to have done so, having arrived 
too late or left too early. None returned to the same 
breeding or wintering site used in a previous year, but 
three passed through Point Barrow in 2001. 

Extensive data from banding are available for Boreal 
Owls Aegolius funereus, which nest readily in boxes and have 
been studied at many localities in northern Europe. In this 
species, the males are mainly resident and the females highly 
dispersive. Both sexes tend to stay in the same localities if 
vole densities remain high, moving no more than about 5 km 
between nest boxes used in successive years; but if vole 
densities crash, females move much longer distances, with 
many having moved 100-600 km between nest sites in dif¬ 
ferent years (Figure 5). In contrast, fewer long movements 
were recorded from males, with only two at more than 



Figure 5 Banding and recovery sites of adult boreal owls 
Aegolius funereus that were identified in different breeding 
seasons. Continuous lines - females; dashed lines - males. Only 
movements greater than 100 km are shown. Reproduced from 
Newton I (2008) The Migration Ecology of Birds. London: 
Academic Press. 


100 km. The greater residency of males was attributed to 
their need to guard cavity nest sites, which are scarce in their 
conifer-forest nesting-habitat, while their smaller size makes 
them better able than females to catch birds and hence 
survive (without breeding) through low vole conditions. 

Fewer records are available for other nomadic owl 
species, because the chances of recording marked indivi¬ 
duals at places far apart are low. However, movements 
between breeding sites in different years of hundreds or 
thousands of kilometers have been recorded from several 
other species, including Northern Hawk Owl Surnia ulula , 
Great Grey Owl Strix nebulosa , short-eared Owl Asio 
flammeus , and long-eared Owl Asio otus. Again, however, 
these various irruptive owls contrast greatly with more 
sedentary populations, which exploit more stable food 
supplies. Analyses by Newton and studies by Saurola 
show that in such species, adults usually remain in their 
territories year after year, with only small proportions 
moving to other territories, usually nearby. 

Few band recoveries from different winters are yet 
available for any species of irruptive owl. However, the 
satellite-tagged Snowy Owls mentioned earlier were pres¬ 
ent in widely separated localities in different winters and 
often moved long distances within a winter. Another 
Snowy Owl was banded near Edmonton in January 1955 
and recovered 330 km to the southeast in Saskatchewan in 
January 1957. There is also an intriguing record of a long¬ 
eared Owl banded in California in April and recovered in 
Ontario in October of the same year. In general, therefore, 
banding and radiotracking evidence bear out the inference 
from local counts that many individual owls both breed 
and winter in widely separated areas in different years. 

Irruptions 

Among rodent-eating species, irruptions of Snowy Owls 
from the tundra to the boreal and temperate regions of 
North America have been documented since about 1880. 
For the next 120 years, Newton noted that irruptions into 
northeastern regions occurred every 3-5 years, at a mean 
interval of 3.9 years. Moreover, in periods when information 
on lemmings was available from the breeding areas, both 
Lack and Chitty found that mass southward movements of 
owls coincided with widespread crashes in lemming numbers. 
In western North America, irruptions of Snowy Owls were 
not well synchronized with those in the east, presumably 
reflecting asynchrony in lemming cycles between breeding 
regions. An analysis by Kerlinger, Lein, and Sevick docu¬ 
mented that irruptions were also less regular and less 
pronounced in the west than in the east, with some birds 
appearing on the northern prairies every year, and some of 
the same marked individuals appearing on the same ter¬ 
ritories in different (not necessarily consecutive) winters. 

Both Lack and Newton have reported that in eastern 
North America, two other vole eaters, the Rough-legged 
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Hawk Buteo lapopus and Northern Shrike Lanius excubitor .; 
have irrupted at similar 3-5 year intervals, mostly (but not 
always) in the same years as Snowy Owls. Perfect syn¬ 
chrony between the three species would not be expected, 
because their breeding ranges only partly overlap. Irrup¬ 
tions at similar intervals have been recorded in other vole- 
eating species in both North America and Eurasia. 

Irruptions of Goshawks Accipitergentilis in North America 
tend to occur roughly every 10 years, corresponding with 
the cyclic crashes in their main prey, the Snowshoe Hare. 
Irruptions may occur in only one autumn or in two 
successive autumns if prey remains scarce. Great Horned 
Owls Bubo virginianus , which also feed on hares, tend to 
irrupt in the same years as Goshawks, but are less well 
documented. 

Discussion 

Given all this information, how do irruptive migrants 
differ from regular migrants? In the first place, their 
numbers at particular localities seem to fluctuate much 
more from year to year than do those of regular migrants, 
and in most species, these fluctuations have been clearly 
linked to fluctuations in local food supplies (Table 2). 
The fact that these birds can go from absence or near 
absence to abundance in less than 1 year strongly suggests 
the role of movements in influencing local densities, giv¬ 
ing greatly varying patterns of distribution across the 
range from year to year. Movement has been confirmed by 
the high turnover rates in the occupants of particular 
areas, and by the long breeding dispersal distances found 
for a small number of individuals from band recoveries. 
It is now clear that irruptive seedeaters and rodent eaters 


Table 2 Comparison between typical regular and typical 
irruptive migration 



Regular (obligate) 
migrants 

Irruptive (facultative) 
migrants 

Habitat/food 

Predictable 

Unpredictable 

Breeding areas 

Fixed 

Variable 

Wintering areas 

Fixed 

Variable 

Site fidelity 

High 

Low 

Migration 

Proportion 

Constant 

Variable 

migrating 

Timing 

Consistent 

Variable 

Distance 

Consistent 

Variable 

Direction 

Consistent 

Variable 

Main presumed 

Food supply 

Food supply 

ultimate 

stimulus 

Main presumed 

Daylength 

Food supply 

proximate 

stimulus 


can travel hundreds or thousands of kilometers between 
the breeding areas used in different years. They can also 
spend the winter in widely separated areas in different 
years, up to several thousand kilometers apart, and often 
on an east-west axis. This behavior is strikingly different 
from that of regular migrants, which usually return to the 
same breeding localities year after year, and often also to 
the same wintering localities, migrating more or less 
directly between the two. 

To judge from the variable extent and timing of their 
migrations, many irruptive species - while genetically 
equipped to migrate - must presumably respond directly 
to food conditions at the time. Only in this way could they 
show the level of flexibility in movement patterns 
recorded. Food shortage apparently acts not only as the 
ultimate causal factor to which migration is supposedly 
adapted as suggested by David Lack in 1954, but also as 
the main proximate factor delaying or promoting depar¬ 
ture from particular localities. The influence of any other 
factors (such as an endogenous rhythm or daylength 
response) in triggering movement seems less in irruptive 
than in more regular migrants. 

The ease with which particular individuals could gain 
food is likely to depend, not only on food abundance, but 
on the density of other birds, which could reduce feeding 
rates through depletion and interference competition. In 
this way, the likelihood of an individual migrating is a 
function of population density as well as of food supply. In 
a study by Tyrvainen, it was noted that the autumn 
emigration of Fieldfares from southern Finland occurred 
when their main food crop (Rowan berries Sorbus aucu- 
paria) had been reduced to an average of about two fruits 
per inflorescence. The date at which this occurred 
depended on both the initial crop size and the number 
of consumers. The role of competitive interactions in 
reducing feeding rates of individuals is well known from 
field studies of wild birds, and their role in the development 
of migratory condition was demonstrated experimentally 
by Scott Terrill in captive birds. In both situations, the 
effects of competition fell most strongly on the subordi¬ 
nate (usually younger) individuals. One might speculate, 
therefore, that competition for food, and its effect on body 
condition, might be the major proximate stimulus to eruptive 
migration, with greater proportions of individuals affected in 
poor food years than in good ones. 

In considering the proximate control of migration, a 
distinction has been drawn between ‘obligate migration 7 
(formerly called ‘instinct 7 or ‘calendar 7 migration) and 
‘facultative migration 7 (formerly called ‘weather 7 migra¬ 
tion). According to Peter Berthold, in obligate migration, 
all main aspects are viewed as under firmer endogenous 
(genetic) control, mediated by daylength changes. This 
internal control gives a high degree of year-to-year con¬ 
sistency in the timing, directions, and distances of move¬ 
ments. For the most part, each individual behaves in the 
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same way year after year, being much less influenced by 
prevailing conditions. In response to endogenous stimuli 
and daylength change, obligate migrants often leave their 
breeding areas each year well before food supplies col¬ 
lapse, and while they still have ample opportunity to 
accumulate body reserves for the journey. Most long¬ 
distance migrants that breed in temperate and boreal 
regions but winter in the tropics are in this category. 

In contrast, facultative migration is viewed as a direct 
response to prevailing conditions, especially food supplies, 
and the same individual may migrate in some years, but 
not in others. Within a population, the proportions of 
individuals that leave the breeding range, the dates they 
leave, and the distances they travel can vary greatly from 
year to year, as can the rate of progress on migration, all 
depending on conditions at the time. In consequence, 
facultative migrants have been seen on migration at almost 
any date in the nonbreeding season, at least into January, 
and their winter distributions vary greatly from year to 
year. Although in such facultative migrants, the timing 
and distance of movements may vary with individual 
circumstances, other aspects must presumably be under 
firmer genetic control, notably the directional preferences 
and the tendency to return at appropriate dates in spring. 

In general, it seems that obligate migration occurs in 
populations that breed in areas where food is predictably 
absent in winter, whereas facultative migration occurs in 
populations that breed in areas where food is plentiful in 
some winters and scarce or lacking in others. The distinc¬ 
tion between obligate and facultative migrants is useful 
because it reflects the degree to which individual behavior 
is sensitive to prevailing external conditions, and hence 
varies from year to year. The advantage of strong endoge¬ 
nous control, as in obligate migrants, is that it can permit 
anticipatory behavior, allowing birds to prepare for an 
event, such as migration, before it becomes essential for 
survival, and facilitating fat deposition before food 
becomes scarce. But such a fixed control system is likely 
to be beneficial only in predictable circumstances, in 
which food supplies change in a consistent manner, and 
at about the same dates, from year to year. It is not suited 
to populations, which have to cope with a large degree of 
spatial and temporal unpredictability in their food supplies. 
It is these aspects of food supply, which probably result in 
irruptive migrants showing greater variations in autumn 
timing, directions, and distances, selection having imposed 
less precision on these aspects than in regular migrants. 
Both regular and irregular systems are adaptive, but to 
different types of food supplies. Nevertheless, obligate 
and facultative migrants are perhaps best regarded, not 
as distinct categories, but as opposite ends of a continuum, 
with predominantly endogenous control (=rigidity) at one 
end and predominantly external control (=flexibility) at 
the other. Irruptive migrants, with their facultative behavior, 
belong to the latter category. 


See also: Bird Migration; Migratory Connectivity. 
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Introduction 

Whenever two species overlap geographically, there is the 
opportunity for behavioral isolating mechanisms to play a 
large role in maintaining species identity. The degree to 
which these mechanisms are involved in the initial process 
of speciation is more open to debate. In particular, the 
opportunity for behavior to play a role in speciation exists 
primarily when there is geographic overlap between incip¬ 
ient species at some point during the speciation process, a 
factor that is often unknown. Nevertheless, what we know 
about behavioral isolating mechanisms that are involved in 
speciation is often inferred from the mechanisms that we 
observe keeping species apart in the present day. 

Behavioral isolating mechanisms can act at several 
stages during the life cycle of an animal (the degree to 
which behavioral mechanisms apply to plants is a semantic 
question). These include the premating, the postmating- 
prezygotic, and the postzygotic stages (Figure 1). The 
importance of isolating mechanisms in general is integrally 
tied to the life stage at which they act. If a strong isolating 
mechanism is in place that acts before mating, it renders 
mechanisms that act after mating less relevant, simply 
because they rarely come into effect. For this reason, the 
premating isolating mechanisms described in the follow¬ 
ing section may often be more biologically relevant than 
the postmating-prezygotic or postzygotic mechanisms, al¬ 
though all may be important in certain circumstances. 

Behaviors that serve as isolating mechanisms can 
either evolve adaptively for that purpose or can act in 
that capacity as a byproduct of adaptation for other pur¬ 
poses (an exaptation). It is generally believed that selec¬ 
tion for behavioral isolating mechanisms occurs most 
frequently when they act as a form of premating isolation. 
When behavioral isolating mechanisms evolve in true 
allopatry (without any migration between populations), 
they are not adaptations because they cannot be a re¬ 
sponse to selection imposed by the other population. 
Rather, we can describe isolating mechanisms as adaptive 
only when the speciating populations contact one another. 
There are two syndromes that fit such a scenario: popula¬ 
tions become species while sympatric, or they come into 
secondary contact after initial divergence. 

The Biological Species Concept 

The discussion of processes involved in speciation can be 
complicated by the fact that there is little agreement over 


what constitutes a species. Essentially all species concepts 
that have been developed by biologists have some condi¬ 
tions in which they do not apply, or have limited utility in 
the practice of describing a species. In 1942, Ernst Mayr 
developed what is known as the Biological Species Con¬ 
cept, which states that “Species are groups of actually or 
potentially interbreeding populations, which are repro- 
ductively isolated from other such groups.” Most biolo¬ 
gists that study the process of speciation claim to 
subscribe to the Biological Species Concept, and accord¬ 
ingly stress the development of mechanisms that prevent 
interbreeding (isolating mechanisms). At the same time, 
these biologists sometimes call different groups species 
even if they are known to produce fertile hybrids; theory 
rarely translates into practice where species concepts are 
concerned. For the purpose of this article, we will consider 
the process of speciation to be occurring if isolating 
mechanisms are being strengthened, that is, are under 
active selection (see section Is Speciation Complete). 

Premating Behavioral Isolating 
Mechanisms 

One of the most thoroughly studied ways in which behav¬ 
ior can serve to isolate different species is the prevention 
of mating across species boundaries, leading to premating 
isolation (Figure 1). There are three basic categories of 
mechanisms by which this can occur. Two of these, tem¬ 
poral isolation and habitat choice, prevent individuals of 
different species from encountering one another during 
the time of breeding, despite sympatry of the incipient 
species. The other, mate choice, prevents hybridization 
upon an encounter. All of these mechanisms can be either 
complete, resulting in full isolation, or partial, allowing 
some heterospecific matings. 

Temporal Isolation 

Temporal isolation occurs when the timing of mating 
differs between two species. The scale of temporal isola¬ 
tion can vary widely. Some closely related species differ in 
whether they are diurnal or nocturnal, so individuals are 
looking for mates at different times of the day. In other 
cases, the timing of the breeding season is shifted, reduc¬ 
ing overlap in the time of year during which individuals 
look for mates. Temporal isolation is one of the clearest 
mechanisms for behavior to apply to plants; there is clear 
evidence in several systems of shifts in flowering time that 
serve as isolating mechanisms between species. 
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Figure 1 Life stages at which behavioral isolating mechanisms 
can act. 


Habitat Choice 

Different species can be prevented from hybridizing in 
sympatry if they occupy different habitats. As with tem¬ 
poral isolation, the scale over which this type of isolation 
occurs can vary. In some cases, individuals may overlap 
only in a dispersal stage and not encounter one another at 
other times because of habitat choice. In other cases, 
habitat choice leading to isolation may be more subtle. 

Striking cases of habitat choice leading to isolation 
between species occur in phytophagous insects. Certain 
groups of these plant-eating insects have a high degree of 
host fidelity and lay eggs upon their host plant. In these 
cases, species or races may be effectively isolated despite 
the fact that individuals of each species remain within 
cruising range of one another. Indeed, habitat choice by 
phytophagous insects is one of the most commonly cited 
potential examples of sympatric speciation. Work by 
Sarah Via has demonstrated that regardless of whether 
initial differentiation was sympatric, current maintenance 
of host races in pea aphids is made possible by a high 
degree of host fidelity of different populations on alfalfa 
versus clover. In this case, host races are maintained and 
perhaps strengthened by both disruptive selection on 
habitat choice, in which more extreme specialists on 
each host are selectively favored, and ecological selection 
against hybrids that are intermediate in phenotype (see 
section Postzygotic Isolation). 

Mate Choice 

Even when adults of different species encounter one 
another during the breeding season, they may be effec¬ 
tively isolated by their choice of mates. Although the 
physical possibility of interbreeding may exist because of 


proximity of individuals, mate choice can be just as effec¬ 
tive as habitat choice and temporal isolation in keeping 
species apart in certain cases. The set of behaviors used by 
individuals to discriminate between species are termed 
species recognition mechanisms. Such mechanisms con¬ 
sist of preferences for conspecific traits over heterospeci- 
fic traits in the opposite sex and can be expressed by both 
males and females. Traits that act as the targets of species 
recognition can be morphological cues, vocalizations, 
olfactory cues, and behaviors. It is important here to 
distinguish species recognition from sexual selection. 
The extent to which species recognition traits overlap 
with cues that evolved in the context of sexual selection 
within species remains unknown. Examples have been 
found of species recognition both reinforcing and oppos¬ 
ing sexual selection on display traits in nature. 

The strength or direction of preferences for conspeci- 
fics can sometimes be influenced by prior experiences. 
Cross-fostering experiments have shown that in some 
cases, preferences for conspecifics are acquired by sexual 
imprinting. In other instances, individuals learn to avoid 
heterospecifics after experience as adults with courting or 
being courted by members of the opposite species. It is 
also possible for either innate or learned preferences to be 
based upon traits that are themselves partly learned (e.g., 
birdsong). 

Postmating-Prezygotic Behavioral 
Isolating Mechanisms 

Postmating-prezygotic isolating mechanisms take place 
after mating but before zygote production (Figure 1). 
Incompatibilities between species can occur, for example, 
in the travel of the sperm through the female, in sperm 
storage, or in egg-sperm interactions. Most of these 
mechanisms are inherently physiological, with behavior 
playing a minor role. Egg-sperm recognition, for exam¬ 
ple, is mediated by proteins on each cell; a mismatch can 
lead to the failure of zygote formation. Some researchers 
consider behaviors that occur during copulation that 
result in lower fertility, such as a mismatch in the 
timing or placement of egg and sperm release in animals 
with external fertilization, to be forms of postmating- 
prezygotic isolation. 

Another postmating-prezygotic interaction mediated 
by behavior is cryptic female choice resulting in conspe¬ 
cific sperm precedence. When a female has mated with 
both conspecific and heterospecific males, the stage is set 
for the possibility of conspecific sperm precedence, the 
disproportional fertilization of the female’s eggs with 
conspecific rather than heterospecific sperms. The 
mechanisms by which conspecific sperm precedence oc¬ 
curs are largely still being determined. It is not yet known 
to what extent or how often conspecific sperm precedence 
occurs via a mechanism that can be thought to be 
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controlled by the female (in other words, as a form of 
cryptic female choice). This mechanism, like the other 
postmating-prezygotic mechanisms described earlier, may 
generally be thought of as more physiological than behav¬ 
ioral per se, although the distinction may be semantic. 

Postzygotic Behavioral Isolating 
Mechanisms 

Postzygotic isolating mechanisms between species occur 
in the form of incompatibilities that cause low fitness in 
hybrids (Figure 1). In many cases, these incompatibilities 
cause low viability or sterility because of genetic, mor¬ 
phological, or physiological problems (intrinsic incompat¬ 
ibilities) or because hybrids have phenotypes that are not 
well adapted to the environment (extrinsic incompatibil¬ 
ities). In some cases, these viability or fertility problems in 
hybrids can have a behavioral component. The foraging 
behavior of hybrids, for example, may not be optimized, 
especially if the parental species rely on different types of 
food. Habitat choice, antipredator defenses, or other beha¬ 
viors could also theoretically be suboptimal. Likewise, 
hybrids may lack the ability to produce the appropriate 
courtship behaviors to find mates, especially in taxa in 
which such behaviors are highly ritualized. Although 
such mechanisms are straightforward to imagine, they 
have received little empirical attention, and we do not 
know how important they are in nature. 

The Evolution of Behavioral Isolating 
Mechanisms in Allopatry 

If populations are separated by geographic barriers that 
prevent contact between individuals, then behavioral iso¬ 
lating mechanisms may evolve rather easily. Behaviors 
may evolve, adaptively or otherwise, in each population 
that, when and if the populations come into contact, will 
result in isolation. However, because the populations are 
allopatric, these behaviors do not evolve as isolating 
mechanisms per se, but for other purposes. Their role as 
behavioral isolating mechanisms, should the populations 
come into secondary contact, can thus be viewed as a 
byproduct or an exaptation. 

Premating behavioral isolating mechanisms may evolve 
in allopatry through several pathways. Behaviors shift¬ 
ing the time or season of mating (resulting in temporal 
isolation) or behaviors shifting the habitat in which mating 
occurs (which may result in isolation via habitat choice) 
can result from environmental differences that two species 
experience in allopatry Sexual selection occurring in allo¬ 
patric populations can also result in isolation, in this case 
via mate choice, if these populations were to come into 
contact. The traits that are favored by the opposite sex may 
be preferred to different extents in different populations or 


may switch completely, via any of the many proposed 
mechanisms driving preference and trait evolution during 
sexual selection (e.g., Fisherian runaway, good genes, sen¬ 
sory drive, sexual conflict). In cases where species recogni¬ 
tion cues differ from sexually selected traits, genetic drift 
may create differences between populations; species recog¬ 
nition cues that serve no other function are neutral in 
allopatry, so unless the populations are in contact it is 
difficult to see how these can evolve adaptively One exam¬ 
ple of a mating cue that could potentially evolve via drift is 
the specific syntax of bird song or bird calls. In some cases, 
however, natural selection may be involved in call or song 
evolution because of differences in the way songs or calls 
are transmitted in different physical environments or with 
different types of ambient noise present. 

Postmating-prezygotic behavioral isolating mechan¬ 
isms can evolve adaptively in allopatry if cryptic female 
choice between conspecifics and heterospecifics reflects 
cryptic female choice among conspecifics. Egg and sperm 
signal molecules can evolve very rapidly because of sexual 
conflict (as may signals and preferences involved in pre¬ 
mating isolation), but we still know little about mechan¬ 
isms producing cryptic choice between species in nature. 

Postzygotic behavioral isolating mechanisms may also 
arise as a byproduct of adaptive divergence in behavior in 
allopatry. As with physiological or morphological traits, 
behavioral traits involved in postzygotic isolation can 
result from intrinsic or extrinsic isolation, although the 
differences can be subtle. Local adaptation to the environ¬ 
ment may result in new behaviors, involved in foraging, 
predator avoidance, etc., that differ between populations. 
This evolution can in turn cause hybrids to express extrin¬ 
sic isolation by behaving in a way that is maladaptive in the 
environment in which the two come into secondary con¬ 
tact. Likewise, inappropriate courtship on the part of 
hybrids can be thought of as a type of extrinsic isolation 
if courtship behaviors have diverged between incipient 
species; local female mating preferences act as a biotic 
environment that makes inappropriate courting behavior 
maladaptive. In contrast, maladaptive behavior may also 
result from hybrids being in too poor a shape physically, 
because of intrinsic incompatibilities that reduce fitness, to 
perform appropriate behaviors for survival or mating, 
despite having the genes that code for these behaviors. 
For example, a hybrid may have the genes to perform 
an appropriate elaborate courtship ritual, but may not 
be agile enough to perform it well because of intrinsic 
incompatibilities that lead to poor condition. In practice, 
these cases of intrinsic isolation leading to maladaptive 
behavior in hybrids may be functionally indistinguishable 
from the extrinsic cases described earlier. 

In certain cases, populations can be allopatric but still 
be geographically close enough to exchange occasional 
migrants. In this situation, many of the mechanisms dis¬ 
cussed in the section on evolution in sympatry can apply. 
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The Evolution of Behavioral Isolating 
Mechanisms in Sympatry 

When populations of incipient species are in contact with 
one another, isolating mechanisms can evolve under 
direct selection. In true sympatry, defined here as the 
situation in which organisms live within each other’s 
common range of movement at some point in the life 
cycle (cruising range), selection can act on isolating 
mechanisms per se. This is true both when sympatry has 
existed from the beginning of the speciation event (sym- 
patric speciation) and when sympatry follows secondary 
contact between two populations that have begun to 
diverge in allopatry. 

Mate Choice 

The evolution of mating preferences in sympatry has been 
both highly studied and, in some cases, strongly contested. 
Many researchers have speculated that sympatric specia¬ 
tion could potentially occur by sexual selection alone: an 
idea that has received mixed theoretical and empirical 
support. Sympatric speciation is exceedingly difficult to 
demonstrate conclusively, so the relative role of various 
forces that may potentially drive sympatric speciation in 
nature is, to date, inferred largely through a small number 
of compelling cases, indirect evidence, or theoretical ana¬ 
lyses. Many sympatric species differ widely from one 
another in characteristics used for mate choice. This does 
not mean, however, that these differences arose in sympatry 
as the sole mechanism keeping species apart. In order to 
make this claim, researchers must rule out past episodes of 
allopatry and establish that no other form of isolation 
between the species was already present before divergent 
mating preferences evolved. Establishing conclusively that 
there were no prior episodes of allopatry is often impossi¬ 
ble, although in some cases the probability of prior allopa¬ 
try can be shown to be very low. 

In other cases, premating isolation can evolve in sym¬ 
patry after secondary contact between species that have 
diverged to some extent in allopatry. If incipient species 
can hybridize but hybrids have low (but nonzero, see 
below) fitness, selection is strong for the evolution of 
conspecific mating preferences and/or divergence of 
species-specific mating cues to avoid hybridization. 
This scenario, which was first described by Theodosius 
Dobzhansky in 1937, has come to be called reinforce¬ 
ment. Reinforcement could occur in populations that 
exhibit no premating isolation or the process could 
serve to strengthen premating isolation that has already 
begun to evolve in allopatry. The precise definition of 
reinforcement has been expanded by some researchers to 
also include the evolution of premating isolation driven 
by fitness costs from hybridization writ large (e.g., imme¬ 
diate viability or fertility costs to the hybridizing parents, 


forms of postmating-prezyogtic isolation), instead of 
solely from the formation of low-fitness hybrids per se 
(postzygotic isolation). 

Reinforcement is far from inevitable. The incompat¬ 
ibilities that drive reinforcement are countered evolution- 
arily by gene flow between the incipient species; gene flow 
tends to homogenize mating preferences between popula¬ 
tions, making conspecific preferences difficult to evolve. 
Because by definition gene flow must exist in order to 
create the opportunity for hybridization, selection for 
reinforcement must always be accompanied by gene flow 
tending to prevent it. 

Scientific consensus on reinforcement has waxed and 
waned in recent decades. Like sympatric speciation, rein¬ 
forcement is difficult to prove empirically because of 
several alternative explanations that must be ruled out. 
Because of this lack of conclusive examples and theoreti¬ 
cal arguments against it, based largely on the issue of gene 
flow, during the 1980s reinforcement was generally con¬ 
sidered unlikely to occur. In the 1990s, however, rein¬ 
forcement started to garner a significant amount of 
theoretical and empirical support, including a number of 
convincing case studies. The primary remaining question 
about this process is not whether it occurs, but how often 
it occurs, and thus how important it is in speciation. 

In cases where postzygotic or postmating-prezygotic 
isolation is complete before secondary contact, conspe¬ 
cific mating preferences can evolve easily because of the 
absence of gene flow. Some scientists would call this 
process reproductive character displacement, defined as 
the divergent evolution of mating preferences or traits 
used as cues for mating. This term is meant to suggest a 
reproductive parallel for the process of ecological charac¬ 
ter displacement, whereby species diverge in their use of 
an ecological resource because of interspecies competi¬ 
tion. These researchers draw a distinction between rein¬ 
forcement and reproductive character displacement based 
upon whether isolation between the species is complete 
prior to secondary contact; if isolation is complete, the 
divergence of mating characters would be called repro¬ 
ductive character displacement, but if there is still gene 
flow then the divergence of mating characters would be 
called reinforcement. Reinforcement is thus considered 
part of the process of speciation, while reproductive char¬ 
acter displacement occurs after speciation. 

The argument can be made, though, that distinguish¬ 
ing reinforcement from reproductive character displace¬ 
ment on the basis of whether there is still gene flow is 
problematic; for example, if one fertile hybrid out of 
a million survives, is the process reinforcement or re¬ 
productive character displacement? A second group of 
researchers instead draw a distinction between the two 
phenomena based upon pattern versus process. For them, 
reproductive character displacement describes the pat¬ 
tern of divergence of characteristics such as mating 
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preferences or mating traits in sympatry, where popula¬ 
tions encounter one another, versus in allopatry, where 
they do not. Reinforcement instead describes the process 
of divergence when gene flow is involved. Reproductive 
character displacement thus has two competing defini¬ 
tions. Reproductive character displacement defined as a 
pattern does not necessarily imply anything about the 
selective forces that may have caused the differences 
between sympatric and allopatric populations. This pat¬ 
tern can, however, serve as evidence that the process of 
reinforcement may have occurred. This long-standing 
contention over definitions is not likely to be resolved 
by consensus, so definitions should be carefully laid out 
and considered when the term reproductive character 
displacement is used. 

The pattern of differences in reproductive characters 
in sympatry but not in allopatry (the pattern definition of 
reproductive character displacement) has been observed 
across many taxa in characteristics as diverse as bird 
songs, frog and cricket calls, lizard push-up displays, 
flower color and flower size in plants, and female prefer¬ 
ences for a variety of characters, to name a few. The fact 
that these patterns of divergence are observed so fre¬ 
quently in nature may indicate that the process of rein¬ 
forcement is common, but as discussed earlier, a number 
of alternative explanations may also account for this data. 

Temporal Isolation and Habitat Choice 

Like mate choice, both temporal isolation and habitat 
choice can produce behavioral premating isolation in 
situations of sympatric speciation and reinforcement. 
The mechanisms causing divergence include selection 
against hybrids and reproductive competition when spe¬ 
ciation is complete (i.e., reproductive character displace¬ 
ment when this terms is used to represent an evolutionary 
process). The best evidence for these processes comes 
from the latter case and includes examples of temporal 
isolation due to flowering time divergence in plants. 

Other Behavioral Mechanisms of Premating 
Isolation 

Another behavioral mechanism leading to enhanced 
isolation is reduced migration between populations. 
If premating isolation is incomplete, high levels of migra¬ 
tion between populations produce more hybrids. If indi¬ 
viduals that hybridize have low fitness because of partial 
or complete postmating-prezygotic or postzygotic isola¬ 
tion, then individuals that do not move between popu¬ 
lations on average have higher fitness than migrants. 
As a result, selection for more sedentary behavior can 
reinforce other forms of isolation. An interesting interpre¬ 
tation of this understudied process is that allopatry itself is 
the focus of selection. 


Postmating-Prezygotic Isolation 

The evolution of conspecific sperm precedence occurring 
via cryptic female choice could be driven by selection 
against hybrids in the same way as would the evolution of 
premating isolation, in a process analogous to reinforce¬ 
ment. As is the case for premating isolation, divergence 
leading to postmating-prezyotic isolation by this mecha¬ 
nism may be difficult to tell from the evolution of similar 
mechanisms in allopatry, before secondary contact. It is 
not known whether there is a mechanism whereby con- 
specific gamete precedence could arise as a primary 
means of speciation in sympatry. 

Postzygotic Isolation 

Although there have been several recent suggestions in 
the scientific literature for ways in which low viability of 
hybrids can evolve as an adaptive response to selection, 
these have thus far only been developed in verbal and 
mathematical models and have not yet been applied spe¬ 
cifically to behavior. It may be likely that the most com¬ 
mon way in which behavioral postzygotic isolation can 
evolve is that most studied to date, as a byproduct of 
independent evolution of diverging populations in 
allopatry. 

Is Speciation Complete? 

Evolution of behavioral isolating mechanisms serves to 
strengthen species boundaries. In the case of sympatric 
speciation, premating isolation could potentially evolve at 
the very beginning of the speciation process. Assortative 
mating between different types could theoretically arise 
without any prior isolating mechanism present. In other 
instances, either later in the process of sympatric specia¬ 
tion or in the case of reinforcement, some isolation could 
be present at the time at which a behavioral isolating 
mechanism starts to evolve. In this case, it is interesting 
to consider whether speciation could be completed by the 
evolution of a behavioral mechanism. One of the primary 
arguments against reinforcement during the 1980s was 
that as premating isolation strengthened and hybridiza¬ 
tion become rare, the source of selection for the further 
evolution of premating divergence, namely low hybrid 
fitness, would become ineffectually weak. By this logic, 
the true completion of speciation would not be expected 
to be driven by selection against hybrids under the classic 
definition of reinforcement. There are other mechanisms 
driving the evolution of assortment, considered primarily 
in theoretical models of sympatric speciation, that do 
show that complete assortative mating can evolve under 
certain conditions. Some researchers consider this discus¬ 
sion to be largely semantic, since many pairs of species 
that are universally considered to be good can produce 
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fertile hybrids. The disconnect between the definitions of 
species in theory and those used to distinguish species in 
practice may thus cause conflicts over which questions 
about speciation are considered important to pursue in 
the future. 

See also: Cryptic Female Choice; Evolution: Fundamen¬ 
tals; Invertebrates: The Inside Story of Post-Insemina¬ 
tion, Pre-Fertilization Reproductive Interactions; Mate 
Choice in Males and Females; Sexual Selection and 
Speciation; Social Selection, Sexual Selection, and 
Sexual Conflict. 
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Introduction: A Gene’s Eye View of 
Altruism 

At first glance, altruistic behaviors - those that benefit 
others at the actor’s expense - are not well suited to the 
natural world. Within a population, individuals compete 
for access to food, mates, and habitats, and only those that 
are best able to secure those resources survive and repro¬ 
duce. Given this struggle for resources - what Darwin 
called the ‘dreadful, but quiet war of organic beings’ - it is 
reasonable to assume that selfish and exploitive behaviors 
would always prevail. 

This does not, however, appear to be the case. While 
nature has more than its share of selfishness, it proves 
surprisingly hospitable to cooperation, sharing, and self- 
sacrifice. Studies of animal behavior provide numerous 
examples. When faced with famine, some unicellular 
slime moulds sacrifice themselves to help others escape. 
Vervet monkeys put themselves at increased risk to warn 
others of an approaching predator. Perhaps most spectac¬ 
ularly, the eusocial insects have evolved sterile worker 
castes, the members of which give up their own reproduc¬ 
tion for the sake of their nestmates’. 

Darwin was particularly impressed with the last exam¬ 
ple and saw it as a formidable challenge to natural selec¬ 
tion: he went so far as to call the evolution of worker ants 
‘by far the most serious special difficulty which my theory 
has encountered.’ His solution - largely ignored for over a 
century - was to recast natural selection in terms of 
competition between families; Darwin reasoned that if a 
sterile ant worker increased its family’s overall fitness, 
then it might also increase the chances that its own traits 
would recur in the next generation. In the early 1960s, 
William Hamilton revisited this idea with mathematical 
rigor in a series of papers that challenged the way behav¬ 
ioral ecologists thought about altruism. In them, he intro¬ 
duced and formalized the concept of inclusive fitness, 
a framework for viewing natural selection from the 
perspective of genes rather than of individuals. Such a 


paradigm shift has profound implications for the study of 
altruism: from a gene’s point of view, no behavior is 
selfless as long as it results in an increased number of 
copies of that gene in the next generation. According to 
Hamilton, even if an individual sacrifices its life, the genes 
responsible for that sacrifice can still spread through the 
population so long as rb — c> 0 (Hamilton’s rule, where b 
is the benefit to the recipient of a behavior, c is the cost 
incurred by the actor, and ris the proportion of genes that 
the two share by common descent). Altruism is therefore 
advantageous only under certain conditions and only 
when it is preferentially directed toward close relatives, 
where r is highest and the number of shared genes is 
greatest. 

Forty years on, it is hard to overestimate the impact 
that inclusive fitness theory has had on the study of animal 
behavior. Gene-level explanations help us to understand 
why some wasps forgo reproduction and instead raise 
sisters, why scrub jays sometimes devote their youths to 
defending their parents’ nests, and why baboons often risk 
their lives to protect their kin groups. But these explana¬ 
tions also generate new questions and new directions for 
research. One such direction - research into the existence 
and nature of kin recognition systems - has proved par¬ 
ticularly fruitful. The central question arises directly from 
Hamilton’s insights: If we expect organisms to behave in 
ways that preferentially benefit their close relatives, 
should we not also expect them to identify those relatives? 
If they do discriminate between individuals on the basis of 
relatedness, what mechanisms might they use to do so? 
More importantly for our purposes, to what extent are 
those mechanisms influenced by genetics? 

Since the late 1970s, researchers have produced con¬ 
vincing evidence that many animals do in fact discrimi¬ 
nate between relatives and nonrelatives. Organisms as 
diverse as sweat bees, bank swallows, sea squirts, and 
macaques - even some plants and microorganisms - all 
demonstrate some form of kin recognition and discrimi¬ 
nation when directing care or choosing mates. Biologists 
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have also come a long way in describing the mechanisms 
behind this recognition, but much remains unknown 
about the relative contributions of genetic factors. In this 
article, we review our current understanding of the genet¬ 
ics of kin recognition systems and describe some of the 
mechanisms animals use to recognize relatives. 

A Recognition Lexicon: Describing the 
Components of a Recognition System 

The terms used to describe recognition and communi¬ 
cation systems have fluctuated considerably over the 
last 25 years: what some authors have called recipients, 
others have called signalers; and what some call recei¬ 
vers, others call actors. For consistency and clarity, we 
suggest that the following terms be used to describe 
recognition behaviors. 

All recognition systems, whether they identify kin, 
evaluate mates, or discover predators, require at least 
two participants: an agent that gets recognized and 
another that does the recognizing. We use the terms 
cue-bearer and evaluator, respectively, to clarify these 
different roles. Evaluators must also possess some set of 
criteria against which to compare a cue-bearer and make a 
decision about its identity. This identification key is called 
a template, and it can be either fixed at birth or learned 
later during development. Some of these learned tem¬ 
plates are formed early on and quickly become resistant 
to further modification; others, meanwhile, are subject to 
constant revision and may change dramatically through¬ 
out an organism’s lifetime. In either case, the learned 
template is established with reference to some external 
model, the so-called referent. Although the referent is 
most often another individual - usually a nestmate, a 
parent, or some other relative - it may also be the organ¬ 
ism itself, or, as in some social insects, the organism’s 
natal nest. 

Researchers have found it useful to divide the recogni¬ 
tion process into three essential and discrete parts: the 
so-called expression, perception, and action components. 
Expression refers to the production or acquisition of 
identity cues by the cue-bearer; perception entails the 
recognition and interpretation of those cues by the eva¬ 
luator; and action describes all those behaviors elicited on 
the part of the evaluator by the act of recognition. Organ¬ 
isms demonstrate varying degrees of genetic involvement 
in each of these components, and in many cases the 
relative contributions of genes remains unclear. 

Finally, it is worth pointing out the fine distinction 
between kin discrimination and kin recognition. Although 
the terms are sometimes used interchangeably, the former 
properly refers to an observed behavioral change in 
the presence of kin, while the latter refers to processes 
occurring inside the evaluator. We can easily imagine an 


organism that, while fully aware of who is who in its social 
group, does not modify its behavior in response to that 
information. Such an instance would resist typical empir¬ 
ical analysis and would belie the presence of recognition. 
Keeping the terms separate not only helps us design more 
rigorous analyses but also provides a humbling reminder 
of what we can and cannot know about animal minds. 

The Gull and the Egg-Shaped Rock: Is a 
Genetic Component Necessary? 

Genes for altruism thrive only if they direct help toward 
other individuals carrying those genes. As such, we might 
expect successful recognition systems to evaluate geno¬ 
types directly by looking for unambiguous phenotypes 
that reveal matches at specific loci. However, instances of 
such direct allelic recognition are exceedingly rare; much 
more common are systems that look not for specific alleles, 
but rather for indicators of overall relatedness. These ‘best 
guess’ mechanisms use those indicators to approximate the 
degree of kinship and thus the likelihood that any given 
allele is shared. If, for instance, you can safely assume that 
another individual is your brother, then there is a 50% 
chance that you and he will share any given allele; if the 
individual is only your half-brother, then the chance falls to 
25%. Recognition systems that determine approximate 
kinship can therefore help organisms make appropriate 
behavioral choices even in the absence of detailed geno¬ 
typic information. While many of these mechanisms 
depend on matching newly encountered phenotypes to 
recognition templates, some do not evaluate phenotypes 
at all. These are the so-called context-dependent mechan¬ 
isms, and they are the focus of this section. 

Imagine a couple driving home from the grocery store 
with their infant in the backseat. Knowing that they had 
strapped their child in just minutes before, they would be 
surprised - and more than a little nonplussed - to turn 
around and find a different infant smiling back. As long as 
certain situations are always associated with kinship (e.g., 
the backseat of the couple’s car normally contains only 
their child), they may serve as reliable indicators of 
relatedness. In his 1964 paper, Hamilton cites Niko 
Tinbergen’s example of the herring gull: Through con¬ 
trolled experiments, Tinbergen found that these birds 
were incapable of differentiating between their own eggs 
and any egg-shaped objects placed inside their nests. In 
fact, anything that approximated the correct shape and 
color was treated with the care due to offspring. ‘This is 
what we would expect,’ Hamilton concludes, ‘in view of 
the fact that eggs do not stray at all.’ In other words, the 
gull has little reason to suspect that an egg-shaped object 
sitting in its nest is anything other than its offspring. 

Similar context-dependent recognition is found in 
some swallows, dunnocks, and prairie dogs, among others. 
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The bank swallow (Riparia riparia) is a particularly useful 
example, as its kin recognition system shifts to match 
conditions found at different periods of parental care. 
Shortly after they hatch, the altricial offspring are con¬ 
fined to natal nests, and parents have good reason for 
supposing that any young found in those nests are their 
offspring. At this stage, the swallows operate under a 
reasonable-assumption, context-dependent recognition 
rule: if a chick is sitting in your nest, treat it as though it 
were your own. As the chicks age, however, they leave the 
nest more frequently and begin to intermingle more 
freely with other individuals in their age group. This 
creates more opportunities for accidental switches and 
misdirection of care, but parents compensate by adopting 
new mechanisms for recognizing their offspring. Around 
the time that they begin to venture out from the nest, 
young swallows also develop individually distinct calls, 
which parents increasingly rely on for recognition. Once 
individual calls are established as the criteria for recogni¬ 
tion, it is no longer enough to be in the right place at the 
right time; if they expect to be fed, young swallows must 
also be the right individuals. 

Although context-dependent mechanisms can be effec¬ 
tive at helping organisms direct altruism, they are also 
particularly susceptible to invasion by parasites. The 
cuckoo bird provides a classic example. Cuckoos lay 
their eggs in the nests of other bird species and then 
abandon them to the care of their unwitting foster parents. 
The cuckoo chick hatches from its egg and, in most cases, 
quickly dispatches its adopted brothers and sisters; when 
the parents return, they find the young cuckoo alone, 
assume that it is their last remaining offspring, and raise 
it to maturity. Such parasitic behavior clearly exploits 
parental assumptions about kinship identity and therefore 
provides a strong selective force against the maintenance 
of context-dependent recognition. 

Because inter- and intraspecific parasitism exert such 
strong pressures on context-dependent systems, we might 
also expect organisms to supplement those systems with 
increasingly sophisticated recognition templates. Indeed, 
it appears that some bird species frequently parasitized 
by cuckoos have evolved mechanisms to discriminate 
between species-specific egg coloration patterns. Of course, 
this level of detection in turn exerts pressures on the eggs 
of the parasites themselves, leading to an evolutionary 
arms race that favors ever more subtle deception and 
detection. At least one species of brood parasite, the 
brown-headed cowbird, Molothrus ater, has evolved a dra¬ 
matic strategy for dealing with this increased scrutiny. 
Adult cowbirds revisit parasitized nests on a regular 
basis, checking up on the eggs they left behind. If a host 
bird has been keen enough to discover a cowbird egg and 
eject it from its nest, the adult cowbird retaliates by 
destroying that nest and any eggs left inside. At this 
point, the behavior does not directly benefit the cowbird’s 


offspring, which have already been killed. It does, how¬ 
ever, impose sharp costs on any host species capable of 
evolving more precise kin recognition systems. This not 
only slows the evolution of antiparasitic behaviors, but 
may also lead to behavioral changes within a single season: 
studies have shown that when some host birds rebuild 
their nests following retaliations, they become less dis¬ 
criminatory the second time around. In this way, the 
retaliation behavior is not just spiteful toward the host, 
but also directly beneficial to the individual cowbird’s 
reproduction. 

As these examples make clear, context-dependent rec¬ 
ognition is far too precarious a strategy for some organ¬ 
isms, and this is especially true for those that live in large 
social groups without clear spatial boundaries. Most of 
these species have instead evolved template-based 
mechanisms for discriminating between kin and nonkin. 
One such mechanism, phenotype matching, is the subject 
of our next section. 

The Persistence of Memory: Inferring 
Genetic Relationships Through 
Phenotype Matching 

Many organisms recognize their kin through phenotype 
matching: a system in which individuals learn to associate 
specific sets of traits with varying degrees of kinship. The 
templates used in phenotype matching are established 
early in life, with reference either to family members 
encountered in the natal nest (where r is likely to be 
high) or to the individual’s own phenotype (in which 
case r= 1). The latter is a special case known as self¬ 
referent phenotype matching or, as Dawkins memorably 
put it, the armpit effect. We will return to it in more detail 
shortly. 

Nestmate-based phenotype matching has some obvi¬ 
ous advantages over the context-dependent mechanisms 
discussed earlier. For one thing, parasites hoping to escape 
detection must do more than simply show up in the right 
place at the right time; they must also evolve to mimic 
the genetically influenced traits required to pass for kin. 
Perhaps more importantly, phenotype matching allows 
individuals to assess the kin status of previously unen¬ 
countered individuals. In social insects with large colo¬ 
nies and highly mobile workers, for example, this ability 
to assess never-before-encountered individuals is essen¬ 
tial to determining who should be treated with care and 
who should be attacked. Obviously, neither context- 
dependent, spatially based recognition nor individual 
recognition would be sufficient in such large and com¬ 
plex populations. 

While initial template formation may occur under 
similar circumstances in both context-dependent and 
phenotype matching recognition systems (e.g., ‘this 
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individual is in my nest and therefore must be kin’), the 
durability of the latter allows recognition to take place 
long after the natal nest is abandoned. In fact, once a 
template is established, it is likely to remain intact for 
some time, often guiding that organism’s recognition 
decisions throughout its life. Errors may still occur if 
templates are formed in the presence of unrelated indivi¬ 
duals, but the window of opportunity for such mistakes is 
considerably smaller and limited to early development. 

Organisms can presumably escape even this difficulty 
if they use the self-referent phenotype matching system 
mentioned earlier. If an individual can identify particular 
aspects of its own phenotype, use those aspects as refer¬ 
ents for a kin recognition template, and then discriminate 
between other individuals on the basis of their similarities 
to that template, then that organism will possess a highly 
accurate means for identifying kin. Dawkins suggested the 
name ‘armpit effect’ because humans appear to generate 
individual-specific armpit odors which could, presumably, 
serve as referents for template formation. Although there is 
no direct evidence that this occurs in humans - dogs 
appear to be much better at smelling our individual differ¬ 
ences than we are - the armpit effect has been successfully 
demonstrated in a handful of species. In one of the first 
studies of its kind, researchers tested whether or not pig¬ 
tailed macaques ( Macaca nemistrina) could discriminate 
between previously unencountered paternal half-brothers 
and unrelated individuals. Since these paternal half-siblings 
neither grew up together nor had the same mothers, they 
could not have identified each other on the basis of phe¬ 
notypes learned during early development; nevertheless, 
individual macaques showed a significant preference for 
half-siblings over unrelated individuals. This strongly 
implies that these monkeys were able to recognize pater¬ 
nally derived aspects of their own phenotype in their half- 
brothers and sisters, and the most likely mechanism for that 
recognition is self-referent phenotype matching. 

The armpit effect has also been found in the golden 
hamster, Mesocricetus auratus , and in the honeybee, Apis 
mellifera. The latter case is especially interesting, as 
honeybee workers have strong incentives to match other 
individuals to their own phenotypes. Workers are nonre- 
productive and, through a peculiarity of Hymenopteran 
sex determination (haplodiploidy, in which females have 
two parents and males are fatherless), they are more 
related to their full-sisters (r=0.75) than they are to 
either their potential offspring or their mothers (both 
r— 0.5). As such, honeybee society is particularly amena¬ 
ble to altruism between full-sister nestmates. This situa¬ 
tion is complicated, however, by the polyandrous nature 
of the honeybee queen and by the multiple lines of pater¬ 
nity that exist in each hive. Again due to haplodiploid sex 
determination, workers are considerably less related to 
their half-sisters (r=0.25) than they are to either their 
full sisters or their mothers. Thus, altruistic behaviors 


directed toward these half-sisters would not be favored 
and honeybees capable of discriminating between full- 
and half-sisters during nestmate care and queen rearing 
should be at an inclusive fitness advantage. Since these 
bees grow up surrounded by both full- and half-sisters, 
nestmate-based phenotype matching would not give indi¬ 
vidual workers the tools to make fine discriminations 
between patrilines; it is not surprising, then, to find self¬ 
referent phenotype matching at work in these insects. 

In the absence of carefully controlled studies, it is diffi¬ 
cult to determine whether a particular phenotype matching 
system is based on nestmate- or self-referent formation. It 
is even more difficult, however, to discriminate between 
instances of the armpit effect and of so-called recognition 
alleles, genes that simultaneously code for both a pheno¬ 
typic difference and an ability to recognize that difference 
in others. We will return to recognition alleles and to the 
closely related ‘green-beard gene’ concept shortly; first, we 
look more closely at the relationship between genes and 
phenotype matching in two well-studied systems: insects 
and mammals. 

Smells of Home: Nest and Nestmate Odors 
in Insect Phenotype Matching 

The first evidence for genetically influenced kin recogni¬ 
tion in insects came in the late 1970s, when Greenberg 
demonstrated discrimination on the part of a primitively 
eusocial sweat bee, Lasioglossum zephyrum. In this study, 
bees standing guard at a nest entrance were introduced 
to previously unencountered individuals that varied by 
degree of kinship with the guards. Greenberg found 
that an individual’s likelihood of making it past the 
guard was directly proportional to the coefficient of relat¬ 
edness r between the two, regardless of a lack of past 
encounters; this implied that the bees were somehow 
able to determine relatedness in the absence of individual 
recognition or previous association. Drawing on previous 
studies, Greenberg concluded that the kinship signal 
was chemical in nature and that the bees were able to pick 
up on genetically determined odor differences between 
relatives and nonrelatives, presumably through phenotype 
matching. 

In the years since, much of the research into insect kin 
recognition has focused on the role of olfaction and 
chemical cues, particularly those associated with cuticular 
hydrocarbons, or CHCs. The epicutides of most insects 
are covered by these antidesiccation molecules, which 
vary between individuals and species in terms of both 
structure and relative abundance. This high variability 
makes CHCs obvious candidates for the expression com¬ 
ponent of kin recognition. 

An impressive body of evidence does, in fact, point to 
a central role for CHCs in insect communication and 




Kin Recognition and Genetics 241 


recognition, and most researchers now view them as the 
primary cues necessary for detecting kin. But this raises an 
interesting question: Are these chemical profdes intrinsic 
(i.e., specified by an individual’s genes), environmentally 
acquired from nests or relatives, or some complex combi¬ 
nation of the two? While studies have shown that some 
components of CHC profiles are heritable in male crick¬ 
ets, honeybees, and fruit flies, much remains unknown 
about other insect groups. Most likely, many insects 
develop their profiles through a complex interplay of 
both genetic and environmental factors. 

In several groups of ants, for instance, each individual 
contributes its personal, intrinsic scent to a colony-wide, 
or ‘gestalt,’ odor that serves as a referent for template 
formation. Meanwhile, each ant acquires this complex 
gestalt odor on its cuticle, thus labeling itself as a member 
of its home colony. In some other species, colony-specific 
odors come exclusively from the queen, while in still others, 
the gestalt odor is based on a mixture of exclusively worker- 
derived odors. Some species use exogenous, environmental 
odors from foods or nest materials to supplement the 
chemical cues produced by the ants themselves, while 
others may rely exclusively on those intrinsic cues. The 
important point is that the relative contributions of genetics 
and of the social and physical environments vary widely 
between species and that, in most of those species, the 
details remain a mystery. 

The use of chemical recognition cues has, however, 
been well studied in paper wasps of the genus Polistes 
and serves as an excellent example of the complex role 
of CHCs in recognition. Paper wasps are primitively 
eusocial insects that live in colonies dominated by a single 
reproductive female assisted by nonreproductive workers. 
According to Hamilton’s rule, such altruistic division of 
labor is advantageous for worker genes only when helping 
behaviors are preferentially directed toward close rela¬ 
tives. It is in a worker’s interest, then, to possess an accu¬ 
rate and effective kin recognition system. 

Paper wasps appear to discriminate between kin and 
nonkin with the help of CHC profiles borne on the epicu- 
ticular surfaces of each individual. There is evidence to 
suggest that these profiles are influenced by both genetic 
and environmental factors and that the natal nest is the 
primary source of these odors. Wasps are much more 
readily accepted by individuals from the nest on which 
they eclosed (emerged from pupation) than by individuals 
from other nests; this holds true even when wasps are 
reared in nests where the average relatedness is low and 
nestmates are less-related to each other than to nonnest- 
mates. The mechanism underlying this ability appears to 
be the acquisition of chemical cues embedded in the nest 
material itself. Indeed, studies have shown that paper wasps 
can discriminate between out-of-context fragments of their 
own and foreign nests, even in the absence of adults and 
brood. Recognition cues appear, then, to be homogenized 


across nestmates and to employ nest of origin as an imper¬ 
fect proxy for genetic relatedness. 

Nest of origin also plays a critical role in the formation 
of Polistes recognition templates. Wasps tend to accept 
individuals raised on the same nest comb as themselves, 
while rejecting those raised on foreign nests. Again, this 
rule applies regardless of actual genetic relationship; in 
studies in which preeclosion wasps were switched to the 
nests of nonrelated females, wasps discriminated against 
their genetic relatives in favor of individuals from the 
same natal nest. The wasps apparently develop their rec¬ 
ognition templates through a phenotype matching system 
using early, postemergence environmental cues as refer¬ 
ents. It is worth pointing out, however, that individual 
wasps still appear to identify and use genetic cues when 
nest-origin cues are absent, hinting at a possible role for 
self-referent phenotype matching. 

Polistes wasps respond to complex signals when evalu¬ 
ating kinship, but interestingly, do not appear to make 
subtle distinctions between kinship categories. During a 
specific recognition event - say an encounter between two 
previously unacquainted wasps - the evaluator compares the 
cue-bearer’s odor profile to the colony-specific template. 
If the cue-bearer sufficiently matches the template, then 
she is accepted as a nestmate; if not, the evaluator responds 
to the perceived intruder with aggression. These recognition 
interactions appear to follow an ‘all or none’ rule, with 
cue-bearers neatly divided into kin and nonkin categories. 
Getz’s ‘kingram’ concept provides a helpful framework for 
thinking about such dichotomous decision making in the 
face of highly variable cue information (see Box 1). 

While CHC-based kin recognition requires a great deal 
of specificity on the part of cue-bearers, it is still suscepti¬ 
ble to sophisticated mimicry by parasites. A recently dis¬ 
covered example involves chemical deception in a cuckoo 
wasp, Hedychrum rutilans , a highly specialized brood para¬ 
site of the European beewolf, Philanthus triangulum. The 
beewolf is itself a predator of honeybees; it attacks and 
paralyzes worker bees in the field, carries them to its 
underground nest, and lays eggs on their cuticles. These 
egg-carrying honeybees are temporarily stored just within 
the nest entrance, then deposited deeper in the under¬ 
ground burrow and sealed up inside. 

Females of H. rutilans have evolved to take advantage of 
this food provisioning through a sophisticated suite of 
behaviors. Before the honeybee is taken inside the nest, 
the cuckoo wasp quickly deposits her own eggs on the 
bee’s surface. When the beewolf returns to its nest, it 
carries the bee, its own egg, and the egg of its parasite 
into the brood chamber. The cuckoo wasp larvae emerge 
first and immediately set to devouring both the beewolf 
offspring and the paralyzed honeybee, thus increas¬ 
ing their own fitness at a considerable cost to that of 
their hosts. Normally, we might expect P. triangulum 
females to evolve mechanisms to detect the presence of 
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Box 1 Kingrams and the optimal acceptance threshold 

T 



0 1 

Dissimilarity between an evaluator’s recognition template 

and a cue-bearer’s recognition cues. 


Kingrams help us to visualize the recognition process and to better understand the 
role of thresholds in decision making. Organisms are often forced to make binary 
decisions in the face of complex and highly variable information. For instance, when 
deciding whether or not to accept a newly-encountered individual as kin, an organism 
must confront a great deal of intra-group variation. Not all relatives will share precisely 
the same set of identifying labels and some will no doubt match the evaluator’s 
template more closely than others. Likewise, there will probably be some overlap 
between relatives and nonrelatives in terms of template dissimilarity. How do 
organisms make good decisions in the face of this uncertainty? 

Many appear to do so through an optimal acceptance threshold, a point (T on the 
diagram above) at which increasing cue dissimilarity triggers rejection behavior. All 
individuals falling to the right of T are rejected as nonrelatives, while all those on the 
left of T are accepted. We expect organisms to position T such that fitness is maximized 
with respect to the relative costs of acceptance and rejection errors. For instance, when 
rejecting true kin is more costly than accepting imposters, the optimum acceptance 
threshold should move to the right. 


H. rutilans -specific CHC profiles and tag ‘contaminated’ 
honeybees for removal. But this is apparently made con¬ 
siderably more difficult by chemical mimicry on the part of 
the cuckoo wasp: analysis of H. rutilans and P. triangulum 
CHC profiles found that the cuckoo wasps share more 
of their chemical signatures in common with beewolves 
than they do with other Hedychrum species! 

The use of CHCs as species- or individual-recognition 
cues, while common, is not universal in the insect world. 
For example, CHCs, while present in diurnal fireflies, 
appear to be absent in their nocturnal cousins. These 
night-flying species not only have a lower risk of desicca¬ 
tion (presumably making dehydration-resistant CHCs 
unnecessary), but also rely much more heavily on visual 
cues for mate evaluation and species recognition. Indeed, 
the flash signals in Photinus fireflies are surprisingly com¬ 
plicated and information-rich, and apparently compen¬ 
sate well for a lack of chemical cues. 


To Smell a Rat: Phenotype Matching and 
the Genes of the MHC 

As we have seen, phenotype matching is not limited to 
insect systems; many other organisms use similar mechan¬ 
isms to establish and maintain recognition templates. In 
this section, we explore the likely role of phenotype 
matching in mammalian kin recognition, discuss its impli¬ 
cations for inbreeding avoidance and nepotism, and focus 
on a likely source of referent cues, the family of genes 
known as the major histocompatibility complex or MHC. 

Previous sections have emphasized the importance of 
kin recognition to the evolution of altruism and nepotism 
and, indeed, much of the early work on recognition 
focused on these behaviors. There is, however, at least 
one instance in which animals might benefit from avoid¬ 
ing close kin and from associating instead with unrelated 
individuals: that instance, of course, is mate choice. 
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Inbreeding between closely related individuals often 
exacts a heavy toll on fitness, as rare and deleterious 
recessive alleles are expressed to disastrous effect in the 
offspring. As such, organisms that recognize kin do well to 
avoid mating with close relations. Several decades of 
research have now shown that inbreeding avoidance is 
indeed an important consequence of kin recognition and 
a powerful force in the maintenance of cue diversity. 

Much of the research on inbreeding avoidance in 
mammals has focused on the highly polymorphic genes 
of the MHC. This family of genes has long been the 
subject of intensive study, though more for its central 
role in the vertebrate immune system than for its use in 
kin recognition. The genes of the complex code for cell 
surface glycoproteins that help immune T cells differen¬ 
tiate between self and nonself; if a cell has been invaded 
by a pathogen, small fragments of the invader’s protein are 
presented to T cells via a pocket on the MHC protein’s 
surface, marking that cell for destruction. Medical 
researchers have an obvious interest in exploring the 
functions of these genes and so routinely keep inbred 
strains of laboratory mice differing only at the MHC. It 
was through a fortuitous observation of these mice’s mat¬ 
ing behavior that researchers first thought to investigate 
the role of such immunity genes in kin recognition. 

Yamazaki and colleagues first conducted studies on 
MHC and mate choice in the late 1970s and found that 
mice preferentially mate with individuals that differ from 
them at these loci. Subsequent studies showed that mice 
could be trained to discriminate between urine samples 
from MHC-different individuals, indicating olfactory 
perception of either the gene products themselves or of 
secondary compounds linked to those gene products. 
These researchers also discovered a fascinating role for 
the MHC in the phenomenon known as pregnancy block, 
the spontaneous abortion of pregnancy that occurs when 
female mice are exposed to the scent of an unfamiliar 
male. Consistent with kin selection theory, the risk of 
pregnancy block is considerably increased when the 
second male varies from the first at MHC loci. 

The importance of these genes for mouse kin recogni¬ 
tion goes beyond inbreeding avoidance to a role in coop¬ 
eration and altruism. Female mice often nest together, 
sharing nursing duties and other parental responsibilities. 
One study found that females preferred to nest with 
MHC-similar individuals, thus increasing the likelihood 
that helping behaviors will benefit close relatives and 
increase inclusive fitness. This sets up an interesting con¬ 
test between opposing selection pressures, with sexual 
selection promoting MHC diversity (because individuals 
tend to prefer genetically dissimilar mates) and kin selec¬ 
tion favoring greater homogeneity (through benefits 
accruing to MHC-similar individuals): a situation known 
as Crozier’s Paradox. The extreme polymorphism found 


at the MHC - Brown and Eklund suggest that in mice 
over three billion phenotypes are possible at just three 
principal loci - seems to imply that the effects of mate 
choice and sexual selection outweigh the selective forces 
applied by nepotism. 

One area of research that has received particular atten¬ 
tion and generated considerable controversy focuses on 
the role that MHC (also known as HLA) genes might play 
in human mate choice. Wedekind and colleagues’ well- 
known 1995 study of odor preference in humans required 
females to smell a series of T-shirts worn by various males 
and to rank these shirts’ scents according to pleasantness. 
The researchers found that the women were significantly 
more likely to deem an odor ‘pleasant’ if the shirt was worn 
by a man who differed at HLA loci. They were also more 
likely to report that such shirts reminded them of a current 
or former romantic partners, suggesting that pleasantness of 
odor and mate choice are related. Interestingly, preferences 
for HLA dissimilarity were reversed in women taking oral 
contraceptives at the time of the study. 

Recent research seems to support the conclusion that 
HLA genotypes influence mate choice in humans. A large- 
scale study of Hutterite marriage patterns found that indi¬ 
viduals were significantly more likely to marry partners 
with different HLA haplotypes than would be expected by 
chance. Similarly, a study testing odor preferences among 
Brazilian college students found that females preferred 
the smell of sweat from HLA-dissimilar males signifi¬ 
cantly more often than that from HLA-similar males; this 
study did not, however, find a similar effect when males 
ranked female sweat odors or when females ranked odors 
originating in male urine. 

Much of the available evidence points to early 
childhood-based phenotype matching as the most likely 
source of these mating preferences. Yamazaki reversed 
odor preferences by rearing mice with MHC-different 
individuals: a situation unlikely to occur in nests in the 
wild. Several other studies and decades of anecdotal evi¬ 
dence indicate that humans learn relatives’ phenotypes 
during childhood and later avoid those phenotypes when 
choosing mates. 

Although a growing body of evidence supports a link 
between MHC genes and kin recognition, some researchers 
remain skeptical. They point out that the majority of mouse 
studies use highly inbred laboratory strains living under 
artificial conditions and thus may not shed much light on 
the behaviors of genetically diverse, wild populations. 
A recent study investigated the effects of MHC and MUP 
(major urinary protein) genotypes on inbreeding avoidance 
in mice living under natural conditions. Mice sharing both 
alleles at the MUP locus were significantly less likely to 
mate with each other than they were with mice who shared 
one or neither of their MUP alleles; the sharing of MHC 
alleles, however, had no significant effect on mating. 
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Another study of an unmanaged sheep ( Ovis aries) popula¬ 
tion found no evidence of dissortative mating on the basis of 
MHC haplotype, suggesting that such genetic kin recogni¬ 
tion may not be ubiquitous among mammals. 

Not Easy Being Green: Super-Genes in 
Theory and in Nature 

Workers of the invasive red fire ant, Solenopsis invicta , are 
not known for their civility Fierce colony defenders, 
these tiny insects are quick to bite, grapple with, and 
sting, often to the point of death, any organism unlucky 
enough to wander into their nest mounds. Even so, it 
comes as a shock to watch a group of these workers 
descend on one of their own queens, overwhelm her 
with well-placed stings and bites, and literally rip her 
apart. What could possibly lead worker ants - organisms 
that depend on their queens as the sole sources of colony 
reproduction and inclusive fitness - to commit regicide? 

The answer, it turns out, is a green beard. In his 1964 
paper on the genetics of social behavior, William Hamilton 
described a hypothetical ‘super-gene’ (i.e., a tightly linked 
complex of several genes) that would simultaneously 
code for (1) a conspicuous phenotypic cue, (2) an ability 
to detect this cue in others, and (3) a propensity to direct 
care exclusively toward other cue-bearing individuals. 
Dawkins memorably dubbed such super-genes ‘green- 
beards,’ after an imaginary example in which beard color 
served as the recognition cue. It is just such a green-beard 
gene, and its recognition by S. invicta workers, that leads 
these ants to dispatch their queens with such surprising 
violence. 

Colonies of S. invicta come in two forms, those with 
single queens (monogynous colonies) and those with mul¬ 
tiple queens (polygynous colonies), and this difference in 
social structure corresponds to a genetic difference at a 
specific locus known as Gp-9. All queens and workers in 
monogynous colonies are dominant homozygotes ( BB ) at 
Gp-9, while all queens and most of the workers in the 
polygynous colonies are heterozygotes (Bb); homozygous 
recessive females are not found in the colonies because the 
bb genotype inevitably leads to death early in development. 

The monogyne and polygyne populations are distinct 
and are connected genetically only through males who 
move between the two groups. In the polygyne colonies, 
matings between Bb females and B males (males are hap¬ 
loid) inevitably result in some new BB queens in every 
generation; without intervention, these BB queens would 
grow up to become reproductives and, year by year, their 
genotype would increase its representation in the colony. 
In reality, however, these new BB queens do not stand a 
chance: workers, with their penchant for political assassi¬ 
nation, quickly intervene to maintain genetic disequilib¬ 
rium. Bb workers can, through pheromonal cues, detect a 


new queen’s genotype and modify their behavior accord¬ 
ingly. If she is heterozygous like them, she receives the 
typical protection due to a colony’s queen, but if she 
carries two copies of the B allele, she is marked for 
execution. The Bb workers surround the BB queen and 
swiftly eliminate her from the gene pool. 

This is not exactly what biologists expected from a 
green-beard in nature. Recall that Hamilton’s original 
conditions specified altruism, not lethal violence, as the 
behavior associated with this degree of direct genetic 
recognition. But even though heterozygous S. invicta 
workers respond to the absence rather than the presence 
of a shared genotype, the effect remains the same. To 
return to Dawkins’s metaphor, imagine a set of closely 
linked alleles specifying both the possession of a green 
beard and an unusually high degree of aggression directed 
toward any individuals with purple beards. When green 
beards encounter other green beards, they treat each 
other with the normal degree of cooperation expected in 
the species. When they encounter purple beards, however, 
the latter suffers a significant reduction in fitness. This 
situation is analogous to that of the S. invicta workers and 
is functionally equivalent to the classic green-beard sce¬ 
nario described earlier. 

The most surprising thing about the green-beard gene 
Gp-9 is not that it results in aggressive behavior, but rather 
that it exists at all. Both Hamilton and Dawkins thought 
the likelihood of finding a green-beard in nature very 
small, because either (1) such super-alleles would be so 
successful that they would quickly fix themselves in a 
population and become invisible to analysis, or (2) once 
everyone in a population carried the conspicuous marker 
of genetic altruism, the system would become highly 
vulnerable to cheating. Individuals born with the marker 
(the green beard, say), but without the associated altruism, 
would benefit from the help of everyone else in the 
population without making sacrifices of their own. With 
such a fitness advantage, these individuals would quickly 
come to dominate the gene pool, and the benefits asso¬ 
ciated with the green beard would turn into handicaps. 
Gp-9 avoids this fate at least in part because the b allele 
responsible for aggressive behavior can never become 
fully fixed in the population; its lethality in homozygous 
recessives prevents it from becoming the predominant 
allele and so the polygynous cycle of BB birth and elimi¬ 
nation continues generation after generation. 

So, contrary to predictions, green-beard genes do exist 
in nature. But are they common? As of now, the consensus 
answer is a qualified ‘no’ - very few examples have been 
discovered, the theoretical obstacles to their evolution 
still apply, and it is not immediately obvious how best to 
differentiate them from instances of the armpit effect 
mentioned earlier. But in the wake of research into the 
role of Gp-9 in fire ants and of a possible green-beard 
effect at placental interfaces, researchers are more willing 
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than ever to consider a possible role for these super-genes 
in recognition systems. 

One fairly unequivocal example comes from a species 
of unicellular slime mold, Dictyostelium discoideum. These 
social amoebas spend most of their time living as single- 
celled predators of bacteria, but when food gets scarce, 
they coalesce to form a multicellular colony known as a 
‘motile slug.’ This cellular aggregation moves as a single 
unit until it comes to a suitable location on which to form 
a fruiting body, a distinctively shaped structure with 
reproductive spores sitting atop a long, thin stalk. Only 
those cells that find themselves at the top of this structure 
get the opportunity to escape into a better environment; 
the cells that make up the stalk inevitably die, sacrificing 
themselves for colony mates further up in the spores. 

Since D. discoideum fruiting bodies are almost always 
composed of more than one clonal line and therefore 
contain individuals that vary widely in relatedness, the 
stage is set for kin selection. It appears that D. discoideum 
individuals bearing wild-type copies of a gene known as 
csA are able to respond to the presence of this allele in 
others and to preferentially direct cooperative behavior 
toward those individuals. csA codes for a self-binding 
(homophilic) protein that sits on the surface of D. discoi¬ 
deum cells, and this self-binding property causes wild-type 
individuals to adhere more readily to each other than they 
do to mutants bearing a different csA allele. The increased 
binding between these cells allows them to preferentially 
pull each other upward toward the top of the fruiting 
body, increasing their chances of survival and leaving 
mutant cells to die in the stalk. 

The wild-type csA allele thus fulfills all the require¬ 
ments for a green-beard gene. First, each cell bears a 
conspicuous cue in the form of a cell-surface adhesion 
protein; second, the homophilic nature of these proteins 
allows cells to recognize the genotype of another individ¬ 
ual; finally, because these wild-type csA cells preferen¬ 
tially bind to and pull at genotypically similar individuals, 
the allele is able to direct care toward other copies of itself 
in the population. Indeed, the csA gene product may be 
only the first of many cell-surface adhesion proteins 
found to play a role in kin recognition. Because of their 
highly developed ability to discriminate between self and 
nonself, cell-surface adhesion proteins hold out particular 
promise as green-beard mechanisms. 

Researchers have even speculated that green-beard 
genes and their surface adhesion products could influence 
sperm behavior in New World marsupials. In these ani¬ 
mals, sperm cells swim in pairs, attaching to each other by 
their head segments and beating their flagella in concert. 
Together, they consistently out-swim any un-partnered 
rivals, but the alliance is an uneasy one because only one 
member of the pair typically goes on to fertilize an egg. If 
a gene could cause a sperm cell to partner exclusively 
with other cells carrying that same gene, then it could 


ensure that at least one copy of itself would enter the egg. 
From this gene’s point of view, the eventual competition 
between the two sperm cells would become no competition 
at all. While no evidence has yet been found to support the 
suggestion that green beards play a role in sperm partner 
choice, recent discoveries in Solenopsis and Dictyostelium 
show that such a mechanism is far from improbable. 

It is important to point out that not all recognition 
alleles are green-beards sensu stricto. The former definition 
only requires that a gene create a conspicuous cue and the 
ability to detect that cue in others; the latter, meanwhile, 
requires both of those conditions plus behaviors favoring 
the cue-bearers. The key difference is that a green-beard 
gene carries all three phenotypic effects at a single locus 
or tightly linked set of loci, while some recognition alleles 
may rely on behaviors coded for at other locations in 
the genome. In the case of Botryllus schlosseri , a marine 
tunicate, individual colonies are able to recognize kin on 
the basis of genetic similarity at a single locus, the FuHC 
gene. Sessile colonies often grow into each other across 
a shared substrate. If individuals of the colonies share one 
or both of their alleles (out of literally hundreds avail¬ 
able), then the colonies easily fuse together; when they 
share neither, the colonies reject each other with an aggres¬ 
sive inflammatory response. This example, along with simi¬ 
lar ones from hydrozoans and plants, does not imply the 
existence of green-beards, as the accompanying behavior 
is not a result of the FuHC gene itself. Instead, this gene 
serves as a source of recognition cues and as a mechanism 
for comparing those cues to self, in other words, as a 
recognition allele. 

Finally, it is worth asking whether or not green-beard 
alleles are really kin recognition mechanisms at all. To 
return once more to Dawkins’s beards, a DD green- 
bearded individual may well grow up in a household 
with a dd red-bearded sibling (if parental cross is Dd x Dd). 
Given the choice between helping a green-bearded second 
cousin or a red-bearded brother, the individual in ques¬ 
tion would prefer to assist the former every time. In this 
way, green-beard super-genes help themselves not only at 
the expense of the individual’s fitness, but also at the 
expense of the other genes with which they share a body. 

Conclusions and Future Directions 

Forty years ago, Hamilton’s insights lay the groundwork 
for an explosion of kin recognition research; today, the 
rapid development of modern genetic techniques is build¬ 
ing a new foundation, this time for understanding how 
genes interact with the environment to build kin recogni¬ 
tion mechanisms. The examples given in this article illus¬ 
trate both the interdisciplinary nature of the work and the 
breadth of strategies and mechanisms that animals use to 
recognize kin. Future contributions from the fields of 
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animal behavior, neurobiology, and cellular biology will 
only expand this understanding and may well challenge 
many of our current assumptions. 

See also: Kin Selection and Relatedness; Recognition 
Systems in the Social Insects; Social Recognition. 
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Introduction 

Animals often treat their kin differently from other indi¬ 
viduals. Parental care is the most obvious manifestation of 
this. Parents will often take great risks to give their off¬ 
spring help, and will not do the same for other young. The 
same phenomenon sometimes occurs with other kinds of 
relatives. A ground squirrel will give a warning call if its 
relatives are nearby, but not when it is surrounded by 
nonrelatives. A worker honeybee allows its sisters into 
the hive, but tries to sting nonrelatives. 

The workers of honeybees and many other social 
insects take kin preference to an extreme. They have 
evolved to forego reproduction, instead devoting their 
lives to rearing sisters and brothers. Darwin was troubled 
over how worker traits could evolve by natural selection 
if their bearers did not reproduce: How would good traits 
be favored and bad ones be disfavored? He settled on 
family selection, in which the good traits of a sterile or 
nonreproducing individual could be passed on by its kin. 
He noted that it is analogous to selecting for well-marbled 
beef. Even though we have to kill the cow to assess its 
quality, we can breed relatives of the good ones and have 
them transmit the good qualities. 


Inclusive Fitness and Kin Selection 

In the 1960s, William D. Hamilton formalized this notion 
in his concept of inclusive fitness, also known as kin 
selection. He showed that when an individual’s behavior 
affects multiple individuals, selection favors the behavior 
according to the sum of its effects on their fitness effect, 
with each fitness multiplied by relatedness. A behavior 
is favored if this sum, termed the inclusive fitness effect, 
exceeds zero: 

w + r,Aw l >0 jjj 

i 

where w is its effect on its own fitness, each Wi is its fitness 
effect on another individual, and r, is its relatedness to that 
individual. This inequality is known as Hamilton’s rule. 
The most familiar example is when an individual, such as 
a social insect worker, altruistically benefits a relative by 
amount 4 at cost c to its own fitness, in which case formula 
[1] yields 

— c + rb > 0 or c < rb [2l 


The formula shows that, if the benefit to kin is high 
enough compared to the altruist’s cost, altruism can be 
favored, and it is most easily favored if relatedness is high. 
From the standpoint of an altruism gene, it can decrease 
its replication via the altruist if it sufficiently increases its 
replication through a relative. The chief initial appeal of 
this theory was the solution to the problem of altruism, 
but the concept of inclusive fitness is generally applicable 
to all kinds of interactions. 

Hamilton’s rule is a concise summary of the outcome 
of formal models of gene frequency change. These models 
make some assumptions, such as weak selection and additive 
fitness effects, but Hamilton’s rule appears widely applicable. 

Genetic Relatedness 

Kin selection works because relatives share genes. But all 
individuals share some genes (we even share genes with 
chimpanzees), so what is the appropriate measure? The 
answer comes from mathematical population genetic mod¬ 
els, but the idea is easy to understand. For selection to 
increase the frequency of an allele, that allele has to do better 
than the average allele in the population. Thus, a behavior 
that helps random individuals in the population will not 
spread, even if some of those individuals possess the helping 
allele. Benefits will change allele frequency only to the 
extent that the helping allele is present above random levels 
in the beneficiaries. The proper relatedness for Hamilton’s 
inclusive fitness rule must therefore capture this deviation 
from random expectation. A regression coefficient does 
exactly that. It measures the probability, given that an indi¬ 
vidual has an allele, and that its partner has the same allele 
above random expectation. Thus, regression coefficients are 
widely used to measure relatedness in kin selection studies. 

Relatedness can be measured in several ways. One 
method involves the use of variable neutral genetic mar¬ 
kers. Various kinds of genetic markers will do, but micro¬ 
satellites have proved particularly useful and popular. 
Microsatellites are short tandem repeats of DNA, such 
as the doublet CA repeated nine times in succession. Such 
repeat sequences occasionally misalign during replica¬ 
tion, resulting in the mutational gain or loss of a repeat. 
As a result, microsatellites are often quite variable. This 
means that random identity is low and they therefore 
provide a lot of information about similarity above ran¬ 
dom levels. Computer programs are used to measure 
regression-like relatedness, and when information is 
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combined from enough loci, these estimates become 
increasingly precise and accurate. 

Relatedness can also be estimated though pedigree 
methods. In the simplest example, an offspring gets half 
its genes directly from its mother and is therefore related 
by 1/2 to her. That is, each allele in the offspring has a 1 /2 
chance of having been inherited directly from the mother. 
We say that those alleles are identical by descent. Of 
course, there is usually some additional total identity 
between offspring and mother; for example, an offspring 
allele derived from the father might also, by chance, be 
identical to one in the mother. But these additional iden¬ 
tities are random identities (known as identical by state) 
and therefore do not count or, more accurately, they are 
exactly cancelled out by random nonidentities. More com¬ 
plicated cases can be calculated by pedigree diagrams and 
tracing all the connections between classes of relatives. 
Relatedness to a maternal half sibling is 1/4, the average 
of 1 /2 for genes identical by descent through the mother, 
and 0 for genes identical by descent through the father. Full 
siblings are related by 1/2 because now both maternally 
and paternally inherited genes are identical by descent to 
that degree. Relatedness to grandparents, grandoffspring, 
aunts, uncles, nephews, and nieces is 1 /4. Cousins are 1/8. 
Inbreeding will alter these coefficients by providing addi¬ 
tional paths for nonrandom identity by descent. 

These two methods, statistical and pedigree, generally 
give the same answers, although statistical estimates based 
on molecular markers include some sampling variance. 
For example, unrelated individuals will sometimes have 
negative estimates. The two kinds of estimates can diverge 
if pedigrees are taken back too far. In the limit, all copies 
of an allele in the present generation can be traced back 
to a single allele in the remote past and in this sense they 
are all identical by descent. Here, the statistical method is 
the only one that captures the essential feature of similar¬ 
ity above random levels. 

Both of these methods measure relatedness across the 
genome, whereas what really matters in the models of kin 
selection is relatedness at a locus that affects the behavior. 
This is not usually a problem because probabilities of 
identity by descent are typically uniform across different 
loci. However, there are two potential reasons for this not 
to be true. First, strong selection at either the locus under 
selection or at a marker locus can cause relatednesses to 
be altered somewhat, so kin selection predictions are on 
strongest ground when selection is not too strong. Second, 
similarity at the social locus could be due to factors other 
than average kinship, such as the green-beard genes dis¬ 
cussed in the following sections. 

Kin Recognition 

Animals are not expected to calculate relatedness, let 
alone conduct the full fitness calculations of Hamilton’s 


rule. Instead, those that happen to behave in ways that 
most accord with Hamilton’s rule are favored over those 
that act differently. x\n important component of this is how 
information about relatedness is used. Three types of 
recognition cues are possible: spatial cues, genetic kinship 
cues, and green-beard cues. 

The simplest, and often most reliable, kinship cues are 
environmental or spatial. For example, the individuals 
that hatch out of the eggs you laid are usually your 
offspring. The individual that nurses you when you are 
young is your mother. The other occupants of your natal 
nest are your siblings, as are individuals in later nests of 
your mother. Therefore, behaviors that are always 
directed toward nestmates are selected according to 
Hamilton’s rule for siblings. Recognition occurs simply 
by the performance and selection of behaviors toward 
such classes of environmentally defined recipients. 

However, care must be taken to consider the full con¬ 
text of the behavior. Increasing a nestmate’s fitness may 
not be beneficial, even if c < r£, if there is strong competi¬ 
tion among animals within the nest. If increasing the 
fitness of one nestmate decreases that of another by an 
equal amount, then there is no net benefit. There are two 
ways for us to adjust the calculations to take this into 
account. One is to add in the fitness of the harmed nest¬ 
mate to Hamilton’s rule. The other is to adjust the relat¬ 
edness coefficient so that it is measured on the scale of 
competition. Because relatedness is similarity above and 
beyond the random levels of similarity in the competing 
population and because here competition occurs on the 
scale of the nest, relatedness could be estimated with 
respect to that population. However, in a great many 
natural situations, these kinds of adjustments are unnec¬ 
essary because competition occurs at greater scales; nest¬ 
mates that are helped go out and compete against the 
larger population. 

A second kind of recognition is phenotype matching. 
Spatial and environmental cues alone are unlikely to be 
useful in identifying unfamiliar relatives. For this purpose, 
you need genetic cues, or more accurately, phenotypic 
cues based on genetic variation. A problem is that there 
can be no universal cue of kinship. Instead, you need 
variable markers and a way of knowing which ones mark 
your particular kin. This is achieved through learning, 
starting with known relatives. That means phenotype 
matching is built upon the kinds of spatial cues discussed 
earlier. So, an individual could learn odor cues from its 
mother, or from its siblings, known by spatial context, and 
then match those cues to later unfamiliar individuals. 
Those that smell most like siblings are likely to be rela¬ 
tives. Such phenotype matching involves three compo¬ 
nents: the production of variable cues, the perception of 
cues, and the taking of appropriate action in response. 

The cues might have evolved for the purpose of recog¬ 
nition, but there is one reason to believe that they evolved 
for other reasons and were subsequently exploited for kin 
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recognition. Common cue alleles will match more often 
and will therefore be more likely to be on the receiving end 
of kin-direct altruism and less likely to be on the receiving 
end of other-directed selfishness. Thus, kin selection tends 
to favor and fix common cue alleles, and it tends to remove 
the cue variation required to identify kin. This is puzzling 
because some animals clearly do have genetic kin recogni¬ 
tion systems. One possible resolution is that they use cues 
where variability is maintained for other reasons, such as 
variation in the major histocompatibility locus for disease 
resistance. 

The final form of recognition involves green-beard 
genes. Here, it is not kin that are recognized, but actual 
bearers of the social allele. The name comes from a 
thought experiment of Richard Dawkins, who imagined 
an allele with three effects: it codes for a green beard, 
recognizes green beards in others, and acts favorably only 
toward possessors of green beards. 

Green-beard recognition has two problems. The first 
is that it requires quite complex effects resulting from 
expression of a single locus. However, it must be remem¬ 
bered that the allele need not build all the three traits 
by itself; it needs to create only the necessary differences 
in the traits. Green-beard systems have been found. In 
a social amoeba, Dictyostelium discoideum , a single gene af¬ 
fecting cell adhesion causes greater altruistic behavior 
and ensures that it goes to like individuals by preferential 
binding to them. And in bacteria, poison-antidote systems 
known as bacteriocins function to kill cells that lack the 
relevant alleles. 

The other problem with green-beard systems, or at 
least green-beard altruism, is that it may act against the 
interests of the rest of the genome. Under Hamilton’s rule, 
a green-beard locus that sacrifices itself to benefit another 
green-beard bearer is favored if c < b (because r at this 
locus, is 1). However, the rest of the genome may not 
be related by 1, so such extreme altruism would not be 
favored at these loci. There may therefore be selection at 
other loci to suppress the green-beard effects (and espe¬ 
cially to suppress the altruism part, perhaps leaving the 
green beard itself so that carriers can still be recipients of 
altruism). This does not mean that green-beards are 
impossible — we have seen that they exist — but it may 
result in quite complex and unstable selective dynamics 
involving multiple loci. 

Relatedness Affects Behavior 

Hamilton’s inclusive fitness theory pointed out the impor¬ 
tance of genetic relatedness. It also served as an explana¬ 
tion for the general preference for kin pointed out at the 
beginning of this article, and it has led to many testable 
predictions. 

Oddly though, the theory’s initially most spectacular 
success is no longer viewed as definitive. Hamilton noted 


that most social insects - specifically the ants, bees, and 
wasps of the insect order Hymenoptera - shared an 
unusual genetic system that results in some odd related¬ 
nesses. The system is called haplodiploidy because males 
are haploid and females are diploid, the difference arising 
according to whether they come from an unfertilized or 
fertilized egg. In normal diploid species (which include 
the social termites) full siblings are related by 1/2, 
whereas in hapolodiploids, it varies by sex. Specifically, 
a female is related to her brother by 1/4 (because they 
share no paternal alleles) and related to her sisters by 3/4 
(because the paternal allele is always shared, the father 
having only one to give). Hamilton suggested that this 
relatedness pattern explained why altruistic sociality was 
so common in haplodiploid species and also why, because 
males do not have this high 3/4 relatedness, altruistic 
workers are always female in haplodiploid species. One 
problem with this idea is that workers rear both sisters and 
brothers, and the average relatedness to a sister and 
brother is 1/2, just as in diploids. A smaller, temporary 
relatedness advantage can be obtained if workers invest 
more in sisters, but other advantages based more on ben¬ 
efits than relatedness (still kin selection explanations) 
seem more powerful. 

However, the special haplodiploid relatednesses pointed 
out by Hamilton did lead to very successful tests of kin 
selection theory. When workers are related by 3/4 to 
sisters and 1/4 to brothers, they should do better by raising 
sisters (here, there is no personal fitness term w in formula 1, 
but Wi effects on two kinds of relatives). The workers of 
ants, bees, and wasps do appear to favor sisters and bias the 
sex ratio away from 1:1, which is best for the queen. This is 
clearest in species in which workers in some colonies have 
3/4 relatedness to females and workers in other colonies 
do not. For example, in the ant Formica truncorum, colonies 
with singly mated queens (hence 3/4 sister relatedness) 
produce mostly females while those with multiply mated 
queens (hence many half sisters) produce more males. 
Queens in the full-sister colonies do lay many male eggs, 
but workers kill most of the males in order to get the 
benefits of rearing highly related sisters. 

Other comparative tests have shown the importance of 
relatedness. In many species, workers will begin laying 
eggs that will become males when their queen dies. In 
species in which relatedness among the workers within 
colonies is low, a high fraction of them selfishly lay eggs, 
while in species with higher worker relatedness, more of 
them opt to altruistically rear the sons of their sisters. 

Microbes also have cooperation and even altruism, and 
their short generation times have allowed researchers to 
go beyond comparative tests and do evolutionary experi¬ 
ments. The bacterium Pseudomonas aeruginosa secretes 
siderophores, molecules that bind iron and can then be 
recaptured, or captured by another bacterium. Sidero- 
phore production is therefore partly cooperative and vul¬ 
nerable to exploitation by nonproducers who avoid the 
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cost, but benefit from the production of others. Experi¬ 
ments have shown that high-relatedness conditions favor 
the spread of producers, while low-relatedness conditions 
favor selfish nonproducers. Even viruses have cooperation 
that is favored by high relatedness - when a single clone 
infects a host - than by low relatedness. 

It should also be noted that multicellular bodies can be 
viewed as societies of cells that have been selected to be 
highly altruistic because their common descent from a 
single cell makes relatedness maximal. 

Costs and Benefits Affect Behavior 

It is important to remember that inclusive fitness is more 
than just relatedness. Some investigators have erroneously 
concluded that if the 3/4 relatedness hypothesis does 
not explain the social insects, then kin selection has failed. 
Some degree of relatedness is essential for the evolution 
of altruism (formula [2] cannot be satisfied with r = 0) 
but there is no magic number. The required relatedness 
drops if costs to donors are low and benefits to recipients 
are high. 

Thus, the reason that eusociality has evolved multiple 
times in Hymenoptera may have more to do with special 
benefits than special relatedness. One special feature of 
Hymenoptera is the unusual prevalence of parental care 
relative to other insects. Care of one’s young is a useful 
preadaptation for care of another’s young. Moreover cer¬ 
tain kinds of parental situations promote helping. When 
the mother rears her young in an enclosed space that 
provides both protection and food, such as a plant gall, 
the benefits of staying and helping may be high, relative to 
the risks of leaving the protected site. Social insects of this 
type, such as certain aphids and thrips and perhaps ter¬ 
mites, are sometimes called fortress defenders. They build 
up colonies inside their protected site and workers gener¬ 
ally specialize in defense. Other social insects, called life 
insurers, exploit a different set of benefits. For parental 
insects that must conduct dangerous foraging for their 
dependent young, short adult life expectancy makes it 
difficult for a single adult to provide extended care of 
offspring. Even one or a few workers help to ensure that 
some one survives long enough to provide sufficient care. 
Neither of these paths to sociality works without some 
degree of relatedness among colony members, but unusu¬ 
ally high relatedness is not required. 

Evidence on the importance of costs and benefits of 
social behavior comes from variation in individual behavior. 
In the hover wasp Liostenogasterflavolineata , there is a queen 
and a small number of workers in each colony. If the queen 
dies, a worker succeeds her according to an age-based 
rule, with the oldest worker becoming queen. Workers 
adjust their working effort according to their cue positions. 
Those near the top of the cue forage comparatively 


little, unwilling to risk dying when they have reason¬ 
able prospects of reproduction. Those farther back in the 
queue work harder and take more risks for the colony. 
Because they have less chance or reproducing, the cost 
of altruism is lower. 

Relative costs and benefits mold differences between 
species. We saw earlier that relatedness determines the 
amount of egg-laying by workers in queenless colonies. 
When the queen is present, it is determined more by the 
extent to which worker-laid eggs are often eaten by other 
workers. In other words, if the benefit of laying is reduced 
in this way, fewer workers try to lay eggs. 

Benefits interact with relatedness in cooperatively 
breeding vertebrates. When the benefit of helping is 
high, as in pied kingfishers, the helpers discriminate 
strongly between kin and nonkin. But when it is low, as 
in superb fairly-wrens, there is less discrimination. 

Group Selection and Kin Selection 

An alternative way of explaining social behaviors, includ¬ 
ing cooperative and altruistic ones, is group selection. 
This argument has been made most strongly by David 
Sloan Wilson. If groups reproduce to different degrees 
and if they have varying characteristics that are heritable, 
then selection can operate at the group level to favor 
traits, such as altruism, that are good for the group. 
Of course, such selection can be opposed by selection 
within groups - selfish individuals do better than altruists 
in the same group. The outcome depends therefore on 
the balance. For some years, group selection was gener¬ 
ally viewed as unlikely, partly because some early propo¬ 
nents of the idea paid insufficient attention to genetic 
structure - the exact feature that inclusive fitness high¬ 
lights as essential. But it turns out that group selection can 
work under the right population structures, particularly 
when groups consist of close kin. In fact, inclusive fitness 
and group selection are not really alternative explana¬ 
tions; they are alternative ways of slicing up the way 
selection works. Either approach can be successful if 
used with care. 

Selfishness and Conflicts 

Inclusive fitness is not just about cooperation and altru¬ 
ism. It can be used to analyze any kind of behavior that 
affects others within a population. Inclusive fitness the¬ 
ory predicts, for example, that selection favors harming 
relatives if it results in sufficient fitness gain to oneself. 
Although worker honeybees give extraordinary help to 
kin, queen honeybees do the extreme opposite. When the 
time comes for a colony to reproduce, the old queen 
departs with much of the worker force and food stores, 
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leaving the home colony for a daughter queen. For 
some reason, perhaps insurance, they usually leave behind 
several immature daughter queens. When these young 
queens emerge, they fight to the death, even though 
they are sisters. But this makes sense under Hamilton’s 
rule. If a queen kills her half-sister, she gets the whole 
colony, let us say w fitness units. If instead, she splits the 
colony output with her sister (leaving aside the possibility 
that her sister kills her), they both get w/2. Neither is 
equipped to be a helper, nor can they leave and reproduce 
elsewhere. So by killing her sister, a queen gains w/2 , 
while her sister, related by 1/4, loses w/2. Hamilton’s 
rule favors killing if w/2 — (1/4 x w/2) > 0, which is 
always true. In other words, in this case the benefit equals 
the cost, and under that condition, each queen would 
prefer to reproduce rather than let her sister do so. The 
other queen, of course, favors the opposite result, and 
therefore they fight to the death. 

Potential conflicts exist whenever two nonidentical 
individuals interact. Take the example of a mother horse 
caring for her offspring, which one might think is purely 
cooperative. In fact, as Robert Trivers first showed, such 
relationships do involve conflict, for example over the 
timing of weaning. A colt may continue to try to nurse 
at a point when the mother ignores it, chases it away, and 
even bites it. This can be analyzed as follows. The mother 
horse produces milk helping her colt by an amount b. but 
at cost c to her own future reproduction. For the mother, 
giving milk is favored if — c-\- b/2 > 0. However, from the 
colt’s point of view, the r = 1/2 now goes on the mother’s 
cost, and it favors more milk for itself if —c/2 + b> 0 (for 
simplicity, we assume here that the mother’s future off¬ 
spring would be half siblings to the current one; otherwise 
we would need to add in effects on the colt’s father’s 
reproduction too). The colt’s condition is less strict; it is 
selected to favor more milk for itself than the mother 
is selected to give. 

Genomic Imprinting 

Let us return to conflict within individuals. We already 
saw how green-beard genes can be too altruistic from the 
point of view of other loci in the genome. There is also 
a means to have conflict at a single locus. Normally, 
when we calculate relatedness, we average over a diploid 
individual’s two alleles, one inherited from its mother 
(I will call it the matrigene) and the other inherited 
from its father (the patrigene). This can be justified in 
two ways. First, for many relationships, the matrigene and 
patrigene are equally related to relatives, for example by 
1 /2 to offspring and also by 1 /2 to full siblings (in diploid 
species). But what if they are differently related? Only 
the matrigene is related to the mother and only the 
patrigene to the father. And, as we have already noted, 


the 1/4 relatedness to maternal half siblings is really the 
average of 1/2 for matrigenes and 0 for patrigenes. 
Averaging the two relatednesses can still be justified if 
there is no way for the offspring’s alleles to assess their 
matrigene/patrigene status; in the absence of information, 
there is no way to take action. Relatedness to a maternal 
half sibling is 1/4, the average of 1/2 for genes identical by 
descent through the mother and 0 for genes identical 
by descent through the father. 

However, there is a way in which matrigenes and 
patrigenes can be distinguished for some genes in some 
species. Parents can mark the DNA that they put into 
gametes by adding methyl groups to certain sites (usually 
the cytosine of specific CG doublets), and DNA in sperm 
is methylated differently from DNA in eggs. The zygote 
then comes with some of its genes differentially marked 
by parental origin and the cytosine methlyation can be 
inherited through the mitotic cell divisions that produce 
the cells in the offspring’s body. Methylation can affect the 
DNA winding and unwinding, which in turn affects gene 
expression. The result is that matrigenes and patrigenes 
can be differentially expressed, sometimes with one of 
them being entirely silenced (which one depends on 
both the gene and the tissue). Such genes are said to be 
‘imprinted.’ 

David Haig has argued that for imprinted genes, we 
should calculate separate relatedness coefficients for 
matrigenes and patrigenes. For example, consider an off¬ 
spring locus that affects milk acquisition in the colt dis¬ 
cussed earlier. If, as assumed previously, the mother’s 
future offspring will usually have different fathers (half 
siblings to the colt), then the colt’s patrigene is unrelated 
to these future offspring and should be selected to take as 
much milk as it can use. Its matrigene is related to these 
future siblings, so it will be less selected to harm the 
mother’s future output. Indeed, Haig argues that the 
mother might be selected to methlyate and silence her 
alleles at this locus to decrease overall expression. Fathers 
would methylate and silence loci when it would have the 
opposite effect of increasing milk acquisition. 

There is now considerable comparative evidence in 
agreement with this hypothesis. Imprinting is particularly 
common in mammals and flowering plants, both of which 
are taxa in which offspring take resources from mothers, 
and imprinted genes are commonly expressed in embryos 
or in the placenta or endosperm tissues that are 
specialized to acquire nutrients from the mother. In one 
case, two loci appear to battle against each other in exactly 
the manner predicted. The IGF2 locus in mice helps 
mouse embryos acquire nutrients from the mother and is 
expressed only from the patrigene. Another locus acts to 
degrade the IGF2 protein, thereby limiting growth, and it 
is expressed only from the matrigene. How common 
imprinting is and how often it generates conflict within 
and between loci are important questions for future work. 
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Introduction 

Animals acquire resources in many ways, and this diversity 
allows for many types of interactions between individuals. 
Students of behavior commonly use the idea of resource 
ownership to classify these. When, for example, a group of 
feeding animals contests a limited amount of ownerless 
resources, we call this interaction ‘exploitative competition.’ 
In many situations, however, animals obtain exclusive con¬ 
trol of resources in a manner analogous to human owner¬ 
ship. These acquired and defended resources present an 
opportunity for thieves. Kleptoparasitism is an interaction 
in which one individual takes a resource from its owner 
by stealth or aggressive conflict. The Greek word kleptes 
literally means ‘thief,’ so kleptoparasitism means ‘parasitism 
by theft.’ In the end, the food resources that animals acquire 
are assimilated into their bodies, so killing and eating 
another animal is, in a way, the ultimate theft. 

Cannibalism is one form of this ultimate theft. To the 
more squeamish human readers, cannibalism — killing and 
eating a member of your own species - makes the ‘theft’ 
implicit in kleptoparasitism seem neighborly. The word 
‘cannibalism’ comes from the Spanish word Canibales , 
which is the variant of the English word Caribes , the 
name of a West Indian people reputed to eat humans. 

Figure 1 shows kleptoparasitism and cannibalism in a 
schematic space of the biological interaction of resource 
exploitation. Cannibalism is exploitation of the resource with 
full ownership, that is, the body, in which the resources are 
already assimilated and stored. Thus, the act is lethal to 
the victim. Kleptoparasitism is in the wide spectrum of 
varieties of parasitism. The victims of kleptoparasitism 
may be members of the same or different species, but 
the act of the kleptoparasite does not kill the victim. 
The resources ‘stolen’ in an act of kleptoparasitism may 
be food or objects such as nest material. 

Kleptoparasitism 

Kleptoparasitism takes many forms and occurs in many 
situations. Reports of kleptoparasitism have often used 
words with anthropomorphic connotations, such as ‘usur¬ 
pation,’ ‘robbing,’ ‘stealing,’ ‘pilfering,’ and ‘sponging,’ and 
even phrases such as ‘using others as truffle pigs.’ In their 
authoritative book, Giraldeau and Caraco recognized 
three distinct forms of kleptoparasitism: overt aggres¬ 
sion, competitive scramble, and stealth. An aggressive 


kleptoparasite uses force or the threat of force to gain 
exclusive access to resource. In scramble kleptoparasitism, 
one or a few individuals actively hunt for resource, but 
nonhunters can exploit discovered resources in an open 
scramble. A stealthy kleptoparasite takes the resource, but 
avoids interaction with the host. 

Distribution Among Animal Groups 

A recent review by Iyengar found that most reports of 
kleptoparasitism involve birds. The preponderance of 
records from birds probably reflected research effort and 
visibility more than a true pattern in nature. Investigators 
have reported kleptoparasitism in insects, spiders, mol- 
lusks, fishes, birds, and mammals. The following para¬ 
graphs give several concrete examples of kleptoparasitism. 

Spotted hyenas are masters of piracy in African 
savanna. Group of hyenas steal kills made by wild dogs, 
cheetah, and lions. Kleptoparasitism by spotted hyenas 
profoundly affects the energy acquisition of wild dogs 
and cheetah. Chipmunks take seeds from their neighbors 
by entering the burrows of absent conspecifics and pilfer¬ 
ing seeds from the larders. 

Observers frequently see intra- and interspecific klepto¬ 
parasitism in seabird colonies. Jaegers and skuas rely exclu¬ 
sively on kleptoparasitizing other seabirds, such as terns, 
kittiwakes, and gulls. These birds take food from others in 
the air, during courtship feeding, and when adults regurgi¬ 
tate food to their chicks. Ornithologists have also reported 
kleptoparasitism in several species of waterfowl, passerines, 
egrets, and bird of prey. In feeding flocks of passerine 
species, we often see some individuals actively searching 
for food, while others search for opportunities to exploit the 
food discoveries of the others (see the discussion of 
producer-scrounger systems in Elsevier, Encyclopedia. 

In fishes, there are a few reports of kleptoparasitism. 
Among territorial reef fishes that gather food algae at a 
fixed site (termed as ‘garden’), theft from gardens occurs, 
and theft is not only when the territory holder is absent. Blue 
tang surgeonfish and striped parrotfish forage in large roving 
groups, feeding from the algal turf defended by damselfish. 

Thrips and flies create shelters (galls) on host plants. 
Invading individuals sometimes actively evict occupants 
from their galls. Some parasitic wasps steal hosts that 
another wasp has located previously. In some water stri- 
ders, males, which are usually smaller than females, ride 
on their mate’s back for long periods; during this time, 
they often take food items that their mate catches. 
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Figure 1 Kleptoparasitism and cannibalism in a schematic 
space of the biological interaction of resource exploitation. 


Kleptoparasitism among mates is common in spiders 
when males live on or near the female’s web for extended 
periods. These ‘cohabiting’ males will feed on prey caught in 
the female’s web. Several spiders of genus Argyrodes steal 
prey from other spiders. They can move on the webs of their 
hosts without being detected, yet they can detect the posi¬ 
tion of prey trapped in the web. Some spiders engage in a 
unique form of kleptoparasitism called ‘silk stealing.’ Silk 
thieves cut silk out of the hosts’ orb webs and eat it. 

We have a few records of kleptoparasitism of terrestrial 
and marine gastropods. Carnivorous plants capture large 
quantities of high-quality food. A slug species is known to 
take over the food resource. Some species of conches 
(a marine snail) steal food from tube-dwelling polychaete 
worms. 

Extension of the Concept of Kleptoparasitism 

Outright expropriation of a food resource from its owner is 
the fundamental phenomenon we call kleptoparasitism. 
Kleptoparasites, however, also take inanimate objects. Sev¬ 
eral warbler species engage in nest material stealing, and 
each of these species can act both as a perpetrator and 
a victim. 

Furthermore, kleptoparasites can also exploit intangi¬ 
ble quantities. A kleptoparasite may exploit the searching 
behavior of another individual and usurp food discoveries 
before the discoverer can consume them. This type of 
parasitism has significance for the value of group living, 
because within a group, some members may produce 
information for themselves while others scrounge infor¬ 
mation from the producers. Little brown bats, for example, 
eavesdrop on echolocation calls of others to find prey and 
other resources. 

Brood parasitism occurs in some birds, fishes, and, 
rarely, insects, and some authors interpret this to be a 


type of kleptoparasitism in which the parasite uses several 
services, including nest-building labor and parental care. 
In mating situations, peripheral males may obtain matings 
by parasitizing the displays and other female-attracting 
activities of dominant males. One can view this well- 
known stealthy mating tactic as a form of kleptoparasit¬ 
ism, and investigators sometimes call it ‘kleptogamy.’ 
Thus, we realize that kleptoparasites can exploit a wide 
range of nonfood resources such as nest materials, domi¬ 
cile, parental care, mating partners, and information. 

Evolutionary Ecology of Kleptoparasitism 

Kleptoparasitism represents an adaptive strategy that may 
pay off in some situations but not in others. Taking resources 
from another eliminates the need to search for and handle 
food items, and it may therefore, save time and energy. The 
fitness value of kleptoparasitism depends on the relative cost 
obtaining resources on your own, and the ease with which 
the kleptoparasite can steal food from others. 

In some cases, kleptoparasites work in groups, and we 
predict that this will only happen if the resource in ques¬ 
tion can be divided. Of course, in a world composed 
entirely of kleptoparasites, no one would eat. The value 
of kleptoparasitism hinges on the presence of individuals 
who find and capture their own food. In the language of 
behavioral game theory, kleptoparasites are ‘scroungers’ 
who depend on the presence of ‘producers.’ Therefore, 
the mix of producers and scroungers in a population 
determines the relative payoffs of the two strategies. 

The producer-scrounger game, a model proposed by 
Barnard and Sibly in 1981, addresses this question. Figure 2 
demonstrates an envisaged fitness change of producer indi¬ 
vidual and scrounger individual in the population of 
a given proportion of scroungers. When the proportion of 
scroungers is low, scroungers do well because there are 
many producers to exploit. As scroungers become more 
common, encounters with producers become less common 
and the fitness of scrounger ultimately falls below the 
fitness of producers. These fitness relationships stabilize a 
mixture composition of producer/scrounger in a population. 

The producer-scrounger framework helps us to under¬ 
stand how and why kleptoparasitism can evolve and be 
maintained in a population. As with most adaptive argu¬ 
ments, however, one needs to consider other factors to 
achieve a deep understanding of kleptoparasitism. Proba¬ 
bly, internal state, growth and developmental history of the 
individual, and genetic and epigenetic constraints — all 
play a role in kleptoparasitism. Iyengar reviewed a wide 
range of distribution patterns of kleptoparasitism among 
the animal kingdom and argued some explanations of the 
distribution pattern among taxonomic groups. Morand- 
Ferron et al. also review the distribution pattern of food¬ 
stealing in birds and offer some explanations of this 
phenomenon. 
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Figure 2 The relative fitness of producer and scrounger 
(kleptoparasite). 


Kleptoparasitism and Ecology 

Kleptoparasitism has some implications that go beyond its 
effects on the perpetrators and their victims. For example, 
large groups of African wild dogs have a higher rate of 
food intake, because large groups can defend carcasses 
against kleptoparasitic hyenas. So, ‘defense against klep¬ 
toparasites’ may play an important role in animal group 
size. To take another example, in Zeus bugs, male Zeus 
bugs ride on the backs of their mates and steal food 
secured by females. In response, females produce a glan¬ 
dular secretion that males feed on, which reduces the 
extent to which the males kleptoparasitize the female’s 
food. 

Kleptoparasites exploit various types of resources 
including food, inanimate objects, domicile, parental 
care, mating partner, and information. Perpetrator and 
victims may be solitary or in groups, and they may be 
conspecifics or heterospecifics. The amount of damage 
that kleptoparasites cause also varies. This diversity 
makes it difficult to draw general conclusions about the 
implications of the ecological consequences of kleptopara¬ 
sitism. However, we do often find that interspecific klep¬ 
toparasites are often fairly close phylogenetic relatives of 
their victims, which in turn suggests that kleptoparasitism 
will often have important implications for the dynamics of 
guilds within ecological communities. 


Cannibalism 

In earlier discussions, investigators dismissed cannibalistic 
behavior as an anomaly. Zoos and animal-rearing facilities 
commonly observed cannibalism in captive situations, but 
it was dismissed as an artifact of crowding and stress. In 
addition, animals sometimes eat their relatives. Parents eat 


their babies, juveniles eat their siblings, and so on. This 
odd behavior seemed to preclude an evolutionary expla¬ 
nation, and further suggested some type of mistake or 
behavior out of context. 

Notwithstanding this preconception, comprehensive 
surveys by several authors show that cannibalism occurs 
in nature in many groups of including: protozoa, planaria, 
rotifers, gastropods (snails and slugs), ciliates, copepods, 
centipedes, mites, insects, fish, amphibians, birds, and 
mammals. In short, cannibalism seems nearly ubiquitous, 
so much so that it is not even restricted to carnivorous 
species; we commonly find cannibalism in herbivores and 
detritivores. 

Variety of Cannibalism 

Relative size and vulnerability dependence 

As noted earlier, cannibalism can take many forms. The 
relative sizes, ages, and developmental stages of the con¬ 
sumed and the consumer can vary. Crudely speaking, 
however, the consumers tend to be larger and more 
aggressive, while the consumed are small and vulnerable. 

In many situations, differences in relative size create 
opportunities for cannibalism. Predators that swallow 
their prey whole — like many species of fish - can only 
open their mouths so much, so for these animals, canni¬ 
balism can only occur when large individuals attack vic¬ 
tims small enough to fit in their mouths. 

An animal can vary in size for many reasons. An 
individual may be smaller because it is younger or 
because it is a different gender. Yet, we find size variation 
even within cohorts of the same age and sex. This can 
occur because of differences in resource allocation during 
development or it may be due to random variation during 
an individual’s development. Size variation, regardless of 
its source, sets the stage for cannibalism, even within 
cohorts of the same age and sex. 

In addition, developing animals often pass through 
vulnerable life-history stages such as ecdysis and pupa¬ 
tion. Cannibalism often occurs during these vulnerable 
periods. Indeed, younger and smaller individuals may 
cannibalize older and larger individuals during these vul¬ 
nerable stages. We find situations where smaller indivi¬ 
duals cannibalize larger individuals in some insects, 
crustaceans, and amphibians. 

Parental cannibalism of progeny 

Filial cannibalism, where parents eat their own eggs or 
infants, is widely observed in mammals (e.g., chimpanzees, 
lions, hyenas, and baboons), birds (e.g., several bird of prey, 
house finches, and house sparrows), amphibians (e.g., sal¬ 
amanders), reptiles (e.g., skink and boas), insects (e.g., assassin 
bug and burying beetles), and spiders (e.g., wolf spiders). 
Studies of teleost fish suggest that filial cannibalism is 
especially prevalent in this group (e.g., bullheads, 
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damselfish, cichlid, flagfish, goby, and stickleback). Filial 
cannibalism occurs most frequently while parents are 
caring for their eggs and young. 

Filial cannibalism presents an evolutionary conundrum, 
because consuming your own offspring surely decreases 
your current net reproductive success. One explanation is 
that filial cannibalism represents a ‘decision’ to redirect 
the resource away from current reproductive output and 
toward survival and future reproduction. Cannibalism by 
fathers occurs more frequently than cannibalism by mothers. 
Presumably, this pattern arises because males typically 
have less invested in offspring than females. 

Another explanation of filial cannibalism is that canni¬ 
balism removes failed offspring. Parents eat diseased or 
parasitized eggs from their clutches. We can view this as a 
form of parental care that prevents diseases and parasites 
from spreading to the entire clutch. 

Sibling cannibalism 

Cannibalism among siblings occurs when sibling groups 
aggregate. This may be important for some species in 
which juveniles commonly pass through an aggregating 
developmental stage. Investigators have observed sibling 
cannibalism in birds (e.g., several birds of prey, several sea 
birds, and house sparrows), teleost fishes (e.g., pike, perch, 
and cods), selachian fishes (sharks), reptiles (snakes), 
amphibians (salamanders), mites (predatory mites), insects 
(e.g., ant lions, lady beetles, and water bugs), gastropods 
(snails and slugs), Spionidae (segment worms), and echi- 
noderms (viviparous sea stars). In this form of sibling 
cannibalism, the developmentally advanced individuals in a 
clutch consume eggs, embryos, or newborn siblings within 
their clutch. Asymmetric development among sibs makes 
differential vulnerability among offspring and facilitates 
sibling cannibalism. Small or stunted offspring experience 
a greater risk of cannibalism. In many bird species, asyn¬ 
chronous hatching, which creates a size and age difference 
within the next, sets the stage for sibling cannibalism. 

In some amphibians, insects, spiders, and gastropods, 
newborns eat eggs from their clutch as the first food of 
their life. In some cases, these eggs are ‘nurse’ or ‘trophic’ 
eggs that are sterile or have stopped developing at any 
early stage. In some live-bearing sharks, embryonic off¬ 
spring eat their embryonic siblings while they are still 
within their mother’s body. 

Cannibalism of parents (matriphagy) and mate 
cannibalism 

In some species of spiders, scorpions, and insects, off¬ 
spring eat their mother. We interpret this behavior as a 
form of parental care, because the mother’s body provides 
resources that promote the growth and development of 
her offspring. In one species of earwig, the mother-eating 


(or matriphagy) delays offspring dispersal and increases 
their survival. From an evolutionary perspective, offspring 
cannibalizing parents is less surprising than parents can¬ 
nibalizing young, because the consumed parents are typi¬ 
cally postreproductive and decrepit. 

Sexual cannibalism occurs when one sexual partner 
eats another. Sexual cannibalism frequently occurs as 
part of courtship and mating, and we see it in mantids, 
scorpions, and spiders. In most situations, females eat 
their male partners, and not the other way around. People 
often think of courtship and mating as a harmonious and 
cooperative reproductive partnership, so sexual cannibal¬ 
ism reminds us that mating can be fraught with conflict. In 
cases where the female consumes the male after copula¬ 
tion, we can interpret the male’s ‘sacrifice’ as parental 
investment. Yet, females sometimes consume males before 
insemination, and this suggests sexual conflict. 

Cannibalism and Ecology 

Cannibalism is synonymous with ‘intraspecific predation.’ 
It has implications for population and community ecology 
that go beyond its importance in behavior, physiology, and 
life history. 

Cannibalism directly eliminates conspecific indivi¬ 
duals, so it inevitably lowers population density. In some 
cases, we have evidence that high densities lead to increased 
cannibalism and hence, to greater reductions in population 
size via cannibalism. The relationship between cannibalism 
and conspecific density is direct and immediate. Thus, 
cannibalism can help regulate population size. 

Classical models of predator-prey dynamics suggest 
that predator and prey population may exhibit couple 
oscillations. Allowing cannibalism with the predator can 
reduce or eliminate these oscillations and stabilize preda¬ 
tor-prey dynamics in the following way. When the prey 
population is low, predators cannot obtain enough energy 
from prey, and they will engage in some cannibalism. This 
quickly reduces the predator numbers and hence, the 
effect of predators on prey. The net effect is that when 
predators increase their rate of cannibalism, this stabilizes 
predator and prey population densities. 

On the contrary, cannibalism can also destabilize pop¬ 
ulation dynamics. Consider a situation, for example, in 
which older individuals cannibalize younger and more 
vulnerable age classes. If cannibalism eliminates a high 
proportion of a given cohort, this age class will be a small 
group throughout its life history. The resulting group of 
cannibalistic adults will, because they are small in number, 
have a smaller effect on cohorts that follow them. This 
‘less cannibalized’ cohort will, in turn, have a larger effect 
on the cohorts younger than themselves, and so on. This 
multistep chain inference implies that the intercohort 
cannibalism may cause violent population fluctuations. 
Cannibalism can have various implications for ecological 
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communities. For example, cannibalistic species often 
have complex food habits, where young animals feed on 
resources that adults do not eat, and adults cannibalize the 
young. Thus, a single cannibalistic species can connect 
multiple trophic levels, and it can influence a communi¬ 
ty’s food web in a complex manner. 

Evolutionary Arguments 

As with other traits, we would like to understand the 
evolution and adaptive significance of cannibalism. As 
this review shows, cannibalism takes many forms and we 
cannot offer a single comprehensive explanation for all 
cannibalistic phenomena. The following paragraphs out¬ 
line current thinking about the evolution of cannibalism. 

The basic principles of adaptation 
Individual fitness 

Among free-living animals, cannibalism is usually faculta¬ 
tive (meaning that it only occurs in some conditions). 
Cannibalism should occur when populations are crowded 
or alternative preys are rare or difficult to obtain. This, of 
course, broadly agrees with observed facts: crowding and 
poor access to alternatives do increase cannibalism. We can 
apply foraging theory’s diet model to further understand 
the conditions that favor cannibalism. The diet model 
assumes that the forager makes choices that maximize its 
own energy acquisition or the probability of survival under 
fear of death from hunger. 

Typically, we would expect that conspecific prey would 
have a lower rank as potential diet items than other food 
types, because attacking and handling conspecifics (who 
have similar size and defensive abilities) will be costly in 
line for potential menu items. The diet model predicts that 
when the abundance of relatively high-ranking food types 
decreases, the lower-ranked prey should be included in the 
diet menu, and thus, cannibalism occurs. The widespread 
observation that cannibalism increases when the availability 
of alternative foods declines is consistent with this argument. 

We could explain the facultative parental cannibalism 
of offspring as a conditional decision to give up the cur¬ 
rent reproductive output in order in increase future 
reproduction. We would expect to observe parental can¬ 
nibalism, therefore, in harsh environmental conditions 
where a parent must choose between eating its offspring 
and starvation. 

Parental manipulation 

As explained earlier, differences in size and development 
can set the stage for sibling cannibalism. In some cases, 
however, parents may pull the strings behind the scene. 
For example, parents may produce embryos asynchro¬ 
nously, differentially partition resources among their 
embryos, or simply feed some offspring more than others. 


All the mechanisms can generate asymmetries among 
offspring and create the potential of sibling cannibalism. 

One rather surprising interpretation of sibling canni¬ 
balism is that it represents a parental food storage strategy. 
According to this view, we see the bodies of vulnerable 
offspring as food stores for larger, older, or more viable 
offspring. And, of course, the larger offspring must canni¬ 
balize the smaller to exploit this ‘stored food.’ This may 
seem fanciful to some readers, but it clearly happens in 
some cases, where parents produce trophic eggs (eggs that 
others eat) that offspring need for survival. In cases like 
these, sibling cannibalism may be an integral part of a 
parent’s reproductive strategy. 

Evolutionary game theoretical view 

Consider the question ‘why is cannibalism relatively rare?’ 
or even the reverse ‘why is cannibalism relatively com¬ 
mon?’ How can the energy-based optimization argument 
answer these questions? Explaining this variation via sim¬ 
ple optimization requires pre-existing differences in size 
or vulnerability and treats victims as merely food items. 

Suppose, however, that all individuals are the same, and 
there is no energetic advantage to including conspecifics in 
the diet. Can cannibalism occur? Can we imagine conditions 
where some individuals act as cannibals while others do 
not? To answer this question, we turn to evolutionary 
game theory. According to this body of theory, we need 
to ask how the frequency of individuals ‘playing’ the cannibal 
and noncannibal strategies influences the fitness value of 
the two strategies. 

In a mixed population of cannibals and noncannibals, 
each individual is threatened not only by starvation but 
also by cannibalism. Cannibal types are more likely to 
survive attacks from others than noncannibals. Fitness of 
both cannibals and noncannibals depends on the relative 
encounter rate to cannibal-type individuals in the 
population. 

Figure 3 shows a hypothetical example of the fitness 
curves for the two types. When the proportion of cannibals 
is low, the risk of death via cannibalism is low for both 
cannibals and noncannibals, and so, noncannibals have 
higher fitness. As cannibals become more common, encoun¬ 
ters with cannibals become more common and the fitness 
of noncannibal falls below the cannibal’s fitness. As the figure 
shows, a critical proportion of cannibals exists; below this, 
we expect a population of noncannibals to evolve, and above 
this, we expect a pure cannibal population of cannibals. 
This argument shows how evolutionary game theory can 
help us understand the evolutionary origins and mainte¬ 
nance of cannibalism. 

Evolutionary implications 
Disease transmission 

Evidence from several species (including several mam¬ 
mals, reptiles, amphibian, insects, crustaceans, and fishes) 
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Figure 3 The relative fitness of cannibal and noncannibal 


Cannibal Noncannibal 



Figure 4 Cannibalism in larval salamander, Hynobius 
retardatus. 


shows that cannibalism can transmit diseases such as viral, 
bacterial, and parasitic infections. So, a possible answer to 
the question ‘why is cannibalism relatively uncommon?’ is 
that cannibalism incurs a potential cost of pathogen trans¬ 
mission from conspecifics. Cannibals experience a greater 
risk than other predators because they are genetically 
similar to their prey, and hence, susceptible to the same 
kinds of pathogens. Studies by Pfennig document the 
enhanced risk cannibals experience. Using tiger salaman¬ 
ders, these studies showed that eating diseased conspeci¬ 
fics (cannibalism) caused infections more frequently than 
eating heterospecifics (normal predation). 

Cannibalistic polyphenism 

Cannibalistic polyphenism is an intriguing phenomenon 
known in some flagellates, ciliates, rotifers, and amphi¬ 
bians. In cannibalistic polyphenisms, some individuals in a 
population are cannibalistic, while others are not even 
though both types have the same genetic background. 
Cannibals commonly have modifications to their eating 
machinery (bigger jaws and sharper teeth) that make them 
more efficient cannibals. Cannibalistic polyphenism is an 
instance of developmental plasticity, because cannibalistic 
morphs develop their enlarged jaws in response to envi¬ 
ronmental conditions - primarily crowding. 

Early developmental stage larvae of the salamander, 
Hynobius retardatus , can become cannibals. In crowded 
conditions, some individuals become cannibal morphs 
that prey on noncannibals and have distinct morphologi¬ 
cal structures such as a broad head and a large jaw and a 
large body (Figure 4). We can observe either of dimor¬ 
phic or monomorphic local population in natural ponds 
depending on larval density during the sensitive phase 
of development. The facultative cannibalism involves 
important evolutionary questions, such as what conditions 


maintain this developmental phenotypic plasticity and 
what allows the coexistence of both morphs within a 
given population. 

See also: Avoidance of Parasites; Co-Evolution of 
Predators and Prey; Decision-Making: Foraging; Defense 
Against Predation; Defensive Avoidance; Defensive Mor¬ 
phology; Foraging Modes; Game Theory; Games Played 
by Predators and Prey; Group Foraging; Infanticide; 
Optimal Foraging and Plant-Pollinator Co-Evolution; 
Optimal Foraging Theory: Introduction; Propagule Behav¬ 
ior and Parasite Transmission; Rhesus Macaques; Signal 
Parasites; Spotted Hyenas. 


Further Reading 

Barnard CJ and Sibly RM (1981) Producers and scroungers - A general- 
model and its application to captive flocks of house sparrows. Animal 
Behaviour 29: 543-550. 

Elgar MA and Crespi BJ (1992) Cannibalism. Oxford: Oxford University 
Press. 

Fox LR (1975) Cannibalism in natural populations. Annual Review of 
Ecology and Systematics 6: 87-106. 

Giraldeau L-A and Caraco T (2000) Social Foraging Theory. Princeton, 
NJ: Princeton University Press. 

Iyengar EV (2008) Kleptoparasitic interactions throughout the animal 
kingdom and a re-evaluation, based on participant mobility, of the 
conditions promoting the evolution of kleptoparasitism. Biological 
Journal of the Linnean Society 93: 745-762. 

Morand-Ferron J, Sol D, and Lefebvre L (2007) Food stealing in birds: 

Brain or brawn? Animal Behaviour 74: 1725-1734. 

Pfennig DW, Flo SG, and Hoffman EA (1998) Pathogen transmission as 
a selective force against cannibalism. Animal Behaviour 55: 
1255-1261. 

Polis GA (1981) The evolution and dynamics of intraspecific predation. 

Annual Review of Ecology and Systematics 12: 225-251. 

Stephens DW and Krebs JR (1986) Foraging Theory. Princeton, NJ: 
Princeton University Press. 









Konrad Lorenz 

R. W. Burkhardt, Jr., University of Illinois at Urbana-Champaign, Urbana, IL, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Life and Scientific Career 

Born on 7 November 1903, Lorenz was the second and 
last child of Emma Lorenz and Dr. Adolf Lorenz, a distin¬ 
guished and wealthy orthopedic surgeon. Growing up in 
comfortable surroundings at the family home in the village 
of Altenberg, on the outskirts of Vienna, the young Lorenz 
was allowed to pursue his enthusiasms as an animal lover. 
His interest in animals and evolution as an adolescent led 
him to think of becoming a zoologist or paleontologist, but 
his father wanted him to be a physician instead. After one 
semester of premedical studies at Columbia University, 
Lorenz enrolled in 1923 as a medical student in the Second 
Anatomical Institute of the University of Vienna. There he 
came under the influence of the distinguished comparative 
anatomist Ferdinand Hochstetter, who taught him how 
comparative anatomists use physical structures to recon¬ 
struct evolutionary lineages (Figure 1). 

Lorenz’s receipt of his doctorate of medicine in 1928 
seems to have satisfied his father’s desire that he receive 
a medical education. With his MD in hand, he enrolled 
at the University of Vienna’s Zoological Institute, receiv¬ 
ing his PhD in zoology in 1933 for a study of bird flight 
and wing form. In the meantime, he had continued to raise 
birds and observe their behavior, and his observations 
had brought him to the attention of Germany’s leading 
ornithologists, Erwin Stresemann and Oskar Heinroth. 
They, along with Hochstetter and the psychologist, Karl 
Bidder, at the University of Vienna, encouraged Lorenz to 
pursue a career combining zoology and animal psychol¬ 
ogy. His talents in this regard were displayed in a series 
of papers he published on bird behavior, culminating in 
his path-breaking ‘KumpanJ monograph of 1935, entitled 
‘Der Kumpan in der Umwelt des Vogels: der Artgenosse 
als auslosendes Moment sozialer Verhaltungsweisen’ 
(‘The Companion in the Bird’s World: Fellow Members 
of the Species as Releasers of Social Behavior’). 

Lorenz’s rise in scientific visibility was not followed 
immediately, however, by gainful academic employment. 
As of 1937, his only position was that of Dozent (unpaid 
lecturer) in Bidder’s Psychological Institute. By then, he 
had already been married for a decade (to Margarethe 
Gebhardt, his child sweetheart), and he had two children 
(Thomas, b. 1928; Agnes, b. 1930) (a third child, Dagmar, 
would be born in 1941). He and his family lived with his 
parents in Altenberg. He came to fear that his chances for 
professional advancement in Catholic Austria were slim, 


given his Protestant background and his firmly held 
belief that human behavior should be understood in the 
context of biological evolution. This contributed to his 
enthusiasm in March 1938 for the Anschluss , the incor¬ 
poration of Austria into Germany. He expected that his 
chances of scientific support would be greater under 
the Third Reich than they had been under the Austrian 
clerico-fascists. His greatest hope was that the Kaiser 
Wilhelm Gesellschaft (KWG), Germany’s primary orga¬ 
nization for supporting scientific research, would estab¬ 
lish an institute for him in Altenberg. 

Not hesitant about signaling his enthusiasm for the 
new regime, Lorenz in May 1938 applied for member¬ 
ship in the Nazi Party. In July 1938, at a joint meeting 
of the German societies for psychology and animal psy¬ 
chology, and then over the next several years in other 
papers and addresses, he argued that animal behavior 
studies could shed light on matters of racial hygiene. 
Breakdowns in the innate social behavior patterns of 
domesticated animals, he claimed, were strictly analo¬ 
gous to the ‘signs of decay’ in civilized man. He 
expressed support for Nazi race purity laws. In addition, 
in an article in 1940, he argued that Darwinism, properly 
understood, led not to communism or socialism but 
instead to National Socialism. 

A Kaiser Wilhelm Institute never materialized for 
Lorenz. The KWG Senate reviewed favorably the idea 
of providing him with an institute, but the funds for 
it were not forthcoming. In 1940, he was named Professor 
of Psychology at the University of Konigsberg. This pro¬ 
fessorship traced back to Immanuel Kant. The post 
inspired him to develop his philosophical interests and 
recast Kant’s categorical imperative in an evolutionary 
context. His time at Konigsberg was brief, however. He 
was drafted into the military in 1941, serving successively 
as a psychologist, psychiatrist, and then troop physician. 
In June 1944, the Russians captured him on the eastern 
front. He spent the next three and a half years in Russian 
prisoner-of-war camps. He did not return to Austria until 
February 1948. 

Back in Austria, Lorenz found himself once again 
without an academic position. The Austrian Academy 
of Sciences provided him with modest support for his 
research station at the family home in Altenberg, where 
he and his family continued to live (both of his parents 
were now deceased). He wrote his popular book King 
Solomon’s Ring (published originally in German in 1949) 
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Figure 1 Konrad Lorenz lecturing student research assistants 
about the principles of ethology during observations of 
hand-raised geese at the Max-Planck-lnstitut fur 
Verhaltensphysiologie in Seewiesen in 1971. Photo by Jane 
Packard. 

as a means of making money. In 1950, he appeared to be 
the top choice to replace Karl von Frisch for the profes¬ 
sorship of zoology at the University of Graz (Frisch was 
returning to his earlier post at Munich), but political and 
ideological considerations scuttled his candidacy. This 
would not be the last time that allegations of earlier 
Nazi sympathies on his part caused him difficulties. Con¬ 
cluding that he had no chance of ever getting a profes¬ 
sorial appointment in Austria, he appealed to colleagues 
in Britain to find a position for him there. As they went 
about this task, Lorenz’s friend, the German behavioral 
physiologist, Erich von Holst, persuaded the Max Planck 
Gesellschaft (MPG) (the KWG’s successor) to work to 
keep Lorenz in Germany. The MPG quickly set up an 
institute for Lorenz in Buldern, Westphalia, under the 
auspices of Holst’s Max Planck Institute for Marine Biol¬ 
ogy in Wilhelmshaven. Lorenz gladly took up the new 
post. In 1956, the MPG established for him and Holst a 
new Max Planck Institute for Behavioral Physiology in 
Seewiesen, near Starnberg, in Bavaria. Lorenz remained 
there until his retirement in 1973. He then returned home 
to Austria and Altenberg, where he continued his 
researches. In the course of his long career, he received 
many honors, including the 1973 Nobel Prize. He died on 
27 February 1989. 

Lifelong Scientific Practices 

Lorenz prided himself on being an animal lover. The 
scientific value of being an animal lover, he liked to 
explain, was that without the love of an animal, one 
would never have the patience to watch it long enough 


to become familiar with its entire set of behaviors. 
His own favored method of research was to raise wild 
birds in a state of semicaptivity and observe them over 
the course of months and even years, thereby allowing 
himself to come to know the whole of a bird’s normal 
behavior patterns. This also permitted him to witness 
rare but instructive behavioral events that a field observer 
might never see, as for example when an instinct ‘misfired’ 
in a situation where the proper stimuli for releasing it 
were not present. In addition, by raising different species 
side by side, he was able to make comparative observa¬ 
tions that again would not have been possible for a field 
observer. On the other hand, he never developed the keen 
ecological sense of a field biologist. Nor did he develop 
strong skills as an experimenter. He credited himself with 
an intuitive understanding of animals, on the basis of his 
years of close observation of how animals behaved. 

Given his predilection for raising animals, it is not 
surprising that Lorenz developed a special admiration 
for two of his predecessors in particular, the American 
biologist Charles Otis Whitman (1842-1910) and the 
German ornithologist Oskar Heinroth (1871-1945), both 
of whom raised birds and observed their behavior closely. 
Lorenz portrayed these two scientists, with some exagger¬ 
ation, as animal lovers who were content to watch their 
pigeons and ducks in a completely unbiased way, unbur¬ 
dened by any hypotheses. However, he also appreciated 
their ideas. He credited Whitman with having discov¬ 
ered what he called the ‘Archimedean point’ on which 
the new science of ethology revolved. This was the 
idea that, as Whitman expressed it in 1898, ‘Instinct 
and structure are to be studied from the common stand¬ 
point of phyletic descent.’ Heinroth became a model for 
Lorenz for his studies of how instincts function in avian 
social life. 

Lorenz’s first scientific publication (in 1927) was an 
empirical study reporting his observations on the behavior 
of a tame, pet jackdaw. His experiences with this bird led 
him to want to understand how its instinctive behaviors 
functioned in the life of a jackdaw colony. To this end, he 
established a colony of jackdaws in the attic of the family 
home, marked the birds for identification, and began study¬ 
ing the social life of jackdaws. His successes in this regard 
led him to study night herons and then graylag geese (along 
with a host of other species). He promoted his practices as 
the key to advancing animal psychology. In his Kumpan 
paper of 1935, he wrote that the proper method for the 
animal psychologist in studying any species was to begin 
with ‘an extensive period of general observation’ prior to 
any experimentation, and furthermore to focus on instincts 
before tackling learning. The investigator unwilling to 
begin by gaining a thorough familiarity of the full behav¬ 
ioral repertoire of his subject species, Lorenz admonished, 
‘should leave animal psychology well alone.’ 
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The Conceptual Foundations of Ethology 

Lorenz’s publications became increasingly theoretical in 
the 1930s, as he addressed the nature of instincts and the 
role they play in the social life of birds. In a 1932 paper on 
instinct, he argued that instincts and learning are wholly 
distinct from each other, even when they are ‘intercalated’ 
in complex, coordinated chains of behavior. In 1935, in his 
remarkable ‘Kumpari monograph, he advanced his theoriz¬ 
ing further by employing the concept of the ‘releaser’ (an 
idea previously enunciated by the theoretical biologist 
Jakob von Uexkiill, with whom Lorenz had been interact¬ 
ing and to whom Lorenz dedicated the monograph). By 
Lorenz’s account, lower animals such as birds are adapted 
to their environments not very much through acquired 
knowledge (as are humans) but instead through highly 
differentiated instinctive motor patterns, created over 
time by natural selection. To function effectively, they 
need to be released only by a very few stimuli emanating 
from the thing to which the animal is responding. These 
stimuli, however, must characterize the object sufficiently 
well that the animal does not respond to similar stimuli 
coming from an inappropriate object. Like a key fitting a 
lock, the proper combination of stimuli evokes a response 
from an ‘innate schema’ (later to be called the innate 
releasing mechanism or IRM), releasing the performance 
of its associated instinctive motor pattern. 

The interrelations of stimuli and innate schema, 
Lorenz proceeded to explain, were subject to even greater 
refinement when the sender of the stimuli and their 
recipient were members of the same species. Then the 
releasing stimuli and innate schema could be mutually 
fine tuned over time by natural selection so as to make the 
fit between them ever more precise, resulting in combina¬ 
tions of such overall improbability that an animal’s 
instinctive reactions would only rarely be triggered by 
stimuli from the ‘wrong’ object. Lorenz used the word 
‘releasers’ (Ausloser) for characters that serve to activate 
the innate schemata of conspecifics. Releasers could be 
morphological structures or conspicuous behavior pat¬ 
terns or, most often, a combination of both. 

Lorenz went on to describe how the highly organized 
social life of jackdaws depends on a surprisingly small num¬ 
ber of instinctive reactions to releasers provided by fellow 
jackdaws. Borrowing the idea of the ‘companion’ from 
Uexkiill, who had used the word in the first place to describe 
what Lorenz had told him about the social life of jackdaws, 
Lorenz maintained that every jackdaw has a number of social 
drives with respect to which other jackdaws serve as ‘com¬ 
panions.’ As ‘parental,’ ‘infant,’ ‘sexual,’ ‘social,’ or ‘sibling’ 
companions they provide stimuli that release the innate 
behavior patterns appropriate to the jackdaw’s drives. 

Lorenz’s Kumpan paper was also the site in which he 
called attention to the phenomenon he called ‘imprinting’ 
(Pragung). Whitman and Heinroth, among others, had 


been familiar with the phenomenon, but Lorenz was the 
first to focus scientific attention upon it. He reported that 
in most bird species, the newly hatched baby bird does 
not have an innate ability to recognize its own kind; rather, 
the object of its instinctive behavior patterns is imprinted 
upon it in a brief, early period in its life. Thus, if a baby 
gosling sees a human before it sees a mother goose, the 
gosling will follow the human, directing toward this foster 
parent the instinctive behavior patterns that would under 
normal circumstances have been directed toward members 
of its own species. Lorenz distinguished imprinting from 
learning, likening it instead to embryological induction. He 
maintained that imprinting was irreversible. 

Lorenz’s Kumpan monograph evoked a strong, appre¬ 
ciative response among behaviorally oriented ornitholo¬ 
gists, including Julian Huxley and Henry Eliot Howard in 
Britain and Margaret Morse Nice and Wallace Craig in 
the United States. Lorenz had not yet, however, arrived at 
his final explanation of how instincts work physiologically. 
Up to this time, he had endorsed a chain-reflex theory of 
instinct. Between 1935 and 1937, he decided that that 
theory was wrong. His interactions with the American 
Wallace Craig and especially the German Erich von Holst 
led him to jettison it in favor of a theory involving the 
internal build up of instinctive energies. Holst’s studies of 
the endogenous generation and central coordination of ner¬ 
vous impulses led Lorenz to conclude that instincts involve 
some kind of energy (later called ‘action-specific-energy) 
that builds up in the organism until it is released or it 
overflows. This new theory made sense of what Craig had 
called ‘appetitive behavior,’ where the animal seems inter¬ 
nally motivated to seek the stimuli that will elicit its 
instinctive motor patterns. It also served to explain two 
phenomena that were apparently related to each other: 
‘threshold lowering’ and ‘vacuum activities.’ Threshold 
lowering described the finding that the longer it had been 
since an instinctive action was last performed, the easier it 
became for the behavior to be released. A ‘vacuum activity’ 
was when an instinctive behavior pattern was performed 
‘in vacuo,’ that is, it ‘went off’ without any apparent or 
appropriate releasing stimulus and thus without serving 
its proper biological function. These findings made no 
sense if one viewed instincts as chains of reflexes set 
in motion by external stimuli. They did make sense, 
Lorenz decided, if instincts were understood to be inter¬ 
nally generated. 

While Craig and Holst were of special help to Lorenz 
in his theory building, the arrival of Niko Tinbergen on 
the scene provided Lorenz with an ally who gave Lorenz’s 
key concepts critical experimental support. The two men 
first met at a conference on instinct held in Leiden in 
November 1936. In the presence of older animal psychol¬ 
ogists who seemed primarily interested in gaining insights 
into the animal mind, Lorenz and Tinbergen found them¬ 
selves sharing a different commitment. They both wanted 
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to put animal behavior studies on a much firmer, objectiv- 
istic, physiological foundation. Tinbergen was impressed 
by Lorenz’s insights and ambition as a theorist. Lorenz was 
ecstatic to learn of the experiments that Tinbergen and 
Tinbergen’s students at Leiden had been doing on the 
instinctive behavior of the three-spined stickleback. Their 
analysis of the stimuli eliciting the sticklebacks’ instinctive 
movements struck Lorenz as precisely what he needed. 
The following spring Tinbergen was given a leave of 
absence from his department at Leiden to go to Austria to 
study with Lorenz in Altenberg. There the two men 
worked together for three and a half months, conducting, 
among other projects, their classic study of the egg-rolling 
behavior of the graylag goose. And there too they estab¬ 
lished a firm friendship. This friendship, which survived 
the strains of war and lasted for the rest of their lives, was of 
major importance for the development of ethology as a 
scientific discipline. 

Lorenz’s publications during the war varied consider¬ 
ably in nature. They included his writings about domesti¬ 
cation and racial degeneration and his paper arguing that 
evolutionary biology was consistent with National Social¬ 
ism; an early paper on evolutionary epistemology; an 
extended comparison of the instinctive behavior patterns 
of different duck species as a means of assessing their 
genetic affinities; and a major monograph on ‘the inborn 
forms of possible experience.’ He offered his duck study as 
a confirmation of the idea that the comparative method 
could be applied successfully to instincts in reconstruct¬ 
ing phylogenies. His ‘inborn forms’ monograph was a 
sweeping synthesis of his recent thinking in which he 
addressed such topics as instinctive behavior, domestica¬ 
tion phenomena and the threat these posed to racial 
hygiene, the reinterpretation of Kantian epistemology in 
evolutionary terms, and what man might make of himself 
in the future. 

Lorenz in the Postwar Period 

The rebuilding of ethology immediately after the war fell 
to Tinbergen rather than Lorenz, since Lorenz did not 
return from the war until 1948. Lorenz’s first major occa¬ 
sion to present his ideas again after the war occurred at a 
special conference on physiological mechanisms in behav¬ 
ior, held in Cambridge, England, in 1949. There he offered a 
visual representation of the instinct theory he had devel¬ 
oped. His ‘hydro-mechanical’ or ‘psycho-hydraulic’ model, 
as he called it, featured a reservoir containing a fluid, a 
spring valve connected by way of a pulley to a scale, and a 
weight on a scale (Figure 2). In this model, the fluid 
building up in the reservoir represents action-specific- 
energy; the spring, pulley, and scale represent the innate 
releasing mechanism; the weight on the scale represents the 
stimuli serving to trigger the innate releasing mechanism; 
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Figure 2 Konrad Lorenz’s psycho-hydraulic model of 
instinctive action. Reproduced from Lorenz KZ (1950) 

The comparative method in studying innate behaviour patterns. 
Symposia of the Society for Experimental Biology 4: 221-268. 

and the instinctive reaction itself is represented by the jet of 
liquid coming through the valve, producing different results 
according to its strength. Although Lorenz acknowledged 
the ‘extreme crudeness and simplicity’ of this model, he 
insisted that the model represented ‘a surprising wealth of 
facts really encountered in the reactions of animals.’ The 
model stimulated considerable debate and experimentation 
over the next decade. Although it came to be generally 
discredited by the end of the 1950s, Lorenz remained 
attached to it, and he presented a revised version of it two 
decades later. 

There is no doubt that Lorenz did his most creative 
work before and during the war, not after it. In 1950, prior 
to being given his first Max Planck institute, he com¬ 
plained to the British ethologist W. H. Thorpe that he 
was not gaining any new knowledge but rather simply 
using up his capital of old knowledge. But this picture did 
not change all that much even after he had special insti¬ 
tutional resources at his disposal. His postwar intellectual 
activity consisted primarily of recycling, developing, and 
defending ideas he had formulated earlier. He did this, 
however, with great gusto, and he continued to be a 
powerful, charismatic leader of the field. He attracted 
students to study with him, he energized ethology’s inter¬ 
national congresses, he challenged psychologists to put 
behavior in an evolutionary perspective, and he provided 
the public with an attractive view of the science of 
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ethology, frequently highlighted by his own charming 
image as the foster mother of some imprinted ducklings 
or goslings. 

As ethology began to flourish in the early 1950s, sev¬ 
eral of Lorenz’s key concepts drew criticism, both from 
inside the discipline and from other quarters. x\mong 
ethology’s own new recruits, Robert Hinde in partic¬ 
ular called into question behavioral models involving 
fluids flowing. Meanwhile, from outside the discipline, 
the American comparative psychologist Daniel Lehrman 
launched a multipronged attack on Lorenzian ethology. 
Lehrman insisted, among other things, that Lorenz’s sharp 
distinction between innate and learned behavior stood in 
the way of a better understanding of how behavior devel¬ 
ops in the individual. Much to Lorenz’s disappointment, 
some of his colleagues, including Tinbergen, came to feel 
that Lehrman had a point. Lorenz himself, however, was 
not inclined to make concessions. Although his counter¬ 
attacks on American behaviorists were not all that suc¬ 
cessful in addressing Lehrman’s actual complaints, Lorenz 
did in the course of these debates introduce an instructive 
concept, which he playfully designated ‘the innate school- 
marm.’ This, as he expressed it in 1965, is the idea that an 
organism’s ability to learn particular things is itself a 
function of mechanisms that natural selection has built 
into that organism. In brief, innate mechanisms determine 
what a species can learn. 

Although always considering himself a good Darwin¬ 
ian and always insisting on the importance of bringing 
evolutionary perspectives to bear on animal behavior, 
Lorenz was better at applying the methods of comparative 
anatomy to behavior than he was at thinking about the 
mechanisms by which evolution operates. His remarks in 
the latter regard simply reflected his confidence that 
natural selection typically works for ‘the good of the 
species,’ a view that came to be regarded as old-fashioned 
in the 1960s and 1970s as evolutionary biologists, behav¬ 
ioral ecologists, and sociobiologists promoted ideas of 
individual selection or kin selection instead of group 
selection. In contrast, Lorenz’s efforts to understand 
human cognitive processes in evolutionary terms have 
been viewed as much more farseeing in nature, and he is 
regarded as a pioneer in evolutionary epistemology. His 
book Behind the Mirror (published first in German in 1973) 
represents his mature thinking on the philosophical ideas 
he began developing in the 1940s, when he found himself 
in his professorial chair descending from Kant. 

Lorenz from early in his career was eager to explore 
the broader human implications of his studies of behavior. 
He enjoyed playing the role of the scientist-prophet 
bringing the lessons of biology to a society in peril. This 
motif appeared in his prewar and wartime warnings about 
genetic deterioration in civilized man. It reappeared in 
his first popular book, King Solomons Ring Though that 
book is best known for Lorenz’s charming accounts of 


his experiences and observations as an animal-raiser, 
Lorenz concluded the book with a somber claim. The 
human species, he maintained, is unique among higher 
animals in that it lacks innate inhibitions against killing its 
own kind. He returned to the theme of human nature in 
his bestseller, On Aggression. There he portrayed aggres¬ 
sion as an instinct that builds up naturally in humans as in 
animals and ultimately needs release. The problem of 
civilized man, Lorenz argued, is that he does not have 
sufficient outlets for his aggressive drive. In the 1970s, 
in his slender volume entitled Civilized Mans Eight Deadly 
Sins , Lorenz became ever more pontifical, reciting a 
whole litany of dangers threatening humankind, including 
overpopulation, environmental destruction, genetic dete¬ 
rioration, and nuclear warfare. 

Lorenz’s Legacy 

As early as the 1930s, Lorenz planned to write a general 
textbook on the study of animal behavior. He did not 
succeed in doing so until 1978, when he published his 
Vergleichende Verhaltensforschung: Grundlagen der Ethologie 
(the English translation appeared 3 years later as The 
Foundations of Ethology). By then, he was not trying to 
write an up-to-date textbook on ethology. His emphasis 
instead was on the founding concepts of ethology, which 
he felt modern ethologists were forgetting, to their detri¬ 
ment. In the book’s preface, and with some bitterness, he 
likened the recent development of ethology to the way 
that the tips of a coral reef grow quickly away from its 
foundations, sometimes breaking off from where they 
started, and then dying or failing to develop in any clear 
direction. Most of the reviewers of the book found it 
disappointing. They saw Lorenz as clinging to concepts 
that had outlived their usefulness. Lorenz’s text included, 
among other things, a revised version of his old psycho- 
hydraulic model of instinctive action. 

Although many of Lorenz’s specific concepts did not 
remain central to the field, his historical significance 
for the field’s development should not be understated. 
When Lorenz began his researches, zoologists showed 
only marginal interest in behavior, European animal psy¬ 
chologists tended to endorse quasi-vitalistic or subjectiv¬ 
istic approaches to behavior, and American comparative 
psychologists had little appreciation of interspecific dif¬ 
ferences in behavior or the value of looking at behavior 
from an evolutionary perspective. Lorenz was the key 
figure in transforming this landscape. He demanded that 
the student of behavior gain, through assiduous and 
detailed observation, a knowledge of the whole range of 
behaviors of multiple species, and that biological ques¬ 
tions - questions in particular of evolutionary history, 
survival value, and physiology - be brought to bear 
on this material. He provided ethology with its early 
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conceptual foundations; he attracted talented researchers 
to his cause; and he served as a highly visible and popular 
promoter of the ideas and practices of his field. Although 
his model of human aggression was disputed, his insis¬ 
tence that human behavior be considered in its broader, 
evolutionary context remains of fundamental importance. 

See also: Behavioral Ecology and Sociobiology; Com¬ 
parative Animal Behavior - 1920-1973; Ethology in 
Europe; Future of Animal Behavior: Predicting Trends; 
Integration of Proximate and Ultimate Causes; Neurobi¬ 
ology, Endocrinology and Behavior. 
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Introduction: History and Definitions 

A rat scuffles along a track in the undergrowth and comes 
across a food source it has not encountered previously. 
Next day, heading out to feed, it goes straight to that 
location to forage once again. A hummingbird lands on 
a pink flower and discovers a rich source of nectar. On 
subsequent foraging trips, it chooses to land preferentially 
on pink flowers. A young calf narrowly escapes an attack 
by a crocodile while drinking at a riverbank. Next time 
it approaches the river, it does so more cautiously and 
remains more vigilant while it drinks. In all these exam¬ 
ples, animals change their behavior as a consequence of 
experience. This ability, referred to as ‘learning,’ is taxo- 
nomically widespread and is critical to survival and 
reproduction. 

The study of learning has a long and rich history. Early 
interest in the phenomenon can be traced back to the 
great biologist, Charles Darwin, who conducted extensive 
empirical work to explore whether earthworms learn 
where to build holes. The study of learning emerged as 
a modern academic discipline in the nineteenth century 
when Russian scientist, Ivan Pavlov, began his well-known 
work on associative learning in dogs. Continuing in Pavlov’s 
tracks, other psychologists, such as Edward Thorndike 
and Burrhus Skinner, undertook to determine the laws 
that govern how, when, and under which conditions 
learning occurs - a field of widespread research even 
today. For psychologists, the primary motivation has 
been, and still is, to formulate so-called universal laws 
that are assumed to govern learning across all species and 
all situations, an approach known as ‘the General Process 
approach’ to the study of learning. Consequently, their 
highly controlled empirical work has employed only a 
handful of convenient model laboratory species, such as 
rats and pigeons, a surprising approach given the motiva¬ 
tion to establish general laws of learning, and has focused 
on asking how these animals learn about arbitrary stimuli 
with little ecological significance (e.g., single tones). In the 
1960s, however, findings from the emerging field of 


ethology brought with them the awareness that learning 
occurs in a broad range of contexts outside the laboratory 
and plays an essential role in the survival of most animal 
species. Subsequently, zoologists and behavioral ecolo¬ 
gists embraced the study of learning, successfully combin¬ 
ing experimental control with ecological significance. 
A particular focus of this work has been on the mechan¬ 
isms and functions of social learning. Involvement of this 
scientific community in the study of learning brought 
with it an increase in taxonomic breadth. 

An awareness of how important learning is to conser¬ 
vation emerged in the early 1990s when the number of 
captive-breeding programs increased dramatically as con¬ 
servation biologists began to attempt to stall the impend¬ 
ing global species extinction crisis. Motivated by the 
initially poor success rates of wildlife reintroductions, 
reintroduction biologists began to pay more attention to 
the role of learning in captive-breeding programs in par¬ 
ticular. Although the role of learning has been considered 
mostly within the captive-breeding context, learning 
needs to be considered in any wildlife management strat¬ 
egy that isolates an individual from the habitat in which 
it will ultimately have to survive. Translocation of animals 
to predator-free islands to increase population numbers 
with the ultimate aim of returning future generations to 
their original environment is one such example. 

Types of Learning 

To understand how animal learning affects conservation, 
it is necessary to briefly introduce the reader to two 
classes of learning phenomena, as well as their mechan¬ 
isms and functions. Of most importance to conservation 
have been two types of associative learning traditionally 
known as ‘classical’ (a.k.a. Pavlovian) conditioning and 
‘instrumental’ (a.k.a. operant) conditioning. The principles 
that describe when and under which conditions classical 
and instrumental conditioning occur are well established. 
Some attention to the huge body of empirical data on 
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associative learning is important for conservation work 
because it provides the basis for understanding how expe¬ 
rience shapes behavior and for designing conservation 
interventions that produce animals well suited to the 
postrelease environment. 

In classical conditioning, an initially neutral stimulus 
(conditioned stimulus, CS; e.g., a light) is presented repeat¬ 
edly together with a biologically significant event, which 
evokes a spontaneous response (unconditioned stimulus, 
US; e.g., food). As a result, animals learn an association 
between the CS and US. Learning of the association is 
reflected in that the CS acquires the ability to evoke a 
response that is related to the response evoked by the US 
(e.g., foraging behavior). It is generally accepted that 
learning occurs when appearance of the CS predicts, or 
signals, the subsequent occurrence of the US. Hence, the 
function, or adaptive significance, of classical conditioning 
is to allow organisms to prepare themselves for biologically 
significant events. For instance, young white-tailed ptarmi¬ 
gan chicks ( Lagopus leucurus) learn to forage on foods high 
in protein (CS), which they have associated with their 
mother’s food calls (US). In trials designed to reduce 
egg depredation in endangered species, American crows 
(Corvus brachyrhynchos) learn to avoid green-painted eggs 
after ingesting similar colored eggs (CS) injected with a 
chemical that made them ill (US). Crows acquire aggressive 
responses to humans (CS) who have netted them (US). 

Also of importance to conservation is instrumental 
conditioning. Here, rather than an association between 
two stimuli, animals learn an association between a behav¬ 
ior and its consequences. Behaviors followed by successful 
outcomes increase in frequency, while those followed by 
adverse outcomes decrease in frequency. In many preda¬ 
tor species, mothers bring live prey to their offspring, thus 
creating opportunities for them to practice their capturing 
and killing techniques. The adaptive value of instrumental 
conditioning is that it provides a mechanism by which 
animals increase the effectiveness of their behavior. 

Ontogenetic Isolation and Its Effects on 
Behavior 

Captive breeding isolates animals from the environment 
in which they will ultimately have to survive when they 
are released into the wild. Comparisons between behavior 
of captive-reared and wild-born individuals have shown 
that captive rearing can lead to substantial changes in 
behavior, and that these changes can affect postrelease 
survival. Captive-reared northern bob whites ( Colinus vir- 
ginianus) have deficient antipredator skills and as a conse¬ 
quence undergo far greater postrelease predation than 
wild-born individuals. Juvenile black-tailed prairie dogs 
(Cynomys leucurus) bred in captivity are less vigilant and 
alarm call less to predators than age-matched wild 


individuals, and suffer higher rates of mortality. Captive- 
bred Attwater’s prairie chickens ( Tympanuchus cupido att- 
wateri) tolerate closer approach by humans and dogs than 
wild prairie chickens, and suffer high rates of postrelease 
predation. Captive-bred golden lion tamarins ( Leontopithe - 
cus rosalia) are deficient in their locomotor and foraging 
skills when compared to their wild-born offspring, and 
these deficiencies persist several years after release. 

There are exceptions, however, to the general rule that 
captivity has detrimental effects on behavior. For instance, 
survival rates of captive-reared takahe ( Porphyrio mantelli) 
do not differ significantly from those of wild-born takahe. 
But, in many instances, equivalent survival requires 
implementing postrelease measures to reduce the impact 
of deficient behavior. For example, captive bred black and 
white ruffed lemurs ( Varecia variegata) survive equally well 
as their wild counterparts, as do scarlet macaws (Am 
macao ) raised with wild mates, as long as they receive 
postrelease supplemental feeding. 

Captivity-associated alterations in behavior have two 
sources. First, captive-bred animals do not have the oppor¬ 
tunity to acquire lifetime experience with their natural 
environment. Both individual learning through direct 
experience with the environment, and social learning 
through interactions with more experienced individuals 
(e.g., a parent) are compromised. Taking this process one 
step further, animals may even adjust their behavior to suit 
life in captivity in ways that are detrimental to survival in 
the wild. Captive-held river otters ( Lontra canadensis) are 
more prone to predation and accidents with traps than 
wild otters, perhaps reflecting habituation to captivity. 

A second effect that may occur when animals are bred 
in isolation from their natural habitat over several succes¬ 
sive generations is evolutionary loss of behavior. Loss may 
occur either because behavior well suited to survival in 
the wild is selected against in captivity, or alternatively 
because once beneficial behavior is lost under the effects 
of genetic drift. High numbers of captive-bred Saudi 
Arabian houbara bustards (Chlamydotis macqueenii) die 
from trauma-related deaths, usually involving collisions 
with cages by frightened birds. Such mortality can result 
in selection for individuals whose behavior is more suited 
to life in cages, but whose predator escape responses 
are inadequate. Indeed, pen-reared Attwater’s prairie 
chickens fly significantly less far in response to an 
approaching human or dog than wild greater prairie 
chickens ( T. cupido). 

Evolutionary loss of behavior is complicated by the 
fact that genetic predispositions focusing attention on 
stimuli that are particularly relevant to survival often 
guide learning. x41though this phenomenon has not been 
studied in the conservation context, several examples can 
be found in the literature on mechanisms of learning. 
Snake-naive rhesus monkeys ( Macaca mulatto) learn to 
associate snakes, but not flowers, with fear responses of 
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social companions. Male quail associate an object with 
quail-like features with copulation and feeding opportu¬ 
nities more quickly than an arbitrary object. Guided 
learning is also evident when young chicks learn the 
features of their mother, although the emergence of such 
preferences is itself dependent upon nonspecific visual 
experience shortly after birth. Learning predispositions 
ensure that animals learn quickly and effectively about 
ecologically significant events. Consequently, reintroduc¬ 
tion biologists need to be aware that evolutionary isola¬ 
tion may lead not only to the loss of behavior, but also 
potentially, and for the same reasons, the loss of learning 
predispositions. By impacting both the experiential and 
the genetic underpinnings of learning, captive breeding 
has the potential to reduce substantially the ability of 
animals to survive once released into the wild. 

To address this problem, a huge effort has been made 
to design captive-breeding environments that provide 
animals with enriched learning opportunities. In addition, 
numerous prerelease preparation programs are imple¬ 
mented to train individuals in the survival skills they 
lack. These conservation interventions target a diverse 
range of animal behaviors, three of which are discussed 
in the following sections. 

Specific Research Areas in Learning and 
Conservation 

The Role of Learning in Predator Avoidance 

The high incidence of postrelease predation on captive- 
bred individuals has been, and still is, one of the greatest 
challenges to wildlife reintroductions. Encouragingly, 
however, a large body of empirical work has demonstrated 
that a taxonomically wide range of species exhibit the 
ability to learn about novel predators. Learning can 
occur both through direct individual aversive experience 
with the predator stimulus, and through indirect (social) 
experience, for example by perceiving predator together 
with alarm responses of predator-experienced individuals. 
Both direct and indirect learning engage classical condi¬ 
tioning in which a novel predator plays the role of a CS 
and inherently aversive stimuli, such as being chased or 
bitten in direct learning, or social alarm signals in indirect 
learning, serve as the US. Furthermore, predator avoid¬ 
ance learning is guided by predispositions to learn about 
predator stimuli more readily than arbitrary (e.g., plastic 
bottle) or nonpredator stimuli (e.g., goat), and does not 
take long (one to three exposures to aversive associations 
are sufficient). 

Building on this knowledge, reintroduction biologists 
have developed a range of predator avoidance training 
techniques for captive-bred animals. Broadly speaking, 
these methods all engage classical conditioning, in which 
opportunities are created for animals to associate novel 


predator stimuli with aversive events. Both direct learning 
and indirect social learning training methods have been 
tested, with tentative evidence that social learning pro¬ 
duces greater changes in behavior and greater improve¬ 
ments in survival. For example, several reintroduction 
programs (e.g., Attwater’s prairie chickens, houbara bus¬ 
tards, takahe, bobwhite quail (C. virginianus ), prairie dogs 
(Cynomys ludovicianus)) have used direct attack, or harass¬ 
ment, by a predator (e.g., fox (live or mounted); dog; stoat; 
human) to enhance antipredator responses. In bobwhite 
quail, training improves cover seeking and covey coordi¬ 
nation and increases postrelease survival rates. In houbara 
bustards, harassment by a live fox, but not a fox mount, 
enhances postrelease survival rates. In prairie dogs, pair¬ 
ing predator stimuli with social alarm vocalizations or the 
opportunity to observe a predator-experienced prairie 
dog respond to the predator stimuli enhances antipreda¬ 
tor vigilance, alarm call rates, and time in or near shelter. 
Social training increases postrelease survival to the point 
that trained prairie dogs survive as often as their wild 
counterparts. 

Social learning can also be triggered by allowing predator- 
naive individuals to watch the attack of a conspecific by a 
predator. For example, in an attempt to reduce postrelease 
predation of captive-bred Puerto Rican parrots ( Amazona 
vittata) by red-tailed hawks ( Buteo jamaicensis ), captive- 
born individuals are given the opportunity to witness a 
staged attack of a nonendangered Hispanolian parrot 
(.Amazona ventralis) by the aerial predator. Similarly, takahe 
chicks watch a model stoat apparently attack and kill a 
takahe chick. In both cases, there is tentative evidence that 
such training increases postrelease survival. 

It is important to note that firm conclusions about the 
effects of prerelease predator avoidance training on post¬ 
release mortality rates can really only be made if the 
content of learning is known. This is because training 
has the potential to cause general increases in stress, 
rather than to teach predator recognition or predator- 
specific antipredator responses, changes in behavior that 
are unlikely to improve postrelease survival. Conse¬ 
quently, measuring responses to the target predator both 
before and after training to ensure that learning has 
occurred, as well as to nontrained control stimuli to 
ensure that changes in behavior are predator-specific, is 
important. 

The Role of Learning in Social Behavior 

Just like antipredator behavior, social behavior is shaped 
by experience and is of prime importance to conservation. 
The learning phenomena that have received the most 
attention in this context are filial and sexual imprinting. 
During filial imprinting, the young individual learns soon 
after birth to recognize its mother (or its carer) and 
becomes socially attached to her. Such learning occurs 
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in precocial animals, such as ducks and guinea pigs, and 
is conceptualized as a form of classical conditioning 
in which learning of the carer’s visual features (CS) is 
triggered by association with inherently salient stimuli 
(US), such as movement. Similar to predator avoidance 
learning, imprinting is guided by predispositions to learn 
about some stimuli more readily than others. For example, 
chicks imprint most readily on a hen-like stimulus. Dur¬ 
ing sexual imprinting, individuals learn the visual attri¬ 
butes of potential mates. The critical experiences for 
sexual imprinting are different from those involved in 
filial imprinting and occur later in life. 

Filial and sexual imprinting have serious implications 
for animals reared away from their natural social environ¬ 
ment. For instance, widespread breeding techniques for 
endangered species, such as hand rearing and crossfostering 
to related species, can produce individuals maladapted to 
reproduction. While artificial rearing environments (e.g., 
brooder boxes; commercial incubators) can boost popula¬ 
tion growth at relatively low cost, benefits may be offset by 
problems associated with deficient social behavior. For 
example, from 1986 to 2000, 67% of unsuccessful releases 
of southern sea otter pups ( Enhydra lutris nereis) reared using 
methods that rely heavily on human care were caused by 
failure of pups to integrate with wild populations and avoid 
interactions with humans. 

An increasing awareness of the interaction between 
early social environment and later reproductive behavior 
has triggered a number of strategies to expose animals to 
natural social contexts immediately after birth and dur¬ 
ing subsequent development. The Mississippi sandhill 
crane ( Grus Canadensis pulla ) reintroduction program has 
been at the forefront of such attempts. Here, extensive 
efforts are made to expose chicks immediately after 
hatching to adult cranes that can serve as imprinting 
models. Taxidermy mounts of adult cranes lying in 
brood posture are placed beneath the heat lamps and 
sandhill crane brood calls are played back by tape 
recorder, while mounts of crane heads are used to teach 
chicks to feed. Later on, chicks are housed in pens 
adjacent to adult cranes. Furthermore, during occasional 
interactions, humans are disguised in amorphous gray 
costumes. Chicks raised using these techniques survive 
at least as well as parent-reared birds, which are less wary 
of approach by humans and predators after release, a 
behavior attributed to their tendency to approach 
motor vehicles and uncostumed humans in captivity. 
Other reintroduction programs have followed in the 
steps of the sandhill crane reintroduction. 

Social interactions between members of the same spe¬ 
cies can shape social behavior in subtle ways that extend 
beyond fdial and sexual imprinting, however. Cultural 
transmission of mate choice in female Japanese quail 
(Coturnix japonica) is one example; they remember, and 
prefer to mate with, males whom they have previously 


seen court and mate with another female. Social behavior 
of cowbirds ( Molothrus ater ater) provides another. Here, 
females enhance the frequency of specific songs within 
the male song repertoire by using a wing stroke to indicate 
their song preferences, and these songs later evoke higher 
levels of female copulatory behavior. In addition, female 
cowbird behavior enhances male-male competition. Males 
that are involved in more male-male competition later 
receive more copulations, and aviaries containing more 
competitive males produce more eggs. Although such 
experiential effects have not been studied in a conservation 
context, these examples illustrate that learning associated 
with social interactions can have far-reaching consequences 
on the genetic composition of a population, on individual 
breeding success, and, as a result, on the long-term outcome 
of a reintroduction program. 

The Role of Learning in Foraging Behavior 

Finally, we turn to the effect of experience on foraging 
behavior. The fact that postrelease supplemental feeding 
is a widely recommended practice and so often increases 
postrelease survival rates provides indirect evidence that 
many animals reared away from their natural environ¬ 
ment have deficient foraging behavior. Instrumental con¬ 
ditioning is critical to the development of adequate food 
handling techniques. In many predator species, such as 
cats, mothers bring live prey to their young, thus creating 
opportunities for inexperienced individuals to practice 
capturing and killing techniques. Similar opportunities 
can be created in captivity by exposing captive-reared 
animals to the foods they will later encounter in the 
wild. Captive-bred Puerto Rican parrots are fed a range 
of rainforest fruits, allowing them presumably not only to 
improve their handling skills, but also through classical 
conditioning, learn the colors and smells of edible foods. 
Such learning can start early. Rat pups exhibit preferences 
for foods, the flavor of which they have experienced 
through their mother’s milk. 

Animals also acquire foraging behavior from interact¬ 
ing with more experienced individuals. Ptarmigan chicks 
learn to forage on foods high in protein they have asso¬ 
ciated with their mothers’ food calls. Southern sea otter 
pups reared by surrogate mother otters forage indepen¬ 
dently sooner and have higher survival rates than pups 
reared using methods that rely heavily on human care. 

Individual and social learning shapes not only food 
preferences, but also food avoidances. Red-winged black¬ 
birds (. Agelaius phoeniceus) avoid a distinctively colored 
food after they have observed a conspecific eat the food 
and subsequently develop toxin-induced illness. Similarly, 
domestic chicks ( Gallus domesticus) that peck at a colored 
bead dipped in a bitter-tasting chemical, or watch other 
chicks peck at the bead and express a disgust response, 
subsequently avoid pecking at beads of that color. 
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But learning about food is not restricted to acquiring 
handling techniques and recognizing edible and nonedi¬ 
ble foods. Both temporal and spatial food-related infor¬ 
mation can be acquired through both individual and social 
experience, and can have far-reaching consequences on 
behavior of individuals after release. For example, young 
black bears ( Ursus americanus) reared by mothers accus¬ 
tomed to feeding on anthropogenic food sources tend to 
maintain these preferences as adults, and are conse¬ 
quently more likely to venture close to humans. As a 
consequence, where, when, and on what an individual 
learns to forage early in its life can affect how it distributes 
its behavior in space and time as an adult, perhaps expos¬ 
ing it to greater risk of predation. Acquisition of food- 
related information can hence have consequences that 
extend far beyond the immediate problem of foraging 
skills and food recognition. 

The Role of Learning in Adjusting to 
Urbanization 

As urban environments expand and natural habitats 
retract, selection for species able to adjust to human- 
modified habitats intensifies. In recent years, there has 
been an increasing interest in understanding why some 
species, but not others, adjust to environmental change. 
One hypothesis is that environmental change is one of the 
factors that selects for increases in brain size. It is thought 
that larger brains afford greater innovation and learning 
capabilities (a.k.a. behavioral flexibility ), which allow indivi¬ 
duals to modify their behavior in adaptive ways and hence 
increase survival in modified habitats. Indeed, large-scale 
analyses of species-specific innovation rates, operationally 
defined as the number of anecdotal reports of feeding 
innovations in the wild (e.g., foraging on a novel food) 
and obtained by reviewing the field-based literature, have 
revealed a positive relationship in both mammals and 
birds between brain size and innovation rate once the 
effects of body size and phylogeny have been removed. 
Coupled with a small within-species experimental litera¬ 
ture pointing to a positive relationship between innova¬ 
tion and learning, these analyses suggest that larger brains 
afford greater behavioral flexibility. 

Furthermore, behavioral flexibility seems to increase 
survival in harsh, novel, or altered environments. Birds 
innovate more frequently in winter when resources are 
scarce. Species with larger brains and higher innovation 
rates are more likely to become established in novel 
environments than species with smaller brains, while 
long-term avian population trends in England indicate 
that large-brained species are fairing the best. In sum, 
relationships between brain size, behavioral flexibility, 
and environmental change point to a potential, but yet 
untested, relationship between behavioral flexibility and 
population expansion in disturbed environments. 


It should be noted that the comparative correlational 
literature on brain size has its critics, who call for more 
experimental work to properly understand the function of 
large brains. It might also be helpful to properly identify 
the life history traits that support the evolution of big 
brains (e.g., extended parental care). Together, this infor¬ 
mation might allow us to predict whether large-brained 
species will be better able to adjust to large-scale environ¬ 
mental change, including rampant urbanization and cli¬ 
mate change. 

Future Research 

Reintroduction programs are outcome-driven exercises 
that aim to restore species to their historical habitats. 
To date, much reintroduction research has been under¬ 
taken in an ad hoc manner, and knowledge regarding the 
parameters that favor reintroduction success has been 
gained using an opportunistic and/or a posteriori evalu¬ 
ation of management strategies. Development of methods 
to offset the effects of captivity is likely to benefit 
most from an experimental hypothesis-driven approach. 
Experimental protocols should measure behavior both 
before and after a controlled learning experience in both 
trained-experimental and nontrained-control animals to 
detect changes specifically attributable to the learning 
experience, use control stimuli to assess to what extent 
learning is specific to the trained stimulus, and include 
the release of nontrained animals to ascertain to what 
extent learning provides a survival benefit. Only in this 
way will we be sure that management practices provide a 
measurable benefit and are not simply a matter of faith. In 
this regard, the fundamental literature on animal learning, 
behavior, and developmental biology has much to offer 
in terms of procedures and theory, and should be used 
to inform reintroduction research. Integration of fun¬ 
damental and applied research can only be achieved by 
providing reintroduction biologists with a thorough train¬ 
ing in these scientific disciplines and/or through their 
close collaboration with behavioral scientists. 

One of the greatest obstacles facing reintroduction 
biologists is that hypothesis-driven research designed to 
understand the effects of experience on behavior requires 
relatively large sample sizes, which are not always avail¬ 
able when working with threatened species. One way to 
overcome this problem is to use surrogate species as 
models. For instance, the effects of puppet rearing have 
been evaluated using common ravens ( Corvus corax) as a 
model for the endangered Hawaiian crow (C. hawaiiensis) 
and the Mariana crow (C. kubaryi). In Australia, tammar 
wallabies {Macropus eugenii) have been used as a model 
macropodid marsupial to develop predator avoidance 
training techniques and systematically assess their effect 
on behavior. Better planning and coordination of research 
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across reintroduction projects dealing with taxonomically 
related groups may also assist in this regard. For example, 
reintroduction programs involving precocial birds could 
work together to explore the effects of various rearing 
methods on social integration of wild populations. 

Another possible approach is to use data from funda¬ 
mental work in animal behavior to predict which inter¬ 
ventions will be most successful. For example, Griffin and 
colleagues integrated an understanding of how ontoge¬ 
netic and evolutionary isolation from predators modify 
antipredator responses with principles of associative 
learning to predict that predator avoidance training is 
likely to be more successful with animals that have under¬ 
gone ontogenetic isolation from some, but not all, preda¬ 
tors. This kind of predictive framework can assist decision 
makers in allocating limited resources to prerelease 
training. 

In conclusion, it is proposed that integration of rein¬ 
troduction research and fundamental work in animal 
behavior, coupled with an experimental hypothesis- 
driven methodology, will be the most fruitful way forward 
for research into learning and conservation. 


See also: Memory, Learning, Hormones and Behavior; 
Ontogenetic Effects of Captive Breeding. 
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Introduction: Using Behavioral Choice to 
Study Decision-Making 

Animals make decisions constantly about how to respond 
to sensory input from both external and internal sources. 
Decisions are characteristic of species (e.g., a dog and a cat 
respond differently to human verbalizations) and of indi¬ 
viduals (e.g., George Bush and Barack Obama make very 
different decisions based on the same set of data). Even 
within a single individual, the response to the same stim¬ 
ulus varies depending upon such conditions as time of 
day, state of hunger, developmental stage, and their own 
previous history. 

To study decision making, experimentalists have taken 
two general approaches. One approach derives from 
behavioral psychology: recording the activity of individ¬ 
ual neurons in the brains of behaving mammals as they 
respond differentially to different versions of a stimulus, 
such as the direction of movement of a random dot dis¬ 
play, the difference between complex shapes, the rate of 
vibration of tactile stimuli, or different types of smells. 
The animal (usually a monkey, sometimes a rat) has been 
highly trained to perform the task for a reward, and the 
recording takes place from the time immediately preced¬ 
ing stimulus presentation until the animal indicates its 
choice (by moving its eyes to one of two locations, for 
instance, or moving to one of two locations to receive its 
reward). In some cases, instead of making a discrimina¬ 
tion, the animal plays an interactive game with the exper¬ 
imenter, with a computer, or with another animal, so that 
it needs to take the responses of its competitor into 
account to optimize its chances of receiving a reward. 

The second approach is neuroethological: recording 
from presumed ‘decision-making’ neurons in a relatively 
simple nervous system as the animal makes choices among 
mutually exclusive behaviors, and its choice is assayed by 
observing its behavior. To control the choices, the animal 
simultaneously receives two stimuli, each of which pro¬ 
duces a different behavior on its own. Typically, the two 
simultaneous stimuli elicit a single behavior; in other 
words, the animal ‘chooses’ one behavior over the other, 
rather than producing a qualitatively new behavior or a 
combination of the two behaviors. This approach can be 
extended by pairing each of the two stimuli with a third 
one that, by itself, would produce a distinctly different, 
third behavior. In this way, one can build a behavioral 
hierarchy, in which behavior A is selected over behavior B, 
and either one is selected over behavior C. (Usually - but 


not always - this is a transitive relationship: if A is selected 
over B, and B is selected over C, then A is selected over C.) 

The experimental psychological approach requires a 
simple response (e.g., movement of the eyes) in a complex 
nervous system (e.g., that of a monkey or a rat), and the 
response itself (e.g., an eye movement either to the left or to 
the right) is usually interesting only as a way to indicate the 
discrimination that has been made or the abstract strategy 
that has been selected. The neuroethological approach 
typically uses more complex responses (e.g., feeding or 
swimming or egg-laying) in a relatively simple nervous 
system (e.g., that of a sea slug, an insect, or a leech) in 
which the behavioral responses themselves are important, 
because they may be part of the decision-making process. 
The psychological approach has been reviewed beautifully 
in recent years by Glimcher, Gold and Shadlen, and by 
Wang. The neuroethological approach was inspired by the 
work of ethologists, particularly Niko Tinbergen, who 
quantified many natural behaviors of a variety of animals. 
This article focuses on a single organism, the medicinal 
leech, and shows how the neuroethological approach has 
revealed several different mechanisms that neuronal cir¬ 
cuits use to make behavioral choices. 

Behavioral Choices in the European 
Medicinal Leech 

Anatomy and Experimental Approaches 

For centuries, Europeans have used several species of the 
leech genus Hirudo to remove blood from sick people in a 
more or less controlled manner. These ‘medicinal leeches’ 
are still used clinically to maintain blood flow through 
body parts that microsurgeons have stitched back onto 
people. In addition, neurobiologists have used this robust 
creature to study the basic properties of neurons, the 
development and regeneration of the nervous system, 
and the neuronal basis of such behaviors as swimming, 
crawling, heartbeat, bending, shortening, and feeding. 
Leeches are segmented worms that come in different 
shapes and sizes. Hirudo adults that have been used for 
behavioral studies are about the size of a human adult’s 
index finger. Each of the overt behaviors was first studied 
in intact animals (Figure 1(a)) to determine the temporal 
and spatial pattern of body movements that constitute the 
behavior; such a description is called kinematics. Remark¬ 
ably, the kinematics in intact parts of the animal are 
normal even after large pieces of the animal are removed 
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to expose the nervous system (Figure 1(b), for example). 
Such an animal is said to be semiintact. Recording from 
motor neurons - either intracellularly using sharp elec¬ 
trodes or from nerves using suction electrodes - in the 
exposed parts of the nervous system while the intact 
regions are performing a behavior has revealed that the 
motor neurons in these denuded ganglia produce impulse 
patterns that would be appropriate if the motor neurons 
were still connected to their muscles and were producing 
the same behavior. In fact, for many of the behaviors 
studied, the motor neuronal activity patterns when the 
semiintact animal is pinched or prodded can also be 
seen in the isolated nerve cord that has been entirely 
disconnected and removed from the rest of the body 
(Figure 1(c)), in response to electrical stimulation of a 
single neuron or a nerve. 

In addition to this behavioral robustness, the leech 
nervous system offers the experimenter other advantages: 
the somata of its neurons are relatively large (20-90 pm in 
diameter in an adult), they are readily visualized (they 
form a monolayer over the surface of the ganglion), and 
they are identifiable (each of the 21 midbody ganglia in a 
leech has nearly the same complement of 400 neurons, 
and they are consistently found from leech to leech). 
About 30% of the 400 have been identified as individuals, 
and the activity patterns of nearly 75% of them have been 


reliably characterized during various behaviors. These 
anatomical and physiological features have been 
exploited to perform the neuroethological studies 
required to characterize behaviors and the interactions 
between the behaviors. 

Behavioral Choices 

When touched lightly anywhere in the middle of the body, 
a Hirudo bends locally by contracting longitudinal muscles 
on the side of the touch and relaxing the muscles on the 
opposite side (Figure 2, lower left). When prodded or 
firmly pinched in the posterior half, Hirudo either swims or 
crawls (Figure 2, bottom middle and right). Swimming is 
a fast (1-3 cycles s -1 ), up-and-down undulation of the 
body that moves from front-to-back, propelling the 
leech forward. To make these undulatory movements, 
the animal flattens itself dorsoventrally and then alter¬ 
nately contracts longitudinal muscles on the dorsal and 
ventral surfaces. Crawling is also a rhythmic form of 
locomotion but it is much slower (each step cycle takes 
2-10 s), and the leech uses circular muscle contractions 
to make its body longer, which alternate with longitudinal 
muscle contractions all around the body that shorten 
its body. The lengthening and shortening movements 
progress from the front segments rearward and are 


Intact leech (kinematics) 



Semiintact leech (kinematics, simple electrophysiology) 



Isolated nerve cord (complex electrophysiology) 


(c) 

Figure 1 Different types of Hirudo preparations used to relate neuronal activity to behavior, (a) Intact leech. Markers are sewn or glued 
onto the surface of the leech. (In this case, white beads were sewn onto the dorsal surface in the middle of 19 of the 21 midbody 
segments.) Detailed body movements are analyzed from video-tapes of leeches as they perform a behavior. At rest, a typical adult 
leech measures 5-10 cm. (b) Semiintact leech. In this example, the body wall and internal organs were removed from five midbody 
segments, leaving only the ganglia and the interganglionic connectives intact in these segments, (c) Isolated central nervous system 
(CNS). All the body has been dissected away. The CNS consists of an anterior brain (composed of two parts, the supraesophageal 
ganglion (sup.) and subesophageal (sub.) ganglion), a nerve cord of 21 nearly identical ganglia (shown in the expanded view as 
photographs), and a posterior brain. The brains develop from the compression of ganglion-like primordia: the subesophageal 
ganglion from 4 and the posterior brain from 7. Each ganglion and brain connects to the skin and muscles in the body wall via 
laterally directed nerves. 
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Figure 2 Interactions among five Hirudo behaviors: pictures 
and drawings of leeches feeding, performing local bending, 
swimming, crawling, and shortening. Swimming and crawling 
are rhythmic behaviors; a single cycle of each is shown, reading 
from top to bottom. The lines ending in filled circles indicate 
inhibitory interactions among behaviors: feeding inhibits all of 
the others and shortening inhibits swimming and crawling. 

The two-headed arrow between swimming and crawling 
indicates complex interactions between these two behaviors: 
whether a leech swims or crawls in response to a touch applied 
to its rear end depends upon such things as its state of hunger, 
its behavioral state (e.g., resting vs. aroused), and the depth of 
the water. 

coordinated with attachment and release of suckers on the 
front and back ends to pull the animal forward. If touched 
briskly on the front end, a Hirudo shortens (Figure 2, upper 
right) by contracting all the longitudinal muscles in its 
body at once. If presented with appropriate chemical and 
temperature cues (a warm-blooded mammal is a favored 
food), Hirudo feeds: it latches onto the target with both 
suckers, everts its rasping teeth through its mouth in the 
middle of the front sucker, cuts through the skin, and 
sucks in the blood that oozes from the cut (Figure 2, 
upper left). When stimulated with two stimuli that 
would elicit any two of these behaviors when presented 
singly (e.g., stimulating the front and back simultaneously, 
or presenting a blood meal while prodding the leech in 
the back), the following hierarchy is seen: 

• Feeding turns off all other behaviors. 

• Shortening overrides swimming and crawling. 

• Swimming and crawling show complex interactions. 

The neuronal basis of each interaction is discussed in the 
following section, but to frame the discussion, we will first 
present two extreme possibilities that have been proposed 
to explain how neuronal circuits might accomplish behav¬ 
ioral choice. 


Possible Neuronal Mehanisms of 
Behavioral Choice 

One mechanism that has been proposed to explain behav¬ 
ioral choice is competition between reflexive pathways, 
using inhibition to turn off the alternative behavior(s) 
(Figure 3(a)). In this scheme, a particular set of sensory 
receptors elicits each behavior. In this example, activity 
in the A sensory receptors elicits shortening and the 
B sensory receptors activate swimming. The activity of 
these receptors is processed by one or more levels of 
sensory processor neurons (e.g., in mammalian visual sys¬ 
tems, there may be a dozen or more layers of neurons). At 
the behavioral end of the reflex, motor neurons activate 
muscles to produce shortening or swimming. The timing, 
intensity, and locations of the muscles activated are deter¬ 
mined, not by connections among motor neurons, in gen¬ 
eral, but by networks of pattern generator neurons that turn 
unpatterned excitatory input into a complex output that 
is imposed on the motor neurons. (For instance, a scary 
encounter might produce a temporally unpatterned 
increase in activity in your brain that would lead to your 
running away, a highly patterned behavioral output.) 
Between the sensory processors and pattern generators 
lie a group of neurons variously called command neurons, 
decision neurons, or more poetically, the sensorimotor 
watershed. The name ‘command neuron’ comes from 
the observation that stimulation of certain individual 
neurons of this sort in many relatively simple nervous 
systems produces a program of motor activity that looks 
like a natural behavior. An extreme hypothesis for the role 
of command neurons is that they are both necessary and 
sufficient to activate a particular behavior: they are acti¬ 
vated only by appropriate input from sensory processors 
and, in turn, activate the pattern generators. 

In this model of decision-making, the question, ‘How 
does shortening override swimming’ comes down to ‘How 
is the pattern generator for shortening activated in pref¬ 
erence to the pattern generator for swimming?’ The 
favored - and simplest - hypothesis has been that the 
command neurons for one behavior (shortening) inhibit 
the command neurons for the other (swimming). For this 
hypothesis to be true, the swim-producing command 
neurons should be inhibited whenever the shortening- 
producing pathway is activated. 

A second possible mechanism for behavioral choice is 
that the same neurons are responsible for selecting both 
behaviors, but that the dynamics - that is, the temporal 
pattern of activity in each neuron - of the neuronal circuit 
are different. A simple example of this possibility is shown 
in Figure 3(b), which represents the activity of just three 
neurons (x, y, and z) that function as decision-makers. At 
rest (the gray cloud), cell x fires at a high rate, cell y fires 
much less, and cell 2 fires hardly at all. The arrows rising 
out of the gray cloud represent two different responses to 
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Figure 3 Possible neuronal mechanisms of behavioral choice, (a) Inhibition between command neurons, each dedicated to a 
different behavior. Two separate reflexive pathways are hypothesized, one that produces shortening and the other that produces 
swimming. The lines between the boxes indicate the nature of the influence: T-junctions indicate excitation and the filled circle indicates 
inhibition. Each box represents one or more levels of processing and is labeled by the type of processing performed, (b) Alternative 
dynamic states of the same set of three command neurons. The activity of each of the three neurons (x, y, and z) is indicated by the three 
axes of the graph. The gray cloud indicates the activity of these three cells at rest. The lightening bolt represents a stimulus and the 
two arrows rising from the cloud indicate two activity patterns, which change over time, of the three neurons. The ovals represent 
locations in the activity space that are attractive: outside these areas, activity tends to change, whereas inside these areas activity 
persists. When the activity of the three neurons takes the red trajectory and ends up inside the red oval, the leech shortens; when 
the activity takes the blue trajectory into the blue oval, the leech swims. The relative widths of the two arrows indicates that the 
pathway to shortening is more likely, so the response to the stimulus is usually shortening. 


the same electrical stimulus. The red arrow pointing to 
the red oval indicates that the activity of cell 2 has 
increased, that of cell y has decreased, and cell x activity 
has stayed relatively constant. The red oval itself indicates 
that, once this combination of x, y, and 2 activity is 
reached, it remains in this region. In the terminology of 
dynamical systems, the region of activity space enclosed 
by the red oval is an attractor .; it is a combination of 
interconnections and neuronal properties that produce 
maintained activity that is easy to initiate, but very diffi¬ 
culty to terminate. 

The thinner arrow pointing toward the blue oval indi¬ 
cates that the same stimulus occasionally produces 
increased activity in all three neurons that moves the 
system toward an attractor for a different behavior: swim¬ 
ming. Again, whenever the activity of the three neurons 
gets within this region, it stays there, so that swimming 
tends to be self-sustaining once begun. In this dynamical 
view of behavioral choice, all three neurons are helping 
to make both decisions, so the designation of ‘command 
neuron for behavior X’ is inappropriate. Instead, all the 
neurons are multifunctional : they are active during more 
than one behavior. In addition, consider the action of cell 
2 : it shows the same activity in both behaviors. Whether 


cell 2 activity leads to shortening or swimming depends 
on the context - on what cells x and y are doing. This 
dependence on context means that the decision-making 
process is combinatorial', which behavior occurs depends 
upon the combination of neurons that are active, not upon 
which particular one turns on and which are turned off. 

In a real animal, there are always more than two behav¬ 
ioral possibilities; animals can produce several qualita¬ 
tively different responses to similar - or even identical — 
stimuli. (Consider your response to a tall glass of water 
when you have just finished a long run, when you have just 
downed a 32-ounce soda, or when you find it standing next 
to your favorite microbrew.) Both mechanisms of behav¬ 
ioral choice are readily expanded to handle multiple beha¬ 
viors. In the ‘inhibition between reflex pathways’ model, 
each additional behavior has its own dedicated group of 
command neurons that inhibit the command neurons for 
all the other behaviors. In the ‘dynamical system’ model, 
adding behaviors would correspond to increasing the 
number of attractor regions in the activity space. (With 
many neurons, the activity space gets very large and diffi¬ 
cult to picture, but the mathematics accommodates many 
attractors.) However, no matter how complex they get, the 
two kinds of strategies can be distinguished by the same 




















Leech Behavioral Choice: Neuroethology 269 


experimental procedure: are decision-making neurons 
that are active during one behavior inhibited during all 
the dominating behaviors in the hierarchy? If so, the neu¬ 
ronal system is likely to be more like inhibition among 
reflexive pathways (Figure 3(a)); if not, the neuronal sys¬ 
tem would be better described as multiple attractor states 
in a dynamical system (Figure 3(b)). We have looked at 
interaction among three sets of behaviors in leeches and 
found evidence for both kinds of systems. 

Feeding Inhibits Other Behaviors 

A very hungry medicinal leech can ingest over ten times 
its body weight in a single meal. During that meal, it 
will ignore mechanosensory inputs from touches, from 
pinches, and even from normally painful stimuli. (A feed¬ 
ing leech will continue to feed - it will actually feed 
longer - after being cut in half!) Remarkably, recording 
from identified neurons in the back half of the animal as 
the front half sucks blood showed that none of the com¬ 
mand neurons for any of the behaviors appear to be either 
inhibited or excited during feeding. This suggests that 
neither mechanism represented in Figure 3 could explain 


how feeding blocks any response to mechanical stimuli. 
Instead, it turns out that during feeding, presynaptic inhi¬ 
bition chokes off the input from mechanosensory neurons: 
the presynaptic terminals of these neurons that would 
otherwise initiate local bending, swimming, crawling, or 
shortening are kept from releasing their excitatory trans¬ 
mitter onto their target neurons. In effect, this mechanism 
is very similar to the one shown in Figure 3(a), except 
that the inhibition from the feeding circuit is directed at 
the presynaptic terminals of the sensory receptors, rather 
than at the command neurons for the other behaviors. 
This is a coarse, but effective, strategy: the leech shuts 
off all mechanosensory input from the body by acting on 
a single cell type, the mechanosensory neurons, thus 
making itself numb. 

Shortening Inhibits Swimming 

Swimming is initiated and produced by at least five levels 
of neurons (Figure 4(a)): mechanosensory neurons (touch, 
pressure, and pain receptors) activate trigger neurons in the 
subesophageal ganglion, which excite segmental gating 
neurons in the segmental ganglia, which excite — and are 


Mechanosensory 

neurons 

© 

0 

© 






Trigger 

interneurons 




Stimulus 




(b) 


-1 = Excites -• = Inhibits 

(a) 

Figure 4 Shortening inhibits swimming, but not by inhibiting all swimming ‘command’ neurons, (a) The hierarchical circuitry that 
produces swimming in the leech. The relevant sensory neurons are mechanosensory neurons in the posterior end of the body that 
respond to touch (T), pressure (P), and pain (N). The trigger neurons, SE1 (swim excitor #1) and Trl (trigger neuron #1), are two pairs of 
neurons found only in the subesophageal ganglion. In many of the segmental ganglia, there are two pairs of gating neurons (of which cell 
61 is one) and an unpaired one (cell 204). The pattern-generating neurons consist of 17 identified neurons whose interconnections 
produce bursts of impulses when the circuit is activated. The motor neurons burst in four different phases (roughly 0°, 90°, 180°, and 
270°), in a cycle that repeats every 0.4-1.0 s. The motor neurons are named according to the types of longitudinal muscles they 
innervate (D = dorsal, V = ventral) and whether they excite (E) or inhibit (I) the muscles. Lines with T-junctions represent excitatory 
connections and lines ending in filled circles represent inhibitory connections, (b) Intracellular recordings from two trigger neurons (SE1 
and Trl) and two gating neurons (cells 204 and 61) while stimulating the skin at the anterior end of a leech with five pulses at times 
indicated by the ‘stimulus’ bar. (Note: The recordings were obtained sequentially; the four traces have been aligned based on the timing 
of the stimuli delivered during each recording.) Because the action potentials are of different amplitudes and shapes in different 
neurons, each action potential is identified by a dot above it. 
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excited by — rhythmic pattern-generating neurons that acti¬ 
vate appropriate motor neurons in the characteristic swim 
motor pattern. By analogy with the general circuitry of 
Figure 3(a), the trigger neurons serve both as sensory 
processors and as command neurons, whereas the gating- 
neurons have an entirely command-like function. The 
reason why both trigger and gating neurons are called 
‘command neurons’ is that stimulating any single trigger 
or gating neuron activates the swimming motor pattern. 
The functional difference between them is that a short 
(Is or less) burst of impulses in a trigger neuron will 
activate the motor pattern for tens of seconds, whereas 
depolarization of gating neurons must be maintained to 
keep the swimming motor pattern active. 

To determine whether shortening overrides swimming 
by inhibiting these command neurons, we delivered a 
stimulus to the leech’s front end that reliably produced 
shortening while recording activity from each of two trig¬ 
ger and two gating neurons in turn. Surprisingly, three of 
these four command neurons for swimming were excited by 
the stimulus that elicited shortening (Figure 4(b)); the one 
exception, cell 204, was indeed inhibited (third trace). This 
pattern means that three of the four neurons that on their 


own elicit swimming are also active during shortening, 
a behavior that strongly suppresses swimming. This result 
strongly suggests that these decision-making neurons are 
used in different combinations to produce different beha¬ 
viors, that is, they use a combinatorial code that is more like a 
dynamical system (Figure 3(b)) than it is like the inhibi¬ 
tion between reflexive pathways (Figure 3(a)). 

Swimming and Crawling Have Subtle 
Interactions 

Use of voltage-sensitive dyes to record simultaneously from 
many of the neurons in a midbody ganglion showed that the 
neurons that are rhythmically active during swimming are 
largely a subset of the neurons that are rhythmically active 
during crawling. When a stimulus was presented that some¬ 
times produced swimming and at other times produced 
crawling, a small group of neurons were found to be active 
in one pattern just before swimming and in a different 
pattern just before crawling (‘early individual discrimina¬ 
tors’ in Figure 5). Another small group of neurons had 
activity patterns that co-varied (i.e., all of them varied in a 
similar way) in one way before swimming and in another 
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Figure 5 Summary of neuron activity patterns as an isolated leech nerve cord chooses to perform swimming. The lowest of the four 
traces shows a recording from a peripheral nerve extending from a midbody ganglion. The largest action potentials in this recording are 
generated by DE-3, an excitatory motor neuron that innervates dorsal longitudinal muscle fibers. In response to electrical stimulation 
(gray rectangle labeled ‘stim’) of a more posterior nerve, the activity of DE-3 increases for about 1.5 s, then begins to produce bursts at 
nearly 2 s -1 ; these bursts are the swimming motor pattern. Each of the upper three sets of traces are optical recordings from three 
different neurons. Each set shows nine overlapping recordings: in four of the recordings (blue traces), the nerve cord produced the same 
kind of swimming motor program shown in the bottom trace; in the other five recordings (blue traces), the nerve cord produced the 
crawling motor pattern. The top trace (‘group discriminator’) is from a neuron that produced patterns of activation that were 
indistinguishable individually, but that were correlated with activity in a small number of other neurons during the time highlighted in red. 
The other traces are from neurons whose activity patterns were different early (during the time highlighted in yellow) or late (the time 
highlighted in green). These types of neurons are called ‘early individual discriminators’ and ‘late individual discriminators.’ The initial 
period of increased DE-3 activity, highlighted in violet, may represent preparation for definitive movement. The words above the 
highlighted areas are explained in the text. 
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way before crawling, allowing the experimenter to reliably 
predict, on the basis of the pattern of covariation, whether 
the response would be swimming or crawling (‘group dis¬ 
criminators’ in Figure 5). When the activity pattern of 
individual neurons was changed by depolarizing or hyper- 
polarizing one neuron at a time, the only trials in which the 
behavioral response could be changed were those in which 
the test neuron was among the ‘group discriminators.’ Sur¬ 
prisingly, the previously identified command neurons were 
either in the ‘early individual discriminator’ group, or in an 
entirely separate ‘late individual discriminator’ population. 
We conclude that the group discriminators decide between 
swimming or crawling during the time indicated by red in 
Figure 5, and then the animal prepares to do just one of 
these behaviors (by elongating and flattening, e.g., when the 
decision is to swim). When the motor pattern actually 
begins (green region), the ‘late individual discriminators’ 
are activated; these include gating neurons, pattern-genera¬ 
tors, and motor neurons. 

Notice that there is motor neuronal activity before the 
decision is detected (violet region in Figure 5). This 
activity could represent a generalized decision, maybe 
something like ‘stimulus detected, prepare to do some¬ 
thing!’ Alternatively, this activity might indicate that the 
swim/crawl decision has been made but by neurons, or by 
neuronal activity patterns, that have not yet been found. 
In any case, these findings strongly suggest that the swim¬ 
ming versus crawling decision is made by a dynamical 
mechanism (Figure 3(a)) rather than by competition 
among command neurons each of which is dedicated to 
a single behavior. 

Summary and Conclusions 

The hypothesis that inhibition among command neurons 
produces behavioral choice was first proposed to explain 
results from experiments on molluscs, and it is currently 
proposed to be the way that primates decide which direc¬ 
tion to move their eyes. The evidence for such a mecha¬ 
nism is strongest in slugs, although the decision-making 
neurons tend to be multifunctional in these animals, 
as they are in leeches. In the three different leech behav¬ 
ioral choices described in the previous section, competi¬ 
tion between reflexive pathways was found only during 
feeding, which effectively renders the leech numb to 
mechanosensory input. This mechanism is a generalized, 
sledge-hammer strategy, whereby one behavior turns 
everything else off. Shortening is a bit more subtle: it 
turns off locomotory responses (leeches stop swimming 
and crawling when touched on the front end), but does 
not turn off responses to food or to pain. In this case, some 


of the same cells that activate swimming are also activated 
during shortening. The decision to swim or to crawl is 
even more subtle: essentially all the neurons active in 
crawling are active during swimming, and the decision 
between these behaviors is made by subtle variations in 
the correlated activity of a group of neurons. In fact, 
crawling can turn into swimming, and leeches can execute 
a combined crawling/swimming behavior. 

All the behaviors described in this article are for well- 
fed, alert leeches in a laboratory setting. Many factors can 
modify the interactions described. For instance, a very 
hungry leech is very active, even with no apparent exter¬ 
nal stimulation, and it quickly recovers from a shortening 
response to investigate a pinch to its anterior end, seem¬ 
ingly to determine whether there might be a food source 
nearby. A well-sated leech, on the other hand, is quite 
lethargic and cannot be provoked by any mechanical 
stimulation to swim (instead, it crawls or shortens to 
stimuli that previously elicited swimming). In addition, 
age and reproductive state greatly influence behaviors: a 
hatchling leech responds to stimuli in a manner very 
different from that of an adult, and adults respond differ¬ 
ently when they are ready to reproduce. Understanding 
the basic mechanisms of behavioral choice will help to 
determine how these choices can be modified by factors 
such as the age and behavioral state of an animal. 

See also: Consensus Decisions; Decision-Making: For¬ 
aging; Neuroethology: Methods; Rational Choice Behav¬ 
ior: Definitions and Evidence. 


Further Reading 

Briggman KL, Abarbanel HDI, and Kristan WB Jr (2005) Optical imaging 
of neuronal populations during decision-making. Science 307: 
896-901. 

Briggman KL and Kristan WB Jr (2008) Multifunctional pattern 
generating circuits. Annual Review of Neuroscience 31: 271-294. 

Esch TE and Kristan WB Jr (2002) Decision-making in the leech nervous 
system. Integrative and Comparative Biology 42: 716-724. 

Gaudry Q and Kristan WB Jr (2009) Behavioral choice by presynaptic 
inhibition of tactile sensory terminals. Nature Neuroscience 12: 
1450-1457. 

Glimcher P (2003) Decisions, Uncertainty and the Brain: The Science of 
Neuroeconomics. Cambridge, MA: MIT Press. 

Gold Jl and Shadlen MN (2007) The neural basis of decision making. 
Annual Review of Neuroscience 30: 535-574. 

Kristan WB Jr, Calabrese RL, and Friesen WO (2005) Neuronal basis of 
leech behaviors. Progress in Neurobiology 76: 279-327. 

Kristan WB and Gillette R (2007) Decision-making in small neuronal 
networks. In: North G and Greenspan R (eds.) Invertebrate 
Neurobiology, pp. 533-554. New York, NY: Cold Spring Harbor 
Laboratory Press. 

Tinbergen N (1951) The Study of Instinct. Oxford: Clarendon Press. 

Wang X-J (2008) Decision making in recurrent neuronal circuits. Neuron 
60: 215-234. 



Levels of Selection 

M. M. Patten, Museum of Comparative Zoology, Cambridge, MA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Causal Explanations and Adaptive 
Evolution 

Rabbits are fast. Let us assume that at some time in the 
evolutionary past, they were not all that fast. We then have 
an observation that the rabbit population has evolved 
increased speed. With that observation in hand, we 
might then wish to tell a causal story that can account 
for this change in the average speed from then until now. 
Reconstructing the causal story of evolutionary change is 
one of the goals of evolutionary biology. 

A first attempt at a causal story for rabbit evolution 
might run like this: proto-rabbits endowed with greater 
speed had greater success at escaping predators and thus 
left more offspring. Each successive offspring generation 
was therefore enriched for speediness because in the 
previous generation, the slowest rabbits were the most 
likely to be captured by predators and the least likely to 
leave descendants. Due to the reliable inheritance of 
speed from parents to offspring, the average speed of the 
offspring generation improves on that of the parental 
population. 

This causal story should look familiar to any student of 
biology as evolution by natural selection: Traits vary; trait 
variation is heritable; traits determine their representation 
in future generations because of a statistical association 
with fitness. In this example, care is taken to place pheno¬ 
typic variation at the level of the individual: some indi¬ 
vidual rabbits are faster than others. But in the depiction 
of evolution by natural selection offered in this article, 
there is no requirement that traits or fitness be measured 
on individuals. The genes within individuals are free to 
vary in their phenotypic properties and their fitness, as 
are the groups to which individuals belong. 

In the next sections, how selection may act at these 
different levels is described: alleles within organisms (gene 
level or genic selection); organisms within groups (individ¬ 
ual or organismal selection); and between groups (group 
selection). The possibility that different levels of selection 
may contribute to evolution has been granted (though at 
times debated) for well over a century but a complete 
theoretical understanding of how each of these levels con¬ 
tributes to evolution has taken almost this whole time to 
solidify. Our evolving understanding of the levels of selec¬ 
tion concept is summarized and our current - and we hope 
mostly complete - understanding of this topic is presented. 
The article begins by providing some useful definitions and 
clarifications. Then it turns to an examination of each level 


of selection. A special section on kin selection is provided, as 
this is one of the most important theoretical concepts in 
behavioral ecology as well as one of the biggest stumbling 
blocks for students of that topic. 

The Selfish Gene, the Gene’s Eye View, 
and Careful Accounting 

Dawkins, in The Selfish Gene , advises where to keep our 
focus when thinking about any evolutionary event or 
process. He suggests that we focus on the gene and take 
the gene’s eye view. Why should we focus our attention on 
the gene? The reason is simple. Fitness is essentially a 
measure of the persistence of something through time and 
the only ‘somethings’ that persist through time in nature 
are genes - but not the material versions of the genes, of 
course. Semiconservative DNA replication ensures that 
ten generations from now, the material version of any 
gene - the bases and the sugar-phosphate backbone - 
will be almost completely diluted away (it would appear 
in <0.1% of future copies). What persists is the informa¬ 
tion encoded by such a gene. Such information is persis¬ 
tent through time, across generations and across rounds of 
semiconservative DNA replication, and it is the change in 
the informational content of populations with which any 
measure of evolution must be concerned. Individuals 
come and go and populations come and go, but informa¬ 
tion is that special kind of something that persists. By 
focusing our attention on genes and the information 
they contain, we ensure that our accounting of evolution 
is sensible. Throughout this article, then, the focus is kept 
on how the informational content of populations is 
changed by referring to gene/allele frequency change. 

Our unit of selection will thus be gene/allele frequen¬ 
cies or informational content, used interchangeably. It is 
worth taking care to explain what is meant by unit. One of 
the debates that has plagued multilevel selection theory 
stems from the many ways in which the word ‘unit’ can be 
employed in evolutionary reasoning. Here, unit is taken to 
mean the standard of measurement (e.g., height is given in 
units of inches); this is the thing that we are keeping a tally 
of in each generation. Unit is not meant as an organiza¬ 
tional concept (e.g., the army is subdivided into different 
units: cavalry, infantry, tank platoon, etc.). When the ques¬ 
tion is asked, “What is the unit of selection?”, either 
notion of unit may be employed as an answer, but we 
run the risk of talking at cross-purposes and creating 
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needless confusion and debate. As long as we are explicit 
with our choice, we avoid such problems. For instance, a 
paleontologist may keep track of the relative proportion of 
kinds of species through time, whereas a population 
geneticist may score relative allele frequencies through 
time. If both state that body size is increasing through time 
in their studies, it is clear that the former is referring to 
the frequency of larger species increasing, while the latter 
is referring to an increase in the frequency of alleles giving 
rise to large body size. On the other hand, when we are 
concerned more with the organizational unit that is 
experiencing selection and is causally responsible for 
evolutionary change, it is best to use a word different 
from “unit.” ‘Target,’ ‘vehicle,’ and ‘interactor’ are all 
terms that have been introduced, somewhat interchange¬ 
ably, to take the place of unit in these discussions. In the 
body size example, we cannot tell which unit of selection 
is responsible for increased average size. There are a 
number of causal explanations available to both the pale¬ 
ontologist and the population geneticist. Fruitful debates 
stem from the question of which organizational level is the 
target of natural selection. Indeed, the debate about levels 
of selection is primarily centered on this one question. 

One source of confusion surrounding the gene’s eye 
view of evolution is to misread Dawkins as saying that 
selection could not act at any level other than the gene. 
This is certainly not Dawkins’ point and the confusion 
stems from conflating units and targets of selection. Selec¬ 
tion occurs at a level if variation in a trait at that level 
causes fitness variation among the underlying genes, but 
ultimately, it is the alleles that are changing in frequency. 
In other words, the information stored in a gene may 
produce material that causes fitness differences and this 
material may be proteins, individual bodies, or groups of 
bodies (it may even be artifacts - though that is beyond 
the scope of this article). The information in a gene 
informs the construction of these material objects and it 
is these material objects that vary in their gene replicating 
ability. Thus, looking back at a past evolutionary change, 
we are faced with the question of why the informational 
content of the population was so modified. We are forced 
to ask whether the differential fitness of alleles was a 
consequence of individual differences, gene level differ¬ 
ences, or group differences. One can adopt the gene as the 
unit of selection but may allow selection to act at any 
level. One’s choice of the units that measure selective 
change does not commit one to ascribe the selective 
cause of change only to that level of the hierarchy. 

With gene/allele frequency or informational content 
as our unit and these other potential stumbling blocks out 
of the way, we can now say that a ‘Levels of Selection’ 
understanding of evolution simply means the following: 
the informational content of populations can change as a 
consequence of gene level, or individual level, or group 
level trait variation (or some combination of these), 


provided the traits at each level have a statistical associa¬ 
tion with the persistence of the information that informed 
their construction and a heritable genetic basis. This 
statement can be used as a template to describe any 
evolutionary change. 

We can reexamine the rabbit example from this new 
perspective. We would say that there was genetic (infor¬ 
mational) variation associated with speed variation among 
individuals and due to differential survival and reproduc¬ 
tion of slower and faster individuals, the relative frequen¬ 
cies of alleles were changed. Alleles build rabbits that are 
better or worse suited for surviving and making offspring 
and thereby these alleles find themselves more or less 
likely to persist. 

We will see in later sections, though, that genes have 
other avenues of causing differential persistence of infor¬ 
mation besides building individual level traits. They may 
build groups of individuals that together give rise to 
differential persistence of information. Likewise, they 
may build proteins that act within bodies to cause differ¬ 
ential persistence of alleles. The variation in the informa¬ 
tion in genes causes variation in traits, which causes fitness 
variation, which brings about evolutionary change of the 
something that we are concerned with accounting for: the 
informational content of populations. 

Gene-Level Selection 

As mentioned earlier, it is theoretically permissible for 
selection to act on the effects of genes at the intraindivi¬ 
dual level. Typically, we may think that genes encode 
proteins that serve some function in the body. But genes 
that are selected for their intraindividual effects usually 
produce proteins or other molecules that contribute noth¬ 
ing to bodily function; instead, they make proteins or 
other molecules that ensure the preferential transmission 
of the allele that encodes them. For instance, a heterozy¬ 
gous individual is a fifty-fifty mix of alleles, but in certain 
heterozygotes, instead of transmitting a fifty-fifty mix of 
those alleles to the next generation, they transmit more of 
one allele than the other. This is called segregation dis¬ 
tortion or meiotic drive. Within that individual, there are 
fitness differences for the two alleles. One allele produces 
a protein that allows it to out-compete the other during 
meiosis. When summed over all heterozygotes, this con¬ 
tributes to allele frequency change in the population. 

Gene-level selection likely has little impact on the 
evolution of animal behaviors, generally speaking. Most 
selection in the evolution of animal behavior occurs at 
higher levels. However, gene level selection is worth not¬ 
ing, because many of the selection pressures faced by 
genes within genomes are analogous to the selection 
pressures faced by individuals within social groups, as 
Maynard Smith, Haig, and other authors have described. 
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A genome is an assemblage of genes that, together, pro¬ 
duce a body. We can think of the genes collaborating 
socially to produce a body for mutual benefit, which is 
shared among them equally. However, there are rogue 
alleles that contribute nothing to the functioning of the 
body and therefore nothing to the success of the genes in 
the genome. They instead free-ride on the efforts of all 
the other genes. Thus, they ensure their persistence in the 
population by out-competing other alleles within the 
body for transmission. 

Individual-Level Selection 

Selection at the level of the individual is the easiest to 
grasp - though it is just as easily misunderstood - because 
our senses are tuned to detect and emphasize individual 
differences. However, this perceptual bias may also make 
it easier to misattribute evolution to individual selection 
when some other process, like group selection, is actually 
responsible. This is the first of the common misunder¬ 
standings of selection at this level. Some careful language 
will help avoid this mistake: instead of individual level 
selection, perhaps it is better to say ‘within-group 7 selec¬ 
tion. This linguistic trick helps avoid attributing group 
level adaptations and group level effects to ‘individual 7 
level selection. 

To illustrate how such misattribution works, we can use 
an example that gives two equivalent formulations of the 
same scenario. Suppose we know that the fitness of an 
individual is correlated with both its own phenotype and 
the phenotype of the group to which it belongs. In other 
words, we know that both individual and group levels of 
selection are at work. In the first formulation, we can then 
say that the fitness of a given type of individual is the sum 
of these two contributions. In the second formulation, we 
average the fitness of a type of individual across all of the 
different groups in which it is found and say that this 
average is the fitness of that type of individual. The first 
formulation of evolutionary change is causally correct. The 
second formulation, with its averaging, obscures the true 
causal pathways. However, because they are mathemati¬ 
cally equivalent, both formulations return the same predic¬ 
tion for the amount of change delivered in one generation. 
But one invokes group selection; the other does not. One 
gets the causal story right; the other does not. For whatever 
reason, there is a tendency to overlook the influence of 
group selection on evolution and to formulate evolution in 
the second manner, such that individual selection is the sole 
force for change and group selection evaporates. 

The second common misunderstanding surrounding 
individual level selection is to assume that what is good 
for individuals is necessarily good for groups. The 
reasoning might go as follows: since individual selection 
concentrates the traits that have the highest fitness, then 


after repeated bouts of individual selection, we should 
expect our group to be composed of fitter individuals, 
thus raising the average fitness of the group. Continuing 
with this reasoning, we find that the average adaptedness of 
individuals increases and the adaptedness of the group as a 
whole is therefore increased. It is this last connection that 
proves flimsy and the mistaken reasoning that gives rise to it 
can again be avoided by using ‘within-group 7 selection. 
Within-group selection will ensure that the individuals 
with the highest relative fitness within a group contribute 
more of the genetic endowment of subsequent generations. 
But this says nothing at all about whether groups composed 
of these individuals will have higher fitness or not. Selection 
at the level of individuals and selection at the level of groups 
can be independent of one another. Conflicts between dif¬ 
ferent levels of selection are possible. What makes indivi¬ 
duals most adapted to their environment is not necessarily 
what makes groups most adapted. Overall group fitness may 
decline as a consequence of selection at the level of the 
individual. An analog exists at a lower level of the hierarchy. 
Selfish genetic elements, which are selected for within 
individuals, may lower the fitness of the bodies that bear 
them, creating a conflict between different levels over what 
is selectively favored. Nowhere is the possible conflict 
between levels of selection more apparent than in the 
mating arena, a common area of inquiry for animal behavior 
studies. For instance, traits that are favored at the individual 
level in males may reduce group fitness. As we see at all 
adjacent pairs of levels in the hierarchy, selection at one 
level does not give us any information about what selection 
at any other level does. Indeed, one favored mathematical 
approach to multilevel selection, the Price equation, shows 
how the different levels may be partitioned into separate 
terms that are then summed in order to account for the total 
evolutionary change in a population. 

Group-Level Selection 

Group selection is occurring when the replication of 
genes differs because of differences between groups that 
those genes give rise to. This definition permits an under¬ 
standing of group selection in several ways. The failure to 
recognize that group selection can be understood and 
modeled in different ways is likely the source of much 
of the confusion (and controversy) surrounding group 
selection. First, the history of this controversy is discussed 
before delving into a more careful explanation of what 
group selection is (or, what the different notions of group 
selection are). 

History of an Idea 

The proposition that groups may be targets of selection 
goes back to Darwin. In The Descent of Man, and Selection in 
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Relation to Sex , Darwin suggested that groups of humans 
may have experienced differential survival and extinction 
based on their differing morality In the first half of the 
twentieth century, the major authors of the Modern Syn¬ 
thesis, perhaps surprisingly, did not contribute anything 
substantial to a theoretical understanding of group selec¬ 
tion. The one lasting contribution by any of the founders of 
the Modern Synthesis may be Haldane’s quip about giving 
his life to save at least two drowning brothers or eight 
drowning cousins, foreshadowing the later development 
of kin selection in the 1960s. Through the middle part of 
the twentieth century and into the 1960s, the picture of 
group selection that emerged was one of adaptations for 
the good of the species, championed by Wynne-Edwards 
(1962). This picture was challenged convincingly by 
Williams in his 1966 book Adaptation and Natural Selection. 
But his challenge, coupled with Hamilton’s (1963) develop¬ 
ment of kin selection (a seeming alternative to group selec¬ 
tion) in the same decade, may have unintentionally created 
the idea that group selection in any form was a theoretical 
impossibility and therefore of perhaps only minor signifi¬ 
cance in evolutionary history and theory, if at all. In the 
1970s, some theoretical developments rescued the group 
selection baby from the discarded bathwater, so to speak. 
Some of the zeal for kin selection as an alternative to group 
selection gave way to an understanding of their theoretical 
equivalence, beginning with Hamilton’s adoption of Price’s 
(1972) approach to modeling evolution. Additionally in the 
1970s, David Sloan Wilson’s (1975) development of trait 
group selection offered a different formulation of group 
selection, one that was not as restrictive as had been dis¬ 
missed by the critical works of the 1960s. In the 1980s and 
1990s, group selection thinking contributed advances to the 
evolution of individuality, multicellularity, sexual repro¬ 
duction, macroevolutionary theory, and major transitions 
in hereditary organization. Most recently, the problems of 
cooperation and altruism, particularly in humans, have 
reignited an interest in multilevel selection theory. 

Different Senses of Group Selection 

An early, and much derided, vision of group selection 
posited that the design of organisms was that which best 
suited the group. In other words, adaptations - typically, 
behavioral ones - occur because they increase the persis¬ 
tence of the species, buttressing them from extinction. This 
view was championed by Wynne-Edwards (1962), though 
he was not the only author with this viewpoint. This is the 
notion of group selection with perhaps the worst reputation. 
Though it is not theoretically impossible for nature to 
provide a compelling example of this notion of group selec¬ 
tion - and indeed studies of microorganism behaviors may 
hold promise for such group selected adaptations — this 
framework of group selection has received very little empir¬ 
ical support. 


Another take on group selection allows that different 
groups have different probabilities of going extinct (an 
analog of dying) or of duplicating (an analog of reprodu¬ 
cing) and that evolutionary change can be driven by these 
two processes alone. Groups have properties, groups have 
fitness variation (measured in terms of duplication/ 
extinction), and provided the properties of groups are 
heritable, then this may cause changes in the frequencies 
of different types of groups. This take on group selection 
reflects the currently held picture of species selection that 
some macroevolutionary theorists prefer. Notice here that 
the unit of accounting is not the gene but rather the group. 
Species selectionists and other group selectionists who 
adopt this notion keep track of the frequency of differ¬ 
ent kinds of groups rather than the frequency of different 
kinds of genetic information. Under certain restrictive 
assumptions, the two accounting approaches give equiva¬ 
lent predictions. 

Yet another view of group selection requires neither 
that adaptations be for the group’s persistence nor that 
groups show differential likelihoods of replicating. This 
view merely states that there are features of groups that 
contribute to differential reproduction of genetic infor¬ 
mation. If this genetic information is responsible for 
these group features, then the informational content of 
a population can so evolve. In this view of group selec¬ 
tion, the fitness of an allele is partitioned as being due 
to a within-group effect and a between-group effect. 
This second effect may capture differences of group 
productivity or it may simply capture a contextual effect 
of a group level property on individual reproductive 
success. Regardless of what this partition is capturing, 
we can see that it accounts for differential allele replica¬ 
tion as a consequence of both individual- and group- 
level differences. 

What Is Kin Selection? 

Kin selection is best understood by taking a gene’s eye 
view (which, we should be reminded, is not a commitment 
to invoking selection at any particular level), though it is 
most accurately described as a form of group selection. 
Although mathematically it is possible - and even some¬ 
times heuristically invaluable - to make all fitness varia¬ 
tion under kin selection a property of genes or of 
individuals, this obscures the true causal forces that 
bring about gene frequency change under kin selection. 
Kin selection is a way of understanding allele frequency 
change as a consequence of the actions and interactions 
amongst individuals who share alleles by recent common 
descent, that is, kin. As with group selection, it is a conse¬ 
quence of the properties of groups that cause allele fre¬ 
quency change; with kin selection, though, the groups 
have this special genetic structure. 
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Kin selection has been used to explain the evolution of 
cooperation and altruism in animal societies. The evolu¬ 
tion of altruistic traits, which is opposed within groups but 
favored between groups, is facilitated by close kinship 
within groups. The within-group fitness losses that altru¬ 
ists typically experience are partially offset by the fitness 
gains of kin who share the same genetic information. In 
this way, the genes that control behavior can recoup the 
fitness losses of the donors of altruistic actions. Hamilton 
specified a useful rule for altruistic acts such as these that 
determines whether such behaviors are evolutionarily 
favored: rb > c. That is, if the benefits (b) conferred on 
kin, weighted by the relatedness (r) of the donor to the 
recipient, is greater than the cost (c) conferred on the 
donor, then such an action is favored by natural selection 
(this also puts Haldane’s quip on firm theoretical ground). 

Hamilton introduced a method of accounting for kin 
selection called inclusive fitness that assigned all of the 
fitness effects of an allele to the individual bearer of 
that allele. This is why kin selection is often used - 
misleadingly - as an individual-level alternative to 
group selection. A different way of accounting for all of 
the effects of genes is the direct fitness approach, which 
again measures individual fitness variation. This approach 
accounts for all of the social effects on a gene in a focal 
individual rather than on the effects of the gene in a focal 
individual on others. These are two different ways of 
accounting, both using the individual (or the gene) as the 
bearer of the fitness variation, both sometimes employed 
to show that group selection does not actually exist. But 
both are mathematical instruments that cannot tell us 
about the causal influences on evolutionary change. Inclu¬ 
sive fitness and direct fitness lead to correct predictions 
about the direction of evolution under kin selection but 
obscure the true causal story, which in both cases is, at least 
in part, group selection. 

Conclusion 

Rabbits are fast, but proto-rabbits were not all that fast. It 
may be that alleles for speed outcompeted alleles for 
sluggishness at meiosis; this would be a gene-level selec¬ 
tion explanation. It may be that faster individuals left 


more descendants than slow individuals; this would be 
an individual-level selection explanation. Perhaps groups 
with higher speed were fitter than slower groups; this is 
one type of group-level selection explanation. Or speed 
could be an altruistic trait - the benefit of which was 
directed preferentially towards kin; this is a kin-selection 
explanation. The levels of selection offer all of these 
theoretical explanations for the cause of evolutionary 
change in rabbits and elsewhere, as this article has shown. 

See also: Cooperation and Sociality; Evolution: Funda¬ 
mentals; Microevolution and Macroevolution in Behavior; 
Morality and Evolution; Social Selection, Sexual Selec¬ 
tion, and Sexual Conflict. 
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Introduction 

When animals aggregate, they form complex social 
relationships and structures via social interaction. For 
instance, discrete social groups or coalitions may result 
from the association of individuals, providing the basis 
for the evolution of cooperative behavior via kin selec¬ 
tion. Amicable interactions may also allow individuals 
to become familiar with appropriate breeding partners 
and to select from among them. A dominance hierarchy 
is another example of a social relationship that can be 
formed with agonistic interactions among individuals in 
an aggregation. By studying the structure of social rela¬ 
tionships and interactions, we can understand the causes 
and consequences of sociality and the role of interaction 
in shaping the evolution of sociality more thoroughly. 

These relationships and interactions can be described 
by a ‘social network’ that models the entire system and the 
way individuals are interconnected. By providing infor¬ 
mation about individual group members and the entire 
group, as well as direct and indirect interactions, social 
network analysis (SNA) offers an alternative definition of 
animal social groups by visualizing relationships among 
individuals by collecting and mapping relational data that 
are organized into a matrix. Historically used to analyze 
human political connections, food webs, and metabolic 
pathways, the SNA approach has recently undergone a 
phoenix-like transformation as a result of animal behavior 
studies that use software programs to analyze social inter¬ 
action and colony substructure. For animal studies, SNA 
examines social behavior by defining groups of animals as 
collections of individual units that are connected by social 
ties (usually amicable or hostile social interactions). In the 
pages that follow, I summarize the history of the field, 
categorize overarching concepts, identify recent applica¬ 
tions, introduce recent findings, and suggest materials for 
analysis. 

Origin and Development of Social 
Network Theory 

The metaphor of a ‘social network’ has been used for 
over a century to describe complex sets of relationships 
between members of social systems. Precursors of social 
networks were proposed by E. Durkheim and F. Tonnies 
(c. 1890) when they maintained that social groups could 
exist as personal and direct social ties and that social 


phenomena arise when interacting individuals constitute 
a reality that can no longer be accounted for in terms 
of the properties of the individuals. G. Simmel began to 
write about the nature of network size and social interac¬ 
tion, and three schools of thought in network analysis 
followed - analysis of social interaction in small groups 
such as classrooms and work groups, interpersonal rela¬ 
tions in the workplace, and systematic study of networks 
(c. 1930). 

In the 1950s and 1960s, SNx4 developed further in Britain 
following E. Bott’s kinship studies and the community 
network research of M. Gluckman and J. C. Mitchell. 
S. Milgram then provided evidence of a human social 
network by stating that any two people in a portion of the 
US population could be connected via six acquaintances. 
The subsequent work of S. Borgatti, K. Faust, S. Freeman 
and L. Freeman, and S. Wasserman, among others, expanded 
the use of social networks and initiated the availability of 
SNA to animal behaviorists. 

Public interest in SNA studies, including those involv¬ 
ing animals, is now widespread with the advent of human 
social networking tools such as the Internet (e.g., MySpace, 
Facebook), and unintentional applications to popular cul¬ 
ture such as the Kevin Bacon game (where college students 
in Pennsylvania connected Bacon to other Hollywood 
colleagues via common film appearances with the same 
degrees of separation as the Milgram study). The public is 
also interested in recent findings suggesting that animals 
form social structures and interact in a similar way to 
humans. 

Concepts and Techniques 

Individual Measures 

SNA examines behaviors by defining animal social groups 
as collections of individual units connected by social ties 
(also known as 'edges). SNA describes the position of a 
particular individual in a group, called a node (or vertex) 
and the effect that individual has on others. The number 
of direct ties that a focal individual has to other indivi¬ 
duals is its node degree , and the ties are shown on a socio¬ 
matrix, which is translated into a network. For affiliative 
networks, direct ties are usually the result of amicable 
social interaction between individuals (e.g., copulation, 
anal sniffing), and individuals with high degree have 
many ‘friends.’ For agonistic networks, direct ties are the 
result of hostile interactions (e.g., territorial displays, 
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Figure 1 Representation of two theoretical networks, which 
could be affiliative or agonistic, visualized from sociomatrices 
M and N. The networks X and Y contain four and seven nodes, 
respectively (represented by circles labeled with letters), as well 
as 3 and 6 ties, respectively (represented with solid black lines 
labeled with numbers). In network X, node A has a degree of 3 
because it has ties with nodes B, C, and D. This is in contrast to 
node A in network Y, which has a degree of 6 because it has ties 
with nodes B, C, D, E, F, and G. 



Y 




Figure 2 Representation of three networks. The first is 
unweighted and undirected, and all members have a degree of 2. 
The second is a directed network, with node D having an 
outdegree of 2, for example, because of the 2 ties emanating 
from D to other nodes. Node A has an outdegree of 1 because of 
1 tie emanating from A to another node, and an indegree of 1 
because of 1 tie emanating from another node to node A. Since 
the local component of sociometric net status equals difference 
between indegree and outdegree, D has a net status of 2 and 
A has a net status of 1. The final network is a weighted network, 
with the strength of the connections (e.g., number of social 
interactions, number of times sighted together) denoted by a 
numerical value. 


fighting), and individuals with high degree have many 
‘enemies’ (Figure 1). Animals with a high degree obtain 
both the benefits and costs of being socially connected. 
For example, ground squirrels with a high degree have a 
better selection of copulatory partners but are probably 
more likely to transmit infectious diseases. Likewise, in an 
agonistic network such as a primate aggregation, a high- 
degree individual may be more likely to form coalitions, 
but will suffer more injuries as the result of increased 
aggression with other individuals. 

Networks may be directed or nondirected. In degree reflects 
the number of relationships in which an individual is the 
receptor of the relationship; outdegree is the number of ties 
originating from an animal. The difference between inde¬ 
gree and outdegree, which can be a positive or negative 
number, is the local component of sociometric net status 
(Figure 2). For affiliative and agonistic networks, these 
measures can have different implications. In ground 
squirrels, a male in an agonistic network with high out¬ 
degree likely initiates hostile interactions in a particular 
area in an attempt to defend it as a territory, and a low- 
outdegree male may not defend territory. In an affiliative 
network, a male ground squirrel with high outdegree is 
probably a dominant individual in an area and looks for 
opportunities to mate, and a low-outdegree individual 
may be nonreproductive. 

Networks may also be weighted or unweighted. A 
weighted network that reflects the strength of the rela¬ 
tionships through the number of ties can be constructed, 
but usually networks are nonweighted and reflect a direct 
tie if the individuals involved interacted more than would 
be expected from random interactions. Models for ran¬ 
dom ties are usually simulated with computer software 
(see below; Figure 2). 



Figure 3 Partial social network of Columbian ground squirrels 
in Alberta, Canada from a study by Manno (2008). Individual 
squirrels, or nodes, are represented by circles and squares and 
vary in degree from 0 to 4. Ties or edges are represented by solid 
black lines. The central node with degree 4 is shaded black, and 
also has the highest betweenness. The shortest path between 
the square nodes, illustrated by the dotted lines, takes four steps. 

Centrality defines the structural importance of an indi¬ 
vidual in a group. Betweenness centrality is the number of 
shortest paths between every other pair of animals in the 
network on which a focal animal lies (Figure 3). Between¬ 
ness therefore indicates how important an animal is as a 
point of social connection. Thus, animal behaviorists 
using SNA often simulate removal of individuals with 
high betweenness centrality (called ‘targeted removals’) 
to test for resiliency of the network if it were to come under 
attack from some outside force that removed such indivi¬ 
duals. The most notable natural examples of targeted 
removal are selective predation and trophy hunting, 
since these phenomena typically affect males in the act 
of breeding, and reproductive males often have high 
betweenness centrality because of their search for copu¬ 
latory partners. A network that is resilient does not split 
during targeted removals of individuals and is therefore 
more likely to retain the social activity patterns in place 
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Figure 4 Comparison of the degree distributions produced by 
models of network formation shown on a log-log plot. Poisson, or 
random, networks have degree distributions characterized by a 
modal degree. Scale-free networks have preferential attachment 
which produces a power-law degree distribution that is linear. 

after such a disaster than a network that is not resilient. 
The same analysis can be run by removing random indi¬ 
viduals, to simulate natural phenomena that eliminate 
random individuals from a network (e.g., plague, infec¬ 
tious disease, random shooting by humans). 

Animal networks have typically been found to possess 
a few individuals with high betweenness centrality, with 
most individuals having low betweenness centrality. Thus, 
for animals with affdiative social interactions such as 
whales, dolphins, and primates, it is usually only a few 
individuals that have a large role in the overall cohesion of 
the network and that dictate the resiliency of the network. 
Such networks are called L scale-free networks, because 
when centrality and frequency of individuals with differ¬ 
ent levels of centrality are plotted on a log-log graph, a 
straight line with a power-law exponent fits the plotted 
points well. This is as opposed to a random network, 
where the graph will show a Poisson (curved) distribution 
of plotted points, and most individuals would have a more 
or less equal betweenness centrality and an equal role in 
the overall cohesion of the network (Figure 4). 


Intermediate Measures 

For animals such as prairie dogs, primates, and pikas, 
social groups or substructures within an aggregation 
may exhibit genetic or behavioral properties that facilitate 
the evolution of cooperation and group cohesion. The 
substructures may have different levels of exclusivity 
among members or different flexibility in the defense of 
a territory over time. These subgroups can be detected 
because SNA integrates measures that reflect the distribu¬ 
tion of direct ties (amicable interactions) between animals 
and describe relationships beyond a single individual. 
Cliquishness describes to what extent the network is divided 
into cohesive subgroups (i.e., sets of nodes where each node 



Figure 5 Two 8-node networks. The first has two distinct 
subgroups or cliques as told by an algorithm or a high clustering 
coefficient. The second has no distinct subgroups and low 
cliquishness and clustering. 

is directly tied to each other). The amount of clustering in 
an aggregation of animals is determined by a coefficient that 
quantifies the density of relationships among a focal animal’s 
neighbors (i.e., the number of existing ties between neigh¬ 
bors divided by the maximal possible number of such ties). 
These measures can be compared with a predetermined 
number of random networks to determine whether a net¬ 
work is cliquish. Algorithms such as those proposed by 
Girvan and Newman can also be used to detect subgroups 
of connections within a network (Figure 5). 

Group Measures 

To describe aspects of overall or global network structure, 
SNA employs several measures. Diameter is the basic 
measure of connectivity in a network and is the longest 
path length in the network (n diameter means that no 
two individuals are more than n steps away from each 
other). The average of all path lengths between individuals 
(previously mentioned) also yields a general idea of a 
network’s overall connectivity. Phenomena such as disease 
transmission and information transfer would become slower 
with a high number of paths than with a low number. 
Diameter was used by Milgram to show ‘degrees of sepa¬ 
ration’ between people and illustrate the ‘small world 
phenomenon,’ where random humans have a relatively 
small number of degrees of separation between them. 

Cohesion is a more sophisticated way of measuring con¬ 
nectivity. One measure of cohesion is density, which is the 
number of ties present divided by the number of possible 
ties in the network (generally only calculated for 
unweighted networks). A group with higher density has 
more ties per individual than a group with lower density 
and therefore is theoretically more cohesive, and less 
likely to split up during targeted and random attacks. 
The idea of transitivity holds that if X has a relationship 
with Y, and Y has a relationship with Z, then X has a 
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relationship with Z as well. Along these lines, reciprocity 
reflects how many of the relationships in a network are 
mutual, thus yielding an idea of how well balanced con¬ 
nections in the network are. 

Technology 

Computer software is the most popular visualization tool 
for animal behaviorists using SNA. UCINET, Netminer, 
and JUNG are convenient programs for calculating 
SNA measures and simulating random networks for com¬ 
parisons with visualized networks. GUESS, Ora, Pajek, 
Netminer, and InFlow are programs typically used for 
business applications but can also be used by animal 
behaviorists. For Linux users, SocNetV is an available 
open source package. Data are usually entered in an 
Excel database as a sociomatrix, with all of the individuals 
in a group listed on the outside of rows and columns of the 
matrix, and the connections (weighted or unweighted) 
between individuals on the inside. While Excel is suffi¬ 
cient for taking and entering sociomatrix data, Onasur- 
veys.com and Network Genie are also excellent tools for 
social network survey data collection and are adaptable 
for animal behavior investigations. 

Recent Applications to Animal Societies 

Although only recently applied to animal societies, SNA 
has helped to make breakthroughs in understanding the 
general principles that govern social life in simpler socie¬ 
ties and that have extensions to our own social evolution. 
The scale-free pattern, for instance, is applicable to 
human societies and many other human-influenced enti¬ 
ties such as the internet, molecular pathways, and terrorist 
networks. Research on animals, however, has already 
yielded several examples of scale-free networks, such as 
individuals in bottle-nosed dolphin social groups, ground 
squirrel colonies, freetail bat tree-roosting systems, killer 
whale aggregations, and primate societies. 

Thus, further research has shown a tendency for socie¬ 
ties to possess individuals with differential influences on 
the cohesion of the network. This idea has been further 
supported by resiliency analyses, where scientists use 
simulated or experimental removals of individuals that 
resemble genetic knockouts used to identify gene func¬ 
tion. Results from a resiliency analysis of macaque 
network structure indicated that key individuals had dis¬ 
proportionately large effects on network stability and the 
connectivity of individuals. However, dolphin groups that 
have shown the ‘scale-free’ pattern are actually resilient 
to the removal of those individuals most important to 
the group’s cohesion, as the network stays intact despite 
the removal of those key individuals. 


Milgram’s ‘small-world phenomenon,’ started by his 
finding that any two random individuals in a portion of 
the US population can be connected by six handshakes, 
has also been found in the dolphin networks. The net¬ 
works have a combination of highly clustered subgroups 
and a short average path length. This pattern is similar to 
that of human societies and probably encourages commu¬ 
nication and information transfer. 

More complex social structures and dyadic interac¬ 
tions have been described in animal societies, using social 
network theory. The primary example comes from guppies 
and sticklebacks, two groupings of animals with small- 
world qualities and social cliquishness where the network 
structure predicted patterns of cooperation. By visualizing 
a social network, these organisms were found to be homo- 
philic in that similar-sized individuals engaged in repeated 
dyadic interactions that satisfy prerequisites for the evolu¬ 
tion of reciprocity and cooperation. Individuals of the same 
sex and age also associated. In human and some animal 
societies, individuals are also known to associate according 
to degree (i.e., individuals with many ‘friends’ associate 
with others that have many ‘friends’), although with ani¬ 
mals such as dolphins, this is not always the case. 

Most recently, social networks have been used to 
explore mating systems. When applied to ground squirrels, 
for instance, SNA revealed a social structure where females 
were clustered around the male with which they have 
mated, and showed that males interact with females more 
directly before they are estrous. The evolution of the 
relationship between multiple males in lekking mating 
systems has also been explored using SNA to determine 
male and female social interactions during breeding, most 
notably in manakins. 

Avenues for Future Research 

While network theory has been used effectively to describe 
social interaction between animals, the fitness conse¬ 
quences of these social relationships are not well known. 
Animals with high betweenness, for instance, or many con¬ 
nections with other individuals, might have increased fit¬ 
ness because of these qualities. On the other hand, the same 
animals might suffer from increased exposure to pathogens 
or be at the forefront of a disease epidemic because of their 
socially central position. By using SNA to study social 
interactions, biologists are becoming more aware of fitness 
tradeoffs and why animals live in social groups. 

Further information regarding the different social 
‘roles’ of group members is another avenue that is certain 
to be explored during future research. In light of debates 
on how ‘sociality,’ ‘social complexity,’ or a ‘social group,’ 
can be defined, a network approach may provide a way to 
describe these terms and to standardize definitions across 
varied taxa in the future. The measures may provide 
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different ways to define social roles, although issues such 
as controlling for group size will need to be resolved. 
Although some algorithms have proved useful in deci¬ 
phering social divisions, the facilitation of interspecific 
and intraspecific comparisons of social groups is an area 
that has been largely unexplored thus far. 

By the same token, the future visualization of animal 
social networks from varied taxa is helping biologists 
begin to understand the characteristics that are crucial 
for social group persistence, structure, or the fitness of 
individuals within the group. For instance, there are prob¬ 
ably reasons why some groups are more cohesive or 
persist longer, and if these groups have individuals with 
higher fitness, it might suggest a consequence on which 
natural selection would act to favor social behavior. Per¬ 
haps future researchers will use SNA to model social 
group stability and cohesion, or obtain field data that 
can be visualized with SNA. 

Because SNA has already been used to study human 
disease networks, understanding the mechanisms of dis¬ 
ease transmission continues as another focus of network 
applications in the future. Besides tracing the original 
source of a disease (e.g., ‘patient zero’), diseases have a 
variety of modes of transmission and their spread may 
depend largely on how a network is structured. Identifying 
socially central animals will suggest which groups members 
are most influential in disease transfer and describe the 
degree to which pathogen transmission depends on social 
relationships. 


Limitations of Analysis 

SNA is an excellent tool for discovering relationships 
between animals at a given point in time and with specific 
reference to the type of ties (e.g., amicable or hostile social 
interactions) selected by the investigator. Although rela¬ 
tionships are generally included in a sociomatrix only if 
they exceed those that would occur in a simulated null 
model, schools of thought vary on the issue. Investigators 
must therefore decide which SNA measures and methods 
of relationship inclusion are appropriate for their ques¬ 
tions, with the understanding that including too few indi¬ 
viduals will give a truncated picture of the network and 
too many may result in a highly fragmented network. 
Since networks are snapshots of relationships at a par¬ 
ticular point in time, it is also a challenge to model 
dynamic processes such as transmission with SNA, and 
inferences must therefore be made over long periods 
of time or permutation methods must be used. Along 
these lines, network analysis assumes that relationships 
are relatively stable over time, which must be understood 
when interpreting network visualizations. While social 
networks and spatial networks may be similar, SNA does 


not consider space constraints on network structure, 
which limits the ways that animals can construct their 
social networks. 


Professional Associations and Journals 

Animal behaviorists can join the International Network 
for Social Network Analysis, which is the professional 
association of SNA. Started in 1977 by sociologist 
B. Wellman (University of Toronto), it has more than 
1200 members and is now headed by G. Barnett (Univer¬ 
sity of Buffalo). Netwiki is a scientific wiki devoted to 
SNA that uses tools from subjects such as graph theory, 
statistical mechanics, and dynamical systems to study 
real-world networks in the social sciences, technology, 
and biology. Several journals are devoted completely to 
network analysis and sometimes publish articles regarding 
animal behavior: Social Networks, Connections, the Jour¬ 
nal of Social Structure, and the Network Science Report. 
Mainstream journals such as Animal Behavior, American 
Naturalist, Proceedings of the Royal Society Series B, and 
Proceedings of the National Academy of Science also 
have published many studies involving SNA and animal 
behavior recently. 

See also: Consensus Decisions; Disease Transmission 
and Networks; Group Movement; Nest Site Choice in 
Social Insects. 
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Introduction 

Life histories are schedules of growing, surviving, and 
reproducing. Organisms differ radically in life histories. 
For example, blue whales can weigh 160 000 kg as adults; 
they take a long time to grow to adult size then tend to 
produce one calf every few years. At the other end of 
reproductive scheduling among mammals, in the mouse¬ 
like marsupial Antechinus stuartii , males go into a frenzy of 
breeding activity as they approach 1 year old. During this 
frenzy, their immune systems shut down, their fur starts to 
fall out, and then they die. Females forge on for some 
months as single mothers, and then most of them die. 

In describing life histories, we recognize juvenile and 
reproductive phases. The juvenile phase includes all growth 
and development prior to reproduction. The juvenile phase 
is described by size at birth, growth pattern, and age and size 
at maturity. The reproductive phase starts at first reproduc¬ 
tion and includes the distribution of all periods of poten¬ 
tial reproduction thereafter. The reproductive phase is 
described by age and size-specific reproductive invest¬ 
ments, the number and size of offspring, mortality sche¬ 
dules, and length of life. A few animals, including humans, 
live substantial periods after reproduction has ceased. Over¬ 
all, we can describe life histories by the age and size at 
maturity and by survival and fecundity as functions of age. 

Life histories are built around tradeoffs, and thus tra¬ 
deoffs are the key to understanding the diversity in life 
histories. Tradeoffs occur when two good things are not 
completely compatible. Tradeoffs exist between all the 
major components of life histories: growing, surviving, 
and reproducing. Growing, surviving, and reproducing 
cannot be maximized simultaneously. In this article, 
I concentrate on how antipredator behavior interacts 
with life histories. Tradeoffs with survival often involve 
predators: behaviors that lead animals to encounter more 
food or more mates often also lead them to encounter 
more predators. Tadpoles, for example, need to move to 
find food, yet moving brings them within the range of 
dragonfly larvae and other predators. 

Tradeoffs between growing, surviving, and reproducing 
mean that organisms will be selected to ‘invest’ in different 
mixes of these three things at different times. In life his¬ 
tories, the basic measure to maximize is the expected 
reproductive value, b-\- SV, where bis current reproduction, 
S is survival until the following breeding season, and V is 
the expected reproductive value for an animal that does 
survive to the next breeding season. Reproductive value 


weights the contributions of individuals of different ages to 
future populations. Reproductive value often increases as 
individuals grow and survive through the juvenile period, 
and frequently decreases among adults as they age. As 
formulated here, the expected reproductive value for a 
newborn is its expected lifetime reproductive success - 
the average number of descendants produced by this life 
history. For stable populations of sexually reproducing 
organisms, we expect this to be two - enough to replace 
the parents. Therefore, the interesting part is not the total 
expected lifetime reproductive success but how survival 
and reproduction at different ages contribute to this total. 

During the nonbreeding season, current reproduction 
(b) equals zero, so the expected fitness is SV. survival to 
the next breeding season times the reproductive value 
expected if our animal survives this long. Activities during 
the nonbreeding season can serve to increase either S or V 
For example, some foraging is needed to avoid starvation. 
Foraging more than this may contribute to growth or 
energy reserves that allow greater reproduction in the 
future. In this life history perspective, the costs of predation 
are proportional to the potential benefits. Being killed by a 
predator lowers the expected fitness to zero. Therefore, the 
cost of being killed is the reproductive success a forager 
could have had if it had survived. This linkage means that 
we cannot ask how much risk a forager should take on to 
produce one additional offspring without knowing how 
many offspring it would produce without taking the addi¬ 
tional risk. For example, a forager that would otherwise 
expect to produce one offspring might risk a lot to produce 
a second, while a forager that would otherwise expect to 
produce three offspring should risk less to produce a 
fourth, and a forager that would otherwise expect to pro¬ 
duce a dozen should risk little to produce a thirteenth. This 
linkage of costs and benefits sets up an automatic state- 
dependence: the potential losses from being killed increase 
with previous success in acquiring resources, so the relative 
value of further resources is likely to be lower. Even if 
the fitness gains of resource acquisition are constant, the 
costs will increase since the expected reproductive value 
increases, and that entire value would be lost in death. 

Predation and Growth Rate (Resource 
Acquisition Rate and Something Else) 

Faster growth can lead to lower survival in several differ¬ 
ent ways. First, organisms do dangerous things during 
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growth. For example, salmon with genetically engineered 
growth promoters forage intensely even when predators 
are around. If these fish escaped into habitats with pre¬ 
dators, they would have low survival rates. Thus, faster 
growth can lead to decreased survival because it requires 
more intensive foraging and less intensive antipredator 
behavior. A tradeoff between growth and survival can 
also happen for reasons beyond antipredator behavior. 
For example, Atlantic silverside (fish) that grow more 
quickly also die more rapidly - even with no predators 
involved. The physiology involved here is not obvious in 
animals but somehow tissues rapidly thrown together 
tend to be shoddy constructions that are not built to last. 
With trees we can actually see and feel the difference 
between rapidly and slowly grown wood. The tradeoff 
between growth and survival is important in understand¬ 
ing the great diversity of trees in tropical forests. Seed¬ 
lings of some tree species grow quickly if exposed to 
sunlight, while seedlings of other species can survive 
very well when shaded by a canopy. Data show that no 
species do well in both environments. While sun-adapted 
trees grow more quickly in both sun and shade, they are 
more likely to die in the shade - a tradeoff between 
growth and mortality. Shade-adapted trees produce 
dense, tightly grained wood that is often highly coveted 
as lumber (and harvested at rates faster than these slow- 
growing trees can sustain). 

Reproduction and Growth 

Animals face a tradeoff between reproduction and growth. 
Obviously, the energy used for reproduction cannot be 
used for growth. Reproduction might also require beha¬ 
viors that limit energy intake. We are most familiar with 
animals that finish growth before starting reproduction. 
Here longer growth leads to later reproduction. This is true 
for many kinds of plants, lizards, and fish. Other organisms, 
including turtles, crocodiles, and elephants, have the 
potential to grow throughout their lives. Such indefinite 
growth makes it easier to study the tradeoff because more 
potential combinations of growth and reproduction can 
be observed. Blue-headed wrasse are coral reef fish that 
grow indefinitely. By comparing across reefs, we see that 
wrasse that reproduce more grow less. Different guppy 
populations from Trinidad that allocate more energy to 
reproduction grow less quickly, even when kept in the 
laboratory under standardized conditions. Guppies from 
low-predation sites mature later and allocate less of their 
energy to reproduction after they mature. 

How do predators affect the tradeoff between repro¬ 
duction and growth? Within the formulation b-\-SV, 
growth can increase V, the capacity for future reproduc¬ 
tion. Theoretically, reproduction should be delayed only 
if the reproduction foregone (lower b) is more than made 


up by future reproduction, discounted by survival in the 
meanwhile (greater SV). As we shall see, predation risk 
can alter the age at first reproduction. This effect, how¬ 
ever, is more likely due to how predators affect survival 
than due to how they affect reproductive capacity. There¬ 
fore, we will examine the effect later after discussing 
survival. 

Total Reproductive Effort Limits Survival 

Reproduction often involves potentially risky activities. 
Finding a mate often requires searching for a mate, per¬ 
haps through unfamiliar territory, or advertising for one to 
come. Male black-tailed prairie dogs suffer mortality 
when moving between burrows of different females. The 
same sorts of activities that advertise to potential mates 
could attract the attention of predators. Animals may act 
to establish ‘private’ channels of communication for mat¬ 
ing that predators cannot detect, to the extent that they 
can. For example, male guppies court by showing off their 
spotted sides in the light of streams. Guppies look differ¬ 
ent in areas with different sorts of predators. Those with 
few predators (including domesticated strains) tend to be 
colorful. Where fish predators regularly prey on adults, 
males have little red spots among a pattern that generally 
blends in with the gravel substrate. Where the major 
predators are prawns, which do not see red but see black 
patterns, the red spots are well developed but not edged in 
black. Thus, male guppies are showy in ways less notice¬ 
able to their predators. Furthermore, guppies court at 
dawn and dusk when their signals are far less likely to 
be seen by predators, even though somewhat less likely 
to be seen by potential mates. Thus, guppies act to mini¬ 
mize the tradeoff between showing off and being seen by 
their predators. At high-predation sites, males also display 
less and harass females more. Thus, predators increase 
conflict between the sexes for guppies. 

Reproduction itself may involve vulnerable states. 
Pregnant animals, whether garter snakes or humans, are 
less mobile than usual and would have greater trouble in 
evading predators. Predation on a pregnant animal elim¬ 
inates both current and future reproduction, so we might 
expect it to be especially selected against. Birds do not get 
pregnant but starlings escape slowly when carrying eggs. 
Seahorse males carry young in a pouch and giant water- 
bugs carry their young on their backs. Such males under¬ 
taking greater care might be more vulnerable to predators. 
If pregnancy leads to steeply increasing predation risk, we 
might expect animals to give birth to a succession of small 
broods, rather than a few larger ones. I know of no direct 
evidence of this, but it matches what guppies do under 
moderate risk of predation. Nest predation favors multi¬ 
ple attempts at small broods, since the whole brood is 
often lost when nest predators find it. 
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Greater current reproduction often decreases survival 
to breed again. For example, Nazca boobies that raise two 
chicks are less likely to survive the next year than those 
that raise one chick. To understand this, we have to 
consider how size and condition affect survival. I will 
highlight the potential effects of predators, though disease 
could act similarly. Reproduction may leave a parent 
depleted and needing to take risks to restore their condi¬ 
tion. The question is what is depleted and what time and 
activities are needed to restore this. Zebra finches deplete 
their wing muscles when laying large clutches. They 
escape more slowly while depleted but can restore the 
muscles from their diet. Parents may also deplete their 
body calcium or energetic stores. Restoration of calcium 
depends on diet and local environment and is more diffi¬ 
cult in environments that have suffered from acid rain. 

Reproduction may also limit survival by preventing 
parents from performing other functions. For example, 
willow tits in Sweden that raise large late broods have to 
molt more quickly and less effectively. A rushed molt 
gives them a less insulating set of feathers for the upcom¬ 
ing winter, and their chances of surviving the winter are 
reduced. Some may starve but likely many more are killed 
by predators while trying to find the extra food they need 
to survive. 

Now we revisit how predators affect the balance 
between current and future reproduction. How predators 
affect this balance depends on who is more vulnerable to 
the predators. Where large individuals are safest, preda¬ 
tors select for individuals that grow to safety. Where big 
adults are still at risk, predation will tend to select for 
early reproduction. Across guppy populations, with high 
adult predation, adults start reproducing at young ages 
and continue at high rates from then on. Here small adults 
produce large clutches of small offspring. With moder¬ 
ate predation on juveniles, larger adults produce larger 
embryos at lower rates. With low predation risk at all ages, 
big adults produce big embryos on short intervals. Data 
show that high-predation sites are more dangerous for 
all sizes and ages of guppies. Surprisingly, guppies have 
similar survival to maturity at high- and low-predation 
sites - they just grow faster and mature at smaller sizes 
at high-predation sites. High growth rates are possible 
because high-predation sites support lower population 
densities and more food per guppy. In summary, predators 
affect reproduction in guppies as predicted from theory, 
and predators also indirectly affect feeding conditions in a 
way that was not originally predicted. 

Fishing by humans often targets the largest adults. 
Nets capture everything too big to slip out through the 
mesh. Angling regulations generally mandate that fish 
under a size limit must be released. In these ways, fishing 
has often selected for reproduction at small sizes. This life 
history response selects for smaller size at maturity and 
smaller fishing catches. Where large fish would be able to 


produce many more offspring, it may have also reduced 
recruitment of young into the population. Alternative 
fishing strategies could harness life history responses to 
produce more large adults. These include allowing fishing 
only outside a network of reserves and setting a maximum 
size limit (in addition to a minimum). The second strategy 
is most feasible for lobsters and other fisheries where each 
individual caught can be measured. 

Parental Care to Reduce Offspring 
Mortality 

Parental care is one way that behavior affects current 
reproduction and adult survival. Adults are predicted to 
take on less risk when they can expect greater future 
reproduction, and take on more when it affects offspring 
prospects more. 

The location where young spend the early part of their 
lives interacts with the number and kind of offspring that 
they have. Mammals such as rodents that leave their 
young protected in nests produce large litters of small 
newborns. Mammals that give birth in the open on land or 
at sea tend to produce small numbers of large young. 
Mammals such as primates that carry their young produce 
litters of one or a few offspring. Birds that nest in cavities 
have larger clutches than birds that nest in open nests, and 
also have offspring that develop at slower rates. 

When parents leave offspring alone somewhere, they 
may return to care at times and in ways that avoid drawing 
predators to the young. The number of offspring that 
parents can raise may be limited by the amount of care 
they can safely provide, and not by the amount of care they 
can potentially provide. Thus, parents could feed larger 
broods, but the foraging trips needed to do so would likely 
attract the attention of nest predators. This topic has been 
most discussed in considering the number of eggs laid by 
birds. In particular, many tropical birds lay clutches of one 
or two eggs and are very likely to lose them to snakes, 
monkeys, and other nest predators. Compared to temperate 
birds, parents make very few and secretive visits. Some 
tropical birds are well known as adults yet their nests 
have never been observed. By contrast, the nests of some 
seabirds have long been observed while the lives of adults at 
sea are just starting to be known in any detail. 

Parental care may also be dangerous for adults and the 
timing of the care may depend on the balance of threats 
to adults and to young. White-breasted nuthatches have 
larger clutches and lower survival than (smaller) red¬ 
breasted nuthatches. White-breasted nuthatches delay 
returning to the nest more in response to a nest predator 
and less in response to an adult predator. In these ways, 
white-breasted nuthatches value current reproduction 
more and future reproduction less than do red-breasted 
nuthatches. 
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Parents also act to deter predators. Nest defense may 
force adults to risk themselves (and future reproduction) 
to preserve current reproduction. Nest defense often 
increases with brood age. Younger offspring will need 
more feeding and perhaps more risky defense before 
becoming independent. When adults have a lower sur¬ 
vival rate even if they do not defend, they have less to lose 
by defending. 

Offspring may continue to rely on parental protection 
and nourishment for some time. In humans, this may last 
for decades. Thus, human females stop having babies at 
menopause, but may well provide parental care long 
afterwards. Parental care over an extended period means 
that the tradeoff between the number and survival of 
offspring is likely not to be a one-time allocation decision. 
Instead, parents may opt for fewer, safer offspring at 
various points, even if these are not demonstrably better 
offspring. The effects of parental care are most clearly 
defined by examining survival to independence and the 
condition of offspring at independence, but independence 
is not always simple to identify. A mother red squirrel in 
Canada can leave her territory, including its nest and food 
stores, to one offspring while she and other surviving 
offspring go to live elsewhere for the winter. Indepen¬ 
dence is far less clear for an offspring inheriting a territory 
than for one searching for a new one. Where animals live 
in multigenerational groups, such as hyenas and baboons, 
parents may invest in their mature offspring for years. 
With multigenerational groups, it may be more important 
to examine how adults and grown offspring are interdepen¬ 
dent than to try to define a time when offspring become 
independent. Multigenerational fitness effects are likely 
needed to explain how humans and some other animals 
came to have substantial postreproductive periods in their 
life histories. Menopause may be explained as a foregoing 
of future reproduction to ensure that current offspring 
reach maturity, and perhaps to help with the grandchildren 
as well. 

Predation Risk and Rate of Aging 
(Discounting of Later Reproduction) 

Aging or senescence is a late life decline in an individual’s 
fertility or probability of survival. This is measured on a 
per time period basis, so that a human is more likely to die 
between ages 60 and 61 than between 30 and 31 (and also 
less able to reproduce). Although aging is individually 
unavoidable, a great deal of research, often conducted 
with fruit flies and C. elegans nematodes, shows that we 
can select for longer-living animals. It is important to note 
that C. elegans and fruit flies are selected to be short lived 
in their natural environments. Even though we can artifi¬ 
cially select for long-lived flies and ‘worms,’ these strains, 
when returned to their natural habitats, are outcompeted 


by wild-type individuals in exploiting patchy and ephem¬ 
eral resources. 

Organisms differ greatly in their rate of aging. Rates of 
aging best correlate with rates of extrinsic mortality. Extrin¬ 
sic mortality is mortality that an organism would suffer 
even if it did not reproduce. Organisms with low extrinsic 
mortality age slowly. While such organisms may be big, this 
is secondary to extrinsic mortality. Long-lived organisms 
have low extrinsic mortality for different reasons - tortoises 
are safe in their shells while parrots are safe in their watchful 
flocks - but are united in living safe lives as adults in the 
wild. Thus, animals age quickly if they have a low probabil¬ 
ity of surviving even under the best circumstances. Extrinsic 
mortality, however, is not something we simply observe. 
Actual mortality is also affected by intrinsic mortality 
that changes with allocations among reproduction, mainte¬ 
nance, and defensive structures. Aging seems to be due to 
unrepaired damage and organisms differ both in their rates 
of damage and their rates of repairing damage. 

The force of selection against aging depends on sur¬ 
vival to that age multiplied by the residual reproductive 
value for individuals of that age - that is the number of 
offspring they can expect to have in the future. Because 
mortality is a one-way street, the fraction of individuals 
living cannot increase with age. The residual reproductive 
value, however, can increase if older females are better at 
reproducing than are younger ones. If residual reproduc¬ 
tive value increases enough to offset loss to mortality, we 
might expect antiaging. As turtles grow, they become more 
fecund and more safe. By standard measures of fertility 
and survival, they show the opposite of aging. Why turtles 
start to reproduce early is less obvious, since this repro¬ 
duction limits their growth. Perhaps waiting longer 
increases the risk that they will not reproduce at all. 

We can examine how predators affect aging by com¬ 
paring high- and low-predation sites. Off the coast of 
South Carolina, opossums on Sapelo Island have lived 
for thousands of years without their usual suite of mam¬ 
malian predators. These opossums often live into their 
second year and age less quickly from the first year to the 
second. Even their collagen fibers stay flexible longer than 
those of opossums on the mainland. 

In guppies, females from low-predation sites live lon¬ 
ger in the field. In the lab without predators, however, 
they actually live shorter lives despite starting reproduc¬ 
tion later. Although predators clearly eat guppies and 
shape their life histories, their effects on guppy aging 
differ for different aspects of performance. In the labora¬ 
tory, reproductive output slows less quickly with age in 
fish from high-predation sites. On the other hand, fast 
start performance, the ability to suddenly swim away, 
is better in young guppies from high-predation sites, but 
old guppies from all sites are similarly slow. By definition, 
guppies from high-predation sites age more rapidly in 
swimming performance. Thus, this example shows that 
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aging is not necessarily a unified phenomenon, and pre¬ 
dators may select on aging differently for different traits. 

Value of Experiments and Selection 
Studies in Studying Life Histories 

Life histories contain a cycle of related events and are 
potentially influenced by many factors. Experiments are 
enormously helpful in understanding causal relationships 
in life histories. For example, I have discussed high- and low- 
predation guppy sites. These sites, however, differ in many 
ways besides predators. Low-predation sites also have lower 
parasite diversity and resistance, plus lower overall genetic 
diversity. Low-predation sites generally occur upstream in 
drainages where temperatures are lower and productivity is 
lower. We can be confident that predation causes differences 
between guppies at these sites because guppies and their 
predators have been experimentally moved between sites, 
and compared with experimental studies of selection in the 
laboratory. In experiments, changing just the predators at 
the site results in large and rapid changes in life histories 
that parallel the differences between the different highl¬ 
and low-predation sites in nature. 

Where experiments are not feasible, we can take 
advantage of situations resembling experiments. We 
know most about the effects of predators on life histories 
from islands and northern lakes where predators may 
naturally be missing. Life histories without predators 
are generally very different from those with a potent 
predator or two. At large scales, we can take advantage of 
changes in predator number that have occurred for other 


reasons. Humans have introduced predatory fish to many 
formerly fishless lakes and removed large carnivores from 
many areas of the world within historical times. As pre¬ 
dators recolonize or are reintroduced to some areas, we 
can examine changes in life histories of prey. The reintro¬ 
duction of wolves to Yellowstone National Park has led 
to major changes not only for their primary prey, elk, but 
also for coyotes, pronghorn, and riparian woodlands. Here 
shifts in foraging behavior by elk profoundly affect the 
ecology of the ecosystem. 

See also: Conservation and Anti-Predator Behavior; 
Reproductive Success; Risk-Taking in Self-Defense; 
Trade-Offs in Anti-Predator Behavior. 
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What Are Locusts and What Are Not? 

Locusts (from the Latin ‘locus ustus = ‘burnt place’) are 
short-horned grasshoppers (Orthoptera: Acrididae), distin¬ 
guished by their density-dependent behavioral, physiologi¬ 
cal, and phenotypic polymorphism. Under low population 
densities, locusts exist in the so-called ‘solitarious phase.’ 
Solitarious nymphs are characterized by camouflage color¬ 
ation, infrequent social interactions, and sedentary behavior. 
When crowded, locusts develop into the ‘gregarious phase’ 
with nymphs often strikingly colored in dark brown or black 
with contrasting yellow, orange, or red. The gregarious 
nymphs form cohesive groups or ‘hopper bands,’ capable 
of long-distance, concerted marching. Adults of the gregar¬ 
ious phase differ from solitarious individuals by having 
longer wings and shorter hind femora, as well as by some 
less conspicuous morphological traits. 

The most spectacular differences between the phases 
are in behavior: the solitarious adults avoid each other 
except for mating, while the gregarious adults pack 
together in swarms; they migrate, feed, mate, and lay 
eggs in crowds. The swarms contain from several thousand 
to 40 billion individuals. Swarms are capable of sustained 
day-time flights covering distances from several dozen to 
several thousand kilometers. In 1988, swarms of the Des¬ 
ert locust took off from the coast of West Africa, crossed 
the Atlantic Ocean and landed in the Caribbean Islands 
and northern shores of South America, covering over 
5000 km in 6-10 days. Solitarious adults also can make 
long-distance flights although they fly individually and 
at night. The differences in pigmentation between the 
adults of the gregarious and solitarious phases are not as 
striking as in the nymphal stage (Figures 1 and 2). 

Out of more than 12 000 described grasshopper species 
in the world, only about a dozen exhibit pronounced 
behavioral and/or morphological differences between 
phases of both nymphs and adults, and should be consid¬ 
ered locusts. In other words, all locusts are grasshoppers, 
but not all grasshoppers are locusts. The capacity to pro¬ 
duce a swarming phase appeared independently a number 
of times within the family Acrididae and is considered as 
a relatively recent trait in grasshopper evolution. The most 
economically important locust species and their geo¬ 
graphic distribution are presented in Table 1. The term 
‘locust’ is sometimes erroneously applied to periodic cica¬ 
das (e.g., ‘17-year cicada’), which belong to a different 
insect order, Homoptera. Another misnomer comes from 
the plant kingdom (e.g., ‘black (or yellow) locust tree’ 


Robinia pseudoacacia or ‘honey locust tree’ Gleditsia tria- 
canthos , both from the legume family) (Figures 3-6). 

Economic Importance 

Locusts have been the enemies of humans since the dawn 
of agriculture. They are mentioned in ancient writings 
such as the Torah and the Koran. In the Old Testament of 
the Bible, locusts constitute the infamous Eighth Plague 
of Egypt. Locust swarms often brought devastation and 
hunger to entire nations. According to the Roman histo¬ 
rian Pliny the Elder, in 125 BC, 800 000 people died in the 
Roman colonies of Cyrenaica and Numidia (territories of 
contemporary Libya, Algeria, and Tunisia) from famine 
caused by a locust plague. In 1958 in Ethiopia, locusts 
destroyed 167 000 tons of grain, which is enough to feed 
1 million people for a year. Locust outbreaks have 
occurred on all continents except Antarctica and can 
affect the livelihood of one in ten people on Earth. 

Besides the direct economic losses to crops, locust out¬ 
breaks may be devastating to ecological processes by 
destroying vegetative food sources for many animal species. 
The passages of locust swarms may cause human demo¬ 
graphic changes. In contemporary society, subsistence 
farmers abandon fields that are wrecked by locusts and 
move into cities, adding to the demand on urban infra¬ 
structures in already overpopulated and impoverished 
settings. Locust-control efforts, which are essentially 
chemical, can produce negative environmental impacts 
and continue to be very costly. In 2003-2005, to curtail a 
Desert locust outbreak that affected 8 million people in 
Africa, 13 million ha (approximately the area of the state of 
New York) was treated with broad-spectrum neurotoxic 
insecticides in 26 countries. The cost of the campaign 
including food aid to the affected population amounted 
to half a billion US dollars. 

While insect pests destroy annually 14% of crops 
worldwide, the annual crop losses from locusts are 
estimated at only 0.2%. The seemingly low figure is mis¬ 
leading because the perception of locust damage is scale- 
dependent. Locust swarms can be compared to other 
natural disasters like hurricanes or tornadoes. For an entire 
national economy, the total crop losses from locusts may 
seem negligible, but for a given farmer or cooperative, 
even a brief passage of a locust swarm may result in a 
complete destruction of the whole season’s work. This is 
particularly relevant to subsistence farmers in developing 
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Figure 1 Nymphs of the solitarious (S) and gregarious (G) 
phases of the Desert locust. Photo courtesy Compton Tucker, 
NASA GSFC. 



Figure 2 Marching hopper band of the Migratory locust 
nymphs. Photo: A. Latchininsky. 

countries. As such, the socio-political consequences of a 
locust plague are difficult to translate into simple mone¬ 
tary terms. 

Life Cycle 

The life cycle of any locust species includes a sequence of 
embryonic (egg), nymphal, and adult stages. Females lay 
eggs, using short hook-like valves of the ovipositor at the 
tip of their abdomen to bore into the top layer of the soil. 


During oviposition, a female extends her abdomen three 
to four times its normal length by means of elastic 
intersegmentary membranes. The duration of oviposition 
depends on soil properties, particularly compactness, and 
lasts from 30 min to 2 h. Eggs are laid in packets called 
egg-pods. The number of eggs in an egg-pod depends on 
the species and is often correlated with the body size of 
the females. The smaller, Moroccan and Italian locusts 
have respectively 18-42 and 20-60 eggs in their egg-pods, 
while the larger Migratory and Desert locusts have 
40-120 and 30-146 eggs in their egg-pods, respectively. 
Egg-pods of the big Red locusts may contain up to 190 
eggs. Each female lays one to four egg-pods with about a 
10-day interval between successive ovipositions. The ini¬ 
tial egg-pod contains more eggs than the subsequent ones 
of the same female (Figures 7-9). 

In the temperate zones, locust embryos develop with an 
obligatory diapause, meaning that eggs laid in the summer 
delay hatch the next spring. To enhance survival through 
long periods of freezing temperatures and to protect from 
predator attacks, the egg-pods of the temperate locust 
species, such as Moroccan and Italian locusts, have thick 
walls made of soil particles cemented by secretions from 
female’s accessory glands and oviduct. The eggs are cemen¬ 
ted together as one by the female’s secretions and form an 
egg cluster occupying the lower part of the egg-pod. Its 
upper part consists of a foamy or spongy mass, which 
hardens after oviposition, and a lid that allows the hatching 
nymphs to exit. Eggs of most tropical and subtropical locust 
species incubate without diapause and hatch 2-3 weeks 
after oviposition. In such cases (e.g., in the Desert or Red 
locusts), the egg-pods are just clusters of loosely attached 
eggs with a foam plug on top of them. 

During hatching, the newly born nymphs tunnel 
through the softened foam plug to reach the surface of 
the soil. Once out of the egg-pod, they immediately 
undergo an intermediate molt, shedding their embryonic 
cuticle and becoming first-instar nymphs. With a mortal¬ 
ity rate of up to 90%, the first instar constitutes the 
critical developmental stage for the survival of the locust 
population. Nymphal development includes 5 (rarely 4, 
6, 7, or even up to 9) successive instars separated by 
molts. In some species, females have an extra instar com¬ 
pared to males. Later instars are distinguished from 
the earlier ones by their bigger size and more developed 
wing pads. The rate of development and duration of 
the nymphal period depend largely on the prevailing 
weather, primarily air temperature and humidity. Under 
optimal conditions, each instar lasts 5-7 days with a total 
of 25-35 days to reach adulthood. Under unfavorable 
environmental conditions, the nymphs may require 
2-3 months to develop fully. After the final molt, or fledg¬ 
ing, the nymphs turn into adults. 

Adult locusts are characterized by two pairs of fully 
grown wings. The front pair, or tegmina, are narrow and 
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Table 1 Main locust species, their body sizes and geographic distribution 


Body length (mm) a 


No 

Common name 

Latin name 

s 

? 

Geographic distribution 

1 

Desert locust 

Schistocerca gregaria (Forskal, 1775) 

45-56 

50-65 

Africa, S. Europe, SW and Central Asia 
(invasion area) 

2 

Migratory locust 

Locusta migratoria (L., 1758) 

35-50 

45-65 

Africa, Eurasia, Australia 

3 

Moroccan locust 

Dociostaurus maroccanus (Thunberg, 
1815) 

15-30 

20-40 

N. Africa, Europe, Central Asia 

4 

Italian locust 

Calliptamus italicus (L., 1758) 

15-30 

20-42 

Europe, Asia 

5 

Red locust 

Nomadacris septemfasciata (Audinet- 
Serville, 1838) 

35-50 

50-62 

Africa 

6 

Brown locust 

Locustana pardalina (Walker, 1870) 

35-45 

40-55 

S. Africa 

7 

Australian Plague 
locust 

Chortoicetes terminifera (Walker, 1870) 

20-30 

30-45 

Australia 

8 

American Bird 
locust 

Schistocerca americana (Drury, 1773) 

40-50 

45-56 

S. and Central America 

9 

Bombay locust 

Nomadacris succinta (Johansson, 1763) 

40-50 

55-65 

SE Asia 

10 

Rocky Mountain 

Melanoplus spretus (Walsh, 1866) 

15-25 

20-30 

N. America 


locust* 3 


a Measured from the tip of the head to the end of the abdomen. 
b Went extinct in the early twentieth century. 



Figure 3 Adult American Bird locust. Hebard (1934) Bull Illinois 
State, Nat. Hist. 20: 125 279, Fig. 157, after Thomas, 9th Report 
State Ent III. The image is taken from Orthoptera Species file 
online http://osf2.orthoptera.org/HomePage.aspx: Eades, D.C. & 
D. Otte. Orthoptera Species File Online. Version 2.0/3.5. 


Figure 5 Adult Moroccan locust. Photo: A. Latchininsky. 




Figure 4 Adult Migratory locust. Photo: A. Latchininsky. 


Figure 6 Adult Italian locust male. Photo: A. Latchininsky. 
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Figure 7 Locust life cycle. Modified from Latchininsky AV, 
Sergeev MG, Childebaev MK, et al. (2002) Acridids of 
Kazakhstan; Central Asia and Adjacent Territories Laramie, WY: 
Association for Applied Acridology International and the 
University of Wyoming. 



Figure 8 Egg-laying Moroccan locust female. Photo: A. 
Foucart (CIRAD). 


leathery, concealing the broad membranous hind wings, 
which are folded along the main veins fanwise while at 
rest. Newly fledged locusts have a soft cuticle that hardens 
in several days. Adult locusts make short wandering flights 
in the first days after fledging but only after their cuticle 
hardens can they accomplish long-distance migratory 
flights. Sexual maturation takes from just a few days to 
several weeks, after which the locusts start mating. In 
some cases, such as Desert and Red locusts and tropical 
tree locusts of the genus Anacridium , mating can be 
delayed by unfavorable weather conditions (e.g., low air 
temperature or insufficient humidity). The adults can 
remain sexually immature for up to 9 months. They con¬ 
tinue to fly and feed but, if unfavorable conditions persist, 



Figure 9 Egg-pods of Desert (1), Migratory (2), Italian (3), and 
Moroccan (4) locusts. Scale bar represents 10mm. Source: 
Latchininsky AV, Sergeev MG, Childebaev MK, et al. (2002) 
Acridids of Kazakhstan; Central Asia and Adjacent Territories 
Laramie, WY: Association for Applied Acridology International 
and the University of Wyoming. 



Figure 10 Immature Desert locusts. Photo: FAO UN. 


they would eventually die without producing offspring. A 
favorable change of the environmental conditions can 
trigger sexual maturation and eventual reproduction at 
any time during this period. In most locust species, matu¬ 
ration is manifest by noticeable changes in pigmentation. 
Immature Desert locusts are pink and turn bright yellow 
when sexually mature. Immature Migratory locusts grad¬ 
ually change their coloration from green or brownish to 
mostly yellowish as they mature. Some other species as 
the Italian or Australian Plague locust do not exhibit 
noticeable pigmentation changes associated with sexual 
maturation. Physiological changes during maturation 






























292 Locusts 



Figure 11 Mature Desert locusts. Photo: FAO UN. 


include the growth of testes and accessory glands in males 
and ovarian development and egg growth in females 
(Figures 10 and 11). 

Locust males mature from one to several days earlier 
than females. The presence of the mature males acceler¬ 
ates the maturation of females. Locusts reproduce sexu¬ 
ally; cases of parthenogenetic reproduction are rare. 
Olfactory and acoustic signals are used to ensure the 
meeting of prospective mates. Locusts (often both sexes) 
produce stridulating call signals by rubbing the inner sur¬ 
face of the hind femora over the thickened veins on the 
tegmina. Copulation lasts from 1 to 20 h. During copulation, 
the male mounts the female, grasps the tip of her abdomen 
with his and transfers the sperm packet, called spermato- 
phore, into the female’s genital opening. The female stores 
the sperm in a special organ called the spermatheca. Locusts 
can mate multiple times during their adult lives. However, a 
single copulation is usually sufficient to fertilize all the eggs 
produced by the female (Figure 12). 

In temperate zones, locusts exhibit a univoltine life 
cycle characterized by only one generation per year and 
an obligate embryonic diapause. Some subtropical species, 
such as the Egyptian tree locust Anacridium aegyptium , 
hibernate as sluggish and practically nonfeeding adults 
during the winter months. Most tropical locusts develop 
continuously, without embryonic diapause, and under 
favorable conditions can produce two, three, and rarely 
even four annual generations. 

Phase Transformation 

The key event in the biology of locusts is the change 
from a single-living and mostly sedentary solitarious 
phase to a gregarious phase in which they live in dense 
bands or swarms, actively migrate and may devastate 



Figure 12 Copulating Moroccan locusts. Photo: A. 
Latchininsky. 


crops and rangeland. This phenomenon, which is nonexis¬ 
tent among nonswarming grasshoppers, is called locust 
phase transformation. Besides the conspicuous behavioral, 
morphological, and color changes, the extreme solitarious 
and gregarious locust phases differ in food selection, 
nutritional physiology, metabolism, reproductive physiol¬ 
ogy, neurophysiology, endocrinology, pheromone pro¬ 
duction, longevity, and molecular biology. Locusts are 
polymorphic, and the extreme phases are connected by a 
continuum of intermediate, transitional forms (phase 
transiens). It takes at least four consecutive generations 
to complete the phase transformation from a typical soli¬ 
tarious phase to a fully gregarious phase. Phase transfor¬ 
mation is a cumulative, but also a reversible, process that 
requires suitable environmental conditions. The process 
is density dependent and starts when locust density 
exceeds a certain threshold. In the Desert locust, behav¬ 
ioral changes first become manifest when the density of 
the young nymphs exceeds approximately 50 000 indivi¬ 
duals per ha or 5 per m“. For older nymphal instars, the 
threshold is 5000 per ha, and for adults it is 250-500 per 
ha. At these density levels, the locusts start switching 
from their solitarious tendency of avoiding each other 
to a proclivity for forming sustained cohesive groups 
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and moving in a concerted way. Most other locust species 
have higher phase transformation thresholds than the 
Desert locust. 

Recent studies have shown that different locust phases 
are produced by different expressions of genes in response 
to crowding. Locust species vary in the number of phase 
traits they exhibit. Some, like the Australian Plague locust, 
produce only behaviorally different phases. In others, like 
Desert, Migratory, and Moroccan locusts, in addition to 
behavior, the solitarious and gregarious phases are distin¬ 
guished by morphology and pigmentation. 

The sight and smell of conspecifics trigger behavioral 
changes in solitarious locusts after only 4h of crowding 
above the phase transformation threshold. When the locusts 
meet up, their nervous systems release serotonin, an evolu- 
tionarily conserved mediator of neuronal plasticity. Seroto¬ 
nin causes the locusts to become mutually attracted, which is 
a prerequisite for swarming. Once the locusts start to aggre¬ 
gate together, their interactions increase and a positive feed¬ 
back loop accelerates the changes toward the gregarious 
phase. At this point, the direct mutual contacts between 
the individuals become the most powerful gregarizing sti¬ 
muli. Tactile receptors on external side of the hind femora of 
nymphs are particularly sensitive to such contacts. Their 
repeated stimulation by crowded locusts enhances the 
expression of gregarious phenotypic traits, particularly the 
contrasting black and orange, yellow, or red pigmentation. 
However, the locusts may revert to solitarious behavior after 
4 h of reisolation. 

Phase characteristics not only develop during the lifespan 
of a locust, but are also being transferred from mothers to 
offspring. This maternal effect is mediated through certain 
chemicals secreted by females into the foam substance sur¬ 
rounding the eggs. Such a mechanism allows for maintaining 
and developing phase status across generations. Behavioral, 
chromatic, and physiological changes are followed by 
emerging traits of gregarious morphology, but these changes 
become noticeable only several (at least four) generations 
after gregarization starts. Tropical locusts which have multi¬ 
ple generations per year can build up a dense gregarious 
population and mass migrate in hopper bands and swarms in 
just 2-3 years. In temperate zones, where locusts have a 
single annual generation, it usually takes them longer to 
accomplish the transformation from the solitarious to gre¬ 
garious phase and to build up a swarming population. 

The concept of the locust phases was first put forward in 
1921 by the Russian entomologist Boris Petrovich Uvarov 
(1888-1970), who was the founder and first director of the 
Anti-Locust Research Centre in London. Uvarov postu¬ 
lated that the two phenotypically very different forms of 
Locusta , which were then considered as separate species 
L. danica and L. migratoria , were in fact the two extreme 
phases of a single species. Similar phase differences were 
later found in other locust species. Uvarov’s ‘phase theory of 
locusts’ emphasized the crucial role of phase transformation 


in developing locust outbreaks and had important practical 
applications for locust population management. 

Environmental Conditions Leading to 
Phase Transformation 

Most of the time, locusts lead a solitarious life, and this may 
be considered as the normal state of their populations. At 
some points in time, however, changes in their environment 
may initiate the gregarization. In the case of the Desert 
locust, such changes are triggered by abundant rains that 
promote lush vegetation growth in an otherwise arid milieu. 
The locusts start to congregate on the patches of green 
vegetation, forming loose groups at first, and dense hopper 
bands later. They feed and march together, and increasingly 
become phenotypically gregarious. Similarly, rains in the 
arid zones trigger gregarization of the Australian Plague 
locust. In the case of the Migratory locust, which inhabits 
reed stands in wetlands along rivers and lakes, it is the 
excessive drought that usually initiates the aggregation of 
locusts and their consequent gregarization. The locusts 
concentrate on few remaining patches of reeds and start 
producing hopper bands with gregarious behavior and 
appearance. Drought is also responsible for initial concen¬ 
trations of the Moroccan locust in the Mediterranean semi- 
deserts and Central Asian arid steppes. The hoppers crowd 
together on few patches of green grasses and forbs which 
emerge in early spring. Such concentrations may eventually 
lead to the appearance of the gregarious phase. These 
examples show that habitat discontinuity or patchiness, 
which can result from a variety of meteorological events, 
is the most important condition for initial locust gregariza¬ 
tion and phase transformation. If the resources, particularly 
vegetation, are distributed in a uniform fashion, the chances 
that the locusts will start to produce gregarious populations 
are low. For example, locust outbreaks originating from 
dense forests are unknown. Mosaic habitats which represent 
a combination of green vegetation clumps and areas of bare 
ground are most favorable for producing and maintaining 
the gregarious phase. 

Although the ecological conditions leading to the ini¬ 
tiation of phase transformation are well understood for 
most locust species, outbreaks (the spectacular hopper 
band movements and swarm flights) still often remain 
‘unexpected.’ The main reason for this is that the areas 
of initial locust aggregations are scattered over a vast 
territory with difficult access and low human populations. 
For the Desert locust, the area where incipient gregarious 
populations may form covers 16 million km 2 , which 
is roughly equal to the areas of the United States 
and Australia, combined. The total distribution area of 
the Migratory locust is even larger. Despite efforts to 
implement efficient locust monitoring using satellite 
images and automated weather stations, there is always a 
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threat that in some locations locusts may produce an 
undetected gregarious population, leading to a large- 
scale outbreak. 

Gregarious Behavior 

Hopper Bands 

Gregarious females oviposit in dense groups, which 
results in simultaneous hatching of large number of hop¬ 
pers in close proximity to each other. In the mornings, the 
hoppers form very dense groups staying on the ground 
and basking in the sun. Once their body temperature rises, 
they start marching. The concerted, directional move¬ 
ment of dense hopper bands may represent an antipreda¬ 
tor strategy: the grouped nymphs saturate the predators 
with sheer numbers and are much less likely to become 
their victims than individual hoppers living on their own. 
At the same time, the members of the band suffer from 
intraspecific competition for nutritional resources and 



Figure 13 Hopper band of the Moroccan locust basking in the 
sun. Photo A. Latchininsky. 


from cannibalistic pressure. The hopper band migration 
is a ‘forced march’ driven by cannibalism. Until a band 
encounters new nutritional resources, the hoppers need to 
move to escape attacks from behind by the hungry mem¬ 
bers of the same band (Figures 13 and 14). 

The sizes of hopper bands vary from several square 
yards to many acres. The record figure, 110 km", comes 
from a Moroccan locust band observed in Iraq. Accord¬ 
ingly, the number of hoppers in the band can be astro¬ 
nomically high. The density in the band is highest during 
early nymphal instars and often reaches thousands per m". 
The record density of the first-instar hoppers of the 
Migratory locust is known to reach 80 000 per m 2 ; similar 
estimates for other species are 37 000 for the desert locust, 
28 000 for the Australian Plague locust, and 21 000 for the 
Moroccan locust (Figure 15). 

The speed of hopper marching and distances traveled 
by the bands depend on the age of the hoppers, vegeta¬ 
tion, relief, and weather. First- and second-instar hoppers 
rarely travel more than 200 m day -1 . Organized march¬ 
ing usually starts in the third instar and continues until 
adulthood. If the vegetation is sparse, late-instar hopper 
bands of the Desert and Migratory locusts can travel over 
a mile per day. The total maximum distances covered 
by hopper bands during the entire nymphal period are 
3 km for the Italian, 10 km for the Red, 17 km for the 
Moroccan and Brown, and up to 30 km for the Migratory 
and Desert locusts. 

Swarms 

Adult gregarious locusts spend nights roosting in very 
dense aggregations on trees, shrubs, or bare ground. In 
the first days after fledging, when their cuticle is still soft, 
individual adults can produce only short erratic or escape 
flights. Group flights start 10-15 days after fledging. At first, 



Figure 14 Cannibalistic Migratory locust nymphs. Photo: A. 
Latchininsky. 



Figure 15 Australian plague locust hopper band. Photo A. 
Latchininsky. 
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the swarms fly short distances, from several hundred m to 
a couple of km. The flight range becomes progressively 
longer with the age of the adults. Swarms take off when 
the internal body temperature of the locusts exceeds 
certain level: 20°C for the Migratory, 25°C for Desert, 
28°C for Moroccan locusts, etc. The swarms fly generally 
downwind and maintain remarkable cohesion. The flights 
take place in the mornings and afternoons and can last 
from 9 to 20 h day -1 . At night and during the hottest 
periods of the day, locusts usually roost or feed in the 
vegetation. The flight speed of the swarms, typically 
between 8 and 32 km h - , depends largely on the speed 
of the wind. Swarms fly at a very wide range of altitudes, 
from 15 to over 1500 m above the ground. The average 
distance covered during a day varies from 10 km for the 
Moroccan locust to 200 km for Desert and Migratory 
locusts. During the entire adult life, locust swarms can 
fly hundreds and even thousands of miles. The longest 
migrations are known for the swarms of the Desert locust 
which flew across the Atlantic Ocean in 1988 covering 
5000 km in 6-10 days. Migratory locust swarms can fly 
distances of up to 1000 km. Other locust species usually 
do not fly farther than 300 km during their adult life. 

When the swarms are flying, the locust densities in 
them are relatively low, with a maximum of 10 per m 3 . 
When they land for a night rest or midday roosting, the 
locust densities can range from 100 to 2000 per m 2 . 
Settled swarm sizes can be enormous, covering areas for 
up to 800 km 2 . Swarms of the Desert locust can contain up 
to 40 billion locusts, which is the largest terrestrial con¬ 
gregation of animals on Earth. An exceptionally huge 
swarm of the now extinct Rocky Mountain locust, 
measured in the 1875, occupied an estimated area of 
256 409 km 2 , which is larger than the entire states of 
Wyoming or Oregon (Figure 16). 

Atmospheric conditions, especially wind force and direc¬ 
tion, govern the flight pattern of locust swarms. Swarms 



Figure 16 Migratory locust swarm. Photo: A. Latchininsky. 


of the Desert locust often concentrate in the intertropical 
convergence zone, where air masses may collide and pro¬ 
duce rainfall, generating potentially suitable habitat for 
locust oviposition and nymphal development. Locust 
swarming is often considered as an adaptation for searching 
for nutritional resources and colonizing new habitats. How¬ 
ever, the factors that cause swarms to take off and mass 
migrate are not fully understood. On many occasions, 
swarms have abruptly taken off from an area covered with 
lush vegetation and without any external disturbance. 
Numerous swarms have been recorded flying toward open 
seas or oceans, and the great majority of them, except some 
rare cases mentioned earlier, drown. 

Food and Feeding Behavior 

Locusts are proverbial for their voracity. However, the view 
that locusts are ‘chewing automata,’ that is, they devour 
everything in their way, appears to be far from being accu¬ 
rate. In the solitarious phase, locusts exhibit marked food 
preferences and feed only on a limited number of preferred 
plant species. The Desert locust prefers the foliage of trees 
and shrubs to the herbaceous plants, and among the latter, it 
clearly prefers forbs to grasses. The Migratory locust, on the 
contrary, has a preference for grasses and related families of 
sedges and rushes. The forbivorous Italian locust favors sage 
shrubs from the genus Artemisia and legumes. Food selection 
includes finding suitable plants, first using visual and then 
olfactory stimuli. Host-plant choice may be limited by the 
distribution of deterrent compounds (glucosides, alkaloids, 
essential oils, organic acids) in nonhost plants. Plants with 
mechanical defenses (hooks, spines, trichomes) are often 
avoided. The situation changes when the locusts undergo 
phase transformation. Crowded locusts are less selective in 
food searching because they often live under the stress of 
food and water shortage. Among the factors separating 
unpalatable from palatable food, the water content of the 
food plays a significant role. This is one of the reasons 
why locusts sometimes attack not only habitually rejected 
plants but also many nonplant substances like textiles, 
dung, woodwork, wool - even on live sheep! After a long 
migratory flight, the need to compensate for water losses 
becomes overwhelming, and upon landing, locust swarms 
consume literally anything that holds the slightest mois¬ 
ture. The degree of polyphagy in swarming locusts is 
inversely proportioned to the water requirements of the 
organism (Figure 17). 

Although locusts are essentially herbivorous, they 
can be cannibalistic or necrophagic, especially if crowded. 
The impending cannibalism is considered to be one of the 
driving forces of the concerted hopper marching behavior. 

The proverb ‘each locust can eat its weight in plants 
each day’ holds true only for the nymphal instars, while 
for adults the ratio of daily consumption to the body 
weight is lower, about 0.5. The amount of food consumed 
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Figure 17 Moroccan locusts feeding on fresh dung. Photo: A. 
Latchininsky. 


Figure 18 Group egg-laying by Moroccan locust females. 
Phtoto: A. Latchininsky. 


by locusts varies among the species and developmental 
stages and is proportionate to the insect’s size. Locust 
hoppers fast before and after each molt, and the duration 
of this fasting can reach 10-15% of the total nymphal 
period. At some periods of their life, such as sexual matu¬ 
ration and egg production, locusts become more vora¬ 
cious. Energy expenditures during hopper band 
marching or swarm flying is often compensated for by 
increased feeding. 

Egg Laying 

Females of the gregarious phase are well known for laying 
their eggs in dense groups. Arriving females are visually 
attracted to those that have already started egg-laying. 
Furthermore, the soil in which they oviposit attracts 
other females because of the pheromones that are 
contained in the secretions surrounding the eggs in an 
egg-pod. Group egg laying ensures maintaining and 
enhancing the gregarious status of the population as the 
resulting hatchlings form dense groups from the first days 
of their lives. Average egg-pod density is 5-10 per m 2 and 
maximum densities range from 500 per m 2 for the Desert 
locust to 8000 and 10 000 per m“ for the Moroccan and 
Italian locusts, respectively. In such extreme cases, the soil 
in which the egg-pods were laid resembles a honeycomb. 
Multiplying these numbers by the average number of eggs 
in an egg-pod, it is possible to estimate the number of 
hoppers which will hatch per unit of area. However, even 
in the large and fecund locust species which can lay 
multiple pods containing more than 100 eggs each, the 
rate of multiplication from one generation to the next 
does not usually exceed 20-fold. This relatively low mul¬ 
tiplication rate is explained by high mortality of eggs and 
early hopper instars due to predation and unfavorable 
environmental conditions (Figure 18). 


Conclusion: Locusts as Models 

For decades, locusts have been used as model organisms to 
study different aspects of individual and group behavior. 
Their collective migrations are of particular interest 
because the patterns of hopper band movement and 
swarm flight are similar to those observed in other ani¬ 
mals. Apparently unifying laws and mechanisms exist that 
govern group movement in animals. This underlying 
framework may be so general that the individual locusts 
can be considered as analogs to interacting, inanimate 
particles. Self-propelled particle models have recently 
been used to account for the emerging density-dependent 
transition from wandering solitarious individuals to con¬ 
certed hopper band marching. On the other hand, the 
amazing capability of locusts to avoid crashing into each 
other when flying together in a swarm fascinated car 
makers in their attempts to create a crash-proof car. 
This ability appears to be due to the fact that the visual 
input is transmitted directly to the wings of the locust, 
seemingly bypassing the brain. 

See also: Collective Intelligence; Group Living; Group 
Movement; Insect Migration; Insect Navigation; Klepto- 
parasitism and Cannibalism; Orthopteran Behavioral 
Genetics. 
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Introduction 

The use of magnetic information as a compass is among 
the most intriguing mechanisms used by animals to orient 
and navigate. Part of our fascination with the use of mag¬ 
netism comes from our inability to perceive it relying only 
on our sensory machinery. In recent decades, we have seen 
a burst of interest and research on how animals detect and 
use the Earth’s magnetic field. This article focuses on our 
current knowledge on the use of magnetic information as a 
compass for orientation and navigation in insects. 

The use of magnetic information in insects was first 
recognized in the late 1950s, with alignment of the body 
axis in termites relative to the Earth’s magnetic field. During 
the 1960s, interest in the alignment behavior increased, and 
several other species belonging to taxonomic insect Orders 
as diverse as Diptera, Coleoptera, Orthoptera, and Hyme- 
noptera were added to the list of insects with magnetic 
sensitivity. Although it has been difficult to interpret the 
biological meaning of such alignments, their discovery 
initiated further studies on the use of magnetic compasses. 
The discovery of bacteria, with magnetite crystals causing 
them to move in alignment with the Earth’s magnetic field, 
stimulated the search for magnetic compasses in a diversity 
of vertebrates and invertebrates, based on similar principles. 
Also, the continued analysis since the 1970s of the use of 
magnetic information by model insect species, such as the 
honeybee Apis mellifera and the fruit fly Drosophila melanoga- 
ster, not only showed that magnetic fields could be used 
under diverse contexts but also motivated the exploration of 
such capacities in other insect species. Thus, during the 
1980s and 1990s, research turned toward the search of a 
magnetic compass for navigation. Of particular interest 
were the species exhibiting long-distance migrations, 
which were predicted to rely on prominent compasses 
available across the unknown terrains of their migratory 
routes. This interest was further supported by additional 
findings of magnetic particles in insect tissues, which could 
become the substrate for the compass. 


However, determining the use of a magnetic compass has 
not been an easy task. Part of the problem is that magnetic 
compasses do not seem to be the primary tools within the 
multimodal systems of navigation. Thus, the role of the 
magnetic compass is often uncovered only after other sources 
of information, such as the sun or other significant land¬ 
marks, are unavailable or unreliable. On the other hand, 
experimental manipulations are constrained by our lack of 
understanding of the mechanisms underlying the magnetic 
compass. These two main problems have become the focus of 
research in the new millennium. First, the analysis of central 
place foragers, such as honeybees and ants, has allowed for 
controlled manipulations uncovering interactions of the 
magnetic compass with other navigational mechanisms. Sec¬ 
ond, model species, such as cockroaches, honeybees, and fruit 
flies are becoming essential for the understanding of proxi¬ 
mate causes. Particularly remarkable in this respect is the use 
of genetic manipulations in the fruit fly D. melanogaster. 

In general, understanding the use and role of magnetic 
compasses requires comprehension at different levels, 
from the nature and source of the magnetic cues to the 
mechanisms of perception, including the nature of the 
compass and interactions with other cues during the pro¬ 
cess of decision-making. Our current knowledge of these 
levels appears as a puzzle, where behavioral studies have 
contributed with most of the pieces. 

What Is Special About Magnetic 
Information? 

The primary source of magnetic information is the iron- 
rich molten core of the Earth, which makes it hold an 
enormous magnetic field with lines of force running from 
magnetic South toward the North Pole (conventionally 
named north and south relative to the geographic north 
and south, respectively). The magnetic lines of force vary 
in inclination, pointing upward in the southern hemisphere, 
parallel to the Earth’s surface at the magnetic equator, 
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Figure 1 A projection of the Earth derived from the World Magnetic Model (http://www.ngdc.noaa.gov/geomag) showing the intensity 
of magnetic flux in shades of red and the magnetic inclination from the magnetic equator to the poles in shades of blue. The North and 
South magnetic poles are not shown because the map ends at the eightieth parallels. Inset: A diagram showing the trajectory of the 
magnetic field from the southern geomagnetic pole to the northern geomagnetic pole. The equatorial line is the geographic equatorial 
line and so the inclination is zero on the line in only two locations (i.e., where the light blue line crosses the equatorial line at ca. 315 
degrees and at ca. 200 degrees). 


and downward in the northern hemisphere (Figure 1). 
Thus, these lines of force have both horizontal and vertical 
components, which can potentially be used by compasses. 
The horizontal parameter is easily described by the 
North-South polarity, whereas the vertical component is 
called inclination and depends on the angle at which the 
line of field at a particular location meets with the horizon¬ 
tal plane of the Earth’s surface. Inclination roughly corre¬ 
lates with latitude, decreasing from the poles where it is 90° 
(+90° at the magnetic north pole and —90° at the south 
pole) to 0° at the magnetic equator which roughly corre¬ 
sponds with the geographic equator. A third component of 
the Earth’s magnetic field is its intensity, with its maxima at 
the magnetic poles and minimum at the equator. Although 
two positions are at the same latitude, it is likely that they 
will have unique inclinations and intensities, such that an 
animal with the ability to sense both of these features may 
be able to use them as beacons identifying its position. 
Importantly, in addition to the global pattern of the Earth’s 
magnetic field, local deposits of iron may interfere with 
the Earth’s magnetic field, creating magnetic anomalies, 
which serve as beacons for orientation, navigation, and the 
construction of maps of local magnetic information. 

From the previous description, several particularities 
of the magnetic information can be drawn. First, it is 
continuously available everywhere on Earth. This marks 


a difference with, for instance, solar information, which is 
intermittently available above the ground and never avail¬ 
able below the ground. Second, it is intrinsically direc¬ 
tional in one of its components, with such directionality 
being relatively stable overtime (even after considering 
the changes in declination from 1 year to the next and the 
flipping of the magnetic poles in geological time). And 
third, it is spatially variable in two of its parameters 
(vertical component and intensity). 

For What Purposes Do Insects Use a 
Magnetic Compass? 

Body Alignment and Nest Construction 

Body alignment refers to the preference of individuals to 
orient their body axes relative to the lines of force of the 
magnetic field. In most cases, insects align themselves 
parallel or perpendicular to the field, but some interme¬ 
diate orientations have been reported. Early studies found 
body alignment in flies (Diptera) and termites (Isoptera) 
at rest. Body alignment has also been observed in bees and 
wasps (Hymenoptera), beetles (Coleoptera), crickets, and 
cockroaches (Orthoptera). Body alignments are evaluated 
by rotating or canceling the local magnetic field (a mag¬ 
netic coil design that might be used to reverse the 
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Figure 2 A wood frame constructed with brass screws holds the copper wires wound in a Merritt 4-coil construction. The coil is 
positioned around the geomagnetic North-South axis. We transformed AC to DC electricity to power the coil with sufficient current to 
reverse the horizontal component of the Earth’s magnetic field. A white tent surrounds the coils to obstruct celestial cues and landmarks 
on the horizon. The PVC frame can hold a nylon net to prevent insects from escaping, and in the floor of the arena is a camera to observe 
the insects from a remote location. Inset: (a) AC-DC transformer; (b) Variac. 


horizontal component of the Earth’s magnetic field is 
shown in Figure 2). Under the experimental condition, 
an animal preferring a particular orientation aligns 
according to the artificial field; if the field is compensated, 
the preferences disappear. Following the manipulation, 
the animal realigns to the natural field. 

Although typically associated with resting behavior, 
body alignments may also be involved in more complex 
contexts. In some cases, body alignments may be over¬ 
ridden by other cues and may represent an adaptive, rather 
than a passive, response. Three remarkable examples are 
nest construction in honeybees and termites, alignment of 
waggle dances by honeybee foragers, and nomadic move¬ 
ments of the nomadic ant Pachycondyla marginata. 

During nest construction, compass termites ( Amitermes 
meridionalis) orient their gigantic mounds of northern 
Australia on the North-South axis (with some regional 
variation reported). Similarly, honeybees seem to rely on 
magnetic information during comb construction as sug¬ 
gested by the irregular combs built when magnetic altera¬ 
tions are experimentally introduced. In both species, the 
use of magnetic information during nest construction has 
been associated with the absence of directional cues in the 
dark and the need to coordinate many individuals 
involved in the task. Furthermore, in compass termites, 
the preference for the North-South axis may benefit nest 
thermoregulation, maximizing exposure to the sun during 
mornings and afternoons and minimizing it at noon. 
Indeed, regional variation in orientation is related to the 


environment in such a way as to suggest that nest align¬ 
ments with the magnetic field are adaptive. 

A preference for a magnetic axis is also evident during 
the waggle dance of the honeybee. Foragers dance to 
communicate to their hive mates the direction of a 
resource by transposing the angle between the sun and 
the resource to the angle between the gravity and the axis 
of their dance. The directions communicated exhibit sys¬ 
tematic errors that vary across the day (with the position of 
the sun). Such ‘misdirections’ disappear if the magnetic 
field is compensated, or if the direction toward the 
resource coincides with the cardinal directions. Thus, the 
waggle dance seems to reflect the preference of the hon¬ 
eybees to align with the magnetic field, as also observed 
during comb construction or when they are at rest. 

A colony of nomadic ants P. marginata relocates its nest 
with a preference to move on a North-South axis. Relocation 
of nests is associated with the capture of their only prey, 
the termite Neocapritermes opacus. Following relocation, 
they forage on either side across their migratory axis, 
enabling colonies to minimize overlap with areas that 
were previously searched. 

Tropotactic-Based Navigation 

In tropotactic behavior, insects move toward or away from 
a stimulus, such as light, humidity, or temperature. Such 
movements typically lead the animals to more favorable 
conditions within relatively short distances. In cases 
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where the directional stimulus and the magnetic field are 
spatially associated, an animal may substitute use of the 
latter as a directional cue if the primary stimulus is absent 
or lacks directional information. 

For example, fruit fly (D. melanogaster. Diptera) larvae 
exhibit negative phototaxis during their first three devel¬ 
opmental instars, but when they begin to search for a 
pupation site, they switch to positive phototaxis. In the 
right experimental setup, the light’s direction can be asso¬ 
ciated with the direction of the magnetic field. After 
experimental shifts of the field, fruit fly larvae reorient 
as predicted. 

As another example, mealworms (Tenebrio molitor. 
Coleoptera) show positive phototaxis in low or high rela¬ 
tive humidity, and negative phototaxis in intermediate 
conditions. Similar to fruitflies, the light’s direction 
can be associated with the direction of the magnetic 
field. This has been verified by shifting the magnetic 
field under homogeneous lighting or in the absence of 
light. Under homogeneous light conditions, adult meal¬ 
worms moved toward the predicted direction of greater or 
lesser light that was indicated by the rotated magnetic 
field, whereas they oriented randomly in darkness. 

Central Place Foraging 

Central place foraging is a challenging task that involves 
displacements between home and particular resources, 
typically food and mating areas. This implies that move¬ 
ments occur within a more restricted area than migra¬ 
tions, which allow animals to rely on their memory to 
recognize particularities of the terrain (e.g., visual land¬ 
marks). Within insects, research on the use of a magnetic 
compass during central place foraging has focused on the 
species of Hymenoptera, particularly ants and bees, and 
Isoptera (termites). 

The use of a magnetic compass during foraging is 
suggested by the ability of certain species to navigate 
home even when cues, such as sunlight and landmarks, 
are absent. Often, central place foragers may be evaluated 
in a natural context in which the location and nature of 
the goal is specified by the experimenter. Under these 
conditions, foragers are typically trained to visit a feeder 
where either the external state is manipulated (e.g., expo¬ 
sure to reversed fields or training to experimentally pro¬ 
duced magnetic anomalies) or their internal state is 
altered with strong disruptive fields (e.g., a brief magnetic 
pulse, Figure 3 or a strong bar magnet, Figure 4). 

Training in a discriminative paradigm has been used in 
the honeybee A. mellifera. Honeybee foragers can be 
trained to recognize the location of a food source based 
on differences between two locally produced magnetic 
fields. The repeatedly successful replication of this para¬ 
digm has proved that honeybees can rely on magnetic 
cues during foraging; yet this is not the only proof of 



Figure 3 Pulse magnet treatment of a migrating Urania moth 
captured flying across the Panama Canal. Should the compass 
be composed of single domain magnetite and arranged in a 
similar way to that in the magnetotactic bacteria, this treatment 
will reverse the geographic orientation of the moths upon release. 

such capacity or the only context in which honeybees 
use magnetic information. 

On the other hand, manipulations of the horizontal 
component may include a total reversal (180°) or a partial 
shift (typically 90°) of the magnetic polarity. Between 
these two variants, the partial switch is preferred because 
the total reversal may lead to axial distributions that are 
more difficult to interpret. Nevertheless, both manipula¬ 
tions have successfully provided evidence for the use of a 
magnetic compass in insects. Carpenter ants and honey¬ 
bees turn their orientations in experimental arenas 
according to the artificial magnetic shifts (magnetic field 
turned 90°). Similar changes are observed in termites 
when fields are shifted even less than 45°. On the other 
hand, under complete reversal of the magnetic polarity, 
foragers of weaver ants and leaf-cutter ants shift their 
homing orientation ~180° relative to bearings of control 
individuals, demonstrating that they can rely on a mag¬ 
netic compass for homing when other cues are absent. 

However, insects do not rely on magnetic compasses 
only when information from other compasses is not avail¬ 
able or reliable. This seems to be true particularly for 
central place foragers, which, as mentioned before, navi¬ 
gate within a familiar area. In this case, alternative 
mechanisms, such as landmark navigation, pheromone 



Magnetic Compasses in Insects 309 



Figure 4 Strong magnet treatment of migrating butterflies captured flying across the Panama Canal. Inset: Detail of a butterfly during 
exposure to a strong magnet bar. 


trails, or path integration, may be suitable enough for 
foraging and homing; yet, those mechanisms may interact 
with, or be supported by, a magnetic compass. Indeed, a 
path-integrated vector can be updated by the use of a 
magnetic compass in leaf-cutter ants, as demonstrated 
by the shift in the vector home after a reversal in the 
magnetic polarity or by the inability to orient homeward 
after exposure to a strong magnet. 

The use of landmarks may also be supported by a 
magnetic compass. During route learning, honeybee for¬ 
agers should recognize the location of the landmarks on 
the terrain based on a directional framework. Although a 
sun/sky compass may efficiently provide such a frame¬ 
work, a magnetic compass may act as an alternative if 
other cues are not available. The magnetic compass also 
has the advantage of providing an unambiguous system 
when compared, for instance, with a polarized sky. Mag¬ 
netic compasses may be of major importance for species 
living in the forest or in the dark, where landmarks are 
certainly available but neither the sun nor the sky can be 
reliably used. Indeed, termite foragers use a magnetic 
compass in conjunction with pheromones, in order to 
determine the trail’s polarity and indicate the goal’s 
direction. 

Long-Distance Migrations 

All the features described before have made the magnetic 
field a recurrent candidate to be a directional cue for 
long-distant migrants. Within insects, long-distant migrants 
include species of dragonflies, beetles, butterflies, moths, 
and locusts. In some of these insects, observations of 


directed migrations in the absence of celestial cues, such 
as sunlight, have been used to suggest the use of a mag¬ 
netic compass. This is the case for migratory butterflies, 
such as the monarch butterfly Danaus plexippus or the 
sulphur butterflies Aphrissa statira and Phoebis argante , all 
of which can orient with a sun compass, but are also 
observed migrating directionally under overcast skies. 
It is also the case for some migratory moths, such as the 
silver Y Autographa gamma , which maintain migratory 
directions on moonless nights. 

Results from experiments manipulating the magnetic 
environment and from experiments disrupting the com¬ 
pass support the hypothesis that insects may use a mag¬ 
netic compass for long-distant migrations. In Neotropical 
butterflies, natural migratory orientation is altered after 
exposure to a strong magnet (Figures 4 and 6). Also, 
orientation relative to migration can be reversed when 
the magnetic polarity is experimentally reversed (by a coil 
such as in Figure 2). Although in these manipulations, 
control groups do not always follow their natural direc¬ 
tions of migration, the significant differences with treated 
groups suggest sensitivity of the compass to the experi¬ 
mentally manipulated magnetic field. In addition, magne¬ 
tite crystals have been detected in the body of monarch 
butterflies and at least one of the Neotropical migrating 
butterflies (A. statira , see ‘Properties of the Insect Mag¬ 
netic Compass’). 

Of course, magnetic information is not necessarily the 
only or the primary mechanism that migrants may rely on. 
This fact makes the study of interactions between com¬ 
passes an exciting field of research but complicates the 
experimental evaluation of a magnetic compass, 
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especially in the field, where factors, such as weather and 
alternative navigational cues (e.g., landmarks, sun), are 
difficult to control. Therefore, field studies are often 
combined with laboratory manipulations; yet more con¬ 
trolled environments are not completely safe from con¬ 
founded effects or lack of motivation of the animals. 

Properties of the Insect Magnetic 
Compass 

The use of a magnetic compass requires several steps, 
from the acquisition (perception) of the information to 
its transduction and subsequent use during the process of 
decision-making. Our current understanding of these 
levels includes mainly behavioral evidence for the per¬ 
ception of the magnetic information and, in some cases, 
how such information interacts with other cues. To date, 
we lack a complete understanding of the mechanistic 
processes underlying the perception of magnetism and 
its integration into multimodal strategies of navigation. 
For example, it has only rarely been tested whether insects 
detect polarity from the horizontal component of the 
Earth’s magnetic field or from its inclination. Honeybees 
and ants obtain polarity information from the horizontal 
component of the Earth’s magnetic field, but recently, 
flour beetles Tenebrio sp. were shown to use the inclination 
of the magnetic field relative to gravity for short distance 
movements. 

The discovery that magnetotactic bacteria use chains 
of single-domain magnetite to cause them to move along 
the lines of magnetic flux stimulated the search for mag¬ 
netite in animals. The mechanism for a compass based on 
single-domain magnetite is similar to our anthropogenic 
compass. The magnetite crystals are rotated to align with 
the magnetic field, providing the animal with information 
on the field’s polarity. Although the mechanisms for neu¬ 
ral transduction have never been verified, it is hypothe¬ 
sized that magnetite chains are attached to ion channels so 
that magnetically induced realignments would lead to 
opening of the channels and cell depolarization. 

Support for the use of a magnetite-based compass 
comes from both behavioral assays and the presence of 
particles of magnetite in different species. Interestingly, 
the presence of magnetite is not exclusively associated 
with any organ in particular, and within an individual, it 
is not limited to a particular area. Its presence has been 
shown in diverse body areas such as the abdomen (e.g., 
honeybee A. mellifera), the thorax (e.g., monarch butterfly 
D. plexippus), the antenna (e.g., nomadic ant P. marginata , 
stingless bee Schwarziana quadripunctata ), and the head 
(e.g., fire ant Solenopsis invicta). 

Recently, a second magnetite-based configuration for 
sensing magnetic fields has been proposed for honeybees. 
In this system, variations in the field intensity are 


associated with changes in the size of magnetic granules 
(located inside iron deposition vesicles of trophocytes). 
Increases in field intensity lead to shrinking of magnetic 
granules in a direction parallel to the applied field and 
to their expansion perpendicular to the applied field. 
Furthermore, such changes in the magnetic granule’s 
size are associated with intracellular release of calcium 
from the trophocytes. As iron deposition vesicles are 
attached to the internal cytoskeleton, it is proposed that 
changes in the magnetic granules’ sizes induce relaxation 
or contraction of the cytoskeleton, which in turn, lead to 
the release of calcium ions for signal transduction. 

The radical pair compass is a mechanism proposed for 
sensing magnetic fields without magnetite. Photosensitive 
molecules are excited by the incidence of light, and an 
electron is elevated to the singlet excited state. Singlet 
radical pairs form with antiparallel spin, and there is a 
reversible conversion of singlet radical pairs with antiparallel 
spin to triplet radical pairs with parallel spin. The equi¬ 
librium state of the reversible reaction forming the two 
radical pairs depends on the alignment of the sensory 
system to the earth’s magnetic field. Presumably, the 
animal could sense the orientation of the magnetic field 
by comparing the amount of conversion from singlet to 
triplet radical pairs in different orientations. The conversion 
of singlet to triplet radical pairs would be symmetrical 
around the axial vector of the magnetic field, and thus 
serve as an inclination compass. Since photopigments, 
such as opsins, do not form radical-pairs in reaction to 
light, it has been proposed that other molecules, specifi¬ 
cally cryptochromes, may be involved in the magnetor¬ 
eception. Within insects, cryptochromes are found in the 
fruit fly D. melanogaster. ; which, accordingly, has a light- 
dependent magnetic compass. 

Indeed, a direct connection between cryptochromes 
and magnetic sensitivity was recently determined in fruit- 
flies. In a T-maze paradigm, fruit fly adults can be trained 
to associate the presence of a magnetic alteration with a 
food reward. Wild strains thoroughly learned the associa¬ 
tion, whereas Cry mutants (i.e., cryptochrome-lacking 
mutants) failed in the task. Wild strains that were trained 
in light spectra that do not activate the cryptochromes 
also failed in the learning task. 


Future Challenges and Prospects 

We have emphasized throughout this article that in order 
to understand orientation by insects with magnetic com¬ 
passes, we need to integrate how the information is 
sensed, how it is perceived and processed, and how the 
animal uses and responds to the magnetic information. 
The integration of those levels is probably one of the most 
interesting challenges for the near future. 
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First, we are in need of developing and refining the 
methodologies for the evaluation of the magnetic sensory 
system. We currently lack replicable behavioral para¬ 
digms enabling the simultaneous evaluation of neural 
activity while magnetic information is experimentally 
manipulated. Recent attempts aiming to standardize 
behavioral assays have relied on alignment behavior in 
cockroaches, which might be used under more restrained 
conditions (e.g., for electrophysiology recordings). How¬ 
ever, a magnetic compass involved in body alignment may 
involve completely different sensory organs and neural 
wiring relative to that involved in goal orientation. We 
have not yet found a specialized organ for sensing mag¬ 
netic information in insects. Concentration of magnetite 
in the head and antennae indicate that these sections 
might play a role in the magnetic perception of certain 
species. Research that focuses on the antennae and other 
body parts accessible for electrophysiological recordings 
will hopefully improve the chance of isolating the rele¬ 
vant sensory tissues. 

For example, the protein-stringing magnetite vesicles 
onto the bacterial cell fdament is known to be mamj. 
Researchers have suggested that a general survey of the 
Animal Kingdom be conducted for other species that 
express mamj. Similarly, an antibody to mamj could be 
used as a marker to structurally link magnetite crystals to 


neural cells. For example, magnetite has been observed 
with electron microscopy in the antennae of the nomadic 
ant P marginata. Is mamj also expressed in the same general 
region and can it be associated with neural synapses? 

In the previous section, we discussed the lack of 
research on a compass based on the polarity of the mag¬ 
netic field versus a compass based on inclination. If only 
the horizontal component of the magnetic field is experi¬ 
mentally changed, one cannot distinguish the two types of 
compasses. A complete experimental protocol would 
include a natural control, changing the horizontal compo¬ 
nent without changing the inclination, and reversing the 
inclination without changing the horizontal component 
(Figure 5). The experimental setup can be accomplished 
with two overlapping coils - one oriented about the polar¬ 
ity vector and another oriented about the vertical flux. 

Second, as the magnetic compass is part of a multi¬ 
modal system of navigation, research on the hierarchical 
and supportive interactions with other mechanisms war¬ 
rants further experimental efforts. Many animals rely on 
more than one compass, with the sun being a typical 
reference for diurnal insects. African dung beetles orient 
with polarized moonlight. When more than one compass 
is invoked, they may conflict with one another. For exam¬ 
ple, both the sun and moon compasses are based on the 
rotation of the Earth about its geological poles, whereas 
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Figure 5 Manipulations of the local magnetic field to distinguish a polarity compass from an inclination compass. Experiments would 
include a natural control, changing the horizontal component without changing the inclination (which will alter insect orientations 
whether a polarity compass or an inclination compass is operating), reversing the inclination without changing the horizontal component 
(which will alter insect orientations if they use an inclination compass but not if they use a polarity compass), and reversing both the 
inclination and the horizontal component (which will alter insect orientations if they use a polarity compass but not if they use an 
inclination compass). 
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the magnetic compass is based on the geomagnetic poles 
(true North lies in the Arctic Ocean, whereas magnetic 
North is offset 11° latitude onto the Canadian island of 
Ellsmere). The difference in orientation between the geo¬ 
logical and geomagnetic axes is called declination and 
varies with location on the Earth. In short range move¬ 
ments, declination will not be an issue, but over long 
distances, animals that use both a sun and a magnetic 
compass must calibrate one with the other. 

Over the longer term, the geomagnetic poles are not 
stable points. Declination changes on an ecological time- 
scale and the poles may reverse on a geological timescale 
(on the order of one-half million years). The most 
recent reversal was 750 000 years ago. For long-distance 
migrants, the Earth’s magnetic poles are stable within a 
generation, but an insect, such as a monarch butterfly, 
must have a means to reach its winter destination site in 
central Mexico encoded genetically. Thus, whether the 
insect’s preferred magnetic compass headings are plastic 
or hard-wired will be important to its success at reaching 
its destination. Finally, sunspot activity can disrupt the 
Earth’s magnetic field creating magnetic anomalies that 
ebb and wane on a 11-year cycle. For example, orientation 
of stingless bees S. quadripunctata at their nest entrance was 
altered by a magnetic storm in 2001. How do animals cope 
with changes in declination and magnetic anomalies? 

Third, how might insects use the magnetic field? Mon¬ 
arch butterflies east of the Rocky Mountains must carry 
the genetic blueprint necessary to fly from natal grounds 
to an overwintering site in the mountains of Michoacan, 
Mexico, as far as 5000 km away. Elaborate hypotheses for 
how they navigate en route involve the use of geomag¬ 
netic information. One particularly interesting feature is a 
magnetic anomaly at their destination that may guide 
their final approach like a beacon. On a more local scale, 
honeybees have been trained to detect spatial anomalies 
associated with nectar rewards, which can be used to 
measure their sensitivity to differences in magnetic fields 
or to set up experiments where orientation cues conflict 
with one another. 

We need to make experiments as natural as possible to 
investigate how insects use the magnetic field. Tethering 
of insects confounds body alignment with goal orienta¬ 
tion, orientations that may involve different sensory tis¬ 
sues and neural processing. Arenas that obscure celestial 
cues and landmarks cause insects to lose motivation to 
move toward a goal and attempt to escape instead. Insects 
that migrate for long distances or at high altitudes are 
notoriously difficult to study in these artificial settings. 
We have successfully tracked naturally migrating butter¬ 
flies, Urania moths, and dragonflies, as they flew over 
bodies of water, by following them in a boat. We have 
also conducted releases of butterflies and day-flying 
moths over water in order to conduct experiments in an 
open environment that is as homogeneous as possible 


(Figure 6). However, the boat has its limitations of dis¬ 
tance, and for nonmigratory species, a body of water could 
be an unnatural setting. Radio transmitters are becoming 
lighter in weight to the point that dragonflies and other 
migratory insects can be followed remotely (Figure 7), 
and the launch of low-orbiting satellites to track insects 
with satellite transmitters is on the horizon in project 
ICARUS (International Cooperation for Animal Research 
Using Space). 

The use of animal models, such as the fruitfly 
D. melanogaster or the honeybee A. mellifera , will certainly 
be of major relevance. This is exemplified by the recent 
genetic manipulations affecting the magnetic compass in 
Drosophila adults and providing us with a more detailed 
understanding of the mechanistic perception of magnetic 
information. Having genetic tools to integrate levels from 
sensory input to information processing and behavior 
output seem very promising. Nevertheless, it is also very 
important to consider the limitations of traditional models 



Figure 6 A butterfly released over the Panama Canal. 
Following manipulation of its internal state with a strong magnet, 
we measure the compass orientation on the horizon at which the 
insect vanishes (a vanishing bearing). 



Figure 7 A migrating Mormon cricket Anabrus simplex 
(Orthoptera) with a radiotransmitter glued to its thorax. 
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in aspects such as experimental manipulations and the 
extent to which they enable generalizations (i.e., at what 
degree they are really models). This is particularly true as 
our knowledge of the diversity of magnetism-associated 
behaviors increases. An example is the difference between 
magnetite and light-based magnetic compasses. Thus 
research on species, such as Drosophila , may shed light 
on the processing of magnetic information, but it may 
remain limited to those insects with a light-based mag¬ 
netic compass. 

Therefore, the exploration of magnetic compasses in 
other species is warranted. Increasing the range of species 
not only enables the evaluation of the taxonomic distribu¬ 
tion of magnetic compasses but, importantly, it might 
provide us with more suitable models for specific ques¬ 
tions. In this respect, the use of nocturnal species appears 
promising, since other relevant mechanisms of navigation, 
such as a sun compass or landmark navigation, are naturally 
controlled and, of course, those species might adopt the 
magnetic compass as the primary mechanism. A complete 
understanding of orientation by the magnetic compass 
will also provide a better comprehension of insect cogni¬ 
tion such as decision-making, learning, and memory. 

See also: Insect Migration; Insect Navigation; Magnetic 
Orientation in Migratory Songbirds. 
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Introduction 

The navigational challenges faced by migratory songbirds 
are both immense and complex. Whether migrating short 
or long distances, within or between continents, or to 
reach wintering or breeding sites, migratory songbirds 
must navigate across diverse landscapes, often facing 
large ecological barriers and adverse weather conditions, 
to reach habitats appropriate for their needs; indeed, 
many individuals are capable of migrating to the same 
breeding site and/or wintering site year after year. Such 
navigational feats impress amateur birders, naturalists, 
and scientists alike, and beg for questions about how 
small birds, often weighing only a few grams or tens of 
grams, manage to find their way. Moreover, while their 
final destinations have captured our attention for centu¬ 
ries, scientists have only begun to realize the importance 
of stopover sites, habitats where birds can rest and ‘refuel’ 
to continue migration. The success of the seasonal trips of 
these birds relies not only on reaching their destination at 
appropriate times but also by following ‘historical’ routes 
that provide adequate habitat along the way. 

To find their way, birds require a complement of 
navigation mechanisms and strategies, which allow them 
to cope with changing habitats and information as they 
move between equatorial and polar latitudes. Orientation 
cues available to songbirds, most of which migrate during 
the night, include celestial information, such as the stars 
and sunset (Figure 1), as well as the Earth’s magnetic 
field. While the use of the geomagnetic field is the focus 
of this chapter, birds must integrate or calibrate the direc¬ 
tion information they obtain from different cues. Much 
like humans and other animals that integrate information 
from their visual and vestibular systems to provide a sense 
of position and movement, migratory birds must use 
information from their visual system (about the position 
of the stars, setting sun, etc.) along with magnetic infor¬ 
mation in order to obtain their overall ‘sense of direction.’ 

Our goal is to provide an overview of what is currently 
known about magnetic orientation in songbirds. We will 
address both physiological mechanism(s) for sensing the 
Earth’s magnetic field, as well as ecological, or functional, 
uses of magnetic information. While we have known that 
songbirds are capable of orienting using the Earth’s mag¬ 
netic field for over half a century, there is much more to 
learn about magnetic sensing, how the nervous system 
encodes and processes magnetic information, and how 


birds use magnetic information in different ecological 
contexts and in combination with other directional cues. 
We hope this chapter provides an impetus for students of 
animal behavior to address these mysteries in the decades 
to come. 

A Brief History 

Even though the discovery of sensitivity to the geomag¬ 
netic field in animals is rather recent, the notion that 
animals might make use of geomagnetic information for 
orientation tasks is quite old. As early as the mid-to-late 
1800s, scientists suggested that the geomagnetic field 
might underlie the extraordinary navigational capabilities 
of birds and insects; Charles Darwin suggested that it 
might be worth investigating the effect of attaching 
small magnets to bees to try and manipulate their orien¬ 
tation behavior. However, it was not until the 1960s that 
Wolfgang Wiltschko, under the tutelage of Friedrich 
Merkel, was able to demonstrate that the orientation 
response of a caged migratory bird, the European robin 
(Erithacus rubecula ), was affected by the direction of an 
Earth-strength magnetic field. Although initial evidence 
for magnetic orientation was met with much skepticism, 
the body of evidence for magnetoreception in birds and 
other animals, including many species of invertebrates, 
fish, amphibians, reptiles, and some mammals, has grown 
quite rapidly in the past 45 years. Now even a skeptical 
reviewer of the literature would have to conclude that 
magnetoreception is a widespread sense among animals. 

Wiltschko and Merkel’s experimental design to test for 
magnetic orientation in birds is essentially still the method 
of choice for examining migratory orientation, although the 
technique has been modified slightly over the years. The 
technique is based on observations made by Gustav Kramer 
in the late 1940s; Kramer observed that captive (i.e., caged) 
migratory birds exhibit migratory, or nocturnal, restlessness 
(in German known as ‘Zugunruhe’). More importantly, 
Kramer noticed that the direction of the birds’ activity, 
which is indicated by increased hopping in their cages, 
corresponds with their seasonal migratory direction. To 
assess a bird’s orientation, Wiltschko and Merkel used radi¬ 
ally positioned, recording ‘event’ perches in an octagonal¬ 
shaped cage, which allowed them to monitor each bird’s 
position (i.e., directional preference) and activity. Currently, 
the most prevalent cage type used by researchers is the 
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circular ‘Emlen’ funnel (Figure 2), first used by Stephen 
Emlen to study stellar orientation in indigo buntings 

The key to demonstrate magnetic orientation is to 
show that birds change their absolute, or geographic, 
direction when the direction of the magnetic field is no 
longer pointing toward geographic North. ‘Magnetic 
coils’ are used to rotate the direction of the magnetic 
field; these three-dimensional coils are often cubical or 
octagonal in shape and wrapped with copper wire to 
which electric current can be applied to create an artificial 




magnetic field (Figure 3). With proper current and posi¬ 
tioning of the coil(s), Earth-strength magnetic fields can 
be created that differ from the actual Earth’s magnetic 
field only in direction; that is, a magnetic field can be 
created to point toward geographic East, South, West, or a 
variety of positions in between. Wiltschko and Merkel 
used such a magnetic coil to show that European robins, 
when given access only to magnetic cues, will consistently 
migrate to the north-north east; when the direction of the 
magnetic field was rotated, the birds changed their orien¬ 
tation to reflect the position of the magnetic field. 


N 



Migratory direction 



Figure 1 Illustrations of a sun compass (left) and a star, or stellar, compass (right). Celestial compasses each rely on the rotation of 
the Earth, which causes relative movement of the sun and the stars, to provide information about geographic, or true, North in the 
northern hemisphere. Left: Although most songbirds migrate at night, some are diurnal (or day) migrants. Diurnal migrants (and homing 
pigeons) can use the sun’s position along with an internal circadian clock to determine a migratory direction. In order to maintain a 
constant geographic heading, the angle between the migratory direction and the sun’s position changes with time of day. Hence, the 
need to coordinate direction with an internal clock is required to use a sun compass. Nocturnal migrants, which take off and land at 
sunset and sunrise, can use the position of the sun at sunset or sunrise to determine a direction just before departure or landing, 
respectively. Right: During the night, the Polar star (in the northern hemisphere) can be used by nocturnal birds to steer a heading. Birds 
can learn which star is the pole star by the rotation of other constellations around this immobile star in the night sky. 



Figure 2 A Savannah sparrow in an Emlen funnel. Inside this funnel-shaped, circular cage, which can either be lined with a recording 
paper (such as typewriter correction paper or thermal paper) or blank newspaper and an inkpad at the bottom, songbirds will hop. Either 
method results in marks (scratch marks or ink blotches, respectively) on the paper, which indicate the direction the bird was hopping. 
During migration, songbirds will tend to hop in the direction in which they would be flying when placed in Emlen funnels during dusk or 
evening. To test for solely magnetic orientation, visual cues can be blocked by covering the funnel with opaque, white Plexiglas. 
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Figure 3 A magnetic cube coil for manipulation of the Earth’s 
magnetic field. On the table in the center of this coil are several 
Emlen funnels for testing bird orientation. Each is covered with 
opaque, translucent Plexiglas, which will block out visual cues 
but allow some light to enter the funnel. The coil is doubly 
wrapped with copper wires, which allow two magnetic vectors to 
be created in order to change the magnetic field so that it can 
point toward geographic north, east, south, or west depending 
on which wire(s) electric current is applied to. 

Since these earliest experiments, researchers have not 
only demonstrated that the ability to use geomagnetic cues 
for orientation is widespread in songbirds (over 20 species 
have been examined to date), but similar methods have 
been used to provide the evidence for most of the ideas we 
present in this chapter. While technological advances in 
tracking devices (such as miniaturized telemetry devices 
and geolocators) are providing new methods to explore 
orientation choices in free-flying migrants, experiments 
on caged migrants have provided the bulk of our current 
knowledge about magnetic orientation. Indeed, Wolfgang 
Wiltschko, along with his wife Roswitha, have continued to 
explore magnetic orientation since the first experiments 
on European robins, providing a wealth of hypotheses, 
experiments, and data that have always been at the fore¬ 
front of research on magnetic orientation in birds. No 
review of magnetic orientation would be complete without 
acknowledging their lifetime achievements and their clear 
influence on their own students, their collaborators, and all 
of us who have worked on magnetic orientation. 

The Geomagnetic Field 

The Earth’s magnetic field is analogous to a field produced 
by a bar magnet. However, the geomagnetic field is actu¬ 
ally produced by a self-generating geodynamo, where 
fluid motion in the core of the Earth moves electrically 


conducting material across an existing field. The magnetic 
field lines leave the Earth in the southern hemisphere and 
enter the Earth in the northern hemisphere (Figure 4). The 
intensity of the geomagnetic field ranges from about 68 jiT 
at the magnetic poles, where the field lines stand vertically 
(known as an inclination, or dip, angle of 90°), to about 
23 pT around the magnetic equator, where the field lines 
are parallel to the Earth’s surface (inclination angle is 0°). 
The two magnetic poles are not static; rather they con¬ 
stantly drift or ‘wander.’ Moreover, the magnetic poles do 
not coincide with the geographic poles, which are defined 
by the axis of rotation of the Earth. The difference between 
a magnetic pole and its corresponding geographic pole 
(known as ‘declination’) is measured as an angle from any 
reference point on the Earth. Currently, the poles are wan¬ 
dering several tenths of a degree annually, which is called 
‘secular’ variation, and the total intensity of the Earth’s 
magnetic field has decreased by about 10% since 1900. 

Functions of the Earth’s Magnetic Field 
for Avian Migration 

The Avian Magnetic Inclination Compass 

The magnetic compass of migratory birds functions dif¬ 
ferently from the industrial compasses that humans use 
for orienteering. The needle of most commercially avail¬ 
able compasses points toward the magnetic North pole, 
which is why this type of compass is called a ‘polarity 
compass.’ The magnetic compass of birds is insensitive to 
the polarity of the magnetic field. Rather birds sense only 
the axis of the magnetic field and they must rely on 
magnetic inclination, or the dip angle, to determine direc¬ 
tion. Therefore, the avian magnetic compass is called an 
‘inclination compass.’ Birds use the inclination of the 
magnetic field lines to determine which of the two sides 
of the magnetic axis leads toward the magnetic equator or 
toward the closer of the two magnetic poles (Figure 4). 
The side of the magnetic axis where the magnetic field 
lines meet with the horizon always leads polewards, in 
both the northern and the southern hemispheres, and the 
side where the field lines and the horizon diverge always 
leads toward the magnetic equator. 

An experimental method to determine the type of 
compass (inclination compass or polarity compass) that 
an animal possesses is to artificially invert only the verti¬ 
cal component of the magnetic field with a magnetic coil 
surrounding a testing apparatus (such as birds placed in 
an Emlen funnel). Inverting the vertical component flips 
the magnetic field vector, that is, reverses inclination, 
but leaves polarity unchanged. Consequently, animals, 
such as birds, that possess an inclination compass will 
reverse their direction of orientation when the vertical 
component of the magnetic field is inverted, even though 
the polarity (i.e., N-S axis) of the magnetic field is 
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Figure 4 The Earth’s magnetic field (left) and function of the avian inclination compass (right). Left: The arrows near the Earth’s 
surface indicate the intensity (lengths of arrows), direction (direction of arrowhead), and angle of inclination (steepness of the arrows in 
relation to the surface of the Earth) of the magnetic field at a particular site. Right: The birds’ inclination compass is not sensitive to 
the direction of the magnetic field, but rather its alignment and sign of inclination. Birds do not distinguish between ‘north’ and ‘south,’ 
but between ‘equatorwards’ and ‘polewards.’ The side of the magnetic axis where the magnetic field lines meet with the horizon 
always leads toward the pole, in both the northern and the southern hemispheres, and the side where the field lines and the horizon 
diverge always leads toward the magnetic equator. 


unchanged. A polarity-based magnetic compass, such as 
the one commonly used by humans for orienteering, will 
not respond to an inversion of the vertical field (i.e., it 
would continue to point toward magnetic North). 

Similar to other sensory systems (such as the visual 
system), the functional range of the avian magnetic incli¬ 
nation compass also appears to be adaptable to different 
magnetic field intensities. Experiments with European 
robins demonstrated that birds are disoriented when tested 
in artificial magnetic fields weaker (16 and 34 pT) or stron¬ 
ger (60-105 pT) than the Earth’s magnetic field. However, 
preexposure to such unnatural magnetic fields for 1 h 
resulted in seasonally appropriate orientation, implying 
that the functional range of the magnetoreceptor is flexible 
and allows adjustment (although relatively slowly com¬ 
pared to other senses) to new magnetic conditions. 

Determining direction: a flexible migratory 
compass program 

Possessing a physiological magnetic compass provides 
birds only with a directional reference. Determining 
which direction to migrate (such as ‘equatorwards’ during 


autumn migration) requires birds to ‘know’ the appropriate 
direction to fly for their species. Andreas Helbig, Peter 
Berthold, Eberhard Gwinner, and others have shown that 
the general direction and distance (or length) of migration 
is, at least in part, determined by an inherited (i.e., genetic) 
migratory program in birds. Because this genetic program, 
available to juvenile songbirds on their first migration, 
encodes information about length of migration and direc¬ 
tion, it is called a ‘clock and compass’ migration strategy. 

The migratory programs of songbirds are similar in 
both hemispheres; species that breed toward the poles 
migrate ‘equatorwards’ after the breeding season in 
autumn when day length decreases, and ‘polewards’ in 
spring when day length increases. However, some species 
(or even populations within a species) may fly in one 
direction for part of their migration (such as southwest) 
and then change to a different direction for the remaining 
part of their migration (such as more southerly direc¬ 
tions). Therefore, determining the correct direction for 
successful migration can be more complicated than just to 
fly ‘equatorwards’ or ‘polewards,’ and even slight species- 
specific or population-specific differences in migratory 
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direction appear to be at least partially determined by 
genetic information. For example, when Helbig crossbred 
male and female blackcaps ( Sylvia atricapilla ) from two 
populations with different autumn migratory directions 
in Europe, the offspring oriented in a direction interme¬ 
diate to the two population-specific directions. 

Crossing the magnetic equator using an inclination 
compass is a challenging task for extremely long-distance 
migrants, such as bobolinks ( Dolichonyx oryzivorus) and 
garden warblers ( Sylvia borin). The horizontal alignment 
of magnetic field lines at the magnetic equator prevents 
the determination of direction with an axial, inclination 
compass. While crossing the magnetic equator, birds 
would thus have to rely on other compass cues, such as 
stellar patterns. Moreover, transequatorial migrants have 
to change their migratory program from ‘fly equator- 
wards’ to ‘fly polewards’ during fall migration, while at 
the same time the inclination compass information is 
ambiguous. Experimental evidence indeed suggests that 
exposure to the horizontal magnetic field at the magnetic 
equator triggers this change in migratory program. 

Energetic condition and iocai geography can 
influence orientation 

The migratory program of songbirds can be quite flexible 
during a single migratory journey. For example, birds can 
and will adjust their migratory direction to reflect their 
own energetic condition and/or local ecological features. 
Songbirds must be physically prepared for migration, 
which takes enormous amounts of energy, which they 
store largely as fat. Rather than carry excessive fat loads 
during migration, birds optimize migration speed and 
time, at least in part, by periodically arresting migration 
to replenish fat stores at suitable stopover sites en route. 
Especially important stopover sites are located just prior 
to or after crossing expansive ecological barriers, such as 
large bodies of water or deserts, where feeding and refuel¬ 
ing are difficult or impossible. At stopover sites near these 
ecological barriers, birds can gain significant fat to pre¬ 
pare for, or recover from, crossing the barrier. Orientation 
preferences of individual birds at these sites are depen¬ 
dent on both season and energetic condition of the birds. 
For example, upon encountering a large body of water 
(such as the Gulf of Mexico, one of the Great Lakes, or the 
Baltic Sea), fat migrants usually cross the barrier by exhi¬ 
biting ‘forward’ migration in a seasonally appropriate 
direction. In contrast, lean birds often orient in opposite 
directions (i.e., reverse orientation) of fat birds when they 
encounter these same barriers, or they at least discontinue 
migration temporarily until their energy reserves are 
sufficient enough to continue migration. Reverse orienta¬ 
tion may lead leaner individuals to more suitable stopover 
areas for refueling, with better food sources, less compe¬ 
tition for food, and/or less predation pressure. 


Comparing compasses - cue calibration 

Migratory songbirds use both celestial and geomagnetic 
information for compass orientation. Celestial patterns, 
such as a stellar compass, provide birds with information 
about true or geographic North or South (Figure 1). 
Having multiple compass mechanisms during migration 
can be advantageous. Under overcast weather, for exam¬ 
ple, birds cannot use their sun and star compasses, but 
need to rely on the magnetic compass. Likewise, the 
wandering of the magnetic poles makes magnetic infor¬ 
mation less reliable than geographically based compass 
mechanisms. The directional information from these two 
types of compass systems changes during migration 
because of the spatially changing relationship between 
geographic and magnetic North (i.e., magnetic declina¬ 
tion). Birds migrating at high arctic areas close to the 
magnetic North pole are exposed to particularly large 
changes in magnetic declination, because the differences 
between magnetic and geographic North are maximal 
there (Figure 5). 

Both before the start and during the migratory journey, 
birds can correct for magnetic declination by calibrating 
their magnetic compass with a celestial compass, thus 
prioritizing the information from the celestial compass 
(i.e., geographic, or true, North) over magnetic compass 
information. Although a controversial idea, polarization 
patterns of skylight near the horizon at sunrise and sunset 
may serve as the primary calibration reference for the 
magnetic compass in many migrants, such as Savannah 
sparrows ( Passerculus sandwichensis ) and white-throated 
sparrows ( Zonotrichia albicollis). These are the two times 
of day when the skylight polarization pattern is seen as a 
band of maximum polarization (BMP) across the zenith at 
a 90° angle relative to the position of the sun (Figure 6). 
The BMP intersects the horizon vertically; thus, detection 
is independent of horizon height. 

Geographic Positioning and Use of Magnetic 
Information for Noncompass Behaviors 

The occurrence of global geomagnetic gradients has led 
to several hypotheses for a magnetic ‘map,’ or geographic¬ 
positioning, sense. From the equator, both the intensity 
and the angle of inclination of the geomagnetic field 
increase toward the poles (as mentioned previously, see 
Figures 4-7). Map-based (or ‘true’) navigation requires 
nonparallel gradients of two or more geophysical features 
to determine one’s position relative to a goal in order to 
return to a familiar area following displacement. 
A bicoordinate map (one that would provide the equiva¬ 
lent of latitude and longitude) based on the geomagnetic 
field would require that an animal perceives at least two 
components of the magnetic field that vary geographi¬ 
cally, such as intensity and inclination, and that the two 
gradients be nonparallel. Geomagnetic intensity and 
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Figure 5 Illustration of magnetic declination at high Northern latitudes according to the World Magnetic Model of the Epoch 2000 
(http://geomag.usgs.gov/). Declination isolines in green and red denote positive (deviations to the east of geographic North) and 
negative values (deviations to the west of geographic North), respectively. Note that in some areas a magnetic compass and a celestial 
compass could be more than 50° off. Therefore, calibration at high latitudes is essential for birds to make use of their magnetic 
compass. 




Sunset 






Figure 6 The band of maximum polarization (BMP) of skylight at sunrise and sunset. Top: Three-dimensional view of the BMP that 
intersects the horizon at a 90° angle at sunrise and sunset. Middle: This pattern is always symmetrical to geographic North, independent 
of time of year and latitude. Bottom: Averaging of the BMP vectors available at sunrise and sunset would provide birds with a true 
geographic reference for calibration of the magnetic compass and corrections of magnetic declination. 


inclination mostly vary concomitantly along a north- 
south axis in the Americas and Europe and Africa and 
may provide only a unicoordinate map limited to latitu¬ 
dinal information for migrants on these continents. How¬ 
ever, in several regions (e.g., the Indian and South Atlantic 
Oceans, and parts of Europe), these two gradients are not 
parallel to each other, making bicoordinate geomagnetic 
navigation theoretically feasible (Figure 7). 

Because of local, regional variation in the alignment 
and steepness of geomagnetic gradients and temporal 
(such as daily or annual) geomagnetic variation, most 


hypotheses about map-based navigation presume that 
animals would have to learn the pattern of magnetic 
gradients within their home range or along their migra¬ 
tory route. Juveniles, that have not yet learned these 
gradients, would have to rely on other orientation strate¬ 
gies (i.e., the inherited, clock and compass strategy for 
migration as mentioned earlier). Displacement and re¬ 
covery experiments with free-flying migrants, as well as 
laboratory experiments, consistently support a purely 
compass-based orientation strategy in juvenile birds. 
Age-dependent recoveries of geographically displaced 
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Figure 7 Total intensity (yellow lines) and inclination (red lines) of the Earth’s magnetic field according to the World Magnetic Model 

(WMM) 2000 (http://geomag.usgs.gov/). The total intensity is shown in 5000 nT steps and the inclination is shown in 10° steps. 



migratory European starlings ( Sturnus vulgaris) by Albert 
Perdeck first suggested that adults use a different orienta¬ 
tion strategy than do juveniles. After displacing thousands 
of banded starlings to the southwest of their autumn 
migratory route, adults were recovered in their usual 
population-specific wintering areas. However, juvenile 
birds, which had never migrated before, were recovered 
to the southwest of their population-specific wintering 
grounds. In other words, adults compensated for the geo¬ 
graphic displacement, whereas juveniles continued to ori¬ 
ent in a fixed compass direction without compensation. 

Direct tests of magnetic map hypotheses, where geo¬ 
graphic displacements are simulated by altering the inten¬ 
sity and/or inclination of the geomagnetic field, are few and 
in most cases involve ‘homing behavior’ in species other 
than songbirds. Eastern red-spotted newts (Notophthalmus 
viridescens ), spiny lobsters ( Panulirus argus ), and green sea 
turtles ( Chelonia my das) orient toward a home or capture site 
when exposed to magnetic field values that simulate dispa¬ 
rate geographical locations. Also consistent with map-based 
geomagnetic navigation, temporal variation and spatial 
anomalies in the geomagnetic field also affect homing ori¬ 
entation in pigeons ( Columba livia) and alligators ( Alligator 
mississippiensis). In songbirds, only Australian silvereyes ( Zos- 
teropsl. lateralis) have been directly tested for a magnetic map 
sense by examining their orientation responses to magneti¬ 
cally simulated geographic displacements. Silvereyes that 
breed in Tasmania migrate northwards to wintering sites on 
the Australian mainland and then southwards to Tasmania 
during spring migration. Fischer and others (including the 
authors of this article, in unpublished studies) have found 
that adult silvereyes, but not juveniles, became disoriented 
or reoriented during autumn migration when exposed to 
magnetic field values that simulate a northerly displacement 
(i.e., beyond their normal wintering range). Although other 


explanations are possible for the orientation behavior 
observed in these experiments, silvereyes may learn to use 
gradients in the geomagnetic field for at least a unicoordinate 
geomagnetic ‘map’ sense, which provides latitudinal infor¬ 
mation (see Freake et aL, 2006). 

Although it is unclear whether songbirds possess a 
magnetic ‘map’ sense, specific values of the geomagnetic 
field have been shown to serve as innate ‘sign posts’ (or 
sign stimuli) for locations along a migratory route. Genet¬ 
ically encoded geomagnetic values may stimulate an 
‘innate releasing mechanism,’ causing migrants to change 
migratory behavior at appropriate locations, such as at 
stopover sites or migratory boundaries. When exposed to 
gradually decreasing values of magnetic intensity and 
inclination, juvenile pied flycatchers ( Ficedula hypoleuca) 
shift their autumn orientation from southwest to southeast 
in magnetic fields that simulate those of southern Spain, 
as would freely migrating birds. Southeast reorientation 
toward Africa prevents the birds from migrating over the 
Atlantic Ocean. This example does not require birds to 
determine their position; instead, specific geomagnetic 
field values elicit an appropriate ‘programmed’ change 
in the bird’s behavior, orientation, or otherwise. Likewise, 
juvenile thrush nightingales ( Luscinia luscinia) increase 
feeding rates in a magnetic field simulating a known 
stopover site in northern Egypt. 

Identifying the Avian Magnetoreceptor(s) 

Early hypothetical biophysical models for magnetorecep¬ 
tion have led to the discovery of two candidate magnetor¬ 
eception systems in birds: (1) a light-dependent mechanism 
located in the eye and (2) an iron-based mechanism asso¬ 
ciated with the trigeminal nerve. Magnetic compass 
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orientation of both juvenile and adult birds is light depen¬ 
dent, affected by both wavelength and intensity, and in at 
least two species, it is lateralized to the right eye. In addi¬ 
tion, pulse remagnetization experiments and neurophysio¬ 
logical studies suggest that an iron-based mechanism 
innervated by the trigeminal nerve provides adult birds 
with magnetic information other than simply compass 
direction, possibly geomagnetic-positioning information. 

Light-Dependent Magnetoreception and 
Compass Orientation 

Magnetic compass orientation of migratory songbirds and 
homing pigeons is influenced when they are tested under 
different wavelengths (i.e., colors) of light. Experiments 
with songbirds, both adults and juveniles, in Emlen funnels 
illuminated with monochromatic lights demonstrate that 
birds tested under nearly monochromatic blue, turquoise, 
or green light (all relatively short wavelengths) were well 
oriented toward their seasonally expected migratory 
direction. Birds tested under longer wavelengths (i.e., yel¬ 
low and red), however, either became disoriented or 
showed approximately 90° shifted orientation. Experi¬ 
ments with European robins tested under green and 
green-yellow lights, which differed by only 8 nm, showed 
that the transition from oriented behavior to disorienta¬ 
tion occurred very abruptly. Light-dependent magnetor¬ 
eception varies in birds not only with wavelength, but also 
with light intensity (i.e., brightness) at the same wave¬ 
length, leading to shifts in orientation, disorientation, or 
axial alignment along the migratory direction. The inter¬ 
actions of wavelength and intensity of light on compass 
orientation are complex and still not well understood. 

Peter Semm demonstrated some of the first neuro¬ 
physiological recordings on magnetically sensitive neu¬ 
rons in bird brains. In the nucleus of the basal optic root 
(nBOR) and the optic tectum, Semm showed a clear 
involvement of the visual system in light-dependent mag¬ 
netoreception. His recordings demonstrated magnetic 
responsiveness to changes in the direction of a magnetic 
field and to slow inversions of the vertical component of 
the magnetic field, and thus strongly implied that light- 
dependent magnetoreception takes place at locations 
innervated by the optic nerve, with the eyes as likely 
candidates for the locations of receptor cells. Experiments 
testing the magnetic orientation of birds (i.e., European 
robins and Australian silvereyes) with one eye covered 
with light-proof caps suggest that light-sensitive magne¬ 
toreception is actually lateralized; mainly the right eye is 
involved in magnetoreception. Birds were well oriented 
and reacted to an inversion of the magnetic field when 
tested with the right eye open, but were disoriented 
when tested with the right eye covered. 

Currently, the most accepted magnetoreception model 
for the light-dependent magnetic compass, originally 


proposed by Klaus Schulten, suggests that an external 
magnetic field can modulate photon-induced processes 
in specialized photoreceptors. In this process, radical 
pairs of light-sensitive molecules are formed by photon 
excitation through light absorption similar to the photo¬ 
synthetic reactions. The interconversion between the two 
excited state products can be modified by an external 
magnetic field, resulting in the formation of different 
yields of singlet and triplet products (the triplet products 
being the signaling state). Cryptochromes, candidates for 
such a magnetoreception molecule, have been found in 
retinas of two migratory bird species, European robins and 
garden warblers. Photoreceptors containing such magne¬ 
tosensitive molecules arranged in an ordered array in the 
eye would respond differently, depending on their relative 
alignment to the magnetic field. Birds would be able to 
‘see’ the magnetic field lines as a three-dimensional pat¬ 
tern of light irradiance (i.e., brightness) or color variation 
in their visual field or through a dedicated parallel path¬ 
way in the brain (Figure 8). 

The use of low-intensity oscillating radiofrequency 
magnetic fields (RF fields) in the lower MHz range 
(0.1-100 MHz) has been established as an important tool 
to test whether a radical pair mechanism is involved in the 
primary magnetoreception process of an orientation 
response. RF fields of distinct frequencies interfere with 
the interconversion between the excited states of the 
molecule(s) and can mask or alter the magnetic field 
effects produced by the Earth’s magnetic field. RF inter¬ 
ferences can lead to either disorientation or change in 
orientation, depending on the amount and type of change, 
and how the animals integrate the information into a 
migratory direction. Experiments with European robins 
exposed to such RF showed that birds become disoriented 


Visual field 



(a) (b) 

Figure 8 Illustration of light-dependent magnetic compass 
perception through magnetosensitive photoreceptors. 

(a) Magnetic field vector (arrow) and three-dimensional pattern 
which birds are thought to perceive, consisting of a dark area 
on each side of the magnetic field axis and a ring in the center. 

(b) Visual pattern perceived by a bird, depending on the relative 
alignment of the magnetoreceptors and the magnetic field; in this 
example, the bird is facing toward magnetic North with the 
eyes horizontally aligned at two different latitudes (i.e., magnetic 
field inclinations of 30° and 60°, respectively). 
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when tested under either a broadband RF field or distinct 
single frequencies in the lower MHz range. Iron-based 
magnetoreceptors, in contrast, would not be affected by 
RF fields, because the rotation of iron oxide particles, 
such as magnetite, would be too slow and the ferromag¬ 
netic resonance frequency is expected to be in the GHz 
rather than MHz range. 

Iron-Based Magnetoreception 

A magnetoreceptor based on a direct interaction with the 
magnetic field is fairly easy to imagine if one considers 
coupling a tiny biological ‘bar magnet’ with a sensory neu¬ 
ron; pull on or rotation of such a biological ‘micromagnet’ 
could, in theory, be detected by a mechanoreceptor-like 
neuron. Magnetite (Fe 3 0 4 ) is a biogenically produced com¬ 
pound that exhibits ferromagnetic properties, which could 
give rise to such a ‘bar magnet’ based magnetoreceptor. In 
fact, particles of magnetite have been shown to be responsi¬ 
ble for geomagnetic alignment of some anaerobic bacteria. 
In the mid-1970s, Richard Blakemore and Richard Frankel 
found that both living and dead marine bacteria from the 
North Atlantic passively oriented parallel to the magnetic 
field lines; the anterior end of each bacterium was pointed 
northward and downward (as are the lines of inclination in 
the northern hemisphere; Figure 4). In living bacteria, fla¬ 
gellar motion at the posterior end of the organism results in 
movement of the organism along the field lines toward the 
anaerobic areas of sediment at the water-substrate boundary. 
A variety of magnetotactic bacteria and algae have been 
found in both fresh and marine waters of the northern and 
southern hemispheres. In each case, long chains of (single 
domain) magnetite particles or, in some cases, greigite (an 
iron sulfide) are present within the bacteria and cause pas¬ 
sive alignment with the geomagnetic field lines. 

To confirm the role of magnetite in the orientation 
of these microorganisms, Blakemore (and his colleague, 
Adrianus Kalmijn) remagnetized the chains of magnetite 
in bacteria with a strong magnetic pulse oriented antiparal¬ 
lel to the orientation of the bacteria. This technique, known 
as ‘pulse remagnetization,’ will remagnetize (i.e., reverse the 
polarity of) any permanently magnetic particles; however, 
paramagnetic particles such as radical pairs will not be 
permanently affected. After pulse remagnetization, the 
magnetotactic bacteria oriented in the opposite direction 
showing that the magnetic pulse had reversed their ‘behav¬ 
ior’ by reversing the polarity of their magnetite chains. 

The findings in bacteria triggered the search for a 
magnetite-based magnetoreception mechanism in ani¬ 
mals. Magnetite is a fairly ubiquitous biogenic compound 
in animals and has been reported in insects, birds, fish, and 
mammals; it occurs in a variety of tissue types including 
the nervous system. In order to be useful for magnetic 
orientation, however, a magnetite-based magnetoreceptor 
would need to be associated with a directionally selective 


sensory system. Physiological, anatomical, and behavioral 
studies have all provided evidence for an iron-based 
mechanism associated with the ethmoid, or nasal, region 
in birds and fish. Using traditional neurophysiological 
techniques, Robert Beason and Peter Semm first demon¬ 
strated that the ophthalmic branch of the trigeminal 
nerve, which innervates the ethmoid region of songbirds, 
is sensitive to changes in Earth-strength magnetic fields. 

Recently, Gerta and Guenther Fleissner and others 
more fully described iron-containing structures in the 
dendrites of the ophthalmic branch of the trigeminal 
nerve in the upper beak of homing pigeons. The complex 
structures were found to contain both platelets of maghe¬ 
mite (another ferromagnetic iron oxide) and small round 
intracellular ‘bullets’ of magnetite, which are influenced 
by local magnetic fields around the sensors to detect the 
magnetic field and likely also amplify it so that sensory 
transduction can take place. Thus, geomagnetic transduction 
may work similar to other senses such as hearing, where 
the stimulus is amplified to increase detection. These iron- 
containing sensory neurons were found in three pairs, 
bilaterally arranged within the upper beak. Each pair is 
aligned along a different axis, so that when taken together, 
they could act as a three-dimensional magnetometer to 
detect multiple components of the magnetic field, analo¬ 
gous to a human-made three-axis magnetometer. With this 
structure, birds could sense both the direction and the 
intensity of the surrounding magnetic field. 

Pulse remagnetization experiments similar to those 
conducted on magnetotactic bacteria have provided evi¬ 
dence that some aspect of magnetic orientation in birds is 
mediated by an iron-based magnetoreception mechanism. 
However, the characteristics of this trigeminal magnetic 
system suggest that it may mediate a magnetic ‘map’ sense 
rather than a magnetic compass sense. When birds are 
exposed to a strong magnetic pulse designed to remagne¬ 
tize magnetite particles, a change in the direction of 
migratory orientation is observed in adult birds, but only 
when the trigeminal nerve is intact. If information from the 
trigeminal nerve is blocked with anesthesia, bobolinks can 
still show magnetic orientation, but the effect of the pulse 
(i.e., a shift in their orientation) is no longer evident. In 
other words, pulse remagnetization does not influence the 
adult’s compass sense. Likewise, juvenile songbirds cap¬ 
tured prior to their first migration, which should not have a 
map sense, are unaffected by pulse remagnetization. Inter¬ 
estingly, trigeminal neurons exhibit the requisite sensitiv¬ 
ity to extremely small magnetic field changes that would 
be expected for precise geographic positioning. 

Conclusion 

Since the discovery of magnetic orientation in the Euro¬ 
pean robin and other songbirds, researchers have begun to 
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investigate many proximate questions about the genetics 
and development of magnetic orientation and the sensory 
‘rules’ and processing of magnetic information. Despite 
almost 50 years of research, we still do not understand 
many of the basic rules of operation of this sensory system 
or its ecological functions; even the elusive magnetore- 
ceptor(s) and magnetoreception mechanism(s) in birds 
have yet to be conclusively identified. Like many other 
senses, however, magnetoreception appears predisposed 
to be ‘tuned’ to Earth-strength magnetic fields, able to 
adapt to changes in the magnetic field, and to provide 
more than one type of information (e.g., birds appear to be 
able to detect both quantity, or magnetic field strength, 
and quality, such as magnetic inclination). Moreover, 
magnetoreception is not used alone for navigation. Rather, 
songbirds are capable of multimodal processing (i.e., com¬ 
bining magnetic and visual cues) in order to determine a 
direction for orientation during migration. However, how 
birds combine information from different compass types 
in their nervous system is still largely unknown. Further¬ 
more, the functional role of geographic variation in the 
geomagnetic field for map-based navigation, geographic 
positioning, or sign post navigation needs to be more fully 
explored in species with different migratory pathways and 
constraints. Another 50 years of research on avian magne¬ 
toreception, including behavioral studies on caged and 
free-flying migrants, physiological and anatomical inves¬ 
tigations of neurological mechanisms, and collaborations 
of biologist and physicists will likely lead to some of these 
answers and to the inclusion of this important sensory 
system in textbooks on animal behavior, physiology, and 
sensory systems, where it has largely been ignored. 

See also: Amphibia: Orientation and Migration; Bird 
Migration; Magnetic Compasses in Insects; Maps and 
Compasses; Sea Turtles: Navigation and Orientation. 
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Avast amount of studies can be found on the phenomenon 
of magnetic-field-guided behavior. In nearly all animal phyla, 
species have been shown to use parameters of the Earth 
magnetic field for navigation and orientation (Figure 1). 
Also, various physiological processes make use of infor¬ 
mation of the local magnetic field: for example, migratory 
birds grow fat before they cross the Mediterranean Sea 
and the Sahara desert and lose weight on their way back - 
under the control of the correct geomagnetic coordinates. 
Therefore, in laboratory studies, these processes can only 
be observed when the geomagnetic landmarks are simulated. 
Even in plants, phenomena have been demonstrated to 
depend on special geomagnetic parameters. So, it is no 
surprise that magnetic-field-guided behavior is frequently 
reported in additional organisms. 

Another topic, which has gained great interest among 
researchers and especially practitioners, is man-made 
electromagnetic radiation and its putative impact on body 
and brain, especially at the biochemical and tissue level. 
These studies deal with conditions different from the natural 
geomagnetic field and are not concerned with the analysis 
of the basic processes involved in the magnetoreception 
of animals. 

Despite much interest in the area, the mechanisms 
underlying magnetoreception are still enigmatic and 
obviously pose a challenge for researchers from different 
scientific areas. Several hypotheses and myths have evolved, 
and up to now, seem to dominate - and sometimes distort - 
the discussion of upcoming solutions to this fascinating 
question (Box 1). In order to find sound concepts for ani¬ 
mals’ magnetoreception, we will try to recall the essential 
physiological and physical background knowledge, which 
has to be respected before you may name a structure a 
magnetoreceptor. Once a promising structure has been 
found, studies can be planned to verify its function (within 
biologically relevant magnetic field conditions) and all 
steps of the related information processing pathways 
controlling behavior and/or physiology. 

Although a relatively poorly understood sense, here 
we open the ‘black box’ and follow the steps inside 
between the magnetic field - as input to the organism, 
and magnetic-field-controlled behavior as output phenom¬ 
enon, recalling on the way the cascade of physiological 
principles required (Figure 2). Examples will be given 
at each level of magnetoreception and magnetic field 
perception. 


Parameters of the Earth Magnetic Field 
Relevant for Magnetoreception 

The Earth’s magnetic field is omnipresent. It is never hidden 
behind clouds or invisible in a daily cycle like the planets 
or transient like sound and smell. The Earth has many of 
the features of a huge dipolar magnet (Figure 3), where each 
geographic position is characterized by the local magnetic 
vector: the vector direction derived from the orientation and 
inclination of the local magnetic field lines, and the vector 
length as field intensity. The field lines run from the South 
Pole toward the North Pole (the magnetic South Pole next 
to the geographic North Pole and the magnetic North 
Pole near the geographic South Pole). This shows the 
inclination of the field lines to be maximal near the poles 
and parallel to the earth surface at the equator. The total 
intensity of the geomagnetic field is lower near the equator 
and higher poleward. 

Some remarkable deviations of the smooth and stable 
dipole magnet model Earth may occur depending on: 
(1) The local magnetic ‘topography, ’which may show anoma¬ 
lies like magnetic hills and valleys, mainly originating 
from ancient volcanic activities. Detailed magnetic maps 
are available to be consulted as reference, for example, 
when selecting a release site for homing studies. (2) Slow 
continuous modulations of up to 500.. .nT. (3) Time of day. 
depending on the sun spot activity and the rotation of the 
Earth, the mean magnetic flux is lower at noon than in the 
evening or morning, especially during the summer, and 
especially on the sun-facing side of the earth. These 
parameters (1-3) must be controlled, when the Earth 
magnetic field is used as a reference in magnetic orientation 
experiments. (4) Magnetic storms , solar flares, or approach¬ 
ing thunderstorms may induce generally short but strong 
changes of the geomagnetic fields. They provide severe 
interference with electronic equipment (the last great 
geomagnetic storm happened 13 March 1989 affecting volt¬ 
age regulation relay operations in Canada and North 
America) and also animal orientation (reported for migra¬ 
tory and homing and long-distance marine travelers such 
as dolphins and whales). Such animal reactions may indi¬ 
rectly hint toward the physiological limits of biological 
magnetic receptors, that is, which intensities and slopes of 
magnetic stimuli are used for the magnetic-field-controlled 
behavior or body functions. (5) Long-term variations far 
beyond the lifespan of any animal: the field intensity 
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Figure 1 Schematic overview on animals investigated concerning magnetobiology. As background, Ernst Haeckel’s tree of life 
(The Evolution of Man, 1874) provides a rough survey on an old systematic affiliation of the studied organisms (German terms according 
to Haeckel’s original presentation). The intensity and the quality of the respective magnetobiological analyses are not respected. 

Data mainly according to listings in Wiltschko W and Wiltschko R (1995); pictures: private or public domain. 
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Box 1 Myths and Facts 

• Myth : Magnetite incrustations hint toward putative magnetoreceptors: WRONG. 

Metal oxides can be found in hard body appendages like the radula of snails or the sting and the mouthparts of arthropods. Here, the 
metal inclusions serve to harden the delicate structures; sensory innervations are missing, which excludes their involvement in 
magnetoreception. 

• Myth : Magnetite accumulations in central nervous tissue hint to a magnetoreceptor site: WRONG. 

Magnetite in the brain often occurs as leftover of the iron metabolism, with an increased amount along with inflammation, degeneration 
or neoplasmic processes. The central nervous system in vertebrates is no sensory organ and therefore cannot monitor parameters of 
the geomagnetic field. Likewise, magnetite in different organ systems is rather a by-product of the iron metabolism than an indicator of 
magnetosensation - unless it is localized within or next to sensory nerve endings. 

• Myth : All metazoan magnetoreceptors originate from endosymbiontic magnetotactic bacteria, and therefore, must be composed of 
chains of single domain magnetite crystals: WRONG. 

Magnetotactic bacteria are not universal model systems for magnetoreceptors. Their magnetosomes are no component parts of a 
magnetomechanical transducer process. By means of their magnetosomal chain, bacteria are passively aligned in the geomagnetic 
field. The bacterial magnetosomes can contain magnetite or maghemite or Greigite or no iron at all. Even here, magnetite is not an 
obligatory magnetic material. This myth is persistently defended in order to antagonize ‘noniron’-based magnetoreceptor mechanisms 
in metazoans. 
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Figure 2 Schematic overview of the different steps from magnetoreception to magnetic-field-guided behavior. 


varies by 0.05% per year and has a westward drift of 
0.2° per year with a period length of several thousand 
years before it returns to the past position. (6) Reversal of 
the polarity.\ which may happen periodically at an average 
interval of 250 000 years. About 730 000 years ago, the last 
change occurred and can be detected in studies of mag¬ 
netic rock. 

We will refer only to the geomagnetic parameters, 
available for animals in their natural environment. Labo¬ 
ratory conditions with extremely high field intensities or 
high-frequency variations of the magnetic field, magnetic 
pulses, may evoke changes in tissues and molecules, but 
the results do not necessarily show these elements are 
components of magnetoreceptors. Good receptor candi¬ 
dates must match the limits and dynamics of detectable 
natural field conditions, derived from thorough behavioral 
and receptor physiological studies. Astonishingly small 
and slow changes of magnetic flux, field direction, and 
inclination may serve as a magnetic map and compass. 


Intensity and inclination of the magnetic field vary by 
about 3 nT kni and 0.01° km - , and experiments with 
birds, reptiles, mammals, amphibians, or fish indicate that 
they may react to changes of field intensity of less than 
50 nT and a difference of inclination of about 1°. This 
means that, for example, they can reliably recognize min¬ 
ute deviations from their migratory route and intended 
landing place. 

For our topic, magnetoreception, two characteristics 
are central: (1) The magnetic field is omnipresent and 
perpetual; this means life has always experienced it, and in 
common with gravity most probably cannot exist without it. 
Both features together provide a reliable reference for 
the determination of position and posture of an organism. 
(2) The geomagnetic field vector cannot be detected by a 
‘far sense.’ Only the local field conditions count, detect¬ 
able by a ‘near sense.’ Simply expressed, the magnetic 
vector behind the next corner or hill cannot be ‘seen.’ 
But studies (with birds) have shown a gate open for about 
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Figure 3 The Earth’s magnetic field appears to be formed by a 
huge bipolar magnet with its magnetic South Pole next to the 
geographic North Pole, and the magnetic North Pole next to the 
geographic South Pole. The magnetic field lines run from the 
magnetic North Pole to the magnetic South Pole. By ‘tradition,’ 
the magnetic North Pole is named South Pole and vice versa; 
thus, the compass needle is said to point to the ‘North.’ 

half a year for imprinting the landmarks near the home 
place: experience and learning offer a continuously 
growing ‘mental’ magnetic map, which then can serve as 
reference for the evaluation of the current magnetic 
parameters. 

Physical Principles and Technical 
Devices for Measuring Magnetic Field 
Parameters 

Geographic positioning during navigation requires 
devices, which can measure the local magnetic vector, 
that is, the direction, inclination and intensity of the 
magnetic field, determined by a magnetic compass and a 
three-axial magnetometer. 

The Magnetic Compass 

Long before the Earth was understood as a dipole magnet, 
in the third century BC, Chinese engineers had discovered 
the magnetic compass, a tool always pointing in the same 
direction independent of its spatial position. This fol¬ 
lowed from finding of magnetic rocks, iron ore, later 
named ‘loadstone.’ Metal rubbed with this stone became 
magnetic. This natural phenomenon was an attraction for 
the public, for example, when prognosticators used it as 
pointer on their telling boards. But soon magnetism was 
applied for navigation, as the geographic orientation of 
magnetic material was found to be constant, a prototype 
of a magnetic compass. The first device for practical use 
was the ‘wet compass,’ a magnetized needle floating on 
water. Later, the Chinese used a little spoon of magnetite, 



Figure 4 The Chinese ‘South Pointer,’ replication of a Chinese 
compass, probably constructed during the Han dynasty (202 BC 
to AD 220). The handle of the magnetic spoon always points to 
the South. The nonmagnetic bronze plate has the eight celestial 
directions engraved. 

representing the constellation ‘Great Bear,’ placed on a 
nonmagnetic bronze plate (Figure 4). After a short 
‘dance’ on the plate, the handle of the spoon reliably 
pointed to the South, ‘South pointer.’ Engraved in the 
plate were the heaven as central circle, surrounded by the 
earth with eight main directions, and fine gradations for 28 
lunar houses. 

Prior its use for navigation, the Chinese compass was 
an important tool for divination and geomancy (aligning 
buildings according to the traditional rules of Feng Shui). 
This can be deduced from the alignment of ancient temples - 
also in Europe: they face magnetic north, not geographic 
north. In medieval times, the magnetic compass found its 
way to Europe by traders and was developed mainly by 
Arab scientists, to various shapes matching the require¬ 
ments of marine and terrestrial navigation. Even today, we 
use the magnetic needle compass. 

The Magnetometer 

Accurate positioning depends on the knowledge of the 
local magnetic vector, the total intensity of the magnetic 
field, and its direction, that is, declination and inclination 
of the magnetic field lines. Additional to the magnetic 
compass, two measuring devices are in use: a dip needle, a 
freely suspended compass, for determination of the incli¬ 
nation; and a magnetometer to determine the magnitude, 
which at least in principle includes the direction of the 
magnetic field. Different from the ‘simple tools,’ magnetic 
compass and dip needle, magnetometers are complex 
technical machines. In principle, magnetic probes oriented 
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in the three spatial directions (X - north, Y - east, 
Z - downward) measure the respective field intensity, a 
combination of these Cartesian values results in the magnetic 
vector. Alternative types of magnetometers following various 
physical principles are realized depending on their specific 
application, for example, near the surface of the Earth or 
in the magnetosphere, the aural zone surrounding the Earth 
far into space. By means of satellites, the earth magnetic 
field, the magnetosphere and their modulations are surveyed. 
The current detailed magnetic maps shown by these 
programs can be consulted via internet. 

The description of basic features of the earth’s magnetic 
field can be attributed to William Gilbert, English physician, 
who had built a ‘terrella,’ a little model of the Earth, consisting 
of magnetite in order to demonstrate the changing decli¬ 
nation of magnetic field lines, when a dip needle is moved 
around the sphere. His distinction between the use of a 
dip needle and the horizontal compass is one of the topics 
of his book ‘De magnete.’ Several scientists involved in the 
exploration of the electric field, for example, Ampere, 
Gauss, Maxwell, Oersted, Tesla, Weber, recognized its 
close relation to magnetism; their names can be found as 
units of electromagnetic parameters (Table 1). 


The First Step of Magnetoreception 

The Basic Principles of Transducing the 
Magnetic Field Parameters into a Receptor 
Potential 

A good first question for animal systems is which material 
or biophysical process is able to react to the low magnetic 
flux of the natural geomagnetic field and its minute 
changes, and serve their magnetic sense? This ‘material’ 
is essential for the transduction from the external mag¬ 
netic field parameters into a receptor potential that may 
conduct information to the brain. Only this primary pro¬ 
cess is specific for magnetoreception, all following steps 
of information processing and output control can be prin¬ 
cipally found in other sensory systems (Box 2). 


Three models of magnetoreceptor transduction are 

currently considered potentially valid in various 

organisms. 

• Electromagnetism : Electromagnetic effects are studied in 
detail in physical experiments and found in multiple 
practical applications, for example, when constructing 
electro motors. For decades, electromagnetic induction 
evoked by moving conducting objects within an elec¬ 
tric field has attracted researchers, who tried to find 
this principle in fish. The electroreceptors (‘Lorenzini 
ampullae’) of elasmobranchia can sense the voltage 
drop induced by the environmental magnetic field. 
But, up to now, despite some attempts and ideas, no 
sound evidence of the Lorenzini ampullae functioning 
as magnetoreceptors has been published. 

• Microbiology / iron based : About 40 years ago, bacteria 
with small magnetic inclusions were found in fresh 
water lakes and also in seawater. Magnetite crystals form 
an intracellular chain, which enables these so-called 
magnetotactic bacteria to behave like little compass 
needles and move into water zones of optimal oxygen 
concentration. Since then, researchers have tried to find 
magnetoreceptors in metazoan organisms according to 
this magnetic crystal model. The bacteria themselves 
are not performing any sensory processes. Magnetite 
nanocrystals assumed to be the key molecules have been 
found everywhere in the body and brain, and a large 
variety of candidate magnetoreceptors have been pro¬ 
posed. Much of the remainder of this study discusses 
whether or not these structures deserve the notion 
magnetoreceptor, and we will show a promising receptor 
system based on magnetic iron minerals in the avian 
beak, apparently serving as a most sensitive biological 
GPS system. 

• Biochemistry I molecular based. Several magnetic field 
effects on biological molecules have been discussed as 
putatively hazardous and also as a basic mechanism of 
magnetoreception. The greatest problem is obviously 
that several of these reported processes are improbable 
at the naturally low level of the Earth’s magnetic field. 


Table 1 Magnetic units of measurements and symbols according to the three systems in use 


Unit of measurement 


Parameter 

Symbol 

CGS 

SI 

English 

Field force 

mmf 

Gilbert (Gb) 

Amp-turn 

Amp-turn 

Field flux 

<t> 

Maxwell (Mx) 

Weber (Wb) 

Line 

Field intensity 

H 

Oersted (Oe) 

Amp-turns per meter 

Amp-turns per inch 

Flux density 

B 

Gauss (G) 

Tesla (T) 

Lines per square inch 

Reluctance 

U 

Gilberts per Maxwell 

Amp-turns per Weber 

Amp-turns per line 

Permeability 

F 

Gauss per Oersted 

Tesla-meters per Amp-turn 

Lines per inch-Amp-turns 


For more information and the conversion refer to, for example, Roche JJ (1998) The Mathematics of Measurement: A Critical History. 
Berlin: Springer. 
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Box 2 Background 

Receptorphysiological Background 

In general, sensory systems are specialized to transmit only a minute selection out of the environmental phenomena as sensations, which 
via information processing and central nervous pathways, becomes part of our perceived world. The sensations can be classified by four 
basic dimensions related to their spatial and temporal features as well as their modality/quality and intensity/quantity. The underlying 
sensory systems are equipped by sophisticated structural details, the stimulus conducting system, in order to optimally react to certain 
stimulus parameters of minimal energy, the adequate stimulus. Thus, an essential first step to understand how special external events or 
conditions may be perceived is the analysis of the stimulus conducting system with regard to its structure and biological meaning in the 
respective sensory system. Only based on this knowledge, experiments for analyzing the magnetosensory transduction and further on the 
perception of the magnetic field can be successful. 


But at a smaller scale, such reactions, which involve an 
electron transfer between different orbitals, are now 
proposed to be a clue to a biochemical magnetoreceptor. 
In plant photopigments, for example, chlorophylls and 
flavins, light energy enhances the electron transfer 
between neighboring molecules, leading to unpaired 
electrons, ‘radical pairs’ in both partners. This process 
has been described in detail in green plants, which show 
a different growth rate depending on magnetic field 
conditions. The main question remaining is ‘what are 
the partner molecules’. Cryptochrome, a photolyase, with 
otherwise ‘cryptic’ function and oxygen seem to be 
involved in this radical pair mechanism. This effect in 
plants is not magnetoreception. A hint toward the 
involvement of a biochemical process such as that 
in animal magnetoreception was first derived from 
experiments with robins. These birds were found to 
navigate by means of a magnetic compass mediated, 
oddly enough, through vision. Although initially indepen¬ 
dent of photosensitive or magnetoreceptive function, 
the pigment cryptochrome has now been found in 
distinct areas of the avian retina. Since high-frequency 
magnetic field stimuli are known to generally interfere 
with radical pair processes, similar experiments were 
performed with birds during orientation experiments. As 
expected, these stimuli disturbed the magnetic orientation 
and are thought to be convincing evidence for a photo- 
pigment-based magnetic compass. 


The Structural Site of Transduction, the 
Magnetoreceptive Cell 

To date, there is some good evidence that the latter two of 
these three possibilities magnetoreceptor mechanisms are 
found in various species localized in different tissues 
(Table 2). Iron-based magnetoreception is suggested present 
in sensory dendritic terminals of the trigeminal nerve 
(in fish and birds, possibly also in mammals), and the 
photopigment-based magnetoreception happens in retinal 
cells (birds) or in the pineal (amphibians). Both the 
photopigment- and the iron-based magnetoreceptor systems 
may occur side by side within the same organism, possibly 


serving different functions of magnetic orientation: in 
birds, there is evidence for a magnetic compass in the 
eye, and an iron-based magnetometer for map information 
in the upper beak. 

Where is the site of the magnetoreceptive transduction 
in animals? 

Biochemical magnetoreceptiom. Here, we can simply state 
that so far the magnetoreceptive cells are not yet known. 
We do not know which type of retinal cells are involved, 
and therefore, it is not known, whether the observed 
photopigment-based magnetoreception is a primary receptor 
process or whether the magnetic field modifies the visual 
transduction or information processing. Behavioral experi¬ 
ments show an effect but not the basis of this reaction. 
Immunohistology at the electron microscopic level would 
be a more promising approach, which must be combined 
with traditional receptor physiological investigation in 
the periphery. 

Iron-based magnetoreceptiom So far, the magnetoreceptive 
unit is convincingly shown in birds only. A candidate 
structure exists, which fulfils all biophysical and receptor 
physiological prerequisites of an iron-based magnetore¬ 
ceptor. According to mathematical simulations, its sensi¬ 
tivity also matches the behaviorally defined threshold 
values of the magnetic sense. 

Magnetic material is concentrated in the upper beak 
skin within distinct sensory dendrites of the median branch 
of the Ramus ophthalmicus, a part of the trigeminal nerve. 
Derived from light and electron microscopical analyses of 
various avian species, these dendrites have the similar shape 
and size and their subcellular components are well ordered 
(Figure 5(a)). In each dendrite (20-30 pm long, 5-pm 
diameter), little bullets (1-pm diameter) composed of 
nanomagnets (6-7 nm) adhere to the cell membrane and 
may trigger sensitive membrane channels. Via dense fiber 
scaffolding, they are connected to chains of platelets 
(1 x 12 x 0.1 pm). In the midst of the dendrite lies a 
vesicle (5-pm diameter) surrounded by an iron crust. By 
means of X-ray analyses, the iron minerals inside the 
dendrites have been identified as mostly maghemite and 
some magnetite, both strongly magnetic iron oxides 1 \ 
Based on these data, a first sound hypothesis of the mag¬ 
netomechanical transduction process in these dendrites 




Table 2 


Overview of the mostly fragmentary knowledge of magnetoreception 


Animal 


Key principle/ 
molecule 


Receptor structure 


System features 


Inforamtion 

processing 

pathways 


CNS representation 


Critical test 
paradigms 


Biological 
function (in 
behaviour) 


Birds 


Birds 


Mammals 


Turtles 


Amphibia 


Fish 


Crustacea 

Insects 


Radical-pair- 

process 

Cryptochrome 


Retinal cells 



Cones?? Displaced 
retinal ganglion cells 


Best during 
migratory 
restlessness 
Unilaterally 
organized 


Optic nerve 


Nucleus of basal optic 
root 


Dim light of short 
wavelength (from UV 
up to bluegreen) 


Inclination 
non-polar 
compass 


Nano-sized iron 
crystals in three 
different 
subcellular 
configurations 


In the upper beak: 
distinct nervous 
terminals of the 
median ophthalmic 
branch 


Bilaterally three 
dendritic fields 
with a 3D- 
alignment of 
dendrites 


Trigeminal ramus 
ophthalmicus 
medialis: recording 
of action potentials 


Cluster N: 

immunohistology 
Trigeminal terminal 
regions: 

immunohistology, 
recording of action 
potentials 


Magnetite ?? 


Corneal cells ?? 

Retinal cells ?? 


?? 


?? 


Superior colliculus??: 
immunohistology 

Light-dependent 

Pinealocytes ?? 




process ?? 





Magnetite ?? 


?? 


?? 


?? 


?? 

Cryptochrome ?? 


Pinealocytes ?? 


?? 


?? 


?? 

Magnetite 1 

Cells in the ethmoid ?? 




Iron crystal chain 

Cells in the olfactory 


?? 

Ramus ophthalmicus 

?? 


lamellae ?? 



superfacialis: 






recording of action 






potentials 


?? 


?? 


?? 


?? 


?? 

Cryptochrome ?? 


?? 


?? 


?? 


?? 

Magnetite 










Blocked by RF 
magnetic fields 
Can be disturbed by 
high intensity 
magnetic pulses 
parallel to aligned 
dendrites 

Can be disturbed by 
strong magnetic 
pulses 


3-Axial- 

magnetometer 
Map factor 


Polarity compass 


Can be disturbed by 
strong magnetic 
pulses Needs light 
■ 



Inclination 

compass 

Axial compass 3D 
magnetometer 

Polarity compass 
Magnetometer 


Polarity compass 
Compass ?? 


It is evident that - so far - only in case of birds a distinct molecular basis (cryptochrome, magnetite) and a sound structural candidate (dendrites in the beak) are known. This knowledge is 
essential to nail down the relevant neurophysiologic steps between magnetic field input and behavioral output functions. Shaded areas indicate missing evidence; for more details see 
Fleissner et al. (2007b), Johnsen and Lohmann (2005), Mouritsen and Ritz (2005), Wiltschko and Wiltschko (2006). 
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Figure 5 Candidate structure of the iron-mineral-based magnetoreceptor in the avian beak, (a) Semischematic drawing of a single 
dendrite according to electron microscopic serial sections, (b) Hypothesis of magnetomechanical transduction, meanwhile principally 
verified by mathematical simulations. 


was developed (Figure 5(b)). Mathematical model calcu¬ 
lations have shown: 

• The little bullets may be deformed or dislocated when 
the Earth’s magnetic field is turned or has changed its 
flux: The crystalline nanomagnets inside the bullets will 
be polarized when exposed to a strong magnetic field 
and then commonly attracted according to the strength 
of this field. They also regain their ‘untidy’ state imme¬ 
diately when the field strength decreases. This means 
that the bullets may reversibly exert a graduated pull at 
the membrane, which is an ideal basis for a transducer 
monitoring temporal variations of the magnetic flux. Mul¬ 
tiple bullets attracted simultaneously may induce a pri¬ 
mary receptor potential of a single dendrite via the 
excitation of mechanoreceptive membrane channels. 

The natural Earth’s magnetic field, however, is not strong 
enough to have any impact on either shape or place of the 
isolated bullets; hence, the magnetic field must be locally 
amplified. This amplification is probably achieved by the 
two other iron-containing subcellular components, the 
vesicle and the platelet chains. 

• The iron-crusted vesicle may serve as a tiny Mu-metal 
chamber. As a result, the surrounding magnetic field 
lines may be ‘compressed,’ which means a flux concen¬ 
tration relative to the difference between the field 
inside and outside the chamber. Thus, the vesicle may 
serve as a 3D amplifier of the geomagnetic field by 
about 2 log units. 

• When a chain of platelets is parallel to the magnetic 
field, the net magnetization of each platelet is coopera¬ 
tively enhanced by the neighboring particles, and the 
stray field is maximal at both ends of the chain. Since 
the bullets occur exactly at these sites, they may 
become attracted by the locally enhanced magnetic 
field. Mathematical simulations have predicted that 


this effect induces a mechanic strain to the cell mem¬ 
brane of several pN, enough to open known mechanore- 
ceptor membrane channels. 

• As the net magnetization of the platelet band drops, 
when it is turned out of the ideal alignment with the 
surrounding magnetic field, each dendrite can clearly 
provide unidirectional information on field intensity and 
direction along this one vector component. The dendrites 
arranged in another orientation will not sense it. 

Conclusion-. Each iron-containing dendrite in the beak 
could be a sensor with a specific orientation in the mag¬ 
netic field. The adequate stimulus for this dendrite is the 
momentary intensity of the parallel component of the 
local magnetic field vector. 

System Features of the Proposed Avian 
Magnetoreceptor Candidates 

In analogy to sensory systems in general, a magnetoreceptor 
usually is not only a single cell, but rather a complex 
system composed of multiple receptor units. The mutual 
spatial and functional interrelation of these components 
and their information coupling with other types of sensory 
systems is essential to understand the physiological function 
and context. 

The two magnetoreceptor principles seem to follow 
different strategies. 

Iron-Based Magnetometer 

The microarchitecture of the iron-containing dendrites in 
the avian beak provides evidence for the biological func¬ 
tion of this magnetoreceptor candidate. The dendrites do 
not occur randomly distributed over the entire skin; they 
are concentrated in six fields, three on each side near 
the lateral margin of the beak. The dendrites are nearly 
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uniformly aligned in a distinct direction in each field 
perpendicular to each other: in frontocaudal direction in 
the caudal fields, mediolaterally in the median fields and 
dorsoventrally in the frontal fields. Since each dendrite 


can sense only one component of the geomagnetic field, the 
array of all dendrites provides the local magnetic vector, 
when recomposed in the central nervous system and 
thus is a perfect candidate for a three-axis magnetometer. 
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Figure 6 Evidence for a gradual sensing of the magnetic flux. Schematic representation of release experiments with free-flying 
homing pigeon showing the direct influence of geomagnetic field intensity on homing, (a) Natural low variations of the local magnetic 
field intensity (lefty-axis) change the flight direction (righty-axis) in each bird according to the actual value at the time of release (x-axis 
time of day), (b) Scheme of experiments to test the influence of the noon dip of magnetic field intensity: the same flock of pigeons is 
released from a familiar place twice a day: in the morning and again - after they returned to their home loft - around noon (x-axis 
time of day, y-axis local field intensity), (c) The results of these experiments depend on the geographic position of the release site relative 
to the home loft. During the noon release, when magnetic field intensity is low, the birds behave according to a subjective shift to a 
position further south. This can be monitored as changed vanishing bearings, when the site of the loft is eastward or westward of 
the release localization, (a) Reproduced from Holtkamp-Rbtzler E (1999) Ph.D. Thesis, University Frankfurt; (b, c) Reproduced from 
Becker M (2000) Ph.D. Thesis University, Frankfurt; both with courtesy of the authors. 
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Prior electrophysiological recordings from the ophthal¬ 
mic nerve and the site of its first terminal regions in the 
CNS have corroborated this hypothesis, matching recent 
histochemical tracing experiments. 

Conclusion'. The iron-based magnetoreceptor might 
provide information on the magnetic vector, that is, field 
intensity and direction, as a sound basis for magnetic map 
information (Figure 6). 

Photopigment-Based Magnetic Compass 
in the Eye 

For a magnetic compass, it is essential to have a clear 
directionality of sensing the magnetic field. Here, the 
focusing apparatus of the eye cannot help, as the magnetic 
field simply penetrates the eye without being focused, for 
example, to certain areas on the retina. The biochemical 
magnetic compass has been shown to function in dim 
light and short wavelengths (Figure 7(a)). Since neither 
the cellular nor the subcellular site of the assumed ‘key 


molecule’ cryptochrome is known, models propose its 
colocalization with photopigments in the highly ordered 
membrane stacks of the outer segments of retinal photo¬ 
receptor cells. It has been hypothesized that light sensi¬ 
tivity might be modified in certain retinal areas or distinct 
receptor cells, when they are aligned with the magnetic 
fields lines, but the cellular and subcellular localization 
of cryptochrome has not yet been found. Receptor phys¬ 
iological analyses are still missing, and it is not clear how 
the signal is disambiguated from vision. Few - partially 
contradicting - details concerning the neuronal wiring 
have been published, showing a common cortical repre¬ 
sentation of magnetic and photic stimuli. 

Conclusion’. The model of a photopigment-based magnetic 
compass in the eye relies mainly on results from behav¬ 
ioral experiments and physical simulations and still waits 
for its receptor structure and physiological verification. 
So far, behavioral data have shown that the biochemical 
compass may monitor the magnetic field direction, with 
an accuracy of about ±15°. 
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Figure 7 The magnetic compass of birds, (a) Schematic view of an Emlen funnel, which is traditionally used in the lab to test the flight 
direction of birds during migratory restlessness, (b) Experiments with Australian silvereyes under white and monochromatic light. 

The birds are clearly oriented under white and short wavelength light (UV to blue green). Under light of longer wavelength, the birds are 
disoriented, (c) On their autumnal journey to African feeding places, flycatchers are guided by an inborn compass and head to a 
Southwestern direction until they reach Southern Spain. Then, they change their migratory route and turn to the Southeast. (Inset) This 
effect can be observed in the lab, too, when the geomagnetic parameters of Southern Spain are presented after a time span matching 
the natural timing program (EMF, Earth’s magnetic field). Reproduced from Wiltschko W and Wiltschko R (2004) Avian 
magnetoreception: A radical pair and a magnetite-based mechanisms. In: Proceedings 60th American Meeting of the Institute of 
Navigation Dayton, pp. 138-147. 
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Figure 8 Hypothesis on the interaction of the two different magnetoreceptor systems in birds. Compass: Due to the assumed 
cryptochrome influenced magnetic field interaction with retinal cells, the visual sensitivity is reduced in a sector of the retina. 

The animal can ‘see’ the compass direction. The acuity is not high, and the exact cellular localization of this effect is still uncertain. 
Magnetometer : Iron-containing dendrites in the inner lining of the upper beak are arranged in six fields, which cover the three spatial 
directions. For the cellular details of the dendrites see Figure 6. 


Adaptation, Habituation, Learning, and 
Motivation 

For any receptor system, the stimulus-response function 
must be derived, and then, it must he tested against 
processes such as adaptation, habituation, gating, learning, 
and motivation. Here, we can demonstrate few examples, 
as only few electrophysiological data are available. Receptor 
physiological aspects were rarely applied well enough to 
interpret behavioral experiments. 

Threshold, Saturation, and Refractoriness 

The intensity-response function clearly outlines the 
physiological working range of a receptor. It does not 
only show the minimum, but also the maximum values 
that should be regarded in order to avoid damage of the 
receptor structure. Though this functional context is 
not fully known, the following provides some evidence: 
(1) Magnets were glued to the head of animals in order to 
influence the ‘magnetite’-based receptor system, and failure 
of an impact of this manipulation was used as argument 
against such a system. Here, the experimenters overlooked 
receptor adaptation as effects were observed, when the 
test was performed immediately, but diminished after some 
hours or days. (2) In electrophysiological experiments, 
recordings of action potentials from the trigeminal axons 
were inconsistent because the peripheral anatomy was still 
unknown. Possibly the most efficient stimulus direction 
for subpopulation of receptor cells was not determined. 
(3) High-intensity magnetic pulses applied to the head of 
a bird or a turtle shift the homeward orientation. When 
the head is bent in the solenoid, the indicated direction is 
turned. The effect may last several days. This result can 


best be interpreted by the three-axis receptor system, 
where one axis, one dendritic field, has been damaged 
by a too high magnetic flux. 

Learning 

During long-distance migration of birds, the compass 
direction, which they follow on their route, seems to be 
innate. This is only to a certain extent, as can be shown by a 
comparison between young and experienced travelers, 
which can easily compensate for a wind drift or after shift 
experiments - by means of a magnetic sense (Figure 7(b)). 

Another aspect is the finding with young birds that 
they explore the landmarks around their home place and 
that star or sun compass are calibrated by the magnetic 
compass. Afterward, these different mechanisms and cues 
can be used as the circumstances demand. 

Motivation 

With respect to the photopigment-based system, it is still a 
matter of debate whether the cryptochrome-based process 
in the eye is a magnetoreceptor or rather a magnetic-field- 
induced process that modifies vision. Experiments with 
birds have provided evidence for the latter interpretation: 
Opaque but translucent ‘spectacles,’ which allowed both 
light and magnetic field to reach the retina, but destroyed 
imaging, inhibited the magnetic orientation. 

Another interpretation is possible. Motivation might 
have got lost by this manipulation. For birds, vision seems 
to be the most important sensory input, and in the dark, 
their motivation might simply be decreased. Motivation 
has also been discussed as a putative reason for the selection 
of several types of mechanisms, which are used for orientation 






Magnetoreception 335 


by different animals. Especially the distinction between 
magnetic field, optic landmarks, olfactory and infrasound 
environment seems to depend on the momentarily best 
available key feature rather than a systematic or species- 
specific decision. 

To date, only in birds are details of the receptor candi¬ 
date structures and their wiring known along with behav¬ 
ior. Partial stories do exist in fish and amphibian; in some 
organism, magnetic sense is apparently coupled with 
olfaction. In birds, probably two different magnetorecep¬ 
tor systems share the task of recognition of the magnetic 
vector: a magnetic compass in the eye and a magnetome¬ 
ter in the upper beak (Figure 8). Hypotheses on a general 
concept of metazoan magnetoreception following the 
avian model are still premature. Obviously, only interdis¬ 
ciplinary studies following the receptor physiological prin¬ 
ciples combined with sound biophysical analyses will help 
describe the magnetoreceptor system features as back¬ 
ground for the interpretation of behavioral findings. 

See also: Electroreception in Vertebrates and Inverte¬ 
brates. 
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Introduction 

Animal communication requires that signals are efficiently 
transmitted and that the information they convey is reli¬ 
able. Since habitats vary in characteristics that influence 
signal transmission and reliability, such as light conditions, 
background, and acoustic properties, individuals have to 
adjust their signals to prevailing conditions to be able to 
efficiently communicate. Species, or populations, that occupy 
different habitats can therefore vary in the design of their 
signals. 

To attract mates, many animals use ornaments, behav¬ 
ioral displays, or vocalizations that advertise their quality 
and draw the attention of the other sex. These sexual 
signals evolve if their benefit in mate attraction is higher 
than the cost of signaling. For the receiver to pay attention 
to the signals, the signals have to reflect direct or indirect 
benefits to the receiver. Direct benefits are, for instance, 
parental care or resources that increase the number of 
offspring produced. Indirect benefits are the inheritance 
of advantageous genes that increase the quality of the 
offspring. Since the transmission of sexual signals depends 
on environmental conditions, in the same way as other 
signals, their expression also needs to be adjusted to the 
environment to ensure efficient communication. For instance, 
a species pair of lizards, Anolis cooki and Anolis cristatellus , 
that occupy distinct local light environments differ in the 
reflectance spectra of their throat fan, a colorful dewlap. 
The dewlap is used by males to repel other males from 
their territory and to attract females. Leal and Fleishman 
showed that the dewlaps had reflectance spectra that 
increased their contrast to the prevailing background. 
Thus, differences in signal expression between habitats 
enhanced the transmission of the signal in each habitat. 

Presently, the habitats of the earth are changing more 
quickly than before because of human activities. If the 
changes occur more rapidly than the speed at which signals 
can be adjusted, then the signals may become less well 
adapted to the environment. They may become more 
difficult to judge, or the link between the signal and the 
sought benefit may be disrupted, resulting in dishonest 
signaling. Hampered transmission of information or reduced 
reliability of signals can lead to maladaptive mate choices. 
This can reduce the fitness of the individuals born in the 
altered environment, and hence, reduce the viability of 
the population. Moreover, signaling may be costlier in the 
new environment, due to, for instance, increased predation 
risk. This may further reduce population viability. Thus, 


effects of human-induced environmental changes on the 
costs and benefits of sexual signals can contribute to declines 
in biodiversity in disturbed areas. 

Here, I review the effects that sudden, human-induced 
changes of the environment can have on sexual signals 
through effects on their costs and benefits. I discuss the 
consequences that alterations of sexual signals and their 
information may have on adaptive mate choice, and 
hence, on the viability of populations. 

Environment Dependence of Signals 

The optimum expression of a signal depends on the costs 
and benefits of signaling under the prevailing conditions. 
Sexual signaling is beneficial to the signaler if it increases 
mating success in terms of the production of more off¬ 
spring or offspring that are better adapted to prevailing 
environmental conditions. For example, male barn swal¬ 
lows Hirundo rustica perform an elaborate courtship dis¬ 
play to females, showing off their tail feathers. Males with 
longer tail feathers acquire mates sooner and have a 
higher reproductive success than those with shorter tail 
feathers, as documented by Moller in 1994. However, 
signaling also incurs costs that reduce the fitness of the 
signaler, such as the expenditure of energy, increased 
mortality risk, or the attraction of unwanted receivers. In 
the case of the barn swallow, longer tails are costly to 
produce and increases mortality risk. It is therefore 
expected that only males in the best condition will be 
able to carry the cost of long tail feathers and that this will 
ensure that the trait reflects male quality. 

Over evolutionary time, signal expression is expected 
to evolve to reach a balance between costs and benefits 
and maximize the net benefit of signaling. However, sud¬ 
den changes in environmental conditions could disrupt 
the balance, which would influence the fitness of the 
signaler. Common effects of environmental changes are 
modifications of the energetic or mortality costs of signal¬ 
ing, the distance over which signals are detected, the 
ability of receivers to evaluate signals, and the honesty 
of signals as indicators of direct and indirect benefits. For 
instance, an increase in the carotenoid content of the food 
reduces the value of red colors as indicators of an indivi¬ 
dual’s ability to find carotenoid-rich food. This can relax 
sexual selection for conspicuous red colors and lead to 
populations where red colors are less commonly used in 
signaling. 
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Sexual displays vary in complexity from single traits to 
multicomponent signals. In general, more complex displays, 
which contain several information rich components, convey 
more information. However, complex displays can suffer 
higher rates of environmental attenuation than simpler 
signals. They can therefore be more severely affected by 
environmental degradation. This implies that a prepon¬ 
derance of complex displays in sexual signaling systems 
can result in large negative effects of environmental 
change on the costs and benefits of sexual signaling. 

Adjustment of Signals to New Conditions 

There are two main pathways by which signals can be 
adjusted to environmental change. The first is phenotypic 
plasticity, where the signaler adjusts the expression of the 
signal to the environment according to a genetically deter¬ 
mined reaction norm. The other possibility is genetic change, 
in which case, the effects are apparent in the following 
generations. Since genetic changes require time, the primary 
response of individuals to sudden environmental change 
is often plastic alterations of signaling. How individuals 
adjust their signaling depends on their genetically deter¬ 
mined reaction norm. These reaction norms have evolved 
in the old environment, which differs from the new one, 
and the adjustment can be either adaptive or maladaptive. 

If plastic adjustment results in signals that are adaptive 
in the new environment, then genetic changes are no longer 
needed. However, if the adjustment results in signals that 
are better adapted to the new conditions but still displaced 
from the optimum, that is, incomplete adaptive plasticity, 
then genetic differentiation may be required for the pop¬ 
ulation to survive in the long run. On the other hand, if 
adjustment of signaling results in signals that deviate 
much from the optimum, or in signals that are ever further 
displaced from the optimum, then the viability of the 
population may decline. This can, under a worst-case 
scenario, contribute to the extinction of the population. 

Deteriorating Visibility 

Vision is an important sensory channel for many animals. 
The transmission and reception of visual signals relies on 
light conditions, the attenuation and degradation of the 
signals, the background, and the sensory properties of 
the receiver. Since human activities, such as forest man¬ 
agement, human settlement, and eutrophication alter 
these factors, humans often have a large impact on the 
transmission and reliability of visual signals. 

Detection and Mate Encounter Rate 

The detection of visual signals depends much on the 
background and the light conditions. For instance, many 


animals use body movements to attract mates and deter 
rivals. The detection of these movements is hampered if 
the background is moving, such as wind-blown plants. Since 
reduced detection can decrease mate encounter rate, changed 
background can reduce the opportunity for mate choosiness. 

Recently, the effect of human-induced eutrophication 
of natural waters on sexual signaling in fishes has gained 
much attention. Due to increased input of nutrients into 
aquatic systems, primary production has grown and led to 
reduced visibility. This is now hampering the ability of 
several organisms to use visual signals in mate attraction. 
In particular, fishes that use conspicuous colors and elab¬ 
orate courtship displays to both draw the attention of the 
other sex and to advertise their quality, are negatively 
affected. Reduced visibility impairs the transmission and 
reliability of their visual signals, which results in more 
random mating. 

An area that is heavily affected by eutrophication is the 
Baltic Sea. A fish species that spawns along the coast of 
this sea is the threespine stickleback Gasterosteus aculeatus. 
Males establish territories and build nests in shallow water 
and then attempt to attract females to spawn in their nests. 
One male can collect eggs from several females. The male 
cares alone for the eggs and the newly hatched offspring 
by defending them against predators and by fanning the 
eggs to provide adequate oxygenation. The competition 
among males for favorable territories and for females is 
fierce and males develop conspicuous nuptial coloration 
to attract females and deter rivaling males. The coloration, 
which is exposed to the female through a conspicuous 
courtship dance, consists of a red ventral side and blue 
eyes. Field observations and manipulation of algae growth 
show that increased density of filamentous algae impairs 
the ability of females to detect males. This reduces mate 
encounter rates, which results in more random mating. 
Similarly, increased water turbidity due to the growth of 
phytoplankton reduces visibility and the ability of females 
to detect males. To counteract these negative effects of 
visibility on mate encounter rate, males enhance their 
courtship activity. However, this increases the time and 
energy spent on courtship and mate attraction. Increased 
courtship activity also increases the mortality risk of any 
eggs that the male already has collected in his nest, as more 
time spent courting reduces the time spent on parental 
care. Thus, impaired visibility induces more costly court¬ 
ship in males, which can have negative effects on male 
viability and egg survival. 

To increase detection under reduced visibility, animals 
could add an alert to their visual signal. Simple signal 
components suffer lower rates of environmental degradation 
than more complex components and the alert could enhance 
signal detection under adverse signaling conditions. The 
most efficient thing to do is to begin signaling with a simple 
conspicuous component, an alert, and then produce a more 
detailed component that contains more information. 
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Evaluation 

After a potential mate has been detected, its quality is 
usually evaluated. Reduced visibility can hinder the eval¬ 
uation of visual signals, and thereby, influence mate 
choice. A classical example of this is the cichlid fishes of 
the Great lakes of Africa. Increased turbidity of the water due 
to human activities has caused a decrease in light penetra¬ 
tion and a narrowing of the light spectrum. Seehausen and 
coworkers found this to constrain color vision of the 
cichlids in the lakes, and hence, to interfere with their 
mate choice, which is largely based on interspecific dif¬ 
ferences in male color patterns. Deteriorating visibility 
consequently broke down reproductive barriers among 
species. This has most likely contributed to the recent 
erosion of species diversity in the lakes. 

Similarly, increased turbidity of waters due to the 
growth of phytoplankton has been found to hamper mate 
evaluation in the sand goby Pomatoschistus minutus. When 
Jarvenpaa and Lindstrom allowed goby females to choose 
among males in clear and turbid water, the distribution of 
eggs among males was less skewed toward larger males in 
turbid water. Since male body size is an important mate 
choice cue under clear water conditions, this implies that 
eutrophication relaxes selection for larger males. 

In threespine sticklebacks, the evaluation of visual sexual 
signals is similarly hampered under reduced visibility. 
Female sticklebacks that evaluate males in dense growth 
of algae spend more time assessing them before they make 
a choice than females evaluating males in more open 
habitats. Thus, the cost of mate choice in terms of the 
expenditure of time and energy is higher when visibility is 
low. Females also pay less attention to visual signals when 
making their decision, which results in mate choices that 
often differ from those under good visibility. Thus, selection 
on visual sexual signals is relaxed under poor visibility 
and other mates are chosen. 

Honesty 

When signal transmission is hampered, the reliability of a 
signal can decrease. A negative effect of reduced visibility 
on the reliability of visual signals has been shown for 
threespine sticklebacks spawning in eutrophied waters. 
While visual traits, such as the red nuptial coloration 
and the courtship activity, reflect condition and domi¬ 
nance status under good visibility, they do not do it 
under poor visibility. This is due to male competition no 
longer controlling signal expression under poor visibility. 
Under good visibility, males adjust their signaling to their 
dominance status in relation to other males. Dominant 
males become colorful and court at a high rate, while 
subdominant males signal their subdominant status by 
fading their colors and becoming passive. However, when 
visibility is reduced, due to, for instance, phytoplankton 


blooms, the social control of signaling relaxes and the visual 
displays become a less honest index of male dominance 
and condition. A subdominant male in poor condition can 
then express bright red colors and court intensively with¬ 
out being punished by dominant males. 

Dominance is an important predictor of male parental 
ability in sticklebacks. Dominant males are better at defending 
the offspring against predators than subdominant males, 
particularly conspecific predators. They are usually also 
in better condition and have a higher probability of sur¬ 
viving the parental phase. The reduced ability of females 
to tell the dominance status of males under poor visibility 
can, hence, result in maladaptive mate choices. 

Noise 

Anthropogenic noise arising from urbanization and traffic 
influences the transmission of auditory sexual signals and 
restricts acoustic communication. A good example of this 
is the song of great tits Parus major that is masked by 
human-induced low frequency noise in urban areas. Slab- 
bekorn and Peet found that birds that nest at noisy locations 
have to sing with a higher minimum frequency to prevent 
their song from being masked. 

Underwater noise pollution from shipping can simi¬ 
larly influence communication in aquatic environments. 
For instance, noise from ferry boats lies within the most 
sensitive hearing range of the Lusitanian toadfish Haloba- 
trachus didactylus. Vasconcelos and coworkers found the 
noise to increase the auditory threshold of the toadfish. 
This hampered the ability of the fish to detect acoustic 
signals from conspecifics. Since the auditory signals are 
essential during agonistic encounters and mate attraction, 
ferry boat noise could influence mate choice in the species. 
Similarly, Foote and coworkers found acoustic communi¬ 
cation in whales to be restricted by the engine noise of 
whale watcher boats. To adjust for the anthropogenic 
noise, whales increase the duration of their primary calls 
in the presence of boats. 

Chemical Pollution 

Influx of untreated sewage and agricultural waste is dis¬ 
turbing many water bodies and changing the chemical 
environment. This can influence the detection of olfac¬ 
tory sexual signals, and thereby influence mate evaluation 
and mate choice in aquatic environments. An example of 
this is the swordtail fish Xiphop horus birchmanni. Fisher and 
coworkers found that the exposure of the fish to sewage 
effluent and agricultural runoff removes the ability of 
females to recognize male conspecifics. This is most likely 
due to high concentrations of humic acid, a natural product 
that is elevated to high levels by anthropogenic processes, 
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causing females to lose their preference for the odor cues 
of conspecific males. Disturbances of the chemical envi¬ 
ronment thus hinder chemically mediated species recog¬ 
nition, which ultimately can cause hybridization between 
swordtail fishes. 

Another human-induced problem is the acidification 
of oceans. This arises from the increased concentration of 
carbon dioxide in the atmosphere, which decreases the 
saturation of oceans with calcium carbonate. An acidifica¬ 
tion of water changes the value and quality of olfactory 
signals, which can influence mate choice. For instance, 
several fishes are less able to detect chemical signals when 
the pH is reduced. 

Consequences 

What are the consequences of human-induced environ¬ 
mental changes on sexual signaling, or on the reception of 
the signals, for individuals and for populations? If females 
cannot properly evaluate males, they may end up doing 
maladaptive choices that reduce their fitness. For instance, 
threespine stickleback females are less able to tell the 
condition and dominance status of potential mates in turbid 
water. They may therefore mate with males that are poor 
fathers and have a low hatching success, or males that are 
of poor genetic quality and will sire offspring with a low 
fitness. Moreover, the cost of sexual signaling may increase 
and reduce the fitness of the displayer due to increased 
mortality risk or due to the allocation of energy and 
resources away from other fitness-enhancing traits. 

A reduction in individual fitness, that is, a reduction in 
the number or quality of offspring produced over the 
lifetime of an individual, can result in a declining popula¬ 
tion size or in a population consisting of maladapted 
individuals. This will reduce population viability and increase 
the risk of extinction. Moreover, hampered mate evaluation 
due to deteriorating environmental conditions can com¬ 
plicate the recognition of conspecifics, and hence, cause 
hybridization between species. An example of this is the 
cichlids of the African great lakes that are hybridizing due 
to increased turbidity of the water. Similarly, a species pair 
of sympatric threespine sticklebacks in the Canadian 
lakes, a larger benthic and a smaller limnetic species, 
are collapsing into a hybrid swarm, probably due to the 
destruction of aquatic vegetation and increased water 
turbidity. In a Mexican stream, two species of swordtail 


fishes are merging into a hybrid swarm due to impaired 
chemically mediated species recognition. Consequently, 
a reduction in signal transmission or reliability, or an 
increase in the cost of signaling could have negative effects 
on population viability and persistence, and influence 
biodiversity. 

The effects of altered costs and benefits of sexual 
signals on population viability depend on the relative 
importance of sexual selection in comparison to natural 
selection during adaptation to environmental change. The 
mentioned studies on sticklebacks, gobies, and cichlids 
show that mate choice is often more random and sexual 
selection therefore relaxed under new conditions. If the 
intensity of natural selection then increases and compen¬ 
sates for the reduction in the intensity of sexual selection, 
then natural selection could drive the population toward 
the optimum phenotype in the new environment and 
rescue the population. More investigations are presently 
needed on the relative importance of sexual and natural 
selection during environmental change and the ability of 
populations to adapt quickly enough to changed selection 
pressures. 

See also: Anthropogenic Noise: Implications for Conser¬ 
vation. 
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Introduction: Scope of the Article 

This article will review the hormonal regulation of sexual 
behavior in male nonmammalian vertebrates. Sexual 
behavior encompasses male-typical courtship behaviors 
as well as copulatory behavior but does not include other 
reproductive behaviors such as parental behaviors. The 
term ‘hormones’ of course includes many different types 
of chemical messengers, but gonadal sex steroids play the 
key role in the hormonal regulation of male sexual beha¬ 
viors. Therefore, the emphasis in this article will be on 
androgens secreted by the testis such as testosterone as 
well as the androgenic and estrogenic metabolites of this 
hormone such as dihydrotestosterone and estradiol. In 
terms of species, our focus will be on piscine, amphibian, 
reptilian, and avian species, but some reference will be 
made to mammalian studies to help illustrate general 
principles. It is important to note that a consideration of 
a wide range of species is not only important because 
these species can serve as a ‘model system’ for questions 
relevant to mammals including humans but also to con¬ 
struct general theories about the evolution of neuroendo¬ 
crine control mechanisms. 

Organization of Male Sexual Behavior 

Most vertebrate species employ sexual reproduction to 
maximize individual fitness. Parthenogenetic reproduc¬ 
tion has been described, but it is relatively rare. The 
topography of gamete transfer and other aspects of sexual 
reproduction varies considerably among species. For 
example, in many aquatic species (various taxa of fish as 
well as some amphibians), the gametes are released into 
the environment and external fertilization occurs. In 
amniotic vertebrates, internal fertilization is the most 
common pattern. Of course, there are many variations 
on this theme given that some species are oviparous or 
ovoviviparous, while others, such as the eutherian mam¬ 
mals, have a specialized organ in the mother (the uterus) 
where the zygote migrates to and develops into the fetus. 

In order to reproduce successfully, males must not only 
be able to produce gametes but also must be able to attract 
a female, ensure that she is sexually receptive, and then 
copulate with her (or release gametes in a coordinated 
manner into the external environment) so that zygote 


formation can occur. These different aspects of the inter¬ 
action with the female correspond to different phases of 
sexual behavior that have been described by terms such as 
‘attractivity,’ ‘appetitive sexual behavior’ (ASB), and ‘con- 
summatory sexual behavior’ (CSB). CSB is usually fol¬ 
lowed by a period of variable duration during which the 
male’s interest in the female is greatly reduced or nonex¬ 
istent (refractory period). The distinction between the 
appetitive and the consummatory phases of ‘instinctive’ 
(motivated) behaviors was originally made by Charles 
Sherrington and the European Ethologists of the first 
generation (Konrad Lorenz and Niko Tinbergen) and 
was introduced to the field of behavioral endocrinology 
by Frank Beach in the 1950s (see Ball and Balthazart, 2008 
for more information). However, most of the research 
analyzing the neuroendocrine bases of male sexual behavior 
during the past 50 years has been devoted to the consum¬ 
matory aspects of the behavior (intromission and ejaculation 
in species with internal fertilization, ejaculation in other 
species). Less attention has been devoted to the endocrine 
control of other aspects of sexual behavior with a few 
exceptions that will be considered in the following sections. 
Broad generalizations that presumably apply to most, if 
not all, vertebrate species are thus available only for 
consummatory (copulatory) behavior. 

Testosterone as Key Endocrine Signal 

From a reductionist point of view, sexual behaviors can be 
viewed as a suite of muscular contractions triggered by an 
organized set of nerve impulses. In most cases, hormones 
modulate the expression of behaviors by changing the 
electrical activity in specific circuits of brain neurons. 
One important way through which hormones achieve 
this goal is by modifying the concentration and activity 
of neurotransmitters and neuropeptides and by modulating 
the concentration of their receptors. The sex steroid hormone 
testosterone, produced mainly in the testes and to a lesser 
extent the adrenal glands, is in almost all vertebrates the 
key hormone mediating these changes in neurotransmission 
that activate the expression of male sexual behavior. 

The origin of behavioral endocrinology is generally 
traced to early studies of Arnold Adolph Berthold who 
identified, in 1849, the critical role of the testes in the 
expression of copulatory behavior of domestic fowl 
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('Gallus domesticus). Surgical removal of the testes in young 
male chicks produced adult males whose appearance (sec¬ 
ondary sexual characters such as the comb and wattles) 
and behavior (crowing and mounting females) did not 
develop as in normal males. In contrast, castrated males 
whose testes were reimplanted, or who received a testis 
from another bird developed both rooster-typical plum¬ 
age and behavior. Because the testes could be grafted any¬ 
where in the abdominal cavity, these experiments 
suggested that a blood-borne substance was responsible 
for induction of behavioral changes observed in adults. 

This substance was identified as the steroid hormone 
testosterone at the beginning of the twentieth century and 
pure testosterone, first purified from animal testes and 
soon thereafter chemically synthesized, became broadly 
available for experimentation. It could thus be experimen¬ 
tally demonstrated that, in a broad range of vertebrate 
species belonging to all classes from fishes to mammals, 
castration eliminates or at least markedly reduces the 
expression of male copulatory behaviors, which are restored 
by a treatment with exogenous testosterone. 

Few exceptions to this rule have, to date, been identi¬ 
fied. One of the best-documented example concerns the 
red-sided garter snakes ( Thamnophis sirtalis) that copulate 
in the early spring almost immediately after they emerge 
from the den where they hibernated (Crews, 2005). It has 
been suggested that no endocrine signal is required to 
activate copulation. Indeed, castration in the fall before 
hibernation does not prevent spring copulation and treat¬ 
ment with exogenous testosterone does not affect the rate 
of behavior expression. These snakes exhibit a ‘dissociated 
pattern of reproduction’ in which spermatogenesis and 
steroid secretion take place during the summer months 
and precede by at least three-quarters of a year the period 
when copulation actually takes place. Once these summer 
endocrine events have taken place, no endocrine or neu¬ 
roendocrine signal seems to be required for triggering 
copulatory behavior. The only identified controlling 
event is a period of ‘vernalization’ (exposure to cold) of 
at least a few weeks that must take place before the 
behavior is expressed. A similar dissociated pattern of 
reproduction has also been identified in some bat species. 

It is important to note that, in many cases, testosterone 
is not the chemical signal that will by itself induce the 
changes in neurotransmission leading to behavior. Often, 
testosterone must be first metabolized into another steroid 
before acting at the cellular level. For example, in many 
species of birds and mammals, testosterone is transformed 
by specialized neurons into estradiol, a sex steroid hormone 
erroneously considered as only a ‘female’ hormone, and it 
is estradiol produced locally in the brain that produces at 
the cellular level the neurochemical changes that result in 
the activation of male sexual behavior. 

In many fish species, the main androgenic steroid 
found in the blood that plays a major role in the activation 


of male sexual behavior is not testosterone itself but 
a related compound derived from testosterone called 
‘11-ketotestosterone’ (11KT). Many experiments on a 
variety of fish species coming from diverse families dem¬ 
onstrate that 11KT circulates in larger concentrations than 
testosterone, and treatment of castrated subjects with this 
exogenous steroid shows that 11KT is more powerful than 
testosterone for restoring sexual (and aggressive) behaviors. 
In these two examples, testosterone thus acts as a prohor¬ 
mone in the control of sexual behavior. However, in the 
first case, testosterone is the circulating hormone and the 
transformation into the active metabolite (estradiol) takes 
place in the target organ (specific parts of the brain), 
whereas in the second case, the critical transformation 
into 11KT already takes place in the testis and the active 
steroid is also the steroid found in the circulation. 

Another key notion to keep in mind is that steroid 
hormones such as testosterone, estradiol, or 11KT do 
not by themselves induce behavior. They simply modify 
the activity of neural circuits so that an individual is more 
likely to react to relevant sexual stimuli with the expres¬ 
sion of sexual behavior. At the phenomenological level, 
hormones thus change the probability that a given behav¬ 
ior will be produced in response to specific stimuli as well 
as the intensity of the elicited behavioral response. In the 
accepted terminology, it is often said that hormones activate 
behaviors, but it is important to keep in mind that they do 
not induce or trigger a particular behavior as a chemical 
pheromone would trigger a behavior in invertebrates. 

Additionally, the relationship between hormones and 
behavior is not unidirectional. Hormones activate behav¬ 
ior, but the behavior of a congener (as well as other 
environmental stimuli) can also alter the endocrine state 
of an animal. For example, in seasonal breeders, hormones 
secreted by the pituitary gland and gonads in many spe¬ 
cies respond to environmental stimuli such as the change 
in photoperiod to synchronize the onset of reproductive 
behavior with the time of year most conducive for high 
reproductive success. In these species, the secretion of 
gonadal hormones is also influenced by other environ¬ 
mental stimuli such as the behavior of conspecifics that 
can enhance or retard reproductive development. For 
example, the view of and interaction with a female will 
in many species acutely increase plasma testosterone 
concentration in the male, and conversely the sexual dis¬ 
plays of the male will promote steroid hormone release 
and the maturation of oocytes in females. The effects of 
behavior on hormone secretion will ensure an optimal 
synchronization between partners of a pair, as elegantly 
demonstrated already in the 1960s by a suite of experiments 
on two avian species, the ring dove [Streptopelia risoria) 
studied by Daniel Lehrman and his group at Rutgers 
University and the canary ( Serinus canaria) that was studied 
by Robert Hinde and his collaborators at Cambridge 
University, UK. 
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Central Versus Peripheral Actions of 
Testosterone 

The brain is the major site of hormone action for the 
expression of sexual behaviors and a large part of this 
article reviews the way in which steroids act at this level to 
regulate behavioral expression. However, hormones have 
widespread effects in the entire organism and there are at 
least three other ways that hormones act on peripheral 
tissues that are relevant to behavior control. 

Steroids can first affect sensory inputs to the brain. For 
example, androgens have marked effects on secondary 
sexual characters such as the penis in mammals and 
some species of birds (e.g., ratites, some waterfowl species) 
or associated structures such as the cloacal gland of quail 
(Coturnix japonica). In male rats, androgens influence ejacu¬ 
lation by enhancing the sensitivity of the penis and a 
similar effect may take place in birds that possess a penis 
although this has never been tested. A recent study in quail 
indicated that anesthesia of the cloacal region has no 
detectable effect on the copulatory frequency or latency 
but the related brain activation, as measured by the expression 
of the immediate early gene c-fos , was decreased suggesting 
that some subtle sensory feedback from the cloacal region 
had been modified. 

Secondly, androgens are known to have anabolic (trophic) 
effect on muscles that are ultimately the effector organs of 
behavior. For example, the mass of muscles controlling the 
syrinx (the primary vocal production organ in birds) is 
increased by androgens. Castration also decreases cholinergic 
activity in the songbird syrinx and this effect is reversed 
by a treatment with androgens. These morphological and 
biochemical changes in the syrinx represent one way that 
androgens can modify singing behavior. Similarly, the 
androgen-dependent development of the thumb pad in 
male frogs during the reproductive season is clearly needed 
to facilitate egg fertilization by males. During mating, the 
male grasps a female with his front legs (amplexus) and 
then releases his sperm in synchrony with female ovipo- 
sition. Appropriate amplexus is only possible in these 
aquatic animals following development of the thumb pad. 

Finally, steroids also alter social signals that will indi¬ 
rectly affect behavior expression. Many birds exhibit a 
marked steroid-dependent sex dimorphism in their plum¬ 
age and in a number of integumentary derivatives and skin 
appendages such as beak, comb, wattles, and cloacal gland. 
These structures play an important role as social signals 
during sexual interactions. By influencing these visual 
signals, hormones can therefore have profound effects 
on the expression of sexual behaviors. Steroid-dependent 
olfactory signals are also produced in males and females 
of many vertebrate species from fishes to mammals and 
directly influence the expression of sexual behaviors. 

It is thus clear that a hormone-induced modification 
in sexual behavior usually represents more than the 


consequence of the action of the hormone in the brain. 
Peripheral effects of these hormones are also likely to be 
involved in many cases. 

Seasonal Changes in Testosterone 
Concentrations and Male Sexual 
Behavior: Variations on a Theme 

Based on castration and testosterone replacement studies, 
it has been established that testosterone plays a critical 
role in the expression of sexual behaviors in a wide variety 
of vertebrate species. It is therefore reasonable to expect 
that seasonal changes in the intensity and frequency of 
sexual behavior should follow changes in plasma testos¬ 
terone concentration. This expectation has been docu¬ 
mented in many species, including species that display 
very different patterns of seasonal change. Demonstration 
of this temporal correlation became reasonably easy with 
the advent of radioimmunoassays for steroids in the early 
1970s. Studies of domestic ducks (Anas platyrhynchos) provided 
one of the first clear illustrations of a clear coincidence 
between the vernal peak in plasma testosterone and the 
maximal frequencies of male sexual behavior (Figure 1). 

Such a close positive correlation is not always observed. 
Studies by Wingfield and collaborators of field-caught 
wild songbirds illustrate several variations in the pattern 
of testosterone and male reproductive behaviors (Figure 2). 
For example, in song sparrows (Melospiza melodia ) during 
the breeding cycle, there are usually two periods when 
plasma testosterone is high: the time just after the male 
arrives on the breeding grounds when he is initially estab¬ 
lishing a territory and the period later in the season when 
females are laying eggs and males copulate with them 
frequently and also deter other males who are trying to 
copulate with their mates (i.e., mate guard). The study of 
three subspecies/populations of white-crowned sparrows 
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Figure 1 Seasonal changes in plasma testosterone 
concentrations and in the frequency of male sexual behaviors in a 
group of captive male ducks (A platyrhynchos). Redrawn from 
data in Balthazart J and Hendrick JC (1976) Annual variation in 
reproductive behavior, testosterone, and plasma FSH levels in 
the Rouen duck, Anas platyrhynchos. General and Comparative 
Endocrinology 28: 171-183. 
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Figure 2 Changes in testosterone plasma concentrations 
during the breeding season in two subspecies of white-crowned 
sparrows (Z leucophrys gambelli or pugetensis) and in song 
sparrows (M. melodia). The different stages of the reproductive 
cycle are indicated above the graphs. Mig: spring migration, Ter: 
establishing a territory; Pair: pair formation; Lay: egg-laying 
period; Inc: incubation; Fd: feeding nestlings or fledglings; Molt: 
postnuptial molt. The numbers 1 and 2 indicate successive 
broods. Redrawn from Wingfield JC and Moore MC (1987) 
Hormonal, social, and environmental factors in the reproductive 
biology of free-living male birds. In: Crews D (ed.) Psychobiology 
of Reproductive Behavior: An Evolutionary Perspective, 
pp. 148-175. Englewood Cliffs, NJ: Prentice-Hall. 


(Zonotrichia leucophrys) producing one or two broods dur¬ 
ing a single reproductive season interestingly demon¬ 
strated that there are also exceptions to this rule. The 
establishment of the territory was always associated with a 
rise in plasma testosterone concentrations, but during 
female egg laying, testosterone concentrations were high 
only during the production of the first clutch. In popula¬ 
tions with two clutches, the subsequent period of egg 
laying did not correlate with an increase in plasma testos¬ 
terone. This dissociation was observed within a single species, 
Z. leucophrys , in which the subspecies gambelii lays a single 
clutch and egg laying is associated with a rise of testosterone, 
while the subspecies pugetensis lays two clutches but only 
the first one correlates with increased plasma testosterone 
concentrations. 


Testosterone is still detectable in the plasma of male 
Z. leucophrys pugetensis as well as M. melodia when females 
lay their second clutch so that it can still be argued that 
copulatory behavior of males is activated by the steroid 
during this period. However, there is no clear correlation 
and Wingfield has argued that social competition among 
males is the variable most responsible for the rise in 
testosterone during egg laying, and this appears to be 
reduced during second clutches in these species. 

This observation about the complexity of correlations 
between plasma testosterone concentrations and different 
aspects of male reproductive behavior illustrates the 
important notion previously mentioned that testosterone 
cannot be held responsible for ‘inducing’ a particular 
behavior. It is rather changing the probability of its occur¬ 
rence when proper stimuli are encountered. There is no 
simple stimulus-response chain. Various aspects of male 
reproductive behavior have indeed been shown to be 
somewhat independent of testosterone. As an example, 
courtship singing directed at females in common starlings 
(Sturnus vulgaris) is clearly enhanced by exogenous testos¬ 
terone but at the same time does not disappear in castrated 
birds. Testosterone in this case affects the stimulus con¬ 
ditions that will affect singing. Castrated males still sing 
relatively frequently in isolation or in all-male groups, but 
the addition of a female will increase the singing rate only 
in males that have high concentration of testosterone. 

The Process of Sexual Differentiation 

Another important dissociation between testosterone con¬ 
centrations and sexual behaviors is also frequently observed 
when comparing the sexes. A variety of behaviors in animals, 
including humans, are preferentially or exclusively exhib¬ 
ited in one sex. Due to the actions of sexual selection, sex 
biases in behavioral expression seem more apt to occur 
among sexual and parental behaviors than other aspects of 
an animal’s behavioral repertoire. It was initially thought 
that these sex differences resulted from the presence of a 
different hormonal milieu in adult males and females, 
such as high plasma testosterone in the former and high 
plasma estrogen and progesterone in the latter. More than 
50 years of research have, however, demonstrated that in 
many cases this interpretation is not correct. Estrogens 
often cannot activate female-typical behaviors in adult 
males, and conversely testosterone often fails to activate 
male-typical behaviors in adult females. 

This discrepancy between effects of testosterone on 
male-typical sexual behavior in males and females reflects 
the sexual differentiation of the brain that takes place 
during ontogeny. This process has been identified in all 
classes of tetrapods, but although the general principle 
remains the same in all species (early action of steroids 
organize in an irreversible manner the responsiveness of 




















344 Male Sexual Behavior and Hormones in Non-Mammalian Vertebrates 


the adult brain to steroid hormones), there are again in 
this case many variations on this general theme. 

In mammals, early exposure to testosterone (or its 
metabolite estradiol derived from local aromatization in 
the brain) produces a masculine phenotype. Behavioral 
characteristics of the male can be enhanced (masculiniza- 
tion), and more or less independent of this process, the 
capacity of males to display female-typical behavior is 
diminished or lost (defeminization; Figure 3). The female 
phenotype in contrast develops in the absence of (high) 
concentrations of sex steroids. Recent evidence suggests 
that small amounts of estrogens are required during ontogeny 
to allow the development of a female brain that will be 
able to support in adulthood the expression of the full 
complement of female behaviors. The development of the 


masculine and feminine phenotypes of responsiveness to 
sex steroids in adulthood can thus be obtained irrespective 
of the genetic sex of the subjects by neonatal gonadectomy 
or injection of testosterone. 

In avian species that have been studied in detail, such 
as chicken (G. domesticus ), quail (Co. japonic a), and ducks 
(A. platyrhynchos ), exposure to steroids early in ontogeny 
also affects the responsiveness to steroids in adulthood, 
but this sexual differentiation process exclusively affects 
male-typical behaviors. A variety of male-typical sexual 
behaviors have been described that cannot be activated in 
females even after treatment with high doses of testosterone. 
Female reproductive behaviors (e.g., sexual receptivity 
postures such as squatting) are in contrast not sexually 
differentiated and can be activated in both sexes provided 


Quail 


Male embryo 
(ZZ) 


Female embryo 
(ZW) 
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Figure 3 Schematic presentation of the endocrine controls of sexual differentiation of brain and behavior in birds and mammals. 
These principles are derived from studies in quail and rats, respectively, but seem applicable to a broad range of species in the 
corresponding classes. See text for additional details. 
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an adequate treatment with estrogens is administered. In 
these avian species, the sex difference in responsiveness to 
adult testosterone is the result of the early exposure of 
female embryos to ovarian estrogens (as opposed to exposure 
of males to testicular androgen as is the case in mammals). 
In the absence of embryonic steroids, the male phenotype 
of responsiveness to testosterone develops. In the pres¬ 
ence of estrogens, the brain and the behavior are demas- 
culinized: birds lose the capacity of express male-typical 
copulatory behavior in response to testosterone. 

Appropriate manipulations of the embryonic endocrine 
environment can, as in mammals, produce a male or female 
behavioral phenotype independent of the genetic sex. The 
processes are simply mirror images of one another in the 
two classes (Figure 3). These conclusions are derived 
from studies in which the embryonic hormonal milieu 
was manipulated by the injection of estrogens in males 
and blockade of estrogen production (i.e., injection of an 
aromatase inhibitor) or action (i.e., injection of an anti¬ 
estrogen) in females. These manipulations clearly explain 
why adult females do not show male-typical behavior when 
injected with testosterone and also why females with intact 
gonads do not show these behaviors. Testosterone con¬ 
centrations, even though they are on average lower in 
females than in males, overlap between males and females 
and appear to be high enough in many females to activate 
male-typical copulatory behavior if their brains were 
organized in an appropriate manner to respond to such 
treatments. 

These contrasting patterns of differentiation in birds 
and mammals (i.e., relative absence of endocrine stimula¬ 
tion during early life results in male behavioral phenotype 
in birds and in female behavioral phenotype in mammals) 
may be related to the fact that females are the homogametic 
sex in mammals (female XX and male XY) while males 
are homogametic in birds (male ZZ and female ZW). This 
observation could then highlight a more general rule 
according to which the phenotype of the heterogametic 
sex (male mammals [XY] and female birds [ZW]) would 
always develop in response to hormonal stimulation during 
ontogeny while the behavioral phenotype of the homoga¬ 
metic sex would be the ‘default’ sex observed in the 
absence of early endocrine stimulation (also referred to as 
the ‘neutral’ sex). This principle must be accepted cautiously 
at the present time because the proximate mechanisms 
that might explain this connection between the nature of 
the sex chromosomes in males and females and the process 
of behavioral differentiation have still not been identified. 
In particular, the process of sexual differentiation of 
the gonads is reasonably well established in mammals 
(the sry gene of the Y chromosome induces formation 
of the testes) but not in birds where the differentiation of 
the gonad seems to be the result of the presence on 
one or two Z chromosomes of gene DMRT1 (gene 
dosage effect). 


In other vertebrate classes including fish, amphibians, 
and reptiles, many species do not appear to have sex 
chromosomes, and their brain and behavior differentiate 
by endocrine mechanisms that appear to be driven by the 
physical (e.g., temperature) or social environment (presence 
of congeners of the other sex, position in a dominance- 
subordinate hierarchy). For example, in reptiles, the first 
identified event signaling sexual differentiation is the 
increase in aromatase expression in the female gonad 
that leads to an increase in estrogen concentration that 
will by itself transform the undifferentiated gonad into an 
ovary. Whether gonadal steroids have an early and irre¬ 
versible effect on the brain and its responsiveness to 
steroids in adulthood is not broadly established in fish, 
amphibians, and reptiles. There are, however, indications 
that such a phenomenon may take place at least in some 
species. For example, in tree lizards (Urosaurus ornatus ), 
concentrations of progesterone and testosterone during 
development determine, in an apparently irreversible manner, 
whether the adult males will be territorial during their 
entire life or will switch from nomadic to satellite male 
as a function of environmental conditions. In species dis¬ 
playing alternative mating strategies such as the midship¬ 
man fish (Porichthys notatus ), the physiological ‘decision’ 
to become a territorial male who builds a nest to attract 
females or a sneaker (satellite male) is made early in 
development and is apparently irreversible, but the endo¬ 
crine bases of this ‘decision’ are unclear at present. 

Given the plasticity in the expression of sex-typical 
behavior that can be observed by adult fish species, it 
seems likely that, in many species, the brain and the behav¬ 
ioral phenotype are not determined in an irreversible man¬ 
ner by the early endocrine environment. Variable situations 
are likely to be observed in amphibians and reptiles and 
these issues certainly deserve more attention in these taxa. 

In mammals, birds, reptiles, and amphibians, multiple 
sex differences in brain structures implicated in the con¬ 
trol of male sexual behavior have been observed. These 
differences can be morphological in nature (e.g., groups of 
neurons in the preoptic area (POA), size of the neurons or 
of cell nuclei larger in males, dendritic arborization more 
developed in ventromedial hypothalamus of females), and 
also biochemical. For example, the concentration and 
turnover of various neurotransmitters or neuropeptides 
as well as the density of their receptors can vary according 
to the sex. Some of these anatomical or biochemical differ¬ 
ences persist in adult gonadectomized animals placed in 
similar hormonal environments. It is therefore likely that 
they are causally related to behavioral differences between 
sexes and induced by differences in the early endocrine 
environment. Overall, the organizational effects of steroids 
on behavior are the consequence of changes in gene 
expression that result in the multiplication, migration, or 
death of neurons, as well as the modulation of their func¬ 
tional differentiation (e.g., expression of neurotransmitters, 
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neuropeptides, and their receptors). Many aspects of these 
effects remain, however, to be uncovered. 


Cellular Mechanisms of Testosterone 
Action in the Brain 

Sex steroids including testosterone act on the brain to 
activate male sexual behavior by molecular mechanisms 
that are for the most part similar to those described based 
on studies of peripheral organs (i.e., hormones binding to 
specific receptors and modifying cellular physiology includ¬ 
ing protein synthesis). More recent work indicates, however, 
that the central effects of steroids are also achieved through 
other brain-specific mechanisms involving, for example, 
direct effects on neuronal membranes. 

Two distinct types of interactions between steroids and 
their target cells have been described to date. Steroid 
hormones, and other similar lipophilic compounds such as 
the thyroid hormones, can more or less freely enter target 
cells and produce their biological effects by binding to 
specific intracellular receptors. The complex formed by 
the hormone and its receptor then acts, in the cell nucleus, 
as a transcription factor leading to changes in the transcrip¬ 
tion of new messenger RNA (mRNA) and new proteins 
that ultimately alter cell function. These effects are usu¬ 
ally fairly slow and take hours to days to develop. Many 
effects of steroids including testosterone and its metabolite 
estradiol are, however, too rapid to be produced by these 
mechanisms and appear to result from direct effects at the 
level of the cell membranes and/or from a direct interaction 
with intracellular signaling cascades involving, for example, 


the phosphorylation of various proteins. These two types 
of actions will be considered in the following sections. 

It should also be mentioned that in addition to sex 
steroids, other larger or more polar molecules such as 
the peptidergic or protein hormones (e.g., vasopressin/ 
vasotocin, oxytocin, gonadotropin-releasing hormone, 
prolactin, and others) play a role in the control of male 
sexual behavior. These compounds exert their actions 
through binding to receptors located on the cell membrane 
that are coupled to the activation of a second intracellular 
messenger system (such as activation of adenylate cyclase 
leading to the synthesis of cyclic AMP). These 
other mechanisms of behavior control are, however, very 
diverse and their understanding is sometimes only 
partial. They also differ markedly between species and 
thus cannot be summarized within the scope of the pres¬ 
ent article. This presentation will thus be centered on sex 
steroid actions to illustrate general principles of behavioral 
neuroendocrinology. 

Two key steps should be considered in the behavioral 
action of testosterone on its target neurons: its metabolism 
into other steroids and these metabolites binding to spe¬ 
cific nuclear receptors. 

Role of Testosterone Metabolism 

When entering its target cells, testosterone undergoes 
important metabolic transformations. Two enzymes, aro- 
matase and 5a-reductase, catalyze the transformation of 
testosterone into behaviorally relevant metabolites estra¬ 
diol and 5a-dihydrotestosterone (5a-DHT), respectively. 
Additional enzymes inactivate the steroid (5p-reductase; 
Figure 4). Other reversible transformation can also transform 
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Figure 4 Primary transformations of testosterone into behaviorally active metabolites such as estradiol and 5a-dihydrotestosterone 
(5oc-DHT) or into in behaviorally active compounds such as 5p-dihydrotestosterone (5p-DHT). 
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testosterone or its metabolites into more polar hydroxy- 
lated compounds that have generally a weaker behavioral 
activity although their behavioral significance deserves a 
more detailed investigation (e.g., transformation of testos¬ 
terone into androstenedione by the 17(3-hydroxysteroid 
dehydrogenase, transformation of the two DHTs into 
corresponding diols by the 3a- or 3p-hydroxysteroid 
dehydrogenase). 

The ratio of active versus inactive testosterone meta¬ 
bolites that are produced in the brain and in peripheral 
structures can be affected by factors such as the sex, age, 
season, or hormonal condition of the subjects, providing 
a mechanism probably related to fine-tuned adjustments 
of the hormonal regulation of behavior. Depending on 
the species, 5a-DHT or estradiol alone is able to mimic 
most if not all effects of testosterone. Copulatory behavior 
can, for example, be activated by 5a-DHT alone in rabbits 
or guinea pigs, and by estradiol alone in the rat or 
in the Japanese quail. In most species, however, the 
full activation of male sexual behavior results from a 


synergistic action of both estradiol and 5a-DHT. The 
relative role of these two steroids in this process varies 
between species, but it seems that both are usually 
involved. 

Binding to Receptor 

The neuroanatomical distribution of high-affinity binding 
sites for androgens, estrogens, and progestagens is remark¬ 
ably consistent among vertebrate species. This distribution 
was originally mapped in the 1970s using in vivo autora¬ 
diographic techniques. More recently, this distribution 
was reanalyzed by immunocytochemical studies employing 
mono- or polyclonal antibodies against the steroid receptors 
molecules. These receptors have also been cloned and 
sequenced in many species and probes could therefore 
be synthesized and used to localize the corresponding 
mRNA by in situ hybridization. All these different exper¬ 
imental approaches have produced results that are in 
general in good agreement. 
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Figure 5 Steroid-binding sites in vertebrates in general (a) and in a specialized case, the songbird brain (b). In addition to the 
expression of receptors in the POA-hypothalamus, limbic system, and optic tectum, including the nucleus intercollicularis (ICo), 
songbirds express receptors for androgens, and in some case for estrogens, in specialized nuclei of the telencephalon that are 
implicated in song learning and production such as HVC (formerly High Vocal Center, now used as a proper name), RA (nucleus 
robustus arcopallialis), and MAN (magnocellular nucleus of the anterior nidopallium). In songbirds, androgen receptors have also been 
identified in the nucleus of the 12th nerve (Xllts) that innervates the synrinx. Balthazart J & Riters LV (2000) Ormoni e Comportamento. 
In “The biology of behavior” Bateson P and Alieva E (eds.) Trecani Publishers, Rome, pp. 85-97 translated in English in 2001 
(Balthazart J & Riters LV (2001) Hormones and Behavior. In “Frontiers of Life” Baltimore D, Dubelcco R, Jacobs F and Levi-Montalcini R 
Eds., Academic Press, Orlando FL, pp. 95-108. 






348 Male Sexual Behavior and Hormones in Non-Mammalian Vertebrates 


Cells with a dense expression of receptors for sex 
steroids are localized in the medial POA, the hypothala¬ 
mus (anterior hypothalamic area, ventromedial nucleus, 
tuberal hypothalamus), telencephalic structures that are 
part of the limbic system (amygdala, lateral septum, bed 
nucleus of stria terminalis), and in specific parts of the 
mesencephalon (optic tectum). A schematic presentation 
of this distribution is shown in Figure 5. A similar distri¬ 
bution has been observed among a wide range of verte¬ 
brates ranging from fishes to mammals. Furthermore, the 
anatomical distribution of androgen-concentrating cells is 
in general similar to that of the estrogen-concentrating 
cells. However, differences have been observed in the 
intensity and the number of labeled cells, as well as in 
their precise distribution within a given nucleus. 

Some cases of specialization have been observed in this 
distribution. A number of additional brain sites expressing 
sex steroid receptors have in particular been identified in 
vertebrate species that produce vocalizations in the context 
of reproduction. For example, in songbirds such as zebra 
finches (Taeniopygia guttata) and canaries (S. canaria ), a net¬ 
work of neurochemically specialized brain nuclei controls 
both the learning and the production of song. Singing 
behavior is steroid sensitive and accordingly, most nuclei 
in the so-called song control system (located in the telen¬ 
cephalon as well as the mesencephalon and brainstem) 
contain androgen receptors. This presence of androgen 
receptors in telencephalic nuclei outside the limbic system 
is unusual among vertebrates and is functionally related to 
singing. Similar specializations are present in the midship¬ 
man fish (P. notatus ) and several species of amphibians such 
as the African clawed frog (Xenopus laevis). In both species, 
the vocalizations are produced by a complex neuronal cir¬ 
cuitry that includes a number of androgen-sensitive nuclei 
in brain regions that do not normally contain androgen 
receptors in other vertebrates. 

Only a subset of the total number of binding sites for 
sex steroids in the brain have been implicated in the 
control of male sexual behavior. These critical sites have 
been identified by a combination of lesion experiments 
and of stereotaxic implantation of steroids directly in the 
brain of castrated subjects. In general, the medial part of 
the POA appears as a critical and sufficient site for the 
activation by steroids of male sexual behaviors. Castrated 
males that are sexually inactive will recover a rate of sexual 
activity that is often similar if not equivalent to the level 
seen in gonad intact sexually mature males when implanted 
with testosterone in this brain site (see section ‘The Pre¬ 
optic Area as a Key Site of Testosterone Action on Copu- 
latory Behavior). Additional sites are also implicated. For 
example, androgen action in the septum, bed nucleus of 
the stria terminalis, and amygdala modulate the expres¬ 
sion of male sexual behavior even if the action of androgens 
in the POA alone is sufficient to activate this behavior in 
many cases. 


The activation by testosterone or estradiol of these 
nuclear receptors modulates the transcription of a multi¬ 
tude of genes that encode for a variety of receptors (for 
neurotransmitters, for neuropeptides, for steroids them¬ 
selves) and enzymes that control the synthesis or catabo¬ 
lism of neurotransmitters and neuropeptides, as well as 
protein (neuro)hormones themselves. These changes are 
confined to the anatomically specific sites that express 
steroid receptors and ultimately result in specific changes 
in neural activity and behavior. 

The Emerging Role of Nongenomic 
Effects of Steroids 

The steroid-induced behavioral changes described earlier 
usually require a time course extending from hours to days 
after the beginning of the exposure to the steroid. Such a 
time course can therefore explain changes in reproductive 
behavior that are observed over months during the annual 
cycle with animals alternating seasonally between a time 
of active reproduction and a period of sexual quiescence 
when no sexual behavior is usually observed. 

Faster actions of steroids have also been identified 
suggesting that these hormones may also act via funda¬ 
mentally different mechanisms. It has been noted for at 
least two decades that steroids are able to alter excitability 
of neurons in culture within seconds of their application. 
This is particularly the case for estradiol, the steroid 
produced in the brain by aromatization of testosterone 
that plays a key role in the activation of male sexual 
behavior. Besides their genomic actions, estrogens indeed 
exert effects that are too rapid (seconds to minutes) to 
be mediated through the activation of protein synthesis. 
Although purely cytoplasmic effects have also been described, 
nongenomic effects are generally initiated by steroids 
acting at the plasma membrane resulting in the activation 
of a wide variety of intracellular signaling pathways. The 
nature of the potential membrane estrogen receptors 
mediating these effects is still debated. It is now clear 
that multiple receptor systems are implicated and several 
of them have actually been identified. First, the well- 
characterized classical nuclear receptors for estrogens 
(estrogen receptor a and p) can associate with the cell 
membrane and generate intracellular signals through 
association with a G-protein-coupled receptor (GPCR). 
Additionally, novel membrane receptors such as GPR30 or 
ER-X have also been proposed as candidates for mediating 
membrane actions of estrogens. Finally, estrogens can also 
act as coagonists or allosteric modulators of GPCR or ion¬ 
gated channels/receptors. The intracellular signaling path¬ 
ways activated by these receptors result in phosphorylations 
of enzymes or receptors leading, for example, to changes in 
enzymatic activities or receptor uncoupling from their effec¬ 
tors. It has therefore been hypothesized that these changes in 
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cellular (neuronal) function could modify at the level of the 
organism specific aspects of male sexual behavior, and 
experimental evidence supporting this idea has recently 
been obtained in a number of model systems. 

Evidence that estrogens acutely influence processes 
such as pain and also aggressive and sexual behaviors is 
indeed accumulating. It was demonstrated, for example, 
that a subcutaneous injection of estradiol stimulates mounts 
and anogenital investigations within 35 min in castrated rats 
(Rattus norvegicus ), a latency too short to be compatible with 
an activation by genomic mechanisms. Subsequent studies 
demonstrated that a single injection of 17p-estradiol facil¬ 
itates the expression of most aspects of male sexual behavior 
within 10—15 min in quail (Cournix japonica) and mice (Mas 
musculus). The existence of such rapid behavioral effects of 
estradiol seems to be an ancient feature in vertebrates since 
they are also observed in fishes. Injection of estradiol indeed 
modulates within minutes the production of courtship 
vocalization in the plainfin midshipman fish (P. notatus). 

It is currently difficult to assess the overall significance 
of these rapid effects of steroids on behavior. Only a few 
examples have been identified and it is thus not possible 
to determine how widespread this type of effect will be. In 
several cases, the nongenomic effects of estrogens are best 
observed in animals pretreated with a suboptimal dose of 
testosterone or estradiol benzoate suggesting that these 
nongenomic actions require some steroid priming to occur. 
Why would these two types of the regulation of behavior by 
estrogens have evolved especially with latencies of effects 
that differ by several orders of magnitude? It is important to 
note that even during the reproductive season, males have 
to spend time with other activities than reproduction (search 
for food, hide from predators, etc.), and sexual behavior 
should thus not be expressed continuously. Alternations on 
a short-term scale between sexual activity and inactivity are 
usually considered to be under the control of neurotrans¬ 
mitter activity (e.g., dopaminergic, noradrenergic, or gluta- 
matergic inputs to steroid-sensitive areas). The discovery of 
rapid actions of estrogens on reproductive behaviors pro¬ 
vides, however, new insight into this question. One could 
argue that in its short-term context, estradiol displays most, 
if not all, functional characteristics of a neurotransmitter or 
at least a neuromodulator and thus can regulate short-term 
changes in behavior. Additional research on the functional 
significance and on the cellular mechanisms underlying 
such rapid effects of steroids is now required to evaluate 
their overall importance in the control of reproduction. 

The Preoptic Area as a Key Site of 
Testosterone Action on Copulatory 
Behavior 

As reviewed earlier, the neuroanatomical distribution of sex 
steroid receptors has guided many initial investigations on 


the neural circuit controlling male sexual behavior. There 
are still many gaps in our knowledge about this circuit and 
functional anatomical studies are based on only a limited 
number of species. However, lesion studies and hormone 
implant investigations have all clearly demonstrated the 
importance of the medial POA (mPOA), a brain region at 
the junction of the telencephalon and diencephalon. It is 
obviously a key site for the integration of information 
involved in the regulation of male sexual responding. 
Notably, lesions of the mPOA impair copulation in male 
rats and in a large number of other mammalian species as 
well as in all species of birds, reptiles, amphibians, and fishes 
that have been investigated. 

The mPOA is clearly associated with the anterior 
hypothalamus based on functional considerations. It is 
a target of steroid hormone action and bidirectionally 
connected to a large number of brain regions. In particular, 
the mPOA receives, directly or indirectly, inputs from most, 
if not all, sensory modalities and is therefore ideally 
positioned to integrate information from the environment 
and adjust responses made by the organism to environ¬ 
mental and endocrine inputs (Figure 6). 

It is also apparent from many studies that the POA 
sends a prominent projection to the periaqueductal gray 
(PAG is also referred to by its Latin name, substantia 
grisea centralis). This projection to the PAG represents a 
key link between the diencephalic center where endocrine 
stimuli and sensory inputs originating from the female are 
integrated with the spinal module controlling motor out¬ 
puts reflected in sexual behavior itself. 

In most species, the full complement of sensory inputs 
and motor outputs to the POA-PAG connection involved 
in the control of male sexual behavior still needs to be 
elucidated. In a number of selected cases such as rodents 
or Japanese quail (C. japonica), this circuitry has been 
investigated by multiple approaches including the analysis 
of the expression of immediate early gene expression to 
identify brain areas involved in sexual responses, tract¬ 
tracing studies of the afferent and efferent connections of 
the POA-PAG connection, and experimental lesions of 
the different nuclei identified by the previous approaches 
to confirm their implication in behavior control. 

In this context, studies of the expression of the imme¬ 
diate early gene c-fos in particular have been helpful in 
birds and in mammalian species. In quail, for example, 
copulation induces the appearance of Fos-immunoreactive 
cells in the POA, the bed nucleus of the stria terminalis, 
the ventral mesopallium, parts of the arcopallium including 
the nucleus taeniae of the amygdala, and the mesencephalic 
nucleus intercollicularis. Fos induction was observed through¬ 
out the rostral to caudal extent of the preoptic region of 
male quail and in the rostral part of the hypothalamus 
to the level of the supraoptic decussation. It is unlikely 
that this Fos induction resulted from copulation-induced 
endocrine changes, because copulation did not affect 
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Figure 6 Schematic representation of the neural circuit mediating male sexual behavior based primarily on studies conducted with 
Japanese quail with special emphasis on the inputs and outputs of the medial preoptic nucleus (POM). The figure illustrates the putative 
visual and olfactory inputs to the circuit and the outputs to nuclei potentially mediating the expression of reproductive behaviors 
(copulation) and vocalizations (crowing). ICo: intercollicular nucleus; PAG: periaqueductal gray; TnA: nucleus taeniae of the amygdala; 
Tuberal Hyp: tuberal hypothalamus. Modified from Ball GF and Balthazart J (2009) Neuroendocrine regulation of reproductive behavior 
in birds. In: Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE, and Rubin RT (eds.) Hormones, Brain and Behavior, pp. 855-895. San Diego, 
CA: Academic Press. 


plasma levels of luteinizing hormone or of testosterone 
and a similar induction could be detected in castrated 
males whose plasma testosterone concentrations has been 
clamped to a stable high level by subcutaneous implantation 
of a capsule fdled with testosterone. Rather, the Fos 
responses seem to be due to copulation-associated 
somatosensory inputs and, surprisingly, to olfactory sti¬ 
muli originating from the female. This interpretation was 
recently confirmed in a study demonstrating that Fos 
induction is significantly decreased in birds rendered 
anosmic by occlusion of the nostrils and in which the 
cloacal region had been anesthetized before they could 


interact with the female. Similar conclusions had been 
reached by experimental deafferentations in rats. This 
comparison is of interest, given that male birds do not have 
an intromittent organ and are not supposed to rely on 
olfactory stimuli to detect females. Additional work would 
therefore be in order to identify the nature of brain activation 
that mediates this Fos expression. Work in other vertebrate 
taxa would also be of interest to determine the generality of 
these broadly distributed changes in brain activity. 

Taken together, these data indicate that a large number 
of brain areas are activated during the expression of male 
sexual behavior as revealed by an increased expression of 
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immediate early genes and confirmed in some selected 
cases by an increased glucose accumulation following 
expression of the behavior. Tract-tracing studies show 
that these brain regions are connected, often bidirectionally, 
to the mPOA and therefore constitute a functional network 
where steroids are acting to activate the expression of 
male sexual behavior. The specific function of each node 
in this network has not always been identified, but infor¬ 
mation is available in some specific cases. For example, 
the amygdala in hamsters (.Mesocricetus auratus) clearly 
serves as an integration site for the olfactory stimuli 
originating from the female and the endocrine stimuli 
produced by the gonads. 

The Neuroendocrine Control of Appetitive 
Sexual Behavior 

Descriptions of male sexual behavior in non-human animals 
have distinguished between two different phases: a highly 
variable sequence of behaviors that involves attracting and 
courting a female, the appetitive sexual behavior (ASB; a 
visible signal of sexual motivation), followed by the highly 
stereotyped copulatory sequence (consummatory sexual 
behavior, CSB). As mentioned previously, most of the 
work on the endocrine control of male sexual behavior 
has focused on the analysis of consummatory aspects of 
this behavior (intromission and ejaculation). It is only more 
recently that due consideration has been given to the 
analysis of the appetitive phases of this behavioral sequence. 

Appetitive behaviors such as courtship displays are 
clearly necessary for and distinct from copulation itself, 
and though both are under the control of testosterone and 
its metabolites, the neural circuits that implement these 
different aspects of the behavior should by necessity be 
distinct to some degree. Investigations by Barrry Everitt 
and his colleagues in Cambridge, UK, were especially 
important in stimulating work on circuit specializations 
related to the control of different components of male 
sexual behavior. Their experiments indeed showed that if 
lesions to the mPOA in rats eliminate male-typical copu¬ 
latory behavior, they have more limited or even no effects 
on some measures of sexual motivation. Rats with such 
lesions still pursue and attempt to mount females. They 
also perform learned instrumental responses (in operant 
conditioning paradigms) to gain access to females. In contrast, 
lesions to the basolateral amygdala inhibited the ability of 
males to acquire learned responses that are rewarded 
with access to females. Pharmacological studies also 
revealed selective effects on CSB of manipulations of 
the preoptic opioid system but left relatively intact mea¬ 
sures of ASB. These observations lead to the idea of a 
double dissociation between brain areas mediating copu¬ 
latory behavior on the one hand (the mPOA) and appetitive 
sexual behavior/sexual arousal/sexual motivation on the 


other hand (amygdala, bed nucleus striae terminalis). This 
notion has since been investigated in a few other verte¬ 
brate species. 

Sophisticated behavioral tests have now been designed 
to analyze and quantify in a reasonably independent 
manner these two aspects of sexual behavior. Studies on 
male ASB in a diverse set of species are particularly 
important from a clinical perspective. Patterns of male 
sexual performance are often stereotypic and can be spe¬ 
cies specific in nature. Generalizations from non-human 
animals to humans are sometimes difficult. In contrast, 
mechanisms underlying sexual motivation and ASB seem 
to be more widespread among vertebrates and could 
potentially be more easily transposed in humans. 

In both rats and quail, the two species in which most 
research on this topic has been carried out, the expression 
of ASB is markedly inhibited if not completely suppressed 
by castration, and recovery is observed following treat¬ 
ment with exogenous testosterone. In both species, the 
action of testosterone on ASB also seems to be mediated 
by its aromatization into an estrogen. It was, for example, 
demonstrated that treatment of rats with the aromatase 
inhibitor Fadrozole markedly decreases a widely accepted 
measure of ASB, the number of level changes in a bilevel 
apparatus in which a male can freely pursue a female. 
x\romatase-knockout mice also exhibit major deficits in 
measures of partner preference and sexual motivation. 
Similarly, in Japanese quail, measures of ASB are enhanced 
by testosterone whose action is mediated by its aromatization 
into an estrogen. Thus, both ASB and copulation itself 
depend for their activation on similar if not identical 
endocrine stimuli. This is understandable from an ultimate 
causation point of view since natural selection should 
favor the control by similar hormones of behaviors that 
must by nature be expressed in sequence to ensure suc¬ 
cessful reproduction. 

Interestingly, however, several studies have suggested 
dissociations between neural circuits underlying the 
expression of x\SB and male copulatory behavior. In rats, 
the work of Everitt and colleagues mentioned before 
suggested that the mPOA, which obviously controls cop¬ 
ulation, might not be implicated in the activation of ASB. 
However, there is also clear evidence coming from a 
variety of studies in different species that the mPOx4 
plays some role in the control of these other appetitive 
aspects of sexual behavior. It has indeed been reported 
that lesions of the mPOx4 diminish the preference for a 
female partner in rats and ferrets (Mustek putorius furo), 
decrease pursuit of the female by male rats, and decrease 
anticipatory erections and anogenital investigations in 
marmosets (Callithrix sp.). Furthermore, in vivo dialysis 
experiments revealed that sexual interactions progres¬ 
sively increase the level of extracellular dopamine in the 
mPOA of male rats, and this increase begins as soon as the 
male is introduced to the female and initiates pursuits and 
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anogenital investigations, that is, several minutes before 
the beginning of copulatory interactions (consummatory 
responses) sensu stricto. Pharmacological manipulations 
of the dopaminergic system in the mPOA additionally 
confirm its involvement in the control of appetitive sexual 
response. For example, microinjections of a dopaminergic 
antagonist within the POA decrease measures of sexual 
motivation such as the preference of a male for the 
female-baited arm in a maze. 

Detailed studies in Japanese quail have also analyzed 
the neural circuit mediating ASB as reflected by measures 
of two of its components: the learned social proximity 
response and the rhythmic cloacal sphincter movements. 
During the ‘learned social proximity response,’ a male 
quail will stand for most of the day in front of a window 
that provides him with visual access to the female after he 
has been copulating with that female in the same arena. 
This is a robust, easily quantifiable, response reliably 
produced in the laboratory that provides a useful way to 
investigate the mechanisms regulating male ASB. This 
response is, however, learned only after the male performs 
copulatory behavior in the testing chamber and, as a 
consequence, cannot be studied completely independent 
of the occurrence of copulation. In contrast, the ‘rhythmic 
cloacal sphincter movements’ are produced in anticipation 
of copulation but do not require copulatory behavior to 
occur in order to be produced. These movements are greatly 
facilitated in males, including sexually naive males, by 
the simple view of a female. They produce by rhythmic 
movements of a sexually dimorphic striated cloacal sphincter 
muscle that is interdigitated with the proctodeal gland, a 
meringue-like foam that is transferred to females during 
copulation and enhances the probability of fertilization. 
These two responses are androgen dependent. They are 
not expressed in castrated males and are restored to rates 
observed in intact sexually mature males by treatments 
with exogenous testosterone either injected systemically or 
implanted directly in the mPOA. As observed for copulatory 
behavior, effects of testosterone on these two measures of 
ASB require aromatization of the androgen in the POA. 

Experimental analysis of the neuroanatomical bases of 
these behaviors indicates a clear role for the mPOA in the 
control of ASB and even suggests an anatomical specificity 
within this region: the rostral part would be more specifi¬ 
cally implicated in the control of ASB while copulatory 
behavior sensu stricto would rather be controlled by the 
posterior part of this brain region. This anatomical separa¬ 
tion is supported by two independent types of experiments. 

In one case, discrete electrolytic lesions aimed at the 
medial preoptic nucleus (POM) strongly inhibited, as 
expected, copulatory behavior but, in parallel, also decreased 
to various degrees the expression of the learned social 
proximity response. Closer inspection of the data revealed 
that behavioral effects of the lesions were closely related 
to their specific location within this nucleus. Lesions in 
the caudal POM, at the level of or just rostral to the 


anterior commissure, were associated with decreased 
expression of copulatory behavior, while slightly more 
rostral lesions were specifically associated with inhibition 
of the measure of ASB. In another experiment, POM 
lesions also completely abolished the expression of rhythmic 
cloacal sphincter movements induced in castrated males 
treated with exogenous testosterone by the view of a 
female, but the anatomical specificity of this latter effect 
could not be established due to the limited number of 
subjects available in the study. 

In a second type of study, the analysis of the immediate 
early gene expression activated by the expression of ASB or 
by copulation revealed a differential activation of subregions 
of the POM by these two aspects of sexual behavior. In this 
study, castrated males treated with testosterone were allowed 
to interact freely with a female and express the full sequence 
of copulatory sexual behavior or only to express rhythmic 
cloacal sphincter movements in response to the visual pre¬ 
sentation of a female. Quantification of the protein product 
of the immediate early gene c-fos in the brain of these subjects 
collected 90 min after this sexual experience demonstrated 
an increased c-fos expression throughout the rostrocaudal 
extent of the POM in males that had copulated, whereas the 
view of a female and expression of rhythmic cloacal sphinc¬ 
ter movements induced an increased c-fos expression in the 
rostral POM only. These data thus provide additional sup¬ 
port to the idea that the POM is implicated in the expression 
of both ASB and copulatory behavior but that there is a 
partial anatomical dissociation within this nucleus between 
subregions involved in the control of each aspect of male 
sexual behavior. The rostral and caudal POM seem to dif¬ 
ferentially control the expression of these two components of 
sexual behavior. 

This anatomical specificity in the control of appetitive 
and consummatory sexual behavior by the POM might 
not be restricted to quail. In rats, as in quail, lesions of the 
caudal POA and anterior hypothalamus block the expres¬ 
sion of copulatory behavior, but more rostral lesions in the 
POA had little or no effect in at least one experiment. In 
hamsters (M. auratus), pheromones alone are able to activate 
c-fos expression in neurons of the mPOA in the absence of 
copulatory interaction with females indicating that stimuli 
encountered during the appetitive phase of male sexual 
behavior are processed, at least in part, in the mPOA. 
Similarly, in a songbird, the house sparrow (Passer domes- 
ticus) female-directed song, an appetitive behavior that 
precedes copulation, relates positively to the induction 
of the immediate early genes c-fos and zenk in the rostral 
POM but not the caudal part of this nucleus. 

Alternative Models of Reproduction in 
Vertebrates 

The general overview presented earlier reflects mechan¬ 
isms of behavior control that presumably apply to the vast 
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majority of vertebrate species. These principles have often 
been tested on only a limited number of species of fishes, 
amphibians, reptiles, birds, and mammals, and information 
concerning the last two classes is by far more abundant 
than for fishes and other less studied tetrapod groups such 
as amphibians and reptiles. A number of species or families 
of vertebrates have, however, adopted unusual modes of 
reproduction or adjusted to different environmental con¬ 
ditions and the question arises as to whether these prin¬ 
ciples also apply for these species. This question has 
obviously not been answered in a general manner, but a 
few principles should be mentioned. 

Tropical species do not experience the drastic changes 
in the duration of photoperiod that usually drive testicular 
physiology and thus reproductive cycles in species living 
in the temperate zone. They either reproduce during most 
of the year or have adapted to other factors that may limit 
reproductive success such as rainfall in arid environments. 
Based largely on studies in birds, these species often do 
not exhibit the pronounced seasonal rhythms in plasma 
testosterone concentrations that are seen in temperate 
zone animals. Plasma testosterone concentration is often 
low throughout the year and sometimes does not increase 
markedly at the beginning of the reproductive period. 
Although they may not be strictly seasonal in nature, 
reproduction in tropical species is cyclical and all species 
cease reproduction in association with molt in birds, for 
example. It has been suggested that the presence of repro¬ 
ductive behavior in association with low testosterone 
concentrations in the circulation was permitted by an 
increased sensitivity of the brain to these low levels of 
steroids. Available evidence suggests nevertheless that 
the action of testosterone on the mPOA and on the 
connected network of nuclei described before is still 
implicated in the activation of male sexual behavior in 
these species. 

A large diversity of reproductive patterns is found in 
fishes including species that change sex during their life 
either as a function of age, of environmental factors or of 
the social situation. The change from male to female or 
female to male is also called ‘sequential hermaphroditism’ 
and is common in fishes, rare in amphibians and reptiles, 
and never reported to our knowledge in birds and mam¬ 
mals. Sex changes are, when documented, associated with 
huge variations in plasma concentrations of sex steroids 
and with a substantial remodeling of brain neurochemistry 
affecting variables such as the expression of various neu¬ 
ropeptides (vasotocin, gonadotropin-releasing hormone) 
or the intracellular metabolism of steroids. In all these 
species, testosterone or 11KT remains, however, the steroid 
responsible for the activation of male sexual behavior and 
the POA is a key area controlling reproduction. A few piscine 
species (deep-sea, some serraninae, or sea basses) have been 
identified that seem, based on examination of gonadal tissue, 
to exhibit simultaneous hermaphroditism (simultaneous 


presence of testicular and ovarian tissue in the same subjects). 
Little or no information is however available on the 
endocrine control of reproductive behavior in such species. 

Parthenogenetic reproduction, that is, asexual repro¬ 
duction in which females can reproduce without fertiliza¬ 
tion by a male, is sometimes observed in invertebrates 
(aphids, some bees, and parasitic wasps) and very rare in 
vertebrates (occasionally described in some sharks and 
reptiles) but has been extensively documented in one 
species of whip-tailed lizard. In Cnemidophorus uniparens , 
all individuals are triploid females. They lay unfertilized 
eggs all of which develop into daughters. This contrasts to 
other lizards including species of the genus Cnemidophorus , 
where both sexes are present and male sexual behavior 
(mounting on the female from the rear and apposition of 
cloacal areas in a so-called doughnut posture) is activated 
like in other vertebrates by testosterone. Surprisingly, in 
Cn. uniparens , females are able to lay eggs that will produce 
offspring in the absence of sperm but they also display, over 
time, cycles of sexual activity during which they succes¬ 
sively assume a female and then a male role. Depending 
on its endocrine state, one subject will either play the role 
played by the male in closely related species and mount a 
female that is about to lay eggs or will be mounted and 
will lay eggs. It has been demonstrated that the female-like 
receptive behavior is displayed just before ovulation when 
circulating estrogen concentrations are high, while the 
male-typical mounting behavior is displayed when plasma 
concentrations of progesterone are elevated. Accordingly, 
these two types of behaviors can be induced in the labora¬ 
tory by injecting ovariectomized females either with estro¬ 
gens or with progesterone. Interestingly, progesterone 
rather than testosterone is thus responsible for the activation 
of male-typical copulatory behavior in this species. The 
action of progesterone on behavior still takes place however 
in the POA and is associated with a marked increase in the 
expression of progesterone receptors. Although progester¬ 
one is usually considered as an inhibitory factor for the 
activation of male behavior, scattered studies in a variety of 
species including rodents indicate that it could in some 
circumstances have a facilitatory role and this notion should 
be investigated further. From a functional point of view, these 
pseudocopulations in lizards apparently play a significant 
role in reproduction: females that undergo mounting release 
more eggs and thus produce more offspring than females 
that do not engage in this behavioral interaction. 

Finally, a few words should be added concerning spe¬ 
cies that adopt multiple reproductive phenotypes within a 
same sex, including large males that defend territories and 
smaller (‘satellite’) males that often display morphological 
and behavioral features of females (smaller size, absence 
of colorful displays) and usually steal copulations from 
the larger dominant male (sneakers). Such social systems 
have been observed in most, if not all, vertebrate classes. 
However, the hormonal bases of these alternative 
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reproductive tactics have been studied in detail in only a 
few cases (the plainfin midshipman fish, P. notatus , or the 
tree lizard, U. ornatus). In these examples, sneaker males 
were shown to display reduced levels of androgenic ster¬ 
oids (testosterone or 11KT in fishes) as compared to 
dominant males. In contrast, a somewhat similar behavioral 
and morphological polymorphism in a shore bird, the ruff 
(Philomachuspugnax), does not seem to depend on a differen¬ 
tial activation by testosterone but appears to be directly 
controlled by genetic autosomal factors. The ruff has two 
types of males: territorial males that defend small terri¬ 
tories on leks that will be visited by females during the 
breeding season and satellite males (approximately 16% 
of the population) that do not defend such territories but 
stay in the vicinity and try to sneak copulations with 
females visiting the lek. These different behavioral stra¬ 
tegies are associated with different patterns of plumage. 
Territorial males display dark (brown or black) long fluffy 
feathers in their neck (the ruff) and occipital ‘head tufts,’ 
whereas these feathers are lightly colored (white, creamy 
yellow) in satellites. Although plasma testosterone con¬ 
centrations have not to our knowledge been compared in 
these two types of morphs, the steroid is unlikely to con¬ 
tribute to these behavioral and morphological differences 
between morphs because females that do not show these 
attributes spontaneously will display them with similar 
proportions as males if treated with a same dose of exoge¬ 
nous testosterone. 

Conclusions 

Research initiated in the middle of the nineteenth century 
by Adolph Bertold who identified the critical role of a 
secretion of the testis in the control of male sexual attributes 
in chicken has during the second half of the twentieth 
century produced a huge corpus of data that explain with 
reasonable detail and accuracy the (neuro)endocrine mechan¬ 
isms controlling male reproductive behavior. A selection 
of species have been studied in all classes of vertebrates 
from fishes to mammals, and several general principles have 
emerged from this work. A number of broad questions 
remain, however. They concern the neural mechanisms 
underlying the differential sensitivity of male and female 
brains to the same endocrine stimuli, the interaction between 
genomic and nongenomic actions of steroids on the brain 
that support sexual behavior and also the detailed architecture 
of the neural circuits that control the appetitive and 
consummatory phases of this behavior and to what extent 
these circuits can be generalized to all vertebrates. From 
a comparative point of view, it would also be useful to 
determine to what extent these general principles have 
been modified in species that have adapted unusual 
reproductive strategies including hermaphroditism, parthe- 
nogenetic reproduction, and alternative mating strategies. 
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Introduction 

What is sexual behavior, and why (and how) do animals 
exhibit it? These are important questions which have been 
the basis of much scientific focus over the past century. 
Sexual behavior evolved to bring gametes together from 
two different individuals, thereby increasing diversity and 
variety in the genetic makeup of the offspring (in contrast 
to being a complete clone of the parent). Such genetic 
variety has been proposed to be adaptive in allowing animals 
to increase the diversity in their traits in an ever-changing 
natural environment. In mammals, sexual behavior often 
differs between males and females, reflecting differences in 
a multitude of ecological and physiological pressures, as well 
as anatomical distinctions between the sexes. This review 
will focus exclusively on sexual behavior of female mammals. 

Historically, the empirical study of female sexual 
behavior was initiated well after that of male sexual 
behavior. Unlike male mating behavior, which was sys¬ 
tematically studied as early as 1849 by Adolf Berthold, 
female reproductive behavior received little scientific 
attention prior to the twentieth century. The reason for 
this discrepancy is unclear, though it may reflect the fact 
that female reproduction, unlike that of males, occurs in 
cycles which significantly complicate its study. That is, 
female reproduction in mammals has specific phases 
which repeat throughout adulthood, beginning with 
courtship and mating, followed soon thereafter by ovula¬ 
tion and fertilization, leading to pregnancy and parturi¬ 
tion, and culminating with lactation (and then repeating 
the entire cycle again). Unlike males, the reproductive 
status of a female mammal constantly changes, creating 
difficulties or complications in studying any one particu¬ 
lar stage. Moreover, even when a female is not pregnant or 
lactating, her sexual behavior usually occurs only at spe¬ 
cific stages of her estrous (or menstrual) cycle, further 
reducing the ease with which such behavior can be stud¬ 
ied. In contrast, male mammals do not have cyclic restric¬ 
tions regarding when they can show sexual behavior, 
nor do they exhibit reproductive stages of pregnancy or 
lactation, making them easier models to study. 

In the first half of the twentieth century, researchers 
began to systematically study female sexual behavior in 
mammals, detailing its characteristics and components, 
as well as defining its hormonal and neural correlates 
(discussed in detail in later sections). Today, female repro¬ 
ductive behavior is studied within the fields of biopsychol¬ 
ogy, neuroscience, endocrinology, and animal behavior, and 


for some aspects we know more today about the neural 
mechanisms underlying female sexual behaviors than we 
do about male mating behaviors. Most information regard¬ 
ing mammalian female sexual behavior has been gleaned 
from laboratory studies involving rodents, primarily rats, 
guinea pigs, and hamsters, and more recently, mice (includ¬ 
ing transgenic and knockout mouse models). Thus, the 
majority of the information detailed in this chapter focuses 
on rodents, though additional discussion includes findings 
from non-human primates and, to a lesser extent, other 
mammalian species. Keep in mind that although there are 
many overlaps and similarities between different mamma¬ 
lian species in terms of female sexual behavior, there are 
sometimes differences as well, and not all mechanisms 
present in rodents can be commonly found in other species. 

Cycles and Components of Female 
Sexual Behavior 

Sexual behavior can be broadly defined as all behaviors 
necessary and sufficient to achieve fertilization of female 
gametes (ova) by male gametes (sperm). Female sexual 
behavior includes both copulatory and noncopulatory 
behaviors that are linked to sexual interaction. In other 
words, reproductive behavior includes not only copula¬ 
tion itself (i.e., penile insertion and deposition of sperm in 
the vagina) but also the various behaviors immediately 
preceding copulation, such as courtship displays or 
specialized vocalizations, which are crucial to promoting 
and achieving subsequent copulation. Likewise, sexual 
behavior could include postcopulatory behaviors which 
help ensure successful fertilization, such as postural 
adjustments which promote sperm transport to the egg, 
or mate-guarding behavior which occurs in some species. 
Despite this possibility, the study of female sexual behav¬ 
ior in mammals has predominantly focused on precopu- 
latory and copulatory behaviors, with little attention 
given to postcopulatory aspects. 

In contrast with males, most female mammals exhibit 
estrous cycles (menstrual cycles in humans and non¬ 
human primates). Early observations noted that for 
many species, female sexual behavior is restricted to a 
specific stage of the cycle known as ‘behavioral estrus.’ 
The word ‘estrus’ is derived from the Latin word ‘oestrus,’ 
which translates as frenzy (as well as horse-fly or gadfly). 
More loosely, oestrous translates to ‘in a frenzied condi¬ 
tion’ or ‘possessed by the gadfly,’ and is commonly 
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referred to as being ‘in heat.’ Females in estrus exhibit a 
range of typical behaviors that have long been recognized 
as relating to actively seeking, and initiating, copulation. 
In most species (humans being one exception), similar 
sexual behaviors are not typically observed in anestrous 
females (i.e., females not in behavioral estrus). For exam¬ 
ple, female rats ( Rattus norvegicus) or mice (Mus muscus) 
housed with a sexually active male display mating behav¬ 
ior every fourth or fifth night, when she is said to be in 
estrus (i.e., in heat). If the male is unsuccessful in achiev¬ 
ing fertilization, or has been experimentally vasectomized 
to prevent fertilization, the female continues to mate with 
him once every 4-5 days, but not on days in between. 
Hence, her estrous cycle is considered to be 4—5 days in 
length, with behavioral estrus comprising approximately a 
day or so, depending on the species. Similar observations 
were made long ago in other species, including Syrian 
hamsters ( Mesocricetus auratus , 4—5 day cycles), guinea pigs 
(Cavia porcellus) and sheep ( Ovis aries , 16-day cycles), and 
various canines {Cams lupus , variable duration; typically 
7 months with estrus lasting approximately 10 days). 

The specific timing of the occurrence of female sexual 
behavior, that is, behavioral estrus, is such that it is tightly 
coupled to the timing of ovulation. Estrus typically occurs 
just before ovulation (variable, but on the order of hours), 
ensuring that sperm will be readily available in the 
female’s reproductive tract to fertilize the ovulated egg, 
thereby facilitating successful reproduction. For this rea¬ 
son, it is not surprising that a majority of mammalian 
species (though certainly not all) have linked the timing 
of female sexual behavior with the timing of ovulation. 
As will be discussed later, both ovulation and female sexual 
behavior are regulated primarily by changes in gonadal sex 
steroids (estradiol and progesterone), providing synchrony 
and concordance in the hormonal regulatory mechanisms 
underlying these two coupled phenomena. Some species, 
such as voles (Rodentia; subfamily Arvicolinae), musk 
shrews ( Suncus murinus ), and rabbits (Order Lagomorpha), 
do not have regularly occurring estrus cycles, but instead 
display ‘induced’ estrus which is caused by exposure to a 
conspecific male. Many mammals with induced estrus are 
solitary and hence restrict the triggering of their female 
mating behavior, as well as ovulation, to times when a male 
is present. For these species, females never come into heat 
unless exposed to a male (or certain male signals, such as 
pheromones and olfactory cues). 

Although a general consensus emerged that female 
sexual behavior is elevated during behavioral estrus in 
most species, initial studies of female mating did not 
systematically parse out various sexual behaviors or com¬ 
ponents of behavioral estrus. This led to some confusion 
and discrepancies in the field, as different researchers 
defined sexual behaviors in different ways. In many 
cases, they failed to define aspects of sexual behavior at 
all. Because of this, a more detailed description of female 


mating was eventually proposed by Beach, who suggested 
that female sexual behavior in mammals comprised three 
critical and separate components: attractivity , proceptivity , 
and receptivity. 

Attractivity 

Beach defined the first component of female sexual 
behavior, attractivity, as the stimulus value of the female 
to the male. Thus, attractivity is a relative measure of 
‘value’ of a female to a given male (i.e., how attractive 
she is to him). This value is inferred by the observer based 
on the male’s behavioral or physiological response to 
certain parameters of the female. Unlike the other com¬ 
ponents of female sexual behavior, attractivity cannot be 
determined without directly assessing the responses and 
actions of another animal other than the female, that is, 
the male, and therefore involves some additional varia¬ 
bility based on inherent individual differences in the 
personal preferences of males (as described later). Attrac¬ 
tivity can encompass both behavioral and nonbehavioral 
aspects. Nonbehavioral attributes include specific eye¬ 
catching body coloring or markings, or enticing body 
shape or morphology. Behavioral cues are varied and often 
species specific, and include typical courtship displays, such 
as alluring movements which the male finds attractive, 
enhanced presentation of certain appealing body features, 
or the active secretion of olfactory cues to which the male is 
attracted. Ear wiggles in female rats and mice are a common 
behavioral display that males find enticing. The adaptive 
value of attractivity includes bringing the male, a prospec¬ 
tive mate, closer to the female, assisting males to identify the 
female’s reproductive status and/or genital regions, and 
orienting the male’s coital responses. 

Attractivity in many species is typically highest during 
estrus. As we shall see in later sections of this article, we 
now know that many aspects of attractivity, like procep¬ 
tivity and receptivity, are dramatically influenced by ovar¬ 
ian hormones (estradiol and progesterone). This serves to 
maximize a male’s interest in the female around the time 
of ovulation (which is similarly induced by these same 
hormones). There are many examples of animals showing 
increased attractivity during behavioral estrus versus 
anestrus. For example, one of the earliest studies by 
Warner, in 1927, determined that male rats, trained to 
cross an electrified grid (which provides a mild shock) to 
gain access to a female, displayed more frequent crossing 
when the females were in estrus than not, suggesting the 
males found the females more attractive. Likewise, ‘pref¬ 
erence studies’ in many species have assessed a female’s 
attractiveness to males under different physiological con¬ 
ditions. Males tend to display preference for females in 
estrus rather than females who are anestrous. This has 
been convincingly shown for rodents and dogs, in which, 
given a choice between a female in estrus and another 
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who is not, a male tends to spend significantly more time 
with the estrus female. This enhanced attractivity during 
estrus even extends to male preferences for the urine of 
estrus versus anestrous females (i.e., chemicals/odorants 
in the estrous female’s urine are perceived as attractive to 
the male). 

Increased attractivity during estrus has also been 
demonstrated for many non-human primate species, 
including chimpanzees ( Pan troglodytes ), baboons ( Papio 
ursinus), Rhesus monkeys ( Macaca mulatto), and pig-tailed 
macaques (. Macaca nemestrina). Many of these monkey 
studies have used a PROX score to determine the amount 
of time a male spends in close proximity to a female; 
estrus females almost always have higher PROX scores 
than anestrous females, and hence, higher attractivity. 
Similar findings in primates have been observed with 
other related measures (such as the acceptance ratio, 
which is the proportion of female solicitations that elicit 
male sexual behavior). 

Despite the pattern of increased sexual attractivity 
during estrus, which is induced by increased ovarian sex 
steroids at this time (discussed later), attractivity can 
sometimes depend on factors in addition to hormonal 
status. Even when several females are in behavioral estrus 
or under the same sex steroid conditions, certain females 
may promote a greater sexual response in males, suggest¬ 
ing that some nonhormonal element may also be involved 
in producing elevated female attractiveness. Likewise, 
males of many species often exhibit individual prefer¬ 
ences for certain estrus females over others who are 
similarly in estrus. Such nonhormonal factors influencing 
a female’s attractivity could include her age, whether she 
is sexually experienced or not, morphological features, or 
other unidentified ‘X-factors’ that one female possesses 
that another does not. 

Proceptivity 

Proceptivity, Beach’s second component of female sexual 
behavior, is defined as the extent to which a female initi¬ 
ates mating; proceptive behaviors therefore reflect a 
female’s willingness and motivation to mate (i.e., appeti¬ 
tive behaviors). This aspect is analogous to sex drive or 
libido. Thus, behaviors in which a female is sexually 
solicitous and initiates copulation (but not the act of 
copulation per se) are considered proceptive. Whereas 
attractivity reflects how much a male is attracted to a 
female, proceptivity reflects how much a female is 
attracted to a male. Importantly, the identification and 
study of proceptivity has contributed significantly to the 
understanding that female mating behavior is not simply a 
passive process whereby the female just waits for the male 
to copulate with her, but rather, females play an active role 
in initiating many aspects of sexual interaction and copu¬ 
lation. Functionally, proceptive behaviors serve to arouse 


the male and to facilitate, coordinate, and synchronize 
male and female behaviors and bodily adjustments neces¬ 
sary for the act of copulation. Proceptive behaviors may 
also play a role in mate seeking and identification, as well as 
mate selection. Supporting the importance of proceptivity in 
reproductive behavior, when female rats display proceptive 
behavior (i.e., actively seek out and promote sexual interac¬ 
tion), successful copulation occurs 90% of the time, whereas 
only 3% of male-initiated contacts result in successful 
copulation. Proceptive behaviors may increase the level of 
sexual excitement in the performing females, although this 
conjecture has not been systematically studied. 

Different species exhibit different kinds and degrees 
of proceptive behavior. However, there are four general 
categories of proceptivity, as designated by Beach. The 
most common, almost universal among proceptive females, 
are affiliative behaviors, that is, female actions leading to the 
establishment and maintenance of proximity to a male. 
x4ffiliative behaviors are measured as the tendency of a 
female to approach and remain in the vicinity of the male. 
In monkey studies, this is characterized by the PROX score 
which was discussed earlier. For example, female rhesus 
monkeys do not typically display close proximity interac¬ 
tions with males but show increased approaches and spend 
more time sitting next to a male monkey right before mating. 
These higher PROX scores of the females translate to 
increased proceptivity. 

A second general class of proceptive behaviors includes 
those that are sexually solicitous. Solicitation behaviors, 
also referred to as ‘invitation’ or ‘presentation behaviors,’ 
are varied and include the female assuming specific coital 
postures before physical contact with the male, performing 
specialized gestures (such as head bobbing or lip smacking 
in certain primates), presenting the female genitalia to the 
male, or making solicitous vocalizations to help initiate 
male contact and increase male arousal. A third general 
class of proceptivity is physical contact responses, in which 
the female initiates contact with the male. Examples 
include female rodents and canines investigating and 
touching the male’s anogenital region or some primate 
species engaging in generalized grooming of the male. In 
sheep, females will often repeatedly nudge the ram with 
their heads, a common proceptive behavior preceding cop¬ 
ulation. The last class of proceptive behavior encompasses 
alternating approaches and withdrawals of the female to the 
male. This is particularly common in rodent species (‘hops 
and darts’), but also occurs in other mammalian orders. The 
behavior consists of the female approaching the male and 
then retreating if he follows her; when he stops following, 
she reapproaches and then again withdraws. Such a pattern 
is stimulating and enticing to males, and serves to increase 
males’ sexual interest in the female, culminating in copula¬ 
tion. Approaches and withdrawals may also serve to orient 
the male so that he is in the best physical position relative 
to the female to achieve copulation. 
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As with attractivity (and receptivity, described later), 
females are most proceptive during behavioral estrus. 
Thus, females exhibit the highest levels of actively seek¬ 
ing out and initiating sexual interaction during the time 
when they are concurrently most attractive to potential 
mates. The synchrony of maximal attractivity and pro- 
ceptivity is governed by ovarian sex steroids which peak at 
behavioral estrus and which also promote ovulation soon 
thereafter. There are numerous examples of proceptive 
behaviors peaking concurrent with behavioral estrus. In 
many non-human primates, female genital presentations 
to males increase with estrus, and female approaches to 
males are highest during midcycle (estrus). In baboons, lip 
smacking (a proceptive behavior) is most common during 
behavioral estrus. Interestingly, female rhesus monkeys 
trained to press a lever to gain access to a male exhibit 
significant increases in lever-pressing frequencies during 
midcycle. Similar motivational experiments in rats 
observed estrous females displaying a tenfold increase 
in the likelihood to cross an electrified grid in order to 
reach a male, or significantly more bar presses than 
anestrous females in order to gain access to a male. 
Numerous rodent preference studies involving Y-mazes 
(in which stimulus animals are confined to the arms of 
the Y, and an experimental animal is introduced with 
free access to all areas) have also documented that 
females given the choice of spending time with a stimu¬ 
lus male or another stimulus female spend dramatically 
more time next to the male when she is in estrus versus 
anestrus. Thus, proceptivity is increased when females 
are in behavioral estrus. 

Although proceptivity is highest in estrus for most but 
not all species, additional factors can influence proceptive 
behaviors. Perhaps not surprisingly, the degree of female 
proceptivity depends, in part, on male attractiveness. 
Moreover, similar to a male’s individual preferences in 
determining attractivity, personal preferences of the 
female can play a role in her proceptivity. Thus, females 
can sometimes display individual differences in what they 
find attractive and will therefore display more proceptive 
behavior to certain males over other males; in some cases, 
the males which are less attractive to one female may be 
more attractive to another. Such personal preferences have 
been documented in many species, including sheep, dogs, 
and non-human primates. The underlying basis for these 
personal preferences is not currently known. 

Receptivity 

‘Sexual receptivity’ is the most classic term associated with 
female sexual behavior. However, until Beach’s 1976 cate¬ 
gorization of female mating behaviors, researchers used the 
term ‘receptivity’ in different contexts and with different 
meanings, which often confused and complicated the study 
of female reproduction. Discrepancies in the literature 


were often due to differences in how receptivity was 
defined (or more often, how it remained undefined). 
Many classical studies of ‘receptivity’ included numerous 
proceptive behaviors along with the act of copulation itself, 
making it hard to tease apart specific aspects of behaviors 
and their underlying mechanisms. 

Beach operationally defined receptivity in stimulus- 
response terms to include sexual behaviors exhibited by 
females in response to stimuli normally provided by con- 
specific males. Beach further defined receptive behaviors 
as those which comprise female reactions and responses 
necessary and sufficient to achieve penile insertion, that 
is, the act of copulation itself. This equates with a female’s 
readiness to allow the copulatory act and often takes the 
form of species-specific postures adopted by the female 
during intercourse. For example, in rodents, receptive 
females usually display lordosis, a stereotyped behavior 
in which the female stands immobile, arches her back, and 
deflects her tail to the side, all in an effort to adopt a 
position that facilitates the male’s penile insertion. 

The experimental study of female receptivity typically 
includes quantifications of the receptive behavior and is 
usually expressed as a ratio of the male’s attempts to copu¬ 
late and his success in doing so. In rodents, this ratio is 
termed ‘the lordosis quotient’ (LQ); higher L(X values 
represent a greater frequency of the female displaying the 
receptive posture (lordosis) per mating attempt by the male. 
Similar ratios have been adopted for other species. In 
canines, the rejection coefficient is determined by dividing 
the total attempts by the male to mount the female by the 
number of times he is permitted to mount her and exhibit 
thrusting. In monkeys, similar scores are called ‘the accep¬ 
tance ratio’ or ‘the success ratio.’ 

In some cases, there is overlap of receptive behaviors 
with proceptive behaviors, or even attractivity (in fact, 
some experimental measures, such as the acceptance 
ratio, can also be used to determine attractivity or other 
components). In some rodents, a female actively initiates 
copulation (i.e., exhibits proceptivity) by exhibiting the 
lordosis posture, which is typically regarded as a recep¬ 
tive behavior. Thus, lordosis in this species is both pro¬ 
ceptive and receptive. Given that the proceptive phase 
leads into the receptive phase, some overlap is not 
surprising, especially at the transition between the two 
phases. In the small insectivore the musk shrew (Suncus 
murinus), after an initially aggressive interaction with a 
courting male, a female shrew suddenly displays ‘tail 
wagging’ when she is ready to mate. This intriguing 
behavior involves the female shrew continually walking 
away from the male while rapidly flicking her tail back 
and forth; during this time, the female never stops to 
adopt an immobile posture, and males attempt to mount 
and copulate with her as she constantly walks and tail 
wags. In this case, tail wagging is an indicator of both 
proceptivity and receptivity. 
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As with attractivity and proceptivity, receptivity in 
most mammals with recurrent estrous cycles is highest 
during behavioral estrus, when the female is in heat. In 
many cases, receptive behavior is never displayed in anes- 
trous states. For example, lordosis is never observed in 
normal female rodents that are not in behavioral estrus. 
Likewise, dogs and cats that are not in estrus usually avoid 
or actively discourage male-mounting attempts and will 
not permit penile insertion even if he does mount. Some 
non-human primates, but not all (e.g., chimpanzees), 
follow similar patterns, showing increased receptivity 
only during the phase of the cycle when ovulation is 
imminent. As we shall see in the next section, this is 
primarily due to elevated ovarian sex steroids which 
peak around behavioral estrus and serve to promote 
both enhanced receptivity and subsequent ovulation. 

An Alternate Model of Classifying 
Female Mating 

Beach’s proposed classification of female sexual behavior 
has been used extensively since its inception in 1976, and 
it remains the most common method of categorizing 
female mating. Recently, another set of categories was 
suggested by Blaustein and Erskine. This new set of 
definitions highlights the active contribution of the female 
in the mating process. Blaustein and Erskine split female 
sexual behavior into three main components: copulatory, 
paracopulatory, and progestative behaviors. 

Copulatory behaviors include those that result in suc¬ 
cessful transfer of sperm from the male to the female. This 
is similar to receptive behaviors as described by Beach 
and includes specific postures adopted during mating in 
order to promote penile insertion. Paracopulatory beha¬ 
viors are similar to proceptive behaviors and include 
species-specific female behaviors which arouse and stim¬ 
ulate the male to mount her, such as approach and with¬ 
drawal cycles, vocalizations, and affiliative behaviors. 
Paracopulatory behaviors also include behavioral aspects 
of attractivity, such as ear wiggling, which attract the male 
and thereby help facilitate sexual interaction. 

The third component, progestative behaviors, includes 
factors that increase the probability of reproductive suc¬ 
cess, such as the female becoming pregnant. Progestative 
behaviors include short-term behavioral adjustments in 
the timing of sexual intercourse, such as pacing behavior. 
Pacing is common in rodent species, notably rats and 
mice. In these species, females actively regulate the pace 
of the copulatory bout, serving as the principal controller 
in the rate and duration of sexual stimulation. When a 
female rodent paces intercourse, she periodically stops 
displaying lordosis, thereby stopping copulation, and 
avoids the male for short periods before reinitiating 
another lordosis bout. Thus, copulation proceeds as a cycle 
of lordosis (mounts with penile insertion) and nonlordosis 


(no mounts), until it finally culminates in ejaculation. The 
duration and interval between successive mounting bouts 
is entirely determined by the female and can range from 
several seconds to several minutes, or more. Female pacing 
of copulation has been proposed to ensure that she 
receives a species-specific temporal pattern of vagino- 
cervical stimulation which best optimizes the likelihood 
of ovulation, corpora lutea survival, and fertilization. 
Importantly, pacing and other progestative behaviors 
emphasize that the female’s role in copulation is not pas¬ 
sive, but rather she is an active participant, and in some 
cases, the principal regulator of the event. This may be 
adaptive, as females invest more time, energy, and 
resources in reproduction and offspring development 
than do males, and thus, it benefits females to actively 
regulate their mating efforts. 

Hormonal Factors Modulating Female 
Sexual Behavior 

As alluded to in previous sections, female sexual behavior 
is highly regulated by ovarian sex steroids, primarily 
estradiol (E2) and progesterone (P4). In fact, using Beach’s 
classifications of female reproductive behavior, all three 
components (attractivity, proceptivity, receptivity) are 
affected by sex steroids. However, these components are 
not necessarily affected by sex steroids in the same way, 
and not always by the same hormones. 

In the early 1900s, researchers first began to dissect the 
hormonal mechanisms underlying female sexual behavior. 
Following early work on males (beginning with Berthold), 
investigators began to assess the role of the ovaries in 
the control of female mating behavior. The results were 
consistent and conclusive: for most mammalian species, 
including rodents, canines, and sheep, removal of the ovar¬ 
ies drastically diminished, or eliminated, female sexual 
behavior. Because mating behavior stops after ovariectomy, 
researchers postulated that cycles in ovarian physiology 
and function influence cycles of sexual behavior. In 1917, 
Stockard and Papanicolo demonstrated that changes in 
guinea pig vaginal cytology were tightly correlated with 
changes in ovarian physiology and function, findings that 
were soon extended to rats, mice, and other mammalian 
species. This noninvasive technique allowed investigators 
to easily determine the stage of the ovarian cycle without 
removal of the ovaries, simply by observing the pattern 
of vaginal cell types taken easily from a vaginal swab. The 
vaginal cell types have since been used to designate four 
specific stages of the female’s estrous cycle: diestrus I and II, 
proestrus, and estrus. It was later shown that these vaginal 
stages correspond to, and are induced by, changes in ovar¬ 
ian sex steroid secretion. It is now appreciated that, in 
general, estradiol is low in diestrus I, rising in diestrus II, 
high in proestrus, and low again during vaginal estrus 
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(Figure 1). Progesterone is essentially low throughout 
diestrus II and early proestrus, and is briefly elevated in 
late proestrus and again in early diestrus I after ovulation 
has occurred (Figure 1). Ovulation typically occurs at the 
end of proestrus, after estradiol has peaked (ovulation is 
itself induced by a preovulatory ‘surge’ in pituitary lutei¬ 
nizing hormone during mid-to-late proestrus under the 
governance of high estradiol levels) (Figure 1). 

In 1922, before the discovery and identification of estro¬ 
gens and progestins, Long and Evans correlated sexual 
behavior of female rats with stage of vaginal cytology. 
Female mating behavior (lordosis) was observed only when 
the vaginal smear was indicative of proestrus or early estrus. 
Thus, behavioral estrus (i.e., being in heat) is not necessarily 
equivalent with vaginal estrus, but actually occurs more 
frequently at the latter part of proestrus (extending into 
early vaginal estrus) (see Figure 1). Based on the results of 
Long and Evans and others showing that female mating was 
elevated primarily during proestrus, and that ovariectomy 
eliminated female sexual behavior in most species, research¬ 
ers postulated that some ovarian substance (or substances) 
produced in the ovaries during proestrus was responsible for 
stimulating female mating. These substances were eventu¬ 
ally shown to be estrogens and progestins. 

Estradiol 

Working on the hypothesis that ovarian products could 
promote female sexual behavior, early studies found that 



Figure 1 Diagram of reproductive hormone levels in blood 
across a typical rodent estrous cycle. Behavioral estrous, that is, 
when females are ‘in heat,’ occurs during the end of proestrus 
and early vaginal estrus. Ovulation, indicated by the blue 
asterisk, occurs in late proestrus/early estrus (species specific) 
and is generated by a surge in LH secretion which, in turn, is 
generated by rising estradiol levels. Note that hormone levels 
depicted are estimates rather than absolute values, and the 
maximal height of each line is not necessarily relative to the other 
hormones, just to itself. Thus, each line reflects each individual 
hormone’s general pattern over the cycle. (Note also that there 
may be slight difference from one species to the next in terms of 
the temporal pattern for each hormone.) 


injecting ovariectomized (OVX) rodents with ovarian 
chemical extracts (interestingly, isolated from other mam¬ 
malian species, such as swine) caused significant increases 
in female mating behavior, measured as lordosis. How¬ 
ever, the specific substance within the ovaries that was 
inducing behavior remained unknown. Soon thereafter, in 
1929 and the early 1930s, Dosiy, Butenandt, and MacCor- 
quodale isolated and identified the ovarian estrogens, of 
which 17-(3-estradiol (E2) is the primary circulating form. 
As mentioned earlier, the secretion of E2 from the ovary 
was subsequently shown to increase slowly over the 
estrous cycle, peaking at proestrus and then declining 
rapidly thereafter; thus, the peak in E2 levels was shown 
to coincide with the peak in female behavioral estrus 
(Figure 1). To confirm that E2 played a role in driving 
female sexual behavior, early studies injected E2 into 
OVX female rodents and then assessed their sexual 
behavior. In most cases, E2 treatment substantially 
increased female reproductive behavior, findings which 
have since been repeated numerous times in many spe¬ 
cies, both rodents and nonrodents alike. However, in 
almost all cases, female sexual behavior was not maximal 
after E2 treatment (regardless of dose), and often a signif¬ 
icant proportion of treated animals did not display any 
mating behavior. Thus, while E2 was capable of inducing 
some female sexual behavior, another factor appeared to 
be required as well. This additional factor was soon shown 
to be progesterone (P4), which is described in more detail 
in the following lines. 

Although early studies focused either on receptivity 
(i.e., lordosis) or a combination or sexual behaviors (often 
lumped together as ‘receptive behaviors’), later studies 
and post hoc reevaluation of earlier studies began to 
determine the effects of E2 on individual components of 
sexual behavior. It now seems clear that E2 has stimula¬ 
tory effects for all main components of female reproduc¬ 
tive behavior, though the mechanisms by which E2 exerts 
these effects may vary from one component to the next. 
Attractivity increases significantly in OVX females given 
E2 treatments. For example, the tendency of males to visit 
and affiliate with female rodents and dogs is robustly 
elevated after E2 treatment, and similar increases in 
male preferences are observed for urine taken from 
E2-treated females than from OVX females not given 
E2. In many non-human primates, male approaches 
and/or mounts to a female are higher in E2-treated 
OVX females than those not treated with E2, and male 
monkeys trained to press a lever for access to a female 
substantially increase their lever pressing when the 
female has been injected with E2, indicating that E2 
increases female attractivity. 

Like attractivity, proceptivity is also enhanced by E2. 
In some cases, proceptive behavior is only present when 
E2 is present, whereas in other cases, proceptive behaviors 
are exhibited with or without E2, but increase in 
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magnitude and frequency when E2 is present. In general, 
most OVX females do not show proceptive behaviors and 
E2 replacement increases the display of proceptivity. For 
example, rats, hamsters, and mice that are OVX show little 
preference for males over females, and do not exhibit hops 
and darts in the presence of males. In contrast, OVX 
female rodents administered E2 spend much more time 
affdiating with males and even exhibit increased tenden¬ 
cies to traverse an electrified grid to gain access to a male. 
Like rodents, female dogs and sheep also show increased 
affiliative behaviors after E2 treatment compared with the 
OVX state. Similarly, in rhesus monkeys and other pri¬ 
mates, the frequency of presentations of swollen genital 
regions to males increases with E2 treatment, as does the 
frequency with which a female rhesus monkey will press a 
lever to gain access to a male, indicating that E2 increases 
her proceptivity. 

As mentioned earlier, receptivity is also enhanced by 
E2 treatment. Although some species, such as rabbits and 
rhesus monkeys, do not rely on E2 to display receptivity, 
OVX animals of most mammalian species, including 
rodents, cats, canines, pigs, cattle, and some primates 
(e.g., baboons), fail to display receptive behaviors until 
treated with E2. Even so, as observed by Long and Evans 
and others in the 1920s, E2 treatment alone increases but 
does not usually maximize the degree or magnitude of the 
receptive behavior. Moreover, in some cases, a good per¬ 
centage of females (as high as 40% in some studies) do not 
show much receptive behavior after E2 treatment. Thus, 
E2 is stimulatory to receptive behavior, but in many cases, 
an additional factor is also needed to achieve maximal 
receptivity (i.e., normal levels observed in intact animals). 
Usually, this additional factor is P4. 

Progesterone 

The early finding that many OVX females treated with 
E2 did not display full receptivity suggested that some 
other factor, working in conjunction with E2, was also 
involved. Progesterone (P4) was discovered and isolated 
not long after E2, in 1934-1935 by Allen and others. 
Given that P4 is high during late proestrus at the same 
time that E2 levels are elevated and in synchrony with 
maximal estrous behavior, researchers began to test the 
notion that P4 was stimulatory to sexual behavior. This 
was indeed to shown to be the case. Initial studies by 
Young and others in the mid 1930s and 1940s established 
that whereas E2 treatment did not fully restore female 
sexual behavior in OVX guinea pigs, treatment with both 
E2 and P4 did maximally induce sexual behavior. Similar 
findings of P4’s ability to stimulate female mating were 
also reported for female rats. However, early monkey 
studies, as well as other studies in rodents, reported 
that P4 decreased female sexual behavior in OVX 
E-treated females. 


Although confusing at first, these contradictory find¬ 
ings regarding P4’s effects on female receptivity were 
eventually reconciled by the discovery that P4 exerts 
biphasic effects on female mating. Elevated E2 during 
proestrus, followed by a rise in P4 in late proestrus, 
stimulates maximal induction of female sexual behavior 
in normal cycling females (typically studied in terms of 
lordosis). The rise in P4 is thought to be produced by 
the ovarian follicle, though recent studies also suggest the 
possibility of neurally derived P4 produced within the 
brain itself (from astrocytes). Afterward, in late estrus/ 
early diestrus, after ovulation has occurred, the corpora 
lutea secrete high levels P4; these high P4 levels during 
estrus/diestrus serve as an inhibitory signal to female 
sexual behavior. Unlike E2, which appears to be almost 
exclusively stimulatory to female sexual behavior, P4 has a 
dual role, providing both stimulatory and inhibitory effects 
on female mating, depending on the timing and dose of P4. 
P4 given alone to OVX females, in the absence of E2, does 
not stimulate female sexual behavior; thus, the stimulatory 
effects of P4 on female mating require E2 to be present 
(typically for 18—20 h or more beforehand). This observa¬ 
tion may reflect, in part, the actions of E2 to upregulate the 
receptors for P4 in the brain. Interestingly, P4 given before 
or concurrently with E2 can actually inhibit or depress 
estrous behavior, a phenomenon called ‘concurrent inhibi¬ 
tion.’ The P4 treatment appears to be mimicking the second 
rise in P4 during the vaginal estrus/diestrus stage, which 
as stated earlier, serves to terminate receptive behavior in 
E2-primed rodents. Although P4 (or several of its metabo¬ 
lites) can act initially to induce maximal female receptivity 
after prior E2 treatment, some species, such as rabbits, 
certain hamsters, and voles, do not require P4 at all to 
display high receptivity; in these species, E2 treatment 
alone is sufficient to induce maximal female receptivity. 

In contrast to receptivity, there are far less data 
concerning the effects of P4 on attractivity or proceptiv¬ 
ity, primarily because E2 alone often appears to induce 
high attractivity and proceptivity in the absence of P4. 
Moreover, additional treatment with P4 in conjunction 
with E2 does not usually further increase attractivity or 
proceptivity. However, as noted by Blaustein and Mani, 
there is some evidence that P4, particularly of adrenal 
origin, can increase certain proceptive behaviors in 
E2-treated rats, suggesting that P4 may be stimulatory 
for this behavioral component. The situation is compli¬ 
cated by the fact that in several species of non-human 
primates (rhesus monkeys and baboons), attractivity is 
sometimes reduced by P4 treatment, though the results 
are inconsistent. The role of P4 in these nonreceptivity 
components may be species specific or trait specific, and 
this issue requires more empirical testing before definitive 
conclusions can be made. 

Although sex steroid signaling is important, if not 
essential, for female sexual behavior in most mammalian 
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species, it should be noted that many other factors, such as 
age, experience, photoperiod, and various neuropeptides 
and neurotransmitters, have also been implicated in reg¬ 
ulating (either stimulating or inhibiting) female mating 
behavior. Many of these additional factors modulate (or 
mediate) the main effects of sex steroids and often require 
the presence of at least E2 in order to affect female 
mating; others influence sexual behavior completely 
independently from E2 or P4. In-depth discussion of 
these numerous other factors is beyond the scope of this 
chapter. A brief condensed list of neuropeptides and neu¬ 
rotransmitters implicated in this system includes opioid 
peptides, neuropeptide Y, serotonin, oxytocin, vasopres¬ 
sin, cholecystokinin, dopamine, GnRH I and II, nitric 
oxide, corticotropin-releasing factor, and norepinephrine. 


Receptor Mechanisms of Hormone 
Signaling for Female Sexual Behavior 

By the mid-twentieth century, it was fairly well estab¬ 
lished that both E2 and P4 were important for female 
sexual behavior. However, the mechanism by which these 
hormones exerted their effects on female mating, and 
receptivity in particular, were unknown. Although it was 
assumed that E2 and P4 acted in the brain to elicit their 
effects, the site of actions and the molecular/cellular 
mechanisms were not yet studied. Not until the identifi¬ 
cation of the various receptor subtypes toward the end of 
the century, along with the recently harnessed ability of 
modern genetics to remove or alter select genes in mouse 
models, could such issues properly be addressed. Today, 
there is a wealth of information that has been gleaned 
from studies with transgenic and knockout mouse models; 
these, when combined with the use of specific agonist, 
antagonist, and other chemical/drug treatments, have 
begun to identify the molecular mechanisms underlying 
E2 and P4 signaling in relation to female sexual behavior. 

The first estrogen receptor was identified by Jenson in 
the late 1950s. For approximately 40 years after, most 
estrogen effects were presumed to be mediated by this 
one receptor until the discovery in 1996 of a second 
estrogen receptor by Gustafsson and others. Upon this 
discovery, the first estrogen receptor was termed ‘estrogen 
receptor a’ (ERa), whereas the second receptor was 
termed ‘ER(3.’ Both ERa and ERp are nuclear receptors 
that bind DNA and influence gene transcription. More 
recently, a membrane-associated ERa, as well as another 
membrane receptor (termed ‘GPR30’) capable of binding 
E2 and initiating intracellular signaling cascades, have 
been identified, but there is less information as of yet 
regarding their roles in female sexual behavior. 

In the mid-1990s, investigators first used molecular 
genetic technology to knock out the functional ERa 
gene from mice. This allowed Rissman and others to test 


whether ERa, or some other pathway, was important for 
mediating E2’s stimulatory effects on female sexual 
behavior, primarily lordosis. These researchers deter¬ 
mined that intact female ERa knockout mice (termed 
‘ERaKos’) had severely altered estrous cycles and dimin¬ 
ished lordosis responses. When these knockouts and their 
wild-type littermates were tested for female receptivity 
following ovariectomy and sex steroid replacement, 
ERaKOs (unlike wild-type females) still failed to display 
any lordosis with a sexually experienced stimulus male 
(Figure 2). This indicated that female sexual behavior, in 
particular receptivity, is dependent on functional ERa 
signaling pathways. Perhaps not surprisingly then, intact 
ERaKO females were shown to be infertile (they also 
display impairments in ovulation). In addition, Rissman 
showed that P4 has no facilitory effect on lordosis in 
ERaKOs as it does in wild-type mice, perhaps reflecting 
the absence of available progesterone receptors, since E2 
acts via ERa to upregulate most progesterone receptors in 
the brain (particularly, the hypothalamus). Interestingly, 
E-treated ERaKO females were still attractive to males, 
because males attempted to mount ERaKO females to a 
similar degree as wild-type females. Moreover, when given 
a choice to spend time with either wild-type or ERaKO 
females, males spent equivalent time between the two 
genotypes. Thus, attractivity, which is increased by E2, 
does not seem to require ERa in mice (though ERa may 
be sufficient to mediate attractivity in normal females). 
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Figure 2 Composite diagram of general lordosis levels in 
female mice from five genotypes. Females were treated with E2 
and tested multiple times for female sexual behavior. Note that 
normal female mice (wild types) usually require several trials of 
testing before they display high levels of receptive behavior. 
Female mice lacking ERp display high levels of lordosis, similar to 
wild-type females. In contrast, females lacking either PR or ERa 
do not display significant lordosis, even after multiple testings. 
Like ERaKOs, females lacking both ERa and ERp fail to display 
lordosis. This indicates that PR and ERa are each essential for 
proper female receptivity in mice. 
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Whether the stimulatory effects of E2 on attractivity are 
mediated by ER(3 or GPR30 has not yet been determined. 

Soon after the findings in ERa were published, addi¬ 
tional studies were performed on female mice lacking a 
functional ERp gene. When tested for sexual behavior, 
intact and E-treated female ERpKO mice showed lordosis 
to the same extent as wild-type females, suggesting that 
ERP is not necessary for lordosis and sexual receptivity, at 
least in mice (Figure 2). Interestingly, some ERpKO 
females appeared to display increased sexual receptivity, 
at least during early testing trials; these and other data 
have led to the speculation that ERp may be important 
during development for proper defeminization of the 
brain and behavior. Thus, in the absence of ERp, 
ERpKO females may be hyperfeminized and therefore 
show higher levels of female sexual behavior. Supporting 
this possibility, male ERpKO mice appeared to be slightly 
feminized in that because they show higher levels of 
lordosis than wild-type males (but not as high as normal 
wild-type females). Despite this, after multiple trials of 
behavioral testing, ERPKO females and wild-type females 
show essentially equivalent receptivity levels, suggesting 
that ERP (unlike ERa) is not critical for normal lordosis. 
ERpaKO females, lacking both receptor subtypes, do not 
display lordosis, even when hormone primed, likely 
reflecting the absence of ERa signaling (Figure 2). 

In most tissues studied, including the brain, the proges¬ 
terone receptor (PR) is induced by E2 via ERa signaling, 
and therefore, without E2, P4 cannot properly signal. This 
led to the postulate that some of the observed physiologi¬ 
cal and behavioral responses attributed to P4 signaling, 
including enhancement of sexual receptivity, might be 
due to the combined effects of P4 and E2, rather than 
just P4 alone. To clearly delineate the distinct roles of 
P4 and E2 in female sexual behavior, O’Malley and collea¬ 
gues generated a novel mouse strain in which both forms 
of the PR were ablated using molecular gene-targeting 
techniques. Although male PR knockout (PRKO) mice 
were completely fertile, female PRKOs were shown to be 
infertile. When tested for sexual behavior, OVX PRKO 
females given E2 and P4 did not show lordosis, unlike 
their wild-type counterparts (Figure 2). This suggested 
that PR is essential for normal female receptivity. This 
conclusion was supported by findings that E2-primed 
female rats given neural infusions of PR antisense mRNA 
were incapable of displaying lordosis. Additional findings 
with PR subtype knockout mice soon determined that the 
PR-A receptor subtype, rather than PR-B, is likely the key 
PR subtype mediating P4’s facilitory effects on receptivity 
in rodents. Interestingly, a membrane progesterone receptor 
was also recently identified, though like that of GPR30, the 
role of this G-protein-coupled receptor in female mating 
has not yet been sufficiently tested. 

Interestingly, numerous classical studies showed that 
wild-type OVX mice and rats often display some receptivity, 


although not maximal, with just E2 treatment, suggesting 
that P4 is not required for minimal-to-moderate expres¬ 
sion of lordosis. The fact that transgenic mice lacking 
functional PR show no lordosis at all, even with E2 treat¬ 
ment, required that earlier conclusions be modified. 
A more accurate statement is that PR signaling, but not 
necessarily P4 itself, is crucial for any display of female 
receptivity in rodents; in the absence of P4, some moderate 
lordosis can still be elicited by E2, provided neuronal PR is 
intact. Although this seems contradictory, recent evidence 
regarding nonligand activation of PR has shed some light 
on this issue. 

In 1991, Power and others working in O’Malley’s group 
made the fascinating discovery that nuclear PR can be 
activated in vitro by dopamine or dopamine agonists, in 
the complete absence of P4. Interestingly, the ability of 
dopamine to activate PR was not via direct binding of the 
steroid receptor. Rather, dopamine was shown to bind to 
its own membrane receptor (the D1 subtype of dopamine 
receptors) to initiate a second messenger intracellular 
cascade which subsequently activates nuclear PR. This 
indirect activation of PR via activation of Dl dopamine 
receptors is now referred to as ‘ligand-independent acti¬ 
vation’ (or ‘hormone-independent activation’) and repre¬ 
sents ‘crosstalk’ between the dopamine and PR systems. It 
has since been postulated that other factors can also 
activate PR and/or ER by ligand-independent activation, 
include GnRH, D5 dopaminergic agonists, phorbol esters, 
nitric oxide, prostaglandin E2, and cAMP. 

Although Power determined that dopamine could acti¬ 
vate PR in vitro, it was unclear if this process could occur in 
vivo, and in particular, in relation to female sexual behavior. 
This possibility was soon tested by Mani and others. Infu¬ 
sion of E2-primed female rats with dopamine agonists (for 
the Dl receptor) into the brain facilitated female receptiv¬ 
ity in E2-primed females, similar to the effects of P4 
treatment. Furthermore, dopamine’s stimulation of female 
receptivity was prevented if the E2-primed rats were also 
treated with PR antagonists or antisense oligonucleotides 
directed at PR mRNA. This suggested that dopamine’s 
stimulatory effects on lordosis were dependent on PR 
signaling (even if P4 was not present). This conjecture has 
since been supported by additional findings that dopamine 
agonists can stimulate receptivity in normal E2-treated 
wild-type females but not in E2-treated PRKO females. 
Thus, PR is essential for female receptivity, but P4 itself 
may not be required, provided other ligand-independent 
pathways still persist to activate PR pathways. 

Prior to the generation and testing of ER and PR 
knockout mice, numerous sexual behavior studies had 
manipulated sex steroid receptor signaling capabilities 
through the use of agonist, antagonist, and antisense oli¬ 
gonucleotide treatments. The results of these studies gen¬ 
erally agreed with later findings from knockout models. 
Thus, administration of antiestrogens (which bind both 
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ERa and ER(3) into the brain (or systemically) was highly 
effective in preventing lordosis in E2-primed female 
rodents of several species. Most recently, agonists selec¬ 
tive for either ERa or ER(3 have been used. When these 
agonists were delivered into the brains of female rats, only 
ERa agonists elicited lordosis (and proceptive behaviors), 
similar to E2 treatment. In contrast, an ERp agonist was 
unable to induce lordosis. These findings support the 
conclusions of the knockout studies that ERa, but not 
ERp, is involved in promoting female proceptive and 
receptive behaviors in rodents. Similar studies have been 
performed with progesterone signaling. Systemic or cen¬ 
tral (into the brain) treatment of female rats, guinea pigs, 
and mice with PR antagonists (e.g., RU486) prevented the 
facilitation of female sexual behavior by P4. Likewise, 
central infusions of antisense oligonucleotides directed 
against PR mRNA (which reduces synthesis of PR pro¬ 
tein) inhibited P4’s ability to facilitate female sexual 
behavior. The level of reduction in neuronal PR achieved 
with antisense infusions was approximately half that of 
normal levels in the brain, indicating that a certain 
amount of PR, above a given threshold, is necessary to 
achieve its facilitory effects. 

Neuroanatomical Substrates Underlying 
the Control of Female Receptivity 

The importance of E2 and P4 signaling in regulating 
female sexual behavior in most mammals is unquestioned. 
However, where are these hormones acting to achieve 
their effects on female mating? Given that the brain con¬ 
trols behavioral output, it was long assumed that sex 
steroids acted in the brain to induce sexual behavior. 
Although this topic has been studied in a number of 
species, including shrews, sheep, rabbits, and some non¬ 
human primates, the most data to date have been accu¬ 
mulated for rodents, in particular rats. Thus, this section 
and the next will focus primarily on the neuroanatomical 
circuits and hormonal sites of action mediating rodent 
female sexual behavior, in particular, lordosis. As the 
neuronal circuitry underlying lordosis has previously 
been extensively reviewed, this chapter will only serve 
to summarize the main findings. 

Lordosis, a term derived from the curvature of the 
spine, is the most studied component of female sexual 
behavior. In the past 50 years, much work, spearheaded by 
Pfaff and others, has sought to identify the key brain 
regions involved in controlling this receptive behavior. 
As described earlier, a female displaying lordosis stands 
fairly immobile, arches her back, often raising her head 
and perineum up, and deflects her tail to the side, all with 
the goal of aiding penile insertion by the male (Figure 3). 
In the absence of lordosis, penile insertion and ejaculation 
are not possible. Lordosis has been shown to possess a 



Figure 3 Picture (video capture) of lordosis in a female rat. 
Note the female’s receptive posture and arched back, which 
allows the male to mount and copulate with her. Picture courtesy 
of Dr. Greg Fraley. 

reflex component, and is elicited by a combination of 
hormonal priming (E2 and P4) and stimulation of 
mechanoreceptors in the periphery, specifically, tactile 
stimulation of the flank, rump, and perineum normally 
provided by the copulating male. Pressure responsive 
sensory neurons in the flank, rump, and perineum receive 
the tactile sensory input, which is then transmitted up the 
spinal cord to the brain. Interestingly, this peripheral 
aspect to lordosis is also regulated by sex steroids: the 
size of the receptive fields on the flanks is E2-dependent, 
and increases by as much as 30% when the female is in 
behavioral estrus. E2 therefore decreases the stimulus 
threshold required to activate the reflexive lordosis pos¬ 
ture. Other sensory modalities, such as olfaction, vision, 
auditory input (vocalizations), or touch-pressure inputs 
from other skin areas, may, in some cases, modify the 
lordosis response, but none are sufficient or necessary 
for the lordosis reflex to occur. 

Tactile information from the periphery enters the spi¬ 
nal cord and is relayed to the medullary reticular forma¬ 
tion (MRF) in the hindbrain (a region known to mediate 
posture, movement, pain, and arousal). Lesions to this part 
of the pathway completely disrupt lordosis, indicating that 
this sensory input to the MRF is a necessary component 
of the lordosis mechanism. Importantly, the MRF forms 
the basis of the lordosis ‘reflex arc,’ as this region sends 
descending projections through the spinal cord to control 
motorneurons for back muscles that are critical for the 
lordosis posture. However, while lesion studies showed 
that destruction of parts of the MRF caused deficits in 
lordosis performance, midbrain lesions were also found to 
abolish lordosis. This indicated that the spinohindbrain 
(MRF) reflex arc is not sufficient by itself to mediate 
lordosis, and that input from the midbrain (or more ante¬ 
rior regions) is also essential. It was later shown that the 
midbrain central gray (also called ‘periaquiductal gray,’ 
PAG) receives some ascending spinal input. Lesions of the 
PAG also reduce lordosis, and electrical stimulation of 
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just the POA was sufficient to promote lordosis. Although 
the PAG itself does not send direct descending projections 
down the spinal cord in rats, it does project to the MRF in 
the hindbrain. Thus, the same region (MRF) that receives 
sensory pressure signals from the flanks and rump also 
receives input from the PAG, placing the MRF in a key 
position to integrate both ascending and descending reg¬ 
ulatory information for lordosis (see Figure 4). Although 
the MRF acts akin to a relay station for the PAG and 
spinal cord pathways, it is unclear if the same exact cells in 
the MRF receive both spinal and PAG input or if there are 
two separate neuronal populations. 

In addition to the basic reflex circuit of which the MRF 
and PAG are critical components, other brain regions 
have also been shown to be critical for regulating lordosis. 
In particular, early studies determined that lesions of the 
ventromedial nucleus of the hypothalamus (VMN) dra¬ 
matically diminish lordosis, as does destruction of efferent 
and afferent fibers of the VMN. Moreover, site-specific 
electrical stimulation of just the VMN in E2-primed 
females facilitates lordosis, indicating the importance of 



Figure 4 Schematic diagram of the neuronal circuits and 
sex-steroid-binding regions underlying lordosis in female rodents. 
Dotted arrows reflect the direction of neuronal signaling within 
the lordosis pathway. MRF: medullary reticulary formation; PAG: 
midbrain central gray (or periaquaductal gray); VMN: ventromedial 
nucleus of the hypothalamus; POA: preoptica area; AMYG/BNST: 
medial amygdala and the bed nucleus of the stria terminalis. 
Adapted with kind permission of Springer Science+Business 
Media from Pfaff DW (1980) Estrogens and Brain Function: Neural 
Analysis of a Hormone-Controlled Mammalian Reproductive 
Behavior, Fig. 13.1, p. 236. New York: Springer-Verlag. 


this region in mediating the behavior. In regard to lordosis, 
efferent axonal fibers from the VMN travel caudally 
through the brain in both lateral and medial pathways, 
terminating in the PAG or nearby in the midbrain reticular 
formation (which also projects to the MRF), thereby con¬ 
necting the hypothalamic portion of the circuit with the 
midbrain-hindbrain component (see Figure 4). Although 
the VMN has been shown to be the predominant fore¬ 
brain nucleus controlling lordosis, over the years addi¬ 
tional regions and nuclei have been added to the lordosis 
mechanism, including the preoptic area (POA, including 
the medial preoptic nucleus), the medial amygdala, the 
bed nucleus of the stria terminalis (BNST), and the arcu¬ 
ate nucleus. Many of these other sites serve to modulate 
the activity of the VMN, thereby modifying the degree, 
duration, and timing of the lordosis response. In fact, the 
VMN appears to be the key nodal point in the hypothala¬ 
mus wherein multiple regulatory factors, such as meta¬ 
bolic, olfactory, and hormonal cues, converge and become 
integrated in order to control lordosis behavior. 

Neuronal Targets of Hormonal Actions for 
Regulating Female Receptivity 

Knowing the neuroanatomical regions involved in the 
lordosis circuit, one can ask where sex steroids, E2 and 
P4, act in the brain to facilitate lordosis, and are these the 
same brain regions comprising the lordosis circuitry? 
Much information regarding this question has been 
gathered. Most of the initial studies addressing the location 
of ERs were performed before the discovery of the second 
ER isoform (ER(3), and thus, were conducted under the 
assumption that there was only one ER. In hindsight, the 
results of some of these early studies obviously reflect 
the binding of both ERa and ER(3. To begin with, investi¬ 
gators in the 1960s and 1970s performed autoradiography 
studies with radiolabeled E2 in order to localize estrogen¬ 
binding neurons in the forebrain, midbrain, and hindbrain. 
Not surprisingly, these studies identified E2-binding sites 
(i.e., ER) in many places in brain, including regions com¬ 
prising the lordosis circuitry. The highest density of E2 
binding was observed in the forebrain and hypothalamus, 
including the POA, anterior hypothalamus, ARC, and 
VMN, as well as appreciable binding in the amygdala 
and PAG. Notably, the pattern of E2 binding in these 
regions is highly conserved among mammals (and indeed, 
among vertebrates), highlighting the evolutionarily con¬ 
served nature of many estrogen-regulated neuronal pro¬ 
cesses (including reproductive behavior). 

The initial binding studies were unable to tease apart 
anatomical information regarding specific ER subtypes. 
Later studies determined that, while there is some overlap 
between ERa and ERp, the two receptors have distinct 
expression patterns in the brain. ERa is most highly 
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expressed in the BNST, amygdala, POA, anteroventral 
periventricular nucleus (AVPV), arcuate nucleus, VMN, 
and PAG. Excluding the AVPV, most of these ERa regions 
have been directly implicated in regulating lordosis, as 
outlined in the previous section (see Figure 4), further 
supporting the contention that ERa is the critical estro¬ 
gen receptor subtype that promotes lordosis. ERp is abun¬ 
dant in many of the same regions as ERa, and is also 
present in additional regions such as the paraventricular 
and supraoptic nuclei, dentate gyrus, and cerebellum. 
Despite the high degree of regional overlap between the 
two receptor subtypes, a given region may participate in 
multiple behavioral and physiological processes, and thus, 
these two receptors may not be present in the same 
circuits (or cells) within each region. Whereas there are 
many cells in the amygdala, BNST, and AVPV that co¬ 
express both ER subtypes, there is much less coexpression 
in other nuclei and brain regions, suggesting the two ERs 
are likely mediating different processes in these sites. 
Within the VMN or PAG, for example, there may be 
subpopulations of neurons involved in the lordosis circuit 
which utilize ERa but not ERp; this possibility remains to 
be directly tested. 

An additional method of studying the site of hormone 
action in the brain has been to use site-specific infusions 
or implants or either E2 or E2 agonists/antagonists. Many 
studies in the 1970s and 1980s revealed that localized 
implants of E2 directly (and solely) into the VMN induce 
lordosis in OVX female rats, though not as frequent or 
robust as in intact estrous rats or rats treated systemically 
with E2 + P4 injections. However, there is an improved 
lordosis response with E2 implants given into VMN fol¬ 
lowed with a subcutaneous injection of P4, suggesting that 
much of the stimulatory actions of E2 on lordosis can be 
achieved simply via estrogenic action within the VMN. 
Conversely, anti-estrogens given directly into the VMN 
prevent lordosis in E2-primed rats, also indicating that the 
VMN represents a key, if not the key, site of E2 action for 
behavioral receptivity. It should be noted that compounds 
infused or implanted into a given brain region do not 
always stay localized, and may diffuse to other nearby 
areas. Thus, rather than concluding that the VMN by 
itself is the key site of E2 action, it may be more appro¬ 
priate to conclude that the VMN and/or adjacent areas 
are involved in the estrogenic response. In addition, the 
VMN is not a uniform, homogenous nucleus, and con¬ 
tains several subregions; some subregions, such as the 
ventrolateral VMN, may play a bigger role in female 
receptivity than others, and implant or lesion studies 
need to consider this possibility when interpreting results. 

Despite the important caveats mentioned above, when 
taken into consideration along with the numerous other 
techniques that have studied the VMN (lesion studies, 
tract tracing studies, electrical stimulation, ER expression, 
etc.), these localized implant studies further strengthen 


the argument that the VMN is indeed critical for mediat¬ 
ing sexual receptivity in rodents. Other regions have also 
been implicated in mediating some of the effects of E2 on 
lordosis. In some studies, implants of E2 into the POA, 
where ERa is also expressed, also modulate lordosis and 
receptivity in female rodents. Intriguingly, E2 may have a 
dual inhibitory/stimulatory role in the POA. Electrical 
stimulation of the POA typically prevents lordosis from 
occurring, and POA lesions enhance lordosis, implying that 
the POA provides inhibitory input to lordosis circuits. 
Selective E2 treatment into the POA usually inhibits lor¬ 
dosis, especially during initial exposure, but may increase 
behavior after longer exposure. This may relate to the 
duration of E2 needed to achieve onset of lordosis behavior, 
which is typically 18-20 h. At present, the POA and other 
regions (such as the PAG) have not received the same level 
of attention as the VMN (in terms of the number of studies 
looking at hormonal action for lordosis). 

Although it is now fairly clear where E2 acts in the 
rodent brain to elicit (or modify) lordosis behavior, it still 
remains to be determined what E2’s specific actions are 
that result in the induction of lordosis. That is, what effect 
does E2 binding in the VMN, POA, or PAG elicit, and 
how does this relate to altered lordosis response? One 
possibility is that E2 directly stimulates the neuronal 
activity (i.e., action potentials and neuronal firing) of key 
neuronal populations, thereby increasing the signaling of 
these neurons to downstream parts of the circuit (culmi¬ 
nating in the stimulation of motor neurons controlling the 
lordosis posture). In vitro electrophysiology studies found 
that E2 treatment onto VMN slice preparations did not by 
itself change neuronal resting potentials; however, E2 did 
increase the responsiveness of VMN neuronal firing to 
other neurotransmitters or to electrical stimulation. Thus, 
one role of E2 may be to bias neuronal responsiveness in 
the VMN (and perhaps elsewhere), making ER-sensitive 
neurons more likely to be excited and/or less prone to 
inhibition by other lordosis-modulating inputs (neurotrans¬ 
mitters, metabolic cues, pheromone/olfactory input, etc.). 
Supporting this possibility, E2 has been shown to be capable 
of changing the pattern and frequency of neuronal firing in 
vivo in the VMN region, though this could also be a direct 
effect of E2 on generating action potentials. Regardless, it 
appears that E2 can alter neuronal firing within key lordosis 
brain regions, though the mechanism by which E2 increases 
neuronal activity remains to be elucidated. 

Another likely effect of E2, which is not mutually 
exclusive from its ability to promote neuronal firing, is 
to regulate DNA activity (mRNA and protein synthesis) 
in neurons in the lordosis circuit. Once E2 binds nuclear 
ER (in the case of lordosis, ERa), it can directly interact 
with DNA as a transcription factor. Thus, E2 can directly 
activate (or inhibit) gene transcription, thereby influencing 
protein synthesis. Indeed, investigators have observed 
increased mRNA and protein synthesis after E2 exposure 
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in the VMN, and protein synthesis inhibitors given 
directly into the VMN reduce E2’s stimulation of lordosis 
behavior. Thus, certain proteins need to be synthesized 
within the VMN (and perhaps other lordosis nuclei) 
following E2 exposure in order to achieve fall lordosis. 
However, determining the identity of these critical pro¬ 
teins is complicated, as the transcription of many genes 
changes in response to E2. Many candidate genes (and 
hence, proteins) in the VMN, POA, ARC, and PAG have 
been shown to be modulated by E2, and over the years the 
list has grown. These proteins include various neurotrans¬ 
mitters and neuropeptides that may be involved in stimu¬ 
lating other downstream sites in the lordosis circuit (and 
whose synthesis is increased by E2), or neuropeptides 
which act to inhibit or diminish lordosis (and whose 
synthesis is correspondingly reduced by E2). Further 
complicating the issue, some neuropeptides are both 
downregulated and upregulated by E2, depending on 
the specific neuronal site or the temporal pattern of E2 
signaling. Examples of E2-regulated neuropeptides which 
have been implicated in facilitating and/or diminishing 
lordosis include oxytocin, (3-endorphin, enkephalin, neu¬ 
ropeptide Y, galanin, and cholecystokinin. Which of these 
neuropeptides is absolutely critical to female receptive 
behavior, and in what manner (i.e., what is their function 
for the lordosis process), is currently an active area of 
ongoing research. 

In addition to neuropeptides, E2 also regulates the 
synthesis of several receptor proteins, which may be criti¬ 
cal for receiving incoming neurotransmitter or hormone 
signals that regulate or time the display of lordosis. Per¬ 
haps the best characterized is the progesterone receptor 
(PR), which is present throughout the brain and robustly 
upregulated in many but not all brain regions, including 
key nuclei within the lordosis circuit. As discussed earlier, 
when PR signaling is reduced, either by interference with 
the receptor’s binding (via an antagonist), genetic knock¬ 
out of the PR gene, or infusions of PR mRNA antisense, 
females are hyposensitive or unresponsive to P4’s ability 
to facilitate receptivity. In the absence of sufficient E2 
(either a high enough dose or a long enough duration of 
exposure), PR availability is significantly diminished in 
several sites, including the POA and VMN, and P4 treat¬ 
ment is then far less effective in promoting lordosis. With 
elevated E2 (exogenously administered or during proes- 
trus), PR is dramatically upregulated in the POA and 
VMN, correlating with elevated facilitation of lordosis 
by P4 (or ligand-independent dopamine signaling). It 
takes approximately 18-20 h of elevated E2 exposure to 
induce significant PR numbers, and this is often maximal 
after 24-26 h, corresponding with the temporal induction 
of female receptivity after 20 h of E2 treatment, and 
increased lordosis after even longer durations. 

Supporting the role of PR in select lordosis nuclei, P4 
implants exclusively into the VMN increase lordosis (and 


proceptivity). Conversely, PR antagonists (RU486) deliv¬ 
ered into the VMN can diminish both lordosis and pro¬ 
ceptivity, further supporting the contention that PR 
specifically within the VMN is critical for female sexual 
behaviors. Whether, in intact behaving females, this is due 
to P4 signaling, ligand-independent signaling, or a com¬ 
bination of both remains to be teased apart. Moreover, the 
exact role of P4 and PR is still being determined in terms 
of facilitating receptive behavior at the peak of behavioral 
estrus as well as terminating lordosis soon thereafter (the 
biphasic response); PR signaling thereby contributes to 
regulating both the onset and the offset of sexual behavior, 
though the mechanisms for this are unknown. The impor¬ 
tant refractory-inducing role of later P4 signaling may 
serve to ‘reset’ the lordosis circuit for the next period of 
receptivity. It has been proposed that one possible mecha¬ 
nism for this may be that extended P4 exposure eventually 
downregulates its own receptor, thereby preventing addi¬ 
tional P4 from stimulating lordosis. Support for this possi¬ 
bility derives from pharmacological treatments that prevent 
degradation of neuronal PR and concurrently prevent P4 
from inducing a refractory period in receptivity. Interest¬ 
ingly, several researchers have postulated that P4’s both 
facilitory and refractory effects occur in the same brain 
regions (in and near the VMN), and perhaps even in the 
same neurons, though the latter has not yet been tested. 

As alluded to earlier, PR signaling may play a role in 
not only receptivity, but also proceptivity. Whereas E2 
implants into VMN stimulate some lordosis, often times 
little proceptive behaviors are observed with such treat¬ 
ment. However, P4 implants into the VMN (but not POA 
or PAG) of E2-primed OVX female rodents typically 
induce all proceptive behaviors (hopping, darting, ear 
wiggling, etc.), suggesting that PR signaling in the VMN 
is sufficient for rodent proceptivity. In support of this, 
VMN lesions decrease proceptive (and receptive) beha¬ 
viors. Even so, one cannot rule out a role of the POA in 
proceptive behaviors, since lesions of the POA have been 
shown to reduce proceptive behavior (and increase recep¬ 
tivity). Thus, the POA may be a stimulatory and necessary 
component of proceptive behavior. Unlike the VMN and 
POA, the PAG has not been implicated in proceptivity, 
only receptivity. These findings indicate that there are 
both different and overlapping sites/circuits for receptive 
and proceptive behaviors, including the sites of hormone 
actions. However, compared to receptivity, the brain 
regions and hormonal actions underlying proceptivity 
have received far less attention and require more experi¬ 
mental investigation. 

Generalizations to Other Species 

It should be restressed that the vast majority of data for 
neuronal substrates and hormonal actions in the brain in 
regard to female sexual behavior have come from rodent 
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models, and other mammalian species may not utilize the 
same brain pathways or hormonal mechanisms. This 
appears to be true for rabbits and some non-human pri¬ 
mates, though there are currently far less data available 
for these nonrodent species to derive strong conclusions 
and detailed models. Whether or not humans exhibit 
similar or dissimilar hormonal mechanisms and sites of 
actions for sexual behavior compared to rodents is even 
more unclear. There are not many detailed studies 
addressing this issue, primarily given the ethical and 
logistical limitations in experimental design for studies 
with human subjects (e.g., lesions or neuronal implant 
studies are not simply possible). Moreover, there are 
often numerous confounding variables present in human 
studies of sexual behavior, thereby clouding the view 
of the underlying mechanisms and processes. For exam¬ 
ple, steroid hormones may have an impact on human 
sexual behavior, but confounding factors may also affect 
sexual actions in women, including stress or metabolic 
factors, social pressures, cultural influences, or religious 
practices. Moreover, most human studies do not (and 
often cannot) control for the man’s role in sexual interac¬ 
tions; men may find women more or less attractive 
at certain times (or for various reasons) and therefore 
alter their involvement in sexual activity accordingly; 
this could have large unforeseen impacts on any experi¬ 
mental results concerning the female’s sexual behavior 
patterns. Thus, it is difficult to empirically test female 
sexual behavior in humans, especially the hormonal and 
neuronal underpinnings. 

Despite the limitations of human studies, some 
researchers have reported increased sexual activity and 
increased erotic thoughts in humans around the time of 
ovulation, corresponding to the time of peak estrogen 
levels, although this has not been consistently observed 
among all studies. ER and other sex steroid receptors have 
been identified in the human brain, including the hypo¬ 
thalamus and amygdala (similar to rodents), suggesting 
that sex steroids could act in a similar manner in rodents 
and humans. However, it is well recognized that humans, 
like some other non-human primates, do not limit sexual 
activity to a particular time of the menstrual cycle, and 
many females engage in sexual behavior at all stages of 
their cycle. Moreover, women can still engage in sex after 
ovariectomy (or menopause), further suggesting that sex 
hormones are not critical for human sexual behavior. 
Although sex often still occurs in these low sex steroid 
conditions, it may not occur as frequently, or with the 
same motivation, desire, or fulfillment, indicating the 
importance of looking at specific parameters (i.e., procep- 
tivity, receptivity, etc.) of sexual behavior, rather than 
simply its presence or absence. Interestingly, while sex 
steroids may not strongly influence human female sexual 
receptivity, they may have a more noticeable role in 


inducing proceptivity (i.e., libido and sex drive) in 
women. In particular, androgens (such as testosterone 
and other metabolites) may be important for motivational 
aspects to engage in sexual activity in humans, in both 
men and women. Such androgens may come from ovaries 
and/or adrenals and that testosterone levels over a 
woman’s cycle correlate with sexual desire much better 
than estrogen levels. Moreover, androgen treatments can 
significantly increase sexual behavior (particularly sexual 
desire and libido) in postmenopausal women or OVX 
women. Despite these findings, there is still not a clear 
consensus at present on the role of hormones, nor specific 
brain sites, in controlling sexual behavior in women. 
Hopefully, the next generation of research will enlighten 
us more on this intriguing and important issue. 
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Introduction 

Preceding articles in this section demonstrate that social 
interactions of various kinds facilitate the acquisition of 
adaptive patterns of behavior by insects, fishes, and birds, 
and articles to follow will provide similar evidence of 
social learning in monkeys and apes. The nonprimate 
mammals (hereafter mammals), with which this article is 
concerned, are similar to animals with nervous systems 
both more and less complex in that interaction of the 
naive with the knowledgeable often guides the behavior 
of the naive in adaptive directions. 

Arbitrary Behaviors 

Early work on social learning by mammals was concerned 
with the rapidity with which they learned arbitrary 
responses (such as pressing a lever to acquire food or 
stepping on a treadle to open a door) that were unrelated 
to their natural behavior. Results of such experiments 
were often discussed as demonstrating imitation, although 
today the same data would almost certainly be interpreted 
as demonstrating simpler types of social learning such as 
local or stimulus enhancement. For example, in a classic 
study conducted 40 years ago, kittens (Felis catus) were 
found to learn to press a lever to obtain food far more 
rapidly after watching their mother press the lever and get 
food than after watching a strange female cat do so. The 
more rapid learning by kittens that watched their mother 
was interpreted as showing that kittens imitated her 
behavior, although it can be explained more parsimoni¬ 
ously as showing only that kittens attend more closely to 
objects that their mother manipulates than to objects with 
which other adult female cats interact (i.e., as an instance 
of local enhancement). 

More recently, Norway rats (.Rattus norvegicus) that 
observed a rat pushing a joy stick either to left or right 
were reported to learn to press a joy stick in the same 
direction (left or right) as had their respective demonstra¬ 
tors, and it was suggested that the observer rats imitated 
their demonstrator’s behavior. However, subsequent work 
showed that demonstrator rats left olfactory cues on the 
side of the joy stick that they had touched and that these 
cues influenced the behavior of other rats when they 
encountered it. 

Perhaps the most striking instance of social learning 
of an arbitrary action by a mammal concerns golden 


hamsters (.Mesocricetus auratus) that learned to use their 
teeth and forepaws to retrieve a piece of food dangling at 
the end of a short chain attached to a shelf. Three quarters 
of young hamsters whose mothers demonstrated food- 
retrieval behavior for them learned to pull the chain to 
obtain the food, while only a fifth of pups reared by a 
mother that did not exhibit retrieval learned the trick. 
Unfortunately, nothing is known of the behavioral mechan¬ 
isms supporting this instance of social learning. 

Natural Behaviors 

Although, the early history of laboratory studies of social 
learning in mammals was largely concerned with the 
social learning of arbitrary responses, more recent work 
has focused almost entirely on the social influences on 
behaviors similar to those observed in free-living animals. 
In the following sections, representative experimental 
studies based on observations of the behavior of mammals 
living in natural circumstances in which subjects (1) chose 
appropriate substances to ingest, (2) overcame the defense 
of potential foods, (3) avoided predators, and (4) selected a 
mate are described. 

Choosing Food 

Much work on social learning in mammals has been 
concerned with learning how to forage successfully. 
Here, three examples of such social learning each of 
which depends upon quite different social learning pro¬ 
cesses are considered. 

Rats avoiding poisons 

In the 1950s, rodent-control operatives evaluated a 
method of rodent control that appeared to have consider¬ 
able potential to reduce the cost of exterminating ro¬ 
dent ests. By placing permanent poison-bait stations in 
rat-infested areas, the rodent-control experts hoped to 
substantially reduce the expense of constantly replacing 
temporary baits. 

The permanent bait stations had great initial success, 
with rats eating ample amounts of poison and dying in 
large numbers. However, later bait acceptance was very 
poor, and targeted rat colonies soon returned to their 
original sizes. The failure of permanent stations resulted 
from a few adult colony members surviving their first 
ingestion of bait and, as a result of suffering the ill effects 
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associated with ingesting the poison, learning to avoid 
eating the bait. These knowledgeable survivors somehow 
dissuaded their young from even tasting the poisoned bait 
that the adults had learned not to eat. 

Laboratory analyses of the transmission of food choices 
from adult rats to their young revealed that adults do not 
directly dissuade their young from eating poisonous sub¬ 
stances. Rather, young rats are both strongly inclined to 
eat whatever foods adults of their colony are eating and 
extraordinarily reluctant to eat foods that they have not 
eaten before. Consequently, young rats eat foods that 
adults of their colony are eating, not foods that those 
adults are avoiding. Poison avoidance by the young is a 
byproduct of tendencies to avoid ingesting novel foods 
and to learn from others what foods to eat. 

Starting before birth and extending throughout life, 
many different socially mediated experiences are involved 
in such social induction of young rats’ food choices. For 
example, if a gestating female rat is fed garlic, garlic is 
subsequently detectable in her amniotic fluid, and follow¬ 
ing parturition, her young show an enhanced preference 
for the scent of garlic. When young rats begin to nurse, 
flavors incorporated into maternal milk reflect the flavors 
of foods that a lactating female is eating, and experience of 
these flavors in mother’s milk causes weaning young to 
prefer foods their mother ate during the weeks that she was 
suckling them. Also, lactating rats are great hoarders of 
food, returning large quantities of food to the burrows 
where their young shelter. When an adult rat takes food 
from such a hoard, any young in its vicinity become 
intensely interested in the particular piece of food that 
the adult is holding. The young rats often try to steal the 
food that the adult is eating, and adults are surprisingly 
willing to give up food to juveniles. After a juvenile eats 
food taken from an adult, the juvenile shows an increased 
preference for that food that it does not show after taking 
the same food directly from the floor and eating it. 

As young rats grow older and leave the nest site to feed 
in the larger world, they use visual cues to locate an adult 
rat at a distance from the nest entrance and approach and 
feed with that adult. Because approaching young tend to 
crawl up under an adult’s belly and to begin to feed with 
their heads right under an adult’s chin, adults can rather 
precisely direct young to foods that they are eating. And 
when an adult rat leaves a feeding site to return to its 
burrow, the adult deposits a scent trail that leads young 
rats seeking food to the same location where the adult has 
fed. Also, while feeding, adult rats deposit, both on and 
near foods, olfactory cues that are highly attractive to pups 
and cause them to prefer feeding sites and foods that 
adults have previously exploited. 

In a number of mammalian species, in addition to 
Norway rats (mice, voles, European rabbits, Mongolian 
gerbils, golden and dwarf hamsters, bats, and dogs), a naive 
animal (an observer) that interacts with another of its 


species that has recently eaten a food (a demonstrator) 
subsequently shows a substantial increase in its preference 
for whatever food its demonstrator ate. Exposure to a 
demonstrator rat can markedly increase the survival of 
rats in environments where ingesting the most palatable 
foods present does not lead to selection of a nutritionally 
adequate diet. For example, young rats placed in enclo¬ 
sures where they had continuous access to four different 
foods, three relatively palatable but low in protein and 
one relatively unpalatable but protein rich, lost weight, 
and would surely have died of protein deficiency. By 
contrast, pups that shared their enclosures with adult 
rats previously trained to eat the relatively unpalatable, 
protein-rich food grew at almost the same rate as pups 
offered just the protein-rich diet. 

The relatively simple social learning mechanisms 
available to rats are also sufficient to support the sort of 
behavioral traditions that are common in our own species 
and present in other primates as well. All four members of 
each of several colonies of rats assigned to one condition 
were trained not to eat a pepper-flavored food and to eat 
a horseradish-flavored food, whereas all four members 
of each colony assigned to a second condition were taught 
the reverse. Following this training, each colony was 
offered a choice between pepper- and horseradish- 
flavored foods for 3hday -1 , and each day immediately 
after a colony had been fed, one of its members was 
removed and replaced with a naive rat. After 4 days, all 
members of original colonies had been replaced, and 
for 10 days thereafter, the individual in each colony that 
had been there longest was replaced with a naive rat. 
Even after replacement of original colony members, 
large effects of the food preferences learned by original 
colony members were still evident (Figure 1). Similar 
transmission chains have also been found among colonies 
of rats trained to dig in sawdust for food. 

Overcoming the Defenses of Prey 
Pinecone stripping by roof rat 

Roof rats (Rattus rattus) living in the pine forests of Israel 
and of Cyprus (places where no squirrels are present to 
compete for pine seeds), but not roof rats living elsewhere, 
subsist on a diet of pine seeds that they secure by stripping 
the scales from pinecones and eating the seeds that the 
scales protect. Laboratory studies of pinecone stripping by 
wild-caught rats revealed that to recover more energy 
from eating pine seeds than is expended in removing 
scales from pinecones, rats must take advantage of the 
architecture of pinecones, first stripping the scales from 
the base of a cone, and then removing the remaining 
scales in succession as they spiral around the cone to its 
apex (see Figure 2). 

Less than 6% of rats captured outside pine forests and 
given pinecones to eat learn to open them efficiently. 
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Figure 1 Amount of pepper-flavored diet (diet cp) eaten by 
members of colonies offered a choice between diet cp and 
horseradish-flavored diet (diet hr) and initially trained to eat either 
diet cp or diet hr. Galef BG, Jr. & Allen C (1995) A new model 
system for studying animal tradition. Animal Behaviour 50: 
705-717. (Figure 5). 


Figure 2 (a) Schematic diagram of pinecones being efficiently 
stripped of their scales in the efficient manner taking advantage 
of the architecture of the pinecone and (b) photographs of two 
efficiently pinecones that were attacked inefficiently (on left) and 
two that were attacked efficiently (on right). Terkel J (1996) 
Cultural transmission of feeding behavior in the black rat 
(Rattus rattus). In: CM Heyes & BG Galef, Jr. Eds. Social Learning 
in Animals the Roots of Culture. San Diego: Academic Press 
(Figure 5). 

However, more than 90% of rats born to mothers that 
could not remove the scales from pine cones efficiently 
but reared by foster mothers that stripped pinecones in 
the presence of their foster young, learned the efficient 
method of removing scales from cones. 

When a roof rat mother removes the scales from a 
cone, her young gather around her and attempt to snatch 
the pine seeds as she uncovers them. As the young mature, 
they snatch entire partially opened pinecones from their 
mother and then continue the stripping process that their 
mother started. Indeed, just providing young rats with 


pinecones started properly by an adult rat or even by a 
human experimenter using a pair of pliers to remove 
scales from its base results in 70% of the young rats 
learning the efficient method of removing scales. Thus, a 
very simple sort of social learning enables young rats to 
learn a skill that enables them to survive in pine forests, a 
habitat that would otherwise be closed to them. 

Similarly, juvenile red squirrels (Tamiasciurus hudsonicus) 
that have watched an experienced adult squirrel open 
hickory nuts open similar nuts at a substantially younger 
age and with greater efficiency than siblings lacking such 
experience. 

Meerkats learning to eat scorpions 

Meerkats (Suricata suricatta) are highly social animals that 
live in arid regions of southern Africa where they feed on 
a range of vertebrate and invertebrate prey, some of 
which, such as scorpions, are potentially dangerous. 
Young meerkat pups are initially incapable of foraging 
for themselves, and when from 30 to 90 days of age, are 
provisioned by adult group members that respond to 
begging calls pups emit when hungry. Adults typically 
kill or remove the sting of scorpions before they give 
them to very young meerkats. However, as the pups 
grow older and better able to handle intact, live scorpions, 
adults provide an increasing proportion of intact prey to 
pups. When human experimenters provisioned young 
meerkats in the field with live, scorpions with their stings 
removed, the pups’ subsequent ability to handle such 
‘dangerous’ prey without being either pseudostung by 
them or letting them escape increased markedly. Thus, 
adult meerkats’ provisioning of their young facilitates 
their acquisition of an important skill. 

Learning to Avoid Predators 

Predator recognition and avoidance pose a challenge both to 
the young of many mammals and to scientists trying to 
understand how animals learn to avoid predators without 
any personal experience of the potentially disastrous conse¬ 
quences of direct contact with them. Although there have 
been far fewer studies of the role of social learning in the 
development of antipredator than of foraging behaviors, work 
on predator avoidance learning in birds, fish, and primates, 
together with that conducted in nonprimate mammals, sug¬ 
gests a potential solution to the problem. Such work is of some 
practical importance in that attempts to reintroduce captive- 
reared endangered species into natural habitat often fail 
because captive-reared animals released into the wild often 
respond inadequately to the approach of a predator. 

Predator recognition in wallabies 

Captive-reared Tamar wallabies (Macropus eugenii) were 
given the opportunity to observe either a demonstrator 
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wallaby that had been previously trained to avoid a 
stuffed fox or a naive demonstrator wallaby that was 
indifferent to foxes. Observer wallabies that had watched 
a fearful demonstrator interact with the stuffed fox showed 
significantly longer periods of vigilance in response to 
presentation of the fox than observer wallabies that had 
seen an indifferent demonstrator interact with the fox, 
and the response was specific to foxes and not shown to 
other stuffed animals. 

In a conceptually similar study, juvenile captive-reared 
black-tailed prairie dogs ( Cynomys ludovicianus) were 
exposed to various animals restrained behind a screen 
barrier: a ferret, a rattlesnake, a hawk, and a harmless 
rabbit. The prairie dogs were then given additional expo¬ 
sure to each stimulus animal either with or without an 
experienced adult demonstrator present. During this 
training, the alarm vocalizations and vigilance behavior 
of the juveniles closely matched that of their demonstra¬ 
tors, and following training, juveniles trained with an 
experienced adult were more wary of the three predatory 
animals than were juveniles that had experienced the 
predators without a demonstrator. Perhaps most interest¬ 
ing, when the prairie dogs were released back into the 
wild, those that had been exposed to predators in the 
presence of an experienced demonstrator had a signifi¬ 
cantly greater probability of surviving for 1 year than those 
prairie dogs lacking such training. 

Learning to avoid biting flies 

Blood-feeding biting flies are among the most common of 
mammalian predators, and their attacks elicit avoidance 
responses ranging from elephants manufacturing tools 
from branches for fly switching to self burying in mice. 
Deer mice ( Peromyscus maniculatus) experiencing a single 
30-min session of attack by biting flies and then exposed 
to flies that had been surgically deprived of the ability to 
bite buried themselves in the substrate, whereas mice 
without prior experience of biting flies did not. Most 
interesting mice that had no personal experience of biting 
flies but had witnessed another mouse under attack by 
biting flies, engaged in self burying when subsequently 
exposed to flies that were unable to bite. 

Development of response to alarm calls 

Adult Belding’s ground squirrels ( Spermophilus beldingi) 
that detect an avian predator such as a hawk or eagle 
whistle, and other adults respond to their whistles by 
running to the nearest burrow entrance. When adults 
detect a relatively slow-moving ground predator, they 
emit a trill to which other adults respond by standing on 
their hind legs and looking about. 

Newly emerged young ground squirrels do not behave 
differently either to the two alarm calls of adults or to 
alarm calls and other sounds. Development of appropriate 


responses to alarm calls of juvenile squirrels maintained 
in captivity without their dams was slower than that of 
captive young squirrels maintained with their dams, 
suggesting that interaction with dams exhibiting appropriate 
responses to alarm calls sped juvenile’s learning of the 
appropriate responses. 

Choosing a Mate 
Rats and mice 

Although most experiments on social influences on sexual 
behavior have been carried out in birds and fishes, a few 
studies suggest that in mammals as well, social interactions of 
various kinds can influence both the choice of a mate and 
sexual performance. Female Norway rats prefer as sex part¬ 
ners males that have recently copulated with other females, 
and female mice spend more time investigating urine 
collected from males exposed overnight to an estrous 
female than to urine from males exposed to a female not 
in estrous, although as yet, there is no evidence that this 
change in the attraction of female mice to male urine 
causes females to change their preferences for a partner. 

Farm animals 

Although strictly speaking a case of social influence that 
only suggests possible social learning, many species of 
farm animal (e.g., goats, cattle, horses, and pigs) exhibit 
enhanced sexual performance after viewing conspecifics 
copulating. For example, sexual performance of male 
sheep ( Ovis dries) is enhanced following interaction with 
another male that has recently interacted with a ewe. It 
has been hypothesized that olfactory cues transferred 
from females to males during their period of interaction 
have a stimulating effect on other males. 

Animals Inconvenient for Controlled 
Studies 

There is an expectation that animals with a large brain are 
more likely to engage in complex sorts of learning, includ¬ 
ing social learning, than animals with a small brain. How¬ 
ever, many large-brained mammals from elephants to 
whales have large bodies that make them inconvenient 
subjects for controlled, experimental studies. Despite the 
difficulty of providing conclusive evidence of social 
learning in such creatures, there is a growing body of 
evidence suggesting that many such animals may be 
sophisticated social learners. 

Bottlenose Dolphins 

In the wild, young dolphins ( Tursiops sp.) and their 
mothers forage together for several years giving the 
young ample opportunity to learn complex foraging 
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behaviors from their mothers. For example, while foraging 
in deep-water channels, some adult female dolphins carry 
marine sponges that are believed to be used to protect 
their noses while probing the sea floor to locate small, 
bottom-dwelling fish. At Shark Bay in Western Australia, 
the only study site where sponge carrying has been 
observed, the behavior occurs almost exclusively within 
a single maternal line, with most daughters (and a few 
sons) of sponge-carrying females adopting the habit. 
Although a genetic explanation of the pattern of sponge 
use at Shark Bay seems plausible, examination of several 
possible modes of genetic inheritance make it unlikely that 
a genetic propensity is responsible for the observed distri¬ 
bution of the behavior. Further, because only some of the 
many female dolphins that forage in deep-water channels 
use sponges while foraging there, it is unlikely that expo¬ 
sure to deep channels in itself results in sponge use. 

Whales 

There are numerous reports of behavior consistent with 
the view that many cetaceans (i.e., whales and dolphins) 
engage in social learning. For example, the rate of spread 
among humpback whales (.Megaptera novaeangliae) in the 
Gulf of Maine of a novel foraging behavior, Tobtail feed¬ 
ing’ (in which the whales slam their tail flukes in the water 
before diving for prey), is consistent with social transmis¬ 
sion of the behavior, although explanation in terms of 
individual learning in response to a change in prey avail¬ 
ability is also possible. Similarly, although scattered 
reports of mother killer whales (Orcinus orca) ‘teaching’ 
their young to beach themselves to capture seals are 
consistent with the view that such behavior is socially 
learned, the reports do not offer strong support for that 
interpretation. 

Elephants 

The social knowledge possessed by the matriarch in a 
family of elephants (Loxodonta africana ) influences the 
social behavior of other family members, reducing the 
probability that they will engage in unnecessary defensive 
behaviors when encountering familiar families that pose 
no threat. The older the family matriarch is, the better the 
family members are at discriminating vocalizations of 
familiar and unfamiliar individuals and responding appro¬ 
priately to them. The age of a family matriarch predicts 
more than 30% of the variation among families in the 
number of young that they produce, suggesting that the 
social knowledge of older females has adaptive conse¬ 
quences for her kin. Although it has not been shown that 


other family members learn from the matriarch which 
female’s vocalizations to respond to and which to ignore 
and continue to respond appropriately in her absence, it 
seems probable that such a social transmission of social 
knowledge occurs. 

Conclusion 

Although the study of social learning in mammals is still 
in its infancy, many of the biologically important activities 
in which mammals engage have already been found to be 
modifiable by socially acquired information. In future, we 
can expect to see both more examples of behavior in free- 
living mammals that are likely to be a product of social 
learning and ever more convincing experiments leading 
to a deeper understanding of the ways in which social 
interactions improve acquisition of adaptive patterns of 
behavior. 

See also: Apes: Social Learning; Imitation: Cognitive 
Implications. 
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Introduction and Definitions 

Much of our understanding of animal navigation has 
centered around Kramer’s map and compass hypothesis, 
which proposes that an animal has to determine its 
position relative to a goal (map step) and then set out 
in a particular direction to reach its goal (compass step). 
A human using a map and compass is able to align the map 
with the true north, having allowed for the difference 
between this and the magnetic north read by the compass. 
He can then work out his current position from the fea¬ 
tures on the map and the visible landmarks and determine 
the angle and distance home. Many orientation behaviors 
and homing abilities in animals suggest that they can use a 
set of equivalent processes, using only their brains and 
sensory systems. 

Magnetic Compass and Other Compasses 

The common meaning of compass is an instrument with 
a magnetized needle used to steer ships. This is derived 
from an older meaning of a space limiting circle, which 
clearly relates to the compass card, the circular card with 
degree markings used to read the bearing. The compass 
has now come to mean an instrument that indicates 
an absolute direction relative to the magnetic field of 
the earth. Those involved in animal navigation have also 
used the term for nonmagnetic field-based direction indi¬ 
cators, so sun compasses, star compasses, wind compasses, 
moon compasses, and polarized light compasses have all 
been proposed. Additionally, because of the daily rotation 
of the earth, the use of celestial cues as a reference demands 
a time sense. Animals have to vary angles with respect to 
the sun’s position in the sky, which changes at 15° h _1 . 

A compass points to the magnetic north, a point 
around 2000 km south of the axis of rotation of the 
earth; true north is where all longitude lines meet. The 
alignment between the magnetic north and the true north 
varies over the surface of the earth; the difference is called 
the declination and is usually less than 20° except at very 
high latitudes. 

There is of course a line, the agonic line, where the 
magnetic north and the true north are in alignment. 
Declination is measured East or West of this line. Any small 
map of an area of the world will have its particular declina¬ 
tion marked on it. Because declination can vary consider¬ 
ably, accurate general strategies for locomotion allow for 
declination and reference everything to the true north. 


There is evidence that animals can also compensate for 
declination drift. Of course, in limited areas where there is 
little change in declination angle, it is less necessary to 
take this into account. 

The earth acts like a large weak dipole magnet and at 
the magnetic poles, the direction of the lines of force are 
vertical, emerging from the antarctic magnetic pole and 
returning downwards at the arctic magnetic pole. At the 
magnetic equator, the lines of force are parallel to the surface 
of the earth. The lines of force thus have a dip angle or 
inclination at any point that varies between 0° and 90°. Lines 
of equal inclination, or isoclinics, are roughly parallel to 
lines of latitude. It is to be noted that inclination should 
not be confused with declination, which is the difference in 
alignment of pointers to magnetic North and true North. 

The earth’s magnetic field is changing by around 7 min 
per annum in a westward direction, although for most 
purposes it is regarded as a static field. Nevertheless, 
declination angles on maps need to be updated every 
5 years. Over timescales of several hundred thousand 
years, polarity reversals of the dipole field may occur 
with the poles changing hemispheres. 

The magnetic field originates in convection currents in 
the molten core of the earth and significant local varia¬ 
tions can be produced by magnetized rocks in the earth’s 
crust. These anomalies are known to affect animals. 
Yet another source of variation comes from electric cur¬ 
rents in the ionosphere, leading to diurnal variation as the 
earth rotates around its axis. Magnetic storms associated 
with solar wind and solar flares and local disturbances due 
to lightening add to the variation. Intensity varies between 
60 000 nT at the poles to around 30 000 nT near the 
magnetic equator. The regular spatial variations in incli¬ 
nation (which varies with latitude) and intensity provide 
important information to animals and have been proposed 
as a map component for some animals. 

Map 

A map is a representation of the surface of the earth or 
a part of it on a plane surface. Topographical maps show 
changes in level of the ground, landmarks, and features 
such as rivers in the valleys between hills. map allows 
us to orient in an unfamiliar locality because of its 
representation of landmark features. Animals have the 
ability to use landmarks and have memory capabilities 
that allow them to recognize their home locality and famil¬ 
iar neighboring localities. Special cases where a single 
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landmark close to a goal acts as a beacon are known. More 
controversial are examples where a rule-based grid rather 
than a particular learned topography is used, allowing 
extrapolation and hence orientation outside familiar terri¬ 
tory and providing a basis for inheritance of the map 
information. In general, the evidence for compass senses 
is much stronger than the evidence for maps. Magnetic 
field maps, olfactory-based maps, and infrasound-based 
maps have been proposed and are supported with evidence. 

Odometer 

Odometers measure distance. Evidence is emerging from 
fitting ants with stilts or shortening their legs, to the effect 
that sometimes this information comes from counting 
steps or by utilizing the visual flow field in the case of 
flying bees. Landmarks are also needed to identify home. 

Navigation in Animals 

Over a fruitful half century of research into mechanisms 
of animal navigation used by terrestrial and aquatic ani¬ 
mals in air, in water, and on land, our knowledge of 
sensory mechanisms involved in navigation and the ways 
in which they are used has increased and is still increasing. 
Agreement has not been reached regarding the detailed 
mechanisms involved in navigation. At present, there are 
split opinions regarding the role of olfactory-based maps 
and about the importance of radical pair-based magnetic 
field sensing mechanisms compared to magnetite-based 
mechanisms in birds and other animals. 

In 1952, Griffin classified orientation related to 
homing into three categories. In the first category, inde¬ 
pendent of an external reference, animals search until 
they encounter landmarks by chance. His second category 
involves unidirectional orientation, following a single com¬ 
pass direction (e.g., sun compass) back home where land¬ 
marks could be recognized. This uses a single external 
reference. More complicated is his third category, which 
uses at least two independent external factors. This equated 
to human seafaring and was called ‘true navigation.’ Forty 
years later in 1992, Papi used 11 different categories, 
although arguably there could be overlap in some of his 
divisions. The second category together with an odometer 
can lead to accurate homing. 

Animals make use of a remarkable number of passive 
and active transport mechanisms, and often optimize 
routes to save energy or reduce distance between points 
over the globe. For example, arctic waders which migrate 
between their breeding area in the high arctic tundra 
and their wintering areas in the Southern hemisphere 
are thought to approximate to a great circle route, which 
is the shortest possible. They could do this by using a 
sun compass without compensating for the time shift. 


With migration speeds around one eighth of the peak flight 
speed and frequent fuelling stops, wild birds undergo 
an exercise different from that of homing pigeons return¬ 
ing quickly from relatively short distances. Insects and 
birds make use of prevailing winds and migrating plaice 
rise from the bottom when tidal currents move in an 
appropriate direction and hence utilize tidal transport. 
An interesting ‘static migration’ is where zooplankton in 
the ocean use depth sensors to maintain depth by swim¬ 
ming at up to 10 body lengths per second against upwell- 
ing or downwelling vertical currents, but drift passively 
with horizontal components of the current. In a feature¬ 
less ocean, this allows them to optimize their filter feeding 
and accounts for their occurrence in dense patches. With 
our knowledge of the horizontal as well as the vertical 
currents inshore or around submerged features, the aggre¬ 
gation of plankton, which is important for predators further 
up the food chain, can be predicted with simple models. 

Successful navigation need not require learning or 
experience of routes or parts of routes, but experience 
can count, greatly enhancing navigation ability in several 
ways. Often, inexperienced birds use different mechanisms 
when they gain experience. Clearly, some redundancy is 
present regarding the sensory modalities used by animals 
and anomalies and peculiarities in gradients of sensory cues 
used may lead to conflicts that can give disorientation or 
can be compensated using elegant mechanisms. Passerine 
birds migrating from areas near the magnetic north pole 
reset their reading of their magnetic compass to the North 
South direction of dawn or dusk polarized light. 

The redundancy has led to the discovery of multiple 
mechanisms and, not surprisingly, to arguments over the 
relative importance of particular cues. There are still 
significant gaps in our knowledge of how magnetite and 
radical pair-based mechanisms transform their interaction 
with the magnetic field into sensory signals in the nervous 
system. 

The pinnacle of navigation ability is so-called true navi¬ 
gation involving a map and compass mechanism, which may 
either involve a mosaic of local cues or for grid-based 
navigation or bicoordinate navigation, it involves two or 
more physical or chemical gradients. 

Why Maps and Compasses for Animals? 

Early attempts to explain the remarkable migration and 
homing ability of animals considered a variety of mechan¬ 
isms including the use of celestial cues and path integra¬ 
tion by which an animal senses where it is going during 
locomotion and then can compute where it is by integrat¬ 
ing all the turns and knowing the velocities of straight line 
locomotion. Studies in the 1920s and 1930s showed that 
several species of wild birds such as swallows, starlings, 
and seabirds returned over the sea from unfamiliar release 
sites over 1000 km from their island home. Further work 
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on petrels and shearwaters across the open ocean showed 
that landmarks were not necessary. While the returns 
were impressive, they did little to tell us about the 
mechanisms involved. 

Most research work has concentrated on a small num¬ 
ber of model animals with birds and homing pigeons in 
particular as especially well-worked examples. Different 
animals of course have access to different set of sensory 
cues so it is difficult to generalize about the importance 
of mechanisms. Some such as a littoral animal, the amphi- 
pod, Talitrus , use the sun, polarized light, the moon, spec¬ 
tral differences in sky radiance over sea and land, magnetic 
fields, substrate slope, and landscape features as cues to 
orient on their beach. The foraging desert ant, Cataglyphis , 
counts its steps to measure distance during path integra¬ 
tion and uses polarized ultraviolet light sensed with the 
oriented microvilli of retinula cells in a small dorsal part of 
their compound eye as a compass cue, to return in a 
straight line to a small nest hole in a featureless flat desert. 
It can use wind if deprived of all other cues. The mole rat, 
which uses path integration and a polarity compass to 
sense magnetic fields underground, clearly does not have 
access to visual-based mechanisms. Many of these animals 
make frequent use of a compass such as the axis of polar¬ 
ized light or the magnetic field as an external reference to 
avoid the continual accumulation of errors, which is an 
inherent problem in path integration. There is evidence 
that harbor seals in an aquarium are able to identify single 
lodestars and indicate their azimuth. Hence they have the 
capability of steering by the stars when traveling at sea. 

Sun Compass 

For many animals and birds in particular, early ideas were 
based around the sun compass, and this learned mecha¬ 
nism, although more complicated because of its depen¬ 
dence on time cues, is preferred as long as the sun can be 
seen. We now know that it can be replaced by a magnetic 
compass without loss of navigation ability under overcast 
conditions. Due to the 24 h revolution of the earth, the 
position of the sun varies by 360/24, that is, 15° h -1 . 
Therefore, using a sun compass requires compensation 
for this time shift, and this involves the internal clock of 
the animal. By resetting the internal clock using an artifi¬ 
cial light regime for a few days, orientation can be pre¬ 
dictably altered. For example, setting the clock back by 6 h 
causes a 90° shift in orientation of pigeons. Normal birds 
released north of their loft head south, whereas the 6h 
slow clock shifted birds head west. This has been tested 
over a full range of directions and distances from less than 
1.5 to 167 km with the same magnitude and direction of 
deviation. Starlings in a circular cage before migration 
show migratory restlessness and tend to orient toward 
their migratory goal when they can see the sun. If their 
view of the sun is blocked and replaced with a stationary 


light source, the birds shift their preferred orientation by 
15° h -1 consistent with their use of a time compensated 
sun compass. 

The idea that in addition to its daily east-west progres¬ 
sion, the sun could provide north-south information 
in terms of its noon altitude in the sky, which is of 
course greater at the equator than near the poles, was 
formulated by Matthews and elegantly disproved using 
clock shifted birds. 

Clearly, the direction home is established with refer¬ 
ence to an external reference, the sun in this case, and this 
excludes the necessity of the use of navigational strategies 
not based on an external reference. Hence, pure inertial 
navigation and piloting including beaconing can be ruled 
out as strictly necessary for navigation in these birds. 
Note that navigation to food sources by ocean-going sea¬ 
birds such as petrels is known to involve olfactory beacon¬ 
ing to find the chemical dimethyl sulphide released by 
phytoplankton in particular abundance in productive for¬ 
aging areas. 

Thus, birds either gain route-specific information by 
somehow recording the overall direction of an outward 
journey, including accounting for detours and reversing 
this to return, or use local site-specific information to 
work out the directional relationship to the goal. In fact, 
both types of mechanism are used. 

Young pigeons displaced in a distorted magnetic field 
lose their ability to orient back to the loft, but are 
able to orient when displaced without interference with 
the magnetic field. Distorting the magnetic field only 
at the release site still did not disturb their ability to orient 
showing that the direction had been learned in the out¬ 
ward journey. When 3-months old or if given experience 
before this time, pigeons learn to use site-specific infor¬ 
mation and are then able to work out their directional 
orientation from a site-specific map, and this must be 
considered the dominant mechanism involved. 

Early experimenters also considered that by using vision 
and memory, the route back, for example, for a homing 
pigeon, could be worked out from the landmarks passed 
on the way. Remarkably, pigeons wearing frosted contact 
lenses, which allowed some light through but prevented 
detailed object recognition, not only flew back in the right 
direction but also found their way to the vicinity of the loft 
where they then had difficulty locating the loft. Further¬ 
more, pigeons anesthetized and taken to their release site 
still performed their homing perfectly well. 

These experiments rule out a dependence on path 
integration mechanisms and also rule out the necessary 
use of detailed visual cues for the main return part of the 
homing journey. Note the apparent contradiction that 
the sun compass, which we have just stated is the preferred 
mechanism for navigation and which allowed develop¬ 
ment of map and compass ideas before the existence of 
magnetic field sensitivity was established for animals can 
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also be regarded as unnecessary. Since many migrations 
take place at night, this is in retrospect less surprising 
and has led to our appreciation of the role of other senses 
such as magnetic field reception in true (map and com¬ 
pass) navigation. 

Early experiments used vanishing bearings to deter¬ 
mine the direction of return, where the departing bird is 
followed with binoculars until it becomes a vanishing 
tiny speck when the angle is taken, hence minimizing 
the effect of small-scale fluctuations in direction. Recent 
studies of birds that had been confined to a 100 m 3 wire 
aviary with only a view of landmarks a few hundred meters 
from the aviary and then released for the first time with a 
miniature GPS data logger from a point 20 km away over a 
lake to make sure that they did not land immediately after 
release, showed that their homing ability was not different 
from pigeons allowed free flights and hence free access to 
landmarks. Once they got close, they had more difficulty 
than the control birds actually getting back to the loft, 
consistent with the frosted contact lens experiments. 

These sorts of experiments demonstrate that the 
pigeons have a map mechanism that gives them informa¬ 
tion about the direction of displacement. Although the 
birds ended up near the loft, the detailed analysis of the 
tracks possible with the GPS technology showed that some 
birds in fact overshot the loft location and then turned to 
come back as if their direction was calculated from their 
map sense rather than using an odometer. Although there is 
evidence that flying bees can use the visual flow field as an 
odometer to measure distance, there does not seem to be 
evidence that birds similarly use this. 

Animal Maps 

A variety of factors could contribute to a map, including 
magnetic fields, gravitational cues, infrasound, odors, views 
of distant landmarks, and hydrostatic pressure. Gradients 
aligned approximately orthogonally allow bicoordinate 
position fixing necessary for true navigation. While gravi¬ 
tational maps based on variations in gravity over the surface 
of the earth are possible, there are difficulties regarding the 
sensitivity of known gravity receptors in animals. 

Magnetic Maps 

Magnetic maps using inclination and intensity were taken 
seriously when it was realized that there was a relationship 
between natural temporal variation in the magnetic field and 
homeward orientation in pigeons and that orientation was 
also disrupted in the vicinity of magnetic field anomalies. 

More recently, Lohmann has shown that young logger- 
head turtles, which swim out from their natal beach and 
remain for several years in the North Atlantic gyre, can 
distinguish different inclination angles. They also swim 


appropriately with regard to the inclination angles to keep 
themselves in the gyre. Thus, exposure to an inclination 
angle found on the northern boundary of the gyre caused 
the turtles to swim south-southwest. The turtles could 
also distinguish different intensities. By replicating both 
the intensity and the inclination found at three separate 
points on the gyre and testing the orientation of hatchling 
turtles to these values, it was shown that the turtles behave 
as if they are using a bicoordinate map made up of iso¬ 
clinics (lines of equal inclination) and isodynamics (lines 
of equal intensity). Similar magnetic maps are known in 
a crustacean, the spiny lobster. This sort of map based 
on inclination and intensity has been criticized because 
it is only near certain magnetic anomalies that the angles 
of the field parameters intersect at a sufficiently high 
angle to allow accurate positional information, and these 
anomalies are mobile over evolutionary time. An alterna¬ 
tive map based on detectors allowing separate extraction 
of the direction and intensity signals would allow determi¬ 
nation of the external field vector (magnitude and direc¬ 
tion), and an array of 1000-1000 000 cells is estimated 
as giving sufficient signal-to-noise ratio. Another model 
involves the gradient in the intensity slope and variations 
in intensity of the main field of the earth. Orientation errors 
are symmetrical about the line of intensity slope through 
the loft. Note total field intensity is a scalar, not a vector, and 
can be measured at any point but measuring the direction 
of intensity slope requires movement by the animal over 
known spatial coordinates. This fits with the disturbances in 
orientation correlated with normal variance in the earth’s 
magnetic field and erroneous orientation around anomalies. 

Attached magnets will impair magnetite-based detec¬ 
tion mechanisms and there is good laboratory evidence in 
sea turtles and honeybees that this can happen but less clear 
evidence from field experiments with homing pigeons. 

Although bicoordinate maps offer a complete mecha¬ 
nism for homing, for animals returning along a coastline 
for example, a single parameter may be enough to locate a 
target. While some potential position indicators forming 
navigational maps such as the solar arc have been dis¬ 
counted, others such as the geomagnetic field, infrasound, 
or natural odor sources have been supported by reason¬ 
ably convincing evidence. 

The magnetic field can be described as a vector in 
3-dimensional space at any point on the earth’s surface. 
We know some of the detail of receptors required to 
interact with this magnetic field. It is also known that 
because the optimum magnetic to thermal energy ratios 
for determining direction and intensity are 2 and 6, 
it is likely that different structures will be involved in 
detecting these. For direction, only a small number of 
cells, perhaps minimally 6 for each direction in 3 planes, 
would be needed for a magnetic compass sense. This 
small group would be difficult to locate and although 
electrophysiological responses to intensity of magnetic 
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fields are known in primary afferent cells in the trigeminal 
nerve of rainbow trout and a migrating bird, the bobolink, 
no directional responses have been found in this way. 
In honeybees from behavior, similar thresholds from 
25 to 200 nT are also known. 

Radical Pair Mechanisms 

Early observations by Wiltschko that caged European 
robins changed their orientation when magnetic North 
was experimentally altered showed that orientation to a 
magnetic field was possible and hence demonstrated the 
use of a magnetic compass. Two types of compass are now 
known, a polarity compass which works like those built by 
humans with a magnetized needle using the polarity of the 
magnetic field, and an inclination compass. This inclination 
compass relies on whether the magnetic field lines run up 
or down. By testing animals in an altered magnetic field 
in which the vertical component is inverted, it is easy to 
distinguish between polarity compasses (found in spiny 
lobsters and rodents) and inclination compasses (found in 
birds, salamanders, and turtles). Animals with an inclination 
compass also show a dependence on the wavelength of light. 
Birds show magnetic orientation when illuminated with the 
blue-green end of the spectrum and are disoriented under 
yellow and red light. It is thought that a radical pair mecha¬ 
nism involving cryptochromes is responsible, and in an 
insect, Drosophila , the involvement of cryptochromes in 
magnetic field orientation has been convincingly demon¬ 
strated. In the robin, a single eye, the right eye is now 
considered the site of magnetic compass information. At 
present, although doubts have been raised about the neces¬ 
sary sensitivity of this sort of system, it is now well accepted 
that cryptochromes in the eyes of night flying migrants are 
an important component of their magnetic field orientation. 
Low levels of light are involved and this may explain the 
special role assumed by cryptochromes in the eye rather 
than those sited elsewhere in the body. The eye with trans¬ 
parent cornea and lens allows photoreceptive components 
unhindered access to low intensity levels of light. Further¬ 
more, the eye and head of birds are stabilized by the vestib¬ 
ular and other balancing senses during flight and this may 
help in the long-term integration of magnetic field informa¬ 
tion necessary for this system to work. In addition, birds 
have superparamagnetic magnetite-based receptors in 
the upper beak, which are used for recording magnetic 
intensity. Despite the presence of single domain magnetite 
particles in the nasal area, when migratory silvereyes, Zos- 
terops , were given a strong, brief magnetic pulse designed 
to reverse the polarity, there was a marked effect on their 
orientation behavior, showing that magnetite was involved. 
By applying local anesthetic to temporarily deactivate the 
upper beak receptors, this effect was abolished. It was thus 
shown that these are the crucial receptors involved in 
orientation. 


Infrasound Maps 

Pigeons have long been known to be extremely sensitive 
to infrasound, which is defined as sound frequencies 
below 20 Hz. They respond down to 0.05 Hz. Such sound 
waves are much less attenuated by the atmosphere than 
higher wavelength sounds. Variation in atmospheric tem¬ 
perature has a refractive effect on infrasound, bending sound 
waves upwards toward the upper atmosphere where a tem¬ 
perature inversion reflects them back toward the ground. 
Although this will also be affected by wind, the net effect for 
a bird flying close to the earth’s surface is a varying pattern 
of encountering sound from a source such as wave interac¬ 
tions in the ocean or from the surface of large lakes. Mag¬ 
netic storms also produce infrasound as do supersonic 
airplanes such as Concorde. 

Hagstrum has analyzed disruptions to pigeon releases 
at sites of anomalies where the birds normally show ran¬ 
dom orientation. Interestingly on odd occasions, birds 
released at these sites do orientate well and this correlates 
with a change in the speed and direction of the winds in 
the upper troposphere nearby. This would be explained 
if pigeons use infrasound cues and it is this, rather than 
a magnetic anomaly, that is involved in disrupted orienta¬ 
tion. Annual variation in homing ability could correlate 
with annual variation in the intensity of the atmospheric 
background or microbaroms, due to winter storms. Releases 
of pigeons at lakes and temperature inversions lead to 
poor initial orientation and again this is best explained by 
the birds using infrasound. A small number of pigeon races 
which incurred large losses ofbirds could have encountered 
infrasonic shock waves from Concorde supersonic aircraft. 
Results from removal of cochlea and lagena in the ear 
which abolish reception of infrasound on releases are not 
conclusive although perfectly good homing can clearly 
occur without infrasound detection. 

Olfactory Maps 

The role of olfaction in pigeon homing has proved 
controversial over the years. Nevertheless, there is good 
evidence that pigeons can derive information on their 
position relative to home from trace substances in the 
atmosphere. Section of the olfactory nerve gave decreased 
orientation. Sealing one nostril together with section of 
the contralateral olfactory nerve had the same effect, 
whereas the same treatment as a control, but with ipsilat- 
eral section of the olfactory nerve, did not affect orienta¬ 
tion. This mechanism worked with inexperienced and 
experienced birds over a range of several hundred km. 
Similar results were obtained with temporary interference 
with olfaction, using zinc sulphate irrigation of the olfac¬ 
tory epithelia. 

Filtering airborne substance from the air given to 
pigeons during transport to release sites together with 
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local anesthetic sprayed into the nostrils of the birds 
before release interfered with orientation. Experiments 
changing the wind direction before release had an effect 
on the vanishing bearings of pigeons, suggesting that 
pigeons develop an olfactory map by associating olfactory 
activity with current wind directions. Spatial chemical 
gradients are known to exist in the atmosphere. Procel- 
lariform seabirds have particularly well developed olfac¬ 
tory systems and are known to find food sources by smell. 

Objectors to the olfactory nerve interference experi¬ 
ments suggested that the operation could have interfered 
with magnetic field receptors, but the recent finding that 
the upper beak receptors are the main magnetite-based 
receptors in birds has negated that objection. Since adding 
or withholding odors during transport does alter the 
strength of orientation, it is difficult to argue that odor is 
irrelevant to the navigational map used. Recently, birds 
were provided with odorless air, ambient air, or artificially 
scented air during transport to a release point only 8 km 
from home. Surprisingly, the scented air birds oriented as 
well as the ambient air birds, with the odorless air birds 
largely disoriented. An idea now proposed is that the 
odors function as a primer - an ‘olfactory wake-up call.’ 
At longer distances, all the birds adopted accurate home¬ 
ward bearings. The idea is that with the olfactory depri¬ 
vation, the birds were not paying attention. The role of 
olfaction may hence be more complicated than a compo¬ 
nent of an independent map. 

Other Maps 

Perhaps also not all possible maps have been considered. 
In a recent study of migrating plaice fitted with tags 
logging temperature and pressure, it proved possible for 
the plaice on the bottom of the sea, to locate the position 
of each data fix from the unique pairings of temperature 
and depth, and hence plot the migration patterns of the 
plaice over time. Clearly, if we can do this, then the animal 
could use temperature and depth as a map component. 
Fish are well known to be able to sense depth using 
hydrostatic pressure as a proxy and fish with swim blad¬ 
ders with thresholds around 0.5 cm of water pressure are 
about ten times more sensitive than fish such as sharks or 
Crustacea such as crabs in which the sensors are known to 
be the angular acceleration receptors in their vestibular 
systems. 


See also: Amphibia: Orientation and Migration; Bat 
Migration; Bats: Orientation, Navigation and Homing; 
Behavioral Endocrinology of Migration; Bird Migration; 
Circadian and Circannual Rhythms and Hormones; Fish 
Migration; Insect Migration; Insect Navigation; Irruptive 
Migration; Magnetic Compasses in Insects; Magnetic 
Orientation in Migratory Songbirds; Migratory Connectiv¬ 
ity; Pigeon Homing as a Model Case of Goal-Oriented 
Navigation; Pigeons; Sea Turtles: Navigation and Orien¬ 
tation; Spatial Memory; Spatial Orientation and Time: 
Methods; Vertical Migration of Aquatic Animals. 
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Introduction 

Many sessile, encrusting clonal and colonial marine 
animals - notably sponges, cnidarians, bryozoans, and 
colonial ascidians - exhibit a suite of life-history traits 
that promote intraspecific competition for space and the 
evolution of complex behaviors that mediate the out¬ 
comes of somatic interactions. These traits include the 
capacity for indeterminate growth and reproduction, often 
augmented by limited dispersal and, in some cases, kin- 
directed settlement behavior of their sexual and asexual 
propagules. In these taxa, intraspecific competitive interac¬ 
tions elicit behaviors ranging from no apparent response, 
through active cytotoxic rejection, to intergenotypic 
fusion of individuals and colonies. Among cnidarians 
and some bryozoans, incompatibility responses extend 
beyond simple rejection, often eliciting a complex suite 
of agonistic behaviors. In addition, developmental transi¬ 
tions in the expression of these complex fusion and rejec¬ 
tion behaviors may also occur. 

As in many social insects and vertebrates that modify 
the expression of their social behaviors according to the 
relatedness of conspecifics , a growing number of field and 
laboratory studies on colonial marine invertebrates show 
that neither intergenotypic rejection and aggression, nor 
fusion randomly occur with respect to the genotypes of 
interacting conspecifics. Instead, the initiation of agonistic 
behavior often depends on the relatedness of contestants: 
interactions between clonemates and close kin generally 
do not elicit cytotoxicity or aggression, whereas interac¬ 
tions between more distant relatives do. Likewise, somatic 
fusion usually occurs only between clonemates and close 
kin. Thus, precise allorecognition, the ability to distin¬ 
guish self from conspecific nonself, once thought to be the 
hallmark of the vertebrate immune system, is phyletically 
broadly distributed, and appears to be a ubiquitous feature 
of all multicellular animals, along with fungi, myxobac- 
teria, and myxomycetes. 

Pioneering studies of invertebrate allorecognition, dat¬ 
ing back a century to classic studies on the colonial 
ascidian Botryllus schlosseri , made it clear that specificity 
in the expression of intercolony fusion and rejection was 
heritable. Thus, allorecognition in these taxa provided an 
early model for the studies of behavioral genetics. The depen¬ 
dence of somatic rejection , aggression, and fusion on relatedness, 
together with discrimination reliabilities that often 
exceed 95%, implies that (1) these behaviors enhance 
individual and inclusive fitness by mediating responses 


with respect to the genetic identities of interactors; (2) 
genetically based recognition cues govern the expression 
of these behaviors; and (3) the diversity of these cues is built 
on unusually high levels of genetic variation. 

In this way, several features of invertebrate allorecogni¬ 
tion systems mirror several aspects of the major histocompat¬ 
ibility complex (MHC), a key element of the vertebrate 
adaptive immune system. For this reason, analogies between 
the vertebrate immune system and invertebrate allorecog¬ 
nition behavior inspired many early studies of invertebrate 
allorecognition, with the hope of discovering retained 
ancestral features of our own MHC. We now understand 
that most of the similarities between invertebrate allore¬ 
cognition and vertebrate MHC systems are superficial and 
likely reflect convergent evolution, not common ancestry. 
Still, these parallels may reveal common selective forces 
that have led to the evolution of the diverse array of 
allorecognition systems, including the vertebrate MHC. 
For instance, the function of both allorecognition and the 
MHC relies on extremely high levels of genetic polymor¬ 
phism that confer cue specificity. The use of highly poly¬ 
morphic, genetically based phenotypic cues to regulate the 
expression of these social behaviors (including inbreeding 
avoidance) and immune function potentially imposes 
selection on the genes that produce these cues. 

Understanding how natural selection influences the 
evolution of this exacting specificity and its underlying 
genetic diversity fundamentally requires an integrated 
analysis of both formal and molecular genetics of allor¬ 
ecognition. Formal genetic approaches generally involve 
breeding animals with different phenotypes, and then 
correlating the phenotypes of progeny with the presence 
or absence of genetic markers over successive crosses. In 
so doing, breeding studies can circumscribe how many 
loci are involved in the trait (i.e., how many distinct 
markers correlate with the allorecognition phenotype), 
the degree to which certain alleles are dominant over 
others in the expression of a given allorecognition pheno¬ 
type, and the level of standing genetic variation that exists 
in a given population for an allorecognition phenotype 
(i.e., how many allorecognition classes, or allotypes , segre¬ 
gate in a population). Alternatively, studies on the molec¬ 
ular genetics of allorecognition can reveal the specific 
genes involved in these phenotypes and provide primary 
sequence-level resolution on the identity of loci involved 
in allorecognition. Such data make it possible to compare 
how alleles differ from each other, provide direct mea¬ 
sures of how natural selection acts on individual loci, and 
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reveal how specific regions or positions within these loci 
evolve. In this way, formal and molecular genetic 
approaches complement each other and together offer 
powerful tools for deciphering the evolutionary genetics 
of allorecognition. 

To this end, two marine invertebrate model systems 
have emerged over the last two decades, one focusing on 
the colonial ascidian genus Botryllus (Phylum Chordata), 
and the other on colonial hydrozoans in the genus Hydrac- 
tinia (Phylum Cnidaria). In both these cases, formal and 
molecular genetic approaches have begun to reveal key 
components of the allorecognition machinery. These 
components minimally include the genes encoding recep¬ 
tors and cues that determine behavioral responses to 
other conspecifics. Here, we summarize what is presently 
understood about the genetics of allorecognition in these 
two taxa, along with the far more limited data that pres¬ 
ently exist for bryozoans and sponges. We also evaluate 
the functional significance of allorecognition in colonial 
marine invertebrates and consider how various forms of 
natural selection can explain what is presently understood 
of the genetics of allorecognition. Finally, we review the 
broad macroevolutionary patterns of allorecognition behav¬ 
ior in colonial invertebrates and consider the factors that 
may have contributed to their evolution. 


Genetics of Allorecognition in Botryllus 
schlosseri 

The formal and molecular genetics of allorecognition are 
better understood in the colonial ascidian B. schlosseri than 
in any other invertebrate system. Ascidians are soft-bodied 
invertebrate chordates (Phylum Chordata) that belong to 
the Subphylum Tunicata, a clade that diverged from its 
sister taxon, the Craniata (including the vertebrates), over 
600 Ma. The life cycles of botryllid ascidians such as 
B. schlosseri offer many opportunities for allorecognition 
behavior to be expressed. First, the fertilized egg develops 
into a motile tadpole-like larval stage. This tadpole stage 
possesses all the diagnostic chordate features, including 
a notochord, a dorsal hollow nerve tube, and pharyngeal 
gill slits. The larvae swim for a few minutes to hours, and 
then attach to hard substrates, often dispersing so little that 
they settle in the vicinity of their kin, apparently using 
shared allorecognition alleles to detect their relatives. 
Once attached, the tadpole metamorphoses into a minute, 
founding oozooid. During the metamorphic transition to an 
attached phase, the juvenile Botryllus loses all its chordate 
features, except for its gill slits, which it uses for respiration 
and feeding. The oozooid then asexually buds off additional 
zooids (Figure 1(a)), which in turn bud still more zooids. 
Repeated cycles of asexual budding ultimately give rise to a 
modular colony of genetically identical zooids, each with its 
own set of ovaries and testes. The zooids lie embedded in a 



Figure 1 Colony structure and ecology of the colonial ascidian 
Botryllus schlosseri. (a) The adult zooids (the modular, cloned 
units that compose a colony) of B. schlosseri form star-shaped 
systems embedded in a gelatinous tunic. Numerous tiny saccular 
ampullae of the tunic’s interzooidal blood-circulatory complex 
fringe the colony’s complex blood vascular system, (b) A group of 
adult zooids, asexual buds (which sequentially and 
synchronously develop into new zooids), and peripheral finger¬ 
like projections of the blood-vascular system called ‘ampullae’ 
(sites of allorecognition). (c) Competition for spatial resources is 
fierce. Individual colonies of B. schlosseri (outlined in white 
dashed lines) surrounding a single colony of Botrylloides leachi, a 
species closely related to Botryllus (red dashed lines). 


cellulose matrix (the tunic), interconnected by a ramifying 
and anastomosing blood vascular system (Figure 1(b)). 
Colony size has no intrinsic physiological or structural 
limit; consequently, B. schlosseri colonies can continually 
grow, often encountering themselves (self-recognition) or 
conspecifics (allorecognition) as they expand (Figure 1(c)). 
When colony edges meet, they interact via ampullae, fin- 
ger-like projections of their vascular network (Figure 2(a)). 
The ampullae may either fuse, establishing blood flow 
between the colonies, or reject, a response accompanied 
by cytotoxic reactions and the formation of a barrier 
between incompatible colonies. 

Extensive breeding studies, dating back to the early 
1960s, show that the outcome of these interactions - 
fusion or rejection - depends on a single highly polymor¬ 
phic allorecognition locus, now called FuHC. Alleles at 
FuHC are expressed codominantly in Botryllus. Upon con¬ 
tact, individuals that share one or both alleles at FuHC fuse 
(Figure 2(b)), whereas pairs of colonies that do not share 
an allele reject (Figure 2(c)). The DNA sequence of FuHC 
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Figure 2 Allorecognition reactions in Botryllus schlosseri. (a) Initial contact between the ampullae of two colonies, (b) Vascular 
fusion between two colonies that share one or both alleles at their FuHC locus, (c) Cytotoxic rejection between two incompatible 
colonies that lack a shared FuHC allele. Arrows denote initial points of contact. 


shows no obvious homology to any known vertebrate 
gene. Nevertheless, like other genetic systems mediating 
allorecognition, the FuHC locus displays an extreme level 
of allelic variation, with several studies yielding estimates 
of polymorphism in excess of 100 alleles, and heterozyg¬ 
osities that approach 1. These extraordinary levels of 
genetic polymorphism mean that individuals are only 
likely to share alleles with themselves (self) and close 
relatives; thus, this polymorphism permits individuals to 
discriminate kin relationships with far greater resolution 
than if fewer alleles were present in the population. Also, 
because only a single shared FuHC allele is required for 
fusion, individuals that are only related as kin, not clones, 
can fuse. Thus, genetic chimeras (single colonies com¬ 
posed of multiple genotypes) arise with appreciable fre¬ 
quency in Botryllus , but are only likely to form between 
close kin. 

Other loci in addition to FuHC may be involved in 
histocompatibility and allorecognition responses in Bortryllus. 
The same genetic mapping and functional approaches that 
revealed the identity of the FuHC locus also hinted at another 
locus involved in allorecognition. This locus, called fester, is 
polymorphic, though to a lesser extent than FuHC. However, 
in addition to sequence polymorphisms, fester expresses a 
large number of unique mRNA splice products that yield 
a higher diversity of fester gene products in the population 
than would be expected from allelic diversity alone. 

What is the evidence that fester functions with FuHC to 
mediate allorecognition behavior in B. schlosseri ? First, in 
adult B. schlosseri fester, gene expression is restricted to the 
ampullae (the site of either fusion or rejection) and to 
a subset of blood cells thought to play an important role 
in allorecognition. Furthermore, B. schlosseri can express 


allorecognition behavior as early as the tadpole larval 
phase, and both fester and FuHC share a common domain 
of gene expression in early tadpole and oozooid develop¬ 
mental stages. Most compelling is the fact that knocking 
down the expression of fester produces altered allorecog¬ 
nition phenotypes. It seems that fester is a receptor for 
FuHC gene products; however, its exact role in allorecog¬ 
nition is still uncertain. 


Genetics of Allorecognition in Hydractinia 
symbiolongicarpus 

The cnidarian genus Hydractinia encompasses a clade of 
marine, colonial hydrozoans, many of which inhabit the 
discarded shells of marine gastropods that are subse¬ 
quently occupied by hermit crabs (Figure 3(c), inset). 
Like Botryllus, several species in this genus have relatively 
short generation times (on the order of weeks to months) 
and can be cultured and bred in the lab, making them ideal 
candidates for the genetic studies of allorecognition behavior. 
Colonies of Hydractinia are either male or female: males 
shed sperm into the water, and fertilized eggs develop 
into minute, wormlike larvae (planulae) while held on 
the female colony. When a crawling planula contacts a 
hermitted shell, it metamorphoses into a founder polyp, 
analogous to the oozooid of Botryllus. Through repeated 
episodes of asexual budding, a colony develops, which - in 
the absence of competitors - could expand to cover the 
entire shell. However, in many cases, multiple sexually 
produced planulae colonize a single shell, and the ensuing 
intraspecific competition for space may be fierce. 
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Figure 3 Fusion and rejection responses in Hydractinia symbiolongicarpus. (a and b) Fusion between compatible colonies, in this 
case, full siblings, (c and d) Aggressive rejection between incompatible colonies, accompanied by the production of nematocyst-laden 
hyperplastic stolons (arrow), (b and d) were taken 2 weeks after (a) and (c), respectively. Inset, a hermit-crab-occupied snail shell 
colonized by two incompatible H. symbiolongicarpus colonies, separated by a conspicuous zone of rejection. 


As Hydractinia colonies grow, they extend tubelike 
stolons over the shell, from which specialized feeding, 
defensive, and reproductive polyps, emerge. The stolons 
themselves are extensions of the guts of each of the polyps 
and form a gastrovascular system that links the members of 
a colony. When a colony encounters itself as it grows around 
a shell, its stolons invariably fuse, preserving the integrity of 
self and functionally unifying the colony. When the stolons 
of genetically distinct colonies grow into contact, one of the 
three outcomes ensues: (1) fusion, forming a functionally 
and behaviorally integrated, but genetically chimeric indi¬ 
vidual (Figure 2(a) and 2(b)); (2) aggressive rejection, 
accompanied by the induction of specialized organs 
of aggression, the hyperplastic stolons (Figure 2(b) and 
2(c)); or (3) transitory fusion, in which initial fusion is 
followed by varying degrees of rejection. As with Botryllus , 
the probability of fusion is closely tied to kinship: parents 


and offspring invariably fuse, but full sibs usually fuse 
< 40% of the time, and more distantly, relatives are rarely 
compatible, and usually aggressively reject each other. 

With aggressive rejection, closely apposed stolons 
begin to accumulate specialized nematocytes , the diagnostic 
stinging cells of cnidarians, to their tips, and become 
hyperplastic. Interestingly, the recruitment of nemato¬ 
cytes to form hyperplastic stolons begins before rejecting 
individuals actually touch, suggesting the action of a 
diffusible chemical cue that signals allotypic identity or 
disparity. By some unknown trigger, nematocytes from 
one of the hyperplastic stolons synchronously discharge, 
injuring, and sometimes, eventually killing an opponent. 
Alternatively, aggressive bouts can persist as standoffs for 
weeks or months with no clear winner. 

Despite over half a century of research on allore- 
cognition in Hydractinia , the genetic basis of specificity 
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is just beginning to be understood. Early accounts 
suggested that a single genetic locus with multiple 
codominant alleles controlled allorecognition specificity, 
as in Botryllus. However, subsequent genetic models and 
mating studies confirmed that multiple loci likely control 
allorecognition, at least in Hydractinia symbiolongicarpus. 
One recent study, using highly inbred lines, implicated 
two distinct genetic loci, alrl and alr2 , that cosegregated 
with allorecognition phenotypes. Positional cloning of 
the genomic region that contained these markers showed 
that alr2 is an immunoglobulin-like protein with both 
transmembrane and hypervariable amino acid sequence 
regions, making alr2 a candidate allorecognition surface 
protein. If alr2 is an allorecognition surface protein, the 
role that alrl plays in mediating allorecognition in Hydrac¬ 
tinia remains to be determined. 

In contrast to our understanding of the genetic basis of 
allorecognition in Botryllus , a correlation between specific 
polymorphisms at these loci and the expression of allor¬ 
ecognition phenotypes has not yet been fully demon¬ 
strated. Much of the confusion over this question relates 
to the fact that key experiments have yet to be conducted 
in the Hydractinia system. For instance, the power of our 
understanding of the genetics of allorecognition in Botryl¬ 
lus stems from experiments where wild-caught (non- 
inbred) individuals were tested against lab strains that 
had been characterized at the FuHC locus. Importantly, 
both fusion and rejection phenotypes were observed in 
these allorecognition experiments allowing the sequences 
at FuHC to be correlated with the observed phenotypes. 
Similar experiments need to be conducted in Hydractinia. 
Furthermore, the types of functional assays that were 
pivotal to demonstrating that FuHC is an allorecognition 
locus in Botryllus have yet to be performed in Hydractinia. 

Once candidate genes are identified by formal and 
molecular genetic analysis, the best standards of evidence 
linking these genes to specific allorecognition phenotypes 
are gain- and loss-of-function experiments. Here, the 
hypothesis that a specific gene is involved in the expres¬ 
sion of a given phenotype (for instance, allorecognition) is 
tested by turning off the function of the specific gene and 
assessing any change that results in phenotype. Changes 
that do occur may then be ‘rescued’ by turning the gene of 
interest back on. Such experiments, commonly referred to 
as functional genomics, are often done using gene knock¬ 
down methodologies that include RNA interference 
(RNAi), morpholinos, and other methods. Irrespective of 
the method used, these techniques allow the hypothesis 
that a specific gene of interest is involved in an observed 
phenotype to be tested directly. Although the alrl and alr2 
loci are likely to be involved in Hydractinia allorecogni¬ 
tion, functional genomics experiments are the crucial next 
steps toward understanding the genetics of allorecognition 
in this system. 


Genetics of Other Allorecognition 
Systems 

As we have seen, the life histories of many colonial marine 
invertebrates make allorecognition a critical aspect of 
their behavior and ecology. In addition to colonial asci- 
dians and hydrozoans, many sponges, bryozoans, and 
anthozoan cnidarians such as anemones and corals are 
capable of precise allorecognition. Sponges and bryozoans 
tend to exhibit fusion-rejection behaviors like those of 
colonial ascidians, with rejection associated with cytoxi- 
city, and the preservation of the genetic integrity of self, 
but not the induction of behaviors or structures that are 
overtly agonistic. On the other hand, as in Hydractinia , 
incompatibility in many anthozoan cnidarians is often 
accompanied by the production of aggressive structures, 
heavily armed with specialized nemaotocysts, that include 
modified tentacles (e.g., sweeper tenatcles and acrorhagi), 
extensions of the gut (e.g., mesenterial filaments), and 
entire polyps (e.g., dactylozooids). 

While a great deal is known about the occurrence of 
allorecognition behaviors in sponges, corals and ane¬ 
mones, and bryozoans, the challenges of breeding most 
colonial marine invertebrates in the lab have left the 
formal and molecular genetics of allorecognition in taxa, 
other than Botryllus and Hydractinia, virtually unknown. 
Consequently, most studies of the relationship between 
fusion and rejection frequencies and relatedness involve 
various proxies for kinship, often distance between 
sources of experimentally grafted colonies. Because both 
sexually and asexually produced propagules in most colo¬ 
nial marine invertebrates have relatively limited dispersal 
potential, kinship should decline with the distance separ¬ 
ating two individuals. 

For example, in the Pacific sponge Callyspongia (Phy¬ 
lum Porifera), grafting experiments show that the likeli¬ 
hood of fusion between fragments increases as the distance 
between source colonies decreases. Similar patterns of 
fusion frequencies declining with distance are well docu¬ 
mented in other sponges; however, it is often unknown 
whether compatible grafts are limited to clonal fragments, 
or whether kin can fuse as well. Allorecognition also 
occurs in colonial, encrusting bryozoans (suspension¬ 
feeding members of the Lophotrochozoa). In many bryozo¬ 
ans, sexually produced larvae are shed into the water 
column daily. In some species with nonfeeding larvae, 
settlement habitually occurs near the parental colony. 
And, as in Botryllus , the larva of at least one species of 
bryozoan seems to take relatedness into account when 
making their settlement decisions. Analyses of fusion 
and rejection in several bryozoans and many corals and 
sponges confirm the general pattern that clonemates are 
always compatible, and that compatibility declines with 
relatedness between allogeneic individuals. 
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Evolution of Allorecognition Systems 

The specificity of fusion and rejection behaviors in all 
colonial marine invertebrates studied to date suggests 
that the loci controlling allorecognition specificity are 
extremely polymorphic. This raises two questions: (1) 
what is the source of the underlying genetic variation? 
and (2) how are such high levels of polymorphism main¬ 
tained in natural populations? In terms of sources of 
variation, simple nucleotide substitutions may generate most 
of the observed allelic variation. But there are other 
ways by which hypervariable recognition cues could be 
generated, one likely candidate being the structural alter¬ 
ation of genetic loci themselves via somatic recombination. 
Examples of this polymorphism-generating mechanism 
include intraindividual genomic recombination, as is the 
case for the V(D)J system in the vertebrate adaptive 
immune system, and the generation of alternative splice 
products, as is the case for the fester locus in the Botryllus 
allorecognition system. These changes to the physical 
structural of genes or mRNA transcripts represent direct 
polymorphism-generating mechanisms, but examples of 
such mechanisms are rare. 

It seems inescapable that some form of selection favor¬ 
ing rare alleles (negative frequency-dependent selection) 
drives the maintenance of the extreme levels of polymor¬ 
phism inferred in most populations of marine inverte¬ 
brates. The expression of behaviors such as fusion and 
rejection in colonial marine invertebrates is obviously 
functionally important, both in terms of the maintenance 
of the genetic integrity of self (and avoiding the costs of 
various forms of somatic and germ line parasitism that 
‘defector’ genotypes may inflict on their fusion partners) 
and competition for space. By limiting fusion to clone- 
mates and close kin, highly polymorphic allorecognition 
systems minimize the possibility of fusing with a parasitic 
genotype and maximize the inclusive fitness benefits of 
behaving altruistically toward a fusion partner. In cnidar- 
ians especially, by directing aggressive behavior away 
from clonemates and close kin, allorecognition systems 
reduce the inclusive fitness costs of harming self or a 
relative. 

In Botryllus- like systems where the genetics of allore¬ 
cognition determine whether intergenotypic contacts 
elicit fusion or passive rejection, simple population 
genetic models confirm our intuition that rare allorecog¬ 
nition alleles will be favored when the costs of intergeno¬ 
typic fusion exceed the benefits. These costs include 
various forms of intraspecific parasitism, whereas the ben¬ 
efits of fusion include enhanced competitive ability or a 
greater range of environmental tolerance arising from 
increased genetic diversity in chimeric individuals. How¬ 
ever, the situation is more complicated and daunting 
when aggression, rather than merely passive rejection, is 
an alternate outcome to fusion. The paradox arises 


because any new mutant, that by definition must be initi¬ 
ally rare, will face nearly universal assault from more 
common allotypes. For this reason, it is hard to imagine 
how rare allotypes could increase in frequency and 
become established in a population. There are several 
ways that selection might circumvent this obstacle. For 
one, as we have seen, populations of colonial invertebrates 
are often not randomly distributed spatially with respect 
to relatedness among individuals: kin are far more likely 
to interact than would be expected if there were extensive 
dispersal of motile larval and asexual propagules. Conse¬ 
quently, a newly arising allotype might encounter kin 
with appreciable frequency, decreasing the risks of attack 
and at least allowing an initial increase in the frequency of 
a rare mutant. Alternatively, selection favoring rare alleles 
for some other phenotype, that is, mating and inbreeding 
avoidance as in mice and perhaps other mammals, or in 
disease resistance, could initially favor allotypes that 
could subsequently be employed as allorecognition 
markers. 

Phylogenetic Distribution of 
Allorecognition in Colonial Invertebrates 

Allorecognition systems are distributed widely across the 
animal tree of life. Sponges, bryozoans, ascidians, and 
colonial hydrozoans each occupy distinct branches on 
this tree, and have likely been on their own independent 
evolutionary pathways for well over half a billion years 
(Figure 4). The extremely divergent phylogenetic distri¬ 
bution of allorecognition and the absence of clearly 
shared genetic elements in the systems that have been 
explored thus far on the molecular level (e.g., the FuHC 
and fester genes in Botryllus, the alrl and alr2 genes of 
Hydractinia , and the vertebrate MHC genes) suggest one 
of the two possibilities for the macroevolutionary distribution 
of allorecognition behaviors. Either they are so distantly 
related that the signature of common ancestry has been 
lost (the last common ancestor of sponges and ascidians 
may have existed as many as 1 billion years ago), or the 
different allorecognition systems have evolved indepen¬ 
dently in animals. 

Most modern views of animal phylogenetic relation¬ 
ships place the sponges as the earliest branching metazoan 
lineage. Sponges possess several highly specialized cell 
types, but lack tissue-grade organization. If the diversity 
of animal allorecognition systems evolved from a com¬ 
mon ancestor that predated sponges, it could have done so 
to mediate interactions between the cells of isogeneic and 
allogeneic individuals. Such interactions occur in modern 
sponges (not to mention myxobacteria, many fungi, red 
algae, and cellular slime molds) and can give rise to 
genotype-specific partitions of sponge cell types in chi¬ 
meric individuals. Indeed, the ability to distinguish 
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Figure 4 One recent view of animal phylogeny showing the distribution of allorecognition behavior (red circles). Much of the living 
phyletic diversity of animals can be found in the three major clades of bilaterian animals (deuterostomes, ecdysozoans, and 
lophotrochozoans). Earlier branching lineages include sponges (Porifera) and cnidarians. That allorecognition occur across such vast 
phylogenetic intervals may indicate the independent origins of these systems. 


conspecific self from nonself extends well beyond the 
evolutionary history of animals and appears to be a basic 
attribute of multicellular life. 

All allorecognition systems may have evolved several 
billion years ago from a common ancestor to the three 
major domains of life. However, it seems far more likely 
that allorecognition evolved multiple times in the deep 


history of multicellular life and occurred independently in 
the four major groups discussed here. If so, the evolution of 
allorecognition behavior in disparate lineages represents 
an incisive and fundamental example of convergent evolu¬ 
tion of a behavioral phenotype. The organismal, behav¬ 
ioral, and ecological attributes shared among these taxa 
(e.g., indeterminate growth, asexual propagation, and 
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limited dispersal) may have provided the adaptive sub¬ 
strate for the independent evolution of allorecognition in 
disparate lineages. However, only when we understand the 
genetics that underlie these behaviors in greater depth can 
we discriminate between these alternatives. 

Conclusions 

Allorecognition is a conditional behavior whose expression 
depends not only on the genotypes of both participants in 
an interaction, but also, as several studies on hydrozoans 
and corals suggest, on their developmental state. This, in 
and of itself, makes characterizing phenotypes and their 
underlying genotypes a major challenge. In addition, many 
of the organisms that exhibit allorecognition-dependent 
behaviors are long lived and difficult to culture in the lab, 
posing major challenges to developing the kind of broad 
taxonomic coverage that promises to reveal underlying 
functional and genetic patterns. 

Nevertheless, several clear patterns do emerge. For 
instance, virtually all known allorecognition systems have 
very high specificity, which is presumably controlled by 
numerous variable genetic factors. In addition, despite the 
fact that such specificity could be controlled by genetic 
variation distributed across many loci, what we presently 
understand from the Botryllus and Hydractinia systems sug¬ 
gests that just a few loci with extensive allelic variation at 
each locus controls specificity. This pattern could reflect 
functional constraints on (1) the genes that confer specific¬ 
ity, (2) co-evolution between the genes that confer speci¬ 
ficity (cues) and those that actually encode the receptors 
that facilitate recognition, or, (3) the genes that mediate 
how cues and receptors interact to yield specific behaviors 
such as somatic fusion and rejection. Finally, it appears that 
only partial genetic matching is necessary for two allotypes 
to be compatible; in other words, the available evidence 
suggests that self is recognized, rather than nonself. 
Whether this reflects recognition errors, or selection favor¬ 
ing the ability to distinguish not just self from nonself, but 
close from distant kin, continues to be a matter of consid¬ 
erable debate. 

Regardless of whether individual or kin recognition 
is the primary selective factor favoring the evolution of 
genetic diversity in allorecognition systems, growing 


evidence from many groups of multicellular organisms 
confirms that the capacity to distinguish self from nonself 
may be a universal and essential feature of multicellular 
life. The genetic data currently available suggest that 
allorecognition evolved numerous times in the history of 
life, and was likely co-opted in many different ways to 
regulate the expression of traits such as agonistic behavior, 
mating preferences, and pathogen defense. 

See also: Dictyostelium, the Social Amoeba; Kin Recog¬ 
nition and Genetics; Recognition Systems in the Social 
Insects; Social Insects: Behavioral Genetics. 
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Introduction 

While an individual’s genetic framework is a major con¬ 
tributor in determining its eventual mate choice, the role 
of the environment in farther influencing mating deci¬ 
sions has long been recognized. Animals gather informa¬ 
tion from the environment throughout life, and in some 
cases, may apply this information to increase their odds of 
obtaining a high-quality mate. In short, these individuals 
learn. Moreover, such learning can have a social compo¬ 
nent. ‘Social learning’ is a general term that describes any 
learning based on observing, interacting with, and/or 
imitating others in a social context. Social learning can 
transmit information vertically, generation to generation 
(e.g., parent to offspring) and/or horizontally, within a 
generation (as individual to individual). This form of 
information transfer is generally referred to as ‘cultural 
transmission.’ This entry will focus on social learning that 
relates to mate choice - mate-choice learning. 

Mate-choice learning can be separated into two broad 
categories: learning based on personal experiences with 
others (referred to as ‘private’ or ‘personal information’) 
or learning that results from the observation of others 
(referred to as ‘public information’). Learning from pri¬ 
vate experiences can occur at the juvenile or adult stage 
and may include encounters with conspecifics or hetero¬ 
specifics, same sex or opposite-sex individuals (Figure 1). 
Mate-choice imprinting, for example, demonstrates how 
an early experience based on private information shapes 
subsequent mate choice. Conversely, public information 
refers to any information gained through the observations 
of other individual’s experiences. An example of the use of 
public information is mate-choice copying, for example, 
when a female mimics the mating decision of another 
female in the population. Mate choice that is influenced 
by private information is sometimes termed ‘independent 
mate choice,’ whereas mate choice based on public infor¬ 
mation is ‘nonindependent mate choice.’ 

Mate-choice learning, whether it is through the acqui¬ 
sition of private or public information, balances various 
costs and benefits. For example, the process of learning 
itself can be costly, a topic covered in depth elsewhere. 
Additionally, costs can come in the form of imprinting on 
the wrong species (which could lead to reduced fitness), 
or from copying another individual that has chosen poorly 
itself. Nonetheless, the prevalence of mate-choice learning 
across taxonomic groups suggests that there are significant 
benefits associated with mate-choice learning. For example, 


the use of public information relieves an individual from 
personally gathering information and could minimize costs 
typically associated with mate assessment such as exposure 
to predators or decreased time devoted to other important 
activities such as foraging. Mate-choice learning more gen¬ 
erally permits flexibility in mate choice, which could be 
extremely important in a changing environment. In the 
following text, examples of different forms of mate-choice 
learning will be provided and the state of research in this 
area summarized. 

Private (Personal) Information 

Juvenile Experience: Mate-Choice Imprinting 

‘Mate-choice imprinting’ refers to the learning process, 
or processes, by which young individuals acquire sexual 
preferences based on their observation of adults. Several 
specific forms of imprinting exist and the general tenet 
was first described by Douglas Spalding in the nineteenth 
century as he recounted his observations of newly hatched 
chicks following random moving objects. Despite its early 
description, however, the notion of imprinting was not 
popularized until the 1930s by the pioneering work of the 
Nobel Prize winning Austrian ethologist, Konrad Lorenz. 
Similar to other forms of imprinting (e.g., filial imprinting), 
sexual imprinting, or mate-choice imprinting, typically 
takes place during a sensitive period early in life. His¬ 
torically, it has most frequently been observed in species 
with parental care, where the young use the parent of 
the opposite sex as the model upon which they base their 
future mating preferences. This kind of early mate-choice 
imprinting is thought to function to ensure conspecific 
matings, enabling individuals to avoid presumably costly 
heterospecific matings. Nonetheless, it is now clear that 
mate-choice imprinting is not always restricted to an early 
sensitive period and that preferences often continue to be 
modified throughout development. 

Crossfostering experiments are one of the primary 
means by which scientists study early mate-choice imprint¬ 
ing and such studies are most easily, and frequently, con¬ 
ducted with birds. In crossfostering experiments, offspring 
are raised by parents of either another phenotype (e.g., a 
different color morph) or another species and, subsequently, 
their adult mate choice is examined. Using crossfostering 
experiments, mate-choice imprinting has been demon¬ 
strated in numerous bird species including, but not confined 
to snow geese, zebra finches, Bengalese finches, great tits, 
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Figure 1 Mate-choice learning as influenced by social environment. This diagram depicts the various sources of social information 
that can impact mate-choice learning; the various life stages during which learning might be important; and some of the documented 
outcomes of mate-choice learning. Sections marked with '***’ indicate topics for which research is lacking or nonexistent, and we 
suggest that these might be potentially fruitful areas for future focus. 


blue tits, and red jungle fowl. In mammals, reciprocal cross- 
fostering of sheep and goats has demonstrated a role of 
maternal imprinting on subsequent sexual preferences. Sim¬ 
ilarly, in Lake Victoria fishes, females of some species appear 
to imprint on the phenotype of their mother. Crossfostering 
experiments supporting a process of mate-choice imprinting 
are prevalent, yet studies do exist for which such early 
experiences have not influenced adult mate choice - raising 
interesting questions about species-level differences in the 
potential for, and importance of, mate-choice learning. 

Traditional examples of mate-choice imprinting, as 
outlined earlier, are often restricted to species in which 
young spend significant time with their parents, thus, 
enabling parental imprinting (either paternal or mater¬ 
nal). However, mate-choice learning may also be preva¬ 
lent in species that lack parental care, yet still have 
significant exposure to other conspecifics. For example, 
female wolf spiders are known to choose to mate with 
mature males of a phenotype with which they had experi¬ 
ence as a subadult. This type of imprinting is referred to as 
‘oblique imprinting’ — imprinting on a nonparental adult. In 
another example of oblique imprinting, damselfly males 
alter their preference of female morphs based upon prior 
experience - males raised in the absence of females show no 
preference, while those raised with one female form subse¬ 
quently exhibited a preference for females of that form. 
Planthoppers have also been shown to exhibit a learned 
preference for conspecifics. Finally, in humans for whom 
arranged marriages are the norm, the experiences young 
women have outside the traditional family environment, 
including exposure to outside media and participation in 
youth groups, influence their involvement in marriage 
arrangements. 

In addition to empirical studies that utilize crossfos¬ 
tering or various early exposure techniques, numerous 


mathematical models have been constructed to examine 
the various aspects of mate-choice imprinting. For exam¬ 
ple, population genetic models have been used to explore 
the evolution of different forms of imprinting. In these 
models, Tramm and Servedio compared the evolution of 
paternal, maternal, and oblique imprinting and found that 
paternal imprinting was the most likely to evolve. Their 
results suggest that the success of a particular imprinting 
strategy is most influenced by the group of individuals that 
are imprinted upon (termed the ‘imprinting set’). 

Juvenile Experience: Mate Selectivity 

Mate-choice imprinting involves juvenile individuals 
imprinting on, or learning, various characteristics of an 
adult model, whether the model is their mother, father, 
or another nonparental adult. Subsequently, these learned 
characteristics are incorporated into the individual’s mate- 
choice criteria, and mating partners with similar character¬ 
istics are preferred. However, experience with conspecific 
adults may not always lead to a preference for individuals 
resembling a model. Sometimes, early experience may sim¬ 
ply increase choosiness. Such effects of early experience 
have been documented in various animal taxa. For example, 
in both field crickets and wolf spiders, research has shown 
that early experience by females with courtship songs or 
displays can lead to increased selectivity for mates. 

Adult Experience: Mate Selectivity 

Effects of experience on mate choice need not be 
restricted to young or immature individuals. As adults, 
encounters with rivals and potential mates can also alter 
mating behaviors for both males and females. For exam¬ 
ple, in some spiders, fruit flies, crickets, and newts, naive 
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females are less discriminating in mate choice than older 
and more experienced females. A female’s threshold to 
accept a male can also change with successive encounters, 
both pre- and postmating. Presumably, as females gain 
experience with mates, they learn to distinguish among 
them. A significant literature exists on female search 
strategies (e.g., sequential search, best-of-/z, and variable 
threshold), many of which implicitly assume learning. 

Not only do adult females alter their mate choice based 
upon their personal experiences with mature males, but 
they may also alter their preferences based on personal 
information regarding their own attractiveness. In humans, 
for example, attractive females have stronger preferences 
for high-quality males than less attractive females, and in 
zebra finches, a female’s self-perception has been shown to 
influence her mate choice. In nature, this self-assessment 
may or may not be learned, but theoretical models suggest 
that the perception of one’s own attractiveness could 
develop through previous experiences with the opposite 
sex, resulting in increased choosiness following successful 
encounters and decreased choosiness following rejection by 
potential partners. 

Thus far, we have been focusing mostly upon female 
mating preferences. However, males have also been shown 
to alter mating behaviors with experience. As males are 
rejected or accepted by females, they may become more 
or less sexually aggressive and/or more or less discrimi¬ 
nating. Trinidad guppy males, for example, learned to 
direct courtship at conspecific females after 4 days of 
contact with conspecific and heterospecific females. In 
damselflies, males prefer females of a morph with which 
they have had previous experience. In Drosophila, a male’s 
experience with a heterospecific female often leads to 
reduced future courtship effort toward heterospecific 
females. In wolf spiders, previous mate effects are known 
to shape a male’s future mating success. Males that had 
experienced, but not mated with, a female were less likely 
to mate in the next encounter. However, if the male had 
mated with the previous female, it was more likely to mate 
with the next. 

Public Information 

Adult Experience: Mate-Choice Copying 

In various taxa (although primarily in fish and birds), 
females observe and copy the mating decisions of conspe¬ 
cific females. In some cases, mate-choice copying leads to 
an increased preference for the male traits observed in the 
mated male. In other cases, females may prefer the actual 
male that was observed mating with another female. Mate- 
choice copying has the benefit of decreasing the investment 
in mate assessment that a female must make. The reliabil¬ 
ity, consistency, and agreement between sources of infor¬ 
mation available to a female may determine when a female 


copies mating decisions and when she will forego mate- 
choice copying, relying instead on private assessment. In 
some species, when public and private information conflict, 
females base decisions on their own assessment, while in 
other species, females revert to mate-choice copying in 
such situations. In humans, mate-choice copying has been 
documented to depend on the quality of the model female 
observed with a potential mate. Additionally, in humans 
as well as other taxa, the degree to which females will 
copy mating decisions of others is influenced by sexual 
experience. In many cases, virgin females are more likely 
to copy mate-choice decisions than more sexually experi¬ 
enced females. Mate-choice copying has been documented 
in vertebrate (e.g., fish, birds, and mammals) and inverte¬ 
brate (e.g., insects) species. 

Mechanisms of Mate-Choice Learning 

Identifying and describing the physiological mechanisms 
that underlie the relationship between learning and mate 
choice is a vast area of research. Here, some of the major 
findings of the field are summarized. The neurophysiol¬ 
ogy of early mate-choice imprinting in zebra finches has 
been extensively explored. Immediate-early genes ( c-fos 
and ZENK) have been used to estimate neuronal activity 
and to identify activated brain regions with exposure to 
novel and previously experienced stimuli. Researchers 
have also investigated neuronal control of the length and 
timing of the sensitive period for sexual imprinting. In 
Drosophila, the neurosensory pathway that functions in the 
male and female brain to determine whether to attempt 
courtship with a potential mate based on previous experi¬ 
ence, has been described. In mice, after investigating the 
volatile chemical signals present in female urine, males 
acquire more complex and extensive preferences for the 
odor of sexually receptive females. These male prefer¬ 
ences correspond to changes in the piriform cortex of 
the brain, and knockout studies have demonstrated that 
the gene Peg3 disrupts these effects of experience. Thus, in 
disparate taxonomic groups, significant information is 
available on the physiological mechanisms underlying 
mating choice learning, and this remains an active area 
of research. 

Evolutionary Consequences of 
Mate-Choice Learning 

One of the most intriguing and intellectually stimulating 
aspects of mate-choice learning is its potential to drive 
evolutionary change. Not surprisingly then, exploring 
the evolutionary consequences of mate-choice learning 
is an extremely active area of research, rich with theory 
and modeling. The most frequently discussed aspects of 
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mate-choice learning involve its putative influence on 
such evolutionary processes as speciation, hybridization, 
and sexual selection. 

Speciation and Mate-Choice Learning 

It has frequently been suggested that mate-choice 
imprinting can facilitate reproductive isolation. Imprint¬ 
ing on one’s parental phenotype, for example, leads to 
positive assortative mating, where similar phenotypes 
preferentially mate with each other. Any new phenotype, 
or novel trait, appearing in a population could rapidly 
lead to reproductive isolation via mate-choice imprinting, 
even if it is initially present at a low frequency. Empirical 
work with collared flycatchers (Ficedula albicollis) has 
provided support for such a mechanism, as the artificial 
introduction of a novel trait (a red stripe on a male’s 
forehead) led to positive assortative mating - females 
having experienced males with a red stripe were more 
likely to pair with males possessing red stripes. The initial 
effects of such mate-choice imprinting could then be 
followed by disruptive selection. In fact, a recent mathe¬ 
matical model has demonstrated that reinforcement 
(enhancement of premating isolation) can occur via 
learned mating preferences. It is important to note, how¬ 
ever, that the influence of mate-choice imprinting on 
evolutionary processes such as speciation depends implic¬ 
itly upon the imprinting set, or the individuals used as 
models. For example, imprinting on a nonparental pheno¬ 
type (oblique imprinting such as mate-choice copying) 
would likely inhibit population divergence. Nonetheless, 
the involvement of mate-choice imprinting on speciation 
and diversification has likely been important for numer¬ 
ous taxonomic groups and has been explicitly suggested 
to have played a role in the diversification of various birds 
(e.g., Galapagos finches; various brood parasites) as well as 
fishes (e.g., Lake Victoria cichlids). 

The occurrence of interspecific brood parasitism raises 
unique questions with respect to the evolutionary implica¬ 
tions of mate-choice imprinting. Consequently, a significant 
amount of research addresses the role of mate-choice 
imprinting on speciation and diversification in avian brood 
parasites. Interspecific brood parasites constitute approxi¬ 
mately 1 % of all bird species and are defined as those species 
for which adults do not care for their young, but instead 
deposit their eggs in the nests of other species, where the 
young are left to be raised by foster parents. Given the 
common occurrence of mate-choice imprinting in birds, an 
obvious question arises regarding how imprinting on a foster 
parent might influence subsequent reproductive success 
of the parasitic offspring. For example, if parasitic off¬ 
spring imprint on visual aspects of their foster parent, their 
subsequent ability to find a conspecific mate could be 
severely compromised. However, imprinting on the song of 
the foster parent (which can be learned), for both males and 


females, could facilitate conspecific matings. Indeed, in why- 
dahs and indigobirds (interspecific brood parasites in the 
genus Vidua), parasitic male offspring copy the song of 
their foster fathers. Parasitic female offspring also imprint 
on their foster father’s song. This host imprinting ultimately 
enables parasitic offspring to find conspecific mates as adults. 
This process of host imprinting has been proposed as a 
mechanism promoting diversification in this group, as host 
shifts could readily lead to reproductive isolation. How¬ 
ever, one could also imagine a scenario where mate-choice 
imprinting on a host could lead to hybridization. For exam¬ 
ple, if numerous species utilize the same host, the likelihood 
of parasitic individuals mating with a heterospecific brood 
parasite increases, and recent work has indicated that 
continued gene flow does exist between some host races. 

Hybridization and Mate-Choice Learning 

Although mate-choice imprinting often results in posi¬ 
tive assortative mating, typically with conspeciflcs, the 
potential exists for misimprinting, or imprinting on the 
wrong species. Hybridization between species of Darwin’s 
finches, for example, is known to occur and is thought 
to result from misimprinting. Additionally, crossfostering 
experiments conducted in the wild have demonstrated 
that some bird species will imprint on a foster parent of 
another species, resulting in heterospecific pairings. 

Heterospecific matings could result in hybrid offspring 
and hybrid zones are not uncommon in nature. What role 
then, if any, does mate-choice imprinting play in hybrid 
zones? Using an artificial neural network, Brodin and 
Haas demonstrated that phenotypes of pure species are 
learned faster and better than those of hybrids, potentially 
leading to selection against hybrids. Further spatial simu¬ 
lations combined with empirical data on dispersal dem¬ 
onstrate that mate-choice imprinting can maintain a 
hybrid zone under natural conditions. 

Sexual Selection and Mate-Choice Learning 

In addition to its role in speciation and hybridization, 
mate-choice learning might also lead to the evolutionary 
change of specific traits within a species, especially traits 
that are sexually selected. For example, mate-choice 
imprinting can lead to sexual preferences for extreme 
phenotypes beyond which an individual has experienced, 
potentially driving trait elaboration. One mechanism by 
which this is possible is via peak shift - a consequence of 
discrimination learning of differentially reinforced sti¬ 
muli (e.g., individuals are trained such that one stimulus 
is rewarded and the other is punished). Essentially, peak 
shift can lead to a preference for an exaggerated trait 
never previously experienced. For example, in an elegant 
study using zebra finches, ten Cate and colleagues raised 
males with the parents of artificially painted beaks 
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(orange or red). In subsequent mating trials, they were 
able to show a shift in male beak color preference, with 
males directing more courtship to females at the extreme 
maternal end of the spectrum, despite the fact that this 
beak color was more extreme than seen in the model 
parent. 

The above-mentioned example addresses the role of 
parental imprinting on trait evolution. However, oblique 
imprinting, or imprinting on a nonparental adult, also has 
intriguing potential regarding the evolution of secondary 
sexual traits. The cultural transmission of mating prefer¬ 
ences, or passing on of mating preferences through non- 
genetic mechanisms, could lead to evolutionary changes 
in secondary sexual traits, or cultural inheritance. Cul¬ 
tural transmission refers to the process by which the 
phenotype of a species can change based upon informa¬ 
tion acquired during an individual’s lifetime. Essentially, 
the cultural transmission of female preferences (via juve¬ 
nile experience effects with nonparental adult conspeci- 
fics or via mate-choice copying) could drive the cultural 
inheritance of male secondary sexual traits. The details of 
such evolutionary change would depend explicitly on the 
form of imprinting and on the imprinting set. 

Genotype-by-Environment Interactions and 
Mate-Choice Learning 

Thus far, we have focused solely on various environmental 
effects on mate-choice learning, with no discussion of 
the underlying genetics. Yet, all organisms are influenced 
by both their genes and their environment. Much recent 
work has been directed explicitly at understanding the 
interactions between an individual’s genotype and its 
environment. Genotype-by-environment interactions 
(GEIs) have become one of the major explanations 
regarding the maintenance of genetic variation in second¬ 
ary sexual traits, despite putatively strong sexual selection 
that should diminish this variation. While most studies of 
GEIs have focused on male signaling traits, it seems 
equally likely that female preferences are influenced by 
GEIs. For example, a female’s genotype may impact her 
likelihood and/or her ability to learn mating preferences. 
Such GEIs with respect to mate-choice learning would 
certainly influence the interactions between learned mate 
choice and the evolution of male secondary sexual traits. 
Future work exploring the interactions between geno¬ 
types and social environments will surely provide a rich 
source of new knowledge and insights regarding mate- 
choice learning and its role in evolutionary processes. 
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Introduction 

Choosing the right mate can be a potent evolutionary 
force resulting in the evolution of characters and behavior 
in the chosen sex, including many elaborate courtship 
displays and ornamental traits. Survival is a prerequisite 
for reproduction. Therefore, in an evolutionary sense, it is 
the individual differences in ability to contribute genes to 
the next generation, that is, reproductive success that is 
important and not survival per se. In many animals, there 
are two sexes and reproduction is primarily sexual. When 
the gametes of the two sexes differ in size, we use the size 
of gametes to define female and male: Females produce 
larger gametes, eggs, whereas males produce smaller 
gametes, sperm. This means that when reproducing, high¬ 
est fitness will be achieved for an individual, within a sex, 
that is most successful in combining its genetical material 
with that of the other sex. Consequently, the ability to 
more successfully influence the interaction with indivi¬ 
duals of the other sex becomes important, for instance, by 
being attractive. The problem is, though, how to decide 
which mates will contribute the genes and resources that 
will result in an offspring production that is relatively 
better than that of other individuals of the same sex in 
the same population at the same time. 

In sexually reproducing animals, mate choice is a pro¬ 
cess by which individuals of one sex gain higher fitness by 
preferring to mate with some individuals to others. An 
individual that discriminates among encountered poten¬ 
tial mates is called ‘choosy.’ When the opposite sex is 
choosy, it is beneficial for an individual to signal attrac¬ 
tiveness to individuals of that sex, which will be able to 
assess the quality and compatibility of potential mates. 
Therefore, characters and behavior that affect attractivity 
may be selected by sexual selection and result in so-called 
secondary sexual characters (i.e., characters that provide 
reproductive rather than survival benefits). Many extrav¬ 
agant characters have been selected because they provide 
their bearers with reproductive advantages by being cho¬ 
sen as mates. These characters can be smells, sounds, 
behaviors, visual displays, morphological structures, etc. 
Competition is the unifying aspect of sexual selection: 
either as a process where individuals of one sex compete 
among themselves to become chosen as mating partners 
by the other sex (intersexual selection) or as a competitive 
process within a sex for access to mating partners of the 
opposite sex (intrasexual selection). Although, the con¬ 
cept of ‘female choice and male-male competition’ is 


common, as a sort of generalized description of animal 
reproduction, it is not the one and only perspective. We 
now know that mate choice occurs in both sexes and the 
sex competing for access to mates may also be discrimi¬ 
nate and perform mate choice. Mate choice and mating 
competition can occur in both sexes simultaneously. Yet, 
they may often vary dynamically in space and time, and 
one process may often predominate over the other in one 
or both sexes for a prolonged time. When reproducing, 
individuals first have to become sexually mature and then 
they may need to acquire specific resources to become 
ready to breed (such as food, territories, etc.). Once ready 
to mate, they have to choose among mates and/or com¬ 
pete for mates and once mated, there are postmating 
processes. For example, cryptic choice or parental prog¬ 
eny choice mechanisms may affect the outcome. Here, the 
mate choice refers to both female and male mate choice in 
the premating stage, that is, choice based on resources, 
ornaments acquired, and inherent mate qualities. The 
postmating stage may also involve mate choice in terms 
of cryptic mate choice or progeny choice, but this will not 
be covered in this chapter. 

Historical Perspective 

In 1871, Darwin hypothesized that female mate choice 
results in ornamental traits in males and saw many color¬ 
ful male birds as typical examples of this. However, he was 
also aware of those females of many species that were 
conspicuously ornamented, and he viewed these as excep¬ 
tional cases where males have been the selectors instead of 
being selected. Historically, the perspective of female 
choice and male-male competition resulting in sexual 
selection has been in focus. Why female mate choice 
seems more prevalent than male mate choice was not 
approached until about 100 years later by Williams and 
then by Trivers. They used Bateman’s study on fruit flies, 
Drosophila melanogaster. In his experiment, males and 
females were allowed to mate freely and the variance in 
mating success among females was found to be much 
lower than among males. This sexual difference in vari¬ 
ance in mating success and the observation that mating 
success continues to increase with the number of mating 
more steeply in males than in females (the Bateman 
gradient) are frequently used as indicators of sexual selec¬ 
tion. Though later stochastic models have shown that 
these results could be an outcome of random mating, 
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questioning them as main indicators of sexual selection. 
However, Bateman’s adaptive framework, of female 
choice and indiscriminant male mating behavior, led on 
to the parental investment ideas of Triver’s. He defined 
“parental investment as any investment by the parent in 
an individual offspring that increases the offspring’s 
chance of surviving (and hence reproductive success) at 
the cost of the parent’s ability to invest in other offspring,” 
and he concluded that “what governs the operation of 
sexual selection is the relative parental investment of the 
sexes in their offspring.” Recent research has, however, 
made clear that it may also be the other way around, that 
the operation of sexual selection may influence patterns 
of parental investment. Triver’s ideas of parental invest¬ 
ment and sexual selection still have great value, but 
parental investment is empirically hard to assess. Conse¬ 
quently, later population-related models for predicting 
which sex that predominates in mating competition have 
been put forward, circumventing the problem of estimat¬ 
ing relative parental investment. The operational sex ratio 
(OSR) models consider the number of individuals of each 
sex that are ready to breed at any given time and place, 
and the sex in excess is predicted to predominantly com¬ 
pete for access to mates whereas the opposite sex could be 
more choosy. In a population, OSR biases can arise due to 
the sexual difference in potential reproductive rate 
(PRR). If individuals of one sex are slower in processing 
matings and take longer to become ready to breed again, 
this sex will have a lower PRR and is predicted to be 
choosier and less competitive. The processing of mating 
involves gamete production, parental care, etc. However, 
it is important to note that the realized reproductive rate 
will always be equal (each offspring has a mother and a 
father), but the potential (when unconstrained by mate 
availability) reproductive rate may differ between the 
sexes. Possibly, the sexual difference in PRR may reflect 
sexual differences in parental investment in many ani¬ 
mals, but PRR is more empirically accessible and also 
includes time expenditures that may matter more than 
energy investments when predicting patterns of mating 
competition and mate choice in a population. It is though 
important to recognize that within a sex individuals can 
easily be both choosy and competitive and that choosiness 
may relate to the variation in the quality of potential 
mates, quite independently from mating competition. In 
many population models, such individual differences may 
be overlooked. 

A classic example of female mate choice is provided by 
Make Andersson’s 1982 studies of long-tailed widowbirds. 
In this African bird, males have substantially elongated 
tails and females are attracted to mate with males having 
longer tails. Andersson experimentally demonstrated this 
by manipulating male tail length. Some males had their 
tails shortened, some males maintained the same tail 
length, and others were provided elongated tails (males 


in all three treatments had their tails cut and glued). 
Females showed a clear mate choice for males displaying 
elongated tails. Another classic example comes from the 
peacock, where peahens show a clear preference for males 
having more eye-spots on their elongated feathers. Many 
more examples of both male and female mate choice are 
found in Andersson’s book, Sexual Selection. 


Mate Choice Evolution 

Mate choice is usually costly (in terms of time, energy, 
risk) and has to be balanced by benefits (resulting in a net 
fitness gain) in order to be selected. Such benefits may be 
both direct and indirect. Direct benefits are when imme¬ 
diate effects on fitness occur such as provisioning of 
resources to offspring or improved fertilization success. 
Indirect benefits, on the other hand, enhance offspr¬ 
ing fitness by increasing their viability or attractiveness 
through inheriting good or attractive genes. In nature, it is 
presumably a combination of both and of multiple kinds. 
However, costs and benefits of mate choice vary between 
populations, contexts, and over the season. 

Direct Benefits 

In animals where there are nuptial gifts, territories, paren¬ 
tal care, or other resources provided, we can easily envi¬ 
sion that choosy individuals will benefit by being able to 
assess these benefits directly or via one or several cues 
indicating the gain. In many organisms with indetermi¬ 
nate growth (fishes, reptiles, amphibians, many inverte¬ 
brates), male choice for larger and more fecund females 
provides good examples of male mate choice for direct 
benefits. Examples are many but, for instance, in the 
broad-nosed pipefish, both more and larger eggs are 
gained for males choosing to mate with larger females 
(Figure 1). Male mate choice for more fecund females 
has also been documented in animals with determinate 
growth, such as insects and in the zebra finch. Female 
mate choices for direct benefits are also common: In many 
birds and fishes, female preferences for male territorial 
qualities or paternal abilities have been demonstrated. For 
instance, in the fifteen-spined stickleback, females prefer 
males that court more intensely and these males are also 
better at fanning the nest, which result in a higher hatch¬ 
ing success. Similarly, in the sand goby, females prefer 
the most competent fathers and not the males that are 
most successful in male-male competitive interactions. 
Males providing good territories or oviposition sites are 
preferred by females in for instance, dragonflies, frogs, 
birds like pied flycatchers, dunnocks, red-winged black¬ 
birds, and male pronghorn antelopes defending a good 
feeding territory attract more females. In many insects 
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(a) (b) 

Figure 1 (a) Two female broad-nosed pipefish in the front with 

zigzag patterns on their trunk. The male pipefish is in the back. 
Photo: A. Berglund. (b) A close-up of a male’s brood pouch with 
almost fully developed embryos (eyes visible). While brooding for 
more than a month, the embryos are osmoregulated, 
oxygenated, protected, and provided some nutrients. Photo: 

O. Jennersten. 


(crickets, butterflies, dance flies), males provide nuptial 
gifts as packages of additional resources and sperm (sper- 
matophores), or prey gifts can be provided by males or 
females. Commonly, there are mate choice processes in 
operation for larger gifts, providing direct benefits. Other 
examples of male choosiness that may co-occur with 
females being choosy as well are when males are choosy 
for females that have not mated recently, or are close to 
conception. Similarly, in chimpanzees, males prefer older 
females as they have higher breeding success, as compared 
to younger ones. Important to bear in mind is that mate 
choice for direct benefits may be heritable, but does not 
require heritability as fitness gains may affect immediate 
resource situations. 

Another way for mate choice evolution is to exploit an 
already naturally selected sense. An animal may already 
be sensitive to certain features (colors, smells, or sounds) 
that, for example, occur in their diet and are preferred as 
food items and an inherited ability to sense these features 
may confer fitness advantages. When such a preexisting 
sensory bias, in a nonmating context, is present it may also 
affect the evolution of mate choice preferences and result 
in mating biases. In some guppy fish species, a general 
attraction to orange food can largely explain differences 
between populations in female mating preferences for 
males with larger orange dots. However, predation is 
another factor that influences and limits the expression 
and preference for orange dots. 


Indirect Benefits 

Indirect benefits of mate choice may occur in combination 
with direct benefits. However, indirect benefits are more 
commonly considered when direct benefits are lacking or 
assumed to be of minor importance. The indirect benefits 
of mate choice require inheritance, such that the offspring 
inherit the genes that give the improved viability or 
attractiveness. A mating preference may select for traits 
indicating viability, for instance, when the quality of an 
individual’s immune defense or ability to acquire specific 
nutrients are indicted via this trait. Such indicators may 
indicate ‘good genes’ in general, that will be inherited 
to the offspring, or ‘handicaps’ if an individual can obtain 
heritable resistance to diseases or parasites by choosing 
mates that indicate their ability to invest in larger (i.e., 
handicapping) displays as well as investing in a costly 
immune defense. For instance, starling males that sing 
more frequently also show a stronger immune response, 
and females choose to mate with males singing more 
frequently, which possibly results in more viable offspring. 
An additional form of indirect benefits of mate choice is 
the process known as ‘the Fisherian run-away process.’ 
It refers to when there is inheritance both for an attractive 
trait and the preference for it, which results in a self- 
reinforcing co-evolution of the trait and the preference 
(the trait may be an indicator trait or an arbitrary trait). 
The Fisher run-away process is theoretically well founded, 
but good empirical examples are less obvious. This is 
possibly because when a trait becomes extreme (‘runs 
away’) it becomes costly and may start functioning as a 
‘handicap’ trait, since an individual has to be of good 
quality to afford it. 

As long ago as 1972, Trivers suggested that the choice 
of a mate should favor a mate that is most compatible with 
the chooser in terms of producing adaptive gene combi¬ 
nations in the offspring. Consequently, males and females 
may choose a mate that either has particular genes that 
will result in a more successful combination, for instance, 
in terms of heterozygosity or major histocompatibility 
complexity (MHC — an important function of the verte¬ 
brate immune system). There are many examples of 
maternal and paternal allele combinations that affect off¬ 
spring fitness; however, the extent to which this is used in 
mate choice is less documented. It should also be noted 
that there are distinctions between choice for good genes, 
compatible genes, and the conflicts that may occur 
between optimizing these choices under various circum¬ 
stances. Thus, directional sexual selection may operate to 
generate an ornament that signals good genes. However, 
the individual that carries the ornament may not always 
be the most genetically compatible mate to all individuals. 
When choosing a genetically compatible mate, it may be 
important to optimize similarity or dissimilarity, as shown 
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in three-spined sticklebacks where females optimize the 
MHC-complexity of their mate choice in relation to their 
own MHC profile. 

Other Factors Affecting Mate Choice Evolution 

A complicating factor when it comes to demonstrating 
benefits of mate choice is that there may always be mater¬ 
nal or paternal effects, that is when an individual choosing 
a mate also allocates resources in relation to the mate’s 
attractiveness or quality Such maternal or paternal effects 
may either be a differential allocation (i.e., when the 
chooser allocates additionally when mating to a preferred 
mate), or it may be compensatory (i.e., when the chooser 
compensates when mating to a mate they prefer less). In 
many animals, females are in control of egg numbers and 
quality and may thus adjust their egg allocation depend¬ 
ing on mate quality. Similarly, allocation to care by both 
males and females may also depend on mate quality. 
Furthermore, the importance of sexual conflict between 
females and males is becoming increasingly clear. Selec¬ 
tion for a trait in one sex may have a negative influence in 
the other sex, which can result in a sexually antagonistic 
co-evolution. Obviously, this may apply to mate choice 
evolution, as preferences and chosen traits may have 
different optima in the two sexes. 

A Pipefish Example 

In the broad-nosed pipefish (Syngnathus typhle L.), swim¬ 
ming in the eelgrass meadows of the sea, females usually 
display in groups and compete for access to male mating 
partners. Females display contrasted zigzags (ornaments) 
on their body trunk (Figure 1(a)), a pattern that attracts 
males, but intimidates other females. Males are also better 
able to assess female size using this pattern. In their mate 
choice, males prefer larger, more ornamented, and domi¬ 
nant females, and benefit by receiving larger eggs that will 
result in larger offspring of higher fitness (better survival 
to anemone predation and higher growth rate). However, 
female mate choice also selects for larger males, presum¬ 
ably as they are better care providers. If a female is con¬ 
strained to mate with a smaller, less preferred male, she 
compensates by providing eggs with a higher protein con¬ 
centration. Both male and female mate choice has been 
demonstrated by A. Berglund and coworkers, and both 
males and females produce newborn that survive preda¬ 
tion better if mated to a preferred mate as compared to a 
less preferred mate (even when standardizing for offspring 
size differences). Although both male and female mate 
choice occur, only males (not females) copy the mate 
choice of other males. Similarly, mating competition for 


access to mates can be prominent in both sexes, but the 
predominant female-female competition characterizes 
the mating pattern of this species in particular. Conse¬ 
quently, multiple sexually selective processes operate 
dynamically and the same cues are used in several con¬ 
texts. Also postmating selective processes may occur, as 
brood reduction in the male pouch is common while 
brooding the embryos. 

Mate Assessment 

How mates are encountered, simultaneously or in sequence, 
will influence the opportunity for performing mate choice 
and assess mates. In nature, the options for simultaneous 
comparisons of large number of mates are usually relatively 
limited. However, lekking species are an example where 
several individuals of one sex can be assessed. Still, the 
interactions between competition and mate choice on the 
lek are complex and vary between animals. For example, 
lekking birds such as the ruff, black grouse, and manikins all 
differ in how competition and mate choice contribute to 
fitness. When mate assessment is more sequential, various 
assessment tactics can be employed. For example, a fixed 
threshold tactic can be used, mating with the first mate 
encountered that fills the minimum requirements, or 
sequential comparisons where the best of a number of 
possible mates is chosen. The assessors can then optimize 
costs and benefits of continued search or acceptance of the 
present mate. Mate assessment can also be done by copying 
the mate choice of others. This may be a good option when a 
mate searcher is unable to discriminate various mate quali¬ 
ties or if copying others reduces the search and discrimina¬ 
tion costs. Mate choice copying has been demonstrated 
many times in fishes, for instance, in guppies, gobies, meda- 
kas, and pipefish (Figure 1). Mate assessment strategies 
have mostly been studied when animals are breeding, but 
mate qualities can also be assessed and evaluated during 
nonbreeding seasons. 

The influence of mating competition on mate assess¬ 
ment can be both positive and negative. The choosing 
individuals can use competition within the other sex to 
assess mate qualities, and competition may also be incited 
for this purpose. However, competitive interactions may 
also hamper mate assessment and dictate mating in con¬ 
flict with mate choice. On the other hand, mate choice can 
override status rankings from competitive interactions 
and be based on other abilities and characters. Conse¬ 
quently, the actual mate in the wild may not necessarily be 
a preferred mate; the actual mate can be a compromised 
or a constrained ‘decision’ resulting from other processes 
than mate choice. 

Obviously, rarely is the choice of mate based on only 
one single signal or ornament. Instead, there are multiple 
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cues, and each cue may also have multiple functions. 
Visual, olfactory, and sound cues can easily be combined 
and they can be used in different environments, contexts, 
and at different distances. Some cues may have evolved as 
species-recognition cues and others as mate-quality sig¬ 
nals. Efficiency and selection of signals are also context 
dependent, and anthropogenic disturbances may affect 
mate assessments. For instance, color displays in fishes 
may be difficult to assess or be distorted in turbid (pol¬ 
luted, eutrophic) environments, and bird song may in a 
noisy environment be hampered as a mate attractor. 

Contrasting Female and Male Mate 
Choice 

Mate choice is important to the evolution of secondary 
sexual character in both sexes, and the process of mate 
choice and sexual selection works according to the same 
principles in both sexes. Though the operation of sexual 
selection does contrast somewhat between males and 
females, some general tendencies can be discussed. Females 
by definition invest more energetically into each gamete, 
and often they also provide parental care (at least in mam¬ 
mals and birds; however, less often in fishes where males are 
the main care provider). As a consequence, females often 
compete with other females for resources necessary for a 
successful reproduction, whereas males may compete for 
these females. However, that this always is a consequence of 
differences in gamete size should be challenged. Interesting 
comparisons among Drosophila fly species show that differ¬ 
ences in relative gamete size do not necessarily predict 
sexual patterns of mating discrimination. In general, the 
relative intensity of mate choice and mating competition 
varies, and choice can develop in both sexes whenever 
there is variance in the quality of mates that may affect 
fitness. It is more rare with very costly (i.e., highly extrava¬ 
gant) secondary sexual characters in females, and possibly 
this is because resources traded to such character may have 
to pay fecundity costs which may somewhat constrain the 
development of the secondary sexual characters in females. 
Males, however, may pay survival costs that may constrain 
ornament development. Notable is that ornaments selected 
by mate choice occur in females and males in many kinds 
of animals. 

Future Perspectives 

In the near future, I envision a broader attention to mate 
choice studies, unbiased with regard to the sexes. We need 
more behavioral studies in many different kinds of animals 
and in various contexts. We will be able to explore the 


genomics of mate choice; today’s and tomorrow’s molecular 
and genomic tools make this possible. Revealing how mate 
choice operates and imposes selection on behavior, mor¬ 
phology, reproductive physiology, genes, and proteins in 
both sexes will be exciting. Selection experiments, cross- 
fostering experiments, and in particular a systematic 
approach to investigate fitness consequences of mate choice 
in both sexes, by comparing outcomes from preferred and 
less preferred (or random) mating, are important future 
avenues. This means approaching mate choice both on the 
individual and the population level. Mate choice evolution 
is context dependent and we need detailed studies on how 
mate choice interacts with mating competition, ecological 
circumstances, social circumstances, and the dynamic vari¬ 
ation in time and space. 
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Brief History and Definitions 

Organisms develop under the continuous interaction of 
genes and environmental factors. Parents not only trans¬ 
mit genes to their offspring but also influence their envi¬ 
ronment, which can profoundly affect offspring traits. 
Both mother and father can cause such environmental 
effects although maternal effects are often more pro¬ 
nounced than paternal effects, as in most species, mothers 
provide more care and in all species, mothers provision 
the eggs, influencing the embryo. Perhaps because of this, 
parental effects are commonly labeled as ‘maternal effects.’ 
Maternal effects are very widespread in the plant and 
animal kingdoms and can be mediated by diverse and 
multiple proximate means and pathways. Maternal repro¬ 
ductive decisions such as the timing of reproduction, 
choice of breeding location, and the number of siblings in 
a given propagule will, for example, indirectly influence 
the social environment or food availability for the offspring. 
The differential bestowment of the embryo, fetus, or new¬ 
born with bioactive supplements such as immune-active 
substances, antioxidants, growth factors, and hormones will 
affect the development and differentiation of physiological 
functions and is also known as ‘prenatal’ or ‘developmental 
programming.’ Quality and quantity of food provisioning 
will influence growth and health. Finally, maternal effects 
are also transmitted directly via behavior, by processes such 
as social facilitation, which may lead to cultural transmis¬ 
sion of certain traits. In this article, we focus on maternal 
effects that are mediated by hormones, especially andro¬ 
gens since this proximate pathway has been studied most 
extensively in the ecologically relevant context. 

Two classes of maternal effects are distinguished: the 
so-called indirect genetic effects and indirect environmen¬ 
tal effects (Figure 1). The first refer to the situation in 
which the parental effect on the offspring depends on the 
genetic background of the parent. For example, the quality 
of food provisioning by the parent to the young may depend 
on the genes of that parent. In this case, the young would 
receive not only the genes for good food provisioning from 
their parent but also relatively high-quality food, increasing 
their survival and thereby strengthening the propagation 
of the relevant genes in the population. 

Clearly, such indirect genetic effects can profoundly 
affect evolution. Indirect environmental effects refer to 
the situation in which the environment is ‘translated’ to the 
offspring by the parent. For example, parents reproducing 


in environments with high food quality/quantity can provi¬ 
sion their young with more, better, or different food, indi¬ 
rectly leading to offspring phenotypes different from those 
in lower-quality environments. Or, in anticipation of the 
offspring environment, mothers may directly modify off¬ 
spring phenotype, based on how she is experiencing the 
environment, via the transmission to the offspring of certain 
signals that alter their development. The latter points to the 
possibility of maternal effects to flexibly adjust specific 
offspring traits to relevant environmental factors in which 
it develops and lives, a flexible adjustment that cannot 
be achieved by the transmission of genetic material alone. 
The concept of maternal effects being adaptive receives 
currently much attention. Finally, maternal effects on the 
environment of the offspring can interact with transmit¬ 
ted genetic information. Via several pathways, maternal 
signals or the maternally provided environment may induce 
changes in gene expression, for example, DNA silencing by 
methylation of some genes. This could not only have pro¬ 
found effects on first generation of offspring but also carry 
over to subsequent generations if such epigenetic marks are 
not erased during gametogenesis. 

Historically, the term ‘maternal effect’ was used in 
quantitative genetics to account for variation in offspring 
phenotype that is not accounted for by additive genetic 
variance and the developmental environment. As a conse¬ 
quence, maternal effects were seen as undesired noise in 
artificial selection and breeding with no apparent function 
in selection and adaptation. Maternal effects have also 
been known to biomedical research for some time, and 
they were originally viewed as pathological perturbations 
of resilient genetic developmental programs by subopti- 
mal maternal condition and health. Maternal effects that, 
for example, lead to alterations in sexual behavior within 
a sex were thought to derail or interfere with the cascade 
of development events that leads from genes via hormonal 
signals (acting as a developmental switch) to male or 
female phenotype. Those that lead to modifications in 
the stress responsiveness were thought to interfere with 
sex-specific pathways of the differentiation of this neuro¬ 
endocrine system. This perspective is reflected in still- 
accepted terminology such as ‘demasculinization’ of males 
and ‘masculinization’ of females and entails a lack of ap¬ 
preciation for variation in phenotype within the sexes. 
This pathophysiological perspective is applied also to 
physiological systems that maintain organismal homeosta¬ 
sis such as body mass and energy regulation. 
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Maternal effects and nongenetic inheritance 



Environment Environment 


Intergenerational 

effects 

individual 

differences 


Figure 1 Scheme depicting the principle of maternal or 
parental effects in which the mother or parent influences the 
environment of the developing offspring, potentially leading to 
intergenerational effects and individual differences in behavior. 
Indirect genetic effects are due to effects depending on the 
genes of the parents; indirect environmental effects are due to 
effects that depend on environmental effects on the parents. 

In some cases, the environment of the offspring, affected by 
the parents, may influence gene expression, such as DNA 
silencing by methylation. See text for details. 


A paradigm shift took place in the early 1990s when 
maternal effects were proposed to be adaptations that 
evolved to enhance Darwinian fitness. This change in 
perspective was facilitated by two independent, but simul¬ 
taneously occurring developments. Developmental biol¬ 
ogy joined forces with evolutionary biology and ecology, 
resulting in an appreciation for developmental plasticity; 
and molecular biology and genomics began exploring the 
regulation of gene expression rather than gene sequences. 
These new developments set the stage for a rapid prolif¬ 
eration of empirical studies of maternal effects from an 
evolutionary, ecological, and adaptationist perspective. 

Maternal effects influence a wide array of offspring 
traits expressed in early life as well as adulthood. Affected 
traits range from growth rate, immune function and sus¬ 
ceptibility to disease, morphological characters, and food, 
habitat, and mate preferences to behavioral strategies 
and tactics. This has been demonstrated in many plant 
and animal taxa, the latter ranging from mammals to 
insects. This article focuses on maternal effects on behav¬ 
ior although one has to appreciate that effects on behavior 
often go in tandem with effects on nonbehavioral traits 
and physiological functions. 

Behavior is a strong force in evolution, no matter 
whether it promotes or slows down evolutionary change. 
Maternal effects, in particular those mediated by hormonal 
signaling between mother and embryo/fetus, cause varia¬ 
tion in behavioral phenotype in many taxa. Consequently, 
maternal effects can generate multiple behavioral pheno¬ 
types within families, in populations, and among popula¬ 
tions and therefore may be particularly important and strong 
forces in evolutionary processes and trajectories, for example 
the rapid adaptation to novel or changing environments. The 
evolutionary impact of maternal effects on behavior can 
only be fully appreciated when one also understands the 
physiological and developmental mechanisms by which they 


result in the modification of a behavior or suites of behav¬ 
ioral traits, a topic addressed later. 

Finally, the prevalence of maternal effects is relevant 
not only for those studying function and evolution of 
behavior, but also for those studying its genetics and differ¬ 
entiation. Such studies often make use of genetic selection 
lines and cross fostering design and generate measures of 
heritability by analyzing parent-offspring similarities. In 
particular, prenatal maternal effects can have a profound 
influence on the interpretation of results from such analyses 
and are difficult to account for without the implementa¬ 
tion of specific statistical techniques or embryo transplan¬ 
tation (accounting for prenatal maternal effects). 


Hormone-Mediated Maternal Effects 

Commonly, hormones are mediators of maternal effects 
and influence offspring phenotype either indirectly or 
directly. The first is, for example, demonstrated by the 
finding that testosterone production in the young may be 
stimulated by frequent social interactions when offspring 
are raised in high density, an environment that can result 
from the choice of nest sites by the parents. Such early 
stimulation of testosterone production may cause long- 
lasting changes in the sensitivity to testosterone later in 
life, as has been demonstrated in juvenile black-headed 
gulls, Larus ridibundus, by T. Groothuis and colleagues. 
Even more intriguing and subtle are direct effects of 
prenatal exposure to maternal hormones. In many animal 
taxa, not only does the embryo and fetus produce its own 
hormones, but it is also exposed to those of the mother. 
A substantial body of research was devoted to the effects 
of maternal stress, resulting in elevated embryonic expo¬ 
sure to glucocorticoids (cortisol or corticosterone) with 
strong impact on stress sensitivity, sexual behavior, and 
cognitive functions of the offspring in later life. In humans, 
exposure to maternally transmitted drugs that mimic 
androgen action as a result of medication of the pregnant 
mother affects both morphology and play behavior of 
daughters. Such observations have strengthened the per¬ 
spective of hormone-mediated effects being maladaptive. 
However, proliferation of research on hormone-mediated 
maternal effects from an adaptive perspective was spurred 
by a study of domesticated canaries (Serinus canaria) by 
H. Schwabl that demonstrated the presence of various 
maternal steroid hormones, in particular androgens such 
as testosterone, in the avian egg. Even more important was 
the observation that the eggs of a clutch of an individual 
female can vary systematically in the concentrations of 
these hormones. This within-propagule variation and the 
variation of hormone concentrations among the clutches of 
different females prompted numerous adaptive hypotheses 
of the function of hormone-mediated maternal effect in 
intra- and interfamily context. 
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The study of prenatal hormone-mediated maternal 
effects has greatly benefited from the inclusion of ovip¬ 
arous species as model systems and by now most of 
the ecologically relevant research is performed on birds 
and not on laboratory rodents. There are several reasons 
for this development. First, the accumulation of mater¬ 
nal hormones in the eggs of oviparous species, to which 
the embryo is then exposed, occurs during a relatively 
short period, ending at oviposition. Therefore, the con¬ 
centrations of maternal hormones can be measured in 
the laid egg before the embryo’s own hormone produc¬ 
tion starts. In mammals, in contrast, maternal hormone 
levels fluctuate during pregnancy and are difficult to 
measure without interfering with the mother (affecting 
her hormone production) and in separation from embry¬ 
onic hormonal contributions. Moreover, the mamma¬ 
lian placenta serves as an endocrine interface between 
mother and fetus that metabolizes and converts hor¬ 
mones. Second, prenatal hormone exposure is easier to 
manipulate in oviparous than in viviparous species. 
Third, maternal steroids occur in substantial and variable 
concentrations in the eggs of fishes, reptiles, and amphi¬ 
bians providing ample opportunity for ecological and 
evolutionary studies. Their role is now studied best 
in birds, since they lay relatively large eggs and their 
ecology, reproductive strategies, and development are 
well known. 

Many recent studies of adaptive maternal effects in 
birds focused on those mediated by the transmission of 
maternal hormones into the egg because, in contrast to 
other maternal effects such as egg size, hormonal signal¬ 
ing has unique features that may allow for the evolution of 
potent and specific maternal influences on the offspring. 
Hormones are chemical messengers of integrated neuro¬ 
endocrine systems that induce specific changes in an 
organism’s physiological state in response to or in prepa¬ 
ration for environmental change; they regulate transitions 
between life-history states, maintain homeostasis, inte¬ 
grate multiple-component traits, and they regulate and 
influence development. In this way, hormones are signals 
rather than resources such as nutrients. Hormones cause 
their effects by binding to their receptors in or on specific 
target cells which, upon binding of the hormone, initiate 
the first step of signal transduction pathways to achieve 
changes in cell function and properties. The same hor¬ 
mone can have different effects in the sexes and influence 
both developing and adult organisms. A single hormone 
can have multiple targets and a single target cell can 
be affected by several hormones. Hormones influence 
the probability of a behavior to occur in a certain context 
and modify the differentiation of a behavior during devel¬ 
opment and/or its expression in adulthood. These prop¬ 
erties of hormonal regulation render them potent signals 
for the communication from mother to developing 
offspring. 


Classical studies of mechanisms of sex differences in 
behavior revealed that hormones can influence behavior 
in two ways which is known as the ‘concept of organizational 
versus activational action.’ First, a hormone can cause per¬ 
manent behavioral differences (e.g., between the sexes) by 
irreversibly organizing the functions and properties of neu¬ 
ral and muscular hardware during a critical sensitive phase 
of development. Second, a hormone, when secreted later in 
life, can transiently and reversibly activate a behavior. Much 
of the progress of research in underlying mechanisms of sex 
differences in behavior rests on this heuristically extremely 
useful concept but, as discussed later on, it now needs 
modification to accommodate variation in behavior within 
the sexes, maternal hormonal effects on behavior, and non- 
hormonal behavioral differentiation. 

Abbreviated Review of Hormonal 
Maternal Effects on Behavior 

Introduction 

Prenatal hormone-mediated maternal effects have been 
extensively studied in mammals, especially rodents, in the 
contexts of stress physiology (pre- and perinatal exposure 
to cortisol and corticosterone) and sexual differentiation 
(exposure to androgens, see section ‘Why Do Maternal 
Hormones Not Interfere with Sexual Differentiation?’). In 
an ecological/evolutionary frame work, they are now most 
studied in birds and to some extent in lizards and fish 
species (mostly exposure to androgens). The results obtained 
with birds, but also with rodents and other mammals have 
been summarized in several comprehensive recent reviews 
(see Further Reading). Therefore, we provide only a com¬ 
pressed summary necessary for our subsequent discussion 
of fundamental and conceptual issues. We focus on androgens 
as these are the hormones studied the most in an ecolo¬ 
gically relevant context. 

Maternal hormonal effects go well beyond those on 
behavior and modifications of nonbehavioral traits have 
to be taken into account when discussing those on be¬ 
havior. Affected nonbehavioral systems and functions 
include immune defense (mostly suppressing), growth 
and metabolism (mostly enhancing), the neuroendocrine 
stress response axis and the production of steroid hor¬ 
mones, and morphological structures such as sexual sig¬ 
nals (enhancing). Maternal hormonal effects on behavior 
(as well as those on nonbehavioral traits) may be classified 
into those expressed in early life (relatively soon after 
birth or, in oviparous species, after hatching and the 
consumption of hormone-laced yolk and albumin in 
which maternal hormones are accumulating during egg 
production) and those expressed in late life (long after 
differential developmental exposure to maternal hormones). 
They may also be classified into those that are sex linked 
and those that occur in both sexes. 
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Birds 

Examples for early life effects of maternal androgens in 
birds are earlier hatching and enhanced nestling begging 
behavior in altricial and semiprecocial birds and the 
behavior of hatchlings in novel environments in precocial 
birds. A consequence of differential begging behavior is 
variation among siblings in the amount of food they obtain 
from parents leading to differential growth trajectories. 
Functionally, these effects have been interpreted to reflect 
an adaptive maternal influence on sibling competition 
(hormonal favoritism). 

Long-term effects, expressed in adult offspring life, of 
differential embryo exposure to maternal steroids were 
reported for nonreproductive juveniles and reproduc- 
tively competent adults of several taxa. So far, they 
include modified behavioral responses to novel objects 
in domesticated zebra finches ( Taeniopygia guttata), dis¬ 
persal distance in free-living great tits (Pams major), and 
aggressive and sexual behavior in captive house sparrows 
(.Passer domesticus) and black-headed gulls. The enhanced 
aggressive and sexual behavior of sparrows and gulls 
might be caused by specific developmental modifications 
of the neural structures that influence the probability to 
show aggressive or sexual behavior in response to certain 
cues and in a certain context. Given the fact that these 
behaviors are androgen dependent the maternal effects 
may be caused by upregulation of either androgen pro¬ 
duction or androgen sensitivity. However, some altered 
behaviors are unlikely to be under the control of andro¬ 
gens. The altered response of zebra finches to novelty 
could point to yet-to-be-identified organizational modi¬ 
fications of neural functions that underlie differences in 
coping style or personality. Alternatively, they could be 
nonspecific and general carry-over effects of differential 
growth in early life (see later) or be caused by neuro¬ 
chemical modifications that influence a wide array of 
behaviors such as the dopaminergic or serotonergic sys¬ 
tem that in turn influences for example, impulsivity, a trait 
related to personality too. For an understanding of the 
evolutionary consequences of maternal effects on behavior, 
it is now critical to identify the potential developmental 
hormone targets in the embryo. If brain areas of the 
neuroendocrine circuitry and pathways of aggressive and 
sexual behavior are targets (i.e., by expressing functional 
androgen receptors) and the properties of these targets in 
the adult offspring vary with early hormone exposure, we 
will have evidence that maternal hormones modify specific 
behavioral modules rather than having unspecific effects 
of a more general nature. 

Sex-specific (linked) and sex-independent effects pro¬ 
vide another type of results whose better understanding is 
critical to test or generate hypotheses about the role of 
maternal effects on behavior in evolution. Depending on 


the species, nestling begging, mass gain, structural growth, 
and immune function can be impacted in either both or 
only in one sex. Adult aggressive behavior was enhanced 
by prenatal testosterone exposure in both sexes of the 
house sparrow (in a nonreproductive as well as a repro¬ 
ductive context) while enhanced sexual (courtship) behavior, 
normally performed by the male sex only in this species, 
was restricted to males. In black-headed gulls, in contrast, 
both sexes perform the same aggressive and sexual displays 
and both displays were enhanced in both sexes by exposure 
to androgens in the egg. 

A nonbehavioral example for a sex-linked effect comes 
from the dichromatic plumage of the house sparrow. 
Its male-specific plumage signal, the throat bib of black 
feathers, was enlarged by developmental testosterone 
exposure in males, but no such badge was induced by 
testosterone exposure in females that normally lack this 
trait. In contrast, in the sexually monochromatic black¬ 
headed gull, development of breeding plumage coloration 
was enhanced (or developed earlier) in both sexes. The 
molecular mechanisms of sex limitation and sex indepen¬ 
dency of maternal hormonal effects still wait to be studied, 
but three important messages can be extracted from these 
results. First, the degree of sexual dimorphism in the 
trait/species seems to play a role so that maternal steroids 
interact with both sex-limited and autosomal genes. This 
may not only be limited to traits that show sex-specific 
sensitivity to androgens such as aggression. For example, 
yolk androgens differentially affected growth in male and 
female chicks of several species. Second, in case of sex- 
independent effects, the evolution of a maternal hormonal 
effect for the benefits accrued by modifications of a cer¬ 
tain trait in one offspring sex can be constrained by 
concomitant effects on the other sex. Third, maternal 
hormonal effects do not just shift the phenotype of one 
sex toward that of the other sex. 

Related to the issue of sex-specific effects is the poten¬ 
tial influence of the hormonal state of the mother on 
propagule sex ratio. For example, an increase in the 
maternal concentration of corticosterone during egg pro¬ 
duction decreases the proportion of sons in broods of the 
homing pigeon ( Columba livia domestica), while an increase 
in testosterone concentrations increases the proportion of 
sons; similar findings have been reported for other bird 
species. Sex-specific mortality in response to prenatal 
hormone exposure is an unlikely explanation as there 
was no effect on embryo mortality. One possibility is 
that these hormones affect the segregation of the sex 
chromosomes (meiotic drive). In birds, the female is the 
heterogametic sex and is therefore potentially in some 
control of which sex to produce. Sex ratio may depend 
on female hormonal state as suggested by studies in the 
group of T. Groothuis. Sex determination obviously 
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affects behavior, but a wider discussion of maternal effects 
on sex ratio is outside the scope of this contribution. 

Adaptive explanations of hormone-mediated maternal 
effects have been inspired by the systematic variation in 
concentrations of maternal hormones in eggs resulting in 
differential exposure of the embryo among and within 
species. Most of the knowledge of this variation comes 
from studies of birds as well. The eggs of all bird species 
studied to date contain substantial amounts of androgens. 
Comparative analyses of altricial songbirds by the groups 
of H. Schwabl and T. E. Martin and others suggest that 
variation in androgen concentrations may be an adapta¬ 
tion to ecological conditions to modify development rate 
of the embryo and nestling in relation to time-dependent 
mortality by predation. The results indicate that high 
predation rate on eggs or chicks may be linked to androgen- 
mediated higher rate of development. This is consistent 
with results that manipulations of egg androgen concen¬ 
trations can shorten the time from onset of incubation 
to hatching (i.e., the embryo period) in some species. 
Whether and how slow or fast development influences 
behavior and other traits remains to be shown. 

Variation in egg hormone levels among females of the 
same species can be attributed to variation in environ¬ 
mental factors such as breeding density, food abundance, 
or paternal quality. These environmental factors may 
affect food provisioning by the parents as well as compe¬ 
tition among unrelated individuals in early life (after 
fledging in altricial species and already before that time 
in semiprecocial species). This is consistent with results 
from experimental studies demonstrating effects of an¬ 
drogen manipulations in the egg on begging and aggres¬ 
sive behavior of chicks. 

Variation of androgen levels among the eggs within a 
clutch (eggs are usually laid with an interval of one or 
several days) often reveals a systematic pattern. For exam¬ 
ple, yolk androgen concentrations increase with every suc¬ 
cessively laid egg of a clutch in many bird species. Later- 
laid eggs usually hatch later than those from earlier-laid eggs 
in the sequence (due to the onset of egg incubation by the 
parent(s) before a clutch is complete) that results in an age 
hierarchy among siblings. Consequently, chicks hatching 
from later-laid eggs have to compete with older nest mates. 
Greater embryonic exposure to androgens may mitigate 
their disadvantages. In some other species, in contrast, a 
late onset of incubation and lower androgen levels in later- 
laid eggs may work in tandem to result in an even more 
tilted competitive hierarchy in order to facilitate brood 
reduction. This hypothesis of hormonal favoritism formu¬ 
lated by H. Schwabl and D. Mock is also consistent with 
the effects of androgens on begging and hatching. To what 
extent the offspring may be able to modify the maternal 
signal or its response to it is addressed in section ‘Who Is 
in Control: The Mother or the Offspring, None or Both?’. 


Mammals 

x4 classical case for studies of androgen-mediated mater¬ 
nal effects in mammals is the masculinization of the 
female spotted hyena (Crocuta crocuta). Like in some 
other mammals, female spotted hyenas possess a pseudo¬ 
penis, seem to be relatively aggressive, and are dominant 
over males. In addition, the pups are born precocially and 
engage in sibling competition, expressed as overt aggres¬ 
sion, soon after birth. It has been hypothesized that these 
unusual traits result from exposure of females to enhanced 
levels of androgens such as androstenedione circulating in 
the mother during pregnancy. Experimental evidence by 
C. Drea and colleagues suggests that the development of 
the pseudopenis is at least partly under direct genetic 
control, while its size depends partly on maternal androgens. 
The work of K. Holekamp and her colleagues provides 
some evidence for rank-related and androgen-mediated 
maternal effects on offspring aggressive behavior, but a 
causal relationship between exposure to maternal androgens 
and sibling competition, female aggression, and dominance 
is as yet not fully established. 

In several mammalian species, for example, pigs and 
rodents, in which several fetuses develop next to each 
other along one of the two uterine horns, adjacent siblings 
hormonally influence each other’s behavioral and physio¬ 
logical differentiation. This is best documented for mice 
and gerbils by the work of F. vom Saal, J. Vandenbergh, 
M. Clark, and J. Galef. They showed that for example females 
positioned between two brothers differ from females posi¬ 
tioned between two sisters in multiple traits, including 
aggression, length of the estrous cycle, morphology, and 
the sex ratio they will produce themselves. Moreover, 
prenatal exposure to androgens produced by brothers 
induces a larger and more male-like urogenital distance 
in females. Although these effects are not directly caused 
by maternal hormones, they still can be considered hormone- 
mediated maternal effects since the position of a fetus 
relative to its brothers and sisters is a maternal trait. 
Moreover, females producing sex ratios skewed to sons 
expose their daughters to more testosterone via their sons. 

Other Vertebrate Classes 

Another intriguing example by which mothers indirectly 
influence early hormone exposure of their offspring is 
temperature-dependent sex determination, for example 
of reptiles. Mothers of these species bury their eggs and 
the location and depth of the nest in the substrate deter¬ 
mines incubation temperature. Incubation temperature, 
in turn, determines the sex ratio of the propagule. Elegant 
work by D. Crews and others suggests that develop¬ 
mental temperature influences sex determination by tem¬ 
perature-dependent hormonal mechanisms such as the 
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rate of conversion of testosterone to estradiol. Interest¬ 
ingly, reptile eggs contain also maternally deposited tes¬ 
tosterone and estradiol suggesting that, in addition to nest 
site selection, maternal steroids may provide a direct 
pathway for the mother to affect the sex, and thereby 
the behavior, of her offspring. 

Our brief review of hormone-mediated maternal 
effects emphasizes the abundance, complexity, and diver¬ 
sity of maternal effects on behavior and other offspring 
traits raising a series of fundamental questions about their 
mechanisms, functions, and evolution which we will 
address in the next section. 

Fundamental Questions 

Despite the current attention for hormone-mediated 
maternal effects by evolutionary and behavioral ecolo¬ 
gists, several critical and fundamental issues are unre¬ 
solved and underappreciated for further understanding. 
Their following discussion may provide readers with both 
an up-to-date impression of relevant critical questions 
and state-of-the-art current information. 

What Are the Mechanisms Underlying Hormone- 
Mediated Maternal Effects? 

For historical reasons, research in behavioral biology is 
somewhat dichotomized. On the one hand, behavioral and 
evolutionary ecology focuses on the function and evolu¬ 
tion of behavior; on the other hand, behavioral physiol¬ 
ogy, neuroethology, and biomedical behavior research 
focuses on the proximate mechanisms of behavior. For 
example, behavioral ecology is concerned with how dif¬ 
ferent behavioral phenotypes are related to ecology, how 
behavioral phenotypes affect fitness components, and why 
they coexist in a population. Neuroethology and neuro¬ 
endocrinology, in contrast, are interested in how a certain 
environmental cue is translated into a behavioral response 
or how behavioral differences, for example between the 
sexes, develop. To move forward in our currently limited 
understanding of the role and scope of maternal effects on 
behavior in evolutionary processes, these complementary 
approaches and perspectives need to be integrated and 
combined with concepts of evolutionary developmental 
biology and life-history theory such as developmental 
plasticity and reactions norms. 

The mechanisms by which maternal effects are 
mediated in the developing offspring are one of the keys 
to evaluate and test proposed adaptive hypothesis. Yet, 
these mechanisms are currently little understood ham¬ 
pering progress at the ultimate research front. Exceptions 
are very informative studies of a few laboratory model 
systems such as the impact of maternal parenting style on 
the differentiation of the stress response axis and adult 
behavior in laboratory rats. Hormone-mediated maternal 


effects, in particular those employing signaling by mater¬ 
nal steroid hormones in avian eggs, provide a suitable 
system for such mechanistic analyses in an ultimate con¬ 
text. With caveats pointed out later on, the classical con¬ 
cept of activational versus organizational hormone action 
provides us with a useful tool and framework to guide 
research into the mechanisms by which maternal steroids 
modify behavior. 

Injections of androgens into avian eggs (most studies 
used testosterone, although the hormone cocktail in eggs 
includes other steroids, such as the androgenic testoster¬ 
one precursor androstenedione, the testosterone metabo¬ 
lite and more potent androgen 5oc-dihydrotestosterone, 
and the glucocorticoid corticosterone) influence multiple 
and diverse behavioral and nonbehavioral traits in early and 
in adult life of the offspring (see section ‘Abbreviated 
Review’). What are the underlying mechanisms of these 
effects? A first step to address this question is the identifi¬ 
cation of the hormonal targets in the embryo. Such infor¬ 
mation is currently limited by the focus of previous 
research on sexually dimorphic structures and sex differ¬ 
ences. For begging, for example, such targets could be 
neurons and/or myocytes of the neuromuscular module 
that underlies the begging reflex, for which there is 
already some evidence. However, they might also be 
components of systems and organs that regulate metabo¬ 
lism and growth (e.g., the liver and the growth-hormone 
pathway) if hormonal effects on begging are indirect. For 
influences on neonatal exploratory behavior, hormonal 
targets might be in sensory, perceptual, motivational, 
and neuroendocrine systems. Early effects of maternal 
testosterone on nestling phenotype also include nonbe¬ 
havioral traits such as immune function, metabolism, and 
growth. Consequently, we might expect to identify immune 
organs/cells (e.g., bursa Fabricius and thymus), mitochondria, 
and/or components of the hypothalamus-pituitary-thyroid 
axis and hypothalamus-pituitary-somatic axis as targets 
as well. Delineating these developmental targets of mater¬ 
nal steroids is important to understand effects on certain 
traits and crucial to inform research focusing on ultimate 
adaptive functions. Such research will also provide critical 
information on physiological constraints resulting from 
effects on multiple traits (pleiotropy, see section ‘How to 
Explain the Multiple Effects of Maternal Hormones?’). 

Long-term effects of maternal steroids on behavior, 
for example on the expression of sexual and aggressive 
behavior later in life, resemble those of organizational 
hormonal actions during sexual differentiation. Organiza¬ 
tional actions are permanent and irreversible develop¬ 
mental modifications that are not a consequence of sex 
differences in adult hormone levels, although sex-specific 
hormone production profiles inducing sex-specific be¬ 
havior profiles can themselves be consequences of early 
organizing effects. Given the fact that the yolk is entirely 
consumed a few days after hatching, altered chick 
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behavior several weeks after hatching are long term as 
well and may be considered organizational too, although 
its reversibility is difficult to test given the disappearance 
of most juvenile behavior later in life. This illustrates that 
the dichotomy of organizational versus activational effects 
is somewhat artificial. 

A large body of research of sexual differentiation iden¬ 
tified central and peripheral structures to be hormonally 
organized by sex-specific differential hormone secretion 
in early life. The mechanisms include modifications in the 
capability/sensitivity to respond to hormonal or nonhor- 
monal signals in adulthood due to sex differences in 
neuron number, circuitry, and/or hormone response 
pathways such as receptors and hormone-metabolizing 
enzymes. At a first glance, long-lasting maternal hor¬ 
monal effects seem to involve similar mechanisms or 
may even be caused by the co-option of the existing 
pathways of sexual differentiation for maternal hormonal 
modifications. For example, in rodents, males have a 
larger urogenital distance and are more aggressive than 
females, and prenatal exposure to androgens produced by 
siblings induces a larger urogenital distance and enhances 
aggression in females. Likewise, in species in which 
females show signs of masculinized genitalia, females are 
often dominant over males. As described earlier, aggres¬ 
sive behavior is enhanced by yolk androgens in both sexes 
of adult house sparrows and black-headed gulls. At least 
in the house sparrow, the differences in adult aggression 
are not associated with differences in plasma levels of 
progesterone, testosterone, 5a-dihydrotestosterone, and 
17 (3-estradiol providing strong evidence that differential 
exposure of the embryo to maternal testosterone perma¬ 
nently organizes neural pathways of aggression, that is, 
their sensitivity to hormones in adulthood, in both sexes. 

However, maternal hormonal effects appear to also 
differ from classical hormonal organization of sex differ¬ 
ences, unless there is sex-specific developmental exposure 
to maternal hormones, for which there is some evidence 
in birds. Organization of sex differences results from a 
lack of embryonic/fetal production of a certain hormone 
during a critical developmental phase in one sex, termed 
the ‘default’ sex (differentiation in the absence of the 
hormone). When this ‘default’ sex is experimentally 
exposed to the hormone during the critical phase, the 
behavioral phenotype is shifted toward the hormonally 
organized sex (in which the embryo does produce the 
hormone). The conventional terminology for such effects 
is ‘masculinization’ of females in mammals, where expo¬ 
sure to exogenous testosterone can induce male charac¬ 
teristics, or ‘demasculinization’ of males in birds, where 
exogenous estradiol can induce female characteristics (see 
also later). However, some traits, for example the badge of 
black feathers on the chin of male house sparrows which 
is absent in female house sparrows, can be increased by 
exogenous (maternal) testosterone in genetic males, but 


cannot be induced at all in genetic females. This is incon¬ 
sistent with the view that maternal androgens simply 
‘interfere’ with sexual differentiation and ‘masculinize’ 
females. Rather, the observation points to an interaction 
between sex-limited genes and testosterone. Thus, on the 
one hand, maternal hormonal effects do resemble those 
of the classical vertebrate sexual differentiation model of 
brain and behavior. But, on the other hand, they hint at 
novel, yet-to-be-identified mechanisms and targets that 
result in individual variation of traits including behavior 
within sexes. Research is urgently needed to dissect these 
sex-linked and sex-independent mechanisms of long-term 
organizational actions of maternal hormones. Clearly, 
maternal hormones do not appear to just interfere with 
the basic hormonal mechanisms of sexual differentiation. 

Why Do Maternal Hormones Not Interfere with 
Sexual Differentiation? 

Natural levels of maternal androgens in the avian egg do 
not interfere with sexual differentiation as expected by 
the classical model of vertebrate sexual differentiation. 
x\lthough this seems puzzling at first, there are simple 
explanations for this apparent paradox. First and suffi¬ 
cient is ‘dosis facit venenum’ - as noted in 1535 by Para¬ 
celsus. All experiments demonstrating a role of steroids 
(androgens and estrogens) in the sexual differentiation of 
brain and behavior of birds applied supraphysiological 
doses that often affected differentiation of the primordial 
gonad into an ovary or testes. Lower doses, still orders of 
magnitudes higher than those of maternal androgens and 
estrogens occurring naturally in avian eggs, were, how¬ 
ever, ineffective to reverse the pathways guided (without 
the hormone) by genetic sex. Thus, the effects of variable 
concentrations of maternal androgens in the egg on many 
traits cannot be explained by interference with the basic 
processes of sexual differentiation with either females just 
being ‘masculinized’ or males being ‘feminized’ at the 
gonadal or secondary sexual trait level. Other explana¬ 
tions, such as different timing of hormone-regulated 
developmental processes, critical periods, metabolism 
and inactivation of maternal steroids by the embryo, dif¬ 
ferent endogenous doses, and different hormones being 
involved, put forward to explain this apparent paradox 
might also apply but one of the most parsimonious expla¬ 
nations is dose. 

Second, in birds, the steroid most closely associated with 
sexual differentiation of the gonad, the brain, and behavior 
is estradiol. Almost all experimental studies of maternal 
hormonal effects have been conducted with androgens, 
particularly with testosterone which can be converted to 
estradiol by the enzyme aromatase. Since male avian 
embryos do not seem to have high levels of aromatase 
activity, we do not expect testosterone to affect their sexual 
differentiation. Indeed, natural concentrations of estradiol 
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in egg yolk are much lower than those of androgens, 
perhaps to avoid interference with estradiol-regulated 
components of sexual differentiation. In mammals, how¬ 
ever, testosterone is the effective hormone for sexual 
differentiation (channeling phenotype into the male path¬ 
way), but again, experiments in mammalian sexual differ¬ 
entiation have used pharmacological and not physiological 
levels of testosterone. 

Third, the last decades of research of sexual differenti¬ 
ation of brain and behavior experienced a paradigm shift 
changing focus from hormonal organization to direct 
effects of genes without hormones as intermediaries 
from gene to phenotype. This shift resulted among other 
findings from a failure to completely sex-reverse singing 
behavior and the sexually dimorphic neural song control 
system of songbirds by early steroid exposure. Indeed, 
evidence is rapidly accumulating that sexual differentia¬ 
tion of at least some sexually dimorphic behavioral traits 
and brain structures and functions does not require a 
hormonal link between gene(s) and trait differentiation. 
Moreover, both male and female genes and not only the 
absence of a certain gene in one sex and its presence in the 
other turn out to be important to determine sex differ¬ 
ences in vertebrates. Consequently, the view of a default 
sex (no sex gene and no hormone in the homogamete) and 
an organized sex (sex gene and hormone in the heteroga¬ 
mete) became too narrow to understand the development 
of sex differences in adult traits including behavior. A re- 
evaluation of the gene-hormone-sexual differentiation 
hypothesis and relaxation of some of its stringent assump¬ 
tions is warranted. A wider view of sexual differentiation 
mechanisms needs to accommodate classical and new 
results from sexual differentiation research as well as 
results of maternal hormonal effects. We propose that, 
rather than hormones guiding sex differences, they are 
modifiers of genetically regulated developmental path¬ 
ways with maternal steroids acting to cause some of the 
within-sex, individual variation in traits (developmental 
plasticity). It is suggested that the cascade of events from 
gene(s) via hormones to phenotypes opens a window to 
the environment to induce variation in phenotypes. In 
comparison to classical sexual differentiation in which 
the hormone is seen as a developmental switch channeling 
differentiation into one of two pathways (the sexes), our 
view suggests hormones cause developmental modifica¬ 
tion along a continuum within these pathways. This 
hypothesis can be examined by identifying embryonic 
hormone targets and studying differential expression of 
sex-chromosomal and autosomal genes in response to 
physiologically, developmentally, and ecologically rele¬ 
vant doses of exogenous hormones. 

From an evolutionary perspective, it might be the 
hormonal intermediary (providing a window to the envi¬ 
ronment) in the pathway from genes to phenotype that 
allowed for the evolution of adaptive maternal effects by 


co-option of the basic hormonal pathway. It will be infor¬ 
mative to investigate which traits include a hormonal link 
in their developmental differentiation and which do not. 
In this context, our next two fundamental questions - 
pleiotropy of maternal hormonal effects and indirect and 
direct effects - become relevant. 

How to Explain the Multiple Effects of Maternal 
Hormones? Understanding Pleiotropic Actions, 
Integrated Phenotypes, Modularity of Traits, and 
Direct and Indirect Effects 

One of the hallmark properties of hormones is their action 
on multiple targets. On the one hand, this allows for a 
coordination and integration of components that interact 
to produce a trait, but, on the other hand, this can cause 
tradeoff by antagonistic effects. For example, in the adult 
male vertebrate testosterone affects immune function, 
sexual and aggressive behavior, brain function, sperm 
maturation, metabolism, muscle mass, and sexual orna¬ 
mentation. Similarly, the effects of maternal androgens in 
the avian egg on offspring phenotype are diverse (see 
section ‘Abbreviated Review’). Are these multiple actions 
reflecting integrated maternal modification of offspring 
trait networks to enhance fitness? Or, are they reflecting 
constraints and tradeoffs by antagonistic pleiotropy that 
will set limits to the modification of a certain trait by the 
mother? A first step to differentiate between these alter¬ 
natives is to identify the cellular targets of maternal hor¬ 
mones in the early embryo. For example, the presence of 
androgen receptors in certain brain structures such as the 
Nucleus taenia , the avian homolog of the mammalian 
amygdala and potentially involved in the regulation of 
aggressive behavior, and the preoptic area , involved in the 
regulation of sexual behavior, and in immune organs such 
as the bursa Fabricius, important in humoral immunity 
would suggest that these traits are affected as a suite and 
may not be modified independently by the mother. Com¬ 
bined with complementary studies of developmental hor¬ 
mone exposure on the function of target organs, such 
knowledge will lead to a better foundation for research 
concerned with adaptive functions. Both are currently not 
available. It also is important to consider dose-response 
relationships in such studies as these might differ among 
targets (traits) allowing for some flexibility. 

Mechanisms likely limit maternal ability to adaptively 
modify offspring phenotype. The observed modifications 
by maternal steroids of multiple traits may result from an 
effect on a single system with indirect consequences on 
other systems and traits. For example, enhanced metabo¬ 
lism as a result of maternal testosterone might indirectly 
influence begging behavior, growth, overall activity levels, 
and immune function. Moreover, differential growth re¬ 
sulting from variation in begging performance could the¬ 
oretically carry over into the adult phenotype with 
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individuals in better condition during development 
becoming dominant over others and showing elevated 
levels of aggression. Therefore, the observed long-term 
effects of developmental exposure to maternal hormones 
on adult behavior could just be indirect with general 
consequences on the activation of begging or even devel¬ 
opmental metabolism rather than representing organiza¬ 
tional hormonal effects on specific behavioral modules. 
As a consequence, such a scenario would not require that 
a maternal hormone impacts the differentiation of certain 
brain structures underlying the expression of a behavior 
such as aggression in adulthood. As mentioned before, a 
wide array of behavioral effects may be caused by hor¬ 
mones acting on one specific property of the brain influ¬ 
encing many behavioral domains, for example, impulse 
control or sensitivity to environmental cues. From the 
work of L. Rogers and the group of T. Groothuis, there 
is some evidence that prenatal exposure to steroid hor¬ 
mones affect brain lateralization, and the latter is known 
to affect a whole suite of traits including perception, 
cognition, and motor behavior. Also here, the identifica¬ 
tion of the developmental targets of maternal hormones 
using molecular tools is essential to differentiate between 
these alternatives that have critical implications for con¬ 
sideration of maternal effects as adaptations. 

Current research in behavioral biology shows great 
interest in correlated traits of behavior and physiology 
that seem to come as an integrated suite of diverse char¬ 
acters on which selection can act. Such suites of traits are 
now known as ‘animal personalities,’ ‘coping styles,’ 
‘behavioral syndromes,’ or ‘temperaments,’ and have 
been demonstrated in many animal species. For example, 
the group of J. Koolhaas demonstrated that mice artifi¬ 
cially selected for short or long attack latency differ in a 
wide array of other behavioral and physiological traits, 
such as adrenocortical stress response, androgen produc¬ 
tion, perception of environmental cues, nest building, and 
entraintment of the biological clock. Similar multiple trait 
differences were demonstrated by the group of R Drent 
and T. Groothuis and their collaborators in great tits 
P. major selected for exploration strategy in novel envir¬ 
onments. Are these phenotypic correlations the result of 
gene correlations (epistasis), gene pleiotropy, or pleiotro- 
pic effects of hormones during development? Quantitative 
genetic studies indicate large environmental, in fact 
maternal, components on trait variation such as sexual 
behavior in zebra finches T. guttata and personality in 
great tits. Recent research hints at an important role of 
maternal hormonal effects here. 

Most exciting, the eggs of females of the great tit lines 
artificially selected for exploration strategy differ in their 
concentrations of maternal hormones. Japanese quail 
Coturnix japonica lines artificially selected for their behav¬ 
ioral stress responses differ in yolk corticosterone and 
those selected for social reinstatement behavior in yolk 


androgen concentrations. Experimental manipulation of 
these yolk hormones affects ecologically relevant behav¬ 
ioral traits in the offspring, for example exploration of 
novel environments and adrenocortical stress response in 
domesticated Japanese quail, dispersal distance in free- 
living great tits, and social behavior in several species. 
Finally, personality affects fitness in natural environ¬ 
ments. This raises two exciting and novel possibilities 
that have strong implications for evolutionary synthesis. 
First, selection for behavior coselects for a maternal effect 
mechanism (hormone exposure of the embryo). Second, 
adult behavior that was selected for is caused by differen¬ 
tial developmental exposure to maternal hormones rather 
than by selection for certain behavior genes. Moreover, 
trait integration (functional correlation) in these pheno¬ 
types (e.g., behavioral style and physiological stress 
response) might result from the pleiotropic effects of 
maternal hormones on multiple systems during develop¬ 
ment rather than from genetic epistasis (correlated genes). 
Again, this hints at a modularity of maternal effects and 
the role of hormones in integrating module components. 

Who Is in Control: The Mother or the Offspring, 
None, or Both? 

The exposure of the embryo to maternal hormones has, as 
already mentioned, historically been considered a patho¬ 
logical epiphenomenon (i.e., insufficient protection of the 
embryo/fetus and leakage of maternal hormones, for 
example, across the placenta). With the current view of 
embryonic exposure to maternal hormones being an 
adaptive process and the finding that maternal hormone 
concentrations vary systematically in bird eggs, the pen¬ 
dulum has swung around and the predominant perspec¬ 
tive in behavioral ecology is now that mothers ‘control’ of 
how much hormone the embryo is exposed to. Current 
evidence does, however, not justify this extreme view. We 
need fundamental physiological research to establish 
whether mothers have for example evolved a specific 
transfer mechanism that may regulate embryo hormone 
exposure independently from their own exposure to these 
hormones. While the absence of such a mechanism does 
not exclude adaptive effects of maternal hormones, it may 
generate physiological tradeoff between the effect of the 
hormones on the mother and those on her offspring. 

Equally relevant here is the question to what extent the 
embryo is just a passive receiver of and responder to the 
hormonal signals of the mother, or whether it is able to 
modify its response in its own interest. This is especially 
important in the case of obvious parent-young conflict 
such as in the case of variation of maternal androgen 
concentrations among eggs of the same nest by which 
mothers may favor some siblings over others. Some have 
recently argued that maternal hormonal favoritism might 
not be evolutionarily stable because embryos might 




408 Maternal Effects on Behavior 


counter maternal ‘manipulation.’ For example, they might 
increase their sensitivity to the maternal hormone in brain 
areas that facilitate competitive behavior or increase their 
own production of the same hormone to make up for low 
levels of hormones provided by the mother. This argu¬ 
ment is invalid for two reasons. First, it assumes that an 
embryo has information on the position in the laying 
sequence it is developing in, which is implausible. Second, 
it ignores that offspring countermeasures to maternal 
manipulation may have costs for the fitness of its siblings 
and the fitness of the mother, severely hampering this 
scenario. However, it is possible that embryos downregu- 
late hormone sensitivity in certain organs such as those 
of the immune system to avoid concomitant immunosup¬ 
pressive effects that might come with the beneficial effects 
of the maternal hormone, for example, on begging. Very 
recent studies in the groups of Groothuis (birds) and 
Bowden (turtles) suggest that embryos metabolize mater¬ 
nal steroid hormones already very early in development, 
but much more work is needed here before we will be able 
to decide in how far the offspring can play an active role 
in shaping its response to maternal hormones. Perhaps 
embryonic hormone conversion functions to enable the 
chick to regulate its exposure to the hormone, using the 
metabolites as a depot, avoiding detrimental effects of 
exposure to too high levels at vulnerable times. 

How to Make Evolutionary Sense of Maternal 
Effects Expressed During Different Life-History 
Stages? 

As already discussed, hormone-mediated effects are 
expressed both in early life and adulthood. We suggest 
that different selection scenarios favor actions on traits 
of these different life-history stages. Modifications ex¬ 
pressed in early life-history stages such as those on beg¬ 
ging are most likely shaped by intrafamily genetic conflict 
(parent offspring, siblings) over parental investment. 
Modifications becoming apparent in later stages, for 
example those on aggression and sexual behavior, in con¬ 
trast, may be shaped by common interests of mother and 
offspring in competing for resources with nonrelated con- 
specifics. As explained in the previous section, in sibling 
competition, the interests of the mother are in conflict 
with those of the offspring, and therefore evolution of 
mechanisms in the offspring to counteract maternal hor¬ 
monal manipulation might be expected based on theoret¬ 
ical considerations, but not occur because of constraint on 
their evolution. In competition with unrelated conspeci- 
fics, in contrast, the mother’s and offspring’s interests 
coincide and therefore co-evolution of maternal signaling 
mechanisms and offspring responses to the maternal 
signal as an integrated adaptive maternal effect can be 
expected. A comparison of intra-versus interfamily 


variation in the intensity of the maternal signal (hormone 
concentrations) might hint at the relative importance of 
within- and among-family conflict in shaping these 
maternal effects. For example, larger variation among 
than within families in yolk testosterone concentrations 
might suggest that it is among-family conflict that drives 
the maternal effect. And consequently, one might predict 
that in such species offspring countermechanisms to 
maternal manipulation are unlikely to evolve. However, 
early and late effects may also be coupled, again begging 
for more mechanistic research. 

Why Is Phenotypic Plasticity Relevant for 
Understanding Maternal Effects? 

The causes of variation in existing phenotypes, the raw 
target units for selection, are still not well understood. 
Mutations cannot easily explain, for example, rapid adap¬ 
tations to novel or changing environments. Maternal 
effects, in particular those that are environment based, 
could play an important role in the nongenetic induction 
of modified phenotypes that might be highly adaptive in 
changing or novel environments. This hypothesis puts a 
premium on phenotypic plasticity in two ways. First, 
developmental plasticity will determine in how far mothers 
can influence offspring phenotype both of early and later 
life-history stages. The concept of reaction norms that 
describes how variation of a certain environmental factor 
(e.g., the different concentrations of maternal hormones in 
the eggs of a clutch) modifies the phenotype produced 
from a certain genotype (family) might be useful here as, 
in physiological terms, reaction norms are dose-response 
relationships in different genotypes. Such studies, inte¬ 
grating tools and approaches of population genetics, 
developmental biology, and life-history theory are still 
very rare. Second, plasticity of the mother in her reaction 
to environmental cues will determine in how far she is able 
to modify the developmental environment of her offspring 
(e.g., hormone) to modify their phenotype in anticipation 
of a certain offspring environment. This requires integra¬ 
tion of approaches of behavioral ecology, neuroethology, 
reproductive biology, and neuroendocrinology to study 
adult plasticity. 

As addressed in the abbreviated review section, 
mothers, at least avian mothers, transfer different amounts 
of hormones to their embryos depending on a range of 
environmental factors. Recent research indicates that they 
also seem to be able to make such adjustments rather 
rapidly, within a few days. This suggests strong selection 
acting on maternal neuroendocrine systems that function 
to transduce environmental cues into variable exposure of 
the embryo to maternal hormones to achieve effects on 
offspring phenotype, often its behavior. Yet, we still know 
very little of how these egg hormone levels are regulated 
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in response to cues experienced by the mother and how 
they reach the egg. These are two important pieces of 
mechanistic information whose lack severely hampers 
progress in understanding adaptive maternal effects 
in evolution. 

Although comparative studies generated evidence that, 
for example, yolk androgen levels correlate with variation 
in selection pressures, for example, time-dependent off¬ 
spring mortality by predation rates on eggs and nestlings, 
and that in turn embryo and nestling development rates 
correlate positively with androgen levels in eggs, we do 
not know if individual females can translate perceived 
probabilities of nest predation into differential deposition 
of growth-promoting hormones into eggs. Has the female 
brain and her neuroendocrine reproductive control sys¬ 
tem evolved under the selection of fitness consequences 
of maternal effects realized in the offspring? 

Are Maternal Effects a Bet-Hedging Strategy? 

Phenotypes are the targets of selection (natural and sex¬ 
ual) and the ability of females to vary the intensity or 
quality of the maternal effects can potentially allow them 
to ‘create’ multiple phenotypes within and among propa- 
gules. In birds, for example, this could be achieved by 
intraclutch and interclutch variation in yolk hormone 
concentrations. The existence of multiple phenotypes of 
siblings within a propagule might be particularly advan¬ 
tageous in unpredictably fluctuating environments, repre¬ 
senting a form of bet hedging by the female that could 
ensure that at least some of the offspring fit an environ¬ 
ment. Production of different offspring phenotypes 
among propagules produced over an extended reproduc¬ 
tive period might also be advantageous when there are 
predictable short-term changes in ecological conditions. 
For example, adjusting the phenotype of offspring born 
later in the season by hormonally enhancing their pro¬ 
pensity to aggressively compete for food resources as 
population density and the number of competing nonre- 
lated juveniles are expected to increase could enhance 
reproductive success as well as survival of the offspring. 
Elevated yolk testosterone levels with progress of the 
breeding season and enhanced aggression of independent 
juvenile and adults in response to their exposure to high 
levels of testosterone in the eggs in some species such as 
the house sparrow lend support to this function. 

Are Maternal Effects Epigenetic 
Transgenerational Effects? 

As we have seen, maternal effects include modifications 
of development that carry through an organism’s entire 
life span likely caused by permanent developmental 
influences on the expression of certain genes. Conse¬ 
quently, they can be viewed as epigenetic in the broad 


sense of Waddington. Are they also epigenetic in the 
narrow sense that requires transmission of modifications 
in gene expression over several generations? Here, two 
sets of laboratory studies with rodents are instructive. 
The group of M. Meaney has demonstrated that style of 
maternal care epigenetically programs rat pups in the 
broad sense. Individuals raised by mothers that differ in 
licking and grooming of their pups differ in their adult 
adrenocortical stress response resulting from permanent, 
but reversible methylation of a promoter for the expres¬ 
sion of the glucocorticoid receptor. Maternal parenting 
style also programs behavioral syndromes (modules) in 
both sexes, such as sexual behavior and behavior in open 
field tests that reflects motivational state in novel envir¬ 
onments. Importantly, mothering style is affected by 
the maternal stress response system perpetuating the 
effect into the following generation. In this case, the 
epigenetic maternal effect is transgenerational, although 
transmission between generations is via maternal behav¬ 
ior rather than the transmission of epigenetic modifica¬ 
tions of gene expression. Similarly, D. Crews, M. Skinner, 
and their collaborators found that in utero exposure of 
mouse fetuses to vinclozoline, a fungicide that interacts 
with the androgen receptor programs a suite of behav¬ 
iors and traits of the adult offspring including their mate 
choice, sexual behavior, and anxiety-related behavior. 
Effects of in utero vinclozoline exposure also include 
a host of pathologies that are carried on, through the 
male germ line, for several generations. Thus, in this 
case, there is some evidence for the transmission of 
modification of gene expression across generations. Does 
such transgenerational transmission of nongenetic devel¬ 
opmental modifications also hold for maternal effects that 
are mediated by naturally variable exposure to maternal 
hormones, such as testosterone in birds? This exciting 
possibility is in urgent need of investigation and has 
tremendous implications for the role of maternal effects 
in evolutionary trajectories. 

From a functional evolutionary perspective, both nar¬ 
row sense (transgenerational via modified gene expres¬ 
sion) and broad sense (occurring only in the first 
generation) epigenetic maternal effects might differ dra¬ 
matically in their consequences. Broad epigenetic effects 
will allow each individual mother (of subsequent genera¬ 
tions) to gauge environmental conditions and adjust her 
offsprings’ phenotypes, with the epigenetic marks being 
erased after each generation. Epigenetic maternal effects 
in the narrow sense, in contrast, would influence several 
generations of offspring limiting flexibility for individual 
mothers of successive generations to adjust offspring phe¬ 
notype. It remains to be shown if maternal effects are 
transgenerational in nature, if so how they are transmitted 
and how long modifications last, which traits are affected, 
and how ancestral epigenetic marks are being erased. 
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Maternal Effects on Behavior as 
Evolutionary Force 

Maternal effects on behavior may have a particularly 
strong impact on evolutionary processes, regardless of 
whether behavior drives evolution, as assumed tradition¬ 
ally, or whether it slows evolution, as proposed as a recent 
alternative hypothesis. After all, it is behavior that allows 
animals to compete and interact with conspecifics, explore 
and exploit novel environments, and respond to changes 
in their environment. Indeed, maternal hormonal effects 
often impinge on behavioral traits particularly those that 
regulate competitive and sexual behavior and responses to 
environmental change. Again, an instructive example is 
the aviary study by the group of H. Schwabl of house 
sparrows in which both males and females hatching from 
testosterone-injected eggs exhibited higher aggression and 
showed greater ability to obtain and defend a nest site. 
Although we presently do not know if such modifications 
of competitive behavior influence fitness in normal envir¬ 
onments, it is likely that they do, for example when there 
is great competition for limited nesting sites. A related 
example comes from research by the group of T. Groothuis 
on black-headed gulls. Mothers breeding in colonies with 
high density produce eggs with higher concentrations of 
androgens. This enhances the chicks’ ability to defend the 
territory when the parents are absent to forage. This is 
especially important at high breeding density because chicks 
from other broods may try to steal regurgitated parental 
food. A third instructive example is maternal hormonal 
effects on dispersal distance in great tits in relation to 
ectoparasite prevalence in the nest, as found by B. Tschirren, 
an observation suggesting potential implications for the 
co-evolution of host and parasites. 

Such evolutionary considerations need, however, to be 
informed by knowledge of mechanisms. This can be illu¬ 
strated with results from the house sparrow. Enhanced 
adult aggression by early testosterone exposure in the 
egg occurred without any differences in adult hormone 
levels, indicative of‘organization’ of brain function in the 
classical neuroendocrine sense. By this mechanism, the 
aggressive potential of the offspring can be enhanced 
without increased adult testosterone levels possibly avoiding 
antagonistic pleiotropic effects such as immunosuppression 
and removing constraints that might impede evolutionary 
change via the maternal effect on behavior. 

Is There Also a New Role for Behavioral 
Ecologists? 

We have argued that more insight into the mechanism 
underlying hormone-mediated maternal effects is critical 
for understanding all four of Tinbergen’s questions regarding 
these effects: their causation, function, evolution, and 
developmental plasticity. This requires input from for 


example neurobiology, endocrinology, embryology, and 
molecular genetics. There is an important role for behav¬ 
ioral ecology to play. First, the increasing appreciation 
for maternal effects as adaptations is not yet sufficiently 
supported by data demonstrating enhanced fitness con¬ 
sequences of such effects. Some data show positive effects 
on fitness-related processes such as early growth, but 
others show negative effects such as on immune function 
suggesting tradeoffs. Because of these potential tradeoffs, 
it is indispensable to obtain information on survival and 
reproductive success. Only very few studies have generated 
data on chick survival and as yet no study has demonstrated 
effects on reproductive success, let alone inclusive fitness. 
Second, if hormone-mediated maternal effects function to 
adjust offspring to specific environmental conditions, and 
if such effects generate tradeoffs in the offspring, their 
fitness benefits should depend on context, but context was 
hardly taken into account in studies, probably because it 
requires additional experimental groups and more complex 
experimental designs. Third, because of the potential of 
parent-offspring conflict, fitness consequences have to be 
analyzed separately for both the mother and the offspring. 
Thus, for the time being, the interpretation of mothers 
‘adjusting’ their hormonal ‘investment’ in chicks by differ¬ 
entially ‘allocating’ hormones should be taken with caution. 
As long as we do not know whether mothers are able to 
actively modify hormones exposure of offspring and to 
what extent these hormones are costly for the mother or 
the young, such a perspective is unjustified. 

See also: Development, Evolution and Behavior; Differ¬ 
ential Allocation; Female Sexual Behavior: Hormonal 
Basis in Non-Mammalian Vertebrates; Neural Control of 
Sexual Behavior; Neurobiology, Endocrinology and Be¬ 
havior; Sex Allocation, Sex Ratios and Reproduction; 
Spotted Hyenas. 
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Exotic Species 

Exotic species have been intentionally introduced world¬ 
wide for economic purposes or for biological control. 
However, accidental introduction has been common too. 
In any case, a frequent outcome of introductions is the 
extinction of the exotic species. If, however, exotics are 
able to adapt to novel conditions, a variety of outcomes is 
expected. In some cases, exotic and native species may 
reach a stable equilibrium if resources are abundant and 
competitive interactions between the two are sufficient to 
maintain them close to equilibrium. In others, interactions 
between exotics and natives may result in competitive 
exclusion and displacement of the native species. 

For example, Mauritius Island was once home to a variety 
of endemic geckos of the genus TV actus. After the introduction 
of the house gecko (native to southeast Asia), Hemidactylus 
frenatus , most populations of Nactus geckos were displaced to 
the surrounding islets, including the night gecko, Nactus 
soniae , a species that was described only last year. The ability 
of house geckos to aggressively occupy refugia already taken 
by endemic geckos was responsible for such displacement. 
In the only islet where house geckos coexist with the night 
gecko, the night gecko possesses a superior ability at grip¬ 
ping the powdery tuff rock substrate of this Mauritian islet. 

Displacement from preferential sites does not always 
take place aggressively Red-eared sliders, Trachemys 
scripta elegans , are present in the pet trade in virtually 
any location. In Europe, these popular turtles have been 
introduced into aquatic ecosystems where freshwater tur¬ 
tle diversity is lower than in the native habitat of the red¬ 
eared slider. Therefore, native species, such as the Euro¬ 
pean pond turtle, Emys orbicularis , which are commonly 
the dominant species in a given pond, have gradually been 
displaced from preferred basking sites by red-eared sli¬ 
ders. In such cases, the native turtles simply avoid basking 
spots already chosen by the exotic species, with a 
subsequent reduction in heating efficiency that may neg¬ 
atively impact the other daily activities of E. orbicularis. 

Indirect feeding competition is another mechanism 
responsible for the decrease of native populations after 
introductions of exotic species. In Hawaii, the introduced 
house gecko {H. frenatus) feeds on the same insects as the 
native gecko Eepidodactylus lugubris. However, the superior 
ability of H. frenatus to deplete insects rapidly, especially 
when these occur in clumps, mean reduced acquisition 
rates for L. lugubris and, in turn, imply reductions in body 
condition, fecundity, and survivorship of the native gecko. 


Although competition may take place over feeding 
resources or space (refugia, sun-basking locations, or nest¬ 
ing places), it may promote other kinds of interspecific 
interactions that are also detrimental to the native species. 

Mating Interference 

Mating is a biologically universal process. Successful mat¬ 
ing depends, in part, on the proper functioning of premating 
and postmating reproductive barriers and also on the suc¬ 
cessful fusion of gametes to produce an embryo. Postmating 
mechanisms take place during or after the release of 
gametes and include biochemical recognition (or rejection) 
of gametes, and premating mechanisms comprise the pro¬ 
duction of species-specific visual, chemical, or acoustic 
signals expressed during courtship rituals aimed at achiev¬ 
ing mate recognition and/or successful release of gametes. 
For example, the acoustic signals produced by frogs of 
different species that live in sympatry have distinct acoustic 
properties used by females to orient to conspecific males. In 
some nocturnal moths, females produce pheromones that 
attract only conspecific males. Male courtship in several 
species is a set of species-specific movements that allow 
the display of particular visual signals (color or size of 
secondary sexual characters) that are attractive only to 
conspecific females. The male vermillion flycatcher ( Pyro - 
cephalus rubinus) performs a ‘nuptial flight,’ a series of com¬ 
plex movements in front of and at the back of the female 
that allow it to display in full its bright red color. Although 
there are several bird species that also display red plumage 
in the flycatcher’s habitat, conspecific male courtship is 
needed for the female to accept copulations. 

However, premating mechanisms are a relatively weak 
barrier and do not completely prevent interspecific mat¬ 
ing from taking place. In addition, some environmental 
factors may hinder mate recognition: man-made or natu¬ 
ral noise may prevent the transmission of acoustic signals; 
water turbidity may interfere with the reception of visual 
signals; or water pollution may make chemical mate rec¬ 
ognition confusing. Even when the transmission of mate 
recognition signals is working appropriately, courtship 
persistence may have been favored in some organisms, 
causing some species to mate or attempt mating with 
biologically different, yet attractive species. Incomplete 
mate recognition leads to mating attempts, which amount 
to mating interference and may carry associated costs to 
one or both species. 
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Anthropogenic effects may promote mating interfer¬ 
ence: mate recognition is reduced due to chemical inter¬ 
ference as a result of the disposal of chemical substances 
into rivers; female swordtail fish, Xiphophorus birchmanii , fail 
to show preference for either conspecific males or hetero¬ 
specific Xiphophorus malinche males when they are tested in 
water from a river subject to sewage effluent and agricul¬ 
tural runoff, while they show preference for conspecific 
over heterospecific males in spring or tap water. Eutrophi¬ 
cation of aquatic systems leads to incomplete mating isola¬ 
tion and/or hybridization that alters sexual selection; for 
example, eutrophication of Lake Victoria, the largest of the 
Great Lakes of Africa, has resulted in the loss of diversity of 
cichlid fishes; given that male coloration is costly to pro¬ 
duce and visibility is greatly reduced under turbid water 
conditions, sexual selection has relaxed and male colora¬ 
tion has decreased. Increased anthropogenic noise inter¬ 
feres with the acoustic communication of some insects, 
amphibians, and birds: female treefrogs ( Hyla chrysocelis) in 
Minnesota take longer to orient toward a speaker playing a 
male’s song that is being broadcast along with traffic noise, 
than when the same stimulus is played back without mask¬ 
ing noise. Introduction of exotic species due to accidental 
release, planned cultivation for commercial purposes, or 
biological control measures, can impact the survival of 
native species as in the case of introduced Trinidadian 
guppies ( Poecilia reticulata) that sexually harass endemic 
fish of the Mexican family Goodeidae, like Skiffia bilineata. 

Mating interference is not exclusively associated to 
anthropogenic activities that have mobilized species at a 
global level (accidental transport of continental species to 
islands on board ships; planned transport of exotic species 
to colonize habitats along with humans, or to be sold as 
pets or utility animals). It is also the result of natural 
dispersal. Natural dispersal may be spontaneous or grad¬ 
ual, depending on the conditions before dispersal: sponta¬ 
neous dispersal occurs in association with drastic climatic 
phenomena such as hurricanes or floods. During these 
events, many plant and animal species travel hundreds 
or thousands of kilometers, eventually stopping at novel 
locations where they either perish, or are faced with 
completely new living conditions where mating interfer¬ 
ence may take place. Gradual dispersal is more frequent 
than spontaneous dispersal and occurs as part of the life 
cycle of many species. Mating interference occurs in 
several species regardless of phylogenetic relationships, 
that is, genetic incompatibility between species is not a 
guarantee against interference. If interference occurs 
between exotic and native species, it may be of concern 
for the conservation of endangered species. 

Cases of Mating Interference in General 

Mating interference in animals has been extensively 
documented and different types of mating interference 


recognized, depending on the stage of mating at which 
interference takes place: before, during, or after mating. 

Premating interference may take place if the signals 
used in mate attraction do not reach the individual that 
has to be attracted because heterospecific signals emitted 
simultaneously prevent this type of communication to be 
completed. A summer night in any humid forest is bathed 
with the choruses of many sympatric frogs calling out for 
a suitable mate. Lor any of these frogs, distinguishing the 
right mate is complicated given the similarity among 
simultaneous calls; thus, such auditory masking can lead 
individuals to mistake heterospecifics for mates. Chemical 
signals used in courtship may also get jammed by hetero¬ 
specific signals and cause males of some butterfly species 
to be attracted to heterospecific females, as is the case in 
male butterflies of Heliothis zea exposed to a synthetic 
pheromone that mimics that of Heliothis virescens. 

Sometimes, when heterospecific males resemble con- 
specifics, males may engage in rivalry, displaying territo¬ 
rial behaviors to chase away individuals they have 
mistakenly recognized as intruders. Individuals engaging 
in territorial interactions incur substantial costs because 
time and energy and nutrients are wasted. Thus, this also 
amounts to mating interference. An interesting case is that 
of the amberwing Perithemis tenera. Although dragonflies 
usually compete for resources with amberwings, males 
chase away horse flies of the genus Tabanus and butterflies 
like Ancyloxypha numitor, ; which resemble conspecifics, 
instead of the intruding dragonflies! 

A third type of premating interference may arise when 
courtship is erroneously directed at heterospecifics. Note 
that misdirected courtship is different from signal jamming: 
while the latter prompts a modification of courting rituals 
in order to reach the target organism, or in some cases, it 
means that courtship activities are halted, the former does 
not prevent courtship from taking place. Misdirected 
courtship is the result of various factors; mate recognition 
traits among different species may overlap, or heterospeci- 
fics may resemble high-quality mates. In any of these cases, 
the courting individual will direct courtship effort toward 
the ‘wrong’ potential mate, and not toward a conspecific. In 
some islands of the Pacific, misdirected courtship occurs 
between invasive male Hemidactylus frenatus geckos and the 
larger females of the native H. garnotii geckos. Experiments 
with grasshoppers have also shown that male Tetrix cepero 
prefer to court the larger heterospecific Tetrix subulata 
females even when these reject them. Courted individuals 
may incur in costs due to wasted time and energy in 
rejecting approaches from unwanted males. In Mexico, 
males of the introduced Trinidadian guppy P. reticulata 
court conspecific females preferably, but also approach 
and attempt mating with females of the native S. bilineata , 
a distantly related fish whose appearance resembles that of 
a large P reticulata female. There is a cost associated to 
such interactions: when females of this species spend their 
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pregnancy with exotic males, their growth is slowed down 
in comparison to when conspecific males are around, sug¬ 
gesting that a compromise in resource assignment is es¬ 
tablished. In this matrotrophic species, the developing 
offspring may also suffer the consequences of reduced 
nutrient availability 

Finally, a fourth type of premating interference has to 
do with females erroneously choosing heterospecific males 
over conspecific males. Note that this is different from 
misdirected courtship in that the sex that exerts choice 
(in the majority of cases it will be the female), and not the 
one that courts, is responsible for the ‘wrong’ decision. As in 
the case of misdirected courtship, erroneous female choice 
may arise from an overlap in mate selection traits, from 
female insensitivity to differences in mate selection traits, 
or to sensory biases already present in females. Sensory 
biases are behavioral traits that evolved in contexts differ¬ 
ent to mating, but can, due to co-evolution of male-female 
mating traits, be adopted in mating rituals. For example, the 
freshwater fish Ameca splendens preys on insect larvae; male 
A. splendens show a terminal yellow band in the caudal fin 
that, when in movement, resembles a larvae. Because of 
a sensory bias, females are immediately attracted to such 
movements, facilitating female approach to the male, and 
thus, courtship. 

Interference that takes place during mating may occur 
if males are indiscriminate about which female to mate 
with, and skip courtship behaviors; it may also take place 
if one sex is not able to reject forced copulations from 
heterospecific mates. In the spider mites Panonychus mori 
and Panonychus citri , male P. citri , unlike its congeneric 
P mori , guard females indiscriminately, resulting in equal 
chances of copulating with conspecifics and heterospeci- 
fics. Female P mori do not reject males. Heterospecific 
copulation is completed earlier than in intraspecific mat¬ 
ings, and although a small proportion of heterospecific 
gametes are fertilized, all die during development or at 
the larval stage. Interspecifically, mated females of P. mori 
refuse subsequent males, which means that the opera¬ 
tional sex ratio becomes biased toward males, a situation 
that could drive sexual selection. However, eggs of P citri 
females can be fertilized successfully with conspecific 
sperm from subsequent males, and as a result, the repro¬ 
ductive rate of P citri males is higher than that of P mori. 
Taken together, the evidence suggests that interference is 
more intense for P mori than for P citri , and perhaps it is 
this that has driven some populations of P mori to local 
extinction even in areas of their distribution with more 
favorable climatic conditions. 

Finally, postmating interference takes place if postmat¬ 
ing isolation mechanisms are poorly developed and 
fertilization of heterospecific gametes takes place with 
the subsequent production of an embryo. This phenome¬ 
non, which has been studied extensively, is called ‘hybri¬ 
dization.’ For a long time, biologists viewed hybridization 


as a negative consequence of contact between different 
species, because it lowered the fitness of hybrids, as well as 
the fitness of the hybridizing individuals. However, recent 
evidence suggests that hybridization does not always have 
a negative impact on hybrids produced, and that in a few 
cases, it may even increase hybrid fitness. Such hybrid 
vigor depends on the phylogenetic relationships of the 
hybridizing species (whether they are closely or distantly 
related, and thus, genetically compatible), the amount 
of time they have spent in secondary contact (i.e., the 
amount of time needed for natural selection to act), and 
the life cycles of both species (new variants subject to 
selection are produced more rapidly in species with 
short life cycles). 


Mating Interference During Biological 
Invasions 

The presence of alien or exotic species in a given ecosys¬ 
tem poses a threat to the survival of native species when 
competition for food and space also occurs. In addition, 
exotic species may interfere with the reproduction of the 
native species at various stages of reproduction, depend¬ 
ing on their phylogenetic relationships. Congeneric exotic 
species may impose costs due to hybridization, in addition 
to the costs mentioned here. More distantly related spe¬ 
cies that are genetically incompatible with native species 
may interfere with mate recognition processes, or female 
choice, and may even modify the reproductive schedules 
of native species. 

For example, in Mexico, the introduced Trinidadian 
guppy ( P reticulata, Poeciliidae) males court, and attempt 
copulation with, females of the native S. bilineata (Good- 
eidae). Although male guppies do not preferentially court 
heterospecific females, they approach and court them 
regardless of how many conspecific females are present 
at any time. This suggests that mate recognition barriers 
are not sufficient to overcome the persistence of male 
guppies at mating attempts. A more detailed examination 
has revealed that females of both viviparous species are 
morphologically very similar; in fact, some heterospecific 
females look even more attractive to the guppy eye than 
conspecifics, given their large size, which in guppies, is a 
sign of fecundity the males have evolved to respond to. 

The presence, at a crucial stage of reproduction, of the 
exotic species may be detrimental to the female or to the 
development of the offspring. Female S. bilineata that have 
completed their pregnancy in the presence of courting 
guppy males do not increase body weight or size as 
rapidly as females that completed their pregnancy in the 
presence of conspecific males. This could be a result of 
reduced feeding rates due to behavioral inhibition or 
to time wasted in the avoidance of male harassment. Such 
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an impact on growth not only affects the female but also the 
developing offspring in this viviparous species. 

Guppies show remarkable abilities at learning the 
identities of conspecifics and make adaptive decisions 
based on their association preferences with certain indi¬ 
viduals. Although in the laboratory, male guppies seem 
to desist from approaching unresponsive heterospecific 
females after some time, they also learn to recognize 
novel heterospecific females and court them preferen¬ 
tially. Thus, under natural conditions, the renewal of the 
heterospecific population could lead to a constant rate of 
male guppy approaches to novel females, with negative 
consequences to their activities and growth. 

Competitive interactions or mating interference 
between exotic and native species may lead to a variety 
of outcomes. The novel environmental conditions experi¬ 
enced by exotic species may facilitate the expression of 
morphological or behavioral traits that have positive con¬ 
sequences on their fitness. However, native species may 
suffer niche displacement and an increase in extinction 
probability if they cannot adapt to the novel environmen¬ 
tal conditions that niche displacement imposes on them. 
Exotic species may also evolve in response to the new set 
of selective pressures encountered after dispersal, result¬ 
ing in shifts that allow them to coexist in equilibrium with, 
or to be more successful at the expense of the native 
species. 

In some cases, life-history strategies of endemic and 
native species may prevent or reverse these outcomes; for 
example, native species may be at an advantage over 
exotics if they reproduce continually throughout their 
lifetime (iteroparous) and the exotic species are semelpa- 
rous (individuals that reproduce once or very few times), 
because they will produce more offspring per year and 
will increase their chances of survival. Species that 
reproduce earlier in the year will also have an advantage 
over those that reproduce later, and may even temporarily 
avoid the negative consequences of interspecific inter¬ 
actions, specifically those resulting from mating 
interference. 

Differences in resistance to drastic temperature 
changes may also influence the outcome of interspecific 
interactions. Species that are introduced from a tropical to 
a temperate habitat may find themselves at a disadvantage 
with respect to native species because they will not be 
able to reproduce early in the year. However, if they 
reproduce rapidly and several times throughout the year, 
and enough time passes without any other drastic selec¬ 
tive pressure acting, they will have increasing chances to 
adapt to temperate periods, invading a novel niche that 
may result in an increase in fitness and possibly, a new 
displacement event for native species. 


Conservation and Management 

Methods for the control of exotic species can be aimed at 
prevention, detection, and/or eradication (after invasion 
has progressed). 

Preventive measures include the application of demo¬ 
graphic models of population growth and expansion to 
potential invasive species that may enter an area continu¬ 
ously. These models, in turn, could be used to create 
regulations aimed at controlling the entry of exotics. Pre¬ 
vention can also be achieved through the identification of 
potential sources of exotic species introduction (e.g., move¬ 
ment of commercial ships through different areas, or trans¬ 
portation of goods that are known to be associated to other 
organisms). Detection of introduced species requires some 
knowledge of recent transport of exotic species carriers in 
order to make a search more effective. 

Eradication measures are aimed at the complete 
removal of the introduced species. Methods include the 
use of chemical treatments, manual removal, or biocontrol. 
The success of eradication depends on several factors such 
as availability of resources to implement it, maintenance of 
a sustained eradication effort to prevent reinvasion, early 
detection of introduced species, resilience of species to 
eradication or even their ability to adapt to novel condi¬ 
tions imposed by eradication efforts (e.g., resistance to 
insecticides), and the time that has passed since the intro¬ 
duction took place. Examples of successful and unsuccess¬ 
ful eradication procedures are abundant in the literature. 
Eradication should be oriented to failure prevention, rather 
than to absolute success, but to achieve this, alternative 
strategies to counter potential failure should be thought 
in advance. A thorough knowledge of the ecology and 
behavior of the species for which eradication is being 
considered is the best help in planning strategies, making 
them efficient, and preventing failures. 

See also: Anthropogenic Noise: Implications for Conser¬ 
vation; Male Ornaments and Habitat Deterioration. 
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Introduction 

Signals used to attract or stimulate prospective mates are 
representative of the most spectacular and bizarre beha¬ 
viors observed in nature. Mating signals are especially 
important for understanding evolutionary theory, because 
they often have the dual function of attracting potential 
mates and warning or repelling rivals and because they are 
subject to multiple and often conflicting forms of selec¬ 
tion. For example, conspicuous long-range signals that 
effectively attract mating partners are potentially costly 
in several ways. First, signals are often energetically costly 
to produce. Second, signal production often precludes feed¬ 
ing and other maintenance activities. Third, conspicuous 
signals often attract reproductive competitors, including 
sexual parasites such as satellite males, which do not signal 
but instead try to intercept prospective mates attracted to 
the signaler. Finally, as emphasized by Darwin, conspicuous 
signals may attract predators and parasitoids, and signaling 
behavior may reduce the time during which a signaler is 
vigilant for predators, thus lowering the signaler’s chances 
of survival. One counter-measure that may avoid or mitigate 
the negative effects of illegitimate receivers is to switch to 
less conspicuous, ‘courtship’ signals once a prospective mate 
has been detected nearby. 

Another theoretical consideration regarding the evolu¬ 
tion of mating signals is the reciprocal selection operating 
on both signalers and receivers, which can constrain the 
degree of change in signals and in the criteria used to 
decode them. In general, prospective mates will be 
selected to attend to signals or properties of signals that 
are honest advertisements of the signaler’s fitness or direct 
benefits that may be provided such as parental care. But 
mates that are too demanding risk not finding a mate at all 
unless the operational sex ratio (ratio of the numbers of 
reproductively active individuals of each gender) is highly 
skewed toward signalers. 

Operational sex ratios can also help us understand sex- 
specific investment in signals. In general, females are 
the choosing gender because their potential reproductive 
output is less than that of males: they produce fewer, 
more costly gametes and are more often burdened with 
parental care. This theoretical viewpoint is supported 
by the fact that in most sexually dimorphic species, the 
male is extravagantly ornamented, produces conspicuous 
mate-attraction signals, or both. The situation is reversed 
in some species in which males provide most or all of the 
parental care. 


Divergence in mating signals is a hallmark of specia- 
tion; indeed, many cryptic species, which are difficult to 
distinguish by external appearance, were first detected by 
differences in mating signals. Mating with a member of 
another species is probably the biggest mistake an indi¬ 
vidual can make, and so the direction of changes in mate- 
attraction signals may be limited by the properties of the 
mate-attraction signals of other species in the same com¬ 
munity. As discussed below, this kind of selective pressure 
can also lead to differences in mate-attraction signals 
between populations within a species depending on the 
presence or absence of a closely related species with 
similar signals. Such a geographical pattern is termed 
‘reproductive character displacement.’ 

Approaches to the Study of Mating Signals 

Physical Description 

The starting point for describing an animal mating signal 
is to identify its physical properties and their typical 
range of values. One reason is that within each sensory 
modality, some animals produce signals that cannot be 
detected by humans, and even if detectable, differences 
between the sensory systems of the animal in question and 
humans are bound to result in differences in perception. 
Some common examples are the ultraviolet patterns of 
some butterflies and birds, the infrasonic sounds (frequen¬ 
cies below 30 Hz) produced by elephants, and of course, 
the ultrasonic signals (frequencies above 20 kHz) of many 
insects, rodents, and bats. Other animals communicate 
with vibrational signals that travel through plants or 
underground and with weakly electric signals that travel 
underwater. Special equipment is needed to detect and 
characterize these kinds of signals. 

Each property or combination of properties of a signal 
has the potential to convey information about the signaler 
to a prospective mate or rival. Researchers must describe 
these properties objectively and assess their interrelation¬ 
ships and variability. Not only is the sensory world of 
each species unique and different from that of humans, 
but also the kinds of messages that will be important to 
each species will depend on its ecology and evolutionary 
history. Hence, field observations of the behavior of both 
the signaler and receiver after the production of a signal 
are necessary to establish that a signal serves to promote 
mating and which particular properties of such signals 
have the largest impact on mating decisions. 


416 



Mating Signals 417 


Patterns of Variation in Different Properties 
of Mating Signals 

One generalization about mating signals is that some 
properties of a mating signal — sometimes termed ‘static’ - 
are highly stereotyped within an individual. Visual patterns 
and colors are familiar examples, but some patterns of 
movement in visual displays and the frequency spectrum 
or fine-scale temporal (‘pulse’) pattern of acoustic signals 
are also consistent enough to qualify (Figure 1). Some static 
properties also show low variability at the level of indivi¬ 
duals (i.e., between individuals) within the same population, 
perhaps caused at least in part by stabilizing selection 
imposed by prospective mating partners because of the 
high costs of hybridization. A pattern in which low varia¬ 
bility within and between individuals within populations is 
coupled with significant variation among populations across 
the species’ range of distribution may reveal the potential 
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Figure 1 Pulse-rate, a static acoustic property, and female 
response functions in two cryptic species of gray treefrogs: 

(a) Hyla chrysoscelis ; (b) H. versicolor. These frogs can be 
distinguished only by differences in their advertisement (mating) 
calls and chromosome number. Bars on the X-axis show the 
mean pulse rate at 20 °C (vertical lines), the standard deviation 
(white boxes) and the total range of variation over all breeding 
temperatures (black boxes). Phonotaxis scores (open circles) 
show the response time of females to synthetic calls with 
different pulse rates relative to the response time to mean 
pulse rate for the species. Error bars are standard deviations. 
Note that females responded best to pulse rates at or close to the 
mean value and less well to lower and higher values. Reproduced 
from Bush SL, Gerhardt HC, and J. Schul. (2002) Pattern 
recognition and call preferences in treefrogs (Anura: Hylidae): a 
quantitative analysis using a no-choice paradigm. Animal 
Behaviour 63: 7-14. 


for speciation. Other static properties that show relatively 
high variation between signalers in the same population 
may be useful for identifying individuals; if subject to sexual 
selection, such properties are likely to be under either 
stabilizing or directional selection by prospective mating 
partners. 

Other properties of mating signals - sometimes termed 
‘dynamic’ — vary considerably within individuals and may 
be useful for assessing an individual’s physical or genetic 
fitness. Dynamic properties such as the duration or rate of 
displaying or calling are familiar examples that are often 
correlated with the energetic costs of signaling (Figure 2). 
In some species, within-individual variation is so great rela¬ 
tive to between-individual variation that the current value 
of a dynamic property merely reflects the current condition 
of the signaler, such as whether it has been successful in 
foraging, rather than its inherent genetic quality. In other 
species, between-individual variation is sufficient to dis¬ 
tinguish among individuals, and the current value of a 
dynamic property may indicate both current condition 
and genetic fitness. Dynamic properties are typically 
under moderate to strong directional selection, and pro¬ 
spective mates often strongly reject signalers whose dis¬ 
play duration and rates are at the low end of the range of 
variation (Figure 2). 

While particular properties of mating signals and even 
particular ranges of values of those properties strongly 
affect the preferences of prospective mates, these results 
rest largely on experiments in which the value of one 
property of a signal is varied while those of all or most 



° 6 8 10 12 14 16 18 20 22 24 26 28 30 


Number of pulses per call 

Figure 2 The number of pulses per call (call duration), a 
dynamic acoustic property, and female choices in the gray 
treefrog (Hyla versicolor). The vertical line indicates the mean, the 
black boxes, the standard deviation, and the horizontal line, the 
range of variation among males. Oscillograms show synthetic 
calls at the two ends of the range of values tested. Points 
connected by lines show the percentages of females that chose 
each of two alternatives that differed only in the number of pulses 
per call. Note that in every test the majority of females choose 
the longer of the two calls. Reproduced from Gerhardt HC, 
Tanner SD, Corrigan CM, and Walton HC (2000) Female 
preference functions based on call duration in the gray treefrog 
(Hyla versicolor). Behavioral Ecology 11: 663-669. 
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other properties are held constant (Figures 1 and 2). 
On the one hand, this is a powerful way to demonstrate 
the relevance and form of selection (e.g., stabilizing or 
directional) by receivers. On the other hand, signals of 
different individuals differ in the values of several to many 
properties, and prospective mates must usually base their 
final mate-choice decisions on some kind of overall assess¬ 
ment of the signal. Recent experiments have begun to assess 
the effects and interactions of varying multiple properties of 
mating signals in crickets and frogs. The results of these 
studies are not readily comprehended because they rely on 
complex statistical analysis and modeling. 

A more easily understood example involves two prop¬ 
erties of the same signal, whose biological significance is 
well known and for which patterns of female preference 
have been estimated in isolation (Figures 1 and 2). The 
overall message is that the relative importance of these 
two properties to females differs depending on the 
biological community in which they exist. As discussed 
earlier, the pulse rate of the advertisement call is under 
stabilizing selection by female mate choice in both spe¬ 
cies; the difference in these properties is the only reliable 
indicator of species identity (Figure 1). The duration of 
the advertisement call is a dynamic property, which over¬ 
laps completely between the calls of the two species. This 
property indicates the energetic costs of calling and 
genetic quality of the signaler and is under strong direc¬ 
tional selection by females of both species. When females 
of one of these treefrog species were offered a choice 
between long-duration calls with a pulse rate outside the 
range of variation (and more similar to that of the other 
species) and short-duration calls with a pulse rate typical 
of conspecific males in the same population, their choices 
depended on whether females were collected in popula¬ 
tions where both species occurred (sympatry) or from 
populations where the other species was absent (allopa- 
try). Females from sympatric areas nearly all preferred the 
short call with the correct pulse rate, whereas females 
from allopatric areas did not show a preference. 

Signaling Environment 

Another set of constraints on the production of mating 
signals involves the physical and biotic environments and 
the timing of signal production during the daily cycle. 
These factors can affect the choice of signal modality, the 
values of the physical properties of a signal, and the 
location from which signals are produced. For example, 
unless an animal can produce its own source of light, 
visual signals depend on light from the sun or moon. 
Depending on their sound frequency, acoustic signals 
propagate most effectively when an animal calls from 
an elevated position in most environments. Chemical 
signals are of limited use for long-range communication 
unless they can be broadcast into a wind or current, and 


even then the chances of a signal’s reaching prospective 
mates are uncertain. Many animal species ameliorate 
these constraints by producing signals in more than a 
single modality and by changing the values of particular 
properties according to both the physical and biological 
circumstances. 

Major Sensory Modalities 

In the next sections of this article, the main signaling 
modalities will be considered. Within each subsection, 
the following topics will be discussed: (1) The physical 
nature of each class of signals; (2) the advantages and 
disadvantages of long-range communication in particular 
environments; (3) energetic and other constraints on sig¬ 
nal production; (4) modifications of signaling behavior 
that minimize exploitation by reproductive competitors 
and predators; and (5) how prospective mating partners 
evaluate variation in signals. 

Chemical Signals 

Chemical signals transmitted from a signaler to a poten¬ 
tial mate are termed pheromones, a term based on a 
Greek word that means ‘to carry excitement.’ Phero¬ 
mones can also mediate aggressive interactions between 
members of the same gender. Chemical signals were 
probably the first signals to evolve, since chemical mes¬ 
sages are universal within and between cells; their effi¬ 
cient use outside of an animal requires the further 
evolution of structures to store and expel them into the 
environment. 

Nearly all chemical signals are organic compounds. If 
transmitted by air, pheromones are limited in size to a 
molecular weight of about 300 and contain a maximum of 
about 20 carbon atoms. This is the upper limit on volatil¬ 
ity in air; the lower limit is about five carbon atoms 
because smaller molecules are not only likely to be too 
volatile but they also limit the signal diversity. Much 
larger compounds can be used if pheromones are trans¬ 
mitted by water or direct contact between animals. 

Chemical signals are transmitted directly to receivers, 
in which they directly cause changes in biochemical activ¬ 
ity within single cells. These changes often take place in 
specialized chemosensory cells and result in the depolari¬ 
zation of cell membranes and the generation of nerve 
impulses in the same or adjacent cells. Some pheromones, 
particularly those used in mate attraction, have highly 
specific effects on narrowly ‘tuned’ chemoreceptors. One 
example is bombykol, a pheromone of the silkworm moth: 
a single isometric change in this molecule can render this 
substance ineffective. Because chemoreceptors are gener¬ 
ally much less specific, the relative excitation of different 
receptor types is the key to signal identification, and the 
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situation is even more complicated because even lower 
animals often produce pheromones that consist of blends 
of several to many different compounds. Cross-species 
attraction by pheromones and pheromone mixtures has 
often been documented in the laboratory, but mismatings 
are rare because different species produce sexual phero¬ 
mones in different habitats, different times of the diurnal 
cycle, or both. 

The limited range of most chemical signals is attribut¬ 
able to the fact that simple diffusion is inefficient and 
slow, and transmission via wind and water currents is 
uncertain (Figure 3). For example, strong winds result 
in the lateral dispersion of pheromone molecules, and 
even if the velocity is optimal, there is no guarantee that 
receptive mates will be located downwind. Another dis¬ 
advantage of chemical signals is that if their effects are 
long-lasting on receivers, the signaler has little scope for 


changing the message by changing to another signal. For 
example, a persistent alarm pheromone could cause inap¬ 
propriate behavior that interrupts mating long after the 
predator that elicited the signal has left the area. A long- 
duration signal can, however, be advantageous in marking 
a large territory, both in terms of discouraging potential 
rivals and perhaps in attracting prospective mates. In a 
classic paper, Bossert and Wilson showed how variation 
in quantity of a pheromone released (QJ relative to the 
sensitivity (K) of potential recipients can affect the 
dynamics (extent and duration) of the ‘active space,’ 
the area in which a pheromone can be detected by a 
receiver, and the ‘fade-out time,’ the time at which the 
concentration of a pheromone remains above the recei¬ 
ver’s detection threshold. Long fade-out times are useful 
for marking large territories, but make it difficult to 
change rapidly from one signal to another. 



Figure 3 (a) Artists conception of a pheromone plume of a 
female moth. Adapted from Connor WE, Eisner T, Vander 
Meer RK, Guerrero A, Ghiringelli D, and Meinwald J (1980) 

Sex attractant of an arctiid moth (Urthetheisa ornatus ): A pulsed 
chemical signal. Behavioral Ecology and Sociobiology 7: 55-63; 
Farkas SR and Shorey HH (1974) Mechanisms of orientation to 
a distant pheromone source. In: Birch MC (ed.) Pheromones, 
pp. 81-95. North Holland: Amsterdam, (b) Electrical response 
of the chemosensory organ of a male moth situated about 6 cm 
downwind from a scenting female. The rhythmic changes in 
neural activity reflect the temporal pulses of scenting by the 
female, but similar, more irregular activity would be observed 
further downwind even if pheromone production were not pulsed 
because of the scatter of molecules in the wind, (c) Hypothetic 
path of a moth locating a pheromone source by first flying upwind 
and then flying crosswind when losing the trail and reversing 
the crosswind direction when overshooting. Reproduced from 
Gerhardt HC (1983) Communication and the environment. In: 
Halliday T and Slater P (eds.) Communication and Social 
Interactions, pp. 82-113. Oxford: Blackwell Scientific 
Publications. 


Visual Signals 

Visual signals usually involve distinctive patterns of move¬ 
ment, which are usually termed displays. Static properties 
such as color patterns, patterns that contrast with their 
background, and elaborate body parts (Figure 4) are even 
more conspicuous when combined with particular move¬ 
ments that show off the pattern. The potential com¬ 
binations of patterns and movements are endless, and 
multiple signals can be produced in rapid sequences. 
Flight displays and displays by lekking birds are especially 
spectacular in this regard. In general, some movement 
is required to elicit robust responses in visual receptors 
and interneurons, which are also sensitive to contrasts 
between dark and light objects. 

To avoid unwanted detection by predators, animals can 
often hide conspicuous color patterns and remain still. 
Predation is also reduced because bright plumage and 
other sexual colors and patterns are usually developed 
only during the breeding season. Of course, some animals 
that are protected by toxic secretions or venom (and their 
mimics) often display gaudy colors and patterns and move 
about in open areas during daylight. Still other animals, 
such as some species of predatory fireflies, exploit the 
visual mate-attraction signals of other species. Indeed, a 
male responding to a flash that is exquisitely timed rela¬ 
tive to the end of his own flash may find a receptive female 
of his own species or a large female of a predatory species 
(Figure 5(a)). 

With the exception of animals such as fireflies and 
many marine animals that can produce their own light, 
visual signals depend on light from the sun or moon; 
hence most displaying is confined to daylight or bright 
moonlit nights. Even fireflies usually signal during a short 
time window in the evening when the spectrum of their 
flashes best contrast against the dominant wavelengths of 
the nighttime sky. 
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Figure 4 Tail length and mating success in long-tailed widow birds. Top histograms show males with about the same tail length 
attracted about the same number of females that nested in their territories. Bottom histograms show the change in mating success 
when the tails of males were elongated or shortened. Reproduced from Andersson M (1982) Female choice selects for extreme tail 
length in widowbirds. Nature 299: 818-820. 


Visual signal transmission is also limited because light 
cannot travel through dense or opaque objects; generally 
there must be a clear line-of-sight between the signaler 
and its prospective mate. Thus, visual signals are less 
useful than chemical and auditory signals in densely 
vegetated habitats. On the positive side, this requirement 
also means that the source of the signal is easily located, 
which is often problematic in communication using other 
modalities. In open, well-lit habitats, visual displays can 
work rapidly over great distances. 

Visual displays are usually ‘honest’ advertisements in 
that there are considerable costs to their production that 
can be easily assessed by prospective mates. First, in most 
species, displays tie up appendages needed for locomotion 
and feeding and displaying are often mutually incompati¬ 
ble activities (Figure 6). Second, repetitive motion can be 
energetically costly, and a signaler’s relative condition 
(and perhaps genetic fitness) may be correlated with the 
rate and duration of its displays. 

Acoustic Signals 

An acoustic signal is a mechanical disturbance that pro¬ 
pagates through air, water, or solids. Because so many 


properties of sounds - frequency, temporal patterns, 
amplitude - can usually be varied rapidly and indepen¬ 
dently, the potential for acoustic mating signals to convey 
information to receivers is comparable to that of visual 
signals. Like visual signals, auditory signals can also be 
rapidly transmitted between signalers and receivers. 
Like chemical signals, sounds can move around objects 
between communicating animals if the wavelength of the 
sound is greater than the diameter of the object. 

Acoustic signals work during both day and night. More¬ 
over, acoustic signals can be designed to be nearly as easy to 
locate as visual signals or more difficult to locate when 
acoustically orienting predators or reproductive competi¬ 
tors are around. In general simple, one-component sounds 
of intermediate frequency and a slow onset and ending are 
harder for higher-vertebrate predators to locate than are 
broadband, noisy signals with sharp onsets or endings. The 
latter properties enhance the differences in time of arrival 
and amplitude at the two ears that allow sound localization. 
These properties are often characteristic of short-range 
courtship calls whose overall amplitude is usually much 
less than long-range calls. 

In some communities, species can use different fre¬ 
quencies that reduce masking interference between 
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Figure 5 Exchanges of mating signals and exploitation by a predator, (a) The first two flashes in both traces were produced by a 
male firefly (Photinus macdermotti). The third flash of higher intensity was produced by a receptive female of the same species 
(top trace) and by a predatory female ( Photuris versicolor) mimicking the female in flash pattern (single flash) and timing (delay from 
the last flash of the male), (b) Production of a calling song by a pair of katydids (Leptophyes punctatissima). The more elaborate male 
call is answered after a species-specific delay by a simple pulse by the female. The male’s acceptance time window is longer than in 
fireflies so that it can respond to females at various distances, taking into account the longer propagation time of acoustic rather 
than visual signals. Adapted from Andersson M (1982) Female choice selects for extreme tail length in widowbirds. Nature 299: 

818-820; Gerhardt FIC and Huber F (2002) Acoustic Communication in Insects and Anurans: Common Problems and Diverse Solutions. 
Chicago, IL: University of Chicago Press. 


conspecific mating signals and those of other species. 
Signals with certain frequencies may also be inaudible to 
other species with which hybridization is potentially pos¬ 
sible and may also be out of the hearing range of some 
predators. 

The acoustic environment and an animal’s ecology can 
also influence the design of acoustic mate-attraction sig¬ 
nals. In general, sounds with relatively low frequencies 
propagate further than sounds with high frequencies, 


especially near the ground. If an animal cannot produce 
low-frequency sounds, a common constraint in small ani¬ 
mals, then they are likely to seek elevated calling sites on 
rocks or in trees. 

In densely forested areas acoustic signals are likely to 
be distorted by reverberation. That is, when sounds with 
relatively high frequencies (and hence short wavelengths) 
hit trees and leaves, they are redirected and arrive later in 
time at a receiver’s position than do sounds that are not so 
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Figure 6 Visual and acoustic displays of the greater sage grouse, (a) Strutting male inflates his large esophageal sac by heaving it 
upwards and letting it fall twice; (b) This movement exposes bare patches of olive-colored skin on the chest; (c) Toward the end of 
the display, the male compresses the inflated sac and releases the air explosively to produce a pop and low-pitched coos. Reproduced 
from Wiley RH (1983) The evolution of communication: Information and manipulation. In: Halliday T and Slater P (eds.) Communication 
and Social Interactions, pp. 156-189. Oxford: Blackwell Scientific Publications. 


impeded. This can reduce the coherence of the time prop¬ 
erties of a signal, so that, for example, the silent intervals 
between rapidly repeated sound pulses are obscured. One 
solution, often adopted by forest-dwelling birds in the 
tropics, is to produce relatively low-frequency sounds of 
long duration; if pulsed, the rate of pulsing is distinctly 
lower than that of birds living in open areas. 

In open areas, an acoustically signaling animal must 
contend with wind and rising pockets of air that interrupt 
a sound in a nearly random fashion. Animals living in such 
areas often deal with such amplitude fluctuations by pro¬ 
ducing rapidly pulsed signals, which will be interrupted 
only periodically. Thus, enough successive pulses will be 
transmitted undistorted to allow the prospective mate to 
recognize the signal. 

For example, studies of the wide-ranging rufous- 
collared sparrow by Hanford and Lougheed in South 
America show that its song is much more likely to contain 


rapid trills in open areas and longer notes and slower trills 
in denser habitats where reverberations are a problem. 

In most vertebrates, sound production uses the respi¬ 
ratory system and hence animals can move freely, engage 
in other activities, and signal all at the same time. In other 
animals such as many orthopteran insects (crickets, grass¬ 
hoppers, and katydids), sounds are produced by scraping 
movements of legs or wings. Whatever the mechanisms, 
prolonged acoustic signaling can be energetically costly. 
Roaring in red deer and calling in some frogs can result in 
losses of more than 20% of the body weight just over the 
course of the breeding season. For this reason, prospective 
mates may pay special attention to the amount and rate of 
signaling because these properties of acoustic mating signals 
are correlated directly with energetic costs. Such a relation¬ 
ship means that these properties are likely to be ‘honest 
indicators’ of the signaler’s genetic fitness, in addition to 
insuring that the signaler is not ill or heavily parasitized. 
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Dual Signalers 

The rapid production and fade-out time of visual and 
acoustic signals make it possible to add another dimension 
to communication in species in which individuals of both 
genders signal: their timing. For example, relatively elab¬ 
orate flash patterns produced by male fireflies are 
answered by simple flashes of receptive females within a 
species-specific time window. Similarly, in some species of 
katydids, females respond to the calling song of the male 
within a somewhat wider time window that allows for 
time delays when the two individuals are widely separated 
(Figure 5(b)). Although not strictly mating signals, many 
paired birds that live in dense habitats keep in acoustic 
contact by duetting, which sometimes results in what is 
often perceived by humans as a single complex note. 

Multimodal Signaling 

Some signals consist of combinations of acoustic, visual, 
and chemical elements. Lek-breeding birds such as sage 
grouse and prairie chickens are very vocal as they perform 
their dances (Figure 6), and bowerbirds not only vocalize 
and display but build, decorate, and defend special struc¬ 
tures called bowers, to which females are attracted and 
within which mating takes place. Combinations of acous¬ 
tic and visual signals are also common in some mammals, 
such as red deer. Many animals sequentially produce a 
variety of signals that differ in modality and range. Visual 
and acoustic signals are most likely to be used at a dis¬ 
tance, and for the reasons discussed earlier, acoustic sig¬ 
nals will also be favored at night and in dense habitats. 
Long-range signals should at least have properties that 
identify the signaler as a conspecific individual. More 
subtle information about the fitness and status of a sig¬ 
naler can be extracted at closer range from the same signal 
or other signals. For example, visual and chemical signals 


are useful at close range in most habitats, and chemical 
signals can also be used at night. 

See also: Communication Networks; Flexible Mate 
Choice; Honest Signaling; Mate Choice in Males and 
Females; Multimodal Signaling; Sexual Selection and 
Speciation. 
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Introduction 

Think about the study of behavior and what do you 
envision? More likely than not, ‘animal behaviorist’ con¬ 
jures up the image of a disheveled, khaki-clad individual 
with binoculars and a clipboard, sitting in the midst of a 
jungle, jotting down notes about the fascinating behaviors 
he or she sees amidst a large and complex group of 
mammals. The idea that behavioral observation is a sub¬ 
jective, casual endeavor is far from true. With the expan¬ 
sion of ethology in the 1930s, the idea that animals could 
be observed in natural settings steadily grew in scientific 
importance. As the field of ethology and behavioral ecol¬ 
ogy expanded, there came an explosion of research meth¬ 
ods, conventions, and practices. While all of these may 
have been internally valid (i.e., provided quantitative, 
reliable measures for the particular study for which they 
were designed), it was difficult, if not impossible, to gen¬ 
eralize to a larger population or compare across studies 
as a result of these methodological and analytical differ¬ 
ences. Thus, external validity was compromised because 
of a lack of standardization and systematic data collection 
rules. In 1974, the seminal paper published by Jeanne 
Altmann provided a critical conceptual framework and 
operational guide for behavioral data collection and quan¬ 
tification. Virtually all observational data ascribe to one of 
the methods outlined in this paper. These methods were 
designed not only to provide some degree of standardiza¬ 
tion to the discipline, but also to reduce bias by structur¬ 
ing observations such that an observer’s choice of which 
subject to watch and what behaviors to record was based 
on a priori decisions and statistically valid procedures. 

As technology has changed, so too have data collection 
methods. The image of the field researcher with a clip¬ 
board has been replaced by the researcher with a PDA 
(personal data assistant) or other handheld device; live 
observation may be replaced by digital video recording 
followed by playback, and analytical methods have grown 
in complexity as computers have become routine. That 
being said, as with any type of scientific investigation, 
there can be sources of error. As in any science, under¬ 
standing the nature or these errors is essential in order to 
proactively control for their effects methodologically, or 
to account for them statistically at the conclusion of the 
study. Here, the key issues in the measurement and con¬ 
trol of inter- and intraobserver reliability in observational 
research, and the methods and strategies for understand¬ 
ing and controlling these sources of error are discussed. 


Behavioral Methodology: A Brief Overview 

While every observational research study has its own 
unique study design and methodology, virtually all studies 
use as their starting point one of several basic observation 
techniques. Although other articles in this series will go 
into the details, a broad brush overview of these methods 
is warranted here. 

Behavioral data collection schemes are based on sev¬ 
eral key concepts: (1) what does one observe (a single 
individual or a group); (2) how does one record observa¬ 
tions (continuously, or instantaneously), and (3) what 
behaviors does one observe (establishment of a clearly 
defined ethogram). By utilizing various combinations of 
these three conceptual ideas, a study can focus on particular 
aspects of individuals, groups, and behaviors. Each factor 
requires careful planning, testing, and training to minimize 
errors. 

Error can be introduced at a number of junctures in 
a study. For example, if observers are inaccurate in their 
ability to identify individuals quickly and accurately, they 
may erroneously ascribe behaviors to the wrong indivi¬ 
duals. An additional source of error can be introduced 
into the data recording scheme if observers fail to time 
behaviors accurately. Ethograms with incomplete or 
vague behavioral descriptions can lead to excess variabil¬ 
ity in how observers interpret behaviors and thus lead to 
missed or misidentified behaviors. 

In general, most behavioral data collection schema 
involve one of two approaches: in some cases, a continu¬ 
ous recording approach, in which a single individual is 
observed (continuous, focal observation sensu Altmann), 
and the onset time of every behavior or behavior transi¬ 
tion is recorded. Alternatively, an instantaneous approach 
is used, which may be applied to a single individual or to a 
group (point or scan sampling). In this case, the behavior 
in which an animal is engaged at a particular point in time, 
usually signaled by a stopwatch, is recorded. Each of the 
methods has its own set of advantages and disadvantages 
such that no single methodology is appropriate in all 
cases. Thus, one must be well versed in the particular 
strengths and pitfalls of each method in order to decide 
on the best fit for a particular study, and to recognize that 
each method has inherent sources of error that must be 
understood and addressed. 

Which method to choose is based on the question that 
the researcher is trying to answer. An instantaneous or scan¬ 
sampling approach is most appropriate when behaviors 
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of interest are defined as state behaviors; this method does 
not necessarily require that individuals be recognizable 
(though it is preferable). Detailed interactions are not readily 
quantified using this method (though it is possible to combine 
a scan approach with select, continuous observation for 
highly visible, key behaviors). A continuous, focal approach is 
often used when interactions are an important component 
of a study, and when both event and state behaviors are to 
be recorded. This method often requires more rigorous 
training before observers attain a sufficient level of comfort 
with the procedures. Other standard methods are also 
available to the researcher, but are not discussed here 
and will be covered fully in other articles. 

The Importance of Ethogram 
Construction 

The importance of a clearly defined and consistent etho¬ 
gram is often overlooked. Recent efforts to develop some 
level of standardization of ethogram structure and termi¬ 
nology (e.g., EthoSource, described by Martins, and 
related ontologies described by Midford and colleagues; 
or SABO, as outlined by Catton) have made progress in 
this regard. However, there is still considerable variation in 
the structure, detail, and terminology of ethograms. Use of 
terms that may be synonymous in ethograms can lead to 
confusion, and lack of specificity of definitions can result 
in errors. In most ethograms, behaviors may be defined 
functionally, in which the presumed use of the behavior is 
implied, or operationally, in which no specific function is 
assigned and the description, or definition, provides details 
on the motor patterns associated with the performance 
of the behavior. Animal behaviorists often use functional 
definitions and assumptions; however, in some circum¬ 
stances, it can be difficult for an observer to reliably 
identify behaviors functionally. Play and aggression - 
both functional categories - may involve similar motor 
patterns, and clear and precise operational definitions 
may be critical, particularly for novice observers or for a 
species that has not been well studied such that function¬ 
ality cannot be satisfactorily ascribed. 

The level of ethogram detail is another critical com¬ 
ponent of study design that influences observer accuracy. 
A hierarchically structured ethogram can facilitate ease 
of use, with more detailed, deeper levels of behavioral 
description used for studies that are narrowly focused or 
when highly experienced observers are available. 

Sources of Error 

The nature of behavioral research is fundamentally no 
different from any other branch of scientific inquiry. 
Sources of error can be introduced into any study at 


various levels. While they can be controlled for and mini¬ 
mized, it is impossible to eliminate them. Being aware of 
these sources and how they might bias data are funda¬ 
mental to the conduct of good science. The three most 
common means by which error can be introduced into a 
behavioral study include observer error, equipment error, 
and computational error. It must be stressed that these 
sources of error are common to all scientific investigations 
and not unique to behavior. The role of the observer is 
perhaps more critical to behavioral observation than what 
may be the case for certain types of laboratory sciences, 
and will be the focus of the remainder of this article. 
Equipment and computational error are briefly touched 
upon in the next section. 

Equipment and Computational Error 

While behavioral data collection has advanced from paper 
and pencil check-sheets to, in the majority of studies, 
electronic data collection systems, data collection is nev¬ 
ertheless subject to recording errors. These may involve 
the failure of electronic devices (particularly in the field), 
transcription error, and coding error. Careful review and 
proofreading of all data can alleviate many of these pro¬ 
blems. Use of computer-aided data collection tools does 
not negate the need to review entered data. Tapping an 
incorrect box on a PDA screen is no less likely than 
checking the wrong box on a paper check-sheet. There 
have been numerous times when I have proofread a data¬ 
set, confident that it was error-free, only to discover data 
entry errors. 

Computational errors generally occur during the data 
analysis phase of a study; however, use of statistical packages 
minimizes the errors here, provided the user understands 
the assumptions and rationale of the statistical software 
being used. Statistical textbooks and software user guides 
are of course essential; however a number of recent works 
have emphasized statistical issues that are more common in 
behavioral studies, particularly those relating to small sam¬ 
ple size, repeated measures, and generalizability (see e.g., 
Kuhar’s or Plowman’s more extensive treatment of this 
subject). Behavioral data analysis often involves one or 
more levels of data tabulation and summary before statisti¬ 
cal analyses can be conducted. These may be done in an 
automated fashion using behavioral or statistical software, 
or it may be done by hand before data are entered into a 
computerized system. Again, double-checking and proof¬ 
reading all such intermediate phases can minimize the 
probability of such calculation errors. 

Observer Error 

The role of the observer is critical to the successful 
collection of behavioral data, but observer error has the 
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potential to be the most significant error component of 
behavior studies. However, clear guidelines and methods 
exist to ensure that such errors are minimized, acknowl¬ 
edged, and controlled. Because of the tremendous varia¬ 
bility among observers, we must be cognizant of how to 
recognize, measure, and control for individual variation to 
assure a sound study design. Observers have the potential 
to introduce variation into behavioral investigations in 
several ways. First, the very presence of an observer may 
alter the behavior of the subjects. Second, observers may 
perceive events differently, based on their view of a par¬ 
ticular situation or group (errors of apprehension). Third, 
observers may err because of lack of training or experi¬ 
ence or because protocols and ethograms are unclear. 
Individual observers enter into an investigation with 
their own personal biases which may have the potential 
to influence the quality of their data collection as well. 
Finally, as already discussed, observers may record their 
observations incorrectly or may have difficulty utilizing 
equipment. All of these sources of observer error can be 
addressed and reduced via training and regular assess¬ 
ment of reliability and validity. 

Observer Presence 

The idea that an observer alters the behavior of the 
animals he or she observes has been debated for decades 
and leads to a conundrum: how can we observe natural 
behavior, if, by definition, we alter the behavior that we 
are observing simply by our presence? Use of video and 
remote recording devices is one way to address this con¬ 
cern; however, much observational data collection is - and 
will always be - done via live observation. Maintaining 
standard observational protocols holds the observer effect 
constant and while it may be that behavior is altered, it 
is in theory altered consistently across all subjects, thus 
enhancing internal validity. Long-term field studies have 
demonstrated that most animals can habituate to observer 
presence, suggesting that the observer’s effect on the 
individuals that are observed may be relatively minor. 

Errors of Apprehension 

When two observers watch the same animal from differ¬ 
ent vantage points, differences in perspective may alter 
the extent to which they perceive a particular event. This 
is a problem primarily when observers’ movements are 
constrained in how and where they are able to move in the 
area in which they are observing. This may be the case in a 
laboratory or captive situation in which animals may be 
out of view of the observer, or the observer’s vantage point 
may prevent a clear view. In nature, observers’ movements 
may be constrained by the activity of the animal they are 
watching or by other animals in the group. Ideally, simply 
changing one’s physical position (when the observer is 


able to do so) to obtain the best possible view of an 
interaction can mitigate apprehension error. This can be 
a problem when conducting interobserver reliability tests 
(to be discussed later). 

Observer Error and Bias 

As already discussed, there is no single standard protocol 
for observing behavior. Although there are methodologi¬ 
cal standards, every study, every individual subject, and 
every study setting is unique. Thus, training observers is a 
time-consuming, tedious, but critical component of any 
investigation and will improve internal validity. It is only 
through rigorous training and ongoing monitoring and 
evaluation that one can maintain an acceptable level of 
interobserver agreement. Even an experienced researcher 
will require some time to become familiar with their 
subjects, and to ascertain the validity of their ethogram. 
Vague or equivocal definitions, for example, can lead to 
confusion among observers. Lack of experience with data 
recording systems can be a source of error, until observers 
have practiced sufficiently and are comfortable with the 
protocol, the layout of the datasheet, the codes used to 
record information, and so on. Novice observers often 
enter into observations with preconceived and oftentimes 
erroneous notions about behavior, and it may take some 
time and effort to move them from a subjective view of 
behavior in which they interpret and read meaning into 
behavioral patterns and events, to a more objective, con¬ 
sistent ability to record actions without assuming intent or 
meaning. Dissuading observers of their preconceptions is 
often the most challenging part of training observers. 

Once this challenge of reducing observer bias is met, 
even a trained observer who has passed standardized 
reliability tests may diverge from that standard over time. 
Just as any process may need to be calibrated periodically, 
so must observer reliability to avoid observer ‘drift’ in 
recording of behavioral information. Regular review and 
repeated reliability testing can address this error. 

Reliability and Validity 

Reliability is an indicator of how repeatable one’s results 
are, and is critical to maintaining accurate data collection. 
Unlike measuring weight or length for example, in which 
the potential exists for getting precisely the same mea¬ 
surement repeated times, it is highly improbable that an 
animal or a group of animals will perform exactly the 
same behaviors in the same way if measured multiple 
times. Careful data collection designs, however, can 
ensure consistency and standardization, which in turn 
improves repeatability. This is particularly important in 
long-term field studies, where data may be gathered 
by multiple observers over a period of years, or decades. 
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Training and adhering to a standard of accuracy and 
precision is critical. 

The terms ‘accuracy’ and ‘precision’ may be considered 
synonyms in some disciplines (in fact, the thesaurus pro¬ 
gram of my word processor indicates that they are indeed 
synonymous), hut in the case of behavioral observation, 
they are subtly but distinctly different. Accuracy refers to 
how close a recorded observation is to reality (‘the truth’), 
whereas precision refers to how consistently an observer 
records the same behavior in the same way. Methodologi¬ 
cal differences sometimes necessitate a trade-off between 
accuracy and precision. A simple ethogram with clearly 
defined definitions may facilitate good precision among 
observers - for example, it is relatively simple to identify 
an animal as being active or inactive. However, there may 
be a loss of accuracy in that the behavioral categories may 
be too broad to adequately answer the study’s main ques¬ 
tions. In addition, precision may be used as an indicator 
of intraobserver reliability: that is, to what extent does an 
individual consistently observe behaviors in the same way? 
Accuracy is an important element of evaluating how good 
a study design is at collecting data to answer the question 
at hand: that is, to what extent do data reflect reality? How 
suitable is the chosen research design in answering the 
question that one has posed? Thus, the internal validity 
of an investigation is closely linked to the applicability of 
the methods chosen to answer the question posed. Exter¬ 
nal validity is a measure of the generalizability of results 
to other study populations or species, as the case may be. 
This may be linked to the ethogram chosen and how 
broadly applicable it is. Reliability and validity are both 
essential measures that one must evaluate in terms of both 
inter- and intraobserver reliability. 

Intra- and Interobserver Reliability 

Intraobserver reliability can provide a measure of consis¬ 
tency and repeatability. Regular review of methods and 
ethogram, and reliability testing (to be described below) 
can provide a quantifiable measure of intraobserver reli¬ 
ability. Because it is common to use multiple observers for 
behavioral studies, either simultaneously (to maximize 
efficiency of data collection) or sequentially (to maintain 
ongoing, longitudinal investigations), it should come as no 
surprise that maintaining a high standard of interobserver 
reliability may be the most important aspect of ensuring 
accurate and precise data for behavioral investigation. 
Every observer comes into a study with his/her own set 
of biases and tendencies. Careful and rigorous training 
are essential to the conduct of behavioral studies. While 
there is no single training protocol for observers, con¬ 
vention necessitates extensive training on observation 
methods and animal identification, familiarity with the 
ethogram and data collection devices, and practice, either 


supervised or unsupervised, until the observer feels a 
degree of comfort with the methods. It is at this point 
that formal interobserver reliability testing should be 
initiated. Interobserver reliability encompasses a number 
of statistical approaches that facilitate a comparison 
between observers: that is, how similar are the data col¬ 
lected by two researchers who observe the same individ¬ 
ual at the same time? Theoretically, they should be 
identical, but in practice, this is rarely the case. Two 
individuals weighing the same standardized weight on a 
balance are unlikely to get exactly the same measure, but 
they should be quite close; similarly, two researchers 
observing the same individual at the same time may not 
record exactly the same sequence of behavior, but differ¬ 
ences should be minimal and most importantly, they 
should be random. Often, the conduct of interobserver 
reliability tests can highlight weaknesses in the study 
design or protocols. If for example, an observer is consis¬ 
tently misscoring a particular behavior, it may be that the 
observer needs more training and practice; however, it 
may also be the case that the behavior is not adequately 
defined on the ethogram. 

Techniques for Measuring Reliability 

Most measures of inter- or intraobserver reliability utilize 
simultaneous observation of the same individual, or inde¬ 
pendent scoring of videotaped footage. In both cases, the 
goal is to have observers independently score samples of 
behavior that should be identical if there were no observer 
error or bias. When two observers conduct simultaneous, 
live observations, it is critical that they not communicate 
with each other as this could influence the outcome by 
violating assumptions of independence. This can be chal¬ 
lenging. If, for example, one observer notices that a second 
observer is entering a behavior that the first observer may 
have missed, this could lead the first observer to rethink 
his/her data entry and add a behavior that he/she might 
otherwise have erroneously missed. Conversely, two 
observers are, by definition, viewing a situation from 
slightly different vantage points and therefore may not 
be able to see exactly the same sequence of behavior 
because of errors of apprehension. However, this does 
not necessarily imply that their data are not reliable, 
since they may have been unable to adjust their position. 

When using live observation, the likelihood that only 
a small subset of possible behaviors will be seen is high. 
Should two observers be considered to have high reliabil¬ 
ity if they both correctly score a subject as sleeping for 
20 consecutive scans? The use of videotaped sequences of 
behavior resolves a number of problems. First, observers 
are able to watch and score videotape individually and 
independently, without possible influence from other 
observers. Second, the researcher can utilize one or more 
segments of footage that encompass a greater range of 
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behaviors on the ethogram, thus providing a more rigorous 
test of observer accuracy. Finally, all observers are able to 
view the sequence portrayed on the videotape from the 
same perspective. 

Details of reliability measurements can be found in 
sources listed at the end of this article, and a particularly 
clear example of how to calculate the various reliability 
metrics can be found in Lehner’s book; however, they are 
briefly described here. 

Assessing Reliability via Concordance 

A number of statistical methods exist for quantifying 
observer reliability, and all are based on a similar premise: 
to what extent do data collected by two individuals (or by 
one individual at different points in time) agree? In its 
simplest form, this may mean evaluating percent agree¬ 
ment. For example, consider an animal that is observed for 
10 min, and the state behavior in which it is engaged is 
noted every minute on the minute (an instantaneous sam¬ 
pling approach). If two observers record data on the 
same individual for these 10 min, the ‘agreement’ between 
their datasets is easily calculated: How many of the 10 
point observations are the same? If all are identical, then 
the agreement is 100%; if nine out the ten are identical, 
then agreement is 90%. A variation on this is the kappa 
coefficient, which corrects for chance agreement. 

Kendall’s coefficient of concordance can evaluate reli¬ 
ability evaluations with more than two observers; however, 
data must be converted to ranks to accommodate this 
nonparametric approach. Most behavioral studies look for 
agreement at or above 90% before an observer is consid¬ 
ered to be ‘reliable.’ There is no hard and fast rule on this, 
however, so this value should be thought of as a guideline 
only. Most often, new observers are tested against a standard 
(the lead investigator, or main field assistant, for example). 

Assessing Reliability via Correlation 

Several statistical tools are available to measure correla¬ 
tions between nominal, ordinal, interval, and ratio data. 
The Phi coefficient measures correlation between nomi¬ 
nal variables; for example, comparing the number of times 
two observers score a particular behavior. Similar stan¬ 
dard statistical measures of correlation are appropriate for 
evaluating interobserver reliability. Spearman correlation 
is used for ordinal or ranked data, and Pearson correlation 


for interval or ratio data. Correlation coefficients range 
from 0 to 1, with higher values indicating better agree¬ 
ment. In general, a correlation coefficient > 0.7 is consid¬ 
ered a strong correlation. 


Maintaining Reliability and Consistency 

The goal of behavioral research, as with any scientific 
endeavor, is to collect accurate, reliable data that allow the 
scientist to answer the question posed. The methodology 
chosen should fit the question at hand; it should be tested 
and modified to maximize its effectiveness, and its efficacy 
evaluated before finalizing data collection plans. It is imper¬ 
ative that observers be trained and their reliability - their 
accuracy, precision, repeatability, and validity - tested prior 
to utilizing their data, and regularly throughout the period of 
data collection. 

See also: Ethograms, Activity Profiles and Energy 
Budgets; Experiment, Observation, and Modeling in the 
Lab and Field; Experimental Design: Basic Concepts. 
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Introduction 

Importance of Memory and Learning 

Memory is a process of acquiring, retaining, and retriev¬ 
ing information about past experiences, while learning is a 
process of using these experiences to adaptively modify 
behavior. Learning is generally classified as nonassociative 
(e.g., habituation) or associative (classical and operant 
conditioning, active and passive avoidance). 

Memory and learning often play critical roles in the 
survival and reproductive success of many animal species. 
Animals may need to remember numerous pieces of 
information related to locations of breeding sites/nests, 
shelters, food sources, territory boundaries, locations of 
neighbors as well as their identity, etc. While it appears 
that memory and learning abilities have fitness conse¬ 
quences in most animal species, in some, memory might 
be especially crucial for fitness. Food-caching animals, for 
example, store food when it is abundant and then use their 
caches during the periods of food scarcity (e.g., winter). 
Many food-caching species rely, at least in part, on mem¬ 
ory to find previously stored food and failure to recover 
caches during energetically demanding times may result 
in death. Female parasitic cowbirds lay their eggs in the 
nests of host species. This strategy requires remembering 
locations of multiple nests in addition to the condition of 
these nests so that the eggs can be laid at the proper time 
to have the best chance of survival. Good memory in 
female parasitic cowbirds is thus crucial for their repro¬ 
ductive success and hence biological fitness. Polygynous 
male meadow voles that have large home ranges encom¬ 
passing the home ranges of several females need to 
remember the locations of multiple potential mates. 

There are numerous other examples of behaviors that are 
strongly dependent on memory and learning skills, but the 
main issue in all of them is that memory and learning are 
crucial for successful survival and reproduction. Any varia¬ 
tion in memory and learning is likely to have strong fitness 
consequences. Understanding the causes of variation in 
memory and learning is thus of great importance to biolo¬ 
gists. A great deal of work on memory and learning has been 
done in the biomedical field, which is mostly focused on how 
to maintain healthy cognitive functions in humans as well as 
what causes impairments in memory and learning. An evo¬ 
lutionary approach may also be useful to understand the 
variations between species as well as to reveal how selection 
pressures might have molded both behavior and the 
mechanisms associated with memory and learning. 


Memory Types 

Psychologists usually recognize several types of memory 
on the basis of the type of information processed and the 
area of the brain that is involved in the processing. 

Spatial memory appears to be dependent on an area of 
the brain called the hippocampus, in mammals and birds. 
Spatial memory allows animals to remember information 
for location of shelters, food patches, nests, etc. One group 
of animals that relies heavily on spatial memory is food¬ 
caching species, both in mammals and birds. Some species 
of birds, for example, can store tens of thousands of individ¬ 
ual food items throughout fairly large home ranges and then 
recover them, using spatial memory. Clark’s nutcracker 
(Nucifraga Columbiana) is the most well-known food-caching 
bird species and has been shown to use spatial memory to 
recover caches months after creating them. Some parids (tits 
and chickadees) are also known to store tens to hundreds of 
thousands of individual caches throughout autumn and 
sometimes spring. Even though there are debates about 
whether chickadees use spatial memory to recover their 
long-term caches (several months after making caches), 
they clearly do employ spatial memory on a relatively 
short-term basis (4-6 weeks), and their reliance on spatial 
memory appears to correlate with their reliance on cached 
food. In contrast to hippocampus-dependent spatial mem¬ 
ory, memory for other cues, such as color, appears to be 
independent of the hippocampus. 

Hippocampus-dependent declarative memory has 
been described mostly in humans, and it usually refers 
to memories about specific facts, such as learning facts 
from a book. Declarative memory is sometimes further 
subdivided into semantic (abstract knowledge that is not 
necessarily connected to specific time or place) and epi¬ 
sodic (events or facts connected with specific time and 
location) memory. Episodic memory has been historically 
thought to be uniquely human, but recent research on 
food-caching birds and some mammals suggests that ani¬ 
mals might be capable of episodic-like memory in which 
they can remember ‘what,’ ‘when,’ and ‘where.’ Western 
scrub-jays (Aphelocoma californica), for example, have been 
shown to remember what type of food they cache (perish¬ 
able vs. nonperishable), when they cached it (so they can 
retrieve perishable food faster), and where they cached it. 
This type of memory may be important for many food¬ 
caching species that store both perishable and nonperish¬ 
able food. Remembering location, food type, and timing of 
each cache allows these animals to successfully retrieve 
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their caches when needed, rather than risking a chance to 
recover spoiled food. 

In addition, memory can also be categorized into work¬ 
ing or reference memory. Working memory is usually 
defined as a relatively short-term memory that holds 
and manipulates information on a temporary basis. This 
type of memory is usually associated with learning infor¬ 
mation that changes on a regular basis. For example, a 
chickadee that is recovering previously made food caches 
may use working memory to remember all sites that it has 
inspected prior to finding the correct cache location. 
Reference memory, on the other hand, is long-term and 
is usually concerned with associative or discrimination 
learning of more stable information by repetitive training. 
An animal may use reference memory to remember loca¬ 
tions (trees, feeders) that contain food on a regular basis. 

Hormones and Memory 

While neural mechanisms mediate memory and learning 
in animals, hormones are well known to interact with 
these mechanisms of learning and hence have significant 
effects on cognitive processes. The memory process is 
usually subdivided into three phases: acquisition, consoli¬ 
dation and storage, and recall (or retrieval), and hormones 
might affect either one or all of these phases. Among the 
hormones that are known to impact on learning and 
memory, the most well studied are glucocorticoids, or 
‘stress’ hormones produced by the adrenal glands, and 
gonadal steroids such as testosterone and estradiol. 

Glucocorticoid Hormones 

Glucocorticoid hormones have strong effects on memory 
and learning in most animals. Glucocorticoids are steroid 
hormones produced by the adrenal glands, and elevation 
in glucocorticoids is usually associated with stressful 
events. The most common glucocorticoid hormone in 
some mammals including humans is cortisol. Corticoste¬ 
rone, on the other hand, is the main glucocorticoid hor¬ 
mone in reptiles, birds, and other mammals (e.g., some 
rodents). Glucocorticoids (hereafter CORT) are essential 
hormones necessary for multiple physiological functions 
including regulation of metabolism and gluconeogenesis. 

Stress and Glucocortocoid Hormones 

Most animals are known to respond to a variety of ecolo¬ 
gically relevant stressful conditions (food deprivation, 
social stress, predation risk, etc.) by significantly elevating 
CORT levels. The magnitude of CORT elevation may be 
related to the nature of the stressors. Hence, knowing the 
relationship between CORT and memory and learning is 


important not only from the biomedical perspective but 
also from the evolutionary perspective. For example, 
changes in memory mediated by changing CORT levels 
may have significant impact on biological processes 
and fitness. 

First, it is important to note that CORT is essential 
for the maintenance of memory and learning. Numerous 
experiments on both mammals and birds demonstrate that 
removal of adrenal glands, and hence that of circulating 
CORT, results in severe hippocampus-dependent memory 
and learning impairments. Providing exogenous CORT 
via implants or injections to restore physiologically nor¬ 
mal CORT levels restores cognitive functions. Prefrontal 
cortex-dependent working memory also requires gluco¬ 
corticoid hormones for normal functioning and is also 
negatively impacted by adrenalectomy and restored with 
CORT implants. 

Naturally occurring ecological conditions that result in 
significant reductions in CORT levels below baseline are 
probably not relevant, but these data strongly suggest that 
presence of CORT is essential. On the other hand, eleva¬ 
tion in CORT levels is a typical response to numerous 
ecologically relevant ecological perturbations and there¬ 
fore, from both ecological and biomedical standpoints, it 
is important to understand the effects of elevated CORT 
levels (both short-term and long-term or chronic) on 
cognitive processes. 

Short-Term Elevations in Glucocorticoid 
Hormones 

Numerous environmental variables may trigger fairly short¬ 
term (minutes to hours) CORT increases. The presence of, 
or attack by a predator, temporary food shortages, rapid 
changes in weather patterns (e.g., snow storm), social inter¬ 
actions, etc. may all elicit a relatively short-term elevation in 
glucocorticoid hormones. Short-term CORT elevations have 
been reported to have both negative and positive effects 
on memory and learning. Whether the effect is positive or 
negative generally depends on the magnitude of CORT 
elevation and on timing of such elevation in relation to the 
memory phase (acquisition, consolidation, or retrieval). 

Most effects of CORT elevation on memory and 
learning appear to follow an inverse U-shape relationship 
in which an initial increase in CORT enhances memory, 
and after a certain threshold is reached, any further 
increase usually results in memory impairments. Many 
experimental studies with rodents established that mem¬ 
ory appears to be dependent on glucocorticoid hormones 
in a concentration-dependent fashion, and experimentally 
elevated CORT levels result either in improved memory 
performance caused by moderately elevated CORT levels 
or in impaired memory caused by strong CORT elevation. 
In domestic chicks, for example, experimentally induced 
moderate, but not strong, increases in CORT levels resulted 
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in enhanced memory for a weak aversant in a passive 
avoidance task. Interestingly, when a strong aversive stimu¬ 
lus was used, both moderate and high CORT elevations 
impaired memory performance. 

In many experimental studies, induced acute CORT 
elevation at the time of memory acquisition or immedi¬ 
ately after training on a learning task results in improved 
memory performance, which suggests that elevated 
CORT enhances memory acquisition and consolidation. 
On the other hand, acute CORT increases prior to mem¬ 
ory retrieval usually impair it. These are, however, only 
general patterns and the results of many studies have not 
conformed to these generalities. 

For example, adding moderate doses of CORT shortly 
after training on a memory task generally enhances long¬ 
term memory in rats. Numerous studies suggest that 
CORT increased immediately following a stressful event 
can enhance memory of that event, which may be highly 
adaptive as the animal might be able to avoid such stress¬ 
ful events in future. Administration of CORT several 
hours after learning generally has no effect on memory 
of the trained event. In contrast, CORT elevation prior to 
memory retrieval seems to impair memory retrieval. Thus, 
short-term peaks in CORT appear to enhance memory 
encoding and consolidation when they occur either during 
or immediately after training on a memory task, but they 
tend to impair memory retrieval when applied directly 
prior to retrieval. It is not clear, however, whether this 
pattern is always consistent. In rodent studies, when mem¬ 
ory testing was done shortly after memory acquisition that 
was associated with elevated CORT levels, memory 
retrieval was impaired if CORT remained elevated 
throughout both memory acquisition and recall. In humans, 
cortisol elevation associated with social stress results in 
impaired social memory (such as face recognition). 

In many ecologically relevant conditions, however, 
short-term stressful events may occur unpredictably and 
memory retrieval may be essential for survival during such 
events. For example, food-caching animals store food when 
it is abundant and when energy budget favors storing food 
over eating it. In northern latitudes, naturally available food 
may be unpredictable because of changing weather and 
difficult to obtain; memory-based cache retrieval may be 
the only option to gather necessary energy reserves. During 
such times, CORT levels are usually elevated and, some¬ 
times, even highly elevated for prolonged periods of time 
encompassing both food caching and cache retrieval. If 
CORT elevations were detrimental to memory retrieval, 
the ability of these animals to retrieve their caches in times 
of hardship would be compromised. 

At least one study showed marginal improvement in 
spatial memory during memory-based food cache recov¬ 
ery in mountain chickadees (Poecilegambeli) with clinically 
high CORT levels induced five minutes prior to memory 
retrieval. On the other hand, applying acute-stress-like 


high CORT levels only prior to memory encoding (food 
caching) in these chickadees had no effect on memory- 
based cache retrieval. These results suggest that in food¬ 
caching chickadees, strongly elevated CORT prior to 
memory retrieval specifically improves memory retrieval. 
In nature, chickadees and other food-caching birds may 
frequently experience rapidly and unpredictably changing 
weather conditions, which may cause spikes in CORT 
levels, and elevated CORT appears to enhance spatial 
memory needed for successful cache retrieval. In addition, 
some studies of long-term CORT treatment in which 
elevated CORT was present during memory acquisition, 
consolidation, and recall found memory improvements 
suggesting no impairing effects of high CORT on memory 
retrieval. Thus, although many studies showed negative 
effects of elevated CORT on memory retrieval, it appears 
that such effects are not necessarily general and may 
depend on the evolutionary history of a particular species. 

Long-Term, Chronic Elevations in 
Glucocorticoid Hormones 

Most studies investigated the effects of chronic elevation in 
CORT on memory by one of the two main techniques. 
Some studies provided chronic CORT via long-term 
implants, whereas others used stressful conditions (social 
stress, bright light, etc.) rather than hormone implants. Such 
stressful conditions almost always result in elevated CORT 
levels, but it is possible that some other factors besides 
the hormones may directly cause changes in memory per¬ 
formance. This problem is usually addressed by experiments 
in which animals’ adrenal glands are removed by effectively 
removing CORT from the system. Then, CORT implants 
are added simulating normal CORT levels (adrenalectomy 
without adding exogenous CORT results in severe memory 
impairments). When adrenalectomized animals are stressed, 
they cannot increase CORT levels and usually show no 
consequences of stressful environment on memory, suggest¬ 
ing that stress affects memory via elevated CORT. 

Long-term, chronic (weeks or months) elevations in 
glucocorticoids have usually been associated with memory 
impairments, most often those that are hippocampus 
dependent. Numerous rodent studies have documented 
impairments in spatial memory performance following 
several weeks of repeated stress. Such impairments are 
usually accompanied by dendritic atrophy within the 
hippocampus, which appears to be reversible if normal 
conditions are restored. Dendritic morphology appears to 
be directly related to memory processes and therefore 
elevated CORT may affect memory by causing dendritic 
atrophy. However, it remains somewhat unclear whether 
only relatively high chronic elevations in glucocorticoids 
have severe negative impact on memory. Some studies 
have shown that moderate elevations might actually 
have positive or no effects on learning and memory. 
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In addition, numerous studies suggest that negative effects 
of long-term elevated CORTon memory may be age, sex, 
and/or time dependent. 

The effects of long-term CORT elevation on memory 
and learning are somewhat controversial. In one study, 
experimental doubling of CORT plasma levels in rats for 
30 days had no effect on spatial learning. Similar chronic 
CORT increase for 60 days, on the other hand, resulted in 
spatial memory impairments in middle-age rats, but had 
no effect on young rats. It has been suggested that chronic 
CORT elevation may negatively affect memory via 
increasing neuronal death and decreasing their number. 
Interestingly, the hippocampal neuron numbers were not 
affected even by the longest administration of CORT in 
either middle-aged or young rats. In a different experi¬ 
ment, chronic stress applied to male rats for 14 days 
(presumably increasing circulating levels of endogenous 
CORT) resulted in improved spatial memory performance, 
while memory performance tested after 21 days of chronic 
stress was impaired. In female rats, 21 days of chronic stress 
resulted in enhanced spatial memory performance but 
females rats tested after 28 days of chronic stress showed 
neither improvements nor impairments in spatial memory. 
Such differences in responsiveness to elevated CORT 
between males and females seem to be mediated by 
gonadal hormones (e.g., estrogen) in females. Interestingly, 
chronic stress also has a lesser impact on dendritic atrophy 
in female rats compared to males, which also suggests 
counter effect by estrogen. More work is needed to better 
understand the interactions between gonadal and stress 
hormones and how they affect memory and the brain. 

Some studies, on the other hand, showed that long¬ 
term stress might have an enhancing effect on memory. 
Tree shrews (Tupaia belangeri) placed in conditions of 
chronic stress and with chronically elevated CORT 
levels for four weeks performed significantly better on a 
hippocampal-dependent spatial memory test compared to 
control shrews. There were no effects of elevated plasma 
CORT levels on hippocampus-independent memory task 
involving sites marked with local color cues (e.g., when a 
target site was clearly marked with a unique color and so 
spatial memory was not necessary to relocate it). Interest¬ 
ingly, hippocampal cell proliferation rates in tree shrews 
were negatively affected by chronic stress. Cell prolifera¬ 
tion in the hippocampus is a component of neurogenesis 
(production of new neurons), which has been implicated 
in memory function. Reduction in neurogenesis might 
usually be considered bad for memory process, but the 
fact that tree shrews showed enhanced memory and 
reduced hippocampal cell proliferation at the same time 
suggests no negative effects of reduced cell proliferation 
rates on memory. All these results were in contrast 
to previous studies of tree shrews reporting negative 
effects of chronic stress on hippocampus-dependent but 
not hippocampus-independent memory. 


Just as in the case of short-term CORT elevation, 
the effects of long-term CORT elevations appear to fol¬ 
low a dose-dependent inverted-U shape relationship with 
memory. Moderate CORT elevations may have memory¬ 
enhancing effects, while high stress-induced CORT levels 
are likely to produce detrimental effects on memory and 
the brain. 

There are several examples of improved learning and 
memory performance associated with long-term moder¬ 
ately elevated CORT levels. In greylag goslings (.Anser 
anser ), higher levels of excreted CORT correlated with 
better learning performance. Food-caching parids (tits 
and chickadees) provide another example. As mentioned 
before, these birds store numerous food items during 
the winter when these birds experience energetically 
demanding adverse conditions that are characterized by 
poor food availability and predictability. Under such con¬ 
ditions, finding previously made food caches appears to 
be crucial for survival. Field studies suggested that these 
birds might have moderately elevated CORT levels for 
several months during the winter, likely caused by unpre¬ 
dictable foraging and adverse weather conditions. Such 
long-term CORT elevations may persist in addition to 
short-term CORT changes caused by quickly changing 
environmental conditions. In the laboratory, experimen¬ 
tally induced long-term (several months) unpredictable 
foraging conditions resulted in moderate but significant 
CORT elevations and in enhanced spatial memory per¬ 
formance in mountain chickadees. This type of CORT 
elevation also resulted in enhanced spatial performance in 
mountain chickadees, suggesting that adverse environ¬ 
mental conditions may enhance spatial memory via mod¬ 
erately elevated CORT levels. Interestingly, nonspatial 
memory performance was not affected by either unpre¬ 
dictable foraging conditions or by experimentally ele¬ 
vated CORT levels. These results are consistent with the 
study of tree shrews that showed improved spatial, but not 
nonspatial memory performance in animals with chroni¬ 
cally and moderately elevated CORT levels. 

If moderately elevated CORT levels enhance mem¬ 
ory, then why would selection not favor constantly 
increased levels of these hormones? Because elevated 
CORT also comes with negative effects, for example, a 
compromised immune system, even moderate CORT 
elevations may represent a trade-off between improve¬ 
ments in learning and memory and negative effects on 
other physiological systems. Thus, CORT elevation 
would be favored only when benefits from positive 
effects, such as enhanced memory, outweigh negative 
effects. For example, if food-caching birds do not retrieve 
cached food during energetically challenging times dur¬ 
ing the winter, they will most likely die from starvation. 
Compromised immune system caused by elevated 
CORT, on the other hand, is unlikely to result in immi¬ 
nent death during such times. 
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Development, Glucocorticoids, and Memory 

Conditions under which animals develop and grow appear 
to have lasting effects on learning and memory, among 
other things. Many young growing animals cannot obtain 
energy resources by themselves and may have to depend 
on their parents for such resources. If parents are unable 
to provide sufficient resources, developing young often 
respond by elevating glucocorticoid levels. Such effects 
are especially prominent in altricial birds that depend 
entirely on their parents’ ability to collect and bring 
sufficient amounts of food. When developing chicks do 
not get enough food, CORT levels rise, which has been 
shown to increase begging rates. Increased begging rates 
signal parents that more food is needed. If despite 
increased begging, parents are not capable of providing 
more food, CORT elevation may become prolonged and 
appears to result in long-term cognitive impairments of 
learning abilities, which extend well into adulthood and 
likely have negative consequences for survival. 

For example, western scrub-jays, Aphelocoma californica , 
that were food restricted during posthatching develop¬ 
ment were reported to have significantly higher circulat¬ 
ing CORT following the start of food restrictions. After 
several months, they showed impaired hippocampus- 
dependent spatial memory performance compared to 
young fed ad libitum. Young that were kept on restricted 
diets during posthatching development also had smaller 
hippocampi with fewer neurons when they were about a 
year old, even though they had months of unlimited food 
since the time they became nutritionally independent. 
It is likely that the negative effects of food restrictions 
during a relatively short period of posthatching develop¬ 
ment on memory were mediated by high CORT. These 
negative effects were limited to hippocampus-dependent 
spatial memory, while hippocampus-independent mem¬ 
ory for color did not seem to be affected. In zebra finches 
{Taenopygia guttata), experimentally elevated plasma CORT 
levels during posthatching development (as well as an 
independent food restriction) resulted in reduced song 
learning abilities in males, suggesting that restricted food 
might affect the brain and learning via high CORT. 

In both red-legged (Rissa brevirostric) and black-legged 
( R . trydactila) kittiwakes, experimentally enhanced CORT 
levels mimicking those triggered by naturally occurring 
food restrictions caused impairments in associative learning. 
This work suggests that variation in food supply may have 
serious long-term consequences, as learning ability appears 
to be crucial for survival. In addition, prenatal exposure to 
corticosterone in domestic chicks ( Galius gallus domesticus) 
had a negative effect on the learning component of filial 
imprinting. Corticosterone-treated naive chicks were not as 
good as control birds in identifying specific individuals 
they encountered after hatching. Many mammalian stud¬ 
ies also suggested that the long-term effects of food 


restrictions during postnatal development are often lim¬ 
ited to the hippocampus and hippocampus-dependent 
cognitive processes. 

Some avian species (e.g., tufted puffins, Fratercula cir- 
rhata) that experience high variance in foraging success, 
which translates into highly irregular food provisioning 
rates for the developing offspring, appear to have evolved 
a muted CORT response to food deprivations. Because the 
young of these species do not increase CORT when food 
deprived on a regular basis, they avoid long-term negative 
effects of high plasma CORT on cognitive function. 

Mechanisms of Glucocorticoid Effects on 
Learning 

CORT may have both positive and negative effects on 
learning and memory, and so it is important to understand 
the mechanisms of such effects. There are two types of 
corticosteroid receptors described for the neurons in the 
mammalian brain - mineralocorticoid (MR; high affinity) 
and glucocorticoid (GR; low affinity). Activation of these 
receptors has been reported to induce changes in synaptic 
plasticity in the hippocampus, which, in turn, is likely to 
affect memory and learning. MR receptors are usually 
activated by low blood levels of glucocorticoids. GR 
receptors, on the other hand, are usually only partially 
activated with low to moderate levels. When glucocorti¬ 
coid levels start increasing, more GR receptors become 
activated until they become fully saturated at very high 
levels. The strength of neuronal synaptic contacts is high 
when MR and only a fraction of GR receptors are acti¬ 
vated. Activation of all GR receptors impairs long-term 
potentiation (LTP, strength of and number of synaptic 
connections) and results in reduced neuronal firing, 
which potentially explains impaired memory perfor¬ 
mance in animals with highly elevated CORT levels. 
Hippocampal neurons contain both MR and GR recep¬ 
tors, while neurons in the rest of the brain seem to contain 
mainly GR. Thus, stress-induced memory changes appear 
to concern hippocampus-dependent memory processes, 
for example, spatial memory. 

The inverted-U shape relationship between glucocorti¬ 
coid concentration and hippocampal-dependent learning 
processes appears to stem, at least in part, from the relative 
activation of both MR and GR receptors. When the con¬ 
centration of circulating glucocorticoids is very low, all GR 
receptors are unoccupied and many MR receptors are 
unoccupied as well, resulting in a low strength of neuronal 
synaptic connections and low neuron firing rates, which 
may result in memory and learning impairments. When 
the concentration of blood glucocorticoids is moderately 
increased, MR and a fraction of GR receptors become 
occupied resulting in enhanced LTP and memory and 
learning enhancement. When the circulating level of glu¬ 
cocorticoids increases yet further, all MR and GR receptors 
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are saturated resulting in impaired LTP in the hippocam¬ 
pus, and reduced neuron firing and hence greater impair¬ 
ments in memory and learning. Experimental blocking of 
MR receptors in rats resulted in impaired long-term poten¬ 
tiation (LTP) in the hippocampus, whereas blocking GR 
receptors resulted in enhanced LTP confirming the opposite 
effects of GR and MR receptor activation on hippocampal 
synaptic plasticity. Interestingly, zebra finches selected 
for high corticosterone response to acute stress showed 
impaired spatial learning and had lowered MR mRNA 
expression in the hippocampus compared to control birds. 

Long-term chronic elevation in glucocorticoids may 
result in neuronal death, reduction in dendritic tree and 
dendritic atrophy, and hence likely a reduction in synaptic 
connections, as well as decreased hippocampal neurogen¬ 
esis rates. More recent studies reported no effects of 
chronic CORT elevations on the total number of hippo¬ 
campal neurons, but the negative effects on dendritic 
branching, synaptic plasticity, and neurogenesis seem to 
be undisputed. It also appears that most of these negative 
effects are not necessarily permanent and can be reversed. 
Lurthermore, it is likely that the magnitude of increased 
CORT level may be important. Lor example, experimen¬ 
tally induced, moderate, long-term elevation in CORT did 
not affect hippocampal cell proliferation rates in mountain 
chickadees. Likewise, in rats, social stress did not affect 
hippocampal cell proliferation rates while affecting new 
neuron survival. In tree shrews, on the other hand, chronic 
stress associated with chronic CORT elevation did result in 
lowered hippocampal cell proliferation rates, even though 
spatial memory was actually improved by the treatment in 
this particular study. 

Linally, positive effects of higher CORT titers on 
memory and learning may also be potentially mediated 
by increased glucose levels triggered by higher CORT 
and elevated glucose has been shown to directly enhance 
memory and learning. 

Epinephrine 

Epinephrine or adrenalin is a classical ‘fight or flight’ 
hormone produced by the adrenal glands in response to 
stress. Epinephrine release is fast and relatively short 
lived, and it usually precedes elevation of glucocorticoid 
hormones. Epinephrine functions similar to glucocorti¬ 
coid hormones but much more rapidly to boost glucose 
and oxygen supply to the muscles and the brain while 
restricting nonvital physiological functions in quick prep¬ 
aration for a stressful event. 

Like glucocorticoid hormones, epinephrine seems 
to affect memory in an inverted-U shape relationship; 
moderate increases enhance while low and high concen¬ 
trations seem to impair learning and memory. Similar to 
CORT, memory is enhanced only when epinephrine is 


present immediately following training. If epinephrine 
is administered before training or fairly late after training, 
learning is not affected. Memory-enhancing epinephrine 
effects are likely adaptive because remembering circum¬ 
stances under which stressful event had occurred can help 
an animal avoid those circumstances in the future. 

Since epinephrine cannot cross the blood-brain barrier, 
it has been hypothesized that elevated glucose levels may 
mediate its effects on memory, which may be similar to the 
effects of CORT that also results in higher glucose levels. 

Gonadal Hormones 

Testosterone 

Testosterone is produced by gonads in males, by ovaries in 
females and, in smaller amounts, by the adrenal cortex in 
both sexes. Plasma testosterone levels are higher in sexu¬ 
ally mature males in most species and its concentration 
varies during the breeding cycle. The pattern of circulat¬ 
ing testosterone levels depends on multiple ecological 
and physiological factors. 

Results of numerous studies investigating the effects of 
testosterone on cognition have been mixed suggesting that 
the relationship between testosterone and learning and 
memory is complex and depends on numerous factors. 

One of the easiest methods to practically eliminate 
testosterone in males is castration. Early studies compar¬ 
ing castrated and intact male rodents concluded that tes¬ 
tosterone has no effect on learning and memory. Later 
work, however, showed enhancing effects of testosterone 
on memory and learning by applying testosterone to 
castrated animals. Numerous studies also suggested that 
testosterone may be important for normal memory mainte¬ 
nance. Removing androgens by castration decreases hippo¬ 
campal synaptic density in rats and in monkeys, indicating 
importance of these hormones for synaptic maintenance and 
hence hippocampus-dependent memory and learning. Pro¬ 
vision of exogenous testosterone restores synaptic density, 
suggesting a link with hippocampal synaptic morphology. 
Male meadow voles (Microtus pennsylvanicus) with naturally 
higher testosterone levels have been reported to have larger 
hippocampi, suggesting a role in hippocampal enlargements, 
which, in turn, might be expected to be associated with 
enhancement of hippocampus-dependent memory. Another 
study with the same species, however, reported no differ¬ 
ences in spatial memory performance between males with 
naturally high and naturally low testosterone levels. Castra¬ 
tion in male rats also did not seem to impair acquisition in a 
spatial memory task, but did impair spatial working memory 
in one study. Removal of gonads in adult male rats resulted in 
impaired spatial memory acquisition, and such impairments 
were reversed by administration of exogenous testosterone. 
Some hippocampal-independent learning, however, does 
not seem to be affected by removing testosterone. 
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In male white-footed mice (Peromyscus leucopus), testos¬ 
terone levels and spatial memory performance vary with 
photoperiod; during long days, testosterone levels were 
higher and memory performance was better compared 
to short, winter-like days. Administration of exogenous 
testosterone to castrated males on short photoperiod en¬ 
hanced spatial memory performance, but no effects of 
castration or addition of exogenous testosterone to cas¬ 
trates were observed on spatial memory performance in 
mice maintained on long days. These results suggested that 
photoperiod somehow interacts with the effects of testos¬ 
terone on spatial memory. 

The interactions between testosterone and cognition 
also appear to be dependent on sex and age. In many 
animals, including humans, testosterone levels in males 
decline gradually with age. Such a decline is usually corre¬ 
lated with declines in memory and learning. Several studies 
also reported correlations between performance on mem¬ 
ory tasks and testosterone levels in humans. Experimentally 
increased testosterone levels usually enhance spatial and 
working memory in older human males, but such effects are 
not found in young males. 

Aromatase enzymes can convert testosterone into 
estradiol within the brain in cells of the hippocampus 
and amygdala. In mammals, both males and females 
appear to have receptors for androgens and estrogens in 
the hippocampus, amygdala, and prefrontal cortex, all 
brain areas involved in cognitive functions. Testosterone 
may potentially affect cognition either directly as andro¬ 
gen or indirectly as estrogen when converted into estra¬ 
diol within the brain. Some studies, on the other hand, 
suggested that there are no testosterone receptors in the 
hippocampus while there are estrogen receptors. Because 
testosterone may affect cognition both as an androgen and 
as an estrogen, it remains unclear whether and when 
testosterone may directly affect memory and learning or 
whether most of the effects of testosterone on memory are 
via conversion of testosterone into estradiol. Careful stud¬ 
ies using either aromatase inhibitors or providing exoge¬ 
nous estradiol or testosterone to gonadectomized animals 
may help to separate the effects of these two hormones on 
cognitive functions. 

One study reported that when aromatase inhibitors 
were used to prevent conversion of testosterone into estra¬ 
diol in the brain, extra testosterone improved spatial but 
not verbal memory in human males, suggesting the direct 
involvement of testosterone in spatial memory regulation. 
Improvements in verbal memory were observed only in 
the absence of aromatase inhibitors, suggesting a role of 
estradiol in verbal memory. In a different experiment, 
castrated male rats were given either testosterone or 
estradiol and rats treated with estradiol showed improve¬ 
ments in acquisition of a spatial memory task while rats 
treated with testosterone only improved working memory. 
These results suggest that testosterone may indeed affect 


memory directly and that testosterone and estradiol may 
affect different memory systems. 

In castrated male zebra finches, implantation of estra¬ 
diol resulted in enhanced spatial memory performance. 
Administration of testosterone implants also resulted in 
enhanced acquisition of spatial memory and in enlarged 
size of neurons in the rostral hippocampus, but adminis¬ 
tration of dihydrotestosterone, an androgen that cannot be 
converted into estradiol by aromatase, resulted in birds not 
learning the spatial task. The authors of this experiment 
concluded that testosterone affected the hippocampus and 
spatial memory via conversion into estrogen. A surprising 
result of that experiment was that castrated males with no 
implants did better on acquisition of a spatial memory task 
than males implanted with dihydrotestosterone. One pos¬ 
sibility is that androgens not converted into estrogens by 
aromatase may actually be detrimental to spatial memory, 
but more research is needed to verify this claim. 

Most studies investigating testosterone effects on 
memory used manipulated castrated animals, while not 
much has been done with hormonal manipulations in 
intact animals. Future studies should also aim to integrate 
the interplay between environmental variables, testoster¬ 
one levels, and cognition in different species to better 
understand the biological trade-offs associated with ele¬ 
vated testosterone. 

Estradiol 

Estradiol is produced by ovaries in females and to a lesser 
extent by the adrenal cortex in both sexes, but it is also 
produced in the brain in both males and females by 
aromatization of testosterone. Estradiol levels are natu¬ 
rally elevated in sexually mature females in mammals, in 
addition to estrous cycle fluctuations. In birds, estradiol is 
elevated during breeding and is low during nonbreeding 
periods. 

It has been well established that estradiol has a direct 
effect on the properties of the hippocampal neurons (see 
also earlier), which are likely to affect hippocampus- 
dependent learning. Higher levels of estrogens appear to 
be associated with greater dendritic spine density in the 
hippocampus of the rats and were reported to vary by as 
much as 30% during the estrous cycle. Rodent studies 
showed that providing exogenous estradiol results in 
increased number of dendritic spines in the hippocampal 
neurons, along with the increased number of synapses. 
Such changes in hippocampal neurons caused by elevated 
estrogen levels are likely the cause of enhanced hippo¬ 
campus-dependent memory. Administration of exogenous 
estrogen to gonadectomized rats resulted in enhanced 
spatial memory performance in many experiments. In 
meadow voles, estradiol treatment of castrated males 
resulted in increased survival of hippocampal neurons 
and better spatial memory performance. 




436 Memory, Learning, Hormones and Behavior 


However, on the basis of its effects on hippocampal 
morphology, it could be expected that estradiol should 
always have an enhancing effect on hippocampus-dependent 
memory It has been reported that estradiol might have 
both enhancing and impairing effects. First, it appears that 
the relationship between estradiol and memory follows an 
inverted-U shape relationship as observed for several 
other hormones (see earlier). Absence or very low plasma 
concentrations and very high levels are usually associated 
with impaired memory, while moderate concentrations are 
associated with enhanced memory, especially hippocampus- 
dependent memory. Second, it has been suggested that 
estradiol might improve some memory types (e.g., working 
memory) while impairing the others (e.g, reference memory), 
but support for this idea has been mixed. It has also been 
suggested that estrogens might specifically affect memory 
acquisition and consolidation, but not memory retrieval. 
Administration of estradiol prior to or immediately following 
training on a memory task seems to enhance memory per¬ 
formance in rodents, while application of estradiol after a 
period of time following training has no effect on memory. 

The reported effects of estrogens on cognition also 
appear to vary depending on specific cognitive tasks. For 
example, acquisition of a spatial task in gonadectomized 
rats appears to be enhanced by providing exogenous 
estradiol, but once the animals acquired the task, estro¬ 
gens did not seem to provide any more enhancements. 
Adding exogenous estradiol to ovariectomized rats also 
seems to enhance working memory on spatial memory 
tasks. Thus, estrogens appear to enhance recognition 
memory in ovariectomized rats allowing animals better 
discrimination between familiar and unfamiliar objects. 
Such effects may be adaptive and better discrimination 
memory especially during breeding period may enhance 
animals’ fitness. 

The relationship between estradiol and memory also 
appears to be age dependent. Experiments showed that 
spatial memory performance in older female rats corre¬ 
lates with blood estrogen levels; females with lower estro¬ 
gen perform worse on spatial memory tasks than females 
with higher levels. In human postmenopausal females, 
estrogen supplement seems to have a positive effect on 
memory and learning. Estradiol replacement in rats with 
removed ovaries enhanced spatial memory and higher 
concentration of estradiol resulted in better memory per¬ 
formance. Simply removing ovaries, on the other hand, 
produced mixed results in rats. Young rats showed 
impaired memory after one day following ovariectomy, 
while memory performance of middle-aged rats was not 
affected by ovariectomy. In non-human primates, estrogen 
effects on memory appear to be especially pronounced in 
aged animals. 

Several studies in rodents and primates reported cor¬ 
relational results showing that females with naturally 


higher estrogen levels performed worse on a spatial mem¬ 
ory task compared to females with naturally lower levels. 
Interestingly, one study reported that female meadow 
voles with high estrogen levels had significantly larger 
hippocampi compared to low estrogen females. This 
result seems contradictory to the findings of negative 
effects of high estradiol levels on memory, as larger hip¬ 
pocampus and denser dendritic branching with more 
synapses, all of which are usually associated with elevated 
estrogen levels, have been linked to enhanced memory 
performance. Administration of a high dose of estradiol 
to ovariectomized female meadow voles, however, also 
resulted in impaired spatial memory confirming the 
hypothesis of the inverse-U shape relationship between 
estradiol and memory. 

Although males maintain lower estrogen levels than 
females, no differences in the number of estrogen recep¬ 
tors in the hippocampus between males and females have 
been reported in rodents, again confirming the idea that in 
males testosterone affects the hippocampus via conver¬ 
sion into estrogen. Interestingly, adding exogenous estra¬ 
diol to castrated males resulted in improved memory 
performance on some spatial memory compared to con¬ 
trol castrated males. 

Overall, numerous studies have suggested that estro¬ 
gens are important for learning and memory processes 
and that the effects of estrogens on memory may depend 
on estrogen concentration, memory type, and age of ani¬ 
mals. Most of the studies, however, used ovariectomized 
animals, while the effects of temporary elevations in estro¬ 
gens on memory in intact animals remain less clear. 
Estrogen levels increase naturally in many animals during 
breeding, and thus it is important to understand how such 
elevations might affect fitness-related functions such as 
memory and learning. Some studies showed that animals 
with high estrogen levels perform worse on spatial mem¬ 
ory tasks compared to individuals with lower estrogen 
levels. But these comparisons are correlative and it is 
possible that other differences exist between animals 
with high and low estrogen levels. Future studies should 
investigate the suggested inverse-U shape relationship 
between estradiol levels and memory. It is important to 
test the effects of temporary moderate elevations in estro¬ 
gens on memory in intact animals. In some species, mem¬ 
ory appears to be especially crucial for successful 
reproduction and understanding the relationship between 
estrogens and learning and memory in such species might 
be especially relevant. For example, female parasitic cow- 
birds need to maintain complex memories for locations of 
numerous host nests, content/stage of these nests, and 
when these nests were found. Enhanced memories appear 
to be crucial for the fitness of these birds and so it will be 
interesting to determine whether estrogens elevated dur¬ 
ing egg laying have an effect on memory in these birds. 
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Other Hormones 

Progesterone 

Progesterone is produced in gonads, adrenal cortex, and 
also in the brain in both males and females. Progesterone 
concentration is low in young and in old individuals (e.g., 
postmenopausal women), and it also fluctuates during 
estrous cycle in sexually mature females. 

Reports of the effects of progesterone on memory 
appear to be conflicting. In some cases, elevated progester¬ 
one has been suggested to increase dendritic spine density 
in hippocampal neurons, and thus progesterone may 
potentially be beneficial for memory function. In many 
studies, the effects of progesterone on memory have been 
studied in conjunction with estradiol, and combination of 
these two hormones seems to be important for regulation 
of memory. Rodent studies, for example, showed a positive 
correlation between the concentration of both estradiol and 
progesterone the density of dendritic spines on hippocampal 
neurons. In ovariectomized rats, administration of proges¬ 
terone enhanced the positive effect of estradiol on dendritic 
spine density in the hippocampal neurons. 

Other studies, however, suggested that progesterone 
interferes and counteracts the enhancing effects of estra¬ 
diol on dendritic spines. Some investigations, for exam¬ 
ple, showed negative effects of exogenous progesterone 
on spatial memory task in young rats. When applied 
together with estradiol, progesterone has often been 
reported to block the enhancing memory effects of estra¬ 
diol in young female rats. On the other hand, proges¬ 
terone when administered with estradiol to older rats 
improved their spatial memory. Progesterone also seems 
to counter the memory-enhancing influence of estradiol 
in a concentration-dependent fashion in which only large 
doses are effective. 

Adrenocorticotropic Hormone 

Adrenocorticotropic hormone (ACTH; produced by the 
pituitary gland, but also expressed centrally) appears to be 
important for memory maintenance, and administration 
of exogenous ACTH to hypohysectomized rats (with 
pituitary gland removed) seems to improve learning and 


memory. Experimentally elevating ACTH levels in intact 
animals, on the other hand, does not seem to produce any 
enhancements. 

Some other hormones (such as insulin, vasopressin and 
oxytocin, thyroid hormones) have also been suggested to 
affect memory and learning, but their effects on cognitive 
functions have not been investigated as intensively as 
those of glucocorticoid and gonadal hormones. 

See also: Fight or Flight Responses; Hormones and 
Behavior: Basic Concepts; Spatial Memory; Stress, 
Health and Social Behavior. 
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Introduction 

In an influential paper that was published in 1997, Sud- 
dendorf and Corballis argued that we humans are unique 
among the animal kingdom in being able to mentally 
dissociate ourselves from the present. To do so, we travel 
backwards and forwards in the mind’s eye to remember and 
reexperience specific events that happened in the past 
(i episodic memory) and to anticipate and preexperience 
future scenarios (future planning). Although physical time 
travel remains a fictional conception, mental time travel is 
something we do for a living, and the fact that we spend so 
much of our time thinking about the past and the future 
led to Mark Twain’s witty remark that “my life has been 
filled with many tragedies, most of which never occurred.” 

Mental time travel then has two components: a retro¬ 
spective one in the form of episodic memory and a 
prospective one in the form of future planning. In formu¬ 
lating their mental time travel hypothesis , Suddendorf and 
Corballis were the first to suggest that episodic memory 
and future planning are intimately linked and can be viewed 
as two sides of the same coin so to speak. In fact, their 
proposal consisted of two claims. In addition to integrating 
the retrospective and prospective components of mental 
time travel, they also argued that such abilities were unique 
to humans and reflected a striking cognitive dichotomy 
between ourselves and other animals. The latter idea was 
not new, however, but rather an extension of what others 
have argued makes episodic memory special. 

Indeed in his seminal studies of human memory, 
Tulving coined the term episodic memory in 1972 to 
refer to the recollection of specific personal happenings, 
a form of memory that he claimed was uniquely human 
and fundamentally distinct from semantic memory, the 
ability to acquire general factual knowledge about the 
world, which he argued we share with most, if not all, 
animals. Ever since he made this remember—know distinc¬ 
tion, most cognitive psychologists and neuroscientists have 
assumed that episodic memory is special because of the 
experiential nature of these memories, namely that our 
episodic reminiscences are accompanied by a subjective 
awareness of currently reexperiencing an event that hap¬ 
pened in the past, as opposed to just knowing that it hap¬ 
pened. Of course we also have many instances of knowledge 
acquisition in which we do not remember the episode in 
which we acquired that information. For example, although 


most of us know when and where we were born, we do not 
remember the birth itself nor the episode in which we were 
told when our birthday is, and therefore such memories are 
classified as semantic as opposed to episodic. 

Episodic and semantic memory, then, are thought to be 
marked by two separate states of awareness; episodic 
remembering requires an awareness of reliving the past 
events in the mind’s eye and of mentally traveling back in 
one’s own mind’s eye to do so, whereas semantic knowing 
only involves an awareness of the acquired information 
without any need to travel mentally back in time to 
personally reexperience the past event. It is for this reason 
that in later writings, Tulving has argued that one of the 
cardinal features of episodic memory is that it operates in 
‘subjective time,’ and he refers to the awareness of such 
subjective time as chronesthesia. 

Language-based reports of episodic recall suggest that 
the retrieved experiences are not only explicitly located in 
the past but are also accompanied by the conscious expe¬ 
rience of one’s recollections, feeling that one is the author 
of the memory, or of traveling back not in any mind’s eye 
but in my mind’s eye, what Tulving called autonoetic con¬ 
sciousness. In other words, Tulving and others argue that 
episodic memory differs from semantic memory not only 
in being oriented to the past, but specifically in the past of 
the owner of that memory. So while some semantic knowl¬ 
edge, such as the birth date example described earlier, does 
involve a datable occurrence, these memories are funda¬ 
mentally distinct from episodic memories because they do 
not require any mental time travel. As William James so 
aptly wrote “Memory requires more than the mere dating 
of a fact in the past. It must be dated in my past.” 

From a biological perspective, the characterization of 
episodic memory in terms of these two phenomenologi¬ 
cal properties of consciousness, namely autonoesis and 
chronesthesia, presents major problems for two reasons. 
The first is that positing a subjective state of awareness is 
difficult to integrate with evolutionary processes of natu¬ 
ral and sexual selection, which operates on behavioral 
attributes such as reproductive success and survival rather 
than on mental states. The second is that this definition 
makes it impossible to test in nonverbal animals, in the 
absence any agreed behavioral markers of non-Linguistic 
consciousness. Adopting an ethological approach to com¬ 
parative cognition necessitates two requirements. The 
first is that the memory needs to be characterized in 
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terms of behaviorally defined properties as opposed to 
purely phenomenological ones, such as the types of infor¬ 
mation encoded. Indeed, we shall argue that the ability to 
remember what happened, where and how long ago is a 
critical behavioral criterion for episodic memory The 
second requirement is the identification of an ethological 
context in which these memories would confer a selective 
advantage. Note that by doing so, we transform this debate 
about the human uniqueness of mental time travel into an 
empirical evaluation in non-Linguistic animals as 
opposed to restricting it to the realms of philosophical 
personal ponderings. But before doing so, let us return to 
the two claims made by the mental time travel hypothesis: 
(1) future planning and episodic memory are subserved by 
a common process, mental time travel, and (2) this process 
is uniquely human. We shall evaluate each of these claims 
in turn, and argue that there is good evidence to support 
the first claim, but that considerably more controversy 
surrounds the second component of Suddendorf and Cor- 
ballis’ thesis. 

Evidence to support the first claim comes from a num¬ 
ber of sources. First, studies of brain activity while engaged 
in either memory retrieval or future-oriented tasks iden¬ 
tify a specific core network of regions in the brain of 
healthy human adults that support both episodic recollec¬ 
tion and future planning. Moreover, there are patients such 
as DB and KC, who show specific impairments in episodic 
but not semantic memory, and these patients have similar 
deficits in episodic but not semantic forethought. Finally, 
studies of cognitive development in young children sug¬ 
gest that episodic memory and future planning both 
emerge at about the same age, and are not properly devel¬ 
oped until children reach the age of about four. 

Is Mental Time Travel Unique to Humans? 

Regarding the second claim about the uniqueness of epi¬ 
sodic memory and future planning, if we are to adopt an 
ethological approach of the form we outlined earlier, then 
the question becomes one of asking where in the natural 
world these two processes might intersect, in which spe¬ 
cies, and under what conditions. One classic candidate is 
the food-caching behavior of corvids, members of the 
crow family that include jays, magpies, and ravens as 
well as the crows. These large-brained, long-lived, and 
highly social birds hide food caches for future consump¬ 
tion, and rely on memory to recover their caches of 
hidden food at a later date, typically weeks if not months 
into the future. So clearly food-caching is a behavior that 
is oriented toward future needs. Indeed, the act of hiding 
food is without obvious immediate benefit and yields its 
return only when the bird comes to recover the caches it 
made. Given that these birds are dependent on finding a 
significant number of these caches for survival in the wild, 


it seems likely that the selection pressure for an excellent 
memory for the caches would have been particularly 
strong, especially as they cache year round. 

These birds also cache reliably in the laboratory, 
providing both ethological validity and experimental 
control. At issue, however, is whether or not these birds 
episodically remember the past and plan for the future. 
For these reasons, we shall now turn our attention to 
assessing the evidence as to whether or not these food¬ 
caching corvids can remember the past and plan for 
the future. 

Episodic Memory 

As we stated earlier, language-based reports of episodic 
recall in humans suggest that the retrieved experiences are 
not only explicitly located in the past but are also accom¬ 
panied by the conscious experience of one’s recollections. 
From a comparative perspective, the problem with this 
definition, however, is that in the absence of agreed non- 
Finguistic markers of consciousness, it is not clear how one 
could ever test whether animals are capable of episodic 
recollection. For how would one assess whether or not an 
animal can experience an awareness of the passing of time 
and of reexperiencing one’s own memories while retriev¬ 
ing information about a specific past event. 

Behavioral criteria for episodic memory 

This dilemma can be resolved to some degree, however, 
by using Tulving’s original definition of episodic memory, 
in which he identified episodic recall as the retrieval of 
information about ‘where’ a unique event occurred, ‘what’ 
happened during the episode, and ‘when’ it took place. 
The advantage of using this definition is that the simul¬ 
taneous retrieval and integration of information about 
these three features of a single, unique experience may 
be demonstrated behaviorally in animals. Clayton and 
Dickinson termed this ability ‘ episodic-like memory rather 
than episodic memory because we have no way of know¬ 
ing whether or not this form of remembering is accom¬ 
panied by the autonoetic and chronesthetic consciousness 
that accompanies human episodic recollections. Indeed, 
we have argued that the ability to remember the ‘what- 
where-and-when’ of unique past episodes is the hallmark 
of episodic memory that can be tested in animals. 

Empirical tests of episodic-like memory 

We focus our analysis on one particular species of food¬ 
caching corvid, the western scrub-jay, capitalizing on one 
feature of their ecology, namely, the fact that these birds 
cache perishable foods, such as worms, as well as nonde- 
gradable nuts, and as they do not eat rotten items, 
recovering perishable food is only valuable as long as 
the food is still fresh. In a classic experiment published 
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in 1998, we tested whether the jays could remember the 
‘what, where, and when’ of specific caching events. 

Although the birds had no cue predicting whether or not 
the worms had perished other than the passage of time that 
had elapsed between the time of caching and the time at 
which the birds could recover the caches they had hidden 
previously, the birds rapidly learned that highly preferred 
worms were fresh and still delicious when recovered 4h 
after caching, whereas after 124 h, the worms had decayed 
and tasted unpleasant. Consequently, the birds avoided the 
wax worm caches after the longer retention interval and 
instead recovered exclusively peanuts, which never perish. 
Following experience with caching and recovering worms 
and peanuts after the short and long intervals, probe tests, in 
which the food was removed prior to recovery, showed that 
they relied on memory to do so rather than cues emanating 
directly form the food. Subsequent tests revealed that the 
jays could remember which perishable foods they have 
hidden where and how long ago, and irrespective of whether 
the foods decayed or ripened. 

Since the initial studies, a number of other laboratories 
have also turned their attention to the question of whether 
or not animals have episodic-like memory. Using para¬ 
digms analogous to those employed with the jays, there is 
now good evidence that rats, mice, and magpies can 
remember the what-where-and-when and what-where- 
and-which of past events. 

Forethought 

If forethought, at least in the form of episodic future 
thinking, falls under the general umbrella of mental time 
travel and is the reason for why episodic memory evolved 
in the first place as we suggested in the introduction, then 
we should expect to find a concomitant development of 
episodic memory and episodic future thinking. So if one 
accepts the evidence that the scrub-jays can episodically 
recall the past, at least in terms of the behavioral criteria, 
then these birds should also be capable of planning for the 
future. The topic is of course a controversial one, and 
indeed there is much debate about whether non-human 
animals are capable of forethought (see, e.g., the argu¬ 
ments of Suddendorf and Corballis, and the responses 
from my laboratory). For how does one test whether the 
jays’ caching decisions are controlled by future planning? 

Behavioral criteria for future planning 

The first distinction that one must draw is between pro¬ 
spectively oriented behavior and future planning. Several 
anticipatory activities, including migration, hibernation, 
nest building, and food-caching, are clearly conducted for 
a future benefit as opposed to a current one, but they 
would not constitute a case of future planning unless one 
could demonstrate the flexibility underlying cognitive 


control, and thereby rule out simpler accounts in terms 
of behavior triggered by seasonal cues or previous rein¬ 
forcement of the anticipatory act. 

So the first issue to address is whether the caching 
behavior of the jays is sensitive to its consequences. To 
do so, once again we capitalized on the fact that the jays 
love to eat and cache fresh worms but that they do not eat 
them once they have degraded. We used a variant of the 
Clayton and Dickinson (1998) caching paradigm in which 
the jays were given fresh worms and nuts to cache before 
recovering them 2 days later. In contrast to the original 
experiments on episodic-like memory, in which the state 
of the worm caches varied with the retention interval, in 
the future-planning experiment, the worms were always 
degraded at recovery in order to investigate their choice 
of what to cache, as opposed to where to search at recov¬ 
ery. The objective of this experiment was to assess 
whether or not the birds could learn that even though 
the worms were fresh at the time of caching there was no 
point in caching them because they would always be 
degraded and therefore unpalatable at the time of recov¬ 
ery. The jays rapidly learned to stop caching the worms, 
even though they continued to eat the fresh worms at the 
time of caching, thereby demonstrating that caching is 
indeed selective to its consequences in the sense that the 
jays could learn what not to cache. 

The Bischof-Kohler hypothesis 

Suddendorf and Corballis have also argued that a critical 
feature of future planning is that the subject can take 
action in the present for a future motivational need, 
independent of the current motivation. Indeed, they 
argued that mental time travel provided a profound chal¬ 
lenge to the motivational system in requiring the subject 
to suppress thoughts about one’s current motivational 
state in order to allow one to imagine future needs, and 
to dissociate them from current desires. 

To illustrate this distinction between current and 
future motivational states, consider the following exam¬ 
ple. A current desire for a croissant at breakfast may lead 
to an early morning trip to the local baker. Of course it 
will take some time to reach the market, and therefore the 
croissant will not be eaten now but in a few minutes time. 
But although the croissant will be eaten at a future time as 
opposed to the present, this behavior would not fulfill the 
Bischof-Kohler criterion because the action is governed 
by one’s current motivational state. By contrast, going to 
the baker’s shop in order to ensure that there are 
croissants for tomorrow’s Sunday brunch would be an 
example of the future planning envisaged by the 
Bischof-Kohler hypothesis because this action would be 
performed for a future motivational need, independent of 
one’s current needs. 

This hypothesis was inspired by a comparative per¬ 
spective, from reviewing the evidence for human and 
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non-human primate cognition, and indeed it has led to a 
number of tests of whether animals can dissociate current 
from future motivational needs. In one study to address 
this issue, Naqshbandi and Roberts gave squirrel monkeys 
the opportunity to choose between eating four dates and 
eating just one date. Eating dates makes monkeys thirsty, 
but rather than asking the monkeys to chose between 
water and the dates, the experimenters manipulated the 
delay between the choice (one vs. four dates) and receiv¬ 
ing water such that the monkeys received water after a 
shorter delay if they had chosen the one date rather than 
the four dates. The monkeys gradually reversed their 
natural preference for four dates, suggesting that they 
were anticipating their future thirst. However, because 
the monkeys received repeated trials in which they learnt 
the consequences of their choices, one can give a simple 
associative explanation in terms of reinforcement of the 
anticipatory act by avoidance of the induction of thirst. 

More convincing evidence for a dissociation of current 
and future motivational states comes from a study by 
Correia, Dickinson, and Clayton on the food-caching 
scrub-jays. Like many other animals, when sated of one 
type of food, these birds prefer to eat and cache another 
type of food. Correia and colleagues capitalized on this 
specific satiety effect to test whether the birds would 
choose to cache the food they want now or the food they 
think they will want when they come to recover their 
caches in the future. In the critical group, the birds were 
sated on one of two foods that were both then made 
available for caching. Then, immediately prior to the 
recovery of these caches, they were sated on the other 
food. Consequently, the food that was valuable at recovery 
was the one that was less valuable at the time of caching. 
At the beginning of the experiment, the birds cached the 
food they desired at the time, but then rapidly switched to 
storing preferentially the food that was valuable at the 
time of recovery rather than the one they wanted to eat at 
the time of caching, suggesting that the jays can plan 
future actions on the basis of what they anticipate they 
will desire in the future as opposed to what they need now. 
So this study supports the notion that jays can dissociate 
future from current motivational needs, and therefore 
provides direct evidence to challenge the Bischof-Kohler 
hypothesis (for further discussion see our recent review in 
Animal Behaviour). 

For the skeptic, however, this kind of task need not 
require prospective mental time travel because the scrub- 
jay does not need to imagine a future situation. Suppose 
that the act of recovering a particular food recalls the 
episode of caching that food. If the bird is hungry for 
that particular food, then recovering it will be rewarding 
and therefore this could directly reinforce the act of 
caching the food through the memory of doing so. The 
point is that such memory-mediated reinforcement does 
not require the bird to envisage future motivational states. 


Tulving’s spoon test 

Tulving has argued that it is possible to test whether 
animals are capable of such episodic future thinking, and 
devised what he calls the ‘spoon test,’ which he argues is a 
‘future-based test of autonoetic consciousness that does 
not rely on and need not be expressed through language.’ 
The test is based on an Estonian children’s story tale, 
in which a young girl dreams about going to a birthday 
party. In the dream, all of her friends are eating a delicious 
chocolate mousse, which is her favorite pudding, but alas 
she cannot because she does not have a spoon with her, 
and no one is allowed to eat the pudding unless they 
have their own spoon. As soon as she gets home she 
finds a spoon in the kitchen, carry it up to her bedroom 
and hides - or caches - it under her pillow, in preparation 
for future birthday parties and even dreams of future 
birthday parties for that matter. 

The point then is to use past experience to take action 
now for an imagined future event. To pass the spoon test, 
an animal must act analogously to the little girl carrying 
her own spoon to a new party, a spoon that has been 
obtained in another place and at another time. Is there 
any evidence that animals and young children can pass 
this spoon test? Although some animals, notably primates 
and corvids (namely the scrub-jays we discussed earlier), 
have been shown to take actions now based on their future 
consequences, most of these studies have not shown that 
an action can be selected with reference to future motiva¬ 
tional states independent of current needs as discussed in 
the previous section. 

Mulcahy and Call were the first to devise a spoon test 
for animals. In their study a variety of species of non¬ 
human apes were first taught to use a tool to obtain a food 
reward that would otherwise have been out of reach, 
before being given the opportunity to select a tool from 
the experimental room, which they could carry into the 
sleeping room for use the following morning. Although 
most of the subjects did choose the correct tool on some 
trials, the individual patterns of success for each subject 
was not consistent across subsequent trials, as one would 
expect if they had a true understanding of the task. Fur¬ 
thermore, the apes received a number of training trials, so 
reinforcement of the anticipatory act cannot be ruled out. 
A more convincing case of planning was provided by 
Osvath and Osvath. In a recent series of experiments, 
these authors demonstrated that when selecting a tool 
for use in the future, chimpanzees and orangutans can 
override immediate drives in favor of future needs. 

One of the most striking examples of the spoon test in 
animals comes from recent studies of the food-caching 
scrub-jays. In the laboratory, work by Raby and colleagues 
showed that our jays can spontaneously plan for tomor¬ 
row’s breakfast without reference to their current motiva¬ 
tional state. The birds were given the opportunity to learn 
that they received either no food or a particular type of 




442 Mental Time Travel: Can Animals Recall the Past and Plan for the Future? 


food, for breakfast in one compartment, while receiving a 
different type of food for breakfast in an alternative com¬ 
partment. Having been confined to each compartment at 
breakfast time for an equal number of times, the birds 
were unexpectedly given the opportunity to cache food in 
both compartments one evening, at a time when there was 
plenty of food for them to eat and therefore no reason for 
them to be hungry. Given that the birds did not know 
which compartment they would find themselves in at 
breakfast tomorrow and on the assumption that they pre¬ 
fer a variety of foods for breakfast, we predicted that if 
they could plan for the future, then they should cache a 
particular food in the compartment in which they had not 
previously had it for breakfast. 

This the birds did, suggesting that they could anticipate 
their future desires at breakfast time tomorrow when they 
would be hungry. Importantly, because the birds had not been 
given the opportunity to cache during training, we can in this 
experiment rule out an explanation in terms of mediated 
reinforcement of the anticipatory act. These findings led 
Shettleworth to argue that “two requirements for genuine 
future planning are that the behavior involved should be a 
novel action or combination of actions and that it should be 
appropriate to a motivational state other than the one the 
animal is in at that moment... Raby et al. describe the first 
observations that unambiguously fulfill both requirements.” 

Although it seems clear that the scrub-jays and chim¬ 
panzees do pass the spoon test, at issue, however, is 
whether or not these tasks truly tap episodic future think¬ 
ing. Indeed, we have argued that in the absence of lan¬ 
guage, there is no way of knowing whether the jays’ ability 
to plan for future breakfasts reflects episodic future think¬ 
ing, in which the jay projects itself into tomorrow morn¬ 
ing’s situation, or semantic future thinking, in which the 
jays acts prospectively but without personal mental time 
travel into the future. In the latter case, all that the subject 
has to do is to work out what has to be done to ensure that 
the implement is to hand, be it a spoon, some other tool, or 
a food-cache. In no sense does this task require the subject 
to imagine or project one’s self into possible future epi¬ 
sodes or scenarios. As Raby et al. have argued, however, 
what these studies do demonstrate is the capacity of ani¬ 
mals to plan for a future motivational state that stretches 
over a timescale of at least tomorrow, thereby challenging 
the assumption that this ability to anticipate and act for 
future needs evolved only in the hominid lineage. 

Concluding Remarks 

The mental time travel hypothesis of Suddendorf and 
Corballis makes two claims. We have argued that the first 
claim that episodic memory and future planning are 


intimately linked and subserved by the same common 
process of mental time travel has good support. However, 
we challenge the second claim about human uniqueness. 
Indeed, we have argued that at least some animals, notably 
a few primates and corvids, are capable of recollecting the 
past and planning for the future. In the case of the scrub- 
jays, the functional account of caching appears to be 
reflected in the psychological processes underlying this 
behavior; by fulfilling the behavioral criteria we have out¬ 
lined, they therefore show at least some elements of epi¬ 
sodic memory and forethought. It also serves as a superb 
illustration of the integration of the retrospective and 
prospective components of mental time travel for there is 
no benefit to the animal of hiding food at the time of 
caching. The benefit occurs when recovering the caches 
at a future time, and to do so effectively, the jays must rely 
on their episodic-like memories of past caching events to 
know where to search for their hidden stashes of food. 

See also: Intertemporal Choice; Time: What Animals 
Know. 

Further Reading 

Clayton NS, Bussey TJ, and Dickinson A (2003) Can animals recall the 
past and plan for the future? Nature Reviews Neuroscience 
4: 685-691. 

Clayton NS, Correia SPC, Raby CR, Alexis DM, Emery NJ, and 

Dickinson A (2008) In defense of animal foresight. Animal Behaviour 
76: e1-e3. 

Clayton NS and Dickinson A (1998) Episodic-like memory during cache 
recovery by scrub jays. Nature 395: 272-274. 

Correia SPC, Alexis DM, Dickinson A, and Clayton NS (2007) Western 
scrub-jays [Aphelocoma californica ) anticipate future needs 
independently of their current motivational state. Current Biology 
17: 856-861. 

James W (1890) The Principles of Psychology. New York: Holy. 
Mulcahy NJ and Call J (2006) Apes save tools for future use. Science 
312: 1038-1040. 

Naqshbandi M and Roberts WA (2006) Anticipation of future events in 
squirrel monkeys {Saimiri sciureus) and rats ( Pattus norvegicus): 
Tests of the Bischof-Kohler hypothesis. Journal of Comparative 
Psychology 120: 345-357. 

Osvath M and Osvath H (2008) Chimpanzee ( Pan troglodytes) and 
orang-utan {Pongo abelii) forethought: Self-control and pre¬ 
experience in the face of future tool use. Animal Cognition 
11:661-674. 

Raby CR, Alexis DM, Dickinson A, and Clayton NS (2007) Planning for 
the future by western scrub-jays. Nature 445: 919-921. 


Relevant Websites 

http://www.psychol.cam.ac.uk/ccl/- Department of Experimental 
Psychology: Research. 

http://www.neuroscience.cam.ac.uk/directory/profile.php7nsclayton - 
Professor Nicky Clayton: Cambridge Neuroscience. 
http://www.youtube.com/watch?v=y_MnwNyXODs - Bird Tango. 
http://www.sciencemag.org/cgi/content/full/315/5815/1074. 



Metacognition and Metamemory in Non-Human Animals 

R. R. Hampton, Emory University, Atlanta, GA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Metacognition generally means thinking about thinking. 
Metacognition can allow one to monitor and adaptively 
control cognitive processing. For example, a human stu¬ 
dent might improve his/her grade by dedicating more of 
his/her study effort to the longest textbook chapters and 
the most difficult topics on an upcoming exam. He/she 
might restudy the definitions of terms he/she is less 
familiar with or finds that he/she forgot after a single 
study session. During the exam, he/she might skip ques¬ 
tions whose answers he/she is unsure of, returning to 
them only after first answering questions about which 
he/she is confident. In each case, our student has moni¬ 
tored the difficulty faced in learning or performing and 
has controlled his/her behavior appropriately. 

While most interest in metacognition is focused on such 
monitoring and control of one’s own cognitive processes, 
metacognition can also refer to a general knowledge about 
how cognition works. For example, metacognitive knowl¬ 
edge refers to a variety of information characterizing cog¬ 
nition in general, such as knowing that forgetting happens 
over time, that one has to attend carefully to follow com¬ 
plex directions, and that some people are better at math 
than others. This article deals with metacognition as moni¬ 
toring and controlling one’s own cognitive functioning 
rather than knowing more generally how cognition works. 

Approaching the Study of Metacognition 
in Non-Human Animals 

Metacognition in humans is often regarded as being asso¬ 
ciated with consciousness and complex cognition. These 
characterizations raise concerns about the feasibility of 
studying metacognition in non-human species. But meta¬ 
cognition can be operationalized and studied with objec¬ 
tively observable behavior as will be described in this 
article. Studies of metacognition in non-human animals 
have focused on the ability of subjects to monitor and 
control their own cognitive states. In order to objectively 
determine whether such monitoring and control occurs, 
experiments have been designed with three critical fea¬ 
tures. First, the experimenter defines a primary behavior 
that can be scored for accuracy or efficiency such as 
performance in a test of matching-to-sample (MTS; this 
is a memory test in which subjects are required to select 
a recently experienced stimulus from among a set of 


distracter stimuli). Next, the experimenter defines a 
secondary behavior that can be used to infer monitoring 
and control of the cognition underlying the primary 
behavior, such as the subjects avoiding difficult tests, or 
seeking additional information when they do not know the 
correct response to make. Finally, the experimental design 
must allow for an explicit assessment of whether the 
primary and secondary behaviors are correlated. For 
example, were the tests that the subjects avoided indeed 
ones on which they were likely to respond incorrectly? 
This correlation can be assessed most powerfully when 
the subjects’ state of knowledge is experimentally 
manipulated and can therefore be confidently known. If 
subjects avoid memory tests for which they have never 
been shown the correct answer while taking tests for 
which the answer was recently presented, this would be 
consistent with metacognition. 

Studies of Metacognition in Non-Human 
Animals 

Non-human animals have demonstrated metacognition in 
a variety of experiments with the features described ear¬ 
lier. These experiments can be classified according to 
whether they required metacognition about perception 
or about memory. Monkeys, dolphins, pigeons, and rats 
have been shown to either decline difficult trials or make 
accurate posttrial confidence judgments in perceptual 
tests. Apes and monkeys have similarly performed in 
ways consistent with metacognition on memory tests, 
while pigeons are generally reported not to do so. It 
should be emphasized, however, that while species differ¬ 
ences in metacognition would clearly be of interest, there 
is currently insufficient data available to reach any firm 
comparative conclusions. In the following section, a few 
representative types of test of non-human metacogntion 
are described. 

Avoiding Difficult Perceptual Tests 

The first study of metacognition in a non-human species 
was published by David Smith and his colleagues and 
described the performance of a bottle-nosed dolphin 
(Tursiops truncatus ) in an auditory psychophysical task. 
The dolphin was required to discriminate between tones 
of 2100 Hz and tones of any lower frequency (ranging 
from 1200 to 2099 Hz). It was initially trained to make 
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this discrimination (the primary behavior) by respond¬ 
ing to a left paddle following 2100 Hz tones and to a right 
paddle for any lower frequency tone. As expected, the 
dolphin’s accuracy decreased as the tested frequency 
approached 2100 Hz (the dolphin was likely to respond to 
the left paddle when the frequency was close to 2100 Hz, 
treating these tones as if they were 2100 Hz tones). 

After the dolphin had acquired this primary dis¬ 
crimination, a third paddle was introduced that allowed 
the dolphin to decline a given discrimination trial (the 
secondary behavior) in favor of an easy discrimination 
(a 1200 Hz tone). With these contingencies in place, the 
dolphin could maximize the rate of reward by performing 
the primary discrimination (choosing the left or right 
paddle) when the discrimination was easy, while selecting 
the third paddle when the discrimination was difficult. 
The dolphin’s behavior generally conformed to these 
contingencies. It was unlikely to use the third paddle 
following low frequencies (the easiest trials) and was 
increasingly likely to use this ‘decline test’ paddle follow¬ 
ing frequencies near 2100 Hz (the most difficult trials). 
Later work by Smith and his colleagues showed that 
monkeys behaved the same way in an analogous psycho¬ 
physical test in which the density of pixels in a visual 
display substituted for tones. Humans given a nearly 
identical test showed patterns of behavior very similar to 
those shown by the monkeys. It is interesting to note that 
the humans reported that they used the ‘decline test’ 
response only when they felt uncertain. 

Confidence Judgments Following Tests 

A retrospective gambling paradigm was developed by 
Herb Terrace and his colleagues to assess the ability of 
monkeys to accurately judge how likely their choices 
on trials they had just completed were to be correct. 
In this paradigm, monkeys rated their ‘confidence’ by 
wagering either a large or small number of video tokens 
on the accuracy of each test trial immediately after they 
completed it. The video tokens were secondary reinfor¬ 
cers that were periodically ‘cashed out’ for actual food 
when a sufficient number had accumulated. Critically, 
monkeys placed their wager after answering, but before 
receiving feedback about their accuracy. In this para¬ 
digm, metacognition predicts large wagers following easy 
tests (i.e., when monkeys are confident of their answer) 
and small wagers following difficult tests (i.e., when 
monkeys would be unsure of their answer). This in indeed 
how the monkeys performed in tests on which they were 
required to discriminate line lengths. These results sug¬ 
gest that they knew whether they had responded cor¬ 
rectly despite the lack of feedback prior to placing their 
bet. Monkeys trained to make these confidence judg¬ 
ments immediately generalized the ability from percep¬ 
tual tests to memory tests, showing that performance was 


not restricted to a specific set of test stimuli or even a 
particular cognitive domain. 

Avoiding Difficult Memory Tests 

When subjects are presented with lists of items to remem¬ 
ber (such as the list of salad dressings available with your 
order at a restaurant), it is typical for items early and late in 
the list to be remembered better than items in the middle 
of the list. Such serial position effects have been a staple of 
memory research in humans and non-humans. Work with 
monkeys took advantage of this predictable pattern of 
memory performance to assess whether monkeys showed 
metacognition for memory. Monkeys saw a list of four 
consecutive random dot polygon figures and their memory 
for individual polygons from the list was probed using a 
yes-no recognition test. Monkeys showed the expected 
serial position effect; their memory was better for the first 
and last items than for the middle items. Monkeys were 
then presented with a decline test response, concurrently 
with a probe polygon that may or may not have been from 
the studied list and a ‘not there’ response used to indicate 
that the polygon was not from the studied list. The 
monkeys declined tests of the middle list items more 
often than tests of the first and last list items, thus showing 
that use of the metacognitive response again correlated 
with accuracy in the primary memory test. 

Seeking Information When Ignorant 

Metacognition is shown when subjects collect additional 
information when ignorant and act without expending the 
effort to seek information when already informed. The first 
tests of this capacity were conducted with human children, 
chimpanzees (Pan troglodytes), and orangutans (Pongo pyg- 
maeus). A modified version of this same test was subse¬ 
quently used with rhesus monkeys and capuchin monkeys 
(Figure 1). Subjects were presented with a set of opaque 
tubes in which food was hidden. Subjects either witnessed 
the baiting (seen trials) or did not (unseen trials), and 
therefore were either informed or ignorant about the 
food’s location on each trial. On the test, subjects could 
select a single tube and collect the reward, if they were 
correct. This test is an interesting assessment of metacogni¬ 
tion because the subjects could bend over and look down the 
length of the tubes to locate the food before choosing (see 
Figure 1). Subjects demonstrate metacognition by collect¬ 
ing information when ignorant (unseen trials) and choosing 
immediately when informed (seen trials). Human children, 
chimpanzees, orangutans, and rhesus monkeys clearly 
showed this pattern of behavior, while the case for capuchin 
monkeys was less clear (some capuchins made this differen¬ 
tiation under at least some conditions). Pigeons tested in 
related conditions in which they were given an opportunity 
to study before taking memory tests did not learn to do so, 
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Figure 1 Left, a rhesus monkey, ignorant of the food’s location (unseen trial), makes the effort to bend down and collect more 
information by looking through the ends of the opaque tubes before making a choice. Right, an informed monkey makes a choice 
without going to the effort of confirming the location of the food (seen trial). Such selective information seeking suggests that the 
monkey knows when he knows, and only seeks more information as needed. 


and instead proceeded to the tests without the information 
needed to succeed. 

Avoiding Upcoming Tests 

A few studies have required subjects to make a metacogni- 
tive judgment before seeing the actual test. In one study, 
monkeys were initially trained to match to sample, and 
then the delay between the study and test phases was 
gradually lengthened until monkeys performed at an inter¬ 
mediate level between chance and perfection. A metacog- 
nitive response was then introduced at the end of the delay 
interval that allowed monkeys to accept the memory test 
and receive a favored reward if correct, or decline the 
memory test and receive a guaranteed, but less desirable, 
reward. On other trials, only the option to take the memory 
test was offered at the end of the delay (Figure 2). Monkeys 
were more accurate on trials on which they accepted the 
test than on trials on which they were required to take the 
test, demonstrating that they accepted tests when memory 
was relatively good and declined tests when memory was 
relatively poor. Use of the decline test response generalized 
to conditions in which memory was directly manipulated 
either by providing no sample to remember (monkeys 
overwhelming declined subsequent memory tests) or by 
increasing the delay interval (monkeys were more likely to 
decline tests after long than after short delay intervals). 
Rats were similarly shown to avoid an upcoming auditory 
duration classification when the signal to be classified was 
of ambiguous duration. Two similar studies in which 
pigeons could avoid upcoming memory tests did not find 
metacognitive performance. 


Interpreting Metacognitive Performance 

The performances of some non-human animals in the 
tests described earlier clearly meet the criteria for 
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Figure 2 Metacognition about memory, or metamemory, 
in monkeys. Each panel depicts what monkeys saw on a 
touch-sensitive computer monitor at different stages in a trial. 


metacognition. Subjects adaptively took easy tests and 
declined difficult tests. Animals judged past performance 
correctly, sought more information when needed, and 
predicted accuracy even before seeing the test. But behav¬ 
ing in a metacognitive way does not by itself specify what 
particular mechanism underlies the performance. Meta¬ 
cognition in humans is often associated with the conscious 
awareness of one’s own cognitive states and is therefore 
presumed to reflect private monitoring of those states. But 
the evidence presented in this article proves neither that 
metacognitive performance is based on private monitor¬ 
ing of mental states, nor that if it were, those states would 
need to be conscious states. In the following section, some 
approaches to explaining metacognitive performance are 
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described. It is likely that no one explanation is sufficient 
to account for all metacognition; rather, there is a diver¬ 
sity of ways in which metacognition can come about. 

Private Versus Public Stimuli for Metacognition 

It is useful to distinguish between private and public 
mechanisms for metacognition. Private mechanisms are 
those by which cognitive control is contingent on the 
privileged access the subject has to their own cognitive 
states. In the case of public mechanisms, adaptive cogni¬ 
tive control is based upon the use of publicly available 
information, such as the perceivable difficulty of a prob¬ 
lem or the subject’s reinforcement history with particular 
stimuli. Contrast the following two situations requiring a 
metacognitive judgment: (1) a colleague asks whether 
you remember the title of B. F. Skinner’s first book and 
(2) a friend asks whether you can answer a question his 
6 year old has about psychology. In the first case, you 
would surely check the contents of your memory and 
determine whether you can retrieve a memory of the 
book title. Your metacognitive judgment would therefore 
depend on your success or failure at privately retrieving 
the relevant explicit memory, a cognitive state to which 
you, as the one doing the remembering, have privileged 
access. In the second case, your friend has not even asked 
you to retrieve a specific memory. If you are an expert in 
Psychology, you might feel confident (probably correctly) 
that you can answer the question of a 6 year old. However, 
your confidence would not depend on a private evaluation 
of your memory. Instead, your confidence would depend 
on your history of expertise, your past ability to answer 
such questions, and your assessment of the intellectual 
capacity of 6 year olds - all publicly available information. 
It is significant that, in the second case, your friend’s 
judgment about your ability to answer correctly would 
be about as accurate as your own. This would not be true 
if you were introspectively accessing a specific explicit 
memory, in which case you as the introspecting individual 
would have a distinct advantage over others in accurately 
estimating your knowledge. Thus, the observation of adap¬ 
tive cognitive control should not be uncritically equated 
with private mechanisms. In the following section, several 
mechanisms for adaptive cognitive control are proposed 
that do not require access to private mental states. 

Classes of Stimuli Sufficient for Metacognitive 
Control 

Many cases of metacognition may be adequately ac¬ 
counted for by public mechanisms. Because we cannot 
obtain from non-humans the verbal reports that constitute 
part of the evidence for private introspective metacogni¬ 
tion in humans, we can only infer private metacognition 


in non-humans by excluding the likely public mechan¬ 
isms. Below, four classes of mechanisms for metacognition 
are described. This list is representative rather than 
exhaustive. 

Environmental cue associations 

Some stimuli are more difficult to discriminate or remem¬ 
ber than others, and some test conditions are more chal¬ 
lenging than are others. Stimuli that are close together on 
a continuum are more difficult to discriminate than are 
those that are far apart. Highly similar images are difficult 
to identify in MTS tests. Memory tests after long delays 
are more difficult than those following short delays. Stim¬ 
ulus magnitude, image similarity, and delay interval are 
all types of publicly available information that indicate 
the difficulty of a particular test trial. Subjects performing 
tests with such stimuli might use the identity, magnitude, 
similarity, delay, or other publicly available information 
as a discriminative cue for declining tests or rating confi¬ 
dence. For example, if subjects have experienced low rates 
of reward with stimuli in a specific magnitude range, they 
could learn to avoid tests with all stimuli in that range. 
The probability that such can account for performance 
in a given paradigm is best assessed by generalization 
tests which determine whether or not performance is 
maintained across changes in the particular stimuli used 
and specific conditions of testing. If performance imme¬ 
diately generalizes to new test conditions or new stimuli, 
it is safe to conclude that metacognitive responding was 
not controlled by stimuli that were changed for the 
generalization test. 

Behavioral cue associations 

This account of metacognitive behavior is similar to envi¬ 
ronmental cue associations, with the exception that the 
discriminative stimuli controlling use of the metacogni¬ 
tive response are systematically generated by the subject 
in a way that correlates with accuracy in the primary task. 
For example, the subject may vacillate when it does not 
know the correct response on a given test. This vacillation 
itself does not necessarily represent metacognition by the 
subject that it does not know the answer, but can rather be 
an unmediated result of not knowing how to respond. It is 
common to see this sort of vacillation in monkeys taking 
MTS tests, for example, in which they look back and forth 
between the choice stimuli before choosing. It is also well 
known that response latency is often longer for incorrect 
than correct responses. Because vacillation and response 
latency correlate with accuracy, subjects could use these 
self-generated cues as discriminative stimuli for the meta¬ 
cognitive response, for example, by declining tests on 
which they experience a relatively long response latency. 
One way to assess whether behavioral cue associations 
account for metacognitive performance is to require 
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subjects to make the secondary metacognitive judgment 
before they have seen the relevant primary test, and there¬ 
fore before the test could have elicited vacillation or 
similar behavioral responses, as was done in some of the 
studies described earlier. 

Response competition 

In most reports of metacognition in non-human animals, 
subjects are confronted with the primary discrimination 
problem or memory test and the secondary metacognitive 
response option simultaneously Because subjects can only 
make one response (a primary test response or a second¬ 
ary decline test response, for example), simultaneous pre¬ 
sentation puts these two behaviors in direct competition. 
As indicated earlier, animals are often slower to respond 
on error trials than on correct trials. On error trials with 
no prepotent primary test response, the probability that 
the subject will make the secondary metacognitive decline 
test response is greater, simply because no other compet¬ 
ing response occurs immediately. On correct trials, when 
the inclination to make a primary test response is strong, it 
may dominate the tendency to decline the test or collect 
more information before responding. In all of the studies 
described earlier, the evidence for metacognition is that 
difficult primary test trials are declined or delayed (while 
more information is collected). Higher probabilities of 
the metacognitive response on difficult trials may there¬ 
fore result from competition between primary choice 
responses and secondary metacognitive responses. As an 
example of how different behaviors can compete, consider 
a rat that has good knowledge of the location of food on 
a maze. Such a rat is likely to go directly to the baited 
locations and is consequently unlikely to explore other 
locations or engage in other behavior. Response competi¬ 
tion can be ruled out as an account for metacognitive 
responding by presenting the secondary metacognitive 
response option either before or after the primary test, so 
that the two types of response do not compete directly. 

introspection 

Metacognition could also be mediated by private intro¬ 
spective assessment of the subject’s mental states. While 
introspection (i.e., the contemplation or perception of 
ones own mental states) might not necessarily require 
consciousness, it is closely allied with consciousness in 
humans. By the introspection account, the discrimina¬ 
tive stimulus controlling a metacognitive response (e.g., 
declining to take a test) is the private experience of 
uncertainty or the weakness of memory. In the case of 
uncertainty, subjects are suggested to experience con¬ 
scious (at least in humans) ‘feelings of uncertainty’ that 
differ from the experience of objective stimuli. In the case 
of memory, subjects are proposed to assess the strength 


of their memory. The assessment of memory might be 
accomplished through several mechanisms that vary in 
sophistication from detecting whether a memory is pres¬ 
ent (while knowing nothing of the content of the memory) 
to attempting to retrieve the relevant memory and deter¬ 
mining the success of that effort. Subjects use the decline 
response or other metacognitive response when memory 
is determined to be absent or weak. The important differ¬ 
ence between this account and the preceding three is that 
the use of the metacognitive response is based on 
privileged introspective access to the subject’s cognitive 
states, rather than on publicly available information or 
response competition. Due to the private nature of intro¬ 
spection, the conclusion that it accounts for metacognitive 
performance in non-humans can probably be reached 
only by ruling out other accounts. 

Inferring Consciousness 

While humans often describe metacognition as accompa¬ 
nied by conscious experience, it is difficult or impossible 
to specify the causal role that consciousness per se plays 
in metacognition. But the study of nonverbal species high¬ 
lights the fact that the functional properties of cognitive 
systems, but not the phenomenological experiences asso¬ 
ciated with them, can be determined from behavioral 
experiments. Functional descriptions of cognitive systems 
can be applied equally well to human and non-human 
animals. In contrast, description of cognitive systems in 
terms of subjective experience and various conscious 
states creates a rift between the study of human and 
non-human cognition. Whether or not metacognition in 
other animals is associated with subjective conscious states 
like those experienced by humans, the growing literature 
on non-human metacognition demonstrates that the pro¬ 
cesses underlying metacognition can be effectively stud¬ 
ied in non-human species. Metacognitive performance 
can be achieved through a variety of mechanisms, some 
of which may be entirely consistent with traditional views 
of non-human cognition and others that might call for a 
re-evaluation of the richness of comparative cognition. 

See also: Intertemporal Choice; Mental Time Travel: Can 
Animals Recall the Past and Plan for the Future?; Time: 
What Animals Know. 
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Introduction 

To what extent do microevolutionary patterns and pro¬ 
cesses result in macroevolution? Widely accepted evolu¬ 
tionary theory posits that the accumulation of small genetic 
changes over time (microevolution) can lead to large-scale 
changes, including speciation (macroevolution). The vast 
majority of studies that address the link between micro- 
and macroevolution focus on morphology. By contrast, this 
topic has received relatively little attention from behavioral 
biologists. Few studies have reported genetic effects on 
behavior that could result in novel behavioral phenotypes. 
This article discusses recent work in behavioral genetics 
and the maintenance of behavioral polymorphisms with¬ 
in natural populations or species (the microevolution of 
behavior), and discusses methods and data that address 
major differences in behavior within a genus or higher 
taxon (macroevolution). Additionally, we suggest two 
major avenues of research that could be applied to the 
study of the relationship between micro- and macroevolu¬ 
tionary processes for behavior. 

Microevolution and Behavior 

Microevolution refers to the evolution of changes that are 
observed within a population or species, but also encom¬ 
passes differences among populations within a species 
that have adapted to their respective local environments. 
Such changes have evolutionary consequences only if 
they have a genetic basis. The genetics of divergence can 
be evaluated by studying individuals in a common envi¬ 
ronment or by using formal breeding studies. Studies 
covering numerous taxonomic groups have identified 
intraspecific behavioral polymorphisms in natural popu¬ 
lations, and we offer examples from four taxa. 

Vertebrate Examples 

Freshwater populations of the three-spined stickleback, 
Gasterosteus aculeatus , have two ecotypes, a benthic form 
and a limnetic form. Morphological differences between 
these ecotypes are directly related to feeding ecology: 
benthic forms have mouthparts suited to bottom-feeding 
and raking, whereas the mouth and jaw of limnetic forms 
are shaped for open water feeding. This close relationship 


between foraging behavior and feeding morphology 
within a species has a genetic basis, as demonstrated by 
rearing many generations of each morph in the laboratory. 
In addition, the ecotypes differ in mating behavior: mem¬ 
bers of the benthic populations are susceptible to egg 
cannibalism and males from these populations have a 
lower frequency of the prominent zigzag nest advertise¬ 
ment display than males from limnetic populations. The 
differences in courtship displays persist in laboratory 
populations, indicating that the differences are influenced 
by an underlying genetic component. 

The probability of predation on Taricha newts by gar¬ 
ter snakes ( Thamnophis sirtalis) in the Western United 
States differs between populations as a result of the 
snakes’ resistance to tetrodotoxin (TTX), the newt’s 
defensive chemical (Figure 1). TTX is an extremely 
powerful neurotoxin. Resistance in snakes is due to a 
change in the sodium channels in nerves and muscles 
and is heritable. Individual snakes are capable of evaluat¬ 
ing their own level of resistance and modifying their 
choice of prey accordingly, spitting out newts that are 
too toxic for them. Population analyses have shown that 
snakes are winning the arms race, with no populations 
having been found where the average level of snake resis¬ 
tance is lower than the average newt toxicity. 

Invertebrate Examples 

Populations of the parasitoid wasp Nasonia longicornis in 
Utah and in California differ in female mate choice and 
remating frequency. The differences are maintained in a 
common laboratory environment. The behavioral differ¬ 
ences in this species are associated with different selection 
pressures imposed by competition for shared hosts with 
their widespread sister species N. vitripennis. Across the 
species’ range, males of N. vitripennis stay on the host pupar- 
ium after emerging and are highly aggressive; females 
emerge as virgins and mate on the puparium. Females of 
N. longicornis collected from California, where range overlap 
between N. vitripennis and N. longicornis is common, mate 
inside the host puparium and rarely remate. Females of 
N. longicornis collected from Utah, where the species rarely 
share hosts, mate outside the host puparium and remate 
frequently. For N. longicornis , the presence or absence of a 
congener has resulted in small microevolutionary differ¬ 
ences that appear to be localized adaptations. 
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Figure 1 Geographic distribution of tetrodotoxin resistance 
in Thamnophis snakes in Western North America. The tolerance 
of snakes to various levels of TTX is color-coded, with a 
geographic range from Vancouver Island (in the north, at top) 
to the tip of Baja California. Reproduced from Hanifin CF, 

Brodie ED Jr, and Brodie ED III (2008) Phenotypic 
mismatches reveal escape from arms-race co-evolution. PLoS 
Biology 6: 471-482. 


The North American spider Anelosimus studiosus shows 
variation in social behavior in which some populations 
contain up to 15% social spiders that live in aggregations, 
while other populations consist of solitary spiders. These 
patterns are associated with a suite of differences at the 
individual level that are maintained in a common labora¬ 
tory environment and some of which are known to have a 
genetic basis. Individuals with the asocial phenotype are 
intolerant of conspecifics, aggressive toward prey, and kill 
superfluously, whereas social spiders aggregate, are less 
aggressive toward prey, less likely to kill superfluously, 
and generally less active. In populations with both phe¬ 
notypes, the social phenotype provides a fitness advantage 
to females and a fitness disadvantage to males, suggesting 
that the polymorphism produces evolutionary conflict 
between the sexes. 

These examples show that local environmental condi¬ 
tions can result in microevolutionary changes in behavior. 
We now examine macroevolutionary change, that is, how 
new behaviors evolve in novel environments and contrib¬ 
ute to speciation. 


Macroevolution and Behavior 

Macroevolution results in phenotypic differences that can 
be observed at the species level or above. For example, an 
appendage or a new behavior for feeding that is not 
observed in related taxa might be seen as evidence for 
speciation or higher scale divergence. Changes in mor¬ 
phology are much easier to observe over evolutionary 
time than changes in behavior because morphological 
structures are preserved in the fossil record. The fossil 
record rarely preserves evidence of behavior, although we 
can make inferences about how a structure might have 
been used on the basis of what is known about current 
morphology. Because we cannot see how ancient organ¬ 
isms behaved, we must use a phylogenetic approach to 
studying macroevolution of behavior. 

One of Nobel Prize-winning ethologist Niko 
Tinbergen’s (1963) four aims of ethology is to understand 
the evolutionary history or origin of any behavior under 
study, which is essentially a phylogenetic question. Inves¬ 
tigations into the phylogenetic relationship among spe¬ 
cies, genera, or families can provide information about 
behavioral evolution when an independently derived phy¬ 
togeny is available. By placing traits into a phylogenetic 
framework, we can understand whether traits are homol¬ 
ogous or homoplasious, which in turn can provide infor¬ 
mation on how behaviors have been modified through 
evolutionary time. Phylogenetic analyses can also be 
used to answer the question of whether a group of derived 
characters evolved together or independently. 

Tracing the long-term evolution of behavior requires 
the availability of well-described traits for a group of related 
species and a reliable phylogeny for the group. Fortunately, 
an increasing number of published phylogenies is making 
this approach feasible for many taxa. However, the lability 
and complexity of behavior, coupled with poor information 
on its genetic basis, have deterred many systematists from 
using behavior as a phylogenetically informative character. 
Yet behavior can be as useful as morphology in constructing 
phylogenies. One such approach uses similarities in behav¬ 
ior as characters to infer relatedness, and another uses 
behavioral changes to infer evolutionary origins and 
subsequent history. A classic example of the first is from 
the Nobel Prize-winning ethologist Konrad Lorenz, who 
examined the origins and diversification of courtship behav¬ 
ior among three families of duck (Lorenz, 1971). He had 
demonstrated that the sequence of behaviors leading to 
successful mating is highly stylized and fixed for any partic¬ 
ular species. In other words, these behaviors and the pat¬ 
terns themselves have a strong genetic basis. Lorenz found 
that a phylogenetic tree based on about 20 species and a mix 
of 48 morphological and behavioral traits allowed him to 
assess the degree of homology for many behavior patterns. 
In particular, he showed that the majority of courtship 
motor patterns were attributable to common descent rather 
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than convergent evolution, and he identified branch points 
where novel behaviors evolved. The result was a compre¬ 
hensive phylogenetic description of courtship evolution. 

The second approach is to use studies of behavior 
in a phylogenetic context to uncover macroevolutionary 
trends. An example is the relationship between genetic 
variation and host plant affiliation in species of leaf beetle 
in the genus Ophraella. Larvae and adults vary between 
species in whether they eat host plants of congeneric 
beetles and in whether they survive on these other plants. 
The existence of genetic variation for feeding is an indi¬ 
cator of the ability of a beetle species to adapt to a new 
host plant. Out of more than 20 tests of different combi¬ 
nations of beetle and plant species, only a few cases 
revealed genetic variation in the beetles for larval or 
adult feeding behavior when not on their own hosts, and 
in most cases, the beetles died if they were not on their 
host species. The beetle species were more likely to show 
a feeding response if the tested plant was in the same tribe 
as their own host plant. The pattern of associations 
between beetles and plants shows a rough phylogenetic 
congruence, suggesting that the genetic variation in feed¬ 
ing behavior may have permitted host shifts in the past. 

Another example is a study of the sexually selected traits 
of plumage and song in the New World Orioles (. Icterus ), a 
group that has great variety of patterns of song and plum¬ 
age. Many tropical species have sexually monomorphic 
bright plumage, whereas temperate species tend to be 
dimorphic, with relatively dull females. A phylogeny that 
was developed with mitochondrial DNA showed that the 
dimorphism in the temperate species is a derived trait, with 
females having evolved a dull plumage. Without the phy¬ 
logenetic analysis, the dimorphism would have been 
explained with the general hypothesis that sexual dimorph¬ 
isms evolve through males becoming more showy. The 
same song is frequently given by both sexes, but because 
of the limitations of the available data, the analysis was 
restricted to the species level, where it was shown that song 
is highly evolutionarily changeable in these species. Many 
song characteristics are homoplasious, having been gained 
and lost repeatedly within the clade, and the similarity of 
components of songs between species is often due to con¬ 
vergent evolution. 

Insights such as those seen earlier require both a reli¬ 
able phylogeny and time-consuming analyses of the 
behavior of several species in a common environment. 
Phylogenies are often based on molecular traits, and the 
molecular and statistical tools for developing phylogenies 
are improving rapidly. Yet many species of great interest 
to behavioral biologists belong to groups for which reli¬ 
able phylogenies do not exist. At present, macroevolu¬ 
tionary analyses of behavior are possible for a relatively 
small number of taxa and further progress on questions of 
behavioral macroevolution depends on progress in phylo¬ 
genetic systematics. 


Are Micro- and Macroevolution the 
Ends of a Continuum? 

Investigating and comparing traits between closely related 
species allows us to address questions related to both 
micro- and macroevolution. Species differences in behav¬ 
ior inform questions of how genes encode behavior, the 
types of genetic changes needed to modify behavior, and 
how behaviors coevolve with other traits. The same studies 
can be used to place traits onto a phylogeny, allowing the 
identification of the nature and timing of major evolution¬ 
ary transitions in behavior as well as novel functions for 
those traits. Our ability to address both micro- and macro¬ 
evolutionary questions from similar data sets allows us to 
describe the relationships between these two broad fields. 

The central issue is to determine the way in which small 
genetic changes within populations can lead to major tran¬ 
sitions in phenotype that are involved in speciation. Two 
approaches show promise for meeting this challenge, one 
focusing on studies of related individuals, and the other 
taking a molecular perspective. The first approach starts 
by recognizing that traits do not evolve independently. 
Thus, macroevolutionary patterns can be detected by 
examining variation and covariation in multiple behavioral 
traits among populations. Understanding the co-evolution 
of multiple phenotypes requires data on the genetic varia¬ 
tion and covariation for those phenotypes to uncover the 
ones that are the focus of adaptation, in other words apply¬ 
ing quantitative genetics to behavioral evolution. A second 
approach, described in the following section, specifically 
addresses the way in which small changes in a DNA 
sequence produce major phenotypic changes by changing 
the timing of gene activity in closely related species. In both 
of the approaches, morphological traits have been the focus 
of most of the literature to date. Although studies that 
explicitly examine behavior are rare, many of the concepts 
and experimental procedures developed for morphological 
analyses can be applied to behavioral studies. 

Microevolution to Macroevolution: Multivariate 
Analyses and the G-matrix 

Evolution is a multivariate process. Selection affects a 
whole organism, not simply a single trait. Therefore, the 
relationships among different traits and their effects on 
fitness are key to understanding how a population responds 
to selection, and the types of genetic changes required to 
produce novel phenotypes. A concept and method devel¬ 
oped to study multivariate evolution is potentially applica¬ 
ble to behavioral traits. This is the G-matrix, which was 
developed by breeders and which can be used to study 
inheritance in relation to evolution (see Box 1). 

At present, the G-matrix for behavioral traits is a 
conceptual tool rather than an operational technique. 
Estimating genetic variances and covariances for behavior 
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Box 1 The Genetic Variance-Covariance Matrix, or G-matrix 

The G-matrix is developed by displaying the same traits in columns and rows. The elements of the main diagonal of the matrix give values 
of additive genetic variances for individual traits while off-diagonal elements are additive genetic covariances between traits. This matrix 
thus describes the genetic relationship between multiple heritable traits. Equation [1], developed by Lande, provides a mathematical 
expression that allows us to understand how the G-matrix can be used to predict responses to selection when multiple traits are taken 
into consideration: 

Az = Gp [1] 

where Az is a vector of the change in mean trait values across one generation for all traits measured, G is the matrix of additive genetic 
variances and covariances for the traits being studied, and p is the selection gradient, a vector that describes the direct force of selection 
on each trait. This equation allows us to predict the response of a population to selection when many traits are taken into consideration. 
For example, when two traits are negatively correlated genetically (have a negative genetic covariance), selection to increase one trait will 
decrease the other. Overall, then, the G-matrix permits computations of the rate and direction at which evolution will proceed. 


traits is arduous, requiring large sample sizes from indi¬ 
viduals within known pedigrees and application of sophis¬ 
ticated statistical algorithms. The great difficulty in 
applying statistical genetics to behavior is the enormous 
phenotypic variation in behavior. For behavioral traits, it 
is common for the same individual to show substantial 
differences across repeated observations of the same act. 
In other words, behavior often has a low repeatability. 

Despite this limitation, the matrix can surely inform 
the study of behavioral evolution. Some quantitative 
genetic studies of morphology suggest applications to 
behavior. A morphological trait that is probably associated 
with behavior is throat coloration in the guppy Poecilia 
reticulata. Spots on male throats are important signals 
during courtship and hence the subject of sexual selection. 
Artificial selection for increasing the length of the spot on 
the throat decreased the width of the spot, indicating a 
genetic constraint on how big the spot can become. Thus, 
the morphological genetic variances and covariances that 
drive the evolution of spot size and shape must have 
correlated effects on mating behavior. 

An important focus of current research is the temporal 
stability of the G-matrix. We do not yet know whether 
estimates of genetic variances and covariances made in 
a single generation can be used to extrapolate pheno¬ 
typic changes over evolutionary time. This problem arises 
because the components of the matrix are affected by allele 
frequencies, and evolution results in changes in allele fre¬ 
quencies. The stability of the G-matrix can be tested 
by evaluating it in closely related species, or by manip¬ 
ulating it within a species. Closely related species are 
useful for tests if one assumes that stability within a 
species translates into similarity between close relatives. 
Thus, in a study of the genetic covariance structure for 
five morphological traits in each of three cricket species 
in the genus Gryllus , the G-matrix was consistent across 
the species, suggesting that it was also stable over time 
within species. Approaches that manipulate the G-matrix 
directly have given variable results. The G-matrix was 
found to be constant after a population bottleneck in 


Drosophila melanogaster. ; but in another study, after labora¬ 
tory lines of D. melanogaster had been inbred for two 
generations, the covariance structure changed in compari¬ 
son with that of an outbred control population. Perhaps the 
G-matrix for certain suites of characters like mor¬ 
phological traits is more stable than for other traits like 
behaviors; this supposition has been the subject of con¬ 
siderable debate. 

A recent promising approach to understanding the role 
of the G-matrix in behavioral evolution examines suites of 
behavioral traits within a relatively coherent group, such 
as those involved in competing for food or mates. Such 
groups of traits have been called behavioral syndromes. If 
these syndromes are also characterized by significant 
genetic correlations between the component traits, they 
could present an ideal opportunity to study behavioral 
evolution via G-matrix techniques. Overall, though, 
because so few studies have focused on genetic correla¬ 
tions for behavioral traits, the lability of genetic covari¬ 
ance structures for behavior remains an open question. 

Gene Regulation and Macroevolution 

Evolutionary behavioral genetics is a young science and 
only in the past 15 years has there been a strong effort to 
investigate genetic effects on behavior in natural popula¬ 
tions. The majority of what we know about how genes 
influence behavior comes from laboratory organisms like 
Drosophila melanogaster and house mice, Mus spp. Although 
results from the laboratory are not necessarily applicable 
to natural populations, they do reveal mechanisms by 
which genetic change influences behavioral change. An 
important insight arising from such studies is that gene 
regulation can be a source of evolutionary novelty. 

The study of gene regulation of behavior is a developing 
area of research that may be able to link micro- and macro¬ 
evolutionary changes. Until recently, most evolutionary 
biologists investigated mutations within structural genes 
as the probable primary source of genetic variation, with 
macroevolutionary changes assumed to result from an 
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accumulation of small genetic changes over time. The 
example mentioned earlier represents both a small change 
and a change in a structural gene: at least part of the 
populational variation in resistance to TTX in Thamnophis 
sirtalis is attributable to a mutation in a structural gene, one 
that codes for sodium channels in cell membranes. Recent 
studies of the role of gene regulation in evolutionary change 
could revolutionize the understanding of the genetic pro¬ 
cesses underlying micro- and macroevolution, though as of 
this writing such a statement is controversial. Gene regula¬ 
tion can take place through the action of either cis- or trans¬ 
acting factors. Trans-acting factors are coded by regions of 
DNA far away from the structural genes they influence, 
whereas cis-regulatory elements are close to the promoter 
regions. Recent studies investigating cis-regulatory ele¬ 
ments suggest that small changes to the regulatory sequence 
and not the regulated gene can lead to large-scale changes 
in morphology. In Darwin’s finches, beak shape is associated 
with the kind of food eaten and thus with feeding behavior. 
The large ground finch ( Geospiza magnirostris) has a broader 
bill than the other finches, and this allows it to crush large 
seeds. The increased breadth is attributable to the action of 
a gene that regulates growth, Bmp4, which is expressed in 
the appropriate region of the developing beak at the appro¬ 
priate developmental stage. The gene is not active in the 
same way as in other species in the clade that have narrower 
beaks. Cave fish ( Astyanax mexicanus) have lost the ability to 
see; this has occurred several times within the species. The 
loss of eyesight is due to the activity of a regulatory gene, 
Hedgehog, which causes the developing eye to degenerate 
as a result of Hedgehog’s stimulation of genes that affect eye 
morphology. Differences in social behavior between vole 
species appears to be due to changes in gene regulation: in 
the prairie vole ( Microtus ochrogaster) pair bonds are long- 
lasting and males exhibit substantial parental behavior, 
whereas other closely related voles are solitary and do not 
have male parental care. The differences in male behavior 
appear to be due to the sensitivity of a brain region to the 
hormone vasopressin. Males of the monogamous prairie 
voles have a change in the promoter region of the vasopres¬ 
sor V la receptor gene, and when other species are trans¬ 
formed with this form of the receptor gene, they show 
increased affiliative behavior, similar to the affdiative 
behavior of the prairie voles. In some species, sufficient 
genetic tools are available to determine whether morpho¬ 
logical evolution is attributable to changes in structural or 
regulatory genes; however, the application of such techni¬ 
ques to behavioral evolution is less common. 

Challenges for Studying Micro- and 
Macroevolution in Behavior 

Two major challenges need to be addressed in the near 
future. First, we know relatively little about the genetics 


underlying behavioral traits, that is, the field of behav¬ 
ioral genetics is still young. Second, studies in the labo¬ 
ratory may not always help us to understand evolution in 
natural populations. Recent morphological and behavioral 
genetic studies of laboratory organisms such as Drosophila 
species and mice have resulted in crucial insights such 
as the role of the G-matrix and the importance of gene 
regulation in evolution. Molecular genetic analyses are 
becoming feasible for a wider array of taxa and new 
species are becoming amenable to laboratory culturing. 
The honeybee is a species that is rapidly becoming a 
model species for understanding the genetic basis and 
evolution of sociality. Other species are also receiving 
attention in behavioral evolutionary genetics. For exam¬ 
ple, the burying beetle Nicrophorus vespilloides has been 
used to evaluate the effects of genetic correlations on 
the evolution of multiple mating, the genetic basis of sex 
pheromone production has been investigated in the moths 
Helicoverpa armigera and H. assulta , and the Argentine 
ant Linepithema humile is a new model organism for 
understanding genetic changes associated with invasive¬ 
ness. With the rapid drop in the costs of sequencing 
genomes and studying gene expression, it is likely that 
using molecular tools to understand behavioral evolution 
will become common. 

Laboratory studies of behavior genetics can inform 
our understanding of evolution in natural populations. 
Evolution results from a combination of direct and indi¬ 
rect natural selection, genetic drift, inheritance of individ¬ 
ual traits, and genetic covariances between traits. Of these 
components, some are more easily estimated in natural 
populations and others generally need to be studied in 
captive populations. The interpretation of measures of 
natural selection and drift made in captivity is subject 
to many complications. In contrast, because of the needs 
for large sample sizes and known pedigrees, it may not 
be possible to measure the inheritance or genetic covari¬ 
ance of traits in natural populations. Genotype-by- 
environment interactions appear to be widespread and 
thus, the extrapolation of genetic measurements made in 
the laboratory to natural populations needs to be con¬ 
ducted with caution. For these reasons, behavior-genetic 
analyses are sometimes conducted on natural populations 
of animals such as vertebrates or social insects, where 
molecular genetic estimates of pedigrees are possible. 
Alternatively, such studies are conducted with laboratory 
populations of species that are known to maintain charac¬ 
teristic behavior in captivity (with careful replication 
of crucial elements of the habitat) such as stickleback 
fishes and burying beetles (Figure 2). 

Macroevolutionary changes in behavior can often be 
observed in natural populations and in many cases, change 
little when species are studied in captivity. The fields of 
animal functional morphology and sensory biology, which 
are intimately related to behavior, make great use of 
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Figure 2 Differences between populations of stickleback 
fishes in a component of courtship behavior, the male zigzag 
display. Note that although values in the laboratory and natural 
populations differ, the rankings of the populations are the same. 
The limnetic population shows no plasticity for this trait, with both 
field and laboratory observations giving the same value. 
Reproduced from Shaw KA, Scotti ML, and Foster SA (2007) 
Ancestral plasticity and the evolutionary diversification of 
courtship behaviour in threespine stickleback. Animal Behaviour 
73: 415-422, with permission from Elsevier. 

laboratory studies, but sometimes also incorporate a field 
component to examine the traits under natural circum¬ 
stances. As with microevolution, laboratory and field 
studies of behavioral macroevolution can be complemen¬ 
tary. The laboratory biologist needs to be careful in 
designing the observations and in their interpretation. In 
analogy to the problem in physics of not being able to 
simultaneously know what a particle is and how it is 
moving, it is necessary to conduct a variety of observations 
and experiments to understand the evolution of behavior. 
We cannot let anxieties about the realism of a particular 
method paralyze us and restrict our work. 

Conclusion 

One of the core goals of evolutionary biology is to 
understand how major transitions in phenotypes arise 
over evolutionary time, the link between micro- and 
macroevolutionary processes. Our current understand¬ 
ing of these evolutionary processes, and the methods 
used to study them, should be applicable to behavioral 
traits. The major difficulty in applying the methods and 


theory to behavior is that behavior is so variable, resulting 
in large standard errors for estimates. Much of our under¬ 
standing of the genetics underlying behavior has come 
from major laboratory organisms like Drosophila sp. and 
Mas sp., but the advent of rapid and less expensive geno¬ 
mic technologies is allowing sophisticated studies of 
behavioral evolution to be conducted with many species. 
The principles developed with model organisms can be 
applied to species in more natural settings to understand 
truly the relationship among genetics, the environment, 
and evolutionary change. 

See also: Development, Evolution and Behavior; Devel¬ 
opmental Plasticity; Evolution and Phylogeny of Commu¬ 
nication; Genes and Genomic Searches; Konrad Lorenz; 
Mating Signals; Niko Tinbergen; Phylogenetic Inference 
and the Evolution of Behavior; Sex and Social Evolution; 
Sexual Selection and Speciation; Threespine Stickleback. 
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Introduction 

Migration is a diverse behavior found in all animal taxa, and 
in its simplest form, is defined as a repeated seasonal move¬ 
ment to and from a breeding area. Animals exhibit several 
forms of migration, including seasonal migrations across 
latitudes, altitudinal migrations up and down mountains, 
migrations that overlap with key life-history stages such as 
molt, and migrations that can span multiple generations 
over space and time. This variation can occur within species 
or between species, but all forms of migration involve 
movement away from breeding areas and then a return. 
The geographic linking of individuals or populations 
between different stages of the annual cycle, including 
between breeding, migration, and winter stages, is known 
as migratory connectivity. In this article, we will discuss why 
understanding migratory connectivity is so critical from 
ecological, evolutionary, and conservation perspectives 
and also provide descriptions of the various approaches 
being used to track animals throughout the annual cycle. 
Most of our examples will be drawn from the bird literature 
because this is where the understanding is most advanced. 

Nearctic-Neotropical migratory birds move north and 
south between breeding areas in North America and 
nonbreeding areas in the Caribbean, Middle America, 
and South America. More specifically, they spend approx¬ 
imately 3-4 months of the year on breeding areas at tem¬ 
perate latitudes. Most species then molt, build fat stores, 
and migrate south in August and September to a distant 
and ecologically different location, often in the tropics. It 
is here that they spend the majority of the annual cycle - 
6-8 months. At the end of the stationary portion of the 
nonbreeding period, they once again build fat stores and 
leave on spring migration to return to breeding areas. 
Quantifying migratory connectivity is essential for under¬ 
standing how events in one period of the annual cycle 
influence subsequent stages. Such interseasonal effects or 
‘seasonal interactions’ are poorly understood within all 
bird migration systems, in large part because it has been 
difficult to determine how specific summer and winter 
populations, along with their stopover locations, are 
connected throughout the year. 

A better understanding of migratory connectivity will 
allow researchers to follow populations or individuals 
throughout the annual cycle and thereby address questions 
regarding the ecological and evolutionary implications of 
seasonal interactions. The challenge in studying migratory 


connectivity is to understand not only the geographic 
connections among periods of the annual cycle but also 
how these connections influence the ecology, evolution, 
and conservation of migratory species. Here, we review 
the ecological and evolutionary considerations of under¬ 
standing migratory connectivity as well as discuss the 
advances in marked animal approaches, genetic analyses, 
and stable isotope chemistry that now make it possible 
to gain some insights into the population origin of individ¬ 
ual birds. 

Why Study Connectivity? 

Ecological Considerations 

The fact that individuals spend time each year in two or 
more widely separated geographic areas has obvious but 
poorly studied consequences for population dynamics. The 
conditions and selective pressures at winter locations are 
likely to affect individual performance during the breed¬ 
ing season and vice versa. This simple fact has important 
implications for the ecology, evolution, and conservation of 
migratory birds. For example, factors and events on the 
wintering grounds (e.g., weather patterns and deforesta¬ 
tion) may affect bird survival and, hence, subsequent 
recruitment on the breeding grounds. Similarly, differences 
in reproductive success in summer can lead to changes in 
the structure of the winter population. Consider an exam¬ 
ple from a long-distance migratory bird that breeds in 
Eastern North America. Seasonal interactions and carry¬ 
over effects are likely to be most pronounced if summer 
and winter populations are tightly linked (i.e., if individuals 
overwintering together in one location also breed near each 
other in a particular part of the breeding range (Figure 1(a) 
and 1(b))), but may be much less pronounced if population 
connections are weak (i.e., if individuals overwintering 
in one area spread out over a large geographic range for 
breeding (Figure 1(c))). 

Interestingly, if birds originating from three different 
breeding sites completely segregate on wintering areas, 
resulting in high migratory connectivity (Figure 1(a) and 
1(b)), then one could theoretically differentiate between 
two alternate migration strategies. First, birds could use 
(1) leapfrog migration — where northern wintering popula¬ 
tions breed in the southern portions of the breeding range, 
and southern wintering populations breed in the northern 
portions of the breeding range (Figure 1(a)). This would 
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Figure 1 Illustrations of strong (a and b) and weak (c) migratory connectivity for a hypothetical population of Neotropical-Nearctic 
migratory bird. Strong connectivity may occur as either (a) leapfrog or (b) chain migration strategies as birds travel between 
tropical wintering and temperate breeding grounds. 


result in differential migration distance between popula¬ 
tions, where northern wintering populations migrate a 
comparatively short distance and southern winter popu¬ 
lations migrate to northern latitudinal extremes. Alterna¬ 
tively, individuals may use (2) chain migration — where 
northern wintering populations breed in the northern 
portion of the breeding range and southern wintering 
populations breed in the southern portion of the breeding 
range (Figure 1(b)). Migration distance, therefore, is sim¬ 
ilar between populations. In either case, the result may 
have profound implications for life-history strategies as 
well as other aspects of the ecology and evolution of 
migratory species. 

Similarly, large-scale climatic events can have effects 
on migratory populations throughout the year. For exam¬ 
ple, recent analyses show that global climate patterns can 
affect demographic rates (El Nino Southern Oscillation) 
and, ultimately, population dynamics (climate change). 
For migratory species, the magnitude of such effects on 
population dynamics will likely vary with the degree of 
connectivity between winter and summer populations. 
There is a need to determine this connectivity, along 
with detailed modeling efforts, in order to ascertain how 
focal breeding populations are affected by large and 
small-scale events affecting various wintering populations 
(and vice versa). Such information is essential for deter¬ 
mining when in the annual cycle populations are most 
limited and what factors drive population dynamics. 

Finally, the scope of natal dispersal will determine the 
extent to which events in one part of the breeding ground 
might affect the recruitment and gene flow to other parts. 


Source/sink population models are a start for understanding 
these relationships, but more detailed spatial models that 
explicitly incorporate migration are required. Interestingly, 
natal dispersal on breeding areas may be determined in part 
by events on wintering areas. Using stable-hydrogen isotope 
ratios in the feathers of American redstarts (Setophaga ruti- 
cilla) captured as immature birds and again as adults, Colin 
Studds, Peter Marra, and Kurt Kyser, showed that habitat use 
during the first tropical nonbreeding season interacts with 
latitudinal gradients in spring phenology on the temperate 
breeding grounds to influence the distance traveled on 
migration and the direction of dispersal by first-year red¬ 
starts. Because natural selection acts on these animals 
throughout the annual cycle, as we gain a better understand¬ 
ing of migratory connectivity, more emphasis should be 
placed on studying the biology of these animals in the 
context of where they have come from and where they are 
going in the next phase of their life cycle. 

Evolutionary Considerations 

Individuals of migratory species experience two widely 
separated and ecologically different habitats during their 
lifetimes. Selective pressures are likely to vary between 
these summer and winter habitats, and this may affect 
the degree to which individuals are ‘locally adapted’ to either 
habitat. Models of nonmigratory species have shown that 
the effects of gene flow on local adaptation and niche 
breadth can be complicated by population dynamics and 
mating patterns, but few models have explicitly incorporated 
the effects of migration. Furthermore, for many species 
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of migratory birds, males and females occupy different 
habitats on the wintering grounds (sexual habitat segrega¬ 
tion) but not on the breeding grounds. Thus, males and 
females are subject to similar selection pressures in the 
summer, but different ones in the winter. 

The degree of local adaptation is likely to be strongly 
affected by the strength of connectivity between summer 
and winter populations. For example, if summer and win¬ 
ter populations are tightly linked, it may be possible for 
particular populations to become ‘well adapted’ to both 
their summer and winter grounds. If, on the other hand, 
birds from a particular breeding population spread out 
over the entire winter range (and vice versa), we expect a 
somewhat poorer fit between the birds and their environ¬ 
ment. Likewise, local adaptation on the breeding grounds 
may be hindered by strong connections among breeding 
populations via natal dispersal. This expectation is sup¬ 
ported by the gene flow studies of nonmigratory species. 
To our knowledge, the effects of the microevolutionary 
consequences of migratory connectivity have not been 
explored in any migratory species, despite the fact that 
such effects should be more pronounced than in sedentary 
species. 

How Can We Determine Migratory 
Connectivity? 

Marked Animal Approaches 

Capture-recapture methods developed within the last 
decade permit direct estimation of movement probabilities 
of individually marked animals across different locations. 
The methods involve the use of multistate models in which 
individual animals are categorized by the location at which 
they are recaptured or re-sighted. These models permit 
estimates of different detection probabilities for different 
locations and estimates of location-specific rates of survival 
and movement. Although suitable for many types of inves¬ 
tigations, data on the return rates of marked individuals 
to both breeding and wintering grounds have not proven 
useful for understanding the connectivity of migratory bird 
populations. The problem is that it is all but impossible to 
re-sight or recapture the same individuals at multiple 
locations throughout the annual cycle. Satellite transmit¬ 
ters, unlike traditional markers such as leg bands, offer 
promise for understanding migratory connectivity. Unfor¬ 
tunately, they are quite expensive ($3500) and are limited 
to animals of large body size (>165 g), which excludes all 
passerine songbirds as well as smaller shorebirds and rap¬ 
tors. For larger birds, satellite transmitters allow the 
detailed collection of direct information on the movement 
patterns of individuals over large spatial areas. 

Engineers at the British Antarctic Survey have recently 
developed a miniature and affordable daylight-level data 
recorder (geolocator) for tracking animals over long 


periods of time. These devices weigh as little as 0.8 g, 
and are rapidly becoming smaller and can be attached to 
birds by methods similar to long-standing VHF radio¬ 
transmitters used in radio-tracking songbirds. Geolocators 
take consistent readings of daylight timing for 1-2 years. 
Unlike radio-transmitters, the geolocators must be recov¬ 
ered from returning birds and archived data downloaded. 
The recovered data are then interpreted to determine the 
latitude and longitude of the individual bird twice per day 
for every day the logger was attached and exposed to 
suitable sunlight. These geolocators have returned accu¬ 
rate and detailed location information on large pelagic 
birds, and their utility on small migrating songbirds has 
recently been demonstrated with a single study of the 
Wood Thrush (Hylocichla mustelina) and Purple Martin 
(.Progne subis ) conducted by ornithologist Bridget Stutch- 
bury. The use of geolocator tags for studies of migratory 
connectivity and seasonal interactions in small passerine 
songbirds may thus present an unparalleled opportunity to 
discover how distant breeding and nonbreeding areas con¬ 
nect and interact in space and time. 

Molecular Genetic Approaches 

Because extrinsic markers , such as the aforementioned tag¬ 
ging methods, require that the marked individuals be 
relocated at some point, some researchers have turned 
their attention to the use of intrinsic markers of population 
origin - that is, markers or indicators that come from the 
animal itself. One popular approach has been to use 
molecular genetic markers, because although only some 
birds have leg bands (or other extrinsic tags), they ^//have 
DNA. Genetic markers clearly hold considerable poten¬ 
tial for the studies of migratory connectivity, but their use 
is complicated by a number of factors. 

The basic logic of most genetic approaches is that, if 
certain genetic markers (e.g., alleles or haplotypes) are 
found, say, in one breeding population (X) but not another 
(Y), then finding those markers in a particular wintering 
population will indicate some level of connectivity 
between that wintering population and breeding popula¬ 
tion X. In some cases, it should also be possible to deter¬ 
mine the degree or strength of that connectivity. For 
example, strong connectivity would be suggested if 
many individuals in the wintering population had the 
genetic marker from breeding population X. 

This approach hinges on some level of genetic differ¬ 
entiation among breeding populations. Typically, markers 
will not be unique to particular populations, but instead 
might vary in frequency across populations. In this case, it 
is possible to calculate the probability that a wintering 
individual originated from one breeding population or 
another (or vice versa) - that individual has a high proba¬ 
bility of originating from any population where its genetic 
markers are common, and a low probability of having 
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come from populations where those markers are rare. 
Indeed, a number of sophisticated analytical methods 
(‘assignment tests’) have been devised to determine the 
probability (or likelihood) that an individual came from 
one population or another, including situations where the 
actual population of origin may not have been sampled. 
The strength of these probability calculations, and hence 
the ability to assign individuals and determine connectiv¬ 
ity, depend on both the degree of genetic differentiation 
among populations (e.g., in the breeding range) and on the 
number of markers used. In the extreme case of complete 
differentiation, a particular genetic marker will be found 
in one population and not others, and hence a single 
genetic locus can indicate the population of origin. Typi¬ 
cally, genetic differentiation among populations will not 
be so extreme, and a relatively large number of markers 
may be needed. 

In recent years, a number of highly variable (polymor¬ 
phic) genetic markers have been developed, thereby sub¬ 
stantially increasing the likelihood of finding the genetic 
variation needed to assign individuals to populations and 
determine connectivity. Microsatellites are a particularly 
popular class of markers, owing to their typically high 
levels of polymorphism and ease of use. Moreover, the 
primary difficulty with using microsatellites - that they 
need to be developed for each species of interest - is 
becoming less of a limitation as new high-throughput 
genomic methodologies (e.g., 454 sequencing) become 
more widespread. Some studies have also used sequence 
data for specific loci that are variable enough to show 
polymorphism within or across populations, such as the 
highly variable mitochondrial ‘control region.’ Another 
potentially useful class of genetic markers that has been 
used only rarely for the studies of migratory animals is 
amplified fragment length polymorphism (AFLP). This 
method simultaneously surveys a large number of genetic 
loci and typically uncovers substantial variation, which 
can be used to differentiate among populations. Finally, 
recent technological advances in genomics have made it 
possible to scan the genome for single nucleotide poly¬ 
morphisms (SNPs) which are common and distributed 
throughout the genome and therefore hold considerable 
potential for evolutionary and population genetic studies. 
To date, few studies have used SNPs to study migratory 
connectivity, though the potential power of these markers 
makes it likely they will be used in the very near future as 
costs decrease. 

With the development of highly variable markers and 
sophisticated methods to analyze them, the principal dif¬ 
ficulty with molecular genetic approaches to study con¬ 
nectivity is no longer technological, but rather biological. 
That is, for many organisms, genetic differentiation among 
populations is very low and may be insufficient for a robust 
assignment of individuals using genetic markers alone. This 
is not so much an issue of the markers, but rather the 


dispersal behavior of the organisms themselves, as high 
levels of gene flow will prevent or degrade genetic differ¬ 
entiation among populations. Finding low differentiation 
among populations is itself informative, as high levels of 
dispersal between populations suggest low levels of migratory 
connectivity. However, because it is really natal dispersal 
that affects genetic differentiation (i.e., how far, on aver¬ 
age, an individual moves from where it was born to where 
it settles and breeds as an adult), high levels of natal 
dispersal can eliminate genetic differentiation among 
populations even if adults show very high levels of migra¬ 
tory connectivity, thereby making it difficult to assess the 
migratory connectivity of adults. Time is another factor 
affecting genetic differentiation among populations, as it 
takes some time for genetic differentiation to build up. 
Thus, migratory organisms that have recently expanded 
from a smaller population (e.g., since the last Pleistocene 
glacial maximum) may show limited genetic differentiation 
among populations. 

Because of these factors, several recent studies of 
Nearctic-Neotropical migratory birds - which are 
thought to have high levels of natal dispersal and also 
have undergone recent population expansions - have 
found limited utility for genetic markers in disentangling 
migratory connectivity. However, these studies were able 
to use genetic markers to determine connectivity at broad 
geographic scales, and higher resolution (i.e., more vari¬ 
able) markers may allow the determination of connectiv¬ 
ity at finer scales. In the end, genetic markers may be most 
useful to studies of migratory species with somewhat 
limited natal dispersal, and/or in combination with 
other types of markers. 

Stable Isotope Approaches 

Another technique that relies on intrinsic markers in 
biological tissues to trace the origin and movement of 
migratory animals is stable isotope analysis. Stable iso¬ 
topes are nonradioactive forms of elements that have 
similar chemical properties but vary in their atomic 
mass because of differences in the number of neutrons. 
During geochemical and metabolic processes, the differ¬ 
ences in mass cause separation among isotopes of the 
same element, a phenomenon known as isotopic fraction¬ 
ation. Approximately, two-thirds of the elements have 
more than one stable isotope, but isotopes of carbon 
( 13 C), nitrogen ( 15 N), hydrogen ( 2 H or D), and sulfur 
( 34 S), are among the most useful for studying migratory 
connectivity for two reasons. First, their patterns of isoto¬ 
pic fractionation are well understood and vary predictably 
across broad spatial scales. Second, their high natural 
abundance allows them to be present at detectable levels 
in biological tissues. Stable isotopes are analyzed using 
isotope ratio mass spectrometry .; and sample results are 
expressed in 5 units relative to a standard of known 
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isotopic composition. For example, the results of carbon 
isotope analysis are calculated as: 5 Ll C = {[(5 13 C unk / 
5 12 C unk )/(5 1 'C std /5 12 C st d)] x 1000}. Some of the most 
informative research on migratory connectivity has 
involved multiple stable isotopes or used stable isotopes 
and genetic markers together, and we will highlight these 
studies. 

Feathers are the most commonly used tissue in stable 
isotope investigations of migratory connectivity. Most 
species of migratory birds undergo a complete molt 
once each year between July and September on or near 
their breeding areas, and the isotopic signatures of foods 
eaten during this time become incorporated into feathers. 
Because isotopic signatures are mostly inert once stored 
in feather tissue, samples collected later during the year 
provide information about the geographic origin of birds 
during molt. Each of the aforementioned isotopes pro¬ 
vides different potential clues about a bird’s molt location. 
Stable-hydrogen isotopes in growing season precipitation 
vary strongly with latitude. Stable-carbon isotopes show 
a similar pattern due to broad-scale differences in plant 
water use efficiency and photosynthesis strategy. Finally, 
stable-sulfur isotopes differ between marine and terres¬ 
trial environments, making it possible to measure longi¬ 
tudinal origins of molt in species whose habitats extend to 
coastal regions. 

In one of the earliest sets of studies using multiple 
stable isotopes, Richard Holmes, Page Chamberlain, Dustin 
Rubenstein, and colleagues, sampled feathers from Black- 
throated blue warblers at breeding sites from North 
Carolina to Michigan. As predicted, they found that 5D 
and 5 1 ’C values varied systematically with the latitude of 
the sampling location. Feathers collected from wintering 
populations in the Greater Antilles revealed considerable 
mixing of individuals from a variety of breeding popula¬ 
tions, but also indicated strong regional connectivity 
between wintering and breeding populations. A greater 
proportion of individuals wintering in the western islands 
of the Greater Antilles originated from northern breeding 
populations, whereas those wintering on islands further 
east were from more southern breeding populations. 

When examined alongside molecular genetic markers, 
analyses of multiple stable isotopes can potentially yield 
even more refined estimates of migratory connectivity. 
Jeff Kelly and colleagues analyzed 5D, 5' 4 S, and mito¬ 
chondrial DNA (mtDNA) in the feathers of Swainson’s 
thrush at 12 breeding sites throughout North America 
and 5 winter sites in Mexico, Central, and South America. 
Analyses of mtDNA indicated the existence of two hap- 
lotypes: inland and coastal. Patterns of 5D were particu¬ 
larly useful at distinguishing birds from coastal sites, while 
variations in 8’ 4 S were helpful in separating inland sites. 
Together, these data revealed that birds with coastal hap- 
lotypes migrated to more northern winter sites compared 
to inland ones, and that birds from northern winter sites 



Figure 2 Map of predicted breeding sites of Swainson’s 
thrushes sampled at five wintering sites. The weight of the arrows 
reflects the number of individual birds predicted to share that 
breeding origin. Heavy arrows indicate that 4-6 individuals share 
the origin; light arrows indicate that 1-3 individuals share that 
origin. 

appeared to migrate shorter distances to southern breed¬ 
ing sites. This latter finding suggested that Swainson’s 
thrushes engage in leapfrog rather than chain migration 
(Figure 2). 

It is important to note that stable isotopes and molec¬ 
ular genetic markers have been used with great success 
in taxa other than birds. For example, Luciano Valenzuela 
and coworkers used 5 1 ’C and 5 15 N together with mtDNA 
to identify summer feeding areas in right whales and to 
understand the behavioral mechanism through which 
calves learn these locations. Furthermore, individual 
right whales that shared the same mitochondrial haplo- 
type also had similar and 5 15 N signatures. This 

pattern suggested that individuals from each matrilineal 
lineage followed the same migratory route to summer 
feeding locations that they learned from their mothers 
during their first year of life. 

An example using multiple stable isotopes with clear 
implications for conservation involves Monarch butter¬ 
flies. The entire population of North American Monarch 
butterflies spends the winter at approximately ten winter 
sites in Mexico. Despite over 50 years of intensive study, it 
remained unknown whether the entire population mixed 
together at these winter sites or whether there was tighter 
connectivity between breeding and wintering popula¬ 
tions. Len Wassenaar and Keith Hobson sampled 5D 
and d^C in butterflies at their natal sites throughout 
North America and at 13 winter locations in Mexico. 
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Isotopic signatures indicated that individuals from the 
Midwestern United States were present at each of the 
winter sites sampled. However, butterflies with isotopic 
signatures indicative of more northern breeding areas 
were present at only two sites, making these locations 
strong candidates for protection. 

Although the isotopic composition of several different 
tissues has proven to be useful for identifying regional and, 
potentially, even more localized populations of migratory 
species, there are several important caveats to this tech¬ 
nique. Each isotope carries a unique set of assumptions, 
and it is necessary to understand these assumptions and 
to tailor experimental design accordingly. For example, 
despite its frequent use, the successful use of 5D to unravel 
migratory connectivity depends on assigning individuals 
to the geographic location of molt by using a 5D base map 
developed from 30-year running averaged values as a 
guide. Therefore, it is not only important to understand 
the natural history of the study species but also necessary 
to account for environmental, sampling, and analytical 
error. Bayesian statistical methods are quickly becoming 
recognized as an important tool in dealing with this bias 
because of their ability to incorporate prior information 
about the potential sources of error into models. 

Future Considerations 

Other intrinsic techniques have been attempted but 
with varying results. For example, populations of blood 
parasites within migratory species, such as malaria and 
bacteria, have been used in the studies of migratory con¬ 
nectivity, but these approaches have been met with mixed 
success. Recently, trace elements have also been explored 
for their utility in examining migratory connectivity. The 
growing number of studies showing differences in trace 
element concentrations among spatially discrete bird 
populations underscores the future potential of this tech¬ 
nique. However, unlike the most often used stable iso¬ 
topes, trace element signals are not known to change in 
continuous fashion across physical or environmental gra¬ 
dients. Thus, leveraging trace element data to advance our 
understanding of migratory connectivity will likely first 
require detailed mapping of these elements across the 
breeding and/or wintering ranges of migratory species. 

For the time being, as far as smaller-bodied birds are 
concerned, geolocators, isotopes, and perhaps genetics, 
will be our best approach. With advances in analytical 
techniques, the research bottleneck has shifted from the 
lab to the field: although the isotopic and genetic tools 
are available, it remains difficult for a single researcher 
(or team) to collect samples from many hundreds or 
thousands of individual birds from across the range of 
a particular species. Hence, as banding studies increase 
throughout North and South America, Africa, and Asia, 


there should be an organized and systematic feather- 
collection (as well as tissues from other taxa) initiative 
that will foster studies at scales of sampling intensity that 
are otherwise impossible to achieve. 

In North America alone, approximately 1.2 million 
songbirds are banded each year. Yet, only in a few 
instances, are feathers being collected, and there is not 
yet any systematic effort within the ornithological community 
to collect and archive such samples. Clearly, this repre¬ 
sents a lost opportunity for gaining valuable data. Not 
only can feathers be informative about extant patterns and 
processes, but the prospect of collections made over time 
offer the possibility of tracking temporal changes in 
breeding and/or wintering ranges of species. Such data 
would be important to evolutionary biologists interested 
in microevolutionary processes, population biologists 
investigating the causes for population declines, as well 
as conservation biologists concerned about the effects of 
climate change. 

See also: Magnetic Orientation in Migratory Songbirds. 
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Introduction 

During their lifetime, tetrapod vertebrates undergo several 
bouts of integument replacement, a phenomenon referred 
to as ‘molt’ - the periodic shedding, and replacement, of 
epidermal structures. This energy-demanding process is 
controlled by hormones and it involves not only replacement 
of feathers, hair, scales, etc., but also physiological events 
such as increased vascularization of feather/hair follicles, 
osteoporosis, changes in the rate of protein synthesis and 
overall metabolism, a shift in the heterophil/lymphocyte 
ratio, decrease in body fat, etc. Behaviors associated with 
the molting process included secretive habits, rhythmic 
movements to dislodge skin or abrade it, and changes in 
foraging behavior - sometimes to select nutrients essential 
for replacing skin. For these reasons, molt cycles are 
restricted to times of the year when trophic resources are 
sufficient to support replacement of the integument. 

Molting systems have evolved great diversity in pat¬ 
terns and types and appear to be ubiquitous to vertebrates 
as well as many invertebrates (but only the former will be 
discussed here). Birds have particularly well-known molt 
cycles that appear to be highly variable. In those wintering 
in the temperate zone, and also for some species wintering 
in tropical areas, adults replace all their flight and body 
feathers immediately after breeding, and molt is finished 
before onset of migration. Juveniles follow the same time 
schedule, but can have more varying molting patterns. 
Many long-distance migrants do not molt before migra¬ 
tion, but initiate and complete their entire molting cycles 
in the winter area (winter molt). Some tropical migrants 
have a seasonal split in the molting period (e.g., some feathers 
being molted in the breeding area and then completed in 
the winter area). A few long-distance migrants have two 
complete annual molting cycles: one immediately after 
breeding (before migration) and another in the winter 
quarters. Large birds, for example, eagles and albatrosses, 
molt only some feathers each year - serial molt and 
complete replacement of the integument may take longer 
than one year. Others, for example, some ducks and geese, 
molt all their wing feathers simultaneously. This speeds 
up the molting period but results in vulnerability to pre¬ 
dators during molt. One way to reduce the risk of being 
taken by a predator during this period is to gather in huge 
flocks (molt migration) and aquatic birds gather out on 
open water. Thus, molting strategies vary considerably 
among birds. 


At least among the Palearctic warblers, the summer molt 
seems to be the ancestral molt pattern, whereas winter 
molt appears to have evolved independently 7-10 times in 
this clade. The reason why winter molt evolved is unclear. 
Several hypotheses have been proposed, for example, if 
there is competition for winter territories, birds should 
migrate to these areas as soon as possible after breeding 
and postpone molt till after arrival in the wintering ground. 
Or, maybe winter molt was favored because it could speed 
up onset of the migratory flight to the breeding grounds in 
spring. 

Why Molt? 

Once the integument has developed in a mature individ¬ 
ual, daily and seasonal routines such as foraging can result 
in accumulating wear and tear. Furthermore, social inter¬ 
actions including play behavior, sexual interactions, and 
aggression (especially fighting) can result in damage to the 
integument. In most species (e.g., many mammals including 
humans), the cornified outer layers and hair are replaced 
continuously. In fish, scales can be replaced as they are lost 
or worn. Indeed, the ability to replace damaged components 
of the integument is probably ubiquitous. However, many 
species also show periodic shedding of the integument 
and replacement that often involves specific changes in 
structure as well. 

With time, bird feathers, for example, are worn out, 
affecting maneuverability in the air and flying performance 
as well as thermoregulatory capacity and coloration. Feathers, 
therefore, must be replaced at regular intervals (once or 
twice a year). As molt is very energetically expensive, it 
should not overlap with other energy-demanding events 
such as breeding and migration. The seasonal timing of 
molt is therefore of great importance, and it results from a 
trade-off between having a good integument quality during 
breeding or during the nonbreeding period. Examples of 
wear and tear are shown for a song bird in Figures 1 and 2. 
In this case, continuous replacement after loss or damage 
is limited and a complete periodic molt is essential. 

Molting Processes 

The vertebrate integument is diverse including dermal 
and epidermal structures adapted to aquatic environments 
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Figure 1 Why molt? Nuttall’s white-crowned sparrows (Zonotrichia leucophrys nuttalli) on the left-hand side have fresh breeding 
plumage, while those on the right have extremely worn plumage at the end of the breeding season in July. Some feathers (e.g., on the 
head, right panels) may have been lost while fighting. Note also the faded coloration of feathers in the right-hand panels. Photos by 
J.C. Wingfield, taken on the Pacific coast of central California. 



Figure 2 Close up of fresh plumage (left-hand panels) and worn plumage (right-hand panels) in Nuttall’s white-crowned sparrows 
(Zonotrichia leucophrys nuttalli) on the Pacific coast of central California. Note the extreme wear on the right-hand panels and the 
dramatic fading of color. This worn plumage is completely replaced by molt. Photos by J.C. Wingfield. 





















464 Molt in Birds and Mammals: Hormones and Behavior 


(marine and freshwater) and terrestrial habitats (from 
humid and mesic environments to extreme aridity). In 
fishes, the integument usually produces scales of great 
diversity and also mucous. The development of a stratum 
corneum during embryogenesis first occurred in amphi¬ 
bians and is found in all tetrapod vertebrates. This multi¬ 
layered structure involved programmed cell death as an 
impervious outer layer was produced. Such a skin structure 
also gave rise to scales, feathers, and hair in the amniote 
vertebrates. The structure allowed for periodic shedding of 
older and worn outer layers. Here we restrict discussion of 
molting to periodic replacement of epidermal structures in 
tetrapod vertebrates (with a focus on birds and mammals) 
because the various groups of fish, where scales etc. are 
replaced individually, apparently do not molt in the sense 
of shedding large portions of the integument, although fish 
do replace their integument and some species may be able 
to shed small portions at intervals. 

In some species, the desquamation of epidermal deriva¬ 
tives may be continuous and in small fragments (e.g, dan¬ 
druff in many mammals and birds), or cyclic in which a true 
molt occurs and the entire integument is replaced system¬ 
atically. The speed of this process may vary from several 
months in some species to just a few weeks in others or even 
hours in the case of some reptiles. The process also involves 
distinct components of shedding and regeneration of new 
skin, hair, feathers, etc. in various combinations. 

Amphibians shed the outermost layers of skin on a 
periodic basis - developmental and seasonal. The duration 
and the frequency of molts vary tremendously as a function 
of species and habitat (e.g., terrestrial versus aquatic). This 
shedding is accomplished by removal of fragments rather 
than the entire integument at once. Specific behavioral 
events are probably restricted to mild abrasion of the skin 
on environmental substrates to assist sloughing. 

Reptiles, such as squamates, frequently shed the entire 
integument in one piece allowing new skin underneath to 
expand rapidly enabling further growth of the individual. 
These species show behavioral responses in terms of finding 
a refuge, muscular contractions to assist splitting of old 
skin, undulations and abrasion to aid sloughing - sometimes 
as a complete structure. 

Birds usually show waves of feather shedding and 
replacement that progress in specific sequences over the 
entire body surface (Figure 3 shows an example of 
sequential replacement of flight feathers). In a few species, 
feathers may be shed almost simultaneously resulting in 
flightlessness and the potential for severe challenges to 
thermoregulation. The skin is shed in small fragments. 
Behavioral components include molt migration or seeking a 
sheltered place (especially if flight is impaired), reduced 
aggression, and territoriality in some species. 

In mammals, hair can be shed and replaced in waves on 
a periodic basis or continuously (as in humans). In others, 
such as cetaceans, skin is shed in fragments, probably 
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Figure 3 Feather replacement in the wing of a willow warbler, 
Phylloscopus trochilus. Old worn feathers are shed and new ones 
grow as pins between new feathers below, and old feathers 
above. This set sequence occurs each time the bird molts 
progressing from feathers shed in the midwing to feathers at the 
extremities. The pin feathers have a rich blood supply and 
gradually unfold into a mature feather as they grow out. 
Sequences (waves) of feather replacement occur elsewhere on 
the body and also in the hair replacement of mammals. Photo by 
B. Silverin. 

continuously. Behavioral components include abrasion 
such as rubbing against substrate to hasten loss of old 
hair and skin. 

Behavioral Effects 

The physiological and morphological aspects of vertebrate 
molts have been described elsewhere, but behaviors asso¬ 
ciated with molting have received much less attention. In 
general, molt cycles have implications for expression of 
behavior such as those changes related to the molting 
process itself, and changes in integument structure that 
allow the individual to express behavioral traits at different 
seasons or in different habitats. These can be summarized 
as follows: 

Dietary changes — to provide high sulfur-containing 
amino acids to produce keratin etc. 

Sloughingbehavior— to remove old skin, hair, or feathers; 
abrade scales. 

Secretive behavior— such as seek a shelter while new skin 
cornifies, feathers and hair grow. This reduces possi¬ 
bility of damage to components of a developing new 
integument. Additionally, molt affects flight ability in 
birds and, thereby, the risk of being taken by a predator. 
Changes in crypsis— seasonal change in pelage/plumage 
may allow renewal of integument to adapt to seasonal 
climatic changes. This could include development of 
white plumage in winter and cryptic pelage in summer 
(Figure 4). 

Changes in insulation — seasonal changes may also 
include adjustment of insulation qualities of pelage 
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Figure 4 Examples of seasonal changes in pelage. Seasonal changes in plumage coloration in willow ptarmigan (Lagopus lagopus) 
on the North Slope of Alaska. Top left panel shows typical all white winter plumage, cryptic in snow but also highly insulated against 
the Arctic winter weather. Lower left panel shows summer plumage, more cryptic in the absence of snow. The top right panel shows 
a musk ox (Ovibos) on the North Slope of Alaska in full winter pelage with long outer guard hairs and thick insulating hair beneath. 
Lower right panel shows a musk ox in spring shedding large chunks of insulating hair. This will be replaced the following autumn. 
Photos by J.C. Wingfield. 


(e.g., down or extra fur for the winter months) so that 
the organism can go about its daily routines despite 
major changes in weather (Figure 4). 

Changes in ‘ ‘protective ” structure — to allow individuals to 
take advantage of different environments at certain 
times of year. For example, some amphibians develop 
a more cornified skin during the terrestrial phase of 
their life cycle. Euryhaline fish undergo changes in 
their integument and degree of mucus production 
during movements between fresh and salt water (e.g., 
to cope with directions of salt and water transport in 
permeable components of the integument etc.). 

Changes in nuptial structures — seasonal change in pelage 
may also allow development of nuptial appendages of 
the integument (e.g., antlers, plumes, etc.) and changes 
in color patterns for reproductive purposes - to attract 
a mate, defend a breeding territory (and paternity). 
Social interactions during molt (at least in birds) may 
have important effects on the coloration and patterns 
of plumage developed. 

Hormone Mechanisms in Molt 

Control systems are not well known but involve 

hypothalamo-pituitary secretions that in turn regulate 


peripheral endocrine systems to orchestrate the develop¬ 
ment of a physiological and morphological state so that 
molting can actually begin, and also regulate the processes of 
specific loss and replacement of integument structures. 
These physiological and behavioral adjustments associated 
with molting are accompanied by changes in hormonal- 
secretion patterns. In birds, at the onset of postbreeding 
molt, sex-steroid levels as well as gonadotropins are basal. 
Elevated circulating testosterone, for example, may delay 
or even prevent molt. Furthermore, there is also increased 
and irreversible conversion of testosterone to biologically 
inactive metabolites in the anterior hypothalamus at the 
time of molt in great tits Parus major, essentially reducing 
effects of testosterone in target tissues and allowing the 
postnuptial (or prebasic) molt to begin. In contrast, in some 
squamate reptiles, molt may occur just prior to spring 
mating. In mammals, sex steroids such as testosterone 
enhance growth of some hair types and inhibit others. 
Inter-relationships of molt and other life history stages 
appear to be complex and deserve further study. 

It is generally considered that the thyroid hormone 
thyroxine (T4) is responsible for the induction of molt. 
Most species studied to date, but not all, show a seasonal 
elevation of T4 during molt. Thyroidectomy in amphi¬ 
bians, reptiles, and birds delays molt although it may not 
eliminate it completely. However, even if molt does begin 
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in thyroidectomized animals, the epidermal structures 
that develop are frequently malformed. Although tri¬ 
iodothyronine (T3) in some species shows a similar tem¬ 
poral change over seasons as T4, experiments indicate 
that T3 has rather little, if any, influence on the molting 
process. Injections of T4 into thyroidectomized animals 
tend to restore molt to its normal frequency and the 
structures developed appear normal. Thyroid hormones 
also appear to be important for development of thick skin, 
more impervious to water in newts moving from breeding 
ponds onto land. 

The role of prolactin in molt is strongly suggested by 
some studies, but others have failed to relate high circu¬ 
lating levels of prolactin to molt. In birds, peaks of prolac¬ 
tin secretion are consistently associated with onset of 
molt. As this hormone is also associated with parental 
behavior, osmoregulation, metabolism, and growth, rela¬ 
tionships to molt are complex and probably affected by 
season, life history stage, etc. In newts, prolactin is impor¬ 
tant for the development of smooth skin with rich mucous 
secretion prior to entry into breeding ponds. However, 
these effects are also dependent upon thyroid hormones. 
On the other hand, in mice, prolactin may inhibit onset 
of waves of hair replacement. Furthermore, disruption 
of prolactin receptor gene expression in mouse skin 
advanced onset of molting. Much more research is needed 
to understand the hormonal regulation of molt and asso¬ 
ciated behavior in general. 

Molt and Environmental Perturbations 

The molting process is critical for many species and 
disruption of molt can have serious consequences for 
survival, reproductive success, etc. Thus, the potential 
for environmental perturbations to affect molt has proba¬ 
bly had an influence on the timing of molt to the most 
benign time of year, and the fact that many animals may 
seek a refuge while molting. Stress hormones such as 
glucocorticoids may play an important role during molt. 
Free-living birds show distinct seasonal variations in 
plasma levels of corticosterone with a nadir during pre- 
basic molt when feathers are being replaced. The down- 
regulation of the hypothalamo-pituitary-adrenal (HPA) 
axis appears to be mediated at different levels in different 
species of birds. The downregulation of the HPA axis 
during molt might enable the individual to avoid the 
protein catabolic effects of glucocorticoids such as corti¬ 
costerone, and subsequent inhibition of feather growth 
and decreased quality of feathers (which would be impor¬ 
tant for over winter survival for example). Experimental 
elevation of plasma levels of corticosterone during molt 
decreases the rate of feather replacement. Because molt 
may dramatically reduce a bird’s flight ability, high 
corticosterone levels during molt in turn may lower 


survival rate. For example, free-living pied flycatchers, 
Ficedula hypoleuca , undergoing a simulated molt were 
depredated more frequently by sparrowhawks, Accipiter 
nisus , than were control birds. 

On the other hand, downregulation of the HPA axis 
during molt and a reduced stress response might also have 
costs for the free-living animal because this results in 
reduced ability to cope maximally with unpredictable 
stressors, such as adverse weather conditions, human dis¬ 
turbance, etc. This may mean there is a trade-off between 
timing of molt to the optimal time for food supplies and a 
lowered ability to cope maximally with environmental 
stressors. To illustrate this trade-off further, a recent study 
showed that induced molt (by plucking feathers) in captive 
starlings, Sturnus vulgaris , resulted in only a moderate 
increase in their plasma levels of corticosterone when 
subjected to physical chronic stress (food restriction), 
psychological stressors, or daily disturbances (such as cage 
disturbances or loud music). The moderate rise in corti¬ 
costerone did not slow down feather regrowth, nor did it 
affect feather quality as occurs in experiments using tech¬ 
niques that elevate corticosterone to much higher levels. 
Thus, evolution might have selected regulatory mechan¬ 
isms that reduce the response to stress during molt so that 
the effects of high corticosterone levels that may interfere 
with the molting process can be avoided. Nonetheless, 
birds still retain some coping capacity in the face of stress. 

Future Directions 

Clearly, replacement of the integument is an essential 
component of the life cycle and represents not only a 
maintenance function aiding survival, but may also be 
important for attracting a mate and reproductive success. 
As such, patterns of molt and development/loss of epidermal 
structures are extremely diverse across vertebrate taxa. 
The role of behavior in molt cycles, both to aid the molting 
process and behavioral interactions that may influence 
molt, remains very poorly understood. Hormone control 
mechanisms have been well investigated in some species 
and suggest great diversity across taxa according to time 
of year and context. How hormones may influence molt 
behavior remains almost completely unknown in vertebrates. 
With the new research tools available today, the regulation 
of molt cycles and associated behavior is a rich research 
area awaiting exploration. 

See also: Hormones and Behavior: Basic Concepts; 
Seasonality: Hormones and Behavior. 
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Introduction 

In this chapter, we highlight examples of social influ¬ 
ences on learning observed in prosimians and monkeys 
and consider the role of socially mediated learning in 
the biology of these animals. Learning is always the 
outcome of interacting physical, social, and individual 
factors and takes place over time. Thus, we cannot parse 
learning, either as a process or as an outcome, into 
portions that are socially influenced and portions that 
are not. Instead, we can document how social processes 
affect behavior relevant to the learning process, and 
we can seek evidence for social contributions to learning 
outcomes. 

To begin, we provide some background on the taxo¬ 
nomic groups of interest in this chapter: monkeys and 
prosimians. Primates are a remarkably diverse order. Body 
size alone spans three orders of magnitude, from tiny pro¬ 
simians weighing a few hundred grams to massive apes 
weighing more than 100 kg. Diet, morphology, mating 
systems, locomotor style, life history, and every other 
aspect of the biology of these animals is as diverse as body 
size, and this diversity is important when considering 
the contributions of the social context to learning in par¬ 
ticular species. 

Phytogeny of Prosimians and Monkeys 

As Fleagle (1999) discusses in greater detail, the order 
Primates includes two suborders: Prosimii, prosimians, and 
Anthropoidea, monkeys, apes, and humans (see Figure 1). 
The two suborders have evolved separately for at least 
55 Million years. Two infraorders are classified within 
Anthropoidea: the platyrrhines (New World monkeys) 
and catarrhines (Old World monkeys, apes, and humans). 
New and Old World monkeys diverged approximately 
40 Millions of years ago (Mya), and apes and hominids 
(hominids include modern humans and their ancestors; 
superfamily Hominoidea) diverged from the Old World 
monkeys (superfamily Cercopithecoidea) approximately 
20 Mya. Given their lengthy independent evolution, vari¬ 
ation in the life histories, body sizes, social organizations, 
etc., within each suborder, infraorder, and superfamily in 
the order Primates is to be expected. 

The suborder Prosimii includes the infraorders Lemur- 
iformes (the lemurs of Madagascar), Lorisiformes (the 
lorises of Africa and Asia and the galagos of Africa), and 


Tarsiiformes (tarsiers of Southeast Asia). All prosimians 
live in tropical habitats in Africa and Asia and the vast 
majority are arboreal and nocturnal. Prosimians are some¬ 
times referred to as ‘living fossils’ because they appear to 
have some physical similarities to ancestral primates of 
approximately 50 Mya. In general, prosimians rely to a 
greater extent than other primates on olfaction. Some are 
solitary foragers; others travel and forage in groups ranging 
from small family units to larger social groups of as many as 
27 individuals. We know less about the lifestyles and behav¬ 
ior of prosimians than ot monkeys. 

In comparison with prosimians, species in the suborder 
Anthropoidea are characterized by a relatively larger 
brain for their body mass, diurnal lifestyle, and a greater 
reliance on vision than on olfaction. Anthropoid species 
generally exhibit greater manual dexterity than prosi¬ 
mians, and anthropoids are more likely to live in groups. 
New World monkeys (infraorder Platyrrhini) are arboreal 
and relatively small-bodied, ranging in size from approxi¬ 
mately 100 g (the pygmy marmoset [Cebuella pygmaea]) up 
to 10 kg (the muriqui [Brachyteles arachnoides ] and spider 
monkey [Genus Ateles]). Many genera live in small family 
groups; others live in medium-to-large social groups 
(as many as 50-60 individuals). Within the New World 
monkeys are the subfamilies Callitrichinae (marmosets 
and tamarins), Atelinae (muriquis, woolly, howler, and 
spider monkeys), Pitheciinae (titis, sakis, bearded sakis, 
and uakaris), Cebinae (squirrel monkeys and capuchins), 
and Aotinae (owl monkeys, the only nocturnal anthro¬ 
poid). During the platyrrhine radiation in the Americas, 
the genera adapted to distinct niches, making a living in 
different parts of the forest canopy and resulting in great 
diversity in social organization, reproductive strategy, 
diet, and locomotor style. 

Compared to New World monkeys, Old World monkeys 
(superfamily Cercopithecoidea) are mostly larger-bodied, 
ranging from around 1 kg to approximately 30 kg, and some 
are terrestrial. Old World monkeys include subfamilies 
Cercopithecinae (baboons, mandrills, drills, macaques, 
mangabeys, and guenons) and Colobinae (colobus monkeys 
and langurs), which differ particularly in their dietary adap¬ 
tations (see Fleagle for details). Most cercopithecoid species 
live in large polygamous social groups with clear dominance 
hierarchies within and between matrilines (female kin 
groups), and some form multilevel societies during parts 
of the year. Of all primate superfamilies, cercopithecoids 
have the widest geographic range, greatest number of spe¬ 
cies, and form some of the largest groups and biomass 
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Order 


Primates 

JL 





Suborder 


Prosimii* 

(all prosimians: lemurs, 
lorises, galagos, and tarsiers) 


Infraorder 


Lemuriformes Lorisiformes Tarsiiformes^ 

(all lemurs) (all lorises (the tarsiers) 

and galagos) 


Platyrrhini 

(all new world 
monkeys) 


Superfamily 


Ceboidea 

(all new world 
monkeys) 


Anthropoidea 

(monkeys, apes, 
and humans) 


Cercopithecoidea 

(all old world 
monkeys) 


Catarrhini 
(all old world monkeys, 
apes, and humans) 


I 




Hominoidea 

(apes and humans) 


Family 


Callitrichidae + Atelidae Cebidae Cercopithecidae 

(marmosets and (howlers, spider (squirrel (all old world 

tamarins) monkeys, and monkeys, capuchins, monkeys) 

muriquis) owl monkeys, etc.) 


Hylobatidae 

(gibbons and 
siamangs) 


Pongidae 

(the great apes) 


Subfamily 


Cercopithecinae 

(baboons, macaques, 
guenons, etc.) 


Colobinae 

(colobus species, 
langurs) 


Hominidae 

(humans) 


Genus 


Species 


|| All primates 

All monkeys 

| All anthropoids 

All apes 

| All hominoids 

All hominids (including extinct 

| All prosimians 

forms and modern humans) 


Pongo Gorilla Pan Homo 


Pygmaeus Gorilla Troglodytes Sapiens 

(orangutans) (3 subspecies) (chimpanzees) 

(2 subspecies) (3 subspecies) 

paniscus 

(bonobos) 


*There is some disagreement among primatologists concerning where to place tarsiers. Many researchers + Fleagle (1999) and others have recently eliminated the family callitrichidae and included marmosets 
suggest that they more properly belong closer to the anthropoids and thus revise the primate classifications and tamarins in the family cebidae. 
to reflect this view. Here, for simplicity, we continue to use the traditional classifications. 

Figure 1 Primate taxonomic classification. This abbreviated taxonomy illustrates how primates are grouped into increasingly specific 
categories. Only the more general categories are shown, except for the great apes and humans. Reproduced from Turnbaugh WA, Nelson H, 
Jurmain R, and Kilgore L (2002) Understanding Physical Anthropology and Archaeology, 8th edn., with permission from Wadsworth. 


densities in the primate order. Despite this, Old World 
monkeys have less diversity in diet and social organization 
than New World monkeys. 

Phytogeny and Socially Mediated 
Learning 

This brief review of primate phylogeny suggests some 
reasons why we might expect socially mediated learning 
to vary across primate taxa. First, group demographics and 
social dynamics within groups define the social context, 
and thus influence socially mediated learning within a 
group. The number of groupmates, their age and sex, and 
the nature of social relationships within the group vary 
enormously across species, and may vary considerably 
within species as well. Groups of monkeys of the same 
species may live in smallish groups (4-7 individuals) or 
quite large groups (more than 40 individuals) depending on 
the local distribution of resources. Second, reliance on 
various sensory modalities (vision, olfaction, audition, and 
touch) in social interaction and in general activity varies 
across taxa. For example, species that are particularly atten¬ 
tive to smell (such as many prosimians) will be affected by 


social partners in a way different from that of species that 
are highly reliant on vision. Third, motor patterns and 
action proclivities vary considerably across species. For 
example, leaf-eating monkeys are generally less likely to 
manipulate objects spontaneously than species that feed on 
seeds and nuts. Finally, the variability in behavioral ecology 
across species means that individuals of different species 
are interested in different kinds of activities, locations, 
objects, and events. For example, leaf-eating monkeys 
may be less likely to attend to sequences of actions during 
feeding than are seed- or nut-eating species; omnivorous 
species are less likely to attend to the odor of leaves eaten 
by another than are dietary specialists. Behavioral priorities 
and proclivities of each species constrain what an individ¬ 
ual is likely to learn in the first place, and thus the role of 
social context in learning. 

The Sources of Social Context 

Social Organization 

The social organization (i.e., the size, demographic com¬ 
position, and spatiotemporal coordination of individuals 
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within a group) and social relationships among individuals 
in a group provide the boundaries of the social context in 
which an individual can learn. As Coussi-Korbel and Fra- 
gaszy have proposed, conspecifics with which an individual 
has a long-term social relationship and that are frequently 
nearby are particularly important and enduring compo¬ 
nents of an individual’s experience. In theory, the more 
closely individuals coordinate their activity in space and/ 
or time, the more likely an individual’s activity is to 
influence the activity of others. Individuals of species in 
which social partners spend more of their time apart than 
together are likely to experience less direct social influ¬ 
ences on learning specific actions than species that spend 
most of their time in the company of conspecifics. For 
example, adults of many nocturnal prosimians form sleep¬ 
ing groups during the day but travel and forage alone at 
night (e.g., dwarf and mouse lemurs [Genus Cheirogaleus and 
Microcebus , respectively] and some galagos [Genus Galago] 
and tarsiers [Genus Tarsias] ). These animals are therefore 
not often in the company of others that might influence 
their behavior. However, all monkeys and some prosimian 
species, such as lemurs, sifakas, and indris, remain in cohe¬ 
sive groups and are near conspecifics virtually all the time. 
This intensely social lifestyle affects every aspect of expe¬ 
rience through every sensory modality. Interactions with 
conspecifics structure where and how an individual budgets 
the time that it devotes to different activities (e.g., travel vs. 
feeding), and conspecifics also influence how an individual 
responds to events that occur nearby. For example, as 
Cheney and Seyfarth have shown, monkeys attend to 
overt signals made by others concerning objects, events, 
or locations of affective value (i.e., desirable or objection¬ 
able) such as a recruitment call to a food site or an alarm 
call to a predator, even if out of sight or some distance away 
from the other group members. 

Social Relationships 

Individuals are more likely to be near others with which 
they share a mutually affiliative relationship (e.g., depen¬ 
dent offspring with a parent). If social influences on 
learning are maximized when individuals are near one 
another, then a potential learner will be more influenced 
by those with which it shares positive affdiations than by 
others: a phenomenon Coussi-Korbel and Fragaszy have 
labeled Directed Social Learning. Over time, uneven 
social influences on learning across individuals within a 
group can lead to the generation of behavioral variations 
among subgroups. For example, youngjapanese macaques 
living in Koshima, a small island in Japan, first began to 
wash sweet potatoes in the sea when these were provided 
for them on a sandy beach on the island. Initially, only 
juveniles washed potatoes. In subsequent years, the juve¬ 
niles’ older siblings and mothers started to wash potatoes. 
Older individuals adopted the behavior more slowly than 


juveniles; adult males most slowly or not at all. If social 
influences contributed to the spread of the behavior, it did 
so unevenly across age and sex classes in accord with the 
predictions of the Directed Social Learning model. How¬ 
ever, as Galef has indicated, a similar outcome could 
reflect accumulation of individual experience without 
any social influence, so we cannot definitively claim that 
social influence promoted the spread of the behavior. 
A similar caveat applies to several commonly cited exam¬ 
ples of traditions in non-human primates. Observing the 
development of behaviors by new practitioners, with 
the requisite detail of social contexts and behavioral 
change over time, is necessary to make strong claims 
about the contributions of social context to learning a 
specific behavior. Such developmental studies are now 
underway with some species of monkeys. 

Social influences within a group can be thought of as 
either vertical (across generations) or horizontal (within 
generations; among juveniles, for example). Vertical and 
horizontal social influences are common in primates. Ver¬ 
tical social influence is often discussed as promoting 
behavioral continuity between generations, while hori¬ 
zontal social influence is more likely to promote adaptive 
behavioral change; for example, in response to changing 
circumstances. Vertical social influence promotes conti¬ 
nuity in commonplace and routine preferences and beha¬ 
viors that young primates acquire gradually while 
traveling with adults, such as habitual travel routes and 
sleeping sites. Vertical social influence can also promote 
refinement of specific behaviors. For example, as Cheney 
and Seyfarth have shown, young vervet monkeys ( Cerco - 
pithecus aethiops) gradually narrow the range of animals to 
which they give alarm vocalizations according to differ¬ 
ential adult responsiveness to their calls. Adults respond 
to juveniles’ calls in response to actual predators and 
ignore calls in response to benign animals. 

Perry’s studies of white-faced capuchins ( Cebus capuci- 
nus) in Costa Rica provide examples of behaviors reflect¬ 
ing horizontal social influence. These monkeys sometimes 
develop idiosyncratic social behaviors (‘games’) that are 
played in pairs by close companions in a play context, but 
not between parent and offspring. One of the games 
identified by Perry and colleagues is the toy game, in 
which two monkeys take turns extracting an inanimate 
object, like a twig or leaf, from each other’s mouth. In the 
toy game, one monkey holds the object tightly in its 
mouth without chewing it, and the other monkey attempts 
to pry open the first monkey’s mouth and extract the item. 
Once retrieved, the monkeys then repeat the procedure or 
switch roles. Although initially one individual instigates a 
new game, eventually several different pairs in the group 
participate in the same game. Such behaviors are main¬ 
tained by a particular social context and often disappear 
when that context disappears (e.g., when the key initiator 
of the behavior emigrates from the group). 
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For many species of primates, the most influential 
social partner from birth until independence is the 
mother, and in some species that share parental care, the 
mother and father (e.g., callitrichids, owl monkeys, and titi 
monkeys). Infants of most primate species are carried by 
the mother and thus are influenced by her activity as they 
travel together throughout the day. Even when able to 
travel independently, infants typically remain near their 
mother to nurse, rest, and feed, and this period of depen¬ 
dency is often considered important for skill learning by 
infants. Aye-ayes (Daubentonia madagascariensis ), a noctur¬ 
nal prosimian species, provide a striking example (see 
Figure 2). A significant part of the aye-aye’s foraging 
activity involves extracting larvae from woody substrates, 
using a method called tap-foraging. In tap foraging, aye- 
ayes tap the substrate with a finger to locate a hollow 
cavity, gnaw the wood in the right place, and insert a 
specially adapted, long and skinny digit to probe the 
cavity and to extract the larva. Krakauer demonstrated 
several ways in which immature aye-ayes’ proficiency in 
tap foraging is influenced by close proximity with their 
mother while she engages in the behavior. In general, the 
aye-aye mother allows her infant to remain nearby while 
she tap-forages. Over time, the infant begins to take over 
the site where the mother is working and extract the 
larvae itself. Infants of a naturally nontap-foraging mother 
attempted tap-foraging less often than other infants and 
never succeeded at extracting a larva. 

Processes Mediating Learning in a Social 
Context 

Facilitation and Enhancement 

One common and powerful form of social influence on 
learning in primates is increased probability of performing 



Figure 2 Mother and infant aye-aye foraging jointly. Aye-ayes 
(Daubentonia madagascariensis, lemurids) locate hidden prey by 
tapping on woody substrates. Infants begin to practice this 
technique at the same sites as their mothers. Photo by David 
Haring/Duke Lemur Center. 


a behavior when a conspecific is seen performing that 
behavior. Such socially facilitated behaviors are already in 
an individual’s repertoire, for example, vocalizing or 
grooming. Another powerful social influence on behavior 
is increased interest in an object or in an area where 
another has recently been active or where others’ previous 
activity has left artifacts (e.g., scents or physical alterations) 
(see Figure 3). Such increased interest in areas or objects 
where others have been active has been termed, respec¬ 
tively, local and stimulus enhancement; hereafter, enhance¬ 
ment. The bulk of empirical studies of social influences on 
learning in monkeys and prosimians have concerned these 
two phenomena. 

Social facilitation is particularly common in primates 
in the context of feeding. For example, individuals are 
likely to begin eating, even if satiated, if nearby group 
members are eating. Social facilitation can lead to expo¬ 
sure to a new food item, or support exploratory activities 
that indirectly aid learning a foraging skill, as when young 
monkeys learn to locate hidden prey through repeated 
bouts of searching begun while or shortly after seeing 
others forage for hidden prey. This simple mechanism 
can support individuals developing the same dietary pre¬ 
ferences as their groupmates, as individuals eating at the 
same time usually eat in the same place, and therefore 
often eat the same things. More generally, social facilita¬ 
tion results in temporal coordination of group activity. 

Enhancement may occur through multiple senses and 
over an extended time period. For example, an indivi¬ 
dual’s attention may be drawn to a foraging site through 
observation of another feeding, hearing the other’s actions 
(such as breaking a stick), eating food items derived from 



Figure 3 Infant Japanese macaques (Macaca fuscata, 
cercopithecines) attend closely to their mother’s activity with 
stones. In groups of Japanese macaques provisioned with food, 
many individuals engage in stone-handling, and this behavior has 
been characterized as a tradition. Photo by Jean-Baptiste Leca/ 
Primate Research Institute, Kyoto University and Iwatayama 
Monkey Park. 
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another’s activity at the site, smelling another’s mouth, 
and encountering artifacts (including scents) of past for¬ 
aging activity, as well as through joint contact with mate¬ 
rials another is handling. Any and all of these experiences 
increase the probability that an individual will investigate 
the site that another is exploiting or has exploited. Typi¬ 
cally, young primates show strong interest in sites where 
others, especially adults, are foraging (see Figure 4). To 
the extent to which juveniles’ proximity is tolerated by 
adults, young primates may approach and eat dropped 
food or even take bits of food from another’s hand or 
mouth. However, even when young monkeys do not 
acquire food as a result of approaching, they are still 
intensely interested in sites where others forage. 

Although most adult monkeys and prosimians do not 
overtly share food, enhancement of interest in foraging 
sites appears to be actively promoted in callitrichids. For 
example, Rapaport and Brown have found that adult 
golden lion tamarins (Leontopithecus rosalia\ see Figure 5), 
which live in cohesive family groups that are led by a 
cooperatively breeding pair, emit food-offering vocaliza¬ 
tions that draw their dependent offspring to a site con¬ 
taining live prey or large/tough-skinned fruit. Instead of 
taking the food for themselves, an adult waits until a juvenile 
reaches the site and allows the juvenile to extract the food 
item. This form of provisioning (or, as Rapaport and Brown 
refer to it, opportunity teaching) peaks around weaning 
(3-4 months) and continues untill infants are about a year 
old. Adults selectively provision infants with items that are 
difficult to process. 

Callitrichids rely to varying degrees on extractive for¬ 
aging for hidden foods, and participating in foraging with 



Figure 4 Infant and juvenile bearded capuchins (Cebus 
libidinosus, cebids) watch an adult crack a palm nut using a stone 
hammer, a common behavior in many wild groups of this 
species. Young monkeys regularly attend closely to proficient 
crackers and collect bits of broken nut from sites where adults 
crack. This tolerant social context is thought to promote 
investigation of appropriate sites and materials by the 
youngsters, and thus to aid them in learning to crack nuts. Photo 
by Barth Wright/EthoCebus Project. 


adults apparently helps youngsters learn to search in 
appropriate places and to perform appropriate actions. 
Research has shown more overt instances of adults actively 
providing social supports for youngsters learning to forage 
in callitrichids than in other monkeys, such as cercopithecines 
and colobines, which live in larger groups and show less 
shared parental care. Brown and Rapaport suggest that the 
degree of parental assistance in foraging seen in callitrichids 
is matched only by apes. 

Motor Imitation 

Motor imitation (i.e., performing a specific action after 
observing another perform the same action) is thought to 
contribute importantly to learning in humans. Currently, 
we have no evidence that prosimians or monkeys imitate 
novel actions spontaneously, as do humans. Nevertheless, 
recent experimental evidence indicates that marmosets 
and tamarins (callitrichids) will use the same part of the 
body to move an object that they have witnessed a con- 
specific use to solve a foraging problem. Currently, calli¬ 
trichids provide the best evidence of imitation of familiar 
actions in monkeys. It is interesting that callitrichids have 
aptitude in this domain (as well as in opportunity teach¬ 
ing), whereas cercopithecoid monkeys do not, because 
callitrichids are phylogenetically more distant from homi- 
nids than cercopithecoid monkeys (see Figure 1), while 
true imitation is present in hominids. 



Figure 5 Adult golden lion tamarin (Leontopithecus rosalia, 
callitrichids), carrying twins. Parents in this species call their 
dependent offspring to places where a hidden food item can be 
procured, a phenomenon called ‘opportunity teaching’. Photo by 
Jessie Cohen/National Zoo, Smithsonian Institution. 
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Learning a Decision Rule through Observation 

Psychologists have long been interested in whether indi¬ 
viduals can learn arbitrary decision rules from watching 
others select objects from a set. Typically, a subject 
observes a skilled partner and a short time later works 
on an identical problem. Monkeys have considerably 
greater success on this kind of task than in reproducing 
novel actions after watching others perform them. For 
example, Subiaul trained two rhesus macaques (Macaca 
mulatto ,, cercopithecines) to touch in fixed order each of 
four pictures appearing simultaneously on a touch-screen 
monitor. Each monkey trained alone and became an 
expert at a particular sequence of four pictures, and 
then each monkey learned the other monkeys’ sequences 
as well as other new sequences. Both the monkeys more 
quickly learned the series that they had watched their 
social partner perform than series that they had not 
watched the other monkey perform. As each monkey 
was already skilled at touching pictures in a particular 
sequence, what each monkey learned from watching the 
other was the order in which to touch a new set of 
pictures. Subiaul labels this type of learning ‘cognitive 
imitation,’ because the observer adopts a rule demon¬ 
strated by another, rather than a particular action. Subiaul 
argues that monkeys can adopt novel decision rules, but 
not match novel actions, from watching others because 
matching novel actions depends upon ‘derived neural 
specializations mediating the planning and coordination 
of fine and gross motor movements’ that some hominids 
(see Whiten, this volume), but not monkeys and prosi¬ 
mians, possess. 


Biological Significance of Socially 
Mediated Learning 

Socially mediated learning probably serves biological 
functions in primates similar to those it serves in other 
taxa. Social partners provide a context for learning in 
non-human primates, both highlighting relevant features 
of the environment through enhancement and promoting 
behaviors that are generally appropriate for a particular 
place and time through social facilitation. In the short 
term, social mediation of learning reduces risk during 
the acquisition of useful skills and knowledge, and social 
mediation may be especially beneficial to acquiring cer¬ 
tain foraging skills. Differentiated relationships with spe¬ 
cific others produce a mosaic of learning opportunities 
across individuals within a group, thus promoting behav¬ 
ioral variation within a group. 

Social mediation of learning can also have longer-term 
consequences when it results in traditions (i.e., relatively 
enduring behaviors acquired in part by socially mediated 
learning and practiced by at least two members of a 


group). Behavioral traditions hold strong interest for evo¬ 
lutionary biologists because traditions generate and main¬ 
tain behavioral variation over time outside of, or perhaps 
even ahead of, changes in the genetics of a population. In 
this indirect manner, socially mediated learning contri¬ 
butes to evolution, and social learning becomes central to 
the contemporary debate about the relationship between 
traditions in non-human animals and the phenomenon of 
culture (for discussion see Perry, this volume, or Caldwell 
and Whiten, 2007). 

Summary 

Monkeys and prosimians have varied social lives, which 
influence how and what individuals learn. In general, 
monkeys and prosimians are interested in conspecifics 
and attend to what they are doing. The motivation to 
synchronize behavior with others (social facilitation) pro¬ 
motes behavioral coordination within a group. Interest in 
where another is acting (enhancement) draws attention to 
both places and objects. Such processes channel an indi¬ 
vidual’s activity sufficiently that monkeys and prosimians 
tend to acquire preferences and behavioral patterns simi¬ 
lar to those of their groupmates. Monkeys match the 
specific actions of others only in very limited circum¬ 
stances. The influence of older on younger individuals 
promotes the maintenance of behaviors across genera¬ 
tions (traditions), and enduring traditions may have an 
impact on natural selection. 

See also: Apes: Social Learning; Culture; Imitation: 
Cognitive Implications. 
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Introduction 

Social Monogamy 

Monogamy is a mating system in which a single adult 
male and a single adult female mate. Such pair bonds may 
last for a single breeding attempt, a breeding season, or 
many breeding seasons as in some pair-living mammals 
and some geese and swans. An active termination of the 
bond and pairing with a new partner (mate switching) 
occurs in many species. In birds, in particular the subfam¬ 
ily of passerines, more than 93% of all species are socially 
monogamous. Social monogamy is often associated with 
biparental care; however, exceptions exist. 

Genetic Monogamy 

This is an exclusive mating relationship between a male 
and a female resulting in all offspring being genetically 
directly related to both partners. The use of molecular 
techniques revealed that many socially monogamous bird 
species obtain fertilizations outside their pair bond (called 
‘extra-pair fertilizations’ (EPFs)), with frequencies of 
extra-pair young (EPY) reaching 70% in some. Less 
than 25% of all socially monogamous bird species so far 
studied practice true genetic monogamy, and true genetic 
monogamy occurs in fact in only 14% of surveyed passer¬ 
ine species whereas the remaining 86% species showed 
varying levels of extra-pair paternity (EPP). Thus, there is 
a discrepancy in the occurrence of social and genetic 
monogamy. Social bonds do not reliably predict genetic 
mating patterns. In fact, this discovery has led to a revision 
in terminology, such that species are now commonly 
classified depending on whether they are genetically or 
socially monogamous. 

Extra-Pair Copulations 

Extra-pair copulations (EPCs) that result in EPFs and 
ultimately EPY are responsible for the differences in 
social and genetic mating patterns. Many studies have 
demonstrated that such copulations outside the pair 
bond are an alternative reproductive strategy adopted by 
males to increase their reproductive success and adopted 
by females to obtain genetic benefits. The rate of EPP 
reflects the proportion of offspring, for example, within a 
nest or population, fathered by males other than the 
primary male (social mate). 


EPCs and the Classical Mating Systems 

EPCs have been reported in monogamous, polygynous, 
and polyandrous species, but are most common in monog¬ 
amous mating systems. For example, in Southwestern 
Willow Flycatchers (Empidonax traillii extimus), polygy¬ 
nous and monogamous males engaged in EPFs. However, 
females socially paired with polygynous males are more 
likely to seek or accept EPC than females paired with 
socially monogamous males, which offsets overall higher 
apparent reproductive success of socially polygynous 
males. Two alternative hypotheses explain how EPP and 
social and genetic mating systems are interrelated in birds. 
The male trade-off hypothesis predicts that social polyg¬ 
yny increases EPFs because males concentrate on attract¬ 
ing additional social mates which prevents effective 
protection of females with whom they are already mated 
with (see section ‘Variation due to time constraints: Mate 
guarding, parental care, or EPP?’). The second hypothesis 
is the female choice hypothesis, which states that social 
polygyny should decrease EPFs because a substantial 
proportion of females can pair with the male of their 
choice, and males can effectively guard each mate during 
her fertile period (see below). Dennis Hasselquist and 
Paul Sherman found that extra-pair chicks were twice as 
frequent in socially monogamous as in socially polygy¬ 
nous species (23% vs. 11 %) and concluded that in socially 
polygynous species there is less incentive for females and 
males to pursue extra-pair mating and in contrast females 
very likely incur higher costs for sexual infidelity, for 
example, due to physical retaliation or reduction of paternal 
efforts than in socially monogamous species. 


Why Is EPP the Alternative Mating Tactic 
for Monogamous Species? 

In socially polygynous mating systems, theoretically, all 
females could pair with the best male available. Under the 
assumption that there is an overall best male that all 
females prefer, in a monogamous system only one female 
can be mated to the best, the second female to the second 
best male, and so on. Thus, females, as a consequence of 
later pairing, have to accept mating partners of lower 
quality. In such a situation, EPCs are one postmating 
strategy to increase offspring fitness. Quality variation 
in female mating partners alone may explain variation in 
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Table 1 

Possible benefits and costs of EPCs for males and for females 



Benefits 

Costs 


Males & females • Insurance against mate’s infertility 

• Possible future mate acquisition 

• Production of genotypically better or diverse offspring 


Risk of acquiring sexually transmitted pathogens 
Increased likelihood of divorce 
Risk of predation 


Females only • Access to resources (e.g., parental care) 


Males only • Increase the number of offspring 


Male retaliation 
Risk of injury 

Harassment from extra-pair males 

Ejaculate production costs and sperm depletion 

Increased risk of cuckoldry 

Parental investment into nonrelative offspring 


female extra-pair behavior, for example, why some hut 
not all individuals engage in EPCs. This strategy may also 
allow females to choose a social mate for offspring care 
separate from choosing the genetic father (see below). 
Several benefits and costs are associated with EPCs as 
Patty Gowaty pointed out in 2006, but data so far do not 
support strong conclusions about the relative costs and 
benefits. Thus, we present a summary (Table 1) of costs 
and benefits of EPCs. Most of the costs and benefits are 
more or less the same for both sexes. The only big difference 
in terms of benefits is that males successfully performing 
EPCs can significantly increase offspring numbers, whereas 
females may gain from access to resources (access to food, 
nest sites, and paternal care). In terms of costs, females suffer 
from the aggression of guarding or retaliating males, 
whereas males mainly suffer because they waste reproduc¬ 
tive energy (sperm, paternal care, time, etc.). 

EPP and Female Choice: Genetic Benefits 

We can divide the genetic benefits of EPP into two types: 
the ‘good genes hypothesis,’ with additive effect, and the 
‘compatible genes hypothesis,’ with a nonadditive effect. 

The Good Genes Hypothesis 

This hypothesis predicts that males will be selected to signal 
(through, e.g., ornaments) their genetic quality and that 
females will prefer copulating with males carrying good 
genes. The point is that not all females can pair with the 
most preferred males because of the constraint of social 
monogamy. So, females paired to nonpreferred males 
might try to copulate with a better male, to obtain good 
genes for her offspring. Females might gain both the direct 
benefits (e.g., paternal care) from the social mate and the 
genetic benefits of the ‘good genes’ from the second male. 

The 'Compatible Genes Hypothesis’ 

This hypothesis predicts that not all females choose the 
same genes, but rather, each of them prefers particular 


genes. Such differences in preference can be due to genetic 
incompatibility. In this way, genetic benefits to females 
are due to the interaction between maternal and pater¬ 
nal genomic contributions. So, this hypothesis predicts 
that females pursue EPCs to augment the chances of 
finding compatible partners who in turn, will confer to 
the EPY higher fitness than their paternal half-sibs. Many 
have attempted to investigate this question, but studies 
investigating these two hypotheses to explain EPP are 
largely inconclusive. The most common conclusion is 
that females are unlikely to indirectly benefit from having 
EPCs. Most of these studies are correlative, so open to a 
range of interpretations. A strong evidence for indirect 
benefits of female and male mate choice was found by one 
recent experimental investigation of Drosophila pseudoobscura 
demonstrating that females and males mating with partners 
they preferred had significantly greater offspring viabil¬ 
ity than subjects limited to reproduce with partners they 
did not prefer. Patty Gowaty and her colleagues then 
examined a variety of fitness components in similar 
experiments in insects, birds, and mammals and reported 
results similar to those reported for D. pseudoobscura. 

Variation in EPP Within and 
Between Species 

Variation in extra-pair behavior is, however, also influ¬ 
enced by many other factors. For example, in many popu¬ 
lations, a varying number of individuals do not engage in 
EPCs, suggesting that there are costs or limited or absent 
benefits of EPC. There are many hypotheses to explain 
variation in EPFs among and within species (see below). 
The percentage of EPY in populations may range from 
0 to more than 70%. In many songbird populations, the 
percentage of EPY is between 10% and 25%, suggesting 
that at least some individuals in a population benefit from 
EPCs. Among socially monogamous species, Reed Bun¬ 
ting (Emberiza schoeniclus) exhibit the highest rate of EPY. 
Indeed, it was found that 55% of all offspring were 
fathered by extra-pair males and 86% of broods contained 
at least one chick fathered outside the pair bond. 
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In cooperatively breeding Superb Fairy-wrens (.Malurus 
cyaneus ), 72% of offspring are fathered by males other 
than the putative father, and 95% of broods contained 
extra-pair offspring. Such high rates of EPY inspire ques¬ 
tions about the adaptive function of EPP. However, several 
studies revealed very low levels of EPP, for example, 
below 5% of offspring. The EPP may also show seasonal 
fluctuations. For example, EPP increases in second broods 
of House Sparrows Passer domesticus. 

Variation in the level of EPP exists in several species 
but has not received much attention, partly because there 
are only a few such long-term data sets. However, it can be 
helpful to explain EPP investigating variation of a single 
population between years and examine whether this is 
mediated by, for example, ecological variables. 

Hypotheses Explaining Within and Between 
Species Variation in EPP 

There are many hypotheses to explain variation in EPFs 
among and within species. 

Variation in EPP is due to measuring error 

DNA methods have been used to investigate the paternity of 
over 25 000 avian offspring, but only two studies combined 
have contributed over 12% to the total number, as reported 
in a recent review written by Simon Griffith and his collea¬ 
gues, which indicates that the most studies are small, for 
example, more than 75% of all studies have less than 50 
broods. Sample sizes range from 15 to 2013 offspring. 

Variation in EPP due to the need of male 
parental care 

When a female cannot rear young successfully without 
the help of a male, social monogamy is likely to become 
the reproductive strategy that best maximizes the fitness 
of both sexes. So, when male contributions to offspring 
survival are critical (biparental care), females may be 
constrained to social monogamy so that social monogamy 
may be the only option for males and females. Following 
the same reasoning, EPP may occur more frequently in 
situations where females are less constrained by the need 
for male parental care (this is one of the predictions of the 
Constrained Female Hypothesis, hypothesis proposed 
by Patty Gowaty) or in which they are able to compensate 
for reduced paternal care. Several studies investigated the 
possible relationship between paternity and paternal 
brood provisioning. One species that received some 
attention on this topic is the Reed Buntings (Emberiza 
schoeniclus). In the first study, Andrew Dixon and his 
collaborators found that males adjust their parental care 
(i.e., feeding effort) to the proportion of EPP in their nests. 
Subsequent studies failed to find similar results. Anyway, 
a recent study, conducted by Stefan Suter and his collea¬ 
gues based on a large number of nests and in which many 


hours of behavioral observations were performed, found 
similar results of Dixon’s study: males adjusted parental 
care to the amount of EPP. Moreover, females compen¬ 
sated for low male parental effort, but the nestling mor¬ 
tality was higher in the nests with decreased male feeding 
effort. So, from these studies, we can conclude that for 
some species there is a cost for females when engaging in 
EPCs, and in some species this reduction in paternal care 
may increase offspring mortality. 

Experimental evidence revealed a link between the 
need for paternal care and the incidence of EPP in the 
Serin (Serinus serinus). Maria Hoi-Leitner and her collea¬ 
gues manipulated the abundance of food around the nest 
during the fertile phase of the female. The likelihood of 
EPP was significantly higher in territories with a high 
availability of food. They found a negative relation 
between environmental quality and paternity both in 
unmanipulated and manipulated habitats. Second, male 
parental assistance was related to food availability. 

theory of coevolutionary selective pressures acting on 
males for the control of females’ reproductive capacities 
and on females for resistance to males’ efforts to control 
them proposes that social monogamy will often be genetic 
polyandry. This ‘constrained female hypothesis’ is in line 
with studies of sperm competition. However, it is 
Gowaty’s assumption that it is female quality, or the 
quality of the environment where they live, that deter¬ 
mines levels of EPP that is new and unique to this 
hypothesis. The female-constraint hypothesis proposes 
that if males retaliate with reduced parental care in 
response to low paternity certainty and females cannot 
compensate for the loss, that females will be less likely to 
seek EPCs. Results from Maria Hoi-Leitner and her col¬ 
laborators, and other studies supported this hypothesis. 

It must be noted that monogamy exists also without 
parental care. Fitness benefits through biparental care 
(father and mother collaborate in parental care) are thought 
to contribute to the evolution of monogamy. Anyway, it 
must be noted that social monogamy has evolved in the 
absence of biparental care in some mammals, coral reef 
fishes, reptiles, and amphibians. Two hypotheses for the 
evolution of social monogamy even without parental care 
were proposed: (i) the territorial cooperation hypothesis; (ii) 
the extended mate-guarding hypothesis. The first hypothe¬ 
sis is based on the fact that social behavior is often correlated 
to territoriality, and the majority of socially monogamous 
taxa are also territorial. This seems to suggest that indivi¬ 
duals in pairs may benefit by sharing territorial defense. The 
second hypothesis suggests that selection for male mate 
guarding of females may play a role in the evolution of 
social monogamy. In particular, male mate guarding is pre¬ 
dicted to evolve whenever the guarding sex benefits by 
limiting a mate access to other opposite-sex conspecifics, 
and it may lead to social monogamy if males are unable to 
monopolize more than one female at the same time. 
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Variation due to time constraints: mate guarding, 
parental care, or EPP? 

Concerning the EPP topic, two hypotheses exist with the 
same name: the ‘trade-off hypothesis.’ These hypotheses 
suggest that males may be limited in their pursuit of 
extra-pair matings, because of constraints imposed by 
either caring for offspring (hereafter ‘trade-off hypothesis 
for care’) or paternity assurance (hereafter ‘trade-off 
hypothesis for mate guarding’). 

The ‘trade-off hypothesis for care’ predicts a negative 
correlation between level of male contribution to parental 
care and frequency of EPFs. The incubation behavior in 
males may be more likely to limit pursuit of EPCs than 
other forms of parental care because time. Thus, males 
may face a trade-off between incubation of their offspring 
and seeking extra-pair mating opportunities. 

The ‘trade-off hypothesis for mate guarding’ predicts a 
negative correlation between level of mate guarding and 
frequency of EPFs. In those species in which some males 
are polygynous, males are expected to face a trade-off 
between paternity assurance and acquisition of more than 
one mate. Polygynous males should be less efficient in 
guarding their mates than monogamous males, since they 
have to partition their time between two mates. Under 
this scenario, males face a trade-off between acquiring a 
second mate and defending their paternity. Tentative 
support for the so-called trade-off hypothesis has been 
found in a few bird species, in which socially polygynous 
males are cuckolded more frequently than monogamous 
males. The trade-off hypothesis predicts that (1) polygy¬ 
nous males are cuckolded more frequently than monoga¬ 
mous males, (2) mate guarding should be less intense in 
polygynous males than in monogamous males. Further¬ 
more, if there is a trade-off between protecting paternity 
and looking for additional mates, males are expected to 
invest more time in guarding their mate when the proba¬ 
bility of attracting a new mate is low. A study that sup¬ 
ported the ‘trade-off hypothesis’ is the one conducted by 
Andrea Pilastro and his collaborators on Rock Sparrow 
(.Petronia petronia), a facultative polygynous species. Over¬ 
all, 32% of the chicks were not sired by the social father 
and about 57% of the broods contained at least one 
extra-pair young. Polygynous Rock Sparrow males allo¬ 
cated less time to guarding their mate during female’s 
fertile period than monogamous males, and polygynous 
males were cuckolded more frequently than monogamous 
males (50.5 and 6.6% of the young, respectively). Repro¬ 
ductive success (number of young fledged/year) did not 
differ between monogamous and polygynous males once 
paternity was accounted for. These results indicate that 
mate guarding can be efficient in preventing cuckoldry, 
and that there is a trade-off between attracting an addi¬ 
tional mate and protecting paternity, at least in the Rock 
Sparrow. It must be noted that other studies have shown 
that polygynous males do not lose paternity more often 


than monogamous males. This is probably because in 
some species polygamous males are better individuals. In 
other words, in some populations, polygynous males are 
usually the most preferred males. 

Variation in EPP due to genetic variability 

It has been frequently stated that genetic benefits influ¬ 
ence the reproductive behavior of individual males and 
females. If females gain indirect benefits (e.g., good genes 
or genetic heterozygosity) when seeking extra-pair mat¬ 
ings, one would expect that genetic variability among 
males in a population affects female extra-pair behavior 
as their benefits. Marion Petrie and Marc Lipsitch could 
show based on a game theoretic model that females 
should more likely mate with additional males if there 
was extensive additive genetic diversity among those 
mates with respect to fitness. Thus, if there is little genetic 
variation among males, females would not benefit from 
seeking EPFs and hence extra-pair behavior should be 
scarce. In a comparative study, Marion Petrie and her 
collaborators tested this ‘genetic diversity’ hypothesis at 
an inter as well as intraspecific level and found a signifi¬ 
cant positive relationship between EPF frequency and 
estimates of genetic variability (allozyme polymorphism); 
however, comparatively few, only 22%, of the variance in 
the variation of the EPP rate is explained but, for example, 
the level of sexual dichromatism, body size, and sample 
size already explained 85% of the variation in EPP. On the 
other hand, it is remarkable that such simple measures of 
genetic diversity can explain some of the proportion of 
variation in EPP among taxa. Comparisons among popu¬ 
lations of species where males differ in levels of genetic 
variability would be needed for a more powerful test of 
this hypothesis. 

Variation in EPP due to breeding density 

Based on observations that EPCs are more common 
among colonially than among more dispersed nesting 
species, the prediction is that breeding density promotes 
EPCs because opportunities to pursue EPCs should be 
much greater for both sexes. Consequently, colonial spe¬ 
cies or species nesting at high densities are assumed also 
to have higher rates of EPP than species nesting at lower 
densities. In fact, some colonial or aggregate nesting spe¬ 
cies have high frequencies of EPFs. 

There is some evidence for such a density effect when 
comparing the rate of EPP between individuals in the same 
population (within population comparison) but breeding 
at varying density situations. For example, a positive rela¬ 
tionship between EPFs and nesting density was found in 
Bearded Reedlings (Panurus biarmicus ), a species where 
some individuals within the population nest colonially 
and others nest solitarily. With the same approach, some 
other studies revealed a positive relationship between 
breeding density and EPP, but others did not. The best 
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evidence within a single population level is provided by 
the study of Patty Gowaty and William Bridges where they 
experimentally manipulated breeding density by nest box 
placement to determine the effect on the incidence of 
EPFs, and they found a significantly higher EPF fre¬ 
quency in Eastern Bluebirds (Sialia sialis) breeding in 
nest boxes at high densities compared to areas with lower 
nest box density A striking example for an intraspecific 
study but comparing different populations (between spe¬ 
cies comparison) which is in support of the density hypoth¬ 
esis comes from studies of Willow Warblers (Phylloscopus 
trochilus). A Norwegian population that had an EPF fre¬ 
quency of 33% had over twice the nesting density of a 
Swedish population, which reported no EPFs. On the 
interspecific level, there is not much evidence for an effect 
of breeding density on EPP in birds. In a comparative 
analysis involving 72 species, David Westneat and Paul 
Sherman found no relationship between nesting density 
and EPF frequency. Thus, nesting density may influence 
EPF frequency within populations of some species but does 
not appear to be a reliable predictor of whether a particular 
species will have extra-pair matings. In conclusion, breed¬ 
ing density appears to be to some extent important to 
explain differences in EPP between individuals in the 
same population and also explains possibly variation 
between different populations of the same species, but 
there is not much evidence for an effect of breeding density 
on EPP in birds. There are probably confounding factors, 
for example, differences in breeding synchrony and habitat 
(see section ‘Variation in EPP due to variation in breeding 
synchrony’) could have also been responsible for observed 
differences in EPFs. 

Variation in EPP due to variation in breeding 
synchrony 

It was proposed that breeding synchrony promotes EPFs. 
The logic behind this ‘synchrony hypothesis’ is that syn¬ 
chronous breeding allows females to more effectively 
compare potential extra-pair males that would be com¬ 
peting and displaying for EPCs at the same time. Breeding 
synchrony in this context refers to the proportion of 
females that are fertile at a given moment, and high 
synchrony refers to a situation where many females are 
fertile at the same time. 

In contrast, the ‘asynchrony hypothesis’ suggests that 
asynchrony promotes EPFs and if males guard their 
mates, assuming that mate guarding constrains males 
from seeking EPF, asynchronous breeding allows them 
opportunities to seek EPCs when their own mates are 
no longer fertile. 

A correlative study conducted by Herbert Hoi’s 
group revealed a weak evidence for an effect of breeding 
synchrony on EPP in House Sparrows, but in an experi¬ 
mental study, the same researchers aimed to test whether 
an alteration of local breeding synchrony by means of 


acceleration and postponement of egg laying could 
generate differences in the occurrence of EPP in House 
Sparrows (Passer domesticus ), they found different results. 
Therefore, they swapped nest material between the nests 
of neighbors and found that higher occurrence of EPY 
within broods was associated with laying order. The latest 
broods within a local nesting aggregation contained sig¬ 
nificantly more EPY than those of earlier breeding pairs, 
but there was no clear evidence for breeding synchro¬ 
nization. There was only evidence for an interaction 
between laying order and breeding synchrony in that 
the latest broods within a nesting aggregation contained 
more EPY provided that females laid their eggs relatively 
synchronously. Thus, it was proposed that laying order 
and the time lag in egg laying among neighboring pairs 
may be important determinants for the occurrence of 
EPP too. 

Variation in EPP due to combined effects of 
socioecoiogicai factors 

In general, the two socioecoiogicai factors are thought to 
affect the degree of EPP either via influencing male 
control over females or female opportunities for EPCs. 
Local breeding density may also affect the information 
females have about the number and quality of potential 
sexual partners. 

EPP is also influenced by other factors like (i) ecologi¬ 
cal parameters (e.g., food or nest predation which may 
influence the need of male paternal care), or (ii) the 
degree of sexual conflict. For instance, quality differences 
between pair members and possible extra-pair partners 
may influence whether females cooperate with their mate 
or not. Less attractive males may consequently invest 
more in mate guarding or other paternity guards to 
avoid paternity losses. Thus, extra-pair rate is not neces¬ 
sarily an adequate measure to identify the influence of 
socioecoiogicai factors on male- and female-mating stra¬ 
tegies. Therefore, Anton Kristin and collaborators inves¬ 
tigated the role of the two socioecoiogicai factors in 
relation to male investment in paternity assurance of 
Lesser Grey Shrikes. Male Shrikes perform a mixed strat¬ 
egy to ensure paternity. They copulate frequently, mainly 
after territorial intrusions by other males, and guard their 
mates throughout the whole fertile phase. They found 
that males seem to be constrained by the frequency of 
intrusions by neighboring males, and this risk is asso¬ 
ciated with laying synchrony. There is intense sperm 
competition and the risk of intrusions depends on the 
timing and overlap of breeding attempts, and males adjust 
their investment to paternity assurance accordingly. Nei¬ 
ther breeding density per se nor breeding synchrony 
in terms of overlapping fertility of close neighbors (the 
usual measure in most studies) were related to the inten¬ 
sity of paternity guards. However, when including the 
breeding order in relation to neighboring nests as a second 
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qualitative factor (timing of overlapping between the fer¬ 
tile phases of neighboring females), they detected that 
the intensity of paternity guards increased with an 
increase in breeding synchrony. Sperm competition and 
the effect of socioecological factors are not at all reflected 
when examining the level of EPP. Francisco Valera and 
his colleagues did not detect any case of EPP in this 
species, and male punishment of unfaithful females 
seems to be the main reason for the emergence of genetic 
monogamous system. Their results suggest three con¬ 
clusions, one is that extra-behavior and tactics to avoid 
them (e.g., paternity assurance) may be more sensitive 
measures to investigate the importance of breeding den¬ 
sity and synchrony than simple examining the final out¬ 
come (EPP rate). Second, independent of the time overlap 
between two females, the order of clutch initiation 
(breeding order) is important in such a way that pairs 
breeding later are more likely faced with a higher intruder 
frequency. The same result is also confirmed by the study 
performed by Herbert Hoi’s group and reflected in EPP. 
Indeed, they found in their experiment on house sparrows 
that mainly the laying order among neighboring pairs is 
an important determinant for the occurrence of EPP. 
Third, it seems more reasonable to examine combined 
effects and the interaction of several socioecological fac¬ 
tors including at least also breeding order. Studies con¬ 
ducted by Herbert Hoi’s group, and Anton Kristin and 
collaborators found indication for an interaction between 
socioecological factors investigated. Such interactions 
may be due to females, for example, nest site choice as 
well as their ability to alter egg-laying patterns to either 
minimize synchrony in situations where they find them¬ 
selves in dense breeding situations or increase synchrony. 
Thus, if the distance to the nearest neighbors affects the 
importance of synchronization, one could predict that the 
effect of synchronization might decrease with increasing 
internest distance, a prediction which should be examined 
in future studies. 

Variation in EPP due to other ecological factors 
Habitat visibility 

One idea is that the level of EPP as well as the type of 
and investment in the paternity assurance tactic is influ¬ 
enced by habitat visibility. The basic assumption is that 
females are more able to escape male paternity guards in 
closed, that is, visually occluded, habitats and conse¬ 
quently the level of EPP should be higher and paternity 
assurance behaviors more frequent among species breed¬ 
ing in habitats with reduced visibility compared to those 
breeding in more open habitats, assuming that occurrence 
of paternity guards reflects an increased risk of cuckoldry. 

In a comparative study, Donald Blomqvist and his 
colleagues found that species breeding in closed habitats 
had higher EPP rates than those breeding in more open 
habitats. Mate guarding was also more frequent in closed 


habitats, but not high copulation rates. These relationships, 
however, were influenced strongly by taxonomic position, 
particularly by differences between passerines and non¬ 
passerines, implying that phylogeny and traits associated 
with it play an important role in explaining the occur¬ 
rence of EPP and paternity guards. Such a comparison is 
also biased because the level of EPP depends not only on 
habitat visibility and female opportunities but also male 
intruders and the frequency of intrusions which may be 
influenced by other variables than habitat visibility (see 
above). In Lesser Grey Shrikes, Anton Kristin and colla¬ 
borators found that despite the high visibility of females 
for their partners territorial intrusions have been observed to 
be very common and EPC attempts by intruding males 
occur and frequent within-pair copulations are used as a 
response to territorial intrusions. Similarly, Francisco 
Valera and his collaborators showed that male Shrikes 
also guard their females intensely throughout the breed¬ 
ing period in a very open habitat and adjust their mate- 
guarding behavior mainly to the occurrence of intrusions. 

Thus, the question here is to what extent intruding 
males use the existence of a dense habitat to sneak into a 
territory to pursue an EPC undetected by the pair male. 

Food availability 

The role of food is already discussed in the section related 
to parental care. Some experimental studies revealed 
that manipulating food supply affects the level of EPP 
although with contrasting results. This may be due the 
different breeding situation (solitary vs. colonial) and food 
supplementation may benefit either females and enhance 
their EPP behavior or males by protect male paternity. 

Predation pressure 

There is no study as far as we are aware of investigating a 
possible role of variation in predation risk on EPP. How¬ 
ever, it is likely that predator-free environments such as 
on some islands may affect female EPP strategies. 

Parasite infestation 

Parasites play an important role and are one of the driving 
forces in mate and probably extra-pair mate choice. How¬ 
ever, there is no study we are aware of which has been 
investigating whether parasite loads of males and females 
may affect their own EPP behavior or whether parasite 
loads of potential EPP partners influence extra-pair mate 
choice. 

Male Strategies in Relation to EPP 

There are no particular behaviors males developed in 
response to increase the chances of EPCs we are aware of. 
However, to maximize their own fitness (reproductive 
success), males developed several tactics to prevent their 
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mates from engaging in EPCs. To avoid having a mate 
engage in EPCs, and end up caring for another male’s 
offspring, males may use different paternity guards. 

These male tactics, including mainly mate guarding 
and frequent within-pair copulations, are already well 
reviewed for birds and also hold good for animal groups 
in the books of Tim Birkhead and Anders Moller. During 
mate guarding, males remain close to their fertile mates 
to prevent other males from seeking EPCs. Costs of 
mate guarding include time, energy, and opportunity 
costs. Frequent within-pair copulations are a strategy to 
increase the probability of fertilization success for a male 
and is very likely proportional to the relative number of 
sperm delivered to a particular female. Both mate guard¬ 
ing and frequent copulations are regarded as alternative 
compensatory paternity guards in the sense that, in gen¬ 
eral, the presence of one means the lack of the other and 
vice versa. As mate guarding is very time consuming, 
frequent copulations seem to be a logical alternative, for 
instance, in colonial seabirds, where one partner has to 
stay near the nest site to defend the nest during the 
feeding trips of the other. With many neighboring males, 
fertile females cannot be guarded properly and several 
authors have suggested that the risk of cuckoldry increases 
with colony size and density. For example, in raptors, 
the sperm competition intensity increases with breed¬ 
ing density, and males rely on frequent copulations to 
ensure paternity. Unless copulations are very costly for 
the male, there is no reason why males of‘mate-guarding 
species’ should not also copulate frequently to increase 
paternity certainty. 

As suggested by Tim Birkhead and Anders Moller, 
territoriality can be also seen as a paternity guard when 
it helps to keep away other males from the pair female to 
perform EPCs, or reduces the information pair females 
may get about the number and quality of potential sexual 
partners in the neighborhood. Moreover, postcopulatory 
mating plugs like in many mollusks, insects, mammals are 
a different strategy to prevent EPCs. 

Creating a risky environment for unfaithful females 
where the risk may include any kind of retaliation, for 
example, reduction of paternal care or direct aggressive 
punishment is another possible strategy for males to guard 
their paternity. Finally, a proper choice of the breeding 
site as far as under male control may also play a role in 
determining the level of EPP (discussed earlier). 

The investment into paternity guards, and conse¬ 
quently also the level of EPP, very much depends on the 
individual quality of the pair partners as well as the poten¬ 
tial extra-pair candidate. In many species, the intensity of 
mate guarding is not fixed but varies between males, as 
found for example in Rock Sparrow by Matteo Griggio 
and his collaborators. Other than local socioecological 
conditions (see above), also individual characteristics, 
like phenotypic quality and age, may influence male 


ability or willingness to perform mate guarding. In litera¬ 
ture, there are two opposite sets of findings. Some studies 
revealed that high-quality males guard their females more 
strongly than low-quality males. On the contrary, other 
studies found a negative relationship between mate guard¬ 
ing and male quality, like in Bluethroat, Luscinia r. svecica. In 
the first case, one possible explanation is that only high- 
quality males can afford spending time and energy on mate 
guarding. In the second case, an explanation could be that 
unattractive males guard more intensely because perceive a 
higher female infidelity (sexual conflict over fertilizations) 
or because those males have low success in obtaining EPCs 
(trade-off between mate guarding and perform EPCs). 

Females Strategies in Relation to EPP 

Studies and reviews on sperm competition intensively 
addressed this topic in detail (for review, see the books 
of Tim Birkhead and Anders Moller), and in principle 
females have pre- and postcopulatory tactics, including 
choice of the copulation partner, for example, via timing 
copulations accordingly. During copulation, females may 
have opportunities, for example, to avoid cloacal contacts. 
Postcopulatory tactics are what is generally summarized 
under cryptic female choice and may include active 
sperm selection and storage or sperm rejection. Another 
possibility is differential allocation into offspring (varia¬ 
tion in maternal investment) in relation to quality of 
copulation partners. Females have been shown to invest 
differentially in eggs by either their sex or paternal phe¬ 
notype. Inducing abortion like in many mice species may 
be seen as another postcopulatory strategy. 

Precopulatory behaviors may also involve female beha¬ 
viors to incite male—male competition by conspicuously 
advertising their fertile period. This includes behaviors 
where females apparently resist copulation attempts by 
other than the pair or dominant males. Such a ‘resistance 
as a ploy’ tactic is described in bearded tits, whereby 
females initiate several males simultaneously to chase her 
resulting in the fastest (best) male copulating with them. 
Opposite to conspicuously advertising the fertility, in many 
species females try to hide their fertile period. In birds, 
producing the biggest gametes in animal kingdom and 
hiding fertility are therefore more difficult, but there are 
still some species where females try to do so. It was experi¬ 
mentally demonstrated in penduline tits (Remiz pendulinus) 
that females try to hide their fertile period by hiding their 
eggs in the soft layer of the nest bottom which consequently 
enables females to mate with several males. 

Concluding Remarks 

The discovery of EPP via molecular tools is probably one 
of the most important empirical discoveries in avian 
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mating systems over the last 30 years. Although there is 
still increasing interest in this topic as indicated by the 
number of published papers in last 5 years, there is not 
much advancement to detect and there is still no way to 
reliable predict whether a species may implement an 
extra-pair mating strategy or not. Some strong correla¬ 
tions have been identified, but many exceptions still exist. 
We think that more attention should be given to the 
behavioral interactions between actors involved in the 
EPP phenomenon (e.g., male, female, and extra mates). 
Experimental approaches in seminatural condition (e.g., 
big enclosures, where it is quite easy to follow behaviors 
of different players) seem to us a good direction to better 
understand the phenomenon of EPP. Our opinion is that, 
even if behavioral observations are time consuming, the 
behavioral approach is the best way to fully understand a 
behavioral phenomenon. 

There is still a heavy bias toward species from temper¬ 
ate regions. Only a few tropical species are examined in 
relation to extra-pair behavior where most have rather 
low levels of EPP. For other taxa, for example, insects, 
reptiles, and mammals, there is only little information on 
EPP, probably because social monogamy is a rare mating 
system. However, to get a general picture, it would be 
important to include also other groups. Most research on 
the importance of various ecological factors on variation 
in EPP is still correlative but to understand whether there 
is a causal relationship between diverse ecological factors 
and EPP there is desperate need for experimental studies 
on the species level. Thus, the evolution of extra-pair 
mating systems remains an exciting field of research also 
because it relates to our own mating system and still an 
enigmatic field of research for evolutionary biologists. 

See also: Differential Allocation; Mate Choice in Males 
and Females; Reproductive Success; Social Selection, 
Sexual Selection, and Sexual Conflict; Sperm Competition. 
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... of all the differences between man and the lower 
animals, the moral sense or conscience is by far the most 
important. This sense... has a rightful supremacy over 
every other principle of human action; it is summed up in 
that short but imperious word ought, so full of high 
significance. It is the most noble of all the attributes of 
man, leading him without a moment’s hesitation to risk 
his life for that of a fellow-creature; or after due delibera¬ 
tion, impelled simply by the deep feeling of right or duty, 
to sacrifice it in some great cause. 

Darwin C (1871) The Descent of Man and Selection in Relation 
to Sex, pp. 70—71. Princeton: Princeton University Press. 

Introduction 

In the Descent of Man, Darwin explored the evolutionary 
origins of our moral sense, and as the quotation above 
emphasizes, highlighted what we see as three essential 
points. First, to understand the origins of our sense of 
right and wrong, we must adopt a comparative perspec¬ 
tive, drawing on studies of animals, to reveal what is 
uniquely human as opposed to what is shared across 
species. Second, understanding the moral sense is funda¬ 
mentally a problem about the power of our conscience to 
guide what we ought to do. It is, in Darwin’s terms, the 
highest of virtues, giving humans a sense of nobility, and 
fundamentally distinguishing them from other animals. 
Third, our sense of ought, of what should or could be 
done, can lead to either instinctive action (‘without a 
moment’s hesitation’) or to a more contemplative stance 
(‘after due deliberation’) where we reflect upon par¬ 
ticular principles of justice, and then based on this 
analysis, act in such a way that we support some great 
moral cause, often at personal cost (‘sacrifice’). These 
three points target aspects of phylogeny and proximate 
cause, that is, the patterns of evolutionary change and 
the psychological mechanisms that either facilitate or 
constrain their appearance. Darwin also discussed the 
adaptive significance of morality, and in particular, the 
selective pressures that may have led to its appearance in 
our species. Characteristic of his thinking at the time, 
Darwin perceived a strong role for group-level pressure, 
such that individuals in groups acting in particularly 
altruistic ways would ultimately outcompete groups act¬ 
ing less cooperatively. 


In this essay, we further explore the evolutionary ori¬ 
gins of our moral sense, providing a synopsis of the cur¬ 
rent state of empirical play and the issues raised by the 
experiments and observations of animals. Like Darwin, we 
distinguish questions of proximate and ultimate cause, and 
specifically, separate out the issues of phylogeny, adapta¬ 
tion, and psychological mechanism. Like Darwin, we also 
distinguish between the psychological mechanisms that 
guide our intuitive and rather automatic sense of right or 
wrong, from those that underpin our contemplative reflec¬ 
tion of what ought to be. From the perspective of psycho¬ 
logical mechanisms and adaptive function, we can explore 
the building blocks of our capacity to decide what is right 
and what is wrong, and the conditions under which partic¬ 
ular actions are permissible or forbidden. This perspective 
seeks an understanding of the core psychological mechan¬ 
isms that enable organisms, both human and non-human, 
to decide what is fair, when harms are permissible, and 
when social contracts may be broken. 

To this end, we review two distinct sets of literatures. 
The first explores studies that fall within the general area 
of behavioral economics, and in particular, the processes 
that guide cooperation, resource distribution, and a broad 
sense of fairness. We focus here on results that relate to 
some of the critical features of human cooperation and 
altruistic behavior, specifically, attention to inequities, 
reputation, punishment, and reciprocity. Second, we 
explore the mechanisms of action perception and produc¬ 
tion, and in particular, the extent to which animals distin¬ 
guish intentional from accidental consequences, as well 
as the cues they use to decide goal-directed actions. 
Together, these processes comprise some of the funda¬ 
mental building blocks that are evolutionarily ancient, 
appear early in human ontogeny, and ultimately lead to 
a full-fledged moral sense in healthy human adults. We 
then conclude with our current and personal sense of 
what makes human morality fundamentally different 
from what is observed in other animals, focusing specifi¬ 
cally on how we evolved a brain that conceives of that 
imperious word ought. 


Cooperation and Moral Judgment in 
Humans 

A great deal of moral philosophy has been devoted to an 
exploration of our capacity to cooperate with others, 
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sacrifice personal gains for the benefit of others, maintain 
social contracts, and appreciate that a sense of justice is 
premised on a sense of fairness. This rich tradition is 
generally aimed at understanding the guiding principles 
that appear to underpin not only our intuitive sense of 
cooperative action and distributive justice, but also the 
principles that ought to guide our decisions. Thus, for 
example, we observe in Rawls’ thinking on justice a clear 
distinction between the intuitive principles that may 
guide our spontaneous judgments of fairness, and those 
that percolate up during a period of considered reflection, 
where we consciously divorce ourselves from the poten¬ 
tially powerful and biasing influences of in-versus out¬ 
group partiality (e.g., favoring kin over nonkin). The 
question of interest here is how human cooperation, 
including the psychological mechanisms that support it, 
as well as the selective pressures that led to its particular 
design features, evolved. 

When biologists have discussed the evolution of coop¬ 
eration, they have often focused on behavior and fitness 
consequences, without Taking into account psychological 
mechanisms that may be relevant or even required. Thus, 
Darwin puzzled over the possibility of altruism by asking 
how such a costly behavior could evolve, given that his 
theory of natural selection favored self-beneficial actions. 
This puzzle vanished when Hamilton, and later Williams, 
pointed the way to a different level of analysis, one that 
focused on genes as opposed to either individuals or 
groups. That is, we can explain why an animal engages 
in self-sacrifice for the benefit of another by the fact that 
the ‘other’ is a close genetic relative. As such, altruism 
evolves by benefiting genes shared in common. Where 
puzzles remain today is in explaining the evolution of 
cooperation among genetically unrelated individuals, 
and especially the kind of large-scale cooperation often 
observed among human societies. 

A partial answer to these puzzles emerged, interest¬ 
ingly enough, when Trivers proposed his theory of recip¬ 
rocal altruism, blending issues of adaptive function 
with psychological constraints. Specifically, and unlike 
Hamilton and Williams, Trivers’ theory included not 
only a set of evolutionary conditions for the emergence 
of cooperation among unrelated individuals, but also a 
discussion of requisite psychological mechanisms includ¬ 
ing recognition of individuals, memory of past inte¬ 
ractions, and strong emotional responses to defection, 
including moralistic aggression. Thus, Trivers’ analysis 
paved the way for what has now become a major focus 
in the field: a consideration of both proximate and ulti¬ 
mate concerns related to the evolution of cooperation. 
More specifically, and as many have argued, cooperation 
among unrelated others can evolve if it takes place within 
stable groups with opportunities for repeated interactions 
(reciprocal altruism), or in groups where cooperative deci¬ 
sions can be based on reputation (indirect reciprocity). 


However, these conditions demand consideration of the 
requisite psychological mechanisms, including recall of 
prior outcomes to evaluate reputation, quantification 
and tracking of the payoff matrices to evaluate fair dis¬ 
tributions, and assessment of whether the resources were 
distributed intentionally or as a byproduct of otherwise 
selfish behavior. 

While reciprocal altruism and indirect reciprocity can 
explain the evolution of cooperation in small social 
groups where individuals know each other, these mechan¬ 
isms cannot account for the fact that modern humans 
often live in large groups of unrelated others, where 
reputation tracking is not possible, and where repeated 
and stable relationships are unreliable, thus making reci¬ 
procity difficult or impossible. In these situations, cooper¬ 
ation nonetheless evolves, demanding a different kind of 
account that can accommodate the fact that the optimal 
strategy is to defect and free ride on the contributions of 
others. Here, Boyd and Richerson pointed out that it 
appears that punishment evolved to crack down on the 
defector problem, and bring about stable cooperation. On 
an ultimate level, focused on evolutionary consequences, 
punishment is a behavior that reduces the fitness of a 
recipient at a temporary cost, but ultimate benefit to an 
actor (see the reading by Clutton-Brock and Parker for 
more on this topic). However, from a proximate perspec¬ 
tive, punishment requires specific psychological mechan¬ 
isms including the recruitment of motivating emotions 
(e.g., Trivers’ moral outrage), the ability to determine when 
a norm has been violated, the assessment of just deserts, 
and a mechanism to distinguish whether the outcome 
(e.g., failure to cooperate) was intended or accidental. 

Recent work on the evolution of fairness provides a 
good example of how proximate and ultimate concerns 
have come together. Specifically, using a combination of 
well-defined bargaining games from behavioral econom¬ 
ics, together with rich psychological analysis and cross- 
cultural data, we can see that humans evolved a distinctive 
sense of fairness, one shared by all members of our spe¬ 
cies, but open to cross-cultural variation, and constrained 
by sensitivity to inequities and the ability to punish those 
who violate norms of distributive justice. Consider, as an 
example, the well studied, one-shot, anonymous Ultima¬ 
tum Game. An experimenter first informs two individuals, 
a donor and a recipient, about the three rules of the game. 
Rule 1: the bank allocates a sum of money to the donor 
who has the option of allocating some proportion of 
this sum to the recipient. Rule 2: whatever amount the 
donor gives to the recipient, the recipient keeps, and 
the donor keeps the remainder. Rule 3: if the recipient 
chooses to reject the donor’s offer, then neither donor nor 
recipient keeps any money. According to the rational 
economic model, the recipient should accept any offer 
from the donor as some money is surely better than no 
money. However, results from this game show that people 
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across cultures consistently reject some offers, licensing 
the conclusion that humans approach this problem with a 
sense of what constitutes an unfair offer. Further, when 
subjects learn that the donor is a computer or random 
number generator, they are more likely to accept unfair 
offers. These results show that humans not only attend 
to the distribution of resources (i.e., outcomes), but also to 
the means by which resources are distributed. Returning 
to the ultimatum game, there is a fundamental (moral) 
difference between a human donor offering 1 out of 20 
possible dollars to a recipient, and a computer program 
that uses a random number generator to offer $1 out of 
$20. Computers are not intentional agents, and thus, don’t 
enter the moral domain. Regardless of how upset we are at 
the computer’s offering, we can’t hold them responsible. On 
the other hand, we do hold other humans responsible for 
their actions. Pushing the point further, if we forced a 
human to roll a die to pick the donation, and the die 
landed with a 1 facing up for $1, we would also not hold 
the human responsible for this outcome; this game func¬ 
tionally strips the human agent of his intentional control - 
of his free will. What is critical, then, is a combination of 
both the actual outcome and whether the agent was 
responsible for this decision. 

Thus, a sense of fairness, together with an ability to 
discriminate between intentional and accidental actions, 
is critical to cooperation, and more generally, to our moral 
judgments about others’ actions. Given the importance of 
these abilities, they raise the crucial question of whether 
these traits are unique to humans or whether they also 
play a role in governing behavior in non-human animals 
(hereafter animals). 

Cooperation, Fairness and Action 
Perception in Animals 

Cooperation in animals is taxonomically widespread, with 
numerous examples of individuals engaging in costly 
altruistic behavior for the benefit of others. In the early 
literature, most of the examples were consistent with the 
theory of kin selection and with optimization of inclusive 
fitness. That is, most altruistic acts of cooperation evolved 
to benefit close genetic relatives. Following on the heels of 
Trivers’ conceptual work on reciprocity, however, several 
cases of reciprocal altruism emerged in the literature. 
These cases, as well as several more recent studies have, 
for the most part, been dismissed, either because of a 
failure to replicate, the weakness of the effects, alternative 
explanations (e.g., byproduct mutualism), or the highly 
artificial conditions under which the evidence has been 
obtained. At best, we argue, reciprocity is an uncommon 
form of social interaction among animals. We further 
argue, however, that consideration of both proximate 
and ultimate factors makes this conclusion unsurprising. 


Specifically, there are at least two reasons why reciprocity 
might be rare among animals. First, the demographics of 
most animal populations may provide a sufficiently high 
density of kin to eliminate the pressure for nonkin based 
relationships. Despite these issues, we suggest that recent 
work on cooperation, including reciprocity, has provided 
new insights into some of the psychological mechanisms 
that are shared among human and non-human animals, 
and leads to one of our primary conclusions: though we 
share with other animals some of the core building blocks 
of morality, only one species - our species - has combined 
these core elements into a truly moral system that not 
only considers how we distinguish moral rights from 
wrongs, but also what ought to be the foundation for 
such decisions. 

A Sense of Fairness in Animals? 

Recent comparative work on primates and dogs has 
explored the problem of inequity aversion as an important 
component of the more general sense of fairness. One of 
the earliest treatments of this problem was Brosnan and de 
Waal’s study of brown capuchin monkeys (Cebus apella). 
In this experiment, subjects that had been trained to trade 
tokens for food rewards watched a conspecific acquire and 
eat a high-value food item and then were given the 
opportunity to acquire and eat a lower-value food item. 
Subjects consistently refused to trade the token for the 
lower-value food, and this result was interpreted as evi¬ 
dence for inequity aversion and a sense of fairness. This 
experiment was heavily criticized because the authors 
could not rule out the effect of frustration as the driving 
force behind rejections. That is to say, subjects may have 
rejected unfair offers not because the other individual was 
getting a better deal, but because they were frustrated at 
not being able to obtain the higher-value food item that 
was right in front of them. Though subsequent experi¬ 
ments confirmed the validity of these critiques, Brosnan, 
de Waal, and their colleagues, have since replicated the 
original findings with relevant controls, and found that 
their results cannot be explained by frustration, or further 
extended to parallel findings with chimpanzees (Pan tro¬ 
glodytes). Adding to the comparative scope of this work, 
a recent experiment by Range and colleagues shows 
that domestic dogs are sensitive to inequities in reward 
distribution. In this experiment, subjects were given a 
command to perform an action (paw shake) in a social 
situation where one individual received a food reward for 
its performance while the other did not. Subjects that did 
not receive the reward were more reluctant to perform the 
action and displayed more stress behavior in the social 
condition compared to an asocial control. 

In sum, although there is still much controversy sur¬ 
rounding the results on inequity aversion in animals, mini¬ 
mally, it appears that animals are sensitive to the distribution 




486 Morality and Evolution 


of rewards, in both social and nonsocial contexts, responding 
negatively when an outcome appears unfair. 

Another approach to studying fairness in animals 
comes from a series of experiments investigating prosocial 
behavior, specifically, the tendency to help another in a 
situation where there are no personal gains, and little or 
no personal cost. In these experiments, subjects are given 
the option of acquiring a reward for themselves or for 
themselves as well as for another individual. The impor¬ 
tant difference between prosociality tasks and inequity 
aversion tasks is that a preference for equity is costless 
in the former (actors receive a payoff either way) and 
costly in the latter (actors receive nothing if they reject 
an unfair offer). Studies of common marmosets (Callithrix 
jacchus) and brown capuchin monkeys have shown that 
subjects consistently choose the prosocial option. Studies 
of chimpanzees, on the other hand, have shown that 
individuals are indifferent to the welfare of conspecifics 
and will choose indiscriminately between the two options. 
Interestingly, when chimpanzees are tested in a spontane¬ 
ous altruism task, where subjects are given the opportu¬ 
nity to help another individual in the absence of a food 
reward, they do exhibit prosocial behavior. At present, it is 
not clear whether the difference in prosociality between 
these studies is due to the nature of the reward (i.e., food 
versus nonfood), or to specific details of the task demands. 

Together, studies of inequity aversion and prosociality 
suggest that the ability to both detect and react to unfair 
outcomes, together with a preference for fair resource 
distributions, are not uniquely human traits. However, 
these experiments focus exclusively on outcomes and do 
not explore the means by which they are achieved. In the 
next section, we discuss experiments that tap into the 
psychological mechanisms involved in discriminating 
between intentional versus accidental actions. 

Going Beyond Outcomes to Intentions 
and Goals 

In this section we explore two questions: (1) Can animals 
draw inferences about an individual’s intentions and goals, 
and (2) if so, does this capacity influence social behavior? 

Recent studies of rhesus monkeys on Cayo Santiago 
have explored their ability to use subtle details of an action 
sequence to draw inferences about the actor’s goal. In the 
basic design, Wood and colleagues presented two potential 
food sources (overturned coconut shells) to a subject, acts 
on one, and then walks away, allowing the subject to selec¬ 
tively approach. Although coconuts are native to the island 
on which these animals live, rhesus cannot open the hard 
outer shells themselves, and therefore, only obtain the 
desired inner fruit when the coconuts open on their own 
or have been opened and discarded by a human. It, thus, 
logically follows that if subjects perceive the experimenter’s 
action as goal-directed and potentially communicative, 


then they should selectively approach the coconut con¬ 
tacted, as this maximizes the odds of obtaining food. 

Results revealed that when the experimenter grasped 
the coconut with his hand, foot, or a precision grip involving 
the pointer finger and thumb, rhesus selectively approached 
this coconut over the other; in contrast, they approa¬ 
ched the two coconuts at chance levels when the experi¬ 
menter flopped the back of his hand on the coconut 
[accidental], touched or grasped the coconut with a tool, 
or grasped the coconut with his hand for balance while 
standing up. These results rule out low-level association 
accounts; many of these individuals have experience see¬ 
ing humans perform goal-directed actions with tools, and 
yet they did not perceive tool-related actions as goal- 
directed, and none of these individuals have experience 
seeing humans perform grasping actions with their feet, 
and yet they did perceive foot-related actions as goal- 
directed. Further, these data show that when assessing 
the meaning of actions, rhesus are highly sensitive to the 
means used to achieve a goal - for example, perceiving a 
hand grasp action as goal-directed but a hand flop action 
as accidental, despite the fact that the experimenter’s body 
position, eye gaze, and duration of contact with the coco¬ 
nut were identical across the two conditions. These stud¬ 
ies, together with research on other species, suggest that 
non-human animals infer the meaning of an action by 
evaluating the actor’s goals in relation to the environmen¬ 
tal constraints on achieving such goals. 

Given that some animal species are able to draw infer¬ 
ences about others’ intentions and goals, we can ask 
whether this ability influences their social interactions. 
That is, are animals completely outcome-oriented or do 
they attend to the means by which outcomes are achieved? 
One of the first studies to explore this problem was Call 
and colleagues’ experimental study of captive chimpanzees. 
In this study, a human experimenter faced a chimpanzee, 
seated on the opposite side of a Plexiglas partition. In each 
of several conditions, varying the nature of the experimen¬ 
ter’s action, a grape was presented near the opening of the 
partition; the opening was large enough for the chimpanzee 
to reach and grab the grape. In one condition, the experi¬ 
menter brought the grape within grasping distance, but 
then rapidly retracted it as soon as the subject reached. 
This action was defined as teasing. In a second, and highly 
parallel condition, the experimenter brought the grape 
forward, but then dropped it as soon as the subject reached. 
This action was defined as clumsiness. Chimpanzees 
showed much greater signs of frustration in the teasing 
than clumsy conditions, leaving the test chamber earlier, 
and acting aggressively toward the experimenter (i.e., bang¬ 
ing on the Plexiglas partition). Thus, as Call and colleagues 
suggest, chimpanzees appear to make a distinction between 
unwilling (teasing) and unable (clumsy), thereby showing 
sensitivity to more than the mere outcome of an event, as in 
both of these cases, the subject failed to obtain the grape. 
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In the aforementioned study of reciprocity in tamarins, 
Hauser and colleagues showed that individuals were more 
likely to cooperate in situations in which a conspecfic’s 
actions were truly altruistic, than when the same amount 
of food (outcome) was delivered as an accidental bypro¬ 
duct of an otherwise selfishly motivated action. Specifi¬ 
cally, a game was set up such that the individual playing 
the actor-1 position was offered an opportunity to pull a 
tool, delivering one piece of food to self and three pieces 
to an unrelated partner. For the partner, or actor-2, pull¬ 
ing the tool resulted in no food for self, but two pieces for 
the partner (actor-1). A session was defined as 12 trials 
each for actor-1 and -2, alternating turns. If both actor-1 
and -2 pulled on their respective turns, they would maxi¬ 
mize the overall returns, with three pieces each, after an 
alternating round. This is what would be expected if 
actor-2 perceives actor-Ts pull as altruistic, that is, moti¬ 
vated by the goal of giving food. In contrast, if actor-2 per¬ 
ceives actor- Ts pull as selfish, with the three pieces 
obtained as a byproduct, then actor-2 should not pull. 
Results showed that actor-2 rarely pulled. This condition, 
combined with another showing that individuals will 
altruistically give food (i.e., paralleling the actor-2 posi¬ 
tion) when a partner altruistically reciprocates, reinforces 
the conclusion that tamarins attend to both the outcomes 
and the means by which they are obtained. 

A final experiment adds to this literature by showing 
not only sensitivity to the means by which outcomes arise, 
but the agent responsible for such outcomes. Jensen and 
colleagues first presented one chimpanzee, A, with an 
apparatus involving a sliding tray full of food. Subject 
B was then introduced into an adjacent enclosure that 
contained a rope. By pulling on the rope, B moved the 
sliding tray away from A, thereby stealing A’s food. How¬ 
ever, subject A’s enclosure also contained a rope that, if 
pulled, would collapse the sliding tray, thereby taking the 
food away from B. In conditions where B pulled the tray 
away from A, A frequently became agitated and collapsed 
the sliding tray. However, in a similar condition where, 
instead of B pulling the tray, the experimenter pushed the 
tray away from A to B, A rarely collapsed the tray. This 
result is interesting because it shows that chimpanzees not 
only respond to unfair outcomes, but that they distinguish 
between human and chimpanzee agents; a parallel set of 
findings was presented by Hauser and colleagues in their 
reciprocity study, showing that cooperation increased in 
the face of a unilateral tamarin cooperator, but not a game 
in which the payoffs remained the same, but a human 
cooperator delivered the rewards for another tamarin. 

Conclusion 

Research on inequity aversion, prosociality and action 
perception in non-human animals is still in its nascent 


stages, and there are currently several noticeable gaps in 
our understanding of these phenomena. First, while there 
is an emerging body of evidence suggesting that these 
capacities are present in some species of non-human 
primates and domestic dogs, little is known about its 
taxonomic distribution or the evolutionary pressures 
that may select for this capacity in different species. For 
example, given the increasing evidence that some food¬ 
caching jays are sensitive to where others are looking, 
what others have seen, and how such information guides 
cooperation and cheating, it would not be surprising to 
find that at least these birds, and possibly other animals, 
are sensitive to inequities, and to the distinction between 
means and outcomes. Second, it is unclear whether the 
capacities discussed here are specific to the social domain 
or are important in other domains as well. For example, do 
animals appreciate that some properties of artifacts such 
as tools are intentionally designed whereas others are 
simple byproducts of physical constraints or accidents? 
Third, the majority of studies that have investigated 
these capacities in animals have focused on captive indi¬ 
viduals. Similar studies of wild populations will be crucial 
to understanding whether these abilities are expressed in 
nature or are only elicited under controlled laboratory 
conditions that often set up situations that would never 
arise in the wild. For example, though capuchin monkeys 
can work with a token economy and detect inequities, and 
though they can solve a joint action task, these situations 
never arise in the wild. It is, thus, essential to distinguish 
between the capacity to solve various cooperative tasks 
and the social and ecological pressures that might demand 
that such abilities be used to cooperate. 

Despite these limitations, we believe the work on the 
foundations of morality reviewed here (and elsewhere; 
Hauser’s 2006 book, Moral Minds: How Nature Designed 
Our Universal Sense of Right and Wrong, for a more extensive 
discussion) lead to at least two conclusions. First, we share 
with other animals several core psychological capacities 
that were most likely necessary for the evolution of our 
moral sense. Like other animals, a sense of justice as 
fairness is premised on an ability to take the perspective 
of another individual, show concern for others, detect 
inequities, and inhibit the temptation to feed self-interest. 
Though humans certainly show highly elaborated forms 
of these abilities, there are significant precursors in other 
species. Second, there are two ways in which human moral 
behavior, and the psychology that supports it, are unique. 
Animals show virtually no evidence of reciprocity and 
large-scale cooperation, and as far as we can tell, never 
engage in the problem of considering not only what is the 
moral state of play, but what could or should be - our 
sense of ought. Though a brief essay like this is not the 
place to develop these issues, we end with a speculative 
consideration. What allows humans to uniquely engage 
with the thought of the ought is our ability to combine 
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different modular representations into new representa¬ 
tions. Whereas other animals have evolved highly adap¬ 
tive, modular, and informationally encapsulated domains 
of thought, targeted at single problems, humans evolved 
the capacity to create interfaces between these domains to 
create entirely new systems of thought. Thus, we alone 
can consider how we typically distribute resources, often 
based on matters of effort and need, step back from such 
norms, and consider a more enlightened perspective that 
not only considers matters of fairness but also individual 
welfare. And we can do this because we can prospectively 
evaluate the future, sideline current needs and tempta¬ 
tions, and realize that progress is made by dissent as 
opposed to consent. What fuels the ought is the realiza¬ 
tion that we can, and often should, entertain a different 
moral landscape. 

See also: Cooperation and Sociality; Empathetic Behav¬ 
ior; Mental Time Travel: Can Animals Recall the Past and 
Plan for the Future?; Punishment; Social Cognition and 
Theory of Mind. 
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Introduction and Definitions 

A discussion of signals requires consideration of commu¬ 
nication, the broader context in which signals are used. 
Most modern workers in animal communication recog¬ 
nize that two different roles underlie communication. The 
role of signal production involves using signals to manage 
the behavior of others, in part by exploiting their assess¬ 
ment systems. The role of assessment involves making 
adaptive behavioral decisions by selectively attending to 
the most reliable stimuli available, including both signals 
and cues, for appraising individuals and situations. Notice 
the linkage between these two roles. The definition of 
each includes the other because each is targeted on the 
other. All participants in communication play both signal 
production and assessment roles, and it is the interplay 
between these two individual activities that produces 
the social process of communication. A signal is a trait 
specialized for communication, that is, for managing the 
behavior of others by working through their assessment 
systems. A cue is any stimulus upon which assessment 
can be based that has not been specialized for the com¬ 
municative exploitation of assessment systems. The be¬ 
havior of Belding’s ground squirrels while contending with 
mammalian predators illustrates the distinction between 
signals and cues. When a female with young spots a mam¬ 
malian predator, she is likely to produce a trill alarm call and 
watch the predator vigilantly. Other squirrels not only 
respond to her signal, the alarm call, but also use the direc¬ 
tion of her gaze to locate the predator. The direction of the 
caller’s gaze is not a signal; it is a perceptual activity by 
the caller to monitor the predator, but is opportunistically 
exploited by other squirrels as a useful cue. 

A discussion of motivational systems can be clarified 
by considering their place among all classes of psycholog¬ 
ical systems that underlie behavior. These psychological 
systems can be grouped into two general categories - 
knowing and wanting. The mechanisms of knowing serve 
the processes of information acquisition and processing, 
also called perception and cognition, respectively. These 
processes are structured by the mechanisms of wanting, 
the motivational systems that focus an animal’s efforts on 
matters important for its proximate and ultimate success. 
Animals are motivated to know about those matters that 
are important to them and accomplish this with perceptual 
and cognitive mechanisms that have been shaped to empha¬ 
size information crucial to their proximate and ultimate 
success. So, the mechanisms of knowing and wanting 


are intricately intertwined, representing two sides of the 
same coin of behaving. 

Many factors influence an organism’s success, includ¬ 
ing its effectiveness in acquiring food, water, and oxygen, 
reproducing, avoiding attack by predators and parasites, 
maintaining its social status, and so forth. Animals have 
different complex motivational systems associated with 
each of these factors important to their success. These 
systems specify pertinent physiological responses, rele¬ 
vant cues requiring attention, preferred outcomes of 
behavior, the importance of these outcomes, and the activ¬ 
ities most likely to generate them. In communication, 
motivational systems are most clearly relevant to signal 
production because they deal with what an individual’s 
behavior serves to accomplish proximately, and how hard 
it is trying, but they are also relevant to assessment because 
they focus an individual’s attention on the features of the 
environment most relevant to its current efforts. 

The variety of motivational systems that comprise an 
individual are linked to each other via a set of priorities. 
Such a ranking with regard to urgency is important in 
part because the demands addressed by different systems 
vary in the immediacy of their impact on the well-being of 
the individual. More immediate demands are given higher 
priority. If you are suffocating, for example, you will die in a 
few minutes unless you get air. So, work on all other demands 
needs to be set aside until your oxygen need is met. But 
this is an extreme example; animals can usually breathe 
while meeting most other needs. Nevertheless, work on the 
demands of different motivational systems can often be 
incompatible, and this incompatibility also drives the need 
to prioritize motivational systems. These priorities can pro¬ 
duce motivational conflicts that must be resolved through 
compromise. For example, Belding’s ground squirrels must 
focus their attention on the ground in order to forage, but 
must raise their heads in order to monitor for predators. 
Their resolution of this conflict between meeting nutritional 
and antipredator needs varies depending on the individual’s 
nutritional state. The greater the nutritional deficit, the less 
willing the squirrel is to shift its efforts from foraging to 
antipredator vigilance when it detects an alarm trill. 

Motivational Systems Drive and Direct 
Signal Production 

When predators endanger the young of a species that 
exhibits parental care, an activated parental motivational 
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system can drive and direct the production of anti¬ 
predator signals. This motivational effect can be observed 
when California ground squirrels deal with rattlesnakes. 
Rattlesnakes are an important source of predation on 
California ground squirrel pups, but not on adults. 
These squirrels have evolved the capacity to neutralize 
rattlesnake venom and this capacity is sufficient among 
adults to allow them to survive the injuries produced by 
rattlesnake bites. This neutralizing capacity provides 
adults with the option of confronting rattlesnakes, partly 
in defense of pups. Females with activated parental moti¬ 
vational systems (females with dependent young, aka 
maternal females) spend more time confronting rattle¬ 
snakes than nonmaternal females and males, neither of 
which contributes much to care of pups. When these 
squirrels deal with snakes, they invariably produce a 
visual signal, tail flagging, in which the fluffed tail is 
repeatedly waved from side to side as a means of manag¬ 
ing the snake’s behavior. The driving effects of the paren¬ 
tal motivational system on signal production is revealed 
when maternal females engage in much more tail flagging 
than nonmaternal females and males. 

But the motivational system that drives tail flagging 
also directs it, organizing that signaling activity in ways 
that are sensitive to the level of danger involved. Mater¬ 
nal squirrels tail flag more to large than small rattle¬ 
snakes, and more to snakes near than distant from their 
home burrows. Rattlesnake confrontation by adults can 
even be aggressive enough to induce the snake to rattle 
defensively at the squirrel. This sound incidentally 
includes cues about snake size and body temperature, 
both of which vary positively with the degree of risk 
that the confronting squirrel faces. (Larger and warmer 
snakes are more dangerous.) In playbacks of rattling 
sounds from rattlesnakes varying in their temperature 
and size, the tail flagging response by maternal females 
is stronger and more finely discriminating among these 
acoustic risk cues than the tail flagging of nonmaternal 
females and males. 

Motivational Systems Focus Assessment 

As noted earlier, motivational systems are relevant to 
assessment because they focus an individual’s attention 
on the features of the environment most relevant to its 
current efforts. Why do animals not simply attend to 
everything important to them? In general, they do not 
because attention is a limited resource that can be allo¬ 
cated at each moment only to a fraction of all impor¬ 
tant matters. When, for example, an animal is seeking an 
object that is difficult to detect, this interferes with the 
detection of a second important object more than when 
the first object is easy to detect. Laboratory studies with 
blue jays illustrate this point. These birds were required 


to detect a computer image of a mealworm in the center 
of a computer screen and a moth at the periphery of the 
screen (both representations of attractive food items). The 
experimenters varied the difficulty of detecting the cen¬ 
ter mealworm by changing the number of distractor sti¬ 
muli presented with it. Jays were able to adjust to these 
changes and maintain their performance when the meal- 
worm-detection task was more difficult. But these adjust¬ 
ments interfered with the detection of the peripheral 
moth stimulus. Performance in that task declined as the 
mealworm-detection task became more difficult, thus 
revealing limitations on the availability of attention for 
important tasks. 

To understand the implications of such limitations for 
communication, imagine now that the focus of an animal’s 
attention is on the courtship signals of a potential mate, 
and that discriminating between high- and low-quality 
mates is difficult because the differences in their signals 
are subtle. Imagine also that the important peripheral 
events are alarm signals evoked by an approaching preda¬ 
tor. The problematic nature of such limitations is com¬ 
pounded by the fact that many animals work hard to be 
cryptic. This is true of individuals engaged in activities 
that conspecifics might contest, but is also true of the prey 
that predators hunt and the predators that need to avoid 
detection by vigilant prey. 

Directing Attention and Amplifying Salience 

Female Norway rats undergo striking motivational changes 
during pregnancy. Mothers who have just given birth are 
strongly attracted to pups, finding contact with them 
rewarding and expressing the full repertoire of maternal 
activities. In contrast, virgin females seem to find newborn 
pups noxious; they avoid pups and may even attack them. 
This remarkable shift from aversion to parental attraction is 
initiated a few days before the female gives birth, primarily 
by changes in ovarian steroid hormone secretion (proges¬ 
terone drops and estrogen rises), but also depends on 
increased release of the peptide hormone prolactin and 
polypeptide hormone lactogen. These hormonal changes 
induce a suite of physiological and behavioral changes that 
enhance the salience of visual, auditory, and olfactory sti¬ 
muli associated with rat pups, and even augment the capac¬ 
ity of pup-related stimuli to serve as incentives for maternal 
behavior. Not all of these stimuli are signals; some, such as 
the general sight of pups, are unspecialized cues. This 
illustrates an important point about assessment; it involves 
an active extraction of the information needed to guide 
behavior, whether or not the information source is spe¬ 
cialized for communication. Nevertheless, communication 
and signals are involved. Maternal females are, for example, 
much more responsive than nonmaternal females to the 
ultrasonic vocalizations that pups emit when their body 
temperature drops as a result of separation from the nest 
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and littermates. Mothers respond to these calls by searching 
for and retrieving pups, and returning them to the warmth 
of the nest. 

The Interplay between Signal Production 
and Assessment 

Maintaining and Fostering Motivational States 
through Repeated Signal Inputs 

It is of some interest to note that Norway rat mothers are not 
completely in charge of their states of parental readiness. If 
a female prematurely loses her litter, her responsivity to 
playbacks of pup calls declines sooner than if she retains 
her litter to the time of weaning. In the normal course of 
infant-mother interactions, pups ‘persuade’ mothers to 
continue caring for them as the prenatal hormone effects 
dissipate during the first few postpartum days. Stimulation 
from pups induces the mother to release the peptide hormone 
oxytocin, and this maintains the mother’s maternal motivation. 

In fact, even virgin females exposed to pup contact for 
several days eventually begin to behave maternally under 
a sustained barrage of persuasive inputs from pups. Such 
slowly developing effects of repeated inputs illustrate an 
important point about communication. Signal production 
functions not only immediately, to trigger responses by 
stimulating already-active motivational systems, but also 
more gradually to foster activation of motivational sys¬ 
tems. These more slowly developing effects of repeated 
signal inputs are called priming effects, in contrast with 
more immediate triggering effects. Processes involving 
such cumulative priming effects of repeated inputs are 
said to be tonic, and the associated communicative pro¬ 
cesses are said to reflect tonic communication. Tonic 
communication with its associated extended repetition 
of signals is a widespread phenomenon. Think, for exam¬ 
ple, of how often you have noticed a perched songbird 
singing in long bouts of repeated songs unbroken by any 
form of social interaction. Singing by songbirds provides a 
prime example of tonic communication. 

Nevertheless, most studies of communication involve 
triggering rather than priming effects of signals. We need 
more studies of tonic communication in part because they 
will increase our understanding of the role of motivation in 
communication. Tonic effects are often mediated by hor¬ 
monal changes that engender the broad thematic shifts in 
behavior that are the hallmark of transitions between 
motivational systems. 

Maintaining and Fostering Motivational States 
through Repeated Signal Inputs to one’s Self 

We typically and usually correctly assume that signaling 
behavior is targeted at some individual other than the 
signaler itself. But that is not always the case, as research 


with ring doves illustrates. Reproduction in ring doves 
involves a cascading series of priming effects in male 
and female. Males typically initiate courtship by bowing 
and cooing, which is followed by the male’s cooing over 
prospective nest sites. The female gradually comes to join 
the male in cooing over the prospective nest site, and 
ultimately engages in a long stint of solo nest-cooing, 
before the two join forces in the construction of a nest. 
When nest-building reaches a threshold level, hormonal 
changes are triggered in the female that culminate in 
ovulation and copulation. What role do the female’s coos 
play in this process? It seems reasonable to identify the 
male as the target of these vocalizations. However, muting 
the female in several different ways leaves the male’s 
courtship activities relatively unchanged, but blocks the 
hormonal changes in the female leading to ovulation. And, 
playbacks of coos to the female restores those changes, 
especially when the vocalizations used are her own. Fur¬ 
ther playback studies indicate that the female is in fact the 
target of the male’s calls, but these calls have their effects 
on the female by stimulating her to coo, which in turn 
induces her to ovulate through a process of vocal self¬ 
stimulation. 

Structuring Signal Production to Capitalize on 
Motivational Features of Assessment Systems 

Human adults speak to infants in ways that would be 
unusual and probably even offensive if directed at other 
adults. Compared with the choppy and rapid-fire patterns 
of normal conversation among adults, infant-directed 
speech is slower, has a higher pitch, and often contains 
smooth, exaggerated changes in pitch. Such patterns of 
intonation involve what are called the prosodic features, 
that is, ‘melodies’ of speech. When approving of something 
an infant has done, the exaggerated contours of pitch 
change involve a rise-fall pattern 

r) 

In subtle contrast, the prominent pitch contours used 
to get an infant’s attention end on an upswing 

c‘ 

In more striking contrast, the melodies used to soothe an 
infant or disapprove of its behavior involve a much less 
pronounced variation in pitch, but differ from one another 
in patterns of change in amplitude (sound intensity). 
Sounds of soothing involve no abrupt shifts, changing 
slowly in amplitude and maintaining low amplitudes 
(‘Thaaat’s okaaay. Maaama’s here.’). Sounds of disapproval, 
on the other hand, are short and sharp, onsetting abruptly 
(‘No! Uh uh! Don’t do that!’). 
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Why do we use these different melodies to manage our 
infants’ behavior in different ways? Playbacks to infants in 
which prosodic patterns are preserved but linguistic con¬ 
tent is eliminated provide a simple answer. These are what 
work best. From birth, these various patterns tap into the 
infants’ differing motivational reactions to different melo¬ 
dies; they are in effect different unconditioned stimuli for 
pleasing, alerting, soothing, and alarming the infant. It 
seems that evolution through natural selection, perhaps 
as well as the shaping effects of experience, has generated 
patterns of speech that can be used to manage the behav¬ 
ior of infants. These patterns are effective because they 
capitalize on the motivational components of infant 
assessment systems. 

It is of interest to note that the motivational impact of 
infant-directed speech changes as the infant enters its second 
year. At this time, parents pair presentation of new objects 
(e.g., a teddy bear) with prosodic emphasis to draw the 
infant’s attention to the verbal label for that object (‘see 
the TEDDY BEAR?’). This fosters the development of the 
infant’s vocabulary. Thus, the impact of infant-directed 
speech has more to do with the induction of motivational 
states in infants during their first year, but begins to 
contribute to language development in the second year. 

There is evidence that the features of assessment sys¬ 
tems exploited by infant-directed speech predated the 
production of these patterns evolutionarily, and so may 
have been sources of natural selection shaping the melo¬ 
dies of infant-directed speech. For example, the elevated 
pitch of infant-directed speech appears to be similar to a 
widespread vocal pattern among vertebrates, in which 
animals raise their voice pitch to be less threatening and 
drop pitch for a more threatening effect. Similarly, 
research with sheep-herding dogs indicates that additional 
conclusions about infant-directed speech also apply to 
non-humans. Individuals who use dogs as assistants in 
herding their sheep use short, rapidly repeated, broadband 
notes to stimulate movement by their dogs, and longer, 
continuous, narrowband notes to inhibit movement (these 
are similar to the attention-getting and soothing melodies 
of infant-directed speech). Experimental tests with domestic 
pups support the hypothesis that these two patterns of 
acoustic stimulation differ in their capacity to stimulate 
motor activity. 

Future Directions 

How Do Signals Acquire Their Salience to the 
Motivational Systems of Targets? 

Adolescent male laboratory rats are very playful, and 
when they engage in bouts of rough-and-tumble play, 
they emit frequency-modulated (FM) ultrasonic vocaliza¬ 
tions with an average sound frequency of about 50 kHz. 
As these males progress to adulthood, they become less 


playful and more aggressive. When interacting aggres¬ 
sively, they produce a different type of vocalization, a 
22-kHz ultrasonic call. The FM 50-kHz and 22-kHz 
calls differ in their incentive value to listening rats. Rats 
are attracted to FM 50-kHz calls, performing operant 
responses both to produce playbacks of these calls and 
to gain access to a playful situation in which FM 50-kHz 
calls are emitted. In contrast, they avoid performance of 
responses that produce 22-kHz calls. These differences in 
incentive values are consistent with the hypothesis that 
the sound of the playful FM 50-kHz call has a positive 
motivational value that makes it a useful tool for attracting 
play partners, whereas the sound of the 22-kHz call has a 
negative motivational impact that facilitates its use to 
repel potential adversaries. 

The area of signals and motivation would benefit 
immensely from additional research addressing the ques¬ 
tion of how signals such as the aforementioned rat voca¬ 
lizations acquire such salience and incentive value. The 
general form of an answer to such questions is likely to 
appeal to the interplay between the roles of assessment 
and signal production. For example, there is evidence that 
the previously discussed ultrasonic retrieval call used by 
infant rats originated as a byproduct that was used as a cue 
of infant distress by vigilant mothers. When infants expe¬ 
rience excessive cooling as a result of becoming separated 
from the nest, they use an abdominal compression maneuver 
to deal with the cardiovascular consequences of the exces¬ 
sive cooling. Such cooling increases blood viscosity and 
reduces cardiac functioning, thereby jeopardizing the infant 
by reducing blood circulation. The abdominal compression 
maneuver increases pressure in the abdominal cavity, 
thereby augmenting venous return of the blood to the 
heart. At the same time, this maneuver incidentally forces 
some air through the restricted larynx and so produces 
ultrasounds that in their original form were probably 
byproducts but also excellent cues that a pup was in 
jeopardy. The mother’s proactive use of these cues could 
have then shaped this byproduct sound into a retrieval call. 

But what are the actual processes that would generate 
such a scenario? Most often, researchers in animal com¬ 
munication cite evolution through natural selection as the 
causal processes. This is likely; the mother’s use of the 
ultrasound cue could have been a source of selection 
favoring refinement of the sound into a signal. But this 
leaves unanswered proximate questions about the devel¬ 
opment and causation of the use of these sounds as cues 
and signals. Such proximate questions, especially when 
they deal with the roles of motivational systems in assess¬ 
ment and signal production, are important but have 
not yet received the attention they merit. The bit of data 
available for other signaling systems suggests that the type 
of interplay between assessment and signal production 
that clearly goes on evolutionarily can also play a proxi¬ 
mate causal role in shaping these communicative roles. For 
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example, young male brown-headed cowbirds need nor¬ 
mal social interactions with adults of both sexes in order to 
develop the ability to integrate singing into an effective set 
of courtship maneuvers, to sing evocative songs, and to 
target females in their courtship-singing efforts. Some of 
the processes involved include the operant conditioning 
that psychologists have studied for many decades. Adult 
female brown-headed cowbirds, for example, respond 
preferentially to songs with particular properties and 
young males retain these properties in their developing 
songs while deleting other song characteristics. 

A model of agonistic vocal communication among 
primates suggests another proximate route by which sig¬ 
nals can become salient. Rather than involving indepen¬ 
dent discovery of cues by assessment systems, followed 
by modification of cues into signals, this scenario involves 
a higher-order mode of action of the signal-production 
role. Signalers augment the salience of their signals by 
pairing them with intrinsically evocative stimulation, such 
as attack. This involves another form of conditioning, 
classical rather than operant. Old-world monkeys, for 
example, emit individually distinctive calls, a candidate 
conditioned stimulus, while subjecting their adversaries to 
attack, an intrinsically noxious unconditioned stimulus. 
Such pairings have the potential to enhance the noxious 
motivational impact of the vocalizer’s own calls on the 
conditioned individual, but may not have that effect on 
the same types of calls used by others, with their own 
distinct individuality in structure. 

These findings indicate that a fruitful path for future 
research will involve a synthesis of the dominant 
evolutionary questions about signals and motivation with 
proximate questions about the roles played by fundamen¬ 
tal motivational mechanisms in the causation and devel¬ 
opment of communicative behavior. 

See also: Acoustic Signals; Aggression and Territoriality; 
Agonistic Signals; Alarm Calls in Birds and Mammals; 


Communication and Hormones; Communication Net¬ 
works; Cultural Inheritance of Signals; Deception: Com¬ 
petition by Misleading Behavior; Electrical Signals; Food 
Signals; Honest Signaling; Interspecific Communication; 
Mating Signals; Parental Behavior and Hormones in 
Mammals; Parental Behavior and Hormones in Non- 
Mammalian Vertebrates; Parent-Offspring Signaling; 
Punishment; Signal Parasites; Visual Signals. 
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Introduction - What Are Multimodal 
Signals? 

As is clear from other sections of this encyclopedia, ani¬ 
mals communicate in a wide variety of ways, both overt 
and subtle. A considerable amount of research has 
revealed that animals do not utilize channels of commu¬ 
nication that are obvious to humans, for example, visual 
signals and auditory signals alone, but they also use a 
variety of other channels that are less visible or audible, 
including some that are not detectable by human senses. 
In addition to visual signals and acoustic signals, these 
communication modes may include chemical signals in 
the form of airborne sexual scents and territorial urine 
markings, seismic signals (i.e., vibrations sent through 
substrates such as plant stems, leaves, and soil), and elec¬ 
trical signals sent through water by electric fishes. While 
many animals are well known for their use of specific 
forms of communication - the songs of birds, crickets, 
and frogs are all examples of auditory or acoustic com¬ 
munication - a more detailed analysis has led to the 
realization that many animals are capable of producing 
signals in multiple sensory modes or channels. The use of 
multiple sensory modes or channels for communication is 
known as multimodal signaling, and it is turning out to be 
more common than originally thought. 

Examples of Multimodal Signaling 

Some of the earliest published observations of multimodal 
signaling were described in birds by ethologists, such as 
Niko Tinbergen, who characterized the combination of 
visual and acoustic signals as ‘displays’ (vocalizations 
accompanied by body postures and movements) used by 
gulls, pigeons, and domestic fowl. For birds, the most fre¬ 
quent modes used in multimodal signals are auditory and 
visual, and in many species the combination can be quite 
dramatic, as in this video of the North American Sage 
Grouse (Figure 1). For example, the familiar male North 
American Wild Turkey ( Meleagris gallopavo) combines a 
visual signal (a ‘fan’ display of multicolored tail feathers) 
and an acoustic signal (the ‘gobble’ call) (Figure 2). 

The primary context of multimodal signaling in birds 
is in courtship, although there are numerous examples of 
other social interactions, such as territory defense, anti¬ 
predator behavior, and parent-offspring communication. 
Mammals also use multimodal signaling in a variety of 


contexts. Most people would recognize that the communi¬ 
cation of aggressive threat by dogs is multimodal, since the 
acoustic signal of growling is usually accompanied by the 
visual signals of facial and body postures, such as bared 
teeth, raised fur, and ear position. It is also easy for us as 
humans to recognize multimodal signals in our relatives 
among the primates, perhaps because we are similar in 
many ways, and their often spectacular communication 
displays include a wide array of combinations of visual 
and acoustic signals. Primatologists like Marc Hauser and 
Sara Partan have cataloged natural facial expressions and 
vocalizations of rhesus macaques, and found that in many 
cases, vocalizations were accompanied by articulatory ges¬ 
tures and positions of the mouth and lips (Figure 3). 

Prairie dogs and ground squirrels are well known for 
their antipredator alarm call vocalizations, and these 
acoustic signals are often accompanied by visual signals 
such as upright postures, jumping, and tail flicking. Recent 
studies by Aaron Rundus, Don Owings, and their collea¬ 
gues have shown that alarm signals given by the Califor¬ 
nia Ground Squirrel ( Spermophilus beecheyi) in the presence 
of rattlesnakes are truly multimodal in that these mam¬ 
mals not only vocalize and flag their tails, but also emit 
heat signals from their tail that can be detected by the 
snakes’ infrared vision. These signals deter predation by 
increasing the apparent size of the prey, making the snake 
more cautious in its approach (Figure 4). 

Many examples of multimodal signaling can be seen in 
other vertebrates animals, including reptiles, amphibians, 
and fishes. For example, Emilia Martins and colleagues 
have shown that sagebrush lizards [Sceloporus graciosus) use 
‘head-bob’ displays as visual signals in combination with 
chemical signals in territorial defense. While frogs and 
toads are best known for acoustic communication, Peter 
Narins, Mike Ryan, and their colleagues have demon¬ 
strated that the inflation of the vocal sac producing the 
sound also serves as a visual signal, and some responses 
can be elicited only when the two are combined in a 
multimodal signal (Figure 5). Likewise, several species 
of fishes known primarily for visual signaling behavior, 
including the Siamese Fighting fish Betta splendens , sword¬ 
tails (Xyphophorus spp.), sticklebacks ( Gasterosteus spp.), and 
numerous species of Lake Malawi cichlids, have also been 
shown to communicate using either chemical, tactile, 
and/or acoustic cues as part of multimodal signals. 

Multimodal signals are less well studied among most 
invertebrates, but some of the best examples can be seen 
in insects, crustaceans, and spiders. Some insects, such as 
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Figure 1 Males of the Greater Sage Grouse (Centrocercus 
urophasianus) in the Great Plains of North American exhibit 
multimodal communication in courtship displays, using visual 
signals accompanied by acoustic ‘booming’ signals. Photo 
courtesy of Marc Dantzker, used with permission. 



Figure 2 Males of the North American Wild Turkey (Meleagris 
gallopavo) exhibit multimodal signaling during a courtship display 
that combines visual and acoustic signals. Photo by Bob Schmitz 
Cornell Lab of Ornithology. From Cornell Lab of Ornithology Birds 
of North America, used with permission. On-line: http://bna. 
birds.cornell.edu/bna/species/022/galleries/photos/ 
BOS_070802_00143D_S/photo_popup_view. 

Drosophila melanogaster and the Hawaiian Drosophila spe¬ 
cies, are well known for using visual, chemical, and vibra¬ 
tory signals during courtship and other communication 
contexts. Bert Holldobler has examined communication 
in a variety of ant species and demonstrated that not only 
do ants use a diverse array of chemical compounds 
but also that these signals are often combined with vibra¬ 
tory communication produced by stridulation, percussion, 
and tactile stimulation (Figure 6). Moreover, multimodal 
signaling in ants occurs in multiple contexts, including 
alarm signals, recruitment to food sources, and agonistic 


behaviors used in colony defense. In decapod crustaceans, 
chemical signals are common, but Melissa Hughes, Paul 
Moore, and colleagues have found that the sexual and 
aggressive responses of snapping shrimp and crayfish 
often vary depending on whether visual and/or tactile 
information is present. 

One group of invertebrates that has been extensively 
studied with respect to multimodal communication is the 
wolf spiders (Lycosidae), which often use visual and vibra¬ 
tory signals in their courtship behavior. Signal structure 
varies considerably within this family, as some species use 
only a single mode, while others incorporate both visual 
and vibratory components into their signals. Moreover, 
Jerry Rovner found that some species, for example, Rabidosa 
rabida , produce visual and vibratory signals separately at 
different times during precopulatory behavior, while 
others, for example, Schizocosa ocreata , use simultaneous 
vibratory and visual signals. With my colleagues and former 
students Gail Stratton, Sonja Scheffer, Will McClintock, 
Eileen Hebets, Matt Persons, Andy Roberts, Phil Taylor, 
Jeremy Gibson, and Dave Clark, I have conducted studies 
of multimodal communication in members of the genus 
Schizocosa , which includes several highly similar ‘cryptic’ 
species (the S. ocreata clade) that have apparently arisen 
from rapid speciation via behavioral isolation driven by 
sexual selection. Species within this clade are all similar 
in size, coloration, and genital characters, and females are 
hard to distinguish. Males, however, vary in foreleg 
decoration (partial pigmentation; full, dark pigmentation; 
tufts of bristles) and behavior. Male Schizocosa may use 
substratum-borne (seismic) signals, visual signals, or both 
in courtship behavior. The diversity of signal types used 
across species appears to serve as a premating isolation 
mechanism (Figure 7) (link to video of spider courtship 
w/sound). A number of examples from this research will be 
featured in the following sections. 

Categories and Mechanisms of 
Multimodal Signals 

Given the diversity of multimodal signals, questions nat¬ 
urally arise about what kinds of information they contain 
and whether a multimodal signal contains information 
that is the same or different from that in a unimodal 
signal. For example, ornithologists recognize bird species 
by both their songs and plumage patterns, but when birds 
perceive these signal components, what information do 
they obtain from them? Do the visual displays and sounds 
presented together in a multimodal signal by a singing 
bird ‘say’ essentially the same thing, for example, species 
identity? Alternatively, do they contain multiple kinds of 
information, for example, does song represent species 
identity, while plumage provides information on male 
condition or dominance status? 
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Figure 3 Images from videotape of vocalizing animals. Spectrograms were collected from videotape at the same frame as the picture, 
using a Kay Digital Sona-Graph model 7800. Horizontal bars mark 1-kHz intervals (1-8 kHz), (a) Adult male barking, with open 
mouth and ears back, (b) Adult female (845) giving a pant-threat vocalization, (c) Subadult female (X70) giving a broadband (‘noisy’) 
scream, (d) Adult male (C78) grunting, (e) Subadult male girneying and waving his tail. Although this girney contains primarily 
broadband components, girneys can also include narrow-band sounds (e.g., see spectrogram in Kalin et al., 1992). From Partan 
(2002) Single and multichannel signal composition: Facial expressions and vocalizations of rhesus macaques (Macaca mullata). 
Behaviour 139: 993-1027. 


Classification of Multimodal Signals and 
Responses 

Since the effectiveness of signaling is determined in large 
part by whether the sender receives an appropriate 
response from the receiver, much theory and research has 
focused on answering these questions from the recipient’s 
point of view. Animal communication researchers Sara 
Partan and Peter Marler have categorized multimodal sig¬ 
nals, on the basis of the information content of signals and 
the responses of receivers (Figure 8). 

Redundant Signals 

The first distinction that can be made between types of 
multimodal signals is between redundant and nonredundant 
signals. If individual components of a multimodal signal 
elicit the same response from a receiver when pre¬ 
sented separately, it is likely that they contain the 


same or similar kinds of information about the sender 
(e.g., species identity), and are therefore redundant. 
Researchers often refer to these different components 
as ‘back up’ signals, as each one may suffice if another 
is obstructed by environmental constraints or noise. 
However, not all receiver responses to redundant mul¬ 
timodal signals are the same, as some may be equal 
to unimodal signals in their intensity (equivalence), 
while the intensity of others is increased (enhancement) 
(Figure 9). 

Nonredundant Signals 

Alternatively, signal elements in component modes may 
contain distinctly different kinds of information, and 
responses of receivers to each mode of these nonredun¬ 
dant signals may be entirely different (Figure 10). 
Researchers often refer to these kinds of multimodal 
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Figure 4 Infrared video frames of a squirrel interacting with a 
rattlesnake, showing heat emitted during tail flagging (a), and 
a gopher snake, with nonheat emitting tail flagging (b) during 
experimental trials. From Rundus AS, et al. (2007) Proceedings 
of the National Academy of Science 104: 14372-14376. 
Copyright 2007 National Academy of Science USA, used with 
permission. 



Figure 5 The Tungara frog ( Physaelemeous pustulosus), 
produces its characteristic acoustic signals by inflating the vocal 
sac, which also serves as a visual signal. Photo courtesy of Marc 
Dantzker, used with permission. 



Figure 6 The ‘tournament’ behavior of the honey ant, 
Myrmecocystus mimicus. Many individuals from rival colonies 
engage in lateral displays, as between the two opponents here, 
vigorously antennating each others’ bodies. These multimodal 
signals include visual, tactile/vibratory, and chemical 
components. From Holldobler B (1999) Multimodal signals in ant 
communication. Journal of Comparative Physiology A 184: 
129-141. Photo by B. Holldobler; Copyright 1999 Springer, used 
with permission. 



Figure 7 Male Schizocosa ocreata wolf spiders signal to 
females with multimodal courtship displays that include visual 
signals (leg waving, tapping, conspicuous leg tufts) and seismic 
signals (substratum vibration produced by percussion and 
stridulation). Photo by George Uetz, used with permission. 


signals as containing ‘multiple messages,’ for example, 
while one mode provides information about species iden¬ 
tity, the other signals male quality. When nonredundant 
sets of signal information are combined into a multimodal 
signal, there are a variety of different kinds of responses 
that receivers can show. One possibility, signal independence , 
occurs when the response to a multimodal signal includes 
the responses to each of its unimodal components. 
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Figure 8 Classification of multimodal signals into categories. Each signal has components ‘a’ and l b’ (e.g., visual and acoustic), which 
can be redundant (upper section) or nonredundant (lower section). Geometric shapes symbolize responses of receivers to various 
signals when presented alone (left section), or when combined into a multimodal signal (right section). Size of geometric shapes indicates 
intensity of response, while different shapes indicate distinct responses. From Partan SR and Marler P (1999) Communication goes 
multimodal. Science 283:1272-1273. Copyright 1999 American Association for the Advancement of Science, used with permission. 



Equivalence 



Minor enhancement: 
greater than individual but less 

than sum 



Summation Multiplicative: exceeds sum 



Figure 9 Idealized responses to redundant signal components l a’ and l b,’ as well as a multimodal signal, ‘ab.’ Responses can be 
equivalent (left) or enhanced in several ways (minor, summative, multiplicative). From Partan S (2004) Multisensory animal 
communication. In: Calvert G, Spence C, and Stein BE (eds.) The Handbook of Multisensory Processes, pp. 225-240. Cambridge, MA: 
MIT Press. Copyright 2004 MIT Press. 


A second possibility is when the multimodal signal gen¬ 
erates a response seen with only one of the component 
modes. Here the component generating the response is 
considered dominant in relation to other modes. In some 
cases, the presence of one mode may modulate the 
response to another, as when the visual motion of a court¬ 
ship display increases responses to acoustic signals. Addi¬ 
tionally, when signals in different modes are presented 
as multimodal signals, that signal may receive an entirely 
different type of response compared to the response 
elicited by any single component. This is called emergence. 
An example of this was found by Candy Rowe with 


feeding studies of domestic chicks. Neither the color of 
food items nor the odor of toxic chemicals within them 
elicited a response, but when presented together, strong 
aversive behavior was seen. 

Complexity in Multimodal Signal Components 

While it is true that many animals create signals using two 
(or more) sensory modes, a closer look reveals that there 
may be even more to multimodal signals than simply the 
combining of communication modes. Whether or not the 
information contained by components of a multimodal 
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Figure 10 Proportions of responses of rhesus monkeys 
(submissive, aggressive, neutral) vary depending on whether a 
threat display is unimodal (silent - visual) or multimodal (visual 
accompanied by vocalizations). From Partan S (2004) 
Multisensory animal communication. In: Calvert G, Spence C, 
and Stein BE (eds.) The Handbook of Multisensory Processes, 
pp. 225-240. Cambridge, MA: MIT Press. Copyright 2004 MIT 
Press. 


signal is redundant, multiple signals may still be present 
in each component mode. To return to a familiar example, 
the multimodal signal of male North American Wild 
Turkey combines a visual fan tail display of multicolored 
feathers and an accompanying acoustic ‘gobble’ signal. 
However, there are other visual signals provided by the 
size of the ‘beard’ (a set of modified hair-like feathers that 
protrude from the breast), spurs on the tarsi, and the 
coloration of the wattle or dewlap (a flap of skin below 
the neck), caruncle (skin flaps along the side of the head), 
and snood (a fleshy projection hanging over the beak) 
(Figure 11). In addition, the acoustic component not 
only includes the familiar ‘gobble,’ but also several other 
acoustic elements (‘clucks,’ ‘putts,’ ‘purrs,’ ‘yelps,’ ‘cutts,’ 
‘whines,’ ‘cackles,’ and ‘kee-kees’) and a low-pitched 
drumming vibration. The various elements of this overall 
communication package have been shown to be associated 
with different aspects of the male’s current physiological 
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The gobbler is most easily 
recognized by the long 
beard growing from his 
chest, and the 
pronounced spurs, 
sometimes as long as two 
inches, found on the back 
of his legs. A gobbler 
appears larger, darker, 
shinier and is more 
colorful than a hen, 
especially on his head, 
which can alternately 
appear red, white, and 
blue. He often ‘puffs up’ 
and struts during spring to 
attract hens for breeding 
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Figure 11 The American Wild Turkey exhibits complex, multicomponent visual signals that include a ‘fan’ of tail feathers, bright red 
caruncles on the side of the head, a beard of breast feathers, and a snood of flesh hanging over the beak, as well as multiple 
acoustic signals. Website - http://www.nwtf.org/all_about_turkeys/new_turkey_look.html 
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state (arousal, reproductive status), body condition or 
health, level of parasitic infestation, or dominance status. 
Moreover, these elements function in both male-male and 
male-female interaction contexts. Because the multiple 
individual elements that together make up multimodal 
signals consist of individual traits and behaviors con¬ 
trolled by different alleles, and function in different con¬ 
texts, they may reflect different selection pressures and 
evolutionary pathways. 

Function and Adaptive Value of 
Multimodal Signals 

Courtship signals used by males have been studied more 
extensively than other signal types, and most researchers 
agree that they serve multiple functions in mate recogni¬ 
tion and mate choice of females. Studies in many animal 
taxa suggest that male signals attract female attention, 
allow females to recognize their species, and also convey 
information about male dominance status, condition, or 
genetic quality. Multimodal signals may simultaneously 
serve some or all of these functions. 

If One Sensory Channel Will Suffice, Why Use 
Multiple Channels? 

Because the use of sensory channels varies among animal 
species, there is considerable diversity in signaling behavior. 
An important question to address then is why some species 
use multiple modes, whereas others use only a single mode. 
Some species may be limited to unimodal signaling by their 
phylogeny, while others may be constrained by their ecol¬ 
ogy. Entire groups of phylogenetically related animal taxa 
use the same mode of communication, suggesting common 
ancestry and evolution. For example, crickets and katydids 
use acoustic signals and have highly developed acoustic 
senses. Differences in song structure between species 
allow species recognition and mate discrimination. How¬ 
ever, these insects are also nocturnal, which may preclude 
use of visual signals altogether. 

One explanation for multimodal signaling is that the 
signal redundancy that is possible with multiple commu¬ 
nication modes reduces mistaken identity at the species 
level or inaccurate assessment of suitability of a potential 
mate. A second possibility suggested by many researchers 
is that the use of multimodal signaling may compensate 
for variability in signal transmission under different sen¬ 
sory environments. Variability in signal transmission 
imposes constraints on signal detection, and creates the 
need for ‘back up’ signals. Another possibility is that 
different modes contain multiple messages and are useful 
in different contexts, for example, species recognition, 
territorial defense, male-male aggression, cooperation, 
male-female courtship, and mating. Finally, it is also 
possible that if senders can exploit multiple senses of the 


receiver at the same time, the signal may be stronger and 
may result in increased receiver detection and learning. 

Signal redundancy 

Results of several studies have demonstrated redundancy 
in signal information. For example, Tim Birkhead has 
shown that both visual (beak color) and acoustic (song 
rate) courtship signals of male Zebra finches ( Taeniopygia 
guttata) contain redundant information, as redder beaks 
and higher song rates signal better condition and higher 
mate quality. It is therefore likely that a female who is able 
to assess both visual and acoustic signals would receive 
more accurate information about male quality than with 
either mode alone. Redundant signaling may also prevent 
‘cheating,’ as was demonstrated by Marlene Zuk, Dave 
Figon, and Randy Thornhill in a study of red jungle fowl 
{Gallus gallus). They manipulated some male traits (color 
and size of comb) to exaggerate apparent quality, but 
females ignored those traits in favor of others when in 
conflict, suggesting that they were not fooled. 

Different sensory environments 

A subset of hypotheses regarding multimodal signaling 
suggest that redundant multimodal signals have evolved 
to compensate for environmental constraints on the effi¬ 
cacy of information transfer due to complex habitats and/ 
or noise. A previous study with my colleagues Sonja 
Scheffer and Gail Stratton found that the vibratory com¬ 
ponent of male Schizocosa ocreata courtship was very 
quickly attenuated in complex leaf litter and could not 
be detected beyond the leaf upon which the male was 
courting. Nonetheless, females on leaves different from 
those of the males could still recognize males on the basis 
of visual cues alone. Fikewise, Eileen Hebets found that 
male S. retorsa could successfully mate in the dark, as 
vibration signals alone were sufficient. 

Multiple messages 

A number of researchers have suggested that the individ¬ 
ual components of multimodal signals each convey dis¬ 
tinct information, often referred to as the ‘multiple 
message hypothesis.’ For example, studies of cardinal 
plumage, house finch coloration, and peacock displays 
have shown that different components of these complex 
signals may contain information on different aspects of 
male quality. Studies of the swordtail fish Xiphophorus 
pygmaeus by Mike Ryan, Molly Morris, and their collea¬ 
gues suggest that each signal mode provides information 
about a different aspect of the sender. When visual 
signals are presented alone, females prefer heterospecific 
X. cortezi over conspecifics, presumably on the basis of 
size. However, when chemical cues are present, females 
more often choose their own species. Moreover, when an 
additional visual cue (vertical bars) is added, females 
almost always choose their own species, suggesting that 
multimodal signals are critical to ensuring correct species 
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mating. These findings suggest that multimodal (chemical 
and visual) signals allow species identification, while 
visual cues alone may provide information on male 
quality. 

Increased receiver detection and learning 

Tim Guilford and Marian Stamp-Dawkins coined the 
term ‘receiver psychology’ to explain how the sensory 
capabilities of the intended receiver have shaped the 
evolution of signal design. A number of studies suggest 
that multimodal signals improve the detectability, dis- 
criminability, and memorability of signals. This can be 
critically important for insects that use antipredator stra¬ 
tegies involving aposematic coloration to advertise unpal¬ 
atable defensive chemicals, as the effectiveness of the 
strategy depends upon how well predators recognize 
and remember unpalatable prey. For example, Candy 
Rowe has examined the role of combined stimuli by 
studying the learning of food palatability in domestic 
chicks, and found that multimodal combinations of olfac¬ 
tory (chemical) and visual (color) stimuli increase the 
speed of avoidance learning and retention of learned 
aversions over unimodal stimuli. Dan Papaj and collea¬ 
gues have examined multimodal cues and foraging in 
bumblebees, and found that bees make more effective 
decisions when multiple cues from flowers were present, 
and that multimodal flower ‘signals’ (odor and color) were 
associated with consistently higher accuracy in food 
finding. 

Reliability of information 

Even if multiple modes allow redundant (or ‘back-up’) 
cues for species recognition under environmental condi¬ 
tions that may occlude or constrain unimodal signals, 
communication in a single mode (e.g., visual) may be 
more important in another context (e.g., male-male con¬ 
flict, mate choice). For some Schizocosa wolf spider species, 
individual channels (vibration or visual) may be more 
reliable as ‘honest’ indicators of condition as well as 
species identity. Gail Stratton, Sonja Scheffer, Will 
McClintock, Eileen Hebets, Jeremy Gibson, and I have 
found that variation in either visual male secondary sex¬ 
ual characters (presence/absence, size and symmetry of 
foreleg tufts) or seismic signals (stridulation, percussion) 
separately influence female receptivity (see Figure 5 - 
S. ocreata). Even so, when females were able to perceive 
both visual and vibratory signals together, absence of tufts 
did not affect receptivity. 

Potential Costs of Multimodal Signals 

While most studies of multimodal signaling have focused 
on the benefits of multiple versus single modes, there may 
be costs as well; so cost-benefit trade-offs have likely 
influenced the evolution of multimodal signals. In their 


extensive review, Eileen Hebets and Dan Papaj have 
pointed out that for many animals, multimodal signaling 
is akin to ‘multitasking,’ for which energetic expenses 
would be expected to be greater than a unimodal signal. 
Alternatively, the energy expended producing a signal in 
one mode may reduce the animal’s capacity to expend 
energy in another mode. 

Multimodal signaling could incur other fitness costs in 
addition to potential energetic expense. Multimodal sig¬ 
nals that are evolved to be conspicuous and easily recog¬ 
nized by intended receivers often inadvertently become 
‘public information,’ and as a consequence, may be inter¬ 
cepted and exploited by other, unintended receivers (also 
known as ‘illegitimate’ or ‘illicit’ receivers). Usually, there 
are two categories of signal exploiters: (1) ‘social eaves¬ 
droppers’ such as conspecific males, which can potentially 
exploit the information content of intercepted signals 
(e.g., potential strength of rivals, location of females) and 
(2) ‘interceptive eavesdroppers’ or ‘cue-readers,’ such as 
predators or parasites, for which the signal itself reveals 
the location of potential prey/host but information con¬ 
tent of the signal is unimportant. 

A variety of animals are known to eavesdrop on the 
interactions of conspecifics, and thereby gain knowledge 
of the relative competitive ability of males or the mate 
choice preferences of females. Mathieu Amy and Gerard 
Leboucher studied eavesdropping in male domestic 
canaries, and found that they use both visual and acoustic 
cues to eavesdrop and responded differentially to winners 
and losers of agonistic interactions they had witnessed. 
Research with my colleagues Andy Roberts and Dave 
Clark indicates that male S. ocreata wolf spiders show 
evidence of eavesdropping, as they can discern the 
presence of another courting individual (Figure 12). 
However, eavesdropping on either visual, seismic, or 
multimodal signals from other males does not always 
result in social facilitation of courtship behaviors by the 
eavesdropper, but appears to depend on experience and 
density of courting males. 

There are a number of examples of predatory and 
parasitic species using acoustic or visual cues to locate 
prey. Although predator detection of signals produced by 
prey or host species can be highly specific (e.g., parasitic 
flies of the genus Ormia attracted to mating calls of host 
cricket species), not all signal modalities are equally capa¬ 
ble of exploitation (e.g., chemical signals are less detect¬ 
able). In this case, multimodal communication may be a 
two-edged sword. There may be benefits of using redun¬ 
dant signals in different modes, in that they may deceive 
predators, but multimodal cues might make the sender 
more conspicuous. Using video/seismic playback, Andy 
Roberts, Phil Taylor, and I found that use of complex, 
multimodal courtship signals by S. ocreata increases the 
speed with which a common predator, the jumping spider 
Phidippus clarus (Salticidae), responds to courting males. 
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Our results indicated that the benefits of increased signal¬ 
ing efficacy of complex, multimodal signaling may be 
countered by increased predation risks. 

Integration of Signaler Behavior and Receiver 
Sensory Perception 

In order to understand the evolution of male courtship 
signals, it is necessary to assess the interaction of multiple 
sensory modes and signaling behaviors. Recent studies have 
attempted to integrate aspects of sensory biology and signal 
design theory with behavioral and ecological considerations 
to gain a better understanding of the evolution of courtship 
signals in mate choice. Some researchers have focused on 
what Tim Guilford and Marian Stamp-Dawkins call ‘stra¬ 
tegic design’ (relating to the function of the signal, e.g., 
conveying male quality) or the fitness-related benefits of 
mate choice related to male signals (reproductive success, 
offspring survival). Others have addressed ‘tactical design’ 


(relating to the effectiveness of the signal, e.g., getting 
female attention). The conclusion of much of their work is 
that the evolution of sensory systems, signal production, and 
behavioral responses are coupled, because when animals 
produce a signal to carry information in one modality, 
that behavior often results in additional cues that are per¬ 
ceived in other sensory modes, and thus a multimodal signal 
arises. As a consequence, multimodal signals are ultimately 
integrated messages. In a recent review, Eileen Hebets 
and Dan Papaj have suggested that understanding the evo¬ 
lution of complex multimodal signals requires a focus on 
proximate explanations (efficacy-driven hypotheses) for 
multimodal signals, as well as studying the interactions 
between signal modes (how the presence or absence of 
signals in one mode affects the perception of signals in 
other modes). 

How to Study Multimodal Communication 
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Figure 12 Responses of ‘eavesdropping’ male wolf spiders, (a) 
Mean total number (+SE) and (b) mean duration (s) (+SE) of bouts 
of jerky tap behavior during stimulus exposure periods for male 
Schizocosa ocreata exposed to live, courting and noncourting, 
male spider stimuli. From Roberts JA, Galbraith E, Milliser J, 
Taylor PW, and Uetz GW (2006) Absence of Social Facilitation of 
Courtship in the wolf spider, Schizocosa ocreata (Hentz) 
(Araneae: Lycosidae). Acta Ethologica 9: 71-77. Copyright 2006 
Springer, used with permission. 


To tease apart signal elements, and determine their effec¬ 
tiveness when presented alone and together, research on 
multimodal communication has involved several experi¬ 
mental techniques. One common technique involves 
isolating individual modes or channels of multimodal 
signals to observe responses of receivers to single versus 
combined modes. Cue isolation (single sensory modes) 
experiments allow manipulation of the sensory environ¬ 
ment so that only one type of stimulus is received. For 
example, studies of wolf spiders by my colleagues Eileen 
Hebets, Phil Taylor, and Andrew Roberts and I have 
tested responses of females to unimodal cues from court¬ 
ing males (e.g., eliminating seismic signals on isolated 
substrates, eliminating visual cues with opaque barriers 
or darkness), and compared them to cue-combination 
experiments (selected multiple modes presented together) 
(Figure 13). 

The use of video/audio digitization and playback 
(Figure 14) has created a number of opportunities for 
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Signaling environment (visual/seismic) 


Figure 13 Example of cue isolation experiment from Hebets 
EA (2008) Seismic signal dominance in the multimodal courtship 
display of the wolf spider Schizocosa stridulans. From Stratton 
(1991) Behavioral Ecology 19: 1250-1257. Copyright 2008 
Oxford University Press, used with permission. 
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the experimental study of multimodal signaling. Recent 
studies have used these techniques to manipulate sensory 
modes as well as various aspects of visual or acoustic/ 
vibratory signals. For example, Chris Evans and Peter 
Marler used digital video to create a virtual ‘audience’ 
(a video of another bird) as well as a virtual predator 



Figure 14 Playback of digital images - either rendered videos 
of real animals or ‘wireframe’ animations (below) - as visual 
stimuli alone or accompanied with acoustic cues, are gaining 
increasing use as experimental stimuli in the study of multimodal 
signaling behavior. See the ‘Virtual Pigeon’ website for more 
examples. http://psyc.queensu.ca/%7Efrostlab/neuro_eth.html; 
http://helios.hampshire.edu/~srpCS/Research.html 


(hawk) flying above for a caged domestic chicken. They 
found that both visual and acoustic cues from the audi¬ 
ence elicited more alarm calls in the presence of the hawk 
stimulus, but that multimodal cues increased the rate of 
alarm calling. Sarah Partan and colleagues have used 
audio playback alone, silent video playback, and both in 
combination to study the responses of female pigeons to 
male courtship behavior. They found that while audio 
playback elicited higher levels of female courtship ‘coo¬ 
ing’ responses than silent video, multisensory audio/video 
signals were more effective than either component pre¬ 
sented alone in eliciting full female receptivity response. 

My colleague Andrew Roberts and I have used 
video-audio playback in our studies of two wolf spiders, 
using digital recordings of male courtship to manipulate 
both the video and audio (seismic) components. We used 
cue-conflict (mixed conspecific/heterospecific compo¬ 
nents) experiments to identify which signals were impor¬ 
tant in species recognition. Female Schizocosa ocreata 
(a species with multimodal signals) responded most 
strongly when both video and audio playback from con- 
specific males were presented, and responded negatively 
to heterospecific signals. In contrast, S. rovneri (a species 
with unimodal seismic signaling) responded to audio/ 
vibration signals regardless of the video image (Figure 15). 

Recent advances have enabled the use of robotic 
animals in experimental studies of animal communica¬ 
tion, and a number of researchers have created them 
to mimic squirrels (Sarah Partan), birds (Gail Patricelli, 
Esteban Fernandez-Juricic), fish (Jens Krause), lizards 
(Emila Martins, Terry Ord, Chris Evans, Dave Clark, 
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Figure 15 Responses of female Schizocosa ocreata and 
S. rovneri to video/audio playback of conspecific and mixed 
species visual/seismic signals. From Uetz GW and Roberts JA 
(2002) Multi-sensory cues and multi-modal communication in 
spiders: Insights from video/audio playback studies. Brain 
Behavior and Evolution 59: 222-230. Copyright 2002 Karger 
Press, Basel; used with permission. 
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Joe Macedonia), and frogs (Peter Narins, Mike Ryan). 
These studies have successfully demonstrated that ani¬ 
mals recognize these simulacra as conspecifics, and 
respond accordingly, allowing experimental playback 
studies of multimodal and unimodal signals in the field. 

Conclusion 

Multimodal signaling in animals is a complex topic, and 
future researchers in animal behavior will find many 
research challenges. While a traditional (and highly use¬ 
ful) approach has been to study animal communication by 
partitioning modalities, this approach has tended to iso¬ 
late disciplines and reduce scientific communication. 
Given the current explosion of integrative and interdisci¬ 
plinary approaches to scientific questions in behavior, 
enabled by technological advances in neurobiology and 
genomics, opportunities for new research in multimodal 
communication seem limitless. 


See also: Acoustic Signals; Electrical Signals; Mating 

Signals; Olfactory Signals; Robotics in the Study of 

Animal Behavior; Sound Production: Vertebrates; Vibra¬ 
tional Communication; Visual Signals. 
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Introduction 

The use of magnetic information as a compass is among 
the most intriguing mechanisms used by animals to orient 
and navigate. Part of our fascination with the use of mag¬ 
netism comes from our inability to perceive it relying only 
on our sensory machinery. In recent decades, we have seen 
a burst of interest and research on how animals detect and 
use the Earth’s magnetic field. This article focuses on our 
current knowledge on the use of magnetic information as a 
compass for orientation and navigation in insects. 

The use of magnetic information in insects was first 
recognized in the late 1950s, with alignment of the body 
axis in termites relative to the Earth’s magnetic field. During 
the 1960s, interest in the alignment behavior increased, and 
several other species belonging to taxonomic insect Orders 
as diverse as Diptera, Coleoptera, Orthoptera, and Hyme- 
noptera were added to the list of insects with magnetic 
sensitivity. Although it has been difficult to interpret the 
biological meaning of such alignments, their discovery 
initiated further studies on the use of magnetic compasses. 
The discovery of bacteria, with magnetite crystals causing 
them to move in alignment with the Earth’s magnetic field, 
stimulated the search for magnetic compasses in a diversity 
of vertebrates and invertebrates, based on similar principles. 
Also, the continued analysis since the 1970s of the use of 
magnetic information by model insect species, such as the 
honeybee Apis mellifera and the fruit fly Drosophila melanoga- 
ster, not only showed that magnetic fields could be used 
under diverse contexts but also motivated the exploration of 
such capacities in other insect species. Thus, during the 
1980s and 1990s, research turned toward the search of a 
magnetic compass for navigation. Of particular interest 
were the species exhibiting long-distance migrations, 
which were predicted to rely on prominent compasses 
available across the unknown terrains of their migratory 
routes. This interest was further supported by additional 
findings of magnetic particles in insect tissues, which could 
become the substrate for the compass. 


However, determining the use of a magnetic compass has 
not been an easy task. Part of the problem is that magnetic 
compasses do not seem to be the primary tools within the 
multimodal systems of navigation. Thus, the role of the 
magnetic compass is often uncovered only after other sources 
of information, such as the sun or other significant land¬ 
marks, are unavailable or unreliable. On the other hand, 
experimental manipulations are constrained by our lack of 
understanding of the mechanisms underlying the magnetic 
compass. These two main problems have become the focus of 
research in the new millennium. First, the analysis of central 
place foragers, such as honeybees and ants, has allowed for 
controlled manipulations uncovering interactions of the 
magnetic compass with other navigational mechanisms. Sec¬ 
ond, model species, such as cockroaches, honeybees, and fruit 
flies are becoming essential for the understanding of proxi¬ 
mate causes. Particularly remarkable in this respect is the use 
of genetic manipulations in the fruit fly D. melanogaster. 

In general, understanding the use and role of magnetic 
compasses requires comprehension at different levels, 
from the nature and source of the magnetic cues to the 
mechanisms of perception, including the nature of the 
compass and interactions with other cues during the pro¬ 
cess of decision-making. Our current knowledge of these 
levels appears as a puzzle, where behavioral studies have 
contributed with most of the pieces. 

What Is Special About Magnetic 
Information? 

The primary source of magnetic information is the iron- 
rich molten core of the Earth, which makes it hold an 
enormous magnetic field with lines of force running from 
magnetic South toward the North Pole (conventionally 
named north and south relative to the geographic north 
and south, respectively). The magnetic lines of force vary 
in inclination, pointing upward in the southern hemisphere, 
parallel to the Earth’s surface at the magnetic equator, 
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Figure 1 A projection of the Earth derived from the World Magnetic Model (http://www.ngdc.noaa.gov/geomag) showing the intensity 
of magnetic flux in shades of red and the magnetic inclination from the magnetic equator to the poles in shades of blue. The North and 
South magnetic poles are not shown because the map ends at the eightieth parallels. Inset: A diagram showing the trajectory of the 
magnetic field from the southern geomagnetic pole to the northern geomagnetic pole. The equatorial line is the geographic equatorial 
line and so the inclination is zero on the line in only two locations (i.e., where the light blue line crosses the equatorial line at ca. 315 
degrees and at ca. 200 degrees). 


and downward in the northern hemisphere (Figure 1). 
Thus, these lines of force have both horizontal and vertical 
components, which can potentially be used by compasses. 
The horizontal parameter is easily described by the 
North-South polarity, whereas the vertical component is 
called inclination and depends on the angle at which the 
line of field at a particular location meets with the horizon¬ 
tal plane of the Earth’s surface. Inclination roughly corre¬ 
lates with latitude, decreasing from the poles where it is 90° 
(+90° at the magnetic north pole and —90° at the south 
pole) to 0° at the magnetic equator which roughly corre¬ 
sponds with the geographic equator. A third component of 
the Earth’s magnetic field is its intensity, with its maxima at 
the magnetic poles and minimum at the equator. Although 
two positions are at the same latitude, it is likely that they 
will have unique inclinations and intensities, such that an 
animal with the ability to sense both of these features may 
be able to use them as beacons identifying its position. 
Importantly, in addition to the global pattern of the Earth’s 
magnetic field, local deposits of iron may interfere with 
the Earth’s magnetic field, creating magnetic anomalies, 
which serve as beacons for orientation, navigation, and the 
construction of maps of local magnetic information. 

From the previous description, several particularities 
of the magnetic information can be drawn. First, it is 
continuously available everywhere on Earth. This marks 


a difference with, for instance, solar information, which is 
intermittently available above the ground and never avail¬ 
able below the ground. Second, it is intrinsically direc¬ 
tional in one of its components, with such directionality 
being relatively stable overtime (even after considering 
the changes in declination from 1 year to the next and the 
flipping of the magnetic poles in geological time). And 
third, it is spatially variable in two of its parameters 
(vertical component and intensity). 

For What Purposes Do Insects Use a 
Magnetic Compass? 

Body Alignment and Nest Construction 

Body alignment refers to the preference of individuals to 
orient their body axes relative to the lines of force of the 
magnetic field. In most cases, insects align themselves 
parallel or perpendicular to the field, but some interme¬ 
diate orientations have been reported. Early studies found 
body alignment in flies (Diptera) and termites (Isoptera) 
at rest. Body alignment has also been observed in bees and 
wasps (Hymenoptera), beetles (Coleoptera), crickets, and 
cockroaches (Orthoptera). Body alignments are evaluated 
by rotating or canceling the local magnetic field (a mag¬ 
netic coil design that might be used to reverse the 





























































































Magnetic Compasses in Insects 307 



Figure 2 A wood frame constructed with brass screws holds the copper wires wound in a Merritt 4-coil construction. The coil is 
positioned around the geomagnetic North-South axis. We transformed AC to DC electricity to power the coil with sufficient current to 
reverse the horizontal component of the Earth’s magnetic field. A white tent surrounds the coils to obstruct celestial cues and landmarks 
on the horizon. The PVC frame can hold a nylon net to prevent insects from escaping, and in the floor of the arena is a camera to observe 
the insects from a remote location. Inset: (a) AC-DC transformer; (b) Variac. 


horizontal component of the Earth’s magnetic field is 
shown in Figure 2). Under the experimental condition, 
an animal preferring a particular orientation aligns 
according to the artificial field; if the field is compensated, 
the preferences disappear. Following the manipulation, 
the animal realigns to the natural field. 

Although typically associated with resting behavior, 
body alignments may also be involved in more complex 
contexts. In some cases, body alignments may be over¬ 
ridden by other cues and may represent an adaptive, rather 
than a passive, response. Three remarkable examples are 
nest construction in honeybees and termites, alignment of 
waggle dances by honeybee foragers, and nomadic move¬ 
ments of the nomadic ant Pachycondyla marginata. 

During nest construction, compass termites ( Amitermes 
meridionalis) orient their gigantic mounds of northern 
Australia on the North-South axis (with some regional 
variation reported). Similarly, honeybees seem to rely on 
magnetic information during comb construction as sug¬ 
gested by the irregular combs built when magnetic altera¬ 
tions are experimentally introduced. In both species, the 
use of magnetic information during nest construction has 
been associated with the absence of directional cues in the 
dark and the need to coordinate many individuals 
involved in the task. Furthermore, in compass termites, 
the preference for the North-South axis may benefit nest 
thermoregulation, maximizing exposure to the sun during 
mornings and afternoons and minimizing it at noon. 
Indeed, regional variation in orientation is related to the 


environment in such a way as to suggest that nest align¬ 
ments with the magnetic field are adaptive. 

A preference for a magnetic axis is also evident during 
the waggle dance of the honeybee. Foragers dance to 
communicate to their hive mates the direction of a 
resource by transposing the angle between the sun and 
the resource to the angle between the gravity and the axis 
of their dance. The directions communicated exhibit sys¬ 
tematic errors that vary across the day (with the position of 
the sun). Such ‘misdirections’ disappear if the magnetic 
field is compensated, or if the direction toward the 
resource coincides with the cardinal directions. Thus, the 
waggle dance seems to reflect the preference of the hon¬ 
eybees to align with the magnetic field, as also observed 
during comb construction or when they are at rest. 

A colony of nomadic ants P. marginata relocates its nest 
with a preference to move on a North-South axis. Relocation 
of nests is associated with the capture of their only prey, 
the termite Neocapritermes opacus. Following relocation, 
they forage on either side across their migratory axis, 
enabling colonies to minimize overlap with areas that 
were previously searched. 

Tropotactic-Based Navigation 

In tropotactic behavior, insects move toward or away from 
a stimulus, such as light, humidity, or temperature. Such 
movements typically lead the animals to more favorable 
conditions within relatively short distances. In cases 
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where the directional stimulus and the magnetic field are 
spatially associated, an animal may substitute use of the 
latter as a directional cue if the primary stimulus is absent 
or lacks directional information. 

For example, fruit fly (D. melanogaster. Diptera) larvae 
exhibit negative phototaxis during their first three devel¬ 
opmental instars, but when they begin to search for a 
pupation site, they switch to positive phototaxis. In the 
right experimental setup, the light’s direction can be asso¬ 
ciated with the direction of the magnetic field. After 
experimental shifts of the field, fruit fly larvae reorient 
as predicted. 

As another example, mealworms (Tenebrio molitor. 
Coleoptera) show positive phototaxis in low or high rela¬ 
tive humidity, and negative phototaxis in intermediate 
conditions. Similar to fruitflies, the light’s direction 
can be associated with the direction of the magnetic 
field. This has been verified by shifting the magnetic 
field under homogeneous lighting or in the absence of 
light. Under homogeneous light conditions, adult meal¬ 
worms moved toward the predicted direction of greater or 
lesser light that was indicated by the rotated magnetic 
field, whereas they oriented randomly in darkness. 

Central Place Foraging 

Central place foraging is a challenging task that involves 
displacements between home and particular resources, 
typically food and mating areas. This implies that move¬ 
ments occur within a more restricted area than migra¬ 
tions, which allow animals to rely on their memory to 
recognize particularities of the terrain (e.g., visual land¬ 
marks). Within insects, research on the use of a magnetic 
compass during central place foraging has focused on the 
species of Hymenoptera, particularly ants and bees, and 
Isoptera (termites). 

The use of a magnetic compass during foraging is 
suggested by the ability of certain species to navigate 
home even when cues, such as sunlight and landmarks, 
are absent. Often, central place foragers may be evaluated 
in a natural context in which the location and nature of 
the goal is specified by the experimenter. Under these 
conditions, foragers are typically trained to visit a feeder 
where either the external state is manipulated (e.g., expo¬ 
sure to reversed fields or training to experimentally pro¬ 
duced magnetic anomalies) or their internal state is 
altered with strong disruptive fields (e.g., a brief magnetic 
pulse, Figure 3 or a strong bar magnet, Figure 4). 

Training in a discriminative paradigm has been used in 
the honeybee A. mellifera. Honeybee foragers can be 
trained to recognize the location of a food source based 
on differences between two locally produced magnetic 
fields. The repeatedly successful replication of this para¬ 
digm has proved that honeybees can rely on magnetic 
cues during foraging; yet this is not the only proof of 



Figure 3 Pulse magnet treatment of a migrating Urania moth 
captured flying across the Panama Canal. Should the compass 
be composed of single domain magnetite and arranged in a 
similar way to that in the magnetotactic bacteria, this treatment 
will reverse the geographic orientation of the moths upon release. 

such capacity or the only context in which honeybees 
use magnetic information. 

On the other hand, manipulations of the horizontal 
component may include a total reversal (180°) or a partial 
shift (typically 90°) of the magnetic polarity. Between 
these two variants, the partial switch is preferred because 
the total reversal may lead to axial distributions that are 
more difficult to interpret. Nevertheless, both manipula¬ 
tions have successfully provided evidence for the use of a 
magnetic compass in insects. Carpenter ants and honey¬ 
bees turn their orientations in experimental arenas 
according to the artificial magnetic shifts (magnetic field 
turned 90°). Similar changes are observed in termites 
when fields are shifted even less than 45°. On the other 
hand, under complete reversal of the magnetic polarity, 
foragers of weaver ants and leaf-cutter ants shift their 
homing orientation ~180° relative to bearings of control 
individuals, demonstrating that they can rely on a mag¬ 
netic compass for homing when other cues are absent. 

However, insects do not rely on magnetic compasses 
only when information from other compasses is not avail¬ 
able or reliable. This seems to be true particularly for 
central place foragers, which, as mentioned before, navi¬ 
gate within a familiar area. In this case, alternative 
mechanisms, such as landmark navigation, pheromone 
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Figure 4 Strong magnet treatment of migrating butterflies captured flying across the Panama Canal. Inset: Detail of a butterfly during 
exposure to a strong magnet bar. 


trails, or path integration, may be suitable enough for 
foraging and homing; yet, those mechanisms may interact 
with, or be supported by, a magnetic compass. Indeed, a 
path-integrated vector can be updated by the use of a 
magnetic compass in leaf-cutter ants, as demonstrated 
by the shift in the vector home after a reversal in the 
magnetic polarity or by the inability to orient homeward 
after exposure to a strong magnet. 

The use of landmarks may also be supported by a 
magnetic compass. During route learning, honeybee for¬ 
agers should recognize the location of the landmarks on 
the terrain based on a directional framework. Although a 
sun/sky compass may efficiently provide such a frame¬ 
work, a magnetic compass may act as an alternative if 
other cues are not available. The magnetic compass also 
has the advantage of providing an unambiguous system 
when compared, for instance, with a polarized sky. Mag¬ 
netic compasses may be of major importance for species 
living in the forest or in the dark, where landmarks are 
certainly available but neither the sun nor the sky can be 
reliably used. Indeed, termite foragers use a magnetic 
compass in conjunction with pheromones, in order to 
determine the trail’s polarity and indicate the goal’s 
direction. 

Long-Distance Migrations 

All the features described before have made the magnetic 
field a recurrent candidate to be a directional cue for 
long-distant migrants. Within insects, long-distant migrants 
include species of dragonflies, beetles, butterflies, moths, 
and locusts. In some of these insects, observations of 


directed migrations in the absence of celestial cues, such 
as sunlight, have been used to suggest the use of a mag¬ 
netic compass. This is the case for migratory butterflies, 
such as the monarch butterfly Danaus plexippus or the 
sulphur butterflies Aphrissa statira and Phoebis argante , all 
of which can orient with a sun compass, but are also 
observed migrating directionally under overcast skies. 
It is also the case for some migratory moths, such as the 
silver Y Autographa gamma , which maintain migratory 
directions on moonless nights. 

Results from experiments manipulating the magnetic 
environment and from experiments disrupting the com¬ 
pass support the hypothesis that insects may use a mag¬ 
netic compass for long-distant migrations. In Neotropical 
butterflies, natural migratory orientation is altered after 
exposure to a strong magnet (Figures 4 and 6). Also, 
orientation relative to migration can be reversed when 
the magnetic polarity is experimentally reversed (by a coil 
such as in Figure 2). Although in these manipulations, 
control groups do not always follow their natural direc¬ 
tions of migration, the significant differences with treated 
groups suggest sensitivity of the compass to the experi¬ 
mentally manipulated magnetic field. In addition, magne¬ 
tite crystals have been detected in the body of monarch 
butterflies and at least one of the Neotropical migrating 
butterflies (A. statira , see ‘Properties of the Insect Mag¬ 
netic Compass’). 

Of course, magnetic information is not necessarily the 
only or the primary mechanism that migrants may rely on. 
This fact makes the study of interactions between com¬ 
passes an exciting field of research but complicates the 
experimental evaluation of a magnetic compass, 
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especially in the field, where factors, such as weather and 
alternative navigational cues (e.g., landmarks, sun), are 
difficult to control. Therefore, field studies are often 
combined with laboratory manipulations; yet more con¬ 
trolled environments are not completely safe from con¬ 
founded effects or lack of motivation of the animals. 

Properties of the Insect Magnetic 
Compass 

The use of a magnetic compass requires several steps, 
from the acquisition (perception) of the information to 
its transduction and subsequent use during the process of 
decision-making. Our current understanding of these 
levels includes mainly behavioral evidence for the per¬ 
ception of the magnetic information and, in some cases, 
how such information interacts with other cues. To date, 
we lack a complete understanding of the mechanistic 
processes underlying the perception of magnetism and 
its integration into multimodal strategies of navigation. 
For example, it has only rarely been tested whether insects 
detect polarity from the horizontal component of the 
Earth’s magnetic field or from its inclination. Honeybees 
and ants obtain polarity information from the horizontal 
component of the Earth’s magnetic field, but recently, 
flour beetles Tenebrio sp. were shown to use the inclination 
of the magnetic field relative to gravity for short distance 
movements. 

The discovery that magnetotactic bacteria use chains 
of single-domain magnetite to cause them to move along 
the lines of magnetic flux stimulated the search for mag¬ 
netite in animals. The mechanism for a compass based on 
single-domain magnetite is similar to our anthropogenic 
compass. The magnetite crystals are rotated to align with 
the magnetic field, providing the animal with information 
on the field’s polarity. Although the mechanisms for neu¬ 
ral transduction have never been verified, it is hypothe¬ 
sized that magnetite chains are attached to ion channels so 
that magnetically induced realignments would lead to 
opening of the channels and cell depolarization. 

Support for the use of a magnetite-based compass 
comes from both behavioral assays and the presence of 
particles of magnetite in different species. Interestingly, 
the presence of magnetite is not exclusively associated 
with any organ in particular, and within an individual, it 
is not limited to a particular area. Its presence has been 
shown in diverse body areas such as the abdomen (e.g., 
honeybee A. mellifera), the thorax (e.g., monarch butterfly 
D. plexippus), the antenna (e.g., nomadic ant P. marginata , 
stingless bee Schwarziana quadripunctata ), and the head 
(e.g., fire ant Solenopsis invicta). 

Recently, a second magnetite-based configuration for 
sensing magnetic fields has been proposed for honeybees. 
In this system, variations in the field intensity are 


associated with changes in the size of magnetic granules 
(located inside iron deposition vesicles of trophocytes). 
Increases in field intensity lead to shrinking of magnetic 
granules in a direction parallel to the applied field and 
to their expansion perpendicular to the applied field. 
Furthermore, such changes in the magnetic granule’s 
size are associated with intracellular release of calcium 
from the trophocytes. As iron deposition vesicles are 
attached to the internal cytoskeleton, it is proposed that 
changes in the magnetic granules’ sizes induce relaxation 
or contraction of the cytoskeleton, which in turn, lead to 
the release of calcium ions for signal transduction. 

The radical pair compass is a mechanism proposed for 
sensing magnetic fields without magnetite. Photosensitive 
molecules are excited by the incidence of light, and an 
electron is elevated to the singlet excited state. Singlet 
radical pairs form with antiparallel spin, and there is a 
reversible conversion of singlet radical pairs with antiparallel 
spin to triplet radical pairs with parallel spin. The equi¬ 
librium state of the reversible reaction forming the two 
radical pairs depends on the alignment of the sensory 
system to the earth’s magnetic field. Presumably, the 
animal could sense the orientation of the magnetic field 
by comparing the amount of conversion from singlet to 
triplet radical pairs in different orientations. The conversion 
of singlet to triplet radical pairs would be symmetrical 
around the axial vector of the magnetic field, and thus 
serve as an inclination compass. Since photopigments, 
such as opsins, do not form radical-pairs in reaction to 
light, it has been proposed that other molecules, specifi¬ 
cally cryptochromes, may be involved in the magnetor¬ 
eception. Within insects, cryptochromes are found in the 
fruit fly D. melanogaster. ; which, accordingly, has a light- 
dependent magnetic compass. 

Indeed, a direct connection between cryptochromes 
and magnetic sensitivity was recently determined in fruit- 
flies. In a T-maze paradigm, fruit fly adults can be trained 
to associate the presence of a magnetic alteration with a 
food reward. Wild strains thoroughly learned the associa¬ 
tion, whereas Cry mutants (i.e., cryptochrome-lacking 
mutants) failed in the task. Wild strains that were trained 
in light spectra that do not activate the cryptochromes 
also failed in the learning task. 


Future Challenges and Prospects 

We have emphasized throughout this article that in order 
to understand orientation by insects with magnetic com¬ 
passes, we need to integrate how the information is 
sensed, how it is perceived and processed, and how the 
animal uses and responds to the magnetic information. 
The integration of those levels is probably one of the most 
interesting challenges for the near future. 
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First, we are in need of developing and refining the 
methodologies for the evaluation of the magnetic sensory 
system. We currently lack replicable behavioral para¬ 
digms enabling the simultaneous evaluation of neural 
activity while magnetic information is experimentally 
manipulated. Recent attempts aiming to standardize 
behavioral assays have relied on alignment behavior in 
cockroaches, which might be used under more restrained 
conditions (e.g., for electrophysiology recordings). How¬ 
ever, a magnetic compass involved in body alignment may 
involve completely different sensory organs and neural 
wiring relative to that involved in goal orientation. We 
have not yet found a specialized organ for sensing mag¬ 
netic information in insects. Concentration of magnetite 
in the head and antennae indicate that these sections 
might play a role in the magnetic perception of certain 
species. Research that focuses on the antennae and other 
body parts accessible for electrophysiological recordings 
will hopefully improve the chance of isolating the rele¬ 
vant sensory tissues. 

For example, the protein-stringing magnetite vesicles 
onto the bacterial cell fdament is known to be mamj. 
Researchers have suggested that a general survey of the 
Animal Kingdom be conducted for other species that 
express mamj. Similarly, an antibody to mamj could be 
used as a marker to structurally link magnetite crystals to 


neural cells. For example, magnetite has been observed 
with electron microscopy in the antennae of the nomadic 
ant P marginata. Is mamj also expressed in the same general 
region and can it be associated with neural synapses? 

In the previous section, we discussed the lack of 
research on a compass based on the polarity of the mag¬ 
netic field versus a compass based on inclination. If only 
the horizontal component of the magnetic field is experi¬ 
mentally changed, one cannot distinguish the two types of 
compasses. A complete experimental protocol would 
include a natural control, changing the horizontal compo¬ 
nent without changing the inclination, and reversing the 
inclination without changing the horizontal component 
(Figure 5). The experimental setup can be accomplished 
with two overlapping coils - one oriented about the polar¬ 
ity vector and another oriented about the vertical flux. 

Second, as the magnetic compass is part of a multi¬ 
modal system of navigation, research on the hierarchical 
and supportive interactions with other mechanisms war¬ 
rants further experimental efforts. Many animals rely on 
more than one compass, with the sun being a typical 
reference for diurnal insects. African dung beetles orient 
with polarized moonlight. When more than one compass 
is invoked, they may conflict with one another. For exam¬ 
ple, both the sun and moon compasses are based on the 
rotation of the Earth about its geological poles, whereas 
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Figure 5 Manipulations of the local magnetic field to distinguish a polarity compass from an inclination compass. Experiments would 
include a natural control, changing the horizontal component without changing the inclination (which will alter insect orientations 
whether a polarity compass or an inclination compass is operating), reversing the inclination without changing the horizontal component 
(which will alter insect orientations if they use an inclination compass but not if they use a polarity compass), and reversing both the 
inclination and the horizontal component (which will alter insect orientations if they use a polarity compass but not if they use an 
inclination compass). 
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the magnetic compass is based on the geomagnetic poles 
(true North lies in the Arctic Ocean, whereas magnetic 
North is offset 11° latitude onto the Canadian island of 
Ellsmere). The difference in orientation between the geo¬ 
logical and geomagnetic axes is called declination and 
varies with location on the Earth. In short range move¬ 
ments, declination will not be an issue, but over long 
distances, animals that use both a sun and a magnetic 
compass must calibrate one with the other. 

Over the longer term, the geomagnetic poles are not 
stable points. Declination changes on an ecological time- 
scale and the poles may reverse on a geological timescale 
(on the order of one-half million years). The most 
recent reversal was 750 000 years ago. For long-distance 
migrants, the Earth’s magnetic poles are stable within a 
generation, but an insect, such as a monarch butterfly, 
must have a means to reach its winter destination site in 
central Mexico encoded genetically. Thus, whether the 
insect’s preferred magnetic compass headings are plastic 
or hard-wired will be important to its success at reaching 
its destination. Finally, sunspot activity can disrupt the 
Earth’s magnetic field creating magnetic anomalies that 
ebb and wane on a 11-year cycle. For example, orientation 
of stingless bees S. quadripunctata at their nest entrance was 
altered by a magnetic storm in 2001. How do animals cope 
with changes in declination and magnetic anomalies? 

Third, how might insects use the magnetic field? Mon¬ 
arch butterflies east of the Rocky Mountains must carry 
the genetic blueprint necessary to fly from natal grounds 
to an overwintering site in the mountains of Michoacan, 
Mexico, as far as 5000 km away. Elaborate hypotheses for 
how they navigate en route involve the use of geomag¬ 
netic information. One particularly interesting feature is a 
magnetic anomaly at their destination that may guide 
their final approach like a beacon. On a more local scale, 
honeybees have been trained to detect spatial anomalies 
associated with nectar rewards, which can be used to 
measure their sensitivity to differences in magnetic fields 
or to set up experiments where orientation cues conflict 
with one another. 

We need to make experiments as natural as possible to 
investigate how insects use the magnetic field. Tethering 
of insects confounds body alignment with goal orienta¬ 
tion, orientations that may involve different sensory tis¬ 
sues and neural processing. Arenas that obscure celestial 
cues and landmarks cause insects to lose motivation to 
move toward a goal and attempt to escape instead. Insects 
that migrate for long distances or at high altitudes are 
notoriously difficult to study in these artificial settings. 
We have successfully tracked naturally migrating butter¬ 
flies, Urania moths, and dragonflies, as they flew over 
bodies of water, by following them in a boat. We have 
also conducted releases of butterflies and day-flying 
moths over water in order to conduct experiments in an 
open environment that is as homogeneous as possible 


(Figure 6). However, the boat has its limitations of dis¬ 
tance, and for nonmigratory species, a body of water could 
be an unnatural setting. Radio transmitters are becoming 
lighter in weight to the point that dragonflies and other 
migratory insects can be followed remotely (Figure 7), 
and the launch of low-orbiting satellites to track insects 
with satellite transmitters is on the horizon in project 
ICARUS (International Cooperation for Animal Research 
Using Space). 

The use of animal models, such as the fruitfly 
D. melanogaster or the honeybee A. mellifera , will certainly 
be of major relevance. This is exemplified by the recent 
genetic manipulations affecting the magnetic compass in 
Drosophila adults and providing us with a more detailed 
understanding of the mechanistic perception of magnetic 
information. Having genetic tools to integrate levels from 
sensory input to information processing and behavior 
output seem very promising. Nevertheless, it is also very 
important to consider the limitations of traditional models 



Figure 6 A butterfly released over the Panama Canal. 
Following manipulation of its internal state with a strong magnet, 
we measure the compass orientation on the horizon at which the 
insect vanishes (a vanishing bearing). 



Figure 7 A migrating Mormon cricket Anabrus simplex 
(Orthoptera) with a radiotransmitter glued to its thorax. 
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in aspects such as experimental manipulations and the 
extent to which they enable generalizations (i.e., at what 
degree they are really models). This is particularly true as 
our knowledge of the diversity of magnetism-associated 
behaviors increases. An example is the difference between 
magnetite and light-based magnetic compasses. Thus 
research on species, such as Drosophila , may shed light 
on the processing of magnetic information, but it may 
remain limited to those insects with a light-based mag¬ 
netic compass. 

Therefore, the exploration of magnetic compasses in 
other species is warranted. Increasing the range of species 
not only enables the evaluation of the taxonomic distribu¬ 
tion of magnetic compasses but, importantly, it might 
provide us with more suitable models for specific ques¬ 
tions. In this respect, the use of nocturnal species appears 
promising, since other relevant mechanisms of navigation, 
such as a sun compass or landmark navigation, are naturally 
controlled and, of course, those species might adopt the 
magnetic compass as the primary mechanism. A complete 
understanding of orientation by the magnetic compass 
will also provide a better comprehension of insect cogni¬ 
tion such as decision-making, learning, and memory. 

See also: Insect Migration; Insect Navigation; Magnetic 
Orientation in Migratory Songbirds. 
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Introduction 

The navigational challenges faced by migratory songbirds 
are both immense and complex. Whether migrating short 
or long distances, within or between continents, or to 
reach wintering or breeding sites, migratory songbirds 
must navigate across diverse landscapes, often facing 
large ecological barriers and adverse weather conditions, 
to reach habitats appropriate for their needs; indeed, 
many individuals are capable of migrating to the same 
breeding site and/or wintering site year after year. Such 
navigational feats impress amateur birders, naturalists, 
and scientists alike, and beg for questions about how 
small birds, often weighing only a few grams or tens of 
grams, manage to find their way. Moreover, while their 
final destinations have captured our attention for centu¬ 
ries, scientists have only begun to realize the importance 
of stopover sites, habitats where birds can rest and ‘refuel’ 
to continue migration. The success of the seasonal trips of 
these birds relies not only on reaching their destination at 
appropriate times but also by following ‘historical’ routes 
that provide adequate habitat along the way. 

To find their way, birds require a complement of 
navigation mechanisms and strategies, which allow them 
to cope with changing habitats and information as they 
move between equatorial and polar latitudes. Orientation 
cues available to songbirds, most of which migrate during 
the night, include celestial information, such as the stars 
and sunset (Figure 1), as well as the Earth’s magnetic 
field. While the use of the geomagnetic field is the focus 
of this chapter, birds must integrate or calibrate the direc¬ 
tion information they obtain from different cues. Much 
like humans and other animals that integrate information 
from their visual and vestibular systems to provide a sense 
of position and movement, migratory birds must use 
information from their visual system (about the position 
of the stars, setting sun, etc.) along with magnetic infor¬ 
mation in order to obtain their overall ‘sense of direction.’ 

Our goal is to provide an overview of what is currently 
known about magnetic orientation in songbirds. We will 
address both physiological mechanism(s) for sensing the 
Earth’s magnetic field, as well as ecological, or functional, 
uses of magnetic information. While we have known that 
songbirds are capable of orienting using the Earth’s mag¬ 
netic field for over half a century, there is much more to 
learn about magnetic sensing, how the nervous system 
encodes and processes magnetic information, and how 


birds use magnetic information in different ecological 
contexts and in combination with other directional cues. 
We hope this chapter provides an impetus for students of 
animal behavior to address these mysteries in the decades 
to come. 

A Brief History 

Even though the discovery of sensitivity to the geomag¬ 
netic field in animals is rather recent, the notion that 
animals might make use of geomagnetic information for 
orientation tasks is quite old. As early as the mid-to-late 
1800s, scientists suggested that the geomagnetic field 
might underlie the extraordinary navigational capabilities 
of birds and insects; Charles Darwin suggested that it 
might be worth investigating the effect of attaching 
small magnets to bees to try and manipulate their orien¬ 
tation behavior. However, it was not until the 1960s that 
Wolfgang Wiltschko, under the tutelage of Friedrich 
Merkel, was able to demonstrate that the orientation 
response of a caged migratory bird, the European robin 
(Erithacus rubecula ), was affected by the direction of an 
Earth-strength magnetic field. Although initial evidence 
for magnetic orientation was met with much skepticism, 
the body of evidence for magnetoreception in birds and 
other animals, including many species of invertebrates, 
fish, amphibians, reptiles, and some mammals, has grown 
quite rapidly in the past 45 years. Now even a skeptical 
reviewer of the literature would have to conclude that 
magnetoreception is a widespread sense among animals. 

Wiltschko and Merkel’s experimental design to test for 
magnetic orientation in birds is essentially still the method 
of choice for examining migratory orientation, although the 
technique has been modified slightly over the years. The 
technique is based on observations made by Gustav Kramer 
in the late 1940s; Kramer observed that captive (i.e., caged) 
migratory birds exhibit migratory, or nocturnal, restlessness 
(in German known as ‘Zugunruhe’). More importantly, 
Kramer noticed that the direction of the birds’ activity, 
which is indicated by increased hopping in their cages, 
corresponds with their seasonal migratory direction. To 
assess a bird’s orientation, Wiltschko and Merkel used radi¬ 
ally positioned, recording ‘event’ perches in an octagonal¬ 
shaped cage, which allowed them to monitor each bird’s 
position (i.e., directional preference) and activity. Currently, 
the most prevalent cage type used by researchers is the 
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circular ‘Emlen’ funnel (Figure 2), first used by Stephen 
Emlen to study stellar orientation in indigo buntings 

The key to demonstrate magnetic orientation is to 
show that birds change their absolute, or geographic, 
direction when the direction of the magnetic field is no 
longer pointing toward geographic North. ‘Magnetic 
coils’ are used to rotate the direction of the magnetic 
field; these three-dimensional coils are often cubical or 
octagonal in shape and wrapped with copper wire to 
which electric current can be applied to create an artificial 




magnetic field (Figure 3). With proper current and posi¬ 
tioning of the coil(s), Earth-strength magnetic fields can 
be created that differ from the actual Earth’s magnetic 
field only in direction; that is, a magnetic field can be 
created to point toward geographic East, South, West, or a 
variety of positions in between. Wiltschko and Merkel 
used such a magnetic coil to show that European robins, 
when given access only to magnetic cues, will consistently 
migrate to the north-north east; when the direction of the 
magnetic field was rotated, the birds changed their orien¬ 
tation to reflect the position of the magnetic field. 


N 



Migratory direction 



Figure 1 Illustrations of a sun compass (left) and a star, or stellar, compass (right). Celestial compasses each rely on the rotation of 
the Earth, which causes relative movement of the sun and the stars, to provide information about geographic, or true, North in the 
northern hemisphere. Left: Although most songbirds migrate at night, some are diurnal (or day) migrants. Diurnal migrants (and homing 
pigeons) can use the sun’s position along with an internal circadian clock to determine a migratory direction. In order to maintain a 
constant geographic heading, the angle between the migratory direction and the sun’s position changes with time of day. Hence, the 
need to coordinate direction with an internal clock is required to use a sun compass. Nocturnal migrants, which take off and land at 
sunset and sunrise, can use the position of the sun at sunset or sunrise to determine a direction just before departure or landing, 
respectively. Right: During the night, the Polar star (in the northern hemisphere) can be used by nocturnal birds to steer a heading. Birds 
can learn which star is the pole star by the rotation of other constellations around this immobile star in the night sky. 



Figure 2 A Savannah sparrow in an Emlen funnel. Inside this funnel-shaped, circular cage, which can either be lined with a recording 
paper (such as typewriter correction paper or thermal paper) or blank newspaper and an inkpad at the bottom, songbirds will hop. Either 
method results in marks (scratch marks or ink blotches, respectively) on the paper, which indicate the direction the bird was hopping. 
During migration, songbirds will tend to hop in the direction in which they would be flying when placed in Emlen funnels during dusk or 
evening. To test for solely magnetic orientation, visual cues can be blocked by covering the funnel with opaque, white Plexiglas. 
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Figure 3 A magnetic cube coil for manipulation of the Earth’s 
magnetic field. On the table in the center of this coil are several 
Emlen funnels for testing bird orientation. Each is covered with 
opaque, translucent Plexiglas, which will block out visual cues 
but allow some light to enter the funnel. The coil is doubly 
wrapped with copper wires, which allow two magnetic vectors to 
be created in order to change the magnetic field so that it can 
point toward geographic north, east, south, or west depending 
on which wire(s) electric current is applied to. 

Since these earliest experiments, researchers have not 
only demonstrated that the ability to use geomagnetic cues 
for orientation is widespread in songbirds (over 20 species 
have been examined to date), but similar methods have 
been used to provide the evidence for most of the ideas we 
present in this chapter. While technological advances in 
tracking devices (such as miniaturized telemetry devices 
and geolocators) are providing new methods to explore 
orientation choices in free-flying migrants, experiments 
on caged migrants have provided the bulk of our current 
knowledge about magnetic orientation. Indeed, Wolfgang 
Wiltschko, along with his wife Roswitha, have continued to 
explore magnetic orientation since the first experiments 
on European robins, providing a wealth of hypotheses, 
experiments, and data that have always been at the fore¬ 
front of research on magnetic orientation in birds. No 
review of magnetic orientation would be complete without 
acknowledging their lifetime achievements and their clear 
influence on their own students, their collaborators, and all 
of us who have worked on magnetic orientation. 

The Geomagnetic Field 

The Earth’s magnetic field is analogous to a field produced 
by a bar magnet. However, the geomagnetic field is actu¬ 
ally produced by a self-generating geodynamo, where 
fluid motion in the core of the Earth moves electrically 


conducting material across an existing field. The magnetic 
field lines leave the Earth in the southern hemisphere and 
enter the Earth in the northern hemisphere (Figure 4). The 
intensity of the geomagnetic field ranges from about 68 jiT 
at the magnetic poles, where the field lines stand vertically 
(known as an inclination, or dip, angle of 90°), to about 
23 pT around the magnetic equator, where the field lines 
are parallel to the Earth’s surface (inclination angle is 0°). 
The two magnetic poles are not static; rather they con¬ 
stantly drift or ‘wander.’ Moreover, the magnetic poles do 
not coincide with the geographic poles, which are defined 
by the axis of rotation of the Earth. The difference between 
a magnetic pole and its corresponding geographic pole 
(known as ‘declination’) is measured as an angle from any 
reference point on the Earth. Currently, the poles are wan¬ 
dering several tenths of a degree annually, which is called 
‘secular’ variation, and the total intensity of the Earth’s 
magnetic field has decreased by about 10% since 1900. 

Functions of the Earth’s Magnetic Field 
for Avian Migration 

The Avian Magnetic Inclination Compass 

The magnetic compass of migratory birds functions dif¬ 
ferently from the industrial compasses that humans use 
for orienteering. The needle of most commercially avail¬ 
able compasses points toward the magnetic North pole, 
which is why this type of compass is called a ‘polarity 
compass.’ The magnetic compass of birds is insensitive to 
the polarity of the magnetic field. Rather birds sense only 
the axis of the magnetic field and they must rely on 
magnetic inclination, or the dip angle, to determine direc¬ 
tion. Therefore, the avian magnetic compass is called an 
‘inclination compass.’ Birds use the inclination of the 
magnetic field lines to determine which of the two sides 
of the magnetic axis leads toward the magnetic equator or 
toward the closer of the two magnetic poles (Figure 4). 
The side of the magnetic axis where the magnetic field 
lines meet with the horizon always leads polewards, in 
both the northern and the southern hemispheres, and the 
side where the field lines and the horizon diverge always 
leads toward the magnetic equator. 

An experimental method to determine the type of 
compass (inclination compass or polarity compass) that 
an animal possesses is to artificially invert only the verti¬ 
cal component of the magnetic field with a magnetic coil 
surrounding a testing apparatus (such as birds placed in 
an Emlen funnel). Inverting the vertical component flips 
the magnetic field vector, that is, reverses inclination, 
but leaves polarity unchanged. Consequently, animals, 
such as birds, that possess an inclination compass will 
reverse their direction of orientation when the vertical 
component of the magnetic field is inverted, even though 
the polarity (i.e., N-S axis) of the magnetic field is 
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Figure 4 The Earth’s magnetic field (left) and function of the avian inclination compass (right). Left: The arrows near the Earth’s 
surface indicate the intensity (lengths of arrows), direction (direction of arrowhead), and angle of inclination (steepness of the arrows in 
relation to the surface of the Earth) of the magnetic field at a particular site. Right: The birds’ inclination compass is not sensitive to 
the direction of the magnetic field, but rather its alignment and sign of inclination. Birds do not distinguish between ‘north’ and ‘south,’ 
but between ‘equatorwards’ and ‘polewards.’ The side of the magnetic axis where the magnetic field lines meet with the horizon 
always leads toward the pole, in both the northern and the southern hemispheres, and the side where the field lines and the horizon 
diverge always leads toward the magnetic equator. 


unchanged. A polarity-based magnetic compass, such as 
the one commonly used by humans for orienteering, will 
not respond to an inversion of the vertical field (i.e., it 
would continue to point toward magnetic North). 

Similar to other sensory systems (such as the visual 
system), the functional range of the avian magnetic incli¬ 
nation compass also appears to be adaptable to different 
magnetic field intensities. Experiments with European 
robins demonstrated that birds are disoriented when tested 
in artificial magnetic fields weaker (16 and 34 pT) or stron¬ 
ger (60-105 pT) than the Earth’s magnetic field. However, 
preexposure to such unnatural magnetic fields for 1 h 
resulted in seasonally appropriate orientation, implying 
that the functional range of the magnetoreceptor is flexible 
and allows adjustment (although relatively slowly com¬ 
pared to other senses) to new magnetic conditions. 

Determining direction: a flexible migratory 
compass program 

Possessing a physiological magnetic compass provides 
birds only with a directional reference. Determining 
which direction to migrate (such as ‘equatorwards’ during 


autumn migration) requires birds to ‘know’ the appropriate 
direction to fly for their species. Andreas Helbig, Peter 
Berthold, Eberhard Gwinner, and others have shown that 
the general direction and distance (or length) of migration 
is, at least in part, determined by an inherited (i.e., genetic) 
migratory program in birds. Because this genetic program, 
available to juvenile songbirds on their first migration, 
encodes information about length of migration and direc¬ 
tion, it is called a ‘clock and compass’ migration strategy. 

The migratory programs of songbirds are similar in 
both hemispheres; species that breed toward the poles 
migrate ‘equatorwards’ after the breeding season in 
autumn when day length decreases, and ‘polewards’ in 
spring when day length increases. However, some species 
(or even populations within a species) may fly in one 
direction for part of their migration (such as southwest) 
and then change to a different direction for the remaining 
part of their migration (such as more southerly direc¬ 
tions). Therefore, determining the correct direction for 
successful migration can be more complicated than just to 
fly ‘equatorwards’ or ‘polewards,’ and even slight species- 
specific or population-specific differences in migratory 
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direction appear to be at least partially determined by 
genetic information. For example, when Helbig crossbred 
male and female blackcaps ( Sylvia atricapilla ) from two 
populations with different autumn migratory directions 
in Europe, the offspring oriented in a direction interme¬ 
diate to the two population-specific directions. 

Crossing the magnetic equator using an inclination 
compass is a challenging task for extremely long-distance 
migrants, such as bobolinks ( Dolichonyx oryzivorus) and 
garden warblers ( Sylvia borin). The horizontal alignment 
of magnetic field lines at the magnetic equator prevents 
the determination of direction with an axial, inclination 
compass. While crossing the magnetic equator, birds 
would thus have to rely on other compass cues, such as 
stellar patterns. Moreover, transequatorial migrants have 
to change their migratory program from ‘fly equator- 
wards’ to ‘fly polewards’ during fall migration, while at 
the same time the inclination compass information is 
ambiguous. Experimental evidence indeed suggests that 
exposure to the horizontal magnetic field at the magnetic 
equator triggers this change in migratory program. 

Energetic condition and iocai geography can 
influence orientation 

The migratory program of songbirds can be quite flexible 
during a single migratory journey. For example, birds can 
and will adjust their migratory direction to reflect their 
own energetic condition and/or local ecological features. 
Songbirds must be physically prepared for migration, 
which takes enormous amounts of energy, which they 
store largely as fat. Rather than carry excessive fat loads 
during migration, birds optimize migration speed and 
time, at least in part, by periodically arresting migration 
to replenish fat stores at suitable stopover sites en route. 
Especially important stopover sites are located just prior 
to or after crossing expansive ecological barriers, such as 
large bodies of water or deserts, where feeding and refuel¬ 
ing are difficult or impossible. At stopover sites near these 
ecological barriers, birds can gain significant fat to pre¬ 
pare for, or recover from, crossing the barrier. Orientation 
preferences of individual birds at these sites are depen¬ 
dent on both season and energetic condition of the birds. 
For example, upon encountering a large body of water 
(such as the Gulf of Mexico, one of the Great Lakes, or the 
Baltic Sea), fat migrants usually cross the barrier by exhi¬ 
biting ‘forward’ migration in a seasonally appropriate 
direction. In contrast, lean birds often orient in opposite 
directions (i.e., reverse orientation) of fat birds when they 
encounter these same barriers, or they at least discontinue 
migration temporarily until their energy reserves are 
sufficient enough to continue migration. Reverse orienta¬ 
tion may lead leaner individuals to more suitable stopover 
areas for refueling, with better food sources, less compe¬ 
tition for food, and/or less predation pressure. 


Comparing compasses - cue calibration 

Migratory songbirds use both celestial and geomagnetic 
information for compass orientation. Celestial patterns, 
such as a stellar compass, provide birds with information 
about true or geographic North or South (Figure 1). 
Having multiple compass mechanisms during migration 
can be advantageous. Under overcast weather, for exam¬ 
ple, birds cannot use their sun and star compasses, but 
need to rely on the magnetic compass. Likewise, the 
wandering of the magnetic poles makes magnetic infor¬ 
mation less reliable than geographically based compass 
mechanisms. The directional information from these two 
types of compass systems changes during migration 
because of the spatially changing relationship between 
geographic and magnetic North (i.e., magnetic declina¬ 
tion). Birds migrating at high arctic areas close to the 
magnetic North pole are exposed to particularly large 
changes in magnetic declination, because the differences 
between magnetic and geographic North are maximal 
there (Figure 5). 

Both before the start and during the migratory journey, 
birds can correct for magnetic declination by calibrating 
their magnetic compass with a celestial compass, thus 
prioritizing the information from the celestial compass 
(i.e., geographic, or true, North) over magnetic compass 
information. Although a controversial idea, polarization 
patterns of skylight near the horizon at sunrise and sunset 
may serve as the primary calibration reference for the 
magnetic compass in many migrants, such as Savannah 
sparrows ( Passerculus sandwichensis ) and white-throated 
sparrows ( Zonotrichia albicollis). These are the two times 
of day when the skylight polarization pattern is seen as a 
band of maximum polarization (BMP) across the zenith at 
a 90° angle relative to the position of the sun (Figure 6). 
The BMP intersects the horizon vertically; thus, detection 
is independent of horizon height. 

Geographic Positioning and Use of Magnetic 
Information for Noncompass Behaviors 

The occurrence of global geomagnetic gradients has led 
to several hypotheses for a magnetic ‘map,’ or geographic¬ 
positioning, sense. From the equator, both the intensity 
and the angle of inclination of the geomagnetic field 
increase toward the poles (as mentioned previously, see 
Figures 4-7). Map-based (or ‘true’) navigation requires 
nonparallel gradients of two or more geophysical features 
to determine one’s position relative to a goal in order to 
return to a familiar area following displacement. 
A bicoordinate map (one that would provide the equiva¬ 
lent of latitude and longitude) based on the geomagnetic 
field would require that an animal perceives at least two 
components of the magnetic field that vary geographi¬ 
cally, such as intensity and inclination, and that the two 
gradients be nonparallel. Geomagnetic intensity and 
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Figure 5 Illustration of magnetic declination at high Northern latitudes according to the World Magnetic Model of the Epoch 2000 
(http://geomag.usgs.gov/). Declination isolines in green and red denote positive (deviations to the east of geographic North) and 
negative values (deviations to the west of geographic North), respectively. Note that in some areas a magnetic compass and a celestial 
compass could be more than 50° off. Therefore, calibration at high latitudes is essential for birds to make use of their magnetic 
compass. 




Sunset 






Figure 6 The band of maximum polarization (BMP) of skylight at sunrise and sunset. Top: Three-dimensional view of the BMP that 
intersects the horizon at a 90° angle at sunrise and sunset. Middle: This pattern is always symmetrical to geographic North, independent 
of time of year and latitude. Bottom: Averaging of the BMP vectors available at sunrise and sunset would provide birds with a true 
geographic reference for calibration of the magnetic compass and corrections of magnetic declination. 


inclination mostly vary concomitantly along a north- 
south axis in the Americas and Europe and Africa and 
may provide only a unicoordinate map limited to latitu¬ 
dinal information for migrants on these continents. How¬ 
ever, in several regions (e.g., the Indian and South Atlantic 
Oceans, and parts of Europe), these two gradients are not 
parallel to each other, making bicoordinate geomagnetic 
navigation theoretically feasible (Figure 7). 

Because of local, regional variation in the alignment 
and steepness of geomagnetic gradients and temporal 
(such as daily or annual) geomagnetic variation, most 


hypotheses about map-based navigation presume that 
animals would have to learn the pattern of magnetic 
gradients within their home range or along their migra¬ 
tory route. Juveniles, that have not yet learned these 
gradients, would have to rely on other orientation strate¬ 
gies (i.e., the inherited, clock and compass strategy for 
migration as mentioned earlier). Displacement and re¬ 
covery experiments with free-flying migrants, as well as 
laboratory experiments, consistently support a purely 
compass-based orientation strategy in juvenile birds. 
Age-dependent recoveries of geographically displaced 











320 Magnetic Orientation in Migratory Songbirds 


180° 150°W120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180° 

60° N 

30° N 

0 ° 

30° S 

60° S 

180° 150°W120°W 90°W 60°W 30°W 0° 30°E 60°E 90°E 120°E 150°E 180° 

Figure 7 Total intensity (yellow lines) and inclination (red lines) of the Earth’s magnetic field according to the World Magnetic Model 

(WMM) 2000 (http://geomag.usgs.gov/). The total intensity is shown in 5000 nT steps and the inclination is shown in 10° steps. 



migratory European starlings ( Sturnus vulgaris) by Albert 
Perdeck first suggested that adults use a different orienta¬ 
tion strategy than do juveniles. After displacing thousands 
of banded starlings to the southwest of their autumn 
migratory route, adults were recovered in their usual 
population-specific wintering areas. However, juvenile 
birds, which had never migrated before, were recovered 
to the southwest of their population-specific wintering 
grounds. In other words, adults compensated for the geo¬ 
graphic displacement, whereas juveniles continued to ori¬ 
ent in a fixed compass direction without compensation. 

Direct tests of magnetic map hypotheses, where geo¬ 
graphic displacements are simulated by altering the inten¬ 
sity and/or inclination of the geomagnetic field, are few and 
in most cases involve ‘homing behavior’ in species other 
than songbirds. Eastern red-spotted newts (Notophthalmus 
viridescens ), spiny lobsters ( Panulirus argus ), and green sea 
turtles ( Chelonia my das) orient toward a home or capture site 
when exposed to magnetic field values that simulate dispa¬ 
rate geographical locations. Also consistent with map-based 
geomagnetic navigation, temporal variation and spatial 
anomalies in the geomagnetic field also affect homing ori¬ 
entation in pigeons ( Columba livia) and alligators ( Alligator 
mississippiensis). In songbirds, only Australian silvereyes ( Zos- 
teropsl. lateralis) have been directly tested for a magnetic map 
sense by examining their orientation responses to magneti¬ 
cally simulated geographic displacements. Silvereyes that 
breed in Tasmania migrate northwards to wintering sites on 
the Australian mainland and then southwards to Tasmania 
during spring migration. Fischer and others (including the 
authors of this article, in unpublished studies) have found 
that adult silvereyes, but not juveniles, became disoriented 
or reoriented during autumn migration when exposed to 
magnetic field values that simulate a northerly displacement 
(i.e., beyond their normal wintering range). Although other 


explanations are possible for the orientation behavior 
observed in these experiments, silvereyes may learn to use 
gradients in the geomagnetic field for at least a unicoordinate 
geomagnetic ‘map’ sense, which provides latitudinal infor¬ 
mation (see Freake et aL, 2006). 

Although it is unclear whether songbirds possess a 
magnetic ‘map’ sense, specific values of the geomagnetic 
field have been shown to serve as innate ‘sign posts’ (or 
sign stimuli) for locations along a migratory route. Genet¬ 
ically encoded geomagnetic values may stimulate an 
‘innate releasing mechanism,’ causing migrants to change 
migratory behavior at appropriate locations, such as at 
stopover sites or migratory boundaries. When exposed to 
gradually decreasing values of magnetic intensity and 
inclination, juvenile pied flycatchers ( Ficedula hypoleuca) 
shift their autumn orientation from southwest to southeast 
in magnetic fields that simulate those of southern Spain, 
as would freely migrating birds. Southeast reorientation 
toward Africa prevents the birds from migrating over the 
Atlantic Ocean. This example does not require birds to 
determine their position; instead, specific geomagnetic 
field values elicit an appropriate ‘programmed’ change 
in the bird’s behavior, orientation, or otherwise. Likewise, 
juvenile thrush nightingales ( Luscinia luscinia) increase 
feeding rates in a magnetic field simulating a known 
stopover site in northern Egypt. 

Identifying the Avian Magnetoreceptor(s) 

Early hypothetical biophysical models for magnetorecep¬ 
tion have led to the discovery of two candidate magnetor¬ 
eception systems in birds: (1) a light-dependent mechanism 
located in the eye and (2) an iron-based mechanism asso¬ 
ciated with the trigeminal nerve. Magnetic compass 
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orientation of both juvenile and adult birds is light depen¬ 
dent, affected by both wavelength and intensity, and in at 
least two species, it is lateralized to the right eye. In addi¬ 
tion, pulse remagnetization experiments and neurophysio¬ 
logical studies suggest that an iron-based mechanism 
innervated by the trigeminal nerve provides adult birds 
with magnetic information other than simply compass 
direction, possibly geomagnetic-positioning information. 

Light-Dependent Magnetoreception and 
Compass Orientation 

Magnetic compass orientation of migratory songbirds and 
homing pigeons is influenced when they are tested under 
different wavelengths (i.e., colors) of light. Experiments 
with songbirds, both adults and juveniles, in Emlen funnels 
illuminated with monochromatic lights demonstrate that 
birds tested under nearly monochromatic blue, turquoise, 
or green light (all relatively short wavelengths) were well 
oriented toward their seasonally expected migratory 
direction. Birds tested under longer wavelengths (i.e., yel¬ 
low and red), however, either became disoriented or 
showed approximately 90° shifted orientation. Experi¬ 
ments with European robins tested under green and 
green-yellow lights, which differed by only 8 nm, showed 
that the transition from oriented behavior to disorienta¬ 
tion occurred very abruptly. Light-dependent magnetor¬ 
eception varies in birds not only with wavelength, but also 
with light intensity (i.e., brightness) at the same wave¬ 
length, leading to shifts in orientation, disorientation, or 
axial alignment along the migratory direction. The inter¬ 
actions of wavelength and intensity of light on compass 
orientation are complex and still not well understood. 

Peter Semm demonstrated some of the first neuro¬ 
physiological recordings on magnetically sensitive neu¬ 
rons in bird brains. In the nucleus of the basal optic root 
(nBOR) and the optic tectum, Semm showed a clear 
involvement of the visual system in light-dependent mag¬ 
netoreception. His recordings demonstrated magnetic 
responsiveness to changes in the direction of a magnetic 
field and to slow inversions of the vertical component of 
the magnetic field, and thus strongly implied that light- 
dependent magnetoreception takes place at locations 
innervated by the optic nerve, with the eyes as likely 
candidates for the locations of receptor cells. Experiments 
testing the magnetic orientation of birds (i.e., European 
robins and Australian silvereyes) with one eye covered 
with light-proof caps suggest that light-sensitive magne¬ 
toreception is actually lateralized; mainly the right eye is 
involved in magnetoreception. Birds were well oriented 
and reacted to an inversion of the magnetic field when 
tested with the right eye open, but were disoriented 
when tested with the right eye covered. 

Currently, the most accepted magnetoreception model 
for the light-dependent magnetic compass, originally 


proposed by Klaus Schulten, suggests that an external 
magnetic field can modulate photon-induced processes 
in specialized photoreceptors. In this process, radical 
pairs of light-sensitive molecules are formed by photon 
excitation through light absorption similar to the photo¬ 
synthetic reactions. The interconversion between the two 
excited state products can be modified by an external 
magnetic field, resulting in the formation of different 
yields of singlet and triplet products (the triplet products 
being the signaling state). Cryptochromes, candidates for 
such a magnetoreception molecule, have been found in 
retinas of two migratory bird species, European robins and 
garden warblers. Photoreceptors containing such magne¬ 
tosensitive molecules arranged in an ordered array in the 
eye would respond differently, depending on their relative 
alignment to the magnetic field. Birds would be able to 
‘see’ the magnetic field lines as a three-dimensional pat¬ 
tern of light irradiance (i.e., brightness) or color variation 
in their visual field or through a dedicated parallel path¬ 
way in the brain (Figure 8). 

The use of low-intensity oscillating radiofrequency 
magnetic fields (RF fields) in the lower MHz range 
(0.1-100 MHz) has been established as an important tool 
to test whether a radical pair mechanism is involved in the 
primary magnetoreception process of an orientation 
response. RF fields of distinct frequencies interfere with 
the interconversion between the excited states of the 
molecule(s) and can mask or alter the magnetic field 
effects produced by the Earth’s magnetic field. RF inter¬ 
ferences can lead to either disorientation or change in 
orientation, depending on the amount and type of change, 
and how the animals integrate the information into a 
migratory direction. Experiments with European robins 
exposed to such RF showed that birds become disoriented 
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(a) (b) 

Figure 8 Illustration of light-dependent magnetic compass 
perception through magnetosensitive photoreceptors. 

(a) Magnetic field vector (arrow) and three-dimensional pattern 
which birds are thought to perceive, consisting of a dark area 
on each side of the magnetic field axis and a ring in the center. 

(b) Visual pattern perceived by a bird, depending on the relative 
alignment of the magnetoreceptors and the magnetic field; in this 
example, the bird is facing toward magnetic North with the 
eyes horizontally aligned at two different latitudes (i.e., magnetic 
field inclinations of 30° and 60°, respectively). 
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when tested under either a broadband RF field or distinct 
single frequencies in the lower MHz range. Iron-based 
magnetoreceptors, in contrast, would not be affected by 
RF fields, because the rotation of iron oxide particles, 
such as magnetite, would be too slow and the ferromag¬ 
netic resonance frequency is expected to be in the GHz 
rather than MHz range. 

Iron-Based Magnetoreception 

A magnetoreceptor based on a direct interaction with the 
magnetic field is fairly easy to imagine if one considers 
coupling a tiny biological ‘bar magnet’ with a sensory neu¬ 
ron; pull on or rotation of such a biological ‘micromagnet’ 
could, in theory, be detected by a mechanoreceptor-like 
neuron. Magnetite (Fe 3 0 4 ) is a biogenically produced com¬ 
pound that exhibits ferromagnetic properties, which could 
give rise to such a ‘bar magnet’ based magnetoreceptor. In 
fact, particles of magnetite have been shown to be responsi¬ 
ble for geomagnetic alignment of some anaerobic bacteria. 
In the mid-1970s, Richard Blakemore and Richard Frankel 
found that both living and dead marine bacteria from the 
North Atlantic passively oriented parallel to the magnetic 
field lines; the anterior end of each bacterium was pointed 
northward and downward (as are the lines of inclination in 
the northern hemisphere; Figure 4). In living bacteria, fla¬ 
gellar motion at the posterior end of the organism results in 
movement of the organism along the field lines toward the 
anaerobic areas of sediment at the water-substrate boundary. 
A variety of magnetotactic bacteria and algae have been 
found in both fresh and marine waters of the northern and 
southern hemispheres. In each case, long chains of (single 
domain) magnetite particles or, in some cases, greigite (an 
iron sulfide) are present within the bacteria and cause pas¬ 
sive alignment with the geomagnetic field lines. 

To confirm the role of magnetite in the orientation 
of these microorganisms, Blakemore (and his colleague, 
Adrianus Kalmijn) remagnetized the chains of magnetite 
in bacteria with a strong magnetic pulse oriented antiparal¬ 
lel to the orientation of the bacteria. This technique, known 
as ‘pulse remagnetization,’ will remagnetize (i.e., reverse the 
polarity of) any permanently magnetic particles; however, 
paramagnetic particles such as radical pairs will not be 
permanently affected. After pulse remagnetization, the 
magnetotactic bacteria oriented in the opposite direction 
showing that the magnetic pulse had reversed their ‘behav¬ 
ior’ by reversing the polarity of their magnetite chains. 

The findings in bacteria triggered the search for a 
magnetite-based magnetoreception mechanism in ani¬ 
mals. Magnetite is a fairly ubiquitous biogenic compound 
in animals and has been reported in insects, birds, fish, and 
mammals; it occurs in a variety of tissue types including 
the nervous system. In order to be useful for magnetic 
orientation, however, a magnetite-based magnetoreceptor 
would need to be associated with a directionally selective 


sensory system. Physiological, anatomical, and behavioral 
studies have all provided evidence for an iron-based 
mechanism associated with the ethmoid, or nasal, region 
in birds and fish. Using traditional neurophysiological 
techniques, Robert Beason and Peter Semm first demon¬ 
strated that the ophthalmic branch of the trigeminal 
nerve, which innervates the ethmoid region of songbirds, 
is sensitive to changes in Earth-strength magnetic fields. 

Recently, Gerta and Guenther Fleissner and others 
more fully described iron-containing structures in the 
dendrites of the ophthalmic branch of the trigeminal 
nerve in the upper beak of homing pigeons. The complex 
structures were found to contain both platelets of maghe¬ 
mite (another ferromagnetic iron oxide) and small round 
intracellular ‘bullets’ of magnetite, which are influenced 
by local magnetic fields around the sensors to detect the 
magnetic field and likely also amplify it so that sensory 
transduction can take place. Thus, geomagnetic transduction 
may work similar to other senses such as hearing, where 
the stimulus is amplified to increase detection. These iron- 
containing sensory neurons were found in three pairs, 
bilaterally arranged within the upper beak. Each pair is 
aligned along a different axis, so that when taken together, 
they could act as a three-dimensional magnetometer to 
detect multiple components of the magnetic field, analo¬ 
gous to a human-made three-axis magnetometer. With this 
structure, birds could sense both the direction and the 
intensity of the surrounding magnetic field. 

Pulse remagnetization experiments similar to those 
conducted on magnetotactic bacteria have provided evi¬ 
dence that some aspect of magnetic orientation in birds is 
mediated by an iron-based magnetoreception mechanism. 
However, the characteristics of this trigeminal magnetic 
system suggest that it may mediate a magnetic ‘map’ sense 
rather than a magnetic compass sense. When birds are 
exposed to a strong magnetic pulse designed to remagne¬ 
tize magnetite particles, a change in the direction of 
migratory orientation is observed in adult birds, but only 
when the trigeminal nerve is intact. If information from the 
trigeminal nerve is blocked with anesthesia, bobolinks can 
still show magnetic orientation, but the effect of the pulse 
(i.e., a shift in their orientation) is no longer evident. In 
other words, pulse remagnetization does not influence the 
adult’s compass sense. Likewise, juvenile songbirds cap¬ 
tured prior to their first migration, which should not have a 
map sense, are unaffected by pulse remagnetization. Inter¬ 
estingly, trigeminal neurons exhibit the requisite sensitiv¬ 
ity to extremely small magnetic field changes that would 
be expected for precise geographic positioning. 

Conclusion 

Since the discovery of magnetic orientation in the Euro¬ 
pean robin and other songbirds, researchers have begun to 



Magnetic Orientation in Migratory Songbirds 323 


investigate many proximate questions about the genetics 
and development of magnetic orientation and the sensory 
‘rules’ and processing of magnetic information. Despite 
almost 50 years of research, we still do not understand 
many of the basic rules of operation of this sensory system 
or its ecological functions; even the elusive magnetore- 
ceptor(s) and magnetoreception mechanism(s) in birds 
have yet to be conclusively identified. Like many other 
senses, however, magnetoreception appears predisposed 
to be ‘tuned’ to Earth-strength magnetic fields, able to 
adapt to changes in the magnetic field, and to provide 
more than one type of information (e.g., birds appear to be 
able to detect both quantity, or magnetic field strength, 
and quality, such as magnetic inclination). Moreover, 
magnetoreception is not used alone for navigation. Rather, 
songbirds are capable of multimodal processing (i.e., com¬ 
bining magnetic and visual cues) in order to determine a 
direction for orientation during migration. However, how 
birds combine information from different compass types 
in their nervous system is still largely unknown. Further¬ 
more, the functional role of geographic variation in the 
geomagnetic field for map-based navigation, geographic 
positioning, or sign post navigation needs to be more fully 
explored in species with different migratory pathways and 
constraints. Another 50 years of research on avian magne¬ 
toreception, including behavioral studies on caged and 
free-flying migrants, physiological and anatomical inves¬ 
tigations of neurological mechanisms, and collaborations 
of biologist and physicists will likely lead to some of these 
answers and to the inclusion of this important sensory 
system in textbooks on animal behavior, physiology, and 
sensory systems, where it has largely been ignored. 

See also: Amphibia: Orientation and Migration; Bird 
Migration; Magnetic Compasses in Insects; Maps and 
Compasses; Sea Turtles: Navigation and Orientation. 
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Avast amount of studies can be found on the phenomenon 
of magnetic-field-guided behavior. In nearly all animal phyla, 
species have been shown to use parameters of the Earth 
magnetic field for navigation and orientation (Figure 1). 
Also, various physiological processes make use of infor¬ 
mation of the local magnetic field: for example, migratory 
birds grow fat before they cross the Mediterranean Sea 
and the Sahara desert and lose weight on their way back - 
under the control of the correct geomagnetic coordinates. 
Therefore, in laboratory studies, these processes can only 
be observed when the geomagnetic landmarks are simulated. 
Even in plants, phenomena have been demonstrated to 
depend on special geomagnetic parameters. So, it is no 
surprise that magnetic-field-guided behavior is frequently 
reported in additional organisms. 

Another topic, which has gained great interest among 
researchers and especially practitioners, is man-made 
electromagnetic radiation and its putative impact on body 
and brain, especially at the biochemical and tissue level. 
These studies deal with conditions different from the natural 
geomagnetic field and are not concerned with the analysis 
of the basic processes involved in the magnetoreception 
of animals. 

Despite much interest in the area, the mechanisms 
underlying magnetoreception are still enigmatic and 
obviously pose a challenge for researchers from different 
scientific areas. Several hypotheses and myths have evolved, 
and up to now, seem to dominate - and sometimes distort - 
the discussion of upcoming solutions to this fascinating 
question (Box 1). In order to find sound concepts for ani¬ 
mals’ magnetoreception, we will try to recall the essential 
physiological and physical background knowledge, which 
has to be respected before you may name a structure a 
magnetoreceptor. Once a promising structure has been 
found, studies can be planned to verify its function (within 
biologically relevant magnetic field conditions) and all 
steps of the related information processing pathways 
controlling behavior and/or physiology. 

Although a relatively poorly understood sense, here 
we open the ‘black box’ and follow the steps inside 
between the magnetic field - as input to the organism, 
and magnetic-field-controlled behavior as output phenom¬ 
enon, recalling on the way the cascade of physiological 
principles required (Figure 2). Examples will be given 
at each level of magnetoreception and magnetic field 
perception. 


Parameters of the Earth Magnetic Field 
Relevant for Magnetoreception 

The Earth’s magnetic field is omnipresent. It is never hidden 
behind clouds or invisible in a daily cycle like the planets 
or transient like sound and smell. The Earth has many of 
the features of a huge dipolar magnet (Figure 3), where each 
geographic position is characterized by the local magnetic 
vector: the vector direction derived from the orientation and 
inclination of the local magnetic field lines, and the vector 
length as field intensity. The field lines run from the South 
Pole toward the North Pole (the magnetic South Pole next 
to the geographic North Pole and the magnetic North 
Pole near the geographic South Pole). This shows the 
inclination of the field lines to be maximal near the poles 
and parallel to the earth surface at the equator. The total 
intensity of the geomagnetic field is lower near the equator 
and higher poleward. 

Some remarkable deviations of the smooth and stable 
dipole magnet model Earth may occur depending on: 
(1) The local magnetic ‘topography, ’which may show anoma¬ 
lies like magnetic hills and valleys, mainly originating 
from ancient volcanic activities. Detailed magnetic maps 
are available to be consulted as reference, for example, 
when selecting a release site for homing studies. (2) Slow 
continuous modulations of up to 500.. .nT. (3) Time of day. 
depending on the sun spot activity and the rotation of the 
Earth, the mean magnetic flux is lower at noon than in the 
evening or morning, especially during the summer, and 
especially on the sun-facing side of the earth. These 
parameters (1-3) must be controlled, when the Earth 
magnetic field is used as a reference in magnetic orientation 
experiments. (4) Magnetic storms , solar flares, or approach¬ 
ing thunderstorms may induce generally short but strong 
changes of the geomagnetic fields. They provide severe 
interference with electronic equipment (the last great 
geomagnetic storm happened 13 March 1989 affecting volt¬ 
age regulation relay operations in Canada and North 
America) and also animal orientation (reported for migra¬ 
tory and homing and long-distance marine travelers such 
as dolphins and whales). Such animal reactions may indi¬ 
rectly hint toward the physiological limits of biological 
magnetic receptors, that is, which intensities and slopes of 
magnetic stimuli are used for the magnetic-field-controlled 
behavior or body functions. (5) Long-term variations far 
beyond the lifespan of any animal: the field intensity 
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Figure 1 Schematic overview on animals investigated concerning magnetobiology. As background, Ernst Haeckel’s tree of life 
(The Evolution of Man, 1874) provides a rough survey on an old systematic affiliation of the studied organisms (German terms according 
to Haeckel’s original presentation). The intensity and the quality of the respective magnetobiological analyses are not respected. 

Data mainly according to listings in Wiltschko W and Wiltschko R (1995); pictures: private or public domain. 
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Box 1 Myths and Facts 

• Myth : Magnetite incrustations hint toward putative magnetoreceptors: WRONG. 

Metal oxides can be found in hard body appendages like the radula of snails or the sting and the mouthparts of arthropods. Here, the 
metal inclusions serve to harden the delicate structures; sensory innervations are missing, which excludes their involvement in 
magnetoreception. 

• Myth : Magnetite accumulations in central nervous tissue hint to a magnetoreceptor site: WRONG. 

Magnetite in the brain often occurs as leftover of the iron metabolism, with an increased amount along with inflammation, degeneration 
or neoplasmic processes. The central nervous system in vertebrates is no sensory organ and therefore cannot monitor parameters of 
the geomagnetic field. Likewise, magnetite in different organ systems is rather a by-product of the iron metabolism than an indicator of 
magnetosensation - unless it is localized within or next to sensory nerve endings. 

• Myth : All metazoan magnetoreceptors originate from endosymbiontic magnetotactic bacteria, and therefore, must be composed of 
chains of single domain magnetite crystals: WRONG. 

Magnetotactic bacteria are not universal model systems for magnetoreceptors. Their magnetosomes are no component parts of a 
magnetomechanical transducer process. By means of their magnetosomal chain, bacteria are passively aligned in the geomagnetic 
field. The bacterial magnetosomes can contain magnetite or maghemite or Greigite or no iron at all. Even here, magnetite is not an 
obligatory magnetic material. This myth is persistently defended in order to antagonize ‘noniron’-based magnetoreceptor mechanisms 
in metazoans. 
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Figure 2 Schematic overview of the different steps from magnetoreception to magnetic-field-guided behavior. 


varies by 0.05% per year and has a westward drift of 
0.2° per year with a period length of several thousand 
years before it returns to the past position. (6) Reversal of 
the polarity.\ which may happen periodically at an average 
interval of 250 000 years. About 730 000 years ago, the last 
change occurred and can be detected in studies of mag¬ 
netic rock. 

We will refer only to the geomagnetic parameters, 
available for animals in their natural environment. Labo¬ 
ratory conditions with extremely high field intensities or 
high-frequency variations of the magnetic field, magnetic 
pulses, may evoke changes in tissues and molecules, but 
the results do not necessarily show these elements are 
components of magnetoreceptors. Good receptor candi¬ 
dates must match the limits and dynamics of detectable 
natural field conditions, derived from thorough behavioral 
and receptor physiological studies. Astonishingly small 
and slow changes of magnetic flux, field direction, and 
inclination may serve as a magnetic map and compass. 


Intensity and inclination of the magnetic field vary by 
about 3 nT kni and 0.01° km - , and experiments with 
birds, reptiles, mammals, amphibians, or fish indicate that 
they may react to changes of field intensity of less than 
50 nT and a difference of inclination of about 1°. This 
means that, for example, they can reliably recognize min¬ 
ute deviations from their migratory route and intended 
landing place. 

For our topic, magnetoreception, two characteristics 
are central: (1) The magnetic field is omnipresent and 
perpetual; this means life has always experienced it, and in 
common with gravity most probably cannot exist without it. 
Both features together provide a reliable reference for 
the determination of position and posture of an organism. 
(2) The geomagnetic field vector cannot be detected by a 
‘far sense.’ Only the local field conditions count, detect¬ 
able by a ‘near sense.’ Simply expressed, the magnetic 
vector behind the next corner or hill cannot be ‘seen.’ 
But studies (with birds) have shown a gate open for about 
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Figure 3 The Earth’s magnetic field appears to be formed by a 
huge bipolar magnet with its magnetic South Pole next to the 
geographic North Pole, and the magnetic North Pole next to the 
geographic South Pole. The magnetic field lines run from the 
magnetic North Pole to the magnetic South Pole. By ‘tradition,’ 
the magnetic North Pole is named South Pole and vice versa; 
thus, the compass needle is said to point to the ‘North.’ 

half a year for imprinting the landmarks near the home 
place: experience and learning offer a continuously 
growing ‘mental’ magnetic map, which then can serve as 
reference for the evaluation of the current magnetic 
parameters. 

Physical Principles and Technical 
Devices for Measuring Magnetic Field 
Parameters 

Geographic positioning during navigation requires 
devices, which can measure the local magnetic vector, 
that is, the direction, inclination and intensity of the 
magnetic field, determined by a magnetic compass and a 
three-axial magnetometer. 

The Magnetic Compass 

Long before the Earth was understood as a dipole magnet, 
in the third century BC, Chinese engineers had discovered 
the magnetic compass, a tool always pointing in the same 
direction independent of its spatial position. This fol¬ 
lowed from finding of magnetic rocks, iron ore, later 
named ‘loadstone.’ Metal rubbed with this stone became 
magnetic. This natural phenomenon was an attraction for 
the public, for example, when prognosticators used it as 
pointer on their telling boards. But soon magnetism was 
applied for navigation, as the geographic orientation of 
magnetic material was found to be constant, a prototype 
of a magnetic compass. The first device for practical use 
was the ‘wet compass,’ a magnetized needle floating on 
water. Later, the Chinese used a little spoon of magnetite, 



Figure 4 The Chinese ‘South Pointer,’ replication of a Chinese 
compass, probably constructed during the Han dynasty (202 BC 
to AD 220). The handle of the magnetic spoon always points to 
the South. The nonmagnetic bronze plate has the eight celestial 
directions engraved. 

representing the constellation ‘Great Bear,’ placed on a 
nonmagnetic bronze plate (Figure 4). After a short 
‘dance’ on the plate, the handle of the spoon reliably 
pointed to the South, ‘South pointer.’ Engraved in the 
plate were the heaven as central circle, surrounded by the 
earth with eight main directions, and fine gradations for 28 
lunar houses. 

Prior its use for navigation, the Chinese compass was 
an important tool for divination and geomancy (aligning 
buildings according to the traditional rules of Feng Shui). 
This can be deduced from the alignment of ancient temples - 
also in Europe: they face magnetic north, not geographic 
north. In medieval times, the magnetic compass found its 
way to Europe by traders and was developed mainly by 
Arab scientists, to various shapes matching the require¬ 
ments of marine and terrestrial navigation. Even today, we 
use the magnetic needle compass. 

The Magnetometer 

Accurate positioning depends on the knowledge of the 
local magnetic vector, the total intensity of the magnetic 
field, and its direction, that is, declination and inclination 
of the magnetic field lines. Additional to the magnetic 
compass, two measuring devices are in use: a dip needle, a 
freely suspended compass, for determination of the incli¬ 
nation; and a magnetometer to determine the magnitude, 
which at least in principle includes the direction of the 
magnetic field. Different from the ‘simple tools,’ magnetic 
compass and dip needle, magnetometers are complex 
technical machines. In principle, magnetic probes oriented 
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in the three spatial directions (X - north, Y - east, 
Z - downward) measure the respective field intensity, a 
combination of these Cartesian values results in the magnetic 
vector. Alternative types of magnetometers following various 
physical principles are realized depending on their specific 
application, for example, near the surface of the Earth or 
in the magnetosphere, the aural zone surrounding the Earth 
far into space. By means of satellites, the earth magnetic 
field, the magnetosphere and their modulations are surveyed. 
The current detailed magnetic maps shown by these 
programs can be consulted via internet. 

The description of basic features of the earth’s magnetic 
field can be attributed to William Gilbert, English physician, 
who had built a ‘terrella,’ a little model of the Earth, consisting 
of magnetite in order to demonstrate the changing decli¬ 
nation of magnetic field lines, when a dip needle is moved 
around the sphere. His distinction between the use of a 
dip needle and the horizontal compass is one of the topics 
of his book ‘De magnete.’ Several scientists involved in the 
exploration of the electric field, for example, Ampere, 
Gauss, Maxwell, Oersted, Tesla, Weber, recognized its 
close relation to magnetism; their names can be found as 
units of electromagnetic parameters (Table 1). 


The First Step of Magnetoreception 

The Basic Principles of Transducing the 
Magnetic Field Parameters into a Receptor 
Potential 

A good first question for animal systems is which material 
or biophysical process is able to react to the low magnetic 
flux of the natural geomagnetic field and its minute 
changes, and serve their magnetic sense? This ‘material’ 
is essential for the transduction from the external mag¬ 
netic field parameters into a receptor potential that may 
conduct information to the brain. Only this primary pro¬ 
cess is specific for magnetoreception, all following steps 
of information processing and output control can be prin¬ 
cipally found in other sensory systems (Box 2). 


Three models of magnetoreceptor transduction are 

currently considered potentially valid in various 

organisms. 

• Electromagnetism : Electromagnetic effects are studied in 
detail in physical experiments and found in multiple 
practical applications, for example, when constructing 
electro motors. For decades, electromagnetic induction 
evoked by moving conducting objects within an elec¬ 
tric field has attracted researchers, who tried to find 
this principle in fish. The electroreceptors (‘Lorenzini 
ampullae’) of elasmobranchia can sense the voltage 
drop induced by the environmental magnetic field. 
But, up to now, despite some attempts and ideas, no 
sound evidence of the Lorenzini ampullae functioning 
as magnetoreceptors has been published. 

• Microbiology / iron based : About 40 years ago, bacteria 
with small magnetic inclusions were found in fresh 
water lakes and also in seawater. Magnetite crystals form 
an intracellular chain, which enables these so-called 
magnetotactic bacteria to behave like little compass 
needles and move into water zones of optimal oxygen 
concentration. Since then, researchers have tried to find 
magnetoreceptors in metazoan organisms according to 
this magnetic crystal model. The bacteria themselves 
are not performing any sensory processes. Magnetite 
nanocrystals assumed to be the key molecules have been 
found everywhere in the body and brain, and a large 
variety of candidate magnetoreceptors have been pro¬ 
posed. Much of the remainder of this study discusses 
whether or not these structures deserve the notion 
magnetoreceptor, and we will show a promising receptor 
system based on magnetic iron minerals in the avian 
beak, apparently serving as a most sensitive biological 
GPS system. 

• Biochemistry I molecular based. Several magnetic field 
effects on biological molecules have been discussed as 
putatively hazardous and also as a basic mechanism of 
magnetoreception. The greatest problem is obviously 
that several of these reported processes are improbable 
at the naturally low level of the Earth’s magnetic field. 


Table 1 Magnetic units of measurements and symbols according to the three systems in use 


Unit of measurement 


Parameter 

Symbol 

CGS 

SI 

English 

Field force 

mmf 

Gilbert (Gb) 

Amp-turn 

Amp-turn 

Field flux 

<t> 

Maxwell (Mx) 

Weber (Wb) 

Line 

Field intensity 

H 

Oersted (Oe) 

Amp-turns per meter 

Amp-turns per inch 

Flux density 

B 

Gauss (G) 

Tesla (T) 

Lines per square inch 

Reluctance 

U 

Gilberts per Maxwell 

Amp-turns per Weber 

Amp-turns per line 

Permeability 

F 

Gauss per Oersted 

Tesla-meters per Amp-turn 

Lines per inch-Amp-turns 


For more information and the conversion refer to, for example, Roche JJ (1998) The Mathematics of Measurement: A Critical History. 
Berlin: Springer. 
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Box 2 Background 

Receptorphysiological Background 

In general, sensory systems are specialized to transmit only a minute selection out of the environmental phenomena as sensations, which 
via information processing and central nervous pathways, becomes part of our perceived world. The sensations can be classified by four 
basic dimensions related to their spatial and temporal features as well as their modality/quality and intensity/quantity. The underlying 
sensory systems are equipped by sophisticated structural details, the stimulus conducting system, in order to optimally react to certain 
stimulus parameters of minimal energy, the adequate stimulus. Thus, an essential first step to understand how special external events or 
conditions may be perceived is the analysis of the stimulus conducting system with regard to its structure and biological meaning in the 
respective sensory system. Only based on this knowledge, experiments for analyzing the magnetosensory transduction and further on the 
perception of the magnetic field can be successful. 


But at a smaller scale, such reactions, which involve an 
electron transfer between different orbitals, are now 
proposed to be a clue to a biochemical magnetoreceptor. 
In plant photopigments, for example, chlorophylls and 
flavins, light energy enhances the electron transfer 
between neighboring molecules, leading to unpaired 
electrons, ‘radical pairs’ in both partners. This process 
has been described in detail in green plants, which show 
a different growth rate depending on magnetic field 
conditions. The main question remaining is ‘what are 
the partner molecules’. Cryptochrome, a photolyase, with 
otherwise ‘cryptic’ function and oxygen seem to be 
involved in this radical pair mechanism. This effect in 
plants is not magnetoreception. A hint toward the 
involvement of a biochemical process such as that 
in animal magnetoreception was first derived from 
experiments with robins. These birds were found to 
navigate by means of a magnetic compass mediated, 
oddly enough, through vision. Although initially indepen¬ 
dent of photosensitive or magnetoreceptive function, 
the pigment cryptochrome has now been found in 
distinct areas of the avian retina. Since high-frequency 
magnetic field stimuli are known to generally interfere 
with radical pair processes, similar experiments were 
performed with birds during orientation experiments. As 
expected, these stimuli disturbed the magnetic orientation 
and are thought to be convincing evidence for a photo- 
pigment-based magnetic compass. 


The Structural Site of Transduction, the 
Magnetoreceptive Cell 

To date, there is some good evidence that the latter two of 
these three possibilities magnetoreceptor mechanisms are 
found in various species localized in different tissues 
(Table 2). Iron-based magnetoreception is suggested present 
in sensory dendritic terminals of the trigeminal nerve 
(in fish and birds, possibly also in mammals), and the 
photopigment-based magnetoreception happens in retinal 
cells (birds) or in the pineal (amphibians). Both the 
photopigment- and the iron-based magnetoreceptor systems 
may occur side by side within the same organism, possibly 


serving different functions of magnetic orientation: in 
birds, there is evidence for a magnetic compass in the 
eye, and an iron-based magnetometer for map information 
in the upper beak. 

Where is the site of the magnetoreceptive transduction 
in animals? 

Biochemical magnetoreceptiom. Here, we can simply state 
that so far the magnetoreceptive cells are not yet known. 
We do not know which type of retinal cells are involved, 
and therefore, it is not known, whether the observed 
photopigment-based magnetoreception is a primary receptor 
process or whether the magnetic field modifies the visual 
transduction or information processing. Behavioral experi¬ 
ments show an effect but not the basis of this reaction. 
Immunohistology at the electron microscopic level would 
be a more promising approach, which must be combined 
with traditional receptor physiological investigation in 
the periphery. 

Iron-based magnetoreceptiom So far, the magnetoreceptive 
unit is convincingly shown in birds only. A candidate 
structure exists, which fulfils all biophysical and receptor 
physiological prerequisites of an iron-based magnetore¬ 
ceptor. According to mathematical simulations, its sensi¬ 
tivity also matches the behaviorally defined threshold 
values of the magnetic sense. 

Magnetic material is concentrated in the upper beak 
skin within distinct sensory dendrites of the median branch 
of the Ramus ophthalmicus, a part of the trigeminal nerve. 
Derived from light and electron microscopical analyses of 
various avian species, these dendrites have the similar shape 
and size and their subcellular components are well ordered 
(Figure 5(a)). In each dendrite (20-30 pm long, 5-pm 
diameter), little bullets (1-pm diameter) composed of 
nanomagnets (6-7 nm) adhere to the cell membrane and 
may trigger sensitive membrane channels. Via dense fiber 
scaffolding, they are connected to chains of platelets 
(1 x 12 x 0.1 pm). In the midst of the dendrite lies a 
vesicle (5-pm diameter) surrounded by an iron crust. By 
means of X-ray analyses, the iron minerals inside the 
dendrites have been identified as mostly maghemite and 
some magnetite, both strongly magnetic iron oxides 1 \ 
Based on these data, a first sound hypothesis of the mag¬ 
netomechanical transduction process in these dendrites 




Table 2 


Overview of the mostly fragmentary knowledge of magnetoreception 


Animal 


Key principle/ 
molecule 


Receptor structure 


System features 


Inforamtion 

processing 

pathways 


CNS representation 


Critical test 
paradigms 


Biological 
function (in 
behaviour) 


Birds 


Birds 


Mammals 


Turtles 


Amphibia 


Fish 


Crustacea 

Insects 


Radical-pair- 

process 

Cryptochrome 


Retinal cells 



Cones?? Displaced 
retinal ganglion cells 


Best during 
migratory 
restlessness 
Unilaterally 
organized 


Optic nerve 


Nucleus of basal optic 
root 


Dim light of short 
wavelength (from UV 
up to bluegreen) 


Inclination 
non-polar 
compass 


Nano-sized iron 
crystals in three 
different 
subcellular 
configurations 


In the upper beak: 
distinct nervous 
terminals of the 
median ophthalmic 
branch 


Bilaterally three 
dendritic fields 
with a 3D- 
alignment of 
dendrites 


Trigeminal ramus 
ophthalmicus 
medialis: recording 
of action potentials 


Cluster N: 

immunohistology 
Trigeminal terminal 
regions: 

immunohistology, 
recording of action 
potentials 


Magnetite ?? 


Corneal cells ?? 

Retinal cells ?? 


?? 


?? 


Superior colliculus??: 
immunohistology 

Light-dependent 

Pinealocytes ?? 




process ?? 





Magnetite ?? 


?? 


?? 


?? 


?? 

Cryptochrome ?? 


Pinealocytes ?? 


?? 


?? 


?? 

Magnetite 1 

Cells in the ethmoid ?? 




Iron crystal chain 

Cells in the olfactory 


?? 

Ramus ophthalmicus 

?? 


lamellae ?? 



superfacialis: 






recording of action 






potentials 


?? 


?? 


?? 


?? 


?? 

Cryptochrome ?? 


?? 


?? 


?? 


?? 

Magnetite 










Blocked by RF 
magnetic fields 
Can be disturbed by 
high intensity 
magnetic pulses 
parallel to aligned 
dendrites 

Can be disturbed by 
strong magnetic 
pulses 


3-Axial- 

magnetometer 
Map factor 


Polarity compass 


Can be disturbed by 
strong magnetic 
pulses Needs light 
■ 



Inclination 

compass 

Axial compass 3D 
magnetometer 

Polarity compass 
Magnetometer 


Polarity compass 
Compass ?? 


It is evident that - so far - only in case of birds a distinct molecular basis (cryptochrome, magnetite) and a sound structural candidate (dendrites in the beak) are known. This knowledge is 
essential to nail down the relevant neurophysiologic steps between magnetic field input and behavioral output functions. Shaded areas indicate missing evidence; for more details see 
Fleissner et al. (2007b), Johnsen and Lohmann (2005), Mouritsen and Ritz (2005), Wiltschko and Wiltschko (2006). 
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Figure 5 Candidate structure of the iron-mineral-based magnetoreceptor in the avian beak, (a) Semischematic drawing of a single 
dendrite according to electron microscopic serial sections, (b) Hypothesis of magnetomechanical transduction, meanwhile principally 
verified by mathematical simulations. 


was developed (Figure 5(b)). Mathematical model calcu¬ 
lations have shown: 

• The little bullets may be deformed or dislocated when 
the Earth’s magnetic field is turned or has changed its 
flux: The crystalline nanomagnets inside the bullets will 
be polarized when exposed to a strong magnetic field 
and then commonly attracted according to the strength 
of this field. They also regain their ‘untidy’ state imme¬ 
diately when the field strength decreases. This means 
that the bullets may reversibly exert a graduated pull at 
the membrane, which is an ideal basis for a transducer 
monitoring temporal variations of the magnetic flux. Mul¬ 
tiple bullets attracted simultaneously may induce a pri¬ 
mary receptor potential of a single dendrite via the 
excitation of mechanoreceptive membrane channels. 

The natural Earth’s magnetic field, however, is not strong 
enough to have any impact on either shape or place of the 
isolated bullets; hence, the magnetic field must be locally 
amplified. This amplification is probably achieved by the 
two other iron-containing subcellular components, the 
vesicle and the platelet chains. 

• The iron-crusted vesicle may serve as a tiny Mu-metal 
chamber. As a result, the surrounding magnetic field 
lines may be ‘compressed,’ which means a flux concen¬ 
tration relative to the difference between the field 
inside and outside the chamber. Thus, the vesicle may 
serve as a 3D amplifier of the geomagnetic field by 
about 2 log units. 

• When a chain of platelets is parallel to the magnetic 
field, the net magnetization of each platelet is coopera¬ 
tively enhanced by the neighboring particles, and the 
stray field is maximal at both ends of the chain. Since 
the bullets occur exactly at these sites, they may 
become attracted by the locally enhanced magnetic 
field. Mathematical simulations have predicted that 


this effect induces a mechanic strain to the cell mem¬ 
brane of several pN, enough to open known mechanore- 
ceptor membrane channels. 

• As the net magnetization of the platelet band drops, 
when it is turned out of the ideal alignment with the 
surrounding magnetic field, each dendrite can clearly 
provide unidirectional information on field intensity and 
direction along this one vector component. The dendrites 
arranged in another orientation will not sense it. 

Conclusion-. Each iron-containing dendrite in the beak 
could be a sensor with a specific orientation in the mag¬ 
netic field. The adequate stimulus for this dendrite is the 
momentary intensity of the parallel component of the 
local magnetic field vector. 

System Features of the Proposed Avian 
Magnetoreceptor Candidates 

In analogy to sensory systems in general, a magnetoreceptor 
usually is not only a single cell, but rather a complex 
system composed of multiple receptor units. The mutual 
spatial and functional interrelation of these components 
and their information coupling with other types of sensory 
systems is essential to understand the physiological function 
and context. 

The two magnetoreceptor principles seem to follow 
different strategies. 

Iron-Based Magnetometer 

The microarchitecture of the iron-containing dendrites in 
the avian beak provides evidence for the biological func¬ 
tion of this magnetoreceptor candidate. The dendrites do 
not occur randomly distributed over the entire skin; they 
are concentrated in six fields, three on each side near 
the lateral margin of the beak. The dendrites are nearly 
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uniformly aligned in a distinct direction in each field 
perpendicular to each other: in frontocaudal direction in 
the caudal fields, mediolaterally in the median fields and 
dorsoventrally in the frontal fields. Since each dendrite 


can sense only one component of the geomagnetic field, the 
array of all dendrites provides the local magnetic vector, 
when recomposed in the central nervous system and 
thus is a perfect candidate for a three-axis magnetometer. 


Total intensity 
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Figure 6 Evidence for a gradual sensing of the magnetic flux. Schematic representation of release experiments with free-flying 
homing pigeon showing the direct influence of geomagnetic field intensity on homing, (a) Natural low variations of the local magnetic 
field intensity (lefty-axis) change the flight direction (righty-axis) in each bird according to the actual value at the time of release (x-axis 
time of day), (b) Scheme of experiments to test the influence of the noon dip of magnetic field intensity: the same flock of pigeons is 
released from a familiar place twice a day: in the morning and again - after they returned to their home loft - around noon (x-axis 
time of day, y-axis local field intensity), (c) The results of these experiments depend on the geographic position of the release site relative 
to the home loft. During the noon release, when magnetic field intensity is low, the birds behave according to a subjective shift to a 
position further south. This can be monitored as changed vanishing bearings, when the site of the loft is eastward or westward of 
the release localization, (a) Reproduced from Holtkamp-Rbtzler E (1999) Ph.D. Thesis, University Frankfurt; (b, c) Reproduced from 
Becker M (2000) Ph.D. Thesis University, Frankfurt; both with courtesy of the authors. 
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Prior electrophysiological recordings from the ophthal¬ 
mic nerve and the site of its first terminal regions in the 
CNS have corroborated this hypothesis, matching recent 
histochemical tracing experiments. 

Conclusion'. The iron-based magnetoreceptor might 
provide information on the magnetic vector, that is, field 
intensity and direction, as a sound basis for magnetic map 
information (Figure 6). 

Photopigment-Based Magnetic Compass 
in the Eye 

For a magnetic compass, it is essential to have a clear 
directionality of sensing the magnetic field. Here, the 
focusing apparatus of the eye cannot help, as the magnetic 
field simply penetrates the eye without being focused, for 
example, to certain areas on the retina. The biochemical 
magnetic compass has been shown to function in dim 
light and short wavelengths (Figure 7(a)). Since neither 
the cellular nor the subcellular site of the assumed ‘key 


molecule’ cryptochrome is known, models propose its 
colocalization with photopigments in the highly ordered 
membrane stacks of the outer segments of retinal photo¬ 
receptor cells. It has been hypothesized that light sensi¬ 
tivity might be modified in certain retinal areas or distinct 
receptor cells, when they are aligned with the magnetic 
fields lines, but the cellular and subcellular localization 
of cryptochrome has not yet been found. Receptor phys¬ 
iological analyses are still missing, and it is not clear how 
the signal is disambiguated from vision. Few - partially 
contradicting - details concerning the neuronal wiring 
have been published, showing a common cortical repre¬ 
sentation of magnetic and photic stimuli. 

Conclusion’. The model of a photopigment-based magnetic 
compass in the eye relies mainly on results from behav¬ 
ioral experiments and physical simulations and still waits 
for its receptor structure and physiological verification. 
So far, behavioral data have shown that the biochemical 
compass may monitor the magnetic field direction, with 
an accuracy of about ±15°. 
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Figure 7 The magnetic compass of birds, (a) Schematic view of an Emlen funnel, which is traditionally used in the lab to test the flight 
direction of birds during migratory restlessness, (b) Experiments with Australian silvereyes under white and monochromatic light. 

The birds are clearly oriented under white and short wavelength light (UV to blue green). Under light of longer wavelength, the birds are 
disoriented, (c) On their autumnal journey to African feeding places, flycatchers are guided by an inborn compass and head to a 
Southwestern direction until they reach Southern Spain. Then, they change their migratory route and turn to the Southeast. (Inset) This 
effect can be observed in the lab, too, when the geomagnetic parameters of Southern Spain are presented after a time span matching 
the natural timing program (EMF, Earth’s magnetic field). Reproduced from Wiltschko W and Wiltschko R (2004) Avian 
magnetoreception: A radical pair and a magnetite-based mechanisms. In: Proceedings 60th American Meeting of the Institute of 
Navigation Dayton, pp. 138-147. 
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Figure 8 Hypothesis on the interaction of the two different magnetoreceptor systems in birds. Compass: Due to the assumed 
cryptochrome influenced magnetic field interaction with retinal cells, the visual sensitivity is reduced in a sector of the retina. 

The animal can ‘see’ the compass direction. The acuity is not high, and the exact cellular localization of this effect is still uncertain. 
Magnetometer : Iron-containing dendrites in the inner lining of the upper beak are arranged in six fields, which cover the three spatial 
directions. For the cellular details of the dendrites see Figure 6. 


Adaptation, Habituation, Learning, and 
Motivation 

For any receptor system, the stimulus-response function 
must be derived, and then, it must he tested against 
processes such as adaptation, habituation, gating, learning, 
and motivation. Here, we can demonstrate few examples, 
as only few electrophysiological data are available. Receptor 
physiological aspects were rarely applied well enough to 
interpret behavioral experiments. 

Threshold, Saturation, and Refractoriness 

The intensity-response function clearly outlines the 
physiological working range of a receptor. It does not 
only show the minimum, but also the maximum values 
that should be regarded in order to avoid damage of the 
receptor structure. Though this functional context is 
not fully known, the following provides some evidence: 
(1) Magnets were glued to the head of animals in order to 
influence the ‘magnetite’-based receptor system, and failure 
of an impact of this manipulation was used as argument 
against such a system. Here, the experimenters overlooked 
receptor adaptation as effects were observed, when the 
test was performed immediately, but diminished after some 
hours or days. (2) In electrophysiological experiments, 
recordings of action potentials from the trigeminal axons 
were inconsistent because the peripheral anatomy was still 
unknown. Possibly the most efficient stimulus direction 
for subpopulation of receptor cells was not determined. 
(3) High-intensity magnetic pulses applied to the head of 
a bird or a turtle shift the homeward orientation. When 
the head is bent in the solenoid, the indicated direction is 
turned. The effect may last several days. This result can 


best be interpreted by the three-axis receptor system, 
where one axis, one dendritic field, has been damaged 
by a too high magnetic flux. 

Learning 

During long-distance migration of birds, the compass 
direction, which they follow on their route, seems to be 
innate. This is only to a certain extent, as can be shown by a 
comparison between young and experienced travelers, 
which can easily compensate for a wind drift or after shift 
experiments - by means of a magnetic sense (Figure 7(b)). 

Another aspect is the finding with young birds that 
they explore the landmarks around their home place and 
that star or sun compass are calibrated by the magnetic 
compass. Afterward, these different mechanisms and cues 
can be used as the circumstances demand. 

Motivation 

With respect to the photopigment-based system, it is still a 
matter of debate whether the cryptochrome-based process 
in the eye is a magnetoreceptor or rather a magnetic-field- 
induced process that modifies vision. Experiments with 
birds have provided evidence for the latter interpretation: 
Opaque but translucent ‘spectacles,’ which allowed both 
light and magnetic field to reach the retina, but destroyed 
imaging, inhibited the magnetic orientation. 

Another interpretation is possible. Motivation might 
have got lost by this manipulation. For birds, vision seems 
to be the most important sensory input, and in the dark, 
their motivation might simply be decreased. Motivation 
has also been discussed as a putative reason for the selection 
of several types of mechanisms, which are used for orientation 
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by different animals. Especially the distinction between 
magnetic field, optic landmarks, olfactory and infrasound 
environment seems to depend on the momentarily best 
available key feature rather than a systematic or species- 
specific decision. 

To date, only in birds are details of the receptor candi¬ 
date structures and their wiring known along with behav¬ 
ior. Partial stories do exist in fish and amphibian; in some 
organism, magnetic sense is apparently coupled with 
olfaction. In birds, probably two different magnetorecep¬ 
tor systems share the task of recognition of the magnetic 
vector: a magnetic compass in the eye and a magnetome¬ 
ter in the upper beak (Figure 8). Hypotheses on a general 
concept of metazoan magnetoreception following the 
avian model are still premature. Obviously, only interdis¬ 
ciplinary studies following the receptor physiological prin¬ 
ciples combined with sound biophysical analyses will help 
describe the magnetoreceptor system features as back¬ 
ground for the interpretation of behavioral findings. 

See also: Electroreception in Vertebrates and Inverte¬ 
brates. 
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Introduction 

Animal communication requires that signals are efficiently 
transmitted and that the information they convey is reli¬ 
able. Since habitats vary in characteristics that influence 
signal transmission and reliability, such as light conditions, 
background, and acoustic properties, individuals have to 
adjust their signals to prevailing conditions to be able to 
efficiently communicate. Species, or populations, that occupy 
different habitats can therefore vary in the design of their 
signals. 

To attract mates, many animals use ornaments, behav¬ 
ioral displays, or vocalizations that advertise their quality 
and draw the attention of the other sex. These sexual 
signals evolve if their benefit in mate attraction is higher 
than the cost of signaling. For the receiver to pay attention 
to the signals, the signals have to reflect direct or indirect 
benefits to the receiver. Direct benefits are, for instance, 
parental care or resources that increase the number of 
offspring produced. Indirect benefits are the inheritance 
of advantageous genes that increase the quality of the 
offspring. Since the transmission of sexual signals depends 
on environmental conditions, in the same way as other 
signals, their expression also needs to be adjusted to the 
environment to ensure efficient communication. For instance, 
a species pair of lizards, Anolis cooki and Anolis cristatellus , 
that occupy distinct local light environments differ in the 
reflectance spectra of their throat fan, a colorful dewlap. 
The dewlap is used by males to repel other males from 
their territory and to attract females. Leal and Fleishman 
showed that the dewlaps had reflectance spectra that 
increased their contrast to the prevailing background. 
Thus, differences in signal expression between habitats 
enhanced the transmission of the signal in each habitat. 

Presently, the habitats of the earth are changing more 
quickly than before because of human activities. If the 
changes occur more rapidly than the speed at which signals 
can be adjusted, then the signals may become less well 
adapted to the environment. They may become more 
difficult to judge, or the link between the signal and the 
sought benefit may be disrupted, resulting in dishonest 
signaling. Hampered transmission of information or reduced 
reliability of signals can lead to maladaptive mate choices. 
This can reduce the fitness of the individuals born in the 
altered environment, and hence, reduce the viability of 
the population. Moreover, signaling may be costlier in the 
new environment, due to, for instance, increased predation 
risk. This may further reduce population viability. Thus, 


effects of human-induced environmental changes on the 
costs and benefits of sexual signals can contribute to declines 
in biodiversity in disturbed areas. 

Here, I review the effects that sudden, human-induced 
changes of the environment can have on sexual signals 
through effects on their costs and benefits. I discuss the 
consequences that alterations of sexual signals and their 
information may have on adaptive mate choice, and 
hence, on the viability of populations. 

Environment Dependence of Signals 

The optimum expression of a signal depends on the costs 
and benefits of signaling under the prevailing conditions. 
Sexual signaling is beneficial to the signaler if it increases 
mating success in terms of the production of more off¬ 
spring or offspring that are better adapted to prevailing 
environmental conditions. For example, male barn swal¬ 
lows Hirundo rustica perform an elaborate courtship dis¬ 
play to females, showing off their tail feathers. Males with 
longer tail feathers acquire mates sooner and have a 
higher reproductive success than those with shorter tail 
feathers, as documented by Moller in 1994. However, 
signaling also incurs costs that reduce the fitness of the 
signaler, such as the expenditure of energy, increased 
mortality risk, or the attraction of unwanted receivers. In 
the case of the barn swallow, longer tails are costly to 
produce and increases mortality risk. It is therefore 
expected that only males in the best condition will be 
able to carry the cost of long tail feathers and that this will 
ensure that the trait reflects male quality. 

Over evolutionary time, signal expression is expected 
to evolve to reach a balance between costs and benefits 
and maximize the net benefit of signaling. However, sud¬ 
den changes in environmental conditions could disrupt 
the balance, which would influence the fitness of the 
signaler. Common effects of environmental changes are 
modifications of the energetic or mortality costs of signal¬ 
ing, the distance over which signals are detected, the 
ability of receivers to evaluate signals, and the honesty 
of signals as indicators of direct and indirect benefits. For 
instance, an increase in the carotenoid content of the food 
reduces the value of red colors as indicators of an indivi¬ 
dual’s ability to find carotenoid-rich food. This can relax 
sexual selection for conspicuous red colors and lead to 
populations where red colors are less commonly used in 
signaling. 
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Sexual displays vary in complexity from single traits to 
multicomponent signals. In general, more complex displays, 
which contain several information rich components, convey 
more information. However, complex displays can suffer 
higher rates of environmental attenuation than simpler 
signals. They can therefore be more severely affected by 
environmental degradation. This implies that a prepon¬ 
derance of complex displays in sexual signaling systems 
can result in large negative effects of environmental 
change on the costs and benefits of sexual signaling. 

Adjustment of Signals to New Conditions 

There are two main pathways by which signals can be 
adjusted to environmental change. The first is phenotypic 
plasticity, where the signaler adjusts the expression of the 
signal to the environment according to a genetically deter¬ 
mined reaction norm. The other possibility is genetic change, 
in which case, the effects are apparent in the following 
generations. Since genetic changes require time, the primary 
response of individuals to sudden environmental change 
is often plastic alterations of signaling. How individuals 
adjust their signaling depends on their genetically deter¬ 
mined reaction norm. These reaction norms have evolved 
in the old environment, which differs from the new one, 
and the adjustment can be either adaptive or maladaptive. 

If plastic adjustment results in signals that are adaptive 
in the new environment, then genetic changes are no longer 
needed. However, if the adjustment results in signals that 
are better adapted to the new conditions but still displaced 
from the optimum, that is, incomplete adaptive plasticity, 
then genetic differentiation may be required for the pop¬ 
ulation to survive in the long run. On the other hand, if 
adjustment of signaling results in signals that deviate 
much from the optimum, or in signals that are ever further 
displaced from the optimum, then the viability of the 
population may decline. This can, under a worst-case 
scenario, contribute to the extinction of the population. 

Deteriorating Visibility 

Vision is an important sensory channel for many animals. 
The transmission and reception of visual signals relies on 
light conditions, the attenuation and degradation of the 
signals, the background, and the sensory properties of 
the receiver. Since human activities, such as forest man¬ 
agement, human settlement, and eutrophication alter 
these factors, humans often have a large impact on the 
transmission and reliability of visual signals. 

Detection and Mate Encounter Rate 

The detection of visual signals depends much on the 
background and the light conditions. For instance, many 


animals use body movements to attract mates and deter 
rivals. The detection of these movements is hampered if 
the background is moving, such as wind-blown plants. Since 
reduced detection can decrease mate encounter rate, changed 
background can reduce the opportunity for mate choosiness. 

Recently, the effect of human-induced eutrophication 
of natural waters on sexual signaling in fishes has gained 
much attention. Due to increased input of nutrients into 
aquatic systems, primary production has grown and led to 
reduced visibility. This is now hampering the ability of 
several organisms to use visual signals in mate attraction. 
In particular, fishes that use conspicuous colors and elab¬ 
orate courtship displays to both draw the attention of the 
other sex and to advertise their quality, are negatively 
affected. Reduced visibility impairs the transmission and 
reliability of their visual signals, which results in more 
random mating. 

An area that is heavily affected by eutrophication is the 
Baltic Sea. A fish species that spawns along the coast of 
this sea is the threespine stickleback Gasterosteus aculeatus. 
Males establish territories and build nests in shallow water 
and then attempt to attract females to spawn in their nests. 
One male can collect eggs from several females. The male 
cares alone for the eggs and the newly hatched offspring 
by defending them against predators and by fanning the 
eggs to provide adequate oxygenation. The competition 
among males for favorable territories and for females is 
fierce and males develop conspicuous nuptial coloration 
to attract females and deter rivaling males. The coloration, 
which is exposed to the female through a conspicuous 
courtship dance, consists of a red ventral side and blue 
eyes. Field observations and manipulation of algae growth 
show that increased density of filamentous algae impairs 
the ability of females to detect males. This reduces mate 
encounter rates, which results in more random mating. 
Similarly, increased water turbidity due to the growth of 
phytoplankton reduces visibility and the ability of females 
to detect males. To counteract these negative effects of 
visibility on mate encounter rate, males enhance their 
courtship activity. However, this increases the time and 
energy spent on courtship and mate attraction. Increased 
courtship activity also increases the mortality risk of any 
eggs that the male already has collected in his nest, as more 
time spent courting reduces the time spent on parental 
care. Thus, impaired visibility induces more costly court¬ 
ship in males, which can have negative effects on male 
viability and egg survival. 

To increase detection under reduced visibility, animals 
could add an alert to their visual signal. Simple signal 
components suffer lower rates of environmental degradation 
than more complex components and the alert could enhance 
signal detection under adverse signaling conditions. The 
most efficient thing to do is to begin signaling with a simple 
conspicuous component, an alert, and then produce a more 
detailed component that contains more information. 
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Evaluation 

After a potential mate has been detected, its quality is 
usually evaluated. Reduced visibility can hinder the eval¬ 
uation of visual signals, and thereby, influence mate 
choice. A classical example of this is the cichlid fishes of 
the Great lakes of Africa. Increased turbidity of the water due 
to human activities has caused a decrease in light penetra¬ 
tion and a narrowing of the light spectrum. Seehausen and 
coworkers found this to constrain color vision of the 
cichlids in the lakes, and hence, to interfere with their 
mate choice, which is largely based on interspecific dif¬ 
ferences in male color patterns. Deteriorating visibility 
consequently broke down reproductive barriers among 
species. This has most likely contributed to the recent 
erosion of species diversity in the lakes. 

Similarly, increased turbidity of waters due to the 
growth of phytoplankton has been found to hamper mate 
evaluation in the sand goby Pomatoschistus minutus. When 
Jarvenpaa and Lindstrom allowed goby females to choose 
among males in clear and turbid water, the distribution of 
eggs among males was less skewed toward larger males in 
turbid water. Since male body size is an important mate 
choice cue under clear water conditions, this implies that 
eutrophication relaxes selection for larger males. 

In threespine sticklebacks, the evaluation of visual sexual 
signals is similarly hampered under reduced visibility. 
Female sticklebacks that evaluate males in dense growth 
of algae spend more time assessing them before they make 
a choice than females evaluating males in more open 
habitats. Thus, the cost of mate choice in terms of the 
expenditure of time and energy is higher when visibility is 
low. Females also pay less attention to visual signals when 
making their decision, which results in mate choices that 
often differ from those under good visibility. Thus, selection 
on visual sexual signals is relaxed under poor visibility 
and other mates are chosen. 

Honesty 

When signal transmission is hampered, the reliability of a 
signal can decrease. A negative effect of reduced visibility 
on the reliability of visual signals has been shown for 
threespine sticklebacks spawning in eutrophied waters. 
While visual traits, such as the red nuptial coloration 
and the courtship activity, reflect condition and domi¬ 
nance status under good visibility, they do not do it 
under poor visibility. This is due to male competition no 
longer controlling signal expression under poor visibility. 
Under good visibility, males adjust their signaling to their 
dominance status in relation to other males. Dominant 
males become colorful and court at a high rate, while 
subdominant males signal their subdominant status by 
fading their colors and becoming passive. However, when 
visibility is reduced, due to, for instance, phytoplankton 


blooms, the social control of signaling relaxes and the visual 
displays become a less honest index of male dominance 
and condition. A subdominant male in poor condition can 
then express bright red colors and court intensively with¬ 
out being punished by dominant males. 

Dominance is an important predictor of male parental 
ability in sticklebacks. Dominant males are better at defending 
the offspring against predators than subdominant males, 
particularly conspecific predators. They are usually also 
in better condition and have a higher probability of sur¬ 
viving the parental phase. The reduced ability of females 
to tell the dominance status of males under poor visibility 
can, hence, result in maladaptive mate choices. 

Noise 

Anthropogenic noise arising from urbanization and traffic 
influences the transmission of auditory sexual signals and 
restricts acoustic communication. A good example of this 
is the song of great tits Parus major that is masked by 
human-induced low frequency noise in urban areas. Slab- 
bekorn and Peet found that birds that nest at noisy locations 
have to sing with a higher minimum frequency to prevent 
their song from being masked. 

Underwater noise pollution from shipping can simi¬ 
larly influence communication in aquatic environments. 
For instance, noise from ferry boats lies within the most 
sensitive hearing range of the Lusitanian toadfish Haloba- 
trachus didactylus. Vasconcelos and coworkers found the 
noise to increase the auditory threshold of the toadfish. 
This hampered the ability of the fish to detect acoustic 
signals from conspecifics. Since the auditory signals are 
essential during agonistic encounters and mate attraction, 
ferry boat noise could influence mate choice in the species. 
Similarly, Foote and coworkers found acoustic communi¬ 
cation in whales to be restricted by the engine noise of 
whale watcher boats. To adjust for the anthropogenic 
noise, whales increase the duration of their primary calls 
in the presence of boats. 

Chemical Pollution 

Influx of untreated sewage and agricultural waste is dis¬ 
turbing many water bodies and changing the chemical 
environment. This can influence the detection of olfac¬ 
tory sexual signals, and thereby influence mate evaluation 
and mate choice in aquatic environments. An example of 
this is the swordtail fish Xiphop horus birchmanni. Fisher and 
coworkers found that the exposure of the fish to sewage 
effluent and agricultural runoff removes the ability of 
females to recognize male conspecifics. This is most likely 
due to high concentrations of humic acid, a natural product 
that is elevated to high levels by anthropogenic processes, 
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causing females to lose their preference for the odor cues 
of conspecific males. Disturbances of the chemical envi¬ 
ronment thus hinder chemically mediated species recog¬ 
nition, which ultimately can cause hybridization between 
swordtail fishes. 

Another human-induced problem is the acidification 
of oceans. This arises from the increased concentration of 
carbon dioxide in the atmosphere, which decreases the 
saturation of oceans with calcium carbonate. An acidifica¬ 
tion of water changes the value and quality of olfactory 
signals, which can influence mate choice. For instance, 
several fishes are less able to detect chemical signals when 
the pH is reduced. 

Consequences 

What are the consequences of human-induced environ¬ 
mental changes on sexual signaling, or on the reception of 
the signals, for individuals and for populations? If females 
cannot properly evaluate males, they may end up doing 
maladaptive choices that reduce their fitness. For instance, 
threespine stickleback females are less able to tell the 
condition and dominance status of potential mates in turbid 
water. They may therefore mate with males that are poor 
fathers and have a low hatching success, or males that are 
of poor genetic quality and will sire offspring with a low 
fitness. Moreover, the cost of sexual signaling may increase 
and reduce the fitness of the displayer due to increased 
mortality risk or due to the allocation of energy and 
resources away from other fitness-enhancing traits. 

A reduction in individual fitness, that is, a reduction in 
the number or quality of offspring produced over the 
lifetime of an individual, can result in a declining popula¬ 
tion size or in a population consisting of maladapted 
individuals. This will reduce population viability and increase 
the risk of extinction. Moreover, hampered mate evaluation 
due to deteriorating environmental conditions can com¬ 
plicate the recognition of conspecifics, and hence, cause 
hybridization between species. An example of this is the 
cichlids of the African great lakes that are hybridizing due 
to increased turbidity of the water. Similarly, a species pair 
of sympatric threespine sticklebacks in the Canadian 
lakes, a larger benthic and a smaller limnetic species, 
are collapsing into a hybrid swarm, probably due to the 
destruction of aquatic vegetation and increased water 
turbidity. In a Mexican stream, two species of swordtail 


fishes are merging into a hybrid swarm due to impaired 
chemically mediated species recognition. Consequently, 
a reduction in signal transmission or reliability, or an 
increase in the cost of signaling could have negative effects 
on population viability and persistence, and influence 
biodiversity. 

The effects of altered costs and benefits of sexual 
signals on population viability depend on the relative 
importance of sexual selection in comparison to natural 
selection during adaptation to environmental change. The 
mentioned studies on sticklebacks, gobies, and cichlids 
show that mate choice is often more random and sexual 
selection therefore relaxed under new conditions. If the 
intensity of natural selection then increases and compen¬ 
sates for the reduction in the intensity of sexual selection, 
then natural selection could drive the population toward 
the optimum phenotype in the new environment and 
rescue the population. More investigations are presently 
needed on the relative importance of sexual and natural 
selection during environmental change and the ability of 
populations to adapt quickly enough to changed selection 
pressures. 

See also: Anthropogenic Noise: Implications for Conser¬ 
vation. 
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Introduction: Scope of the Article 

This article will review the hormonal regulation of sexual 
behavior in male nonmammalian vertebrates. Sexual 
behavior encompasses male-typical courtship behaviors 
as well as copulatory behavior but does not include other 
reproductive behaviors such as parental behaviors. The 
term ‘hormones’ of course includes many different types 
of chemical messengers, but gonadal sex steroids play the 
key role in the hormonal regulation of male sexual beha¬ 
viors. Therefore, the emphasis in this article will be on 
androgens secreted by the testis such as testosterone as 
well as the androgenic and estrogenic metabolites of this 
hormone such as dihydrotestosterone and estradiol. In 
terms of species, our focus will be on piscine, amphibian, 
reptilian, and avian species, but some reference will be 
made to mammalian studies to help illustrate general 
principles. It is important to note that a consideration of 
a wide range of species is not only important because 
these species can serve as a ‘model system’ for questions 
relevant to mammals including humans but also to con¬ 
struct general theories about the evolution of neuroendo¬ 
crine control mechanisms. 

Organization of Male Sexual Behavior 

Most vertebrate species employ sexual reproduction to 
maximize individual fitness. Parthenogenetic reproduc¬ 
tion has been described, but it is relatively rare. The 
topography of gamete transfer and other aspects of sexual 
reproduction varies considerably among species. For 
example, in many aquatic species (various taxa of fish as 
well as some amphibians), the gametes are released into 
the environment and external fertilization occurs. In 
amniotic vertebrates, internal fertilization is the most 
common pattern. Of course, there are many variations 
on this theme given that some species are oviparous or 
ovoviviparous, while others, such as the eutherian mam¬ 
mals, have a specialized organ in the mother (the uterus) 
where the zygote migrates to and develops into the fetus. 

In order to reproduce successfully, males must not only 
be able to produce gametes but also must be able to attract 
a female, ensure that she is sexually receptive, and then 
copulate with her (or release gametes in a coordinated 
manner into the external environment) so that zygote 


formation can occur. These different aspects of the inter¬ 
action with the female correspond to different phases of 
sexual behavior that have been described by terms such as 
‘attractivity,’ ‘appetitive sexual behavior’ (ASB), and ‘con- 
summatory sexual behavior’ (CSB). CSB is usually fol¬ 
lowed by a period of variable duration during which the 
male’s interest in the female is greatly reduced or nonex¬ 
istent (refractory period). The distinction between the 
appetitive and the consummatory phases of ‘instinctive’ 
(motivated) behaviors was originally made by Charles 
Sherrington and the European Ethologists of the first 
generation (Konrad Lorenz and Niko Tinbergen) and 
was introduced to the field of behavioral endocrinology 
by Frank Beach in the 1950s (see Ball and Balthazart, 2008 
for more information). However, most of the research 
analyzing the neuroendocrine bases of male sexual behavior 
during the past 50 years has been devoted to the consum¬ 
matory aspects of the behavior (intromission and ejaculation 
in species with internal fertilization, ejaculation in other 
species). Less attention has been devoted to the endocrine 
control of other aspects of sexual behavior with a few 
exceptions that will be considered in the following sections. 
Broad generalizations that presumably apply to most, if 
not all, vertebrate species are thus available only for 
consummatory (copulatory) behavior. 

Testosterone as Key Endocrine Signal 

From a reductionist point of view, sexual behaviors can be 
viewed as a suite of muscular contractions triggered by an 
organized set of nerve impulses. In most cases, hormones 
modulate the expression of behaviors by changing the 
electrical activity in specific circuits of brain neurons. 
One important way through which hormones achieve 
this goal is by modifying the concentration and activity 
of neurotransmitters and neuropeptides and by modulating 
the concentration of their receptors. The sex steroid hormone 
testosterone, produced mainly in the testes and to a lesser 
extent the adrenal glands, is in almost all vertebrates the 
key hormone mediating these changes in neurotransmission 
that activate the expression of male sexual behavior. 

The origin of behavioral endocrinology is generally 
traced to early studies of Arnold Adolph Berthold who 
identified, in 1849, the critical role of the testes in the 
expression of copulatory behavior of domestic fowl 
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('Gallus domesticus). Surgical removal of the testes in young 
male chicks produced adult males whose appearance (sec¬ 
ondary sexual characters such as the comb and wattles) 
and behavior (crowing and mounting females) did not 
develop as in normal males. In contrast, castrated males 
whose testes were reimplanted, or who received a testis 
from another bird developed both rooster-typical plum¬ 
age and behavior. Because the testes could be grafted any¬ 
where in the abdominal cavity, these experiments 
suggested that a blood-borne substance was responsible 
for induction of behavioral changes observed in adults. 

This substance was identified as the steroid hormone 
testosterone at the beginning of the twentieth century and 
pure testosterone, first purified from animal testes and 
soon thereafter chemically synthesized, became broadly 
available for experimentation. It could thus be experimen¬ 
tally demonstrated that, in a broad range of vertebrate 
species belonging to all classes from fishes to mammals, 
castration eliminates or at least markedly reduces the 
expression of male copulatory behaviors, which are restored 
by a treatment with exogenous testosterone. 

Few exceptions to this rule have, to date, been identi¬ 
fied. One of the best-documented example concerns the 
red-sided garter snakes ( Thamnophis sirtalis) that copulate 
in the early spring almost immediately after they emerge 
from the den where they hibernated (Crews, 2005). It has 
been suggested that no endocrine signal is required to 
activate copulation. Indeed, castration in the fall before 
hibernation does not prevent spring copulation and treat¬ 
ment with exogenous testosterone does not affect the rate 
of behavior expression. These snakes exhibit a ‘dissociated 
pattern of reproduction’ in which spermatogenesis and 
steroid secretion take place during the summer months 
and precede by at least three-quarters of a year the period 
when copulation actually takes place. Once these summer 
endocrine events have taken place, no endocrine or neu¬ 
roendocrine signal seems to be required for triggering 
copulatory behavior. The only identified controlling 
event is a period of ‘vernalization’ (exposure to cold) of 
at least a few weeks that must take place before the 
behavior is expressed. A similar dissociated pattern of 
reproduction has also been identified in some bat species. 

It is important to note that, in many cases, testosterone 
is not the chemical signal that will by itself induce the 
changes in neurotransmission leading to behavior. Often, 
testosterone must be first metabolized into another steroid 
before acting at the cellular level. For example, in many 
species of birds and mammals, testosterone is transformed 
by specialized neurons into estradiol, a sex steroid hormone 
erroneously considered as only a ‘female’ hormone, and it 
is estradiol produced locally in the brain that produces at 
the cellular level the neurochemical changes that result in 
the activation of male sexual behavior. 

In many fish species, the main androgenic steroid 
found in the blood that plays a major role in the activation 


of male sexual behavior is not testosterone itself but 
a related compound derived from testosterone called 
‘11-ketotestosterone’ (11KT). Many experiments on a 
variety of fish species coming from diverse families dem¬ 
onstrate that 11KT circulates in larger concentrations than 
testosterone, and treatment of castrated subjects with this 
exogenous steroid shows that 11KT is more powerful than 
testosterone for restoring sexual (and aggressive) behaviors. 
In these two examples, testosterone thus acts as a prohor¬ 
mone in the control of sexual behavior. However, in the 
first case, testosterone is the circulating hormone and the 
transformation into the active metabolite (estradiol) takes 
place in the target organ (specific parts of the brain), 
whereas in the second case, the critical transformation 
into 11KT already takes place in the testis and the active 
steroid is also the steroid found in the circulation. 

Another key notion to keep in mind is that steroid 
hormones such as testosterone, estradiol, or 11KT do 
not by themselves induce behavior. They simply modify 
the activity of neural circuits so that an individual is more 
likely to react to relevant sexual stimuli with the expres¬ 
sion of sexual behavior. At the phenomenological level, 
hormones thus change the probability that a given behav¬ 
ior will be produced in response to specific stimuli as well 
as the intensity of the elicited behavioral response. In the 
accepted terminology, it is often said that hormones activate 
behaviors, but it is important to keep in mind that they do 
not induce or trigger a particular behavior as a chemical 
pheromone would trigger a behavior in invertebrates. 

Additionally, the relationship between hormones and 
behavior is not unidirectional. Hormones activate behav¬ 
ior, but the behavior of a congener (as well as other 
environmental stimuli) can also alter the endocrine state 
of an animal. For example, in seasonal breeders, hormones 
secreted by the pituitary gland and gonads in many spe¬ 
cies respond to environmental stimuli such as the change 
in photoperiod to synchronize the onset of reproductive 
behavior with the time of year most conducive for high 
reproductive success. In these species, the secretion of 
gonadal hormones is also influenced by other environ¬ 
mental stimuli such as the behavior of conspecifics that 
can enhance or retard reproductive development. For 
example, the view of and interaction with a female will 
in many species acutely increase plasma testosterone 
concentration in the male, and conversely the sexual dis¬ 
plays of the male will promote steroid hormone release 
and the maturation of oocytes in females. The effects of 
behavior on hormone secretion will ensure an optimal 
synchronization between partners of a pair, as elegantly 
demonstrated already in the 1960s by a suite of experiments 
on two avian species, the ring dove [Streptopelia risoria) 
studied by Daniel Lehrman and his group at Rutgers 
University and the canary ( Serinus canaria) that was studied 
by Robert Hinde and his collaborators at Cambridge 
University, UK. 
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Central Versus Peripheral Actions of 
Testosterone 

The brain is the major site of hormone action for the 
expression of sexual behaviors and a large part of this 
article reviews the way in which steroids act at this level to 
regulate behavioral expression. However, hormones have 
widespread effects in the entire organism and there are at 
least three other ways that hormones act on peripheral 
tissues that are relevant to behavior control. 

Steroids can first affect sensory inputs to the brain. For 
example, androgens have marked effects on secondary 
sexual characters such as the penis in mammals and 
some species of birds (e.g., ratites, some waterfowl species) 
or associated structures such as the cloacal gland of quail 
(Coturnix japonica). In male rats, androgens influence ejacu¬ 
lation by enhancing the sensitivity of the penis and a 
similar effect may take place in birds that possess a penis 
although this has never been tested. A recent study in quail 
indicated that anesthesia of the cloacal region has no 
detectable effect on the copulatory frequency or latency 
but the related brain activation, as measured by the expression 
of the immediate early gene c-fos , was decreased suggesting 
that some subtle sensory feedback from the cloacal region 
had been modified. 

Secondly, androgens are known to have anabolic (trophic) 
effect on muscles that are ultimately the effector organs of 
behavior. For example, the mass of muscles controlling the 
syrinx (the primary vocal production organ in birds) is 
increased by androgens. Castration also decreases cholinergic 
activity in the songbird syrinx and this effect is reversed 
by a treatment with androgens. These morphological and 
biochemical changes in the syrinx represent one way that 
androgens can modify singing behavior. Similarly, the 
androgen-dependent development of the thumb pad in 
male frogs during the reproductive season is clearly needed 
to facilitate egg fertilization by males. During mating, the 
male grasps a female with his front legs (amplexus) and 
then releases his sperm in synchrony with female ovipo- 
sition. Appropriate amplexus is only possible in these 
aquatic animals following development of the thumb pad. 

Finally, steroids also alter social signals that will indi¬ 
rectly affect behavior expression. Many birds exhibit a 
marked steroid-dependent sex dimorphism in their plum¬ 
age and in a number of integumentary derivatives and skin 
appendages such as beak, comb, wattles, and cloacal gland. 
These structures play an important role as social signals 
during sexual interactions. By influencing these visual 
signals, hormones can therefore have profound effects 
on the expression of sexual behaviors. Steroid-dependent 
olfactory signals are also produced in males and females 
of many vertebrate species from fishes to mammals and 
directly influence the expression of sexual behaviors. 

It is thus clear that a hormone-induced modification 
in sexual behavior usually represents more than the 


consequence of the action of the hormone in the brain. 
Peripheral effects of these hormones are also likely to be 
involved in many cases. 

Seasonal Changes in Testosterone 
Concentrations and Male Sexual 
Behavior: Variations on a Theme 

Based on castration and testosterone replacement studies, 
it has been established that testosterone plays a critical 
role in the expression of sexual behaviors in a wide variety 
of vertebrate species. It is therefore reasonable to expect 
that seasonal changes in the intensity and frequency of 
sexual behavior should follow changes in plasma testos¬ 
terone concentration. This expectation has been docu¬ 
mented in many species, including species that display 
very different patterns of seasonal change. Demonstration 
of this temporal correlation became reasonably easy with 
the advent of radioimmunoassays for steroids in the early 
1970s. Studies of domestic ducks (Anas platyrhynchos) provided 
one of the first clear illustrations of a clear coincidence 
between the vernal peak in plasma testosterone and the 
maximal frequencies of male sexual behavior (Figure 1). 

Such a close positive correlation is not always observed. 
Studies by Wingfield and collaborators of field-caught 
wild songbirds illustrate several variations in the pattern 
of testosterone and male reproductive behaviors (Figure 2). 
For example, in song sparrows (Melospiza melodia ) during 
the breeding cycle, there are usually two periods when 
plasma testosterone is high: the time just after the male 
arrives on the breeding grounds when he is initially estab¬ 
lishing a territory and the period later in the season when 
females are laying eggs and males copulate with them 
frequently and also deter other males who are trying to 
copulate with their mates (i.e., mate guard). The study of 
three subspecies/populations of white-crowned sparrows 



Sexual behaviors 



Figure 1 Seasonal changes in plasma testosterone 
concentrations and in the frequency of male sexual behaviors in a 
group of captive male ducks (A platyrhynchos). Redrawn from 
data in Balthazart J and Hendrick JC (1976) Annual variation in 
reproductive behavior, testosterone, and plasma FSH levels in 
the Rouen duck, Anas platyrhynchos. General and Comparative 
Endocrinology 28: 171-183. 














Male Sexual Behavior and Hormones in Non-Mammalian Vertebrates 343 



Months 


Figure 2 Changes in testosterone plasma concentrations 
during the breeding season in two subspecies of white-crowned 
sparrows (Z leucophrys gambelli or pugetensis) and in song 
sparrows (M. melodia). The different stages of the reproductive 
cycle are indicated above the graphs. Mig: spring migration, Ter: 
establishing a territory; Pair: pair formation; Lay: egg-laying 
period; Inc: incubation; Fd: feeding nestlings or fledglings; Molt: 
postnuptial molt. The numbers 1 and 2 indicate successive 
broods. Redrawn from Wingfield JC and Moore MC (1987) 
Hormonal, social, and environmental factors in the reproductive 
biology of free-living male birds. In: Crews D (ed.) Psychobiology 
of Reproductive Behavior: An Evolutionary Perspective, 
pp. 148-175. Englewood Cliffs, NJ: Prentice-Hall. 


(Zonotrichia leucophrys) producing one or two broods dur¬ 
ing a single reproductive season interestingly demon¬ 
strated that there are also exceptions to this rule. The 
establishment of the territory was always associated with a 
rise in plasma testosterone concentrations, but during 
female egg laying, testosterone concentrations were high 
only during the production of the first clutch. In popula¬ 
tions with two clutches, the subsequent period of egg 
laying did not correlate with an increase in plasma testos¬ 
terone. This dissociation was observed within a single species, 
Z. leucophrys , in which the subspecies gambelii lays a single 
clutch and egg laying is associated with a rise of testosterone, 
while the subspecies pugetensis lays two clutches but only 
the first one correlates with increased plasma testosterone 
concentrations. 


Testosterone is still detectable in the plasma of male 
Z. leucophrys pugetensis as well as M. melodia when females 
lay their second clutch so that it can still be argued that 
copulatory behavior of males is activated by the steroid 
during this period. However, there is no clear correlation 
and Wingfield has argued that social competition among 
males is the variable most responsible for the rise in 
testosterone during egg laying, and this appears to be 
reduced during second clutches in these species. 

This observation about the complexity of correlations 
between plasma testosterone concentrations and different 
aspects of male reproductive behavior illustrates the 
important notion previously mentioned that testosterone 
cannot be held responsible for ‘inducing’ a particular 
behavior. It is rather changing the probability of its occur¬ 
rence when proper stimuli are encountered. There is no 
simple stimulus-response chain. Various aspects of male 
reproductive behavior have indeed been shown to be 
somewhat independent of testosterone. As an example, 
courtship singing directed at females in common starlings 
(Sturnus vulgaris) is clearly enhanced by exogenous testos¬ 
terone but at the same time does not disappear in castrated 
birds. Testosterone in this case affects the stimulus con¬ 
ditions that will affect singing. Castrated males still sing 
relatively frequently in isolation or in all-male groups, but 
the addition of a female will increase the singing rate only 
in males that have high concentration of testosterone. 

The Process of Sexual Differentiation 

Another important dissociation between testosterone con¬ 
centrations and sexual behaviors is also frequently observed 
when comparing the sexes. A variety of behaviors in animals, 
including humans, are preferentially or exclusively exhib¬ 
ited in one sex. Due to the actions of sexual selection, sex 
biases in behavioral expression seem more apt to occur 
among sexual and parental behaviors than other aspects of 
an animal’s behavioral repertoire. It was initially thought 
that these sex differences resulted from the presence of a 
different hormonal milieu in adult males and females, 
such as high plasma testosterone in the former and high 
plasma estrogen and progesterone in the latter. More than 
50 years of research have, however, demonstrated that in 
many cases this interpretation is not correct. Estrogens 
often cannot activate female-typical behaviors in adult 
males, and conversely testosterone often fails to activate 
male-typical behaviors in adult females. 

This discrepancy between effects of testosterone on 
male-typical sexual behavior in males and females reflects 
the sexual differentiation of the brain that takes place 
during ontogeny. This process has been identified in all 
classes of tetrapods, but although the general principle 
remains the same in all species (early action of steroids 
organize in an irreversible manner the responsiveness of 
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the adult brain to steroid hormones), there are again in 
this case many variations on this general theme. 

In mammals, early exposure to testosterone (or its 
metabolite estradiol derived from local aromatization in 
the brain) produces a masculine phenotype. Behavioral 
characteristics of the male can be enhanced (masculiniza- 
tion), and more or less independent of this process, the 
capacity of males to display female-typical behavior is 
diminished or lost (defeminization; Figure 3). The female 
phenotype in contrast develops in the absence of (high) 
concentrations of sex steroids. Recent evidence suggests 
that small amounts of estrogens are required during ontogeny 
to allow the development of a female brain that will be 
able to support in adulthood the expression of the full 
complement of female behaviors. The development of the 


masculine and feminine phenotypes of responsiveness to 
sex steroids in adulthood can thus be obtained irrespective 
of the genetic sex of the subjects by neonatal gonadectomy 
or injection of testosterone. 

In avian species that have been studied in detail, such 
as chicken (G. domesticus ), quail (Co. japonic a), and ducks 
(A. platyrhynchos ), exposure to steroids early in ontogeny 
also affects the responsiveness to steroids in adulthood, 
but this sexual differentiation process exclusively affects 
male-typical behaviors. A variety of male-typical sexual 
behaviors have been described that cannot be activated in 
females even after treatment with high doses of testosterone. 
Female reproductive behaviors (e.g., sexual receptivity 
postures such as squatting) are in contrast not sexually 
differentiated and can be activated in both sexes provided 


Quail 


Male embryo 
(ZZ) 


Female embryo 
(ZW) 



Rat 



Figure 3 Schematic presentation of the endocrine controls of sexual differentiation of brain and behavior in birds and mammals. 
These principles are derived from studies in quail and rats, respectively, but seem applicable to a broad range of species in the 
corresponding classes. See text for additional details. 
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an adequate treatment with estrogens is administered. In 
these avian species, the sex difference in responsiveness to 
adult testosterone is the result of the early exposure of 
female embryos to ovarian estrogens (as opposed to exposure 
of males to testicular androgen as is the case in mammals). 
In the absence of embryonic steroids, the male phenotype 
of responsiveness to testosterone develops. In the pres¬ 
ence of estrogens, the brain and the behavior are demas- 
culinized: birds lose the capacity of express male-typical 
copulatory behavior in response to testosterone. 

Appropriate manipulations of the embryonic endocrine 
environment can, as in mammals, produce a male or female 
behavioral phenotype independent of the genetic sex. The 
processes are simply mirror images of one another in the 
two classes (Figure 3). These conclusions are derived 
from studies in which the embryonic hormonal milieu 
was manipulated by the injection of estrogens in males 
and blockade of estrogen production (i.e., injection of an 
aromatase inhibitor) or action (i.e., injection of an anti¬ 
estrogen) in females. These manipulations clearly explain 
why adult females do not show male-typical behavior when 
injected with testosterone and also why females with intact 
gonads do not show these behaviors. Testosterone con¬ 
centrations, even though they are on average lower in 
females than in males, overlap between males and females 
and appear to be high enough in many females to activate 
male-typical copulatory behavior if their brains were 
organized in an appropriate manner to respond to such 
treatments. 

These contrasting patterns of differentiation in birds 
and mammals (i.e., relative absence of endocrine stimula¬ 
tion during early life results in male behavioral phenotype 
in birds and in female behavioral phenotype in mammals) 
may be related to the fact that females are the homogametic 
sex in mammals (female XX and male XY) while males 
are homogametic in birds (male ZZ and female ZW). This 
observation could then highlight a more general rule 
according to which the phenotype of the heterogametic 
sex (male mammals [XY] and female birds [ZW]) would 
always develop in response to hormonal stimulation during 
ontogeny while the behavioral phenotype of the homoga¬ 
metic sex would be the ‘default’ sex observed in the 
absence of early endocrine stimulation (also referred to as 
the ‘neutral’ sex). This principle must be accepted cautiously 
at the present time because the proximate mechanisms 
that might explain this connection between the nature of 
the sex chromosomes in males and females and the process 
of behavioral differentiation have still not been identified. 
In particular, the process of sexual differentiation of 
the gonads is reasonably well established in mammals 
(the sry gene of the Y chromosome induces formation 
of the testes) but not in birds where the differentiation of 
the gonad seems to be the result of the presence on 
one or two Z chromosomes of gene DMRT1 (gene 
dosage effect). 


In other vertebrate classes including fish, amphibians, 
and reptiles, many species do not appear to have sex 
chromosomes, and their brain and behavior differentiate 
by endocrine mechanisms that appear to be driven by the 
physical (e.g., temperature) or social environment (presence 
of congeners of the other sex, position in a dominance- 
subordinate hierarchy). For example, in reptiles, the first 
identified event signaling sexual differentiation is the 
increase in aromatase expression in the female gonad 
that leads to an increase in estrogen concentration that 
will by itself transform the undifferentiated gonad into an 
ovary. Whether gonadal steroids have an early and irre¬ 
versible effect on the brain and its responsiveness to 
steroids in adulthood is not broadly established in fish, 
amphibians, and reptiles. There are, however, indications 
that such a phenomenon may take place at least in some 
species. For example, in tree lizards (Urosaurus ornatus ), 
concentrations of progesterone and testosterone during 
development determine, in an apparently irreversible manner, 
whether the adult males will be territorial during their 
entire life or will switch from nomadic to satellite male 
as a function of environmental conditions. In species dis¬ 
playing alternative mating strategies such as the midship¬ 
man fish (Porichthys notatus ), the physiological ‘decision’ 
to become a territorial male who builds a nest to attract 
females or a sneaker (satellite male) is made early in 
development and is apparently irreversible, but the endo¬ 
crine bases of this ‘decision’ are unclear at present. 

Given the plasticity in the expression of sex-typical 
behavior that can be observed by adult fish species, it 
seems likely that, in many species, the brain and the behav¬ 
ioral phenotype are not determined in an irreversible man¬ 
ner by the early endocrine environment. Variable situations 
are likely to be observed in amphibians and reptiles and 
these issues certainly deserve more attention in these taxa. 

In mammals, birds, reptiles, and amphibians, multiple 
sex differences in brain structures implicated in the con¬ 
trol of male sexual behavior have been observed. These 
differences can be morphological in nature (e.g., groups of 
neurons in the preoptic area (POA), size of the neurons or 
of cell nuclei larger in males, dendritic arborization more 
developed in ventromedial hypothalamus of females), and 
also biochemical. For example, the concentration and 
turnover of various neurotransmitters or neuropeptides 
as well as the density of their receptors can vary according 
to the sex. Some of these anatomical or biochemical differ¬ 
ences persist in adult gonadectomized animals placed in 
similar hormonal environments. It is therefore likely that 
they are causally related to behavioral differences between 
sexes and induced by differences in the early endocrine 
environment. Overall, the organizational effects of steroids 
on behavior are the consequence of changes in gene 
expression that result in the multiplication, migration, or 
death of neurons, as well as the modulation of their func¬ 
tional differentiation (e.g., expression of neurotransmitters, 
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neuropeptides, and their receptors). Many aspects of these 
effects remain, however, to be uncovered. 


Cellular Mechanisms of Testosterone 
Action in the Brain 

Sex steroids including testosterone act on the brain to 
activate male sexual behavior by molecular mechanisms 
that are for the most part similar to those described based 
on studies of peripheral organs (i.e., hormones binding to 
specific receptors and modifying cellular physiology includ¬ 
ing protein synthesis). More recent work indicates, however, 
that the central effects of steroids are also achieved through 
other brain-specific mechanisms involving, for example, 
direct effects on neuronal membranes. 

Two distinct types of interactions between steroids and 
their target cells have been described to date. Steroid 
hormones, and other similar lipophilic compounds such as 
the thyroid hormones, can more or less freely enter target 
cells and produce their biological effects by binding to 
specific intracellular receptors. The complex formed by 
the hormone and its receptor then acts, in the cell nucleus, 
as a transcription factor leading to changes in the transcrip¬ 
tion of new messenger RNA (mRNA) and new proteins 
that ultimately alter cell function. These effects are usu¬ 
ally fairly slow and take hours to days to develop. Many 
effects of steroids including testosterone and its metabolite 
estradiol are, however, too rapid to be produced by these 
mechanisms and appear to result from direct effects at the 
level of the cell membranes and/or from a direct interaction 
with intracellular signaling cascades involving, for example, 


the phosphorylation of various proteins. These two types 
of actions will be considered in the following sections. 

It should also be mentioned that in addition to sex 
steroids, other larger or more polar molecules such as 
the peptidergic or protein hormones (e.g., vasopressin/ 
vasotocin, oxytocin, gonadotropin-releasing hormone, 
prolactin, and others) play a role in the control of male 
sexual behavior. These compounds exert their actions 
through binding to receptors located on the cell membrane 
that are coupled to the activation of a second intracellular 
messenger system (such as activation of adenylate cyclase 
leading to the synthesis of cyclic AMP). These 
other mechanisms of behavior control are, however, very 
diverse and their understanding is sometimes only 
partial. They also differ markedly between species and 
thus cannot be summarized within the scope of the pres¬ 
ent article. This presentation will thus be centered on sex 
steroid actions to illustrate general principles of behavioral 
neuroendocrinology. 

Two key steps should be considered in the behavioral 
action of testosterone on its target neurons: its metabolism 
into other steroids and these metabolites binding to spe¬ 
cific nuclear receptors. 

Role of Testosterone Metabolism 

When entering its target cells, testosterone undergoes 
important metabolic transformations. Two enzymes, aro- 
matase and 5a-reductase, catalyze the transformation of 
testosterone into behaviorally relevant metabolites estra¬ 
diol and 5a-dihydrotestosterone (5a-DHT), respectively. 
Additional enzymes inactivate the steroid (5p-reductase; 
Figure 4). Other reversible transformation can also transform 
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Figure 4 Primary transformations of testosterone into behaviorally active metabolites such as estradiol and 5a-dihydrotestosterone 
(5oc-DHT) or into in behaviorally active compounds such as 5p-dihydrotestosterone (5p-DHT). 
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testosterone or its metabolites into more polar hydroxy- 
lated compounds that have generally a weaker behavioral 
activity although their behavioral significance deserves a 
more detailed investigation (e.g., transformation of testos¬ 
terone into androstenedione by the 17(3-hydroxysteroid 
dehydrogenase, transformation of the two DHTs into 
corresponding diols by the 3a- or 3p-hydroxysteroid 
dehydrogenase). 

The ratio of active versus inactive testosterone meta¬ 
bolites that are produced in the brain and in peripheral 
structures can be affected by factors such as the sex, age, 
season, or hormonal condition of the subjects, providing 
a mechanism probably related to fine-tuned adjustments 
of the hormonal regulation of behavior. Depending on 
the species, 5a-DHT or estradiol alone is able to mimic 
most if not all effects of testosterone. Copulatory behavior 
can, for example, be activated by 5a-DHT alone in rabbits 
or guinea pigs, and by estradiol alone in the rat or 
in the Japanese quail. In most species, however, the 
full activation of male sexual behavior results from a 


synergistic action of both estradiol and 5a-DHT. The 
relative role of these two steroids in this process varies 
between species, but it seems that both are usually 
involved. 

Binding to Receptor 

The neuroanatomical distribution of high-affinity binding 
sites for androgens, estrogens, and progestagens is remark¬ 
ably consistent among vertebrate species. This distribution 
was originally mapped in the 1970s using in vivo autora¬ 
diographic techniques. More recently, this distribution 
was reanalyzed by immunocytochemical studies employing 
mono- or polyclonal antibodies against the steroid receptors 
molecules. These receptors have also been cloned and 
sequenced in many species and probes could therefore 
be synthesized and used to localize the corresponding 
mRNA by in situ hybridization. All these different exper¬ 
imental approaches have produced results that are in 
general in good agreement. 
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Figure 5 Steroid-binding sites in vertebrates in general (a) and in a specialized case, the songbird brain (b). In addition to the 
expression of receptors in the POA-hypothalamus, limbic system, and optic tectum, including the nucleus intercollicularis (ICo), 
songbirds express receptors for androgens, and in some case for estrogens, in specialized nuclei of the telencephalon that are 
implicated in song learning and production such as HVC (formerly High Vocal Center, now used as a proper name), RA (nucleus 
robustus arcopallialis), and MAN (magnocellular nucleus of the anterior nidopallium). In songbirds, androgen receptors have also been 
identified in the nucleus of the 12th nerve (Xllts) that innervates the synrinx. Balthazart J & Riters LV (2000) Ormoni e Comportamento. 
In “The biology of behavior” Bateson P and Alieva E (eds.) Trecani Publishers, Rome, pp. 85-97 translated in English in 2001 
(Balthazart J & Riters LV (2001) Hormones and Behavior. In “Frontiers of Life” Baltimore D, Dubelcco R, Jacobs F and Levi-Montalcini R 
Eds., Academic Press, Orlando FL, pp. 95-108. 
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Cells with a dense expression of receptors for sex 
steroids are localized in the medial POA, the hypothala¬ 
mus (anterior hypothalamic area, ventromedial nucleus, 
tuberal hypothalamus), telencephalic structures that are 
part of the limbic system (amygdala, lateral septum, bed 
nucleus of stria terminalis), and in specific parts of the 
mesencephalon (optic tectum). A schematic presentation 
of this distribution is shown in Figure 5. A similar distri¬ 
bution has been observed among a wide range of verte¬ 
brates ranging from fishes to mammals. Furthermore, the 
anatomical distribution of androgen-concentrating cells is 
in general similar to that of the estrogen-concentrating 
cells. However, differences have been observed in the 
intensity and the number of labeled cells, as well as in 
their precise distribution within a given nucleus. 

Some cases of specialization have been observed in this 
distribution. A number of additional brain sites expressing 
sex steroid receptors have in particular been identified in 
vertebrate species that produce vocalizations in the context 
of reproduction. For example, in songbirds such as zebra 
finches (Taeniopygia guttata) and canaries (S. canaria ), a net¬ 
work of neurochemically specialized brain nuclei controls 
both the learning and the production of song. Singing 
behavior is steroid sensitive and accordingly, most nuclei 
in the so-called song control system (located in the telen¬ 
cephalon as well as the mesencephalon and brainstem) 
contain androgen receptors. This presence of androgen 
receptors in telencephalic nuclei outside the limbic system 
is unusual among vertebrates and is functionally related to 
singing. Similar specializations are present in the midship¬ 
man fish (P. notatus ) and several species of amphibians such 
as the African clawed frog (Xenopus laevis). In both species, 
the vocalizations are produced by a complex neuronal cir¬ 
cuitry that includes a number of androgen-sensitive nuclei 
in brain regions that do not normally contain androgen 
receptors in other vertebrates. 

Only a subset of the total number of binding sites for 
sex steroids in the brain have been implicated in the 
control of male sexual behavior. These critical sites have 
been identified by a combination of lesion experiments 
and of stereotaxic implantation of steroids directly in the 
brain of castrated subjects. In general, the medial part of 
the POA appears as a critical and sufficient site for the 
activation by steroids of male sexual behaviors. Castrated 
males that are sexually inactive will recover a rate of sexual 
activity that is often similar if not equivalent to the level 
seen in gonad intact sexually mature males when implanted 
with testosterone in this brain site (see section ‘The Pre¬ 
optic Area as a Key Site of Testosterone Action on Copu- 
latory Behavior). Additional sites are also implicated. For 
example, androgen action in the septum, bed nucleus of 
the stria terminalis, and amygdala modulate the expres¬ 
sion of male sexual behavior even if the action of androgens 
in the POA alone is sufficient to activate this behavior in 
many cases. 


The activation by testosterone or estradiol of these 
nuclear receptors modulates the transcription of a multi¬ 
tude of genes that encode for a variety of receptors (for 
neurotransmitters, for neuropeptides, for steroids them¬ 
selves) and enzymes that control the synthesis or catabo¬ 
lism of neurotransmitters and neuropeptides, as well as 
protein (neuro)hormones themselves. These changes are 
confined to the anatomically specific sites that express 
steroid receptors and ultimately result in specific changes 
in neural activity and behavior. 

The Emerging Role of Nongenomic 
Effects of Steroids 

The steroid-induced behavioral changes described earlier 
usually require a time course extending from hours to days 
after the beginning of the exposure to the steroid. Such a 
time course can therefore explain changes in reproductive 
behavior that are observed over months during the annual 
cycle with animals alternating seasonally between a time 
of active reproduction and a period of sexual quiescence 
when no sexual behavior is usually observed. 

Faster actions of steroids have also been identified 
suggesting that these hormones may also act via funda¬ 
mentally different mechanisms. It has been noted for at 
least two decades that steroids are able to alter excitability 
of neurons in culture within seconds of their application. 
This is particularly the case for estradiol, the steroid 
produced in the brain by aromatization of testosterone 
that plays a key role in the activation of male sexual 
behavior. Besides their genomic actions, estrogens indeed 
exert effects that are too rapid (seconds to minutes) to 
be mediated through the activation of protein synthesis. 
Although purely cytoplasmic effects have also been described, 
nongenomic effects are generally initiated by steroids 
acting at the plasma membrane resulting in the activation 
of a wide variety of intracellular signaling pathways. The 
nature of the potential membrane estrogen receptors 
mediating these effects is still debated. It is now clear 
that multiple receptor systems are implicated and several 
of them have actually been identified. First, the well- 
characterized classical nuclear receptors for estrogens 
(estrogen receptor a and p) can associate with the cell 
membrane and generate intracellular signals through 
association with a G-protein-coupled receptor (GPCR). 
Additionally, novel membrane receptors such as GPR30 or 
ER-X have also been proposed as candidates for mediating 
membrane actions of estrogens. Finally, estrogens can also 
act as coagonists or allosteric modulators of GPCR or ion¬ 
gated channels/receptors. The intracellular signaling path¬ 
ways activated by these receptors result in phosphorylations 
of enzymes or receptors leading, for example, to changes in 
enzymatic activities or receptor uncoupling from their effec¬ 
tors. It has therefore been hypothesized that these changes in 
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cellular (neuronal) function could modify at the level of the 
organism specific aspects of male sexual behavior, and 
experimental evidence supporting this idea has recently 
been obtained in a number of model systems. 

Evidence that estrogens acutely influence processes 
such as pain and also aggressive and sexual behaviors is 
indeed accumulating. It was demonstrated, for example, 
that a subcutaneous injection of estradiol stimulates mounts 
and anogenital investigations within 35 min in castrated rats 
(Rattus norvegicus ), a latency too short to be compatible with 
an activation by genomic mechanisms. Subsequent studies 
demonstrated that a single injection of 17p-estradiol facil¬ 
itates the expression of most aspects of male sexual behavior 
within 10—15 min in quail (Cournix japonica) and mice (Mas 
musculus). The existence of such rapid behavioral effects of 
estradiol seems to be an ancient feature in vertebrates since 
they are also observed in fishes. Injection of estradiol indeed 
modulates within minutes the production of courtship 
vocalization in the plainfin midshipman fish (P. notatus). 

It is currently difficult to assess the overall significance 
of these rapid effects of steroids on behavior. Only a few 
examples have been identified and it is thus not possible 
to determine how widespread this type of effect will be. In 
several cases, the nongenomic effects of estrogens are best 
observed in animals pretreated with a suboptimal dose of 
testosterone or estradiol benzoate suggesting that these 
nongenomic actions require some steroid priming to occur. 
Why would these two types of the regulation of behavior by 
estrogens have evolved especially with latencies of effects 
that differ by several orders of magnitude? It is important to 
note that even during the reproductive season, males have 
to spend time with other activities than reproduction (search 
for food, hide from predators, etc.), and sexual behavior 
should thus not be expressed continuously. Alternations on 
a short-term scale between sexual activity and inactivity are 
usually considered to be under the control of neurotrans¬ 
mitter activity (e.g., dopaminergic, noradrenergic, or gluta- 
matergic inputs to steroid-sensitive areas). The discovery of 
rapid actions of estrogens on reproductive behaviors pro¬ 
vides, however, new insight into this question. One could 
argue that in its short-term context, estradiol displays most, 
if not all, functional characteristics of a neurotransmitter or 
at least a neuromodulator and thus can regulate short-term 
changes in behavior. Additional research on the functional 
significance and on the cellular mechanisms underlying 
such rapid effects of steroids is now required to evaluate 
their overall importance in the control of reproduction. 

The Preoptic Area as a Key Site of 
Testosterone Action on Copulatory 
Behavior 

As reviewed earlier, the neuroanatomical distribution of sex 
steroid receptors has guided many initial investigations on 


the neural circuit controlling male sexual behavior. There 
are still many gaps in our knowledge about this circuit and 
functional anatomical studies are based on only a limited 
number of species. However, lesion studies and hormone 
implant investigations have all clearly demonstrated the 
importance of the medial POA (mPOA), a brain region at 
the junction of the telencephalon and diencephalon. It is 
obviously a key site for the integration of information 
involved in the regulation of male sexual responding. 
Notably, lesions of the mPOA impair copulation in male 
rats and in a large number of other mammalian species as 
well as in all species of birds, reptiles, amphibians, and fishes 
that have been investigated. 

The mPOA is clearly associated with the anterior 
hypothalamus based on functional considerations. It is 
a target of steroid hormone action and bidirectionally 
connected to a large number of brain regions. In particular, 
the mPOA receives, directly or indirectly, inputs from most, 
if not all, sensory modalities and is therefore ideally 
positioned to integrate information from the environment 
and adjust responses made by the organism to environ¬ 
mental and endocrine inputs (Figure 6). 

It is also apparent from many studies that the POA 
sends a prominent projection to the periaqueductal gray 
(PAG is also referred to by its Latin name, substantia 
grisea centralis). This projection to the PAG represents a 
key link between the diencephalic center where endocrine 
stimuli and sensory inputs originating from the female are 
integrated with the spinal module controlling motor out¬ 
puts reflected in sexual behavior itself. 

In most species, the full complement of sensory inputs 
and motor outputs to the POA-PAG connection involved 
in the control of male sexual behavior still needs to be 
elucidated. In a number of selected cases such as rodents 
or Japanese quail (C. japonica), this circuitry has been 
investigated by multiple approaches including the analysis 
of the expression of immediate early gene expression to 
identify brain areas involved in sexual responses, tract¬ 
tracing studies of the afferent and efferent connections of 
the POA-PAG connection, and experimental lesions of 
the different nuclei identified by the previous approaches 
to confirm their implication in behavior control. 

In this context, studies of the expression of the imme¬ 
diate early gene c-fos in particular have been helpful in 
birds and in mammalian species. In quail, for example, 
copulation induces the appearance of Fos-immunoreactive 
cells in the POA, the bed nucleus of the stria terminalis, 
the ventral mesopallium, parts of the arcopallium including 
the nucleus taeniae of the amygdala, and the mesencephalic 
nucleus intercollicularis. Fos induction was observed through¬ 
out the rostral to caudal extent of the preoptic region of 
male quail and in the rostral part of the hypothalamus 
to the level of the supraoptic decussation. It is unlikely 
that this Fos induction resulted from copulation-induced 
endocrine changes, because copulation did not affect 
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Figure 6 Schematic representation of the neural circuit mediating male sexual behavior based primarily on studies conducted with 
Japanese quail with special emphasis on the inputs and outputs of the medial preoptic nucleus (POM). The figure illustrates the putative 
visual and olfactory inputs to the circuit and the outputs to nuclei potentially mediating the expression of reproductive behaviors 
(copulation) and vocalizations (crowing). ICo: intercollicular nucleus; PAG: periaqueductal gray; TnA: nucleus taeniae of the amygdala; 
Tuberal Hyp: tuberal hypothalamus. Modified from Ball GF and Balthazart J (2009) Neuroendocrine regulation of reproductive behavior 
in birds. In: Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE, and Rubin RT (eds.) Hormones, Brain and Behavior, pp. 855-895. San Diego, 
CA: Academic Press. 


plasma levels of luteinizing hormone or of testosterone 
and a similar induction could be detected in castrated 
males whose plasma testosterone concentrations has been 
clamped to a stable high level by subcutaneous implantation 
of a capsule fdled with testosterone. Rather, the Fos 
responses seem to be due to copulation-associated 
somatosensory inputs and, surprisingly, to olfactory sti¬ 
muli originating from the female. This interpretation was 
recently confirmed in a study demonstrating that Fos 
induction is significantly decreased in birds rendered 
anosmic by occlusion of the nostrils and in which the 
cloacal region had been anesthetized before they could 


interact with the female. Similar conclusions had been 
reached by experimental deafferentations in rats. This 
comparison is of interest, given that male birds do not have 
an intromittent organ and are not supposed to rely on 
olfactory stimuli to detect females. Additional work would 
therefore be in order to identify the nature of brain activation 
that mediates this Fos expression. Work in other vertebrate 
taxa would also be of interest to determine the generality of 
these broadly distributed changes in brain activity. 

Taken together, these data indicate that a large number 
of brain areas are activated during the expression of male 
sexual behavior as revealed by an increased expression of 
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immediate early genes and confirmed in some selected 
cases by an increased glucose accumulation following 
expression of the behavior. Tract-tracing studies show 
that these brain regions are connected, often bidirectionally, 
to the mPOA and therefore constitute a functional network 
where steroids are acting to activate the expression of 
male sexual behavior. The specific function of each node 
in this network has not always been identified, but infor¬ 
mation is available in some specific cases. For example, 
the amygdala in hamsters (.Mesocricetus auratus) clearly 
serves as an integration site for the olfactory stimuli 
originating from the female and the endocrine stimuli 
produced by the gonads. 

The Neuroendocrine Control of Appetitive 
Sexual Behavior 

Descriptions of male sexual behavior in non-human animals 
have distinguished between two different phases: a highly 
variable sequence of behaviors that involves attracting and 
courting a female, the appetitive sexual behavior (ASB; a 
visible signal of sexual motivation), followed by the highly 
stereotyped copulatory sequence (consummatory sexual 
behavior, CSB). As mentioned previously, most of the 
work on the endocrine control of male sexual behavior 
has focused on the analysis of consummatory aspects of 
this behavior (intromission and ejaculation). It is only more 
recently that due consideration has been given to the 
analysis of the appetitive phases of this behavioral sequence. 

Appetitive behaviors such as courtship displays are 
clearly necessary for and distinct from copulation itself, 
and though both are under the control of testosterone and 
its metabolites, the neural circuits that implement these 
different aspects of the behavior should by necessity be 
distinct to some degree. Investigations by Barrry Everitt 
and his colleagues in Cambridge, UK, were especially 
important in stimulating work on circuit specializations 
related to the control of different components of male 
sexual behavior. Their experiments indeed showed that if 
lesions to the mPOA in rats eliminate male-typical copu¬ 
latory behavior, they have more limited or even no effects 
on some measures of sexual motivation. Rats with such 
lesions still pursue and attempt to mount females. They 
also perform learned instrumental responses (in operant 
conditioning paradigms) to gain access to females. In contrast, 
lesions to the basolateral amygdala inhibited the ability of 
males to acquire learned responses that are rewarded 
with access to females. Pharmacological studies also 
revealed selective effects on CSB of manipulations of 
the preoptic opioid system but left relatively intact mea¬ 
sures of ASB. These observations lead to the idea of a 
double dissociation between brain areas mediating copu¬ 
latory behavior on the one hand (the mPOA) and appetitive 
sexual behavior/sexual arousal/sexual motivation on the 


other hand (amygdala, bed nucleus striae terminalis). This 
notion has since been investigated in a few other verte¬ 
brate species. 

Sophisticated behavioral tests have now been designed 
to analyze and quantify in a reasonably independent 
manner these two aspects of sexual behavior. Studies on 
male ASB in a diverse set of species are particularly 
important from a clinical perspective. Patterns of male 
sexual performance are often stereotypic and can be spe¬ 
cies specific in nature. Generalizations from non-human 
animals to humans are sometimes difficult. In contrast, 
mechanisms underlying sexual motivation and ASB seem 
to be more widespread among vertebrates and could 
potentially be more easily transposed in humans. 

In both rats and quail, the two species in which most 
research on this topic has been carried out, the expression 
of ASB is markedly inhibited if not completely suppressed 
by castration, and recovery is observed following treat¬ 
ment with exogenous testosterone. In both species, the 
action of testosterone on ASB also seems to be mediated 
by its aromatization into an estrogen. It was, for example, 
demonstrated that treatment of rats with the aromatase 
inhibitor Fadrozole markedly decreases a widely accepted 
measure of ASB, the number of level changes in a bilevel 
apparatus in which a male can freely pursue a female. 
x\romatase-knockout mice also exhibit major deficits in 
measures of partner preference and sexual motivation. 
Similarly, in Japanese quail, measures of ASB are enhanced 
by testosterone whose action is mediated by its aromatization 
into an estrogen. Thus, both ASB and copulation itself 
depend for their activation on similar if not identical 
endocrine stimuli. This is understandable from an ultimate 
causation point of view since natural selection should 
favor the control by similar hormones of behaviors that 
must by nature be expressed in sequence to ensure suc¬ 
cessful reproduction. 

Interestingly, however, several studies have suggested 
dissociations between neural circuits underlying the 
expression of x\SB and male copulatory behavior. In rats, 
the work of Everitt and colleagues mentioned before 
suggested that the mPOA, which obviously controls cop¬ 
ulation, might not be implicated in the activation of ASB. 
However, there is also clear evidence coming from a 
variety of studies in different species that the mPOx4 
plays some role in the control of these other appetitive 
aspects of sexual behavior. It has indeed been reported 
that lesions of the mPOx4 diminish the preference for a 
female partner in rats and ferrets (Mustek putorius furo), 
decrease pursuit of the female by male rats, and decrease 
anticipatory erections and anogenital investigations in 
marmosets (Callithrix sp.). Furthermore, in vivo dialysis 
experiments revealed that sexual interactions progres¬ 
sively increase the level of extracellular dopamine in the 
mPOA of male rats, and this increase begins as soon as the 
male is introduced to the female and initiates pursuits and 
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anogenital investigations, that is, several minutes before 
the beginning of copulatory interactions (consummatory 
responses) sensu stricto. Pharmacological manipulations 
of the dopaminergic system in the mPOA additionally 
confirm its involvement in the control of appetitive sexual 
response. For example, microinjections of a dopaminergic 
antagonist within the POA decrease measures of sexual 
motivation such as the preference of a male for the 
female-baited arm in a maze. 

Detailed studies in Japanese quail have also analyzed 
the neural circuit mediating ASB as reflected by measures 
of two of its components: the learned social proximity 
response and the rhythmic cloacal sphincter movements. 
During the ‘learned social proximity response,’ a male 
quail will stand for most of the day in front of a window 
that provides him with visual access to the female after he 
has been copulating with that female in the same arena. 
This is a robust, easily quantifiable, response reliably 
produced in the laboratory that provides a useful way to 
investigate the mechanisms regulating male ASB. This 
response is, however, learned only after the male performs 
copulatory behavior in the testing chamber and, as a 
consequence, cannot be studied completely independent 
of the occurrence of copulation. In contrast, the ‘rhythmic 
cloacal sphincter movements’ are produced in anticipation 
of copulation but do not require copulatory behavior to 
occur in order to be produced. These movements are greatly 
facilitated in males, including sexually naive males, by 
the simple view of a female. They produce by rhythmic 
movements of a sexually dimorphic striated cloacal sphincter 
muscle that is interdigitated with the proctodeal gland, a 
meringue-like foam that is transferred to females during 
copulation and enhances the probability of fertilization. 
These two responses are androgen dependent. They are 
not expressed in castrated males and are restored to rates 
observed in intact sexually mature males by treatments 
with exogenous testosterone either injected systemically or 
implanted directly in the mPOA. As observed for copulatory 
behavior, effects of testosterone on these two measures of 
ASB require aromatization of the androgen in the POA. 

Experimental analysis of the neuroanatomical bases of 
these behaviors indicates a clear role for the mPOA in the 
control of ASB and even suggests an anatomical specificity 
within this region: the rostral part would be more specifi¬ 
cally implicated in the control of ASB while copulatory 
behavior sensu stricto would rather be controlled by the 
posterior part of this brain region. This anatomical separa¬ 
tion is supported by two independent types of experiments. 

In one case, discrete electrolytic lesions aimed at the 
medial preoptic nucleus (POM) strongly inhibited, as 
expected, copulatory behavior but, in parallel, also decreased 
to various degrees the expression of the learned social 
proximity response. Closer inspection of the data revealed 
that behavioral effects of the lesions were closely related 
to their specific location within this nucleus. Lesions in 
the caudal POM, at the level of or just rostral to the 


anterior commissure, were associated with decreased 
expression of copulatory behavior, while slightly more 
rostral lesions were specifically associated with inhibition 
of the measure of ASB. In another experiment, POM 
lesions also completely abolished the expression of rhythmic 
cloacal sphincter movements induced in castrated males 
treated with exogenous testosterone by the view of a 
female, but the anatomical specificity of this latter effect 
could not be established due to the limited number of 
subjects available in the study. 

In a second type of study, the analysis of the immediate 
early gene expression activated by the expression of ASB or 
by copulation revealed a differential activation of subregions 
of the POM by these two aspects of sexual behavior. In this 
study, castrated males treated with testosterone were allowed 
to interact freely with a female and express the full sequence 
of copulatory sexual behavior or only to express rhythmic 
cloacal sphincter movements in response to the visual pre¬ 
sentation of a female. Quantification of the protein product 
of the immediate early gene c-fos in the brain of these subjects 
collected 90 min after this sexual experience demonstrated 
an increased c-fos expression throughout the rostrocaudal 
extent of the POM in males that had copulated, whereas the 
view of a female and expression of rhythmic cloacal sphinc¬ 
ter movements induced an increased c-fos expression in the 
rostral POM only. These data thus provide additional sup¬ 
port to the idea that the POM is implicated in the expression 
of both ASB and copulatory behavior but that there is a 
partial anatomical dissociation within this nucleus between 
subregions involved in the control of each aspect of male 
sexual behavior. The rostral and caudal POM seem to dif¬ 
ferentially control the expression of these two components of 
sexual behavior. 

This anatomical specificity in the control of appetitive 
and consummatory sexual behavior by the POM might 
not be restricted to quail. In rats, as in quail, lesions of the 
caudal POA and anterior hypothalamus block the expres¬ 
sion of copulatory behavior, but more rostral lesions in the 
POA had little or no effect in at least one experiment. In 
hamsters (M. auratus), pheromones alone are able to activate 
c-fos expression in neurons of the mPOA in the absence of 
copulatory interaction with females indicating that stimuli 
encountered during the appetitive phase of male sexual 
behavior are processed, at least in part, in the mPOA. 
Similarly, in a songbird, the house sparrow (Passer domes- 
ticus) female-directed song, an appetitive behavior that 
precedes copulation, relates positively to the induction 
of the immediate early genes c-fos and zenk in the rostral 
POM but not the caudal part of this nucleus. 

Alternative Models of Reproduction in 
Vertebrates 

The general overview presented earlier reflects mechan¬ 
isms of behavior control that presumably apply to the vast 
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majority of vertebrate species. These principles have often 
been tested on only a limited number of species of fishes, 
amphibians, reptiles, birds, and mammals, and information 
concerning the last two classes is by far more abundant 
than for fishes and other less studied tetrapod groups such 
as amphibians and reptiles. A number of species or families 
of vertebrates have, however, adopted unusual modes of 
reproduction or adjusted to different environmental con¬ 
ditions and the question arises as to whether these prin¬ 
ciples also apply for these species. This question has 
obviously not been answered in a general manner, but a 
few principles should be mentioned. 

Tropical species do not experience the drastic changes 
in the duration of photoperiod that usually drive testicular 
physiology and thus reproductive cycles in species living 
in the temperate zone. They either reproduce during most 
of the year or have adapted to other factors that may limit 
reproductive success such as rainfall in arid environments. 
Based largely on studies in birds, these species often do 
not exhibit the pronounced seasonal rhythms in plasma 
testosterone concentrations that are seen in temperate 
zone animals. Plasma testosterone concentration is often 
low throughout the year and sometimes does not increase 
markedly at the beginning of the reproductive period. 
Although they may not be strictly seasonal in nature, 
reproduction in tropical species is cyclical and all species 
cease reproduction in association with molt in birds, for 
example. It has been suggested that the presence of repro¬ 
ductive behavior in association with low testosterone 
concentrations in the circulation was permitted by an 
increased sensitivity of the brain to these low levels of 
steroids. Available evidence suggests nevertheless that 
the action of testosterone on the mPOA and on the 
connected network of nuclei described before is still 
implicated in the activation of male sexual behavior in 
these species. 

A large diversity of reproductive patterns is found in 
fishes including species that change sex during their life 
either as a function of age, of environmental factors or of 
the social situation. The change from male to female or 
female to male is also called ‘sequential hermaphroditism’ 
and is common in fishes, rare in amphibians and reptiles, 
and never reported to our knowledge in birds and mam¬ 
mals. Sex changes are, when documented, associated with 
huge variations in plasma concentrations of sex steroids 
and with a substantial remodeling of brain neurochemistry 
affecting variables such as the expression of various neu¬ 
ropeptides (vasotocin, gonadotropin-releasing hormone) 
or the intracellular metabolism of steroids. In all these 
species, testosterone or 11KT remains, however, the steroid 
responsible for the activation of male sexual behavior and 
the POA is a key area controlling reproduction. A few piscine 
species (deep-sea, some serraninae, or sea basses) have been 
identified that seem, based on examination of gonadal tissue, 
to exhibit simultaneous hermaphroditism (simultaneous 


presence of testicular and ovarian tissue in the same subjects). 
Little or no information is however available on the 
endocrine control of reproductive behavior in such species. 

Parthenogenetic reproduction, that is, asexual repro¬ 
duction in which females can reproduce without fertiliza¬ 
tion by a male, is sometimes observed in invertebrates 
(aphids, some bees, and parasitic wasps) and very rare in 
vertebrates (occasionally described in some sharks and 
reptiles) but has been extensively documented in one 
species of whip-tailed lizard. In Cnemidophorus uniparens , 
all individuals are triploid females. They lay unfertilized 
eggs all of which develop into daughters. This contrasts to 
other lizards including species of the genus Cnemidophorus , 
where both sexes are present and male sexual behavior 
(mounting on the female from the rear and apposition of 
cloacal areas in a so-called doughnut posture) is activated 
like in other vertebrates by testosterone. Surprisingly, in 
Cn. uniparens , females are able to lay eggs that will produce 
offspring in the absence of sperm but they also display, over 
time, cycles of sexual activity during which they succes¬ 
sively assume a female and then a male role. Depending 
on its endocrine state, one subject will either play the role 
played by the male in closely related species and mount a 
female that is about to lay eggs or will be mounted and 
will lay eggs. It has been demonstrated that the female-like 
receptive behavior is displayed just before ovulation when 
circulating estrogen concentrations are high, while the 
male-typical mounting behavior is displayed when plasma 
concentrations of progesterone are elevated. Accordingly, 
these two types of behaviors can be induced in the labora¬ 
tory by injecting ovariectomized females either with estro¬ 
gens or with progesterone. Interestingly, progesterone 
rather than testosterone is thus responsible for the activation 
of male-typical copulatory behavior in this species. The 
action of progesterone on behavior still takes place however 
in the POA and is associated with a marked increase in the 
expression of progesterone receptors. Although progester¬ 
one is usually considered as an inhibitory factor for the 
activation of male behavior, scattered studies in a variety of 
species including rodents indicate that it could in some 
circumstances have a facilitatory role and this notion should 
be investigated further. From a functional point of view, these 
pseudocopulations in lizards apparently play a significant 
role in reproduction: females that undergo mounting release 
more eggs and thus produce more offspring than females 
that do not engage in this behavioral interaction. 

Finally, a few words should be added concerning spe¬ 
cies that adopt multiple reproductive phenotypes within a 
same sex, including large males that defend territories and 
smaller (‘satellite’) males that often display morphological 
and behavioral features of females (smaller size, absence 
of colorful displays) and usually steal copulations from 
the larger dominant male (sneakers). Such social systems 
have been observed in most, if not all, vertebrate classes. 
However, the hormonal bases of these alternative 
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reproductive tactics have been studied in detail in only a 
few cases (the plainfin midshipman fish, P. notatus , or the 
tree lizard, U. ornatus). In these examples, sneaker males 
were shown to display reduced levels of androgenic ster¬ 
oids (testosterone or 11KT in fishes) as compared to 
dominant males. In contrast, a somewhat similar behavioral 
and morphological polymorphism in a shore bird, the ruff 
(Philomachuspugnax), does not seem to depend on a differen¬ 
tial activation by testosterone but appears to be directly 
controlled by genetic autosomal factors. The ruff has two 
types of males: territorial males that defend small terri¬ 
tories on leks that will be visited by females during the 
breeding season and satellite males (approximately 16% 
of the population) that do not defend such territories but 
stay in the vicinity and try to sneak copulations with 
females visiting the lek. These different behavioral stra¬ 
tegies are associated with different patterns of plumage. 
Territorial males display dark (brown or black) long fluffy 
feathers in their neck (the ruff) and occipital ‘head tufts,’ 
whereas these feathers are lightly colored (white, creamy 
yellow) in satellites. Although plasma testosterone con¬ 
centrations have not to our knowledge been compared in 
these two types of morphs, the steroid is unlikely to con¬ 
tribute to these behavioral and morphological differences 
between morphs because females that do not show these 
attributes spontaneously will display them with similar 
proportions as males if treated with a same dose of exoge¬ 
nous testosterone. 

Conclusions 

Research initiated in the middle of the nineteenth century 
by Adolph Bertold who identified the critical role of a 
secretion of the testis in the control of male sexual attributes 
in chicken has during the second half of the twentieth 
century produced a huge corpus of data that explain with 
reasonable detail and accuracy the (neuro)endocrine mechan¬ 
isms controlling male reproductive behavior. A selection 
of species have been studied in all classes of vertebrates 
from fishes to mammals, and several general principles have 
emerged from this work. A number of broad questions 
remain, however. They concern the neural mechanisms 
underlying the differential sensitivity of male and female 
brains to the same endocrine stimuli, the interaction between 
genomic and nongenomic actions of steroids on the brain 
that support sexual behavior and also the detailed architecture 
of the neural circuits that control the appetitive and 
consummatory phases of this behavior and to what extent 
these circuits can be generalized to all vertebrates. From 
a comparative point of view, it would also be useful to 
determine to what extent these general principles have 
been modified in species that have adapted unusual 
reproductive strategies including hermaphroditism, parthe- 
nogenetic reproduction, and alternative mating strategies. 
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Introduction 

What is sexual behavior, and why (and how) do animals 
exhibit it? These are important questions which have been 
the basis of much scientific focus over the past century. 
Sexual behavior evolved to bring gametes together from 
two different individuals, thereby increasing diversity and 
variety in the genetic makeup of the offspring (in contrast 
to being a complete clone of the parent). Such genetic 
variety has been proposed to be adaptive in allowing animals 
to increase the diversity in their traits in an ever-changing 
natural environment. In mammals, sexual behavior often 
differs between males and females, reflecting differences in 
a multitude of ecological and physiological pressures, as well 
as anatomical distinctions between the sexes. This review 
will focus exclusively on sexual behavior of female mammals. 

Historically, the empirical study of female sexual 
behavior was initiated well after that of male sexual 
behavior. Unlike male mating behavior, which was sys¬ 
tematically studied as early as 1849 by Adolf Berthold, 
female reproductive behavior received little scientific 
attention prior to the twentieth century. The reason for 
this discrepancy is unclear, though it may reflect the fact 
that female reproduction, unlike that of males, occurs in 
cycles which significantly complicate its study. That is, 
female reproduction in mammals has specific phases 
which repeat throughout adulthood, beginning with 
courtship and mating, followed soon thereafter by ovula¬ 
tion and fertilization, leading to pregnancy and parturi¬ 
tion, and culminating with lactation (and then repeating 
the entire cycle again). Unlike males, the reproductive 
status of a female mammal constantly changes, creating 
difficulties or complications in studying any one particu¬ 
lar stage. Moreover, even when a female is not pregnant or 
lactating, her sexual behavior usually occurs only at spe¬ 
cific stages of her estrous (or menstrual) cycle, further 
reducing the ease with which such behavior can be stud¬ 
ied. In contrast, male mammals do not have cyclic restric¬ 
tions regarding when they can show sexual behavior, 
nor do they exhibit reproductive stages of pregnancy or 
lactation, making them easier models to study. 

In the first half of the twentieth century, researchers 
began to systematically study female sexual behavior in 
mammals, detailing its characteristics and components, 
as well as defining its hormonal and neural correlates 
(discussed in detail in later sections). Today, female repro¬ 
ductive behavior is studied within the fields of biopsychol¬ 
ogy, neuroscience, endocrinology, and animal behavior, and 


for some aspects we know more today about the neural 
mechanisms underlying female sexual behaviors than we 
do about male mating behaviors. Most information regard¬ 
ing mammalian female sexual behavior has been gleaned 
from laboratory studies involving rodents, primarily rats, 
guinea pigs, and hamsters, and more recently, mice (includ¬ 
ing transgenic and knockout mouse models). Thus, the 
majority of the information detailed in this chapter focuses 
on rodents, though additional discussion includes findings 
from non-human primates and, to a lesser extent, other 
mammalian species. Keep in mind that although there are 
many overlaps and similarities between different mamma¬ 
lian species in terms of female sexual behavior, there are 
sometimes differences as well, and not all mechanisms 
present in rodents can be commonly found in other species. 

Cycles and Components of Female 
Sexual Behavior 

Sexual behavior can be broadly defined as all behaviors 
necessary and sufficient to achieve fertilization of female 
gametes (ova) by male gametes (sperm). Female sexual 
behavior includes both copulatory and noncopulatory 
behaviors that are linked to sexual interaction. In other 
words, reproductive behavior includes not only copula¬ 
tion itself (i.e., penile insertion and deposition of sperm in 
the vagina) but also the various behaviors immediately 
preceding copulation, such as courtship displays or 
specialized vocalizations, which are crucial to promoting 
and achieving subsequent copulation. Likewise, sexual 
behavior could include postcopulatory behaviors which 
help ensure successful fertilization, such as postural 
adjustments which promote sperm transport to the egg, 
or mate-guarding behavior which occurs in some species. 
Despite this possibility, the study of female sexual behav¬ 
ior in mammals has predominantly focused on precopu- 
latory and copulatory behaviors, with little attention 
given to postcopulatory aspects. 

In contrast with males, most female mammals exhibit 
estrous cycles (menstrual cycles in humans and non¬ 
human primates). Early observations noted that for 
many species, female sexual behavior is restricted to a 
specific stage of the cycle known as ‘behavioral estrus.’ 
The word ‘estrus’ is derived from the Latin word ‘oestrus,’ 
which translates as frenzy (as well as horse-fly or gadfly). 
More loosely, oestrous translates to ‘in a frenzied condi¬ 
tion’ or ‘possessed by the gadfly,’ and is commonly 
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referred to as being ‘in heat.’ Females in estrus exhibit a 
range of typical behaviors that have long been recognized 
as relating to actively seeking, and initiating, copulation. 
In most species (humans being one exception), similar 
sexual behaviors are not typically observed in anestrous 
females (i.e., females not in behavioral estrus). For exam¬ 
ple, female rats ( Rattus norvegicus) or mice (Mus muscus) 
housed with a sexually active male display mating behav¬ 
ior every fourth or fifth night, when she is said to be in 
estrus (i.e., in heat). If the male is unsuccessful in achiev¬ 
ing fertilization, or has been experimentally vasectomized 
to prevent fertilization, the female continues to mate with 
him once every 4-5 days, but not on days in between. 
Hence, her estrous cycle is considered to be 4—5 days in 
length, with behavioral estrus comprising approximately a 
day or so, depending on the species. Similar observations 
were made long ago in other species, including Syrian 
hamsters ( Mesocricetus auratus , 4—5 day cycles), guinea pigs 
(Cavia porcellus) and sheep ( Ovis aries , 16-day cycles), and 
various canines {Cams lupus , variable duration; typically 
7 months with estrus lasting approximately 10 days). 

The specific timing of the occurrence of female sexual 
behavior, that is, behavioral estrus, is such that it is tightly 
coupled to the timing of ovulation. Estrus typically occurs 
just before ovulation (variable, but on the order of hours), 
ensuring that sperm will be readily available in the 
female’s reproductive tract to fertilize the ovulated egg, 
thereby facilitating successful reproduction. For this rea¬ 
son, it is not surprising that a majority of mammalian 
species (though certainly not all) have linked the timing 
of female sexual behavior with the timing of ovulation. 
As will be discussed later, both ovulation and female sexual 
behavior are regulated primarily by changes in gonadal sex 
steroids (estradiol and progesterone), providing synchrony 
and concordance in the hormonal regulatory mechanisms 
underlying these two coupled phenomena. Some species, 
such as voles (Rodentia; subfamily Arvicolinae), musk 
shrews ( Suncus murinus ), and rabbits (Order Lagomorpha), 
do not have regularly occurring estrus cycles, but instead 
display ‘induced’ estrus which is caused by exposure to a 
conspecific male. Many mammals with induced estrus are 
solitary and hence restrict the triggering of their female 
mating behavior, as well as ovulation, to times when a male 
is present. For these species, females never come into heat 
unless exposed to a male (or certain male signals, such as 
pheromones and olfactory cues). 

Although a general consensus emerged that female 
sexual behavior is elevated during behavioral estrus in 
most species, initial studies of female mating did not 
systematically parse out various sexual behaviors or com¬ 
ponents of behavioral estrus. This led to some confusion 
and discrepancies in the field, as different researchers 
defined sexual behaviors in different ways. In many 
cases, they failed to define aspects of sexual behavior at 
all. Because of this, a more detailed description of female 


mating was eventually proposed by Beach, who suggested 
that female sexual behavior in mammals comprised three 
critical and separate components: attractivity , proceptivity , 
and receptivity. 

Attractivity 

Beach defined the first component of female sexual 
behavior, attractivity, as the stimulus value of the female 
to the male. Thus, attractivity is a relative measure of 
‘value’ of a female to a given male (i.e., how attractive 
she is to him). This value is inferred by the observer based 
on the male’s behavioral or physiological response to 
certain parameters of the female. Unlike the other com¬ 
ponents of female sexual behavior, attractivity cannot be 
determined without directly assessing the responses and 
actions of another animal other than the female, that is, 
the male, and therefore involves some additional varia¬ 
bility based on inherent individual differences in the 
personal preferences of males (as described later). Attrac¬ 
tivity can encompass both behavioral and nonbehavioral 
aspects. Nonbehavioral attributes include specific eye¬ 
catching body coloring or markings, or enticing body 
shape or morphology. Behavioral cues are varied and often 
species specific, and include typical courtship displays, such 
as alluring movements which the male finds attractive, 
enhanced presentation of certain appealing body features, 
or the active secretion of olfactory cues to which the male is 
attracted. Ear wiggles in female rats and mice are a common 
behavioral display that males find enticing. The adaptive 
value of attractivity includes bringing the male, a prospec¬ 
tive mate, closer to the female, assisting males to identify the 
female’s reproductive status and/or genital regions, and 
orienting the male’s coital responses. 

Attractivity in many species is typically highest during 
estrus. As we shall see in later sections of this article, we 
now know that many aspects of attractivity, like procep¬ 
tivity and receptivity, are dramatically influenced by ovar¬ 
ian hormones (estradiol and progesterone). This serves to 
maximize a male’s interest in the female around the time 
of ovulation (which is similarly induced by these same 
hormones). There are many examples of animals showing 
increased attractivity during behavioral estrus versus 
anestrus. For example, one of the earliest studies by 
Warner, in 1927, determined that male rats, trained to 
cross an electrified grid (which provides a mild shock) to 
gain access to a female, displayed more frequent crossing 
when the females were in estrus than not, suggesting the 
males found the females more attractive. Likewise, ‘pref¬ 
erence studies’ in many species have assessed a female’s 
attractiveness to males under different physiological con¬ 
ditions. Males tend to display preference for females in 
estrus rather than females who are anestrous. This has 
been convincingly shown for rodents and dogs, in which, 
given a choice between a female in estrus and another 
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who is not, a male tends to spend significantly more time 
with the estrus female. This enhanced attractivity during 
estrus even extends to male preferences for the urine of 
estrus versus anestrous females (i.e., chemicals/odorants 
in the estrous female’s urine are perceived as attractive to 
the male). 

Increased attractivity during estrus has also been 
demonstrated for many non-human primate species, 
including chimpanzees ( Pan troglodytes ), baboons ( Papio 
ursinus), Rhesus monkeys ( Macaca mulatto), and pig-tailed 
macaques (. Macaca nemestrina). Many of these monkey 
studies have used a PROX score to determine the amount 
of time a male spends in close proximity to a female; 
estrus females almost always have higher PROX scores 
than anestrous females, and hence, higher attractivity. 
Similar findings in primates have been observed with 
other related measures (such as the acceptance ratio, 
which is the proportion of female solicitations that elicit 
male sexual behavior). 

Despite the pattern of increased sexual attractivity 
during estrus, which is induced by increased ovarian sex 
steroids at this time (discussed later), attractivity can 
sometimes depend on factors in addition to hormonal 
status. Even when several females are in behavioral estrus 
or under the same sex steroid conditions, certain females 
may promote a greater sexual response in males, suggest¬ 
ing that some nonhormonal element may also be involved 
in producing elevated female attractiveness. Likewise, 
males of many species often exhibit individual prefer¬ 
ences for certain estrus females over others who are 
similarly in estrus. Such nonhormonal factors influencing 
a female’s attractivity could include her age, whether she 
is sexually experienced or not, morphological features, or 
other unidentified ‘X-factors’ that one female possesses 
that another does not. 

Proceptivity 

Proceptivity, Beach’s second component of female sexual 
behavior, is defined as the extent to which a female initi¬ 
ates mating; proceptive behaviors therefore reflect a 
female’s willingness and motivation to mate (i.e., appeti¬ 
tive behaviors). This aspect is analogous to sex drive or 
libido. Thus, behaviors in which a female is sexually 
solicitous and initiates copulation (but not the act of 
copulation per se) are considered proceptive. Whereas 
attractivity reflects how much a male is attracted to a 
female, proceptivity reflects how much a female is 
attracted to a male. Importantly, the identification and 
study of proceptivity has contributed significantly to the 
understanding that female mating behavior is not simply a 
passive process whereby the female just waits for the male 
to copulate with her, but rather, females play an active role 
in initiating many aspects of sexual interaction and copu¬ 
lation. Functionally, proceptive behaviors serve to arouse 


the male and to facilitate, coordinate, and synchronize 
male and female behaviors and bodily adjustments neces¬ 
sary for the act of copulation. Proceptive behaviors may 
also play a role in mate seeking and identification, as well as 
mate selection. Supporting the importance of proceptivity in 
reproductive behavior, when female rats display proceptive 
behavior (i.e., actively seek out and promote sexual interac¬ 
tion), successful copulation occurs 90% of the time, whereas 
only 3% of male-initiated contacts result in successful 
copulation. Proceptive behaviors may increase the level of 
sexual excitement in the performing females, although this 
conjecture has not been systematically studied. 

Different species exhibit different kinds and degrees 
of proceptive behavior. However, there are four general 
categories of proceptivity, as designated by Beach. The 
most common, almost universal among proceptive females, 
are affiliative behaviors, that is, female actions leading to the 
establishment and maintenance of proximity to a male. 
x4ffiliative behaviors are measured as the tendency of a 
female to approach and remain in the vicinity of the male. 
In monkey studies, this is characterized by the PROX score 
which was discussed earlier. For example, female rhesus 
monkeys do not typically display close proximity interac¬ 
tions with males but show increased approaches and spend 
more time sitting next to a male monkey right before mating. 
These higher PROX scores of the females translate to 
increased proceptivity. 

A second general class of proceptive behaviors includes 
those that are sexually solicitous. Solicitation behaviors, 
also referred to as ‘invitation’ or ‘presentation behaviors,’ 
are varied and include the female assuming specific coital 
postures before physical contact with the male, performing 
specialized gestures (such as head bobbing or lip smacking 
in certain primates), presenting the female genitalia to the 
male, or making solicitous vocalizations to help initiate 
male contact and increase male arousal. A third general 
class of proceptivity is physical contact responses, in which 
the female initiates contact with the male. Examples 
include female rodents and canines investigating and 
touching the male’s anogenital region or some primate 
species engaging in generalized grooming of the male. In 
sheep, females will often repeatedly nudge the ram with 
their heads, a common proceptive behavior preceding cop¬ 
ulation. The last class of proceptive behavior encompasses 
alternating approaches and withdrawals of the female to the 
male. This is particularly common in rodent species (‘hops 
and darts’), but also occurs in other mammalian orders. The 
behavior consists of the female approaching the male and 
then retreating if he follows her; when he stops following, 
she reapproaches and then again withdraws. Such a pattern 
is stimulating and enticing to males, and serves to increase 
males’ sexual interest in the female, culminating in copula¬ 
tion. Approaches and withdrawals may also serve to orient 
the male so that he is in the best physical position relative 
to the female to achieve copulation. 
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As with attractivity (and receptivity, described later), 
females are most proceptive during behavioral estrus. 
Thus, females exhibit the highest levels of actively seek¬ 
ing out and initiating sexual interaction during the time 
when they are concurrently most attractive to potential 
mates. The synchrony of maximal attractivity and pro- 
ceptivity is governed by ovarian sex steroids which peak at 
behavioral estrus and which also promote ovulation soon 
thereafter. There are numerous examples of proceptive 
behaviors peaking concurrent with behavioral estrus. In 
many non-human primates, female genital presentations 
to males increase with estrus, and female approaches to 
males are highest during midcycle (estrus). In baboons, lip 
smacking (a proceptive behavior) is most common during 
behavioral estrus. Interestingly, female rhesus monkeys 
trained to press a lever to gain access to a male exhibit 
significant increases in lever-pressing frequencies during 
midcycle. Similar motivational experiments in rats 
observed estrous females displaying a tenfold increase 
in the likelihood to cross an electrified grid in order to 
reach a male, or significantly more bar presses than 
anestrous females in order to gain access to a male. 
Numerous rodent preference studies involving Y-mazes 
(in which stimulus animals are confined to the arms of 
the Y, and an experimental animal is introduced with 
free access to all areas) have also documented that 
females given the choice of spending time with a stimu¬ 
lus male or another stimulus female spend dramatically 
more time next to the male when she is in estrus versus 
anestrus. Thus, proceptivity is increased when females 
are in behavioral estrus. 

Although proceptivity is highest in estrus for most but 
not all species, additional factors can influence proceptive 
behaviors. Perhaps not surprisingly, the degree of female 
proceptivity depends, in part, on male attractiveness. 
Moreover, similar to a male’s individual preferences in 
determining attractivity, personal preferences of the 
female can play a role in her proceptivity. Thus, females 
can sometimes display individual differences in what they 
find attractive and will therefore display more proceptive 
behavior to certain males over other males; in some cases, 
the males which are less attractive to one female may be 
more attractive to another. Such personal preferences have 
been documented in many species, including sheep, dogs, 
and non-human primates. The underlying basis for these 
personal preferences is not currently known. 

Receptivity 

‘Sexual receptivity’ is the most classic term associated with 
female sexual behavior. However, until Beach’s 1976 cate¬ 
gorization of female mating behaviors, researchers used the 
term ‘receptivity’ in different contexts and with different 
meanings, which often confused and complicated the study 
of female reproduction. Discrepancies in the literature 


were often due to differences in how receptivity was 
defined (or more often, how it remained undefined). 
Many classical studies of ‘receptivity’ included numerous 
proceptive behaviors along with the act of copulation itself, 
making it hard to tease apart specific aspects of behaviors 
and their underlying mechanisms. 

Beach operationally defined receptivity in stimulus- 
response terms to include sexual behaviors exhibited by 
females in response to stimuli normally provided by con- 
specific males. Beach further defined receptive behaviors 
as those which comprise female reactions and responses 
necessary and sufficient to achieve penile insertion, that 
is, the act of copulation itself. This equates with a female’s 
readiness to allow the copulatory act and often takes the 
form of species-specific postures adopted by the female 
during intercourse. For example, in rodents, receptive 
females usually display lordosis, a stereotyped behavior 
in which the female stands immobile, arches her back, and 
deflects her tail to the side, all in an effort to adopt a 
position that facilitates the male’s penile insertion. 

The experimental study of female receptivity typically 
includes quantifications of the receptive behavior and is 
usually expressed as a ratio of the male’s attempts to copu¬ 
late and his success in doing so. In rodents, this ratio is 
termed ‘the lordosis quotient’ (LQ); higher L(X values 
represent a greater frequency of the female displaying the 
receptive posture (lordosis) per mating attempt by the male. 
Similar ratios have been adopted for other species. In 
canines, the rejection coefficient is determined by dividing 
the total attempts by the male to mount the female by the 
number of times he is permitted to mount her and exhibit 
thrusting. In monkeys, similar scores are called ‘the accep¬ 
tance ratio’ or ‘the success ratio.’ 

In some cases, there is overlap of receptive behaviors 
with proceptive behaviors, or even attractivity (in fact, 
some experimental measures, such as the acceptance 
ratio, can also be used to determine attractivity or other 
components). In some rodents, a female actively initiates 
copulation (i.e., exhibits proceptivity) by exhibiting the 
lordosis posture, which is typically regarded as a recep¬ 
tive behavior. Thus, lordosis in this species is both pro¬ 
ceptive and receptive. Given that the proceptive phase 
leads into the receptive phase, some overlap is not 
surprising, especially at the transition between the two 
phases. In the small insectivore the musk shrew (Suncus 
murinus), after an initially aggressive interaction with a 
courting male, a female shrew suddenly displays ‘tail 
wagging’ when she is ready to mate. This intriguing 
behavior involves the female shrew continually walking 
away from the male while rapidly flicking her tail back 
and forth; during this time, the female never stops to 
adopt an immobile posture, and males attempt to mount 
and copulate with her as she constantly walks and tail 
wags. In this case, tail wagging is an indicator of both 
proceptivity and receptivity. 
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As with attractivity and proceptivity, receptivity in 
most mammals with recurrent estrous cycles is highest 
during behavioral estrus, when the female is in heat. In 
many cases, receptive behavior is never displayed in anes- 
trous states. For example, lordosis is never observed in 
normal female rodents that are not in behavioral estrus. 
Likewise, dogs and cats that are not in estrus usually avoid 
or actively discourage male-mounting attempts and will 
not permit penile insertion even if he does mount. Some 
non-human primates, but not all (e.g., chimpanzees), 
follow similar patterns, showing increased receptivity 
only during the phase of the cycle when ovulation is 
imminent. As we shall see in the next section, this is 
primarily due to elevated ovarian sex steroids which 
peak around behavioral estrus and serve to promote 
both enhanced receptivity and subsequent ovulation. 

An Alternate Model of Classifying 
Female Mating 

Beach’s proposed classification of female sexual behavior 
has been used extensively since its inception in 1976, and 
it remains the most common method of categorizing 
female mating. Recently, another set of categories was 
suggested by Blaustein and Erskine. This new set of 
definitions highlights the active contribution of the female 
in the mating process. Blaustein and Erskine split female 
sexual behavior into three main components: copulatory, 
paracopulatory, and progestative behaviors. 

Copulatory behaviors include those that result in suc¬ 
cessful transfer of sperm from the male to the female. This 
is similar to receptive behaviors as described by Beach 
and includes specific postures adopted during mating in 
order to promote penile insertion. Paracopulatory beha¬ 
viors are similar to proceptive behaviors and include 
species-specific female behaviors which arouse and stim¬ 
ulate the male to mount her, such as approach and with¬ 
drawal cycles, vocalizations, and affiliative behaviors. 
Paracopulatory behaviors also include behavioral aspects 
of attractivity, such as ear wiggling, which attract the male 
and thereby help facilitate sexual interaction. 

The third component, progestative behaviors, includes 
factors that increase the probability of reproductive suc¬ 
cess, such as the female becoming pregnant. Progestative 
behaviors include short-term behavioral adjustments in 
the timing of sexual intercourse, such as pacing behavior. 
Pacing is common in rodent species, notably rats and 
mice. In these species, females actively regulate the pace 
of the copulatory bout, serving as the principal controller 
in the rate and duration of sexual stimulation. When a 
female rodent paces intercourse, she periodically stops 
displaying lordosis, thereby stopping copulation, and 
avoids the male for short periods before reinitiating 
another lordosis bout. Thus, copulation proceeds as a cycle 
of lordosis (mounts with penile insertion) and nonlordosis 


(no mounts), until it finally culminates in ejaculation. The 
duration and interval between successive mounting bouts 
is entirely determined by the female and can range from 
several seconds to several minutes, or more. Female pacing 
of copulation has been proposed to ensure that she 
receives a species-specific temporal pattern of vagino- 
cervical stimulation which best optimizes the likelihood 
of ovulation, corpora lutea survival, and fertilization. 
Importantly, pacing and other progestative behaviors 
emphasize that the female’s role in copulation is not pas¬ 
sive, but rather she is an active participant, and in some 
cases, the principal regulator of the event. This may be 
adaptive, as females invest more time, energy, and 
resources in reproduction and offspring development 
than do males, and thus, it benefits females to actively 
regulate their mating efforts. 

Hormonal Factors Modulating Female 
Sexual Behavior 

As alluded to in previous sections, female sexual behavior 
is highly regulated by ovarian sex steroids, primarily 
estradiol (E2) and progesterone (P4). In fact, using Beach’s 
classifications of female reproductive behavior, all three 
components (attractivity, proceptivity, receptivity) are 
affected by sex steroids. However, these components are 
not necessarily affected by sex steroids in the same way, 
and not always by the same hormones. 

In the early 1900s, researchers first began to dissect the 
hormonal mechanisms underlying female sexual behavior. 
Following early work on males (beginning with Berthold), 
investigators began to assess the role of the ovaries in 
the control of female mating behavior. The results were 
consistent and conclusive: for most mammalian species, 
including rodents, canines, and sheep, removal of the ovar¬ 
ies drastically diminished, or eliminated, female sexual 
behavior. Because mating behavior stops after ovariectomy, 
researchers postulated that cycles in ovarian physiology 
and function influence cycles of sexual behavior. In 1917, 
Stockard and Papanicolo demonstrated that changes in 
guinea pig vaginal cytology were tightly correlated with 
changes in ovarian physiology and function, findings that 
were soon extended to rats, mice, and other mammalian 
species. This noninvasive technique allowed investigators 
to easily determine the stage of the ovarian cycle without 
removal of the ovaries, simply by observing the pattern 
of vaginal cell types taken easily from a vaginal swab. The 
vaginal cell types have since been used to designate four 
specific stages of the female’s estrous cycle: diestrus I and II, 
proestrus, and estrus. It was later shown that these vaginal 
stages correspond to, and are induced by, changes in ovar¬ 
ian sex steroid secretion. It is now appreciated that, in 
general, estradiol is low in diestrus I, rising in diestrus II, 
high in proestrus, and low again during vaginal estrus 
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(Figure 1). Progesterone is essentially low throughout 
diestrus II and early proestrus, and is briefly elevated in 
late proestrus and again in early diestrus I after ovulation 
has occurred (Figure 1). Ovulation typically occurs at the 
end of proestrus, after estradiol has peaked (ovulation is 
itself induced by a preovulatory ‘surge’ in pituitary lutei¬ 
nizing hormone during mid-to-late proestrus under the 
governance of high estradiol levels) (Figure 1). 

In 1922, before the discovery and identification of estro¬ 
gens and progestins, Long and Evans correlated sexual 
behavior of female rats with stage of vaginal cytology. 
Female mating behavior (lordosis) was observed only when 
the vaginal smear was indicative of proestrus or early estrus. 
Thus, behavioral estrus (i.e., being in heat) is not necessarily 
equivalent with vaginal estrus, but actually occurs more 
frequently at the latter part of proestrus (extending into 
early vaginal estrus) (see Figure 1). Based on the results of 
Long and Evans and others showing that female mating was 
elevated primarily during proestrus, and that ovariectomy 
eliminated female sexual behavior in most species, research¬ 
ers postulated that some ovarian substance (or substances) 
produced in the ovaries during proestrus was responsible for 
stimulating female mating. These substances were eventu¬ 
ally shown to be estrogens and progestins. 

Estradiol 

Working on the hypothesis that ovarian products could 
promote female sexual behavior, early studies found that 



Figure 1 Diagram of reproductive hormone levels in blood 
across a typical rodent estrous cycle. Behavioral estrous, that is, 
when females are ‘in heat,’ occurs during the end of proestrus 
and early vaginal estrus. Ovulation, indicated by the blue 
asterisk, occurs in late proestrus/early estrus (species specific) 
and is generated by a surge in LH secretion which, in turn, is 
generated by rising estradiol levels. Note that hormone levels 
depicted are estimates rather than absolute values, and the 
maximal height of each line is not necessarily relative to the other 
hormones, just to itself. Thus, each line reflects each individual 
hormone’s general pattern over the cycle. (Note also that there 
may be slight difference from one species to the next in terms of 
the temporal pattern for each hormone.) 


injecting ovariectomized (OVX) rodents with ovarian 
chemical extracts (interestingly, isolated from other mam¬ 
malian species, such as swine) caused significant increases 
in female mating behavior, measured as lordosis. How¬ 
ever, the specific substance within the ovaries that was 
inducing behavior remained unknown. Soon thereafter, in 
1929 and the early 1930s, Dosiy, Butenandt, and MacCor- 
quodale isolated and identified the ovarian estrogens, of 
which 17-(3-estradiol (E2) is the primary circulating form. 
As mentioned earlier, the secretion of E2 from the ovary 
was subsequently shown to increase slowly over the 
estrous cycle, peaking at proestrus and then declining 
rapidly thereafter; thus, the peak in E2 levels was shown 
to coincide with the peak in female behavioral estrus 
(Figure 1). To confirm that E2 played a role in driving 
female sexual behavior, early studies injected E2 into 
OVX female rodents and then assessed their sexual 
behavior. In most cases, E2 treatment substantially 
increased female reproductive behavior, findings which 
have since been repeated numerous times in many spe¬ 
cies, both rodents and nonrodents alike. However, in 
almost all cases, female sexual behavior was not maximal 
after E2 treatment (regardless of dose), and often a signif¬ 
icant proportion of treated animals did not display any 
mating behavior. Thus, while E2 was capable of inducing 
some female sexual behavior, another factor appeared to 
be required as well. This additional factor was soon shown 
to be progesterone (P4), which is described in more detail 
in the following lines. 

Although early studies focused either on receptivity 
(i.e., lordosis) or a combination or sexual behaviors (often 
lumped together as ‘receptive behaviors’), later studies 
and post hoc reevaluation of earlier studies began to 
determine the effects of E2 on individual components of 
sexual behavior. It now seems clear that E2 has stimula¬ 
tory effects for all main components of female reproduc¬ 
tive behavior, though the mechanisms by which E2 exerts 
these effects may vary from one component to the next. 
Attractivity increases significantly in OVX females given 
E2 treatments. For example, the tendency of males to visit 
and affiliate with female rodents and dogs is robustly 
elevated after E2 treatment, and similar increases in 
male preferences are observed for urine taken from 
E2-treated females than from OVX females not given 
E2. In many non-human primates, male approaches 
and/or mounts to a female are higher in E2-treated 
OVX females than those not treated with E2, and male 
monkeys trained to press a lever for access to a female 
substantially increase their lever pressing when the 
female has been injected with E2, indicating that E2 
increases female attractivity. 

Like attractivity, proceptivity is also enhanced by E2. 
In some cases, proceptive behavior is only present when 
E2 is present, whereas in other cases, proceptive behaviors 
are exhibited with or without E2, but increase in 
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magnitude and frequency when E2 is present. In general, 
most OVX females do not show proceptive behaviors and 
E2 replacement increases the display of proceptivity. For 
example, rats, hamsters, and mice that are OVX show little 
preference for males over females, and do not exhibit hops 
and darts in the presence of males. In contrast, OVX 
female rodents administered E2 spend much more time 
affdiating with males and even exhibit increased tenden¬ 
cies to traverse an electrified grid to gain access to a male. 
Like rodents, female dogs and sheep also show increased 
affiliative behaviors after E2 treatment compared with the 
OVX state. Similarly, in rhesus monkeys and other pri¬ 
mates, the frequency of presentations of swollen genital 
regions to males increases with E2 treatment, as does the 
frequency with which a female rhesus monkey will press a 
lever to gain access to a male, indicating that E2 increases 
her proceptivity. 

As mentioned earlier, receptivity is also enhanced by 
E2 treatment. Although some species, such as rabbits and 
rhesus monkeys, do not rely on E2 to display receptivity, 
OVX animals of most mammalian species, including 
rodents, cats, canines, pigs, cattle, and some primates 
(e.g., baboons), fail to display receptive behaviors until 
treated with E2. Even so, as observed by Long and Evans 
and others in the 1920s, E2 treatment alone increases but 
does not usually maximize the degree or magnitude of the 
receptive behavior. Moreover, in some cases, a good per¬ 
centage of females (as high as 40% in some studies) do not 
show much receptive behavior after E2 treatment. Thus, 
E2 is stimulatory to receptive behavior, but in many cases, 
an additional factor is also needed to achieve maximal 
receptivity (i.e., normal levels observed in intact animals). 
Usually, this additional factor is P4. 

Progesterone 

The early finding that many OVX females treated with 
E2 did not display full receptivity suggested that some 
other factor, working in conjunction with E2, was also 
involved. Progesterone (P4) was discovered and isolated 
not long after E2, in 1934-1935 by Allen and others. 
Given that P4 is high during late proestrus at the same 
time that E2 levels are elevated and in synchrony with 
maximal estrous behavior, researchers began to test the 
notion that P4 was stimulatory to sexual behavior. This 
was indeed to shown to be the case. Initial studies by 
Young and others in the mid 1930s and 1940s established 
that whereas E2 treatment did not fully restore female 
sexual behavior in OVX guinea pigs, treatment with both 
E2 and P4 did maximally induce sexual behavior. Similar 
findings of P4’s ability to stimulate female mating were 
also reported for female rats. However, early monkey 
studies, as well as other studies in rodents, reported 
that P4 decreased female sexual behavior in OVX 
E-treated females. 


Although confusing at first, these contradictory find¬ 
ings regarding P4’s effects on female receptivity were 
eventually reconciled by the discovery that P4 exerts 
biphasic effects on female mating. Elevated E2 during 
proestrus, followed by a rise in P4 in late proestrus, 
stimulates maximal induction of female sexual behavior 
in normal cycling females (typically studied in terms of 
lordosis). The rise in P4 is thought to be produced by 
the ovarian follicle, though recent studies also suggest the 
possibility of neurally derived P4 produced within the 
brain itself (from astrocytes). Afterward, in late estrus/ 
early diestrus, after ovulation has occurred, the corpora 
lutea secrete high levels P4; these high P4 levels during 
estrus/diestrus serve as an inhibitory signal to female 
sexual behavior. Unlike E2, which appears to be almost 
exclusively stimulatory to female sexual behavior, P4 has a 
dual role, providing both stimulatory and inhibitory effects 
on female mating, depending on the timing and dose of P4. 
P4 given alone to OVX females, in the absence of E2, does 
not stimulate female sexual behavior; thus, the stimulatory 
effects of P4 on female mating require E2 to be present 
(typically for 18—20 h or more beforehand). This observa¬ 
tion may reflect, in part, the actions of E2 to upregulate the 
receptors for P4 in the brain. Interestingly, P4 given before 
or concurrently with E2 can actually inhibit or depress 
estrous behavior, a phenomenon called ‘concurrent inhibi¬ 
tion.’ The P4 treatment appears to be mimicking the second 
rise in P4 during the vaginal estrus/diestrus stage, which 
as stated earlier, serves to terminate receptive behavior in 
E2-primed rodents. Although P4 (or several of its metabo¬ 
lites) can act initially to induce maximal female receptivity 
after prior E2 treatment, some species, such as rabbits, 
certain hamsters, and voles, do not require P4 at all to 
display high receptivity; in these species, E2 treatment 
alone is sufficient to induce maximal female receptivity. 

In contrast to receptivity, there are far less data 
concerning the effects of P4 on attractivity or proceptiv¬ 
ity, primarily because E2 alone often appears to induce 
high attractivity and proceptivity in the absence of P4. 
Moreover, additional treatment with P4 in conjunction 
with E2 does not usually further increase attractivity or 
proceptivity. However, as noted by Blaustein and Mani, 
there is some evidence that P4, particularly of adrenal 
origin, can increase certain proceptive behaviors in 
E2-treated rats, suggesting that P4 may be stimulatory 
for this behavioral component. The situation is compli¬ 
cated by the fact that in several species of non-human 
primates (rhesus monkeys and baboons), attractivity is 
sometimes reduced by P4 treatment, though the results 
are inconsistent. The role of P4 in these nonreceptivity 
components may be species specific or trait specific, and 
this issue requires more empirical testing before definitive 
conclusions can be made. 

Although sex steroid signaling is important, if not 
essential, for female sexual behavior in most mammalian 
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species, it should be noted that many other factors, such as 
age, experience, photoperiod, and various neuropeptides 
and neurotransmitters, have also been implicated in reg¬ 
ulating (either stimulating or inhibiting) female mating 
behavior. Many of these additional factors modulate (or 
mediate) the main effects of sex steroids and often require 
the presence of at least E2 in order to affect female 
mating; others influence sexual behavior completely 
independently from E2 or P4. In-depth discussion of 
these numerous other factors is beyond the scope of this 
chapter. A brief condensed list of neuropeptides and neu¬ 
rotransmitters implicated in this system includes opioid 
peptides, neuropeptide Y, serotonin, oxytocin, vasopres¬ 
sin, cholecystokinin, dopamine, GnRH I and II, nitric 
oxide, corticotropin-releasing factor, and norepinephrine. 


Receptor Mechanisms of Hormone 
Signaling for Female Sexual Behavior 

By the mid-twentieth century, it was fairly well estab¬ 
lished that both E2 and P4 were important for female 
sexual behavior. However, the mechanism by which these 
hormones exerted their effects on female mating, and 
receptivity in particular, were unknown. Although it was 
assumed that E2 and P4 acted in the brain to elicit their 
effects, the site of actions and the molecular/cellular 
mechanisms were not yet studied. Not until the identifi¬ 
cation of the various receptor subtypes toward the end of 
the century, along with the recently harnessed ability of 
modern genetics to remove or alter select genes in mouse 
models, could such issues properly be addressed. Today, 
there is a wealth of information that has been gleaned 
from studies with transgenic and knockout mouse models; 
these, when combined with the use of specific agonist, 
antagonist, and other chemical/drug treatments, have 
begun to identify the molecular mechanisms underlying 
E2 and P4 signaling in relation to female sexual behavior. 

The first estrogen receptor was identified by Jenson in 
the late 1950s. For approximately 40 years after, most 
estrogen effects were presumed to be mediated by this 
one receptor until the discovery in 1996 of a second 
estrogen receptor by Gustafsson and others. Upon this 
discovery, the first estrogen receptor was termed ‘estrogen 
receptor a’ (ERa), whereas the second receptor was 
termed ‘ER(3.’ Both ERa and ERp are nuclear receptors 
that bind DNA and influence gene transcription. More 
recently, a membrane-associated ERa, as well as another 
membrane receptor (termed ‘GPR30’) capable of binding 
E2 and initiating intracellular signaling cascades, have 
been identified, but there is less information as of yet 
regarding their roles in female sexual behavior. 

In the mid-1990s, investigators first used molecular 
genetic technology to knock out the functional ERa 
gene from mice. This allowed Rissman and others to test 


whether ERa, or some other pathway, was important for 
mediating E2’s stimulatory effects on female sexual 
behavior, primarily lordosis. These researchers deter¬ 
mined that intact female ERa knockout mice (termed 
‘ERaKos’) had severely altered estrous cycles and dimin¬ 
ished lordosis responses. When these knockouts and their 
wild-type littermates were tested for female receptivity 
following ovariectomy and sex steroid replacement, 
ERaKOs (unlike wild-type females) still failed to display 
any lordosis with a sexually experienced stimulus male 
(Figure 2). This indicated that female sexual behavior, in 
particular receptivity, is dependent on functional ERa 
signaling pathways. Perhaps not surprisingly then, intact 
ERaKO females were shown to be infertile (they also 
display impairments in ovulation). In addition, Rissman 
showed that P4 has no facilitory effect on lordosis in 
ERaKOs as it does in wild-type mice, perhaps reflecting 
the absence of available progesterone receptors, since E2 
acts via ERa to upregulate most progesterone receptors in 
the brain (particularly, the hypothalamus). Interestingly, 
E-treated ERaKO females were still attractive to males, 
because males attempted to mount ERaKO females to a 
similar degree as wild-type females. Moreover, when given 
a choice to spend time with either wild-type or ERaKO 
females, males spent equivalent time between the two 
genotypes. Thus, attractivity, which is increased by E2, 
does not seem to require ERa in mice (though ERa may 
be sufficient to mediate attractivity in normal females). 
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Figure 2 Composite diagram of general lordosis levels in 
female mice from five genotypes. Females were treated with E2 
and tested multiple times for female sexual behavior. Note that 
normal female mice (wild types) usually require several trials of 
testing before they display high levels of receptive behavior. 
Female mice lacking ERp display high levels of lordosis, similar to 
wild-type females. In contrast, females lacking either PR or ERa 
do not display significant lordosis, even after multiple testings. 
Like ERaKOs, females lacking both ERa and ERp fail to display 
lordosis. This indicates that PR and ERa are each essential for 
proper female receptivity in mice. 
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Whether the stimulatory effects of E2 on attractivity are 
mediated by ER(3 or GPR30 has not yet been determined. 

Soon after the findings in ERa were published, addi¬ 
tional studies were performed on female mice lacking a 
functional ERp gene. When tested for sexual behavior, 
intact and E-treated female ERpKO mice showed lordosis 
to the same extent as wild-type females, suggesting that 
ERP is not necessary for lordosis and sexual receptivity, at 
least in mice (Figure 2). Interestingly, some ERpKO 
females appeared to display increased sexual receptivity, 
at least during early testing trials; these and other data 
have led to the speculation that ERp may be important 
during development for proper defeminization of the 
brain and behavior. Thus, in the absence of ERp, 
ERpKO females may be hyperfeminized and therefore 
show higher levels of female sexual behavior. Supporting 
this possibility, male ERpKO mice appeared to be slightly 
feminized in that because they show higher levels of 
lordosis than wild-type males (but not as high as normal 
wild-type females). Despite this, after multiple trials of 
behavioral testing, ERPKO females and wild-type females 
show essentially equivalent receptivity levels, suggesting 
that ERP (unlike ERa) is not critical for normal lordosis. 
ERpaKO females, lacking both receptor subtypes, do not 
display lordosis, even when hormone primed, likely 
reflecting the absence of ERa signaling (Figure 2). 

In most tissues studied, including the brain, the proges¬ 
terone receptor (PR) is induced by E2 via ERa signaling, 
and therefore, without E2, P4 cannot properly signal. This 
led to the postulate that some of the observed physiologi¬ 
cal and behavioral responses attributed to P4 signaling, 
including enhancement of sexual receptivity, might be 
due to the combined effects of P4 and E2, rather than 
just P4 alone. To clearly delineate the distinct roles of 
P4 and E2 in female sexual behavior, O’Malley and collea¬ 
gues generated a novel mouse strain in which both forms 
of the PR were ablated using molecular gene-targeting 
techniques. Although male PR knockout (PRKO) mice 
were completely fertile, female PRKOs were shown to be 
infertile. When tested for sexual behavior, OVX PRKO 
females given E2 and P4 did not show lordosis, unlike 
their wild-type counterparts (Figure 2). This suggested 
that PR is essential for normal female receptivity. This 
conclusion was supported by findings that E2-primed 
female rats given neural infusions of PR antisense mRNA 
were incapable of displaying lordosis. Additional findings 
with PR subtype knockout mice soon determined that the 
PR-A receptor subtype, rather than PR-B, is likely the key 
PR subtype mediating P4’s facilitory effects on receptivity 
in rodents. Interestingly, a membrane progesterone receptor 
was also recently identified, though like that of GPR30, the 
role of this G-protein-coupled receptor in female mating 
has not yet been sufficiently tested. 

Interestingly, numerous classical studies showed that 
wild-type OVX mice and rats often display some receptivity, 


although not maximal, with just E2 treatment, suggesting 
that P4 is not required for minimal-to-moderate expres¬ 
sion of lordosis. The fact that transgenic mice lacking 
functional PR show no lordosis at all, even with E2 treat¬ 
ment, required that earlier conclusions be modified. 
A more accurate statement is that PR signaling, but not 
necessarily P4 itself, is crucial for any display of female 
receptivity in rodents; in the absence of P4, some moderate 
lordosis can still be elicited by E2, provided neuronal PR is 
intact. Although this seems contradictory, recent evidence 
regarding nonligand activation of PR has shed some light 
on this issue. 

In 1991, Power and others working in O’Malley’s group 
made the fascinating discovery that nuclear PR can be 
activated in vitro by dopamine or dopamine agonists, in 
the complete absence of P4. Interestingly, the ability of 
dopamine to activate PR was not via direct binding of the 
steroid receptor. Rather, dopamine was shown to bind to 
its own membrane receptor (the D1 subtype of dopamine 
receptors) to initiate a second messenger intracellular 
cascade which subsequently activates nuclear PR. This 
indirect activation of PR via activation of Dl dopamine 
receptors is now referred to as ‘ligand-independent acti¬ 
vation’ (or ‘hormone-independent activation’) and repre¬ 
sents ‘crosstalk’ between the dopamine and PR systems. It 
has since been postulated that other factors can also 
activate PR and/or ER by ligand-independent activation, 
include GnRH, D5 dopaminergic agonists, phorbol esters, 
nitric oxide, prostaglandin E2, and cAMP. 

Although Power determined that dopamine could acti¬ 
vate PR in vitro, it was unclear if this process could occur in 
vivo, and in particular, in relation to female sexual behavior. 
This possibility was soon tested by Mani and others. Infu¬ 
sion of E2-primed female rats with dopamine agonists (for 
the Dl receptor) into the brain facilitated female receptiv¬ 
ity in E2-primed females, similar to the effects of P4 
treatment. Furthermore, dopamine’s stimulation of female 
receptivity was prevented if the E2-primed rats were also 
treated with PR antagonists or antisense oligonucleotides 
directed at PR mRNA. This suggested that dopamine’s 
stimulatory effects on lordosis were dependent on PR 
signaling (even if P4 was not present). This conjecture has 
since been supported by additional findings that dopamine 
agonists can stimulate receptivity in normal E2-treated 
wild-type females but not in E2-treated PRKO females. 
Thus, PR is essential for female receptivity, but P4 itself 
may not be required, provided other ligand-independent 
pathways still persist to activate PR pathways. 

Prior to the generation and testing of ER and PR 
knockout mice, numerous sexual behavior studies had 
manipulated sex steroid receptor signaling capabilities 
through the use of agonist, antagonist, and antisense oli¬ 
gonucleotide treatments. The results of these studies gen¬ 
erally agreed with later findings from knockout models. 
Thus, administration of antiestrogens (which bind both 
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ERa and ER(3) into the brain (or systemically) was highly 
effective in preventing lordosis in E2-primed female 
rodents of several species. Most recently, agonists selec¬ 
tive for either ERa or ER(3 have been used. When these 
agonists were delivered into the brains of female rats, only 
ERa agonists elicited lordosis (and proceptive behaviors), 
similar to E2 treatment. In contrast, an ERp agonist was 
unable to induce lordosis. These findings support the 
conclusions of the knockout studies that ERa, but not 
ERp, is involved in promoting female proceptive and 
receptive behaviors in rodents. Similar studies have been 
performed with progesterone signaling. Systemic or cen¬ 
tral (into the brain) treatment of female rats, guinea pigs, 
and mice with PR antagonists (e.g., RU486) prevented the 
facilitation of female sexual behavior by P4. Likewise, 
central infusions of antisense oligonucleotides directed 
against PR mRNA (which reduces synthesis of PR pro¬ 
tein) inhibited P4’s ability to facilitate female sexual 
behavior. The level of reduction in neuronal PR achieved 
with antisense infusions was approximately half that of 
normal levels in the brain, indicating that a certain 
amount of PR, above a given threshold, is necessary to 
achieve its facilitory effects. 

Neuroanatomical Substrates Underlying 
the Control of Female Receptivity 

The importance of E2 and P4 signaling in regulating 
female sexual behavior in most mammals is unquestioned. 
However, where are these hormones acting to achieve 
their effects on female mating? Given that the brain con¬ 
trols behavioral output, it was long assumed that sex 
steroids acted in the brain to induce sexual behavior. 
Although this topic has been studied in a number of 
species, including shrews, sheep, rabbits, and some non¬ 
human primates, the most data to date have been accu¬ 
mulated for rodents, in particular rats. Thus, this section 
and the next will focus primarily on the neuroanatomical 
circuits and hormonal sites of action mediating rodent 
female sexual behavior, in particular, lordosis. As the 
neuronal circuitry underlying lordosis has previously 
been extensively reviewed, this chapter will only serve 
to summarize the main findings. 

Lordosis, a term derived from the curvature of the 
spine, is the most studied component of female sexual 
behavior. In the past 50 years, much work, spearheaded by 
Pfaff and others, has sought to identify the key brain 
regions involved in controlling this receptive behavior. 
As described earlier, a female displaying lordosis stands 
fairly immobile, arches her back, often raising her head 
and perineum up, and deflects her tail to the side, all with 
the goal of aiding penile insertion by the male (Figure 3). 
In the absence of lordosis, penile insertion and ejaculation 
are not possible. Lordosis has been shown to possess a 



Figure 3 Picture (video capture) of lordosis in a female rat. 
Note the female’s receptive posture and arched back, which 
allows the male to mount and copulate with her. Picture courtesy 
of Dr. Greg Fraley. 

reflex component, and is elicited by a combination of 
hormonal priming (E2 and P4) and stimulation of 
mechanoreceptors in the periphery, specifically, tactile 
stimulation of the flank, rump, and perineum normally 
provided by the copulating male. Pressure responsive 
sensory neurons in the flank, rump, and perineum receive 
the tactile sensory input, which is then transmitted up the 
spinal cord to the brain. Interestingly, this peripheral 
aspect to lordosis is also regulated by sex steroids: the 
size of the receptive fields on the flanks is E2-dependent, 
and increases by as much as 30% when the female is in 
behavioral estrus. E2 therefore decreases the stimulus 
threshold required to activate the reflexive lordosis pos¬ 
ture. Other sensory modalities, such as olfaction, vision, 
auditory input (vocalizations), or touch-pressure inputs 
from other skin areas, may, in some cases, modify the 
lordosis response, but none are sufficient or necessary 
for the lordosis reflex to occur. 

Tactile information from the periphery enters the spi¬ 
nal cord and is relayed to the medullary reticular forma¬ 
tion (MRF) in the hindbrain (a region known to mediate 
posture, movement, pain, and arousal). Lesions to this part 
of the pathway completely disrupt lordosis, indicating that 
this sensory input to the MRF is a necessary component 
of the lordosis mechanism. Importantly, the MRF forms 
the basis of the lordosis ‘reflex arc,’ as this region sends 
descending projections through the spinal cord to control 
motorneurons for back muscles that are critical for the 
lordosis posture. However, while lesion studies showed 
that destruction of parts of the MRF caused deficits in 
lordosis performance, midbrain lesions were also found to 
abolish lordosis. This indicated that the spinohindbrain 
(MRF) reflex arc is not sufficient by itself to mediate 
lordosis, and that input from the midbrain (or more ante¬ 
rior regions) is also essential. It was later shown that the 
midbrain central gray (also called ‘periaquiductal gray,’ 
PAG) receives some ascending spinal input. Lesions of the 
PAG also reduce lordosis, and electrical stimulation of 
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just the POA was sufficient to promote lordosis. Although 
the PAG itself does not send direct descending projections 
down the spinal cord in rats, it does project to the MRF in 
the hindbrain. Thus, the same region (MRF) that receives 
sensory pressure signals from the flanks and rump also 
receives input from the PAG, placing the MRF in a key 
position to integrate both ascending and descending reg¬ 
ulatory information for lordosis (see Figure 4). Although 
the MRF acts akin to a relay station for the PAG and 
spinal cord pathways, it is unclear if the same exact cells in 
the MRF receive both spinal and PAG input or if there are 
two separate neuronal populations. 

In addition to the basic reflex circuit of which the MRF 
and PAG are critical components, other brain regions 
have also been shown to be critical for regulating lordosis. 
In particular, early studies determined that lesions of the 
ventromedial nucleus of the hypothalamus (VMN) dra¬ 
matically diminish lordosis, as does destruction of efferent 
and afferent fibers of the VMN. Moreover, site-specific 
electrical stimulation of just the VMN in E2-primed 
females facilitates lordosis, indicating the importance of 



Figure 4 Schematic diagram of the neuronal circuits and 
sex-steroid-binding regions underlying lordosis in female rodents. 
Dotted arrows reflect the direction of neuronal signaling within 
the lordosis pathway. MRF: medullary reticulary formation; PAG: 
midbrain central gray (or periaquaductal gray); VMN: ventromedial 
nucleus of the hypothalamus; POA: preoptica area; AMYG/BNST: 
medial amygdala and the bed nucleus of the stria terminalis. 
Adapted with kind permission of Springer Science+Business 
Media from Pfaff DW (1980) Estrogens and Brain Function: Neural 
Analysis of a Hormone-Controlled Mammalian Reproductive 
Behavior, Fig. 13.1, p. 236. New York: Springer-Verlag. 


this region in mediating the behavior. In regard to lordosis, 
efferent axonal fibers from the VMN travel caudally 
through the brain in both lateral and medial pathways, 
terminating in the PAG or nearby in the midbrain reticular 
formation (which also projects to the MRF), thereby con¬ 
necting the hypothalamic portion of the circuit with the 
midbrain-hindbrain component (see Figure 4). Although 
the VMN has been shown to be the predominant fore¬ 
brain nucleus controlling lordosis, over the years addi¬ 
tional regions and nuclei have been added to the lordosis 
mechanism, including the preoptic area (POA, including 
the medial preoptic nucleus), the medial amygdala, the 
bed nucleus of the stria terminalis (BNST), and the arcu¬ 
ate nucleus. Many of these other sites serve to modulate 
the activity of the VMN, thereby modifying the degree, 
duration, and timing of the lordosis response. In fact, the 
VMN appears to be the key nodal point in the hypothala¬ 
mus wherein multiple regulatory factors, such as meta¬ 
bolic, olfactory, and hormonal cues, converge and become 
integrated in order to control lordosis behavior. 

Neuronal Targets of Hormonal Actions for 
Regulating Female Receptivity 

Knowing the neuroanatomical regions involved in the 
lordosis circuit, one can ask where sex steroids, E2 and 
P4, act in the brain to facilitate lordosis, and are these the 
same brain regions comprising the lordosis circuitry? 
Much information regarding this question has been 
gathered. Most of the initial studies addressing the location 
of ERs were performed before the discovery of the second 
ER isoform (ER(3), and thus, were conducted under the 
assumption that there was only one ER. In hindsight, the 
results of some of these early studies obviously reflect 
the binding of both ERa and ER(3. To begin with, investi¬ 
gators in the 1960s and 1970s performed autoradiography 
studies with radiolabeled E2 in order to localize estrogen¬ 
binding neurons in the forebrain, midbrain, and hindbrain. 
Not surprisingly, these studies identified E2-binding sites 
(i.e., ER) in many places in brain, including regions com¬ 
prising the lordosis circuitry. The highest density of E2 
binding was observed in the forebrain and hypothalamus, 
including the POA, anterior hypothalamus, ARC, and 
VMN, as well as appreciable binding in the amygdala 
and PAG. Notably, the pattern of E2 binding in these 
regions is highly conserved among mammals (and indeed, 
among vertebrates), highlighting the evolutionarily con¬ 
served nature of many estrogen-regulated neuronal pro¬ 
cesses (including reproductive behavior). 

The initial binding studies were unable to tease apart 
anatomical information regarding specific ER subtypes. 
Later studies determined that, while there is some overlap 
between ERa and ERp, the two receptors have distinct 
expression patterns in the brain. ERa is most highly 
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expressed in the BNST, amygdala, POA, anteroventral 
periventricular nucleus (AVPV), arcuate nucleus, VMN, 
and PAG. Excluding the AVPV, most of these ERa regions 
have been directly implicated in regulating lordosis, as 
outlined in the previous section (see Figure 4), further 
supporting the contention that ERa is the critical estro¬ 
gen receptor subtype that promotes lordosis. ERp is abun¬ 
dant in many of the same regions as ERa, and is also 
present in additional regions such as the paraventricular 
and supraoptic nuclei, dentate gyrus, and cerebellum. 
Despite the high degree of regional overlap between the 
two receptor subtypes, a given region may participate in 
multiple behavioral and physiological processes, and thus, 
these two receptors may not be present in the same 
circuits (or cells) within each region. Whereas there are 
many cells in the amygdala, BNST, and AVPV that co¬ 
express both ER subtypes, there is much less coexpression 
in other nuclei and brain regions, suggesting the two ERs 
are likely mediating different processes in these sites. 
Within the VMN or PAG, for example, there may be 
subpopulations of neurons involved in the lordosis circuit 
which utilize ERa but not ERp; this possibility remains to 
be directly tested. 

An additional method of studying the site of hormone 
action in the brain has been to use site-specific infusions 
or implants or either E2 or E2 agonists/antagonists. Many 
studies in the 1970s and 1980s revealed that localized 
implants of E2 directly (and solely) into the VMN induce 
lordosis in OVX female rats, though not as frequent or 
robust as in intact estrous rats or rats treated systemically 
with E2 + P4 injections. However, there is an improved 
lordosis response with E2 implants given into VMN fol¬ 
lowed with a subcutaneous injection of P4, suggesting that 
much of the stimulatory actions of E2 on lordosis can be 
achieved simply via estrogenic action within the VMN. 
Conversely, anti-estrogens given directly into the VMN 
prevent lordosis in E2-primed rats, also indicating that the 
VMN represents a key, if not the key, site of E2 action for 
behavioral receptivity. It should be noted that compounds 
infused or implanted into a given brain region do not 
always stay localized, and may diffuse to other nearby 
areas. Thus, rather than concluding that the VMN by 
itself is the key site of E2 action, it may be more appro¬ 
priate to conclude that the VMN and/or adjacent areas 
are involved in the estrogenic response. In addition, the 
VMN is not a uniform, homogenous nucleus, and con¬ 
tains several subregions; some subregions, such as the 
ventrolateral VMN, may play a bigger role in female 
receptivity than others, and implant or lesion studies 
need to consider this possibility when interpreting results. 

Despite the important caveats mentioned above, when 
taken into consideration along with the numerous other 
techniques that have studied the VMN (lesion studies, 
tract tracing studies, electrical stimulation, ER expression, 
etc.), these localized implant studies further strengthen 


the argument that the VMN is indeed critical for mediat¬ 
ing sexual receptivity in rodents. Other regions have also 
been implicated in mediating some of the effects of E2 on 
lordosis. In some studies, implants of E2 into the POA, 
where ERa is also expressed, also modulate lordosis and 
receptivity in female rodents. Intriguingly, E2 may have a 
dual inhibitory/stimulatory role in the POA. Electrical 
stimulation of the POA typically prevents lordosis from 
occurring, and POA lesions enhance lordosis, implying that 
the POA provides inhibitory input to lordosis circuits. 
Selective E2 treatment into the POA usually inhibits lor¬ 
dosis, especially during initial exposure, but may increase 
behavior after longer exposure. This may relate to the 
duration of E2 needed to achieve onset of lordosis behavior, 
which is typically 18-20 h. At present, the POA and other 
regions (such as the PAG) have not received the same level 
of attention as the VMN (in terms of the number of studies 
looking at hormonal action for lordosis). 

Although it is now fairly clear where E2 acts in the 
rodent brain to elicit (or modify) lordosis behavior, it still 
remains to be determined what E2’s specific actions are 
that result in the induction of lordosis. That is, what effect 
does E2 binding in the VMN, POA, or PAG elicit, and 
how does this relate to altered lordosis response? One 
possibility is that E2 directly stimulates the neuronal 
activity (i.e., action potentials and neuronal firing) of key 
neuronal populations, thereby increasing the signaling of 
these neurons to downstream parts of the circuit (culmi¬ 
nating in the stimulation of motor neurons controlling the 
lordosis posture). In vitro electrophysiology studies found 
that E2 treatment onto VMN slice preparations did not by 
itself change neuronal resting potentials; however, E2 did 
increase the responsiveness of VMN neuronal firing to 
other neurotransmitters or to electrical stimulation. Thus, 
one role of E2 may be to bias neuronal responsiveness in 
the VMN (and perhaps elsewhere), making ER-sensitive 
neurons more likely to be excited and/or less prone to 
inhibition by other lordosis-modulating inputs (neurotrans¬ 
mitters, metabolic cues, pheromone/olfactory input, etc.). 
Supporting this possibility, E2 has been shown to be capable 
of changing the pattern and frequency of neuronal firing in 
vivo in the VMN region, though this could also be a direct 
effect of E2 on generating action potentials. Regardless, it 
appears that E2 can alter neuronal firing within key lordosis 
brain regions, though the mechanism by which E2 increases 
neuronal activity remains to be elucidated. 

Another likely effect of E2, which is not mutually 
exclusive from its ability to promote neuronal firing, is 
to regulate DNA activity (mRNA and protein synthesis) 
in neurons in the lordosis circuit. Once E2 binds nuclear 
ER (in the case of lordosis, ERa), it can directly interact 
with DNA as a transcription factor. Thus, E2 can directly 
activate (or inhibit) gene transcription, thereby influencing 
protein synthesis. Indeed, investigators have observed 
increased mRNA and protein synthesis after E2 exposure 
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in the VMN, and protein synthesis inhibitors given 
directly into the VMN reduce E2’s stimulation of lordosis 
behavior. Thus, certain proteins need to be synthesized 
within the VMN (and perhaps other lordosis nuclei) 
following E2 exposure in order to achieve fall lordosis. 
However, determining the identity of these critical pro¬ 
teins is complicated, as the transcription of many genes 
changes in response to E2. Many candidate genes (and 
hence, proteins) in the VMN, POA, ARC, and PAG have 
been shown to be modulated by E2, and over the years the 
list has grown. These proteins include various neurotrans¬ 
mitters and neuropeptides that may be involved in stimu¬ 
lating other downstream sites in the lordosis circuit (and 
whose synthesis is increased by E2), or neuropeptides 
which act to inhibit or diminish lordosis (and whose 
synthesis is correspondingly reduced by E2). Further 
complicating the issue, some neuropeptides are both 
downregulated and upregulated by E2, depending on 
the specific neuronal site or the temporal pattern of E2 
signaling. Examples of E2-regulated neuropeptides which 
have been implicated in facilitating and/or diminishing 
lordosis include oxytocin, (3-endorphin, enkephalin, neu¬ 
ropeptide Y, galanin, and cholecystokinin. Which of these 
neuropeptides is absolutely critical to female receptive 
behavior, and in what manner (i.e., what is their function 
for the lordosis process), is currently an active area of 
ongoing research. 

In addition to neuropeptides, E2 also regulates the 
synthesis of several receptor proteins, which may be criti¬ 
cal for receiving incoming neurotransmitter or hormone 
signals that regulate or time the display of lordosis. Per¬ 
haps the best characterized is the progesterone receptor 
(PR), which is present throughout the brain and robustly 
upregulated in many but not all brain regions, including 
key nuclei within the lordosis circuit. As discussed earlier, 
when PR signaling is reduced, either by interference with 
the receptor’s binding (via an antagonist), genetic knock¬ 
out of the PR gene, or infusions of PR mRNA antisense, 
females are hyposensitive or unresponsive to P4’s ability 
to facilitate receptivity. In the absence of sufficient E2 
(either a high enough dose or a long enough duration of 
exposure), PR availability is significantly diminished in 
several sites, including the POA and VMN, and P4 treat¬ 
ment is then far less effective in promoting lordosis. With 
elevated E2 (exogenously administered or during proes- 
trus), PR is dramatically upregulated in the POA and 
VMN, correlating with elevated facilitation of lordosis 
by P4 (or ligand-independent dopamine signaling). It 
takes approximately 18-20 h of elevated E2 exposure to 
induce significant PR numbers, and this is often maximal 
after 24-26 h, corresponding with the temporal induction 
of female receptivity after 20 h of E2 treatment, and 
increased lordosis after even longer durations. 

Supporting the role of PR in select lordosis nuclei, P4 
implants exclusively into the VMN increase lordosis (and 


proceptivity). Conversely, PR antagonists (RU486) deliv¬ 
ered into the VMN can diminish both lordosis and pro¬ 
ceptivity, further supporting the contention that PR 
specifically within the VMN is critical for female sexual 
behaviors. Whether, in intact behaving females, this is due 
to P4 signaling, ligand-independent signaling, or a com¬ 
bination of both remains to be teased apart. Moreover, the 
exact role of P4 and PR is still being determined in terms 
of facilitating receptive behavior at the peak of behavioral 
estrus as well as terminating lordosis soon thereafter (the 
biphasic response); PR signaling thereby contributes to 
regulating both the onset and the offset of sexual behavior, 
though the mechanisms for this are unknown. The impor¬ 
tant refractory-inducing role of later P4 signaling may 
serve to ‘reset’ the lordosis circuit for the next period of 
receptivity. It has been proposed that one possible mecha¬ 
nism for this may be that extended P4 exposure eventually 
downregulates its own receptor, thereby preventing addi¬ 
tional P4 from stimulating lordosis. Support for this possi¬ 
bility derives from pharmacological treatments that prevent 
degradation of neuronal PR and concurrently prevent P4 
from inducing a refractory period in receptivity. Interest¬ 
ingly, several researchers have postulated that P4’s both 
facilitory and refractory effects occur in the same brain 
regions (in and near the VMN), and perhaps even in the 
same neurons, though the latter has not yet been tested. 

As alluded to earlier, PR signaling may play a role in 
not only receptivity, but also proceptivity. Whereas E2 
implants into VMN stimulate some lordosis, often times 
little proceptive behaviors are observed with such treat¬ 
ment. However, P4 implants into the VMN (but not POA 
or PAG) of E2-primed OVX female rodents typically 
induce all proceptive behaviors (hopping, darting, ear 
wiggling, etc.), suggesting that PR signaling in the VMN 
is sufficient for rodent proceptivity. In support of this, 
VMN lesions decrease proceptive (and receptive) beha¬ 
viors. Even so, one cannot rule out a role of the POA in 
proceptive behaviors, since lesions of the POA have been 
shown to reduce proceptive behavior (and increase recep¬ 
tivity). Thus, the POA may be a stimulatory and necessary 
component of proceptive behavior. Unlike the VMN and 
POA, the PAG has not been implicated in proceptivity, 
only receptivity. These findings indicate that there are 
both different and overlapping sites/circuits for receptive 
and proceptive behaviors, including the sites of hormone 
actions. However, compared to receptivity, the brain 
regions and hormonal actions underlying proceptivity 
have received far less attention and require more experi¬ 
mental investigation. 

Generalizations to Other Species 

It should be restressed that the vast majority of data for 
neuronal substrates and hormonal actions in the brain in 
regard to female sexual behavior have come from rodent 
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models, and other mammalian species may not utilize the 
same brain pathways or hormonal mechanisms. This 
appears to be true for rabbits and some non-human pri¬ 
mates, though there are currently far less data available 
for these nonrodent species to derive strong conclusions 
and detailed models. Whether or not humans exhibit 
similar or dissimilar hormonal mechanisms and sites of 
actions for sexual behavior compared to rodents is even 
more unclear. There are not many detailed studies 
addressing this issue, primarily given the ethical and 
logistical limitations in experimental design for studies 
with human subjects (e.g., lesions or neuronal implant 
studies are not simply possible). Moreover, there are 
often numerous confounding variables present in human 
studies of sexual behavior, thereby clouding the view 
of the underlying mechanisms and processes. For exam¬ 
ple, steroid hormones may have an impact on human 
sexual behavior, but confounding factors may also affect 
sexual actions in women, including stress or metabolic 
factors, social pressures, cultural influences, or religious 
practices. Moreover, most human studies do not (and 
often cannot) control for the man’s role in sexual interac¬ 
tions; men may find women more or less attractive 
at certain times (or for various reasons) and therefore 
alter their involvement in sexual activity accordingly; 
this could have large unforeseen impacts on any experi¬ 
mental results concerning the female’s sexual behavior 
patterns. Thus, it is difficult to empirically test female 
sexual behavior in humans, especially the hormonal and 
neuronal underpinnings. 

Despite the limitations of human studies, some 
researchers have reported increased sexual activity and 
increased erotic thoughts in humans around the time of 
ovulation, corresponding to the time of peak estrogen 
levels, although this has not been consistently observed 
among all studies. ER and other sex steroid receptors have 
been identified in the human brain, including the hypo¬ 
thalamus and amygdala (similar to rodents), suggesting 
that sex steroids could act in a similar manner in rodents 
and humans. However, it is well recognized that humans, 
like some other non-human primates, do not limit sexual 
activity to a particular time of the menstrual cycle, and 
many females engage in sexual behavior at all stages of 
their cycle. Moreover, women can still engage in sex after 
ovariectomy (or menopause), further suggesting that sex 
hormones are not critical for human sexual behavior. 
Although sex often still occurs in these low sex steroid 
conditions, it may not occur as frequently, or with the 
same motivation, desire, or fulfillment, indicating the 
importance of looking at specific parameters (i.e., procep- 
tivity, receptivity, etc.) of sexual behavior, rather than 
simply its presence or absence. Interestingly, while sex 
steroids may not strongly influence human female sexual 
receptivity, they may have a more noticeable role in 


inducing proceptivity (i.e., libido and sex drive) in 
women. In particular, androgens (such as testosterone 
and other metabolites) may be important for motivational 
aspects to engage in sexual activity in humans, in both 
men and women. Such androgens may come from ovaries 
and/or adrenals and that testosterone levels over a 
woman’s cycle correlate with sexual desire much better 
than estrogen levels. Moreover, androgen treatments can 
significantly increase sexual behavior (particularly sexual 
desire and libido) in postmenopausal women or OVX 
women. Despite these findings, there is still not a clear 
consensus at present on the role of hormones, nor specific 
brain sites, in controlling sexual behavior in women. 
Hopefully, the next generation of research will enlighten 
us more on this intriguing and important issue. 
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Introduction 

Preceding articles in this section demonstrate that social 
interactions of various kinds facilitate the acquisition of 
adaptive patterns of behavior by insects, fishes, and birds, 
and articles to follow will provide similar evidence of 
social learning in monkeys and apes. The nonprimate 
mammals (hereafter mammals), with which this article is 
concerned, are similar to animals with nervous systems 
both more and less complex in that interaction of the 
naive with the knowledgeable often guides the behavior 
of the naive in adaptive directions. 

Arbitrary Behaviors 

Early work on social learning by mammals was concerned 
with the rapidity with which they learned arbitrary 
responses (such as pressing a lever to acquire food or 
stepping on a treadle to open a door) that were unrelated 
to their natural behavior. Results of such experiments 
were often discussed as demonstrating imitation, although 
today the same data would almost certainly be interpreted 
as demonstrating simpler types of social learning such as 
local or stimulus enhancement. For example, in a classic 
study conducted 40 years ago, kittens (Felis catus) were 
found to learn to press a lever to obtain food far more 
rapidly after watching their mother press the lever and get 
food than after watching a strange female cat do so. The 
more rapid learning by kittens that watched their mother 
was interpreted as showing that kittens imitated her 
behavior, although it can be explained more parsimoni¬ 
ously as showing only that kittens attend more closely to 
objects that their mother manipulates than to objects with 
which other adult female cats interact (i.e., as an instance 
of local enhancement). 

More recently, Norway rats (.Rattus norvegicus) that 
observed a rat pushing a joy stick either to left or right 
were reported to learn to press a joy stick in the same 
direction (left or right) as had their respective demonstra¬ 
tors, and it was suggested that the observer rats imitated 
their demonstrator’s behavior. However, subsequent work 
showed that demonstrator rats left olfactory cues on the 
side of the joy stick that they had touched and that these 
cues influenced the behavior of other rats when they 
encountered it. 

Perhaps the most striking instance of social learning 
of an arbitrary action by a mammal concerns golden 


hamsters (.Mesocricetus auratus) that learned to use their 
teeth and forepaws to retrieve a piece of food dangling at 
the end of a short chain attached to a shelf. Three quarters 
of young hamsters whose mothers demonstrated food- 
retrieval behavior for them learned to pull the chain to 
obtain the food, while only a fifth of pups reared by a 
mother that did not exhibit retrieval learned the trick. 
Unfortunately, nothing is known of the behavioral mechan¬ 
isms supporting this instance of social learning. 

Natural Behaviors 

Although, the early history of laboratory studies of social 
learning in mammals was largely concerned with the 
social learning of arbitrary responses, more recent work 
has focused almost entirely on the social influences on 
behaviors similar to those observed in free-living animals. 
In the following sections, representative experimental 
studies based on observations of the behavior of mammals 
living in natural circumstances in which subjects (1) chose 
appropriate substances to ingest, (2) overcame the defense 
of potential foods, (3) avoided predators, and (4) selected a 
mate are described. 

Choosing Food 

Much work on social learning in mammals has been 
concerned with learning how to forage successfully. 
Here, three examples of such social learning each of 
which depends upon quite different social learning pro¬ 
cesses are considered. 

Rats avoiding poisons 

In the 1950s, rodent-control operatives evaluated a 
method of rodent control that appeared to have consider¬ 
able potential to reduce the cost of exterminating ro¬ 
dent ests. By placing permanent poison-bait stations in 
rat-infested areas, the rodent-control experts hoped to 
substantially reduce the expense of constantly replacing 
temporary baits. 

The permanent bait stations had great initial success, 
with rats eating ample amounts of poison and dying in 
large numbers. However, later bait acceptance was very 
poor, and targeted rat colonies soon returned to their 
original sizes. The failure of permanent stations resulted 
from a few adult colony members surviving their first 
ingestion of bait and, as a result of suffering the ill effects 
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associated with ingesting the poison, learning to avoid 
eating the bait. These knowledgeable survivors somehow 
dissuaded their young from even tasting the poisoned bait 
that the adults had learned not to eat. 

Laboratory analyses of the transmission of food choices 
from adult rats to their young revealed that adults do not 
directly dissuade their young from eating poisonous sub¬ 
stances. Rather, young rats are both strongly inclined to 
eat whatever foods adults of their colony are eating and 
extraordinarily reluctant to eat foods that they have not 
eaten before. Consequently, young rats eat foods that 
adults of their colony are eating, not foods that those 
adults are avoiding. Poison avoidance by the young is a 
byproduct of tendencies to avoid ingesting novel foods 
and to learn from others what foods to eat. 

Starting before birth and extending throughout life, 
many different socially mediated experiences are involved 
in such social induction of young rats’ food choices. For 
example, if a gestating female rat is fed garlic, garlic is 
subsequently detectable in her amniotic fluid, and follow¬ 
ing parturition, her young show an enhanced preference 
for the scent of garlic. When young rats begin to nurse, 
flavors incorporated into maternal milk reflect the flavors 
of foods that a lactating female is eating, and experience of 
these flavors in mother’s milk causes weaning young to 
prefer foods their mother ate during the weeks that she was 
suckling them. Also, lactating rats are great hoarders of 
food, returning large quantities of food to the burrows 
where their young shelter. When an adult rat takes food 
from such a hoard, any young in its vicinity become 
intensely interested in the particular piece of food that 
the adult is holding. The young rats often try to steal the 
food that the adult is eating, and adults are surprisingly 
willing to give up food to juveniles. After a juvenile eats 
food taken from an adult, the juvenile shows an increased 
preference for that food that it does not show after taking 
the same food directly from the floor and eating it. 

As young rats grow older and leave the nest site to feed 
in the larger world, they use visual cues to locate an adult 
rat at a distance from the nest entrance and approach and 
feed with that adult. Because approaching young tend to 
crawl up under an adult’s belly and to begin to feed with 
their heads right under an adult’s chin, adults can rather 
precisely direct young to foods that they are eating. And 
when an adult rat leaves a feeding site to return to its 
burrow, the adult deposits a scent trail that leads young 
rats seeking food to the same location where the adult has 
fed. Also, while feeding, adult rats deposit, both on and 
near foods, olfactory cues that are highly attractive to pups 
and cause them to prefer feeding sites and foods that 
adults have previously exploited. 

In a number of mammalian species, in addition to 
Norway rats (mice, voles, European rabbits, Mongolian 
gerbils, golden and dwarf hamsters, bats, and dogs), a naive 
animal (an observer) that interacts with another of its 


species that has recently eaten a food (a demonstrator) 
subsequently shows a substantial increase in its preference 
for whatever food its demonstrator ate. Exposure to a 
demonstrator rat can markedly increase the survival of 
rats in environments where ingesting the most palatable 
foods present does not lead to selection of a nutritionally 
adequate diet. For example, young rats placed in enclo¬ 
sures where they had continuous access to four different 
foods, three relatively palatable but low in protein and 
one relatively unpalatable but protein rich, lost weight, 
and would surely have died of protein deficiency. By 
contrast, pups that shared their enclosures with adult 
rats previously trained to eat the relatively unpalatable, 
protein-rich food grew at almost the same rate as pups 
offered just the protein-rich diet. 

The relatively simple social learning mechanisms 
available to rats are also sufficient to support the sort of 
behavioral traditions that are common in our own species 
and present in other primates as well. All four members of 
each of several colonies of rats assigned to one condition 
were trained not to eat a pepper-flavored food and to eat 
a horseradish-flavored food, whereas all four members 
of each colony assigned to a second condition were taught 
the reverse. Following this training, each colony was 
offered a choice between pepper- and horseradish- 
flavored foods for 3hday -1 , and each day immediately 
after a colony had been fed, one of its members was 
removed and replaced with a naive rat. After 4 days, all 
members of original colonies had been replaced, and 
for 10 days thereafter, the individual in each colony that 
had been there longest was replaced with a naive rat. 
Even after replacement of original colony members, 
large effects of the food preferences learned by original 
colony members were still evident (Figure 1). Similar 
transmission chains have also been found among colonies 
of rats trained to dig in sawdust for food. 

Overcoming the Defenses of Prey 
Pinecone stripping by roof rat 

Roof rats (Rattus rattus) living in the pine forests of Israel 
and of Cyprus (places where no squirrels are present to 
compete for pine seeds), but not roof rats living elsewhere, 
subsist on a diet of pine seeds that they secure by stripping 
the scales from pinecones and eating the seeds that the 
scales protect. Laboratory studies of pinecone stripping by 
wild-caught rats revealed that to recover more energy 
from eating pine seeds than is expended in removing 
scales from pinecones, rats must take advantage of the 
architecture of pinecones, first stripping the scales from 
the base of a cone, and then removing the remaining 
scales in succession as they spiral around the cone to its 
apex (see Figure 2). 

Less than 6% of rats captured outside pine forests and 
given pinecones to eat learn to open them efficiently. 
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Figure 1 Amount of pepper-flavored diet (diet cp) eaten by 
members of colonies offered a choice between diet cp and 
horseradish-flavored diet (diet hr) and initially trained to eat either 
diet cp or diet hr. Galef BG, Jr. & Allen C (1995) A new model 
system for studying animal tradition. Animal Behaviour 50: 
705-717. (Figure 5). 


Figure 2 (a) Schematic diagram of pinecones being efficiently 
stripped of their scales in the efficient manner taking advantage 
of the architecture of the pinecone and (b) photographs of two 
efficiently pinecones that were attacked inefficiently (on left) and 
two that were attacked efficiently (on right). Terkel J (1996) 
Cultural transmission of feeding behavior in the black rat 
(Rattus rattus). In: CM Heyes & BG Galef, Jr. Eds. Social Learning 
in Animals the Roots of Culture. San Diego: Academic Press 
(Figure 5). 

However, more than 90% of rats born to mothers that 
could not remove the scales from pine cones efficiently 
but reared by foster mothers that stripped pinecones in 
the presence of their foster young, learned the efficient 
method of removing scales from cones. 

When a roof rat mother removes the scales from a 
cone, her young gather around her and attempt to snatch 
the pine seeds as she uncovers them. As the young mature, 
they snatch entire partially opened pinecones from their 
mother and then continue the stripping process that their 
mother started. Indeed, just providing young rats with 


pinecones started properly by an adult rat or even by a 
human experimenter using a pair of pliers to remove 
scales from its base results in 70% of the young rats 
learning the efficient method of removing scales. Thus, a 
very simple sort of social learning enables young rats to 
learn a skill that enables them to survive in pine forests, a 
habitat that would otherwise be closed to them. 

Similarly, juvenile red squirrels (Tamiasciurus hudsonicus) 
that have watched an experienced adult squirrel open 
hickory nuts open similar nuts at a substantially younger 
age and with greater efficiency than siblings lacking such 
experience. 

Meerkats learning to eat scorpions 

Meerkats (Suricata suricatta) are highly social animals that 
live in arid regions of southern Africa where they feed on 
a range of vertebrate and invertebrate prey, some of 
which, such as scorpions, are potentially dangerous. 
Young meerkat pups are initially incapable of foraging 
for themselves, and when from 30 to 90 days of age, are 
provisioned by adult group members that respond to 
begging calls pups emit when hungry. Adults typically 
kill or remove the sting of scorpions before they give 
them to very young meerkats. However, as the pups 
grow older and better able to handle intact, live scorpions, 
adults provide an increasing proportion of intact prey to 
pups. When human experimenters provisioned young 
meerkats in the field with live, scorpions with their stings 
removed, the pups’ subsequent ability to handle such 
‘dangerous’ prey without being either pseudostung by 
them or letting them escape increased markedly. Thus, 
adult meerkats’ provisioning of their young facilitates 
their acquisition of an important skill. 

Learning to Avoid Predators 

Predator recognition and avoidance pose a challenge both to 
the young of many mammals and to scientists trying to 
understand how animals learn to avoid predators without 
any personal experience of the potentially disastrous conse¬ 
quences of direct contact with them. Although there have 
been far fewer studies of the role of social learning in the 
development of antipredator than of foraging behaviors, work 
on predator avoidance learning in birds, fish, and primates, 
together with that conducted in nonprimate mammals, sug¬ 
gests a potential solution to the problem. Such work is of some 
practical importance in that attempts to reintroduce captive- 
reared endangered species into natural habitat often fail 
because captive-reared animals released into the wild often 
respond inadequately to the approach of a predator. 

Predator recognition in wallabies 

Captive-reared Tamar wallabies (Macropus eugenii) were 
given the opportunity to observe either a demonstrator 
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wallaby that had been previously trained to avoid a 
stuffed fox or a naive demonstrator wallaby that was 
indifferent to foxes. Observer wallabies that had watched 
a fearful demonstrator interact with the stuffed fox showed 
significantly longer periods of vigilance in response to 
presentation of the fox than observer wallabies that had 
seen an indifferent demonstrator interact with the fox, 
and the response was specific to foxes and not shown to 
other stuffed animals. 

In a conceptually similar study, juvenile captive-reared 
black-tailed prairie dogs ( Cynomys ludovicianus) were 
exposed to various animals restrained behind a screen 
barrier: a ferret, a rattlesnake, a hawk, and a harmless 
rabbit. The prairie dogs were then given additional expo¬ 
sure to each stimulus animal either with or without an 
experienced adult demonstrator present. During this 
training, the alarm vocalizations and vigilance behavior 
of the juveniles closely matched that of their demonstra¬ 
tors, and following training, juveniles trained with an 
experienced adult were more wary of the three predatory 
animals than were juveniles that had experienced the 
predators without a demonstrator. Perhaps most interest¬ 
ing, when the prairie dogs were released back into the 
wild, those that had been exposed to predators in the 
presence of an experienced demonstrator had a signifi¬ 
cantly greater probability of surviving for 1 year than those 
prairie dogs lacking such training. 

Learning to avoid biting flies 

Blood-feeding biting flies are among the most common of 
mammalian predators, and their attacks elicit avoidance 
responses ranging from elephants manufacturing tools 
from branches for fly switching to self burying in mice. 
Deer mice ( Peromyscus maniculatus) experiencing a single 
30-min session of attack by biting flies and then exposed 
to flies that had been surgically deprived of the ability to 
bite buried themselves in the substrate, whereas mice 
without prior experience of biting flies did not. Most 
interesting mice that had no personal experience of biting 
flies but had witnessed another mouse under attack by 
biting flies, engaged in self burying when subsequently 
exposed to flies that were unable to bite. 

Development of response to alarm calls 

Adult Belding’s ground squirrels ( Spermophilus beldingi) 
that detect an avian predator such as a hawk or eagle 
whistle, and other adults respond to their whistles by 
running to the nearest burrow entrance. When adults 
detect a relatively slow-moving ground predator, they 
emit a trill to which other adults respond by standing on 
their hind legs and looking about. 

Newly emerged young ground squirrels do not behave 
differently either to the two alarm calls of adults or to 
alarm calls and other sounds. Development of appropriate 


responses to alarm calls of juvenile squirrels maintained 
in captivity without their dams was slower than that of 
captive young squirrels maintained with their dams, 
suggesting that interaction with dams exhibiting appropriate 
responses to alarm calls sped juvenile’s learning of the 
appropriate responses. 

Choosing a Mate 
Rats and mice 

Although most experiments on social influences on sexual 
behavior have been carried out in birds and fishes, a few 
studies suggest that in mammals as well, social interactions of 
various kinds can influence both the choice of a mate and 
sexual performance. Female Norway rats prefer as sex part¬ 
ners males that have recently copulated with other females, 
and female mice spend more time investigating urine 
collected from males exposed overnight to an estrous 
female than to urine from males exposed to a female not 
in estrous, although as yet, there is no evidence that this 
change in the attraction of female mice to male urine 
causes females to change their preferences for a partner. 

Farm animals 

Although strictly speaking a case of social influence that 
only suggests possible social learning, many species of 
farm animal (e.g., goats, cattle, horses, and pigs) exhibit 
enhanced sexual performance after viewing conspecifics 
copulating. For example, sexual performance of male 
sheep ( Ovis dries) is enhanced following interaction with 
another male that has recently interacted with a ewe. It 
has been hypothesized that olfactory cues transferred 
from females to males during their period of interaction 
have a stimulating effect on other males. 

Animals Inconvenient for Controlled 
Studies 

There is an expectation that animals with a large brain are 
more likely to engage in complex sorts of learning, includ¬ 
ing social learning, than animals with a small brain. How¬ 
ever, many large-brained mammals from elephants to 
whales have large bodies that make them inconvenient 
subjects for controlled, experimental studies. Despite the 
difficulty of providing conclusive evidence of social 
learning in such creatures, there is a growing body of 
evidence suggesting that many such animals may be 
sophisticated social learners. 

Bottlenose Dolphins 

In the wild, young dolphins ( Tursiops sp.) and their 
mothers forage together for several years giving the 
young ample opportunity to learn complex foraging 
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behaviors from their mothers. For example, while foraging 
in deep-water channels, some adult female dolphins carry 
marine sponges that are believed to be used to protect 
their noses while probing the sea floor to locate small, 
bottom-dwelling fish. At Shark Bay in Western Australia, 
the only study site where sponge carrying has been 
observed, the behavior occurs almost exclusively within 
a single maternal line, with most daughters (and a few 
sons) of sponge-carrying females adopting the habit. 
Although a genetic explanation of the pattern of sponge 
use at Shark Bay seems plausible, examination of several 
possible modes of genetic inheritance make it unlikely that 
a genetic propensity is responsible for the observed distri¬ 
bution of the behavior. Further, because only some of the 
many female dolphins that forage in deep-water channels 
use sponges while foraging there, it is unlikely that expo¬ 
sure to deep channels in itself results in sponge use. 

Whales 

There are numerous reports of behavior consistent with 
the view that many cetaceans (i.e., whales and dolphins) 
engage in social learning. For example, the rate of spread 
among humpback whales (.Megaptera novaeangliae) in the 
Gulf of Maine of a novel foraging behavior, Tobtail feed¬ 
ing’ (in which the whales slam their tail flukes in the water 
before diving for prey), is consistent with social transmis¬ 
sion of the behavior, although explanation in terms of 
individual learning in response to a change in prey avail¬ 
ability is also possible. Similarly, although scattered 
reports of mother killer whales (Orcinus orca) ‘teaching’ 
their young to beach themselves to capture seals are 
consistent with the view that such behavior is socially 
learned, the reports do not offer strong support for that 
interpretation. 

Elephants 

The social knowledge possessed by the matriarch in a 
family of elephants (Loxodonta africana ) influences the 
social behavior of other family members, reducing the 
probability that they will engage in unnecessary defensive 
behaviors when encountering familiar families that pose 
no threat. The older the family matriarch is, the better the 
family members are at discriminating vocalizations of 
familiar and unfamiliar individuals and responding appro¬ 
priately to them. The age of a family matriarch predicts 
more than 30% of the variation among families in the 
number of young that they produce, suggesting that the 
social knowledge of older females has adaptive conse¬ 
quences for her kin. Although it has not been shown that 


other family members learn from the matriarch which 
female’s vocalizations to respond to and which to ignore 
and continue to respond appropriately in her absence, it 
seems probable that such a social transmission of social 
knowledge occurs. 

Conclusion 

Although the study of social learning in mammals is still 
in its infancy, many of the biologically important activities 
in which mammals engage have already been found to be 
modifiable by socially acquired information. In future, we 
can expect to see both more examples of behavior in free- 
living mammals that are likely to be a product of social 
learning and ever more convincing experiments leading 
to a deeper understanding of the ways in which social 
interactions improve acquisition of adaptive patterns of 
behavior. 

See also: Apes: Social Learning; Imitation: Cognitive 
Implications. 
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Introduction and Definitions 

Much of our understanding of animal navigation has 
centered around Kramer’s map and compass hypothesis, 
which proposes that an animal has to determine its 
position relative to a goal (map step) and then set out 
in a particular direction to reach its goal (compass step). 
A human using a map and compass is able to align the map 
with the true north, having allowed for the difference 
between this and the magnetic north read by the compass. 
He can then work out his current position from the fea¬ 
tures on the map and the visible landmarks and determine 
the angle and distance home. Many orientation behaviors 
and homing abilities in animals suggest that they can use a 
set of equivalent processes, using only their brains and 
sensory systems. 

Magnetic Compass and Other Compasses 

The common meaning of compass is an instrument with 
a magnetized needle used to steer ships. This is derived 
from an older meaning of a space limiting circle, which 
clearly relates to the compass card, the circular card with 
degree markings used to read the bearing. The compass 
has now come to mean an instrument that indicates 
an absolute direction relative to the magnetic field of 
the earth. Those involved in animal navigation have also 
used the term for nonmagnetic field-based direction indi¬ 
cators, so sun compasses, star compasses, wind compasses, 
moon compasses, and polarized light compasses have all 
been proposed. Additionally, because of the daily rotation 
of the earth, the use of celestial cues as a reference demands 
a time sense. Animals have to vary angles with respect to 
the sun’s position in the sky, which changes at 15° h _1 . 

A compass points to the magnetic north, a point 
around 2000 km south of the axis of rotation of the 
earth; true north is where all longitude lines meet. The 
alignment between the magnetic north and the true north 
varies over the surface of the earth; the difference is called 
the declination and is usually less than 20° except at very 
high latitudes. 

There is of course a line, the agonic line, where the 
magnetic north and the true north are in alignment. 
Declination is measured East or West of this line. Any small 
map of an area of the world will have its particular declina¬ 
tion marked on it. Because declination can vary consider¬ 
ably, accurate general strategies for locomotion allow for 
declination and reference everything to the true north. 


There is evidence that animals can also compensate for 
declination drift. Of course, in limited areas where there is 
little change in declination angle, it is less necessary to 
take this into account. 

The earth acts like a large weak dipole magnet and at 
the magnetic poles, the direction of the lines of force are 
vertical, emerging from the antarctic magnetic pole and 
returning downwards at the arctic magnetic pole. At the 
magnetic equator, the lines of force are parallel to the surface 
of the earth. The lines of force thus have a dip angle or 
inclination at any point that varies between 0° and 90°. Lines 
of equal inclination, or isoclinics, are roughly parallel to 
lines of latitude. It is to be noted that inclination should 
not be confused with declination, which is the difference in 
alignment of pointers to magnetic North and true North. 

The earth’s magnetic field is changing by around 7 min 
per annum in a westward direction, although for most 
purposes it is regarded as a static field. Nevertheless, 
declination angles on maps need to be updated every 
5 years. Over timescales of several hundred thousand 
years, polarity reversals of the dipole field may occur 
with the poles changing hemispheres. 

The magnetic field originates in convection currents in 
the molten core of the earth and significant local varia¬ 
tions can be produced by magnetized rocks in the earth’s 
crust. These anomalies are known to affect animals. 
Yet another source of variation comes from electric cur¬ 
rents in the ionosphere, leading to diurnal variation as the 
earth rotates around its axis. Magnetic storms associated 
with solar wind and solar flares and local disturbances due 
to lightening add to the variation. Intensity varies between 
60 000 nT at the poles to around 30 000 nT near the 
magnetic equator. The regular spatial variations in incli¬ 
nation (which varies with latitude) and intensity provide 
important information to animals and have been proposed 
as a map component for some animals. 

Map 

A map is a representation of the surface of the earth or 
a part of it on a plane surface. Topographical maps show 
changes in level of the ground, landmarks, and features 
such as rivers in the valleys between hills. map allows 
us to orient in an unfamiliar locality because of its 
representation of landmark features. Animals have the 
ability to use landmarks and have memory capabilities 
that allow them to recognize their home locality and famil¬ 
iar neighboring localities. Special cases where a single 
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landmark close to a goal acts as a beacon are known. More 
controversial are examples where a rule-based grid rather 
than a particular learned topography is used, allowing 
extrapolation and hence orientation outside familiar terri¬ 
tory and providing a basis for inheritance of the map 
information. In general, the evidence for compass senses 
is much stronger than the evidence for maps. Magnetic 
field maps, olfactory-based maps, and infrasound-based 
maps have been proposed and are supported with evidence. 

Odometer 

Odometers measure distance. Evidence is emerging from 
fitting ants with stilts or shortening their legs, to the effect 
that sometimes this information comes from counting 
steps or by utilizing the visual flow field in the case of 
flying bees. Landmarks are also needed to identify home. 

Navigation in Animals 

Over a fruitful half century of research into mechanisms 
of animal navigation used by terrestrial and aquatic ani¬ 
mals in air, in water, and on land, our knowledge of 
sensory mechanisms involved in navigation and the ways 
in which they are used has increased and is still increasing. 
Agreement has not been reached regarding the detailed 
mechanisms involved in navigation. At present, there are 
split opinions regarding the role of olfactory-based maps 
and about the importance of radical pair-based magnetic 
field sensing mechanisms compared to magnetite-based 
mechanisms in birds and other animals. 

In 1952, Griffin classified orientation related to 
homing into three categories. In the first category, inde¬ 
pendent of an external reference, animals search until 
they encounter landmarks by chance. His second category 
involves unidirectional orientation, following a single com¬ 
pass direction (e.g., sun compass) back home where land¬ 
marks could be recognized. This uses a single external 
reference. More complicated is his third category, which 
uses at least two independent external factors. This equated 
to human seafaring and was called ‘true navigation.’ Forty 
years later in 1992, Papi used 11 different categories, 
although arguably there could be overlap in some of his 
divisions. The second category together with an odometer 
can lead to accurate homing. 

Animals make use of a remarkable number of passive 
and active transport mechanisms, and often optimize 
routes to save energy or reduce distance between points 
over the globe. For example, arctic waders which migrate 
between their breeding area in the high arctic tundra 
and their wintering areas in the Southern hemisphere 
are thought to approximate to a great circle route, which 
is the shortest possible. They could do this by using a 
sun compass without compensating for the time shift. 


With migration speeds around one eighth of the peak flight 
speed and frequent fuelling stops, wild birds undergo 
an exercise different from that of homing pigeons return¬ 
ing quickly from relatively short distances. Insects and 
birds make use of prevailing winds and migrating plaice 
rise from the bottom when tidal currents move in an 
appropriate direction and hence utilize tidal transport. 
An interesting ‘static migration’ is where zooplankton in 
the ocean use depth sensors to maintain depth by swim¬ 
ming at up to 10 body lengths per second against upwell- 
ing or downwelling vertical currents, but drift passively 
with horizontal components of the current. In a feature¬ 
less ocean, this allows them to optimize their filter feeding 
and accounts for their occurrence in dense patches. With 
our knowledge of the horizontal as well as the vertical 
currents inshore or around submerged features, the aggre¬ 
gation of plankton, which is important for predators further 
up the food chain, can be predicted with simple models. 

Successful navigation need not require learning or 
experience of routes or parts of routes, but experience 
can count, greatly enhancing navigation ability in several 
ways. Often, inexperienced birds use different mechanisms 
when they gain experience. Clearly, some redundancy is 
present regarding the sensory modalities used by animals 
and anomalies and peculiarities in gradients of sensory cues 
used may lead to conflicts that can give disorientation or 
can be compensated using elegant mechanisms. Passerine 
birds migrating from areas near the magnetic north pole 
reset their reading of their magnetic compass to the North 
South direction of dawn or dusk polarized light. 

The redundancy has led to the discovery of multiple 
mechanisms and, not surprisingly, to arguments over the 
relative importance of particular cues. There are still 
significant gaps in our knowledge of how magnetite and 
radical pair-based mechanisms transform their interaction 
with the magnetic field into sensory signals in the nervous 
system. 

The pinnacle of navigation ability is so-called true navi¬ 
gation involving a map and compass mechanism, which may 
either involve a mosaic of local cues or for grid-based 
navigation or bicoordinate navigation, it involves two or 
more physical or chemical gradients. 

Why Maps and Compasses for Animals? 

Early attempts to explain the remarkable migration and 
homing ability of animals considered a variety of mechan¬ 
isms including the use of celestial cues and path integra¬ 
tion by which an animal senses where it is going during 
locomotion and then can compute where it is by integrat¬ 
ing all the turns and knowing the velocities of straight line 
locomotion. Studies in the 1920s and 1930s showed that 
several species of wild birds such as swallows, starlings, 
and seabirds returned over the sea from unfamiliar release 
sites over 1000 km from their island home. Further work 
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on petrels and shearwaters across the open ocean showed 
that landmarks were not necessary. While the returns 
were impressive, they did little to tell us about the 
mechanisms involved. 

Most research work has concentrated on a small num¬ 
ber of model animals with birds and homing pigeons in 
particular as especially well-worked examples. Different 
animals of course have access to different set of sensory 
cues so it is difficult to generalize about the importance 
of mechanisms. Some such as a littoral animal, the amphi- 
pod, Talitrus , use the sun, polarized light, the moon, spec¬ 
tral differences in sky radiance over sea and land, magnetic 
fields, substrate slope, and landscape features as cues to 
orient on their beach. The foraging desert ant, Cataglyphis , 
counts its steps to measure distance during path integra¬ 
tion and uses polarized ultraviolet light sensed with the 
oriented microvilli of retinula cells in a small dorsal part of 
their compound eye as a compass cue, to return in a 
straight line to a small nest hole in a featureless flat desert. 
It can use wind if deprived of all other cues. The mole rat, 
which uses path integration and a polarity compass to 
sense magnetic fields underground, clearly does not have 
access to visual-based mechanisms. Many of these animals 
make frequent use of a compass such as the axis of polar¬ 
ized light or the magnetic field as an external reference to 
avoid the continual accumulation of errors, which is an 
inherent problem in path integration. There is evidence 
that harbor seals in an aquarium are able to identify single 
lodestars and indicate their azimuth. Hence they have the 
capability of steering by the stars when traveling at sea. 

Sun Compass 

For many animals and birds in particular, early ideas were 
based around the sun compass, and this learned mecha¬ 
nism, although more complicated because of its depen¬ 
dence on time cues, is preferred as long as the sun can be 
seen. We now know that it can be replaced by a magnetic 
compass without loss of navigation ability under overcast 
conditions. Due to the 24 h revolution of the earth, the 
position of the sun varies by 360/24, that is, 15° h -1 . 
Therefore, using a sun compass requires compensation 
for this time shift, and this involves the internal clock of 
the animal. By resetting the internal clock using an artifi¬ 
cial light regime for a few days, orientation can be pre¬ 
dictably altered. For example, setting the clock back by 6 h 
causes a 90° shift in orientation of pigeons. Normal birds 
released north of their loft head south, whereas the 6h 
slow clock shifted birds head west. This has been tested 
over a full range of directions and distances from less than 
1.5 to 167 km with the same magnitude and direction of 
deviation. Starlings in a circular cage before migration 
show migratory restlessness and tend to orient toward 
their migratory goal when they can see the sun. If their 
view of the sun is blocked and replaced with a stationary 


light source, the birds shift their preferred orientation by 
15° h -1 consistent with their use of a time compensated 
sun compass. 

The idea that in addition to its daily east-west progres¬ 
sion, the sun could provide north-south information 
in terms of its noon altitude in the sky, which is of 
course greater at the equator than near the poles, was 
formulated by Matthews and elegantly disproved using 
clock shifted birds. 

Clearly, the direction home is established with refer¬ 
ence to an external reference, the sun in this case, and this 
excludes the necessity of the use of navigational strategies 
not based on an external reference. Hence, pure inertial 
navigation and piloting including beaconing can be ruled 
out as strictly necessary for navigation in these birds. 
Note that navigation to food sources by ocean-going sea¬ 
birds such as petrels is known to involve olfactory beacon¬ 
ing to find the chemical dimethyl sulphide released by 
phytoplankton in particular abundance in productive for¬ 
aging areas. 

Thus, birds either gain route-specific information by 
somehow recording the overall direction of an outward 
journey, including accounting for detours and reversing 
this to return, or use local site-specific information to 
work out the directional relationship to the goal. In fact, 
both types of mechanism are used. 

Young pigeons displaced in a distorted magnetic field 
lose their ability to orient back to the loft, but are 
able to orient when displaced without interference with 
the magnetic field. Distorting the magnetic field only 
at the release site still did not disturb their ability to orient 
showing that the direction had been learned in the out¬ 
ward journey. When 3-months old or if given experience 
before this time, pigeons learn to use site-specific infor¬ 
mation and are then able to work out their directional 
orientation from a site-specific map, and this must be 
considered the dominant mechanism involved. 

Early experimenters also considered that by using vision 
and memory, the route back, for example, for a homing 
pigeon, could be worked out from the landmarks passed 
on the way. Remarkably, pigeons wearing frosted contact 
lenses, which allowed some light through but prevented 
detailed object recognition, not only flew back in the right 
direction but also found their way to the vicinity of the loft 
where they then had difficulty locating the loft. Further¬ 
more, pigeons anesthetized and taken to their release site 
still performed their homing perfectly well. 

These experiments rule out a dependence on path 
integration mechanisms and also rule out the necessary 
use of detailed visual cues for the main return part of the 
homing journey. Note the apparent contradiction that 
the sun compass, which we have just stated is the preferred 
mechanism for navigation and which allowed develop¬ 
ment of map and compass ideas before the existence of 
magnetic field sensitivity was established for animals can 
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also be regarded as unnecessary. Since many migrations 
take place at night, this is in retrospect less surprising 
and has led to our appreciation of the role of other senses 
such as magnetic field reception in true (map and com¬ 
pass) navigation. 

Early experiments used vanishing bearings to deter¬ 
mine the direction of return, where the departing bird is 
followed with binoculars until it becomes a vanishing 
tiny speck when the angle is taken, hence minimizing 
the effect of small-scale fluctuations in direction. Recent 
studies of birds that had been confined to a 100 m 3 wire 
aviary with only a view of landmarks a few hundred meters 
from the aviary and then released for the first time with a 
miniature GPS data logger from a point 20 km away over a 
lake to make sure that they did not land immediately after 
release, showed that their homing ability was not different 
from pigeons allowed free flights and hence free access to 
landmarks. Once they got close, they had more difficulty 
than the control birds actually getting back to the loft, 
consistent with the frosted contact lens experiments. 

These sorts of experiments demonstrate that the 
pigeons have a map mechanism that gives them informa¬ 
tion about the direction of displacement. Although the 
birds ended up near the loft, the detailed analysis of the 
tracks possible with the GPS technology showed that some 
birds in fact overshot the loft location and then turned to 
come back as if their direction was calculated from their 
map sense rather than using an odometer. Although there is 
evidence that flying bees can use the visual flow field as an 
odometer to measure distance, there does not seem to be 
evidence that birds similarly use this. 

Animal Maps 

A variety of factors could contribute to a map, including 
magnetic fields, gravitational cues, infrasound, odors, views 
of distant landmarks, and hydrostatic pressure. Gradients 
aligned approximately orthogonally allow bicoordinate 
position fixing necessary for true navigation. While gravi¬ 
tational maps based on variations in gravity over the surface 
of the earth are possible, there are difficulties regarding the 
sensitivity of known gravity receptors in animals. 

Magnetic Maps 

Magnetic maps using inclination and intensity were taken 
seriously when it was realized that there was a relationship 
between natural temporal variation in the magnetic field and 
homeward orientation in pigeons and that orientation was 
also disrupted in the vicinity of magnetic field anomalies. 

More recently, Lohmann has shown that young logger- 
head turtles, which swim out from their natal beach and 
remain for several years in the North Atlantic gyre, can 
distinguish different inclination angles. They also swim 


appropriately with regard to the inclination angles to keep 
themselves in the gyre. Thus, exposure to an inclination 
angle found on the northern boundary of the gyre caused 
the turtles to swim south-southwest. The turtles could 
also distinguish different intensities. By replicating both 
the intensity and the inclination found at three separate 
points on the gyre and testing the orientation of hatchling 
turtles to these values, it was shown that the turtles behave 
as if they are using a bicoordinate map made up of iso¬ 
clinics (lines of equal inclination) and isodynamics (lines 
of equal intensity). Similar magnetic maps are known in 
a crustacean, the spiny lobster. This sort of map based 
on inclination and intensity has been criticized because 
it is only near certain magnetic anomalies that the angles 
of the field parameters intersect at a sufficiently high 
angle to allow accurate positional information, and these 
anomalies are mobile over evolutionary time. An alterna¬ 
tive map based on detectors allowing separate extraction 
of the direction and intensity signals would allow determi¬ 
nation of the external field vector (magnitude and direc¬ 
tion), and an array of 1000-1000 000 cells is estimated 
as giving sufficient signal-to-noise ratio. Another model 
involves the gradient in the intensity slope and variations 
in intensity of the main field of the earth. Orientation errors 
are symmetrical about the line of intensity slope through 
the loft. Note total field intensity is a scalar, not a vector, and 
can be measured at any point but measuring the direction 
of intensity slope requires movement by the animal over 
known spatial coordinates. This fits with the disturbances in 
orientation correlated with normal variance in the earth’s 
magnetic field and erroneous orientation around anomalies. 

Attached magnets will impair magnetite-based detec¬ 
tion mechanisms and there is good laboratory evidence in 
sea turtles and honeybees that this can happen but less clear 
evidence from field experiments with homing pigeons. 

Although bicoordinate maps offer a complete mecha¬ 
nism for homing, for animals returning along a coastline 
for example, a single parameter may be enough to locate a 
target. While some potential position indicators forming 
navigational maps such as the solar arc have been dis¬ 
counted, others such as the geomagnetic field, infrasound, 
or natural odor sources have been supported by reason¬ 
ably convincing evidence. 

The magnetic field can be described as a vector in 
3-dimensional space at any point on the earth’s surface. 
We know some of the detail of receptors required to 
interact with this magnetic field. It is also known that 
because the optimum magnetic to thermal energy ratios 
for determining direction and intensity are 2 and 6, 
it is likely that different structures will be involved in 
detecting these. For direction, only a small number of 
cells, perhaps minimally 6 for each direction in 3 planes, 
would be needed for a magnetic compass sense. This 
small group would be difficult to locate and although 
electrophysiological responses to intensity of magnetic 
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fields are known in primary afferent cells in the trigeminal 
nerve of rainbow trout and a migrating bird, the bobolink, 
no directional responses have been found in this way. 
In honeybees from behavior, similar thresholds from 
25 to 200 nT are also known. 

Radical Pair Mechanisms 

Early observations by Wiltschko that caged European 
robins changed their orientation when magnetic North 
was experimentally altered showed that orientation to a 
magnetic field was possible and hence demonstrated the 
use of a magnetic compass. Two types of compass are now 
known, a polarity compass which works like those built by 
humans with a magnetized needle using the polarity of the 
magnetic field, and an inclination compass. This inclination 
compass relies on whether the magnetic field lines run up 
or down. By testing animals in an altered magnetic field 
in which the vertical component is inverted, it is easy to 
distinguish between polarity compasses (found in spiny 
lobsters and rodents) and inclination compasses (found in 
birds, salamanders, and turtles). Animals with an inclination 
compass also show a dependence on the wavelength of light. 
Birds show magnetic orientation when illuminated with the 
blue-green end of the spectrum and are disoriented under 
yellow and red light. It is thought that a radical pair mecha¬ 
nism involving cryptochromes is responsible, and in an 
insect, Drosophila , the involvement of cryptochromes in 
magnetic field orientation has been convincingly demon¬ 
strated. In the robin, a single eye, the right eye is now 
considered the site of magnetic compass information. At 
present, although doubts have been raised about the neces¬ 
sary sensitivity of this sort of system, it is now well accepted 
that cryptochromes in the eyes of night flying migrants are 
an important component of their magnetic field orientation. 
Low levels of light are involved and this may explain the 
special role assumed by cryptochromes in the eye rather 
than those sited elsewhere in the body. The eye with trans¬ 
parent cornea and lens allows photoreceptive components 
unhindered access to low intensity levels of light. Further¬ 
more, the eye and head of birds are stabilized by the vestib¬ 
ular and other balancing senses during flight and this may 
help in the long-term integration of magnetic field informa¬ 
tion necessary for this system to work. In addition, birds 
have superparamagnetic magnetite-based receptors in 
the upper beak, which are used for recording magnetic 
intensity. Despite the presence of single domain magnetite 
particles in the nasal area, when migratory silvereyes, Zos- 
terops , were given a strong, brief magnetic pulse designed 
to reverse the polarity, there was a marked effect on their 
orientation behavior, showing that magnetite was involved. 
By applying local anesthetic to temporarily deactivate the 
upper beak receptors, this effect was abolished. It was thus 
shown that these are the crucial receptors involved in 
orientation. 


Infrasound Maps 

Pigeons have long been known to be extremely sensitive 
to infrasound, which is defined as sound frequencies 
below 20 Hz. They respond down to 0.05 Hz. Such sound 
waves are much less attenuated by the atmosphere than 
higher wavelength sounds. Variation in atmospheric tem¬ 
perature has a refractive effect on infrasound, bending sound 
waves upwards toward the upper atmosphere where a tem¬ 
perature inversion reflects them back toward the ground. 
Although this will also be affected by wind, the net effect for 
a bird flying close to the earth’s surface is a varying pattern 
of encountering sound from a source such as wave interac¬ 
tions in the ocean or from the surface of large lakes. Mag¬ 
netic storms also produce infrasound as do supersonic 
airplanes such as Concorde. 

Hagstrum has analyzed disruptions to pigeon releases 
at sites of anomalies where the birds normally show ran¬ 
dom orientation. Interestingly on odd occasions, birds 
released at these sites do orientate well and this correlates 
with a change in the speed and direction of the winds in 
the upper troposphere nearby. This would be explained 
if pigeons use infrasound cues and it is this, rather than 
a magnetic anomaly, that is involved in disrupted orienta¬ 
tion. Annual variation in homing ability could correlate 
with annual variation in the intensity of the atmospheric 
background or microbaroms, due to winter storms. Releases 
of pigeons at lakes and temperature inversions lead to 
poor initial orientation and again this is best explained by 
the birds using infrasound. A small number of pigeon races 
which incurred large losses ofbirds could have encountered 
infrasonic shock waves from Concorde supersonic aircraft. 
Results from removal of cochlea and lagena in the ear 
which abolish reception of infrasound on releases are not 
conclusive although perfectly good homing can clearly 
occur without infrasound detection. 

Olfactory Maps 

The role of olfaction in pigeon homing has proved 
controversial over the years. Nevertheless, there is good 
evidence that pigeons can derive information on their 
position relative to home from trace substances in the 
atmosphere. Section of the olfactory nerve gave decreased 
orientation. Sealing one nostril together with section of 
the contralateral olfactory nerve had the same effect, 
whereas the same treatment as a control, but with ipsilat- 
eral section of the olfactory nerve, did not affect orienta¬ 
tion. This mechanism worked with inexperienced and 
experienced birds over a range of several hundred km. 
Similar results were obtained with temporary interference 
with olfaction, using zinc sulphate irrigation of the olfac¬ 
tory epithelia. 

Filtering airborne substance from the air given to 
pigeons during transport to release sites together with 
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local anesthetic sprayed into the nostrils of the birds 
before release interfered with orientation. Experiments 
changing the wind direction before release had an effect 
on the vanishing bearings of pigeons, suggesting that 
pigeons develop an olfactory map by associating olfactory 
activity with current wind directions. Spatial chemical 
gradients are known to exist in the atmosphere. Procel- 
lariform seabirds have particularly well developed olfac¬ 
tory systems and are known to find food sources by smell. 

Objectors to the olfactory nerve interference experi¬ 
ments suggested that the operation could have interfered 
with magnetic field receptors, but the recent finding that 
the upper beak receptors are the main magnetite-based 
receptors in birds has negated that objection. Since adding 
or withholding odors during transport does alter the 
strength of orientation, it is difficult to argue that odor is 
irrelevant to the navigational map used. Recently, birds 
were provided with odorless air, ambient air, or artificially 
scented air during transport to a release point only 8 km 
from home. Surprisingly, the scented air birds oriented as 
well as the ambient air birds, with the odorless air birds 
largely disoriented. An idea now proposed is that the 
odors function as a primer - an ‘olfactory wake-up call.’ 
At longer distances, all the birds adopted accurate home¬ 
ward bearings. The idea is that with the olfactory depri¬ 
vation, the birds were not paying attention. The role of 
olfaction may hence be more complicated than a compo¬ 
nent of an independent map. 

Other Maps 

Perhaps also not all possible maps have been considered. 
In a recent study of migrating plaice fitted with tags 
logging temperature and pressure, it proved possible for 
the plaice on the bottom of the sea, to locate the position 
of each data fix from the unique pairings of temperature 
and depth, and hence plot the migration patterns of the 
plaice over time. Clearly, if we can do this, then the animal 
could use temperature and depth as a map component. 
Fish are well known to be able to sense depth using 
hydrostatic pressure as a proxy and fish with swim blad¬ 
ders with thresholds around 0.5 cm of water pressure are 
about ten times more sensitive than fish such as sharks or 
Crustacea such as crabs in which the sensors are known to 
be the angular acceleration receptors in their vestibular 
systems. 


See also: Amphibia: Orientation and Migration; Bat 
Migration; Bats: Orientation, Navigation and Homing; 
Behavioral Endocrinology of Migration; Bird Migration; 
Circadian and Circannual Rhythms and Hormones; Fish 
Migration; Insect Migration; Insect Navigation; Irruptive 
Migration; Magnetic Compasses in Insects; Magnetic 
Orientation in Migratory Songbirds; Migratory Connectiv¬ 
ity; Pigeon Homing as a Model Case of Goal-Oriented 
Navigation; Pigeons; Sea Turtles: Navigation and Orien¬ 
tation; Spatial Memory; Spatial Orientation and Time: 
Methods; Vertical Migration of Aquatic Animals. 
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Introduction 

Many sessile, encrusting clonal and colonial marine 
animals - notably sponges, cnidarians, bryozoans, and 
colonial ascidians - exhibit a suite of life-history traits 
that promote intraspecific competition for space and the 
evolution of complex behaviors that mediate the out¬ 
comes of somatic interactions. These traits include the 
capacity for indeterminate growth and reproduction, often 
augmented by limited dispersal and, in some cases, kin- 
directed settlement behavior of their sexual and asexual 
propagules. In these taxa, intraspecific competitive interac¬ 
tions elicit behaviors ranging from no apparent response, 
through active cytotoxic rejection, to intergenotypic 
fusion of individuals and colonies. Among cnidarians 
and some bryozoans, incompatibility responses extend 
beyond simple rejection, often eliciting a complex suite 
of agonistic behaviors. In addition, developmental transi¬ 
tions in the expression of these complex fusion and rejec¬ 
tion behaviors may also occur. 

As in many social insects and vertebrates that modify 
the expression of their social behaviors according to the 
relatedness of conspecifics , a growing number of field and 
laboratory studies on colonial marine invertebrates show 
that neither intergenotypic rejection and aggression, nor 
fusion randomly occur with respect to the genotypes of 
interacting conspecifics. Instead, the initiation of agonistic 
behavior often depends on the relatedness of contestants: 
interactions between clonemates and close kin generally 
do not elicit cytotoxicity or aggression, whereas interac¬ 
tions between more distant relatives do. Likewise, somatic 
fusion usually occurs only between clonemates and close 
kin. Thus, precise allorecognition, the ability to distin¬ 
guish self from conspecific nonself, once thought to be the 
hallmark of the vertebrate immune system, is phyletically 
broadly distributed, and appears to be a ubiquitous feature 
of all multicellular animals, along with fungi, myxobac- 
teria, and myxomycetes. 

Pioneering studies of invertebrate allorecognition, dat¬ 
ing back a century to classic studies on the colonial 
ascidian Botryllus schlosseri , made it clear that specificity 
in the expression of intercolony fusion and rejection was 
heritable. Thus, allorecognition in these taxa provided an 
early model for the studies of behavioral genetics. The depen¬ 
dence of somatic rejection , aggression, and fusion on relatedness, 
together with discrimination reliabilities that often 
exceed 95%, implies that (1) these behaviors enhance 
individual and inclusive fitness by mediating responses 


with respect to the genetic identities of interactors; (2) 
genetically based recognition cues govern the expression 
of these behaviors; and (3) the diversity of these cues is built 
on unusually high levels of genetic variation. 

In this way, several features of invertebrate allorecogni¬ 
tion systems mirror several aspects of the major histocompat¬ 
ibility complex (MHC), a key element of the vertebrate 
adaptive immune system. For this reason, analogies between 
the vertebrate immune system and invertebrate allorecog¬ 
nition behavior inspired many early studies of invertebrate 
allorecognition, with the hope of discovering retained 
ancestral features of our own MHC. We now understand 
that most of the similarities between invertebrate allore¬ 
cognition and vertebrate MHC systems are superficial and 
likely reflect convergent evolution, not common ancestry. 
Still, these parallels may reveal common selective forces 
that have led to the evolution of the diverse array of 
allorecognition systems, including the vertebrate MHC. 
For instance, the function of both allorecognition and the 
MHC relies on extremely high levels of genetic polymor¬ 
phism that confer cue specificity. The use of highly poly¬ 
morphic, genetically based phenotypic cues to regulate the 
expression of these social behaviors (including inbreeding 
avoidance) and immune function potentially imposes 
selection on the genes that produce these cues. 

Understanding how natural selection influences the 
evolution of this exacting specificity and its underlying 
genetic diversity fundamentally requires an integrated 
analysis of both formal and molecular genetics of allor¬ 
ecognition. Formal genetic approaches generally involve 
breeding animals with different phenotypes, and then 
correlating the phenotypes of progeny with the presence 
or absence of genetic markers over successive crosses. In 
so doing, breeding studies can circumscribe how many 
loci are involved in the trait (i.e., how many distinct 
markers correlate with the allorecognition phenotype), 
the degree to which certain alleles are dominant over 
others in the expression of a given allorecognition pheno¬ 
type, and the level of standing genetic variation that exists 
in a given population for an allorecognition phenotype 
(i.e., how many allorecognition classes, or allotypes , segre¬ 
gate in a population). Alternatively, studies on the molec¬ 
ular genetics of allorecognition can reveal the specific 
genes involved in these phenotypes and provide primary 
sequence-level resolution on the identity of loci involved 
in allorecognition. Such data make it possible to compare 
how alleles differ from each other, provide direct mea¬ 
sures of how natural selection acts on individual loci, and 
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reveal how specific regions or positions within these loci 
evolve. In this way, formal and molecular genetic 
approaches complement each other and together offer 
powerful tools for deciphering the evolutionary genetics 
of allorecognition. 

To this end, two marine invertebrate model systems 
have emerged over the last two decades, one focusing on 
the colonial ascidian genus Botryllus (Phylum Chordata), 
and the other on colonial hydrozoans in the genus Hydrac- 
tinia (Phylum Cnidaria). In both these cases, formal and 
molecular genetic approaches have begun to reveal key 
components of the allorecognition machinery. These 
components minimally include the genes encoding recep¬ 
tors and cues that determine behavioral responses to 
other conspecifics. Here, we summarize what is presently 
understood about the genetics of allorecognition in these 
two taxa, along with the far more limited data that pres¬ 
ently exist for bryozoans and sponges. We also evaluate 
the functional significance of allorecognition in colonial 
marine invertebrates and consider how various forms of 
natural selection can explain what is presently understood 
of the genetics of allorecognition. Finally, we review the 
broad macroevolutionary patterns of allorecognition behav¬ 
ior in colonial invertebrates and consider the factors that 
may have contributed to their evolution. 


Genetics of Allorecognition in Botryllus 
schlosseri 

The formal and molecular genetics of allorecognition are 
better understood in the colonial ascidian B. schlosseri than 
in any other invertebrate system. Ascidians are soft-bodied 
invertebrate chordates (Phylum Chordata) that belong to 
the Subphylum Tunicata, a clade that diverged from its 
sister taxon, the Craniata (including the vertebrates), over 
600 Ma. The life cycles of botryllid ascidians such as 
B. schlosseri offer many opportunities for allorecognition 
behavior to be expressed. First, the fertilized egg develops 
into a motile tadpole-like larval stage. This tadpole stage 
possesses all the diagnostic chordate features, including 
a notochord, a dorsal hollow nerve tube, and pharyngeal 
gill slits. The larvae swim for a few minutes to hours, and 
then attach to hard substrates, often dispersing so little that 
they settle in the vicinity of their kin, apparently using 
shared allorecognition alleles to detect their relatives. 
Once attached, the tadpole metamorphoses into a minute, 
founding oozooid. During the metamorphic transition to an 
attached phase, the juvenile Botryllus loses all its chordate 
features, except for its gill slits, which it uses for respiration 
and feeding. The oozooid then asexually buds off additional 
zooids (Figure 1(a)), which in turn bud still more zooids. 
Repeated cycles of asexual budding ultimately give rise to a 
modular colony of genetically identical zooids, each with its 
own set of ovaries and testes. The zooids lie embedded in a 



Figure 1 Colony structure and ecology of the colonial ascidian 
Botryllus schlosseri. (a) The adult zooids (the modular, cloned 
units that compose a colony) of B. schlosseri form star-shaped 
systems embedded in a gelatinous tunic. Numerous tiny saccular 
ampullae of the tunic’s interzooidal blood-circulatory complex 
fringe the colony’s complex blood vascular system, (b) A group of 
adult zooids, asexual buds (which sequentially and 
synchronously develop into new zooids), and peripheral finger¬ 
like projections of the blood-vascular system called ‘ampullae’ 
(sites of allorecognition). (c) Competition for spatial resources is 
fierce. Individual colonies of B. schlosseri (outlined in white 
dashed lines) surrounding a single colony of Botrylloides leachi, a 
species closely related to Botryllus (red dashed lines). 


cellulose matrix (the tunic), interconnected by a ramifying 
and anastomosing blood vascular system (Figure 1(b)). 
Colony size has no intrinsic physiological or structural 
limit; consequently, B. schlosseri colonies can continually 
grow, often encountering themselves (self-recognition) or 
conspecifics (allorecognition) as they expand (Figure 1(c)). 
When colony edges meet, they interact via ampullae, fin- 
ger-like projections of their vascular network (Figure 2(a)). 
The ampullae may either fuse, establishing blood flow 
between the colonies, or reject, a response accompanied 
by cytotoxic reactions and the formation of a barrier 
between incompatible colonies. 

Extensive breeding studies, dating back to the early 
1960s, show that the outcome of these interactions - 
fusion or rejection - depends on a single highly polymor¬ 
phic allorecognition locus, now called FuHC. Alleles at 
FuHC are expressed codominantly in Botryllus. Upon con¬ 
tact, individuals that share one or both alleles at FuHC fuse 
(Figure 2(b)), whereas pairs of colonies that do not share 
an allele reject (Figure 2(c)). The DNA sequence of FuHC 
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Figure 2 Allorecognition reactions in Botryllus schlosseri. (a) Initial contact between the ampullae of two colonies, (b) Vascular 
fusion between two colonies that share one or both alleles at their FuHC locus, (c) Cytotoxic rejection between two incompatible 
colonies that lack a shared FuHC allele. Arrows denote initial points of contact. 


shows no obvious homology to any known vertebrate 
gene. Nevertheless, like other genetic systems mediating 
allorecognition, the FuHC locus displays an extreme level 
of allelic variation, with several studies yielding estimates 
of polymorphism in excess of 100 alleles, and heterozyg¬ 
osities that approach 1. These extraordinary levels of 
genetic polymorphism mean that individuals are only 
likely to share alleles with themselves (self) and close 
relatives; thus, this polymorphism permits individuals to 
discriminate kin relationships with far greater resolution 
than if fewer alleles were present in the population. Also, 
because only a single shared FuHC allele is required for 
fusion, individuals that are only related as kin, not clones, 
can fuse. Thus, genetic chimeras (single colonies com¬ 
posed of multiple genotypes) arise with appreciable fre¬ 
quency in Botryllus , but are only likely to form between 
close kin. 

Other loci in addition to FuHC may be involved in 
histocompatibility and allorecognition responses in Bortryllus. 
The same genetic mapping and functional approaches that 
revealed the identity of the FuHC locus also hinted at another 
locus involved in allorecognition. This locus, called fester, is 
polymorphic, though to a lesser extent than FuHC. However, 
in addition to sequence polymorphisms, fester expresses a 
large number of unique mRNA splice products that yield 
a higher diversity of fester gene products in the population 
than would be expected from allelic diversity alone. 

What is the evidence that fester functions with FuHC to 
mediate allorecognition behavior in B. schlosseri ? First, in 
adult B. schlosseri fester, gene expression is restricted to the 
ampullae (the site of either fusion or rejection) and to 
a subset of blood cells thought to play an important role 
in allorecognition. Furthermore, B. schlosseri can express 


allorecognition behavior as early as the tadpole larval 
phase, and both fester and FuHC share a common domain 
of gene expression in early tadpole and oozooid develop¬ 
mental stages. Most compelling is the fact that knocking 
down the expression of fester produces altered allorecog¬ 
nition phenotypes. It seems that fester is a receptor for 
FuHC gene products; however, its exact role in allorecog¬ 
nition is still uncertain. 


Genetics of Allorecognition in Hydractinia 
symbiolongicarpus 

The cnidarian genus Hydractinia encompasses a clade of 
marine, colonial hydrozoans, many of which inhabit the 
discarded shells of marine gastropods that are subse¬ 
quently occupied by hermit crabs (Figure 3(c), inset). 
Like Botryllus, several species in this genus have relatively 
short generation times (on the order of weeks to months) 
and can be cultured and bred in the lab, making them ideal 
candidates for the genetic studies of allorecognition behavior. 
Colonies of Hydractinia are either male or female: males 
shed sperm into the water, and fertilized eggs develop 
into minute, wormlike larvae (planulae) while held on 
the female colony. When a crawling planula contacts a 
hermitted shell, it metamorphoses into a founder polyp, 
analogous to the oozooid of Botryllus. Through repeated 
episodes of asexual budding, a colony develops, which - in 
the absence of competitors - could expand to cover the 
entire shell. However, in many cases, multiple sexually 
produced planulae colonize a single shell, and the ensuing 
intraspecific competition for space may be fierce. 
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Figure 3 Fusion and rejection responses in Hydractinia symbiolongicarpus. (a and b) Fusion between compatible colonies, in this 
case, full siblings, (c and d) Aggressive rejection between incompatible colonies, accompanied by the production of nematocyst-laden 
hyperplastic stolons (arrow), (b and d) were taken 2 weeks after (a) and (c), respectively. Inset, a hermit-crab-occupied snail shell 
colonized by two incompatible H. symbiolongicarpus colonies, separated by a conspicuous zone of rejection. 


As Hydractinia colonies grow, they extend tubelike 
stolons over the shell, from which specialized feeding, 
defensive, and reproductive polyps, emerge. The stolons 
themselves are extensions of the guts of each of the polyps 
and form a gastrovascular system that links the members of 
a colony. When a colony encounters itself as it grows around 
a shell, its stolons invariably fuse, preserving the integrity of 
self and functionally unifying the colony. When the stolons 
of genetically distinct colonies grow into contact, one of the 
three outcomes ensues: (1) fusion, forming a functionally 
and behaviorally integrated, but genetically chimeric indi¬ 
vidual (Figure 2(a) and 2(b)); (2) aggressive rejection, 
accompanied by the induction of specialized organs 
of aggression, the hyperplastic stolons (Figure 2(b) and 
2(c)); or (3) transitory fusion, in which initial fusion is 
followed by varying degrees of rejection. As with Botryllus , 
the probability of fusion is closely tied to kinship: parents 


and offspring invariably fuse, but full sibs usually fuse 
< 40% of the time, and more distantly, relatives are rarely 
compatible, and usually aggressively reject each other. 

With aggressive rejection, closely apposed stolons 
begin to accumulate specialized nematocytes , the diagnostic 
stinging cells of cnidarians, to their tips, and become 
hyperplastic. Interestingly, the recruitment of nemato¬ 
cytes to form hyperplastic stolons begins before rejecting 
individuals actually touch, suggesting the action of a 
diffusible chemical cue that signals allotypic identity or 
disparity. By some unknown trigger, nematocytes from 
one of the hyperplastic stolons synchronously discharge, 
injuring, and sometimes, eventually killing an opponent. 
Alternatively, aggressive bouts can persist as standoffs for 
weeks or months with no clear winner. 

Despite over half a century of research on allore- 
cognition in Hydractinia , the genetic basis of specificity 
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is just beginning to be understood. Early accounts 
suggested that a single genetic locus with multiple 
codominant alleles controlled allorecognition specificity, 
as in Botryllus. However, subsequent genetic models and 
mating studies confirmed that multiple loci likely control 
allorecognition, at least in Hydractinia symbiolongicarpus. 
One recent study, using highly inbred lines, implicated 
two distinct genetic loci, alrl and alr2 , that cosegregated 
with allorecognition phenotypes. Positional cloning of 
the genomic region that contained these markers showed 
that alr2 is an immunoglobulin-like protein with both 
transmembrane and hypervariable amino acid sequence 
regions, making alr2 a candidate allorecognition surface 
protein. If alr2 is an allorecognition surface protein, the 
role that alrl plays in mediating allorecognition in Hydrac¬ 
tinia remains to be determined. 

In contrast to our understanding of the genetic basis of 
allorecognition in Botryllus , a correlation between specific 
polymorphisms at these loci and the expression of allor¬ 
ecognition phenotypes has not yet been fully demon¬ 
strated. Much of the confusion over this question relates 
to the fact that key experiments have yet to be conducted 
in the Hydractinia system. For instance, the power of our 
understanding of the genetics of allorecognition in Botryl¬ 
lus stems from experiments where wild-caught (non- 
inbred) individuals were tested against lab strains that 
had been characterized at the FuHC locus. Importantly, 
both fusion and rejection phenotypes were observed in 
these allorecognition experiments allowing the sequences 
at FuHC to be correlated with the observed phenotypes. 
Similar experiments need to be conducted in Hydractinia. 
Furthermore, the types of functional assays that were 
pivotal to demonstrating that FuHC is an allorecognition 
locus in Botryllus have yet to be performed in Hydractinia. 

Once candidate genes are identified by formal and 
molecular genetic analysis, the best standards of evidence 
linking these genes to specific allorecognition phenotypes 
are gain- and loss-of-function experiments. Here, the 
hypothesis that a specific gene is involved in the expres¬ 
sion of a given phenotype (for instance, allorecognition) is 
tested by turning off the function of the specific gene and 
assessing any change that results in phenotype. Changes 
that do occur may then be ‘rescued’ by turning the gene of 
interest back on. Such experiments, commonly referred to 
as functional genomics, are often done using gene knock¬ 
down methodologies that include RNA interference 
(RNAi), morpholinos, and other methods. Irrespective of 
the method used, these techniques allow the hypothesis 
that a specific gene of interest is involved in an observed 
phenotype to be tested directly. Although the alrl and alr2 
loci are likely to be involved in Hydractinia allorecogni¬ 
tion, functional genomics experiments are the crucial next 
steps toward understanding the genetics of allorecognition 
in this system. 


Genetics of Other Allorecognition 
Systems 

As we have seen, the life histories of many colonial marine 
invertebrates make allorecognition a critical aspect of 
their behavior and ecology. In addition to colonial asci- 
dians and hydrozoans, many sponges, bryozoans, and 
anthozoan cnidarians such as anemones and corals are 
capable of precise allorecognition. Sponges and bryozoans 
tend to exhibit fusion-rejection behaviors like those of 
colonial ascidians, with rejection associated with cytoxi- 
city, and the preservation of the genetic integrity of self, 
but not the induction of behaviors or structures that are 
overtly agonistic. On the other hand, as in Hydractinia , 
incompatibility in many anthozoan cnidarians is often 
accompanied by the production of aggressive structures, 
heavily armed with specialized nemaotocysts, that include 
modified tentacles (e.g., sweeper tenatcles and acrorhagi), 
extensions of the gut (e.g., mesenterial filaments), and 
entire polyps (e.g., dactylozooids). 

While a great deal is known about the occurrence of 
allorecognition behaviors in sponges, corals and ane¬ 
mones, and bryozoans, the challenges of breeding most 
colonial marine invertebrates in the lab have left the 
formal and molecular genetics of allorecognition in taxa, 
other than Botryllus and Hydractinia, virtually unknown. 
Consequently, most studies of the relationship between 
fusion and rejection frequencies and relatedness involve 
various proxies for kinship, often distance between 
sources of experimentally grafted colonies. Because both 
sexually and asexually produced propagules in most colo¬ 
nial marine invertebrates have relatively limited dispersal 
potential, kinship should decline with the distance separ¬ 
ating two individuals. 

For example, in the Pacific sponge Callyspongia (Phy¬ 
lum Porifera), grafting experiments show that the likeli¬ 
hood of fusion between fragments increases as the distance 
between source colonies decreases. Similar patterns of 
fusion frequencies declining with distance are well docu¬ 
mented in other sponges; however, it is often unknown 
whether compatible grafts are limited to clonal fragments, 
or whether kin can fuse as well. Allorecognition also 
occurs in colonial, encrusting bryozoans (suspension¬ 
feeding members of the Lophotrochozoa). In many bryozo¬ 
ans, sexually produced larvae are shed into the water 
column daily. In some species with nonfeeding larvae, 
settlement habitually occurs near the parental colony. 
And, as in Botryllus , the larva of at least one species of 
bryozoan seems to take relatedness into account when 
making their settlement decisions. Analyses of fusion 
and rejection in several bryozoans and many corals and 
sponges confirm the general pattern that clonemates are 
always compatible, and that compatibility declines with 
relatedness between allogeneic individuals. 
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Evolution of Allorecognition Systems 

The specificity of fusion and rejection behaviors in all 
colonial marine invertebrates studied to date suggests 
that the loci controlling allorecognition specificity are 
extremely polymorphic. This raises two questions: (1) 
what is the source of the underlying genetic variation? 
and (2) how are such high levels of polymorphism main¬ 
tained in natural populations? In terms of sources of 
variation, simple nucleotide substitutions may generate most 
of the observed allelic variation. But there are other 
ways by which hypervariable recognition cues could be 
generated, one likely candidate being the structural alter¬ 
ation of genetic loci themselves via somatic recombination. 
Examples of this polymorphism-generating mechanism 
include intraindividual genomic recombination, as is the 
case for the V(D)J system in the vertebrate adaptive 
immune system, and the generation of alternative splice 
products, as is the case for the fester locus in the Botryllus 
allorecognition system. These changes to the physical 
structural of genes or mRNA transcripts represent direct 
polymorphism-generating mechanisms, but examples of 
such mechanisms are rare. 

It seems inescapable that some form of selection favor¬ 
ing rare alleles (negative frequency-dependent selection) 
drives the maintenance of the extreme levels of polymor¬ 
phism inferred in most populations of marine inverte¬ 
brates. The expression of behaviors such as fusion and 
rejection in colonial marine invertebrates is obviously 
functionally important, both in terms of the maintenance 
of the genetic integrity of self (and avoiding the costs of 
various forms of somatic and germ line parasitism that 
‘defector’ genotypes may inflict on their fusion partners) 
and competition for space. By limiting fusion to clone- 
mates and close kin, highly polymorphic allorecognition 
systems minimize the possibility of fusing with a parasitic 
genotype and maximize the inclusive fitness benefits of 
behaving altruistically toward a fusion partner. In cnidar- 
ians especially, by directing aggressive behavior away 
from clonemates and close kin, allorecognition systems 
reduce the inclusive fitness costs of harming self or a 
relative. 

In Botryllus- like systems where the genetics of allore¬ 
cognition determine whether intergenotypic contacts 
elicit fusion or passive rejection, simple population 
genetic models confirm our intuition that rare allorecog¬ 
nition alleles will be favored when the costs of intergeno¬ 
typic fusion exceed the benefits. These costs include 
various forms of intraspecific parasitism, whereas the ben¬ 
efits of fusion include enhanced competitive ability or a 
greater range of environmental tolerance arising from 
increased genetic diversity in chimeric individuals. How¬ 
ever, the situation is more complicated and daunting 
when aggression, rather than merely passive rejection, is 
an alternate outcome to fusion. The paradox arises 


because any new mutant, that by definition must be initi¬ 
ally rare, will face nearly universal assault from more 
common allotypes. For this reason, it is hard to imagine 
how rare allotypes could increase in frequency and 
become established in a population. There are several 
ways that selection might circumvent this obstacle. For 
one, as we have seen, populations of colonial invertebrates 
are often not randomly distributed spatially with respect 
to relatedness among individuals: kin are far more likely 
to interact than would be expected if there were extensive 
dispersal of motile larval and asexual propagules. Conse¬ 
quently, a newly arising allotype might encounter kin 
with appreciable frequency, decreasing the risks of attack 
and at least allowing an initial increase in the frequency of 
a rare mutant. Alternatively, selection favoring rare alleles 
for some other phenotype, that is, mating and inbreeding 
avoidance as in mice and perhaps other mammals, or in 
disease resistance, could initially favor allotypes that 
could subsequently be employed as allorecognition 
markers. 

Phylogenetic Distribution of 
Allorecognition in Colonial Invertebrates 

Allorecognition systems are distributed widely across the 
animal tree of life. Sponges, bryozoans, ascidians, and 
colonial hydrozoans each occupy distinct branches on 
this tree, and have likely been on their own independent 
evolutionary pathways for well over half a billion years 
(Figure 4). The extremely divergent phylogenetic distri¬ 
bution of allorecognition and the absence of clearly 
shared genetic elements in the systems that have been 
explored thus far on the molecular level (e.g., the FuHC 
and fester genes in Botryllus, the alrl and alr2 genes of 
Hydractinia , and the vertebrate MHC genes) suggest one 
of the two possibilities for the macroevolutionary distribution 
of allorecognition behaviors. Either they are so distantly 
related that the signature of common ancestry has been 
lost (the last common ancestor of sponges and ascidians 
may have existed as many as 1 billion years ago), or the 
different allorecognition systems have evolved indepen¬ 
dently in animals. 

Most modern views of animal phylogenetic relation¬ 
ships place the sponges as the earliest branching metazoan 
lineage. Sponges possess several highly specialized cell 
types, but lack tissue-grade organization. If the diversity 
of animal allorecognition systems evolved from a com¬ 
mon ancestor that predated sponges, it could have done so 
to mediate interactions between the cells of isogeneic and 
allogeneic individuals. Such interactions occur in modern 
sponges (not to mention myxobacteria, many fungi, red 
algae, and cellular slime molds) and can give rise to 
genotype-specific partitions of sponge cell types in chi¬ 
meric individuals. Indeed, the ability to distinguish 
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Figure 4 One recent view of animal phylogeny showing the distribution of allorecognition behavior (red circles). Much of the living 
phyletic diversity of animals can be found in the three major clades of bilaterian animals (deuterostomes, ecdysozoans, and 
lophotrochozoans). Earlier branching lineages include sponges (Porifera) and cnidarians. That allorecognition occur across such vast 
phylogenetic intervals may indicate the independent origins of these systems. 


conspecific self from nonself extends well beyond the 
evolutionary history of animals and appears to be a basic 
attribute of multicellular life. 

All allorecognition systems may have evolved several 
billion years ago from a common ancestor to the three 
major domains of life. However, it seems far more likely 
that allorecognition evolved multiple times in the deep 


history of multicellular life and occurred independently in 
the four major groups discussed here. If so, the evolution of 
allorecognition behavior in disparate lineages represents 
an incisive and fundamental example of convergent evolu¬ 
tion of a behavioral phenotype. The organismal, behav¬ 
ioral, and ecological attributes shared among these taxa 
(e.g., indeterminate growth, asexual propagation, and 
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limited dispersal) may have provided the adaptive sub¬ 
strate for the independent evolution of allorecognition in 
disparate lineages. However, only when we understand the 
genetics that underlie these behaviors in greater depth can 
we discriminate between these alternatives. 

Conclusions 

Allorecognition is a conditional behavior whose expression 
depends not only on the genotypes of both participants in 
an interaction, but also, as several studies on hydrozoans 
and corals suggest, on their developmental state. This, in 
and of itself, makes characterizing phenotypes and their 
underlying genotypes a major challenge. In addition, many 
of the organisms that exhibit allorecognition-dependent 
behaviors are long lived and difficult to culture in the lab, 
posing major challenges to developing the kind of broad 
taxonomic coverage that promises to reveal underlying 
functional and genetic patterns. 

Nevertheless, several clear patterns do emerge. For 
instance, virtually all known allorecognition systems have 
very high specificity, which is presumably controlled by 
numerous variable genetic factors. In addition, despite the 
fact that such specificity could be controlled by genetic 
variation distributed across many loci, what we presently 
understand from the Botryllus and Hydractinia systems sug¬ 
gests that just a few loci with extensive allelic variation at 
each locus controls specificity. This pattern could reflect 
functional constraints on (1) the genes that confer specific¬ 
ity, (2) co-evolution between the genes that confer speci¬ 
ficity (cues) and those that actually encode the receptors 
that facilitate recognition, or, (3) the genes that mediate 
how cues and receptors interact to yield specific behaviors 
such as somatic fusion and rejection. Finally, it appears that 
only partial genetic matching is necessary for two allotypes 
to be compatible; in other words, the available evidence 
suggests that self is recognized, rather than nonself. 
Whether this reflects recognition errors, or selection favor¬ 
ing the ability to distinguish not just self from nonself, but 
close from distant kin, continues to be a matter of consid¬ 
erable debate. 

Regardless of whether individual or kin recognition 
is the primary selective factor favoring the evolution of 
genetic diversity in allorecognition systems, growing 


evidence from many groups of multicellular organisms 
confirms that the capacity to distinguish self from nonself 
may be a universal and essential feature of multicellular 
life. The genetic data currently available suggest that 
allorecognition evolved numerous times in the history of 
life, and was likely co-opted in many different ways to 
regulate the expression of traits such as agonistic behavior, 
mating preferences, and pathogen defense. 

See also: Dictyostelium, the Social Amoeba; Kin Recog¬ 
nition and Genetics; Recognition Systems in the Social 
Insects; Social Insects: Behavioral Genetics. 
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Introduction 

While an individual’s genetic framework is a major con¬ 
tributor in determining its eventual mate choice, the role 
of the environment in farther influencing mating deci¬ 
sions has long been recognized. Animals gather informa¬ 
tion from the environment throughout life, and in some 
cases, may apply this information to increase their odds of 
obtaining a high-quality mate. In short, these individuals 
learn. Moreover, such learning can have a social compo¬ 
nent. ‘Social learning’ is a general term that describes any 
learning based on observing, interacting with, and/or 
imitating others in a social context. Social learning can 
transmit information vertically, generation to generation 
(e.g., parent to offspring) and/or horizontally, within a 
generation (as individual to individual). This form of 
information transfer is generally referred to as ‘cultural 
transmission.’ This entry will focus on social learning that 
relates to mate choice - mate-choice learning. 

Mate-choice learning can be separated into two broad 
categories: learning based on personal experiences with 
others (referred to as ‘private’ or ‘personal information’) 
or learning that results from the observation of others 
(referred to as ‘public information’). Learning from pri¬ 
vate experiences can occur at the juvenile or adult stage 
and may include encounters with conspecifics or hetero¬ 
specifics, same sex or opposite-sex individuals (Figure 1). 
Mate-choice imprinting, for example, demonstrates how 
an early experience based on private information shapes 
subsequent mate choice. Conversely, public information 
refers to any information gained through the observations 
of other individual’s experiences. An example of the use of 
public information is mate-choice copying, for example, 
when a female mimics the mating decision of another 
female in the population. Mate choice that is influenced 
by private information is sometimes termed ‘independent 
mate choice,’ whereas mate choice based on public infor¬ 
mation is ‘nonindependent mate choice.’ 

Mate-choice learning, whether it is through the acqui¬ 
sition of private or public information, balances various 
costs and benefits. For example, the process of learning 
itself can be costly, a topic covered in depth elsewhere. 
Additionally, costs can come in the form of imprinting on 
the wrong species (which could lead to reduced fitness), 
or from copying another individual that has chosen poorly 
itself. Nonetheless, the prevalence of mate-choice learning 
across taxonomic groups suggests that there are significant 
benefits associated with mate-choice learning. For example, 


the use of public information relieves an individual from 
personally gathering information and could minimize costs 
typically associated with mate assessment such as exposure 
to predators or decreased time devoted to other important 
activities such as foraging. Mate-choice learning more gen¬ 
erally permits flexibility in mate choice, which could be 
extremely important in a changing environment. In the 
following text, examples of different forms of mate-choice 
learning will be provided and the state of research in this 
area summarized. 

Private (Personal) Information 

Juvenile Experience: Mate-Choice Imprinting 

‘Mate-choice imprinting’ refers to the learning process, 
or processes, by which young individuals acquire sexual 
preferences based on their observation of adults. Several 
specific forms of imprinting exist and the general tenet 
was first described by Douglas Spalding in the nineteenth 
century as he recounted his observations of newly hatched 
chicks following random moving objects. Despite its early 
description, however, the notion of imprinting was not 
popularized until the 1930s by the pioneering work of the 
Nobel Prize winning Austrian ethologist, Konrad Lorenz. 
Similar to other forms of imprinting (e.g., filial imprinting), 
sexual imprinting, or mate-choice imprinting, typically 
takes place during a sensitive period early in life. His¬ 
torically, it has most frequently been observed in species 
with parental care, where the young use the parent of 
the opposite sex as the model upon which they base their 
future mating preferences. This kind of early mate-choice 
imprinting is thought to function to ensure conspecific 
matings, enabling individuals to avoid presumably costly 
heterospecific matings. Nonetheless, it is now clear that 
mate-choice imprinting is not always restricted to an early 
sensitive period and that preferences often continue to be 
modified throughout development. 

Crossfostering experiments are one of the primary 
means by which scientists study early mate-choice imprint¬ 
ing and such studies are most easily, and frequently, con¬ 
ducted with birds. In crossfostering experiments, offspring 
are raised by parents of either another phenotype (e.g., a 
different color morph) or another species and, subsequently, 
their adult mate choice is examined. Using crossfostering 
experiments, mate-choice imprinting has been demon¬ 
strated in numerous bird species including, but not confined 
to snow geese, zebra finches, Bengalese finches, great tits, 
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Figure 1 Mate-choice learning as influenced by social environment. This diagram depicts the various sources of social information 
that can impact mate-choice learning; the various life stages during which learning might be important; and some of the documented 
outcomes of mate-choice learning. Sections marked with '***’ indicate topics for which research is lacking or nonexistent, and we 
suggest that these might be potentially fruitful areas for future focus. 


blue tits, and red jungle fowl. In mammals, reciprocal cross- 
fostering of sheep and goats has demonstrated a role of 
maternal imprinting on subsequent sexual preferences. Sim¬ 
ilarly, in Lake Victoria fishes, females of some species appear 
to imprint on the phenotype of their mother. Crossfostering 
experiments supporting a process of mate-choice imprinting 
are prevalent, yet studies do exist for which such early 
experiences have not influenced adult mate choice - raising 
interesting questions about species-level differences in the 
potential for, and importance of, mate-choice learning. 

Traditional examples of mate-choice imprinting, as 
outlined earlier, are often restricted to species in which 
young spend significant time with their parents, thus, 
enabling parental imprinting (either paternal or mater¬ 
nal). However, mate-choice learning may also be preva¬ 
lent in species that lack parental care, yet still have 
significant exposure to other conspecifics. For example, 
female wolf spiders are known to choose to mate with 
mature males of a phenotype with which they had experi¬ 
ence as a subadult. This type of imprinting is referred to as 
‘oblique imprinting’ — imprinting on a nonparental adult. In 
another example of oblique imprinting, damselfly males 
alter their preference of female morphs based upon prior 
experience - males raised in the absence of females show no 
preference, while those raised with one female form subse¬ 
quently exhibited a preference for females of that form. 
Planthoppers have also been shown to exhibit a learned 
preference for conspecifics. Finally, in humans for whom 
arranged marriages are the norm, the experiences young 
women have outside the traditional family environment, 
including exposure to outside media and participation in 
youth groups, influence their involvement in marriage 
arrangements. 

In addition to empirical studies that utilize crossfos¬ 
tering or various early exposure techniques, numerous 


mathematical models have been constructed to examine 
the various aspects of mate-choice imprinting. For exam¬ 
ple, population genetic models have been used to explore 
the evolution of different forms of imprinting. In these 
models, Tramm and Servedio compared the evolution of 
paternal, maternal, and oblique imprinting and found that 
paternal imprinting was the most likely to evolve. Their 
results suggest that the success of a particular imprinting 
strategy is most influenced by the group of individuals that 
are imprinted upon (termed the ‘imprinting set’). 

Juvenile Experience: Mate Selectivity 

Mate-choice imprinting involves juvenile individuals 
imprinting on, or learning, various characteristics of an 
adult model, whether the model is their mother, father, 
or another nonparental adult. Subsequently, these learned 
characteristics are incorporated into the individual’s mate- 
choice criteria, and mating partners with similar character¬ 
istics are preferred. However, experience with conspecific 
adults may not always lead to a preference for individuals 
resembling a model. Sometimes, early experience may sim¬ 
ply increase choosiness. Such effects of early experience 
have been documented in various animal taxa. For example, 
in both field crickets and wolf spiders, research has shown 
that early experience by females with courtship songs or 
displays can lead to increased selectivity for mates. 

Adult Experience: Mate Selectivity 

Effects of experience on mate choice need not be 
restricted to young or immature individuals. As adults, 
encounters with rivals and potential mates can also alter 
mating behaviors for both males and females. For exam¬ 
ple, in some spiders, fruit flies, crickets, and newts, naive 
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females are less discriminating in mate choice than older 
and more experienced females. A female’s threshold to 
accept a male can also change with successive encounters, 
both pre- and postmating. Presumably, as females gain 
experience with mates, they learn to distinguish among 
them. A significant literature exists on female search 
strategies (e.g., sequential search, best-of-/z, and variable 
threshold), many of which implicitly assume learning. 

Not only do adult females alter their mate choice based 
upon their personal experiences with mature males, but 
they may also alter their preferences based on personal 
information regarding their own attractiveness. In humans, 
for example, attractive females have stronger preferences 
for high-quality males than less attractive females, and in 
zebra finches, a female’s self-perception has been shown to 
influence her mate choice. In nature, this self-assessment 
may or may not be learned, but theoretical models suggest 
that the perception of one’s own attractiveness could 
develop through previous experiences with the opposite 
sex, resulting in increased choosiness following successful 
encounters and decreased choosiness following rejection by 
potential partners. 

Thus far, we have been focusing mostly upon female 
mating preferences. However, males have also been shown 
to alter mating behaviors with experience. As males are 
rejected or accepted by females, they may become more 
or less sexually aggressive and/or more or less discrimi¬ 
nating. Trinidad guppy males, for example, learned to 
direct courtship at conspecific females after 4 days of 
contact with conspecific and heterospecific females. In 
damselflies, males prefer females of a morph with which 
they have had previous experience. In Drosophila, a male’s 
experience with a heterospecific female often leads to 
reduced future courtship effort toward heterospecific 
females. In wolf spiders, previous mate effects are known 
to shape a male’s future mating success. Males that had 
experienced, but not mated with, a female were less likely 
to mate in the next encounter. However, if the male had 
mated with the previous female, it was more likely to mate 
with the next. 

Public Information 

Adult Experience: Mate-Choice Copying 

In various taxa (although primarily in fish and birds), 
females observe and copy the mating decisions of conspe¬ 
cific females. In some cases, mate-choice copying leads to 
an increased preference for the male traits observed in the 
mated male. In other cases, females may prefer the actual 
male that was observed mating with another female. Mate- 
choice copying has the benefit of decreasing the investment 
in mate assessment that a female must make. The reliabil¬ 
ity, consistency, and agreement between sources of infor¬ 
mation available to a female may determine when a female 


copies mating decisions and when she will forego mate- 
choice copying, relying instead on private assessment. In 
some species, when public and private information conflict, 
females base decisions on their own assessment, while in 
other species, females revert to mate-choice copying in 
such situations. In humans, mate-choice copying has been 
documented to depend on the quality of the model female 
observed with a potential mate. Additionally, in humans 
as well as other taxa, the degree to which females will 
copy mating decisions of others is influenced by sexual 
experience. In many cases, virgin females are more likely 
to copy mate-choice decisions than more sexually experi¬ 
enced females. Mate-choice copying has been documented 
in vertebrate (e.g., fish, birds, and mammals) and inverte¬ 
brate (e.g., insects) species. 

Mechanisms of Mate-Choice Learning 

Identifying and describing the physiological mechanisms 
that underlie the relationship between learning and mate 
choice is a vast area of research. Here, some of the major 
findings of the field are summarized. The neurophysiol¬ 
ogy of early mate-choice imprinting in zebra finches has 
been extensively explored. Immediate-early genes ( c-fos 
and ZENK) have been used to estimate neuronal activity 
and to identify activated brain regions with exposure to 
novel and previously experienced stimuli. Researchers 
have also investigated neuronal control of the length and 
timing of the sensitive period for sexual imprinting. In 
Drosophila, the neurosensory pathway that functions in the 
male and female brain to determine whether to attempt 
courtship with a potential mate based on previous experi¬ 
ence, has been described. In mice, after investigating the 
volatile chemical signals present in female urine, males 
acquire more complex and extensive preferences for the 
odor of sexually receptive females. These male prefer¬ 
ences correspond to changes in the piriform cortex of 
the brain, and knockout studies have demonstrated that 
the gene Peg3 disrupts these effects of experience. Thus, in 
disparate taxonomic groups, significant information is 
available on the physiological mechanisms underlying 
mating choice learning, and this remains an active area 
of research. 

Evolutionary Consequences of 
Mate-Choice Learning 

One of the most intriguing and intellectually stimulating 
aspects of mate-choice learning is its potential to drive 
evolutionary change. Not surprisingly then, exploring 
the evolutionary consequences of mate-choice learning 
is an extremely active area of research, rich with theory 
and modeling. The most frequently discussed aspects of 
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mate-choice learning involve its putative influence on 
such evolutionary processes as speciation, hybridization, 
and sexual selection. 

Speciation and Mate-Choice Learning 

It has frequently been suggested that mate-choice 
imprinting can facilitate reproductive isolation. Imprint¬ 
ing on one’s parental phenotype, for example, leads to 
positive assortative mating, where similar phenotypes 
preferentially mate with each other. Any new phenotype, 
or novel trait, appearing in a population could rapidly 
lead to reproductive isolation via mate-choice imprinting, 
even if it is initially present at a low frequency. Empirical 
work with collared flycatchers (Ficedula albicollis) has 
provided support for such a mechanism, as the artificial 
introduction of a novel trait (a red stripe on a male’s 
forehead) led to positive assortative mating - females 
having experienced males with a red stripe were more 
likely to pair with males possessing red stripes. The initial 
effects of such mate-choice imprinting could then be 
followed by disruptive selection. In fact, a recent mathe¬ 
matical model has demonstrated that reinforcement 
(enhancement of premating isolation) can occur via 
learned mating preferences. It is important to note, how¬ 
ever, that the influence of mate-choice imprinting on 
evolutionary processes such as speciation depends implic¬ 
itly upon the imprinting set, or the individuals used as 
models. For example, imprinting on a nonparental pheno¬ 
type (oblique imprinting such as mate-choice copying) 
would likely inhibit population divergence. Nonetheless, 
the involvement of mate-choice imprinting on speciation 
and diversification has likely been important for numer¬ 
ous taxonomic groups and has been explicitly suggested 
to have played a role in the diversification of various birds 
(e.g., Galapagos finches; various brood parasites) as well as 
fishes (e.g., Lake Victoria cichlids). 

The occurrence of interspecific brood parasitism raises 
unique questions with respect to the evolutionary implica¬ 
tions of mate-choice imprinting. Consequently, a significant 
amount of research addresses the role of mate-choice 
imprinting on speciation and diversification in avian brood 
parasites. Interspecific brood parasites constitute approxi¬ 
mately 1 % of all bird species and are defined as those species 
for which adults do not care for their young, but instead 
deposit their eggs in the nests of other species, where the 
young are left to be raised by foster parents. Given the 
common occurrence of mate-choice imprinting in birds, an 
obvious question arises regarding how imprinting on a foster 
parent might influence subsequent reproductive success 
of the parasitic offspring. For example, if parasitic off¬ 
spring imprint on visual aspects of their foster parent, their 
subsequent ability to find a conspecific mate could be 
severely compromised. However, imprinting on the song of 
the foster parent (which can be learned), for both males and 


females, could facilitate conspecific matings. Indeed, in why- 
dahs and indigobirds (interspecific brood parasites in the 
genus Vidua), parasitic male offspring copy the song of 
their foster fathers. Parasitic female offspring also imprint 
on their foster father’s song. This host imprinting ultimately 
enables parasitic offspring to find conspecific mates as adults. 
This process of host imprinting has been proposed as a 
mechanism promoting diversification in this group, as host 
shifts could readily lead to reproductive isolation. How¬ 
ever, one could also imagine a scenario where mate-choice 
imprinting on a host could lead to hybridization. For exam¬ 
ple, if numerous species utilize the same host, the likelihood 
of parasitic individuals mating with a heterospecific brood 
parasite increases, and recent work has indicated that 
continued gene flow does exist between some host races. 

Hybridization and Mate-Choice Learning 

Although mate-choice imprinting often results in posi¬ 
tive assortative mating, typically with conspeciflcs, the 
potential exists for misimprinting, or imprinting on the 
wrong species. Hybridization between species of Darwin’s 
finches, for example, is known to occur and is thought 
to result from misimprinting. Additionally, crossfostering 
experiments conducted in the wild have demonstrated 
that some bird species will imprint on a foster parent of 
another species, resulting in heterospecific pairings. 

Heterospecific matings could result in hybrid offspring 
and hybrid zones are not uncommon in nature. What role 
then, if any, does mate-choice imprinting play in hybrid 
zones? Using an artificial neural network, Brodin and 
Haas demonstrated that phenotypes of pure species are 
learned faster and better than those of hybrids, potentially 
leading to selection against hybrids. Further spatial simu¬ 
lations combined with empirical data on dispersal dem¬ 
onstrate that mate-choice imprinting can maintain a 
hybrid zone under natural conditions. 

Sexual Selection and Mate-Choice Learning 

In addition to its role in speciation and hybridization, 
mate-choice learning might also lead to the evolutionary 
change of specific traits within a species, especially traits 
that are sexually selected. For example, mate-choice 
imprinting can lead to sexual preferences for extreme 
phenotypes beyond which an individual has experienced, 
potentially driving trait elaboration. One mechanism by 
which this is possible is via peak shift - a consequence of 
discrimination learning of differentially reinforced sti¬ 
muli (e.g., individuals are trained such that one stimulus 
is rewarded and the other is punished). Essentially, peak 
shift can lead to a preference for an exaggerated trait 
never previously experienced. For example, in an elegant 
study using zebra finches, ten Cate and colleagues raised 
males with the parents of artificially painted beaks 
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(orange or red). In subsequent mating trials, they were 
able to show a shift in male beak color preference, with 
males directing more courtship to females at the extreme 
maternal end of the spectrum, despite the fact that this 
beak color was more extreme than seen in the model 
parent. 

The above-mentioned example addresses the role of 
parental imprinting on trait evolution. However, oblique 
imprinting, or imprinting on a nonparental adult, also has 
intriguing potential regarding the evolution of secondary 
sexual traits. The cultural transmission of mating prefer¬ 
ences, or passing on of mating preferences through non- 
genetic mechanisms, could lead to evolutionary changes 
in secondary sexual traits, or cultural inheritance. Cul¬ 
tural transmission refers to the process by which the 
phenotype of a species can change based upon informa¬ 
tion acquired during an individual’s lifetime. Essentially, 
the cultural transmission of female preferences (via juve¬ 
nile experience effects with nonparental adult conspeci- 
fics or via mate-choice copying) could drive the cultural 
inheritance of male secondary sexual traits. The details of 
such evolutionary change would depend explicitly on the 
form of imprinting and on the imprinting set. 

Genotype-by-Environment Interactions and 
Mate-Choice Learning 

Thus far, we have focused solely on various environmental 
effects on mate-choice learning, with no discussion of 
the underlying genetics. Yet, all organisms are influenced 
by both their genes and their environment. Much recent 
work has been directed explicitly at understanding the 
interactions between an individual’s genotype and its 
environment. Genotype-by-environment interactions 
(GEIs) have become one of the major explanations 
regarding the maintenance of genetic variation in second¬ 
ary sexual traits, despite putatively strong sexual selection 
that should diminish this variation. While most studies of 
GEIs have focused on male signaling traits, it seems 
equally likely that female preferences are influenced by 
GEIs. For example, a female’s genotype may impact her 
likelihood and/or her ability to learn mating preferences. 
Such GEIs with respect to mate-choice learning would 
certainly influence the interactions between learned mate 
choice and the evolution of male secondary sexual traits. 
Future work exploring the interactions between geno¬ 
types and social environments will surely provide a rich 
source of new knowledge and insights regarding mate- 
choice learning and its role in evolutionary processes. 


See also: Alex: A Study in Avian Cognition; Apes: Social 
Learning; Avian Social Learning; Behavioral Ecology and 
Sociobiology; Collective Intelligence; Costs of Learning; 
Cultural Inheritance of Signals; Culture; Decision-Making: 
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Introduction 

Choosing the right mate can be a potent evolutionary 
force resulting in the evolution of characters and behavior 
in the chosen sex, including many elaborate courtship 
displays and ornamental traits. Survival is a prerequisite 
for reproduction. Therefore, in an evolutionary sense, it is 
the individual differences in ability to contribute genes to 
the next generation, that is, reproductive success that is 
important and not survival per se. In many animals, there 
are two sexes and reproduction is primarily sexual. When 
the gametes of the two sexes differ in size, we use the size 
of gametes to define female and male: Females produce 
larger gametes, eggs, whereas males produce smaller 
gametes, sperm. This means that when reproducing, high¬ 
est fitness will be achieved for an individual, within a sex, 
that is most successful in combining its genetical material 
with that of the other sex. Consequently, the ability to 
more successfully influence the interaction with indivi¬ 
duals of the other sex becomes important, for instance, by 
being attractive. The problem is, though, how to decide 
which mates will contribute the genes and resources that 
will result in an offspring production that is relatively 
better than that of other individuals of the same sex in 
the same population at the same time. 

In sexually reproducing animals, mate choice is a pro¬ 
cess by which individuals of one sex gain higher fitness by 
preferring to mate with some individuals to others. An 
individual that discriminates among encountered poten¬ 
tial mates is called ‘choosy.’ When the opposite sex is 
choosy, it is beneficial for an individual to signal attrac¬ 
tiveness to individuals of that sex, which will be able to 
assess the quality and compatibility of potential mates. 
Therefore, characters and behavior that affect attractivity 
may be selected by sexual selection and result in so-called 
secondary sexual characters (i.e., characters that provide 
reproductive rather than survival benefits). Many extrav¬ 
agant characters have been selected because they provide 
their bearers with reproductive advantages by being cho¬ 
sen as mates. These characters can be smells, sounds, 
behaviors, visual displays, morphological structures, etc. 
Competition is the unifying aspect of sexual selection: 
either as a process where individuals of one sex compete 
among themselves to become chosen as mating partners 
by the other sex (intersexual selection) or as a competitive 
process within a sex for access to mating partners of the 
opposite sex (intrasexual selection). Although, the con¬ 
cept of ‘female choice and male-male competition’ is 


common, as a sort of generalized description of animal 
reproduction, it is not the one and only perspective. We 
now know that mate choice occurs in both sexes and the 
sex competing for access to mates may also be discrimi¬ 
nate and perform mate choice. Mate choice and mating 
competition can occur in both sexes simultaneously. Yet, 
they may often vary dynamically in space and time, and 
one process may often predominate over the other in one 
or both sexes for a prolonged time. When reproducing, 
individuals first have to become sexually mature and then 
they may need to acquire specific resources to become 
ready to breed (such as food, territories, etc.). Once ready 
to mate, they have to choose among mates and/or com¬ 
pete for mates and once mated, there are postmating 
processes. For example, cryptic choice or parental prog¬ 
eny choice mechanisms may affect the outcome. Here, the 
mate choice refers to both female and male mate choice in 
the premating stage, that is, choice based on resources, 
ornaments acquired, and inherent mate qualities. The 
postmating stage may also involve mate choice in terms 
of cryptic mate choice or progeny choice, but this will not 
be covered in this chapter. 

Historical Perspective 

In 1871, Darwin hypothesized that female mate choice 
results in ornamental traits in males and saw many color¬ 
ful male birds as typical examples of this. However, he was 
also aware of those females of many species that were 
conspicuously ornamented, and he viewed these as excep¬ 
tional cases where males have been the selectors instead of 
being selected. Historically, the perspective of female 
choice and male-male competition resulting in sexual 
selection has been in focus. Why female mate choice 
seems more prevalent than male mate choice was not 
approached until about 100 years later by Williams and 
then by Trivers. They used Bateman’s study on fruit flies, 
Drosophila melanogaster. In his experiment, males and 
females were allowed to mate freely and the variance in 
mating success among females was found to be much 
lower than among males. This sexual difference in vari¬ 
ance in mating success and the observation that mating 
success continues to increase with the number of mating 
more steeply in males than in females (the Bateman 
gradient) are frequently used as indicators of sexual selec¬ 
tion. Though later stochastic models have shown that 
these results could be an outcome of random mating, 
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questioning them as main indicators of sexual selection. 
However, Bateman’s adaptive framework, of female 
choice and indiscriminant male mating behavior, led on 
to the parental investment ideas of Triver’s. He defined 
“parental investment as any investment by the parent in 
an individual offspring that increases the offspring’s 
chance of surviving (and hence reproductive success) at 
the cost of the parent’s ability to invest in other offspring,” 
and he concluded that “what governs the operation of 
sexual selection is the relative parental investment of the 
sexes in their offspring.” Recent research has, however, 
made clear that it may also be the other way around, that 
the operation of sexual selection may influence patterns 
of parental investment. Triver’s ideas of parental invest¬ 
ment and sexual selection still have great value, but 
parental investment is empirically hard to assess. Conse¬ 
quently, later population-related models for predicting 
which sex that predominates in mating competition have 
been put forward, circumventing the problem of estimat¬ 
ing relative parental investment. The operational sex ratio 
(OSR) models consider the number of individuals of each 
sex that are ready to breed at any given time and place, 
and the sex in excess is predicted to predominantly com¬ 
pete for access to mates whereas the opposite sex could be 
more choosy. In a population, OSR biases can arise due to 
the sexual difference in potential reproductive rate 
(PRR). If individuals of one sex are slower in processing 
matings and take longer to become ready to breed again, 
this sex will have a lower PRR and is predicted to be 
choosier and less competitive. The processing of mating 
involves gamete production, parental care, etc. However, 
it is important to note that the realized reproductive rate 
will always be equal (each offspring has a mother and a 
father), but the potential (when unconstrained by mate 
availability) reproductive rate may differ between the 
sexes. Possibly, the sexual difference in PRR may reflect 
sexual differences in parental investment in many ani¬ 
mals, but PRR is more empirically accessible and also 
includes time expenditures that may matter more than 
energy investments when predicting patterns of mating 
competition and mate choice in a population. It is though 
important to recognize that within a sex individuals can 
easily be both choosy and competitive and that choosiness 
may relate to the variation in the quality of potential 
mates, quite independently from mating competition. In 
many population models, such individual differences may 
be overlooked. 

A classic example of female mate choice is provided by 
Make Andersson’s 1982 studies of long-tailed widowbirds. 
In this African bird, males have substantially elongated 
tails and females are attracted to mate with males having 
longer tails. Andersson experimentally demonstrated this 
by manipulating male tail length. Some males had their 
tails shortened, some males maintained the same tail 
length, and others were provided elongated tails (males 


in all three treatments had their tails cut and glued). 
Females showed a clear mate choice for males displaying 
elongated tails. Another classic example comes from the 
peacock, where peahens show a clear preference for males 
having more eye-spots on their elongated feathers. Many 
more examples of both male and female mate choice are 
found in Andersson’s book, Sexual Selection. 


Mate Choice Evolution 

Mate choice is usually costly (in terms of time, energy, 
risk) and has to be balanced by benefits (resulting in a net 
fitness gain) in order to be selected. Such benefits may be 
both direct and indirect. Direct benefits are when imme¬ 
diate effects on fitness occur such as provisioning of 
resources to offspring or improved fertilization success. 
Indirect benefits, on the other hand, enhance offspr¬ 
ing fitness by increasing their viability or attractiveness 
through inheriting good or attractive genes. In nature, it is 
presumably a combination of both and of multiple kinds. 
However, costs and benefits of mate choice vary between 
populations, contexts, and over the season. 

Direct Benefits 

In animals where there are nuptial gifts, territories, paren¬ 
tal care, or other resources provided, we can easily envi¬ 
sion that choosy individuals will benefit by being able to 
assess these benefits directly or via one or several cues 
indicating the gain. In many organisms with indetermi¬ 
nate growth (fishes, reptiles, amphibians, many inverte¬ 
brates), male choice for larger and more fecund females 
provides good examples of male mate choice for direct 
benefits. Examples are many but, for instance, in the 
broad-nosed pipefish, both more and larger eggs are 
gained for males choosing to mate with larger females 
(Figure 1). Male mate choice for more fecund females 
has also been documented in animals with determinate 
growth, such as insects and in the zebra finch. Female 
mate choices for direct benefits are also common: In many 
birds and fishes, female preferences for male territorial 
qualities or paternal abilities have been demonstrated. For 
instance, in the fifteen-spined stickleback, females prefer 
males that court more intensely and these males are also 
better at fanning the nest, which result in a higher hatch¬ 
ing success. Similarly, in the sand goby, females prefer 
the most competent fathers and not the males that are 
most successful in male-male competitive interactions. 
Males providing good territories or oviposition sites are 
preferred by females in for instance, dragonflies, frogs, 
birds like pied flycatchers, dunnocks, red-winged black¬ 
birds, and male pronghorn antelopes defending a good 
feeding territory attract more females. In many insects 
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(a) (b) 

Figure 1 (a) Two female broad-nosed pipefish in the front with 

zigzag patterns on their trunk. The male pipefish is in the back. 
Photo: A. Berglund. (b) A close-up of a male’s brood pouch with 
almost fully developed embryos (eyes visible). While brooding for 
more than a month, the embryos are osmoregulated, 
oxygenated, protected, and provided some nutrients. Photo: 

O. Jennersten. 


(crickets, butterflies, dance flies), males provide nuptial 
gifts as packages of additional resources and sperm (sper- 
matophores), or prey gifts can be provided by males or 
females. Commonly, there are mate choice processes in 
operation for larger gifts, providing direct benefits. Other 
examples of male choosiness that may co-occur with 
females being choosy as well are when males are choosy 
for females that have not mated recently, or are close to 
conception. Similarly, in chimpanzees, males prefer older 
females as they have higher breeding success, as compared 
to younger ones. Important to bear in mind is that mate 
choice for direct benefits may be heritable, but does not 
require heritability as fitness gains may affect immediate 
resource situations. 

Another way for mate choice evolution is to exploit an 
already naturally selected sense. An animal may already 
be sensitive to certain features (colors, smells, or sounds) 
that, for example, occur in their diet and are preferred as 
food items and an inherited ability to sense these features 
may confer fitness advantages. When such a preexisting 
sensory bias, in a nonmating context, is present it may also 
affect the evolution of mate choice preferences and result 
in mating biases. In some guppy fish species, a general 
attraction to orange food can largely explain differences 
between populations in female mating preferences for 
males with larger orange dots. However, predation is 
another factor that influences and limits the expression 
and preference for orange dots. 


Indirect Benefits 

Indirect benefits of mate choice may occur in combination 
with direct benefits. However, indirect benefits are more 
commonly considered when direct benefits are lacking or 
assumed to be of minor importance. The indirect benefits 
of mate choice require inheritance, such that the offspring 
inherit the genes that give the improved viability or 
attractiveness. A mating preference may select for traits 
indicating viability, for instance, when the quality of an 
individual’s immune defense or ability to acquire specific 
nutrients are indicted via this trait. Such indicators may 
indicate ‘good genes’ in general, that will be inherited 
to the offspring, or ‘handicaps’ if an individual can obtain 
heritable resistance to diseases or parasites by choosing 
mates that indicate their ability to invest in larger (i.e., 
handicapping) displays as well as investing in a costly 
immune defense. For instance, starling males that sing 
more frequently also show a stronger immune response, 
and females choose to mate with males singing more 
frequently, which possibly results in more viable offspring. 
An additional form of indirect benefits of mate choice is 
the process known as ‘the Fisherian run-away process.’ 
It refers to when there is inheritance both for an attractive 
trait and the preference for it, which results in a self- 
reinforcing co-evolution of the trait and the preference 
(the trait may be an indicator trait or an arbitrary trait). 
The Fisher run-away process is theoretically well founded, 
but good empirical examples are less obvious. This is 
possibly because when a trait becomes extreme (‘runs 
away’) it becomes costly and may start functioning as a 
‘handicap’ trait, since an individual has to be of good 
quality to afford it. 

As long ago as 1972, Trivers suggested that the choice 
of a mate should favor a mate that is most compatible with 
the chooser in terms of producing adaptive gene combi¬ 
nations in the offspring. Consequently, males and females 
may choose a mate that either has particular genes that 
will result in a more successful combination, for instance, 
in terms of heterozygosity or major histocompatibility 
complexity (MHC — an important function of the verte¬ 
brate immune system). There are many examples of 
maternal and paternal allele combinations that affect off¬ 
spring fitness; however, the extent to which this is used in 
mate choice is less documented. It should also be noted 
that there are distinctions between choice for good genes, 
compatible genes, and the conflicts that may occur 
between optimizing these choices under various circum¬ 
stances. Thus, directional sexual selection may operate to 
generate an ornament that signals good genes. However, 
the individual that carries the ornament may not always 
be the most genetically compatible mate to all individuals. 
When choosing a genetically compatible mate, it may be 
important to optimize similarity or dissimilarity, as shown 
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in three-spined sticklebacks where females optimize the 
MHC-complexity of their mate choice in relation to their 
own MHC profile. 

Other Factors Affecting Mate Choice Evolution 

A complicating factor when it comes to demonstrating 
benefits of mate choice is that there may always be mater¬ 
nal or paternal effects, that is when an individual choosing 
a mate also allocates resources in relation to the mate’s 
attractiveness or quality Such maternal or paternal effects 
may either be a differential allocation (i.e., when the 
chooser allocates additionally when mating to a preferred 
mate), or it may be compensatory (i.e., when the chooser 
compensates when mating to a mate they prefer less). In 
many animals, females are in control of egg numbers and 
quality and may thus adjust their egg allocation depend¬ 
ing on mate quality. Similarly, allocation to care by both 
males and females may also depend on mate quality. 
Furthermore, the importance of sexual conflict between 
females and males is becoming increasingly clear. Selec¬ 
tion for a trait in one sex may have a negative influence in 
the other sex, which can result in a sexually antagonistic 
co-evolution. Obviously, this may apply to mate choice 
evolution, as preferences and chosen traits may have 
different optima in the two sexes. 

A Pipefish Example 

In the broad-nosed pipefish (Syngnathus typhle L.), swim¬ 
ming in the eelgrass meadows of the sea, females usually 
display in groups and compete for access to male mating 
partners. Females display contrasted zigzags (ornaments) 
on their body trunk (Figure 1(a)), a pattern that attracts 
males, but intimidates other females. Males are also better 
able to assess female size using this pattern. In their mate 
choice, males prefer larger, more ornamented, and domi¬ 
nant females, and benefit by receiving larger eggs that will 
result in larger offspring of higher fitness (better survival 
to anemone predation and higher growth rate). However, 
female mate choice also selects for larger males, presum¬ 
ably as they are better care providers. If a female is con¬ 
strained to mate with a smaller, less preferred male, she 
compensates by providing eggs with a higher protein con¬ 
centration. Both male and female mate choice has been 
demonstrated by A. Berglund and coworkers, and both 
males and females produce newborn that survive preda¬ 
tion better if mated to a preferred mate as compared to a 
less preferred mate (even when standardizing for offspring 
size differences). Although both male and female mate 
choice occur, only males (not females) copy the mate 
choice of other males. Similarly, mating competition for 


access to mates can be prominent in both sexes, but the 
predominant female-female competition characterizes 
the mating pattern of this species in particular. Conse¬ 
quently, multiple sexually selective processes operate 
dynamically and the same cues are used in several con¬ 
texts. Also postmating selective processes may occur, as 
brood reduction in the male pouch is common while 
brooding the embryos. 

Mate Assessment 

How mates are encountered, simultaneously or in sequence, 
will influence the opportunity for performing mate choice 
and assess mates. In nature, the options for simultaneous 
comparisons of large number of mates are usually relatively 
limited. However, lekking species are an example where 
several individuals of one sex can be assessed. Still, the 
interactions between competition and mate choice on the 
lek are complex and vary between animals. For example, 
lekking birds such as the ruff, black grouse, and manikins all 
differ in how competition and mate choice contribute to 
fitness. When mate assessment is more sequential, various 
assessment tactics can be employed. For example, a fixed 
threshold tactic can be used, mating with the first mate 
encountered that fills the minimum requirements, or 
sequential comparisons where the best of a number of 
possible mates is chosen. The assessors can then optimize 
costs and benefits of continued search or acceptance of the 
present mate. Mate assessment can also be done by copying 
the mate choice of others. This may be a good option when a 
mate searcher is unable to discriminate various mate quali¬ 
ties or if copying others reduces the search and discrimina¬ 
tion costs. Mate choice copying has been demonstrated 
many times in fishes, for instance, in guppies, gobies, meda- 
kas, and pipefish (Figure 1). Mate assessment strategies 
have mostly been studied when animals are breeding, but 
mate qualities can also be assessed and evaluated during 
nonbreeding seasons. 

The influence of mating competition on mate assess¬ 
ment can be both positive and negative. The choosing 
individuals can use competition within the other sex to 
assess mate qualities, and competition may also be incited 
for this purpose. However, competitive interactions may 
also hamper mate assessment and dictate mating in con¬ 
flict with mate choice. On the other hand, mate choice can 
override status rankings from competitive interactions 
and be based on other abilities and characters. Conse¬ 
quently, the actual mate in the wild may not necessarily be 
a preferred mate; the actual mate can be a compromised 
or a constrained ‘decision’ resulting from other processes 
than mate choice. 

Obviously, rarely is the choice of mate based on only 
one single signal or ornament. Instead, there are multiple 
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cues, and each cue may also have multiple functions. 
Visual, olfactory, and sound cues can easily be combined 
and they can be used in different environments, contexts, 
and at different distances. Some cues may have evolved as 
species-recognition cues and others as mate-quality sig¬ 
nals. Efficiency and selection of signals are also context 
dependent, and anthropogenic disturbances may affect 
mate assessments. For instance, color displays in fishes 
may be difficult to assess or be distorted in turbid (pol¬ 
luted, eutrophic) environments, and bird song may in a 
noisy environment be hampered as a mate attractor. 

Contrasting Female and Male Mate 
Choice 

Mate choice is important to the evolution of secondary 
sexual character in both sexes, and the process of mate 
choice and sexual selection works according to the same 
principles in both sexes. Though the operation of sexual 
selection does contrast somewhat between males and 
females, some general tendencies can be discussed. Females 
by definition invest more energetically into each gamete, 
and often they also provide parental care (at least in mam¬ 
mals and birds; however, less often in fishes where males are 
the main care provider). As a consequence, females often 
compete with other females for resources necessary for a 
successful reproduction, whereas males may compete for 
these females. However, that this always is a consequence of 
differences in gamete size should be challenged. Interesting 
comparisons among Drosophila fly species show that differ¬ 
ences in relative gamete size do not necessarily predict 
sexual patterns of mating discrimination. In general, the 
relative intensity of mate choice and mating competition 
varies, and choice can develop in both sexes whenever 
there is variance in the quality of mates that may affect 
fitness. It is more rare with very costly (i.e., highly extrava¬ 
gant) secondary sexual characters in females, and possibly 
this is because resources traded to such character may have 
to pay fecundity costs which may somewhat constrain the 
development of the secondary sexual characters in females. 
Males, however, may pay survival costs that may constrain 
ornament development. Notable is that ornaments selected 
by mate choice occur in females and males in many kinds 
of animals. 

Future Perspectives 

In the near future, I envision a broader attention to mate 
choice studies, unbiased with regard to the sexes. We need 
more behavioral studies in many different kinds of animals 
and in various contexts. We will be able to explore the 


genomics of mate choice; today’s and tomorrow’s molecular 
and genomic tools make this possible. Revealing how mate 
choice operates and imposes selection on behavior, mor¬ 
phology, reproductive physiology, genes, and proteins in 
both sexes will be exciting. Selection experiments, cross- 
fostering experiments, and in particular a systematic 
approach to investigate fitness consequences of mate choice 
in both sexes, by comparing outcomes from preferred and 
less preferred (or random) mating, are important future 
avenues. This means approaching mate choice both on the 
individual and the population level. Mate choice evolution 
is context dependent and we need detailed studies on how 
mate choice interacts with mating competition, ecological 
circumstances, social circumstances, and the dynamic vari¬ 
ation in time and space. 
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Brief History and Definitions 

Organisms develop under the continuous interaction of 
genes and environmental factors. Parents not only trans¬ 
mit genes to their offspring but also influence their envi¬ 
ronment, which can profoundly affect offspring traits. 
Both mother and father can cause such environmental 
effects although maternal effects are often more pro¬ 
nounced than paternal effects, as in most species, mothers 
provide more care and in all species, mothers provision 
the eggs, influencing the embryo. Perhaps because of this, 
parental effects are commonly labeled as ‘maternal effects.’ 
Maternal effects are very widespread in the plant and 
animal kingdoms and can be mediated by diverse and 
multiple proximate means and pathways. Maternal repro¬ 
ductive decisions such as the timing of reproduction, 
choice of breeding location, and the number of siblings in 
a given propagule will, for example, indirectly influence 
the social environment or food availability for the offspring. 
The differential bestowment of the embryo, fetus, or new¬ 
born with bioactive supplements such as immune-active 
substances, antioxidants, growth factors, and hormones will 
affect the development and differentiation of physiological 
functions and is also known as ‘prenatal’ or ‘developmental 
programming.’ Quality and quantity of food provisioning 
will influence growth and health. Finally, maternal effects 
are also transmitted directly via behavior, by processes such 
as social facilitation, which may lead to cultural transmis¬ 
sion of certain traits. In this article, we focus on maternal 
effects that are mediated by hormones, especially andro¬ 
gens since this proximate pathway has been studied most 
extensively in the ecologically relevant context. 

Two classes of maternal effects are distinguished: the 
so-called indirect genetic effects and indirect environmen¬ 
tal effects (Figure 1). The first refer to the situation in 
which the parental effect on the offspring depends on the 
genetic background of the parent. For example, the quality 
of food provisioning by the parent to the young may depend 
on the genes of that parent. In this case, the young would 
receive not only the genes for good food provisioning from 
their parent but also relatively high-quality food, increasing 
their survival and thereby strengthening the propagation 
of the relevant genes in the population. 

Clearly, such indirect genetic effects can profoundly 
affect evolution. Indirect environmental effects refer to 
the situation in which the environment is ‘translated’ to the 
offspring by the parent. For example, parents reproducing 


in environments with high food quality/quantity can provi¬ 
sion their young with more, better, or different food, indi¬ 
rectly leading to offspring phenotypes different from those 
in lower-quality environments. Or, in anticipation of the 
offspring environment, mothers may directly modify off¬ 
spring phenotype, based on how she is experiencing the 
environment, via the transmission to the offspring of certain 
signals that alter their development. The latter points to the 
possibility of maternal effects to flexibly adjust specific 
offspring traits to relevant environmental factors in which 
it develops and lives, a flexible adjustment that cannot 
be achieved by the transmission of genetic material alone. 
The concept of maternal effects being adaptive receives 
currently much attention. Finally, maternal effects on the 
environment of the offspring can interact with transmit¬ 
ted genetic information. Via several pathways, maternal 
signals or the maternally provided environment may induce 
changes in gene expression, for example, DNA silencing by 
methylation of some genes. This could not only have pro¬ 
found effects on first generation of offspring but also carry 
over to subsequent generations if such epigenetic marks are 
not erased during gametogenesis. 

Historically, the term ‘maternal effect’ was used in 
quantitative genetics to account for variation in offspring 
phenotype that is not accounted for by additive genetic 
variance and the developmental environment. As a conse¬ 
quence, maternal effects were seen as undesired noise in 
artificial selection and breeding with no apparent function 
in selection and adaptation. Maternal effects have also 
been known to biomedical research for some time, and 
they were originally viewed as pathological perturbations 
of resilient genetic developmental programs by subopti- 
mal maternal condition and health. Maternal effects that, 
for example, lead to alterations in sexual behavior within 
a sex were thought to derail or interfere with the cascade 
of development events that leads from genes via hormonal 
signals (acting as a developmental switch) to male or 
female phenotype. Those that lead to modifications in 
the stress responsiveness were thought to interfere with 
sex-specific pathways of the differentiation of this neuro¬ 
endocrine system. This perspective is reflected in still- 
accepted terminology such as ‘demasculinization’ of males 
and ‘masculinization’ of females and entails a lack of ap¬ 
preciation for variation in phenotype within the sexes. 
This pathophysiological perspective is applied also to 
physiological systems that maintain organismal homeosta¬ 
sis such as body mass and energy regulation. 
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Maternal effects and nongenetic inheritance 



Environment Environment 


Intergenerational 

effects 

individual 
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Figure 1 Scheme depicting the principle of maternal or 
parental effects in which the mother or parent influences the 
environment of the developing offspring, potentially leading to 
intergenerational effects and individual differences in behavior. 
Indirect genetic effects are due to effects depending on the 
genes of the parents; indirect environmental effects are due to 
effects that depend on environmental effects on the parents. 

In some cases, the environment of the offspring, affected by 
the parents, may influence gene expression, such as DNA 
silencing by methylation. See text for details. 


A paradigm shift took place in the early 1990s when 
maternal effects were proposed to be adaptations that 
evolved to enhance Darwinian fitness. This change in 
perspective was facilitated by two independent, but simul¬ 
taneously occurring developments. Developmental biol¬ 
ogy joined forces with evolutionary biology and ecology, 
resulting in an appreciation for developmental plasticity; 
and molecular biology and genomics began exploring the 
regulation of gene expression rather than gene sequences. 
These new developments set the stage for a rapid prolif¬ 
eration of empirical studies of maternal effects from an 
evolutionary, ecological, and adaptationist perspective. 

Maternal effects influence a wide array of offspring 
traits expressed in early life as well as adulthood. Affected 
traits range from growth rate, immune function and sus¬ 
ceptibility to disease, morphological characters, and food, 
habitat, and mate preferences to behavioral strategies 
and tactics. This has been demonstrated in many plant 
and animal taxa, the latter ranging from mammals to 
insects. This article focuses on maternal effects on behav¬ 
ior although one has to appreciate that effects on behavior 
often go in tandem with effects on nonbehavioral traits 
and physiological functions. 

Behavior is a strong force in evolution, no matter 
whether it promotes or slows down evolutionary change. 
Maternal effects, in particular those mediated by hormonal 
signaling between mother and embryo/fetus, cause varia¬ 
tion in behavioral phenotype in many taxa. Consequently, 
maternal effects can generate multiple behavioral pheno¬ 
types within families, in populations, and among popula¬ 
tions and therefore may be particularly important and strong 
forces in evolutionary processes and trajectories, for example 
the rapid adaptation to novel or changing environments. The 
evolutionary impact of maternal effects on behavior can 
only be fully appreciated when one also understands the 
physiological and developmental mechanisms by which they 


result in the modification of a behavior or suites of behav¬ 
ioral traits, a topic addressed later. 

Finally, the prevalence of maternal effects is relevant 
not only for those studying function and evolution of 
behavior, but also for those studying its genetics and differ¬ 
entiation. Such studies often make use of genetic selection 
lines and cross fostering design and generate measures of 
heritability by analyzing parent-offspring similarities. In 
particular, prenatal maternal effects can have a profound 
influence on the interpretation of results from such analyses 
and are difficult to account for without the implementa¬ 
tion of specific statistical techniques or embryo transplan¬ 
tation (accounting for prenatal maternal effects). 


Hormone-Mediated Maternal Effects 

Commonly, hormones are mediators of maternal effects 
and influence offspring phenotype either indirectly or 
directly. The first is, for example, demonstrated by the 
finding that testosterone production in the young may be 
stimulated by frequent social interactions when offspring 
are raised in high density, an environment that can result 
from the choice of nest sites by the parents. Such early 
stimulation of testosterone production may cause long- 
lasting changes in the sensitivity to testosterone later in 
life, as has been demonstrated in juvenile black-headed 
gulls, Larus ridibundus, by T. Groothuis and colleagues. 
Even more intriguing and subtle are direct effects of 
prenatal exposure to maternal hormones. In many animal 
taxa, not only does the embryo and fetus produce its own 
hormones, but it is also exposed to those of the mother. 
A substantial body of research was devoted to the effects 
of maternal stress, resulting in elevated embryonic expo¬ 
sure to glucocorticoids (cortisol or corticosterone) with 
strong impact on stress sensitivity, sexual behavior, and 
cognitive functions of the offspring in later life. In humans, 
exposure to maternally transmitted drugs that mimic 
androgen action as a result of medication of the pregnant 
mother affects both morphology and play behavior of 
daughters. Such observations have strengthened the per¬ 
spective of hormone-mediated effects being maladaptive. 
However, proliferation of research on hormone-mediated 
maternal effects from an adaptive perspective was spurred 
by a study of domesticated canaries (Serinus canaria) by 
H. Schwabl that demonstrated the presence of various 
maternal steroid hormones, in particular androgens such 
as testosterone, in the avian egg. Even more important was 
the observation that the eggs of a clutch of an individual 
female can vary systematically in the concentrations of 
these hormones. This within-propagule variation and the 
variation of hormone concentrations among the clutches of 
different females prompted numerous adaptive hypotheses 
of the function of hormone-mediated maternal effect in 
intra- and interfamily context. 
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The study of prenatal hormone-mediated maternal 
effects has greatly benefited from the inclusion of ovip¬ 
arous species as model systems and by now most of 
the ecologically relevant research is performed on birds 
and not on laboratory rodents. There are several reasons 
for this development. First, the accumulation of mater¬ 
nal hormones in the eggs of oviparous species, to which 
the embryo is then exposed, occurs during a relatively 
short period, ending at oviposition. Therefore, the con¬ 
centrations of maternal hormones can be measured in 
the laid egg before the embryo’s own hormone produc¬ 
tion starts. In mammals, in contrast, maternal hormone 
levels fluctuate during pregnancy and are difficult to 
measure without interfering with the mother (affecting 
her hormone production) and in separation from embry¬ 
onic hormonal contributions. Moreover, the mamma¬ 
lian placenta serves as an endocrine interface between 
mother and fetus that metabolizes and converts hor¬ 
mones. Second, prenatal hormone exposure is easier to 
manipulate in oviparous than in viviparous species. 
Third, maternal steroids occur in substantial and variable 
concentrations in the eggs of fishes, reptiles, and amphi¬ 
bians providing ample opportunity for ecological and 
evolutionary studies. Their role is now studied best 
in birds, since they lay relatively large eggs and their 
ecology, reproductive strategies, and development are 
well known. 

Many recent studies of adaptive maternal effects in 
birds focused on those mediated by the transmission of 
maternal hormones into the egg because, in contrast to 
other maternal effects such as egg size, hormonal signal¬ 
ing has unique features that may allow for the evolution of 
potent and specific maternal influences on the offspring. 
Hormones are chemical messengers of integrated neuro¬ 
endocrine systems that induce specific changes in an 
organism’s physiological state in response to or in prepa¬ 
ration for environmental change; they regulate transitions 
between life-history states, maintain homeostasis, inte¬ 
grate multiple-component traits, and they regulate and 
influence development. In this way, hormones are signals 
rather than resources such as nutrients. Hormones cause 
their effects by binding to their receptors in or on specific 
target cells which, upon binding of the hormone, initiate 
the first step of signal transduction pathways to achieve 
changes in cell function and properties. The same hor¬ 
mone can have different effects in the sexes and influence 
both developing and adult organisms. A single hormone 
can have multiple targets and a single target cell can 
be affected by several hormones. Hormones influence 
the probability of a behavior to occur in a certain context 
and modify the differentiation of a behavior during devel¬ 
opment and/or its expression in adulthood. These prop¬ 
erties of hormonal regulation render them potent signals 
for the communication from mother to developing 
offspring. 


Classical studies of mechanisms of sex differences in 
behavior revealed that hormones can influence behavior 
in two ways which is known as the ‘concept of organizational 
versus activational action.’ First, a hormone can cause per¬ 
manent behavioral differences (e.g., between the sexes) by 
irreversibly organizing the functions and properties of neu¬ 
ral and muscular hardware during a critical sensitive phase 
of development. Second, a hormone, when secreted later in 
life, can transiently and reversibly activate a behavior. Much 
of the progress of research in underlying mechanisms of sex 
differences in behavior rests on this heuristically extremely 
useful concept but, as discussed later on, it now needs 
modification to accommodate variation in behavior within 
the sexes, maternal hormonal effects on behavior, and non- 
hormonal behavioral differentiation. 

Abbreviated Review of Hormonal 
Maternal Effects on Behavior 

Introduction 

Prenatal hormone-mediated maternal effects have been 
extensively studied in mammals, especially rodents, in the 
contexts of stress physiology (pre- and perinatal exposure 
to cortisol and corticosterone) and sexual differentiation 
(exposure to androgens, see section ‘Why Do Maternal 
Hormones Not Interfere with Sexual Differentiation?’). In 
an ecological/evolutionary frame work, they are now most 
studied in birds and to some extent in lizards and fish 
species (mostly exposure to androgens). The results obtained 
with birds, but also with rodents and other mammals have 
been summarized in several comprehensive recent reviews 
(see Further Reading). Therefore, we provide only a com¬ 
pressed summary necessary for our subsequent discussion 
of fundamental and conceptual issues. We focus on androgens 
as these are the hormones studied the most in an ecolo¬ 
gically relevant context. 

Maternal hormonal effects go well beyond those on 
behavior and modifications of nonbehavioral traits have 
to be taken into account when discussing those on be¬ 
havior. Affected nonbehavioral systems and functions 
include immune defense (mostly suppressing), growth 
and metabolism (mostly enhancing), the neuroendocrine 
stress response axis and the production of steroid hor¬ 
mones, and morphological structures such as sexual sig¬ 
nals (enhancing). Maternal hormonal effects on behavior 
(as well as those on nonbehavioral traits) may be classified 
into those expressed in early life (relatively soon after 
birth or, in oviparous species, after hatching and the 
consumption of hormone-laced yolk and albumin in 
which maternal hormones are accumulating during egg 
production) and those expressed in late life (long after 
differential developmental exposure to maternal hormones). 
They may also be classified into those that are sex linked 
and those that occur in both sexes. 
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Birds 

Examples for early life effects of maternal androgens in 
birds are earlier hatching and enhanced nestling begging 
behavior in altricial and semiprecocial birds and the 
behavior of hatchlings in novel environments in precocial 
birds. A consequence of differential begging behavior is 
variation among siblings in the amount of food they obtain 
from parents leading to differential growth trajectories. 
Functionally, these effects have been interpreted to reflect 
an adaptive maternal influence on sibling competition 
(hormonal favoritism). 

Long-term effects, expressed in adult offspring life, of 
differential embryo exposure to maternal steroids were 
reported for nonreproductive juveniles and reproduc- 
tively competent adults of several taxa. So far, they 
include modified behavioral responses to novel objects 
in domesticated zebra finches ( Taeniopygia guttata), dis¬ 
persal distance in free-living great tits (Pams major), and 
aggressive and sexual behavior in captive house sparrows 
(.Passer domesticus) and black-headed gulls. The enhanced 
aggressive and sexual behavior of sparrows and gulls 
might be caused by specific developmental modifications 
of the neural structures that influence the probability to 
show aggressive or sexual behavior in response to certain 
cues and in a certain context. Given the fact that these 
behaviors are androgen dependent the maternal effects 
may be caused by upregulation of either androgen pro¬ 
duction or androgen sensitivity. However, some altered 
behaviors are unlikely to be under the control of andro¬ 
gens. The altered response of zebra finches to novelty 
could point to yet-to-be-identified organizational modi¬ 
fications of neural functions that underlie differences in 
coping style or personality. Alternatively, they could be 
nonspecific and general carry-over effects of differential 
growth in early life (see later) or be caused by neuro¬ 
chemical modifications that influence a wide array of 
behaviors such as the dopaminergic or serotonergic sys¬ 
tem that in turn influences for example, impulsivity, a trait 
related to personality too. For an understanding of the 
evolutionary consequences of maternal effects on behavior, 
it is now critical to identify the potential developmental 
hormone targets in the embryo. If brain areas of the 
neuroendocrine circuitry and pathways of aggressive and 
sexual behavior are targets (i.e., by expressing functional 
androgen receptors) and the properties of these targets in 
the adult offspring vary with early hormone exposure, we 
will have evidence that maternal hormones modify specific 
behavioral modules rather than having unspecific effects 
of a more general nature. 

Sex-specific (linked) and sex-independent effects pro¬ 
vide another type of results whose better understanding is 
critical to test or generate hypotheses about the role of 
maternal effects on behavior in evolution. Depending on 


the species, nestling begging, mass gain, structural growth, 
and immune function can be impacted in either both or 
only in one sex. Adult aggressive behavior was enhanced 
by prenatal testosterone exposure in both sexes of the 
house sparrow (in a nonreproductive as well as a repro¬ 
ductive context) while enhanced sexual (courtship) behavior, 
normally performed by the male sex only in this species, 
was restricted to males. In black-headed gulls, in contrast, 
both sexes perform the same aggressive and sexual displays 
and both displays were enhanced in both sexes by exposure 
to androgens in the egg. 

A nonbehavioral example for a sex-linked effect comes 
from the dichromatic plumage of the house sparrow. 
Its male-specific plumage signal, the throat bib of black 
feathers, was enlarged by developmental testosterone 
exposure in males, but no such badge was induced by 
testosterone exposure in females that normally lack this 
trait. In contrast, in the sexually monochromatic black¬ 
headed gull, development of breeding plumage coloration 
was enhanced (or developed earlier) in both sexes. The 
molecular mechanisms of sex limitation and sex indepen¬ 
dency of maternal hormonal effects still wait to be studied, 
but three important messages can be extracted from these 
results. First, the degree of sexual dimorphism in the 
trait/species seems to play a role so that maternal steroids 
interact with both sex-limited and autosomal genes. This 
may not only be limited to traits that show sex-specific 
sensitivity to androgens such as aggression. For example, 
yolk androgens differentially affected growth in male and 
female chicks of several species. Second, in case of sex- 
independent effects, the evolution of a maternal hormonal 
effect for the benefits accrued by modifications of a cer¬ 
tain trait in one offspring sex can be constrained by 
concomitant effects on the other sex. Third, maternal 
hormonal effects do not just shift the phenotype of one 
sex toward that of the other sex. 

Related to the issue of sex-specific effects is the poten¬ 
tial influence of the hormonal state of the mother on 
propagule sex ratio. For example, an increase in the 
maternal concentration of corticosterone during egg pro¬ 
duction decreases the proportion of sons in broods of the 
homing pigeon ( Columba livia domestica), while an increase 
in testosterone concentrations increases the proportion of 
sons; similar findings have been reported for other bird 
species. Sex-specific mortality in response to prenatal 
hormone exposure is an unlikely explanation as there 
was no effect on embryo mortality. One possibility is 
that these hormones affect the segregation of the sex 
chromosomes (meiotic drive). In birds, the female is the 
heterogametic sex and is therefore potentially in some 
control of which sex to produce. Sex ratio may depend 
on female hormonal state as suggested by studies in the 
group of T. Groothuis. Sex determination obviously 
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affects behavior, but a wider discussion of maternal effects 
on sex ratio is outside the scope of this contribution. 

Adaptive explanations of hormone-mediated maternal 
effects have been inspired by the systematic variation in 
concentrations of maternal hormones in eggs resulting in 
differential exposure of the embryo among and within 
species. Most of the knowledge of this variation comes 
from studies of birds as well. The eggs of all bird species 
studied to date contain substantial amounts of androgens. 
Comparative analyses of altricial songbirds by the groups 
of H. Schwabl and T. E. Martin and others suggest that 
variation in androgen concentrations may be an adapta¬ 
tion to ecological conditions to modify development rate 
of the embryo and nestling in relation to time-dependent 
mortality by predation. The results indicate that high 
predation rate on eggs or chicks may be linked to androgen- 
mediated higher rate of development. This is consistent 
with results that manipulations of egg androgen concen¬ 
trations can shorten the time from onset of incubation 
to hatching (i.e., the embryo period) in some species. 
Whether and how slow or fast development influences 
behavior and other traits remains to be shown. 

Variation in egg hormone levels among females of the 
same species can be attributed to variation in environ¬ 
mental factors such as breeding density, food abundance, 
or paternal quality. These environmental factors may 
affect food provisioning by the parents as well as compe¬ 
tition among unrelated individuals in early life (after 
fledging in altricial species and already before that time 
in semiprecocial species). This is consistent with results 
from experimental studies demonstrating effects of an¬ 
drogen manipulations in the egg on begging and aggres¬ 
sive behavior of chicks. 

Variation of androgen levels among the eggs within a 
clutch (eggs are usually laid with an interval of one or 
several days) often reveals a systematic pattern. For exam¬ 
ple, yolk androgen concentrations increase with every suc¬ 
cessively laid egg of a clutch in many bird species. Later- 
laid eggs usually hatch later than those from earlier-laid eggs 
in the sequence (due to the onset of egg incubation by the 
parent(s) before a clutch is complete) that results in an age 
hierarchy among siblings. Consequently, chicks hatching 
from later-laid eggs have to compete with older nest mates. 
Greater embryonic exposure to androgens may mitigate 
their disadvantages. In some other species, in contrast, a 
late onset of incubation and lower androgen levels in later- 
laid eggs may work in tandem to result in an even more 
tilted competitive hierarchy in order to facilitate brood 
reduction. This hypothesis of hormonal favoritism formu¬ 
lated by H. Schwabl and D. Mock is also consistent with 
the effects of androgens on begging and hatching. To what 
extent the offspring may be able to modify the maternal 
signal or its response to it is addressed in section ‘Who Is 
in Control: The Mother or the Offspring, None or Both?’. 


Mammals 

x4 classical case for studies of androgen-mediated mater¬ 
nal effects in mammals is the masculinization of the 
female spotted hyena (Crocuta crocuta). Like in some 
other mammals, female spotted hyenas possess a pseudo¬ 
penis, seem to be relatively aggressive, and are dominant 
over males. In addition, the pups are born precocially and 
engage in sibling competition, expressed as overt aggres¬ 
sion, soon after birth. It has been hypothesized that these 
unusual traits result from exposure of females to enhanced 
levels of androgens such as androstenedione circulating in 
the mother during pregnancy. Experimental evidence by 
C. Drea and colleagues suggests that the development of 
the pseudopenis is at least partly under direct genetic 
control, while its size depends partly on maternal androgens. 
The work of K. Holekamp and her colleagues provides 
some evidence for rank-related and androgen-mediated 
maternal effects on offspring aggressive behavior, but a 
causal relationship between exposure to maternal androgens 
and sibling competition, female aggression, and dominance 
is as yet not fully established. 

In several mammalian species, for example, pigs and 
rodents, in which several fetuses develop next to each 
other along one of the two uterine horns, adjacent siblings 
hormonally influence each other’s behavioral and physio¬ 
logical differentiation. This is best documented for mice 
and gerbils by the work of F. vom Saal, J. Vandenbergh, 
M. Clark, and J. Galef. They showed that for example females 
positioned between two brothers differ from females posi¬ 
tioned between two sisters in multiple traits, including 
aggression, length of the estrous cycle, morphology, and 
the sex ratio they will produce themselves. Moreover, 
prenatal exposure to androgens produced by brothers 
induces a larger and more male-like urogenital distance 
in females. Although these effects are not directly caused 
by maternal hormones, they still can be considered hormone- 
mediated maternal effects since the position of a fetus 
relative to its brothers and sisters is a maternal trait. 
Moreover, females producing sex ratios skewed to sons 
expose their daughters to more testosterone via their sons. 

Other Vertebrate Classes 

Another intriguing example by which mothers indirectly 
influence early hormone exposure of their offspring is 
temperature-dependent sex determination, for example 
of reptiles. Mothers of these species bury their eggs and 
the location and depth of the nest in the substrate deter¬ 
mines incubation temperature. Incubation temperature, 
in turn, determines the sex ratio of the propagule. Elegant 
work by D. Crews and others suggests that develop¬ 
mental temperature influences sex determination by tem¬ 
perature-dependent hormonal mechanisms such as the 
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rate of conversion of testosterone to estradiol. Interest¬ 
ingly, reptile eggs contain also maternally deposited tes¬ 
tosterone and estradiol suggesting that, in addition to nest 
site selection, maternal steroids may provide a direct 
pathway for the mother to affect the sex, and thereby 
the behavior, of her offspring. 

Our brief review of hormone-mediated maternal 
effects emphasizes the abundance, complexity, and diver¬ 
sity of maternal effects on behavior and other offspring 
traits raising a series of fundamental questions about their 
mechanisms, functions, and evolution which we will 
address in the next section. 

Fundamental Questions 

Despite the current attention for hormone-mediated 
maternal effects by evolutionary and behavioral ecolo¬ 
gists, several critical and fundamental issues are unre¬ 
solved and underappreciated for further understanding. 
Their following discussion may provide readers with both 
an up-to-date impression of relevant critical questions 
and state-of-the-art current information. 

What Are the Mechanisms Underlying Hormone- 
Mediated Maternal Effects? 

For historical reasons, research in behavioral biology is 
somewhat dichotomized. On the one hand, behavioral and 
evolutionary ecology focuses on the function and evolu¬ 
tion of behavior; on the other hand, behavioral physiol¬ 
ogy, neuroethology, and biomedical behavior research 
focuses on the proximate mechanisms of behavior. For 
example, behavioral ecology is concerned with how dif¬ 
ferent behavioral phenotypes are related to ecology, how 
behavioral phenotypes affect fitness components, and why 
they coexist in a population. Neuroethology and neuro¬ 
endocrinology, in contrast, are interested in how a certain 
environmental cue is translated into a behavioral response 
or how behavioral differences, for example between the 
sexes, develop. To move forward in our currently limited 
understanding of the role and scope of maternal effects on 
behavior in evolutionary processes, these complementary 
approaches and perspectives need to be integrated and 
combined with concepts of evolutionary developmental 
biology and life-history theory such as developmental 
plasticity and reactions norms. 

The mechanisms by which maternal effects are 
mediated in the developing offspring are one of the keys 
to evaluate and test proposed adaptive hypothesis. Yet, 
these mechanisms are currently little understood ham¬ 
pering progress at the ultimate research front. Exceptions 
are very informative studies of a few laboratory model 
systems such as the impact of maternal parenting style on 
the differentiation of the stress response axis and adult 
behavior in laboratory rats. Hormone-mediated maternal 


effects, in particular those employing signaling by mater¬ 
nal steroid hormones in avian eggs, provide a suitable 
system for such mechanistic analyses in an ultimate con¬ 
text. With caveats pointed out later on, the classical con¬ 
cept of activational versus organizational hormone action 
provides us with a useful tool and framework to guide 
research into the mechanisms by which maternal steroids 
modify behavior. 

Injections of androgens into avian eggs (most studies 
used testosterone, although the hormone cocktail in eggs 
includes other steroids, such as the androgenic testoster¬ 
one precursor androstenedione, the testosterone metabo¬ 
lite and more potent androgen 5oc-dihydrotestosterone, 
and the glucocorticoid corticosterone) influence multiple 
and diverse behavioral and nonbehavioral traits in early and 
in adult life of the offspring (see section ‘Abbreviated 
Review’). What are the underlying mechanisms of these 
effects? A first step to address this question is the identifi¬ 
cation of the hormonal targets in the embryo. Such infor¬ 
mation is currently limited by the focus of previous 
research on sexually dimorphic structures and sex differ¬ 
ences. For begging, for example, such targets could be 
neurons and/or myocytes of the neuromuscular module 
that underlies the begging reflex, for which there is 
already some evidence. However, they might also be 
components of systems and organs that regulate metabo¬ 
lism and growth (e.g., the liver and the growth-hormone 
pathway) if hormonal effects on begging are indirect. For 
influences on neonatal exploratory behavior, hormonal 
targets might be in sensory, perceptual, motivational, 
and neuroendocrine systems. Early effects of maternal 
testosterone on nestling phenotype also include nonbe¬ 
havioral traits such as immune function, metabolism, and 
growth. Consequently, we might expect to identify immune 
organs/cells (e.g., bursa Fabricius and thymus), mitochondria, 
and/or components of the hypothalamus-pituitary-thyroid 
axis and hypothalamus-pituitary-somatic axis as targets 
as well. Delineating these developmental targets of mater¬ 
nal steroids is important to understand effects on certain 
traits and crucial to inform research focusing on ultimate 
adaptive functions. Such research will also provide critical 
information on physiological constraints resulting from 
effects on multiple traits (pleiotropy, see section ‘How to 
Explain the Multiple Effects of Maternal Hormones?’). 

Long-term effects of maternal steroids on behavior, 
for example on the expression of sexual and aggressive 
behavior later in life, resemble those of organizational 
hormonal actions during sexual differentiation. Organiza¬ 
tional actions are permanent and irreversible develop¬ 
mental modifications that are not a consequence of sex 
differences in adult hormone levels, although sex-specific 
hormone production profiles inducing sex-specific be¬ 
havior profiles can themselves be consequences of early 
organizing effects. Given the fact that the yolk is entirely 
consumed a few days after hatching, altered chick 
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behavior several weeks after hatching are long term as 
well and may be considered organizational too, although 
its reversibility is difficult to test given the disappearance 
of most juvenile behavior later in life. This illustrates that 
the dichotomy of organizational versus activational effects 
is somewhat artificial. 

A large body of research of sexual differentiation iden¬ 
tified central and peripheral structures to be hormonally 
organized by sex-specific differential hormone secretion 
in early life. The mechanisms include modifications in the 
capability/sensitivity to respond to hormonal or nonhor- 
monal signals in adulthood due to sex differences in 
neuron number, circuitry, and/or hormone response 
pathways such as receptors and hormone-metabolizing 
enzymes. At a first glance, long-lasting maternal hor¬ 
monal effects seem to involve similar mechanisms or 
may even be caused by the co-option of the existing 
pathways of sexual differentiation for maternal hormonal 
modifications. For example, in rodents, males have a 
larger urogenital distance and are more aggressive than 
females, and prenatal exposure to androgens produced by 
siblings induces a larger urogenital distance and enhances 
aggression in females. Likewise, in species in which 
females show signs of masculinized genitalia, females are 
often dominant over males. As described earlier, aggres¬ 
sive behavior is enhanced by yolk androgens in both sexes 
of adult house sparrows and black-headed gulls. At least 
in the house sparrow, the differences in adult aggression 
are not associated with differences in plasma levels of 
progesterone, testosterone, 5a-dihydrotestosterone, and 
17 (3-estradiol providing strong evidence that differential 
exposure of the embryo to maternal testosterone perma¬ 
nently organizes neural pathways of aggression, that is, 
their sensitivity to hormones in adulthood, in both sexes. 

However, maternal hormonal effects appear to also 
differ from classical hormonal organization of sex differ¬ 
ences, unless there is sex-specific developmental exposure 
to maternal hormones, for which there is some evidence 
in birds. Organization of sex differences results from a 
lack of embryonic/fetal production of a certain hormone 
during a critical developmental phase in one sex, termed 
the ‘default’ sex (differentiation in the absence of the 
hormone). When this ‘default’ sex is experimentally 
exposed to the hormone during the critical phase, the 
behavioral phenotype is shifted toward the hormonally 
organized sex (in which the embryo does produce the 
hormone). The conventional terminology for such effects 
is ‘masculinization’ of females in mammals, where expo¬ 
sure to exogenous testosterone can induce male charac¬ 
teristics, or ‘demasculinization’ of males in birds, where 
exogenous estradiol can induce female characteristics (see 
also later). However, some traits, for example the badge of 
black feathers on the chin of male house sparrows which 
is absent in female house sparrows, can be increased by 
exogenous (maternal) testosterone in genetic males, but 


cannot be induced at all in genetic females. This is incon¬ 
sistent with the view that maternal androgens simply 
‘interfere’ with sexual differentiation and ‘masculinize’ 
females. Rather, the observation points to an interaction 
between sex-limited genes and testosterone. Thus, on the 
one hand, maternal hormonal effects do resemble those 
of the classical vertebrate sexual differentiation model of 
brain and behavior. But, on the other hand, they hint at 
novel, yet-to-be-identified mechanisms and targets that 
result in individual variation of traits including behavior 
within sexes. Research is urgently needed to dissect these 
sex-linked and sex-independent mechanisms of long-term 
organizational actions of maternal hormones. Clearly, 
maternal hormones do not appear to just interfere with 
the basic hormonal mechanisms of sexual differentiation. 

Why Do Maternal Hormones Not Interfere with 
Sexual Differentiation? 

Natural levels of maternal androgens in the avian egg do 
not interfere with sexual differentiation as expected by 
the classical model of vertebrate sexual differentiation. 
x\lthough this seems puzzling at first, there are simple 
explanations for this apparent paradox. First and suffi¬ 
cient is ‘dosis facit venenum’ - as noted in 1535 by Para¬ 
celsus. All experiments demonstrating a role of steroids 
(androgens and estrogens) in the sexual differentiation of 
brain and behavior of birds applied supraphysiological 
doses that often affected differentiation of the primordial 
gonad into an ovary or testes. Lower doses, still orders of 
magnitudes higher than those of maternal androgens and 
estrogens occurring naturally in avian eggs, were, how¬ 
ever, ineffective to reverse the pathways guided (without 
the hormone) by genetic sex. Thus, the effects of variable 
concentrations of maternal androgens in the egg on many 
traits cannot be explained by interference with the basic 
processes of sexual differentiation with either females just 
being ‘masculinized’ or males being ‘feminized’ at the 
gonadal or secondary sexual trait level. Other explana¬ 
tions, such as different timing of hormone-regulated 
developmental processes, critical periods, metabolism 
and inactivation of maternal steroids by the embryo, dif¬ 
ferent endogenous doses, and different hormones being 
involved, put forward to explain this apparent paradox 
might also apply but one of the most parsimonious expla¬ 
nations is dose. 

Second, in birds, the steroid most closely associated with 
sexual differentiation of the gonad, the brain, and behavior 
is estradiol. Almost all experimental studies of maternal 
hormonal effects have been conducted with androgens, 
particularly with testosterone which can be converted to 
estradiol by the enzyme aromatase. Since male avian 
embryos do not seem to have high levels of aromatase 
activity, we do not expect testosterone to affect their sexual 
differentiation. Indeed, natural concentrations of estradiol 
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in egg yolk are much lower than those of androgens, 
perhaps to avoid interference with estradiol-regulated 
components of sexual differentiation. In mammals, how¬ 
ever, testosterone is the effective hormone for sexual 
differentiation (channeling phenotype into the male path¬ 
way), but again, experiments in mammalian sexual differ¬ 
entiation have used pharmacological and not physiological 
levels of testosterone. 

Third, the last decades of research of sexual differenti¬ 
ation of brain and behavior experienced a paradigm shift 
changing focus from hormonal organization to direct 
effects of genes without hormones as intermediaries 
from gene to phenotype. This shift resulted among other 
findings from a failure to completely sex-reverse singing 
behavior and the sexually dimorphic neural song control 
system of songbirds by early steroid exposure. Indeed, 
evidence is rapidly accumulating that sexual differentia¬ 
tion of at least some sexually dimorphic behavioral traits 
and brain structures and functions does not require a 
hormonal link between gene(s) and trait differentiation. 
Moreover, both male and female genes and not only the 
absence of a certain gene in one sex and its presence in the 
other turn out to be important to determine sex differ¬ 
ences in vertebrates. Consequently, the view of a default 
sex (no sex gene and no hormone in the homogamete) and 
an organized sex (sex gene and hormone in the heteroga¬ 
mete) became too narrow to understand the development 
of sex differences in adult traits including behavior. A re- 
evaluation of the gene-hormone-sexual differentiation 
hypothesis and relaxation of some of its stringent assump¬ 
tions is warranted. A wider view of sexual differentiation 
mechanisms needs to accommodate classical and new 
results from sexual differentiation research as well as 
results of maternal hormonal effects. We propose that, 
rather than hormones guiding sex differences, they are 
modifiers of genetically regulated developmental path¬ 
ways with maternal steroids acting to cause some of the 
within-sex, individual variation in traits (developmental 
plasticity). It is suggested that the cascade of events from 
gene(s) via hormones to phenotypes opens a window to 
the environment to induce variation in phenotypes. In 
comparison to classical sexual differentiation in which 
the hormone is seen as a developmental switch channeling 
differentiation into one of two pathways (the sexes), our 
view suggests hormones cause developmental modifica¬ 
tion along a continuum within these pathways. This 
hypothesis can be examined by identifying embryonic 
hormone targets and studying differential expression of 
sex-chromosomal and autosomal genes in response to 
physiologically, developmentally, and ecologically rele¬ 
vant doses of exogenous hormones. 

From an evolutionary perspective, it might be the 
hormonal intermediary (providing a window to the envi¬ 
ronment) in the pathway from genes to phenotype that 
allowed for the evolution of adaptive maternal effects by 


co-option of the basic hormonal pathway. It will be infor¬ 
mative to investigate which traits include a hormonal link 
in their developmental differentiation and which do not. 
In this context, our next two fundamental questions - 
pleiotropy of maternal hormonal effects and indirect and 
direct effects - become relevant. 

How to Explain the Multiple Effects of Maternal 
Hormones? Understanding Pleiotropic Actions, 
Integrated Phenotypes, Modularity of Traits, and 
Direct and Indirect Effects 

One of the hallmark properties of hormones is their action 
on multiple targets. On the one hand, this allows for a 
coordination and integration of components that interact 
to produce a trait, but, on the other hand, this can cause 
tradeoff by antagonistic effects. For example, in the adult 
male vertebrate testosterone affects immune function, 
sexual and aggressive behavior, brain function, sperm 
maturation, metabolism, muscle mass, and sexual orna¬ 
mentation. Similarly, the effects of maternal androgens in 
the avian egg on offspring phenotype are diverse (see 
section ‘Abbreviated Review’). Are these multiple actions 
reflecting integrated maternal modification of offspring 
trait networks to enhance fitness? Or, are they reflecting 
constraints and tradeoffs by antagonistic pleiotropy that 
will set limits to the modification of a certain trait by the 
mother? A first step to differentiate between these alter¬ 
natives is to identify the cellular targets of maternal hor¬ 
mones in the early embryo. For example, the presence of 
androgen receptors in certain brain structures such as the 
Nucleus taenia , the avian homolog of the mammalian 
amygdala and potentially involved in the regulation of 
aggressive behavior, and the preoptic area , involved in the 
regulation of sexual behavior, and in immune organs such 
as the bursa Fabricius, important in humoral immunity 
would suggest that these traits are affected as a suite and 
may not be modified independently by the mother. Com¬ 
bined with complementary studies of developmental hor¬ 
mone exposure on the function of target organs, such 
knowledge will lead to a better foundation for research 
concerned with adaptive functions. Both are currently not 
available. It also is important to consider dose-response 
relationships in such studies as these might differ among 
targets (traits) allowing for some flexibility. 

Mechanisms likely limit maternal ability to adaptively 
modify offspring phenotype. The observed modifications 
by maternal steroids of multiple traits may result from an 
effect on a single system with indirect consequences on 
other systems and traits. For example, enhanced metabo¬ 
lism as a result of maternal testosterone might indirectly 
influence begging behavior, growth, overall activity levels, 
and immune function. Moreover, differential growth re¬ 
sulting from variation in begging performance could the¬ 
oretically carry over into the adult phenotype with 
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individuals in better condition during development 
becoming dominant over others and showing elevated 
levels of aggression. Therefore, the observed long-term 
effects of developmental exposure to maternal hormones 
on adult behavior could just be indirect with general 
consequences on the activation of begging or even devel¬ 
opmental metabolism rather than representing organiza¬ 
tional hormonal effects on specific behavioral modules. 
As a consequence, such a scenario would not require that 
a maternal hormone impacts the differentiation of certain 
brain structures underlying the expression of a behavior 
such as aggression in adulthood. As mentioned before, a 
wide array of behavioral effects may be caused by hor¬ 
mones acting on one specific property of the brain influ¬ 
encing many behavioral domains, for example, impulse 
control or sensitivity to environmental cues. From the 
work of L. Rogers and the group of T. Groothuis, there 
is some evidence that prenatal exposure to steroid hor¬ 
mones affect brain lateralization, and the latter is known 
to affect a whole suite of traits including perception, 
cognition, and motor behavior. Also here, the identifica¬ 
tion of the developmental targets of maternal hormones 
using molecular tools is essential to differentiate between 
these alternatives that have critical implications for con¬ 
sideration of maternal effects as adaptations. 

Current research in behavioral biology shows great 
interest in correlated traits of behavior and physiology 
that seem to come as an integrated suite of diverse char¬ 
acters on which selection can act. Such suites of traits are 
now known as ‘animal personalities,’ ‘coping styles,’ 
‘behavioral syndromes,’ or ‘temperaments,’ and have 
been demonstrated in many animal species. For example, 
the group of J. Koolhaas demonstrated that mice artifi¬ 
cially selected for short or long attack latency differ in a 
wide array of other behavioral and physiological traits, 
such as adrenocortical stress response, androgen produc¬ 
tion, perception of environmental cues, nest building, and 
entraintment of the biological clock. Similar multiple trait 
differences were demonstrated by the group of R Drent 
and T. Groothuis and their collaborators in great tits 
P. major selected for exploration strategy in novel envir¬ 
onments. Are these phenotypic correlations the result of 
gene correlations (epistasis), gene pleiotropy, or pleiotro- 
pic effects of hormones during development? Quantitative 
genetic studies indicate large environmental, in fact 
maternal, components on trait variation such as sexual 
behavior in zebra finches T. guttata and personality in 
great tits. Recent research hints at an important role of 
maternal hormonal effects here. 

Most exciting, the eggs of females of the great tit lines 
artificially selected for exploration strategy differ in their 
concentrations of maternal hormones. Japanese quail 
Coturnix japonica lines artificially selected for their behav¬ 
ioral stress responses differ in yolk corticosterone and 
those selected for social reinstatement behavior in yolk 


androgen concentrations. Experimental manipulation of 
these yolk hormones affects ecologically relevant behav¬ 
ioral traits in the offspring, for example exploration of 
novel environments and adrenocortical stress response in 
domesticated Japanese quail, dispersal distance in free- 
living great tits, and social behavior in several species. 
Finally, personality affects fitness in natural environ¬ 
ments. This raises two exciting and novel possibilities 
that have strong implications for evolutionary synthesis. 
First, selection for behavior coselects for a maternal effect 
mechanism (hormone exposure of the embryo). Second, 
adult behavior that was selected for is caused by differen¬ 
tial developmental exposure to maternal hormones rather 
than by selection for certain behavior genes. Moreover, 
trait integration (functional correlation) in these pheno¬ 
types (e.g., behavioral style and physiological stress 
response) might result from the pleiotropic effects of 
maternal hormones on multiple systems during develop¬ 
ment rather than from genetic epistasis (correlated genes). 
Again, this hints at a modularity of maternal effects and 
the role of hormones in integrating module components. 

Who Is in Control: The Mother or the Offspring, 
None, or Both? 

The exposure of the embryo to maternal hormones has, as 
already mentioned, historically been considered a patho¬ 
logical epiphenomenon (i.e., insufficient protection of the 
embryo/fetus and leakage of maternal hormones, for 
example, across the placenta). With the current view of 
embryonic exposure to maternal hormones being an 
adaptive process and the finding that maternal hormone 
concentrations vary systematically in bird eggs, the pen¬ 
dulum has swung around and the predominant perspec¬ 
tive in behavioral ecology is now that mothers ‘control’ of 
how much hormone the embryo is exposed to. Current 
evidence does, however, not justify this extreme view. We 
need fundamental physiological research to establish 
whether mothers have for example evolved a specific 
transfer mechanism that may regulate embryo hormone 
exposure independently from their own exposure to these 
hormones. While the absence of such a mechanism does 
not exclude adaptive effects of maternal hormones, it may 
generate physiological tradeoff between the effect of the 
hormones on the mother and those on her offspring. 

Equally relevant here is the question to what extent the 
embryo is just a passive receiver of and responder to the 
hormonal signals of the mother, or whether it is able to 
modify its response in its own interest. This is especially 
important in the case of obvious parent-young conflict 
such as in the case of variation of maternal androgen 
concentrations among eggs of the same nest by which 
mothers may favor some siblings over others. Some have 
recently argued that maternal hormonal favoritism might 
not be evolutionarily stable because embryos might 
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counter maternal ‘manipulation.’ For example, they might 
increase their sensitivity to the maternal hormone in brain 
areas that facilitate competitive behavior or increase their 
own production of the same hormone to make up for low 
levels of hormones provided by the mother. This argu¬ 
ment is invalid for two reasons. First, it assumes that an 
embryo has information on the position in the laying 
sequence it is developing in, which is implausible. Second, 
it ignores that offspring countermeasures to maternal 
manipulation may have costs for the fitness of its siblings 
and the fitness of the mother, severely hampering this 
scenario. However, it is possible that embryos downregu- 
late hormone sensitivity in certain organs such as those 
of the immune system to avoid concomitant immunosup¬ 
pressive effects that might come with the beneficial effects 
of the maternal hormone, for example, on begging. Very 
recent studies in the groups of Groothuis (birds) and 
Bowden (turtles) suggest that embryos metabolize mater¬ 
nal steroid hormones already very early in development, 
but much more work is needed here before we will be able 
to decide in how far the offspring can play an active role 
in shaping its response to maternal hormones. Perhaps 
embryonic hormone conversion functions to enable the 
chick to regulate its exposure to the hormone, using the 
metabolites as a depot, avoiding detrimental effects of 
exposure to too high levels at vulnerable times. 

How to Make Evolutionary Sense of Maternal 
Effects Expressed During Different Life-History 
Stages? 

As already discussed, hormone-mediated effects are 
expressed both in early life and adulthood. We suggest 
that different selection scenarios favor actions on traits 
of these different life-history stages. Modifications ex¬ 
pressed in early life-history stages such as those on beg¬ 
ging are most likely shaped by intrafamily genetic conflict 
(parent offspring, siblings) over parental investment. 
Modifications becoming apparent in later stages, for 
example those on aggression and sexual behavior, in con¬ 
trast, may be shaped by common interests of mother and 
offspring in competing for resources with nonrelated con- 
specifics. As explained in the previous section, in sibling 
competition, the interests of the mother are in conflict 
with those of the offspring, and therefore evolution of 
mechanisms in the offspring to counteract maternal hor¬ 
monal manipulation might be expected based on theoret¬ 
ical considerations, but not occur because of constraint on 
their evolution. In competition with unrelated conspeci- 
fics, in contrast, the mother’s and offspring’s interests 
coincide and therefore co-evolution of maternal signaling 
mechanisms and offspring responses to the maternal 
signal as an integrated adaptive maternal effect can be 
expected. A comparison of intra-versus interfamily 


variation in the intensity of the maternal signal (hormone 
concentrations) might hint at the relative importance of 
within- and among-family conflict in shaping these 
maternal effects. For example, larger variation among 
than within families in yolk testosterone concentrations 
might suggest that it is among-family conflict that drives 
the maternal effect. And consequently, one might predict 
that in such species offspring countermechanisms to 
maternal manipulation are unlikely to evolve. However, 
early and late effects may also be coupled, again begging 
for more mechanistic research. 

Why Is Phenotypic Plasticity Relevant for 
Understanding Maternal Effects? 

The causes of variation in existing phenotypes, the raw 
target units for selection, are still not well understood. 
Mutations cannot easily explain, for example, rapid adap¬ 
tations to novel or changing environments. Maternal 
effects, in particular those that are environment based, 
could play an important role in the nongenetic induction 
of modified phenotypes that might be highly adaptive in 
changing or novel environments. This hypothesis puts a 
premium on phenotypic plasticity in two ways. First, 
developmental plasticity will determine in how far mothers 
can influence offspring phenotype both of early and later 
life-history stages. The concept of reaction norms that 
describes how variation of a certain environmental factor 
(e.g., the different concentrations of maternal hormones in 
the eggs of a clutch) modifies the phenotype produced 
from a certain genotype (family) might be useful here as, 
in physiological terms, reaction norms are dose-response 
relationships in different genotypes. Such studies, inte¬ 
grating tools and approaches of population genetics, 
developmental biology, and life-history theory are still 
very rare. Second, plasticity of the mother in her reaction 
to environmental cues will determine in how far she is able 
to modify the developmental environment of her offspring 
(e.g., hormone) to modify their phenotype in anticipation 
of a certain offspring environment. This requires integra¬ 
tion of approaches of behavioral ecology, neuroethology, 
reproductive biology, and neuroendocrinology to study 
adult plasticity. 

As addressed in the abbreviated review section, 
mothers, at least avian mothers, transfer different amounts 
of hormones to their embryos depending on a range of 
environmental factors. Recent research indicates that they 
also seem to be able to make such adjustments rather 
rapidly, within a few days. This suggests strong selection 
acting on maternal neuroendocrine systems that function 
to transduce environmental cues into variable exposure of 
the embryo to maternal hormones to achieve effects on 
offspring phenotype, often its behavior. Yet, we still know 
very little of how these egg hormone levels are regulated 
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in response to cues experienced by the mother and how 
they reach the egg. These are two important pieces of 
mechanistic information whose lack severely hampers 
progress in understanding adaptive maternal effects 
in evolution. 

Although comparative studies generated evidence that, 
for example, yolk androgen levels correlate with variation 
in selection pressures, for example, time-dependent off¬ 
spring mortality by predation rates on eggs and nestlings, 
and that in turn embryo and nestling development rates 
correlate positively with androgen levels in eggs, we do 
not know if individual females can translate perceived 
probabilities of nest predation into differential deposition 
of growth-promoting hormones into eggs. Has the female 
brain and her neuroendocrine reproductive control sys¬ 
tem evolved under the selection of fitness consequences 
of maternal effects realized in the offspring? 

Are Maternal Effects a Bet-Hedging Strategy? 

Phenotypes are the targets of selection (natural and sex¬ 
ual) and the ability of females to vary the intensity or 
quality of the maternal effects can potentially allow them 
to ‘create’ multiple phenotypes within and among propa- 
gules. In birds, for example, this could be achieved by 
intraclutch and interclutch variation in yolk hormone 
concentrations. The existence of multiple phenotypes of 
siblings within a propagule might be particularly advan¬ 
tageous in unpredictably fluctuating environments, repre¬ 
senting a form of bet hedging by the female that could 
ensure that at least some of the offspring fit an environ¬ 
ment. Production of different offspring phenotypes 
among propagules produced over an extended reproduc¬ 
tive period might also be advantageous when there are 
predictable short-term changes in ecological conditions. 
For example, adjusting the phenotype of offspring born 
later in the season by hormonally enhancing their pro¬ 
pensity to aggressively compete for food resources as 
population density and the number of competing nonre- 
lated juveniles are expected to increase could enhance 
reproductive success as well as survival of the offspring. 
Elevated yolk testosterone levels with progress of the 
breeding season and enhanced aggression of independent 
juvenile and adults in response to their exposure to high 
levels of testosterone in the eggs in some species such as 
the house sparrow lend support to this function. 

Are Maternal Effects Epigenetic 
Transgenerational Effects? 

As we have seen, maternal effects include modifications 
of development that carry through an organism’s entire 
life span likely caused by permanent developmental 
influences on the expression of certain genes. Conse¬ 
quently, they can be viewed as epigenetic in the broad 


sense of Waddington. Are they also epigenetic in the 
narrow sense that requires transmission of modifications 
in gene expression over several generations? Here, two 
sets of laboratory studies with rodents are instructive. 
The group of M. Meaney has demonstrated that style of 
maternal care epigenetically programs rat pups in the 
broad sense. Individuals raised by mothers that differ in 
licking and grooming of their pups differ in their adult 
adrenocortical stress response resulting from permanent, 
but reversible methylation of a promoter for the expres¬ 
sion of the glucocorticoid receptor. Maternal parenting 
style also programs behavioral syndromes (modules) in 
both sexes, such as sexual behavior and behavior in open 
field tests that reflects motivational state in novel envir¬ 
onments. Importantly, mothering style is affected by 
the maternal stress response system perpetuating the 
effect into the following generation. In this case, the 
epigenetic maternal effect is transgenerational, although 
transmission between generations is via maternal behav¬ 
ior rather than the transmission of epigenetic modifica¬ 
tions of gene expression. Similarly, D. Crews, M. Skinner, 
and their collaborators found that in utero exposure of 
mouse fetuses to vinclozoline, a fungicide that interacts 
with the androgen receptor programs a suite of behav¬ 
iors and traits of the adult offspring including their mate 
choice, sexual behavior, and anxiety-related behavior. 
Effects of in utero vinclozoline exposure also include 
a host of pathologies that are carried on, through the 
male germ line, for several generations. Thus, in this 
case, there is some evidence for the transmission of 
modification of gene expression across generations. Does 
such transgenerational transmission of nongenetic devel¬ 
opmental modifications also hold for maternal effects that 
are mediated by naturally variable exposure to maternal 
hormones, such as testosterone in birds? This exciting 
possibility is in urgent need of investigation and has 
tremendous implications for the role of maternal effects 
in evolutionary trajectories. 

From a functional evolutionary perspective, both nar¬ 
row sense (transgenerational via modified gene expres¬ 
sion) and broad sense (occurring only in the first 
generation) epigenetic maternal effects might differ dra¬ 
matically in their consequences. Broad epigenetic effects 
will allow each individual mother (of subsequent genera¬ 
tions) to gauge environmental conditions and adjust her 
offsprings’ phenotypes, with the epigenetic marks being 
erased after each generation. Epigenetic maternal effects 
in the narrow sense, in contrast, would influence several 
generations of offspring limiting flexibility for individual 
mothers of successive generations to adjust offspring phe¬ 
notype. It remains to be shown if maternal effects are 
transgenerational in nature, if so how they are transmitted 
and how long modifications last, which traits are affected, 
and how ancestral epigenetic marks are being erased. 
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Maternal Effects on Behavior as 
Evolutionary Force 

Maternal effects on behavior may have a particularly 
strong impact on evolutionary processes, regardless of 
whether behavior drives evolution, as assumed tradition¬ 
ally, or whether it slows evolution, as proposed as a recent 
alternative hypothesis. After all, it is behavior that allows 
animals to compete and interact with conspecifics, explore 
and exploit novel environments, and respond to changes 
in their environment. Indeed, maternal hormonal effects 
often impinge on behavioral traits particularly those that 
regulate competitive and sexual behavior and responses to 
environmental change. Again, an instructive example is 
the aviary study by the group of H. Schwabl of house 
sparrows in which both males and females hatching from 
testosterone-injected eggs exhibited higher aggression and 
showed greater ability to obtain and defend a nest site. 
Although we presently do not know if such modifications 
of competitive behavior influence fitness in normal envir¬ 
onments, it is likely that they do, for example when there 
is great competition for limited nesting sites. A related 
example comes from research by the group of T. Groothuis 
on black-headed gulls. Mothers breeding in colonies with 
high density produce eggs with higher concentrations of 
androgens. This enhances the chicks’ ability to defend the 
territory when the parents are absent to forage. This is 
especially important at high breeding density because chicks 
from other broods may try to steal regurgitated parental 
food. A third instructive example is maternal hormonal 
effects on dispersal distance in great tits in relation to 
ectoparasite prevalence in the nest, as found by B. Tschirren, 
an observation suggesting potential implications for the 
co-evolution of host and parasites. 

Such evolutionary considerations need, however, to be 
informed by knowledge of mechanisms. This can be illu¬ 
strated with results from the house sparrow. Enhanced 
adult aggression by early testosterone exposure in the 
egg occurred without any differences in adult hormone 
levels, indicative of‘organization’ of brain function in the 
classical neuroendocrine sense. By this mechanism, the 
aggressive potential of the offspring can be enhanced 
without increased adult testosterone levels possibly avoiding 
antagonistic pleiotropic effects such as immunosuppression 
and removing constraints that might impede evolutionary 
change via the maternal effect on behavior. 

Is There Also a New Role for Behavioral 
Ecologists? 

We have argued that more insight into the mechanism 
underlying hormone-mediated maternal effects is critical 
for understanding all four of Tinbergen’s questions regarding 
these effects: their causation, function, evolution, and 
developmental plasticity. This requires input from for 


example neurobiology, endocrinology, embryology, and 
molecular genetics. There is an important role for behav¬ 
ioral ecology to play. First, the increasing appreciation 
for maternal effects as adaptations is not yet sufficiently 
supported by data demonstrating enhanced fitness con¬ 
sequences of such effects. Some data show positive effects 
on fitness-related processes such as early growth, but 
others show negative effects such as on immune function 
suggesting tradeoffs. Because of these potential tradeoffs, 
it is indispensable to obtain information on survival and 
reproductive success. Only very few studies have generated 
data on chick survival and as yet no study has demonstrated 
effects on reproductive success, let alone inclusive fitness. 
Second, if hormone-mediated maternal effects function to 
adjust offspring to specific environmental conditions, and 
if such effects generate tradeoffs in the offspring, their 
fitness benefits should depend on context, but context was 
hardly taken into account in studies, probably because it 
requires additional experimental groups and more complex 
experimental designs. Third, because of the potential of 
parent-offspring conflict, fitness consequences have to be 
analyzed separately for both the mother and the offspring. 
Thus, for the time being, the interpretation of mothers 
‘adjusting’ their hormonal ‘investment’ in chicks by differ¬ 
entially ‘allocating’ hormones should be taken with caution. 
As long as we do not know whether mothers are able to 
actively modify hormones exposure of offspring and to 
what extent these hormones are costly for the mother or 
the young, such a perspective is unjustified. 

See also: Development, Evolution and Behavior; Differ¬ 
ential Allocation; Female Sexual Behavior: Hormonal 
Basis in Non-Mammalian Vertebrates; Neural Control of 
Sexual Behavior; Neurobiology, Endocrinology and Be¬ 
havior; Sex Allocation, Sex Ratios and Reproduction; 
Spotted Hyenas. 
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Exotic Species 

Exotic species have been intentionally introduced world¬ 
wide for economic purposes or for biological control. 
However, accidental introduction has been common too. 
In any case, a frequent outcome of introductions is the 
extinction of the exotic species. If, however, exotics are 
able to adapt to novel conditions, a variety of outcomes is 
expected. In some cases, exotic and native species may 
reach a stable equilibrium if resources are abundant and 
competitive interactions between the two are sufficient to 
maintain them close to equilibrium. In others, interactions 
between exotics and natives may result in competitive 
exclusion and displacement of the native species. 

For example, Mauritius Island was once home to a variety 
of endemic geckos of the genus TV actus. After the introduction 
of the house gecko (native to southeast Asia), Hemidactylus 
frenatus , most populations of Nactus geckos were displaced to 
the surrounding islets, including the night gecko, Nactus 
soniae , a species that was described only last year. The ability 
of house geckos to aggressively occupy refugia already taken 
by endemic geckos was responsible for such displacement. 
In the only islet where house geckos coexist with the night 
gecko, the night gecko possesses a superior ability at grip¬ 
ping the powdery tuff rock substrate of this Mauritian islet. 

Displacement from preferential sites does not always 
take place aggressively Red-eared sliders, Trachemys 
scripta elegans , are present in the pet trade in virtually 
any location. In Europe, these popular turtles have been 
introduced into aquatic ecosystems where freshwater tur¬ 
tle diversity is lower than in the native habitat of the red¬ 
eared slider. Therefore, native species, such as the Euro¬ 
pean pond turtle, Emys orbicularis , which are commonly 
the dominant species in a given pond, have gradually been 
displaced from preferred basking sites by red-eared sli¬ 
ders. In such cases, the native turtles simply avoid basking 
spots already chosen by the exotic species, with a 
subsequent reduction in heating efficiency that may neg¬ 
atively impact the other daily activities of E. orbicularis. 

Indirect feeding competition is another mechanism 
responsible for the decrease of native populations after 
introductions of exotic species. In Hawaii, the introduced 
house gecko {H. frenatus) feeds on the same insects as the 
native gecko Eepidodactylus lugubris. However, the superior 
ability of H. frenatus to deplete insects rapidly, especially 
when these occur in clumps, mean reduced acquisition 
rates for L. lugubris and, in turn, imply reductions in body 
condition, fecundity, and survivorship of the native gecko. 


Although competition may take place over feeding 
resources or space (refugia, sun-basking locations, or nest¬ 
ing places), it may promote other kinds of interspecific 
interactions that are also detrimental to the native species. 

Mating Interference 

Mating is a biologically universal process. Successful mat¬ 
ing depends, in part, on the proper functioning of premating 
and postmating reproductive barriers and also on the suc¬ 
cessful fusion of gametes to produce an embryo. Postmating 
mechanisms take place during or after the release of 
gametes and include biochemical recognition (or rejection) 
of gametes, and premating mechanisms comprise the pro¬ 
duction of species-specific visual, chemical, or acoustic 
signals expressed during courtship rituals aimed at achiev¬ 
ing mate recognition and/or successful release of gametes. 
For example, the acoustic signals produced by frogs of 
different species that live in sympatry have distinct acoustic 
properties used by females to orient to conspecific males. In 
some nocturnal moths, females produce pheromones that 
attract only conspecific males. Male courtship in several 
species is a set of species-specific movements that allow 
the display of particular visual signals (color or size of 
secondary sexual characters) that are attractive only to 
conspecific females. The male vermillion flycatcher ( Pyro - 
cephalus rubinus) performs a ‘nuptial flight,’ a series of com¬ 
plex movements in front of and at the back of the female 
that allow it to display in full its bright red color. Although 
there are several bird species that also display red plumage 
in the flycatcher’s habitat, conspecific male courtship is 
needed for the female to accept copulations. 

However, premating mechanisms are a relatively weak 
barrier and do not completely prevent interspecific mat¬ 
ing from taking place. In addition, some environmental 
factors may hinder mate recognition: man-made or natu¬ 
ral noise may prevent the transmission of acoustic signals; 
water turbidity may interfere with the reception of visual 
signals; or water pollution may make chemical mate rec¬ 
ognition confusing. Even when the transmission of mate 
recognition signals is working appropriately, courtship 
persistence may have been favored in some organisms, 
causing some species to mate or attempt mating with 
biologically different, yet attractive species. Incomplete 
mate recognition leads to mating attempts, which amount 
to mating interference and may carry associated costs to 
one or both species. 
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Anthropogenic effects may promote mating interfer¬ 
ence: mate recognition is reduced due to chemical inter¬ 
ference as a result of the disposal of chemical substances 
into rivers; female swordtail fish, Xiphophorus birchmanii , fail 
to show preference for either conspecific males or hetero¬ 
specific Xiphophorus malinche males when they are tested in 
water from a river subject to sewage effluent and agricul¬ 
tural runoff, while they show preference for conspecific 
over heterospecific males in spring or tap water. Eutrophi¬ 
cation of aquatic systems leads to incomplete mating isola¬ 
tion and/or hybridization that alters sexual selection; for 
example, eutrophication of Lake Victoria, the largest of the 
Great Lakes of Africa, has resulted in the loss of diversity of 
cichlid fishes; given that male coloration is costly to pro¬ 
duce and visibility is greatly reduced under turbid water 
conditions, sexual selection has relaxed and male colora¬ 
tion has decreased. Increased anthropogenic noise inter¬ 
feres with the acoustic communication of some insects, 
amphibians, and birds: female treefrogs ( Hyla chrysocelis) in 
Minnesota take longer to orient toward a speaker playing a 
male’s song that is being broadcast along with traffic noise, 
than when the same stimulus is played back without mask¬ 
ing noise. Introduction of exotic species due to accidental 
release, planned cultivation for commercial purposes, or 
biological control measures, can impact the survival of 
native species as in the case of introduced Trinidadian 
guppies ( Poecilia reticulata) that sexually harass endemic 
fish of the Mexican family Goodeidae, like Skiffia bilineata. 

Mating interference is not exclusively associated to 
anthropogenic activities that have mobilized species at a 
global level (accidental transport of continental species to 
islands on board ships; planned transport of exotic species 
to colonize habitats along with humans, or to be sold as 
pets or utility animals). It is also the result of natural 
dispersal. Natural dispersal may be spontaneous or grad¬ 
ual, depending on the conditions before dispersal: sponta¬ 
neous dispersal occurs in association with drastic climatic 
phenomena such as hurricanes or floods. During these 
events, many plant and animal species travel hundreds 
or thousands of kilometers, eventually stopping at novel 
locations where they either perish, or are faced with 
completely new living conditions where mating interfer¬ 
ence may take place. Gradual dispersal is more frequent 
than spontaneous dispersal and occurs as part of the life 
cycle of many species. Mating interference occurs in 
several species regardless of phylogenetic relationships, 
that is, genetic incompatibility between species is not a 
guarantee against interference. If interference occurs 
between exotic and native species, it may be of concern 
for the conservation of endangered species. 

Cases of Mating Interference in General 

Mating interference in animals has been extensively 
documented and different types of mating interference 


recognized, depending on the stage of mating at which 
interference takes place: before, during, or after mating. 

Premating interference may take place if the signals 
used in mate attraction do not reach the individual that 
has to be attracted because heterospecific signals emitted 
simultaneously prevent this type of communication to be 
completed. A summer night in any humid forest is bathed 
with the choruses of many sympatric frogs calling out for 
a suitable mate. Lor any of these frogs, distinguishing the 
right mate is complicated given the similarity among 
simultaneous calls; thus, such auditory masking can lead 
individuals to mistake heterospecifics for mates. Chemical 
signals used in courtship may also get jammed by hetero¬ 
specific signals and cause males of some butterfly species 
to be attracted to heterospecific females, as is the case in 
male butterflies of Heliothis zea exposed to a synthetic 
pheromone that mimics that of Heliothis virescens. 

Sometimes, when heterospecific males resemble con- 
specifics, males may engage in rivalry, displaying territo¬ 
rial behaviors to chase away individuals they have 
mistakenly recognized as intruders. Individuals engaging 
in territorial interactions incur substantial costs because 
time and energy and nutrients are wasted. Thus, this also 
amounts to mating interference. An interesting case is that 
of the amberwing Perithemis tenera. Although dragonflies 
usually compete for resources with amberwings, males 
chase away horse flies of the genus Tabanus and butterflies 
like Ancyloxypha numitor, ; which resemble conspecifics, 
instead of the intruding dragonflies! 

A third type of premating interference may arise when 
courtship is erroneously directed at heterospecifics. Note 
that misdirected courtship is different from signal jamming: 
while the latter prompts a modification of courting rituals 
in order to reach the target organism, or in some cases, it 
means that courtship activities are halted, the former does 
not prevent courtship from taking place. Misdirected 
courtship is the result of various factors; mate recognition 
traits among different species may overlap, or heterospeci- 
fics may resemble high-quality mates. In any of these cases, 
the courting individual will direct courtship effort toward 
the ‘wrong’ potential mate, and not toward a conspecific. In 
some islands of the Pacific, misdirected courtship occurs 
between invasive male Hemidactylus frenatus geckos and the 
larger females of the native H. garnotii geckos. Experiments 
with grasshoppers have also shown that male Tetrix cepero 
prefer to court the larger heterospecific Tetrix subulata 
females even when these reject them. Courted individuals 
may incur in costs due to wasted time and energy in 
rejecting approaches from unwanted males. In Mexico, 
males of the introduced Trinidadian guppy P. reticulata 
court conspecific females preferably, but also approach 
and attempt mating with females of the native S. bilineata , 
a distantly related fish whose appearance resembles that of 
a large P reticulata female. There is a cost associated to 
such interactions: when females of this species spend their 
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pregnancy with exotic males, their growth is slowed down 
in comparison to when conspecific males are around, sug¬ 
gesting that a compromise in resource assignment is es¬ 
tablished. In this matrotrophic species, the developing 
offspring may also suffer the consequences of reduced 
nutrient availability 

Finally, a fourth type of premating interference has to 
do with females erroneously choosing heterospecific males 
over conspecific males. Note that this is different from 
misdirected courtship in that the sex that exerts choice 
(in the majority of cases it will be the female), and not the 
one that courts, is responsible for the ‘wrong’ decision. As in 
the case of misdirected courtship, erroneous female choice 
may arise from an overlap in mate selection traits, from 
female insensitivity to differences in mate selection traits, 
or to sensory biases already present in females. Sensory 
biases are behavioral traits that evolved in contexts differ¬ 
ent to mating, but can, due to co-evolution of male-female 
mating traits, be adopted in mating rituals. For example, the 
freshwater fish Ameca splendens preys on insect larvae; male 
A. splendens show a terminal yellow band in the caudal fin 
that, when in movement, resembles a larvae. Because of 
a sensory bias, females are immediately attracted to such 
movements, facilitating female approach to the male, and 
thus, courtship. 

Interference that takes place during mating may occur 
if males are indiscriminate about which female to mate 
with, and skip courtship behaviors; it may also take place 
if one sex is not able to reject forced copulations from 
heterospecific mates. In the spider mites Panonychus mori 
and Panonychus citri , male P. citri , unlike its congeneric 
P mori , guard females indiscriminately, resulting in equal 
chances of copulating with conspecifics and heterospeci- 
fics. Female P mori do not reject males. Heterospecific 
copulation is completed earlier than in intraspecific mat¬ 
ings, and although a small proportion of heterospecific 
gametes are fertilized, all die during development or at 
the larval stage. Interspecifically, mated females of P. mori 
refuse subsequent males, which means that the opera¬ 
tional sex ratio becomes biased toward males, a situation 
that could drive sexual selection. However, eggs of P citri 
females can be fertilized successfully with conspecific 
sperm from subsequent males, and as a result, the repro¬ 
ductive rate of P citri males is higher than that of P mori. 
Taken together, the evidence suggests that interference is 
more intense for P mori than for P citri , and perhaps it is 
this that has driven some populations of P mori to local 
extinction even in areas of their distribution with more 
favorable climatic conditions. 

Finally, postmating interference takes place if postmat¬ 
ing isolation mechanisms are poorly developed and 
fertilization of heterospecific gametes takes place with 
the subsequent production of an embryo. This phenome¬ 
non, which has been studied extensively, is called ‘hybri¬ 
dization.’ For a long time, biologists viewed hybridization 


as a negative consequence of contact between different 
species, because it lowered the fitness of hybrids, as well as 
the fitness of the hybridizing individuals. However, recent 
evidence suggests that hybridization does not always have 
a negative impact on hybrids produced, and that in a few 
cases, it may even increase hybrid fitness. Such hybrid 
vigor depends on the phylogenetic relationships of the 
hybridizing species (whether they are closely or distantly 
related, and thus, genetically compatible), the amount 
of time they have spent in secondary contact (i.e., the 
amount of time needed for natural selection to act), and 
the life cycles of both species (new variants subject to 
selection are produced more rapidly in species with 
short life cycles). 


Mating Interference During Biological 
Invasions 

The presence of alien or exotic species in a given ecosys¬ 
tem poses a threat to the survival of native species when 
competition for food and space also occurs. In addition, 
exotic species may interfere with the reproduction of the 
native species at various stages of reproduction, depend¬ 
ing on their phylogenetic relationships. Congeneric exotic 
species may impose costs due to hybridization, in addition 
to the costs mentioned here. More distantly related spe¬ 
cies that are genetically incompatible with native species 
may interfere with mate recognition processes, or female 
choice, and may even modify the reproductive schedules 
of native species. 

For example, in Mexico, the introduced Trinidadian 
guppy ( P reticulata, Poeciliidae) males court, and attempt 
copulation with, females of the native S. bilineata (Good- 
eidae). Although male guppies do not preferentially court 
heterospecific females, they approach and court them 
regardless of how many conspecific females are present 
at any time. This suggests that mate recognition barriers 
are not sufficient to overcome the persistence of male 
guppies at mating attempts. A more detailed examination 
has revealed that females of both viviparous species are 
morphologically very similar; in fact, some heterospecific 
females look even more attractive to the guppy eye than 
conspecifics, given their large size, which in guppies, is a 
sign of fecundity the males have evolved to respond to. 

The presence, at a crucial stage of reproduction, of the 
exotic species may be detrimental to the female or to the 
development of the offspring. Female S. bilineata that have 
completed their pregnancy in the presence of courting 
guppy males do not increase body weight or size as 
rapidly as females that completed their pregnancy in the 
presence of conspecific males. This could be a result of 
reduced feeding rates due to behavioral inhibition or 
to time wasted in the avoidance of male harassment. Such 
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an impact on growth not only affects the female but also the 
developing offspring in this viviparous species. 

Guppies show remarkable abilities at learning the 
identities of conspecifics and make adaptive decisions 
based on their association preferences with certain indi¬ 
viduals. Although in the laboratory, male guppies seem 
to desist from approaching unresponsive heterospecific 
females after some time, they also learn to recognize 
novel heterospecific females and court them preferen¬ 
tially. Thus, under natural conditions, the renewal of the 
heterospecific population could lead to a constant rate of 
male guppy approaches to novel females, with negative 
consequences to their activities and growth. 

Competitive interactions or mating interference 
between exotic and native species may lead to a variety 
of outcomes. The novel environmental conditions experi¬ 
enced by exotic species may facilitate the expression of 
morphological or behavioral traits that have positive con¬ 
sequences on their fitness. However, native species may 
suffer niche displacement and an increase in extinction 
probability if they cannot adapt to the novel environmen¬ 
tal conditions that niche displacement imposes on them. 
Exotic species may also evolve in response to the new set 
of selective pressures encountered after dispersal, result¬ 
ing in shifts that allow them to coexist in equilibrium with, 
or to be more successful at the expense of the native 
species. 

In some cases, life-history strategies of endemic and 
native species may prevent or reverse these outcomes; for 
example, native species may be at an advantage over 
exotics if they reproduce continually throughout their 
lifetime (iteroparous) and the exotic species are semelpa- 
rous (individuals that reproduce once or very few times), 
because they will produce more offspring per year and 
will increase their chances of survival. Species that 
reproduce earlier in the year will also have an advantage 
over those that reproduce later, and may even temporarily 
avoid the negative consequences of interspecific inter¬ 
actions, specifically those resulting from mating 
interference. 

Differences in resistance to drastic temperature 
changes may also influence the outcome of interspecific 
interactions. Species that are introduced from a tropical to 
a temperate habitat may find themselves at a disadvantage 
with respect to native species because they will not be 
able to reproduce early in the year. However, if they 
reproduce rapidly and several times throughout the year, 
and enough time passes without any other drastic selec¬ 
tive pressure acting, they will have increasing chances to 
adapt to temperate periods, invading a novel niche that 
may result in an increase in fitness and possibly, a new 
displacement event for native species. 


Conservation and Management 

Methods for the control of exotic species can be aimed at 
prevention, detection, and/or eradication (after invasion 
has progressed). 

Preventive measures include the application of demo¬ 
graphic models of population growth and expansion to 
potential invasive species that may enter an area continu¬ 
ously. These models, in turn, could be used to create 
regulations aimed at controlling the entry of exotics. Pre¬ 
vention can also be achieved through the identification of 
potential sources of exotic species introduction (e.g., move¬ 
ment of commercial ships through different areas, or trans¬ 
portation of goods that are known to be associated to other 
organisms). Detection of introduced species requires some 
knowledge of recent transport of exotic species carriers in 
order to make a search more effective. 

Eradication measures are aimed at the complete 
removal of the introduced species. Methods include the 
use of chemical treatments, manual removal, or biocontrol. 
The success of eradication depends on several factors such 
as availability of resources to implement it, maintenance of 
a sustained eradication effort to prevent reinvasion, early 
detection of introduced species, resilience of species to 
eradication or even their ability to adapt to novel condi¬ 
tions imposed by eradication efforts (e.g., resistance to 
insecticides), and the time that has passed since the intro¬ 
duction took place. Examples of successful and unsuccess¬ 
ful eradication procedures are abundant in the literature. 
Eradication should be oriented to failure prevention, rather 
than to absolute success, but to achieve this, alternative 
strategies to counter potential failure should be thought 
in advance. A thorough knowledge of the ecology and 
behavior of the species for which eradication is being 
considered is the best help in planning strategies, making 
them efficient, and preventing failures. 

See also: Anthropogenic Noise: Implications for Conser¬ 
vation; Male Ornaments and Habitat Deterioration. 

Further Reading 

Carroll SP and Fox CW (2008) Conservation Biology. Evolution in Action. 

New York, NY: Oxford University Press. 

Elton CS (1958) The Ecology of Invasions by Animals and Plants. 

Chicago, IL: The University of Chicago Press. 

Groning J and Hochkirch A (2008) Reproductive interference between 
animal species. The Quarterly Review of Biology 83: 257-282. 
Mooney HA and Cleland EE (2001) The evolutionary impact of invasive 
species. Proceedings of the National Academy of Sciences of the 
United States of America 98: 5446-5451. 

Sax DF, Stachowicz JJ, and Gaines SD (2005) Species Invasions. 
Insights into Ecology, Evolution, and Biogeography. Sunderland, MA: 
Sinauer Associates. 




Mating Signals 

H. C. Gerhardt, University of Missouri, Columbia, MO, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Signals used to attract or stimulate prospective mates are 
representative of the most spectacular and bizarre beha¬ 
viors observed in nature. Mating signals are especially 
important for understanding evolutionary theory, because 
they often have the dual function of attracting potential 
mates and warning or repelling rivals and because they are 
subject to multiple and often conflicting forms of selec¬ 
tion. For example, conspicuous long-range signals that 
effectively attract mating partners are potentially costly 
in several ways. First, signals are often energetically costly 
to produce. Second, signal production often precludes feed¬ 
ing and other maintenance activities. Third, conspicuous 
signals often attract reproductive competitors, including 
sexual parasites such as satellite males, which do not signal 
but instead try to intercept prospective mates attracted to 
the signaler. Finally, as emphasized by Darwin, conspicuous 
signals may attract predators and parasitoids, and signaling 
behavior may reduce the time during which a signaler is 
vigilant for predators, thus lowering the signaler’s chances 
of survival. One counter-measure that may avoid or mitigate 
the negative effects of illegitimate receivers is to switch to 
less conspicuous, ‘courtship’ signals once a prospective mate 
has been detected nearby. 

Another theoretical consideration regarding the evolu¬ 
tion of mating signals is the reciprocal selection operating 
on both signalers and receivers, which can constrain the 
degree of change in signals and in the criteria used to 
decode them. In general, prospective mates will be 
selected to attend to signals or properties of signals that 
are honest advertisements of the signaler’s fitness or direct 
benefits that may be provided such as parental care. But 
mates that are too demanding risk not finding a mate at all 
unless the operational sex ratio (ratio of the numbers of 
reproductively active individuals of each gender) is highly 
skewed toward signalers. 

Operational sex ratios can also help us understand sex- 
specific investment in signals. In general, females are 
the choosing gender because their potential reproductive 
output is less than that of males: they produce fewer, 
more costly gametes and are more often burdened with 
parental care. This theoretical viewpoint is supported 
by the fact that in most sexually dimorphic species, the 
male is extravagantly ornamented, produces conspicuous 
mate-attraction signals, or both. The situation is reversed 
in some species in which males provide most or all of the 
parental care. 


Divergence in mating signals is a hallmark of specia- 
tion; indeed, many cryptic species, which are difficult to 
distinguish by external appearance, were first detected by 
differences in mating signals. Mating with a member of 
another species is probably the biggest mistake an indi¬ 
vidual can make, and so the direction of changes in mate- 
attraction signals may be limited by the properties of the 
mate-attraction signals of other species in the same com¬ 
munity. As discussed below, this kind of selective pressure 
can also lead to differences in mate-attraction signals 
between populations within a species depending on the 
presence or absence of a closely related species with 
similar signals. Such a geographical pattern is termed 
‘reproductive character displacement.’ 

Approaches to the Study of Mating Signals 

Physical Description 

The starting point for describing an animal mating signal 
is to identify its physical properties and their typical 
range of values. One reason is that within each sensory 
modality, some animals produce signals that cannot be 
detected by humans, and even if detectable, differences 
between the sensory systems of the animal in question and 
humans are bound to result in differences in perception. 
Some common examples are the ultraviolet patterns of 
some butterflies and birds, the infrasonic sounds (frequen¬ 
cies below 30 Hz) produced by elephants, and of course, 
the ultrasonic signals (frequencies above 20 kHz) of many 
insects, rodents, and bats. Other animals communicate 
with vibrational signals that travel through plants or 
underground and with weakly electric signals that travel 
underwater. Special equipment is needed to detect and 
characterize these kinds of signals. 

Each property or combination of properties of a signal 
has the potential to convey information about the signaler 
to a prospective mate or rival. Researchers must describe 
these properties objectively and assess their interrelation¬ 
ships and variability. Not only is the sensory world of 
each species unique and different from that of humans, 
but also the kinds of messages that will be important to 
each species will depend on its ecology and evolutionary 
history. Hence, field observations of the behavior of both 
the signaler and receiver after the production of a signal 
are necessary to establish that a signal serves to promote 
mating and which particular properties of such signals 
have the largest impact on mating decisions. 
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Patterns of Variation in Different Properties 
of Mating Signals 

One generalization about mating signals is that some 
properties of a mating signal — sometimes termed ‘static’ - 
are highly stereotyped within an individual. Visual patterns 
and colors are familiar examples, but some patterns of 
movement in visual displays and the frequency spectrum 
or fine-scale temporal (‘pulse’) pattern of acoustic signals 
are also consistent enough to qualify (Figure 1). Some static 
properties also show low variability at the level of indivi¬ 
duals (i.e., between individuals) within the same population, 
perhaps caused at least in part by stabilizing selection 
imposed by prospective mating partners because of the 
high costs of hybridization. A pattern in which low varia¬ 
bility within and between individuals within populations is 
coupled with significant variation among populations across 
the species’ range of distribution may reveal the potential 
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Figure 1 Pulse-rate, a static acoustic property, and female 
response functions in two cryptic species of gray treefrogs: 

(a) Hyla chrysoscelis ; (b) H. versicolor. These frogs can be 
distinguished only by differences in their advertisement (mating) 
calls and chromosome number. Bars on the X-axis show the 
mean pulse rate at 20 °C (vertical lines), the standard deviation 
(white boxes) and the total range of variation over all breeding 
temperatures (black boxes). Phonotaxis scores (open circles) 
show the response time of females to synthetic calls with 
different pulse rates relative to the response time to mean 
pulse rate for the species. Error bars are standard deviations. 
Note that females responded best to pulse rates at or close to the 
mean value and less well to lower and higher values. Reproduced 
from Bush SL, Gerhardt HC, and J. Schul. (2002) Pattern 
recognition and call preferences in treefrogs (Anura: Hylidae): a 
quantitative analysis using a no-choice paradigm. Animal 
Behaviour 63: 7-14. 


for speciation. Other static properties that show relatively 
high variation between signalers in the same population 
may be useful for identifying individuals; if subject to sexual 
selection, such properties are likely to be under either 
stabilizing or directional selection by prospective mating 
partners. 

Other properties of mating signals - sometimes termed 
‘dynamic’ — vary considerably within individuals and may 
be useful for assessing an individual’s physical or genetic 
fitness. Dynamic properties such as the duration or rate of 
displaying or calling are familiar examples that are often 
correlated with the energetic costs of signaling (Figure 2). 
In some species, within-individual variation is so great rela¬ 
tive to between-individual variation that the current value 
of a dynamic property merely reflects the current condition 
of the signaler, such as whether it has been successful in 
foraging, rather than its inherent genetic quality. In other 
species, between-individual variation is sufficient to dis¬ 
tinguish among individuals, and the current value of a 
dynamic property may indicate both current condition 
and genetic fitness. Dynamic properties are typically 
under moderate to strong directional selection, and pro¬ 
spective mates often strongly reject signalers whose dis¬ 
play duration and rates are at the low end of the range of 
variation (Figure 2). 

While particular properties of mating signals and even 
particular ranges of values of those properties strongly 
affect the preferences of prospective mates, these results 
rest largely on experiments in which the value of one 
property of a signal is varied while those of all or most 
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Number of pulses per call 

Figure 2 The number of pulses per call (call duration), a 
dynamic acoustic property, and female choices in the gray 
treefrog (Hyla versicolor). The vertical line indicates the mean, the 
black boxes, the standard deviation, and the horizontal line, the 
range of variation among males. Oscillograms show synthetic 
calls at the two ends of the range of values tested. Points 
connected by lines show the percentages of females that chose 
each of two alternatives that differed only in the number of pulses 
per call. Note that in every test the majority of females choose 
the longer of the two calls. Reproduced from Gerhardt HC, 
Tanner SD, Corrigan CM, and Walton HC (2000) Female 
preference functions based on call duration in the gray treefrog 
(Hyla versicolor). Behavioral Ecology 11: 663-669. 
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other properties are held constant (Figures 1 and 2). 
On the one hand, this is a powerful way to demonstrate 
the relevance and form of selection (e.g., stabilizing or 
directional) by receivers. On the other hand, signals of 
different individuals differ in the values of several to many 
properties, and prospective mates must usually base their 
final mate-choice decisions on some kind of overall assess¬ 
ment of the signal. Recent experiments have begun to assess 
the effects and interactions of varying multiple properties of 
mating signals in crickets and frogs. The results of these 
studies are not readily comprehended because they rely on 
complex statistical analysis and modeling. 

A more easily understood example involves two prop¬ 
erties of the same signal, whose biological significance is 
well known and for which patterns of female preference 
have been estimated in isolation (Figures 1 and 2). The 
overall message is that the relative importance of these 
two properties to females differs depending on the 
biological community in which they exist. As discussed 
earlier, the pulse rate of the advertisement call is under 
stabilizing selection by female mate choice in both spe¬ 
cies; the difference in these properties is the only reliable 
indicator of species identity (Figure 1). The duration of 
the advertisement call is a dynamic property, which over¬ 
laps completely between the calls of the two species. This 
property indicates the energetic costs of calling and 
genetic quality of the signaler and is under strong direc¬ 
tional selection by females of both species. When females 
of one of these treefrog species were offered a choice 
between long-duration calls with a pulse rate outside the 
range of variation (and more similar to that of the other 
species) and short-duration calls with a pulse rate typical 
of conspecific males in the same population, their choices 
depended on whether females were collected in popula¬ 
tions where both species occurred (sympatry) or from 
populations where the other species was absent (allopa- 
try). Females from sympatric areas nearly all preferred the 
short call with the correct pulse rate, whereas females 
from allopatric areas did not show a preference. 

Signaling Environment 

Another set of constraints on the production of mating 
signals involves the physical and biotic environments and 
the timing of signal production during the daily cycle. 
These factors can affect the choice of signal modality, the 
values of the physical properties of a signal, and the 
location from which signals are produced. For example, 
unless an animal can produce its own source of light, 
visual signals depend on light from the sun or moon. 
Depending on their sound frequency, acoustic signals 
propagate most effectively when an animal calls from 
an elevated position in most environments. Chemical 
signals are of limited use for long-range communication 
unless they can be broadcast into a wind or current, and 


even then the chances of a signal’s reaching prospective 
mates are uncertain. Many animal species ameliorate 
these constraints by producing signals in more than a 
single modality and by changing the values of particular 
properties according to both the physical and biological 
circumstances. 

Major Sensory Modalities 

In the next sections of this article, the main signaling 
modalities will be considered. Within each subsection, 
the following topics will be discussed: (1) The physical 
nature of each class of signals; (2) the advantages and 
disadvantages of long-range communication in particular 
environments; (3) energetic and other constraints on sig¬ 
nal production; (4) modifications of signaling behavior 
that minimize exploitation by reproductive competitors 
and predators; and (5) how prospective mating partners 
evaluate variation in signals. 

Chemical Signals 

Chemical signals transmitted from a signaler to a poten¬ 
tial mate are termed pheromones, a term based on a 
Greek word that means ‘to carry excitement.’ Phero¬ 
mones can also mediate aggressive interactions between 
members of the same gender. Chemical signals were 
probably the first signals to evolve, since chemical mes¬ 
sages are universal within and between cells; their effi¬ 
cient use outside of an animal requires the further 
evolution of structures to store and expel them into the 
environment. 

Nearly all chemical signals are organic compounds. If 
transmitted by air, pheromones are limited in size to a 
molecular weight of about 300 and contain a maximum of 
about 20 carbon atoms. This is the upper limit on volatil¬ 
ity in air; the lower limit is about five carbon atoms 
because smaller molecules are not only likely to be too 
volatile but they also limit the signal diversity. Much 
larger compounds can be used if pheromones are trans¬ 
mitted by water or direct contact between animals. 

Chemical signals are transmitted directly to receivers, 
in which they directly cause changes in biochemical activ¬ 
ity within single cells. These changes often take place in 
specialized chemosensory cells and result in the depolari¬ 
zation of cell membranes and the generation of nerve 
impulses in the same or adjacent cells. Some pheromones, 
particularly those used in mate attraction, have highly 
specific effects on narrowly ‘tuned’ chemoreceptors. One 
example is bombykol, a pheromone of the silkworm moth: 
a single isometric change in this molecule can render this 
substance ineffective. Because chemoreceptors are gener¬ 
ally much less specific, the relative excitation of different 
receptor types is the key to signal identification, and the 
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situation is even more complicated because even lower 
animals often produce pheromones that consist of blends 
of several to many different compounds. Cross-species 
attraction by pheromones and pheromone mixtures has 
often been documented in the laboratory, but mismatings 
are rare because different species produce sexual phero¬ 
mones in different habitats, different times of the diurnal 
cycle, or both. 

The limited range of most chemical signals is attribut¬ 
able to the fact that simple diffusion is inefficient and 
slow, and transmission via wind and water currents is 
uncertain (Figure 3). For example, strong winds result 
in the lateral dispersion of pheromone molecules, and 
even if the velocity is optimal, there is no guarantee that 
receptive mates will be located downwind. Another dis¬ 
advantage of chemical signals is that if their effects are 
long-lasting on receivers, the signaler has little scope for 


changing the message by changing to another signal. For 
example, a persistent alarm pheromone could cause inap¬ 
propriate behavior that interrupts mating long after the 
predator that elicited the signal has left the area. A long- 
duration signal can, however, be advantageous in marking 
a large territory, both in terms of discouraging potential 
rivals and perhaps in attracting prospective mates. In a 
classic paper, Bossert and Wilson showed how variation 
in quantity of a pheromone released (QJ relative to the 
sensitivity (K) of potential recipients can affect the 
dynamics (extent and duration) of the ‘active space,’ 
the area in which a pheromone can be detected by a 
receiver, and the ‘fade-out time,’ the time at which the 
concentration of a pheromone remains above the recei¬ 
ver’s detection threshold. Long fade-out times are useful 
for marking large territories, but make it difficult to 
change rapidly from one signal to another. 



Figure 3 (a) Artists conception of a pheromone plume of a 
female moth. Adapted from Connor WE, Eisner T, Vander 
Meer RK, Guerrero A, Ghiringelli D, and Meinwald J (1980) 

Sex attractant of an arctiid moth (Urthetheisa ornatus ): A pulsed 
chemical signal. Behavioral Ecology and Sociobiology 7: 55-63; 
Farkas SR and Shorey HH (1974) Mechanisms of orientation to 
a distant pheromone source. In: Birch MC (ed.) Pheromones, 
pp. 81-95. North Holland: Amsterdam, (b) Electrical response 
of the chemosensory organ of a male moth situated about 6 cm 
downwind from a scenting female. The rhythmic changes in 
neural activity reflect the temporal pulses of scenting by the 
female, but similar, more irregular activity would be observed 
further downwind even if pheromone production were not pulsed 
because of the scatter of molecules in the wind, (c) Hypothetic 
path of a moth locating a pheromone source by first flying upwind 
and then flying crosswind when losing the trail and reversing 
the crosswind direction when overshooting. Reproduced from 
Gerhardt HC (1983) Communication and the environment. In: 
Halliday T and Slater P (eds.) Communication and Social 
Interactions, pp. 82-113. Oxford: Blackwell Scientific 
Publications. 


Visual Signals 

Visual signals usually involve distinctive patterns of move¬ 
ment, which are usually termed displays. Static properties 
such as color patterns, patterns that contrast with their 
background, and elaborate body parts (Figure 4) are even 
more conspicuous when combined with particular move¬ 
ments that show off the pattern. The potential com¬ 
binations of patterns and movements are endless, and 
multiple signals can be produced in rapid sequences. 
Flight displays and displays by lekking birds are especially 
spectacular in this regard. In general, some movement 
is required to elicit robust responses in visual receptors 
and interneurons, which are also sensitive to contrasts 
between dark and light objects. 

To avoid unwanted detection by predators, animals can 
often hide conspicuous color patterns and remain still. 
Predation is also reduced because bright plumage and 
other sexual colors and patterns are usually developed 
only during the breeding season. Of course, some animals 
that are protected by toxic secretions or venom (and their 
mimics) often display gaudy colors and patterns and move 
about in open areas during daylight. Still other animals, 
such as some species of predatory fireflies, exploit the 
visual mate-attraction signals of other species. Indeed, a 
male responding to a flash that is exquisitely timed rela¬ 
tive to the end of his own flash may find a receptive female 
of his own species or a large female of a predatory species 
(Figure 5(a)). 

With the exception of animals such as fireflies and 
many marine animals that can produce their own light, 
visual signals depend on light from the sun or moon; 
hence most displaying is confined to daylight or bright 
moonlit nights. Even fireflies usually signal during a short 
time window in the evening when the spectrum of their 
flashes best contrast against the dominant wavelengths of 
the nighttime sky. 
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Figure 4 Tail length and mating success in long-tailed widow birds. Top histograms show males with about the same tail length 
attracted about the same number of females that nested in their territories. Bottom histograms show the change in mating success 
when the tails of males were elongated or shortened. Reproduced from Andersson M (1982) Female choice selects for extreme tail 
length in widowbirds. Nature 299: 818-820. 


Visual signal transmission is also limited because light 
cannot travel through dense or opaque objects; generally 
there must be a clear line-of-sight between the signaler 
and its prospective mate. Thus, visual signals are less 
useful than chemical and auditory signals in densely 
vegetated habitats. On the positive side, this requirement 
also means that the source of the signal is easily located, 
which is often problematic in communication using other 
modalities. In open, well-lit habitats, visual displays can 
work rapidly over great distances. 

Visual displays are usually ‘honest’ advertisements in 
that there are considerable costs to their production that 
can be easily assessed by prospective mates. First, in most 
species, displays tie up appendages needed for locomotion 
and feeding and displaying are often mutually incompati¬ 
ble activities (Figure 6). Second, repetitive motion can be 
energetically costly, and a signaler’s relative condition 
(and perhaps genetic fitness) may be correlated with the 
rate and duration of its displays. 

Acoustic Signals 

An acoustic signal is a mechanical disturbance that pro¬ 
pagates through air, water, or solids. Because so many 


properties of sounds - frequency, temporal patterns, 
amplitude - can usually be varied rapidly and indepen¬ 
dently, the potential for acoustic mating signals to convey 
information to receivers is comparable to that of visual 
signals. Like visual signals, auditory signals can also be 
rapidly transmitted between signalers and receivers. 
Like chemical signals, sounds can move around objects 
between communicating animals if the wavelength of the 
sound is greater than the diameter of the object. 

Acoustic signals work during both day and night. More¬ 
over, acoustic signals can be designed to be nearly as easy to 
locate as visual signals or more difficult to locate when 
acoustically orienting predators or reproductive competi¬ 
tors are around. In general simple, one-component sounds 
of intermediate frequency and a slow onset and ending are 
harder for higher-vertebrate predators to locate than are 
broadband, noisy signals with sharp onsets or endings. The 
latter properties enhance the differences in time of arrival 
and amplitude at the two ears that allow sound localization. 
These properties are often characteristic of short-range 
courtship calls whose overall amplitude is usually much 
less than long-range calls. 

In some communities, species can use different fre¬ 
quencies that reduce masking interference between 
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Figure 5 Exchanges of mating signals and exploitation by a predator, (a) The first two flashes in both traces were produced by a 
male firefly (Photinus macdermotti). The third flash of higher intensity was produced by a receptive female of the same species 
(top trace) and by a predatory female ( Photuris versicolor) mimicking the female in flash pattern (single flash) and timing (delay from 
the last flash of the male), (b) Production of a calling song by a pair of katydids (Leptophyes punctatissima). The more elaborate male 
call is answered after a species-specific delay by a simple pulse by the female. The male’s acceptance time window is longer than in 
fireflies so that it can respond to females at various distances, taking into account the longer propagation time of acoustic rather 
than visual signals. Adapted from Andersson M (1982) Female choice selects for extreme tail length in widowbirds. Nature 299: 

818-820; Gerhardt FIC and Huber F (2002) Acoustic Communication in Insects and Anurans: Common Problems and Diverse Solutions. 
Chicago, IL: University of Chicago Press. 


conspecific mating signals and those of other species. 
Signals with certain frequencies may also be inaudible to 
other species with which hybridization is potentially pos¬ 
sible and may also be out of the hearing range of some 
predators. 

The acoustic environment and an animal’s ecology can 
also influence the design of acoustic mate-attraction sig¬ 
nals. In general, sounds with relatively low frequencies 
propagate further than sounds with high frequencies, 


especially near the ground. If an animal cannot produce 
low-frequency sounds, a common constraint in small ani¬ 
mals, then they are likely to seek elevated calling sites on 
rocks or in trees. 

In densely forested areas acoustic signals are likely to 
be distorted by reverberation. That is, when sounds with 
relatively high frequencies (and hence short wavelengths) 
hit trees and leaves, they are redirected and arrive later in 
time at a receiver’s position than do sounds that are not so 
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Figure 6 Visual and acoustic displays of the greater sage grouse, (a) Strutting male inflates his large esophageal sac by heaving it 
upwards and letting it fall twice; (b) This movement exposes bare patches of olive-colored skin on the chest; (c) Toward the end of 
the display, the male compresses the inflated sac and releases the air explosively to produce a pop and low-pitched coos. Reproduced 
from Wiley RH (1983) The evolution of communication: Information and manipulation. In: Halliday T and Slater P (eds.) Communication 
and Social Interactions, pp. 156-189. Oxford: Blackwell Scientific Publications. 


impeded. This can reduce the coherence of the time prop¬ 
erties of a signal, so that, for example, the silent intervals 
between rapidly repeated sound pulses are obscured. One 
solution, often adopted by forest-dwelling birds in the 
tropics, is to produce relatively low-frequency sounds of 
long duration; if pulsed, the rate of pulsing is distinctly 
lower than that of birds living in open areas. 

In open areas, an acoustically signaling animal must 
contend with wind and rising pockets of air that interrupt 
a sound in a nearly random fashion. Animals living in such 
areas often deal with such amplitude fluctuations by pro¬ 
ducing rapidly pulsed signals, which will be interrupted 
only periodically. Thus, enough successive pulses will be 
transmitted undistorted to allow the prospective mate to 
recognize the signal. 

For example, studies of the wide-ranging rufous- 
collared sparrow by Hanford and Lougheed in South 
America show that its song is much more likely to contain 


rapid trills in open areas and longer notes and slower trills 
in denser habitats where reverberations are a problem. 

In most vertebrates, sound production uses the respi¬ 
ratory system and hence animals can move freely, engage 
in other activities, and signal all at the same time. In other 
animals such as many orthopteran insects (crickets, grass¬ 
hoppers, and katydids), sounds are produced by scraping 
movements of legs or wings. Whatever the mechanisms, 
prolonged acoustic signaling can be energetically costly. 
Roaring in red deer and calling in some frogs can result in 
losses of more than 20% of the body weight just over the 
course of the breeding season. For this reason, prospective 
mates may pay special attention to the amount and rate of 
signaling because these properties of acoustic mating signals 
are correlated directly with energetic costs. Such a relation¬ 
ship means that these properties are likely to be ‘honest 
indicators’ of the signaler’s genetic fitness, in addition to 
insuring that the signaler is not ill or heavily parasitized. 
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Dual Signalers 

The rapid production and fade-out time of visual and 
acoustic signals make it possible to add another dimension 
to communication in species in which individuals of both 
genders signal: their timing. For example, relatively elab¬ 
orate flash patterns produced by male fireflies are 
answered by simple flashes of receptive females within a 
species-specific time window. Similarly, in some species of 
katydids, females respond to the calling song of the male 
within a somewhat wider time window that allows for 
time delays when the two individuals are widely separated 
(Figure 5(b)). Although not strictly mating signals, many 
paired birds that live in dense habitats keep in acoustic 
contact by duetting, which sometimes results in what is 
often perceived by humans as a single complex note. 

Multimodal Signaling 

Some signals consist of combinations of acoustic, visual, 
and chemical elements. Lek-breeding birds such as sage 
grouse and prairie chickens are very vocal as they perform 
their dances (Figure 6), and bowerbirds not only vocalize 
and display but build, decorate, and defend special struc¬ 
tures called bowers, to which females are attracted and 
within which mating takes place. Combinations of acous¬ 
tic and visual signals are also common in some mammals, 
such as red deer. Many animals sequentially produce a 
variety of signals that differ in modality and range. Visual 
and acoustic signals are most likely to be used at a dis¬ 
tance, and for the reasons discussed earlier, acoustic sig¬ 
nals will also be favored at night and in dense habitats. 
Long-range signals should at least have properties that 
identify the signaler as a conspecific individual. More 
subtle information about the fitness and status of a sig¬ 
naler can be extracted at closer range from the same signal 
or other signals. For example, visual and chemical signals 


are useful at close range in most habitats, and chemical 
signals can also be used at night. 

See also: Communication Networks; Flexible Mate 
Choice; Honest Signaling; Mate Choice in Males and 
Females; Multimodal Signaling; Sexual Selection and 
Speciation. 
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Introduction 

Think about the study of behavior and what do you 
envision? More likely than not, ‘animal behaviorist’ con¬ 
jures up the image of a disheveled, khaki-clad individual 
with binoculars and a clipboard, sitting in the midst of a 
jungle, jotting down notes about the fascinating behaviors 
he or she sees amidst a large and complex group of 
mammals. The idea that behavioral observation is a sub¬ 
jective, casual endeavor is far from true. With the expan¬ 
sion of ethology in the 1930s, the idea that animals could 
be observed in natural settings steadily grew in scientific 
importance. As the field of ethology and behavioral ecol¬ 
ogy expanded, there came an explosion of research meth¬ 
ods, conventions, and practices. While all of these may 
have been internally valid (i.e., provided quantitative, 
reliable measures for the particular study for which they 
were designed), it was difficult, if not impossible, to gen¬ 
eralize to a larger population or compare across studies 
as a result of these methodological and analytical differ¬ 
ences. Thus, external validity was compromised because 
of a lack of standardization and systematic data collection 
rules. In 1974, the seminal paper published by Jeanne 
Altmann provided a critical conceptual framework and 
operational guide for behavioral data collection and quan¬ 
tification. Virtually all observational data ascribe to one of 
the methods outlined in this paper. These methods were 
designed not only to provide some degree of standardiza¬ 
tion to the discipline, but also to reduce bias by structur¬ 
ing observations such that an observer’s choice of which 
subject to watch and what behaviors to record was based 
on a priori decisions and statistically valid procedures. 

As technology has changed, so too have data collection 
methods. The image of the field researcher with a clip¬ 
board has been replaced by the researcher with a PDA 
(personal data assistant) or other handheld device; live 
observation may be replaced by digital video recording 
followed by playback, and analytical methods have grown 
in complexity as computers have become routine. That 
being said, as with any type of scientific investigation, 
there can be sources of error. As in any science, under¬ 
standing the nature or these errors is essential in order to 
proactively control for their effects methodologically, or 
to account for them statistically at the conclusion of the 
study. Here, the key issues in the measurement and con¬ 
trol of inter- and intraobserver reliability in observational 
research, and the methods and strategies for understand¬ 
ing and controlling these sources of error are discussed. 


Behavioral Methodology: A Brief Overview 

While every observational research study has its own 
unique study design and methodology, virtually all studies 
use as their starting point one of several basic observation 
techniques. Although other articles in this series will go 
into the details, a broad brush overview of these methods 
is warranted here. 

Behavioral data collection schemes are based on sev¬ 
eral key concepts: (1) what does one observe (a single 
individual or a group); (2) how does one record observa¬ 
tions (continuously, or instantaneously), and (3) what 
behaviors does one observe (establishment of a clearly 
defined ethogram). By utilizing various combinations of 
these three conceptual ideas, a study can focus on particular 
aspects of individuals, groups, and behaviors. Each factor 
requires careful planning, testing, and training to minimize 
errors. 

Error can be introduced at a number of junctures in 
a study. For example, if observers are inaccurate in their 
ability to identify individuals quickly and accurately, they 
may erroneously ascribe behaviors to the wrong indivi¬ 
duals. An additional source of error can be introduced 
into the data recording scheme if observers fail to time 
behaviors accurately. Ethograms with incomplete or 
vague behavioral descriptions can lead to excess variabil¬ 
ity in how observers interpret behaviors and thus lead to 
missed or misidentified behaviors. 

In general, most behavioral data collection schema 
involve one of two approaches: in some cases, a continu¬ 
ous recording approach, in which a single individual is 
observed (continuous, focal observation sensu Altmann), 
and the onset time of every behavior or behavior transi¬ 
tion is recorded. Alternatively, an instantaneous approach 
is used, which may be applied to a single individual or to a 
group (point or scan sampling). In this case, the behavior 
in which an animal is engaged at a particular point in time, 
usually signaled by a stopwatch, is recorded. Each of the 
methods has its own set of advantages and disadvantages 
such that no single methodology is appropriate in all 
cases. Thus, one must be well versed in the particular 
strengths and pitfalls of each method in order to decide 
on the best fit for a particular study, and to recognize that 
each method has inherent sources of error that must be 
understood and addressed. 

Which method to choose is based on the question that 
the researcher is trying to answer. An instantaneous or scan¬ 
sampling approach is most appropriate when behaviors 
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of interest are defined as state behaviors; this method does 
not necessarily require that individuals be recognizable 
(though it is preferable). Detailed interactions are not readily 
quantified using this method (though it is possible to combine 
a scan approach with select, continuous observation for 
highly visible, key behaviors). A continuous, focal approach is 
often used when interactions are an important component 
of a study, and when both event and state behaviors are to 
be recorded. This method often requires more rigorous 
training before observers attain a sufficient level of comfort 
with the procedures. Other standard methods are also 
available to the researcher, but are not discussed here 
and will be covered fully in other articles. 

The Importance of Ethogram 
Construction 

The importance of a clearly defined and consistent etho¬ 
gram is often overlooked. Recent efforts to develop some 
level of standardization of ethogram structure and termi¬ 
nology (e.g., EthoSource, described by Martins, and 
related ontologies described by Midford and colleagues; 
or SABO, as outlined by Catton) have made progress in 
this regard. However, there is still considerable variation in 
the structure, detail, and terminology of ethograms. Use of 
terms that may be synonymous in ethograms can lead to 
confusion, and lack of specificity of definitions can result 
in errors. In most ethograms, behaviors may be defined 
functionally, in which the presumed use of the behavior is 
implied, or operationally, in which no specific function is 
assigned and the description, or definition, provides details 
on the motor patterns associated with the performance 
of the behavior. Animal behaviorists often use functional 
definitions and assumptions; however, in some circum¬ 
stances, it can be difficult for an observer to reliably 
identify behaviors functionally. Play and aggression - 
both functional categories - may involve similar motor 
patterns, and clear and precise operational definitions 
may be critical, particularly for novice observers or for a 
species that has not been well studied such that function¬ 
ality cannot be satisfactorily ascribed. 

The level of ethogram detail is another critical com¬ 
ponent of study design that influences observer accuracy. 
A hierarchically structured ethogram can facilitate ease 
of use, with more detailed, deeper levels of behavioral 
description used for studies that are narrowly focused or 
when highly experienced observers are available. 

Sources of Error 

The nature of behavioral research is fundamentally no 
different from any other branch of scientific inquiry. 
Sources of error can be introduced into any study at 


various levels. While they can be controlled for and mini¬ 
mized, it is impossible to eliminate them. Being aware of 
these sources and how they might bias data are funda¬ 
mental to the conduct of good science. The three most 
common means by which error can be introduced into a 
behavioral study include observer error, equipment error, 
and computational error. It must be stressed that these 
sources of error are common to all scientific investigations 
and not unique to behavior. The role of the observer is 
perhaps more critical to behavioral observation than what 
may be the case for certain types of laboratory sciences, 
and will be the focus of the remainder of this article. 
Equipment and computational error are briefly touched 
upon in the next section. 

Equipment and Computational Error 

While behavioral data collection has advanced from paper 
and pencil check-sheets to, in the majority of studies, 
electronic data collection systems, data collection is nev¬ 
ertheless subject to recording errors. These may involve 
the failure of electronic devices (particularly in the field), 
transcription error, and coding error. Careful review and 
proofreading of all data can alleviate many of these pro¬ 
blems. Use of computer-aided data collection tools does 
not negate the need to review entered data. Tapping an 
incorrect box on a PDA screen is no less likely than 
checking the wrong box on a paper check-sheet. There 
have been numerous times when I have proofread a data¬ 
set, confident that it was error-free, only to discover data 
entry errors. 

Computational errors generally occur during the data 
analysis phase of a study; however, use of statistical packages 
minimizes the errors here, provided the user understands 
the assumptions and rationale of the statistical software 
being used. Statistical textbooks and software user guides 
are of course essential; however a number of recent works 
have emphasized statistical issues that are more common in 
behavioral studies, particularly those relating to small sam¬ 
ple size, repeated measures, and generalizability (see e.g., 
Kuhar’s or Plowman’s more extensive treatment of this 
subject). Behavioral data analysis often involves one or 
more levels of data tabulation and summary before statisti¬ 
cal analyses can be conducted. These may be done in an 
automated fashion using behavioral or statistical software, 
or it may be done by hand before data are entered into a 
computerized system. Again, double-checking and proof¬ 
reading all such intermediate phases can minimize the 
probability of such calculation errors. 

Observer Error 

The role of the observer is critical to the successful 
collection of behavioral data, but observer error has the 
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potential to be the most significant error component of 
behavior studies. However, clear guidelines and methods 
exist to ensure that such errors are minimized, acknowl¬ 
edged, and controlled. Because of the tremendous varia¬ 
bility among observers, we must be cognizant of how to 
recognize, measure, and control for individual variation to 
assure a sound study design. Observers have the potential 
to introduce variation into behavioral investigations in 
several ways. First, the very presence of an observer may 
alter the behavior of the subjects. Second, observers may 
perceive events differently, based on their view of a par¬ 
ticular situation or group (errors of apprehension). Third, 
observers may err because of lack of training or experi¬ 
ence or because protocols and ethograms are unclear. 
Individual observers enter into an investigation with 
their own personal biases which may have the potential 
to influence the quality of their data collection as well. 
Finally, as already discussed, observers may record their 
observations incorrectly or may have difficulty utilizing 
equipment. All of these sources of observer error can be 
addressed and reduced via training and regular assess¬ 
ment of reliability and validity. 

Observer Presence 

The idea that an observer alters the behavior of the 
animals he or she observes has been debated for decades 
and leads to a conundrum: how can we observe natural 
behavior, if, by definition, we alter the behavior that we 
are observing simply by our presence? Use of video and 
remote recording devices is one way to address this con¬ 
cern; however, much observational data collection is - and 
will always be - done via live observation. Maintaining 
standard observational protocols holds the observer effect 
constant and while it may be that behavior is altered, it 
is in theory altered consistently across all subjects, thus 
enhancing internal validity. Long-term field studies have 
demonstrated that most animals can habituate to observer 
presence, suggesting that the observer’s effect on the 
individuals that are observed may be relatively minor. 

Errors of Apprehension 

When two observers watch the same animal from differ¬ 
ent vantage points, differences in perspective may alter 
the extent to which they perceive a particular event. This 
is a problem primarily when observers’ movements are 
constrained in how and where they are able to move in the 
area in which they are observing. This may be the case in a 
laboratory or captive situation in which animals may be 
out of view of the observer, or the observer’s vantage point 
may prevent a clear view. In nature, observers’ movements 
may be constrained by the activity of the animal they are 
watching or by other animals in the group. Ideally, simply 
changing one’s physical position (when the observer is 


able to do so) to obtain the best possible view of an 
interaction can mitigate apprehension error. This can be 
a problem when conducting interobserver reliability tests 
(to be discussed later). 

Observer Error and Bias 

As already discussed, there is no single standard protocol 
for observing behavior. Although there are methodologi¬ 
cal standards, every study, every individual subject, and 
every study setting is unique. Thus, training observers is a 
time-consuming, tedious, but critical component of any 
investigation and will improve internal validity. It is only 
through rigorous training and ongoing monitoring and 
evaluation that one can maintain an acceptable level of 
interobserver agreement. Even an experienced researcher 
will require some time to become familiar with their 
subjects, and to ascertain the validity of their ethogram. 
Vague or equivocal definitions, for example, can lead to 
confusion among observers. Lack of experience with data 
recording systems can be a source of error, until observers 
have practiced sufficiently and are comfortable with the 
protocol, the layout of the datasheet, the codes used to 
record information, and so on. Novice observers often 
enter into observations with preconceived and oftentimes 
erroneous notions about behavior, and it may take some 
time and effort to move them from a subjective view of 
behavior in which they interpret and read meaning into 
behavioral patterns and events, to a more objective, con¬ 
sistent ability to record actions without assuming intent or 
meaning. Dissuading observers of their preconceptions is 
often the most challenging part of training observers. 

Once this challenge of reducing observer bias is met, 
even a trained observer who has passed standardized 
reliability tests may diverge from that standard over time. 
Just as any process may need to be calibrated periodically, 
so must observer reliability to avoid observer ‘drift’ in 
recording of behavioral information. Regular review and 
repeated reliability testing can address this error. 

Reliability and Validity 

Reliability is an indicator of how repeatable one’s results 
are, and is critical to maintaining accurate data collection. 
Unlike measuring weight or length for example, in which 
the potential exists for getting precisely the same mea¬ 
surement repeated times, it is highly improbable that an 
animal or a group of animals will perform exactly the 
same behaviors in the same way if measured multiple 
times. Careful data collection designs, however, can 
ensure consistency and standardization, which in turn 
improves repeatability. This is particularly important in 
long-term field studies, where data may be gathered 
by multiple observers over a period of years, or decades. 
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Training and adhering to a standard of accuracy and 
precision is critical. 

The terms ‘accuracy’ and ‘precision’ may be considered 
synonyms in some disciplines (in fact, the thesaurus pro¬ 
gram of my word processor indicates that they are indeed 
synonymous), hut in the case of behavioral observation, 
they are subtly but distinctly different. Accuracy refers to 
how close a recorded observation is to reality (‘the truth’), 
whereas precision refers to how consistently an observer 
records the same behavior in the same way. Methodologi¬ 
cal differences sometimes necessitate a trade-off between 
accuracy and precision. A simple ethogram with clearly 
defined definitions may facilitate good precision among 
observers - for example, it is relatively simple to identify 
an animal as being active or inactive. However, there may 
be a loss of accuracy in that the behavioral categories may 
be too broad to adequately answer the study’s main ques¬ 
tions. In addition, precision may be used as an indicator 
of intraobserver reliability: that is, to what extent does an 
individual consistently observe behaviors in the same way? 
Accuracy is an important element of evaluating how good 
a study design is at collecting data to answer the question 
at hand: that is, to what extent do data reflect reality? How 
suitable is the chosen research design in answering the 
question that one has posed? Thus, the internal validity 
of an investigation is closely linked to the applicability of 
the methods chosen to answer the question posed. Exter¬ 
nal validity is a measure of the generalizability of results 
to other study populations or species, as the case may be. 
This may be linked to the ethogram chosen and how 
broadly applicable it is. Reliability and validity are both 
essential measures that one must evaluate in terms of both 
inter- and intraobserver reliability. 

Intra- and Interobserver Reliability 

Intraobserver reliability can provide a measure of consis¬ 
tency and repeatability. Regular review of methods and 
ethogram, and reliability testing (to be described below) 
can provide a quantifiable measure of intraobserver reli¬ 
ability. Because it is common to use multiple observers for 
behavioral studies, either simultaneously (to maximize 
efficiency of data collection) or sequentially (to maintain 
ongoing, longitudinal investigations), it should come as no 
surprise that maintaining a high standard of interobserver 
reliability may be the most important aspect of ensuring 
accurate and precise data for behavioral investigation. 
Every observer comes into a study with his/her own set 
of biases and tendencies. Careful and rigorous training 
are essential to the conduct of behavioral studies. While 
there is no single training protocol for observers, con¬ 
vention necessitates extensive training on observation 
methods and animal identification, familiarity with the 
ethogram and data collection devices, and practice, either 


supervised or unsupervised, until the observer feels a 
degree of comfort with the methods. It is at this point 
that formal interobserver reliability testing should be 
initiated. Interobserver reliability encompasses a number 
of statistical approaches that facilitate a comparison 
between observers: that is, how similar are the data col¬ 
lected by two researchers who observe the same individ¬ 
ual at the same time? Theoretically, they should be 
identical, but in practice, this is rarely the case. Two 
individuals weighing the same standardized weight on a 
balance are unlikely to get exactly the same measure, but 
they should be quite close; similarly, two researchers 
observing the same individual at the same time may not 
record exactly the same sequence of behavior, but differ¬ 
ences should be minimal and most importantly, they 
should be random. Often, the conduct of interobserver 
reliability tests can highlight weaknesses in the study 
design or protocols. If for example, an observer is consis¬ 
tently misscoring a particular behavior, it may be that the 
observer needs more training and practice; however, it 
may also be the case that the behavior is not adequately 
defined on the ethogram. 

Techniques for Measuring Reliability 

Most measures of inter- or intraobserver reliability utilize 
simultaneous observation of the same individual, or inde¬ 
pendent scoring of videotaped footage. In both cases, the 
goal is to have observers independently score samples of 
behavior that should be identical if there were no observer 
error or bias. When two observers conduct simultaneous, 
live observations, it is critical that they not communicate 
with each other as this could influence the outcome by 
violating assumptions of independence. This can be chal¬ 
lenging. If, for example, one observer notices that a second 
observer is entering a behavior that the first observer may 
have missed, this could lead the first observer to rethink 
his/her data entry and add a behavior that he/she might 
otherwise have erroneously missed. Conversely, two 
observers are, by definition, viewing a situation from 
slightly different vantage points and therefore may not 
be able to see exactly the same sequence of behavior 
because of errors of apprehension. However, this does 
not necessarily imply that their data are not reliable, 
since they may have been unable to adjust their position. 

When using live observation, the likelihood that only 
a small subset of possible behaviors will be seen is high. 
Should two observers be considered to have high reliabil¬ 
ity if they both correctly score a subject as sleeping for 
20 consecutive scans? The use of videotaped sequences of 
behavior resolves a number of problems. First, observers 
are able to watch and score videotape individually and 
independently, without possible influence from other 
observers. Second, the researcher can utilize one or more 
segments of footage that encompass a greater range of 
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behaviors on the ethogram, thus providing a more rigorous 
test of observer accuracy. Finally, all observers are able to 
view the sequence portrayed on the videotape from the 
same perspective. 

Details of reliability measurements can be found in 
sources listed at the end of this article, and a particularly 
clear example of how to calculate the various reliability 
metrics can be found in Lehner’s book; however, they are 
briefly described here. 

Assessing Reliability via Concordance 

A number of statistical methods exist for quantifying 
observer reliability, and all are based on a similar premise: 
to what extent do data collected by two individuals (or by 
one individual at different points in time) agree? In its 
simplest form, this may mean evaluating percent agree¬ 
ment. For example, consider an animal that is observed for 
10 min, and the state behavior in which it is engaged is 
noted every minute on the minute (an instantaneous sam¬ 
pling approach). If two observers record data on the 
same individual for these 10 min, the ‘agreement’ between 
their datasets is easily calculated: How many of the 10 
point observations are the same? If all are identical, then 
the agreement is 100%; if nine out the ten are identical, 
then agreement is 90%. A variation on this is the kappa 
coefficient, which corrects for chance agreement. 

Kendall’s coefficient of concordance can evaluate reli¬ 
ability evaluations with more than two observers; however, 
data must be converted to ranks to accommodate this 
nonparametric approach. Most behavioral studies look for 
agreement at or above 90% before an observer is consid¬ 
ered to be ‘reliable.’ There is no hard and fast rule on this, 
however, so this value should be thought of as a guideline 
only. Most often, new observers are tested against a standard 
(the lead investigator, or main field assistant, for example). 

Assessing Reliability via Correlation 

Several statistical tools are available to measure correla¬ 
tions between nominal, ordinal, interval, and ratio data. 
The Phi coefficient measures correlation between nomi¬ 
nal variables; for example, comparing the number of times 
two observers score a particular behavior. Similar stan¬ 
dard statistical measures of correlation are appropriate for 
evaluating interobserver reliability. Spearman correlation 
is used for ordinal or ranked data, and Pearson correlation 


for interval or ratio data. Correlation coefficients range 
from 0 to 1, with higher values indicating better agree¬ 
ment. In general, a correlation coefficient > 0.7 is consid¬ 
ered a strong correlation. 


Maintaining Reliability and Consistency 

The goal of behavioral research, as with any scientific 
endeavor, is to collect accurate, reliable data that allow the 
scientist to answer the question posed. The methodology 
chosen should fit the question at hand; it should be tested 
and modified to maximize its effectiveness, and its efficacy 
evaluated before finalizing data collection plans. It is imper¬ 
ative that observers be trained and their reliability - their 
accuracy, precision, repeatability, and validity - tested prior 
to utilizing their data, and regularly throughout the period of 
data collection. 

See also: Ethograms, Activity Profiles and Energy 
Budgets; Experiment, Observation, and Modeling in the 
Lab and Field; Experimental Design: Basic Concepts. 


Further Reading 

Altmann, J (1974). Observational study of behavior: Sampling methods. 
Behaviour 49: 227-266. 

Caro, TM, Roper, R, Young, M, and Dank, GR (1979). Inter-observer 
reliability. Behaviour 69: 303-315. 

Catton, C, Dalton, R, Wilson, C, and Shotton, D (2003). SABO: 

A proposed standard animal behaviour ontology, www.bioimage. 
org/pub/SABO/SABO. 

Kuhar, CW (2006). In the deep end: Pooling data and other statistical 
challenges of zoo and aquarium research. Zoo Biology 25: 339-352. 
Lehner, PN (1996). Handbook of Ethological Methods, 2nd edn. 

Cambridge: Cambridge University Press. 

Martin, P and Bateson, P (2007). Measuring Behaviour: An Introductory 
Guide, 3rd edn. Cambridge: Cambridge University Press. 

Martins, EP (2004). EthoSource: Storing, sharing, and combining 
behavioral data. Bioscience 54: 886-887. 

Midford, PE (2004). Ontologies for behavior. Bioinformatics 20: 
3700-3701. 

Paterson, JD (2001). Primate Behavior: An Exercise Workbook. Long 
Grove, IL: Waveland Press. 

Ploger, BJ and Yasukawa, K (eds.) (2003). Exploring Animal Behavior in 
Laboratory and Field. New York, NY: Academic Press. 

Plowman, AB (2008). BIAZA statistics guidelines: Toward a common 
application of statistical tests for zoo research. Zoo Biology 27: 
226-233. 

Stamp Dawkins, M (2007). Observing Animal Behaviour. New York, NY: 
Oxford University Press. 



Memory, Learning, Hormones and Behavior 

V. V. Pravosudov, University of Nevada, Reno, NV, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Importance of Memory and Learning 

Memory is a process of acquiring, retaining, and retriev¬ 
ing information about past experiences, while learning is a 
process of using these experiences to adaptively modify 
behavior. Learning is generally classified as nonassociative 
(e.g., habituation) or associative (classical and operant 
conditioning, active and passive avoidance). 

Memory and learning often play critical roles in the 
survival and reproductive success of many animal species. 
Animals may need to remember numerous pieces of 
information related to locations of breeding sites/nests, 
shelters, food sources, territory boundaries, locations of 
neighbors as well as their identity, etc. While it appears 
that memory and learning abilities have fitness conse¬ 
quences in most animal species, in some, memory might 
be especially crucial for fitness. Food-caching animals, for 
example, store food when it is abundant and then use their 
caches during the periods of food scarcity (e.g., winter). 
Many food-caching species rely, at least in part, on mem¬ 
ory to find previously stored food and failure to recover 
caches during energetically demanding times may result 
in death. Female parasitic cowbirds lay their eggs in the 
nests of host species. This strategy requires remembering 
locations of multiple nests in addition to the condition of 
these nests so that the eggs can be laid at the proper time 
to have the best chance of survival. Good memory in 
female parasitic cowbirds is thus crucial for their repro¬ 
ductive success and hence biological fitness. Polygynous 
male meadow voles that have large home ranges encom¬ 
passing the home ranges of several females need to 
remember the locations of multiple potential mates. 

There are numerous other examples of behaviors that are 
strongly dependent on memory and learning skills, but the 
main issue in all of them is that memory and learning are 
crucial for successful survival and reproduction. Any varia¬ 
tion in memory and learning is likely to have strong fitness 
consequences. Understanding the causes of variation in 
memory and learning is thus of great importance to biolo¬ 
gists. A great deal of work on memory and learning has been 
done in the biomedical field, which is mostly focused on how 
to maintain healthy cognitive functions in humans as well as 
what causes impairments in memory and learning. An evo¬ 
lutionary approach may also be useful to understand the 
variations between species as well as to reveal how selection 
pressures might have molded both behavior and the 
mechanisms associated with memory and learning. 


Memory Types 

Psychologists usually recognize several types of memory 
on the basis of the type of information processed and the 
area of the brain that is involved in the processing. 

Spatial memory appears to be dependent on an area of 
the brain called the hippocampus, in mammals and birds. 
Spatial memory allows animals to remember information 
for location of shelters, food patches, nests, etc. One group 
of animals that relies heavily on spatial memory is food¬ 
caching species, both in mammals and birds. Some species 
of birds, for example, can store tens of thousands of individ¬ 
ual food items throughout fairly large home ranges and then 
recover them, using spatial memory. Clark’s nutcracker 
(Nucifraga Columbiana) is the most well-known food-caching 
bird species and has been shown to use spatial memory to 
recover caches months after creating them. Some parids (tits 
and chickadees) are also known to store tens to hundreds of 
thousands of individual caches throughout autumn and 
sometimes spring. Even though there are debates about 
whether chickadees use spatial memory to recover their 
long-term caches (several months after making caches), 
they clearly do employ spatial memory on a relatively 
short-term basis (4-6 weeks), and their reliance on spatial 
memory appears to correlate with their reliance on cached 
food. In contrast to hippocampus-dependent spatial mem¬ 
ory, memory for other cues, such as color, appears to be 
independent of the hippocampus. 

Hippocampus-dependent declarative memory has 
been described mostly in humans, and it usually refers 
to memories about specific facts, such as learning facts 
from a book. Declarative memory is sometimes further 
subdivided into semantic (abstract knowledge that is not 
necessarily connected to specific time or place) and epi¬ 
sodic (events or facts connected with specific time and 
location) memory. Episodic memory has been historically 
thought to be uniquely human, but recent research on 
food-caching birds and some mammals suggests that ani¬ 
mals might be capable of episodic-like memory in which 
they can remember ‘what,’ ‘when,’ and ‘where.’ Western 
scrub-jays (Aphelocoma californica), for example, have been 
shown to remember what type of food they cache (perish¬ 
able vs. nonperishable), when they cached it (so they can 
retrieve perishable food faster), and where they cached it. 
This type of memory may be important for many food¬ 
caching species that store both perishable and nonperish¬ 
able food. Remembering location, food type, and timing of 
each cache allows these animals to successfully retrieve 
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their caches when needed, rather than risking a chance to 
recover spoiled food. 

In addition, memory can also be categorized into work¬ 
ing or reference memory. Working memory is usually 
defined as a relatively short-term memory that holds 
and manipulates information on a temporary basis. This 
type of memory is usually associated with learning infor¬ 
mation that changes on a regular basis. For example, a 
chickadee that is recovering previously made food caches 
may use working memory to remember all sites that it has 
inspected prior to finding the correct cache location. 
Reference memory, on the other hand, is long-term and 
is usually concerned with associative or discrimination 
learning of more stable information by repetitive training. 
An animal may use reference memory to remember loca¬ 
tions (trees, feeders) that contain food on a regular basis. 

Hormones and Memory 

While neural mechanisms mediate memory and learning 
in animals, hormones are well known to interact with 
these mechanisms of learning and hence have significant 
effects on cognitive processes. The memory process is 
usually subdivided into three phases: acquisition, consoli¬ 
dation and storage, and recall (or retrieval), and hormones 
might affect either one or all of these phases. Among the 
hormones that are known to impact on learning and 
memory, the most well studied are glucocorticoids, or 
‘stress’ hormones produced by the adrenal glands, and 
gonadal steroids such as testosterone and estradiol. 

Glucocorticoid Hormones 

Glucocorticoid hormones have strong effects on memory 
and learning in most animals. Glucocorticoids are steroid 
hormones produced by the adrenal glands, and elevation 
in glucocorticoids is usually associated with stressful 
events. The most common glucocorticoid hormone in 
some mammals including humans is cortisol. Corticoste¬ 
rone, on the other hand, is the main glucocorticoid hor¬ 
mone in reptiles, birds, and other mammals (e.g., some 
rodents). Glucocorticoids (hereafter CORT) are essential 
hormones necessary for multiple physiological functions 
including regulation of metabolism and gluconeogenesis. 

Stress and Glucocortocoid Hormones 

Most animals are known to respond to a variety of ecolo¬ 
gically relevant stressful conditions (food deprivation, 
social stress, predation risk, etc.) by significantly elevating 
CORT levels. The magnitude of CORT elevation may be 
related to the nature of the stressors. Hence, knowing the 
relationship between CORT and memory and learning is 


important not only from the biomedical perspective but 
also from the evolutionary perspective. For example, 
changes in memory mediated by changing CORT levels 
may have significant impact on biological processes 
and fitness. 

First, it is important to note that CORT is essential 
for the maintenance of memory and learning. Numerous 
experiments on both mammals and birds demonstrate that 
removal of adrenal glands, and hence that of circulating 
CORT, results in severe hippocampus-dependent memory 
and learning impairments. Providing exogenous CORT 
via implants or injections to restore physiologically nor¬ 
mal CORT levels restores cognitive functions. Prefrontal 
cortex-dependent working memory also requires gluco¬ 
corticoid hormones for normal functioning and is also 
negatively impacted by adrenalectomy and restored with 
CORT implants. 

Naturally occurring ecological conditions that result in 
significant reductions in CORT levels below baseline are 
probably not relevant, but these data strongly suggest that 
presence of CORT is essential. On the other hand, eleva¬ 
tion in CORT levels is a typical response to numerous 
ecologically relevant ecological perturbations and there¬ 
fore, from both ecological and biomedical standpoints, it 
is important to understand the effects of elevated CORT 
levels (both short-term and long-term or chronic) on 
cognitive processes. 

Short-Term Elevations in Glucocorticoid 
Hormones 

Numerous environmental variables may trigger fairly short¬ 
term (minutes to hours) CORT increases. The presence of, 
or attack by a predator, temporary food shortages, rapid 
changes in weather patterns (e.g., snow storm), social inter¬ 
actions, etc. may all elicit a relatively short-term elevation in 
glucocorticoid hormones. Short-term CORT elevations have 
been reported to have both negative and positive effects 
on memory and learning. Whether the effect is positive or 
negative generally depends on the magnitude of CORT 
elevation and on timing of such elevation in relation to the 
memory phase (acquisition, consolidation, or retrieval). 

Most effects of CORT elevation on memory and 
learning appear to follow an inverse U-shape relationship 
in which an initial increase in CORT enhances memory, 
and after a certain threshold is reached, any further 
increase usually results in memory impairments. Many 
experimental studies with rodents established that mem¬ 
ory appears to be dependent on glucocorticoid hormones 
in a concentration-dependent fashion, and experimentally 
elevated CORT levels result either in improved memory 
performance caused by moderately elevated CORT levels 
or in impaired memory caused by strong CORT elevation. 
In domestic chicks, for example, experimentally induced 
moderate, but not strong, increases in CORT levels resulted 
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in enhanced memory for a weak aversant in a passive 
avoidance task. Interestingly, when a strong aversive stimu¬ 
lus was used, both moderate and high CORT elevations 
impaired memory performance. 

In many experimental studies, induced acute CORT 
elevation at the time of memory acquisition or immedi¬ 
ately after training on a learning task results in improved 
memory performance, which suggests that elevated 
CORT enhances memory acquisition and consolidation. 
On the other hand, acute CORT increases prior to mem¬ 
ory retrieval usually impair it. These are, however, only 
general patterns and the results of many studies have not 
conformed to these generalities. 

For example, adding moderate doses of CORT shortly 
after training on a memory task generally enhances long¬ 
term memory in rats. Numerous studies suggest that 
CORT increased immediately following a stressful event 
can enhance memory of that event, which may be highly 
adaptive as the animal might be able to avoid such stress¬ 
ful events in future. Administration of CORT several 
hours after learning generally has no effect on memory 
of the trained event. In contrast, CORT elevation prior to 
memory retrieval seems to impair memory retrieval. Thus, 
short-term peaks in CORT appear to enhance memory 
encoding and consolidation when they occur either during 
or immediately after training on a memory task, but they 
tend to impair memory retrieval when applied directly 
prior to retrieval. It is not clear, however, whether this 
pattern is always consistent. In rodent studies, when mem¬ 
ory testing was done shortly after memory acquisition that 
was associated with elevated CORT levels, memory 
retrieval was impaired if CORT remained elevated 
throughout both memory acquisition and recall. In humans, 
cortisol elevation associated with social stress results in 
impaired social memory (such as face recognition). 

In many ecologically relevant conditions, however, 
short-term stressful events may occur unpredictably and 
memory retrieval may be essential for survival during such 
events. For example, food-caching animals store food when 
it is abundant and when energy budget favors storing food 
over eating it. In northern latitudes, naturally available food 
may be unpredictable because of changing weather and 
difficult to obtain; memory-based cache retrieval may be 
the only option to gather necessary energy reserves. During 
such times, CORT levels are usually elevated and, some¬ 
times, even highly elevated for prolonged periods of time 
encompassing both food caching and cache retrieval. If 
CORT elevations were detrimental to memory retrieval, 
the ability of these animals to retrieve their caches in times 
of hardship would be compromised. 

At least one study showed marginal improvement in 
spatial memory during memory-based food cache recov¬ 
ery in mountain chickadees (Poecilegambeli) with clinically 
high CORT levels induced five minutes prior to memory 
retrieval. On the other hand, applying acute-stress-like 


high CORT levels only prior to memory encoding (food 
caching) in these chickadees had no effect on memory- 
based cache retrieval. These results suggest that in food¬ 
caching chickadees, strongly elevated CORT prior to 
memory retrieval specifically improves memory retrieval. 
In nature, chickadees and other food-caching birds may 
frequently experience rapidly and unpredictably changing 
weather conditions, which may cause spikes in CORT 
levels, and elevated CORT appears to enhance spatial 
memory needed for successful cache retrieval. In addition, 
some studies of long-term CORT treatment in which 
elevated CORT was present during memory acquisition, 
consolidation, and recall found memory improvements 
suggesting no impairing effects of high CORT on memory 
retrieval. Thus, although many studies showed negative 
effects of elevated CORT on memory retrieval, it appears 
that such effects are not necessarily general and may 
depend on the evolutionary history of a particular species. 

Long-Term, Chronic Elevations in 
Glucocorticoid Hormones 

Most studies investigated the effects of chronic elevation in 
CORT on memory by one of the two main techniques. 
Some studies provided chronic CORT via long-term 
implants, whereas others used stressful conditions (social 
stress, bright light, etc.) rather than hormone implants. Such 
stressful conditions almost always result in elevated CORT 
levels, but it is possible that some other factors besides 
the hormones may directly cause changes in memory per¬ 
formance. This problem is usually addressed by experiments 
in which animals’ adrenal glands are removed by effectively 
removing CORT from the system. Then, CORT implants 
are added simulating normal CORT levels (adrenalectomy 
without adding exogenous CORT results in severe memory 
impairments). When adrenalectomized animals are stressed, 
they cannot increase CORT levels and usually show no 
consequences of stressful environment on memory, suggest¬ 
ing that stress affects memory via elevated CORT. 

Long-term, chronic (weeks or months) elevations in 
glucocorticoids have usually been associated with memory 
impairments, most often those that are hippocampus 
dependent. Numerous rodent studies have documented 
impairments in spatial memory performance following 
several weeks of repeated stress. Such impairments are 
usually accompanied by dendritic atrophy within the 
hippocampus, which appears to be reversible if normal 
conditions are restored. Dendritic morphology appears to 
be directly related to memory processes and therefore 
elevated CORT may affect memory by causing dendritic 
atrophy. However, it remains somewhat unclear whether 
only relatively high chronic elevations in glucocorticoids 
have severe negative impact on memory. Some studies 
have shown that moderate elevations might actually 
have positive or no effects on learning and memory. 
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In addition, numerous studies suggest that negative effects 
of long-term elevated CORTon memory may be age, sex, 
and/or time dependent. 

The effects of long-term CORT elevation on memory 
and learning are somewhat controversial. In one study, 
experimental doubling of CORT plasma levels in rats for 
30 days had no effect on spatial learning. Similar chronic 
CORT increase for 60 days, on the other hand, resulted in 
spatial memory impairments in middle-age rats, but had 
no effect on young rats. It has been suggested that chronic 
CORT elevation may negatively affect memory via 
increasing neuronal death and decreasing their number. 
Interestingly, the hippocampal neuron numbers were not 
affected even by the longest administration of CORT in 
either middle-aged or young rats. In a different experi¬ 
ment, chronic stress applied to male rats for 14 days 
(presumably increasing circulating levels of endogenous 
CORT) resulted in improved spatial memory performance, 
while memory performance tested after 21 days of chronic 
stress was impaired. In female rats, 21 days of chronic stress 
resulted in enhanced spatial memory performance but 
females rats tested after 28 days of chronic stress showed 
neither improvements nor impairments in spatial memory. 
Such differences in responsiveness to elevated CORT 
between males and females seem to be mediated by 
gonadal hormones (e.g., estrogen) in females. Interestingly, 
chronic stress also has a lesser impact on dendritic atrophy 
in female rats compared to males, which also suggests 
counter effect by estrogen. More work is needed to better 
understand the interactions between gonadal and stress 
hormones and how they affect memory and the brain. 

Some studies, on the other hand, showed that long¬ 
term stress might have an enhancing effect on memory. 
Tree shrews (Tupaia belangeri) placed in conditions of 
chronic stress and with chronically elevated CORT 
levels for four weeks performed significantly better on a 
hippocampal-dependent spatial memory test compared to 
control shrews. There were no effects of elevated plasma 
CORT levels on hippocampus-independent memory task 
involving sites marked with local color cues (e.g., when a 
target site was clearly marked with a unique color and so 
spatial memory was not necessary to relocate it). Interest¬ 
ingly, hippocampal cell proliferation rates in tree shrews 
were negatively affected by chronic stress. Cell prolifera¬ 
tion in the hippocampus is a component of neurogenesis 
(production of new neurons), which has been implicated 
in memory function. Reduction in neurogenesis might 
usually be considered bad for memory process, but the 
fact that tree shrews showed enhanced memory and 
reduced hippocampal cell proliferation at the same time 
suggests no negative effects of reduced cell proliferation 
rates on memory. All these results were in contrast 
to previous studies of tree shrews reporting negative 
effects of chronic stress on hippocampus-dependent but 
not hippocampus-independent memory. 


Just as in the case of short-term CORT elevation, 
the effects of long-term CORT elevations appear to fol¬ 
low a dose-dependent inverted-U shape relationship with 
memory. Moderate CORT elevations may have memory¬ 
enhancing effects, while high stress-induced CORT levels 
are likely to produce detrimental effects on memory and 
the brain. 

There are several examples of improved learning and 
memory performance associated with long-term moder¬ 
ately elevated CORT levels. In greylag goslings (.Anser 
anser ), higher levels of excreted CORT correlated with 
better learning performance. Food-caching parids (tits 
and chickadees) provide another example. As mentioned 
before, these birds store numerous food items during 
the winter when these birds experience energetically 
demanding adverse conditions that are characterized by 
poor food availability and predictability. Under such con¬ 
ditions, finding previously made food caches appears to 
be crucial for survival. Field studies suggested that these 
birds might have moderately elevated CORT levels for 
several months during the winter, likely caused by unpre¬ 
dictable foraging and adverse weather conditions. Such 
long-term CORT elevations may persist in addition to 
short-term CORT changes caused by quickly changing 
environmental conditions. In the laboratory, experimen¬ 
tally induced long-term (several months) unpredictable 
foraging conditions resulted in moderate but significant 
CORT elevations and in enhanced spatial memory per¬ 
formance in mountain chickadees. This type of CORT 
elevation also resulted in enhanced spatial performance in 
mountain chickadees, suggesting that adverse environ¬ 
mental conditions may enhance spatial memory via mod¬ 
erately elevated CORT levels. Interestingly, nonspatial 
memory performance was not affected by either unpre¬ 
dictable foraging conditions or by experimentally ele¬ 
vated CORT levels. These results are consistent with the 
study of tree shrews that showed improved spatial, but not 
nonspatial memory performance in animals with chroni¬ 
cally and moderately elevated CORT levels. 

If moderately elevated CORT levels enhance mem¬ 
ory, then why would selection not favor constantly 
increased levels of these hormones? Because elevated 
CORT also comes with negative effects, for example, a 
compromised immune system, even moderate CORT 
elevations may represent a trade-off between improve¬ 
ments in learning and memory and negative effects on 
other physiological systems. Thus, CORT elevation 
would be favored only when benefits from positive 
effects, such as enhanced memory, outweigh negative 
effects. For example, if food-caching birds do not retrieve 
cached food during energetically challenging times dur¬ 
ing the winter, they will most likely die from starvation. 
Compromised immune system caused by elevated 
CORT, on the other hand, is unlikely to result in immi¬ 
nent death during such times. 
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Development, Glucocorticoids, and Memory 

Conditions under which animals develop and grow appear 
to have lasting effects on learning and memory, among 
other things. Many young growing animals cannot obtain 
energy resources by themselves and may have to depend 
on their parents for such resources. If parents are unable 
to provide sufficient resources, developing young often 
respond by elevating glucocorticoid levels. Such effects 
are especially prominent in altricial birds that depend 
entirely on their parents’ ability to collect and bring 
sufficient amounts of food. When developing chicks do 
not get enough food, CORT levels rise, which has been 
shown to increase begging rates. Increased begging rates 
signal parents that more food is needed. If despite 
increased begging, parents are not capable of providing 
more food, CORT elevation may become prolonged and 
appears to result in long-term cognitive impairments of 
learning abilities, which extend well into adulthood and 
likely have negative consequences for survival. 

For example, western scrub-jays, Aphelocoma californica , 
that were food restricted during posthatching develop¬ 
ment were reported to have significantly higher circulat¬ 
ing CORT following the start of food restrictions. After 
several months, they showed impaired hippocampus- 
dependent spatial memory performance compared to 
young fed ad libitum. Young that were kept on restricted 
diets during posthatching development also had smaller 
hippocampi with fewer neurons when they were about a 
year old, even though they had months of unlimited food 
since the time they became nutritionally independent. 
It is likely that the negative effects of food restrictions 
during a relatively short period of posthatching develop¬ 
ment on memory were mediated by high CORT. These 
negative effects were limited to hippocampus-dependent 
spatial memory, while hippocampus-independent mem¬ 
ory for color did not seem to be affected. In zebra finches 
{Taenopygia guttata), experimentally elevated plasma CORT 
levels during posthatching development (as well as an 
independent food restriction) resulted in reduced song 
learning abilities in males, suggesting that restricted food 
might affect the brain and learning via high CORT. 

In both red-legged (Rissa brevirostric) and black-legged 
( R . trydactila) kittiwakes, experimentally enhanced CORT 
levels mimicking those triggered by naturally occurring 
food restrictions caused impairments in associative learning. 
This work suggests that variation in food supply may have 
serious long-term consequences, as learning ability appears 
to be crucial for survival. In addition, prenatal exposure to 
corticosterone in domestic chicks ( Galius gallus domesticus) 
had a negative effect on the learning component of filial 
imprinting. Corticosterone-treated naive chicks were not as 
good as control birds in identifying specific individuals 
they encountered after hatching. Many mammalian stud¬ 
ies also suggested that the long-term effects of food 


restrictions during postnatal development are often lim¬ 
ited to the hippocampus and hippocampus-dependent 
cognitive processes. 

Some avian species (e.g., tufted puffins, Fratercula cir- 
rhata) that experience high variance in foraging success, 
which translates into highly irregular food provisioning 
rates for the developing offspring, appear to have evolved 
a muted CORT response to food deprivations. Because the 
young of these species do not increase CORT when food 
deprived on a regular basis, they avoid long-term negative 
effects of high plasma CORT on cognitive function. 

Mechanisms of Glucocorticoid Effects on 
Learning 

CORT may have both positive and negative effects on 
learning and memory, and so it is important to understand 
the mechanisms of such effects. There are two types of 
corticosteroid receptors described for the neurons in the 
mammalian brain - mineralocorticoid (MR; high affinity) 
and glucocorticoid (GR; low affinity). Activation of these 
receptors has been reported to induce changes in synaptic 
plasticity in the hippocampus, which, in turn, is likely to 
affect memory and learning. MR receptors are usually 
activated by low blood levels of glucocorticoids. GR 
receptors, on the other hand, are usually only partially 
activated with low to moderate levels. When glucocorti¬ 
coid levels start increasing, more GR receptors become 
activated until they become fully saturated at very high 
levels. The strength of neuronal synaptic contacts is high 
when MR and only a fraction of GR receptors are acti¬ 
vated. Activation of all GR receptors impairs long-term 
potentiation (LTP, strength of and number of synaptic 
connections) and results in reduced neuronal firing, 
which potentially explains impaired memory perfor¬ 
mance in animals with highly elevated CORT levels. 
Hippocampal neurons contain both MR and GR recep¬ 
tors, while neurons in the rest of the brain seem to contain 
mainly GR. Thus, stress-induced memory changes appear 
to concern hippocampus-dependent memory processes, 
for example, spatial memory. 

The inverted-U shape relationship between glucocorti¬ 
coid concentration and hippocampal-dependent learning 
processes appears to stem, at least in part, from the relative 
activation of both MR and GR receptors. When the con¬ 
centration of circulating glucocorticoids is very low, all GR 
receptors are unoccupied and many MR receptors are 
unoccupied as well, resulting in a low strength of neuronal 
synaptic connections and low neuron firing rates, which 
may result in memory and learning impairments. When 
the concentration of blood glucocorticoids is moderately 
increased, MR and a fraction of GR receptors become 
occupied resulting in enhanced LTP and memory and 
learning enhancement. When the circulating level of glu¬ 
cocorticoids increases yet further, all MR and GR receptors 
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are saturated resulting in impaired LTP in the hippocam¬ 
pus, and reduced neuron firing and hence greater impair¬ 
ments in memory and learning. Experimental blocking of 
MR receptors in rats resulted in impaired long-term poten¬ 
tiation (LTP) in the hippocampus, whereas blocking GR 
receptors resulted in enhanced LTP confirming the opposite 
effects of GR and MR receptor activation on hippocampal 
synaptic plasticity. Interestingly, zebra finches selected 
for high corticosterone response to acute stress showed 
impaired spatial learning and had lowered MR mRNA 
expression in the hippocampus compared to control birds. 

Long-term chronic elevation in glucocorticoids may 
result in neuronal death, reduction in dendritic tree and 
dendritic atrophy, and hence likely a reduction in synaptic 
connections, as well as decreased hippocampal neurogen¬ 
esis rates. More recent studies reported no effects of 
chronic CORT elevations on the total number of hippo¬ 
campal neurons, but the negative effects on dendritic 
branching, synaptic plasticity, and neurogenesis seem to 
be undisputed. It also appears that most of these negative 
effects are not necessarily permanent and can be reversed. 
Lurthermore, it is likely that the magnitude of increased 
CORT level may be important. Lor example, experimen¬ 
tally induced, moderate, long-term elevation in CORT did 
not affect hippocampal cell proliferation rates in mountain 
chickadees. Likewise, in rats, social stress did not affect 
hippocampal cell proliferation rates while affecting new 
neuron survival. In tree shrews, on the other hand, chronic 
stress associated with chronic CORT elevation did result in 
lowered hippocampal cell proliferation rates, even though 
spatial memory was actually improved by the treatment in 
this particular study. 

Linally, positive effects of higher CORT titers on 
memory and learning may also be potentially mediated 
by increased glucose levels triggered by higher CORT 
and elevated glucose has been shown to directly enhance 
memory and learning. 

Epinephrine 

Epinephrine or adrenalin is a classical ‘fight or flight’ 
hormone produced by the adrenal glands in response to 
stress. Epinephrine release is fast and relatively short 
lived, and it usually precedes elevation of glucocorticoid 
hormones. Epinephrine functions similar to glucocorti¬ 
coid hormones but much more rapidly to boost glucose 
and oxygen supply to the muscles and the brain while 
restricting nonvital physiological functions in quick prep¬ 
aration for a stressful event. 

Like glucocorticoid hormones, epinephrine seems 
to affect memory in an inverted-U shape relationship; 
moderate increases enhance while low and high concen¬ 
trations seem to impair learning and memory. Similar to 
CORT, memory is enhanced only when epinephrine is 


present immediately following training. If epinephrine 
is administered before training or fairly late after training, 
learning is not affected. Memory-enhancing epinephrine 
effects are likely adaptive because remembering circum¬ 
stances under which stressful event had occurred can help 
an animal avoid those circumstances in the future. 

Since epinephrine cannot cross the blood-brain barrier, 
it has been hypothesized that elevated glucose levels may 
mediate its effects on memory, which may be similar to the 
effects of CORT that also results in higher glucose levels. 

Gonadal Hormones 

Testosterone 

Testosterone is produced by gonads in males, by ovaries in 
females and, in smaller amounts, by the adrenal cortex in 
both sexes. Plasma testosterone levels are higher in sexu¬ 
ally mature males in most species and its concentration 
varies during the breeding cycle. The pattern of circulat¬ 
ing testosterone levels depends on multiple ecological 
and physiological factors. 

Results of numerous studies investigating the effects of 
testosterone on cognition have been mixed suggesting that 
the relationship between testosterone and learning and 
memory is complex and depends on numerous factors. 

One of the easiest methods to practically eliminate 
testosterone in males is castration. Early studies compar¬ 
ing castrated and intact male rodents concluded that tes¬ 
tosterone has no effect on learning and memory. Later 
work, however, showed enhancing effects of testosterone 
on memory and learning by applying testosterone to 
castrated animals. Numerous studies also suggested that 
testosterone may be important for normal memory mainte¬ 
nance. Removing androgens by castration decreases hippo¬ 
campal synaptic density in rats and in monkeys, indicating 
importance of these hormones for synaptic maintenance and 
hence hippocampus-dependent memory and learning. Pro¬ 
vision of exogenous testosterone restores synaptic density, 
suggesting a link with hippocampal synaptic morphology. 
Male meadow voles (Microtus pennsylvanicus) with naturally 
higher testosterone levels have been reported to have larger 
hippocampi, suggesting a role in hippocampal enlargements, 
which, in turn, might be expected to be associated with 
enhancement of hippocampus-dependent memory. Another 
study with the same species, however, reported no differ¬ 
ences in spatial memory performance between males with 
naturally high and naturally low testosterone levels. Castra¬ 
tion in male rats also did not seem to impair acquisition in a 
spatial memory task, but did impair spatial working memory 
in one study. Removal of gonads in adult male rats resulted in 
impaired spatial memory acquisition, and such impairments 
were reversed by administration of exogenous testosterone. 
Some hippocampal-independent learning, however, does 
not seem to be affected by removing testosterone. 
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In male white-footed mice (Peromyscus leucopus), testos¬ 
terone levels and spatial memory performance vary with 
photoperiod; during long days, testosterone levels were 
higher and memory performance was better compared 
to short, winter-like days. Administration of exogenous 
testosterone to castrated males on short photoperiod en¬ 
hanced spatial memory performance, but no effects of 
castration or addition of exogenous testosterone to cas¬ 
trates were observed on spatial memory performance in 
mice maintained on long days. These results suggested that 
photoperiod somehow interacts with the effects of testos¬ 
terone on spatial memory. 

The interactions between testosterone and cognition 
also appear to be dependent on sex and age. In many 
animals, including humans, testosterone levels in males 
decline gradually with age. Such a decline is usually corre¬ 
lated with declines in memory and learning. Several studies 
also reported correlations between performance on mem¬ 
ory tasks and testosterone levels in humans. Experimentally 
increased testosterone levels usually enhance spatial and 
working memory in older human males, but such effects are 
not found in young males. 

Aromatase enzymes can convert testosterone into 
estradiol within the brain in cells of the hippocampus 
and amygdala. In mammals, both males and females 
appear to have receptors for androgens and estrogens in 
the hippocampus, amygdala, and prefrontal cortex, all 
brain areas involved in cognitive functions. Testosterone 
may potentially affect cognition either directly as andro¬ 
gen or indirectly as estrogen when converted into estra¬ 
diol within the brain. Some studies, on the other hand, 
suggested that there are no testosterone receptors in the 
hippocampus while there are estrogen receptors. Because 
testosterone may affect cognition both as an androgen and 
as an estrogen, it remains unclear whether and when 
testosterone may directly affect memory and learning or 
whether most of the effects of testosterone on memory are 
via conversion of testosterone into estradiol. Careful stud¬ 
ies using either aromatase inhibitors or providing exoge¬ 
nous estradiol or testosterone to gonadectomized animals 
may help to separate the effects of these two hormones on 
cognitive functions. 

One study reported that when aromatase inhibitors 
were used to prevent conversion of testosterone into estra¬ 
diol in the brain, extra testosterone improved spatial but 
not verbal memory in human males, suggesting the direct 
involvement of testosterone in spatial memory regulation. 
Improvements in verbal memory were observed only in 
the absence of aromatase inhibitors, suggesting a role of 
estradiol in verbal memory. In a different experiment, 
castrated male rats were given either testosterone or 
estradiol and rats treated with estradiol showed improve¬ 
ments in acquisition of a spatial memory task while rats 
treated with testosterone only improved working memory. 
These results suggest that testosterone may indeed affect 


memory directly and that testosterone and estradiol may 
affect different memory systems. 

In castrated male zebra finches, implantation of estra¬ 
diol resulted in enhanced spatial memory performance. 
Administration of testosterone implants also resulted in 
enhanced acquisition of spatial memory and in enlarged 
size of neurons in the rostral hippocampus, but adminis¬ 
tration of dihydrotestosterone, an androgen that cannot be 
converted into estradiol by aromatase, resulted in birds not 
learning the spatial task. The authors of this experiment 
concluded that testosterone affected the hippocampus and 
spatial memory via conversion into estrogen. A surprising 
result of that experiment was that castrated males with no 
implants did better on acquisition of a spatial memory task 
than males implanted with dihydrotestosterone. One pos¬ 
sibility is that androgens not converted into estrogens by 
aromatase may actually be detrimental to spatial memory, 
but more research is needed to verify this claim. 

Most studies investigating testosterone effects on 
memory used manipulated castrated animals, while not 
much has been done with hormonal manipulations in 
intact animals. Future studies should also aim to integrate 
the interplay between environmental variables, testoster¬ 
one levels, and cognition in different species to better 
understand the biological trade-offs associated with ele¬ 
vated testosterone. 

Estradiol 

Estradiol is produced by ovaries in females and to a lesser 
extent by the adrenal cortex in both sexes, but it is also 
produced in the brain in both males and females by 
aromatization of testosterone. Estradiol levels are natu¬ 
rally elevated in sexually mature females in mammals, in 
addition to estrous cycle fluctuations. In birds, estradiol is 
elevated during breeding and is low during nonbreeding 
periods. 

It has been well established that estradiol has a direct 
effect on the properties of the hippocampal neurons (see 
also earlier), which are likely to affect hippocampus- 
dependent learning. Higher levels of estrogens appear to 
be associated with greater dendritic spine density in the 
hippocampus of the rats and were reported to vary by as 
much as 30% during the estrous cycle. Rodent studies 
showed that providing exogenous estradiol results in 
increased number of dendritic spines in the hippocampal 
neurons, along with the increased number of synapses. 
Such changes in hippocampal neurons caused by elevated 
estrogen levels are likely the cause of enhanced hippo¬ 
campus-dependent memory. Administration of exogenous 
estrogen to gonadectomized rats resulted in enhanced 
spatial memory performance in many experiments. In 
meadow voles, estradiol treatment of castrated males 
resulted in increased survival of hippocampal neurons 
and better spatial memory performance. 
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However, on the basis of its effects on hippocampal 
morphology, it could be expected that estradiol should 
always have an enhancing effect on hippocampus-dependent 
memory It has been reported that estradiol might have 
both enhancing and impairing effects. First, it appears that 
the relationship between estradiol and memory follows an 
inverted-U shape relationship as observed for several 
other hormones (see earlier). Absence or very low plasma 
concentrations and very high levels are usually associated 
with impaired memory, while moderate concentrations are 
associated with enhanced memory, especially hippocampus- 
dependent memory. Second, it has been suggested that 
estradiol might improve some memory types (e.g., working 
memory) while impairing the others (e.g, reference memory), 
but support for this idea has been mixed. It has also been 
suggested that estrogens might specifically affect memory 
acquisition and consolidation, but not memory retrieval. 
Administration of estradiol prior to or immediately following 
training on a memory task seems to enhance memory per¬ 
formance in rodents, while application of estradiol after a 
period of time following training has no effect on memory. 

The reported effects of estrogens on cognition also 
appear to vary depending on specific cognitive tasks. For 
example, acquisition of a spatial task in gonadectomized 
rats appears to be enhanced by providing exogenous 
estradiol, but once the animals acquired the task, estro¬ 
gens did not seem to provide any more enhancements. 
Adding exogenous estradiol to ovariectomized rats also 
seems to enhance working memory on spatial memory 
tasks. Thus, estrogens appear to enhance recognition 
memory in ovariectomized rats allowing animals better 
discrimination between familiar and unfamiliar objects. 
Such effects may be adaptive and better discrimination 
memory especially during breeding period may enhance 
animals’ fitness. 

The relationship between estradiol and memory also 
appears to be age dependent. Experiments showed that 
spatial memory performance in older female rats corre¬ 
lates with blood estrogen levels; females with lower estro¬ 
gen perform worse on spatial memory tasks than females 
with higher levels. In human postmenopausal females, 
estrogen supplement seems to have a positive effect on 
memory and learning. Estradiol replacement in rats with 
removed ovaries enhanced spatial memory and higher 
concentration of estradiol resulted in better memory per¬ 
formance. Simply removing ovaries, on the other hand, 
produced mixed results in rats. Young rats showed 
impaired memory after one day following ovariectomy, 
while memory performance of middle-aged rats was not 
affected by ovariectomy. In non-human primates, estrogen 
effects on memory appear to be especially pronounced in 
aged animals. 

Several studies in rodents and primates reported cor¬ 
relational results showing that females with naturally 


higher estrogen levels performed worse on a spatial mem¬ 
ory task compared to females with naturally lower levels. 
Interestingly, one study reported that female meadow 
voles with high estrogen levels had significantly larger 
hippocampi compared to low estrogen females. This 
result seems contradictory to the findings of negative 
effects of high estradiol levels on memory, as larger hip¬ 
pocampus and denser dendritic branching with more 
synapses, all of which are usually associated with elevated 
estrogen levels, have been linked to enhanced memory 
performance. Administration of a high dose of estradiol 
to ovariectomized female meadow voles, however, also 
resulted in impaired spatial memory confirming the 
hypothesis of the inverse-U shape relationship between 
estradiol and memory. 

Although males maintain lower estrogen levels than 
females, no differences in the number of estrogen recep¬ 
tors in the hippocampus between males and females have 
been reported in rodents, again confirming the idea that in 
males testosterone affects the hippocampus via conver¬ 
sion into estrogen. Interestingly, adding exogenous estra¬ 
diol to castrated males resulted in improved memory 
performance on some spatial memory compared to con¬ 
trol castrated males. 

Overall, numerous studies have suggested that estro¬ 
gens are important for learning and memory processes 
and that the effects of estrogens on memory may depend 
on estrogen concentration, memory type, and age of ani¬ 
mals. Most of the studies, however, used ovariectomized 
animals, while the effects of temporary elevations in estro¬ 
gens on memory in intact animals remain less clear. 
Estrogen levels increase naturally in many animals during 
breeding, and thus it is important to understand how such 
elevations might affect fitness-related functions such as 
memory and learning. Some studies showed that animals 
with high estrogen levels perform worse on spatial mem¬ 
ory tasks compared to individuals with lower estrogen 
levels. But these comparisons are correlative and it is 
possible that other differences exist between animals 
with high and low estrogen levels. Future studies should 
investigate the suggested inverse-U shape relationship 
between estradiol levels and memory. It is important to 
test the effects of temporary moderate elevations in estro¬ 
gens on memory in intact animals. In some species, mem¬ 
ory appears to be especially crucial for successful 
reproduction and understanding the relationship between 
estrogens and learning and memory in such species might 
be especially relevant. For example, female parasitic cow- 
birds need to maintain complex memories for locations of 
numerous host nests, content/stage of these nests, and 
when these nests were found. Enhanced memories appear 
to be crucial for the fitness of these birds and so it will be 
interesting to determine whether estrogens elevated dur¬ 
ing egg laying have an effect on memory in these birds. 
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Other Hormones 

Progesterone 

Progesterone is produced in gonads, adrenal cortex, and 
also in the brain in both males and females. Progesterone 
concentration is low in young and in old individuals (e.g., 
postmenopausal women), and it also fluctuates during 
estrous cycle in sexually mature females. 

Reports of the effects of progesterone on memory 
appear to be conflicting. In some cases, elevated progester¬ 
one has been suggested to increase dendritic spine density 
in hippocampal neurons, and thus progesterone may 
potentially be beneficial for memory function. In many 
studies, the effects of progesterone on memory have been 
studied in conjunction with estradiol, and combination of 
these two hormones seems to be important for regulation 
of memory. Rodent studies, for example, showed a positive 
correlation between the concentration of both estradiol and 
progesterone the density of dendritic spines on hippocampal 
neurons. In ovariectomized rats, administration of proges¬ 
terone enhanced the positive effect of estradiol on dendritic 
spine density in the hippocampal neurons. 

Other studies, however, suggested that progesterone 
interferes and counteracts the enhancing effects of estra¬ 
diol on dendritic spines. Some investigations, for exam¬ 
ple, showed negative effects of exogenous progesterone 
on spatial memory task in young rats. When applied 
together with estradiol, progesterone has often been 
reported to block the enhancing memory effects of estra¬ 
diol in young female rats. On the other hand, proges¬ 
terone when administered with estradiol to older rats 
improved their spatial memory. Progesterone also seems 
to counter the memory-enhancing influence of estradiol 
in a concentration-dependent fashion in which only large 
doses are effective. 

Adrenocorticotropic Hormone 

Adrenocorticotropic hormone (ACTH; produced by the 
pituitary gland, but also expressed centrally) appears to be 
important for memory maintenance, and administration 
of exogenous ACTH to hypohysectomized rats (with 
pituitary gland removed) seems to improve learning and 


memory. Experimentally elevating ACTH levels in intact 
animals, on the other hand, does not seem to produce any 
enhancements. 

Some other hormones (such as insulin, vasopressin and 
oxytocin, thyroid hormones) have also been suggested to 
affect memory and learning, but their effects on cognitive 
functions have not been investigated as intensively as 
those of glucocorticoid and gonadal hormones. 

See also: Fight or Flight Responses; Hormones and 
Behavior: Basic Concepts; Spatial Memory; Stress, 
Health and Social Behavior. 
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Introduction 

In an influential paper that was published in 1997, Sud- 
dendorf and Corballis argued that we humans are unique 
among the animal kingdom in being able to mentally 
dissociate ourselves from the present. To do so, we travel 
backwards and forwards in the mind’s eye to remember and 
reexperience specific events that happened in the past 
(i episodic memory) and to anticipate and preexperience 
future scenarios (future planning). Although physical time 
travel remains a fictional conception, mental time travel is 
something we do for a living, and the fact that we spend so 
much of our time thinking about the past and the future 
led to Mark Twain’s witty remark that “my life has been 
filled with many tragedies, most of which never occurred.” 

Mental time travel then has two components: a retro¬ 
spective one in the form of episodic memory and a 
prospective one in the form of future planning. In formu¬ 
lating their mental time travel hypothesis , Suddendorf and 
Corballis were the first to suggest that episodic memory 
and future planning are intimately linked and can be viewed 
as two sides of the same coin so to speak. In fact, their 
proposal consisted of two claims. In addition to integrating 
the retrospective and prospective components of mental 
time travel, they also argued that such abilities were unique 
to humans and reflected a striking cognitive dichotomy 
between ourselves and other animals. The latter idea was 
not new, however, but rather an extension of what others 
have argued makes episodic memory special. 

Indeed in his seminal studies of human memory, 
Tulving coined the term episodic memory in 1972 to 
refer to the recollection of specific personal happenings, 
a form of memory that he claimed was uniquely human 
and fundamentally distinct from semantic memory, the 
ability to acquire general factual knowledge about the 
world, which he argued we share with most, if not all, 
animals. Ever since he made this remember—know distinc¬ 
tion, most cognitive psychologists and neuroscientists have 
assumed that episodic memory is special because of the 
experiential nature of these memories, namely that our 
episodic reminiscences are accompanied by a subjective 
awareness of currently reexperiencing an event that hap¬ 
pened in the past, as opposed to just knowing that it hap¬ 
pened. Of course we also have many instances of knowledge 
acquisition in which we do not remember the episode in 
which we acquired that information. For example, although 


most of us know when and where we were born, we do not 
remember the birth itself nor the episode in which we were 
told when our birthday is, and therefore such memories are 
classified as semantic as opposed to episodic. 

Episodic and semantic memory, then, are thought to be 
marked by two separate states of awareness; episodic 
remembering requires an awareness of reliving the past 
events in the mind’s eye and of mentally traveling back in 
one’s own mind’s eye to do so, whereas semantic knowing 
only involves an awareness of the acquired information 
without any need to travel mentally back in time to 
personally reexperience the past event. It is for this reason 
that in later writings, Tulving has argued that one of the 
cardinal features of episodic memory is that it operates in 
‘subjective time,’ and he refers to the awareness of such 
subjective time as chronesthesia. 

Language-based reports of episodic recall suggest that 
the retrieved experiences are not only explicitly located in 
the past but are also accompanied by the conscious expe¬ 
rience of one’s recollections, feeling that one is the author 
of the memory, or of traveling back not in any mind’s eye 
but in my mind’s eye, what Tulving called autonoetic con¬ 
sciousness. In other words, Tulving and others argue that 
episodic memory differs from semantic memory not only 
in being oriented to the past, but specifically in the past of 
the owner of that memory. So while some semantic knowl¬ 
edge, such as the birth date example described earlier, does 
involve a datable occurrence, these memories are funda¬ 
mentally distinct from episodic memories because they do 
not require any mental time travel. As William James so 
aptly wrote “Memory requires more than the mere dating 
of a fact in the past. It must be dated in my past.” 

From a biological perspective, the characterization of 
episodic memory in terms of these two phenomenologi¬ 
cal properties of consciousness, namely autonoesis and 
chronesthesia, presents major problems for two reasons. 
The first is that positing a subjective state of awareness is 
difficult to integrate with evolutionary processes of natu¬ 
ral and sexual selection, which operates on behavioral 
attributes such as reproductive success and survival rather 
than on mental states. The second is that this definition 
makes it impossible to test in nonverbal animals, in the 
absence any agreed behavioral markers of non-Linguistic 
consciousness. Adopting an ethological approach to com¬ 
parative cognition necessitates two requirements. The 
first is that the memory needs to be characterized in 
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terms of behaviorally defined properties as opposed to 
purely phenomenological ones, such as the types of infor¬ 
mation encoded. Indeed, we shall argue that the ability to 
remember what happened, where and how long ago is a 
critical behavioral criterion for episodic memory The 
second requirement is the identification of an ethological 
context in which these memories would confer a selective 
advantage. Note that by doing so, we transform this debate 
about the human uniqueness of mental time travel into an 
empirical evaluation in non-Linguistic animals as 
opposed to restricting it to the realms of philosophical 
personal ponderings. But before doing so, let us return to 
the two claims made by the mental time travel hypothesis: 
(1) future planning and episodic memory are subserved by 
a common process, mental time travel, and (2) this process 
is uniquely human. We shall evaluate each of these claims 
in turn, and argue that there is good evidence to support 
the first claim, but that considerably more controversy 
surrounds the second component of Suddendorf and Cor- 
ballis’ thesis. 

Evidence to support the first claim comes from a num¬ 
ber of sources. First, studies of brain activity while engaged 
in either memory retrieval or future-oriented tasks iden¬ 
tify a specific core network of regions in the brain of 
healthy human adults that support both episodic recollec¬ 
tion and future planning. Moreover, there are patients such 
as DB and KC, who show specific impairments in episodic 
but not semantic memory, and these patients have similar 
deficits in episodic but not semantic forethought. Finally, 
studies of cognitive development in young children sug¬ 
gest that episodic memory and future planning both 
emerge at about the same age, and are not properly devel¬ 
oped until children reach the age of about four. 

Is Mental Time Travel Unique to Humans? 

Regarding the second claim about the uniqueness of epi¬ 
sodic memory and future planning, if we are to adopt an 
ethological approach of the form we outlined earlier, then 
the question becomes one of asking where in the natural 
world these two processes might intersect, in which spe¬ 
cies, and under what conditions. One classic candidate is 
the food-caching behavior of corvids, members of the 
crow family that include jays, magpies, and ravens as 
well as the crows. These large-brained, long-lived, and 
highly social birds hide food caches for future consump¬ 
tion, and rely on memory to recover their caches of 
hidden food at a later date, typically weeks if not months 
into the future. So clearly food-caching is a behavior that 
is oriented toward future needs. Indeed, the act of hiding 
food is without obvious immediate benefit and yields its 
return only when the bird comes to recover the caches it 
made. Given that these birds are dependent on finding a 
significant number of these caches for survival in the wild, 


it seems likely that the selection pressure for an excellent 
memory for the caches would have been particularly 
strong, especially as they cache year round. 

These birds also cache reliably in the laboratory, 
providing both ethological validity and experimental 
control. At issue, however, is whether or not these birds 
episodically remember the past and plan for the future. 
For these reasons, we shall now turn our attention to 
assessing the evidence as to whether or not these food¬ 
caching corvids can remember the past and plan for 
the future. 

Episodic Memory 

As we stated earlier, language-based reports of episodic 
recall in humans suggest that the retrieved experiences are 
not only explicitly located in the past but are also accom¬ 
panied by the conscious experience of one’s recollections. 
From a comparative perspective, the problem with this 
definition, however, is that in the absence of agreed non- 
Finguistic markers of consciousness, it is not clear how one 
could ever test whether animals are capable of episodic 
recollection. For how would one assess whether or not an 
animal can experience an awareness of the passing of time 
and of reexperiencing one’s own memories while retriev¬ 
ing information about a specific past event. 

Behavioral criteria for episodic memory 

This dilemma can be resolved to some degree, however, 
by using Tulving’s original definition of episodic memory, 
in which he identified episodic recall as the retrieval of 
information about ‘where’ a unique event occurred, ‘what’ 
happened during the episode, and ‘when’ it took place. 
The advantage of using this definition is that the simul¬ 
taneous retrieval and integration of information about 
these three features of a single, unique experience may 
be demonstrated behaviorally in animals. Clayton and 
Dickinson termed this ability ‘ episodic-like memory rather 
than episodic memory because we have no way of know¬ 
ing whether or not this form of remembering is accom¬ 
panied by the autonoetic and chronesthetic consciousness 
that accompanies human episodic recollections. Indeed, 
we have argued that the ability to remember the ‘what- 
where-and-when’ of unique past episodes is the hallmark 
of episodic memory that can be tested in animals. 

Empirical tests of episodic-like memory 

We focus our analysis on one particular species of food¬ 
caching corvid, the western scrub-jay, capitalizing on one 
feature of their ecology, namely, the fact that these birds 
cache perishable foods, such as worms, as well as nonde- 
gradable nuts, and as they do not eat rotten items, 
recovering perishable food is only valuable as long as 
the food is still fresh. In a classic experiment published 
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in 1998, we tested whether the jays could remember the 
‘what, where, and when’ of specific caching events. 

Although the birds had no cue predicting whether or not 
the worms had perished other than the passage of time that 
had elapsed between the time of caching and the time at 
which the birds could recover the caches they had hidden 
previously, the birds rapidly learned that highly preferred 
worms were fresh and still delicious when recovered 4h 
after caching, whereas after 124 h, the worms had decayed 
and tasted unpleasant. Consequently, the birds avoided the 
wax worm caches after the longer retention interval and 
instead recovered exclusively peanuts, which never perish. 
Following experience with caching and recovering worms 
and peanuts after the short and long intervals, probe tests, in 
which the food was removed prior to recovery, showed that 
they relied on memory to do so rather than cues emanating 
directly form the food. Subsequent tests revealed that the 
jays could remember which perishable foods they have 
hidden where and how long ago, and irrespective of whether 
the foods decayed or ripened. 

Since the initial studies, a number of other laboratories 
have also turned their attention to the question of whether 
or not animals have episodic-like memory. Using para¬ 
digms analogous to those employed with the jays, there is 
now good evidence that rats, mice, and magpies can 
remember the what-where-and-when and what-where- 
and-which of past events. 

Forethought 

If forethought, at least in the form of episodic future 
thinking, falls under the general umbrella of mental time 
travel and is the reason for why episodic memory evolved 
in the first place as we suggested in the introduction, then 
we should expect to find a concomitant development of 
episodic memory and episodic future thinking. So if one 
accepts the evidence that the scrub-jays can episodically 
recall the past, at least in terms of the behavioral criteria, 
then these birds should also be capable of planning for the 
future. The topic is of course a controversial one, and 
indeed there is much debate about whether non-human 
animals are capable of forethought (see, e.g., the argu¬ 
ments of Suddendorf and Corballis, and the responses 
from my laboratory). For how does one test whether the 
jays’ caching decisions are controlled by future planning? 

Behavioral criteria for future planning 

The first distinction that one must draw is between pro¬ 
spectively oriented behavior and future planning. Several 
anticipatory activities, including migration, hibernation, 
nest building, and food-caching, are clearly conducted for 
a future benefit as opposed to a current one, but they 
would not constitute a case of future planning unless one 
could demonstrate the flexibility underlying cognitive 


control, and thereby rule out simpler accounts in terms 
of behavior triggered by seasonal cues or previous rein¬ 
forcement of the anticipatory act. 

So the first issue to address is whether the caching 
behavior of the jays is sensitive to its consequences. To 
do so, once again we capitalized on the fact that the jays 
love to eat and cache fresh worms but that they do not eat 
them once they have degraded. We used a variant of the 
Clayton and Dickinson (1998) caching paradigm in which 
the jays were given fresh worms and nuts to cache before 
recovering them 2 days later. In contrast to the original 
experiments on episodic-like memory, in which the state 
of the worm caches varied with the retention interval, in 
the future-planning experiment, the worms were always 
degraded at recovery in order to investigate their choice 
of what to cache, as opposed to where to search at recov¬ 
ery. The objective of this experiment was to assess 
whether or not the birds could learn that even though 
the worms were fresh at the time of caching there was no 
point in caching them because they would always be 
degraded and therefore unpalatable at the time of recov¬ 
ery. The jays rapidly learned to stop caching the worms, 
even though they continued to eat the fresh worms at the 
time of caching, thereby demonstrating that caching is 
indeed selective to its consequences in the sense that the 
jays could learn what not to cache. 

The Bischof-Kohler hypothesis 

Suddendorf and Corballis have also argued that a critical 
feature of future planning is that the subject can take 
action in the present for a future motivational need, 
independent of the current motivation. Indeed, they 
argued that mental time travel provided a profound chal¬ 
lenge to the motivational system in requiring the subject 
to suppress thoughts about one’s current motivational 
state in order to allow one to imagine future needs, and 
to dissociate them from current desires. 

To illustrate this distinction between current and 
future motivational states, consider the following exam¬ 
ple. A current desire for a croissant at breakfast may lead 
to an early morning trip to the local baker. Of course it 
will take some time to reach the market, and therefore the 
croissant will not be eaten now but in a few minutes time. 
But although the croissant will be eaten at a future time as 
opposed to the present, this behavior would not fulfill the 
Bischof-Kohler criterion because the action is governed 
by one’s current motivational state. By contrast, going to 
the baker’s shop in order to ensure that there are 
croissants for tomorrow’s Sunday brunch would be an 
example of the future planning envisaged by the 
Bischof-Kohler hypothesis because this action would be 
performed for a future motivational need, independent of 
one’s current needs. 

This hypothesis was inspired by a comparative per¬ 
spective, from reviewing the evidence for human and 
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non-human primate cognition, and indeed it has led to a 
number of tests of whether animals can dissociate current 
from future motivational needs. In one study to address 
this issue, Naqshbandi and Roberts gave squirrel monkeys 
the opportunity to choose between eating four dates and 
eating just one date. Eating dates makes monkeys thirsty, 
but rather than asking the monkeys to chose between 
water and the dates, the experimenters manipulated the 
delay between the choice (one vs. four dates) and receiv¬ 
ing water such that the monkeys received water after a 
shorter delay if they had chosen the one date rather than 
the four dates. The monkeys gradually reversed their 
natural preference for four dates, suggesting that they 
were anticipating their future thirst. However, because 
the monkeys received repeated trials in which they learnt 
the consequences of their choices, one can give a simple 
associative explanation in terms of reinforcement of the 
anticipatory act by avoidance of the induction of thirst. 

More convincing evidence for a dissociation of current 
and future motivational states comes from a study by 
Correia, Dickinson, and Clayton on the food-caching 
scrub-jays. Like many other animals, when sated of one 
type of food, these birds prefer to eat and cache another 
type of food. Correia and colleagues capitalized on this 
specific satiety effect to test whether the birds would 
choose to cache the food they want now or the food they 
think they will want when they come to recover their 
caches in the future. In the critical group, the birds were 
sated on one of two foods that were both then made 
available for caching. Then, immediately prior to the 
recovery of these caches, they were sated on the other 
food. Consequently, the food that was valuable at recovery 
was the one that was less valuable at the time of caching. 
At the beginning of the experiment, the birds cached the 
food they desired at the time, but then rapidly switched to 
storing preferentially the food that was valuable at the 
time of recovery rather than the one they wanted to eat at 
the time of caching, suggesting that the jays can plan 
future actions on the basis of what they anticipate they 
will desire in the future as opposed to what they need now. 
So this study supports the notion that jays can dissociate 
future from current motivational needs, and therefore 
provides direct evidence to challenge the Bischof-Kohler 
hypothesis (for further discussion see our recent review in 
Animal Behaviour). 

For the skeptic, however, this kind of task need not 
require prospective mental time travel because the scrub- 
jay does not need to imagine a future situation. Suppose 
that the act of recovering a particular food recalls the 
episode of caching that food. If the bird is hungry for 
that particular food, then recovering it will be rewarding 
and therefore this could directly reinforce the act of 
caching the food through the memory of doing so. The 
point is that such memory-mediated reinforcement does 
not require the bird to envisage future motivational states. 


Tulving’s spoon test 

Tulving has argued that it is possible to test whether 
animals are capable of such episodic future thinking, and 
devised what he calls the ‘spoon test,’ which he argues is a 
‘future-based test of autonoetic consciousness that does 
not rely on and need not be expressed through language.’ 
The test is based on an Estonian children’s story tale, 
in which a young girl dreams about going to a birthday 
party. In the dream, all of her friends are eating a delicious 
chocolate mousse, which is her favorite pudding, but alas 
she cannot because she does not have a spoon with her, 
and no one is allowed to eat the pudding unless they 
have their own spoon. As soon as she gets home she 
finds a spoon in the kitchen, carry it up to her bedroom 
and hides - or caches - it under her pillow, in preparation 
for future birthday parties and even dreams of future 
birthday parties for that matter. 

The point then is to use past experience to take action 
now for an imagined future event. To pass the spoon test, 
an animal must act analogously to the little girl carrying 
her own spoon to a new party, a spoon that has been 
obtained in another place and at another time. Is there 
any evidence that animals and young children can pass 
this spoon test? Although some animals, notably primates 
and corvids (namely the scrub-jays we discussed earlier), 
have been shown to take actions now based on their future 
consequences, most of these studies have not shown that 
an action can be selected with reference to future motiva¬ 
tional states independent of current needs as discussed in 
the previous section. 

Mulcahy and Call were the first to devise a spoon test 
for animals. In their study a variety of species of non¬ 
human apes were first taught to use a tool to obtain a food 
reward that would otherwise have been out of reach, 
before being given the opportunity to select a tool from 
the experimental room, which they could carry into the 
sleeping room for use the following morning. Although 
most of the subjects did choose the correct tool on some 
trials, the individual patterns of success for each subject 
was not consistent across subsequent trials, as one would 
expect if they had a true understanding of the task. Fur¬ 
thermore, the apes received a number of training trials, so 
reinforcement of the anticipatory act cannot be ruled out. 
A more convincing case of planning was provided by 
Osvath and Osvath. In a recent series of experiments, 
these authors demonstrated that when selecting a tool 
for use in the future, chimpanzees and orangutans can 
override immediate drives in favor of future needs. 

One of the most striking examples of the spoon test in 
animals comes from recent studies of the food-caching 
scrub-jays. In the laboratory, work by Raby and colleagues 
showed that our jays can spontaneously plan for tomor¬ 
row’s breakfast without reference to their current motiva¬ 
tional state. The birds were given the opportunity to learn 
that they received either no food or a particular type of 
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food, for breakfast in one compartment, while receiving a 
different type of food for breakfast in an alternative com¬ 
partment. Having been confined to each compartment at 
breakfast time for an equal number of times, the birds 
were unexpectedly given the opportunity to cache food in 
both compartments one evening, at a time when there was 
plenty of food for them to eat and therefore no reason for 
them to be hungry. Given that the birds did not know 
which compartment they would find themselves in at 
breakfast tomorrow and on the assumption that they pre¬ 
fer a variety of foods for breakfast, we predicted that if 
they could plan for the future, then they should cache a 
particular food in the compartment in which they had not 
previously had it for breakfast. 

This the birds did, suggesting that they could anticipate 
their future desires at breakfast time tomorrow when they 
would be hungry. Importantly, because the birds had not been 
given the opportunity to cache during training, we can in this 
experiment rule out an explanation in terms of mediated 
reinforcement of the anticipatory act. These findings led 
Shettleworth to argue that “two requirements for genuine 
future planning are that the behavior involved should be a 
novel action or combination of actions and that it should be 
appropriate to a motivational state other than the one the 
animal is in at that moment... Raby et al. describe the first 
observations that unambiguously fulfill both requirements.” 

Although it seems clear that the scrub-jays and chim¬ 
panzees do pass the spoon test, at issue, however, is 
whether or not these tasks truly tap episodic future think¬ 
ing. Indeed, we have argued that in the absence of lan¬ 
guage, there is no way of knowing whether the jays’ ability 
to plan for future breakfasts reflects episodic future think¬ 
ing, in which the jay projects itself into tomorrow morn¬ 
ing’s situation, or semantic future thinking, in which the 
jays acts prospectively but without personal mental time 
travel into the future. In the latter case, all that the subject 
has to do is to work out what has to be done to ensure that 
the implement is to hand, be it a spoon, some other tool, or 
a food-cache. In no sense does this task require the subject 
to imagine or project one’s self into possible future epi¬ 
sodes or scenarios. As Raby et al. have argued, however, 
what these studies do demonstrate is the capacity of ani¬ 
mals to plan for a future motivational state that stretches 
over a timescale of at least tomorrow, thereby challenging 
the assumption that this ability to anticipate and act for 
future needs evolved only in the hominid lineage. 

Concluding Remarks 

The mental time travel hypothesis of Suddendorf and 
Corballis makes two claims. We have argued that the first 
claim that episodic memory and future planning are 


intimately linked and subserved by the same common 
process of mental time travel has good support. However, 
we challenge the second claim about human uniqueness. 
Indeed, we have argued that at least some animals, notably 
a few primates and corvids, are capable of recollecting the 
past and planning for the future. In the case of the scrub- 
jays, the functional account of caching appears to be 
reflected in the psychological processes underlying this 
behavior; by fulfilling the behavioral criteria we have out¬ 
lined, they therefore show at least some elements of epi¬ 
sodic memory and forethought. It also serves as a superb 
illustration of the integration of the retrospective and 
prospective components of mental time travel for there is 
no benefit to the animal of hiding food at the time of 
caching. The benefit occurs when recovering the caches 
at a future time, and to do so effectively, the jays must rely 
on their episodic-like memories of past caching events to 
know where to search for their hidden stashes of food. 

See also: Intertemporal Choice; Time: What Animals 
Know. 
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Introduction 

Metacognition generally means thinking about thinking. 
Metacognition can allow one to monitor and adaptively 
control cognitive processing. For example, a human stu¬ 
dent might improve his/her grade by dedicating more of 
his/her study effort to the longest textbook chapters and 
the most difficult topics on an upcoming exam. He/she 
might restudy the definitions of terms he/she is less 
familiar with or finds that he/she forgot after a single 
study session. During the exam, he/she might skip ques¬ 
tions whose answers he/she is unsure of, returning to 
them only after first answering questions about which 
he/she is confident. In each case, our student has moni¬ 
tored the difficulty faced in learning or performing and 
has controlled his/her behavior appropriately. 

While most interest in metacognition is focused on such 
monitoring and control of one’s own cognitive processes, 
metacognition can also refer to a general knowledge about 
how cognition works. For example, metacognitive knowl¬ 
edge refers to a variety of information characterizing cog¬ 
nition in general, such as knowing that forgetting happens 
over time, that one has to attend carefully to follow com¬ 
plex directions, and that some people are better at math 
than others. This article deals with metacognition as moni¬ 
toring and controlling one’s own cognitive functioning 
rather than knowing more generally how cognition works. 

Approaching the Study of Metacognition 
in Non-Human Animals 

Metacognition in humans is often regarded as being asso¬ 
ciated with consciousness and complex cognition. These 
characterizations raise concerns about the feasibility of 
studying metacognition in non-human species. But meta¬ 
cognition can be operationalized and studied with objec¬ 
tively observable behavior as will be described in this 
article. Studies of metacognition in non-human animals 
have focused on the ability of subjects to monitor and 
control their own cognitive states. In order to objectively 
determine whether such monitoring and control occurs, 
experiments have been designed with three critical fea¬ 
tures. First, the experimenter defines a primary behavior 
that can be scored for accuracy or efficiency such as 
performance in a test of matching-to-sample (MTS; this 
is a memory test in which subjects are required to select 
a recently experienced stimulus from among a set of 


distracter stimuli). Next, the experimenter defines a 
secondary behavior that can be used to infer monitoring 
and control of the cognition underlying the primary 
behavior, such as the subjects avoiding difficult tests, or 
seeking additional information when they do not know the 
correct response to make. Finally, the experimental design 
must allow for an explicit assessment of whether the 
primary and secondary behaviors are correlated. For 
example, were the tests that the subjects avoided indeed 
ones on which they were likely to respond incorrectly? 
This correlation can be assessed most powerfully when 
the subjects’ state of knowledge is experimentally 
manipulated and can therefore be confidently known. If 
subjects avoid memory tests for which they have never 
been shown the correct answer while taking tests for 
which the answer was recently presented, this would be 
consistent with metacognition. 

Studies of Metacognition in Non-Human 
Animals 

Non-human animals have demonstrated metacognition in 
a variety of experiments with the features described ear¬ 
lier. These experiments can be classified according to 
whether they required metacognition about perception 
or about memory. Monkeys, dolphins, pigeons, and rats 
have been shown to either decline difficult trials or make 
accurate posttrial confidence judgments in perceptual 
tests. Apes and monkeys have similarly performed in 
ways consistent with metacognition on memory tests, 
while pigeons are generally reported not to do so. It 
should be emphasized, however, that while species differ¬ 
ences in metacognition would clearly be of interest, there 
is currently insufficient data available to reach any firm 
comparative conclusions. In the following section, a few 
representative types of test of non-human metacogntion 
are described. 

Avoiding Difficult Perceptual Tests 

The first study of metacognition in a non-human species 
was published by David Smith and his colleagues and 
described the performance of a bottle-nosed dolphin 
(Tursiops truncatus ) in an auditory psychophysical task. 
The dolphin was required to discriminate between tones 
of 2100 Hz and tones of any lower frequency (ranging 
from 1200 to 2099 Hz). It was initially trained to make 
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this discrimination (the primary behavior) by respond¬ 
ing to a left paddle following 2100 Hz tones and to a right 
paddle for any lower frequency tone. As expected, the 
dolphin’s accuracy decreased as the tested frequency 
approached 2100 Hz (the dolphin was likely to respond to 
the left paddle when the frequency was close to 2100 Hz, 
treating these tones as if they were 2100 Hz tones). 

After the dolphin had acquired this primary dis¬ 
crimination, a third paddle was introduced that allowed 
the dolphin to decline a given discrimination trial (the 
secondary behavior) in favor of an easy discrimination 
(a 1200 Hz tone). With these contingencies in place, the 
dolphin could maximize the rate of reward by performing 
the primary discrimination (choosing the left or right 
paddle) when the discrimination was easy, while selecting 
the third paddle when the discrimination was difficult. 
The dolphin’s behavior generally conformed to these 
contingencies. It was unlikely to use the third paddle 
following low frequencies (the easiest trials) and was 
increasingly likely to use this ‘decline test’ paddle follow¬ 
ing frequencies near 2100 Hz (the most difficult trials). 
Later work by Smith and his colleagues showed that 
monkeys behaved the same way in an analogous psycho¬ 
physical test in which the density of pixels in a visual 
display substituted for tones. Humans given a nearly 
identical test showed patterns of behavior very similar to 
those shown by the monkeys. It is interesting to note that 
the humans reported that they used the ‘decline test’ 
response only when they felt uncertain. 

Confidence Judgments Following Tests 

A retrospective gambling paradigm was developed by 
Herb Terrace and his colleagues to assess the ability of 
monkeys to accurately judge how likely their choices 
on trials they had just completed were to be correct. 
In this paradigm, monkeys rated their ‘confidence’ by 
wagering either a large or small number of video tokens 
on the accuracy of each test trial immediately after they 
completed it. The video tokens were secondary reinfor¬ 
cers that were periodically ‘cashed out’ for actual food 
when a sufficient number had accumulated. Critically, 
monkeys placed their wager after answering, but before 
receiving feedback about their accuracy. In this para¬ 
digm, metacognition predicts large wagers following easy 
tests (i.e., when monkeys are confident of their answer) 
and small wagers following difficult tests (i.e., when 
monkeys would be unsure of their answer). This in indeed 
how the monkeys performed in tests on which they were 
required to discriminate line lengths. These results sug¬ 
gest that they knew whether they had responded cor¬ 
rectly despite the lack of feedback prior to placing their 
bet. Monkeys trained to make these confidence judg¬ 
ments immediately generalized the ability from percep¬ 
tual tests to memory tests, showing that performance was 


not restricted to a specific set of test stimuli or even a 
particular cognitive domain. 

Avoiding Difficult Memory Tests 

When subjects are presented with lists of items to remem¬ 
ber (such as the list of salad dressings available with your 
order at a restaurant), it is typical for items early and late in 
the list to be remembered better than items in the middle 
of the list. Such serial position effects have been a staple of 
memory research in humans and non-humans. Work with 
monkeys took advantage of this predictable pattern of 
memory performance to assess whether monkeys showed 
metacognition for memory. Monkeys saw a list of four 
consecutive random dot polygon figures and their memory 
for individual polygons from the list was probed using a 
yes-no recognition test. Monkeys showed the expected 
serial position effect; their memory was better for the first 
and last items than for the middle items. Monkeys were 
then presented with a decline test response, concurrently 
with a probe polygon that may or may not have been from 
the studied list and a ‘not there’ response used to indicate 
that the polygon was not from the studied list. The 
monkeys declined tests of the middle list items more 
often than tests of the first and last list items, thus showing 
that use of the metacognitive response again correlated 
with accuracy in the primary memory test. 

Seeking Information When Ignorant 

Metacognition is shown when subjects collect additional 
information when ignorant and act without expending the 
effort to seek information when already informed. The first 
tests of this capacity were conducted with human children, 
chimpanzees (Pan troglodytes), and orangutans (Pongo pyg- 
maeus). A modified version of this same test was subse¬ 
quently used with rhesus monkeys and capuchin monkeys 
(Figure 1). Subjects were presented with a set of opaque 
tubes in which food was hidden. Subjects either witnessed 
the baiting (seen trials) or did not (unseen trials), and 
therefore were either informed or ignorant about the 
food’s location on each trial. On the test, subjects could 
select a single tube and collect the reward, if they were 
correct. This test is an interesting assessment of metacogni¬ 
tion because the subjects could bend over and look down the 
length of the tubes to locate the food before choosing (see 
Figure 1). Subjects demonstrate metacognition by collect¬ 
ing information when ignorant (unseen trials) and choosing 
immediately when informed (seen trials). Human children, 
chimpanzees, orangutans, and rhesus monkeys clearly 
showed this pattern of behavior, while the case for capuchin 
monkeys was less clear (some capuchins made this differen¬ 
tiation under at least some conditions). Pigeons tested in 
related conditions in which they were given an opportunity 
to study before taking memory tests did not learn to do so, 
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Figure 1 Left, a rhesus monkey, ignorant of the food’s location (unseen trial), makes the effort to bend down and collect more 
information by looking through the ends of the opaque tubes before making a choice. Right, an informed monkey makes a choice 
without going to the effort of confirming the location of the food (seen trial). Such selective information seeking suggests that the 
monkey knows when he knows, and only seeks more information as needed. 


and instead proceeded to the tests without the information 
needed to succeed. 

Avoiding Upcoming Tests 

A few studies have required subjects to make a metacogni- 
tive judgment before seeing the actual test. In one study, 
monkeys were initially trained to match to sample, and 
then the delay between the study and test phases was 
gradually lengthened until monkeys performed at an inter¬ 
mediate level between chance and perfection. A metacog- 
nitive response was then introduced at the end of the delay 
interval that allowed monkeys to accept the memory test 
and receive a favored reward if correct, or decline the 
memory test and receive a guaranteed, but less desirable, 
reward. On other trials, only the option to take the memory 
test was offered at the end of the delay (Figure 2). Monkeys 
were more accurate on trials on which they accepted the 
test than on trials on which they were required to take the 
test, demonstrating that they accepted tests when memory 
was relatively good and declined tests when memory was 
relatively poor. Use of the decline test response generalized 
to conditions in which memory was directly manipulated 
either by providing no sample to remember (monkeys 
overwhelming declined subsequent memory tests) or by 
increasing the delay interval (monkeys were more likely to 
decline tests after long than after short delay intervals). 
Rats were similarly shown to avoid an upcoming auditory 
duration classification when the signal to be classified was 
of ambiguous duration. Two similar studies in which 
pigeons could avoid upcoming memory tests did not find 
metacognitive performance. 


Interpreting Metacognitive Performance 

The performances of some non-human animals in the 
tests described earlier clearly meet the criteria for 
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Figure 2 Metacognition about memory, or metamemory, 
in monkeys. Each panel depicts what monkeys saw on a 
touch-sensitive computer monitor at different stages in a trial. 


metacognition. Subjects adaptively took easy tests and 
declined difficult tests. Animals judged past performance 
correctly, sought more information when needed, and 
predicted accuracy even before seeing the test. But behav¬ 
ing in a metacognitive way does not by itself specify what 
particular mechanism underlies the performance. Meta¬ 
cognition in humans is often associated with the conscious 
awareness of one’s own cognitive states and is therefore 
presumed to reflect private monitoring of those states. But 
the evidence presented in this article proves neither that 
metacognitive performance is based on private monitor¬ 
ing of mental states, nor that if it were, those states would 
need to be conscious states. In the following section, some 
approaches to explaining metacognitive performance are 
































446 Metacognition and Metamemory in Non-Human Animals 


described. It is likely that no one explanation is sufficient 
to account for all metacognition; rather, there is a diver¬ 
sity of ways in which metacognition can come about. 

Private Versus Public Stimuli for Metacognition 

It is useful to distinguish between private and public 
mechanisms for metacognition. Private mechanisms are 
those by which cognitive control is contingent on the 
privileged access the subject has to their own cognitive 
states. In the case of public mechanisms, adaptive cogni¬ 
tive control is based upon the use of publicly available 
information, such as the perceivable difficulty of a prob¬ 
lem or the subject’s reinforcement history with particular 
stimuli. Contrast the following two situations requiring a 
metacognitive judgment: (1) a colleague asks whether 
you remember the title of B. F. Skinner’s first book and 
(2) a friend asks whether you can answer a question his 
6 year old has about psychology. In the first case, you 
would surely check the contents of your memory and 
determine whether you can retrieve a memory of the 
book title. Your metacognitive judgment would therefore 
depend on your success or failure at privately retrieving 
the relevant explicit memory, a cognitive state to which 
you, as the one doing the remembering, have privileged 
access. In the second case, your friend has not even asked 
you to retrieve a specific memory. If you are an expert in 
Psychology, you might feel confident (probably correctly) 
that you can answer the question of a 6 year old. However, 
your confidence would not depend on a private evaluation 
of your memory. Instead, your confidence would depend 
on your history of expertise, your past ability to answer 
such questions, and your assessment of the intellectual 
capacity of 6 year olds - all publicly available information. 
It is significant that, in the second case, your friend’s 
judgment about your ability to answer correctly would 
be about as accurate as your own. This would not be true 
if you were introspectively accessing a specific explicit 
memory, in which case you as the introspecting individual 
would have a distinct advantage over others in accurately 
estimating your knowledge. Thus, the observation of adap¬ 
tive cognitive control should not be uncritically equated 
with private mechanisms. In the following section, several 
mechanisms for adaptive cognitive control are proposed 
that do not require access to private mental states. 

Classes of Stimuli Sufficient for Metacognitive 
Control 

Many cases of metacognition may be adequately ac¬ 
counted for by public mechanisms. Because we cannot 
obtain from non-humans the verbal reports that constitute 
part of the evidence for private introspective metacogni¬ 
tion in humans, we can only infer private metacognition 


in non-humans by excluding the likely public mechan¬ 
isms. Below, four classes of mechanisms for metacognition 
are described. This list is representative rather than 
exhaustive. 

Environmental cue associations 

Some stimuli are more difficult to discriminate or remem¬ 
ber than others, and some test conditions are more chal¬ 
lenging than are others. Stimuli that are close together on 
a continuum are more difficult to discriminate than are 
those that are far apart. Highly similar images are difficult 
to identify in MTS tests. Memory tests after long delays 
are more difficult than those following short delays. Stim¬ 
ulus magnitude, image similarity, and delay interval are 
all types of publicly available information that indicate 
the difficulty of a particular test trial. Subjects performing 
tests with such stimuli might use the identity, magnitude, 
similarity, delay, or other publicly available information 
as a discriminative cue for declining tests or rating confi¬ 
dence. For example, if subjects have experienced low rates 
of reward with stimuli in a specific magnitude range, they 
could learn to avoid tests with all stimuli in that range. 
The probability that such can account for performance 
in a given paradigm is best assessed by generalization 
tests which determine whether or not performance is 
maintained across changes in the particular stimuli used 
and specific conditions of testing. If performance imme¬ 
diately generalizes to new test conditions or new stimuli, 
it is safe to conclude that metacognitive responding was 
not controlled by stimuli that were changed for the 
generalization test. 

Behavioral cue associations 

This account of metacognitive behavior is similar to envi¬ 
ronmental cue associations, with the exception that the 
discriminative stimuli controlling use of the metacogni¬ 
tive response are systematically generated by the subject 
in a way that correlates with accuracy in the primary task. 
For example, the subject may vacillate when it does not 
know the correct response on a given test. This vacillation 
itself does not necessarily represent metacognition by the 
subject that it does not know the answer, but can rather be 
an unmediated result of not knowing how to respond. It is 
common to see this sort of vacillation in monkeys taking 
MTS tests, for example, in which they look back and forth 
between the choice stimuli before choosing. It is also well 
known that response latency is often longer for incorrect 
than correct responses. Because vacillation and response 
latency correlate with accuracy, subjects could use these 
self-generated cues as discriminative stimuli for the meta¬ 
cognitive response, for example, by declining tests on 
which they experience a relatively long response latency. 
One way to assess whether behavioral cue associations 
account for metacognitive performance is to require 
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subjects to make the secondary metacognitive judgment 
before they have seen the relevant primary test, and there¬ 
fore before the test could have elicited vacillation or 
similar behavioral responses, as was done in some of the 
studies described earlier. 

Response competition 

In most reports of metacognition in non-human animals, 
subjects are confronted with the primary discrimination 
problem or memory test and the secondary metacognitive 
response option simultaneously Because subjects can only 
make one response (a primary test response or a second¬ 
ary decline test response, for example), simultaneous pre¬ 
sentation puts these two behaviors in direct competition. 
As indicated earlier, animals are often slower to respond 
on error trials than on correct trials. On error trials with 
no prepotent primary test response, the probability that 
the subject will make the secondary metacognitive decline 
test response is greater, simply because no other compet¬ 
ing response occurs immediately. On correct trials, when 
the inclination to make a primary test response is strong, it 
may dominate the tendency to decline the test or collect 
more information before responding. In all of the studies 
described earlier, the evidence for metacognition is that 
difficult primary test trials are declined or delayed (while 
more information is collected). Higher probabilities of 
the metacognitive response on difficult trials may there¬ 
fore result from competition between primary choice 
responses and secondary metacognitive responses. As an 
example of how different behaviors can compete, consider 
a rat that has good knowledge of the location of food on 
a maze. Such a rat is likely to go directly to the baited 
locations and is consequently unlikely to explore other 
locations or engage in other behavior. Response competi¬ 
tion can be ruled out as an account for metacognitive 
responding by presenting the secondary metacognitive 
response option either before or after the primary test, so 
that the two types of response do not compete directly. 

introspection 

Metacognition could also be mediated by private intro¬ 
spective assessment of the subject’s mental states. While 
introspection (i.e., the contemplation or perception of 
ones own mental states) might not necessarily require 
consciousness, it is closely allied with consciousness in 
humans. By the introspection account, the discrimina¬ 
tive stimulus controlling a metacognitive response (e.g., 
declining to take a test) is the private experience of 
uncertainty or the weakness of memory. In the case of 
uncertainty, subjects are suggested to experience con¬ 
scious (at least in humans) ‘feelings of uncertainty’ that 
differ from the experience of objective stimuli. In the case 
of memory, subjects are proposed to assess the strength 


of their memory. The assessment of memory might be 
accomplished through several mechanisms that vary in 
sophistication from detecting whether a memory is pres¬ 
ent (while knowing nothing of the content of the memory) 
to attempting to retrieve the relevant memory and deter¬ 
mining the success of that effort. Subjects use the decline 
response or other metacognitive response when memory 
is determined to be absent or weak. The important differ¬ 
ence between this account and the preceding three is that 
the use of the metacognitive response is based on 
privileged introspective access to the subject’s cognitive 
states, rather than on publicly available information or 
response competition. Due to the private nature of intro¬ 
spection, the conclusion that it accounts for metacognitive 
performance in non-humans can probably be reached 
only by ruling out other accounts. 

Inferring Consciousness 

While humans often describe metacognition as accompa¬ 
nied by conscious experience, it is difficult or impossible 
to specify the causal role that consciousness per se plays 
in metacognition. But the study of nonverbal species high¬ 
lights the fact that the functional properties of cognitive 
systems, but not the phenomenological experiences asso¬ 
ciated with them, can be determined from behavioral 
experiments. Functional descriptions of cognitive systems 
can be applied equally well to human and non-human 
animals. In contrast, description of cognitive systems in 
terms of subjective experience and various conscious 
states creates a rift between the study of human and 
non-human cognition. Whether or not metacognition in 
other animals is associated with subjective conscious states 
like those experienced by humans, the growing literature 
on non-human metacognition demonstrates that the pro¬ 
cesses underlying metacognition can be effectively stud¬ 
ied in non-human species. Metacognitive performance 
can be achieved through a variety of mechanisms, some 
of which may be entirely consistent with traditional views 
of non-human cognition and others that might call for a 
re-evaluation of the richness of comparative cognition. 

See also: Intertemporal Choice; Mental Time Travel: Can 
Animals Recall the Past and Plan for the Future?; Time: 
What Animals Know. 
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Introduction 

To what extent do microevolutionary patterns and pro¬ 
cesses result in macroevolution? Widely accepted evolu¬ 
tionary theory posits that the accumulation of small genetic 
changes over time (microevolution) can lead to large-scale 
changes, including speciation (macroevolution). The vast 
majority of studies that address the link between micro- 
and macroevolution focus on morphology. By contrast, this 
topic has received relatively little attention from behavioral 
biologists. Few studies have reported genetic effects on 
behavior that could result in novel behavioral phenotypes. 
This article discusses recent work in behavioral genetics 
and the maintenance of behavioral polymorphisms with¬ 
in natural populations or species (the microevolution of 
behavior), and discusses methods and data that address 
major differences in behavior within a genus or higher 
taxon (macroevolution). Additionally, we suggest two 
major avenues of research that could be applied to the 
study of the relationship between micro- and macroevolu¬ 
tionary processes for behavior. 

Microevolution and Behavior 

Microevolution refers to the evolution of changes that are 
observed within a population or species, but also encom¬ 
passes differences among populations within a species 
that have adapted to their respective local environments. 
Such changes have evolutionary consequences only if 
they have a genetic basis. The genetics of divergence can 
be evaluated by studying individuals in a common envi¬ 
ronment or by using formal breeding studies. Studies 
covering numerous taxonomic groups have identified 
intraspecific behavioral polymorphisms in natural popu¬ 
lations, and we offer examples from four taxa. 

Vertebrate Examples 

Freshwater populations of the three-spined stickleback, 
Gasterosteus aculeatus , have two ecotypes, a benthic form 
and a limnetic form. Morphological differences between 
these ecotypes are directly related to feeding ecology: 
benthic forms have mouthparts suited to bottom-feeding 
and raking, whereas the mouth and jaw of limnetic forms 
are shaped for open water feeding. This close relationship 


between foraging behavior and feeding morphology 
within a species has a genetic basis, as demonstrated by 
rearing many generations of each morph in the laboratory. 
In addition, the ecotypes differ in mating behavior: mem¬ 
bers of the benthic populations are susceptible to egg 
cannibalism and males from these populations have a 
lower frequency of the prominent zigzag nest advertise¬ 
ment display than males from limnetic populations. The 
differences in courtship displays persist in laboratory 
populations, indicating that the differences are influenced 
by an underlying genetic component. 

The probability of predation on Taricha newts by gar¬ 
ter snakes ( Thamnophis sirtalis) in the Western United 
States differs between populations as a result of the 
snakes’ resistance to tetrodotoxin (TTX), the newt’s 
defensive chemical (Figure 1). TTX is an extremely 
powerful neurotoxin. Resistance in snakes is due to a 
change in the sodium channels in nerves and muscles 
and is heritable. Individual snakes are capable of evaluat¬ 
ing their own level of resistance and modifying their 
choice of prey accordingly, spitting out newts that are 
too toxic for them. Population analyses have shown that 
snakes are winning the arms race, with no populations 
having been found where the average level of snake resis¬ 
tance is lower than the average newt toxicity. 

Invertebrate Examples 

Populations of the parasitoid wasp Nasonia longicornis in 
Utah and in California differ in female mate choice and 
remating frequency. The differences are maintained in a 
common laboratory environment. The behavioral differ¬ 
ences in this species are associated with different selection 
pressures imposed by competition for shared hosts with 
their widespread sister species N. vitripennis. Across the 
species’ range, males of N. vitripennis stay on the host pupar- 
ium after emerging and are highly aggressive; females 
emerge as virgins and mate on the puparium. Females of 
N. longicornis collected from California, where range overlap 
between N. vitripennis and N. longicornis is common, mate 
inside the host puparium and rarely remate. Females of 
N. longicornis collected from Utah, where the species rarely 
share hosts, mate outside the host puparium and remate 
frequently. For N. longicornis , the presence or absence of a 
congener has resulted in small microevolutionary differ¬ 
ences that appear to be localized adaptations. 
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Figure 1 Geographic distribution of tetrodotoxin resistance 
in Thamnophis snakes in Western North America. The tolerance 
of snakes to various levels of TTX is color-coded, with a 
geographic range from Vancouver Island (in the north, at top) 
to the tip of Baja California. Reproduced from Hanifin CF, 

Brodie ED Jr, and Brodie ED III (2008) Phenotypic 
mismatches reveal escape from arms-race co-evolution. PLoS 
Biology 6: 471-482. 


The North American spider Anelosimus studiosus shows 
variation in social behavior in which some populations 
contain up to 15% social spiders that live in aggregations, 
while other populations consist of solitary spiders. These 
patterns are associated with a suite of differences at the 
individual level that are maintained in a common labora¬ 
tory environment and some of which are known to have a 
genetic basis. Individuals with the asocial phenotype are 
intolerant of conspecifics, aggressive toward prey, and kill 
superfluously, whereas social spiders aggregate, are less 
aggressive toward prey, less likely to kill superfluously, 
and generally less active. In populations with both phe¬ 
notypes, the social phenotype provides a fitness advantage 
to females and a fitness disadvantage to males, suggesting 
that the polymorphism produces evolutionary conflict 
between the sexes. 

These examples show that local environmental condi¬ 
tions can result in microevolutionary changes in behavior. 
We now examine macroevolutionary change, that is, how 
new behaviors evolve in novel environments and contrib¬ 
ute to speciation. 


Macroevolution and Behavior 

Macroevolution results in phenotypic differences that can 
be observed at the species level or above. For example, an 
appendage or a new behavior for feeding that is not 
observed in related taxa might be seen as evidence for 
speciation or higher scale divergence. Changes in mor¬ 
phology are much easier to observe over evolutionary 
time than changes in behavior because morphological 
structures are preserved in the fossil record. The fossil 
record rarely preserves evidence of behavior, although we 
can make inferences about how a structure might have 
been used on the basis of what is known about current 
morphology. Because we cannot see how ancient organ¬ 
isms behaved, we must use a phylogenetic approach to 
studying macroevolution of behavior. 

One of Nobel Prize-winning ethologist Niko 
Tinbergen’s (1963) four aims of ethology is to understand 
the evolutionary history or origin of any behavior under 
study, which is essentially a phylogenetic question. Inves¬ 
tigations into the phylogenetic relationship among spe¬ 
cies, genera, or families can provide information about 
behavioral evolution when an independently derived phy¬ 
togeny is available. By placing traits into a phylogenetic 
framework, we can understand whether traits are homol¬ 
ogous or homoplasious, which in turn can provide infor¬ 
mation on how behaviors have been modified through 
evolutionary time. Phylogenetic analyses can also be 
used to answer the question of whether a group of derived 
characters evolved together or independently. 

Tracing the long-term evolution of behavior requires 
the availability of well-described traits for a group of related 
species and a reliable phylogeny for the group. Fortunately, 
an increasing number of published phylogenies is making 
this approach feasible for many taxa. However, the lability 
and complexity of behavior, coupled with poor information 
on its genetic basis, have deterred many systematists from 
using behavior as a phylogenetically informative character. 
Yet behavior can be as useful as morphology in constructing 
phylogenies. One such approach uses similarities in behav¬ 
ior as characters to infer relatedness, and another uses 
behavioral changes to infer evolutionary origins and 
subsequent history. A classic example of the first is from 
the Nobel Prize-winning ethologist Konrad Lorenz, who 
examined the origins and diversification of courtship behav¬ 
ior among three families of duck (Lorenz, 1971). He had 
demonstrated that the sequence of behaviors leading to 
successful mating is highly stylized and fixed for any partic¬ 
ular species. In other words, these behaviors and the pat¬ 
terns themselves have a strong genetic basis. Lorenz found 
that a phylogenetic tree based on about 20 species and a mix 
of 48 morphological and behavioral traits allowed him to 
assess the degree of homology for many behavior patterns. 
In particular, he showed that the majority of courtship 
motor patterns were attributable to common descent rather 
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than convergent evolution, and he identified branch points 
where novel behaviors evolved. The result was a compre¬ 
hensive phylogenetic description of courtship evolution. 

The second approach is to use studies of behavior 
in a phylogenetic context to uncover macroevolutionary 
trends. An example is the relationship between genetic 
variation and host plant affiliation in species of leaf beetle 
in the genus Ophraella. Larvae and adults vary between 
species in whether they eat host plants of congeneric 
beetles and in whether they survive on these other plants. 
The existence of genetic variation for feeding is an indi¬ 
cator of the ability of a beetle species to adapt to a new 
host plant. Out of more than 20 tests of different combi¬ 
nations of beetle and plant species, only a few cases 
revealed genetic variation in the beetles for larval or 
adult feeding behavior when not on their own hosts, and 
in most cases, the beetles died if they were not on their 
host species. The beetle species were more likely to show 
a feeding response if the tested plant was in the same tribe 
as their own host plant. The pattern of associations 
between beetles and plants shows a rough phylogenetic 
congruence, suggesting that the genetic variation in feed¬ 
ing behavior may have permitted host shifts in the past. 

Another example is a study of the sexually selected traits 
of plumage and song in the New World Orioles (. Icterus ), a 
group that has great variety of patterns of song and plum¬ 
age. Many tropical species have sexually monomorphic 
bright plumage, whereas temperate species tend to be 
dimorphic, with relatively dull females. A phylogeny that 
was developed with mitochondrial DNA showed that the 
dimorphism in the temperate species is a derived trait, with 
females having evolved a dull plumage. Without the phy¬ 
logenetic analysis, the dimorphism would have been 
explained with the general hypothesis that sexual dimorph¬ 
isms evolve through males becoming more showy. The 
same song is frequently given by both sexes, but because 
of the limitations of the available data, the analysis was 
restricted to the species level, where it was shown that song 
is highly evolutionarily changeable in these species. Many 
song characteristics are homoplasious, having been gained 
and lost repeatedly within the clade, and the similarity of 
components of songs between species is often due to con¬ 
vergent evolution. 

Insights such as those seen earlier require both a reli¬ 
able phylogeny and time-consuming analyses of the 
behavior of several species in a common environment. 
Phylogenies are often based on molecular traits, and the 
molecular and statistical tools for developing phylogenies 
are improving rapidly. Yet many species of great interest 
to behavioral biologists belong to groups for which reli¬ 
able phylogenies do not exist. At present, macroevolu¬ 
tionary analyses of behavior are possible for a relatively 
small number of taxa and further progress on questions of 
behavioral macroevolution depends on progress in phylo¬ 
genetic systematics. 


Are Micro- and Macroevolution the 
Ends of a Continuum? 

Investigating and comparing traits between closely related 
species allows us to address questions related to both 
micro- and macroevolution. Species differences in behav¬ 
ior inform questions of how genes encode behavior, the 
types of genetic changes needed to modify behavior, and 
how behaviors coevolve with other traits. The same studies 
can be used to place traits onto a phylogeny, allowing the 
identification of the nature and timing of major evolution¬ 
ary transitions in behavior as well as novel functions for 
those traits. Our ability to address both micro- and macro¬ 
evolutionary questions from similar data sets allows us to 
describe the relationships between these two broad fields. 

The central issue is to determine the way in which small 
genetic changes within populations can lead to major tran¬ 
sitions in phenotype that are involved in speciation. Two 
approaches show promise for meeting this challenge, one 
focusing on studies of related individuals, and the other 
taking a molecular perspective. The first approach starts 
by recognizing that traits do not evolve independently. 
Thus, macroevolutionary patterns can be detected by 
examining variation and covariation in multiple behavioral 
traits among populations. Understanding the co-evolution 
of multiple phenotypes requires data on the genetic varia¬ 
tion and covariation for those phenotypes to uncover the 
ones that are the focus of adaptation, in other words apply¬ 
ing quantitative genetics to behavioral evolution. A second 
approach, described in the following section, specifically 
addresses the way in which small changes in a DNA 
sequence produce major phenotypic changes by changing 
the timing of gene activity in closely related species. In both 
of the approaches, morphological traits have been the focus 
of most of the literature to date. Although studies that 
explicitly examine behavior are rare, many of the concepts 
and experimental procedures developed for morphological 
analyses can be applied to behavioral studies. 

Microevolution to Macroevolution: Multivariate 
Analyses and the G-matrix 

Evolution is a multivariate process. Selection affects a 
whole organism, not simply a single trait. Therefore, the 
relationships among different traits and their effects on 
fitness are key to understanding how a population responds 
to selection, and the types of genetic changes required to 
produce novel phenotypes. A concept and method devel¬ 
oped to study multivariate evolution is potentially applica¬ 
ble to behavioral traits. This is the G-matrix, which was 
developed by breeders and which can be used to study 
inheritance in relation to evolution (see Box 1). 

At present, the G-matrix for behavioral traits is a 
conceptual tool rather than an operational technique. 
Estimating genetic variances and covariances for behavior 
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Box 1 The Genetic Variance-Covariance Matrix, or G-matrix 

The G-matrix is developed by displaying the same traits in columns and rows. The elements of the main diagonal of the matrix give values 
of additive genetic variances for individual traits while off-diagonal elements are additive genetic covariances between traits. This matrix 
thus describes the genetic relationship between multiple heritable traits. Equation [1], developed by Lande, provides a mathematical 
expression that allows us to understand how the G-matrix can be used to predict responses to selection when multiple traits are taken 
into consideration: 

Az = Gp [1] 

where Az is a vector of the change in mean trait values across one generation for all traits measured, G is the matrix of additive genetic 
variances and covariances for the traits being studied, and p is the selection gradient, a vector that describes the direct force of selection 
on each trait. This equation allows us to predict the response of a population to selection when many traits are taken into consideration. 
For example, when two traits are negatively correlated genetically (have a negative genetic covariance), selection to increase one trait will 
decrease the other. Overall, then, the G-matrix permits computations of the rate and direction at which evolution will proceed. 


traits is arduous, requiring large sample sizes from indi¬ 
viduals within known pedigrees and application of sophis¬ 
ticated statistical algorithms. The great difficulty in 
applying statistical genetics to behavior is the enormous 
phenotypic variation in behavior. For behavioral traits, it 
is common for the same individual to show substantial 
differences across repeated observations of the same act. 
In other words, behavior often has a low repeatability. 

Despite this limitation, the matrix can surely inform 
the study of behavioral evolution. Some quantitative 
genetic studies of morphology suggest applications to 
behavior. A morphological trait that is probably associated 
with behavior is throat coloration in the guppy Poecilia 
reticulata. Spots on male throats are important signals 
during courtship and hence the subject of sexual selection. 
Artificial selection for increasing the length of the spot on 
the throat decreased the width of the spot, indicating a 
genetic constraint on how big the spot can become. Thus, 
the morphological genetic variances and covariances that 
drive the evolution of spot size and shape must have 
correlated effects on mating behavior. 

An important focus of current research is the temporal 
stability of the G-matrix. We do not yet know whether 
estimates of genetic variances and covariances made in 
a single generation can be used to extrapolate pheno¬ 
typic changes over evolutionary time. This problem arises 
because the components of the matrix are affected by allele 
frequencies, and evolution results in changes in allele fre¬ 
quencies. The stability of the G-matrix can be tested 
by evaluating it in closely related species, or by manip¬ 
ulating it within a species. Closely related species are 
useful for tests if one assumes that stability within a 
species translates into similarity between close relatives. 
Thus, in a study of the genetic covariance structure for 
five morphological traits in each of three cricket species 
in the genus Gryllus , the G-matrix was consistent across 
the species, suggesting that it was also stable over time 
within species. Approaches that manipulate the G-matrix 
directly have given variable results. The G-matrix was 
found to be constant after a population bottleneck in 


Drosophila melanogaster. ; but in another study, after labora¬ 
tory lines of D. melanogaster had been inbred for two 
generations, the covariance structure changed in compari¬ 
son with that of an outbred control population. Perhaps the 
G-matrix for certain suites of characters like mor¬ 
phological traits is more stable than for other traits like 
behaviors; this supposition has been the subject of con¬ 
siderable debate. 

A recent promising approach to understanding the role 
of the G-matrix in behavioral evolution examines suites of 
behavioral traits within a relatively coherent group, such 
as those involved in competing for food or mates. Such 
groups of traits have been called behavioral syndromes. If 
these syndromes are also characterized by significant 
genetic correlations between the component traits, they 
could present an ideal opportunity to study behavioral 
evolution via G-matrix techniques. Overall, though, 
because so few studies have focused on genetic correla¬ 
tions for behavioral traits, the lability of genetic covari¬ 
ance structures for behavior remains an open question. 

Gene Regulation and Macroevolution 

Evolutionary behavioral genetics is a young science and 
only in the past 15 years has there been a strong effort to 
investigate genetic effects on behavior in natural popula¬ 
tions. The majority of what we know about how genes 
influence behavior comes from laboratory organisms like 
Drosophila melanogaster and house mice, Mus spp. Although 
results from the laboratory are not necessarily applicable 
to natural populations, they do reveal mechanisms by 
which genetic change influences behavioral change. An 
important insight arising from such studies is that gene 
regulation can be a source of evolutionary novelty. 

The study of gene regulation of behavior is a developing 
area of research that may be able to link micro- and macro¬ 
evolutionary changes. Until recently, most evolutionary 
biologists investigated mutations within structural genes 
as the probable primary source of genetic variation, with 
macroevolutionary changes assumed to result from an 
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accumulation of small genetic changes over time. The 
example mentioned earlier represents both a small change 
and a change in a structural gene: at least part of the 
populational variation in resistance to TTX in Thamnophis 
sirtalis is attributable to a mutation in a structural gene, one 
that codes for sodium channels in cell membranes. Recent 
studies of the role of gene regulation in evolutionary change 
could revolutionize the understanding of the genetic pro¬ 
cesses underlying micro- and macroevolution, though as of 
this writing such a statement is controversial. Gene regula¬ 
tion can take place through the action of either cis- or trans¬ 
acting factors. Trans-acting factors are coded by regions of 
DNA far away from the structural genes they influence, 
whereas cis-regulatory elements are close to the promoter 
regions. Recent studies investigating cis-regulatory ele¬ 
ments suggest that small changes to the regulatory sequence 
and not the regulated gene can lead to large-scale changes 
in morphology. In Darwin’s finches, beak shape is associated 
with the kind of food eaten and thus with feeding behavior. 
The large ground finch ( Geospiza magnirostris) has a broader 
bill than the other finches, and this allows it to crush large 
seeds. The increased breadth is attributable to the action of 
a gene that regulates growth, Bmp4, which is expressed in 
the appropriate region of the developing beak at the appro¬ 
priate developmental stage. The gene is not active in the 
same way as in other species in the clade that have narrower 
beaks. Cave fish ( Astyanax mexicanus) have lost the ability to 
see; this has occurred several times within the species. The 
loss of eyesight is due to the activity of a regulatory gene, 
Hedgehog, which causes the developing eye to degenerate 
as a result of Hedgehog’s stimulation of genes that affect eye 
morphology. Differences in social behavior between vole 
species appears to be due to changes in gene regulation: in 
the prairie vole ( Microtus ochrogaster) pair bonds are long- 
lasting and males exhibit substantial parental behavior, 
whereas other closely related voles are solitary and do not 
have male parental care. The differences in male behavior 
appear to be due to the sensitivity of a brain region to the 
hormone vasopressin. Males of the monogamous prairie 
voles have a change in the promoter region of the vasopres¬ 
sor V la receptor gene, and when other species are trans¬ 
formed with this form of the receptor gene, they show 
increased affiliative behavior, similar to the affdiative 
behavior of the prairie voles. In some species, sufficient 
genetic tools are available to determine whether morpho¬ 
logical evolution is attributable to changes in structural or 
regulatory genes; however, the application of such techni¬ 
ques to behavioral evolution is less common. 

Challenges for Studying Micro- and 
Macroevolution in Behavior 

Two major challenges need to be addressed in the near 
future. First, we know relatively little about the genetics 


underlying behavioral traits, that is, the field of behav¬ 
ioral genetics is still young. Second, studies in the labo¬ 
ratory may not always help us to understand evolution in 
natural populations. Recent morphological and behavioral 
genetic studies of laboratory organisms such as Drosophila 
species and mice have resulted in crucial insights such 
as the role of the G-matrix and the importance of gene 
regulation in evolution. Molecular genetic analyses are 
becoming feasible for a wider array of taxa and new 
species are becoming amenable to laboratory culturing. 
The honeybee is a species that is rapidly becoming a 
model species for understanding the genetic basis and 
evolution of sociality. Other species are also receiving 
attention in behavioral evolutionary genetics. For exam¬ 
ple, the burying beetle Nicrophorus vespilloides has been 
used to evaluate the effects of genetic correlations on 
the evolution of multiple mating, the genetic basis of sex 
pheromone production has been investigated in the moths 
Helicoverpa armigera and H. assulta , and the Argentine 
ant Linepithema humile is a new model organism for 
understanding genetic changes associated with invasive¬ 
ness. With the rapid drop in the costs of sequencing 
genomes and studying gene expression, it is likely that 
using molecular tools to understand behavioral evolution 
will become common. 

Laboratory studies of behavior genetics can inform 
our understanding of evolution in natural populations. 
Evolution results from a combination of direct and indi¬ 
rect natural selection, genetic drift, inheritance of individ¬ 
ual traits, and genetic covariances between traits. Of these 
components, some are more easily estimated in natural 
populations and others generally need to be studied in 
captive populations. The interpretation of measures of 
natural selection and drift made in captivity is subject 
to many complications. In contrast, because of the needs 
for large sample sizes and known pedigrees, it may not 
be possible to measure the inheritance or genetic covari¬ 
ance of traits in natural populations. Genotype-by- 
environment interactions appear to be widespread and 
thus, the extrapolation of genetic measurements made in 
the laboratory to natural populations needs to be con¬ 
ducted with caution. For these reasons, behavior-genetic 
analyses are sometimes conducted on natural populations 
of animals such as vertebrates or social insects, where 
molecular genetic estimates of pedigrees are possible. 
Alternatively, such studies are conducted with laboratory 
populations of species that are known to maintain charac¬ 
teristic behavior in captivity (with careful replication 
of crucial elements of the habitat) such as stickleback 
fishes and burying beetles (Figure 2). 

Macroevolutionary changes in behavior can often be 
observed in natural populations and in many cases, change 
little when species are studied in captivity. The fields of 
animal functional morphology and sensory biology, which 
are intimately related to behavior, make great use of 
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Figure 2 Differences between populations of stickleback 
fishes in a component of courtship behavior, the male zigzag 
display. Note that although values in the laboratory and natural 
populations differ, the rankings of the populations are the same. 
The limnetic population shows no plasticity for this trait, with both 
field and laboratory observations giving the same value. 
Reproduced from Shaw KA, Scotti ML, and Foster SA (2007) 
Ancestral plasticity and the evolutionary diversification of 
courtship behaviour in threespine stickleback. Animal Behaviour 
73: 415-422, with permission from Elsevier. 

laboratory studies, but sometimes also incorporate a field 
component to examine the traits under natural circum¬ 
stances. As with microevolution, laboratory and field 
studies of behavioral macroevolution can be complemen¬ 
tary. The laboratory biologist needs to be careful in 
designing the observations and in their interpretation. In 
analogy to the problem in physics of not being able to 
simultaneously know what a particle is and how it is 
moving, it is necessary to conduct a variety of observations 
and experiments to understand the evolution of behavior. 
We cannot let anxieties about the realism of a particular 
method paralyze us and restrict our work. 

Conclusion 

One of the core goals of evolutionary biology is to 
understand how major transitions in phenotypes arise 
over evolutionary time, the link between micro- and 
macroevolutionary processes. Our current understand¬ 
ing of these evolutionary processes, and the methods 
used to study them, should be applicable to behavioral 
traits. The major difficulty in applying the methods and 


theory to behavior is that behavior is so variable, resulting 
in large standard errors for estimates. Much of our under¬ 
standing of the genetics underlying behavior has come 
from major laboratory organisms like Drosophila sp. and 
Mas sp., but the advent of rapid and less expensive geno¬ 
mic technologies is allowing sophisticated studies of 
behavioral evolution to be conducted with many species. 
The principles developed with model organisms can be 
applied to species in more natural settings to understand 
truly the relationship among genetics, the environment, 
and evolutionary change. 

See also: Development, Evolution and Behavior; Devel¬ 
opmental Plasticity; Evolution and Phylogeny of Commu¬ 
nication; Genes and Genomic Searches; Konrad Lorenz; 
Mating Signals; Niko Tinbergen; Phylogenetic Inference 
and the Evolution of Behavior; Sex and Social Evolution; 
Sexual Selection and Speciation; Threespine Stickleback. 
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Introduction 

Migration is a diverse behavior found in all animal taxa, and 
in its simplest form, is defined as a repeated seasonal move¬ 
ment to and from a breeding area. Animals exhibit several 
forms of migration, including seasonal migrations across 
latitudes, altitudinal migrations up and down mountains, 
migrations that overlap with key life-history stages such as 
molt, and migrations that can span multiple generations 
over space and time. This variation can occur within species 
or between species, but all forms of migration involve 
movement away from breeding areas and then a return. 
The geographic linking of individuals or populations 
between different stages of the annual cycle, including 
between breeding, migration, and winter stages, is known 
as migratory connectivity. In this article, we will discuss why 
understanding migratory connectivity is so critical from 
ecological, evolutionary, and conservation perspectives 
and also provide descriptions of the various approaches 
being used to track animals throughout the annual cycle. 
Most of our examples will be drawn from the bird literature 
because this is where the understanding is most advanced. 

Nearctic-Neotropical migratory birds move north and 
south between breeding areas in North America and 
nonbreeding areas in the Caribbean, Middle America, 
and South America. More specifically, they spend approx¬ 
imately 3-4 months of the year on breeding areas at tem¬ 
perate latitudes. Most species then molt, build fat stores, 
and migrate south in August and September to a distant 
and ecologically different location, often in the tropics. It 
is here that they spend the majority of the annual cycle - 
6-8 months. At the end of the stationary portion of the 
nonbreeding period, they once again build fat stores and 
leave on spring migration to return to breeding areas. 
Quantifying migratory connectivity is essential for under¬ 
standing how events in one period of the annual cycle 
influence subsequent stages. Such interseasonal effects or 
‘seasonal interactions’ are poorly understood within all 
bird migration systems, in large part because it has been 
difficult to determine how specific summer and winter 
populations, along with their stopover locations, are 
connected throughout the year. 

A better understanding of migratory connectivity will 
allow researchers to follow populations or individuals 
throughout the annual cycle and thereby address questions 
regarding the ecological and evolutionary implications of 
seasonal interactions. The challenge in studying migratory 


connectivity is to understand not only the geographic 
connections among periods of the annual cycle but also 
how these connections influence the ecology, evolution, 
and conservation of migratory species. Here, we review 
the ecological and evolutionary considerations of under¬ 
standing migratory connectivity as well as discuss the 
advances in marked animal approaches, genetic analyses, 
and stable isotope chemistry that now make it possible 
to gain some insights into the population origin of individ¬ 
ual birds. 

Why Study Connectivity? 

Ecological Considerations 

The fact that individuals spend time each year in two or 
more widely separated geographic areas has obvious but 
poorly studied consequences for population dynamics. The 
conditions and selective pressures at winter locations are 
likely to affect individual performance during the breed¬ 
ing season and vice versa. This simple fact has important 
implications for the ecology, evolution, and conservation of 
migratory birds. For example, factors and events on the 
wintering grounds (e.g., weather patterns and deforesta¬ 
tion) may affect bird survival and, hence, subsequent 
recruitment on the breeding grounds. Similarly, differences 
in reproductive success in summer can lead to changes in 
the structure of the winter population. Consider an exam¬ 
ple from a long-distance migratory bird that breeds in 
Eastern North America. Seasonal interactions and carry¬ 
over effects are likely to be most pronounced if summer 
and winter populations are tightly linked (i.e., if individuals 
overwintering together in one location also breed near each 
other in a particular part of the breeding range (Figure 1(a) 
and 1(b))), but may be much less pronounced if population 
connections are weak (i.e., if individuals overwintering 
in one area spread out over a large geographic range for 
breeding (Figure 1(c))). 

Interestingly, if birds originating from three different 
breeding sites completely segregate on wintering areas, 
resulting in high migratory connectivity (Figure 1(a) and 
1(b)), then one could theoretically differentiate between 
two alternate migration strategies. First, birds could use 
(1) leapfrog migration — where northern wintering popula¬ 
tions breed in the southern portions of the breeding range, 
and southern wintering populations breed in the northern 
portions of the breeding range (Figure 1(a)). This would 
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Figure 1 Illustrations of strong (a and b) and weak (c) migratory connectivity for a hypothetical population of Neotropical-Nearctic 
migratory bird. Strong connectivity may occur as either (a) leapfrog or (b) chain migration strategies as birds travel between 
tropical wintering and temperate breeding grounds. 


result in differential migration distance between popula¬ 
tions, where northern wintering populations migrate a 
comparatively short distance and southern winter popu¬ 
lations migrate to northern latitudinal extremes. Alterna¬ 
tively, individuals may use (2) chain migration — where 
northern wintering populations breed in the northern 
portion of the breeding range and southern wintering 
populations breed in the southern portion of the breeding 
range (Figure 1(b)). Migration distance, therefore, is sim¬ 
ilar between populations. In either case, the result may 
have profound implications for life-history strategies as 
well as other aspects of the ecology and evolution of 
migratory species. 

Similarly, large-scale climatic events can have effects 
on migratory populations throughout the year. For exam¬ 
ple, recent analyses show that global climate patterns can 
affect demographic rates (El Nino Southern Oscillation) 
and, ultimately, population dynamics (climate change). 
For migratory species, the magnitude of such effects on 
population dynamics will likely vary with the degree of 
connectivity between winter and summer populations. 
There is a need to determine this connectivity, along 
with detailed modeling efforts, in order to ascertain how 
focal breeding populations are affected by large and 
small-scale events affecting various wintering populations 
(and vice versa). Such information is essential for deter¬ 
mining when in the annual cycle populations are most 
limited and what factors drive population dynamics. 

Finally, the scope of natal dispersal will determine the 
extent to which events in one part of the breeding ground 
might affect the recruitment and gene flow to other parts. 


Source/sink population models are a start for understanding 
these relationships, but more detailed spatial models that 
explicitly incorporate migration are required. Interestingly, 
natal dispersal on breeding areas may be determined in part 
by events on wintering areas. Using stable-hydrogen isotope 
ratios in the feathers of American redstarts (Setophaga ruti- 
cilla) captured as immature birds and again as adults, Colin 
Studds, Peter Marra, and Kurt Kyser, showed that habitat use 
during the first tropical nonbreeding season interacts with 
latitudinal gradients in spring phenology on the temperate 
breeding grounds to influence the distance traveled on 
migration and the direction of dispersal by first-year red¬ 
starts. Because natural selection acts on these animals 
throughout the annual cycle, as we gain a better understand¬ 
ing of migratory connectivity, more emphasis should be 
placed on studying the biology of these animals in the 
context of where they have come from and where they are 
going in the next phase of their life cycle. 

Evolutionary Considerations 

Individuals of migratory species experience two widely 
separated and ecologically different habitats during their 
lifetimes. Selective pressures are likely to vary between 
these summer and winter habitats, and this may affect 
the degree to which individuals are ‘locally adapted’ to either 
habitat. Models of nonmigratory species have shown that 
the effects of gene flow on local adaptation and niche 
breadth can be complicated by population dynamics and 
mating patterns, but few models have explicitly incorporated 
the effects of migration. Furthermore, for many species 
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of migratory birds, males and females occupy different 
habitats on the wintering grounds (sexual habitat segrega¬ 
tion) but not on the breeding grounds. Thus, males and 
females are subject to similar selection pressures in the 
summer, but different ones in the winter. 

The degree of local adaptation is likely to be strongly 
affected by the strength of connectivity between summer 
and winter populations. For example, if summer and win¬ 
ter populations are tightly linked, it may be possible for 
particular populations to become ‘well adapted’ to both 
their summer and winter grounds. If, on the other hand, 
birds from a particular breeding population spread out 
over the entire winter range (and vice versa), we expect a 
somewhat poorer fit between the birds and their environ¬ 
ment. Likewise, local adaptation on the breeding grounds 
may be hindered by strong connections among breeding 
populations via natal dispersal. This expectation is sup¬ 
ported by the gene flow studies of nonmigratory species. 
To our knowledge, the effects of the microevolutionary 
consequences of migratory connectivity have not been 
explored in any migratory species, despite the fact that 
such effects should be more pronounced than in sedentary 
species. 

How Can We Determine Migratory 
Connectivity? 

Marked Animal Approaches 

Capture-recapture methods developed within the last 
decade permit direct estimation of movement probabilities 
of individually marked animals across different locations. 
The methods involve the use of multistate models in which 
individual animals are categorized by the location at which 
they are recaptured or re-sighted. These models permit 
estimates of different detection probabilities for different 
locations and estimates of location-specific rates of survival 
and movement. Although suitable for many types of inves¬ 
tigations, data on the return rates of marked individuals 
to both breeding and wintering grounds have not proven 
useful for understanding the connectivity of migratory bird 
populations. The problem is that it is all but impossible to 
re-sight or recapture the same individuals at multiple 
locations throughout the annual cycle. Satellite transmit¬ 
ters, unlike traditional markers such as leg bands, offer 
promise for understanding migratory connectivity. Unfor¬ 
tunately, they are quite expensive ($3500) and are limited 
to animals of large body size (>165 g), which excludes all 
passerine songbirds as well as smaller shorebirds and rap¬ 
tors. For larger birds, satellite transmitters allow the 
detailed collection of direct information on the movement 
patterns of individuals over large spatial areas. 

Engineers at the British Antarctic Survey have recently 
developed a miniature and affordable daylight-level data 
recorder (geolocator) for tracking animals over long 


periods of time. These devices weigh as little as 0.8 g, 
and are rapidly becoming smaller and can be attached to 
birds by methods similar to long-standing VHF radio¬ 
transmitters used in radio-tracking songbirds. Geolocators 
take consistent readings of daylight timing for 1-2 years. 
Unlike radio-transmitters, the geolocators must be recov¬ 
ered from returning birds and archived data downloaded. 
The recovered data are then interpreted to determine the 
latitude and longitude of the individual bird twice per day 
for every day the logger was attached and exposed to 
suitable sunlight. These geolocators have returned accu¬ 
rate and detailed location information on large pelagic 
birds, and their utility on small migrating songbirds has 
recently been demonstrated with a single study of the 
Wood Thrush (Hylocichla mustelina) and Purple Martin 
(.Progne subis ) conducted by ornithologist Bridget Stutch- 
bury. The use of geolocator tags for studies of migratory 
connectivity and seasonal interactions in small passerine 
songbirds may thus present an unparalleled opportunity to 
discover how distant breeding and nonbreeding areas con¬ 
nect and interact in space and time. 

Molecular Genetic Approaches 

Because extrinsic markers , such as the aforementioned tag¬ 
ging methods, require that the marked individuals be 
relocated at some point, some researchers have turned 
their attention to the use of intrinsic markers of population 
origin - that is, markers or indicators that come from the 
animal itself. One popular approach has been to use 
molecular genetic markers, because although only some 
birds have leg bands (or other extrinsic tags), they ^//have 
DNA. Genetic markers clearly hold considerable poten¬ 
tial for the studies of migratory connectivity, but their use 
is complicated by a number of factors. 

The basic logic of most genetic approaches is that, if 
certain genetic markers (e.g., alleles or haplotypes) are 
found, say, in one breeding population (X) but not another 
(Y), then finding those markers in a particular wintering 
population will indicate some level of connectivity 
between that wintering population and breeding popula¬ 
tion X. In some cases, it should also be possible to deter¬ 
mine the degree or strength of that connectivity. For 
example, strong connectivity would be suggested if 
many individuals in the wintering population had the 
genetic marker from breeding population X. 

This approach hinges on some level of genetic differ¬ 
entiation among breeding populations. Typically, markers 
will not be unique to particular populations, but instead 
might vary in frequency across populations. In this case, it 
is possible to calculate the probability that a wintering 
individual originated from one breeding population or 
another (or vice versa) - that individual has a high proba¬ 
bility of originating from any population where its genetic 
markers are common, and a low probability of having 
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come from populations where those markers are rare. 
Indeed, a number of sophisticated analytical methods 
(‘assignment tests’) have been devised to determine the 
probability (or likelihood) that an individual came from 
one population or another, including situations where the 
actual population of origin may not have been sampled. 
The strength of these probability calculations, and hence 
the ability to assign individuals and determine connectiv¬ 
ity, depend on both the degree of genetic differentiation 
among populations (e.g., in the breeding range) and on the 
number of markers used. In the extreme case of complete 
differentiation, a particular genetic marker will be found 
in one population and not others, and hence a single 
genetic locus can indicate the population of origin. Typi¬ 
cally, genetic differentiation among populations will not 
be so extreme, and a relatively large number of markers 
may be needed. 

In recent years, a number of highly variable (polymor¬ 
phic) genetic markers have been developed, thereby sub¬ 
stantially increasing the likelihood of finding the genetic 
variation needed to assign individuals to populations and 
determine connectivity. Microsatellites are a particularly 
popular class of markers, owing to their typically high 
levels of polymorphism and ease of use. Moreover, the 
primary difficulty with using microsatellites - that they 
need to be developed for each species of interest - is 
becoming less of a limitation as new high-throughput 
genomic methodologies (e.g., 454 sequencing) become 
more widespread. Some studies have also used sequence 
data for specific loci that are variable enough to show 
polymorphism within or across populations, such as the 
highly variable mitochondrial ‘control region.’ Another 
potentially useful class of genetic markers that has been 
used only rarely for the studies of migratory animals is 
amplified fragment length polymorphism (AFLP). This 
method simultaneously surveys a large number of genetic 
loci and typically uncovers substantial variation, which 
can be used to differentiate among populations. Finally, 
recent technological advances in genomics have made it 
possible to scan the genome for single nucleotide poly¬ 
morphisms (SNPs) which are common and distributed 
throughout the genome and therefore hold considerable 
potential for evolutionary and population genetic studies. 
To date, few studies have used SNPs to study migratory 
connectivity, though the potential power of these markers 
makes it likely they will be used in the very near future as 
costs decrease. 

With the development of highly variable markers and 
sophisticated methods to analyze them, the principal dif¬ 
ficulty with molecular genetic approaches to study con¬ 
nectivity is no longer technological, but rather biological. 
That is, for many organisms, genetic differentiation among 
populations is very low and may be insufficient for a robust 
assignment of individuals using genetic markers alone. This 
is not so much an issue of the markers, but rather the 


dispersal behavior of the organisms themselves, as high 
levels of gene flow will prevent or degrade genetic differ¬ 
entiation among populations. Finding low differentiation 
among populations is itself informative, as high levels of 
dispersal between populations suggest low levels of migratory 
connectivity. However, because it is really natal dispersal 
that affects genetic differentiation (i.e., how far, on aver¬ 
age, an individual moves from where it was born to where 
it settles and breeds as an adult), high levels of natal 
dispersal can eliminate genetic differentiation among 
populations even if adults show very high levels of migra¬ 
tory connectivity, thereby making it difficult to assess the 
migratory connectivity of adults. Time is another factor 
affecting genetic differentiation among populations, as it 
takes some time for genetic differentiation to build up. 
Thus, migratory organisms that have recently expanded 
from a smaller population (e.g., since the last Pleistocene 
glacial maximum) may show limited genetic differentiation 
among populations. 

Because of these factors, several recent studies of 
Nearctic-Neotropical migratory birds - which are 
thought to have high levels of natal dispersal and also 
have undergone recent population expansions - have 
found limited utility for genetic markers in disentangling 
migratory connectivity. However, these studies were able 
to use genetic markers to determine connectivity at broad 
geographic scales, and higher resolution (i.e., more vari¬ 
able) markers may allow the determination of connectiv¬ 
ity at finer scales. In the end, genetic markers may be most 
useful to studies of migratory species with somewhat 
limited natal dispersal, and/or in combination with 
other types of markers. 

Stable Isotope Approaches 

Another technique that relies on intrinsic markers in 
biological tissues to trace the origin and movement of 
migratory animals is stable isotope analysis. Stable iso¬ 
topes are nonradioactive forms of elements that have 
similar chemical properties but vary in their atomic 
mass because of differences in the number of neutrons. 
During geochemical and metabolic processes, the differ¬ 
ences in mass cause separation among isotopes of the 
same element, a phenomenon known as isotopic fraction¬ 
ation. Approximately, two-thirds of the elements have 
more than one stable isotope, but isotopes of carbon 
( 13 C), nitrogen ( 15 N), hydrogen ( 2 H or D), and sulfur 
( 34 S), are among the most useful for studying migratory 
connectivity for two reasons. First, their patterns of isoto¬ 
pic fractionation are well understood and vary predictably 
across broad spatial scales. Second, their high natural 
abundance allows them to be present at detectable levels 
in biological tissues. Stable isotopes are analyzed using 
isotope ratio mass spectrometry .; and sample results are 
expressed in 5 units relative to a standard of known 
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isotopic composition. For example, the results of carbon 
isotope analysis are calculated as: 5 Ll C = {[(5 13 C unk / 
5 12 C unk )/(5 1 'C std /5 12 C st d)] x 1000}. Some of the most 
informative research on migratory connectivity has 
involved multiple stable isotopes or used stable isotopes 
and genetic markers together, and we will highlight these 
studies. 

Feathers are the most commonly used tissue in stable 
isotope investigations of migratory connectivity. Most 
species of migratory birds undergo a complete molt 
once each year between July and September on or near 
their breeding areas, and the isotopic signatures of foods 
eaten during this time become incorporated into feathers. 
Because isotopic signatures are mostly inert once stored 
in feather tissue, samples collected later during the year 
provide information about the geographic origin of birds 
during molt. Each of the aforementioned isotopes pro¬ 
vides different potential clues about a bird’s molt location. 
Stable-hydrogen isotopes in growing season precipitation 
vary strongly with latitude. Stable-carbon isotopes show 
a similar pattern due to broad-scale differences in plant 
water use efficiency and photosynthesis strategy. Finally, 
stable-sulfur isotopes differ between marine and terres¬ 
trial environments, making it possible to measure longi¬ 
tudinal origins of molt in species whose habitats extend to 
coastal regions. 

In one of the earliest sets of studies using multiple 
stable isotopes, Richard Holmes, Page Chamberlain, Dustin 
Rubenstein, and colleagues, sampled feathers from Black- 
throated blue warblers at breeding sites from North 
Carolina to Michigan. As predicted, they found that 5D 
and 5 1 ’C values varied systematically with the latitude of 
the sampling location. Feathers collected from wintering 
populations in the Greater Antilles revealed considerable 
mixing of individuals from a variety of breeding popula¬ 
tions, but also indicated strong regional connectivity 
between wintering and breeding populations. A greater 
proportion of individuals wintering in the western islands 
of the Greater Antilles originated from northern breeding 
populations, whereas those wintering on islands further 
east were from more southern breeding populations. 

When examined alongside molecular genetic markers, 
analyses of multiple stable isotopes can potentially yield 
even more refined estimates of migratory connectivity. 
Jeff Kelly and colleagues analyzed 5D, 5' 4 S, and mito¬ 
chondrial DNA (mtDNA) in the feathers of Swainson’s 
thrush at 12 breeding sites throughout North America 
and 5 winter sites in Mexico, Central, and South America. 
Analyses of mtDNA indicated the existence of two hap- 
lotypes: inland and coastal. Patterns of 5D were particu¬ 
larly useful at distinguishing birds from coastal sites, while 
variations in 8’ 4 S were helpful in separating inland sites. 
Together, these data revealed that birds with coastal hap- 
lotypes migrated to more northern winter sites compared 
to inland ones, and that birds from northern winter sites 



Figure 2 Map of predicted breeding sites of Swainson’s 
thrushes sampled at five wintering sites. The weight of the arrows 
reflects the number of individual birds predicted to share that 
breeding origin. Heavy arrows indicate that 4-6 individuals share 
the origin; light arrows indicate that 1-3 individuals share that 
origin. 

appeared to migrate shorter distances to southern breed¬ 
ing sites. This latter finding suggested that Swainson’s 
thrushes engage in leapfrog rather than chain migration 
(Figure 2). 

It is important to note that stable isotopes and molec¬ 
ular genetic markers have been used with great success 
in taxa other than birds. For example, Luciano Valenzuela 
and coworkers used 5 1 ’C and 5 15 N together with mtDNA 
to identify summer feeding areas in right whales and to 
understand the behavioral mechanism through which 
calves learn these locations. Furthermore, individual 
right whales that shared the same mitochondrial haplo- 
type also had similar and 5 15 N signatures. This 

pattern suggested that individuals from each matrilineal 
lineage followed the same migratory route to summer 
feeding locations that they learned from their mothers 
during their first year of life. 

An example using multiple stable isotopes with clear 
implications for conservation involves Monarch butter¬ 
flies. The entire population of North American Monarch 
butterflies spends the winter at approximately ten winter 
sites in Mexico. Despite over 50 years of intensive study, it 
remained unknown whether the entire population mixed 
together at these winter sites or whether there was tighter 
connectivity between breeding and wintering popula¬ 
tions. Len Wassenaar and Keith Hobson sampled 5D 
and d^C in butterflies at their natal sites throughout 
North America and at 13 winter locations in Mexico. 
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Isotopic signatures indicated that individuals from the 
Midwestern United States were present at each of the 
winter sites sampled. However, butterflies with isotopic 
signatures indicative of more northern breeding areas 
were present at only two sites, making these locations 
strong candidates for protection. 

Although the isotopic composition of several different 
tissues has proven to be useful for identifying regional and, 
potentially, even more localized populations of migratory 
species, there are several important caveats to this tech¬ 
nique. Each isotope carries a unique set of assumptions, 
and it is necessary to understand these assumptions and 
to tailor experimental design accordingly. For example, 
despite its frequent use, the successful use of 5D to unravel 
migratory connectivity depends on assigning individuals 
to the geographic location of molt by using a 5D base map 
developed from 30-year running averaged values as a 
guide. Therefore, it is not only important to understand 
the natural history of the study species but also necessary 
to account for environmental, sampling, and analytical 
error. Bayesian statistical methods are quickly becoming 
recognized as an important tool in dealing with this bias 
because of their ability to incorporate prior information 
about the potential sources of error into models. 

Future Considerations 

Other intrinsic techniques have been attempted but 
with varying results. For example, populations of blood 
parasites within migratory species, such as malaria and 
bacteria, have been used in the studies of migratory con¬ 
nectivity, but these approaches have been met with mixed 
success. Recently, trace elements have also been explored 
for their utility in examining migratory connectivity. The 
growing number of studies showing differences in trace 
element concentrations among spatially discrete bird 
populations underscores the future potential of this tech¬ 
nique. However, unlike the most often used stable iso¬ 
topes, trace element signals are not known to change in 
continuous fashion across physical or environmental gra¬ 
dients. Thus, leveraging trace element data to advance our 
understanding of migratory connectivity will likely first 
require detailed mapping of these elements across the 
breeding and/or wintering ranges of migratory species. 

For the time being, as far as smaller-bodied birds are 
concerned, geolocators, isotopes, and perhaps genetics, 
will be our best approach. With advances in analytical 
techniques, the research bottleneck has shifted from the 
lab to the field: although the isotopic and genetic tools 
are available, it remains difficult for a single researcher 
(or team) to collect samples from many hundreds or 
thousands of individual birds from across the range of 
a particular species. Hence, as banding studies increase 
throughout North and South America, Africa, and Asia, 


there should be an organized and systematic feather- 
collection (as well as tissues from other taxa) initiative 
that will foster studies at scales of sampling intensity that 
are otherwise impossible to achieve. 

In North America alone, approximately 1.2 million 
songbirds are banded each year. Yet, only in a few 
instances, are feathers being collected, and there is not 
yet any systematic effort within the ornithological community 
to collect and archive such samples. Clearly, this repre¬ 
sents a lost opportunity for gaining valuable data. Not 
only can feathers be informative about extant patterns and 
processes, but the prospect of collections made over time 
offer the possibility of tracking temporal changes in 
breeding and/or wintering ranges of species. Such data 
would be important to evolutionary biologists interested 
in microevolutionary processes, population biologists 
investigating the causes for population declines, as well 
as conservation biologists concerned about the effects of 
climate change. 

See also: Magnetic Orientation in Migratory Songbirds. 
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Introduction 

During their lifetime, tetrapod vertebrates undergo several 
bouts of integument replacement, a phenomenon referred 
to as ‘molt’ - the periodic shedding, and replacement, of 
epidermal structures. This energy-demanding process is 
controlled by hormones and it involves not only replacement 
of feathers, hair, scales, etc., but also physiological events 
such as increased vascularization of feather/hair follicles, 
osteoporosis, changes in the rate of protein synthesis and 
overall metabolism, a shift in the heterophil/lymphocyte 
ratio, decrease in body fat, etc. Behaviors associated with 
the molting process included secretive habits, rhythmic 
movements to dislodge skin or abrade it, and changes in 
foraging behavior - sometimes to select nutrients essential 
for replacing skin. For these reasons, molt cycles are 
restricted to times of the year when trophic resources are 
sufficient to support replacement of the integument. 

Molting systems have evolved great diversity in pat¬ 
terns and types and appear to be ubiquitous to vertebrates 
as well as many invertebrates (but only the former will be 
discussed here). Birds have particularly well-known molt 
cycles that appear to be highly variable. In those wintering 
in the temperate zone, and also for some species wintering 
in tropical areas, adults replace all their flight and body 
feathers immediately after breeding, and molt is finished 
before onset of migration. Juveniles follow the same time 
schedule, but can have more varying molting patterns. 
Many long-distance migrants do not molt before migra¬ 
tion, but initiate and complete their entire molting cycles 
in the winter area (winter molt). Some tropical migrants 
have a seasonal split in the molting period (e.g., some feathers 
being molted in the breeding area and then completed in 
the winter area). A few long-distance migrants have two 
complete annual molting cycles: one immediately after 
breeding (before migration) and another in the winter 
quarters. Large birds, for example, eagles and albatrosses, 
molt only some feathers each year - serial molt and 
complete replacement of the integument may take longer 
than one year. Others, for example, some ducks and geese, 
molt all their wing feathers simultaneously. This speeds 
up the molting period but results in vulnerability to pre¬ 
dators during molt. One way to reduce the risk of being 
taken by a predator during this period is to gather in huge 
flocks (molt migration) and aquatic birds gather out on 
open water. Thus, molting strategies vary considerably 
among birds. 


At least among the Palearctic warblers, the summer molt 
seems to be the ancestral molt pattern, whereas winter 
molt appears to have evolved independently 7-10 times in 
this clade. The reason why winter molt evolved is unclear. 
Several hypotheses have been proposed, for example, if 
there is competition for winter territories, birds should 
migrate to these areas as soon as possible after breeding 
and postpone molt till after arrival in the wintering ground. 
Or, maybe winter molt was favored because it could speed 
up onset of the migratory flight to the breeding grounds in 
spring. 

Why Molt? 

Once the integument has developed in a mature individ¬ 
ual, daily and seasonal routines such as foraging can result 
in accumulating wear and tear. Furthermore, social inter¬ 
actions including play behavior, sexual interactions, and 
aggression (especially fighting) can result in damage to the 
integument. In most species (e.g., many mammals including 
humans), the cornified outer layers and hair are replaced 
continuously. In fish, scales can be replaced as they are lost 
or worn. Indeed, the ability to replace damaged components 
of the integument is probably ubiquitous. However, many 
species also show periodic shedding of the integument 
and replacement that often involves specific changes in 
structure as well. 

With time, bird feathers, for example, are worn out, 
affecting maneuverability in the air and flying performance 
as well as thermoregulatory capacity and coloration. Feathers, 
therefore, must be replaced at regular intervals (once or 
twice a year). As molt is very energetically expensive, it 
should not overlap with other energy-demanding events 
such as breeding and migration. The seasonal timing of 
molt is therefore of great importance, and it results from a 
trade-off between having a good integument quality during 
breeding or during the nonbreeding period. Examples of 
wear and tear are shown for a song bird in Figures 1 and 2. 
In this case, continuous replacement after loss or damage 
is limited and a complete periodic molt is essential. 

Molting Processes 

The vertebrate integument is diverse including dermal 
and epidermal structures adapted to aquatic environments 
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Figure 1 Why molt? Nuttall’s white-crowned sparrows (Zonotrichia leucophrys nuttalli) on the left-hand side have fresh breeding 
plumage, while those on the right have extremely worn plumage at the end of the breeding season in July. Some feathers (e.g., on the 
head, right panels) may have been lost while fighting. Note also the faded coloration of feathers in the right-hand panels. Photos by 
J.C. Wingfield, taken on the Pacific coast of central California. 



Figure 2 Close up of fresh plumage (left-hand panels) and worn plumage (right-hand panels) in Nuttall’s white-crowned sparrows 
(Zonotrichia leucophrys nuttalli) on the Pacific coast of central California. Note the extreme wear on the right-hand panels and the 
dramatic fading of color. This worn plumage is completely replaced by molt. Photos by J.C. Wingfield. 
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(marine and freshwater) and terrestrial habitats (from 
humid and mesic environments to extreme aridity). In 
fishes, the integument usually produces scales of great 
diversity and also mucous. The development of a stratum 
corneum during embryogenesis first occurred in amphi¬ 
bians and is found in all tetrapod vertebrates. This multi¬ 
layered structure involved programmed cell death as an 
impervious outer layer was produced. Such a skin structure 
also gave rise to scales, feathers, and hair in the amniote 
vertebrates. The structure allowed for periodic shedding of 
older and worn outer layers. Here we restrict discussion of 
molting to periodic replacement of epidermal structures in 
tetrapod vertebrates (with a focus on birds and mammals) 
because the various groups of fish, where scales etc. are 
replaced individually, apparently do not molt in the sense 
of shedding large portions of the integument, although fish 
do replace their integument and some species may be able 
to shed small portions at intervals. 

In some species, the desquamation of epidermal deriva¬ 
tives may be continuous and in small fragments (e.g, dan¬ 
druff in many mammals and birds), or cyclic in which a true 
molt occurs and the entire integument is replaced system¬ 
atically. The speed of this process may vary from several 
months in some species to just a few weeks in others or even 
hours in the case of some reptiles. The process also involves 
distinct components of shedding and regeneration of new 
skin, hair, feathers, etc. in various combinations. 

Amphibians shed the outermost layers of skin on a 
periodic basis - developmental and seasonal. The duration 
and the frequency of molts vary tremendously as a function 
of species and habitat (e.g., terrestrial versus aquatic). This 
shedding is accomplished by removal of fragments rather 
than the entire integument at once. Specific behavioral 
events are probably restricted to mild abrasion of the skin 
on environmental substrates to assist sloughing. 

Reptiles, such as squamates, frequently shed the entire 
integument in one piece allowing new skin underneath to 
expand rapidly enabling further growth of the individual. 
These species show behavioral responses in terms of finding 
a refuge, muscular contractions to assist splitting of old 
skin, undulations and abrasion to aid sloughing - sometimes 
as a complete structure. 

Birds usually show waves of feather shedding and 
replacement that progress in specific sequences over the 
entire body surface (Figure 3 shows an example of 
sequential replacement of flight feathers). In a few species, 
feathers may be shed almost simultaneously resulting in 
flightlessness and the potential for severe challenges to 
thermoregulation. The skin is shed in small fragments. 
Behavioral components include molt migration or seeking a 
sheltered place (especially if flight is impaired), reduced 
aggression, and territoriality in some species. 

In mammals, hair can be shed and replaced in waves on 
a periodic basis or continuously (as in humans). In others, 
such as cetaceans, skin is shed in fragments, probably 
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Figure 3 Feather replacement in the wing of a willow warbler, 
Phylloscopus trochilus. Old worn feathers are shed and new ones 
grow as pins between new feathers below, and old feathers 
above. This set sequence occurs each time the bird molts 
progressing from feathers shed in the midwing to feathers at the 
extremities. The pin feathers have a rich blood supply and 
gradually unfold into a mature feather as they grow out. 
Sequences (waves) of feather replacement occur elsewhere on 
the body and also in the hair replacement of mammals. Photo by 
B. Silverin. 

continuously. Behavioral components include abrasion 
such as rubbing against substrate to hasten loss of old 
hair and skin. 

Behavioral Effects 

The physiological and morphological aspects of vertebrate 
molts have been described elsewhere, but behaviors asso¬ 
ciated with molting have received much less attention. In 
general, molt cycles have implications for expression of 
behavior such as those changes related to the molting 
process itself, and changes in integument structure that 
allow the individual to express behavioral traits at different 
seasons or in different habitats. These can be summarized 
as follows: 

Dietary changes — to provide high sulfur-containing 
amino acids to produce keratin etc. 

Sloughingbehavior— to remove old skin, hair, or feathers; 
abrade scales. 

Secretive behavior— such as seek a shelter while new skin 
cornifies, feathers and hair grow. This reduces possi¬ 
bility of damage to components of a developing new 
integument. Additionally, molt affects flight ability in 
birds and, thereby, the risk of being taken by a predator. 
Changes in crypsis— seasonal change in pelage/plumage 
may allow renewal of integument to adapt to seasonal 
climatic changes. This could include development of 
white plumage in winter and cryptic pelage in summer 
(Figure 4). 

Changes in insulation — seasonal changes may also 
include adjustment of insulation qualities of pelage 
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Figure 4 Examples of seasonal changes in pelage. Seasonal changes in plumage coloration in willow ptarmigan (Lagopus lagopus) 
on the North Slope of Alaska. Top left panel shows typical all white winter plumage, cryptic in snow but also highly insulated against 
the Arctic winter weather. Lower left panel shows summer plumage, more cryptic in the absence of snow. The top right panel shows 
a musk ox (Ovibos) on the North Slope of Alaska in full winter pelage with long outer guard hairs and thick insulating hair beneath. 
Lower right panel shows a musk ox in spring shedding large chunks of insulating hair. This will be replaced the following autumn. 
Photos by J.C. Wingfield. 


(e.g., down or extra fur for the winter months) so that 
the organism can go about its daily routines despite 
major changes in weather (Figure 4). 

Changes in ‘ ‘protective ” structure — to allow individuals to 
take advantage of different environments at certain 
times of year. For example, some amphibians develop 
a more cornified skin during the terrestrial phase of 
their life cycle. Euryhaline fish undergo changes in 
their integument and degree of mucus production 
during movements between fresh and salt water (e.g., 
to cope with directions of salt and water transport in 
permeable components of the integument etc.). 

Changes in nuptial structures — seasonal change in pelage 
may also allow development of nuptial appendages of 
the integument (e.g., antlers, plumes, etc.) and changes 
in color patterns for reproductive purposes - to attract 
a mate, defend a breeding territory (and paternity). 
Social interactions during molt (at least in birds) may 
have important effects on the coloration and patterns 
of plumage developed. 

Hormone Mechanisms in Molt 

Control systems are not well known but involve 

hypothalamo-pituitary secretions that in turn regulate 


peripheral endocrine systems to orchestrate the develop¬ 
ment of a physiological and morphological state so that 
molting can actually begin, and also regulate the processes of 
specific loss and replacement of integument structures. 
These physiological and behavioral adjustments associated 
with molting are accompanied by changes in hormonal- 
secretion patterns. In birds, at the onset of postbreeding 
molt, sex-steroid levels as well as gonadotropins are basal. 
Elevated circulating testosterone, for example, may delay 
or even prevent molt. Furthermore, there is also increased 
and irreversible conversion of testosterone to biologically 
inactive metabolites in the anterior hypothalamus at the 
time of molt in great tits Parus major, essentially reducing 
effects of testosterone in target tissues and allowing the 
postnuptial (or prebasic) molt to begin. In contrast, in some 
squamate reptiles, molt may occur just prior to spring 
mating. In mammals, sex steroids such as testosterone 
enhance growth of some hair types and inhibit others. 
Inter-relationships of molt and other life history stages 
appear to be complex and deserve further study. 

It is generally considered that the thyroid hormone 
thyroxine (T4) is responsible for the induction of molt. 
Most species studied to date, but not all, show a seasonal 
elevation of T4 during molt. Thyroidectomy in amphi¬ 
bians, reptiles, and birds delays molt although it may not 
eliminate it completely. However, even if molt does begin 
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in thyroidectomized animals, the epidermal structures 
that develop are frequently malformed. Although tri¬ 
iodothyronine (T3) in some species shows a similar tem¬ 
poral change over seasons as T4, experiments indicate 
that T3 has rather little, if any, influence on the molting 
process. Injections of T4 into thyroidectomized animals 
tend to restore molt to its normal frequency and the 
structures developed appear normal. Thyroid hormones 
also appear to be important for development of thick skin, 
more impervious to water in newts moving from breeding 
ponds onto land. 

The role of prolactin in molt is strongly suggested by 
some studies, but others have failed to relate high circu¬ 
lating levels of prolactin to molt. In birds, peaks of prolac¬ 
tin secretion are consistently associated with onset of 
molt. As this hormone is also associated with parental 
behavior, osmoregulation, metabolism, and growth, rela¬ 
tionships to molt are complex and probably affected by 
season, life history stage, etc. In newts, prolactin is impor¬ 
tant for the development of smooth skin with rich mucous 
secretion prior to entry into breeding ponds. However, 
these effects are also dependent upon thyroid hormones. 
On the other hand, in mice, prolactin may inhibit onset 
of waves of hair replacement. Furthermore, disruption 
of prolactin receptor gene expression in mouse skin 
advanced onset of molting. Much more research is needed 
to understand the hormonal regulation of molt and asso¬ 
ciated behavior in general. 

Molt and Environmental Perturbations 

The molting process is critical for many species and 
disruption of molt can have serious consequences for 
survival, reproductive success, etc. Thus, the potential 
for environmental perturbations to affect molt has proba¬ 
bly had an influence on the timing of molt to the most 
benign time of year, and the fact that many animals may 
seek a refuge while molting. Stress hormones such as 
glucocorticoids may play an important role during molt. 
Free-living birds show distinct seasonal variations in 
plasma levels of corticosterone with a nadir during pre- 
basic molt when feathers are being replaced. The down- 
regulation of the hypothalamo-pituitary-adrenal (HPA) 
axis appears to be mediated at different levels in different 
species of birds. The downregulation of the HPA axis 
during molt might enable the individual to avoid the 
protein catabolic effects of glucocorticoids such as corti¬ 
costerone, and subsequent inhibition of feather growth 
and decreased quality of feathers (which would be impor¬ 
tant for over winter survival for example). Experimental 
elevation of plasma levels of corticosterone during molt 
decreases the rate of feather replacement. Because molt 
may dramatically reduce a bird’s flight ability, high 
corticosterone levels during molt in turn may lower 


survival rate. For example, free-living pied flycatchers, 
Ficedula hypoleuca , undergoing a simulated molt were 
depredated more frequently by sparrowhawks, Accipiter 
nisus , than were control birds. 

On the other hand, downregulation of the HPA axis 
during molt and a reduced stress response might also have 
costs for the free-living animal because this results in 
reduced ability to cope maximally with unpredictable 
stressors, such as adverse weather conditions, human dis¬ 
turbance, etc. This may mean there is a trade-off between 
timing of molt to the optimal time for food supplies and a 
lowered ability to cope maximally with environmental 
stressors. To illustrate this trade-off further, a recent study 
showed that induced molt (by plucking feathers) in captive 
starlings, Sturnus vulgaris , resulted in only a moderate 
increase in their plasma levels of corticosterone when 
subjected to physical chronic stress (food restriction), 
psychological stressors, or daily disturbances (such as cage 
disturbances or loud music). The moderate rise in corti¬ 
costerone did not slow down feather regrowth, nor did it 
affect feather quality as occurs in experiments using tech¬ 
niques that elevate corticosterone to much higher levels. 
Thus, evolution might have selected regulatory mechan¬ 
isms that reduce the response to stress during molt so that 
the effects of high corticosterone levels that may interfere 
with the molting process can be avoided. Nonetheless, 
birds still retain some coping capacity in the face of stress. 

Future Directions 

Clearly, replacement of the integument is an essential 
component of the life cycle and represents not only a 
maintenance function aiding survival, but may also be 
important for attracting a mate and reproductive success. 
As such, patterns of molt and development/loss of epidermal 
structures are extremely diverse across vertebrate taxa. 
The role of behavior in molt cycles, both to aid the molting 
process and behavioral interactions that may influence 
molt, remains very poorly understood. Hormone control 
mechanisms have been well investigated in some species 
and suggest great diversity across taxa according to time 
of year and context. How hormones may influence molt 
behavior remains almost completely unknown in vertebrates. 
With the new research tools available today, the regulation 
of molt cycles and associated behavior is a rich research 
area awaiting exploration. 

See also: Hormones and Behavior: Basic Concepts; 
Seasonality: Hormones and Behavior. 
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Introduction 

In this chapter, we highlight examples of social influ¬ 
ences on learning observed in prosimians and monkeys 
and consider the role of socially mediated learning in 
the biology of these animals. Learning is always the 
outcome of interacting physical, social, and individual 
factors and takes place over time. Thus, we cannot parse 
learning, either as a process or as an outcome, into 
portions that are socially influenced and portions that 
are not. Instead, we can document how social processes 
affect behavior relevant to the learning process, and 
we can seek evidence for social contributions to learning 
outcomes. 

To begin, we provide some background on the taxo¬ 
nomic groups of interest in this chapter: monkeys and 
prosimians. Primates are a remarkably diverse order. Body 
size alone spans three orders of magnitude, from tiny pro¬ 
simians weighing a few hundred grams to massive apes 
weighing more than 100 kg. Diet, morphology, mating 
systems, locomotor style, life history, and every other 
aspect of the biology of these animals is as diverse as body 
size, and this diversity is important when considering 
the contributions of the social context to learning in par¬ 
ticular species. 

Phytogeny of Prosimians and Monkeys 

As Fleagle (1999) discusses in greater detail, the order 
Primates includes two suborders: Prosimii, prosimians, and 
Anthropoidea, monkeys, apes, and humans (see Figure 1). 
The two suborders have evolved separately for at least 
55 Million years. Two infraorders are classified within 
Anthropoidea: the platyrrhines (New World monkeys) 
and catarrhines (Old World monkeys, apes, and humans). 
New and Old World monkeys diverged approximately 
40 Millions of years ago (Mya), and apes and hominids 
(hominids include modern humans and their ancestors; 
superfamily Hominoidea) diverged from the Old World 
monkeys (superfamily Cercopithecoidea) approximately 
20 Mya. Given their lengthy independent evolution, vari¬ 
ation in the life histories, body sizes, social organizations, 
etc., within each suborder, infraorder, and superfamily in 
the order Primates is to be expected. 

The suborder Prosimii includes the infraorders Lemur- 
iformes (the lemurs of Madagascar), Lorisiformes (the 
lorises of Africa and Asia and the galagos of Africa), and 


Tarsiiformes (tarsiers of Southeast Asia). All prosimians 
live in tropical habitats in Africa and Asia and the vast 
majority are arboreal and nocturnal. Prosimians are some¬ 
times referred to as ‘living fossils’ because they appear to 
have some physical similarities to ancestral primates of 
approximately 50 Mya. In general, prosimians rely to a 
greater extent than other primates on olfaction. Some are 
solitary foragers; others travel and forage in groups ranging 
from small family units to larger social groups of as many as 
27 individuals. We know less about the lifestyles and behav¬ 
ior of prosimians than ot monkeys. 

In comparison with prosimians, species in the suborder 
Anthropoidea are characterized by a relatively larger 
brain for their body mass, diurnal lifestyle, and a greater 
reliance on vision than on olfaction. Anthropoid species 
generally exhibit greater manual dexterity than prosi¬ 
mians, and anthropoids are more likely to live in groups. 
New World monkeys (infraorder Platyrrhini) are arboreal 
and relatively small-bodied, ranging in size from approxi¬ 
mately 100 g (the pygmy marmoset [Cebuella pygmaea]) up 
to 10 kg (the muriqui [Brachyteles arachnoides ] and spider 
monkey [Genus Ateles]). Many genera live in small family 
groups; others live in medium-to-large social groups 
(as many as 50-60 individuals). Within the New World 
monkeys are the subfamilies Callitrichinae (marmosets 
and tamarins), Atelinae (muriquis, woolly, howler, and 
spider monkeys), Pitheciinae (titis, sakis, bearded sakis, 
and uakaris), Cebinae (squirrel monkeys and capuchins), 
and Aotinae (owl monkeys, the only nocturnal anthro¬ 
poid). During the platyrrhine radiation in the Americas, 
the genera adapted to distinct niches, making a living in 
different parts of the forest canopy and resulting in great 
diversity in social organization, reproductive strategy, 
diet, and locomotor style. 

Compared to New World monkeys, Old World monkeys 
(superfamily Cercopithecoidea) are mostly larger-bodied, 
ranging from around 1 kg to approximately 30 kg, and some 
are terrestrial. Old World monkeys include subfamilies 
Cercopithecinae (baboons, mandrills, drills, macaques, 
mangabeys, and guenons) and Colobinae (colobus monkeys 
and langurs), which differ particularly in their dietary adap¬ 
tations (see Fleagle for details). Most cercopithecoid species 
live in large polygamous social groups with clear dominance 
hierarchies within and between matrilines (female kin 
groups), and some form multilevel societies during parts 
of the year. Of all primate superfamilies, cercopithecoids 
have the widest geographic range, greatest number of spe¬ 
cies, and form some of the largest groups and biomass 
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Order 


Primates 

JL 





Suborder 


Prosimii* 

(all prosimians: lemurs, 
lorises, galagos, and tarsiers) 


Infraorder 


Lemuriformes Lorisiformes Tarsiiformes^ 

(all lemurs) (all lorises (the tarsiers) 

and galagos) 


Platyrrhini 

(all new world 
monkeys) 


Superfamily 


Ceboidea 

(all new world 
monkeys) 


Anthropoidea 

(monkeys, apes, 
and humans) 


Cercopithecoidea 

(all old world 
monkeys) 


Catarrhini 
(all old world monkeys, 
apes, and humans) 


I 




Hominoidea 

(apes and humans) 


Family 


Callitrichidae + Atelidae Cebidae Cercopithecidae 

(marmosets and (howlers, spider (squirrel (all old world 

tamarins) monkeys, and monkeys, capuchins, monkeys) 

muriquis) owl monkeys, etc.) 


Hylobatidae 

(gibbons and 
siamangs) 


Pongidae 

(the great apes) 


Subfamily 


Cercopithecinae 

(baboons, macaques, 
guenons, etc.) 


Colobinae 

(colobus species, 
langurs) 


Hominidae 

(humans) 


Genus 


Species 


|| All primates 

All monkeys 

| All anthropoids 

All apes 

| All hominoids 

All hominids (including extinct 

| All prosimians 

forms and modern humans) 


Pongo Gorilla Pan Homo 


Pygmaeus Gorilla Troglodytes Sapiens 

(orangutans) (3 subspecies) (chimpanzees) 

(2 subspecies) (3 subspecies) 

paniscus 

(bonobos) 


*There is some disagreement among primatologists concerning where to place tarsiers. Many researchers + Fleagle (1999) and others have recently eliminated the family callitrichidae and included marmosets 
suggest that they more properly belong closer to the anthropoids and thus revise the primate classifications and tamarins in the family cebidae. 
to reflect this view. Here, for simplicity, we continue to use the traditional classifications. 

Figure 1 Primate taxonomic classification. This abbreviated taxonomy illustrates how primates are grouped into increasingly specific 
categories. Only the more general categories are shown, except for the great apes and humans. Reproduced from Turnbaugh WA, Nelson H, 
Jurmain R, and Kilgore L (2002) Understanding Physical Anthropology and Archaeology, 8th edn., with permission from Wadsworth. 


densities in the primate order. Despite this, Old World 
monkeys have less diversity in diet and social organization 
than New World monkeys. 

Phytogeny and Socially Mediated 
Learning 

This brief review of primate phylogeny suggests some 
reasons why we might expect socially mediated learning 
to vary across primate taxa. First, group demographics and 
social dynamics within groups define the social context, 
and thus influence socially mediated learning within a 
group. The number of groupmates, their age and sex, and 
the nature of social relationships within the group vary 
enormously across species, and may vary considerably 
within species as well. Groups of monkeys of the same 
species may live in smallish groups (4-7 individuals) or 
quite large groups (more than 40 individuals) depending on 
the local distribution of resources. Second, reliance on 
various sensory modalities (vision, olfaction, audition, and 
touch) in social interaction and in general activity varies 
across taxa. For example, species that are particularly atten¬ 
tive to smell (such as many prosimians) will be affected by 


social partners in a way different from that of species that 
are highly reliant on vision. Third, motor patterns and 
action proclivities vary considerably across species. For 
example, leaf-eating monkeys are generally less likely to 
manipulate objects spontaneously than species that feed on 
seeds and nuts. Finally, the variability in behavioral ecology 
across species means that individuals of different species 
are interested in different kinds of activities, locations, 
objects, and events. For example, leaf-eating monkeys 
may be less likely to attend to sequences of actions during 
feeding than are seed- or nut-eating species; omnivorous 
species are less likely to attend to the odor of leaves eaten 
by another than are dietary specialists. Behavioral priorities 
and proclivities of each species constrain what an individ¬ 
ual is likely to learn in the first place, and thus the role of 
social context in learning. 

The Sources of Social Context 

Social Organization 

The social organization (i.e., the size, demographic com¬ 
position, and spatiotemporal coordination of individuals 
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within a group) and social relationships among individuals 
in a group provide the boundaries of the social context in 
which an individual can learn. As Coussi-Korbel and Fra- 
gaszy have proposed, conspecifics with which an individual 
has a long-term social relationship and that are frequently 
nearby are particularly important and enduring compo¬ 
nents of an individual’s experience. In theory, the more 
closely individuals coordinate their activity in space and/ 
or time, the more likely an individual’s activity is to 
influence the activity of others. Individuals of species in 
which social partners spend more of their time apart than 
together are likely to experience less direct social influ¬ 
ences on learning specific actions than species that spend 
most of their time in the company of conspecifics. For 
example, adults of many nocturnal prosimians form sleep¬ 
ing groups during the day but travel and forage alone at 
night (e.g., dwarf and mouse lemurs [Genus Cheirogaleus and 
Microcebus , respectively] and some galagos [Genus Galago] 
and tarsiers [Genus Tarsias] ). These animals are therefore 
not often in the company of others that might influence 
their behavior. However, all monkeys and some prosimian 
species, such as lemurs, sifakas, and indris, remain in cohe¬ 
sive groups and are near conspecifics virtually all the time. 
This intensely social lifestyle affects every aspect of expe¬ 
rience through every sensory modality. Interactions with 
conspecifics structure where and how an individual budgets 
the time that it devotes to different activities (e.g., travel vs. 
feeding), and conspecifics also influence how an individual 
responds to events that occur nearby. For example, as 
Cheney and Seyfarth have shown, monkeys attend to 
overt signals made by others concerning objects, events, 
or locations of affective value (i.e., desirable or objection¬ 
able) such as a recruitment call to a food site or an alarm 
call to a predator, even if out of sight or some distance away 
from the other group members. 

Social Relationships 

Individuals are more likely to be near others with which 
they share a mutually affiliative relationship (e.g., depen¬ 
dent offspring with a parent). If social influences on 
learning are maximized when individuals are near one 
another, then a potential learner will be more influenced 
by those with which it shares positive affdiations than by 
others: a phenomenon Coussi-Korbel and Fragaszy have 
labeled Directed Social Learning. Over time, uneven 
social influences on learning across individuals within a 
group can lead to the generation of behavioral variations 
among subgroups. For example, youngjapanese macaques 
living in Koshima, a small island in Japan, first began to 
wash sweet potatoes in the sea when these were provided 
for them on a sandy beach on the island. Initially, only 
juveniles washed potatoes. In subsequent years, the juve¬ 
niles’ older siblings and mothers started to wash potatoes. 
Older individuals adopted the behavior more slowly than 


juveniles; adult males most slowly or not at all. If social 
influences contributed to the spread of the behavior, it did 
so unevenly across age and sex classes in accord with the 
predictions of the Directed Social Learning model. How¬ 
ever, as Galef has indicated, a similar outcome could 
reflect accumulation of individual experience without 
any social influence, so we cannot definitively claim that 
social influence promoted the spread of the behavior. 
A similar caveat applies to several commonly cited exam¬ 
ples of traditions in non-human primates. Observing the 
development of behaviors by new practitioners, with 
the requisite detail of social contexts and behavioral 
change over time, is necessary to make strong claims 
about the contributions of social context to learning a 
specific behavior. Such developmental studies are now 
underway with some species of monkeys. 

Social influences within a group can be thought of as 
either vertical (across generations) or horizontal (within 
generations; among juveniles, for example). Vertical and 
horizontal social influences are common in primates. Ver¬ 
tical social influence is often discussed as promoting 
behavioral continuity between generations, while hori¬ 
zontal social influence is more likely to promote adaptive 
behavioral change; for example, in response to changing 
circumstances. Vertical social influence promotes conti¬ 
nuity in commonplace and routine preferences and beha¬ 
viors that young primates acquire gradually while 
traveling with adults, such as habitual travel routes and 
sleeping sites. Vertical social influence can also promote 
refinement of specific behaviors. For example, as Cheney 
and Seyfarth have shown, young vervet monkeys ( Cerco - 
pithecus aethiops) gradually narrow the range of animals to 
which they give alarm vocalizations according to differ¬ 
ential adult responsiveness to their calls. Adults respond 
to juveniles’ calls in response to actual predators and 
ignore calls in response to benign animals. 

Perry’s studies of white-faced capuchins ( Cebus capuci- 
nus) in Costa Rica provide examples of behaviors reflect¬ 
ing horizontal social influence. These monkeys sometimes 
develop idiosyncratic social behaviors (‘games’) that are 
played in pairs by close companions in a play context, but 
not between parent and offspring. One of the games 
identified by Perry and colleagues is the toy game, in 
which two monkeys take turns extracting an inanimate 
object, like a twig or leaf, from each other’s mouth. In the 
toy game, one monkey holds the object tightly in its 
mouth without chewing it, and the other monkey attempts 
to pry open the first monkey’s mouth and extract the item. 
Once retrieved, the monkeys then repeat the procedure or 
switch roles. Although initially one individual instigates a 
new game, eventually several different pairs in the group 
participate in the same game. Such behaviors are main¬ 
tained by a particular social context and often disappear 
when that context disappears (e.g., when the key initiator 
of the behavior emigrates from the group). 
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For many species of primates, the most influential 
social partner from birth until independence is the 
mother, and in some species that share parental care, the 
mother and father (e.g., callitrichids, owl monkeys, and titi 
monkeys). Infants of most primate species are carried by 
the mother and thus are influenced by her activity as they 
travel together throughout the day. Even when able to 
travel independently, infants typically remain near their 
mother to nurse, rest, and feed, and this period of depen¬ 
dency is often considered important for skill learning by 
infants. Aye-ayes (Daubentonia madagascariensis ), a noctur¬ 
nal prosimian species, provide a striking example (see 
Figure 2). A significant part of the aye-aye’s foraging 
activity involves extracting larvae from woody substrates, 
using a method called tap-foraging. In tap foraging, aye- 
ayes tap the substrate with a finger to locate a hollow 
cavity, gnaw the wood in the right place, and insert a 
specially adapted, long and skinny digit to probe the 
cavity and to extract the larva. Krakauer demonstrated 
several ways in which immature aye-ayes’ proficiency in 
tap foraging is influenced by close proximity with their 
mother while she engages in the behavior. In general, the 
aye-aye mother allows her infant to remain nearby while 
she tap-forages. Over time, the infant begins to take over 
the site where the mother is working and extract the 
larvae itself. Infants of a naturally nontap-foraging mother 
attempted tap-foraging less often than other infants and 
never succeeded at extracting a larva. 

Processes Mediating Learning in a Social 
Context 

Facilitation and Enhancement 

One common and powerful form of social influence on 
learning in primates is increased probability of performing 



Figure 2 Mother and infant aye-aye foraging jointly. Aye-ayes 
(Daubentonia madagascariensis, lemurids) locate hidden prey by 
tapping on woody substrates. Infants begin to practice this 
technique at the same sites as their mothers. Photo by David 
Haring/Duke Lemur Center. 


a behavior when a conspecific is seen performing that 
behavior. Such socially facilitated behaviors are already in 
an individual’s repertoire, for example, vocalizing or 
grooming. Another powerful social influence on behavior 
is increased interest in an object or in an area where 
another has recently been active or where others’ previous 
activity has left artifacts (e.g., scents or physical alterations) 
(see Figure 3). Such increased interest in areas or objects 
where others have been active has been termed, respec¬ 
tively, local and stimulus enhancement; hereafter, enhance¬ 
ment. The bulk of empirical studies of social influences on 
learning in monkeys and prosimians have concerned these 
two phenomena. 

Social facilitation is particularly common in primates 
in the context of feeding. For example, individuals are 
likely to begin eating, even if satiated, if nearby group 
members are eating. Social facilitation can lead to expo¬ 
sure to a new food item, or support exploratory activities 
that indirectly aid learning a foraging skill, as when young 
monkeys learn to locate hidden prey through repeated 
bouts of searching begun while or shortly after seeing 
others forage for hidden prey. This simple mechanism 
can support individuals developing the same dietary pre¬ 
ferences as their groupmates, as individuals eating at the 
same time usually eat in the same place, and therefore 
often eat the same things. More generally, social facilita¬ 
tion results in temporal coordination of group activity. 

Enhancement may occur through multiple senses and 
over an extended time period. For example, an indivi¬ 
dual’s attention may be drawn to a foraging site through 
observation of another feeding, hearing the other’s actions 
(such as breaking a stick), eating food items derived from 



Figure 3 Infant Japanese macaques (Macaca fuscata, 
cercopithecines) attend closely to their mother’s activity with 
stones. In groups of Japanese macaques provisioned with food, 
many individuals engage in stone-handling, and this behavior has 
been characterized as a tradition. Photo by Jean-Baptiste Leca/ 
Primate Research Institute, Kyoto University and Iwatayama 
Monkey Park. 
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another’s activity at the site, smelling another’s mouth, 
and encountering artifacts (including scents) of past for¬ 
aging activity, as well as through joint contact with mate¬ 
rials another is handling. Any and all of these experiences 
increase the probability that an individual will investigate 
the site that another is exploiting or has exploited. Typi¬ 
cally, young primates show strong interest in sites where 
others, especially adults, are foraging (see Figure 4). To 
the extent to which juveniles’ proximity is tolerated by 
adults, young primates may approach and eat dropped 
food or even take bits of food from another’s hand or 
mouth. However, even when young monkeys do not 
acquire food as a result of approaching, they are still 
intensely interested in sites where others forage. 

Although most adult monkeys and prosimians do not 
overtly share food, enhancement of interest in foraging 
sites appears to be actively promoted in callitrichids. For 
example, Rapaport and Brown have found that adult 
golden lion tamarins (Leontopithecus rosalia\ see Figure 5), 
which live in cohesive family groups that are led by a 
cooperatively breeding pair, emit food-offering vocaliza¬ 
tions that draw their dependent offspring to a site con¬ 
taining live prey or large/tough-skinned fruit. Instead of 
taking the food for themselves, an adult waits until a juvenile 
reaches the site and allows the juvenile to extract the food 
item. This form of provisioning (or, as Rapaport and Brown 
refer to it, opportunity teaching) peaks around weaning 
(3-4 months) and continues untill infants are about a year 
old. Adults selectively provision infants with items that are 
difficult to process. 

Callitrichids rely to varying degrees on extractive for¬ 
aging for hidden foods, and participating in foraging with 



Figure 4 Infant and juvenile bearded capuchins (Cebus 
libidinosus, cebids) watch an adult crack a palm nut using a stone 
hammer, a common behavior in many wild groups of this 
species. Young monkeys regularly attend closely to proficient 
crackers and collect bits of broken nut from sites where adults 
crack. This tolerant social context is thought to promote 
investigation of appropriate sites and materials by the 
youngsters, and thus to aid them in learning to crack nuts. Photo 
by Barth Wright/EthoCebus Project. 


adults apparently helps youngsters learn to search in 
appropriate places and to perform appropriate actions. 
Research has shown more overt instances of adults actively 
providing social supports for youngsters learning to forage 
in callitrichids than in other monkeys, such as cercopithecines 
and colobines, which live in larger groups and show less 
shared parental care. Brown and Rapaport suggest that the 
degree of parental assistance in foraging seen in callitrichids 
is matched only by apes. 

Motor Imitation 

Motor imitation (i.e., performing a specific action after 
observing another perform the same action) is thought to 
contribute importantly to learning in humans. Currently, 
we have no evidence that prosimians or monkeys imitate 
novel actions spontaneously, as do humans. Nevertheless, 
recent experimental evidence indicates that marmosets 
and tamarins (callitrichids) will use the same part of the 
body to move an object that they have witnessed a con- 
specific use to solve a foraging problem. Currently, calli¬ 
trichids provide the best evidence of imitation of familiar 
actions in monkeys. It is interesting that callitrichids have 
aptitude in this domain (as well as in opportunity teach¬ 
ing), whereas cercopithecoid monkeys do not, because 
callitrichids are phylogenetically more distant from homi- 
nids than cercopithecoid monkeys (see Figure 1), while 
true imitation is present in hominids. 



Figure 5 Adult golden lion tamarin (Leontopithecus rosalia, 
callitrichids), carrying twins. Parents in this species call their 
dependent offspring to places where a hidden food item can be 
procured, a phenomenon called ‘opportunity teaching’. Photo by 
Jessie Cohen/National Zoo, Smithsonian Institution. 
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Learning a Decision Rule through Observation 

Psychologists have long been interested in whether indi¬ 
viduals can learn arbitrary decision rules from watching 
others select objects from a set. Typically, a subject 
observes a skilled partner and a short time later works 
on an identical problem. Monkeys have considerably 
greater success on this kind of task than in reproducing 
novel actions after watching others perform them. For 
example, Subiaul trained two rhesus macaques (Macaca 
mulatto ,, cercopithecines) to touch in fixed order each of 
four pictures appearing simultaneously on a touch-screen 
monitor. Each monkey trained alone and became an 
expert at a particular sequence of four pictures, and 
then each monkey learned the other monkeys’ sequences 
as well as other new sequences. Both the monkeys more 
quickly learned the series that they had watched their 
social partner perform than series that they had not 
watched the other monkey perform. As each monkey 
was already skilled at touching pictures in a particular 
sequence, what each monkey learned from watching the 
other was the order in which to touch a new set of 
pictures. Subiaul labels this type of learning ‘cognitive 
imitation,’ because the observer adopts a rule demon¬ 
strated by another, rather than a particular action. Subiaul 
argues that monkeys can adopt novel decision rules, but 
not match novel actions, from watching others because 
matching novel actions depends upon ‘derived neural 
specializations mediating the planning and coordination 
of fine and gross motor movements’ that some hominids 
(see Whiten, this volume), but not monkeys and prosi¬ 
mians, possess. 


Biological Significance of Socially 
Mediated Learning 

Socially mediated learning probably serves biological 
functions in primates similar to those it serves in other 
taxa. Social partners provide a context for learning in 
non-human primates, both highlighting relevant features 
of the environment through enhancement and promoting 
behaviors that are generally appropriate for a particular 
place and time through social facilitation. In the short 
term, social mediation of learning reduces risk during 
the acquisition of useful skills and knowledge, and social 
mediation may be especially beneficial to acquiring cer¬ 
tain foraging skills. Differentiated relationships with spe¬ 
cific others produce a mosaic of learning opportunities 
across individuals within a group, thus promoting behav¬ 
ioral variation within a group. 

Social mediation of learning can also have longer-term 
consequences when it results in traditions (i.e., relatively 
enduring behaviors acquired in part by socially mediated 
learning and practiced by at least two members of a 


group). Behavioral traditions hold strong interest for evo¬ 
lutionary biologists because traditions generate and main¬ 
tain behavioral variation over time outside of, or perhaps 
even ahead of, changes in the genetics of a population. In 
this indirect manner, socially mediated learning contri¬ 
butes to evolution, and social learning becomes central to 
the contemporary debate about the relationship between 
traditions in non-human animals and the phenomenon of 
culture (for discussion see Perry, this volume, or Caldwell 
and Whiten, 2007). 

Summary 

Monkeys and prosimians have varied social lives, which 
influence how and what individuals learn. In general, 
monkeys and prosimians are interested in conspecifics 
and attend to what they are doing. The motivation to 
synchronize behavior with others (social facilitation) pro¬ 
motes behavioral coordination within a group. Interest in 
where another is acting (enhancement) draws attention to 
both places and objects. Such processes channel an indi¬ 
vidual’s activity sufficiently that monkeys and prosimians 
tend to acquire preferences and behavioral patterns simi¬ 
lar to those of their groupmates. Monkeys match the 
specific actions of others only in very limited circum¬ 
stances. The influence of older on younger individuals 
promotes the maintenance of behaviors across genera¬ 
tions (traditions), and enduring traditions may have an 
impact on natural selection. 

See also: Apes: Social Learning; Culture; Imitation: 
Cognitive Implications. 
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Introduction 

Social Monogamy 

Monogamy is a mating system in which a single adult 
male and a single adult female mate. Such pair bonds may 
last for a single breeding attempt, a breeding season, or 
many breeding seasons as in some pair-living mammals 
and some geese and swans. An active termination of the 
bond and pairing with a new partner (mate switching) 
occurs in many species. In birds, in particular the subfam¬ 
ily of passerines, more than 93% of all species are socially 
monogamous. Social monogamy is often associated with 
biparental care; however, exceptions exist. 

Genetic Monogamy 

This is an exclusive mating relationship between a male 
and a female resulting in all offspring being genetically 
directly related to both partners. The use of molecular 
techniques revealed that many socially monogamous bird 
species obtain fertilizations outside their pair bond (called 
‘extra-pair fertilizations’ (EPFs)), with frequencies of 
extra-pair young (EPY) reaching 70% in some. Less 
than 25% of all socially monogamous bird species so far 
studied practice true genetic monogamy, and true genetic 
monogamy occurs in fact in only 14% of surveyed passer¬ 
ine species whereas the remaining 86% species showed 
varying levels of extra-pair paternity (EPP). Thus, there is 
a discrepancy in the occurrence of social and genetic 
monogamy. Social bonds do not reliably predict genetic 
mating patterns. In fact, this discovery has led to a revision 
in terminology, such that species are now commonly 
classified depending on whether they are genetically or 
socially monogamous. 

Extra-Pair Copulations 

Extra-pair copulations (EPCs) that result in EPFs and 
ultimately EPY are responsible for the differences in 
social and genetic mating patterns. Many studies have 
demonstrated that such copulations outside the pair 
bond are an alternative reproductive strategy adopted by 
males to increase their reproductive success and adopted 
by females to obtain genetic benefits. The rate of EPP 
reflects the proportion of offspring, for example, within a 
nest or population, fathered by males other than the 
primary male (social mate). 


EPCs and the Classical Mating Systems 

EPCs have been reported in monogamous, polygynous, 
and polyandrous species, but are most common in monog¬ 
amous mating systems. For example, in Southwestern 
Willow Flycatchers (Empidonax traillii extimus), polygy¬ 
nous and monogamous males engaged in EPFs. However, 
females socially paired with polygynous males are more 
likely to seek or accept EPC than females paired with 
socially monogamous males, which offsets overall higher 
apparent reproductive success of socially polygynous 
males. Two alternative hypotheses explain how EPP and 
social and genetic mating systems are interrelated in birds. 
The male trade-off hypothesis predicts that social polyg¬ 
yny increases EPFs because males concentrate on attract¬ 
ing additional social mates which prevents effective 
protection of females with whom they are already mated 
with (see section ‘Variation due to time constraints: Mate 
guarding, parental care, or EPP?’). The second hypothesis 
is the female choice hypothesis, which states that social 
polygyny should decrease EPFs because a substantial 
proportion of females can pair with the male of their 
choice, and males can effectively guard each mate during 
her fertile period (see below). Dennis Hasselquist and 
Paul Sherman found that extra-pair chicks were twice as 
frequent in socially monogamous as in socially polygy¬ 
nous species (23% vs. 11 %) and concluded that in socially 
polygynous species there is less incentive for females and 
males to pursue extra-pair mating and in contrast females 
very likely incur higher costs for sexual infidelity, for 
example, due to physical retaliation or reduction of paternal 
efforts than in socially monogamous species. 


Why Is EPP the Alternative Mating Tactic 
for Monogamous Species? 

In socially polygynous mating systems, theoretically, all 
females could pair with the best male available. Under the 
assumption that there is an overall best male that all 
females prefer, in a monogamous system only one female 
can be mated to the best, the second female to the second 
best male, and so on. Thus, females, as a consequence of 
later pairing, have to accept mating partners of lower 
quality. In such a situation, EPCs are one postmating 
strategy to increase offspring fitness. Quality variation 
in female mating partners alone may explain variation in 
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Table 1 

Possible benefits and costs of EPCs for males and for females 



Benefits 

Costs 


Males & females • Insurance against mate’s infertility 

• Possible future mate acquisition 

• Production of genotypically better or diverse offspring 


Risk of acquiring sexually transmitted pathogens 
Increased likelihood of divorce 
Risk of predation 


Females only • Access to resources (e.g., parental care) 


Males only • Increase the number of offspring 


Male retaliation 
Risk of injury 

Harassment from extra-pair males 

Ejaculate production costs and sperm depletion 

Increased risk of cuckoldry 

Parental investment into nonrelative offspring 


female extra-pair behavior, for example, why some hut 
not all individuals engage in EPCs. This strategy may also 
allow females to choose a social mate for offspring care 
separate from choosing the genetic father (see below). 
Several benefits and costs are associated with EPCs as 
Patty Gowaty pointed out in 2006, but data so far do not 
support strong conclusions about the relative costs and 
benefits. Thus, we present a summary (Table 1) of costs 
and benefits of EPCs. Most of the costs and benefits are 
more or less the same for both sexes. The only big difference 
in terms of benefits is that males successfully performing 
EPCs can significantly increase offspring numbers, whereas 
females may gain from access to resources (access to food, 
nest sites, and paternal care). In terms of costs, females suffer 
from the aggression of guarding or retaliating males, 
whereas males mainly suffer because they waste reproduc¬ 
tive energy (sperm, paternal care, time, etc.). 

EPP and Female Choice: Genetic Benefits 

We can divide the genetic benefits of EPP into two types: 
the ‘good genes hypothesis,’ with additive effect, and the 
‘compatible genes hypothesis,’ with a nonadditive effect. 

The Good Genes Hypothesis 

This hypothesis predicts that males will be selected to signal 
(through, e.g., ornaments) their genetic quality and that 
females will prefer copulating with males carrying good 
genes. The point is that not all females can pair with the 
most preferred males because of the constraint of social 
monogamy. So, females paired to nonpreferred males 
might try to copulate with a better male, to obtain good 
genes for her offspring. Females might gain both the direct 
benefits (e.g., paternal care) from the social mate and the 
genetic benefits of the ‘good genes’ from the second male. 

The 'Compatible Genes Hypothesis’ 

This hypothesis predicts that not all females choose the 
same genes, but rather, each of them prefers particular 


genes. Such differences in preference can be due to genetic 
incompatibility. In this way, genetic benefits to females 
are due to the interaction between maternal and pater¬ 
nal genomic contributions. So, this hypothesis predicts 
that females pursue EPCs to augment the chances of 
finding compatible partners who in turn, will confer to 
the EPY higher fitness than their paternal half-sibs. Many 
have attempted to investigate this question, but studies 
investigating these two hypotheses to explain EPP are 
largely inconclusive. The most common conclusion is 
that females are unlikely to indirectly benefit from having 
EPCs. Most of these studies are correlative, so open to a 
range of interpretations. A strong evidence for indirect 
benefits of female and male mate choice was found by one 
recent experimental investigation of Drosophila pseudoobscura 
demonstrating that females and males mating with partners 
they preferred had significantly greater offspring viabil¬ 
ity than subjects limited to reproduce with partners they 
did not prefer. Patty Gowaty and her colleagues then 
examined a variety of fitness components in similar 
experiments in insects, birds, and mammals and reported 
results similar to those reported for D. pseudoobscura. 

Variation in EPP Within and 
Between Species 

Variation in extra-pair behavior is, however, also influ¬ 
enced by many other factors. For example, in many popu¬ 
lations, a varying number of individuals do not engage in 
EPCs, suggesting that there are costs or limited or absent 
benefits of EPC. There are many hypotheses to explain 
variation in EPFs among and within species (see below). 
The percentage of EPY in populations may range from 
0 to more than 70%. In many songbird populations, the 
percentage of EPY is between 10% and 25%, suggesting 
that at least some individuals in a population benefit from 
EPCs. Among socially monogamous species, Reed Bun¬ 
ting (Emberiza schoeniclus) exhibit the highest rate of EPY. 
Indeed, it was found that 55% of all offspring were 
fathered by extra-pair males and 86% of broods contained 
at least one chick fathered outside the pair bond. 
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In cooperatively breeding Superb Fairy-wrens (.Malurus 
cyaneus ), 72% of offspring are fathered by males other 
than the putative father, and 95% of broods contained 
extra-pair offspring. Such high rates of EPY inspire ques¬ 
tions about the adaptive function of EPP. However, several 
studies revealed very low levels of EPP, for example, 
below 5% of offspring. The EPP may also show seasonal 
fluctuations. For example, EPP increases in second broods 
of House Sparrows Passer domesticus. 

Variation in the level of EPP exists in several species 
but has not received much attention, partly because there 
are only a few such long-term data sets. However, it can be 
helpful to explain EPP investigating variation of a single 
population between years and examine whether this is 
mediated by, for example, ecological variables. 

Hypotheses Explaining Within and Between 
Species Variation in EPP 

There are many hypotheses to explain variation in EPFs 
among and within species. 

Variation in EPP is due to measuring error 

DNA methods have been used to investigate the paternity of 
over 25 000 avian offspring, but only two studies combined 
have contributed over 12% to the total number, as reported 
in a recent review written by Simon Griffith and his collea¬ 
gues, which indicates that the most studies are small, for 
example, more than 75% of all studies have less than 50 
broods. Sample sizes range from 15 to 2013 offspring. 

Variation in EPP due to the need of male 
parental care 

When a female cannot rear young successfully without 
the help of a male, social monogamy is likely to become 
the reproductive strategy that best maximizes the fitness 
of both sexes. So, when male contributions to offspring 
survival are critical (biparental care), females may be 
constrained to social monogamy so that social monogamy 
may be the only option for males and females. Following 
the same reasoning, EPP may occur more frequently in 
situations where females are less constrained by the need 
for male parental care (this is one of the predictions of the 
Constrained Female Hypothesis, hypothesis proposed 
by Patty Gowaty) or in which they are able to compensate 
for reduced paternal care. Several studies investigated the 
possible relationship between paternity and paternal 
brood provisioning. One species that received some 
attention on this topic is the Reed Buntings (Emberiza 
schoeniclus). In the first study, Andrew Dixon and his 
collaborators found that males adjust their parental care 
(i.e., feeding effort) to the proportion of EPP in their nests. 
Subsequent studies failed to find similar results. Anyway, 
a recent study, conducted by Stefan Suter and his collea¬ 
gues based on a large number of nests and in which many 


hours of behavioral observations were performed, found 
similar results of Dixon’s study: males adjusted parental 
care to the amount of EPP. Moreover, females compen¬ 
sated for low male parental effort, but the nestling mor¬ 
tality was higher in the nests with decreased male feeding 
effort. So, from these studies, we can conclude that for 
some species there is a cost for females when engaging in 
EPCs, and in some species this reduction in paternal care 
may increase offspring mortality. 

Experimental evidence revealed a link between the 
need for paternal care and the incidence of EPP in the 
Serin (Serinus serinus). Maria Hoi-Leitner and her collea¬ 
gues manipulated the abundance of food around the nest 
during the fertile phase of the female. The likelihood of 
EPP was significantly higher in territories with a high 
availability of food. They found a negative relation 
between environmental quality and paternity both in 
unmanipulated and manipulated habitats. Second, male 
parental assistance was related to food availability. 

theory of coevolutionary selective pressures acting on 
males for the control of females’ reproductive capacities 
and on females for resistance to males’ efforts to control 
them proposes that social monogamy will often be genetic 
polyandry. This ‘constrained female hypothesis’ is in line 
with studies of sperm competition. However, it is 
Gowaty’s assumption that it is female quality, or the 
quality of the environment where they live, that deter¬ 
mines levels of EPP that is new and unique to this 
hypothesis. The female-constraint hypothesis proposes 
that if males retaliate with reduced parental care in 
response to low paternity certainty and females cannot 
compensate for the loss, that females will be less likely to 
seek EPCs. Results from Maria Hoi-Leitner and her col¬ 
laborators, and other studies supported this hypothesis. 

It must be noted that monogamy exists also without 
parental care. Fitness benefits through biparental care 
(father and mother collaborate in parental care) are thought 
to contribute to the evolution of monogamy. Anyway, it 
must be noted that social monogamy has evolved in the 
absence of biparental care in some mammals, coral reef 
fishes, reptiles, and amphibians. Two hypotheses for the 
evolution of social monogamy even without parental care 
were proposed: (i) the territorial cooperation hypothesis; (ii) 
the extended mate-guarding hypothesis. The first hypothe¬ 
sis is based on the fact that social behavior is often correlated 
to territoriality, and the majority of socially monogamous 
taxa are also territorial. This seems to suggest that indivi¬ 
duals in pairs may benefit by sharing territorial defense. The 
second hypothesis suggests that selection for male mate 
guarding of females may play a role in the evolution of 
social monogamy. In particular, male mate guarding is pre¬ 
dicted to evolve whenever the guarding sex benefits by 
limiting a mate access to other opposite-sex conspecifics, 
and it may lead to social monogamy if males are unable to 
monopolize more than one female at the same time. 




478 Monogamy and Extra-Pair Parentage 


Variation due to time constraints: mate guarding, 
parental care, or EPP? 

Concerning the EPP topic, two hypotheses exist with the 
same name: the ‘trade-off hypothesis.’ These hypotheses 
suggest that males may be limited in their pursuit of 
extra-pair matings, because of constraints imposed by 
either caring for offspring (hereafter ‘trade-off hypothesis 
for care’) or paternity assurance (hereafter ‘trade-off 
hypothesis for mate guarding’). 

The ‘trade-off hypothesis for care’ predicts a negative 
correlation between level of male contribution to parental 
care and frequency of EPFs. The incubation behavior in 
males may be more likely to limit pursuit of EPCs than 
other forms of parental care because time. Thus, males 
may face a trade-off between incubation of their offspring 
and seeking extra-pair mating opportunities. 

The ‘trade-off hypothesis for mate guarding’ predicts a 
negative correlation between level of mate guarding and 
frequency of EPFs. In those species in which some males 
are polygynous, males are expected to face a trade-off 
between paternity assurance and acquisition of more than 
one mate. Polygynous males should be less efficient in 
guarding their mates than monogamous males, since they 
have to partition their time between two mates. Under 
this scenario, males face a trade-off between acquiring a 
second mate and defending their paternity. Tentative 
support for the so-called trade-off hypothesis has been 
found in a few bird species, in which socially polygynous 
males are cuckolded more frequently than monogamous 
males. The trade-off hypothesis predicts that (1) polygy¬ 
nous males are cuckolded more frequently than monoga¬ 
mous males, (2) mate guarding should be less intense in 
polygynous males than in monogamous males. Further¬ 
more, if there is a trade-off between protecting paternity 
and looking for additional mates, males are expected to 
invest more time in guarding their mate when the proba¬ 
bility of attracting a new mate is low. A study that sup¬ 
ported the ‘trade-off hypothesis’ is the one conducted by 
Andrea Pilastro and his collaborators on Rock Sparrow 
(.Petronia petronia), a facultative polygynous species. Over¬ 
all, 32% of the chicks were not sired by the social father 
and about 57% of the broods contained at least one 
extra-pair young. Polygynous Rock Sparrow males allo¬ 
cated less time to guarding their mate during female’s 
fertile period than monogamous males, and polygynous 
males were cuckolded more frequently than monogamous 
males (50.5 and 6.6% of the young, respectively). Repro¬ 
ductive success (number of young fledged/year) did not 
differ between monogamous and polygynous males once 
paternity was accounted for. These results indicate that 
mate guarding can be efficient in preventing cuckoldry, 
and that there is a trade-off between attracting an addi¬ 
tional mate and protecting paternity, at least in the Rock 
Sparrow. It must be noted that other studies have shown 
that polygynous males do not lose paternity more often 


than monogamous males. This is probably because in 
some species polygamous males are better individuals. In 
other words, in some populations, polygynous males are 
usually the most preferred males. 

Variation in EPP due to genetic variability 

It has been frequently stated that genetic benefits influ¬ 
ence the reproductive behavior of individual males and 
females. If females gain indirect benefits (e.g., good genes 
or genetic heterozygosity) when seeking extra-pair mat¬ 
ings, one would expect that genetic variability among 
males in a population affects female extra-pair behavior 
as their benefits. Marion Petrie and Marc Lipsitch could 
show based on a game theoretic model that females 
should more likely mate with additional males if there 
was extensive additive genetic diversity among those 
mates with respect to fitness. Thus, if there is little genetic 
variation among males, females would not benefit from 
seeking EPFs and hence extra-pair behavior should be 
scarce. In a comparative study, Marion Petrie and her 
collaborators tested this ‘genetic diversity’ hypothesis at 
an inter as well as intraspecific level and found a signifi¬ 
cant positive relationship between EPF frequency and 
estimates of genetic variability (allozyme polymorphism); 
however, comparatively few, only 22%, of the variance in 
the variation of the EPP rate is explained but, for example, 
the level of sexual dichromatism, body size, and sample 
size already explained 85% of the variation in EPP. On the 
other hand, it is remarkable that such simple measures of 
genetic diversity can explain some of the proportion of 
variation in EPP among taxa. Comparisons among popu¬ 
lations of species where males differ in levels of genetic 
variability would be needed for a more powerful test of 
this hypothesis. 

Variation in EPP due to breeding density 

Based on observations that EPCs are more common 
among colonially than among more dispersed nesting 
species, the prediction is that breeding density promotes 
EPCs because opportunities to pursue EPCs should be 
much greater for both sexes. Consequently, colonial spe¬ 
cies or species nesting at high densities are assumed also 
to have higher rates of EPP than species nesting at lower 
densities. In fact, some colonial or aggregate nesting spe¬ 
cies have high frequencies of EPFs. 

There is some evidence for such a density effect when 
comparing the rate of EPP between individuals in the same 
population (within population comparison) but breeding 
at varying density situations. For example, a positive rela¬ 
tionship between EPFs and nesting density was found in 
Bearded Reedlings (Panurus biarmicus ), a species where 
some individuals within the population nest colonially 
and others nest solitarily. With the same approach, some 
other studies revealed a positive relationship between 
breeding density and EPP, but others did not. The best 
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evidence within a single population level is provided by 
the study of Patty Gowaty and William Bridges where they 
experimentally manipulated breeding density by nest box 
placement to determine the effect on the incidence of 
EPFs, and they found a significantly higher EPF fre¬ 
quency in Eastern Bluebirds (Sialia sialis) breeding in 
nest boxes at high densities compared to areas with lower 
nest box density A striking example for an intraspecific 
study but comparing different populations (between spe¬ 
cies comparison) which is in support of the density hypoth¬ 
esis comes from studies of Willow Warblers (Phylloscopus 
trochilus). A Norwegian population that had an EPF fre¬ 
quency of 33% had over twice the nesting density of a 
Swedish population, which reported no EPFs. On the 
interspecific level, there is not much evidence for an effect 
of breeding density on EPP in birds. In a comparative 
analysis involving 72 species, David Westneat and Paul 
Sherman found no relationship between nesting density 
and EPF frequency. Thus, nesting density may influence 
EPF frequency within populations of some species but does 
not appear to be a reliable predictor of whether a particular 
species will have extra-pair matings. In conclusion, breed¬ 
ing density appears to be to some extent important to 
explain differences in EPP between individuals in the 
same population and also explains possibly variation 
between different populations of the same species, but 
there is not much evidence for an effect of breeding density 
on EPP in birds. There are probably confounding factors, 
for example, differences in breeding synchrony and habitat 
(see section ‘Variation in EPP due to variation in breeding 
synchrony’) could have also been responsible for observed 
differences in EPFs. 

Variation in EPP due to variation in breeding 
synchrony 

It was proposed that breeding synchrony promotes EPFs. 
The logic behind this ‘synchrony hypothesis’ is that syn¬ 
chronous breeding allows females to more effectively 
compare potential extra-pair males that would be com¬ 
peting and displaying for EPCs at the same time. Breeding 
synchrony in this context refers to the proportion of 
females that are fertile at a given moment, and high 
synchrony refers to a situation where many females are 
fertile at the same time. 

In contrast, the ‘asynchrony hypothesis’ suggests that 
asynchrony promotes EPFs and if males guard their 
mates, assuming that mate guarding constrains males 
from seeking EPF, asynchronous breeding allows them 
opportunities to seek EPCs when their own mates are 
no longer fertile. 

A correlative study conducted by Herbert Hoi’s 
group revealed a weak evidence for an effect of breeding 
synchrony on EPP in House Sparrows, but in an experi¬ 
mental study, the same researchers aimed to test whether 
an alteration of local breeding synchrony by means of 


acceleration and postponement of egg laying could 
generate differences in the occurrence of EPP in House 
Sparrows (Passer domesticus ), they found different results. 
Therefore, they swapped nest material between the nests 
of neighbors and found that higher occurrence of EPY 
within broods was associated with laying order. The latest 
broods within a local nesting aggregation contained sig¬ 
nificantly more EPY than those of earlier breeding pairs, 
but there was no clear evidence for breeding synchro¬ 
nization. There was only evidence for an interaction 
between laying order and breeding synchrony in that 
the latest broods within a nesting aggregation contained 
more EPY provided that females laid their eggs relatively 
synchronously. Thus, it was proposed that laying order 
and the time lag in egg laying among neighboring pairs 
may be important determinants for the occurrence of 
EPP too. 

Variation in EPP due to combined effects of 
socioecoiogicai factors 

In general, the two socioecoiogicai factors are thought to 
affect the degree of EPP either via influencing male 
control over females or female opportunities for EPCs. 
Local breeding density may also affect the information 
females have about the number and quality of potential 
sexual partners. 

EPP is also influenced by other factors like (i) ecologi¬ 
cal parameters (e.g., food or nest predation which may 
influence the need of male paternal care), or (ii) the 
degree of sexual conflict. For instance, quality differences 
between pair members and possible extra-pair partners 
may influence whether females cooperate with their mate 
or not. Less attractive males may consequently invest 
more in mate guarding or other paternity guards to 
avoid paternity losses. Thus, extra-pair rate is not neces¬ 
sarily an adequate measure to identify the influence of 
socioecoiogicai factors on male- and female-mating stra¬ 
tegies. Therefore, Anton Kristin and collaborators inves¬ 
tigated the role of the two socioecoiogicai factors in 
relation to male investment in paternity assurance of 
Lesser Grey Shrikes. Male Shrikes perform a mixed strat¬ 
egy to ensure paternity. They copulate frequently, mainly 
after territorial intrusions by other males, and guard their 
mates throughout the whole fertile phase. They found 
that males seem to be constrained by the frequency of 
intrusions by neighboring males, and this risk is asso¬ 
ciated with laying synchrony. There is intense sperm 
competition and the risk of intrusions depends on the 
timing and overlap of breeding attempts, and males adjust 
their investment to paternity assurance accordingly. Nei¬ 
ther breeding density per se nor breeding synchrony 
in terms of overlapping fertility of close neighbors (the 
usual measure in most studies) were related to the inten¬ 
sity of paternity guards. However, when including the 
breeding order in relation to neighboring nests as a second 
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qualitative factor (timing of overlapping between the fer¬ 
tile phases of neighboring females), they detected that 
the intensity of paternity guards increased with an 
increase in breeding synchrony. Sperm competition and 
the effect of socioecological factors are not at all reflected 
when examining the level of EPP. Francisco Valera and 
his colleagues did not detect any case of EPP in this 
species, and male punishment of unfaithful females 
seems to be the main reason for the emergence of genetic 
monogamous system. Their results suggest three con¬ 
clusions, one is that extra-behavior and tactics to avoid 
them (e.g., paternity assurance) may be more sensitive 
measures to investigate the importance of breeding den¬ 
sity and synchrony than simple examining the final out¬ 
come (EPP rate). Second, independent of the time overlap 
between two females, the order of clutch initiation 
(breeding order) is important in such a way that pairs 
breeding later are more likely faced with a higher intruder 
frequency. The same result is also confirmed by the study 
performed by Herbert Hoi’s group and reflected in EPP. 
Indeed, they found in their experiment on house sparrows 
that mainly the laying order among neighboring pairs is 
an important determinant for the occurrence of EPP. 
Third, it seems more reasonable to examine combined 
effects and the interaction of several socioecological fac¬ 
tors including at least also breeding order. Studies con¬ 
ducted by Herbert Hoi’s group, and Anton Kristin and 
collaborators found indication for an interaction between 
socioecological factors investigated. Such interactions 
may be due to females, for example, nest site choice as 
well as their ability to alter egg-laying patterns to either 
minimize synchrony in situations where they find them¬ 
selves in dense breeding situations or increase synchrony. 
Thus, if the distance to the nearest neighbors affects the 
importance of synchronization, one could predict that the 
effect of synchronization might decrease with increasing 
internest distance, a prediction which should be examined 
in future studies. 

Variation in EPP due to other ecological factors 
Habitat visibility 

One idea is that the level of EPP as well as the type of 
and investment in the paternity assurance tactic is influ¬ 
enced by habitat visibility. The basic assumption is that 
females are more able to escape male paternity guards in 
closed, that is, visually occluded, habitats and conse¬ 
quently the level of EPP should be higher and paternity 
assurance behaviors more frequent among species breed¬ 
ing in habitats with reduced visibility compared to those 
breeding in more open habitats, assuming that occurrence 
of paternity guards reflects an increased risk of cuckoldry. 

In a comparative study, Donald Blomqvist and his 
colleagues found that species breeding in closed habitats 
had higher EPP rates than those breeding in more open 
habitats. Mate guarding was also more frequent in closed 


habitats, but not high copulation rates. These relationships, 
however, were influenced strongly by taxonomic position, 
particularly by differences between passerines and non¬ 
passerines, implying that phylogeny and traits associated 
with it play an important role in explaining the occur¬ 
rence of EPP and paternity guards. Such a comparison is 
also biased because the level of EPP depends not only on 
habitat visibility and female opportunities but also male 
intruders and the frequency of intrusions which may be 
influenced by other variables than habitat visibility (see 
above). In Lesser Grey Shrikes, Anton Kristin and colla¬ 
borators found that despite the high visibility of females 
for their partners territorial intrusions have been observed to 
be very common and EPC attempts by intruding males 
occur and frequent within-pair copulations are used as a 
response to territorial intrusions. Similarly, Francisco 
Valera and his collaborators showed that male Shrikes 
also guard their females intensely throughout the breed¬ 
ing period in a very open habitat and adjust their mate- 
guarding behavior mainly to the occurrence of intrusions. 

Thus, the question here is to what extent intruding 
males use the existence of a dense habitat to sneak into a 
territory to pursue an EPC undetected by the pair male. 

Food availability 

The role of food is already discussed in the section related 
to parental care. Some experimental studies revealed 
that manipulating food supply affects the level of EPP 
although with contrasting results. This may be due the 
different breeding situation (solitary vs. colonial) and food 
supplementation may benefit either females and enhance 
their EPP behavior or males by protect male paternity. 

Predation pressure 

There is no study as far as we are aware of investigating a 
possible role of variation in predation risk on EPP. How¬ 
ever, it is likely that predator-free environments such as 
on some islands may affect female EPP strategies. 

Parasite infestation 

Parasites play an important role and are one of the driving 
forces in mate and probably extra-pair mate choice. How¬ 
ever, there is no study we are aware of which has been 
investigating whether parasite loads of males and females 
may affect their own EPP behavior or whether parasite 
loads of potential EPP partners influence extra-pair mate 
choice. 

Male Strategies in Relation to EPP 

There are no particular behaviors males developed in 
response to increase the chances of EPCs we are aware of. 
However, to maximize their own fitness (reproductive 
success), males developed several tactics to prevent their 
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mates from engaging in EPCs. To avoid having a mate 
engage in EPCs, and end up caring for another male’s 
offspring, males may use different paternity guards. 

These male tactics, including mainly mate guarding 
and frequent within-pair copulations, are already well 
reviewed for birds and also hold good for animal groups 
in the books of Tim Birkhead and Anders Moller. During 
mate guarding, males remain close to their fertile mates 
to prevent other males from seeking EPCs. Costs of 
mate guarding include time, energy, and opportunity 
costs. Frequent within-pair copulations are a strategy to 
increase the probability of fertilization success for a male 
and is very likely proportional to the relative number of 
sperm delivered to a particular female. Both mate guard¬ 
ing and frequent copulations are regarded as alternative 
compensatory paternity guards in the sense that, in gen¬ 
eral, the presence of one means the lack of the other and 
vice versa. As mate guarding is very time consuming, 
frequent copulations seem to be a logical alternative, for 
instance, in colonial seabirds, where one partner has to 
stay near the nest site to defend the nest during the 
feeding trips of the other. With many neighboring males, 
fertile females cannot be guarded properly and several 
authors have suggested that the risk of cuckoldry increases 
with colony size and density. For example, in raptors, 
the sperm competition intensity increases with breed¬ 
ing density, and males rely on frequent copulations to 
ensure paternity. Unless copulations are very costly for 
the male, there is no reason why males of‘mate-guarding 
species’ should not also copulate frequently to increase 
paternity certainty. 

As suggested by Tim Birkhead and Anders Moller, 
territoriality can be also seen as a paternity guard when 
it helps to keep away other males from the pair female to 
perform EPCs, or reduces the information pair females 
may get about the number and quality of potential sexual 
partners in the neighborhood. Moreover, postcopulatory 
mating plugs like in many mollusks, insects, mammals are 
a different strategy to prevent EPCs. 

Creating a risky environment for unfaithful females 
where the risk may include any kind of retaliation, for 
example, reduction of paternal care or direct aggressive 
punishment is another possible strategy for males to guard 
their paternity. Finally, a proper choice of the breeding 
site as far as under male control may also play a role in 
determining the level of EPP (discussed earlier). 

The investment into paternity guards, and conse¬ 
quently also the level of EPP, very much depends on the 
individual quality of the pair partners as well as the poten¬ 
tial extra-pair candidate. In many species, the intensity of 
mate guarding is not fixed but varies between males, as 
found for example in Rock Sparrow by Matteo Griggio 
and his collaborators. Other than local socioecological 
conditions (see above), also individual characteristics, 
like phenotypic quality and age, may influence male 


ability or willingness to perform mate guarding. In litera¬ 
ture, there are two opposite sets of findings. Some studies 
revealed that high-quality males guard their females more 
strongly than low-quality males. On the contrary, other 
studies found a negative relationship between mate guard¬ 
ing and male quality, like in Bluethroat, Luscinia r. svecica. In 
the first case, one possible explanation is that only high- 
quality males can afford spending time and energy on mate 
guarding. In the second case, an explanation could be that 
unattractive males guard more intensely because perceive a 
higher female infidelity (sexual conflict over fertilizations) 
or because those males have low success in obtaining EPCs 
(trade-off between mate guarding and perform EPCs). 

Females Strategies in Relation to EPP 

Studies and reviews on sperm competition intensively 
addressed this topic in detail (for review, see the books 
of Tim Birkhead and Anders Moller), and in principle 
females have pre- and postcopulatory tactics, including 
choice of the copulation partner, for example, via timing 
copulations accordingly. During copulation, females may 
have opportunities, for example, to avoid cloacal contacts. 
Postcopulatory tactics are what is generally summarized 
under cryptic female choice and may include active 
sperm selection and storage or sperm rejection. Another 
possibility is differential allocation into offspring (varia¬ 
tion in maternal investment) in relation to quality of 
copulation partners. Females have been shown to invest 
differentially in eggs by either their sex or paternal phe¬ 
notype. Inducing abortion like in many mice species may 
be seen as another postcopulatory strategy. 

Precopulatory behaviors may also involve female beha¬ 
viors to incite male—male competition by conspicuously 
advertising their fertile period. This includes behaviors 
where females apparently resist copulation attempts by 
other than the pair or dominant males. Such a ‘resistance 
as a ploy’ tactic is described in bearded tits, whereby 
females initiate several males simultaneously to chase her 
resulting in the fastest (best) male copulating with them. 
Opposite to conspicuously advertising the fertility, in many 
species females try to hide their fertile period. In birds, 
producing the biggest gametes in animal kingdom and 
hiding fertility are therefore more difficult, but there are 
still some species where females try to do so. It was experi¬ 
mentally demonstrated in penduline tits (Remiz pendulinus) 
that females try to hide their fertile period by hiding their 
eggs in the soft layer of the nest bottom which consequently 
enables females to mate with several males. 

Concluding Remarks 

The discovery of EPP via molecular tools is probably one 
of the most important empirical discoveries in avian 
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mating systems over the last 30 years. Although there is 
still increasing interest in this topic as indicated by the 
number of published papers in last 5 years, there is not 
much advancement to detect and there is still no way to 
reliable predict whether a species may implement an 
extra-pair mating strategy or not. Some strong correla¬ 
tions have been identified, but many exceptions still exist. 
We think that more attention should be given to the 
behavioral interactions between actors involved in the 
EPP phenomenon (e.g., male, female, and extra mates). 
Experimental approaches in seminatural condition (e.g., 
big enclosures, where it is quite easy to follow behaviors 
of different players) seem to us a good direction to better 
understand the phenomenon of EPP. Our opinion is that, 
even if behavioral observations are time consuming, the 
behavioral approach is the best way to fully understand a 
behavioral phenomenon. 

There is still a heavy bias toward species from temper¬ 
ate regions. Only a few tropical species are examined in 
relation to extra-pair behavior where most have rather 
low levels of EPP. For other taxa, for example, insects, 
reptiles, and mammals, there is only little information on 
EPP, probably because social monogamy is a rare mating 
system. However, to get a general picture, it would be 
important to include also other groups. Most research on 
the importance of various ecological factors on variation 
in EPP is still correlative but to understand whether there 
is a causal relationship between diverse ecological factors 
and EPP there is desperate need for experimental studies 
on the species level. Thus, the evolution of extra-pair 
mating systems remains an exciting field of research also 
because it relates to our own mating system and still an 
enigmatic field of research for evolutionary biologists. 

See also: Differential Allocation; Mate Choice in Males 
and Females; Reproductive Success; Social Selection, 
Sexual Selection, and Sexual Conflict; Sperm Competition. 
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... of all the differences between man and the lower 
animals, the moral sense or conscience is by far the most 
important. This sense... has a rightful supremacy over 
every other principle of human action; it is summed up in 
that short but imperious word ought, so full of high 
significance. It is the most noble of all the attributes of 
man, leading him without a moment’s hesitation to risk 
his life for that of a fellow-creature; or after due delibera¬ 
tion, impelled simply by the deep feeling of right or duty, 
to sacrifice it in some great cause. 

Darwin C (1871) The Descent of Man and Selection in Relation 
to Sex, pp. 70—71. Princeton: Princeton University Press. 

Introduction 

In the Descent of Man, Darwin explored the evolutionary 
origins of our moral sense, and as the quotation above 
emphasizes, highlighted what we see as three essential 
points. First, to understand the origins of our sense of 
right and wrong, we must adopt a comparative perspec¬ 
tive, drawing on studies of animals, to reveal what is 
uniquely human as opposed to what is shared across 
species. Second, understanding the moral sense is funda¬ 
mentally a problem about the power of our conscience to 
guide what we ought to do. It is, in Darwin’s terms, the 
highest of virtues, giving humans a sense of nobility, and 
fundamentally distinguishing them from other animals. 
Third, our sense of ought, of what should or could be 
done, can lead to either instinctive action (‘without a 
moment’s hesitation’) or to a more contemplative stance 
(‘after due deliberation’) where we reflect upon par¬ 
ticular principles of justice, and then based on this 
analysis, act in such a way that we support some great 
moral cause, often at personal cost (‘sacrifice’). These 
three points target aspects of phylogeny and proximate 
cause, that is, the patterns of evolutionary change and 
the psychological mechanisms that either facilitate or 
constrain their appearance. Darwin also discussed the 
adaptive significance of morality, and in particular, the 
selective pressures that may have led to its appearance in 
our species. Characteristic of his thinking at the time, 
Darwin perceived a strong role for group-level pressure, 
such that individuals in groups acting in particularly 
altruistic ways would ultimately outcompete groups act¬ 
ing less cooperatively. 


In this essay, we further explore the evolutionary ori¬ 
gins of our moral sense, providing a synopsis of the cur¬ 
rent state of empirical play and the issues raised by the 
experiments and observations of animals. Like Darwin, we 
distinguish questions of proximate and ultimate cause, and 
specifically, separate out the issues of phylogeny, adapta¬ 
tion, and psychological mechanism. Like Darwin, we also 
distinguish between the psychological mechanisms that 
guide our intuitive and rather automatic sense of right or 
wrong, from those that underpin our contemplative reflec¬ 
tion of what ought to be. From the perspective of psycho¬ 
logical mechanisms and adaptive function, we can explore 
the building blocks of our capacity to decide what is right 
and what is wrong, and the conditions under which partic¬ 
ular actions are permissible or forbidden. This perspective 
seeks an understanding of the core psychological mechan¬ 
isms that enable organisms, both human and non-human, 
to decide what is fair, when harms are permissible, and 
when social contracts may be broken. 

To this end, we review two distinct sets of literatures. 
The first explores studies that fall within the general area 
of behavioral economics, and in particular, the processes 
that guide cooperation, resource distribution, and a broad 
sense of fairness. We focus here on results that relate to 
some of the critical features of human cooperation and 
altruistic behavior, specifically, attention to inequities, 
reputation, punishment, and reciprocity. Second, we 
explore the mechanisms of action perception and produc¬ 
tion, and in particular, the extent to which animals distin¬ 
guish intentional from accidental consequences, as well 
as the cues they use to decide goal-directed actions. 
Together, these processes comprise some of the funda¬ 
mental building blocks that are evolutionarily ancient, 
appear early in human ontogeny, and ultimately lead to 
a full-fledged moral sense in healthy human adults. We 
then conclude with our current and personal sense of 
what makes human morality fundamentally different 
from what is observed in other animals, focusing specifi¬ 
cally on how we evolved a brain that conceives of that 
imperious word ought. 


Cooperation and Moral Judgment in 
Humans 

A great deal of moral philosophy has been devoted to an 
exploration of our capacity to cooperate with others, 
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sacrifice personal gains for the benefit of others, maintain 
social contracts, and appreciate that a sense of justice is 
premised on a sense of fairness. This rich tradition is 
generally aimed at understanding the guiding principles 
that appear to underpin not only our intuitive sense of 
cooperative action and distributive justice, but also the 
principles that ought to guide our decisions. Thus, for 
example, we observe in Rawls’ thinking on justice a clear 
distinction between the intuitive principles that may 
guide our spontaneous judgments of fairness, and those 
that percolate up during a period of considered reflection, 
where we consciously divorce ourselves from the poten¬ 
tially powerful and biasing influences of in-versus out¬ 
group partiality (e.g., favoring kin over nonkin). The 
question of interest here is how human cooperation, 
including the psychological mechanisms that support it, 
as well as the selective pressures that led to its particular 
design features, evolved. 

When biologists have discussed the evolution of coop¬ 
eration, they have often focused on behavior and fitness 
consequences, without Taking into account psychological 
mechanisms that may be relevant or even required. Thus, 
Darwin puzzled over the possibility of altruism by asking 
how such a costly behavior could evolve, given that his 
theory of natural selection favored self-beneficial actions. 
This puzzle vanished when Hamilton, and later Williams, 
pointed the way to a different level of analysis, one that 
focused on genes as opposed to either individuals or 
groups. That is, we can explain why an animal engages 
in self-sacrifice for the benefit of another by the fact that 
the ‘other’ is a close genetic relative. As such, altruism 
evolves by benefiting genes shared in common. Where 
puzzles remain today is in explaining the evolution of 
cooperation among genetically unrelated individuals, 
and especially the kind of large-scale cooperation often 
observed among human societies. 

A partial answer to these puzzles emerged, interest¬ 
ingly enough, when Trivers proposed his theory of recip¬ 
rocal altruism, blending issues of adaptive function 
with psychological constraints. Specifically, and unlike 
Hamilton and Williams, Trivers’ theory included not 
only a set of evolutionary conditions for the emergence 
of cooperation among unrelated individuals, but also a 
discussion of requisite psychological mechanisms includ¬ 
ing recognition of individuals, memory of past inte¬ 
ractions, and strong emotional responses to defection, 
including moralistic aggression. Thus, Trivers’ analysis 
paved the way for what has now become a major focus 
in the field: a consideration of both proximate and ulti¬ 
mate concerns related to the evolution of cooperation. 
More specifically, and as many have argued, cooperation 
among unrelated others can evolve if it takes place within 
stable groups with opportunities for repeated interactions 
(reciprocal altruism), or in groups where cooperative deci¬ 
sions can be based on reputation (indirect reciprocity). 


However, these conditions demand consideration of the 
requisite psychological mechanisms, including recall of 
prior outcomes to evaluate reputation, quantification 
and tracking of the payoff matrices to evaluate fair dis¬ 
tributions, and assessment of whether the resources were 
distributed intentionally or as a byproduct of otherwise 
selfish behavior. 

While reciprocal altruism and indirect reciprocity can 
explain the evolution of cooperation in small social 
groups where individuals know each other, these mechan¬ 
isms cannot account for the fact that modern humans 
often live in large groups of unrelated others, where 
reputation tracking is not possible, and where repeated 
and stable relationships are unreliable, thus making reci¬ 
procity difficult or impossible. In these situations, cooper¬ 
ation nonetheless evolves, demanding a different kind of 
account that can accommodate the fact that the optimal 
strategy is to defect and free ride on the contributions of 
others. Here, Boyd and Richerson pointed out that it 
appears that punishment evolved to crack down on the 
defector problem, and bring about stable cooperation. On 
an ultimate level, focused on evolutionary consequences, 
punishment is a behavior that reduces the fitness of a 
recipient at a temporary cost, but ultimate benefit to an 
actor (see the reading by Clutton-Brock and Parker for 
more on this topic). However, from a proximate perspec¬ 
tive, punishment requires specific psychological mechan¬ 
isms including the recruitment of motivating emotions 
(e.g., Trivers’ moral outrage), the ability to determine when 
a norm has been violated, the assessment of just deserts, 
and a mechanism to distinguish whether the outcome 
(e.g., failure to cooperate) was intended or accidental. 

Recent work on the evolution of fairness provides a 
good example of how proximate and ultimate concerns 
have come together. Specifically, using a combination of 
well-defined bargaining games from behavioral econom¬ 
ics, together with rich psychological analysis and cross- 
cultural data, we can see that humans evolved a distinctive 
sense of fairness, one shared by all members of our spe¬ 
cies, but open to cross-cultural variation, and constrained 
by sensitivity to inequities and the ability to punish those 
who violate norms of distributive justice. Consider, as an 
example, the well studied, one-shot, anonymous Ultima¬ 
tum Game. An experimenter first informs two individuals, 
a donor and a recipient, about the three rules of the game. 
Rule 1: the bank allocates a sum of money to the donor 
who has the option of allocating some proportion of 
this sum to the recipient. Rule 2: whatever amount the 
donor gives to the recipient, the recipient keeps, and 
the donor keeps the remainder. Rule 3: if the recipient 
chooses to reject the donor’s offer, then neither donor nor 
recipient keeps any money. According to the rational 
economic model, the recipient should accept any offer 
from the donor as some money is surely better than no 
money. However, results from this game show that people 
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across cultures consistently reject some offers, licensing 
the conclusion that humans approach this problem with a 
sense of what constitutes an unfair offer. Further, when 
subjects learn that the donor is a computer or random 
number generator, they are more likely to accept unfair 
offers. These results show that humans not only attend 
to the distribution of resources (i.e., outcomes), but also to 
the means by which resources are distributed. Returning 
to the ultimatum game, there is a fundamental (moral) 
difference between a human donor offering 1 out of 20 
possible dollars to a recipient, and a computer program 
that uses a random number generator to offer $1 out of 
$20. Computers are not intentional agents, and thus, don’t 
enter the moral domain. Regardless of how upset we are at 
the computer’s offering, we can’t hold them responsible. On 
the other hand, we do hold other humans responsible for 
their actions. Pushing the point further, if we forced a 
human to roll a die to pick the donation, and the die 
landed with a 1 facing up for $1, we would also not hold 
the human responsible for this outcome; this game func¬ 
tionally strips the human agent of his intentional control - 
of his free will. What is critical, then, is a combination of 
both the actual outcome and whether the agent was 
responsible for this decision. 

Thus, a sense of fairness, together with an ability to 
discriminate between intentional and accidental actions, 
is critical to cooperation, and more generally, to our moral 
judgments about others’ actions. Given the importance of 
these abilities, they raise the crucial question of whether 
these traits are unique to humans or whether they also 
play a role in governing behavior in non-human animals 
(hereafter animals). 

Cooperation, Fairness and Action 
Perception in Animals 

Cooperation in animals is taxonomically widespread, with 
numerous examples of individuals engaging in costly 
altruistic behavior for the benefit of others. In the early 
literature, most of the examples were consistent with the 
theory of kin selection and with optimization of inclusive 
fitness. That is, most altruistic acts of cooperation evolved 
to benefit close genetic relatives. Following on the heels of 
Trivers’ conceptual work on reciprocity, however, several 
cases of reciprocal altruism emerged in the literature. 
These cases, as well as several more recent studies have, 
for the most part, been dismissed, either because of a 
failure to replicate, the weakness of the effects, alternative 
explanations (e.g., byproduct mutualism), or the highly 
artificial conditions under which the evidence has been 
obtained. At best, we argue, reciprocity is an uncommon 
form of social interaction among animals. We further 
argue, however, that consideration of both proximate 
and ultimate factors makes this conclusion unsurprising. 


Specifically, there are at least two reasons why reciprocity 
might be rare among animals. First, the demographics of 
most animal populations may provide a sufficiently high 
density of kin to eliminate the pressure for nonkin based 
relationships. Despite these issues, we suggest that recent 
work on cooperation, including reciprocity, has provided 
new insights into some of the psychological mechanisms 
that are shared among human and non-human animals, 
and leads to one of our primary conclusions: though we 
share with other animals some of the core building blocks 
of morality, only one species - our species - has combined 
these core elements into a truly moral system that not 
only considers how we distinguish moral rights from 
wrongs, but also what ought to be the foundation for 
such decisions. 

A Sense of Fairness in Animals? 

Recent comparative work on primates and dogs has 
explored the problem of inequity aversion as an important 
component of the more general sense of fairness. One of 
the earliest treatments of this problem was Brosnan and de 
Waal’s study of brown capuchin monkeys (Cebus apella). 
In this experiment, subjects that had been trained to trade 
tokens for food rewards watched a conspecific acquire and 
eat a high-value food item and then were given the 
opportunity to acquire and eat a lower-value food item. 
Subjects consistently refused to trade the token for the 
lower-value food, and this result was interpreted as evi¬ 
dence for inequity aversion and a sense of fairness. This 
experiment was heavily criticized because the authors 
could not rule out the effect of frustration as the driving 
force behind rejections. That is to say, subjects may have 
rejected unfair offers not because the other individual was 
getting a better deal, but because they were frustrated at 
not being able to obtain the higher-value food item that 
was right in front of them. Though subsequent experi¬ 
ments confirmed the validity of these critiques, Brosnan, 
de Waal, and their colleagues, have since replicated the 
original findings with relevant controls, and found that 
their results cannot be explained by frustration, or further 
extended to parallel findings with chimpanzees (Pan tro¬ 
glodytes). Adding to the comparative scope of this work, 
a recent experiment by Range and colleagues shows 
that domestic dogs are sensitive to inequities in reward 
distribution. In this experiment, subjects were given a 
command to perform an action (paw shake) in a social 
situation where one individual received a food reward for 
its performance while the other did not. Subjects that did 
not receive the reward were more reluctant to perform the 
action and displayed more stress behavior in the social 
condition compared to an asocial control. 

In sum, although there is still much controversy sur¬ 
rounding the results on inequity aversion in animals, mini¬ 
mally, it appears that animals are sensitive to the distribution 
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of rewards, in both social and nonsocial contexts, responding 
negatively when an outcome appears unfair. 

Another approach to studying fairness in animals 
comes from a series of experiments investigating prosocial 
behavior, specifically, the tendency to help another in a 
situation where there are no personal gains, and little or 
no personal cost. In these experiments, subjects are given 
the option of acquiring a reward for themselves or for 
themselves as well as for another individual. The impor¬ 
tant difference between prosociality tasks and inequity 
aversion tasks is that a preference for equity is costless 
in the former (actors receive a payoff either way) and 
costly in the latter (actors receive nothing if they reject 
an unfair offer). Studies of common marmosets (Callithrix 
jacchus) and brown capuchin monkeys have shown that 
subjects consistently choose the prosocial option. Studies 
of chimpanzees, on the other hand, have shown that 
individuals are indifferent to the welfare of conspecifics 
and will choose indiscriminately between the two options. 
Interestingly, when chimpanzees are tested in a spontane¬ 
ous altruism task, where subjects are given the opportu¬ 
nity to help another individual in the absence of a food 
reward, they do exhibit prosocial behavior. At present, it is 
not clear whether the difference in prosociality between 
these studies is due to the nature of the reward (i.e., food 
versus nonfood), or to specific details of the task demands. 

Together, studies of inequity aversion and prosociality 
suggest that the ability to both detect and react to unfair 
outcomes, together with a preference for fair resource 
distributions, are not uniquely human traits. However, 
these experiments focus exclusively on outcomes and do 
not explore the means by which they are achieved. In the 
next section, we discuss experiments that tap into the 
psychological mechanisms involved in discriminating 
between intentional versus accidental actions. 

Going Beyond Outcomes to Intentions 
and Goals 

In this section we explore two questions: (1) Can animals 
draw inferences about an individual’s intentions and goals, 
and (2) if so, does this capacity influence social behavior? 

Recent studies of rhesus monkeys on Cayo Santiago 
have explored their ability to use subtle details of an action 
sequence to draw inferences about the actor’s goal. In the 
basic design, Wood and colleagues presented two potential 
food sources (overturned coconut shells) to a subject, acts 
on one, and then walks away, allowing the subject to selec¬ 
tively approach. Although coconuts are native to the island 
on which these animals live, rhesus cannot open the hard 
outer shells themselves, and therefore, only obtain the 
desired inner fruit when the coconuts open on their own 
or have been opened and discarded by a human. It, thus, 
logically follows that if subjects perceive the experimenter’s 
action as goal-directed and potentially communicative, 


then they should selectively approach the coconut con¬ 
tacted, as this maximizes the odds of obtaining food. 

Results revealed that when the experimenter grasped 
the coconut with his hand, foot, or a precision grip involving 
the pointer finger and thumb, rhesus selectively approached 
this coconut over the other; in contrast, they approa¬ 
ched the two coconuts at chance levels when the experi¬ 
menter flopped the back of his hand on the coconut 
[accidental], touched or grasped the coconut with a tool, 
or grasped the coconut with his hand for balance while 
standing up. These results rule out low-level association 
accounts; many of these individuals have experience see¬ 
ing humans perform goal-directed actions with tools, and 
yet they did not perceive tool-related actions as goal- 
directed, and none of these individuals have experience 
seeing humans perform grasping actions with their feet, 
and yet they did perceive foot-related actions as goal- 
directed. Further, these data show that when assessing 
the meaning of actions, rhesus are highly sensitive to the 
means used to achieve a goal - for example, perceiving a 
hand grasp action as goal-directed but a hand flop action 
as accidental, despite the fact that the experimenter’s body 
position, eye gaze, and duration of contact with the coco¬ 
nut were identical across the two conditions. These stud¬ 
ies, together with research on other species, suggest that 
non-human animals infer the meaning of an action by 
evaluating the actor’s goals in relation to the environmen¬ 
tal constraints on achieving such goals. 

Given that some animal species are able to draw infer¬ 
ences about others’ intentions and goals, we can ask 
whether this ability influences their social interactions. 
That is, are animals completely outcome-oriented or do 
they attend to the means by which outcomes are achieved? 
One of the first studies to explore this problem was Call 
and colleagues’ experimental study of captive chimpanzees. 
In this study, a human experimenter faced a chimpanzee, 
seated on the opposite side of a Plexiglas partition. In each 
of several conditions, varying the nature of the experimen¬ 
ter’s action, a grape was presented near the opening of the 
partition; the opening was large enough for the chimpanzee 
to reach and grab the grape. In one condition, the experi¬ 
menter brought the grape within grasping distance, but 
then rapidly retracted it as soon as the subject reached. 
This action was defined as teasing. In a second, and highly 
parallel condition, the experimenter brought the grape 
forward, but then dropped it as soon as the subject reached. 
This action was defined as clumsiness. Chimpanzees 
showed much greater signs of frustration in the teasing 
than clumsy conditions, leaving the test chamber earlier, 
and acting aggressively toward the experimenter (i.e., bang¬ 
ing on the Plexiglas partition). Thus, as Call and colleagues 
suggest, chimpanzees appear to make a distinction between 
unwilling (teasing) and unable (clumsy), thereby showing 
sensitivity to more than the mere outcome of an event, as in 
both of these cases, the subject failed to obtain the grape. 
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In the aforementioned study of reciprocity in tamarins, 
Hauser and colleagues showed that individuals were more 
likely to cooperate in situations in which a conspecfic’s 
actions were truly altruistic, than when the same amount 
of food (outcome) was delivered as an accidental bypro¬ 
duct of an otherwise selfishly motivated action. Specifi¬ 
cally, a game was set up such that the individual playing 
the actor-1 position was offered an opportunity to pull a 
tool, delivering one piece of food to self and three pieces 
to an unrelated partner. For the partner, or actor-2, pull¬ 
ing the tool resulted in no food for self, but two pieces for 
the partner (actor-1). A session was defined as 12 trials 
each for actor-1 and -2, alternating turns. If both actor-1 
and -2 pulled on their respective turns, they would maxi¬ 
mize the overall returns, with three pieces each, after an 
alternating round. This is what would be expected if 
actor-2 perceives actor-Ts pull as altruistic, that is, moti¬ 
vated by the goal of giving food. In contrast, if actor-2 per¬ 
ceives actor- Ts pull as selfish, with the three pieces 
obtained as a byproduct, then actor-2 should not pull. 
Results showed that actor-2 rarely pulled. This condition, 
combined with another showing that individuals will 
altruistically give food (i.e., paralleling the actor-2 posi¬ 
tion) when a partner altruistically reciprocates, reinforces 
the conclusion that tamarins attend to both the outcomes 
and the means by which they are obtained. 

A final experiment adds to this literature by showing 
not only sensitivity to the means by which outcomes arise, 
but the agent responsible for such outcomes. Jensen and 
colleagues first presented one chimpanzee, A, with an 
apparatus involving a sliding tray full of food. Subject 
B was then introduced into an adjacent enclosure that 
contained a rope. By pulling on the rope, B moved the 
sliding tray away from A, thereby stealing A’s food. How¬ 
ever, subject A’s enclosure also contained a rope that, if 
pulled, would collapse the sliding tray, thereby taking the 
food away from B. In conditions where B pulled the tray 
away from A, A frequently became agitated and collapsed 
the sliding tray. However, in a similar condition where, 
instead of B pulling the tray, the experimenter pushed the 
tray away from A to B, A rarely collapsed the tray. This 
result is interesting because it shows that chimpanzees not 
only respond to unfair outcomes, but that they distinguish 
between human and chimpanzee agents; a parallel set of 
findings was presented by Hauser and colleagues in their 
reciprocity study, showing that cooperation increased in 
the face of a unilateral tamarin cooperator, but not a game 
in which the payoffs remained the same, but a human 
cooperator delivered the rewards for another tamarin. 

Conclusion 

Research on inequity aversion, prosociality and action 
perception in non-human animals is still in its nascent 


stages, and there are currently several noticeable gaps in 
our understanding of these phenomena. First, while there 
is an emerging body of evidence suggesting that these 
capacities are present in some species of non-human 
primates and domestic dogs, little is known about its 
taxonomic distribution or the evolutionary pressures 
that may select for this capacity in different species. For 
example, given the increasing evidence that some food¬ 
caching jays are sensitive to where others are looking, 
what others have seen, and how such information guides 
cooperation and cheating, it would not be surprising to 
find that at least these birds, and possibly other animals, 
are sensitive to inequities, and to the distinction between 
means and outcomes. Second, it is unclear whether the 
capacities discussed here are specific to the social domain 
or are important in other domains as well. For example, do 
animals appreciate that some properties of artifacts such 
as tools are intentionally designed whereas others are 
simple byproducts of physical constraints or accidents? 
Third, the majority of studies that have investigated 
these capacities in animals have focused on captive indi¬ 
viduals. Similar studies of wild populations will be crucial 
to understanding whether these abilities are expressed in 
nature or are only elicited under controlled laboratory 
conditions that often set up situations that would never 
arise in the wild. For example, though capuchin monkeys 
can work with a token economy and detect inequities, and 
though they can solve a joint action task, these situations 
never arise in the wild. It is, thus, essential to distinguish 
between the capacity to solve various cooperative tasks 
and the social and ecological pressures that might demand 
that such abilities be used to cooperate. 

Despite these limitations, we believe the work on the 
foundations of morality reviewed here (and elsewhere; 
Hauser’s 2006 book, Moral Minds: How Nature Designed 
Our Universal Sense of Right and Wrong, for a more extensive 
discussion) lead to at least two conclusions. First, we share 
with other animals several core psychological capacities 
that were most likely necessary for the evolution of our 
moral sense. Like other animals, a sense of justice as 
fairness is premised on an ability to take the perspective 
of another individual, show concern for others, detect 
inequities, and inhibit the temptation to feed self-interest. 
Though humans certainly show highly elaborated forms 
of these abilities, there are significant precursors in other 
species. Second, there are two ways in which human moral 
behavior, and the psychology that supports it, are unique. 
Animals show virtually no evidence of reciprocity and 
large-scale cooperation, and as far as we can tell, never 
engage in the problem of considering not only what is the 
moral state of play, but what could or should be - our 
sense of ought. Though a brief essay like this is not the 
place to develop these issues, we end with a speculative 
consideration. What allows humans to uniquely engage 
with the thought of the ought is our ability to combine 
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different modular representations into new representa¬ 
tions. Whereas other animals have evolved highly adap¬ 
tive, modular, and informationally encapsulated domains 
of thought, targeted at single problems, humans evolved 
the capacity to create interfaces between these domains to 
create entirely new systems of thought. Thus, we alone 
can consider how we typically distribute resources, often 
based on matters of effort and need, step back from such 
norms, and consider a more enlightened perspective that 
not only considers matters of fairness but also individual 
welfare. And we can do this because we can prospectively 
evaluate the future, sideline current needs and tempta¬ 
tions, and realize that progress is made by dissent as 
opposed to consent. What fuels the ought is the realiza¬ 
tion that we can, and often should, entertain a different 
moral landscape. 

See also: Cooperation and Sociality; Empathetic Behav¬ 
ior; Mental Time Travel: Can Animals Recall the Past and 
Plan for the Future?; Punishment; Social Cognition and 
Theory of Mind. 
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Introduction and Definitions 

A discussion of signals requires consideration of commu¬ 
nication, the broader context in which signals are used. 
Most modern workers in animal communication recog¬ 
nize that two different roles underlie communication. The 
role of signal production involves using signals to manage 
the behavior of others, in part by exploiting their assess¬ 
ment systems. The role of assessment involves making 
adaptive behavioral decisions by selectively attending to 
the most reliable stimuli available, including both signals 
and cues, for appraising individuals and situations. Notice 
the linkage between these two roles. The definition of 
each includes the other because each is targeted on the 
other. All participants in communication play both signal 
production and assessment roles, and it is the interplay 
between these two individual activities that produces 
the social process of communication. A signal is a trait 
specialized for communication, that is, for managing the 
behavior of others by working through their assessment 
systems. A cue is any stimulus upon which assessment 
can be based that has not been specialized for the com¬ 
municative exploitation of assessment systems. The be¬ 
havior of Belding’s ground squirrels while contending with 
mammalian predators illustrates the distinction between 
signals and cues. When a female with young spots a mam¬ 
malian predator, she is likely to produce a trill alarm call and 
watch the predator vigilantly. Other squirrels not only 
respond to her signal, the alarm call, but also use the direc¬ 
tion of her gaze to locate the predator. The direction of the 
caller’s gaze is not a signal; it is a perceptual activity by 
the caller to monitor the predator, but is opportunistically 
exploited by other squirrels as a useful cue. 

A discussion of motivational systems can be clarified 
by considering their place among all classes of psycholog¬ 
ical systems that underlie behavior. These psychological 
systems can be grouped into two general categories - 
knowing and wanting. The mechanisms of knowing serve 
the processes of information acquisition and processing, 
also called perception and cognition, respectively. These 
processes are structured by the mechanisms of wanting, 
the motivational systems that focus an animal’s efforts on 
matters important for its proximate and ultimate success. 
Animals are motivated to know about those matters that 
are important to them and accomplish this with perceptual 
and cognitive mechanisms that have been shaped to empha¬ 
size information crucial to their proximate and ultimate 
success. So, the mechanisms of knowing and wanting 


are intricately intertwined, representing two sides of the 
same coin of behaving. 

Many factors influence an organism’s success, includ¬ 
ing its effectiveness in acquiring food, water, and oxygen, 
reproducing, avoiding attack by predators and parasites, 
maintaining its social status, and so forth. Animals have 
different complex motivational systems associated with 
each of these factors important to their success. These 
systems specify pertinent physiological responses, rele¬ 
vant cues requiring attention, preferred outcomes of 
behavior, the importance of these outcomes, and the activ¬ 
ities most likely to generate them. In communication, 
motivational systems are most clearly relevant to signal 
production because they deal with what an individual’s 
behavior serves to accomplish proximately, and how hard 
it is trying, but they are also relevant to assessment because 
they focus an individual’s attention on the features of the 
environment most relevant to its current efforts. 

The variety of motivational systems that comprise an 
individual are linked to each other via a set of priorities. 
Such a ranking with regard to urgency is important in 
part because the demands addressed by different systems 
vary in the immediacy of their impact on the well-being of 
the individual. More immediate demands are given higher 
priority. If you are suffocating, for example, you will die in a 
few minutes unless you get air. So, work on all other demands 
needs to be set aside until your oxygen need is met. But 
this is an extreme example; animals can usually breathe 
while meeting most other needs. Nevertheless, work on the 
demands of different motivational systems can often be 
incompatible, and this incompatibility also drives the need 
to prioritize motivational systems. These priorities can pro¬ 
duce motivational conflicts that must be resolved through 
compromise. For example, Belding’s ground squirrels must 
focus their attention on the ground in order to forage, but 
must raise their heads in order to monitor for predators. 
Their resolution of this conflict between meeting nutritional 
and antipredator needs varies depending on the individual’s 
nutritional state. The greater the nutritional deficit, the less 
willing the squirrel is to shift its efforts from foraging to 
antipredator vigilance when it detects an alarm trill. 

Motivational Systems Drive and Direct 
Signal Production 

When predators endanger the young of a species that 
exhibits parental care, an activated parental motivational 
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system can drive and direct the production of anti¬ 
predator signals. This motivational effect can be observed 
when California ground squirrels deal with rattlesnakes. 
Rattlesnakes are an important source of predation on 
California ground squirrel pups, but not on adults. 
These squirrels have evolved the capacity to neutralize 
rattlesnake venom and this capacity is sufficient among 
adults to allow them to survive the injuries produced by 
rattlesnake bites. This neutralizing capacity provides 
adults with the option of confronting rattlesnakes, partly 
in defense of pups. Females with activated parental moti¬ 
vational systems (females with dependent young, aka 
maternal females) spend more time confronting rattle¬ 
snakes than nonmaternal females and males, neither of 
which contributes much to care of pups. When these 
squirrels deal with snakes, they invariably produce a 
visual signal, tail flagging, in which the fluffed tail is 
repeatedly waved from side to side as a means of manag¬ 
ing the snake’s behavior. The driving effects of the paren¬ 
tal motivational system on signal production is revealed 
when maternal females engage in much more tail flagging 
than nonmaternal females and males. 

But the motivational system that drives tail flagging 
also directs it, organizing that signaling activity in ways 
that are sensitive to the level of danger involved. Mater¬ 
nal squirrels tail flag more to large than small rattle¬ 
snakes, and more to snakes near than distant from their 
home burrows. Rattlesnake confrontation by adults can 
even be aggressive enough to induce the snake to rattle 
defensively at the squirrel. This sound incidentally 
includes cues about snake size and body temperature, 
both of which vary positively with the degree of risk 
that the confronting squirrel faces. (Larger and warmer 
snakes are more dangerous.) In playbacks of rattling 
sounds from rattlesnakes varying in their temperature 
and size, the tail flagging response by maternal females 
is stronger and more finely discriminating among these 
acoustic risk cues than the tail flagging of nonmaternal 
females and males. 

Motivational Systems Focus Assessment 

As noted earlier, motivational systems are relevant to 
assessment because they focus an individual’s attention 
on the features of the environment most relevant to its 
current efforts. Why do animals not simply attend to 
everything important to them? In general, they do not 
because attention is a limited resource that can be allo¬ 
cated at each moment only to a fraction of all impor¬ 
tant matters. When, for example, an animal is seeking an 
object that is difficult to detect, this interferes with the 
detection of a second important object more than when 
the first object is easy to detect. Laboratory studies with 
blue jays illustrate this point. These birds were required 


to detect a computer image of a mealworm in the center 
of a computer screen and a moth at the periphery of the 
screen (both representations of attractive food items). The 
experimenters varied the difficulty of detecting the cen¬ 
ter mealworm by changing the number of distractor sti¬ 
muli presented with it. Jays were able to adjust to these 
changes and maintain their performance when the meal- 
worm-detection task was more difficult. But these adjust¬ 
ments interfered with the detection of the peripheral 
moth stimulus. Performance in that task declined as the 
mealworm-detection task became more difficult, thus 
revealing limitations on the availability of attention for 
important tasks. 

To understand the implications of such limitations for 
communication, imagine now that the focus of an animal’s 
attention is on the courtship signals of a potential mate, 
and that discriminating between high- and low-quality 
mates is difficult because the differences in their signals 
are subtle. Imagine also that the important peripheral 
events are alarm signals evoked by an approaching preda¬ 
tor. The problematic nature of such limitations is com¬ 
pounded by the fact that many animals work hard to be 
cryptic. This is true of individuals engaged in activities 
that conspecifics might contest, but is also true of the prey 
that predators hunt and the predators that need to avoid 
detection by vigilant prey. 

Directing Attention and Amplifying Salience 

Female Norway rats undergo striking motivational changes 
during pregnancy. Mothers who have just given birth are 
strongly attracted to pups, finding contact with them 
rewarding and expressing the full repertoire of maternal 
activities. In contrast, virgin females seem to find newborn 
pups noxious; they avoid pups and may even attack them. 
This remarkable shift from aversion to parental attraction is 
initiated a few days before the female gives birth, primarily 
by changes in ovarian steroid hormone secretion (proges¬ 
terone drops and estrogen rises), but also depends on 
increased release of the peptide hormone prolactin and 
polypeptide hormone lactogen. These hormonal changes 
induce a suite of physiological and behavioral changes that 
enhance the salience of visual, auditory, and olfactory sti¬ 
muli associated with rat pups, and even augment the capac¬ 
ity of pup-related stimuli to serve as incentives for maternal 
behavior. Not all of these stimuli are signals; some, such as 
the general sight of pups, are unspecialized cues. This 
illustrates an important point about assessment; it involves 
an active extraction of the information needed to guide 
behavior, whether or not the information source is spe¬ 
cialized for communication. Nevertheless, communication 
and signals are involved. Maternal females are, for example, 
much more responsive than nonmaternal females to the 
ultrasonic vocalizations that pups emit when their body 
temperature drops as a result of separation from the nest 
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and littermates. Mothers respond to these calls by searching 
for and retrieving pups, and returning them to the warmth 
of the nest. 

The Interplay between Signal Production 
and Assessment 

Maintaining and Fostering Motivational States 
through Repeated Signal Inputs 

It is of some interest to note that Norway rat mothers are not 
completely in charge of their states of parental readiness. If 
a female prematurely loses her litter, her responsivity to 
playbacks of pup calls declines sooner than if she retains 
her litter to the time of weaning. In the normal course of 
infant-mother interactions, pups ‘persuade’ mothers to 
continue caring for them as the prenatal hormone effects 
dissipate during the first few postpartum days. Stimulation 
from pups induces the mother to release the peptide hormone 
oxytocin, and this maintains the mother’s maternal motivation. 

In fact, even virgin females exposed to pup contact for 
several days eventually begin to behave maternally under 
a sustained barrage of persuasive inputs from pups. Such 
slowly developing effects of repeated inputs illustrate an 
important point about communication. Signal production 
functions not only immediately, to trigger responses by 
stimulating already-active motivational systems, but also 
more gradually to foster activation of motivational sys¬ 
tems. These more slowly developing effects of repeated 
signal inputs are called priming effects, in contrast with 
more immediate triggering effects. Processes involving 
such cumulative priming effects of repeated inputs are 
said to be tonic, and the associated communicative pro¬ 
cesses are said to reflect tonic communication. Tonic 
communication with its associated extended repetition 
of signals is a widespread phenomenon. Think, for exam¬ 
ple, of how often you have noticed a perched songbird 
singing in long bouts of repeated songs unbroken by any 
form of social interaction. Singing by songbirds provides a 
prime example of tonic communication. 

Nevertheless, most studies of communication involve 
triggering rather than priming effects of signals. We need 
more studies of tonic communication in part because they 
will increase our understanding of the role of motivation in 
communication. Tonic effects are often mediated by hor¬ 
monal changes that engender the broad thematic shifts in 
behavior that are the hallmark of transitions between 
motivational systems. 

Maintaining and Fostering Motivational States 
through Repeated Signal Inputs to one’s Self 

We typically and usually correctly assume that signaling 
behavior is targeted at some individual other than the 
signaler itself. But that is not always the case, as research 


with ring doves illustrates. Reproduction in ring doves 
involves a cascading series of priming effects in male 
and female. Males typically initiate courtship by bowing 
and cooing, which is followed by the male’s cooing over 
prospective nest sites. The female gradually comes to join 
the male in cooing over the prospective nest site, and 
ultimately engages in a long stint of solo nest-cooing, 
before the two join forces in the construction of a nest. 
When nest-building reaches a threshold level, hormonal 
changes are triggered in the female that culminate in 
ovulation and copulation. What role do the female’s coos 
play in this process? It seems reasonable to identify the 
male as the target of these vocalizations. However, muting 
the female in several different ways leaves the male’s 
courtship activities relatively unchanged, but blocks the 
hormonal changes in the female leading to ovulation. And, 
playbacks of coos to the female restores those changes, 
especially when the vocalizations used are her own. Fur¬ 
ther playback studies indicate that the female is in fact the 
target of the male’s calls, but these calls have their effects 
on the female by stimulating her to coo, which in turn 
induces her to ovulate through a process of vocal self¬ 
stimulation. 

Structuring Signal Production to Capitalize on 
Motivational Features of Assessment Systems 

Human adults speak to infants in ways that would be 
unusual and probably even offensive if directed at other 
adults. Compared with the choppy and rapid-fire patterns 
of normal conversation among adults, infant-directed 
speech is slower, has a higher pitch, and often contains 
smooth, exaggerated changes in pitch. Such patterns of 
intonation involve what are called the prosodic features, 
that is, ‘melodies’ of speech. When approving of something 
an infant has done, the exaggerated contours of pitch 
change involve a rise-fall pattern 

r) 

In subtle contrast, the prominent pitch contours used 
to get an infant’s attention end on an upswing 

c‘ 

In more striking contrast, the melodies used to soothe an 
infant or disapprove of its behavior involve a much less 
pronounced variation in pitch, but differ from one another 
in patterns of change in amplitude (sound intensity). 
Sounds of soothing involve no abrupt shifts, changing 
slowly in amplitude and maintaining low amplitudes 
(‘Thaaat’s okaaay. Maaama’s here.’). Sounds of disapproval, 
on the other hand, are short and sharp, onsetting abruptly 
(‘No! Uh uh! Don’t do that!’). 
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Why do we use these different melodies to manage our 
infants’ behavior in different ways? Playbacks to infants in 
which prosodic patterns are preserved but linguistic con¬ 
tent is eliminated provide a simple answer. These are what 
work best. From birth, these various patterns tap into the 
infants’ differing motivational reactions to different melo¬ 
dies; they are in effect different unconditioned stimuli for 
pleasing, alerting, soothing, and alarming the infant. It 
seems that evolution through natural selection, perhaps 
as well as the shaping effects of experience, has generated 
patterns of speech that can be used to manage the behav¬ 
ior of infants. These patterns are effective because they 
capitalize on the motivational components of infant 
assessment systems. 

It is of interest to note that the motivational impact of 
infant-directed speech changes as the infant enters its second 
year. At this time, parents pair presentation of new objects 
(e.g., a teddy bear) with prosodic emphasis to draw the 
infant’s attention to the verbal label for that object (‘see 
the TEDDY BEAR?’). This fosters the development of the 
infant’s vocabulary. Thus, the impact of infant-directed 
speech has more to do with the induction of motivational 
states in infants during their first year, but begins to 
contribute to language development in the second year. 

There is evidence that the features of assessment sys¬ 
tems exploited by infant-directed speech predated the 
production of these patterns evolutionarily, and so may 
have been sources of natural selection shaping the melo¬ 
dies of infant-directed speech. For example, the elevated 
pitch of infant-directed speech appears to be similar to a 
widespread vocal pattern among vertebrates, in which 
animals raise their voice pitch to be less threatening and 
drop pitch for a more threatening effect. Similarly, 
research with sheep-herding dogs indicates that additional 
conclusions about infant-directed speech also apply to 
non-humans. Individuals who use dogs as assistants in 
herding their sheep use short, rapidly repeated, broadband 
notes to stimulate movement by their dogs, and longer, 
continuous, narrowband notes to inhibit movement (these 
are similar to the attention-getting and soothing melodies 
of infant-directed speech). Experimental tests with domestic 
pups support the hypothesis that these two patterns of 
acoustic stimulation differ in their capacity to stimulate 
motor activity. 

Future Directions 

How Do Signals Acquire Their Salience to the 
Motivational Systems of Targets? 

Adolescent male laboratory rats are very playful, and 
when they engage in bouts of rough-and-tumble play, 
they emit frequency-modulated (FM) ultrasonic vocaliza¬ 
tions with an average sound frequency of about 50 kHz. 
As these males progress to adulthood, they become less 


playful and more aggressive. When interacting aggres¬ 
sively, they produce a different type of vocalization, a 
22-kHz ultrasonic call. The FM 50-kHz and 22-kHz 
calls differ in their incentive value to listening rats. Rats 
are attracted to FM 50-kHz calls, performing operant 
responses both to produce playbacks of these calls and 
to gain access to a playful situation in which FM 50-kHz 
calls are emitted. In contrast, they avoid performance of 
responses that produce 22-kHz calls. These differences in 
incentive values are consistent with the hypothesis that 
the sound of the playful FM 50-kHz call has a positive 
motivational value that makes it a useful tool for attracting 
play partners, whereas the sound of the 22-kHz call has a 
negative motivational impact that facilitates its use to 
repel potential adversaries. 

The area of signals and motivation would benefit 
immensely from additional research addressing the ques¬ 
tion of how signals such as the aforementioned rat voca¬ 
lizations acquire such salience and incentive value. The 
general form of an answer to such questions is likely to 
appeal to the interplay between the roles of assessment 
and signal production. For example, there is evidence that 
the previously discussed ultrasonic retrieval call used by 
infant rats originated as a byproduct that was used as a cue 
of infant distress by vigilant mothers. When infants expe¬ 
rience excessive cooling as a result of becoming separated 
from the nest, they use an abdominal compression maneuver 
to deal with the cardiovascular consequences of the exces¬ 
sive cooling. Such cooling increases blood viscosity and 
reduces cardiac functioning, thereby jeopardizing the infant 
by reducing blood circulation. The abdominal compression 
maneuver increases pressure in the abdominal cavity, 
thereby augmenting venous return of the blood to the 
heart. At the same time, this maneuver incidentally forces 
some air through the restricted larynx and so produces 
ultrasounds that in their original form were probably 
byproducts but also excellent cues that a pup was in 
jeopardy. The mother’s proactive use of these cues could 
have then shaped this byproduct sound into a retrieval call. 

But what are the actual processes that would generate 
such a scenario? Most often, researchers in animal com¬ 
munication cite evolution through natural selection as the 
causal processes. This is likely; the mother’s use of the 
ultrasound cue could have been a source of selection 
favoring refinement of the sound into a signal. But this 
leaves unanswered proximate questions about the devel¬ 
opment and causation of the use of these sounds as cues 
and signals. Such proximate questions, especially when 
they deal with the roles of motivational systems in assess¬ 
ment and signal production, are important but have 
not yet received the attention they merit. The bit of data 
available for other signaling systems suggests that the type 
of interplay between assessment and signal production 
that clearly goes on evolutionarily can also play a proxi¬ 
mate causal role in shaping these communicative roles. For 
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example, young male brown-headed cowbirds need nor¬ 
mal social interactions with adults of both sexes in order to 
develop the ability to integrate singing into an effective set 
of courtship maneuvers, to sing evocative songs, and to 
target females in their courtship-singing efforts. Some of 
the processes involved include the operant conditioning 
that psychologists have studied for many decades. Adult 
female brown-headed cowbirds, for example, respond 
preferentially to songs with particular properties and 
young males retain these properties in their developing 
songs while deleting other song characteristics. 

A model of agonistic vocal communication among 
primates suggests another proximate route by which sig¬ 
nals can become salient. Rather than involving indepen¬ 
dent discovery of cues by assessment systems, followed 
by modification of cues into signals, this scenario involves 
a higher-order mode of action of the signal-production 
role. Signalers augment the salience of their signals by 
pairing them with intrinsically evocative stimulation, such 
as attack. This involves another form of conditioning, 
classical rather than operant. Old-world monkeys, for 
example, emit individually distinctive calls, a candidate 
conditioned stimulus, while subjecting their adversaries to 
attack, an intrinsically noxious unconditioned stimulus. 
Such pairings have the potential to enhance the noxious 
motivational impact of the vocalizer’s own calls on the 
conditioned individual, but may not have that effect on 
the same types of calls used by others, with their own 
distinct individuality in structure. 

These findings indicate that a fruitful path for future 
research will involve a synthesis of the dominant 
evolutionary questions about signals and motivation with 
proximate questions about the roles played by fundamen¬ 
tal motivational mechanisms in the causation and devel¬ 
opment of communicative behavior. 

See also: Acoustic Signals; Aggression and Territoriality; 
Agonistic Signals; Alarm Calls in Birds and Mammals; 


Communication and Hormones; Communication Net¬ 
works; Cultural Inheritance of Signals; Deception: Com¬ 
petition by Misleading Behavior; Electrical Signals; Food 
Signals; Honest Signaling; Interspecific Communication; 
Mating Signals; Parental Behavior and Hormones in 
Mammals; Parental Behavior and Hormones in Non- 
Mammalian Vertebrates; Parent-Offspring Signaling; 
Punishment; Signal Parasites; Visual Signals. 
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Introduction - What Are Multimodal 
Signals? 

As is clear from other sections of this encyclopedia, ani¬ 
mals communicate in a wide variety of ways, both overt 
and subtle. A considerable amount of research has 
revealed that animals do not utilize channels of commu¬ 
nication that are obvious to humans, for example, visual 
signals and auditory signals alone, but they also use a 
variety of other channels that are less visible or audible, 
including some that are not detectable by human senses. 
In addition to visual signals and acoustic signals, these 
communication modes may include chemical signals in 
the form of airborne sexual scents and territorial urine 
markings, seismic signals (i.e., vibrations sent through 
substrates such as plant stems, leaves, and soil), and elec¬ 
trical signals sent through water by electric fishes. While 
many animals are well known for their use of specific 
forms of communication - the songs of birds, crickets, 
and frogs are all examples of auditory or acoustic com¬ 
munication - a more detailed analysis has led to the 
realization that many animals are capable of producing 
signals in multiple sensory modes or channels. The use of 
multiple sensory modes or channels for communication is 
known as multimodal signaling, and it is turning out to be 
more common than originally thought. 

Examples of Multimodal Signaling 

Some of the earliest published observations of multimodal 
signaling were described in birds by ethologists, such as 
Niko Tinbergen, who characterized the combination of 
visual and acoustic signals as ‘displays’ (vocalizations 
accompanied by body postures and movements) used by 
gulls, pigeons, and domestic fowl. For birds, the most fre¬ 
quent modes used in multimodal signals are auditory and 
visual, and in many species the combination can be quite 
dramatic, as in this video of the North American Sage 
Grouse (Figure 1). For example, the familiar male North 
American Wild Turkey ( Meleagris gallopavo) combines a 
visual signal (a ‘fan’ display of multicolored tail feathers) 
and an acoustic signal (the ‘gobble’ call) (Figure 2). 

The primary context of multimodal signaling in birds 
is in courtship, although there are numerous examples of 
other social interactions, such as territory defense, anti¬ 
predator behavior, and parent-offspring communication. 
Mammals also use multimodal signaling in a variety of 


contexts. Most people would recognize that the communi¬ 
cation of aggressive threat by dogs is multimodal, since the 
acoustic signal of growling is usually accompanied by the 
visual signals of facial and body postures, such as bared 
teeth, raised fur, and ear position. It is also easy for us as 
humans to recognize multimodal signals in our relatives 
among the primates, perhaps because we are similar in 
many ways, and their often spectacular communication 
displays include a wide array of combinations of visual 
and acoustic signals. Primatologists like Marc Hauser and 
Sara Partan have cataloged natural facial expressions and 
vocalizations of rhesus macaques, and found that in many 
cases, vocalizations were accompanied by articulatory ges¬ 
tures and positions of the mouth and lips (Figure 3). 

Prairie dogs and ground squirrels are well known for 
their antipredator alarm call vocalizations, and these 
acoustic signals are often accompanied by visual signals 
such as upright postures, jumping, and tail flicking. Recent 
studies by Aaron Rundus, Don Owings, and their collea¬ 
gues have shown that alarm signals given by the Califor¬ 
nia Ground Squirrel ( Spermophilus beecheyi) in the presence 
of rattlesnakes are truly multimodal in that these mam¬ 
mals not only vocalize and flag their tails, but also emit 
heat signals from their tail that can be detected by the 
snakes’ infrared vision. These signals deter predation by 
increasing the apparent size of the prey, making the snake 
more cautious in its approach (Figure 4). 

Many examples of multimodal signaling can be seen in 
other vertebrates animals, including reptiles, amphibians, 
and fishes. For example, Emilia Martins and colleagues 
have shown that sagebrush lizards [Sceloporus graciosus) use 
‘head-bob’ displays as visual signals in combination with 
chemical signals in territorial defense. While frogs and 
toads are best known for acoustic communication, Peter 
Narins, Mike Ryan, and their colleagues have demon¬ 
strated that the inflation of the vocal sac producing the 
sound also serves as a visual signal, and some responses 
can be elicited only when the two are combined in a 
multimodal signal (Figure 5). Likewise, several species 
of fishes known primarily for visual signaling behavior, 
including the Siamese Fighting fish Betta splendens , sword¬ 
tails (Xyphophorus spp.), sticklebacks ( Gasterosteus spp.), and 
numerous species of Lake Malawi cichlids, have also been 
shown to communicate using either chemical, tactile, 
and/or acoustic cues as part of multimodal signals. 

Multimodal signals are less well studied among most 
invertebrates, but some of the best examples can be seen 
in insects, crustaceans, and spiders. Some insects, such as 
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Figure 1 Males of the Greater Sage Grouse (Centrocercus 
urophasianus) in the Great Plains of North American exhibit 
multimodal communication in courtship displays, using visual 
signals accompanied by acoustic ‘booming’ signals. Photo 
courtesy of Marc Dantzker, used with permission. 



Figure 2 Males of the North American Wild Turkey (Meleagris 
gallopavo) exhibit multimodal signaling during a courtship display 
that combines visual and acoustic signals. Photo by Bob Schmitz 
Cornell Lab of Ornithology. From Cornell Lab of Ornithology Birds 
of North America, used with permission. On-line: http://bna. 
birds.cornell.edu/bna/species/022/galleries/photos/ 
BOS_070802_00143D_S/photo_popup_view. 

Drosophila melanogaster and the Hawaiian Drosophila spe¬ 
cies, are well known for using visual, chemical, and vibra¬ 
tory signals during courtship and other communication 
contexts. Bert Holldobler has examined communication 
in a variety of ant species and demonstrated that not only 
do ants use a diverse array of chemical compounds 
but also that these signals are often combined with vibra¬ 
tory communication produced by stridulation, percussion, 
and tactile stimulation (Figure 6). Moreover, multimodal 
signaling in ants occurs in multiple contexts, including 
alarm signals, recruitment to food sources, and agonistic 


behaviors used in colony defense. In decapod crustaceans, 
chemical signals are common, but Melissa Hughes, Paul 
Moore, and colleagues have found that the sexual and 
aggressive responses of snapping shrimp and crayfish 
often vary depending on whether visual and/or tactile 
information is present. 

One group of invertebrates that has been extensively 
studied with respect to multimodal communication is the 
wolf spiders (Lycosidae), which often use visual and vibra¬ 
tory signals in their courtship behavior. Signal structure 
varies considerably within this family, as some species use 
only a single mode, while others incorporate both visual 
and vibratory components into their signals. Moreover, 
Jerry Rovner found that some species, for example, Rabidosa 
rabida , produce visual and vibratory signals separately at 
different times during precopulatory behavior, while 
others, for example, Schizocosa ocreata , use simultaneous 
vibratory and visual signals. With my colleagues and former 
students Gail Stratton, Sonja Scheffer, Will McClintock, 
Eileen Hebets, Matt Persons, Andy Roberts, Phil Taylor, 
Jeremy Gibson, and Dave Clark, I have conducted studies 
of multimodal communication in members of the genus 
Schizocosa , which includes several highly similar ‘cryptic’ 
species (the S. ocreata clade) that have apparently arisen 
from rapid speciation via behavioral isolation driven by 
sexual selection. Species within this clade are all similar 
in size, coloration, and genital characters, and females are 
hard to distinguish. Males, however, vary in foreleg 
decoration (partial pigmentation; full, dark pigmentation; 
tufts of bristles) and behavior. Male Schizocosa may use 
substratum-borne (seismic) signals, visual signals, or both 
in courtship behavior. The diversity of signal types used 
across species appears to serve as a premating isolation 
mechanism (Figure 7) (link to video of spider courtship 
w/sound). A number of examples from this research will be 
featured in the following sections. 

Categories and Mechanisms of 
Multimodal Signals 

Given the diversity of multimodal signals, questions nat¬ 
urally arise about what kinds of information they contain 
and whether a multimodal signal contains information 
that is the same or different from that in a unimodal 
signal. For example, ornithologists recognize bird species 
by both their songs and plumage patterns, but when birds 
perceive these signal components, what information do 
they obtain from them? Do the visual displays and sounds 
presented together in a multimodal signal by a singing 
bird ‘say’ essentially the same thing, for example, species 
identity? Alternatively, do they contain multiple kinds of 
information, for example, does song represent species 
identity, while plumage provides information on male 
condition or dominance status? 
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(c) (e) 1 s 

Figure 3 Images from videotape of vocalizing animals. Spectrograms were collected from videotape at the same frame as the picture, 
using a Kay Digital Sona-Graph model 7800. Horizontal bars mark 1-kHz intervals (1-8 kHz), (a) Adult male barking, with open 
mouth and ears back, (b) Adult female (845) giving a pant-threat vocalization, (c) Subadult female (X70) giving a broadband (‘noisy’) 
scream, (d) Adult male (C78) grunting, (e) Subadult male girneying and waving his tail. Although this girney contains primarily 
broadband components, girneys can also include narrow-band sounds (e.g., see spectrogram in Kalin et al., 1992). From Partan 
(2002) Single and multichannel signal composition: Facial expressions and vocalizations of rhesus macaques (Macaca mullata). 
Behaviour 139: 993-1027. 


Classification of Multimodal Signals and 
Responses 

Since the effectiveness of signaling is determined in large 
part by whether the sender receives an appropriate 
response from the receiver, much theory and research has 
focused on answering these questions from the recipient’s 
point of view. Animal communication researchers Sara 
Partan and Peter Marler have categorized multimodal sig¬ 
nals, on the basis of the information content of signals and 
the responses of receivers (Figure 8). 

Redundant Signals 

The first distinction that can be made between types of 
multimodal signals is between redundant and nonredundant 
signals. If individual components of a multimodal signal 
elicit the same response from a receiver when pre¬ 
sented separately, it is likely that they contain the 


same or similar kinds of information about the sender 
(e.g., species identity), and are therefore redundant. 
Researchers often refer to these different components 
as ‘back up’ signals, as each one may suffice if another 
is obstructed by environmental constraints or noise. 
However, not all receiver responses to redundant mul¬ 
timodal signals are the same, as some may be equal 
to unimodal signals in their intensity (equivalence), 
while the intensity of others is increased (enhancement) 
(Figure 9). 

Nonredundant Signals 

Alternatively, signal elements in component modes may 
contain distinctly different kinds of information, and 
responses of receivers to each mode of these nonredun¬ 
dant signals may be entirely different (Figure 10). 
Researchers often refer to these kinds of multimodal 
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Figure 4 Infrared video frames of a squirrel interacting with a 
rattlesnake, showing heat emitted during tail flagging (a), and 
a gopher snake, with nonheat emitting tail flagging (b) during 
experimental trials. From Rundus AS, et al. (2007) Proceedings 
of the National Academy of Science 104: 14372-14376. 
Copyright 2007 National Academy of Science USA, used with 
permission. 



Figure 5 The Tungara frog ( Physaelemeous pustulosus), 
produces its characteristic acoustic signals by inflating the vocal 
sac, which also serves as a visual signal. Photo courtesy of Marc 
Dantzker, used with permission. 



Figure 6 The ‘tournament’ behavior of the honey ant, 
Myrmecocystus mimicus. Many individuals from rival colonies 
engage in lateral displays, as between the two opponents here, 
vigorously antennating each others’ bodies. These multimodal 
signals include visual, tactile/vibratory, and chemical 
components. From Holldobler B (1999) Multimodal signals in ant 
communication. Journal of Comparative Physiology A 184: 
129-141. Photo by B. Holldobler; Copyright 1999 Springer, used 
with permission. 



Figure 7 Male Schizocosa ocreata wolf spiders signal to 
females with multimodal courtship displays that include visual 
signals (leg waving, tapping, conspicuous leg tufts) and seismic 
signals (substratum vibration produced by percussion and 
stridulation). Photo by George Uetz, used with permission. 


signals as containing ‘multiple messages,’ for example, 
while one mode provides information about species iden¬ 
tity, the other signals male quality. When nonredundant 
sets of signal information are combined into a multimodal 
signal, there are a variety of different kinds of responses 
that receivers can show. One possibility, signal independence , 
occurs when the response to a multimodal signal includes 
the responses to each of its unimodal components. 
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Figure 8 Classification of multimodal signals into categories. Each signal has components ‘a’ and l b’ (e.g., visual and acoustic), which 
can be redundant (upper section) or nonredundant (lower section). Geometric shapes symbolize responses of receivers to various 
signals when presented alone (left section), or when combined into a multimodal signal (right section). Size of geometric shapes indicates 
intensity of response, while different shapes indicate distinct responses. From Partan SR and Marler P (1999) Communication goes 
multimodal. Science 283:1272-1273. Copyright 1999 American Association for the Advancement of Science, used with permission. 
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Figure 9 Idealized responses to redundant signal components l a’ and l b,’ as well as a multimodal signal, ‘ab.’ Responses can be 
equivalent (left) or enhanced in several ways (minor, summative, multiplicative). From Partan S (2004) Multisensory animal 
communication. In: Calvert G, Spence C, and Stein BE (eds.) The Handbook of Multisensory Processes, pp. 225-240. Cambridge, MA: 
MIT Press. Copyright 2004 MIT Press. 


A second possibility is when the multimodal signal gen¬ 
erates a response seen with only one of the component 
modes. Here the component generating the response is 
considered dominant in relation to other modes. In some 
cases, the presence of one mode may modulate the 
response to another, as when the visual motion of a court¬ 
ship display increases responses to acoustic signals. Addi¬ 
tionally, when signals in different modes are presented 
as multimodal signals, that signal may receive an entirely 
different type of response compared to the response 
elicited by any single component. This is called emergence. 
An example of this was found by Candy Rowe with 


feeding studies of domestic chicks. Neither the color of 
food items nor the odor of toxic chemicals within them 
elicited a response, but when presented together, strong 
aversive behavior was seen. 

Complexity in Multimodal Signal Components 

While it is true that many animals create signals using two 
(or more) sensory modes, a closer look reveals that there 
may be even more to multimodal signals than simply the 
combining of communication modes. Whether or not the 
information contained by components of a multimodal 
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80 - 



Silent threat (A/= 122) 


M Submissive 
0 Aggressive 
□ Neutral 



Vocal threat (A/= 41) 


Figure 10 Proportions of responses of rhesus monkeys 
(submissive, aggressive, neutral) vary depending on whether a 
threat display is unimodal (silent - visual) or multimodal (visual 
accompanied by vocalizations). From Partan S (2004) 
Multisensory animal communication. In: Calvert G, Spence C, 
and Stein BE (eds.) The Handbook of Multisensory Processes, 
pp. 225-240. Cambridge, MA: MIT Press. Copyright 2004 MIT 
Press. 


signal is redundant, multiple signals may still be present 
in each component mode. To return to a familiar example, 
the multimodal signal of male North American Wild 
Turkey combines a visual fan tail display of multicolored 
feathers and an accompanying acoustic ‘gobble’ signal. 
However, there are other visual signals provided by the 
size of the ‘beard’ (a set of modified hair-like feathers that 
protrude from the breast), spurs on the tarsi, and the 
coloration of the wattle or dewlap (a flap of skin below 
the neck), caruncle (skin flaps along the side of the head), 
and snood (a fleshy projection hanging over the beak) 
(Figure 11). In addition, the acoustic component not 
only includes the familiar ‘gobble,’ but also several other 
acoustic elements (‘clucks,’ ‘putts,’ ‘purrs,’ ‘yelps,’ ‘cutts,’ 
‘whines,’ ‘cackles,’ and ‘kee-kees’) and a low-pitched 
drumming vibration. The various elements of this overall 
communication package have been shown to be associated 
with different aspects of the male’s current physiological 




Wild turkey gobbler 


White crown 


Snood 


Minor 

caruncles 


The gobbler is most easily 
recognized by the long 
beard growing from his 
chest, and the 
pronounced spurs, 
sometimes as long as two 
inches, found on the back 
of his legs. A gobbler 
appears larger, darker, 
shinier and is more 
colorful than a hen, 
especially on his head, 
which can alternately 
appear red, white, and 
blue. He often ‘puffs up’ 
and struts during spring to 
attract hens for breeding 
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Figure 11 The American Wild Turkey exhibits complex, multicomponent visual signals that include a ‘fan’ of tail feathers, bright red 
caruncles on the side of the head, a beard of breast feathers, and a snood of flesh hanging over the beak, as well as multiple 
acoustic signals. Website - http://www.nwtf.org/all_about_turkeys/new_turkey_look.html 
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state (arousal, reproductive status), body condition or 
health, level of parasitic infestation, or dominance status. 
Moreover, these elements function in both male-male and 
male-female interaction contexts. Because the multiple 
individual elements that together make up multimodal 
signals consist of individual traits and behaviors con¬ 
trolled by different alleles, and function in different con¬ 
texts, they may reflect different selection pressures and 
evolutionary pathways. 

Function and Adaptive Value of 
Multimodal Signals 

Courtship signals used by males have been studied more 
extensively than other signal types, and most researchers 
agree that they serve multiple functions in mate recogni¬ 
tion and mate choice of females. Studies in many animal 
taxa suggest that male signals attract female attention, 
allow females to recognize their species, and also convey 
information about male dominance status, condition, or 
genetic quality. Multimodal signals may simultaneously 
serve some or all of these functions. 

If One Sensory Channel Will Suffice, Why Use 
Multiple Channels? 

Because the use of sensory channels varies among animal 
species, there is considerable diversity in signaling behavior. 
An important question to address then is why some species 
use multiple modes, whereas others use only a single mode. 
Some species may be limited to unimodal signaling by their 
phylogeny, while others may be constrained by their ecol¬ 
ogy. Entire groups of phylogenetically related animal taxa 
use the same mode of communication, suggesting common 
ancestry and evolution. For example, crickets and katydids 
use acoustic signals and have highly developed acoustic 
senses. Differences in song structure between species 
allow species recognition and mate discrimination. How¬ 
ever, these insects are also nocturnal, which may preclude 
use of visual signals altogether. 

One explanation for multimodal signaling is that the 
signal redundancy that is possible with multiple commu¬ 
nication modes reduces mistaken identity at the species 
level or inaccurate assessment of suitability of a potential 
mate. A second possibility suggested by many researchers 
is that the use of multimodal signaling may compensate 
for variability in signal transmission under different sen¬ 
sory environments. Variability in signal transmission 
imposes constraints on signal detection, and creates the 
need for ‘back up’ signals. Another possibility is that 
different modes contain multiple messages and are useful 
in different contexts, for example, species recognition, 
territorial defense, male-male aggression, cooperation, 
male-female courtship, and mating. Finally, it is also 
possible that if senders can exploit multiple senses of the 


receiver at the same time, the signal may be stronger and 
may result in increased receiver detection and learning. 

Signal redundancy 

Results of several studies have demonstrated redundancy 
in signal information. For example, Tim Birkhead has 
shown that both visual (beak color) and acoustic (song 
rate) courtship signals of male Zebra finches ( Taeniopygia 
guttata) contain redundant information, as redder beaks 
and higher song rates signal better condition and higher 
mate quality. It is therefore likely that a female who is able 
to assess both visual and acoustic signals would receive 
more accurate information about male quality than with 
either mode alone. Redundant signaling may also prevent 
‘cheating,’ as was demonstrated by Marlene Zuk, Dave 
Figon, and Randy Thornhill in a study of red jungle fowl 
{Gallus gallus). They manipulated some male traits (color 
and size of comb) to exaggerate apparent quality, but 
females ignored those traits in favor of others when in 
conflict, suggesting that they were not fooled. 

Different sensory environments 

A subset of hypotheses regarding multimodal signaling 
suggest that redundant multimodal signals have evolved 
to compensate for environmental constraints on the effi¬ 
cacy of information transfer due to complex habitats and/ 
or noise. A previous study with my colleagues Sonja 
Scheffer and Gail Stratton found that the vibratory com¬ 
ponent of male Schizocosa ocreata courtship was very 
quickly attenuated in complex leaf litter and could not 
be detected beyond the leaf upon which the male was 
courting. Nonetheless, females on leaves different from 
those of the males could still recognize males on the basis 
of visual cues alone. Fikewise, Eileen Hebets found that 
male S. retorsa could successfully mate in the dark, as 
vibration signals alone were sufficient. 

Multiple messages 

A number of researchers have suggested that the individ¬ 
ual components of multimodal signals each convey dis¬ 
tinct information, often referred to as the ‘multiple 
message hypothesis.’ For example, studies of cardinal 
plumage, house finch coloration, and peacock displays 
have shown that different components of these complex 
signals may contain information on different aspects of 
male quality. Studies of the swordtail fish Xiphophorus 
pygmaeus by Mike Ryan, Molly Morris, and their collea¬ 
gues suggest that each signal mode provides information 
about a different aspect of the sender. When visual 
signals are presented alone, females prefer heterospecific 
X. cortezi over conspecifics, presumably on the basis of 
size. However, when chemical cues are present, females 
more often choose their own species. Moreover, when an 
additional visual cue (vertical bars) is added, females 
almost always choose their own species, suggesting that 
multimodal signals are critical to ensuring correct species 
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mating. These findings suggest that multimodal (chemical 
and visual) signals allow species identification, while 
visual cues alone may provide information on male 
quality. 

Increased receiver detection and learning 

Tim Guilford and Marian Stamp-Dawkins coined the 
term ‘receiver psychology’ to explain how the sensory 
capabilities of the intended receiver have shaped the 
evolution of signal design. A number of studies suggest 
that multimodal signals improve the detectability, dis- 
criminability, and memorability of signals. This can be 
critically important for insects that use antipredator stra¬ 
tegies involving aposematic coloration to advertise unpal¬ 
atable defensive chemicals, as the effectiveness of the 
strategy depends upon how well predators recognize 
and remember unpalatable prey. For example, Candy 
Rowe has examined the role of combined stimuli by 
studying the learning of food palatability in domestic 
chicks, and found that multimodal combinations of olfac¬ 
tory (chemical) and visual (color) stimuli increase the 
speed of avoidance learning and retention of learned 
aversions over unimodal stimuli. Dan Papaj and collea¬ 
gues have examined multimodal cues and foraging in 
bumblebees, and found that bees make more effective 
decisions when multiple cues from flowers were present, 
and that multimodal flower ‘signals’ (odor and color) were 
associated with consistently higher accuracy in food 
finding. 

Reliability of information 

Even if multiple modes allow redundant (or ‘back-up’) 
cues for species recognition under environmental condi¬ 
tions that may occlude or constrain unimodal signals, 
communication in a single mode (e.g., visual) may be 
more important in another context (e.g., male-male con¬ 
flict, mate choice). For some Schizocosa wolf spider species, 
individual channels (vibration or visual) may be more 
reliable as ‘honest’ indicators of condition as well as 
species identity. Gail Stratton, Sonja Scheffer, Will 
McClintock, Eileen Hebets, Jeremy Gibson, and I have 
found that variation in either visual male secondary sex¬ 
ual characters (presence/absence, size and symmetry of 
foreleg tufts) or seismic signals (stridulation, percussion) 
separately influence female receptivity (see Figure 5 - 
S. ocreata). Even so, when females were able to perceive 
both visual and vibratory signals together, absence of tufts 
did not affect receptivity. 

Potential Costs of Multimodal Signals 

While most studies of multimodal signaling have focused 
on the benefits of multiple versus single modes, there may 
be costs as well; so cost-benefit trade-offs have likely 
influenced the evolution of multimodal signals. In their 


extensive review, Eileen Hebets and Dan Papaj have 
pointed out that for many animals, multimodal signaling 
is akin to ‘multitasking,’ for which energetic expenses 
would be expected to be greater than a unimodal signal. 
Alternatively, the energy expended producing a signal in 
one mode may reduce the animal’s capacity to expend 
energy in another mode. 

Multimodal signaling could incur other fitness costs in 
addition to potential energetic expense. Multimodal sig¬ 
nals that are evolved to be conspicuous and easily recog¬ 
nized by intended receivers often inadvertently become 
‘public information,’ and as a consequence, may be inter¬ 
cepted and exploited by other, unintended receivers (also 
known as ‘illegitimate’ or ‘illicit’ receivers). Usually, there 
are two categories of signal exploiters: (1) ‘social eaves¬ 
droppers’ such as conspecific males, which can potentially 
exploit the information content of intercepted signals 
(e.g., potential strength of rivals, location of females) and 
(2) ‘interceptive eavesdroppers’ or ‘cue-readers,’ such as 
predators or parasites, for which the signal itself reveals 
the location of potential prey/host but information con¬ 
tent of the signal is unimportant. 

A variety of animals are known to eavesdrop on the 
interactions of conspecifics, and thereby gain knowledge 
of the relative competitive ability of males or the mate 
choice preferences of females. Mathieu Amy and Gerard 
Leboucher studied eavesdropping in male domestic 
canaries, and found that they use both visual and acoustic 
cues to eavesdrop and responded differentially to winners 
and losers of agonistic interactions they had witnessed. 
Research with my colleagues Andy Roberts and Dave 
Clark indicates that male S. ocreata wolf spiders show 
evidence of eavesdropping, as they can discern the 
presence of another courting individual (Figure 12). 
However, eavesdropping on either visual, seismic, or 
multimodal signals from other males does not always 
result in social facilitation of courtship behaviors by the 
eavesdropper, but appears to depend on experience and 
density of courting males. 

There are a number of examples of predatory and 
parasitic species using acoustic or visual cues to locate 
prey. Although predator detection of signals produced by 
prey or host species can be highly specific (e.g., parasitic 
flies of the genus Ormia attracted to mating calls of host 
cricket species), not all signal modalities are equally capa¬ 
ble of exploitation (e.g., chemical signals are less detect¬ 
able). In this case, multimodal communication may be a 
two-edged sword. There may be benefits of using redun¬ 
dant signals in different modes, in that they may deceive 
predators, but multimodal cues might make the sender 
more conspicuous. Using video/seismic playback, Andy 
Roberts, Phil Taylor, and I found that use of complex, 
multimodal courtship signals by S. ocreata increases the 
speed with which a common predator, the jumping spider 
Phidippus clarus (Salticidae), responds to courting males. 
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Our results indicated that the benefits of increased signal¬ 
ing efficacy of complex, multimodal signaling may be 
countered by increased predation risks. 

Integration of Signaler Behavior and Receiver 
Sensory Perception 

In order to understand the evolution of male courtship 
signals, it is necessary to assess the interaction of multiple 
sensory modes and signaling behaviors. Recent studies have 
attempted to integrate aspects of sensory biology and signal 
design theory with behavioral and ecological considerations 
to gain a better understanding of the evolution of courtship 
signals in mate choice. Some researchers have focused on 
what Tim Guilford and Marian Stamp-Dawkins call ‘stra¬ 
tegic design’ (relating to the function of the signal, e.g., 
conveying male quality) or the fitness-related benefits of 
mate choice related to male signals (reproductive success, 
offspring survival). Others have addressed ‘tactical design’ 


(relating to the effectiveness of the signal, e.g., getting 
female attention). The conclusion of much of their work is 
that the evolution of sensory systems, signal production, and 
behavioral responses are coupled, because when animals 
produce a signal to carry information in one modality, 
that behavior often results in additional cues that are per¬ 
ceived in other sensory modes, and thus a multimodal signal 
arises. As a consequence, multimodal signals are ultimately 
integrated messages. In a recent review, Eileen Hebets 
and Dan Papaj have suggested that understanding the evo¬ 
lution of complex multimodal signals requires a focus on 
proximate explanations (efficacy-driven hypotheses) for 
multimodal signals, as well as studying the interactions 
between signal modes (how the presence or absence of 
signals in one mode affects the perception of signals in 
other modes). 

How to Study Multimodal Communication 
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Figure 12 Responses of ‘eavesdropping’ male wolf spiders, (a) 
Mean total number (+SE) and (b) mean duration (s) (+SE) of bouts 
of jerky tap behavior during stimulus exposure periods for male 
Schizocosa ocreata exposed to live, courting and noncourting, 
male spider stimuli. From Roberts JA, Galbraith E, Milliser J, 
Taylor PW, and Uetz GW (2006) Absence of Social Facilitation of 
Courtship in the wolf spider, Schizocosa ocreata (Hentz) 
(Araneae: Lycosidae). Acta Ethologica 9: 71-77. Copyright 2006 
Springer, used with permission. 


To tease apart signal elements, and determine their effec¬ 
tiveness when presented alone and together, research on 
multimodal communication has involved several experi¬ 
mental techniques. One common technique involves 
isolating individual modes or channels of multimodal 
signals to observe responses of receivers to single versus 
combined modes. Cue isolation (single sensory modes) 
experiments allow manipulation of the sensory environ¬ 
ment so that only one type of stimulus is received. For 
example, studies of wolf spiders by my colleagues Eileen 
Hebets, Phil Taylor, and Andrew Roberts and I have 
tested responses of females to unimodal cues from court¬ 
ing males (e.g., eliminating seismic signals on isolated 
substrates, eliminating visual cues with opaque barriers 
or darkness), and compared them to cue-combination 
experiments (selected multiple modes presented together) 
(Figure 13). 

The use of video/audio digitization and playback 
(Figure 14) has created a number of opportunities for 
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Signaling environment (visual/seismic) 


Figure 13 Example of cue isolation experiment from Hebets 
EA (2008) Seismic signal dominance in the multimodal courtship 
display of the wolf spider Schizocosa stridulans. From Stratton 
(1991) Behavioral Ecology 19: 1250-1257. Copyright 2008 
Oxford University Press, used with permission. 
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the experimental study of multimodal signaling. Recent 
studies have used these techniques to manipulate sensory 
modes as well as various aspects of visual or acoustic/ 
vibratory signals. For example, Chris Evans and Peter 
Marler used digital video to create a virtual ‘audience’ 
(a video of another bird) as well as a virtual predator 



Figure 14 Playback of digital images - either rendered videos 
of real animals or ‘wireframe’ animations (below) - as visual 
stimuli alone or accompanied with acoustic cues, are gaining 
increasing use as experimental stimuli in the study of multimodal 
signaling behavior. See the ‘Virtual Pigeon’ website for more 
examples. http://psyc.queensu.ca/%7Efrostlab/neuro_eth.html; 
http://helios.hampshire.edu/~srpCS/Research.html 


(hawk) flying above for a caged domestic chicken. They 
found that both visual and acoustic cues from the audi¬ 
ence elicited more alarm calls in the presence of the hawk 
stimulus, but that multimodal cues increased the rate of 
alarm calling. Sarah Partan and colleagues have used 
audio playback alone, silent video playback, and both in 
combination to study the responses of female pigeons to 
male courtship behavior. They found that while audio 
playback elicited higher levels of female courtship ‘coo¬ 
ing’ responses than silent video, multisensory audio/video 
signals were more effective than either component pre¬ 
sented alone in eliciting full female receptivity response. 

My colleague Andrew Roberts and I have used 
video-audio playback in our studies of two wolf spiders, 
using digital recordings of male courtship to manipulate 
both the video and audio (seismic) components. We used 
cue-conflict (mixed conspecific/heterospecific compo¬ 
nents) experiments to identify which signals were impor¬ 
tant in species recognition. Female Schizocosa ocreata 
(a species with multimodal signals) responded most 
strongly when both video and audio playback from con- 
specific males were presented, and responded negatively 
to heterospecific signals. In contrast, S. rovneri (a species 
with unimodal seismic signaling) responded to audio/ 
vibration signals regardless of the video image (Figure 15). 

Recent advances have enabled the use of robotic 
animals in experimental studies of animal communica¬ 
tion, and a number of researchers have created them 
to mimic squirrels (Sarah Partan), birds (Gail Patricelli, 
Esteban Fernandez-Juricic), fish (Jens Krause), lizards 
(Emila Martins, Terry Ord, Chris Evans, Dave Clark, 
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Figure 15 Responses of female Schizocosa ocreata and 
S. rovneri to video/audio playback of conspecific and mixed 
species visual/seismic signals. From Uetz GW and Roberts JA 
(2002) Multi-sensory cues and multi-modal communication in 
spiders: Insights from video/audio playback studies. Brain 
Behavior and Evolution 59: 222-230. Copyright 2002 Karger 
Press, Basel; used with permission. 
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Joe Macedonia), and frogs (Peter Narins, Mike Ryan). 
These studies have successfully demonstrated that ani¬ 
mals recognize these simulacra as conspecifics, and 
respond accordingly, allowing experimental playback 
studies of multimodal and unimodal signals in the field. 

Conclusion 

Multimodal signaling in animals is a complex topic, and 
future researchers in animal behavior will find many 
research challenges. While a traditional (and highly use¬ 
ful) approach has been to study animal communication by 
partitioning modalities, this approach has tended to iso¬ 
late disciplines and reduce scientific communication. 
Given the current explosion of integrative and interdisci¬ 
plinary approaches to scientific questions in behavior, 
enabled by technological advances in neurobiology and 
genomics, opportunities for new research in multimodal 
communication seem limitless. 


See also: Acoustic Signals; Electrical Signals; Mating 

Signals; Olfactory Signals; Robotics in the Study of 

Animal Behavior; Sound Production: Vertebrates; Vibra¬ 
tional Communication; Visual Signals. 
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Naked Mole-Rat Ecology and Sociality 

Naked mole-rats (Rodentia; Bathyergidae, Heterocephalus 
glaber) are hystricognath rodents, naturally found in the 
hot tropical regions of the horn of east Africa (Kenya, 
Ethiopia, and Somalia). The hystricognath suborder of 
rodents holds the records for both the largest-living rodent, 
the capybara (~50kg), and the longest-living rodent, the 
naked mole-rat (~30 years). The naked mole-rat, as its 
name suggests, lacks a furry pelage. When it was first 
caught in 1842 by the famous naturalist Eduard Riippell, 
he suspected he had a diseased specimen that had lost 
its hair and named it after its odd-shaped head (Hetero- 
different, cephalus - head) and smooth skin (glaber). 
Indeed, it was only after several specimens were collected 
that it became apparent that the naked mole-rat’s weird 
unusual mammalian appearance resembling a saber- 
toothed sausage or a miniature walrus was normal. 

Naked mole-rats lead a strictly subterranean existence. 
Earliest fossil records for the Bathyergid mole-rat family 
reveal that their ancestors have lived below ground since 
the early Miocene, more than 24 Ma. Not surprisingly, 
they have evolved a set of characteristics highly suited to 
life in dark, dank underground burrows: living in the 
dark, they have lost the ability to see beyond being able 
to tell light from dark, and they have very small eyes that 
they often do not even bother to open. As can be seen in 
Figure 1, naked mole-rats have a streamlined cylindrical 
shape, with no external ear pinnae, and the males also 
have internal testes; so it is extremely difficult to distin¬ 
guish males from females within the colony. They also 
have very short limbs that enable them to run backwards 
and forwards with equal speed and use hairs that are very 
sensitive to touch (vibrissae) located on both their tail and 
face to detect objects in their path and sense their under¬ 
ground environment. 

Naked mole-rats live in an extensive maze of under¬ 
ground tunnels and chambers up to 8 feet (2.5 m) beneath 


the soil surface. They dig these tunnels using their chisel¬ 
like, ever-growing incisor teeth that are actually situated 
outside the mouth (extra buccal), and large and powerful 
masseter jaw muscles. When digging with their teeth, 
their lips are actually closed, preventing soil from enter¬ 
ing the mouth (the teeth grow through the lips). They kick 
the loosened excavated sand to the surface where the sand 
forms small volcano-shaped mounds, which are the only 
above ground signs that the mole-rats are living below 
ground. The main ‘highways’ underground are extended 
during the rainy season when soils become softer; during 
the rest of the time, the mole-rats rarely dig burrows, 
digging only the more superficial ones to find roots, 
tubers, and small onion-like bulbs to eat. 

Because rainfall is infrequent, unpredictable, and patchy 
in these arid regions of northeast Africa, food resources 
have a patchy distribution, and consist of either clumps of 
small bulbs, corms, and occasionally, a single huge tuber 
that may weigh as much as 50 kg. These foods not only 
supply all the energy the mole-rats need, but crucially all 
their water too, for mole-rats do not naturally drink and 
have no access to fresh water underground. When naked 
mole-rats encounter large tubers, they carefully eat only 
the nonpoisonous inner components that are packed with 
nutrients and leave the epidermis intact. After feeding, they 
pack soil back into the holes made in the tuber, so that it 
continues to be healthy and can regrow and serve as a 
constant food supply for many years. Because animals 
cannot see where to forage and dig blindly hoping to 
come across food they can eat, it is an extremely energeti¬ 
cally costly process. Living in large groups and dispersing 
widely to forage help this highly social species locate 
underground food resources and improve the chances of 
finding food and thus, foraging efficiency. Food when found 
is often carried back to the nest to be shared with smaller 
siblings and other members of the colony. 

Like the eusocial insects (bees, ants, wasps, and ter¬ 
mites), naked mole-rats exhibit complex social behavior; 
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Figure 1 Naked mole-rats have small eyes and small external 
ears but prominent whiskers and teeth. 


animals live in large family groups of up to 300 indivi¬ 
duals. The colony shows a marked reproductive division 
of labor, in that only a single reproductive female is solely 
responsible for the production of offspring. Several litters 
of different ages are present within the colony and most 
individuals will stay and work in the colony in which they 
were born throughout their long lives. The reproductive 
female retains her position as the sole breeder in the 
colony primarily through aggressive behavior and bully¬ 
ing. Any female in the colony has the potential to breed, 
but will remain in a prepubescent state until the breeding 
female dies or she is removed from the colony. In that 
situation, aspiring females will fight to death to establish 
dominance, and then the dominant will continue to breed 
throughout her long life. The breeding female may have 
as many as 30 pups (average 12 per litter) in a single litter, 
and produces up to four litters per year. The breeding 
female breeds with one to three males; all other non¬ 
breeding individuals in the colony have very low repro¬ 
ductive hormone levels. The nonbreeding animals within 
a colony assist with the direct care of the pups by huddling 
with them in the nest to keep them warm, and retrieving 
pups that wander from the nest, and they will also carry 
pups out of the nest in response to alarm calls. As pups are 
weaned, the nonbreeding animals practice another type of 
cooperative behavior, allocoprophagy. Allocoprophagy is 
where pups feed on the feces of other members of the 
colony members by begging for feces from adults. Con¬ 
sumption of fecal material from adults provides an inocu¬ 
lation of microfauna and flora that the pups will need to 
assist with the digestion of the high fiber content of their 
herbivorous diet. 

Nonbreeding animals do most of the day-to-day main¬ 
tenance of the colony. Besides foraging and carrying food 
back to a communal food cache, they cooperatively dig 
the burrow systems in digging chains or assembly lines, in 
which the animal at the front of the chain excavates the 
burrow and each of the animals lined up behind it sweeps 
dirt backwards until the last animal in the chain kicks the 
dirt out of a temporary opening at the surface. Similarly, 


these individuals excavate out a latrine or toilet chamber 
and may maintain it by kicking in fresh soil, or by block¬ 
ing it with soil when it is full. 

Living in large groups underground, naked mole-rats 
are exposed to high levels of carbon dioxide and low levels 
of oxygen. The naked mole-rats show many adaptations to 
this underground air composition; animals have low met¬ 
abolic rates to reduce oxygen consumption and their 
blood respiratory properties include a high oxygen affin¬ 
ity hemoglobin to extract as much oxygen as possible 
from the atmosphere; and pronounced acid base buffering 
capacity to neutralize an carbonic acid formed in blood 
from the dissolving of carbon dioxide. 

Animals also maintain a low body temperature and 
pronounced tolerance of thermolability such that body 
temperature closely tracks that of the surrounding tem¬ 
peratures. These latter features help minimize overheating 
in an environment where the humidity is close to 100%, 
and this high humidity prevents the use of evaporative 
cooling. By having a body temperature similar to the envi¬ 
ronment, the naked mole-rat also does not need to spend 
large amounts of energy on thermoregulation like other 
mammals do. They rather rely upon the fact that tempera¬ 
tures in equatorial regions show little variation both daily 
and seasonally and that temperatures in underground bur¬ 
rows are high enough for them to function normally. 

The subterranean habit also imposes constraints on 
other aspects of naked mole-rat physiology. Living in 
the dark with no cues to set circadian rhythm, most 
individuals have a free-running activity pattern and are 
active both day and night, sleeping for short periods of 
time several times a day. Furthermore, as light is essential 
for the formation of vitamin D in skin, it is not surprising 
that this species is naturally deficient in the principal 
circulating metabolite, 25-hydroxy vitamin D of this 
important hormone. They also do not acquire vitamin 
D through their diet as they do not consume animal 
products and are strictly vegetarian, eating only roots 
and tubers. Despite this naturally deficient vitamin 
D status, calcium metabolism is unaffected and calcium 
absorption from the diet is via a highly efficient, vitamin 
D-independent, passive process. These animals dump 
excess calcium that they have absorbed in their teeth 
and bones, and use these as calcium reservoirs should 
they need calcium for other functions. Not surprisingly, 
their bones and teeth have high calcium content and are 
extremely strong. 

Somatosensory (Touch) Specialists 

Because of their lightless environment, it is no surprise 
that many subterranean animals rely heavily on nonvisual 
sensory modalities to communicate and maneuver about 
in their complex tunnel systems. In fact, although there is 
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wide variation across species, the visual systems of many 
subterranean animals are considered degenerate as far as 
their ability to detect objects is concerned. This is indeed 
the case for naked mole-rats. Naked mole-rats have very 
small eyes, and the region of brain cortex that usually 
receives inputs from the visual system has been taken over 
by somatosensory inputs. However, the visual system does 
retain the ability to detect changes in luminance, which 
can trigger escape responses. 

Naked mole-rats also show a very poor ability to localize 
sounds using acoustic cues. Like many subterranean mam¬ 
mals, naked mole-rats predominantly produce and hear low 
frequency vocalizations (below 8000 Hz) which sound to us 
very much like bird cheeps (for sound localization, ‘low’ 
frequencies are considered to be those frequencies with 
wave lengths longer than the ear to ear distance, about 
10 000 Hz and below for naked mole-rats). Low frequen¬ 
cies are actually well suited for auditory-vocal communi¬ 
cation underground because these sounds travel along 
tunnels and through soil much better than high frequency 
sounds. However, for animals with small heads like naked 
mole-rats, low frequencies are not good for determining 
the directionality of a sound. The lack of external ear 
structures also hinders good sound localization. In con¬ 
trast to subterranean mammals, small-headed surface 
dwelling mammals with well-developed external ears 
have good high frequency hearing which they use to 
accurately localize sounds. 

It should be noted that even though naked mole-rats 
are poor sound localizers and have elevated auditory 
thresholds in general, their close range hearing is acutely 
sensitive and they use a sophisticated auditory-vocal com¬ 
munication system. Naked mole-rats utter at least 17 
different vocalizations, they frequently call back and 
forth to one another, and they can use vocalizations to 
signal that they have located a food source and to identify 
animals and their position in the social hierarchy. 

If naked mole-rats cannot use their visual or auditory 
systems to localize objects, then how might they determine 
the location of objects (other mole-rats, food, tunnel walls) 
in their burrows and orient themselves appropriately to 
those objects? Nonvisual and nonauditory cues that could 
be used for the basic tasks of spatial orientation, could 
include magnetic sensation, olfaction, somatosensation 
(touch), or any combination of these senses. However, a 
striking physical feature about naked mole-rats - a sys¬ 
tematic array of sensitive sensory hairs on their bodies - 
suggests that touch might play a major role. 

As mentioned earlier, the fine hairs that make up fur on 
most mammals are completely absent from naked mole- 
rats. However, these animals are not entirely hairless. In 
addition to having facial vibrissae (whiskers), they also 
display a grid-like pattern of sensory vibrissae across the 
entire body, which look very much like typical facial 
whiskers. A detailed anatomical analysis of these vibrissae 


indicated that they are very large guard hairs. There are 
about 80 of these body vibrissae on a naked mole-rat’s 
body, and the patterning of the hairs is fairly consistent 
from individual to individual. Compared to the guard 
hairs found on similarly sized animals (like the laboratory 
rat or common mole-rat, Cryptomys hottentotus ), the guard 
hairs on the naked mole-rat are far fewer in number, and 
the hairs and follicles are much larger in size, being almost 
as stout as the whiskers found on the face. The body 
vibrissae and their locations on the body can be seen in 
the photographs and drawings in Figure 2. 

Testing touch-guided orientation behavior showed that 
naked mole-rats are remarkably adept at orienting toward 




Figure 2 Naked mole-rats have rows of whisker-like sensory 
vibrissae on their bodies, (a) Body vibrissae as well as facial 
vibrissae (whiskers) are easily identified in these photographs, 
(b) Each naked mole-rat has ten rows of body vibrissae. The 
schematic indicates the placement of body vibrissae on one 
example animal. There are two rows of body vibrissae on the 
dorsal surface, two rows on the ventral surface, and three rows 
on each side (only the left side is shown here). Figure 2(b) 
reprinted from Crish SD, Rice FL, Park TJ, and Comer CM (2003) 
Somatosensory organization and behavior in naked mole-rats I: 
Vibrissa-like body hairs comprise a sensory array that mediates 
orientation to tactile stimuli. Brain, Behavior and Evolution 62: 
141-151, with permission from S. Karger AG, Basel. 
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the point of contact with even a single body vibrissa. 
Orientation was tested by manually deflecting single 
vibrissa, or by vibrating one or more vibrissae via an 
electromagnetic field, and recording behavioral responses 
on video tape. Deflection of a single vibrissa triggered a 
pronounced orientation of the snout toward the point of 
stimulation, and the ability to evoke such an orientation 
response was extremely reliable (95% of trials). The draw¬ 
ings presented in Figure 3 are reconstructions from video¬ 
taped test trials and they illustrate the type of responses 
recorded. Note that the angular orientation of the head 
axis at the completion of responses, relative to the original 
body axis, increased systematically as the stimulus position 
varied along the body. Stimulation of the skin in-between 
body vibrissae did not lead to systematically directed 
orienting which indicates that the body vibrissae represent 
specialized points of touch sensitivity, and with a function 
that - at least for some stimuli - parallels that of facial 
whiskers. Indeed, physiologically, the sensory hairs are 
quite unlike those found on the bodies of other rodents. 


The sensory nerve fibers that innervate such hairs have 
two unusual features; first the hair has directional sensitiv¬ 
ity so that moving the hair towards the animal’s head 
produces optimal discharge. Second, responses from hair 
movement are slowly-adapting so that sensory neurons 
continue to fire action potentials during static displace¬ 
ment of the hair. Both of these features have been 
described for nerves on the facial whiskers of other species. 

An interesting observation made during these experi¬ 
ments was that stimulation of vibrissae on the tail also 
triggered orientation responses that brought the snout 
near the point of stimulation. However, orientation to tail 
vibrissae involved a mixed repertoire of response patterns. 
About half of the time the animal rotated nearly 180° so 
that the snout was pointing toward the original position 
of the tail. However, the other half of the time, instead of 
rotating the head and torso toward the point of stimulation, 
the animal stepped straight backwards, stopping at a posi¬ 
tion that placed the snout in close proximity to the original 
position of the tail. Hence, two very different motor 



Rostral stim. 


Mid-body stim. 


Caudal stim. 



Figure 3 Three examples of orientation responses to the touch of a single-body vibrissa. The schematics were reconstructed from 
video tapes. In (a), a vibrissa near the shoulder (rostral) was stimulated, in (b), a vibrissa located along the mid-body was stimulated, and 
in (c), a vibrissa near the hip (caudal) was stimulated. In each schematic, the gray silhouette indicates the position of the body and head 
just prior to stimulation. The blue arrowhead indicates the location of the vibrissa that was stimulated. The lines labeled 0, 4, 8, etc. 
indicate the body and head axes at every fourth video frame after stimulation. The red outline indicates the position of the body and 
head at the completion of the orientation movement. The red numbers below indicate the head angle at completion relative to the head 
angle at the moment of stimulation. Reprinted from Crish SD, Rice FL, Park TJ, and Comer CM (2003) Somatosensory organization and 
behavior in naked mole-rats I: Vibrissa-like body hairs comprise a sensory array that mediates orientation to tactile stimuli. Brain, 
Behavior and Evolution 62: 141-151, with permission from S. Karger AG, Basel. 
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patterns could be initiated to accomplish the same goal of 
bringing the snout to bear on the point of stimulation. In 
their tunnels, naked mole-rats, like other mole-rat species, 
spend a considerable amount of time walking and running 
backwards, so their orientation behavior is well adapted in 
topography to their ‘tubular world.’ 

The results presented above demonstrate that naked 
mole-rats can use their sparse array of body vibrissa to 
accurately orient toward discrete points of contact. It is 
yet to be determined if the degree of accuracy and reli¬ 
ability they display are typical of other mammals (cer¬ 
tainly, humans can be keenly aware of even a small 
deflection of a hair on the back of the hand). Perhaps 
the most remarkable thing about the naked mole-rats’ 
orientation behavior to vibrissa deflection is its utility as 
a model system for studying nonvisual sensory-motor 
integration since the number of sensors (vibrissae) is 
tractable, they are spaced widely apart, and the behavioral 
output is robust. For example, stimulation of two hairs on 
the same side of the body generates an averaged orienta¬ 
tion response, as illustrated in Figure 4, similar to what is 
seen for visually and acoustically guided orientation 
behavior in other mammals. These data represent the 
first demonstration of this phenomenon for the somato¬ 
sensory system. Interestingly, when two hairs on opposite 
sides of the body were simultaneously stimulated, animals 
oriented to either one side or the other (not averaging). 


The body vibrissae of naked mole-rats may function in 
a variety of behaviors in nature. For example, they have 
been shown to play a role in learning a maze task. They 
may also play a role in functions, such as sensing changes 
in air flow, that are yet to be tested. 

Insensitivity to Chemical Irritants 

The body vibrissae of the naked mole-rat act as very sensitive 
touch detectors. In contrast, another aspect of this species’ 
somatic sensory system is extremely insensitive: its response 
to chemical irritants. Both the skin and the upper respiratory 
tract of naked mole-rats are completely insensitive to specific 
irritants, including acid, ammonia, and capsaicin (the spicy 
‘hot’ compound found in chili peppers). At least one aspect of 
this insensitivity appears to be quite adaptive, since naked 
mole-rats are exposed to acidic conditions every day in their 
burrows. 

As mentioned earlier in this encyclopedia entry, naked 
mole-rats have a very unusual combination of ecological 
and social characteristics. They are fully subterranean, 
extremely social, and they live in colonies with many indi¬ 
viduals. In other words, naked mole-rats live in large num¬ 
bers in very tight quarters and in very poorly ventilated 
spaces where respiration depletes oxygen and increases 
carbon dioxide (C0 2 ) to extremely high levels. Usually, 



Stim. A only 
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Figure 4 When two body vibrissae on the same side of the body are stimulated at the same time, the nervous system computes 
an averaged output. The three circular graphs show the distributions and average turning angles from the stimulation of an anterior 
vibrissa near the shoulder (Stim. A only), a posterior vibrissa near the hip (Stim. P only), or both simultaneously (Stim. A & P). Data 
represent 34 or 35 repetitions for each stimulus configuration. Note that orientation movements to simultaneous stimulation brings 
the snout to a position half way between the two points of stimulation. Reprinted from Crish SD, Dengler-Crish CM, and Comer CM 
(2006) Population coding strategies and involvement of the superior colliculus in the tactile orienting behavior of naked mole-rats. 
Neuroscience 139: 1461-1466, with permission from Elsevier. 
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these conditions would challenge an animal’s ability to 
extract oxygen from the air and to maintain an appropriate 
acid-base balance. Also mentioned earlier, naked mole-rats 
have adaptive mechanisms to help deal with these chal¬ 
lenges, including hemoglobin with a very high affinity for 
0 2 , and blood with a high capacity to buffer C0 2 . 

Breathing high levels of C0 2 not only challenges the 
body’s ability to maintain an appropriate acid-base balance, 
it also induces pain in the eyes and nose due to the forma¬ 
tion of acid on the surface of those tissues as they come into 
contact with C0 2 . To give some perspective, the concentra¬ 
tion of CO? in room air is about 0.03%, and CO? levels in 
naked mole-rat tunnels is about 2%. Higher concentrations 
(~5%) have been measured in their nest chambers in the 
laboratory, and it is likely that concentrations are much 
higher in their natural nest chambers in Africa. 

Recent experiments have shown that naked mole-rats 
have sensory adaptations that make them insensitive to 
stimulation of the nerve fibers that normally respond to 
high levels of C0 2 , and other specific chemical irritants 
such as capsaicin and ammonia. The nerve fibers that 
respond to these irritants belong to a class of fibers called 
C-fibers. They are small in diameter, unmyelinated, and 
they release neuropeptides, notably Substance P and cal¬ 
citonin gene-related peptide, onto their targets in the 
central nervous system. These are the nerve fibers that 
convey the stinging, burning sensation we experience 
when sniffing ammonia fumes or rubbing our eyes after 
handling hot chili peppers, and the neuropeptides they 
release are thought to be critical in signaling the unpleas¬ 
ant quality of irritants. 

Remarkably, naked mole-rats naturally lack these neu¬ 
ropeptides from the C-fibers innervating their eyes and 
nose (and skin, described below). Behaviorally, the ani¬ 
mals show no signs of irritation or discomfort from apply¬ 
ing capsaicin solution to their nostrils, whereas in mice, 
capsaicin induces vigorous rubbing of the nose. Naked 
mole-rats also fail to avoid strong ammonia fumes. When 
placed in an arena with sponges that are saturated with 
ammonia or water, naked mole-rats spend as much time in 
close proximity to the ammonia as they do to the water. 
Rats and mice tested in the same procedure enthusiasti¬ 
cally avoid the ammonia. These data, and a schematic of 
the testing arena, are shown in Figure 5. Interestingly, 
naked mole-rats do show an aversion to a different irritant, 
nicotine fumes, which act on a population of sensory 
fibers that are distinct from classical C-fibers. 

The remarkable insensitivity that naked mole-rats dis¬ 
play is not limited to their eyes and nose, but it extends to 
their skin as well. Naked mole-rats show no response to 
capsaicin solution or acidic saline (the strength of lemon 
juice) injected into the skin of the foot. The same irritants 
cause rubbing and scratching at the injection site in 
humans and vigorous licking in rats and mice. Responses 
of naked mole-rats and mice to capsaicin and acidic saline 
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Figure 5 Naked mole-rats do not avoid ammonia fumes 
(considered to be a chemical irritant), (a) Shows a schematic of 
the testing arena used to measure avoidance. The arena included 
sponges saturated in ammonia (NH 3 ) or water (H 2 0). Animals 
were free to move about while the time they spent near each 
sponge was recorded. The total testing duration was 20 min for 
each animal, (b) Shows the total amount of time spent near each 
sponge for laboratory rats and naked mole-rats. The time spent 
near the ammonia-soaked sponge is indicated by black bars 
labeled NH 3 , while the time spent near each of the water-soaked 
sponges is indicated by grey bars labeled H 2 0. Note that 
laboratory rats spent virtually no time near the ammonia sponge, 
while naked mole-rats spent as much time near the ammonia 
sponge as they did near the water sponges. Redrawn from a 
figure in LaVinka PC, Brand A, Landau VJ, Wirtshafter D, and 
Park TJ (2009) Extreme tolerance to ammonia fumes in African 
naked mole-rats: Animals that naturally lack neuropeptides from 
trigeminal chemosensory nerve fibers. Journal of Comparative 
Physiology A, Neuroethology, Sensory, Neural, and Behavioral 
Physiology 195(5): 419-427. 


are shown in Figure 6. It is noteworthy that naked mole- 
rats do not have a complete loss of neuropeptides as their 
viscera appear to retain the full complement. 

Surprisingly, physiological studies revealed that naked 
mole-rat C-fibers themselves respond to capsaicin. This 
finding suggested that the lack of neuropeptides, which 
would normally be released onto spinal neurons, acted to 
‘disconnect’ the C-fibers from the central nervous system, 
preventing the brain from sensing irritation. To test this 
hypothesis, one of the missing neuropeptides was introduced 
into the spinal circuitry using two techniques. The first was 
gene therapy, where Substance P was introduced into the 
nerve fibers of the foot. This was done by applying a trans¬ 
genic virus engineered to carry the DNA for Substance P. 
The second technique involved directly infusing Substance P 
into the spinal cord at the level where nerve fibers from the 
foot enter. In both cases, the introduction of Substance P 
caused naked mole-rats to respond behaviorally to capsaicin: 
after treatment, the animals licked at the injection site simi¬ 
larly to rats and mice. 

Physiological studies also revealed another surprise. In 
contrast to their response to capsaicin, C-fibers in naked 
mole-rats were completely unresponsive to acidic saline. 
Consistent with this finding, introducing Substance P had 
no effect on acid insensitivity behavior - the mole-rats 
remain impervious to acidic saline injection. 
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Figure 6 Naked mole-rats are immune to chemical irritants 
injected into the skin. A small amount of capsaicin solution 
(similar to chili pepper juice) or acidic saline (similar to lemon 
juice) was injected into the skin of one paw. Mice responded to 
both of these chemical irritants by licking the paw. Naked mole- 
rats showed virtually no response. The bars indicate the average 
amount of time spent licking. Reproduced from ParkTJ, Lu Y, 
Juttner R, et al. (2008) Selective inflammatory pain insensitivity in 
the African naked mole-rat (Heterocephalus glaber). PLoS 
Biology 6(1): el 3. 


Anatomical studies revealed yet another anomaly 
about the C-fibers of naked mole-rats. C-fibers in naked 
mole-rats have an unusual pattern of connectivity in the 
spinal cord. Almost half of the cells in the deep dorsal 
horn of the spinal cord receive direct (monosynaptic) 
connections from capsaicin-sensitive C-fibers, whereas 
in other species, almost all capsaicin-sensitive C-fibers 
terminate in the superficial dorsal horn. The significance 
of this unusual connection pattern is not clear, but it 
suggests that whatever signals might be conveyed from 
the C-fibers might not follow the usual irritant pathways 
once they reach the spinal cord. 

Taken together, it appears that the C-fiber system of 
naked mole-rats has multiple mechanisms that make the 
system insensitive to specific irritants. Again, the working 
hypothesis is that these mechanisms are adaptations that 
have evolved for living under high C0 2 , and therefore 
acidic, conditions that would otherwise cause chronic 
irritation of the eyes and nose. It is unclear if there are 
adaptive advantages to insensitivity in the skin. The 
extension of insensitivity to the skin may be an epiphe- 
nomenon. The trigeminal C-fibers that innervate the eyes 
and nose have a similar physiology and are developmen¬ 
tal^ orthologous to C-fiber sensory afferents in the dorsal 
root ganglia, which innervate the rest of the body. It is 
only speculation at this time, but it may be that adaptive 
changes in trigeminal C-fibers are necessarily reiterated 
in dorsal root ganglia C-fibers. 


An Infantile Vomeronasal Organ 

Studies on the neural structures of the nasal cavity 
revealed yet another sensory system anomaly in naked 


mole-rats which may well be related to this species’ lack of 
neuropeptides. The anomaly concerns the vomeronasal 
organ, a structure located at the base of the nasal cavity, 
separate from the olfactory area. In many mammals, and 
especially in rodents, the vomeronasal organ responds to 
pheromones and plays a critical role in mediating social 
and sexual behaviors. Contrary to what one might expect 
of a blind rodent, the vomeronasal organ in naked mole- 
rats is extremely small at birth, and it shows no postnatal 
growth, a characteristic that is unique among all rodents 
studied to date. 

The unusual anatomical features of the naked mole-rats’ 
vomeronasal organ suggest reduced or absent functionality, 
and this notion is supported by studies on sexual suppres¬ 
sion, a function usually associated with the vomeronasal 
organ. Even though sexual suppression is extremely wide¬ 
spread among naked mole-rats (most animals remain non¬ 
productive throughout their extraordinarily long life), 
pheromones do not play a role in the suppression. 

It may be that the apparent degenerate nature of the 
naked mole-rats’ vomeronasal organ is related to this spe¬ 
cies’ lack of neuropeptides, and the connection is quite 
interesting. The vomeronasal organ is a tubular structure 
encased in a fairly rigid capsule and it is equipped with a 
pump that acts to bring molecules into the organ where 
they interact with vomeronasal sensory cells. This differs 
from the olfactory epithelium which interacts with odor¬ 
ant molecules that are drawn in via respirations. The 
driving force for the vomeronasal pump is alternating 
dilations and constrictions of blood vessels and the dila¬ 
tions are triggered by Substance P which is released from 
trigeminal C-fibers (Substance P can be released both 
centrally, where it acts as a neurotransmitter, and periph¬ 
erally, where it acts as a vasodilator). For now, it is still a 
theory, but it seems likely that the naked mole-rat’s loss of 
neuropeptides may have disabled not only irritant detec¬ 
tors, but the vomeronasal pump as well, leading to degen¬ 
eration of that organ. 


A Sensory World Beyond Imagination? 

Pitch dark, dank, fetid, fecal, foul-smelling, and seething 
with cool-bodied, lithe creatures equipped with razor- 
sharp, hyper-mobile teeth. The sensory world of the 
naked mole-rat does not seem all that appealing to sun- 
loving mammals like us. Yet, the fact that naked mole-rats 
are eusocial, a system reminiscent of brutal feudal hier¬ 
archies, should not tempt us to anthropomorphize their 
sensory world. Naked mole-rats are an ancient and highly 
successful species that are supremely adapted to, what we 
consider an unimaginable environment. It is clear that the 
sensory adaptations observed in these animals are all 
pieces in a larger puzzle, a puzzle that may be key to 
explaining their success in extremity. The sensory hairs 
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along the body of naked mole-rats are superbly equipped 
to provide information about speed, direction, and passing 
of con-specifics in the narrow and complex passageways 
that are its natural home. The arrangement and physiol¬ 
ogy of the sensory hairs in naked-mole rats appears to 
be unique amongst mammals, and there is still a lot to be 
learned about how this sensory information is represented 
and used in this species. Crowded dank chambers have 
probably also necessitated the evolution of a differently 
tuned nociceptive system in naked mole-rats. The high 
C0 2 levels found in naked mole-rat burrows are normally 
not tolerated by other mammalian species and are, on the 
contrary, damaging and dangerous, a thing to be avoided. 
This is the core concept of nociception, avoid what causes 
damage, first proposed by Sherrington at the beginning of 
the last century. Avoidance of con-specifics (C0 2 pumps), 
would spell certain extinction. It is not only the chemical 
composition of the naked mole-rat burrow that provokes 
sensory adaptation, it is also the temperature. Naked- 
mole rats are poikilothermic, but that makes the temper¬ 
ature all the more relevant as a sensory parameter because 
the preferred body temperature is 32 °C, around 5°C 
below most other mammals. Thus, thermosensation in 
the naked mole rat must have a completely different set- 
point from other mammals, the sensory basis for this 
adaptation is at present not understood. Finally, to come 
a full circle, it is clear that the social behavior of the 
naked-mole is an essential contributor to its ecological 
success. Amongst all rodents, olfaction is hugely impor¬ 
tant for social interaction. Also, here, intriguing new evi¬ 
dence suggests that naked mole rats possess a vomeronasal 
organ that is distinct from other rodents, but how this 
might relate to olfactory-driven social interaction is, at 
present, unclear. 

See also: Helpers and Reproductive Behavior in Birds 
and Mammals; Sex Allocation, Sex Ratios and Repro¬ 
duction. 
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Introduction 

Nasonia is a genus of parasitoid wasp that attacks the 
pupae of many large fly species (across families such 
as the Muscidae, Sarcophagidae, and Calliphoridae; 
Figure 1(a) and 1(b)). As a parasitoid, Nasonia kill the 
pupae they attack, being as much predatory as they are 
parasitic (Godfray, 1994). In common with many other 
parasitoids, Nasonia can influence the population density 
of the host species they parasitize and may act as 
biological control agents. Also known as ‘jewel wasps,’ 
there are four species in the Nasonia genus. By far the 
best known is Nasonia vitripennis , which is distributed 
across the whole of the northern Palearctic region, being 
the only Nasonia species so far found in Europe and Asia. 
N. vitripennis co-occurs with the other three species in 
North America. N. longicornis is found predominantly in 
the west of North America, with N. giraulti and N. oneida 
occurring in the eastern United States. Recent data sug¬ 
gest that range margins may be changing however, and the 
very recent discovery of N. oneida suggests that further 
species may await discovery in both America and across 
Europe and Asia. The four species are reproductively 
isolated from each other both prezygotically by various 
behaviors associated with mating (discussed later) and 
also postzygotically due to nuclear-cytoplasmic incom¬ 
patibilities associated with the endosymbiotic bacteria 
Wolbachia. Bidirectional cytoplasmic incompatibilities 
between different Wolbachia strains mean that FI hybrids 
usually fail to develop, although antibiotic curing of the 
different wasp species of Wolbachia facilitates hybrid for¬ 
mation (albeit with some more ‘conventional’ loss of 
hybrid fitness). The ability to make these crosses has 
played an important role in the success of many Nasonia 
genetics projects, as differences between the species are 
usually more pronounced (and so easier to resolve) than 
differences among individuals within a species. 

Another factor in the success of Nasonia genetic studies 
is haplodiploidy (Figure 1(c)). As with all Hymenoptera 
(bees, ants, and wasps), Nasonia are haplodiploid. This 
means that females are diploid with both maternal and 
paternal chromosomes, developing conventionally from 
fertilized eggs. Males on the other hand are haploid, devel¬ 
oping parthenogenetically from unfertilized eggs. Males 
therefore only contain maternal chromosomes. Haplodi¬ 
ploidy combines many of the advantages of haploid genetic 
analysis (no effects of dominance for example), with an 


organism with complex behavior and ecology. Moreover, 
haplodiploidy facilitates powerful quantitative genetic and 
crossing designs (Figure 2), which can be important given 
the low heritability of many behavioral traits. 

The study of the behavior and genetics of Nasonia 
wasps has a long history. As a genetic study organism, 
Nasonia played an important role in early studies of muta¬ 
tion (Figure 1(d)), but it is perhaps best known for its 
behavior, in particular its sex ratio behavior and for the 
presence of sex ratio distorting endosymbionts. More 
generally though, as a parasitoid wasp, Nasonia displays a 
broad array of behaviors, spanning host location and host 
choice, through to the reproductive allocation decisions 
that females need to make, and their elaborate courtship 
behavior. Our understanding of the genetic basis of many 
of these behaviors is only just beginning to take shape, but 
thanks to the Nasonia Genome Project the arrival of the 
full genome sequences of three of the four Nasonia species 
(' vitripennis , giraulti , and longicornis) has resulted in a rich 
new source of genetic and genomic information. We will 
begin with an introduction to the field of insect behavior 
genetics and then review the behavior genetics of Nasonia , 
taking the life cycle of the wasp as our guide. 

Insect Behavior Genetics 

Behavior genetics seeks to characterize the genes and 
genetic networks that control or influence an animal’s 
behavior. As such, behavior geneticists have to integrate 
whole organism phenotypes (the behavior or behaviors 
of interest) with increasing levels of genotypic detail, 
including the action of individual molecules. Since behav¬ 
ior is, at its most basic, a motor response to some aspect of 
the environment, behavioral genes include those asso¬ 
ciated with the development and action of the nervous 
system, including the associated sensory systems, as well 
aspects of physiology and cellular metabolism. Moreover, 
since behavior is a key intermediary between an organism 
and its environment, the ecological context of behavior is 
also crucial for understanding how genetics shapes behav¬ 
ioral variation and therefore influences evolution. All 
this means that behavior genetics is at the center of an 
integrated approach to understanding animal behavior, as 
envisaged by Tinbergen in his ‘four questions.’ Most 
obviously, genetics can tell us a lot about the mechanistic 
basis of behavior (what neural and physiological systems 
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Figure 1 Some aspects of Nasonia biology, (a) Blowfly pupae are the host for this parasitoid wasp, (b) A female Nasonia laying eggs 
on a host: females choose hosts depending on the host species, its size, and whether or not other females have already parasitized the 
host, (c) As with all Hymenoptera, Nasonia are haplodiploid, with females being diploid (2 n), carrying chromosomes from both their 
mother (pink arrow) and father (blue arrow), while males are haploid (n), carrying chromosomes only from their mother (pink arrow). Inset: 
Nasonia are gregarious, with multiple wasp pupae developing on one fly pupa, within the host puparium. (d) There are a number of 
visible mutant markers available, derived from early studies of mutation in Nasonia; shown here is the red-eye mutant STDR, often used 
in studies of sex ratio in Nasonia. Photographs by David Shuker and Stuart West. Line drawings from Whiting AR (1967) The biology of 
the parasitic wasp Mormoniella vitripennis. Quarterly Review of Biology 42: 333-406, used with permission from the University of 
Chicago Press. 
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Figure 2 Haplodiploid genetics allow powerful breeding 
designs for genetic analysis. Here is illustrated a ‘clonal-sibship’ 
design for a QTL study. Parents from a ‘high’ and ‘low’ line (for a 
theoretical trait, such as body size) are first crossed. FI 
daughters are collected as virgins and given hosts to parasitize, 
with the (all) male recombinant F2 offspring collected. These F2 
males can then be backcrossed to high and low parental line 
females for the screening of the phenotypes of the recombinant 
male genotypes in both high and low genetic backgrounds (see 
Velthuis et al., 2005, for an example of this approach). 


influence behavior), but genes can also tell us about how 
behavior develops, its evolutionary past (through the 
phylogenetic signal carried by genes), and its evolutionary 
present. Despite this integrative framework, behavior 


geneticists tend to either focus on mechanistic, ‘bottom- 
up’ approaches to behavior, or on describing patterns of 
behavioral variation in populations, and from that infer¬ 
ring something about the genetics of behavior using 
quantitative genetic techniques in a more ‘top-down’ 
approach. 

Insect behavior genetics, at least from a bottom-up 
perspective, has been dominated by study of the fruitfly 
Drosophila melanogaster. Considerable progress has been 
made in indentifying and characterizing the genetic path¬ 
ways influencing neural patterning (including famous 
genes such as fruitless), neurohormones and their recep¬ 
tors, neurotransmitters, and other important cellular sig¬ 
naling cascades. In terms of top-down approaches, while 
Drosophila has again been popular, many more species 
have been studied, not least because of the array of beha¬ 
viors available across species and the evolutionary (as 
opposed to mechanistic) puzzles they represent. However, 
most species are without the access to the molecular 
resources available in Drosophila necessary to link molec¬ 
ular processes with the biological variation that evolution 
acts upon. One of the major challenges currently facing 
insect behavior genetics is to link bottom-up and top- 
down approaches, and species with both rich behavioral 
repertoires and well-characterized genetics may be 
important in the coming years in facilitating this link up. 
Nasonia represents one such species. 
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Nasonia Behavior Genetics 

Oviposition Decisions 

The Nasonia life cycle starts with oviposition (egg laying) 
by females on a host. The parasitoid lifestyle means that 
the hosts are other insects, in this case being the pupae of 
large-bodied Diptera. Nasonia are gregarious ectoparasi- 
toids, meaning that several eggs are laid on a host and that 
after hatching the wasp larvae attach to the host and 
consume it from the outside in. Females drill through 
the puparium wall that surrounds the fly pupa proper, 
laying eggs in the airspace between the puparium and the 
fly pupa. When the eggs hatch, the first instar larvae 
attach themselves to the host, ingesting host fluids. The 
number of wasp larvae developing on a host depends on 
the species of host (less than 10 on a host like the house fly 
Musca domestica , to more than 60 on large calliphorid 
blowfly pupae) and also on aspects of host quality (size, 
the presence of other eggs, and whether or not an adult 
has already fed on the host - so-called host feeding). The 
feeding of the wasp larvae during their development 
destroys the host pupa. 

Female Nasonia face several important reproductive 
decisions when they encounter a host. First, females may 
not actually lay eggs immediately, but instead drill through 
the puparium wall and into the pupa and then feed on the 
host fluids that escape. Nothing is known about the genetic 
basis of host feeding, but resource stress increases host 
feeding (either as a result of intense larval competition 
during development, or prolonged time away from food 
sources). Next, females have to decide if the host is suitable 
for oviposition. Females explore hosts prior to oviposition, 
presumably obtaining information via their antennae and 
other sensory apparatus, including the ovipositor if a drill 
hole from a previous female is located. Data from the four 
species suggest there are species differences in host pref¬ 
erence (with N. vitripennis appearing the most general of 
the four), which presumably are genetic in origin. More¬ 
over, recent work has identified a chromosome region 
associated with host preference using crosses between 
N. vitripennis and N. giraulti. N. giraulti has a much stronger 
preference for Protocalliphora hosts than N. vitripennis , and 
crosses identified a 16-Mb region of chromosome 4 asso¬ 
ciated with this preference. Recent gene expression studies 
have also revealed a complex transcriptome activated dur¬ 
ing oviposition. It is currently not known if rearing envi¬ 
ronment also influences female host preference later in 
life, as seen in some herbivorous insect species. 

Once a female has decided whether or not to oviposit 
on a host, the next decision is how many eggs to lay. 
Experiments have shown that females use a variety of 
cues to determine clutch size (including the presence 
and number of other eggs, whether those eggs are from 
conspecifics or heterospecifics, and the presence of venom 
from another female), but the presence of a drill hole by 


itself is not sufficient to influence clutch size. The genetic 
basis of clutch size has recently been explored with a 
quantitative trait locus (QTL) study in N. vitripennis. 
Unsurprisingly, the clutch size trait appears to be poly¬ 
genic, with a clear QTL on chromosome 1, and further, 
weaker QTL on chromosomes 2, 4, and 5. The extent to 
which this variation is associated with genes identified by 
the gene expression study mentioned earlier (i.e., linking 
molecular patterns of variation with population level var¬ 
iation) remains to be explored. 

One of the best-characterized behaviors in Nasonia is 
the sex ratio behavior of females. The population biology 
of the wasp (in particular, the small mating groups formed 
by offspring that share a patch of one or a few hosts) means 
that interactions among related offspring are common, 
including competition between related males (typically 
brothers) for mates. This localized competition for mates 
among sons favors females that limit this competition, 
leading to selection for female-biased sex ratios that vary 
with the number of females (‘foundresses’) laying eggs on a 
patch of hosts. William Hamilton suggested in 1967 that 
local mate competition (LMC) should influence female 
sex allocation, and much theory and experiment has fol¬ 
lowed, no more so than on Nasonia. Pioneering work by 
Jack Werren confirmed that LMC is an appropriate frame¬ 
work for understanding Nasonia sex ratios and confirmed 
the predicted patterns. Work since then has refined the 
general LMC models and identified how females estimate 
the likely level of LMC their offspring will face. 

For all this theoretical and empirical work, much less is 
known about the genetic basis of sex ratio, but work is 
progressing. A series of heritability studies in the 1980s 
and 1990s showed that there is heritable variation in sex 
ratio in N. vitripennis (albeit quite low, around 10-15% or 
so), and that populations respond to artificial selection on 
sex ratio. More recently, a mutation accumulation study 
in N. vitripennis has been the first to show mutational 
variation in sex ratio in any species (shown by Pannebakker 
and colleagues to have a mutational heritability of about 
0.001-0.002). That study again estimated the heritability 
of sex ratio (and again it was low) and then used our 
understanding of selection on sex ratios to estimate the 
strength of stabilizing selection on sex ratio. This selec¬ 
tion against sex ratio mutants, combined with the rate of 
mutation revealed by the mutation accumulation study, 
allowed a prediction for the level of genetic variation 
expected in a population. This estimate suggested there 
should be more additive genetic variation (i.e., a higher 
heritability) than has so far been uncovered in studies of 
Nasonia , suggesting that other sources of selection may be 
acting against sex ratio mutants; in other words, sex ratio 
genes should be pleiotropic to some extent, thereby influ¬ 
encing other fitness-related traits. 

This suggestion has been tested in the QTL study 
considered earlier. Not only did this study consider clutch 
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size, it also considered sex ratio. If sex ratio genes are 
pleiotropic and also act as clutch size genes, they should 
co-occur in QTL studies. The researchers found a signif¬ 
icant QTL influencing sex ratio, but this time it was on 
chromosome 2. However, weaker sex ratio QTL were also 
found on chromosomes 3 and 5, with some overlap to the 
weaker clutch size QTL. While these data only suggest 
that perhaps some of the same genes influence clutch size 
and sex ratio, not least since each QTL encompasses a 
genome region containing potentially many hundreds of 
genes, promising chromosome locations for further study 
have nonetheless been identified. 

Although it seems as though all four Nasonia species 
vary their sex ratios in line with LMC theory, sex ratios do 
differ between them as the extent of LMC experienced by 
broods also varies. This is mostly due to differences in 
‘within-host mating’ (the extent to which eclosing adults 
mate inside the remains of the puparium before 
‘emerging’ to the outside world). For example, N. giraulti 
has the highest rate of within-host mating, leading to the 
most extreme LMC and hence the most female-biased 
single foundress sex ratios. Again, these species differ¬ 
ences are likely genetic in origin, and new results from 
interspecific crosses have indicated that genes in a region 
of chromosome 5 are associated with this species differ¬ 
ence. An exciting possibility is that this region is asso¬ 
ciated with the same genes as the QTL identified in the 
intraspecific study in N. vitripennis considered earlier. 

Eggs are not the only thing produced by females as 
part of oviposition. Prior to egg laying, females sting the 
host pupa releasing venom. Venoms of parasitic wasps can 
have many effects on the host, and in the case of Nasonia , it 
is known that developmental arrest of the fly pupa, sup¬ 
pression of the host immune system, and an increase of 
lipid levels in the hemolymph result from envenomation. 
Venom is therefore clearly important in preparing a host 
for larval consumption and shaping the larval environ¬ 
ment. Work is still on going to identify the proteins 
involved in aspects of host transformation, but it has 
recently been shown that a protein between 67 and 
70 kDa in size may be responsible for host developmental 
arrest and death. Moreover, bioinformatic approaches 
(both genomic and proteomic) as part of the Nasonia 
Genome Project have identified 79 genes associated 
with the venom, approximately half of which have not 
been ascribed venom function in other species. 

Larval Behavior 

Compared to adult behavior, much less is known about 
larval behavior. Larvae undergo four instar molts before 
pupating. Circumstantial evidence from numerous studies 
has shown that larval density (assumed to be a correlate of 
larval competition) influences adult wasp size, fecundity, 
and energy reserves. As such, ovipositing females appear 


to avoid laying eggs on hosts already containing many 
eggs that are likely to be highly competitive environments 
for their offspring. In N. vitripennis , male larvae develop 
faster, and there is evidence for asymmetric larval competi¬ 
tion (whereby the two sexes represent unequal competitors 
for each other). However, the genetics of larval competition 
are completely unknown and represent a topic ripe for 
study, especially as theory predicts parent-offspring con¬ 
flict over traits such as larval competition, which might 
lead to patterns of genomic imprinting influencing which 
genes are activated during larval development. Venom 
may also be an important mediator of larval behavior, 
influencing as it does how good a resource a host repre¬ 
sents to the developing larvae (e.g., by debilitating host 
immune responses). The interactions between venom and 
larval behavior require further study however. 

One interesting aspect of larval development has 
received more scrutiny however, namely, larval diapause. 
This developmental arrest of third instar larvae acts as 
an overwintering stage for larvae developing at the end 
of the temperate summer. Pioneering work by Saunders 
in the 1960s showed that this developmental switch is 
not controlled by the individual larvae however, but 
rather by the mother in response to changes in photope¬ 
riod (day length) and also to some extent to changes in 
temperature and host availability. Females therefore 
change some aspect of egg physiology to induce dia¬ 
pause, and resources now available from the Nasonia 
Genome Project mean that the molecular mechanisms 
controlling diapause induction are being teased apart, 
with the exciting prospect of a full molecular explana¬ 
tion of an important maternal effect. 

Adult Emergence and Mating 

N. vitripennis is protandrous, with males emerging first 
from the host puparium in order to mate with females 
that will emerge soon after. As mentioned earlier, this is 
not true for all Nasonia species, with N. giraulti showing 
the greatest extent of within-host mating and N. longicornis 
showing intermediate behavior. The genetic basis for this 
species-specific difference is currently under scrutiny. 
This difference in within-host mating is also reflected in 
differences in mating site preference. In N. vitripennis , 
males prefer to wait outside emergence holes in the pupar¬ 
ium for females to emerge, competing to hold these small 
mating territories unless high male density makes defense 
impractical. These mate site preferences seem less impor¬ 
tant for the other two species so far studied, perhaps due to 
the greater likelihood of within-host mating. Certainly, 
males in N. vitripennis mark their mating territory following 
successful mating with the recently identified pheromones 
(4 R,5R)- and (4i?,55)-5-hydroxy-4-decanolide (HDL) and 
4-methylquinazoline (4-MeQ); these pheromones are very 
attractive to virgin females, such that males typically 
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remain where they have been successful at obtaining mates. 
The species’ differences in mating site are hypothesized to 
have evolved to reduce interspecific mating in areas of 
sympatry (i.e., East and West North America) and perhaps 
represent one of several mechanisms to facilitate prezygo- 
tic reproductive isolation. 

Courtship and Copulation Behavior 

Courtship begins with the male finding a female, usually as 
she is emerging from the host puparium. Female contact 
pheromones are an important part of a male recognizing 
a female. Courtship in Nasonia is an intricate display that 
induces female receptivity. Once a male has located a 
female, he will mount her back and position himself 
above her head. Once in this position, the male will begin 
a series of‘head nods’ which always start with the extrusion 
of the mouthparts. This behavior has been shown to coin¬ 
cide with the release of an as yet unidentified pheromone 
from mandibular glands that is important for female 
receptivity. After a species-specific series of head nods, 
the female will indicate her receptivity by lowering her 
antenna and extruding her genitalia, physical cues which 
then induce the male to back up and attempt copulation. 
Once copulation is complete, the male will return to his 
original position above the female’s head and engage in a 
second bout of (postcopulatory) courtship. This second 
courtship sequence is usually shorter and is again termi¬ 
nated by the female lowering her antennae. This signal leads 
to the male dismounting and is associated with females 
becoming almost completely unreceptive, both to further 
males and their pheromones. 

The genetic basis of courtship has been of great interest 
given its possible role in the reproductive isolation of the 
different species in North America. A within-species study 
in N. vitripennis identified low heritability of both courtship 
duration and copulation duration (significant in the latter 
case), although for both traits dam effects were significant, 
suggesting nonadditive genetic effects. Use of interspecific 
hybrids has confirmed a genetic basis for the differences in 
head-nod series, but they also revealed a so-called grandfa¬ 
ther effect, such that the species of the maternal grandfather 
of the male performing the courtship influenced the behav¬ 
ior observed (it should be remembered that in haplodiploid 
species, males do not have fathers, only mothers, but they 
will have maternal grandfathers). Similarly, an intraspecific 
study in N. vitripennis suggested both heritable variation in 
courtship behavior and at least a weak grandfather effect 
within-species. The mechanistic basis for these transge¬ 
neration al genetic effects is not known, but an obvious 
possibility is some form of genomic imprinting, such that 
paternal chromosomes manage to influence expression of 
a trait when passed through to grand-offspring. One of the 
most exciting discoveries of the Nasonia Genome Project has 
been a full DNA methylation toolkit, with all three families 


of DNA methyl-transferase genes ( Dnmt-1 , Dnmt-2, and 
Dnmt-3) present. DNA methylation is one the best-known 
mechanisms of genomic imprinting, with methylated cyto¬ 
sine residues influencing how a gene is expressed (both up- 
and downregulation is possible). There is also now direct 
experimental evidence from Nasonia for DNA methylation 
(21 of 42 randomly chosen genes showed patterns consistent 
with DNA methylation), so genomic imprinting as a mecha¬ 
nism by which parents influence offspring behavior is a very 
real possibility. 

Since female Nasonia are assumed to disperse from the 
natal patch almost immediately after mating, it has been 
thought that females will have little opportunity to remate 
and will thus remain monandrous in the wild. Evidence 
from population genetic studies of Nasonia vitripennis how¬ 
ever suggests that multiply mated (polyandrous) females 
do exist in natural populations, albeit at a low frequency. 
Moreover, there is genetic variation in N. vitripennis for 
polyandry, and laboratory-maintained cultures of wasps 
do appear to evolve a greater degree of polyandry as a 
result of artificial selection arising from some as yet 
unidentified aspect of lab rearing. Interestingly, although 
female polyandry is heritable in N. vitripennis (i.e., there is 
significant additive genetic variation in remating), there 
is also evidence for nonadditive effects influencing female 
remating rate, even after controlling for common-environment 
effects. These residual nonadditive maternal effects could 
be genetic in origin, again raising the possibility that 
genomic imprinting may be influencing aspects of Naso¬ 
nia mating behavior. Understanding the genetic basis of 
female receptivity is now being considered in terms of 
which genes are activated during and after mating, but 
one interesting fact has already emerged thanks to the 
Nasonia Genome Project. None of the Nasonia species 
appear to have either the sex peptide gene, or the sex 
peptide receptor. The sex peptide gene encodes one of a 
large array of male accessory gland proteins (ACPs) in 
Drosophila , and is associated with male effects on many 
aspects of female reproductive physiology after mating, 
including shutting down female receptivity. As such, sex 
peptide and other ACPs have been the targets of a great 
deal of interest in Drosophila , especially in terms of sexual 
conflict over the control of reproduction. However, the 
absence of sex peptide and its receptor in Nasonia suggests 
that different mechanisms may be involved, perhaps a key 
lesson for insect behavioral geneticists in the coming years. 

There has been rather little work on sexual selection in 
Nasonia , barring some early attempts to explore ‘rare-male 
effects’ on female mate preferences, some descriptions of 
patterns of sperm precedence in multiply mated females 
(first male sperm precedence appears the most common 
pattern), and the descriptions of male territoriality men¬ 
tioned above. However, female mate preferences in terms 
of conversus heterospecifics have received attention, and 
indeed females exhibit preferences for their own species 
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as expected. A QTL study using two strains of TV. long- 
icornis that varied in their willingness to mate with 
TV. vitripennis identified three major QTL influencing 
female willingness to mate (Figure 3), hut more remains 
to be done to explore the genetics of mate preference 
within and between 'Nasonia species. 

Dispersal Behavior and Host Location 

After mating, females disperse from the natal patch in 
order to look for new hosts. Little is known directly 
about this behavior, although population genetic studies 
of wild populations suggest that female dispersal is suffi¬ 
cient to limit population substructuring and levels of 
inbreeding to that occurring as a result of within-patch 
mating. In all species of Nasonia , females disperse from the 
natal patch. However, the extent to which males also 
disperse from the natal patch varies between the species. 
N. vitripennis males are brachypterous (short winged) and 
cannot fly. Any dispersal they undertake is done via walk¬ 
ing away from the patch, and it is not known whether 
these males ever reach other patches and mate with 
females there. TV. giraulti males on the other hand are 
fully winged and can disperse away from the host pupar- 
ium (AT. longicornis male wings are intermediate in size, and 
they have some ability to fly). QTL analysis by Gadau and 
colleagues of interspecific hybrids has shown that these 
differences between the species in wing morphology 
(including size and shape) are associated with 11 regions 
in the genome. That study also indentified epistatic inter¬ 
actions between the QTL influencing wing size and also 
wing bristle density. Intriguingly, very recent work was 
suggested that regulatory sequences associated with the 
gene doublesex , better known for its well-conserved role in 
the sex-determination cascade of many organisms, including 
Nasonia , is the basis for one of the wing size QTL. 

Once they start to disperse, host location is primarily 
determined by olfaction. Females have, through a series of 
olfaction tests, been shown to be attracted to rotting meat 
and specifically rotting meat on which maggots of the host 
species have fed, indicating that the larvae produce a 
chemical signal while feeding. Females appear to be able 
to remember smells associated with a host they have 
parasitized, which may help them to locate hosts at differ¬ 
ent patches. The genetic basis of these behaviors remains 
unexplored though. 

The Molecular Control of Behavior 

We will end our consideration of the behavior genetics 
of Nasonia with a brief discussion of some of the latest 
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Figure 3 Results of a quantitative trait loci (QTL) analysis for 
female mate discrimination in Nasonia longicornis. The arrows 
represent QTL for willingness to mate with Nasonia vitripennis. 
(a), (b), and (c) are the results for linkage groups 1,2, and 5, 
respectively. LOD signifies the ‘likelihood-of-odds’ score, used 
to calculate the effect-size and significance of a putative QTL. 
The position along each linkage group is denoted on the X-axis in 
centimorgans (cM). The dotted horizontal lines represent 
genome-wide significance thresholds and the solid horizontal 
lines represent linkage-group-wide significance thresholds (both 
calculated via permutation tests; P < 0.05). The QTL identified on 
linkage groups 1 and 2 have greater statistical support than the 
QTL found on linkage group 5 (this latter QTL was significant in an 
alternative genetic background: for further details of this study 
see Velthuis et al., 2005). Recent mapping work has coordinated 
the linkage groups from studies such as this to the five 
chromosomes of Nasonia. Adapted from Velthuis B-J, Yang W, 
van Opijnen T, and Werreh JH (2005) Genetics of female mate 
discrimination of heterospecific males in Nasonia (Hymenoptera, 
Pteromalidae). Animal Behaviour 69:1107-1120, with permission 
from Elsevier. 
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findings from the Nasonia Genome Project in terms of the 
molecular control of behavior, to give a flavor of possible 
new avenues of research. Although Nasonia-specific path¬ 
ways have yet to be elucidated, bioinformatic analysis of 
the Nasonia genome has revealed a number of important 
features. 

First, from our review of Nasonia behavior earlier, 
olfaction is clearly an important aspect of behavior, espe¬ 
cially in females. Nasonia has a large number of olfactory¬ 
binding proteins (OBPs), with ~90 annotated in the 
genome. In addition, Nasonia has a sizeable number of 
olfactory receptor proteins (around 300) and also gusta¬ 
tory receptor proteins (58 annotated genes). This overall 
repertoire is larger than both that of Drosophila melanogaster 
and the honeybee Apis mellifera , being more similar to that 
of the beetle Tribolium castaneum. Clearly, both smell and 
taste are important sensory modalities for Nasonia as it 
interacts with its environment and may be key to under¬ 
standing many aspects of its behavior. Second, Nasonia 
has a suite of neurohormones and their associated 
G-protein-coupled receptors thought to control behav¬ 
ioral responses via their interaction with neural and cel¬ 
lular signaling pathways. In addition, the presence of 
neurotransmitter receptors such as cys-loop ligand-gated 
ion channels has been confirmed. While these findings are 
in some ways not especially surprising, they do provide a 
starting point for a more detailed molecular genetic anal¬ 
ysis of the control of behavior in Nasonia. Finally, along 
with a number of other insects, Nasonia also boasts the 
recently discovered oxytocin/vasopressin-like protein 
inotocin and its receptor. Oxytocin and vasopressin are 
well-known molecules from vertebrates, with various cell 
signaling roles that are often associated with reproductive 
behaviors. Although the function of inotocin in insects 
is not yet known, it may well prove to be important in a 
number of Nasonia behaviors. 
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The Nematode Caenorhabditis elegans 

As 1 mm long free-living, soil-dwelling nematode (round- 
worm) that feed on bacteria in the soil and on rotting 
vegetation, C. elegans (Figure 1) face many challenges in 
their dynamic environment. During their short life span 
(15-30 days) and rapid reproductive life cycle (2-3 days), 
C. elegans must quickly learn about their environment to 
successfully grow and reproduce. In the laboratory, they 
feed on a benign strain of Escherichia coli and navigate 
across the surface of agar in sinusoidal waves very much 
like snakes. Many elements of C. elegans 1 behavior have 
been well characterized and are easy to quantify. 

One example is the C. elegans 1 escape from a mechan- 
osensory touch by moving forward or backward away from 
the origin of the stimulation. This escape response can 
be quantified as the distance of travel resulting from 
a mechanosensory stimulus and/or the frequency of 
responses to the stimuli. In addition, C. elegans can thermo¬ 
tax toward or away from temperatures with high precision. 
The thermotactic behavior can be quantified as the per¬ 
centage of worms that migrate to a specific temperature 
within a temperature gradient over a given period of time. 
Moreover, C. elegans can sense and chemotax toward or 
away from a variety of both soluble and volatile com¬ 
pounds, and the chemotactic behavior can be quantified 
in the same manner as the thermotactic behavior. These 
and other behaviors are mediated by the 302 neurons that 
make up the nervous system of a hermaphrodite C. elegans. 
Although its nervous system is simple, the C. elegans behav¬ 
ior demonstrates a high degree of plasticity; C. elegans can 
show both nonassociative and associative learning in 
mechanosensory, thermosensory, and chemosensory mod¬ 
alities. The wealth of neurobiological, genetic, and devel¬ 
opmental information available for C. elegans makes it an 
ideal model on which to study the neurological and molec¬ 
ular basis of learning and memory. 

Not only is the behavior of C. elegans well characterized, 
but C. elegans researchers also have the advantage of a fully 
mapped neuronal wiring diagram. The 302 neurons in 
the hermaphroditic form of C. elegans are connected with 
~5000 chemical synapses, 600 gap junctions, and 2000 
neuromuscular junctions. To put this into context, the 
number of chemical synapses in an entire C. elegans is 
equivalent to the number of synapses made by a single 
hippocampal pyramidal neuron in mammals. In addition, 
C. elegans was the first multicellular animal to have its 
genome fully sequenced; it contains ~20 000 genes, of 


which ~5000 are homologous to human genes. The contin¬ 
ually expanding mutant library is massive: currently ~6000 
genes. These mutant and transgenic strains can be conve¬ 
niently stored in — 80 °C freezers because this animal can 
survive at extreme temperatures. Furthermore, C. elegans is 
transparent, which allows in vivo observation of protein 
localization in intact living animals, using transgenic strains 
that express genetically engineered proteins tagged with 
markers, such as green fluorescent protein (GFP; this pro¬ 
tein was originally isolated from jellyfish and can be 
attached to genes encoding for specific proteins to make 
those proteins visible under fluorescent light). Another 
application of the fluorescence technology in this transpar¬ 
ent animal is called fluorescence resonance energy transfer 
(FRET), which is used to monitor calcium activity in vivo , 
using a genetically encoded calcium sensor such as 
Cameleon that alters the wavelength of fluorescence emit¬ 
ted upon calcium binding. This transparency also means 
that specific neurons can be killed using a laser microbeam 
in an intact living animal in which the behavior can be 
studied in the absence of that neuron. Laser ablation 
studies have led to the identification of neuronal circuits 
responsible for many types of behaviors in C. elegans. Sub¬ 
sequently, the known circuitry provides a framework in 
which the molecular basis of behavioral plasticity can be 
explored in C. elegans. 

Mechanosensory Learning and Memory 

Nonassociative Learning for Mechanosensory 
Stimuli 

Habituation, a form of nonassociative learning, is defined 
as a gradual decrease in responding to repeated irrelevant 
stimuli. To study habituation to mechanosensory stimuli 
in C. elegans , taps of a constant force were delivered to the 
side of the Petri-dish filled with the agar growth medium 
in which the worms had been cultivated. These taps 
stimulate the entire body of the worms, which move 
backwards in response. This is termed the ‘tap-withdrawal 
response.’ As the stimulus is repeated, worms learn to 
ignore it and respond less and less to the tap (Figure 2). 
Similar to other organisms, repeated mechanical stimuli 
delivered at shorter interstimulus intervals (ISIs; 10 s) 
result in faster habituation than stimuli delivered at lon¬ 
ger ISIs (60s). Shorter ISIs produce a lower asymptotic 
responding level than do longer ISIs, and worms recover 
more rapidly from the habituation elicited by shorter ISIs 
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than by longer ISIs. Depending on the ISI of training, this 
short-term habituation to taps can last as long as 1 h. 

The neuronal circuit for the tap-withdrawal response 
was mapped by laser ablation experiments. The tap stimuli 
are primarily sensed by the mechanosensory neurons 
AVM, ALM, PVD, and PLM (Figure 3). These sensory 



Figure 1 Microscopic image (1 OX) of a nematode C. elegans. 
This 1 mm long soil-dwelling nematode eats bacteria and lives 
15-30 days. The mouth of the worm is on the right and the tail on 
the left. The vulva is the lip-like structure in the middle. 



Stimuli 



Stimuli 

Figure 2 Habituation to mechanosensory stimuli, a form of 
nonassociative learning in C. elegans. When the 
mechanosensory stimuli (taps to the Petri plate holding the worm 
on agar surface) were presented repeatedly at 10 s ISI or 60 s ISI 
C. elegans, their responses (magnitude normalized to initial 
response) to taps became smaller and smaller. The rate of 
decrease was faster when the taps were presented at 10s ISI 
than at 60s ISI. Adapted from Rankin CH and Broster BS (1992) 
Factors affecting habituation and recovery from habituation in 
the nematode Caenorhabditis elegans. Behavioral Neuroscience 
106(2): 239-249, with permission from American Psychological 
Association. 


neurons synapse onto the command interneurons AVD, 
AVA, AVB, and PVC, which in turn drive a pool of motor 
neurons that mediate forward and backward movement. 
The response is produced by activity in gap junctions and 
modulated by activity at chemical synapses. A number of 
behavioral findings suggested the hypothesis that the site 
of habituation was the chemical synapses between the 
sensory neurons and the command interneurons. These 
findings were supported by the physiological finding using 
the genetically encoded calcium sensor Cameleon that 
during habituation to taps, the calcium currents in the 
mechanosensory neurons gradually decreased with 
repeated mechanical stimulation at 10 s ISI. In neurons, 
decreases in calcium influx often correlate with decreased 
release of neurotransmitter, and thus decreased behavioral 
responses. Once the neuronal circuit underlying tap habit¬ 
uation was determined, a candidate gene approach was 
used to study genes expressed in either the sensory neu¬ 
rons or the interneurons in the tap-withdrawal circuit 
(Ardiel and Rankin, 2008). 

Glutamate neurotransmission is thought to play an 
important role in learning and memory in mammals. 
Therefore, the first candidate gene to be studied was 



Forward ■ Reverse 
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Figure 3 The tap-withdrawal circuit. Mechanosensory neurons 
(AVM, ALM, PVD, and PLM) are shaded boxes and interneurons 
(PVD, AVD, AVB, and AVA) are open ovals. AVB and AVA connect 
to motor neurons that eventually drive forward or reverse 
movement, respectively. Solid lines are chemical (directional) 
connections with arrow pointing towards the postsynaptic 
neuron (double arrow indicates that both neurons send chemical 
connections towards each other). The dashed lines indicate 
electrical (nondirectional) connections. AVB and AVA then drive 
pools of motor neurons to produce forward and backward 
movement. Modified from Wicks SR and Rankin CH (1995) The 
integration of antagonistic reflexes revealed by laser ablation of 
identified neurons determines habituation kinetics of the 
Caenorhabditis elegans tap withdrawal response. Journal of 
Comparative Physiology A 179(5): 675-685. 
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eat-4, a vesicular glutamate transporter expressed in the 
mechanosensory neurons. EAT-4 is homologous to a 
mammalian vesicular glutamate transporter 1 (VGLUT1) 
whose expression level has a large impact on the efficacy of 
glutamatergic transmission. C. elegans mutants containing 
lack-of-function eat-4 alleles are defective in glutamatergic 
transmission. These mutants habituated more rapidly than 
wild-type worms to repeated tap stimuli presented at both 
10 and 60s ISIs. Despite the low glutamate levels in these 
mutants, eat-4 mutants recovered faster after habituation to 
stimuli delivered at a 10 s ISI than a 60 s ISI, which suggests 
that the mechanisms of habituation are still intact. The 
behavioral data of eat-4 mutants lead to the hypothesis 
that glutamatergic transmission plays a key role in the 
kinetics of habituation to taps, but not in the ability of 
worms to habituate to repeated mechanosensory stimuli. 

Another candidate gene, a dopamine receptor homo¬ 
log, dop-1 , is also expressed in the mechanosensory neu¬ 
rons. Worms with a mutation in dop-1 habituated more 
rapidly compared to wild-type. Interestingly, this more 
rapid habituation in dop-1 mutants occurred only (1) on 
food but not in the absence of food, (2) in the frequency 
but not the magnitude of responses, and (3) at a 10 s ISI 
but not at a 60s ISI. This is the first genetic evidence 
supporting the hypothesis that habituation to short and 
long ISIs are mediated by different mechanisms and that 
there is a food-dependency effect on the rate of habitua¬ 
tion that involves the dopamine system. Additionally, the 
observation that the dop-1 mutation selectively affected 
the frequency but not the magnitude of reversal suggests 
that the habituation of the response frequency and 
response to repeated stimuli may be mediated through 
different mechanisms. Further investigation into the role 
of dopaminergic signaling in habituation demonstrated 
that many other mutants with deficient dopaminergic 
transmission showed the same phenotype as dop-1. Con¬ 
versely, a mutant strain hypothesized to have higher levels 
of dopamine at synapses showed slower habituation; a 
mutation in a dopamine reuptake transporter, dat-1, 
hypothesized to lead to stronger and more sustained 
dopamine transmission, habituated more slowly than 
wild-type. Parallel to what was seen at the behavior 
level, the decrement of calcium influx in the mechano¬ 
sensory neurons after repeated stimulation measured 
using Cameleon was more rapid in dop-1 worms than in 
wild-type worms. These findings supported the hypoth¬ 
eses that dopamine alters the rate of habituation by 
changing the excitability of the mechanosensory neurons 
mediated by calcium influxes. 

Long-Term Memory for Mechanosensory 
Habituation 

C. elegans is capable of forming long-term memory for 
habituation to tap stimuli that lasts at least 48 h after the 


training session. Similar to findings in other species, long¬ 
term memory for training is better retained if small blocks 
of stimuli are presented several times (spaced/distributed 
training) rather than all at once in a single large block of 
stimuli (massed training). When a single block of 60 taps 
was presented at a 60s ISI, it led to an intermediate 
memory 12 h later, but did not lead to long-term memory 
24 h later. However, when the 60 taps were presented as 
3 blocks of 20 stimuli, separated by a 1 h break between 
each block, memory of training was retained as long as 
48 h later. In relation to the average life span, 48 h for 
C. elegans would approximate 10 years for humans! 

Similar to other animal models, protein synthesis is 
required for the consolidation of long-term memory in 
C. elegans. When heat shock, which disrupts protein syn¬ 
thesis, was administered during the 1 h resting period 
between training blocks, animals failed to form long¬ 
term memory. Heat shock was also used to demonstrate 
memory reconsolidation blockade in C. elegans. In mice 
when a memory for fear conditioning is recalled, that 
memory is transformed into an unstable liable state and 
then must be restored (reconsolidated) to be retained for 
future use. If the reconsolidation process after memory 
retrieval is disrupted, for example, by blocking protein 
synthesis, the memory will be lost. When C. elegans was 
given long-term habituation training, followed 24 h later 
by memory recall (10 taps) and then heat shock, the 
memory was lost. These characteristics of memory in 
C. elegans suggested that basic memory encoding and 
retrieval mechanisms in C. elegans may represent processes 
that are highly conserved throughout evolution. 

Glutamatergic transmission also plays a central role in 
long-term memory formation in C. elegans. C. elegans with a 
mutation in the vesicular glutamate transporter, eat-4, did 
not show long-term memory for habituation. The same 
was true for C. elegans with mutations in glr-1, a homolog of 
the mammalian AMPA-type glutamate receptor subunit 
GluR-1, which has been implicated in learning and mem¬ 
ory formation in mammals. Administration of the AMPA/ 
Kainate receptor antagonist DNQX during training 
in C. elegans blocked long-term memory for habituation 
to taps. These findings confirm the importance of the 
glutamate receptor subunit glr-1 in long-term memory 
for habituation to taps. Furthermore, when genetically 
engineered C. elegans expressing glr-1 tagged with GFP 
were used to visualize glr-1 expression levels in vivo, 
GLR-1 ::GFP expression was found to be downregulated 
in the ventral nerve cord of the trained worms compared 
to naive worms. Interestingly, in the reconsolidation 
blockade paradigm when memory reconsolidation after 
a reminder was blocked by heat shock, GLR-1 ::GFP 
expression levels were upregulated and reset to control 
levels. Over a large number of studies, this downregula- 
tion of GLR-1 ::GFP in the ventral cord is a consistent 
correlate of long-term memory for habituation. 
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In conclusion, glutamate transmission plays a major role 
in learning and memory in C. elegans , as it does in 
mammals. 

Mechanosensory Associative Learning 

The association of environmental cues with an experience 
(i.e., habituation) is a particular type of associative learning 
called context conditioning. C. elegans that were habituated 
to taps in the presence of a chemosensory cue (sodium 
acetate) showed greater memory for habituation when 
tested in the presence of that cue an hour later than they 
would have if training and testing had occurred in different 
environments. This association was sensitive to latent inhi¬ 
bition: when worms were exposed to sodium acetate for 
an hour before habituation training, they did not show 
enhanced memory of the training. This association was 
also sensitive to extinction: worms exposed to sodium ace¬ 
tate during the 1 h break between training and testing also 
failed to show enhanced memory. The enhanced memory 
occurred only when the sodium acetate cue was present 
during both training and testing. These findings indicate 
that C. elegans can demonstrate associative learning along 
with habituation to mechanosensory stimuli. 

Chemosensory and Thermosensory 
Associative Learning 

C. elegans are also capable of associating the presence or 
absence of food with environmental cues. These cues 
include temperature, smell, and taste. If C. elegans are 
given two chemosensory cues and one is paired with food 
while the other one is not, then in a choice test, the worms 
will choose the cue that had been previously associated 
with food. An originally attractive cue can also become less 
attractive if it is paired with starvation or an aversive 
stimulus. In much the same way, when C. elegans are placed 
on a thermal gradient, they will migrate to the tempera¬ 
ture where they were raised with an abundance of food and 
avoid a temperature that was paired with starvation. 


Thermosensory Associative Learning 

When C. elegans are cultivated with food at a specific 
temperature and then challenged with a temperature gra¬ 
dient (from 15 to 25 °C with no food present), they will 
navigate toward the cultivation temperature and stay at 
that temperature for 2-4 h (Figure 4). This behavior is 
called ‘isothermal tracking.’ When the worms were sub¬ 
jected to starvation for 3 h at a particular temperature, 
they learned to avoid this particular temperature on a 
temperature gradient. This association of food abundance 
and a specific temperature could be reversed rapidly. The 
temperature preference could be changed by cultivating 
the C. elegans at a different temperature for 2-4 h. When 
tested, the behavior of the worms indicated that they had 
learned to associate the new temperature with food. Fur¬ 
thermore, long-term memory of the thermal association 
with food appeared to last as long as 48 h after the training 
session. These studies demonstrated that C. elegans can 
retain both short- and long-term memory for the associa¬ 
tion between food and a specific temperature, and that 
this memory can be rapidly modified upon the presenta¬ 
tion of a new temperature paired with food. 

The major thermosensors in C. elegans are the AFD and 
AWC sensory neurons (Figure 5), located at the tip of the 
worms’ nose. The AFD and AWC neurons innervate a 
pool of interneurons (AIB, AIY, AIZ, RIA, RIB, RIM) that 
integrate inputs from multiple sensory modalities (i.e., 
temperature and the smell of food) and send signals to 
command interneurons (AVE, AVA, and AVB) that dictate 
the direction of subsequent movement. The site of plas¬ 
ticity in the thermotaxis circuits was hypothesized to be 
located at the interneuron level. The AIY (cryophilic) and 
AIZ (thermophilic) interneurons of the circuit both feed 
onto the RIA interneurons to mediate movement to 
higher or lower temperatures. 

ncs-1 encodes a neuron-specific calcium sensor that is 
expressed in the AIY interneurons, and was shown to be 
important in the plasticity of isothermal tracking behavior. 
An ncs-1 knockout mutant failed to perform isothermal 
tracking to the temperature (20 °C) previously paired with 
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Figure 4 Isothermal tracking. The left-most panel illustrates the thermal gradient imposed on an agar plate and used to challenge 
worms after temperature-food conditioning. The center of the plate was 17°C, the outermost ring was 23 °C, and somewhere in the 
middle was 20 °C. The black lines in the round agar plates indicate the tracks of worm movement. Worms that were cultivated with food 
at 17°C migrated to the center (which was 17°C). Worms cultivated at 20 °C displayed ‘isothermal tracking’ forming a circular ring 
where the agar was 20 °C. Worms cultivated on 23 °C formed a track at the outer edges of the agar where the 23 °C was. Modified from 
Mori I, Sasakura H, and Kuhara A (2007) Worm thermotaxis: A model system for analyzing thermosensation and neural plasticity. 
Current Opinion in Neurobiology 17(6): 712-719 with permission. 
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Figure 5 Thermosensory neural circuit. Sensory neurons (AFD 
and AWC) are shaded boxes and interneurons (AIB, AIY, AIZ, 
RIA, RIB, RIM, AVE, AVA, and AVB) are open ovals. Solid lines are 
chemical (directional) connections with arrow pointed towards 
the postsynaptic neuron (double arrow indicates that both 
neurons send chemical connections towards each other). AVB 
and AVA drive pools of motor neurons to produce forward and 
backward movement. The dashed lines indicate electrical 
(nondirectional) connections. Modified from Hobert O (2003) 
Behavioral plasticity in C. elegans: Paradigms, circuits, genes. 
Journal of Neurobiology 54(1): 203-223 and Kuhara A, 

Okumura M, Kimata T, et al. (2008) Temperature sensing by an 
olfactory neuron in a circuit controlling behavior of C. elegans. 
Science 320(5877): 803-807. 


food. Conversely, overexpression of NCS-1 increased the 
rate of thermal learning acquisition and decreased the rate 
of extinction of this learned behavior. In addition, C. elegans 
mutants deficient in ncs-1 showed less isothermal tracking 
behavior for a period of time after training, which suggests 
that ncs-1 may play a role in the long-term memory of 
thermosensory learning. Another molecule studied 
appeared to play a role specifically in the cryophilic cir¬ 
cuitry (AIZ-RIA). Calcineurin ( tax-6 ) mutants showed 
defective thermotactic learning particularly at a lower 
temperature (17°C) rather than at a higher temperature 
(23 °C). Cultivation at 17 °C paired with starvation inhib¬ 
ited the cryophilic AIZ-RIA circuitry by suppressing the 
temperature-evoked changes in calcium concentration 
(measured using Cameleon) through calcineurin (tax-6). 

The involvement of neuroendocrine signaling in ther¬ 
motactic learning was uncovered using a genetic screen 
for food-associated thermotactic plasticity. A genetic 
screen for defects in avoiding a temperature paired with 
starvation isolated a cohort of aho (abnormal hunger ori¬ 
entation) mutants. One of these mutations, aho-2 , was 
found to be the same as an allele of ins-1, a human insulin 
homolog. Normally, when wild-type C. elegans are pre¬ 
sented with a temperature previously associated with 
starvation, the calcium currents in the AIY interneuron 


would be lower than in naive animals. However, ins-1 
mutants failed to display decreased calcium currents in 
AIY when presented with a temperature previously asso¬ 
ciated with starvation, ins-1 is an antagonist to the insulin 
receptor, daf-2, and the downstream target of daf-2 is a 
PI 3-kinase, age-1. A deficiency in AGE-1 (a central com¬ 
ponent of the C. elegans insulin-like signaling pathway) 
causes the animals to avoid the cultivation temperature 
associated with starvation much earlier than wild-type 
animals. The more rapid thermotactic learning in age-1 
mutants can be restored to wild-type level by expressing 
the age-1 gene in any of the AIY, AIZ, or RIA interneur¬ 
ons. HEN-1, a secreted protein that is expressed in the 
AIY interneurons, also demonstrates a role in thermotac¬ 
tic learning; hen-1 mutants continued to favor a tempera¬ 
ture even though that temperature was paired with 
starvation. Together, this evidence suggests that calcium 
levels in AIY and AIZ and their communication to RIA 
interneurons are important sites of the plasticity, and that 
the plasticity is modulated by the insulin, the pathway, 
and LDL-like secretory proteins. 

Chemical Associative Learning 

A number of different chemosensory associative learning 
paradigms have been developed for C. elegans. For exam¬ 
ple, when two different chemoattractants were positioned 
at the opposite ends on the agar growth medium, C. elegans 
dispersed evenly between the two attractants; however, 
if one of the two cues was previously associated with 
food, and the other with starvation, worms preferentially 
migrated to the cue previously associated with food. If 
a naturally attractive cue (NaCl) was presented to the 
worm under starvation conditions, chemotaxis to that 
cue (NaCl) would be suppressed. This suppression 
occurred gradually over a period of time (3-4 h) and 
could be rapidly reversed (i.e., within 10 min) if animals 
were fed in the presence of the cue or if starved without 
the cue (extinction). Furthermore, an attractive odor such 
as diacetyl became aversive if paired with an aversive taste 
such as acetic acid. Taken together, these findings dem¬ 
onstrate that C. elegans can modify natural responses to 
chemical cues according to recent experiences. 

The neurotransmitter serotonin plays an important 
role in many food-related behaviors in C. elegans. 
In C. elegans , the absence of serotonin appears to encode 
starvation. When an attractive chemical cue was paired 
with starvation, C. elegans became less attracted to the cue; 
this attractiveness was measured by the chemotaxis index 
(the proportion of worms that migrated to the source of 
chemical gradient within a given period of time). When a 
chemical cue was paired with starvation in the presence 
of exogenous serotonin, the reduction in chemotaxis to 
the cue was blocked. Moreover, serotonin has been impli¬ 
cated in a pathogenic bacteria aversion learning paradigm: 
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C. elegans that were fed a pathogenic bacteria strain and 
then given a choice test between the pathogenic and a 
benign strain of bacteria showed an aversion to the path¬ 
ogenic strain. However, mod-1 mutants missing a serotonin 
receptor on the interneurons of the chemotaxis circuit 
displayed less aversion than did wild-type worms. On the 
basis of these observations, serotonin has been hypothe¬ 
sized to play a role in both pathogenic aversion learning 
and in food-related behaviors. 

Glutamatergic transmission, especially using AMPA 
and NMDA-type glutamate receptors, is important in 
several forms of learning and memory in mammals. The 
AMPA-type glutamate receptor subunit, glr-1, which is 
critical to long-term memory for mechanosensory habit¬ 
uation, was also shown to be critical to a form of olfactory 
associative learning. NMDA-type glutamate receptor 
subunits nmr-1 and nmr-2 were shown to be important 
for the memory retention of salt-starvation conditioning. 
Neuron-specific rescue of NMR-1 and NMR-2 in nmr-1 
and nmr-2 mutant animals demonstrated that nmr-1 and 
nmr-2 functioned in the RIM interneurons to modulate 
chemotaxis learning and memory. A mutation in a gluta¬ 
mate-gated chloride channel homolog, avr-15 , reduced 
starvation-induced gustatory learning (Ye et al., 2006). In 
addition, easy-l, a homolog of a gene shown to play a role 
in human memory, calsyntenin 2, was shown to disrupt 
associative learning in multiple modalities (gustatory, 
olfactory, and thermosensory) in C. elegans. The close 
functional relatedness of casy-1 with its human homolog 
was demonstrated when the expression of human calsyn¬ 
tenin 2 gene in C. elegans rescued the behavioral defects of 
casy-1 mutants. Interestingly, rescuing casy-lon\y in glr-1 
positive neurons rescued olfactory learning. In contrast, 
casy-1 rescue in glr-1 positive neurons did not rescue 
gustatory associative learning; this supported the hypoth¬ 
esis that although many forms of learning appear to 
require glr-1, salt (gustatory) conditioning is not glr-1 
dependent. 

The Future of Learning and Memory in 
C- elegans 

Since the publication of the first report that C. elegans 
could learn, learning and memory paradigms in C. elegans 
have been expanding. With the development of new 
paradigms, new learning abilities are being uncovered. 
For example, a recent study reported that C. elegans 
could learn an environmental oxygen level that was paired 
with food and another study suggested that C. elegans 
could learn mazes. 

C. elegans has also been used to study learning and 
memory across the life span. For example, short-term 
habituation was shown to be similar across development. 
Additionally, the memory for mechanosensory habitation 


training presented to 1-day-old juvenile worms could be 
retrieved in 5-day-old adults. At the other end of the life 
span, researchers have begun to investigate aging-depen- 
dent effects on learning and memory in the C. elegans. 
Similar to mammalian systems, not all learning and mem¬ 
ory functions decline with age. Habituation increased in 
old animals and spontaneous recovery slowed with age. 
Examination of thermotaxis learning behavior across 
adult life indicated that the learning behavior declined 
between mid- and late-reproductive ages. 

The powerful genetic, neurobiological, and develop¬ 
mental tools available for C. elegans make this organism a 
unique model to investigate the underlying mechanisms 
for learning and memory. From the first discovery of the 
learning ability of C. elegans in 1990 until today, neuronal 
circuitries, genes, and molecular mechanisms for learning 
and memory behaviors in C. elegans have been identified. 
This not only highlights the efficacy of the C. elegans as an 
animal model to dissect the underlying mechanisms for 
learning and memory, but also demonstrates that a num¬ 
ber of mechanisms of plasticity found in C. elegans are 
highly conserved across evolution and may represent 
traits critical to survival throughout the animal kingdom. 

See also: Non-Elemental Learning in Invertebrates. 
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Introduction 

The nervous system occupies a unique position at the 
interface between the genome and behavior and is the 
product of interactions between the genetically defined 
developmental program and the environment. The output 
of the nervous system and the effectors (e.g., muscles and 
secretory organs) it controls is behavior and, therefore, 
evolutionary change within the nervous system is the 
basis for the evolution of behavior. The remarkable 
behavioral diversity of animals has required changes in 
the morphology or physiology of the nervous system or 
sometimes both. Identifying these changes and showing 
how they affect behavior is essential for understanding the 
evolution of the nervous system. 

All nervous systems are composed of broadly similar 
molecular components - voltage-gated ion channels, 
G-proteins, pumps, transporters, neurotransmitters, etc. 
Combinations of these components are found in nervous 
systems throughout the animal kingdom. The molecular 
components are found in neurons that are themselves 
elements of neural circuits. The structural motifs of 
these circuits formed by connections between neurons, 
such as lateral inhibition or feed-forward excitation, are 
similarly found throughout animal nervous systems, and 
many were originally described in invertebrate nervous 
systems. Thus, the challenge is to explain how, from 
similar building blocks and circuit motifs, nervous sys¬ 
tems capable of generating such different behavioral out¬ 
put as a human and a nematode worm have evolved. 

We can consider the evolution of the nervous system at 
many levels of organization from whole brains and brain 
regions to neural circuits, single neurons, and molecules. 
These different levels are all interconnected; molecules 
influence the input-output relationships of individual neu¬ 
rons altering the final output of neural circuits, local circuits 
form brain regions, and these regions connect to form whole 
brains. Where homologous elements can be identified, these 
different levels of organization can be compared among 
species with known phylogenetic relationships. Over larger 
phylogenetic scales, however, differences in the develop¬ 
ment of the nervous system, the number of neurons, and 
their anatomy mean homologous elements often cannot be 
identified. Nervous systems also differ substantially in the 
extent to which neurons are gathered into a central mass 
(centralization), and this mass concentrated towards the 
animals’ anterior (cephalization). 


Differences in the size and structure of nervous sys¬ 
tems and their behavioral output pose a substantial chal¬ 
lenge for understanding their evolution. Comparative 
studies of nervous systems are limited by the inability to 
find measures that permit meaningful comparisons among 
species over small and large phylogenetic scales. For 
example, the human nervous system is highly cephalized 
and centralized. With 3 billion neurons, the human brain 
is difficult to compare with the nematode C. elegans , which 
contains just 300 neurons. Yet, both of these nervous 
systems are the result of selective pressures, which affect 
all levels of organization, and ultimately should be 
encompassed by any framework hoping to address the 
evolution of the nervous system. 

The aim of this article is to emphasize how consideration 
of adaptation, phylogeny, development, and mechanism can 
contribute to our understanding of the evolution of the 
nervous system and the behavior it generates. A compre¬ 
hensive discussion of the evolution of the nervous system is 
not possible within a single article. Instead, principles will 
be drawn from different nervous systems (e.g., birds, mam¬ 
mals, fish, insects) at all levels of organization (whole brains, 
brain regions, neural circuits, neurons). Although relevant, a 
detailed discussion of the generation of behavior by neural 
circuits is beyond the scope of this article but is dealt with in 
other articles of the encyclopedia. 

Evolutionary Changes in Nervous Systems 
for Improving Behavioral Performance 

Nervous systems are under selective pressure to produce 
adaptive behavior in fluctuating, noisy environments. 
Adaptive behavior requires that sensory information is 
acquired and processed accurately, allowing decision 
making and motor planning to be adjusted to prevailing 
environmental conditions. Sensory information is inter¬ 
preted in the context of memories that have been formed 
in response to previous experience. Behavioral perfor¬ 
mance may be improved by greater accuracy of informa¬ 
tion acquisition and processing in sensory systems, the 
formation of more accurate memories, improved decision 
making, or greater precision of motor control. 

Selection to improve behavioral performance would be 
expected to produce nervous systems that are adapted to 
an animal’s environment. The adaptation of components 
within nervous systems to the environment has been 
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demonstrated in numerous studies. The majority of these 
studies have focused on sensory systems because the 
information that they encode is most easily determined. 
Both the sensitivity and selectivity of sensory receptors 
from several modalities including vision, olfaction, and 
audition have been shown to be adapted to the abiotic and 
biotic environment. Indeed, even the combination of sen¬ 
sory systems that an animal possesses is adapted for envi¬ 
ronmental conditions (Figure 1). Sensory systems may be 
adapted to abiotic factors, such as the intensity and spec¬ 
tral composition of light, but also to signals generated by 
predators, prey, and conspecifics. Adaptation may involve 
changes at all levels of the nervous system from molecular 
components, such as receptors or ion channels, to the size, 
number or connectivity of neurons. 

Within motor systems, increases in the number of 
motor neurons controlling a particular muscle and in 
the specificity of their recruitment would be expected to 
produce more precise control of muscles. Imprecision in 
the motor system may be due to noise or to changes in the 
intended movement, making it difficult to quantify the 
precision of the motor system. There are little data, 
except in humans, that specifically address these relation¬ 
ships. The organizations of the motor systems controlling 
local limb movements are remarkably similar in verte¬ 
brates and insects, despite vertebrates typically having far 
greater numbers of motor neurons innervating their mus¬ 
cles. However, the impact of these differences in motor 
neuron numbers upon behavioral performance is difficult 
to interpret because of biomechanical differences between 
endo- and exoskeletons. 

Improving the extraction and processing of informa¬ 
tion from the environment or the precision of motor 
control usually requires increases in the size and/or num¬ 
ber of neurons. For basic biophysical reasons, larger 



Figure 1 The combination of sensory systems an animal 
possesses is adapted for prevailing environmental conditions. 
Cave populations of Astyanax mexicanus that have been isolated 
for ~1 Ma show eye loss. The photograph shows one eyeless 
cave fish (foreground) and two fish from closely related surface¬ 
dwelling populations. Courtesy of R. Borowsky. Reproduced 
from Niven JE (2008) Current Biology 18: R27-R29. 


neurons can support faster signals, allowing them to 
encode information at higher frequencies (Figure 2). 
This explains the large size of neurons responsible for 
generating escape behaviors in which the speed of signal¬ 
ing is often vital for survival, such as the giant fibers in 
squid, crayfish and cockroach. Greater numbers of sen¬ 
sory receptors improve the resolution of information 
extracted from the environment. Within the central ner¬ 
vous system, increased numbers of neurons may increase 
the amount of processing of sensory information, while 
increased numbers of motor neurons may also improve 
the precision of motor control. Many species, relying 
primarily on one sensory modality, have relatively greater 
numbers of receptors and interneurons for detecting and 
processing information from that modality than closely 
related species relying primarily upon a different modal¬ 
ity. For example, the visual cortical regions of the brain 
in the African hedgehog, which lives above ground, are 
well-developed in comparison to those of the Star-nosed 
mole, which is subterranean and has an enlarged cortical 
somatosensory representation (Figure 3). Likewise, in 
those species that rely heavily upon particular forms of 
memory, such as spatial memory, brain regions involved in 
storing those memories are relatively enlarged compared 
to those species that do not. 

Energetic Costs of Nervous Systems 

Selective pressures on behavior, which is the final output 
of the nervous system, will affect all levels of organization 



Figure 2 Larger neurons can support faster signals allowing them 
to encode more information. However, a plot of the information 
rates (bits s -1 ) versus the energy efficiency of information 
transmission (ATP molecules bit -1 ) shows a trade-off between 
energy efficiency and information coding in insect photoreceptors. 
Data from four fly species (smallest to largest): Drosophila 
melanogaster, D. virilis, Calliphora vicina, and Sarcophaga carnaria. 
Larger photoreceptors can transmit higher rates of information 
but are less energy efficient. Modified from Niven JE, Anderson 
JC, and Laughlin SB (2007) PLoS Biology 5: 28-40. 
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Figure 3 Species relying primarily on one sensory modality have relatively enlarged brain regions for processing information from that 
modality than closely related species relying primarily upon a different modality. A reduction in the size of visual cortical regions and an 
expansion in cortical regions associated with mechanosensory processing are associated with subterranean living, (a) The African 
hedgehog Atelerix albiventris lives above ground and has well developed visual (V) and auditory processing, (b) The star-nosed mole 
Condylura cristata is subterranean and has reduced visual (V) representation and an enlarged somatosensory (S) representation. 
Reproduced from Niven JE and Laughlin SB (2008) Energy limitation as a selective pressure on the evolution of sensory systems. 
Journal of Experimental Biology 211:1792-1804 [after Catania (2005)]. 


within the nervous system. Many elements within the 
nervous system, including sensory and motor systems, 
contribute to numerous behaviors and, therefore, are sub¬ 
ject to selective pressures on all these varied behaviors. 
Unopposed, these selective pressures would be expected 
to produce elaboration and expansion of the nervous 
system leading to more accurate behaviors. However, 
building, maintaining, carrying, and using a nervous sys¬ 
tem all have associated costs, which may be substantial. 
The human brain, for example, consumes ~20% of the 
resting metabolic rate while in flies, 8% of the metabolic 
rate is consumed by the retina alone. Thus, the direct and 
indirect energy consumption of the nervous system is a 
cost that opposes selective pressures to enlarge nervous 
systems and improve behavior. 

The major source of energy consumption within the 
adult nervous system is electrical signaling, which is itself 
mediated by sodium (Na + ) and potassium (K + ) ion flow 
through voltage-gated ion channels along neurons. 
A signaling event reverses the polarity of these ions’ 
concentrations across the neuron cell membrane, and 
that polarity must be restored by the Na + /K + pump. 
The active transport mechanism of the pump consumes 
many ATP molecules, and additional processes within 
nervous systems consume energy including neurotrans¬ 
mitter production, vesicle loading, and transmitter recy¬ 
cling. The relationship between neural activity and 
energy consumption means that increased neural activity 
incurs greater energetic costs. Larger neurons or those 


that support faster signals also consume more energy both 
at rest and during signaling. 

The relationship between neural signaling and energy 
consumption has been quantified in fly photoreceptors 
(Figure 2). The information rate (measured in bits s -1 
and combining both the speed and reliability of signaling) 
of a photoreceptor is dependent upon its size; larger 
photoreceptors encode more information than their smal¬ 
ler counterparts. Likewise, larger photoreceptors con¬ 
sume more energy than small photoreceptors but the 
energy costs increase out of proportion with information 
coding. Therefore, although photoreceptors become more 
efficient as they encode more information, larger photo¬ 
receptors are always less efficient, consuming more 
energy per unit of information. Thus, each additional 
unit of information that a photoreceptor can encode 
causes a drop in energy efficiency, which strongly pena¬ 
lizes any excess capacity and promotes the reduction of 
information coding to a functional minimum. 

Within the nervous system, both morphology and 
information coding have evolved to reduce energy expen¬ 
diture. The morphology of neurons within both verte¬ 
brate and invertebrate nervous systems minimize the 
total wiring length of connections (axons and dendrites). 
Reducing the total length of axons and dendrites should 
reduce the energetic cost of their construction and the 
energetic cost of transmitting signals. Computer simula¬ 
tions show that the positions of and connections among 
neurons in the C. elegans nervous system are close to the 
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arrangement that would minimize the total length of 
axons and dendrites. This suggests that arrangement of 
neurons in the C. elegans nervous system has evolved to 
reduce the energetic cost of wiring. However, not all 
aspects of neural morphology conform to structures that 
minimize wiring length, including long range connections 
in C. elegans and the positions of ganglia within the insect 
nerve cord, reflecting the trade-offs between energy min¬ 
imization and behavioral performance. 

Many neural circuits use coding schemes that reduce 
the energy consumption of information coding including 
sparse coding, redundancy reduction, and predictive cod¬ 
ing. These schemes have been characterized in the sen¬ 
sory systems of both vertebrate and invertebrates. One 
strategy is to reduce the amount of redundant information 
encoded at the periphery that is transmitted to central 
brain regions. Removing redundant information reduces 
the amount of energy consumed by encoding information 
because fewer electrical signals are transmitted to central 
brain regions. Along with reducing energy costs, redun¬ 
dancy reduction also makes the information processing 
easier. The energetic cost of information processing can 
also be reduced by encoding information as analog signals 
rather than action potentials. Information transmission 
using analog signals does not involve the large influxes 
of Na + ions that occur during action potentials and so 
does not incur the high energetic costs of extruding these 
ions. However, analog signals are restricted to short dis¬ 
tances because the electrical signals degrade. Short neu¬ 
rons at the periphery of the vertebrate visual, auditory, 
and gustatory systems as well as neurons in invertebrate 
visual and motor systems lack action potentials and 
encode information as analog signals. Other strategies, 
such as sparse coding, make information coding more 
efficient by increasing the information content of each 
action potential. 

The occurrence of energy saving strategies for infor¬ 
mation coding and cost minimizing neural architecture 
suggest that the nervous system has been under selective 
pressure to reduce energy costs. Components within the 
nervous system that deviate from structures or coding 
strategies that minimize energy consumption emphasize 
that costs can only be reduced to a functional minimum 
imposed by behavior. 

Energetic costs have also been suggested to influence 
the evolution of entire brains. As mentioned earlier, the 
large relative brain volume of primate brains incurs a high 
energetic cost. The ability to support this high energetic 
cost has been hypothesized to be due to a reduction in the 
volume and energetic cost of other organs, such as the gut. 
Primate relative brain volume increases as gut volume 
decreases, suggesting a trade-off between these two organs 
that are energetically expensive to maintain. During evo¬ 
lution primates gaining access to high energy, more easily 
digestible food would be able to reduce their gut volume 


and increase their brain volume, though alternative sce¬ 
narios can also explain this trade-off. Trade-offs between 
brain volume and other expensive tissues, such as repro¬ 
ductive tissues, have been suggested in birds and bats. 
This interplay between behavior, physiology, and mor¬ 
phology emphasizes the difficulty of producing general 
evolutionary scenarios to explain brain evolution. 


Constraints 

Physical and developmental constraints may influence the 
extent to which selection for improved behavioral perfor¬ 
mance and reduced energetic costs can affect the evolu¬ 
tion of the nervous system. Physical constraints on the 
nervous system include the amount of space that the 
nervous system can occupy and the minimum diameter 
of axons. Space may be a constraint in small insects such 
as the larvae of the beetle Ptinella tenella in which the 
volume of the head capsule is so small that the brain is 
pushed into the thorax. In larger animals, however, brain 
cases exceed brain volume suggesting that space is not 
constraining. There is also a physical limit upon the 
minimum diameter of axons that can transmit information 
imposed by the properties of voltage-gated ion channels 
(Figure 4). This limit corresponds to the smallest axons 
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Figure 4 A physical limit upon minimum axon diameter 
imposed by the properties of voltage-gated ion channels. The 
minimum possible diameter of axons is set by mitochondria and 
other intracellular molecular components. The minimum 
diameter imposed by these components smaller than the limit 
imposed by voltage-gated sodium channels. The minimum 
diameter of axons in vertebrate and invertebrate nervous 
systems is close to the limit imposed by voltage-gated sodium 
channels. Reproduced from Faisal AA, White JA, and Laughlin 
SB (2005) Current Biology 15:1143-1149. 
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observed in the adult nervous systems of both vertebrates 
and invertebrates. In very small insects, this constraint on 
minimum axon diameter may be particularly important 
because of the limited space the nervous system can 
occupy Therefore, space and minimum axon diameter 
limit expansion and miniaturization of the nervous sys¬ 
tem, respectively 

In the absence of other constraints, selective pressures 
would be expected to produce independent changes in 
components of the nervous system producing mosaic 
evolution. Developmental mechanisms or the function of 
neural circuits, however, may impose constraints on the 
extent of independent change producing concerted evo¬ 
lution. In environments where particular sensory modal¬ 
ities are absent (e.g., light in caves or subterranean 
environments), sense organs detecting those modalities 
are reduced or absent strongly supporting the mosaic 
evolution of the nervous system. However, both mosaic 
and concerted evolution have been claimed to account 
for changes in the relative volumes of brain regions in 
mammals. Selection for changes in the volume of one 
brain region may influence the volume of other brain 
regions through axonal connections between them. 
Within the insect ventral nerve cord, individual ganglia 
may change in volume but also influence neighboring 
ganglia through axonal connections with other ganglia 
and the brain. Clearly, the connectivity between regions 
of the nervous system may constrain the influence of 
selection upon individual brain regions. Thus, mosaic 


and concerted changes may both occur to some extent 
within the nervous system. 

The Evolutionary Significance 
of Brain Size 

One of the most striking differences between nervous 
systems is their size (measured as weight or volume) - 
the brain of a blue whale weighs up to 9 kg while that of a 
locust weighs less than a gram (Figure 5). Differences in 
size correspond to differences in the total number of 
neurons within the brain and the size of individual neu¬ 
rons, larger brains generally having more numerous and 
larger neurons. Yet, the consequences of increased or 
reduced size of the nervous system, and especially the 
brain, for behavior remain unclear: honeybees have highly 
sophisticated behavior despite their small brains. Indeed, 
it is difficult to conceive of a single scale that would allow 
the behaviors of members of phyla as different as the 
Cnidaria, Arthropoda, and Chordata to be compared 
quantitatively. Nevertheless, an explanation is necessary 
for the differences between the largest and smallest brains; 
large nervous systems incur substantial energetic costs 
and should be strongly selected against unless they pro¬ 
vide behavioral benefits. Yet it is not clear what behavioral 
benefits accrue to brains of large absolute size, for exam¬ 
ple those of whales, versus to brains of smaller absolute 
size including those of humans. 
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Figure 5 Differences among species in absolute brain volume. Brain volume increases with body mass over several orders of 
magnitude. Insects brains (red) are smaller than vertebrate brains (black), but this does not preclude them generating sophisticated 
behavior. Reproduced from Chittka L and Niven JE (2009) Are bigger brains better? Current Biology 19: R995-R1008. 
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One suggestion has been that it is the relative and not 
the absolute size of brains that is related to their behav¬ 
ioral output. Relative brain size takes into account the 
enormous differences in body mass among species. 
Numerous comparisons among vertebrates, and to a lesser 
extent among insects, have been made using this measure¬ 
ment. In both vertebrates and insects, brain size scales 
with body mass but individual species may have relatively 
larger or smaller brains. Within the vertebrates, humans 
have the largest relative brain size leading to the suggestion 
that it is the relative, rather than the absolute size of the 
brain, which affects behavioral output. This hypothesis 
provides an explanation for large mammals, such as whales, 
having larger absolute brain size than humans but not more 
complex behavior. There are problems, however, with 
using relative brain size as a measure of overall behavioral 
output. Relative brain size is a post hoc measure with no 
theoretical basis, chosen solely because it is a measure that 
ranks humans higher than other mammals. Additionally, 
the relative brain sizes of insects often far exceed that of 
mammals or birds suggesting that this measure does not 
even meet the criterion of ranking humans most highly. 

The computational capacity of the nervous system is 
mainly determined by its absolute size and specifically by 
the number of neurons it contains, their size, and the 
number of connections between them. As nervous sys¬ 
tems, including brains, become larger, the distances over 
which signals must be transmitted increases. Because 
conduction velocity is proportional to axon diameter, 
axon diameter must increase in larger brains to preserve 
speed. Thus, the nervous systems of larger animals con¬ 
tain larger diameter axons. Additionally, connectivity 
must be maintained between distinct regions and so, as 
brains become larger and the distances among brain 
regions increase, the number of long-distance connections 
also increases. In mammalian brains, long-distance axons 
increase out of proportion with the size of the brain. Thus, 
increases in brain size do not always increase the numbers 
of computational elements. 

The number of computations that the brain can sup¬ 
port is also affected by its energy consumption. The 
energy available for computation and for supporting the 
brain at rest is dependent upon the specific metabolic rate 
of neural tissue. Brains may have different specific meta¬ 
bolic rates and, therefore, support different numbers of 
computations. Relatively large brains from small animals 
may support more computations than similarly sized 
brains from larger animals. Thus, both absolute and rela¬ 
tive brain size may influence the number of computations 
the brain can support and therefore its behavioral output. 

One problem that must temper any attempt to relate 
absolute or relative brain size to behavioral output is that 
individuals within a single species may have remarkably 
different behavioral capabilities but similar brain volumes. 
In humans, for example, performance on Itests differs 


substantially among individuals, demonstrating that brain 
size or neuron number is not sufficient to explain behav¬ 
ioral differences. This emphasizes the need to understand 
the function of nervous systems, including brains, at the 
level of neural circuits rather than in terms of size. 

Unlike total brain size, the size of particular central 
brain regions is positively correlated with performance in 
specific behavioral tasks in which those brain regions are 
thought to be involved (Figure 6). The implicit assump¬ 
tions of these studies are that the size of a particular brain 
region is related to neural processing and energy con¬ 
sumption and that the role of a particular brain region 
does not differ between the animals being compared. 
While these assumptions may be reasonable in closely 
related species as the phylogenetic distance between the 
species being compared increases, such assumptions 
become difficult to support. Moreover, a further assump¬ 
tion is often that a particular brain region is involved in a 
single behavior but typically the regions being compared 
often contain millions of neurons forming numerous neu¬ 
ral circuits, making this unlikely. Nevertheless, the corre¬ 
lations found in these studies suggest that with increased 
knowledge of central neural circuits, it may eventually be 
possible to move beyond the peripheral nervous system to 
quantify neural processing and energetic costs in central 
brain regions and relate these to behavioral performance. 


Future Directions 

Although considerable progress has been made in under¬ 
standing the evolution of nervous systems, many aspects 
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Figure 6 The volume of central brain regions is positively 
correlated with behavioral performance. Birds that store food 
have a relatively larger hippocampal volume than those that do 
not. Hippocampal volume is implicated in behavioral 
performance on spatial memory tasks, suggesting that birds that 
store food have a larger hippocampus because they retain 
spatial memories of their food stores. Modified from Krebs JR, 
Sherry DF, Healy SD, Perry VH, and Vaccarino AL (1989) 
Proceedings of the National Academy of Sciences of the United 
States of America 86: 1388-1392. 
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remain unclear including the extent to which neural 
components can change independently and the extent 
these changes influence behavior. Recent evidence sug¬ 
gests that the trade-offs between the information proces¬ 
sing necessary for generating adaptive behavior and the 
energetic costs of that information processing have shaped 
the evolution of nervous system. Shifts in animals’ envir¬ 
onments can alter the balance between this trade-off, 
affecting almost any aspect of the nervous system. This 
trade-off may have influenced the evolution of nervous 
systems as diverse as those of fruit flies, cave fish, and the 
recently discovered hominin, Homo floresiensis. Trade-offs 
between energy consumption and behavioral perfor¬ 
mance can influence the properties of single neurons, 
sense organs, brain regions, or even entire brains. Yet, 
the extent to which changes in specific neural components 
can occur independently remains controversial. Even 
when selective pressures act on a specific neuron, neural 
circuit, or population of neurons, changes must be 
integrated into the remainder of the nervous system to 
produce adaptive behavior. Thus, evolutionary changes in 
one region of the nervous system are not entirely inde¬ 
pendent of other regions but the extent, from mosaic 
(independent) to concerted (dependent), remains unclear. 
Resolving this will require a better understanding of the 
evolution and development of the nervous system. 
Increases or decreases in the overall size of the nervous 
system may produce changes in the numbers and/or size 
of neurons, but these do not easily explain the differences 
in behavioral performance. Larger brains may not only 
contain greater numbers of neurons but also novel circuit 
elements and brain regions capable of additional serial 
and/or parallel processing of information. Additionally, it 
is not only the number of neurons and connections that 
influence the behavioral output of the brain, but novel 
neural pathways and connections between may also have 
dramatic impacts upon behavior. New neural connections 
can allow novel associations to be formed that were 
previously not possible. Thus, it is not only the size of 
brains but also the circuits within them that affect behavior. 

The trade-off between behavioral performance and 
energetic cost produces evolutionary changes in neural 
components but the extent to which changes in single 


neurons and neural circuits produce changes in behavior 
is unknown. Changes in one component of the nervous 
system may not affect behavior because there is extensive 
plasticity within nervous systems that is capable of buffering 
change. Evidence also suggests that neural circuits can 
produce similar outputs in many different ways, such as 
different sets of ion channels and strengths of connections 
between neurons. These different outputs are likely to incur 
different energetic costs and, therefore, selection for mini¬ 
mum energetic costs will favor certain circuit configurations 
although they produce similar behavioral outcomes. Thus, 
changes in the properties of neurons and the strength of 
connections between them can affect both behavioral out¬ 
put and the energetic costs of generating behavior. 

See also: Adaptive Landscapes and Optimality; Costs of 
Learning; Development, Evolution and Behavior; Levels 
of Selection; Naked Mole Rats: Their Extraordinary 
Sensory World; Non-Elemental Learning in Invertebrates; 
Predator Evasion; Problem-Solving in Tool-Using and 
Non-Tool-Using Animals; Spatial Memory. 
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Introduction 

Social insects are famous for their elaborate nest architec¬ 
ture; less well-known is their skill at moving from one nest 
site to another. Some, like army ants, move so often that 
they make no permanent structure, bivouacking instead in 
simple natural shelters. Others, like honeybees and poly- 
biine wasps, build elaborate nests, but emigrate to new 
homes during colony reproduction. Still others, like ants 
of the genus Temnothorax , are often forced to move 
because of the fragility of their nests. House-moving is 
one of the most challenging tasks a colony faces. Its future 
success depends on finding a home that offers the right 
physical environment, protection from enemies, and 
access to resources. At the same time, choosiness must 
be balanced with speed, to minimize exposure to a hostile 
environment, and to prevent delays in growth and repro¬ 
duction. In most cases, consensus must be reached among 
hundreds or thousands of individuals, lest the colony 
should divide among multiple sites to the detriment of 
all. Finally, all of this must be achieved without well- 
informed leaders or central control. Instead, the work of 
selecting and moving to a home is distributed across a 
population of workers, each informed about only a limited 
number of options, and influencing only a portion of its 
nestmates. Social insects have evolved impressively 
sophisticated solutions to these challenges, making nest 
site selection a leading model system of the collective 
intelligence of animal groups. This article reviews what 
has been learned about the two best-studied groups: Tem¬ 
nothorax ants and the honeybee Apis mellifera. 

Nest Site Choice by Temnothorax Ants 

Temnothorax are adept house-movers, an ability that is 
likely related to the fragility of their nests. The best- 
studied species, T. albipennis and T. curvispinosus, typically 
live in rock crevices or hollow nuts. In the laboratory, 
where most studies have been carried out, they thrive in 
artificial cavities made from a perforated slat sandwiched 
between glass slides. Emigrations can be induced by 
removing the roof slide and providing an intact nest 
nearby. Over the next few hours, the colony safely relo¬ 
cates to its new home. This process is best understood by 
considering the simple case when only one site is avail¬ 
able, before turning to the more complex problem of 
deciding between sites. 


Organization of Colony Migration 

Emigrations are organized by a minority of active scouts, 
roughly one-third of the colony’s workers. Each of these 
scouts sets out from the damaged nest to find a new home, 
thoroughly inspecting any candidate that she finds. If it 
passes muster, she returns to the old nest to inform other 
scouts of its location. She uses a behavior called tandem 
running, in which she attracts a single recruit to follow her 
toward the new site (Figure 1(a)). Their progress is slow 
and halting, as the leader must pause frequently to allow 
her follower to catch up. The pair often lose contact for 
good before reaching the site, but even these broken 
tandems recruit ants, because the orphaned follower 
enjoys a higher chance than a naive searcher of finding 
the target. 

Tandem followers make their own assessment of the 
site and may also begin to recruit. The resulting positive 
feedback increases the site’s population until it reaches a 
critical level and triggers a dramatic change in behavior. 
Scouts cease tandem runs from the old nest, and instead 
begin to carry nestmates, one at a time, to the new site 
(Figure 1(b)). These transports are roughly three times 
faster than tandem runs, and population growth acceler¬ 
ates sharply. Over the next few hours, the entire colony is 
brought to its new home. 

Emigration is thus divided into two phases. In the first, 
discoverers use tandem runs to bring fellow scouts to their 
find. In the second, the assembled corps of scouts trans¬ 
ports the bulk of the colony. Transported ants are gener¬ 
ally not scouts, but members of the colony’s passive 
majority, including brood items and queens. This change 
in targets may explain the difference in recruitment meth¬ 
ods. Speedy transports are better for efficient movement 
of a large number of nestmates, but a scout needs more 
than quick transit. She must also learn visual landmarks 
that mark the route, so that she can later navigate inde¬ 
pendently. A tandem follower is better positioned to learn 
than a transported ant, because she adopts the same pos¬ 
ture she will later use when recruiting on her own. 

How does a scout decide when to switch from the first 
phase to the second? After completing a tandem run, she 
assesses the population at the new site, apparently 
through her rate of physical encounters with other ants. 
Once this population attains a threshold level, or quorum, 
she switches to transport (Figure 1(c)). Quorum-sensing 
is a logical way for scouts to tell when they have assem¬ 
bled enough transporters. It can also save them from 
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Figure 1 Recruitment behavior used in emigration by Temnothorax colonies, (a) Tandem run, in which a single ant is slowly led to a 
candidate site, (b) Social transport, in which a single nestmate is rapidly carried to the new site, (c) Quorum rule for switching 
from tandem runs to transports: Crosses show the proportion of ants deciding to transport, rather than lead a tandem run, as a 
function of the population of the site being recruited to. Line shows a nonlinear function fit to these data. 



Figure 2 Summary of the decision algorithm used by scout ants during collective nest site choice. 


unnecessary recruitment to a site that is near the old nest 
and easy to find, such that independent discoveries bring 
an adequate corps of transporters. 

There is, however, another dimension to quorum 
attainment: it marks the last in a series of increasing levels 
of commitment to a site. A scout enters the first level 
when she decides to search for a new nest, spurred by the 
inadequacy of her current home. The second level begins 
when she finds a candidate and assesses its quality. If she 
judges it good enough, she advances to the third level in 
which she recruits fellow scouts to evaluate the site. The 
final level comes only when quorum attainment indicates 
that these others have confirmed her judgment by 
continuing to visit or recruit to the site. From that point 
on, she pays no further attention to population, and will 
continue to transport even if the site is experimentally 
emptied of nestmates. 

This series of steps constitutes a decision algorithm 
that guides scout behavior (Figure 2). The algorithm 
clarifies two otherwise puzzling observations. First, a 
scout that has found the new site but not yet sensed a 
quorum will sometimes retrieve isolated brood items. She 
carries these not to the safety of the intact new site, but to 


the destroyed old nest. Second, after sensing quorum 
attainment, many scouts lead ‘reverse’ tandem runs from 
the new nest back to the old. Both behaviors make sense if 
we assume that recruitment behavior is described by two 
simple rules: tandem runs are only led away from home to 
a place where work needs to be done, and transports are 
made only toward home to repatriate lost or misplaced 
nestmates. Before a scout senses a quorum at a new site, 
the old nest is still her home, despite being heavily dam¬ 
aged. She transports lost ants there, and she leads tandem 
runs away from there to summon help in assessing a 
candidate site. Her allegiance switches to the new site 
only when it attains a quorum. From then on, she trans¬ 
ports ants only to her new home and she leads tandem 
runs away from there to summon help in retrieving mis¬ 
placed ants. 

Collective Decision-Making Among Nest Sites 

In most cases, colonies confront many candidate homes 
and must decide among them. Laboratory experiments 
show that colonies have strong preferences and are 
adept at choosing a favored site among a group of inferior 
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competitors. They care about many site attributes, but 
give particular weight to having an intermediate cavity 
size and a small entrance. These features likely contribute 
to nest defense, the accommodation of future growth, and 
the regulation of internal nest environment. Ants also 
strongly favor a dark interior, perhaps as an indirect cue 
of nest wall integrity. Context matters as well, and ants 
avoid sites that are too close to competing colonies or that 
contain corpses of conspecific ants. Colonies integrate all 
of these attributes when assessing sites, weighting them 
according to importance. 

Nest site choice is a challenging task, with inherent 
tradeoffs between decision speed, accuracy, and unanim¬ 
ity. A colony can improve its chances of finding the best 
site by evaluating many candidates, but this will take time 
and make it harder to winnow alternatives to a single 
choice. Coordination is also challenging, as scores or 
hundreds of ants must achieve consensus without any 
single ant learning about all sites, choosing the best and 
directing others to go there. Instead, the decision is shared 
by the population of active scout ants, each knowing only 
a subset of the options. In essence, the decision results 
from a competition among recruitment efforts at different 
sites, driven by two key components of the behavioral 
algorithm described earlier: quality-dependent recruit¬ 
ment initiation and the quorum rule. 

Quality-dependent recruitment initiation 

When a scout finds a site, she typically does not recruit to 
it right away, but first makes several visits in between trips 
to the old nest or further search of the surrounding 
landscape. The interval until the start of recruitment can 
be quite long, but it will be longer, on average, for worse 
than for better sites. That is, each scout conditions her 
probability of starting to recruit on her assessment of site 
quality. This effect is amplified by the positive feedback 
inherent in recruitment, because the scouts brought to a 
site will themselves initiate recruitment at a quality- 
dependent rate. This leads to faster population growth 
at a better than a worse site, driving the colony toward 
selection of the better site. 

From the point of view of an ant that has found a 
mediocre site, this rule amounts to an investment 
of time to improve the colony’s chances of finding a 
better option. The balance of exploitation versus explo¬ 
ration is a fundamental problem for any animal engaged 
in search, whether for a nest site, a mate, or a food 
source. If options are encountered sequentially, the ani¬ 
mal must decide whether to settle for its current discov¬ 
ery or to search for a better one. A scout that delays 
recruitment to a site is essentially opting for further 
search. There is an interesting difference between her 
behavior and that of a solitary animal: her delay in 
recruiting buys time not only for her own search efforts, 
but also for those of her nestmates. Thus, she enhances 


the colony’s search effort, even if she herself never sees 
another site. 

An advantage of this rule is that it allows a colony to 
hold out for an ideal site, but to settle eventually for the 
best that can be found. If only a mediocre site is available, 
ants will recruit to it, although it will take them longer to 
do so. As a result, colonies offered a choice between a 
good nest and a mediocre nest will nearly always choose 
the good one, but the same colonies offered a choice 
between a mediocre site and a still worse one will nearly 
always choose the mediocre one. 

Quorum rule 

The ants’ quorum rule amplifies the quality-dependent 
recruitment effect. Once a site attains a quorum, the 
switch from slow tandem runs to speedy transports accel¬ 
erates population growth. On average, a better site will 
experience this acceleration sooner, allowing it to expand 
its lead over inferior competitors. The quorum rule favors 
better nests by imposing an extra level of scrutiny. Each 
scout relies not only on her direct assessment of a site, but 
also on an indirect cue about the judgments of other ants. 
She fully commits only if some minimum number vote 
with their feet by spending time at the site. This rule can 
filter out errors by a small number of ants that start 
recruiting immediately to a site that is not very good. 

This description of nest-site choice is somewhat idea¬ 
lized. Colonies may split between sites or even move into 
an inferior candidate, especially when moving rapidly 
under duress or when an inferior site happens to be very 
close to their current home. When this happens, the 
colony must launch a second emigration from the inferior 
to a better site. These multistage migrations are subopti- 
mal outcomes, given the likely dangers of exposure during 
transport and the risk that the colony never reunites. The 
ants’ decision algorithm does not eliminate these dangers, 
but it minimizes them by reducing the likelihood of 
splitting between sites. 

It is tempting to divide emigrations into an early delib¬ 
erative phase and a later implementation phase, with the 
boundary marked by quorum attainment. There is some 
value in this distinction, but these functions are really not 
so well separated. Decision-making continues after quo¬ 
rum attainment, most obviously when a temporary split 
must be resolved by secondary emigrations. At a more 
basic level, individual ants do not cease to assess a site’s 
quality just because it has attained a quorum. Even those 
scouts that arrive at a nest after it has grown quite populous 
still condition their recruitment on its intrinsic quality. 
Scouts always consider both their own direct assessment 
of a nest and the Votes’ of their nestmates. 

Speed/accuracy tradeoff 

A crisis caused by nest destruction is not the only occasion 
for house-moving. A colony inhabiting an adequate nest 
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will emigrate if a better site becomes available. In these 
unforced emigrations, colonies take far longer to finish the 
move, but their performance is much better, with less 
splitting between sites. This difference illustrates a funda¬ 
mental tradeoff between speed and accuracy that is faced 
by all decision-makers. Temnothorax colonies have the 
ability to shift their stress from one to the other, sacrifi¬ 
cing accuracy for speed when pressed to end their dan¬ 
gerous exposure, but investing time for a better result 
when urgency is less. 

Interestingly, colonies use the same behavioral algo¬ 
rithm regardless of urgency, but they tune it for each 
setting. In a crisis, each active ant moves more rapidly 
through the algorithm’s increasing levels of commitment 
to a site. The most striking change is their higher rate of 
recruitment initiation to a candidate site, and models 
suggest that this has a large effect on the speed/accuracy 
tradeoff. By delaying recruitment longer in less urgent 
circumstances, ants invest more in search, at the cost of 
taking longer to complete the move. More search effort 
improves chances of finding the best site, but the colony 
also gains in discriminatory power. When latencies are 
long, so are the differences between those at better versus 
worse sites. Greater latency differences mean greater 
differences in population growth, and thus a greater like¬ 
lihood that a better site outstrips lesser ones to become 
the colony’s choice. 

Individual comparison 

In the process described earlier, comparison among sites is 
an emergent property of the whole colony, not an activity 
of well-informed individuals. This does not mean, how¬ 
ever, that individuals lack this capacity. Scouts almost 
certainly compare candidate sites with their current 
home, as indicated by their unwillingness to abandon an 
adequate nest unless they find a significantly better one. 
Simulations suggest that this ability is needed for a colony 
to settle stably in a site, rather than constantly initiating 
new emigrations. Whether a single ant can also pick the 
better of two candidate sites is less certain. Ants may 
simply forget about a nest if they leave it without recruit¬ 
ing, or they may retain a memory of it that causes them to 
ignore any subsequent finds of lower quality. Such com¬ 
parisons are potentially quite important, given that a quar¬ 
ter or more of active ants are seen to visit multiple sites, at 
least in small laboratory arenas. Even without direct com¬ 
parisons, emigrations may be strongly influenced by these 
ants, because of the opportunities created for better sites to 
divert potential recruiters from lesser ones. 

Individual comparison is also relevant to rational deci¬ 
sion-making, which requires that options be consistently 
ranked according to intrinsic fitness value, and not by 
comparison to available alternatives. Irrationality is com¬ 
monly seen when decision-makers are faced with options 
that vary in multiple attributes, such that none is clearly 


superior. Some strategies for resolving these difficult 
choices involve direct comparisons among options and 
can lead to irrational outcomes such as intransitivity or 
preference reversals. Faced with one such context, Tem¬ 
nothorax curvispinosus colonies behave quite rationally, 
possibly as a result of their highly distributed mode of 
decision-making, in which most ants lack the opportunity 
to make direct comparisons. 

Nest Site Choice by HoneyBees 

The house-hunting behavior of honeybees has many 
similarities to that of Temnothorax , but also many revealing 
differences. Like the ants, honeybees are cavity nesters, at 
least in the temperate zone, where house-hunting has 
been best studied. Colonies show strong site preferences 
based on multiple criteria, including cavity volume, 
entrance size, and entrance location. Honeybees some¬ 
times abandon a nest site and move to a new one, typically 
when foraging conditions deteriorate, but house-hunting 
most often occurs during colony reproduction. A colony’s 
queen, along with about one-third of its workers, 
bequeath their nest to a new daughter queen and the 
remaining workers. The departing bees settle as a com¬ 
pact swarm on a tree branch or similar site. From this 
bivouac, the bees spend up to several days scouring the 
countryside for candidate sites, deliberating among them 
and choosing one as their new home. 

Collective Decision-Making 

Like Temnothorax , bees rely on a competition among 
recruitment efforts at different sites, carried out by a 
minority of nest site scouts. These scouts, numbering only 
a few hundred of the swarm’s several thousand bees, travel 
up to several kilometers from the bivouac. Upon finding a 
candidate home, typically a tree hole or similar cavity, a 
scout inspects it closely. If its quality is sufficient, she 
returns to the swarm and uses waggle dance communica¬ 
tion to inform other bees of its distance and direction. Her 
dancing also encodes the quality of the site, principally as 
the number of dance circuits she completes during her 
stay at the swarm. The more circuits, the more opportu¬ 
nity for followers to read the dance, and so the more new 
bees show up at the site. The recruits themselves may join 
in advertising the site, also tuning their number of dance 
circuits to site quality. The result is a positive feedback 
cascade that swells the number of scouts visiting the site, 
but at a rate that depends on site quality. 

The swarm’s corps of scouts typically find many possi¬ 
ble homes, and dances are present for several candidates 
at the same time. How does the group settle on a single 
one? It was once thought that the decision was made on 
the swarm’s dance floor, on the basis of the typical course 




538 Nest Site Choice in Social Insects 


20 July 


11:00-13:00 
Bees: 18 

Dances: 68 

Waggle runs: 547 

F = 1 


A = 8 



C = 1 


13:00-15:00 
Bees: 30 

Dances: 68 

Waggle runs: 2376 


H = 1 



A = 6 


15:00 -17:00 
Bees: 38 

Dances: 66 

Waggle runs: 2400 


1 = 1 


A = 5 



G = 10 B = 17 


17:00-19:00 
Bees: 27 

Dances: 45 

Waggle runs: 187 


K = 1 


G = 9 



= 1 


= 1 


0 1 2km 

i_i_i 


21 July 


22 July 


7:00-9:00 
Bees: 29 

Dances: 53 

Waggle runs: 868 


K = 1 


G =14 



D = 2 


B = 12 


9:00-11:00 
Bees: 52 

Dances: 99 

Waggle runs: 1697 


K = 3 


G = 32 



B = 17 


11:00 — 11:54 (rain starts) 
Bees: 27 

Dances: 43 

Waggle runs: 713 


9:00-11:58 
Bees: 73 

Dances: 352 

Waggle runs: 3100 


K = 2 


G = 20 



D = 1 


B = 4 


G = 73 



Figure 3 Summary of a honeybee swarm’s decision process over 3 days. Each panel shows the number of dancers, dances, and 
waggle runs during a 1-3 h interval. The circle represents the swarm, and each arrow represents the distance and direction of a 
candidate nest site. The thickness of the arrow correlates with the number of bees advertising that site in the interval, also given by the 
number next to each site’s letter designation. The swarm considered a total of 11 sites, but with no clear leader until the second half of 
the process, when site G gradually gained support and became the target of all the dances. Adapted from Seeley TD and Buhrman SC 
(1999) Group decision making in swarms of honeybees. Behavioral Ecology and Sociobiology 45:19-31, with permission from Springer. 


of events there: the number of advertised sites diminishes 
over several days until only one remains, and the swarm 
lifts off and flies to this site (Figure 3). It now appears, 
however, that a dance consensus is not the trigger that tells 
the bees that a choice has been made. Instead, like Tem- 
notloorax , each scout monitors her candidate site to deter¬ 
mine when its population has reached a quorum. Upon 
sensing this, she returns to the swarm and pushes her way 
through it, delivering a brief vibrational signal called 
piping to scores or hundreds of bees. Piping stimulates 
recipients to warm up for flight by shivering their wing 
muscles. Within an hour, the flight-ready bees are 
prompted to lift off by buzz-runners, who break up the 
cluster of bees by burrowing rapidly through it. Interest¬ 
ingly, a similar combination of piping and buzz runs is also 


used earlier in emigration, to instigate the swarm’s initial 
departure from its natal nest. 

Once aloft, the diffuse but cohesive group flies directly 
for the new site. This is an impressive feat of collective 
orientation in which thousands of bees, 95% of them 
ignorant of their destination, travel up to several thousand 
meters to a pinpoint goal. An early hypothesis held that 
the bees are guided by pheromones released from the 
Nasonov glands of informed scouts. This does not appear 
to be the case, since sealing shut the glands of all swarm 
members does not interfere with normal orientation. 
Experiments and models better support the ‘streaker 
bee’ hypothesis, which holds that knowledgeable scouts 
point the way by flying through the swarm at high velocity 
in the direction of the target site. 














Nest Site Choice in Social Insects 539 


Quorum Sensing, Attrition, and Consensus 

As in the ants, quorum sensing amplifies a difference among 
sites created by quality-dependent recruitment effective¬ 
ness. Better sites experience faster population growth and so 
are more likely to reach a quorum and trigger lift-off. For 
the bees, however, quorum attainment is a much clearer 
watershed than it is for the ants. It marks the shift from a 
deliberative period lasting several days to an implementa¬ 
tion period that may take only 1 h. This sharper distinction 
facilitates consensus on a single site by reducing the time 
window for a second site to reach a quorum. Indeed, bee 
swarms do not tolerate splitting between sites. If there is 
disagreement among scouts when the swarm lifts off, it soon 
resettles and continues to deliberate. This difference from 
the ants may be rooted in a greater cost of splitting for bees. 
Division of the swarm leaves one portion queenless and 
doomed to early extinction, as the workers cannot lay the 
fertilized eggs necessary to rear a new queen. Temnothorax 
colonies have brood from which new reproductives can be 
reared, and some colonies have multiple queens. 

The importance of consensus for the bees is also sug¬ 
gested by another distinctive feature of their decision¬ 
making: dance attrition. Unlike Temnothorax recruiters, 
each honeybee dancer eventually ceases advertising 
a site, even before the swarm has reached a decision 
(Figure 4). This applies even to dancers for an excellent 
site, although it takes longer for their activity to decline 
from its high initial levels. An important effect of attri¬ 
tion is to slow population growth at each advertised site. 
Overly effective dancing poses the danger that more than 
one site will reach a quorum at the same time. This means 
either that the colony remains deadlocked or that it splits 
with disastrous consequences. By moderating recruitment 
strength, attrition lengthens the intervals between quorum 
attainment at different sites. It also fosters the achievement 
of a dance consensus. Although this consensus does not 
trigger the swarm’s decision, it typically coincides with it, 
and it may help to avoid abortive lift-offs. 

Another interesting difference from the ants is the 
lesser role for comparison or switching among sites by 
individuals. Given the importance of unanimity to the 
bees and their reliance on a centralized advertising loca¬ 
tion, it might be expected that scouts commonly follow 
one another’s dances and determine for themselves which 
advertised site is best. Although such comparisons may 
occur, they appear not to be an important component of 
the swarm’s decision. Very few scouts visit more than one 
site, and experimental suppression of comparison does not 
hinder the swarm’s ability to settle on a single site. 

Conclusion 

A striking similarity between honeybee and ant emigra¬ 
tion is the central role of quorum-sensing in coordinating 



Visits remaining before dancing stops 


Figure 4 Scouts decrease their number of waggle runs with 
each successive visit to the swarm, eventually ceasing to dance 
altogether. This applies regardless of site quality, but bees 
advertising better sites start with a larger number of dance 
circuits, and so persist longer at dancing then bees advertising 
worse sites. Adapted from Seeley TD (2003) Consensus building 
during nest-site selection in honeybee swarms: The expiration of 
dissent. Behavioral Ecology and Sociobiology 53: 417-424, with 
permission from Springer. 

behavior. The quorum rule provides a solution to a gen¬ 
eral dilemma faced by social organisms that must reach 
consensus decisions. On the one hand, they can benefit 
from the ‘wisdom of crowds’ if they filter out individual 
errors by taking into account the independent judgments 
of many individuals. On the other hand, if individuals are 
too independent, the group will have difficulty reaching 
consensus on a single option. The quorum rule offers a 
compromise between these demands: social influences 
are weak when exerted by only a few individuals, but 
their impact grows sharply once the numbers advocat¬ 
ing an option surpass a threshold. This strategy is not 
exclusive to ants and bees. Many social animals, includ¬ 
ing fish, birds, and arthropods, use analogous threshold 
rules to optimize the integration of personal and social 
information. 

The tradeoff between speed and accuracy is another 
general decision-making issue that emerges in both ants 
and bees. Effective discrimination among options 
improves with information, but gathering information 
requires an investment of time. Both ants and bees adopt 
strategies that markedly slow their decision-making, but 
make it more accurate. At least for ants, these measures 
can be adjusted to accelerate emigration at the cost of 
accuracy in urgent conditions. Individual decision makers 
face a fundamentally similar tradeoff and also have means 
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to adaptively tune their behavior according to context. 
Their choices emerge from a neural network rather than a 
social one, but both systems address the same challenge 
and may use similar strategies. Thus, the future study of 
both individual and collective intelligence may benefit 
from seeking evidence of common solutions. 

See also: Collective Intelligence; Communication Net¬ 
works; Consensus Decisions; Decision-Making: Foraging; 
Distributed Cognition; Group Movement; Honeybees; 
Insect Social Learning; Rational Choice Behavior: Defini¬ 
tions and Evidence; Social Information Use. 
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Introduction 

The brain is a sexual organ, which like the gonad, is 
initially bipotential, differentiating into one of two types. 
More than a century of scientific research has established 
that the brain is the mediator and regulator of all aspects 
of reproduction. In this article, I trace the evolution of 
ideas related to brain organization and the control of sexual 
behavior. The question guiding investigators underwent 
a major paradigm shift 50 years ago: from the original 
emphasis on the bisexual nature of the brain to how the 
brain happens to differ in males and females. This may not 
seem to be an important distinction, but considering that, 
in the first instance, the emphasis is on the similarity of 
the sexes while in the second and current perspective, 
importance is placed on the differences between the sexes, 
there definitely is a shift in direction. In both psychology 
and biology, it is commonplace for investigators to not so 
much solve problems as to create new questions, without 
resolving the original question with the advent of newer 
techniques; in this instance, effort toward understanding 
the brain’s inherent bisexuality was deflected to under¬ 
standing the organ’s sexual differentiation. Recently, a new 
paradigm has been introduced, which may reunite researchers 
as they address the two questions. 

100 Years Ago 

In the late 1800s, the focal question was why one sex 
would behave like the opposite sex, a phenomenon 
noticed more commonly in some species. The late 1800s 
and early 1900s marked the beginning of the realization 
that reproduction and sexuality differed in origin and 
consequence. In particular, Richard von Krafft-Ebing 
and Sigmund Freud speculated on the bisexual nature of 
the brain. It was during this period that ‘bisexual’ came to 
mean ‘bipotential,’ meaning that the same anlagen (the 
rudimentary beginnings of an organ, usually in the embryo) 
would give rise to one of two states, rather than the same 
structure housing two distinct states. Some time later, 
researchers such as Eugen Steinach (Austria) and Calvin 
Stone (USA) demonstrated that the interstitial (Leydig) 
cells (and not the Sertoli cells) of the testes produced the 
hormones (initially called ‘incretions’) responsible for 
seasonal as well as pubertal growth of secondary sex 
characters. These and other researchers (e.g., Carl 
Moore) suggested that hormones cause an ‘eroticization’ 


of the central nervous system, though there was consider¬ 
able debate as to whether they were acting generally or at 
specific sites. What was resolved by 1940 was that hormones 
changed the individual’s sensitivity to specific stimuli 
(e.g., tactile, visual, and odor cues). It was also accepted 
that while males and females exhibited characteristic 
behaviors, they had the capacity to exhibit the behavior 
of the opposite sex. Indeed, Frank Beach in his compendium 
Hormones and Behavior devoted its second chapter (‘Reversal 
or Bisexuality of Mating Behavior’) to this common obser¬ 
vation. Like others before him, he stressed that such 
heterotypical behaviors were exhibited alternately, never 
coincidentally, and were elicited by the stimulus context, 
and not by specific hormones. It is important to note here 
that early ethologists such as Tinbergen also emphasized 
the role of tonic inhibition in switching between 
behaviors. 

The general impression that one gains from a survey of 
the literature tends to throw some doubt on any concept 
of sex reversal which depends upon complete sex-specificity 
both of the behavioral mechanisms and of the gonadal 
hormones A somewhat more reasonable hypothesis would 
seem to be that in many if not all vertebrate species both 
males and females are equipped by nature to perform at 
least some of the elements in the overt mating pattern of 
the opposite sex.’ (Beach, 1948, p. 69) 

50 Years Ago 

In 1959, a single publication by William C. Young and his 
colleagues changed the paradigm of behavioral endocri¬ 
nology so much so there has been little work on bisexuality 
of the brain since that time; this seminal study set the 
trajectory of research on the neuroendocrinology of sexual 
behavior to the present day (this review is cited as Phoenix 
et al., in the readings at the end of this article). Indeed, for 
the past 50 years, almost all research in this area has 
focused on why males (or females) behave the way they do. 

Drawing the analogy with the differential development 
of the accessory sex structures during embryogenesis as 
described by Alfred Jost a few years previously, Young and 
colleagues suggested that a similar dual anatomy exists in 
the brain, proposing that just as the early hormonal envi¬ 
ronment determined the fate of the ducts that transport 
eggs (Mullerian ducts) or sperm (Wolffian), these hormones 
also acted on the developing brain, specifically on the 
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neural circuits subserving female- and male-typical sex¬ 
ual behaviors. In addition to its embryological foundation, 
the new perspective also built on the foundation laid 
earlier demonstrating that sexual behaviors were not simply 
dictated by sex steroid hormones, but reflected mechan¬ 
isms intrinsic to the state of the brain itself. Although it 
was recognized that in some way the hormones were 
acting on the brain, the mechanism of this action was a 
mystery. It should be pointed out, however, that this new 
perspective in itself did not explain (nor did it seek to) the 
observation that individuals of either sex retain the capacity 
to, and commonly display, the behaviors typical of the 
opposite sex. The Organizational/Activational concept of 
Young and colleagues was further refined a few years later 
by Richard Whalen with the concept that the development 
of sex-typical behaviors resulted from two independent 
processes, namely, masculinization-demasculinization and 
feminization-defeminization (see section ‘Are There 
Dual Circuits or a Single Circuit with Alternative Out¬ 
puts?’). Put simply, 1959 marked a time when the salient 
question transitioned from ‘why do males and females 
sometimes behave as the opposite sex,’ to ‘why do males 
behave like males and females like females.’ 

The Origin of Sexual Behavior 

Before proceeding further, it is first necessary to raise the 
issue of the origin of sex itself. I am not referring to the 
evolution of sexual reproduction, or even why the pre¬ 
ponderance of life forms exhibit two sexes. Instead of 
asking why sex evolved, it might be informative to ask 
who came first, male or female. The scientific view is that 
the ‘female’ was the first sex. (I would like to avoid the 
semantics for a moment as male and female are defined in 
terms of the opposite sex.) 

There is little question among researchers that the first 
organisms simply cloned themselves. In each new genera¬ 
tion, the complete genetic material of the parent and the 
siblings was identical. This same process occurs today in 
organisms that reproduce by parthenogenesis. In the pro¬ 
cess of evolution, the gametes were initially uniform in 
size (isogamy); but with time, they became different in 
size (anisogamy) and contained only one half of the 
genetic material that produced a new individual when 
the complementary types were fused (fertilization). This 
suggests - and evidence supports it - the supposition then 
that the first ‘sex’ was an egg producer. Put simply, what is 
called ‘female’ today was in fact the ancestral sex with 
males (sperm producer) relatively late entrants in the 
game of life. 

Originally then, the brain was required only to coordi¬ 
nate and stimulate the production of eggs. With the 
development of two types of gametes came the need for 
behaviors that would be complementary, thereby ensuring 


fertilization. If one considers that the first sex was female, 
and males were derived much later in evolution, it stands 
to reason that behavior associated with ovulation (i.e., 
female-like receptivity) is the ancestral state and behavior 
associated with the delivery of sperm (i.e., male-like 
mounting) is a derived state. This more recent origin 
may account for ‘male sexual behaviors’ to be more plastic 
than are ‘female sexual behaviors.’ 

Switching Between the Sex Roles 

Early in development (the when and how varies between 
species), genes and hormones interact to organize the 
functional neuroanatomy such that later, as adults, males 
and females will exhibit complementary behaviors necessary 
for successful reproduction. This concept was originally 
built on an analogy with the sexual differentiation of the 
genital tract, and its characteristics were (i) completion 
during a limited sensitive window of embryonic develop¬ 
ment or shortly after birth, (ii) irreversibility, and (iii) the 
presumed existence of separate neural structures mediat¬ 
ing male and female sexual behaviors. Although these 
particulars have been modified since to account for spe¬ 
cies differences, extensive research with rodents revealed 
a male-specific testosterone surge toward the end of in 
utero development, enabling later expression of male 
behavior (masculinization) and disabling later expression 
of female behavior (defeminization). 

In formulating the Organizational/Activational Con¬ 
cept, Young and colleagues did not ignore, but did give 
rather short shrift to the observations available at the time 
that sexual behaviors characteristic of the opposite sex 
were displayed by individuals of most species studied, and 
particularly common in some. In view of this inherent and 
persistent bisexuality of the vertebrate brain, I believe that 
the analogy to the dual duct system was unfortunate and 
misleading. Rather, a more accurate perspective is to 
consider the network of limbic and hypothalamic nuclei 
involved in the control of sexual behavior to be a single 
entity, whose entirety is organized in a male- or female- 
typical way. How the implications of this perspective for 
the way research is conducted differ from those of a model 
based on the independent existence of separate ‘centers’ 
for male and female behavior in several ways is discussed 
further below. 

Activation and Deactivation, Inhibition, 
and Disinhibition 

A second kind of plasticity, observed in adulthood, is the 
activation and deactivation of behavior. Females display 
receptive behavior during the periovulatory phase of the 
ovarian cycle when estrogen levels are high, and at other 
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times reject courting males. Males display mounting and 
other copulatory behaviors toward receptive females through¬ 
out the breeding season when androgen levels are high, 
and at other times show no particular interest in females. 
Activation of copulatory behavior appears to depend on 
gonadal sex steroids, being eliminated by gonadectomy 
and activated by exogenous testosterone (males) or estrogen 
and progesterone (females). However, gonadectomy followed 
by administration of the sex steroid typical of the opposite 
sex generally is not thought to activate the behavior 
typical of the opposite sex, a failure that is attributed to 
the permanent effects of developmental organization. 

If one accepts this Developmental Organization followed 
by Adult Activation paradigm, one tends to view sex differ¬ 
ences in brain structure as likely candidates for being 
involved in the display of male-typical behavior by males 
and female-typical behavior by females. Experimentally 
one asks how these differences arise during development, 
and then how the sexually dimorphic circuits are activated 
in adulthood. This perspective is little changed in recent 
years as the use of genetically modified mice has entered 
mainstream research on hormone-brain-behavior research. 

Are There Dual Circuits or a Single 
Circuit with Alternative Outputs? 

An influential conceptualization of how the brain might 
differentiate in males versus females was the Orthogonal 
Model of Richard Whalen (Figure 1, top panel). Sum¬ 
marizing the evidence to date, Whalen concluded that 
sexuality was not a one-dimensional or linear continuum, 
with masculine and feminine at opposite ends as originally 


proposed by the early philosophers. Rather, Whalen sug¬ 
gested that sexuality comprises two distinct dimensions, 
one signifying the degree of masculinization and the other 
the degree of feminization. In the process of organization, 
these were affected differently to result in individuals typically 
displaying behaviors consistent with their gonadal sex. 

The model was believed (and continues to be so by 
many) to reflect brain differentiation, along with an explicit 
identification of particular brain areas corresponding to 
masculine and feminine tendencies (e.g., see the work of 
McEwen listed in the readings at the end of this article). 
Early studies established that the medial preoptic area 
(mPOA) was the final integrative area necessary for the 
display of the male-typical mounting behaviors with the 
ventromedial nucleus of the hypothalamus (VMN) play¬ 
ing the comparable role in female-typical sexual recep¬ 
tivity (Figure 1, bottom panel). A common assumption 
was that when applied to the brain, the Orthogonal Model 
suggested that these particular nuclei were differentially 
influenced by early hormonal milieus and represented 
by two (dual) circuits, a view that is consistent with 
the canonical Organization-Activation paradigm outlined 
earlier. However, unlike the definitive work on the song 
system in birds, and despite the abundant work on sex 
differences on morphological and neurochemical aspects 
of mPOA and VMN in the mammalian brain, there is 
remarkably little evidence that the recorded differences 
are more than correlates of observed sexually differen¬ 
tiated behaviors. As Sodersten put it, “the search for 
morphological sex differences in adult rat brains that are 
caused by the ‘organizing effect of perinatal androgen 7 and 
that can be related to sex differences in behavior has not 
been fruitful and may continue unrewarded. 77 


Whalen's orthogonal model of the organization of sexual behavior 
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Figure 1 Whalen’s (1974) Orthogonal Model for the Differentiation of Sexual Behavior (top panel). Masculinization and feminization 
are considered separate neuroendocrine organizational processes, such that during development in males masculine traits are 
enhanced and feminine traits are suppressed (=defeminization); the complement is postulated to occur in females. Extensive 
research indicated the final integrative area for mounting is the medial preoptic area (mPOA) and for receptivity the ventromedial 
hypothalamus (VMN). Thus, when the Orthogonal Model was applied to the brain (bottom panel), a parallel process of enhancement 
and suppression was believed to occur in the mPOA and VMN. 
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It is obvious that sexual behavior is the result of many 
brain nuclei acting in concert in addition to the external 
stimuli and the hormonal history of the participating 
individuals. An attractive formulation of this body of work 
is found in Sarah Newman’s concept of a Social Behavior 
Network that underlies sexual behavior (Figure 2). By 
shifting the focus of study from single nuclei (nodes) in 
isolation to integrated networks, Newman predicted this 
would lead to new insights into brain-behavior relation¬ 
ships. Importantly, Newman focused on sex differences 
and did not consider the application of this model to 
address the question of the possible interactions within 
the network when animals display heterotypical sexual 
behaviors. Using this as a platform, I suggest that the sex- 
typical differences in behavior are the result of how the 
network activity varies as a result of the reciprocally 
inhibitory interaction of two root nodes (mPOA and VMN). 

The Dual Circuits Model emphasizes how hormones 
act on dual neural circuits, one subserving male-typical 
mounting and the other female-typical receptivity, with 
each viewed as operating relatively independently of one 
another. Traditionally, research supporting this model is 
exemplified by study of a single sex with the dependent 
variable being the sex-typical behavior; c.f., mounting in 
male individuals, receptivity in female individuals. This 
has led to the development of models of the neural circuit 
of lordosis in female or mounting in males, but in isolation 
of its complement (Figure 3). On the other hand, the 
Common Network Model emphasizes how hormones act 
on a single neural network resulting in two mutually exclusive 
outputs. This model reflects the increasing appreciation of 
how brain nuclei are networked by neurochemical and 
molecular interactions and how these neural systems are 
fundamental (in an evolutionary sense), particularly when 
the brain must alternate between mutually exclusive behav¬ 
ioral outputs. The Common Network Model suggests then 
that sex-typical behavioral phenotypes are mirrored by 
specific neurotransmitter and molecular phenotypes in 
two functionally associated nuclei (as ‘root nodes’ of a larger 
network of nuclei). The whiptail lizard is instructive 
because it enables deconstructing the confounding prop¬ 
erties of genotype-, sex hormone-, and developmental- 
specificity inherent in conventional mammalian model 
systems. 

Reciprocal Inhibition Between the POA 
and the VMN 

Certainly there is ample evidence that the mPOA and 
VMN are crucially involved in the control of male- and 
female-typical sex behaviors, respectively. What is less 
part of the current orthodoxy is the possibility that the 
two centers work in concert, albeit in a mutually antago¬ 
nistic manner. However, the involvement of each brain 
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Figure 2 Newman’s Social Behavior Network. Top panel 
illustrates how a limbic neural network consists of specific nuclei 
that are both hormone sensitive and reciprocally interconnected. 
The network of brain nuclei is similar in both sexes, but Newman 
proposed that the activity of the network is different in males and 
females when they display sex-typical (homotypical) behaviors. 
She did not speculate on the patterns of activity that may be 
reflected during the display of heterotypical sexual behaviors. 
Bottom panel depicts such a network as indicated by the pattern 
of metabolic activity (as measured by cytochrome oxidase 
histochemistry) in identified nuclei. The peaks and valleys 
indicate the differences in average abundance in each nucleus in 
sexually experienced male and female leopard geckos from the 
same incubation temperature; peaks indicate males greater than 
females and valleys indicate females greater than males. Geckos 
exhibit temperature-dependent sex determination and lack sex 
chromosomes, so differences are due to endocrine history and 
not genotype. Note the sex difference, particularly in the 
relationship between the preoptic area (POA) and the 
ventromedial nucleus of the hypothalamus (VMN). AH - anterior 
hypothalamus; AME - medial amygdala; DVR - dorsal ventricular 
ridge; NS - nucleus sphericus, homolog of the mediobasal 
amygdala; SEP - septum. 

area in behaviors typical of the ‘other sex’ is not lacking. 
Two examples are that implantation of testosterone into the 
VMN restores sexual motivation, but not copulatory 
behavior itself, in castrated male rats; administration of 
either androgen receptor antagonists or microlesions within 
the dorsomedial VMN impairs sexual motivation and copu¬ 
latory behavior in male rats. Further, multiple lines of 
evidence indicate the mPOA and VMN are functionally 
related in an opposing fashion; the mPOA projects to, and 
receives, projections from the VMN. The mPOA and 
VMN also have opposing roles in the control of auto¬ 
nomic function and female reproductive behavior char¬ 
acterized by Pfaff and colleagues: ‘net effect of the outputs 
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Figure 3 Two contrasting models of the neural mechanisms underlying sexual behavior. The Dual Circuits Model (left panel) 
suggests separate neural circuits (circles and squares represent brain nuclei/areas) ending with the medial preoptic area (mPOA) or 
ventromedial nucleus of the hypothalamus (VMN) as final integrative areas for male- and female-typical behaviors. The Common 
Network Model (right panel) posits that a common network of nuclei (Newman’s Social Behavior Network) is involved in sexual behavior 
of both males and females, and it is the reciprocal interaction between two root nodes of this network (mPOA and VMN) as well as the 
hormonal history of the individual and the nature of the stimulus context that determines the type of behavior exhibited. 
Neuroanatomical pathways mediating copulatory behavior. In the Dual Circuits Model, the brain nuclei known to be important in the 
expression of the various behaviors are depicted as square boxes, and the projections between them (of which some are excitatory and 
some inhibitory) are shown as arrows. Sensory and effector organs are shown as rounded boxes. Brain nuclei critical for hormonal 
control over behavior are shown as bold boxes. Top portion depicts the Male Circuit involved in processing sexually relevant 
chemosensory information has been well studied in the male rodent, and involves the pathway from the main and accessory olfactory 
bulbs to the amygdala, particularly the medial division, and then via the bed nucleus of the stria terminalis and an alternative route via the 
ventral amygdalofugal pathway to the medial preoptic area. Exactly what happens to this information once it reaches the medial 
preoptic area is anyone’s guess, but is presumed to result in the decision to attempt to mount. Once the mount is established, events in 
both the female and male involve reflex arcs mediated by well-characterized neural circuits, shown by bold arrows. Bottom portion 
depicts the Female Circuit underlying lordosis in the female rat and involves the transfer of sensory information from the male’s 
mounting and thrusting movements to the lumbar spinal cord, when it ascends to the brainstem motor nuclei responsible for integrating 
the muscular motor pattern of lordosis. Descending control over this reflex arc is exerted by the ventromedial hypothalamus via the 
periaqueductal gray and the midbrain reticular formation. 


from the preoptic region is to reduce feminine-typical 
behavior and to increase male-typical behavior.’ Neuronal 
activity increases in the VMH during sexual receptivity in 
the female rat, and is reduced when there is increased 
activity in the mPOA. Effects of excitatory and inhibi¬ 
tory amino acid neurotransmitters are opposite in the 
VMN and mPOA. Specifically, in the VMN, GABA is 
facilitatory, while NMDA is inhibitory, to lordosis, and in 
the POA, GABA inhibits and NMDA facilitates, lordosis 
in hormone-primed female. So, ought the two centers to 
be considered as two independent neuroanatomical ana¬ 
tomical units, one of which will be chosen by develop¬ 
mental events, to determine the sexual phenotype of the 
animal, while the other languishes? This model should be 
rejected in favor of a mutual inhibition model in which 
the centers work actively together antagonistically in both 


sexes, in a way more analogous to the interactions of two 
political parties, the balance of whose power determines 
their joint decisions. 

Looking to Nature 

The central issue in science is the support (or lack 
thereof) of the hypothesis. In this particular case, however, 
there are inherent and seemingly insurmountable obsta¬ 
cles to proving whether the there are dual neural circuits 
in each individual, with one predominant in one sex and 
the another in the opposite sex, or whether there is a 
single sex behavior circuit that is modulated to produce 
one of two outputs. This hypothesis cannot be addressed 
in mammals and any other species having heritable sex 
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chromosomes (e.g., XX females and XY males). Not only 
do the sexes differ in an elemental gene, but males and 
females develop and age in entirely different endocrine 
milieus and, as a consequence, have different life history 
experiences. 

Fortunately, we can look to nature for the necessary 
evidence. Hermaphroditic species come in several vari¬ 
eties. Simultaneous hermaphrodites are species in which 
each individual produces both sperm and eggs, but curi¬ 
ously, never at the same time. When breeding, one indi¬ 
vidual will assume the ‘male’ role and shed sperm and its 
partner the ‘female’ role and shed eggs. In the next spawn¬ 
ing, even the roles are completely reversed. In sequen¬ 
tially hermaphroditic species, the individual begins as one 
sex, but transforms into the opposite sex if the appropriate 
social events present themselves. Clearly, in both instances, 
the brain of each individual is bisexual in its organization 
and performance. In the only experiment that has been 
done to date, Leo Demski demonstrated that stimulating 
one brain area of the sea bass, a simultaneous hermaphrodite, 
would cause sperm release while stimulation in another 
brain area resulted in egg release. 

But what about the ‘higher’ vertebrates, that is the 
reptiles, birds, and mammals that constitute the amniote 
vertebrates? Particularly revealing insights into the rela¬ 
tionship between the sexual dimorphism of the brain 
(or lack of) and the display of sex-typical behaviors are 
afforded by my work on parthenogenetic whiptails of the 
genus Cnemidophorus. Some species of the genus are gono- 
choristic with male and female individuals that behave in 
a sexually dimorphic manner (i.e., males mount receptive 
females), while some species are parthenogenetic, all 
individuals being morphologically female and reprodu¬ 
cing clonally. In the gonochoristic species, the brain is 
sexually differentiated in a typical vertebrate pattern. 


For example, in C. inornatus , males mount while females 
do not, and male mounting is dependent on androgens 
acting on the mPOA. Female C. inornatus do not mount, 
but exhibit receptivity dependent upon estrogen acting at 
the level of the VMN. Individuals of the parthenogenetic 
species engage, at different times, in behaviors that physi¬ 
cally are identical to both the male- and female-typical 
behaviors of their sexual congeners (albeit with the 
exception of intromission and insemination, hence called 
‘pseudosexual behavior’). When pairs of animals are 
observed displaying these complementary behaviors, there 
is a tight relationship between the behavior displayed and 
the ovarian state of the animal (i.e., the individual mount¬ 
ing and displaying other male-like copulatory behavior 
(pseudocopulation)) is generally postovulatory and has 
elevated progesterone levels, while the receptive individual 
is preovulatory, having high estrogen levels. Any given 
individual will thus display both behaviors at different 
points in the ovarian cycle. 

Hormonal and neuroanatomical correlates of the two 
kinds of behavior in these animals parallel those observed 
in males and females of more commonly studied verte¬ 
brates. Examination of the mPOA and the VMN of the 
parthenogenetic lizards indicates that these nuclei do 
not change in cell size or number during these different 
behavioral phases, nor do these parameters respond to 
exogenous hormone treatment. However, they do differ 
in metabolic activity in predictable ways (Figure 4): Rand 
and Crews showed that during the male-like pseudoco- 
pulatory behavior metabolic activity as measured by 
2-deoxyglucose uptake (2DG) is high in the mPOA but 
below baseline in the VMH (indicating suppression of 
activity); during female-like pseudoreceptive behavior, 
the opposite occurs, with 2DG suppressed in the POA 
and enhanced in the VMN. Intracranial implantation of 



VMH 






Figure 4 Metabolic activity during pseudosexual behavior in the unisexual lizard. Brains in two individual lizards engaged in a 
pseudocopulation. In the left column are light micrographs of brain sections at the level of the medial preoptic area (mPOA) (top row) and 
the ventromedial nucleus of the hypothalamus (VMH) (bottom row). Other columns are pseudocolor images where red denotes 
maximum accumulation of 2DG and green the lowest accumulation. Middle column is the brain of the individual exhibiting male-like 
pseudosexual behavior (same brain sections as on left), while the right column is the brain of the lizard exhibiting female-like 
pseudosexual behavior. Rand MS and Crews D (1994) The bisexual brain: Sex behavior differences and sex differences in 
parthenogenetic and sexual lizards. Brain Research 663: 163-167. 
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androgen (and progesterone) into the mPOA of both male 
C. inornatus and C. uniparens elicits mounting behavior, but 
fails to elicit either mounting or receptive behavior when 
placed in the VMN. On the other hand, while implanta¬ 
tion of estrogen into the VMH elicits receptive behavior 
in female C. inornatus and in C. uniparens , it fails to do so in 
male C. inornatus , suggesting that the brains of these ani¬ 
mals are not bisexual, but rather that either sex is capable 
of expressing male-typical behavior. 

Both the mPOA and the VMN are dimorphic in size, 
with the mPOA being larger, and the VMN smaller, in 
sexually active male C. inornatus than in females or in the 
descendant parthenogenetic species. Castration of male 
C. inornatus causes the mPOA to decrease, and the VMN 
to increase to female size; androgen replacement restores 
the sex difference. The overall change in nuclear volume 
is paralleled in soma size of individual neurons in both 
areas, suggesting that the size of these neurons changes 
to reflect their functional activity. However, once again, 
this sex difference appears to be a correlate, rather than a 
necessary substrate of the expression of male-typical 
behavior, since C. uniparens exhibiting male-like pseudo- 
copulatory behavior (either as intact postovulatory or 
ovariectomized, testosterone-treated animals) do not show 
an increase in regional or somal area of the mPOA. Dias 
and Crews found that differences in the mPOA thus 
observed between the parthenogens displaying male- and 
female-typical behaviors have also been subtle at the 
levels of gene expression and neurotransmitter levels. 
The parthenogenetic whiptails thus oblige us, while 
continuing to accept the existence of sex differences in 
brain morphology, to consider the possibility that such 
developmentally long-term differences in morphology 
are less important in determining the behavior exhibited 
than is the short-term activity of the brain, which is 
determined by external stimuli as well as by immediate 
physiological state. However, in these animals, as in others 
studied, this sexual phenotype-determining ‘activity’ can 
be profitably studied by focusing on the interaction 
between the mPOA and the VMN. 


Conclusions 

Beach only reluctantly accepted the idea of sexually 
dimorphic central structures, not because he was stubborn, 
but rather because he was hesitant to concede that such 
organizational actions might be the mechanism underlying 
activational gating of the bisexual brain. 

... the specificity of the mating patterns for the two sexes, 
although probably inherited, is not rigidly dictated by the 
innately organized substratum. Although there may be a 
strong preference for the normal copulatory response it 
is obvious that in a few individuals at least, there exists 


the innate organization essential to the mediation of the 
mating pattern of either sex. The presence or absence of 
such duplicative arrangement within all individuals is a 
matter for speculation. It is obvious, however, that the mating 
behavior to be displayed by a member of either sex may in 
part or (in the cases reported), entirely predetermined by 
the behavior of the partner. (Beach, 1938, p. 324) 

Beach thus delineated four essential points: first, that 
both male and female individuals are capable of display¬ 
ing the sexual behaviors of the opposite sex; second, that 
the brain must have the neural circuitry sufficient to 
support these opposite behaviors although third, each 
sex is predisposed to exhibit the behavior consistent 
with its sex; and fourth, that the stimulus animal is essen¬ 
tial in eliciting the complementary behavior. If one 
accepts Beach’s conclusions, one expects that male- and 
female-typical copulatory behaviors are mediated by 
brain structures that are present and (at least latently) 
fully functional in both sexes, that is, not sexually dimor¬ 
phic. Experimentally one is then forced to examine how 
males and females can behave differently, and what, if not 
to mediate sex-typical copulatory behavior, are the func¬ 
tions of the observed sexual dimorphisms in brain struc¬ 
ture. I propose that the neural mechanisms mediating 
both male and female copulatory behavior are under 
tonic inhibition from a range of sources, and that activa¬ 
tion constitutes relief from some of these inhibitory 
inputs. Major sexual dimorphisms in brain structure are 
seen as mostly sex-specific sources of additional inhibi¬ 
tion so that, for example, the large mPOA typical of males 
is responsible not for mediating male-typical copulatory 
behavior, but for allowing a more sophisticated pattern of 
inhibition. Sex differences, in other words, should not be 
seen as sex differences, but as male- and female-typical 
features that enable males and females to do better the 
things they do, rather than enabling them to do something 
that the other sex cannot. Either sex, the evidence shows, 
is intrinsically capable of doing either thing. 

See also: Animal Behavior: Antiquity to the Sixteenth 
Century; Animal Behavior: The Seventeenth to the 
Twentieth Centuries; Comparative Animal Behavior - 
1920-1973; Development, Evolution and Behavior; En¬ 
docrinology and Behavior: Methods; Ethology in Europe; 
Female Sexual Behavior: Hormonal Basis in Non- 
Mammalian Vertebrates; Future of Animal Behavior: 
Predicting Trends; Integration of Proximate and Ultimate 
Causes; Male Sexual Behavior and Hormones in Non- 
Mammalian Vertebrates; Mammalian Female Sexual Be¬ 
havior and Hormones; Mate Choice in Males and Females; 
Mating Signals; Nervous System: Evolution in Relation to 
Behavior; Neurobiology, Endocrinology and Behavior; 
Neuroethology: Methods; Pair-Bonding, Mating Systems 
and Hormones; Psychology of Animals; Reproductive 
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Introduction 

Two types of mechanisms, neural and hormonal, have 
been prominent in the history of research directed at 
uncovering the proximate physiological causes of animal 
behavior. During the first part of this history, the nervous 
and endocrine systems were envisioned as separate sys¬ 
tems and were studied by somewhat different research 
communities. As a result, research on physiological 
mechanisms of animal behavior has tended to develop 
along two somewhat separate and parallel tracks. These 
dual origins are reflected in the organization of this sur¬ 
vey. Beginning in the twentieth century, several discov¬ 
eries led to the realization that the nervous and endocrine 
systems are physiologically integrated to a highly signifi¬ 
cant extent, which is of great importance for animal 
behavior. Nerve cells can synthesize and secrete hor¬ 
mones; the behavioral effects of hormones are mediated 
by their actions on neurons, and the brain regulates the 
endocrine axes so that hormone levels related to behavior 
are responsive to both social and physical environments. 

Origins of Behavioral Neurobiology: 
Sensory, Motor, and Motivational Systems 
in Comparative Perspective 

The history of the study of the neural mechanisms of animal 
behavior is largely the history of neuroscience in a more 
general sense. The overarching motivation of the pioneers 
was often a desire to understand human minds and brains. 
However, because of the impossibility of doing experimen¬ 
tal work with humans, investigations of animals have long 
played a significant role. The oldest and deepest scientific 
roots of the field are comparative neuroanatomy and com¬ 
parative physiology. Then in the twentieth century, devel¬ 
opments in ethology led to the rise of neuroethology (also 
called behavioral neurobiology), which emphasized natu¬ 
rally occurring behavior in nondomesticated animals, while 
developments in psychology produced the subfield of phys¬ 
iological psychology, with its emphasis on learning, mem¬ 
ory, and motivation in domesticated laboratory animals. 

Comparative Neuroanatomy 

Writing in the 1600s, Rene Descartes emphasized that the 
brain and nervous system are responsible for behavior. 


In subsequent centuries, many scientists examined and 
described the structure of the brain and nervous system 
in an array of animal species. A common theme was to note 
what seemed to be marked differences in the organization 
of the brain, especially the forebrain, and in the relative 
sizes of structures and brain divisions, and to speculate 
about their relationship to behavior and intelligence. 

With the publication of Charles Darwin’s theory of 
evolution by natural selection, these species differences 
in brain structure and size began to be interpreted in an 
evolutionary framework. Until the middle of the 1900s, 
the dominant view had been that the brains (especially 
forebrains) of different vertebrate classes (as represented 
by a small number of species from each of the largest 
classes) were fundamentally different in organization, 
that they formed an evolutionary series progressing 
toward the human brain, and that this series paralleled 
an increase in intelligence and behavioral complexity 
culminating in apes and humans. 

A set of scientific developments beginning in the 1950s 
and 1960s then led to a substantial revision of these ideas: 
a veritable intellectual revolution in comparative neuro¬ 
anatomy. New methods for tracing the neural connectiv¬ 
ity between brain regions revealed that the structure of 
different vertebrate brains had in fact been highly con¬ 
served over evolutionary time, with the same basic ground 
plan from fish to mammals. The consequences of this 
revolution are still being felt, for example, in recent efforts 
to rethink and rename the structures of the avian brain. 
Another key development was the realization that phylo¬ 
genetic relationships are tree-like, rather than ladder-like. 
As this more modern view of phylogeny was absorbed into 
comparative neuroanatomy and comparative animal behav¬ 
ior, efforts were made to expunge the remnants of teleo¬ 
logical thinking (evolution as a guided progression toward 
human superiority) from the field as well. Tree thinking, 
along with improved methods for taking appropriate 
account of body size in the comparative study of brain 
size, led to the realization that large brains and large 
forebrains had evolved several times independently in 
vertebrates, and that mammals do not have larger brains 
than all other vertebrates when corrected for body size. 
This repeated convergent evolution of large brains then 
allowed researchers to more rigorously test hypotheses 
about the ecological or behavioral characters that are 
associated with large brains (long-distance migration? 
predatory foraging? group living and social life?). Such 
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characters provide clues to the selective pressures for 
increases in brain size: a line of research that continues 
to be active. New methods for determining phylogenetic 
trees from molecular information and for statistically 
analyzing comparative data in a phylogenetic framework 
have increased the power and objectivity of the compara¬ 
tive approach to such hypothesis testing. 

The popular world, and the neuroscientific world as 
well, have been slow to absorb this revolution, however. 
One still sees the words ‘lower and ‘higher’ applied to 
animal species. The incorrect assumption that nonmam¬ 
mals lack the forebrain structures of intelligent learning 
and therefore are largely ‘instinctive’ creatures is still 
widespread. 

Comparative Physiology 

Among his many other intellectual pursuits, Descartes 
was interested in whether and how (through what bodily 
processes) behaving animals were different from mechan¬ 
ical toys and automata. It was Descartes who developed 
the concept of the spinal reflex and proposed specific 
neural pathways for reflexive actions such as withdrawing 
a limb from fire. It was not until the late 1800s, however, 
that it was discovered (by Santiago Ramon y Cajal) that 
the nervous system consists of cells (neurons): an achieve¬ 
ment for which he shared a Nobel Prize with Camillo 
Golgi in 1906. The studies of another Nobel Prize laure¬ 
ate, Charles Sherrington (Figure 1) (who originated the 
term synapse and won the Nobel Prize in 1932), were the 
beginning of a long and productive line of research on 
the nature of reflexes and their underlying neuronal 
activity. Among other discoveries, it was found that a 
rich array of biologically significant reflexes and even 
more complex actions still occurred in spinal and decere¬ 
brate preparations. The reflex concept remained an essen¬ 
tial part of the neurobiology of behavior for several 
decades. It is still the case that some behaviors important 
for survival (e.g., coughing or withdrawing a limb from a 
sharp object) are best thought of as reflexes, along with all 
the stretch reflexes that posture and locomotion require. 
Spinal reflexes of mammals were found to include sexual 
reflexes such as ejaculation or estrous postures, raising 
questions about whether hormones act at the level of 
the spinal cord and the brain: one of many signs of the 
bridge forming between research on neural and hormonal 
mechanisms. 

In 1786, Luigi Galvani discovered that muscle twitches 
and nerve function have an electrical basis, and in 1870, 
Fritsch and Hitzig found that weak electrical stimulation 
of the dog cortex produced muscle movements on the 
opposite side of the body. In subsequent decades, the 
neurophysiological approach to behavioral mechanisms 
flourished as parallel advances occurred in the apparatus 
for recording from and stimulating single and multiple 



Figure 1 Sir Charles Sherrington. © The Nobel Foundation 
2009. 


neurons (e.g., amplifiers and oscilloscopes) and in the 
animal preparations themselves (e.g., J. Z. Young’s discov¬ 
ery of the giant motor axon of squid). Especially exciting 
for those with a keen interest in animal behavior was the 
development of methods for stimulating or recording 
from the brains of freely moving animals. The studies of 
Walter Hess (Figure 2) (a 1949 Nobel Prize winner) in 
cats showed that a variety of normal appearing actions 
occurred following brain stimulation, including going to 
sleep, an early sign of the role of brain activity in this 
biologically important behavior. 

Although not as technically sophisticated as neuro¬ 
physiology, the use of ablations or lesions of specific 
brain regions has long been an important tool for testing 
hypotheses about the causal relation between the function 
of a region and the expression of a behavior. Marie Jean 
Pierre Flourens originated this experimental approach to 
the study of the brain in the 1820s, establishing through a 
systematic program of circumscribed ablations in rabbits 
and pigeons that damage to different brain divisions has 
different effects on behavior. For example, an ablation 
in a deep cerebellar layer produced locomotor deficits 
in pigeons, whereas an ablation of a part of the midbrain 
(in what then came to be called the optic lobe) caused 
blindness. Lesions are still a valuable stage of a brain and 
behavior research program, and technical improvements 
now permit lesions that are small, neurochemical (affect¬ 
ing only a subset of neurons such as dopaminergic neu¬ 
rons), or even reversible (e.g., temporary inactivation 
with lidocaine). 
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Figure 2 Walter Hess. © The Nobel Foundation 2009. 



Figure 3 Theodore Bullock. With permission from the Scripps 
Institution of Oceanography, University of California - San Diego. 


Neuroethology (Behavioral Neurobiology) 

The work of ethologists on mechanisms of behavior 
tended to focus on nonphysiological mechanisms such as 
sensory cues, and much of what was referred to as behav¬ 
ioral physiology by this community did not actually go 
inside the animal, but instead used its responses to exter¬ 
nal cues to conceptualize internal processes. As recently 
as 1966, Peter Marler and William J. Hamilton’s textbook 
Mechanisms of Animal Behavior contained rather little infor¬ 
mation about any neural mechanisms. Concepts such as 
releasing stimulus or hunger drive, and models such 
as Tinbergen’s hierarchical model of instinct, were clearly 
meant to reflect some kind of neural processes, but 
explicit links to those were seldom proposed. A few 
researchers began to explore those links, however. For 
example, Erich von Holst and Ursula von St. Paul electri¬ 
cally stimulated the brains of freely moving chickens, pro¬ 
ducing behavior such as vocalization, grooming, feeding, 
and aggressive attack. These investigations were explicitly 
aimed at understanding the neural basis of drive. Jerram 
Brown and Robert Hunsperger used a similar method to 
study the neural basis of aggression in cats and applied the 
term neuroethology to such research. 

Subsequent years saw the flowering of a very active 
research interest in the study of the neural mechanisms 
for the ecologically relevant adaptive behavior of non- 
domesticated animals such as insects (crickets, locusts, 
cockroaches), toads, and bats. This particular marriage of 
comparative physiology with animal behavior is what is 
sometimes meant today by the terms neuroethology or 


behavioral neurobiology. The emphasis has been on sen¬ 
sory processes and motor output, and a number of these 
lines of research have become classics of animal behavior. 

The neurophysiological approach has been prominent, 
and Theodore Bullock (Figure 3) in particular did much 
to ensure that neurophysiology would be comparative, 
directed at a diverse array of animals. 

With respect to sensory processes, neuroethologists dis¬ 
covered and analyzed several previously unknown sensory 
systems, such as acoustic reception by moths and electro¬ 
reception by weakly electric fish (the latter by Bullock, 
who also found the infrared receptors of pit vipers). They 
explored animals’ abilities to detect stimuli out of the range 
of human detectability, for example, ultrasonic hearing by 
bats, ultraviolet wavelength vision by birds, and the excep¬ 
tional binaural ability of owls when locating small prey by 
sound. These discoveries have reinforced the ethologists’ 
insight that understanding an animal’s umwelt is critical to 
an understanding of its behavior. 

The classic neuroethological studies of motor pro¬ 
cesses produced several key concepts and discoveries 
about how the nervous system works. The importance of 
inhibition as well as excitation became apparent. Actions 
that have to occur very rapidly for the animal to survive 
(e.g., escape from a predator) could be triggered by the 
activity of a very small number of command neurons. 
Even in a vertebrate (a fish), the escape response was 
found to be triggered only by two very large cells, the 
Mauthner cells. Studies by Donald Wilson of locust flight 
revealed the existence of a central pattern generator (also 
called oscillator or pacemaker), the neural elements that 
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produce rhythmic firing leading to rhythmic muscle 
movement even in the absence of stimulus inputs or any 
feedback from the periphery. It had been known since at 
least 1914 (through studies by T. Graham-Brown) that no 
proprioceptive input was needed for a dog’s locomotor or 
scratch reflexes. Such central pattern generators might 
need an initial stimulus to get them going, and their 
exact frequency might be modulated by external stimuli, 
but the basic rhythmic pattern was clearly organized 
centrally, rather than resulting from a chain or sequence 
of stimulus-response reflexes. In a similar vein, the exis¬ 
tence of endogenous circadian clocks became convinc¬ 
ingly established, and so-called master clocks were then 
localized in the nervous system of an insect (in the sub- 
esophageal ganglion of a cockroach) in the late 1950s by 
Janet Harker and subsequently in the diencephalic supra- 
chiasmatic nuclei of rats in the 1970s by Robert Moore 
and Victor Eichler and by Friedrich Stephan and Irving 
Zucker. Another set of key motor system concepts, devel¬ 
oped by von Holst and Horst Mittelstaedt, were efference 
copy and reafference. Motor command signals are copied 
to another region of the nervous system where they can 
be compared to sensory feedback resulting from the 
motor performance. Processes of this kind allow the ani¬ 
mal to tell the difference between active and passive 
movement (e.g., between moving vs. being windblown) 
and to avoid interference between sensory cues from the 
individual’s own emissions versus echoes or emissions 
from other individuals (as in bats using ultrasound to 
catch insects). All these concepts have proven to be of 
enduring value in understanding how nervous systems 
produce adaptive behavior. 

Physiological Psychology 

The science of psychology has long sought to understand 
the behavior of all animals, not just humans. Early gen¬ 
erations of comparative psychologists studied a highly 
diverse array of animals, including microbes, inverte¬ 
brates, and vertebrates from all the larger classes. Physio¬ 
logical psychologists took the understanding of the neural 
and other physiological bases of behavior as their mission. 
Early on, and continuing up to the present, there was great 
interest in using the lesion method to study learning and 
memory. An important article was the research of Karl 
Lashley on cortical lesions and memory for learned tasks 
in rats - his search for the engram. He found that task 
memory did not seem to be located in any particular place 
in the cortex. Instead, how much cortex was damaged 
predicted whether and how much memory was lost. At 
the time this may have seemed like a failure to find the 
engram, but subsequent decades have revealed a great 
truth in his findings: the cortex works in a distributed 
manner. The secret of learning and memory is now 
thought to lie in part in the structural and functional 


plasticity of neurons and their connections: a concept 
originated by Donald Hebb in the 1940s. 

The 1950s and 1960s were a time of great interest in 
the hypothalamus and its role in motivated behavior of 
basic survival significance such as hunger, drinking, and 
regulation of temperature. Pictures of obese rats with 
lesions of the ventromedial hypothalamus are still com¬ 
pelling textbook images. Such research has taken on new 
significance recently with the occurrence of a pandemic 
of obesity in humans. 

In recent decades, brain-oriented physiological psy¬ 
chology has become known as behavioral neuroscience. 
Additional brain regions such as the amygdala and pre¬ 
frontal cortex have been thoroughly explored in relation 
to behavior. Their roles have been established in emo¬ 
tional responses such as fear (amygdala) and in cognitive 
functions such as switching problem solving strategies 
(prefrontal cortex). One of the most notable developments 
in the science of animal behavior has been a convergence 
of interest between behavioral neuroscientists and neuro¬ 
biologists in neural mechanisms for use of space and 
memory for spatial locations. This line of research has 
produced insights into the role of hippocampal neurons in 
performance of rats in mazes, in memory for locations of 
stored food items in scatter hoarding birds, and in homing 
by pigeons. 

Origins of Behavioral 
Neuroendocrinology: Social and 
Reproductive Behaviors 

In the last quarter of the twentieth century, the biologist 
E. O. Wilson argued for a ‘new synthesis’ or ‘consilience’ 
(‘jumping together of knowledge by the linking of facts 
and fact-based theory across disciplines’). The wisdom of 
this approach is especially relevant to the behavioral 
neuroendocrinology of social and reproductive behaviors. 
Here we will highlight a few of the milestones that 
allowed this truly integrative field of science to emerge 
at the intersection of disciplines such as agriculture, anat¬ 
omy, biochemistry, ethology, molecular biology, physiol¬ 
ogy, and psychology. 

Endocrinology 

Awareness that endocrine systems played a role in behav¬ 
ior predates recorded history and was documented by 
Aristotle (ca 350 BC). Anatomical and behavioral changes 
associated with puberty and the external location of the 
testes probably provided ancient humans with their first 
knowledge of the importance of endocrine organs. Cas¬ 
tration as a method for inhibiting the sexual behavior of 
male humans or as a punishment is ancient, and testes 
were consumed in the search for power and virility. 
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However, some of the earliest ideas regarding the role 
of the gonads in behavior were incorrect. Testicular 
hormones are not water soluble and beyond their nutri¬ 
tional benefits, ingested testes were unlikely to directly 
affect behavior. 

With archaic roots in Chinese medicine and alchemy, 
modern chemistry is dated to the eighteenth century. 
During that period, pioneers such as Joseph Priestly, 
Carl Scheele, and Antoine Lavoisier documented the 
first extensive list of elements, including oxygen and 
hydrogen. 

The idea that behaviorally active chemicals (hormones) 
are secreted by endocrine tissue into the blood stream and 
that they act on target tissues including the nervous system 
to influence behavior is comparatively modern. The first 
modern evidence of neurohormones is attributed to Otto 
Loewi in 1921. Loewi demonstrated that secretions from 
the vagus nerve (‘vagusstuff’) are capable of affecting heart 
rate. ‘Vagusstuff’ was later identified as acetylcholine and 
norepinephrine. Loewi shared the Nobel Prize in 1936 
with Henry Dale; Loewi and Dale are sometimes referred 
to as the ‘fathers’ of neuroscience. 

The formal concept of a ‘hormone’ was described in 
1905 by Ernest Starling and William Bayliss. Dale had 
demonstrated in the early 1900s that pituitary gland 
extracts (later found to contain oxytocin) could be used 
to induce labor, first in domestic animals and shortly 
thereafter in humans. 

The role in endocrinology of secretions of the central 
nervous system can be traced to Ernst Scharrer. In 1928, 
Scharrer had identified the largest cells in the hypothala¬ 
mus, calling these the ‘magnocellular neurons.’ In collabo¬ 
ration with his wife Berta, he also articulated the concept of 
neurosecretion. However, the behaviorally active chemicals 
secreted by the magnocellular neurons were not identified 
until Vincent du Vigneaud synthesized oxytocin in 1953 
and vasopressin in 1954. Du Vigneaud received the 1955 
Nobel Prize in Chemistry for the ‘first synthesis of a 
polypeptide hormone.’ His Nobel lecture titled ‘A Trail of 
Sulfa Research: From Insulin to Oxytocin’ set the stage for 
the understanding that physiologically active hormones 
were produced not just in the pituitary or peripheral endo¬ 
crine organs, but also in the nervous system. 

Hormones, Behavior, and Neuroendocrine 
Systems 

The classic tools of endocrinology arose in other disci¬ 
plines, but rapidly spread to the study of behavior. Natu¬ 
rally occurring changes in behavior associated with 
maturation and naturally occurring pathologies were the 
source of many basic findings. Accidental lesions or 
tumors of the nervous system or endocrine abnormalities 
led to the earliest medical awareness of relationships 
between neuroendocrine systems and behavior. 


The first experimental endocrine study is usually cred¬ 
ited to A. A. Berthold. In 1849, Berthold described changes 
associated with removal of the testes and their reimplanta¬ 
tion in roosters. In 1889, shortly after the invention of 
the hypodermic needle, an aging biologist, C.E. Brown- 
Sequard, injected himself with aqueous testicular extracts. 
xAJthough likely the result of a placebo effect, Brown- 
Sequard’s enthusiastic reports of renewed strength and 
vigor, published in the respected medical journal Lancet,\ 
launched the ‘monkey gland’ era. In the decades that fol¬ 
lowed, a Viennese physiologist Eugen Steinach initiated a 
widely publicized series of surgical manipulations aimed at 
boosting endogenous hormone production and thus revi¬ 
talizing aging males. The ‘Steinach Operation’ was basically 
a vasectomy and probably primarily based on the power of 
suggestion, but it attracted celebrity followers such as the 
poet W. B. Yeats and Sigmund Freud. Taken together, work 
in this period generated intense interest in the behavioral 
effects of ‘internal secretions.’ 

Although awareness of the effects of steroids is ancient, 
steroid chemistry exploded only between the 1920s and 
1930s with the identification and synthesis of gonadal and 
adrenal hormones, including testosterone, estrogen, pro¬ 
gesterone, and glucocorticoids. Putting specific steroids 
into their behavioral context also began in the first half 
of the twentieth century. For example, documentation of 
the rodent estrous cycle and early evidence for a role for 
ovarian secretions in the induction of behavioral estrus 
were provided in guinea pigs by Charles Stockard and 
George Papanicolau in 1917 and in mice by Edgar Allen 
and Edward Doisy in 1923. (The ‘pap’ smear was later 
developed based on knowledge gained from these studies). 

Initially, measurements of hormones relied on bioas¬ 
says. For example, Allen and Doisy in 1923 described the 
use of the immature rodent uterus as a bioassay for estro¬ 
gen. More advanced methods for measuring hormones, 
initially based primarily on radioimmunoassay, became 
available through the work of Rosalyn Yalow and Solomon 
Berson in the 1950s and 1960s, for which Yalow received a 
Nobel Prize in 1977. Availability of quantitative hormone 
assays led to a flurry of studies correlating the release of 
gonadal steroids with reproductive behaviors. 

Once synthetic steroids were available, it was possible to 
show that estrogen, often in combination with progesterone, 
could induce female proceptivity and receptivity. Parallel 
studies in males focused on testicular hormones, including 
testosterone, and tended to concentrate on mounting 
behavior, considered an ‘appetitive behavior,’ or the capac¬ 
ity to show an erection and an ejaculatory response, some¬ 
times called a ‘consummatory behavior.’ Much of this 
research originated from psychologists and anatomists, 
including Calvin Stone, Frank Beach, William C. Young, 
Daniel Lehrman, and their colleagues or students. 

However, when gonadal steroids were injected, the 
behavioral effects tended to require hours or even days 
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to be seen. This left open the important possibility that 
other chemicals, perhaps indirectly affected by steroids, 
could influence behavior. One of these was a small dec- 
apeptide, luteinizing-hormone releasing hormone (LHRH). 
The first hypothalamic releasing hormones had been 
identified independently in 1969 by Roger Guillemin 
and Andrew Schally (earning for both a share of the 
1977 Nobel Prize, with Yalow). LHRH was synthesized 
in the hypothalamus, regulated gonadal functions of the 
anterior pituitary, and thus coordinated various reproduc¬ 
tive processes including gamete production and behavior 
in both sexes. In 1971, two investigators (Robert Moss 
and Donald Pfaff) independently demonstrated that 
LHRH was capable of facilitating mating in female rats. 
These findings marked the beginning of contemporary 
approaches to ‘neuroendocrinology.’ 

Classical approaches to mapping neuroendocrine sys¬ 
tems include ablation of brain areas and removing tissues in 
which a particular compound is synthesized or where 
receptors are concentrated. For example, aspiration of 
large segments of the cortex did not prevent the expression 
of maternal behavior or female sexual responses, but did 
interfere with male sexual behavior. In contemporary 
behavioral endocrinology, chemicals are typically manipu¬ 
lated by biochemical or molecular methods, either enhanc¬ 
ing or preventing the effects of a particular compound. In 
addition, new methods for mapping hormone receptors 
have proliferated since the 1960s. Taken together, these 
strategies have allowed of the analysis of underlying neural 
substrates and circuits for various complex behaviors 
including those necessary for species-typical reproductive 
behaviors. 

Sexual Differentiation of Behavior 

Differences between males and females, as well as the 
processes associated with sexual differentiation, have 
been a long-standing theme in this field. In 1916, Frank 
Lillie described in genetic females the development of 
male-like anatomical changes, known as ‘free-martinism,’ 
in females that had cohabitated in utero with a male 
sibling. This observation implicated testicular hormones 
in phallic development and led in time to a detailed 
analysis of the biology of sexual differentiation. Cross- 
sexual testicular transplants or gonadectomies by Stei- 
nach and others supported the hypothesis that gonadal 
secretions could affect anatomy and sexual behavior in 
later life. Experiments involving injections of testosterone 
in early life in guinea pigs, published in 1959 by Charles 
Phoenix, Robert Goy, Arnold Gerall, and William Young, 
were particularly influential in identifying organizational, 
developmental effects of hormones - in contrast to activa- 
tional, short-term effects more commonly seen in adult¬ 
hood. (It is now known that the same molecules can have 
both organizational and activational consequences.) 


The very notion of sex differences in the nervous system 
remained a source of controversy for much of the twentieth 
century, although clear evidence for sex differences in the 
structure of the brain and spinal cord was available in 
the 1960s and 1970s. Research on sex differences focused 
initially on steroid-regulated processes, but recent evidence 
suggests that at least some sex differences in brain and behav¬ 
ior may be steroid-independent. Steroid-independent 
sexual differentiation is more apparent in nonmammalian 
vertebrates. For example, temperature-dependent sexual 
differentiation is well documented in reptiles. 

Parental and Pairing Behavior 

One of the clearest activational effects attributed to hor¬ 
mones is female parental behavior. In mammals, because 
of its association with birth, maternal behavior was logically 
linked to the endocrine changes of pregnancy and parturi¬ 
tion. Howard Moltz, Jay Rosenblatt, and many others con¬ 
ducted studies mimicking the endocrine changes preceding 
birth. These studies implicated estrogen and progesterone 
(withdrawal), as well as the anterior pituitary hormone 
prolactin, in maternal behavior. However, even after treat¬ 
ment with these hormones, most reproductively naive 
animals still required days prior to the onset of positive 
reactions to infants. 

Oxytocin as a candidate for the rapid induction of 
maternal responsiveness was initially rejected; elimination 
of oxytocin as a factor in maternal behavior was based on 
the finding that females with the pituitary gland removed 
(thought to be the primary source of oxytocin) remained 
capable of expressing maternal behavior. However, in 
the 1970s, it was shown that when the blood supply from 
maternal animals was transfused into reproductively naive 
females there was an almost instant onset of maternal 
reactions in the naive animals. Clearly, something was 
missing in the understanding of the biochemical ‘cocktail’ 
for maternal behavior. Finally, in 1979, Cort Pedersen and 
Arthur Prange injected oxytocin directly into the nervous 
system and saw a quick onset of maternal behavior in 
estrogen-primed, naive females; they were also able to 
block maternal responses with an oxytocin antagonist, 
providing compelling evidence for a direct role for oxy¬ 
tocin in this behavior. 

In studies of maternal behavior in sheep conducted in 
the early 1980s, Barry Keverne and his colleagues also 
proved that oxytocin was involved in the formation of the 
mother-infant bond. Oxytocin was later shown to be 
released within the nervous system, confirming the fact 
that oxytocin could affect behavior even in the absence of 
its release from the pituitary gland. Oxytocin has since 
been implicated in the downregulation of anxiety and 
fear, while vasopressin and the functionally related pep¬ 
tide, corticotropin releasing hormone (CRH), typically 
have opposing effects on these processes. Generalized 
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emotional effects of neuropeptides, mediated in part by 
effects on sensory systems and central and autonomic 
effects, probably allow mammalian females to respond 
appropriately to their newborn from the moment of 
birth. Several other social and reproductive functions 
have been attributed to neuropeptides. For example, stud¬ 
ies of socially monogamous species, such as prairie voles, 
have revealed that both oxytocin and vasopressin are 
involved in pair bond formation, possibly in both sexes. 
However, oxytocin, which is estrogen-dependent, may 
play a particularly important role in female behavior, 
although it is also involved in male sociality. Vasopressin, 
which is androgen-dependent, appears to facilitate the 
more active behaviors, including mate defense and terri¬ 
torial behaviors, which may be especially critical in males. 

In 1978, Carol Diakow showed that vasotocin, an evo¬ 
lutionary precursor to oxytocin and vasopressin, played a 
role in amphibian mating behavior. Vasotocin had previ¬ 
ously been shown to be important in egg-laying. The gene 
for neuropeptides related to oxytocin predates the split 
between invertebrates and vertebrates and it is likely that 
these ancient molecules have been co-opted for various 
‘modern’ functions during the course of evolution. 

The Molecular Era 

Methodologies arising from molecular biology are now 
revolutionizing our understanding of the role of specific 
hormones and their receptors in behavior. For example, 
research in ‘knock-out’ mice made mutant for the gene for 
oxytocin, the oxytocin receptor, or the vasopressin (Via) 
receptor suggests that both oxytocin and vasopressin are 
important for selective, social recognition learning. How¬ 
ever, it is interesting that mice with these genetic deficits 
are not asocial, can still give birth, and remain capable of 
maternal behavior. Taken together, and in the context of 
studies of pair bond formation, these findings suggest that 
in mammals, both oxytocin and vasopressin are necessary 
for the development of selective social interactions. These 
molecules, along with many others, work as components 
of a highly integrated and often sexually dimorphic neural 
circuitry for social behavior. Molecular methods have also 
been used to demonstrate that differences in the expression 
of the genes for neuropeptide receptor are correlated with 
species- and individual-differences in patterns of sociality. 
By over-expressing certain genes, it is possible to create 
animals capable of showing behavioral patterns that are not 
usually seen in their species. For example, increasing avail¬ 
ability of the Via receptor in specific brain regions pro¬ 
duces males capable of forming pair bonds, even in species, 
such as montane voles, for which this is atypical. 

Studies of mice that lack the gene for specific steroid 
receptors are also providing a new understanding of the 
behavioral effects of compounds such as estrogen, proges¬ 
terone, and androgen. This research is complicated by 


interactions among different hormones and the presence 
of various subtypes of steroid receptors. However, such 
work has important translational implications because 
of the many medical manipulations of hormones, includ¬ 
ing widely used hormone replacement therapies and 
contraceptives. 

Recent Years: Integration and Discovery 

The last few decades have seen increased integration 
between research on neural and hormonal mechanisms 
of animal behavior, as well as increased scientific integra¬ 
tion with other subfields, for example, molecular biology, 
as just illustrated in the previous section. Researchers now 
discover social influences on the expression of genes, or use 
the expression of immediate early genes to identify 
regions of neural activity as a substitute for the brain 
imaging that is not yet possible in freely moving animals. 
Although neuroethology and behavioral neuroendocri¬ 
nology have always included an evolutionary perspective, 
the connection to evolutionary biology continues to produce 
new insights, for example, into the roles of co-evolution 
and sexual selection in shaping some neural and hormonal 
mechanisms. New approaches such as computational or 
network modeling of brain activity related to animal 
behavior are occurring through links to fields such as 
computer science that were not previously connected to 
animal behavior. 

The types of behavior that have been studied physio¬ 
logically show both change and continuity. There has been 
increased interest in animal cognition, social learning, and 
social relationships. At the same time, new discoveries of 
sensory and motor mechanisms and systems have continued 
to be made, for example, magnetic field detection by 
sea turtles and birds (leading to a search for the elusive 
receptors), the accessory olfactory system and its role in 
social behavior, and the remarkable neural system in the 
telencephalon of songbirds that is responsible for the 
perception, learning, and production of song. These last 
two are hormone regulated and provide excellent exam¬ 
ples of the historical trend toward viewing neural and 
hormonal systems as interconnected. 

See also: Acoustic Communication in Insects: Neu¬ 
roethology; Aggression and Territoriality; Aquatic Inverte¬ 
brate Endocrine Disruption; Bat Neuroethology; Behavioral 
Endocrinology of Migration; Circadian and Circannual 
Rhythms and Hormones; Communication and Hormones; 
Conservation Behavior and Endocrinology; Crabs and 
Their Visual World; Experimental Approaches to Hormones 
and Behavior: Invertebrates; Female Sexual Behavior: 
Hormonal Basis in Non-Mammalian Vertebrates; Field 
Techniques in Hormones and Behavior; Food Intake: 
Behavioral Endocrinology; Hibernation, Daily Torpor and 
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Introduction 

As articulated by Tinbergen in his ‘four questions,’ a 
complete understanding of behavior requires an under¬ 
standing of it at multiple levels of analysis. Neuroethology 
represents the effort to understand the neurobiology of 
behavior, what Tinbergen called the causation of behavior. 
Neuroethologists typically work on a variety of animals, 
using the natural talents of particular organisms to inves¬ 
tigate the basic principles of neurobiology. For example, to 
understand how the auditory system decodes the location 
of a sound source, neuroethologists turn to animals that are 
well adapted to locate sound, such as the barn owl, which 
relies on acoustic cues to find prey when hunting at night. 
Using this approach, neuroethology has been very success¬ 
ful in uncovering basic principles of neurobiology. But 
why should the behavioral ecologist be interested in the 
findings of the neuroethologist? Understanding the neural 
mechanisms of behavior not only gives us a more complete 
understanding of behavior, but can also inform our per¬ 
spective on behavioral evolution by determining the sen¬ 
sory, cognitive, or motor constraints on the evolution of 
behavior. 

Because neuroethologists are interested in the mechan¬ 
isms of natural behavior (as opposed to clinically relevant 
behavior), they address questions that are relevant to the 
natural history of the organism under study. For example, 
when neuroethologists ask 'how do animals perceive the world?' 
they use behaviorally relevant stimuli to, for example, 
determine how the toad’s visual system discriminates 
prey from predator. When neuroethologists ask 'how is 
motor output generated ?’ they investigate behaviors that are 
intimately tied to natural history, such as flight in locusts. 
Finally, neuroethologists are interested in the plasticity of 
these mechanisms across different time scales, as plasticity 
is a major source of individual variation. In temperate 
breeding songbirds, for example, the neural circuit con¬ 
trolling song may vary dramatically across the year, which 
helps explain why males are more vociferous in the spring. 
Even more broadly, experiences of all kinds are encoded 
by the nervous systems to shape future behavior, as has 
been elegantly demonstrated in the sea slug, Aplysia cali- 
fornica. In some cases, neuroethologists put these questions 
into an evolutionary perspective in order to better under¬ 
stand the evolution of behavior and its mechanisms. Doing 
so allows neuroethologists to address the question, why do 
individuals or species differ in their behavior? For example, 
why are prairie voles monogamous when montane 


voles are not? These are just some examples of the classic 
models in neuroethology. In many of these cases, neu¬ 
roethologists used electrophysiological recordings, elec¬ 
trical stimulation, and lesions to determine the causal 
relationship between neural activity and behavior. These 
techniques are still invaluable to neuroethological studies, 
but they have been augmented in recent years by advances 
in molecular biology and computational biology. 

Advances in Molecular Biology 

Technical advances in molecular biology have influenced 
all aspects of biological research, and neuroethology is no 
exception. The molecular neuroethologist is typically 
interested in the genes that are expressed in the nervous 
system either during development or in adulthood. 
Understanding genetic differences among individuals or 
species is an important way of addressing the question, 
why do individuals or species differ in their behavior? In addi¬ 
tion, measuring changes in gene expression that are asso¬ 
ciated with behavior is an important approach to 
understanding all aspects of the neurobiology of behavior. 
Both approaches depend, at some point, on knowledge of 
the relevant gene sequences. For neuroethologists, this 
can be a challenge. However, recent advances in sequenc¬ 
ing technology have made these types of data more acces¬ 
sible than before. 

High-Throughput Sequencing 

In spite of the explosion of genome sequencing (www. 
genome.gov), scientists have successfully sequenced the 
genome of only a fraction of the species under study 
Government agencies and institutes typically choose spe¬ 
cies because they have small genomes and because many 
scientists have chosen to work on them to answer a particu¬ 
lar class of questions. These selection criteria systematically 
exclude many of the species of interest to neuroethologists, 
as neuroethologists select their study organisms for very 
different, often idiosyncratic, reasons (see Introduction). 
Recent advances in sequencing technology, however, have 
made large-scale sequencing efforts much more affordable. 
Thus, it is now feasible for a single laboratory to sequence a 
genomic or cDNA library of their study organism. 

Genomic libraries and cDNA libraries provide differ¬ 
ent types of information. A cDNA library is a collection 
of cloned DNA sequences that are complementary to the 
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mRNA that was extracted from an organism or tissue (the 
‘c’ in cDNA stands for ‘complementary’). Thus, the cDNA 
library represents a so-called transcriptome - that is, a 
collection of transcribed, or expressed, genes. As such, 
transcriptomes are tissue and state specific; for example, 
the transcriptome of a singing bird’s brain would be dif¬ 
ferent from the transcriptome of a quiet bird. A database 
of known cDNA sequences is an invaluable tool in studies 
that manipulate or measure gene expression. In contrast, 
a genomic library is a collection of cloned pieces of an 
organism’s genome. As such, a genomic library is organisms- 
specific and does not vary with the tissue or state of the 
animal. A genomic library provides information about 
gene sequences, including regulatory regions that determine 
when and where a gene is expressed. Genomic libraries 
are useful tools when a neuroethologist is interested in 
species differences in gene sequences. 

Comparative Gene Analysis 

Many neuroethologists are interested in the evolution of 
behavior, and a powerful way to address this goal is to 
compare behaviorally relevant genes among closely related 
species that differ in behavior, or among distantly 
related species that are convergent in behavior. Neu¬ 
roethologists can determine gene sequences from a geno¬ 
mic library, or by using PCR. In some cases, selection has 
acted on the coding region of genes, resulting in changes 
in the structure and function of proteins. For example, 
comparative analysis of coding sequences demonstrated 
that the independent evolution of electric communication 
signals in two lineages of fish has been accompanied by 
convergent evolution in the structure of the sodium chan¬ 
nels that are important in producing the electric signal. In 
other cases, selection has acted on the regulatory regions 
of genes, modifying their expression patterns. For exam¬ 
ple, differences in the regulatory region of the vasopressin 
receptor gene results in distinct distribution of the recep¬ 
tor in the monogamous prairie vole compared to the 
polygamous montane vole, although the receptor itself is 
identical. 

Gene Expression Analysis 

One important way we understand brain-behavior rela¬ 
tionships is to understand how variation in gene expres¬ 
sion relates to variation in behavior within individuals, 
among individuals, and among species. Although two 
individuals (or species) may have similar genes, variation 
in the expression of those genes can have profound 
impacts on the function of neurons and, therefore, on 
behavior. Relating gene expression patterns to behavior 
is facilitated by an understanding of the underlying gene 
sequences. 


A variety of tools are available for quantifying gene 
expression. Two of the most versatile and widely used are 
microarray analysis and quantitative reverse transcription 
PCR (RT-PCR), sometimes called real time RT-PCR. 
RT-PCR uses primers (short sequences of DNA) to 
amplify a target sequence from a cDNA pool that repre¬ 
sents the genes that were transcribed in the tissue sample. 
RT-PCR is very sensitive and can detect the presence of 
very low abundance gene transcripts because the target 
DNA sequence increases exponentially during the PCR 
reaction, meaning that it doubles with every cycle. Varia¬ 
tion in the number of transcripts in the sample will pro¬ 
duce variation in the time at which amplification is 
detectable; greater numbers of initial transcripts will 
result in earlier amplification. For example, a tenfold 
difference in transcript concentration will result in a 
difference of three cycles in the RT-PCR reaction. Thus, 
in quantitative RT-PCR, the main interest is the initial 
cycle number that results in detectable amplification. 
In order to detect that initial cycle (usually called the 
cycle threshold), dyes that increase in fluorescence pro¬ 
portionally with the amount of the target DNA are 
added to the reaction. To use quantitative RT-PCR to 
measure changes in gene expression, one needs to know 
the sequence of the gene of interest. In addition, because 
this is a ‘candidate gene’ approach, meaning that the 
researcher has a specific hypothesis about a change in 
expression of a particular gene, it is typically used to 
detect changes in expression for a small number of 
known genes. A complementary approach to measuring 
changes in gene expression is to use a microarray, which 
is particularly suited to gene discovery. 

In a microarray, or gene chip, tiny spots of DNA are 
attached to a solid surface, typically a glass slide, in an 
array. To detect differences in gene expression with a 
microarray, one hybridizes the array with cDNA synthe¬ 
sized from RNA extracted from experimental tissue sam¬ 
ples (e.g., individuals before and after displaying a 
particular behavior). Before hybridization, one labels the 
two contrasting samples with different fluorescent dyes 
and then mixes them in equal volumes. This mixture is 
then incubated with the array where the two samples 
compete for hybridization with the DNA spots deposited 
on the slide. For example, if sample A, labeled with a red 
dye, has more of a particular transcript than sample B, 
labeled with a green dye, then the result of the hybridiza¬ 
tion will be more red dye associated with that transcript 
on the array. In many cases, these DNA sequences have 
been previously characterized and they might have been 
selected from a larger set for a particular experiment. But 
neuroethologists working on unusual animals may not 
have this luxury. In such cases, the DNA sequences on 
the array do not have to be previously characterized. If 
strong differences in hybridization are found with an 
array, the experimenter can then return to the identified 
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DNA sequences to determine their identity and charac¬ 
terize them more thoroughly In either case, the combina¬ 
tion of high-throughput sequencing of a cDNA library 
and a microarray is a powerful way to discover new genes 
that are associated with particular behaviors. 

Manipulating Gene Expression 

Quantitative RT-PCR and microarrays are useful for 
associating changes in gene expression with changes in 
behavior. However, because the expression of behavior, 
itself, can cause changes in gene expression in the behav¬ 
ing animal, it is important to go beyond correlations when 
testing hypotheses about the causal relationship between 
genes and behavior. Traditionally, this was accomplished 
by ‘knocking out’ a gene in a laboratory mouse. In this 
approach, a particular gene is silenced in a clonal line of 
mice. This continues to be an important tool for neuros¬ 
cientists, but it does not lend itself to investigations of 
brain-behavior relationships in natural populations of 
animals. A number of novel approaches now allow neu¬ 
roethologists to manipulate the presence or absence of 
genes without the genetic tools of the traditional labora¬ 
tory mouse model. Two powerful ways to manipulate the 
expression of genes include the use of viral vectors to 
introduce novel genes and RNAi to silence the expression 
of native genes. A key advantage to both techniques is that 
they can be site-specific. That is, unlike whole-organism 
knock-outs, these approaches manipulate gene expression 
of specific brain regions while leaving others intact. This 
is a key innovation given the complexity of neural tissue 
because a particular gene product may regulate different 
behaviors depending on the neural circuit where it is 
expressed. 

If a neuroethologist finds that expression of a particu¬ 
lar gene is associated with a particular behavior, he or she 
may want to silence the gene to determine whether it is a 
causal factor in the behavior. A relatively simple way of 
silencing genes in vivo is to capitalize on a cell’s RNA 
regulatory machinery. The RNA interference (RNAi) 
pathway regulates the likelihood that an RNA molecule 
will be translated into protein. One way to activate the 
RNAi pathway is to inject double-stranded RNA cor¬ 
responding to the target gene into a particular brain region. 
The double-stranded RNA recruits the RNA regulatory 
machinery, resulting in the degradation of the target 
mRNAs, thus leading to gene silencing. Alternatively, 
a neuroethologist may want to introduce a novel gene, 
increase expression of a gene, or introduce a native gene 
into a novel location. One way of doing so is to use viral 
vectors that insert a gene of interest into the cells of a target 
brain region. Such viral vectors are engineered to carry the 
candidate gene and they capitalize on the ability of viruses 
to deliver their genetic material into foreign cells. This is a 
particularly useful tool when a neuroethologist wants to 


test a hypothesis related to behavioral variation between 
closely related species. In an elegant example of this 
approach, neuroethologists used a viral vector to introduce 
a prairie vole gene for the vasopressin receptor into the 
brains of montane voles to demonstrate that the receptor’s 
unique distribution in prairie voles is an important cause of 
species-differences in social behavior. 

Novel Approaches to Identifying 
Neural Circuits 

The central nervous system is one of the most complex of 
all organs and understanding its structure is a fundamen¬ 
tal endeavor in neurobiology. This is of particular interest 
to neuroethologists since nervous system structure can 
vary dramatically among species and such variation is 
an important cause of species differences in behavior. 

major goal of neuroanatomical studies is to determine 
how individual brain regions are interconnected. In addi¬ 
tion, studies that investigate the function of neural circuits 
during specific behaviors are an important complement to 
studies of nervous system structure, as brain regions or 
neural circuits can contribute differentially to different 
behaviors. 

Novel Neural Tracers 

Most of what we know about the neural connections 
among brain regions comes from studies that used lesions, 
which can identify connections by subsequent degenera¬ 
tion of axonal fibers, or the introduction of tracers. 
A tracer can be any substance that is taken up by one 
part of a neuron and transported to another part. Some 
substances are transported retrogradely (from axon to cell 
body), anterogradely (from dendrites or cell body to 
axon), or both. Tracers vary in their effectiveness depend¬ 
ing, in part, on how efficiently neurons take them up, and 
on the method used to visualize them. 

There are two major constraints to traditional neural 
tracers. First, typically only large, robust connections can 
be identified with discrete injections. Second, only a sin¬ 
gle set of connections can be identified in a single animal. 
The application of self-amplifying, transneuronal tracers, 
such as pseudorabies virus, can potentially solve both 
these problems. In tracing studies, an attenuated form of 
the virus is typically used. The pseudorabies virus is taken 
up by axonal terminals and transported to the cell body 
where it is replicated. The replication of the virus effec¬ 
tively amplifies the signal and, ideally, results in all neural 
connections being identified with similar probabilities. 
Once replicated by the cell, the virus is distributed 
throughout the dendrites where, importantly, it crosses 
synapses to subsequently infect connected cells. This 
process is repeated and, with enough time, should identify 
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the entire neural network connected, ultimately, to the 
brain region where the initial injection of virus was made. 
The pseudorabies virus can be made cell type-specific with 
genetic modifications that make its expression conditional 
on the type of neuron within which it is expressed. For 
example, neuroethologists used this approach to map the 
afferent network of neurons expressing GnRH, a releasing 
hormone that regulates reproductive physiology through 
its action on the pituitary. One constraint on the use of the 
pseudorabies virus in tracing studies is that it must be 
infectious in the animal being studied. 

Functional Activity Mapping 

An important complement to neural tracing studies, 
which reveal the structural connections among brain 
regions, are studies that investigate the activity of brain 
regions during the expression of a behavior or in response 
to behaviorally relevant stimuli. Most of what we know 
about nervous system function comes from studies that 
record electrical activity of neurons in anesthetized or 
restrained animals. A disadvantage of electrophysiology 
is that it requires the implantation of electrodes, which 
constrains the types of behaviors an animal can engage in 
during recording. In addition, researchers are typically 
able to study only one or a small number of brain regions 
at any given time. An alternative to electrophysiology is 
functional activity mapping, which uses markers that are 
correlated with neural activity to analyze the pattern of 
neural activity in multiple brain regions simultaneously. 
A range of markers are available, including endogenous 
metabolic markers, such as the mitochondrial enzyme 
cytochrome oxidase, exogenous metabolic markers, such 
as radioactively labeled glucose, and endogenous changes 
in the expression of genes or protein. 

Recently, there has been an explosion in studies that 
utilize changes in expression of genes or proteins that are 
correlated with neural activity. These studies capitalize on 
the so-called immediate-early gene response of neurons. 
The immediate-early gene response was first described 
when researchers discovered that, in response to external 
stimulation, cells launch a rapid increase in gene expression 
that is followed by a wave of protein expression. Further 
studies showed that expression of immediate-early genes is 
controlled by cellular signaling cascades that are, in turn, 
regulated by changes in membrane depolarization. Thus, 
when neuroethologists detect an increase in immediate- 
early gene expression (or their protein products), they infer 
that those cells or brain regions have been recently acti¬ 
vated. This approach has proved to be very fruitful, partic¬ 
ularly because one can measure changes in neural activity 
of many brain regions at the same time. In addition, this 
technique is sometimes more readily adaptable to a variety 
of organisms than is electrophysiology. However, a major 
constraint on the interpretation of these studies stems from 


the time course of changes in immediate-early gene 
expression. For example, changes in gene expression can 
typically be detected within minutes and peak levels of 
gene expression are detected 30 min to 1 h after stimulus 
onset. Thus, functional activity mapping is very useful for 
identifying functional attributes of individual brain regions, 
but is not typically suitable for identifying the underlying 
neural code. 

Advances in Electrophysiology 

Neurons communicate with electrical signals, so it should 
be no surprise that electrophysiology is one of the most 
important tools of neuroethologists. Electrophysiology is 
a versatile tool and is favored by many neuroethologists 
because of its temporal precision. Given the constraints of 
electrophysiogical recording, most in vivo studies use 
anesthesia or paralytic chemicals to restrain the animal 
during recording. In addition to the obvious disadvantage 
to neuroethologists of working on an animal that cannot 
move, the use of anesthesia or chemical restraint may 
pose a more fundamental problem, as neural activity 
sometimes varies according to the animal’s state. For 
example, parts of the songbird pallium show robust audi¬ 
tory responses to song when the bird is asleep, but no 
responses when the animal is awake. In addition, in most 
electrophysiology studies, neuroethologists record from 
one neuron at a time. Since many functions of the nervous 
system are likely carried out by ensembles of neurons, 
rather than individual neurons, this approach may fail 
to reveal the underlying coding mechanisms. Recent 
advances in electrophysiology now allow neuroethologists 
to record from awake, freely behaving animals. The head- 
mounted equipment is much smaller than before, allow¬ 
ing researchers to work on a wider variety of animals, 
and the use of commutators or telemetry systems also 
allows the animal to move about during recording. 
In addition, the use of multielectrode arrays has facilitated 
the analysis of networks of neurons. The ability to record 
from multielectrode arrays has been enabled by advances 
in electronic technology as well as in the computational 
methods required to analyze the larger and more complex 
data sets. Finally, electrophysiology studies have been 
advanced conceptually by the integration of information 
theory, a field of mathematics that, when applied to elec¬ 
trophysiology data, can quantify how much information is 
encoded by a neuron’s response. 

Advances in Computational Biology 

Computational biology represents the integration of com¬ 
puter science, mathematical modeling, and statistics to 
solve biological problems. As such, its reach is substantial 
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and highly diverse. Within the field of neuroethology, 
computational approaches have had an impact in molec¬ 
ular biology, particularly in large-scale sequence analysis 
and microarray analysis, and in electrophysiology, where 
computational approaches have facilitated analysis of 
multielectrode recordings. In addition to advancing these 
fields, computational biology has also generated new 
fields of special significance to neuroethologists, namely, 
computational neuroethology and artificial neural net¬ 
work modeling. 

Artificial neural networks are mathematical models that 
simulate biological neural networks, or nervous systems. 
They can be used to explore the relationship between 
nervous systems and behavior and to explore how nervous 
systems can constrain the evolution of behavior. Generally, 
neural network modeling is motivated by theory; neural 
network models are highly simplified and are meant to 
provide general models that can be used to test ideas. In 
a neural network, the essential element is a ‘node,’ concep¬ 
tually akin to a neuron. Nodes have states and are 
interconnected with other nodes. The pattern of connec¬ 
tions among nodes is referred to as the network architec¬ 
ture. Sometimes, the neural network can change as the 
result of experience. For example, input nodes may 
respond to a ‘stimulus’ and relay this information to output 
nodes that produce some response or ‘behavior.’ If the 
response does not match some standard, the model can 
specify changes to the nodes and/or their connections 
that may improve the output. 

Computational neuroethology is a related approach to 
modeling the neural basis of behavior. Like neural net¬ 
work modeling, computational neuroethologists create 
mathematical models of biological nervous systems to 
simulate animal behavior. Computational neuroethology 
emphasizes the interaction of the simulated animal with 
its environment. Thus, when a simulated animal produces 
a behavioral response to a stimulus, that behavior changes 
the nature of the animal’s stimulus environment, resulting 
in the so-called action-perception cycle. In computational 
neuroethology, the simulated animals may be computer 


simulations or robotic simulations, and they are generally 
inspired by specific species and the natural problems they 
face, such as an insect foraging for food. 

See also: Neurobiology, Endocrinology and Behavior; 
Neuroethology: What is it?; Robot Behavior; Socio¬ 
genomics. 
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Neuroethology and Central Pattern 
Generators 

The starting point of a neuroethological study is the 
choice of a behavior, be it a spontaneous movement or a 
response to a sensory stimulus. Rhythmic movements 
such as walking, flying, and swimming have been favorite 
subjects in this field, partly because these movements can 
be easily induced, described, and measured. The source 
and the control of rhythms have been the major topics. 
The term ‘central pattern generator (CPG)’ means that 
the source of the pattern is not peripheral but in the 
central nervous system. A CPG should continue to pro¬ 
duce its patterned output after the removal of all pace¬ 
making sensory inputs to it. The late D. M. Wilson was 
one of the early investigators who combined behavioral 
and neurophysiological methods to prove the existence 
of a CPG. He showed that the locust could maintain the 
normal pattern of sequential flapping of its wings after the 
removal of all the peripheral sensory nerves that could 
send timing information to the presumed CPG for flight 
in the thoracic ganglia. However, other researchers later 
reported that the locust could use certain sense organs on 
its head to detect the rhythmic movement of the air 
during flight. Thus, the identification of potential sources 
of sensory feedback for CPGs is not as simple as it sounds. 

Nevertheless, neural circuits that generate rhythmic 
movements are known in many systems and animals. 
One of the most extensively studied systems is the stoma- 
togastric ganglion of lobsters. This ganglion contains about 
30 neurons and generates many different patterns of dis¬ 
charges in the participating neurons according to the roles 
that different parts of the stomach play as food moves 
by rhythmic as well as sequential contractions of the 
muscles involved. The coordination of even this small 
number of neurons involves not only electrical signals 
but also a large number of chemical signals called ‘neuro¬ 
modulators.’ The use of CPGs for motor coordination is 
restricted to neither simple systems nor simple animals. 
A group of birds known as ‘suboscine songbirds’ develop 
normal songs of their species even when the birds cannot 
hear their own voices, that is, without auditory feedback. 
Domestic chickens use some 12 different vocalizations 
for social communication. All these calls develop in deaf 
chickens. All these avian groups must have CPGs for 
vocalizations, although no attempts have been made to 
look for them. 


The Role of Sensory Feedback in Motor 
Coordination 

Despite the early emphasis on central pattern generators, 
the role of sensory feedback in the control of movements 
has also been extensively studied. A simple example of 
sensory feedback is hearing one’s own voice in speaking. 
If a person hears his own voice returning with a certain 
delay, it is hard to speak normally. Obviously, hearing 
one’s own voice is essential for learning languages, 
because the speaker must decide whether he is pronouncing 
words properly or not. The importance of auditory feed¬ 
back for vocalization has also been shown in animals. A large 
group of birds called ‘oscine songbirds’ learn songs. Young 
birds listen to their own father or other male adults sing and 
remember the song until they can sing in adulthood. 
As young birds become gradually mature, they try to 
match their own voices with the memorized song. If these 
birds cannot hear their own voices, they fail to reproduce 
the memorized song. Thus, auditory feedback is essential 
for song learning. Auditory feedback is also necessary for 
the maintenance of adult song. If a songbird hears its own 
song with a delay, the bird starts making errors in both 
composing and sequencing of different parts of his song. 

The ability to control the voice by auditory feedback 
is a prerequisite for vocal learning. The CPG of vocal 
learners must be modifiable such that they can adjust the 
variables in the CPG in order to learn. However, the CPG 
loses its meaning if it is infinitely variable. Oscine song¬ 
birds solve this problem by using a different method of 
encoding song. They use a sensory ‘template’ to which 
auditory feedback must be matched. The template is not a 
part of the CPG for song but a separate reference to 
which song must be compared. A bird hears its own song 
and compares it with the template in the brain. If the song 
differs from the template, the bird changes it until it 
matches the template. The removal of auditory feedback 
deprives the bird of the means to compare its song and the 
template. The discovery of the brain pathways for the 
control of song opened the possibility to identify the site 
and mechanisms of this comparison. 

Nottebohm and his associates discovered that lesion of 
a specific area in the male canary’s brain caused dramatic 
changes in its song. Using anatomical tracing methods, 
they identified several discrete areas, which are now col¬ 
lectively called ‘the song system.’ The area is now called 
‘high vocal center’ (HVC) and contains three different 
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classes of neurons: the first group includes local inter¬ 
neurons; the second group includes neurons that project 
to RA, which is on the motor pathway to the hindbrain 
area that innervates the muscles for the control of voca¬ 
lizations; and the third group projects to an area called 
X in the so-called anterior forebrain pathway (AFP), 
which is thought to be involved in the feedback control 
of song, because lesions of this pathway affect song devel¬ 
opment in young birds but not in adult birds. 

Another interesting feature of the song system is the 
selective response of its neurons to the individual bird’s 
own song. The template matching mentioned earlier may 
take place in the AFP. RA receives inputs from both the 
AFP and the HVC. RA neurons in sleeping zebra finches 
fire series of impulses that closely resemble those which 
occur during singing. Furthermore, when young zebra 
finches hear a tutor song, the discharge pattern of their 
RA neurons changes during the following night of sleep. 
These tutor-song-induced discharge patterns do not 
occur if auditory feedback is disrupted. These findings 
are not only consistent with the template theory of song 
learning but also with the idea of consolidation of mem¬ 
ories during sleep in humans. 

The song system is unique to oscine songbirds, 
although the brains of other vocal learners, such as parrots 
and some hummingbirds, seem to contain areas that are 
homologous or analogous to those of oscine songbird. The 
song system is present in both genders in species in which 
both sexes sing. The song system’s nuclei such as HVC 
and RA are smaller in females than in males in species in 
which females are known to sing only occasionally. The 
song system is absent in females of species in which only 
the male sings as in the zebra finch. However, if one 
examines the brain of a young female zebra finch at 
20 days of age, one can easily identify RA, which is not 
much smaller than the RA in a male of the same age. 
The absence of RA in the adult female is due to pro¬ 
grammed cell death. We know today how the gender 
difference in RA emerges during the first 40 days of life 
in zebra finches. The neurons that are destined to become 
RA cells are born on the sixth day of incubation in both 
sexes. These cells are of equal size between the sexes 
at the time of hatching. The RA cells in the female 
gradually become smaller and die during the first month 
after hatching. This phenomenon is called ‘programmed 
cell death.’ It is, however, possible to stop the program by 
giving female chicks a small amount of estrogen, the 
female hormone! Estrogen and testosterone are similar 
to each other in their molecular structures and an enzyme 
named ‘aromatase’ can convert estrogen to testosterone. 
The avian brain can produce this enzyme. The female 
zebra finches treated with estrogen to save RA cells from 
death sing in adulthood, although their external appear¬ 
ance remains feminine. 


The Mechanisms of Signal Processing 

The processing of biologically important stimuli or sig¬ 
nals is also an important subject in neuroethology. The 
classic Lorenz-Tinbergen model contained an ‘Innate 
Releasing Mechanism,’ which included a central gate 
that could be opened only by a specific releaser. Daniel 
Lehrman challenged this interpretation of behavior by 
pointing out that peripheral sense organs themselves 
might be tuned to such stimuli. The sex attractant of the 
silkworm moth is a good example here, because it binds 
selectively to special molecular receptors in the antenna. 

There are many similar examples in other sensory sys¬ 
tems and animals. An auditory organ called the ‘Johnston’s 
organ’ occurs at the base of the insect antenna. As air 
molecules hit the antenna, it oscillates, causing the Johnston’s 
organ to respond with nerve impulses. Experiments show 
that the mechanical response of the Johnston’s organ of 
male mosquitoes is tuned to the frequency range of the 
flight noise of female mosquitoes of the same species. 
Insects such as noctuid moths that are preyed upon by 
bats have ears that are sensitive to the high frequency of 
the bat’s echolocation sounds. These ears are served by 
only two auditory nerve fibers, which transmit signals to the 
central nervous system. The late Kenneth D. Roeder, one 
of the forefathers of neuroethology, carried out beautiful 
nightly field experiments in which he broadcast high- 
frequency sounds resembling the bat’s echolocation signals 
as noctuid moths approached a loudspeaker at the tip of a 
long post. Moths showed two different evasive strategies, 
flying away when the sound source was far and diving down 
when the source was near. 

Of course, not all examples of signal detection can be 
accounted for by the specialization of sense organs. Also, 
the central mechanisms of signal detection are hard to 
find, because one cannot predict the methods of signal 
representation in the successive stages of processing. 
However, this goal was achieved in the sensory pathways 
for sound localization in barn owls and in the sensory 
pathways for jamming avoidance response in electric fish 
Eigenmannia. An owl hears the same sound at the same 
time in its two ears if the sound source is located directly 
in front. If the source is now moved to the right by so 
many degrees, then the owl’s right ear receives the sound 
earlier than the left ear. In reality, the owl does not use 
differences in the arrival times of the first sound wave but 
uses differences in the phase angle of the sounds between 
the two ears. Nevertheless, ‘time’ may be used in place of 
‘phase’ in nontechnical literatures. The owl uses this time 
difference, called ‘the interaural time difference’ (ITD), 
for source localization in the horizontal plane (i.e., right- 
left direction). The owl uses the interaural level difference 
(ILD) for the vertical direction. The use of the intensity 
cue for the vertical direction is due to an asymmetry in 
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the owl’s external ears. Although the left and the right ear 
canals in the skull are identical, the skin flaps that cover 
them are asymmetrical. The left skin flap is located higher 
on the face than the right skin flap. This arrangement 
makes the left ear more sensitive to sounds coming from 
below and the right ear more sensitive to sounds coming 
from above. The owl’s midbrain auditory area contains 
neurons that respond to noises coming from a particular 
direction in space. These neurons are arranged to form 
a map of auditory space. These ‘space-specific’ neurons 
respond only to particular combinations of ITD and ILD. 
These findings led to systematic surveys of the lower stages 
of signal processing leading to the map. The owl’s brain 
processes ITD and ILD in two separate pathways starting 
from the first brain auditory stations, the cochlear nuclei. 
Processing of both ITD and ILD also takes place in sepa¬ 
rate frequency bands until these bands converge in the 
external nucleus where the map of space is found. The 
map of auditory space projects to the map of visual space in 
the optic tectum in which neurons respond to both audi¬ 
tory and visual stimuli coming from the same direction. 

Combinations of behavioral and neural studies also 
greatly facilitated the work on the neural mechanisms of 
jamming avoidance response in electric fish Eigenmannia. 
This group of fish produces electrical signals to detect 
nearby objects including other fish. The waveform of 
these signals resembles sine waves. When two Eigenmannia 
fish detect each other, they change the frequency of 
their signals so as to avoid jamming each other. The late 
Walter Heiligenberg and his associates studied the jam¬ 
ming avoidance response (JAR) and its neural mechan¬ 
isms in great detail. In contrast to the owl work mentioned 
earlier, the investigators started from the lowest stage of 
signal processing, the electrosensory cells in the skin. 
Heiligenberg developed a system in which he could record 
single neurons from the brain of a fish that was actively 
performing jamming avoidance responses. The electrosen¬ 
sory system also consists of time and amplitude pathways. 
Each pathway includes several stages in which information 
necessary for JAR is detected and encoded. The highest 
station contains neurons that fire when the fish’s own 
frequency is higher than the other fish’s frequency and 
neurons that fire when the fish own frequency is lower. 
These and other neurons form a brain network that con¬ 
trols the discharge of the electric organs near the tail. 

Although owls and electric fish are very different, their 
algorithms of signal processing are similar; these include 
stepwise detection and encoding of signals in the ascend¬ 
ing sensory pathways, separation of stimulus variables 
such as time and amplitude, single neuron representations 
of complex stimuli at the top of the hierarchy, and their 
connections to the motor control center of the behavior 
involved. These similarities do not occur by chance but 
reflect certain principles that underlie signal processing 


by sensory systems. As more sensory systems are studied 
with reference to natural behaviors, general rules are 
likely to emerge. 

Representation of Complex Stimuli by 
Single Neurons 

The preceding section discussed how neurons selective 
for biologically important stimuli acquire their response 
properties through multiple stages of processing. How far 
can this process be extended? The presence of neurons 
selective for faces in the monkey and human brain has 
been known for years. Progress is also being made in 
explaining how such selectivity develops in successive 
stages of signal processing. However, there is still some 
skepticism about the presence of such neurons. One rea¬ 
son is the belief that single neurons cannot represent such 
complex stimuli. The second reason states that these 
neurons are responding to simpler aspects of faces, but 
this possibility has not been adequately excluded. Single 
face-selective neurons obviously do not carry out all 
stages of signal processing in face discrimination them¬ 
selves. Like the space-specific neurons of the owl, the 
face neurons represent the results of all processes leading 
to them. In the primate visual system, the successive stages 
of signal processing go from the primary visual cortex (VI) 
to the middle temporal area (V5) and to the inferotemporal 
cortex (IT), which is the first site with face neurons in this 
pathway. IT neurons convey their face selectivity to the 
medial temporal lobe, parahippocampal gyrus, perirhinal 
cortex, entorhinal cortex, hippocampus, and amygdala. 
This example of face-selective neurons shows that the 
neuroethological approach is not limited to lower organ¬ 
isms. The existence of single neurons selective for complex 
biologically significant stimuli indicates how central sen¬ 
sory systems are organized. There is no contradiction 
between the general assumption that multiple neurons 
are involved in sensory coding and the fact that there are 
single neurons that are selective for complex biologically 
significant stimuli. The face neuron represents the results 
of all computations leading to it. The owl’s space-specific 
neuron and the Eigenmannia s sign selective neuron are the 
products of successive stages of computations. 

Summary 

The primary goal of neuroethology is to study the neural 
mechanisms of natural behavior. Stereotyped movements 
in animals led to the concept of central pattern generators, 
which are now known and well studied in many species. 
Control of movements by sensory feedback has also been 
shown in many systems and animals. This control also 
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provides possibilities for learning of motor skills as in 
birdsong and speech development. Processing of sensory 
signals has also been an important subject in neuroethol¬ 
ogy. Contrary to the idea of early ethologists who thought 
of mechanisms within the central nervous system, periph¬ 
eral sensory cells and organs may be highly selective 
for biologically important stimuli. Neuroethological 
approaches have also revealed the nature of neural orga¬ 
nizations in which successive stages of signal processing 
are carried out in animal groups such as the barn owl and 
Eigenmannia. These studies also lend support to the idea 
that tapping a high-order neuron at a time allows one to 
deduce the computational organization of the system in 
which the neuron occurs. Although the present review 
does not cover this subject, the use of molecular genetical 
methods to study behaviors has greatly advanced in ani¬ 
mal groups such as nematodes, the fruit fly Drosophila , and 
zebra fish. Combination of this and neuroetholgical 
approaches is likely to yield a new level of understanding 
natural behavior. 

See also: Neuroethology: Methods. 
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Life and Scientific Career 

Nikolaas (Niko) Tinbergen, the third of five children of 
two Dutch schoolteachers, was born in The Hague on 
15 April 1907. Remarkably, two of the family’s four 
sons were eventually awarded Nobel Prizes. Niko’s elder 
brother Jan received the Nobel Prize in Economics in 1969; 
Niko received the Nobel Prize in Physiology or Medicine 
in 1973. When reporters asked Niko how it was that his 
family had produced two Nobel Prize winners, he attrib¬ 
uted this not to innate abilities but rather to the support¬ 
ive conditions in which he and his siblings were raised. 
The Tinbergen parents allowed their children to follow 
their own interests. For Niko, this meant outdoor activ¬ 
ities - sports, nature rambles, camping out, and eventually 
a career as a field biologist (Figure 1). 

Nature studies flourished in Holland in the early 
twentieth century. Tinbergen joined the Dutch Youth 
Association for Nature Study (the Nederlandse Jeugd- 
bond voor Natuurstudie or NJN) and took great pleasure 
in learning about the native flora and fauna, and in partic¬ 
ular, watching and photographing animals. However, 
while living nature inspired him, traditional academic 
botany and zoology, with their emphasis on taxonomy 
and anatomy, left him as cold. It was only after a 3-month 
stay in 1925 at the Rossitten bird station on the Baltic Sea, 
where he watched the autumn bird migration, that he 
decided to become a professional biologist. 

Tinbergen enrolled as a zoology student at Feiden 
University in January 1926. Although he found most 
of the zoological and botanical instruction there to be 
just as boring as he had feared, there were a few notable 
exceptions. Jan Verwey, a young field biologist, encour¬ 
aged Tinbergen to pursue field studies of behavior. Eater, 
Tinbergen’s Ph.D. advisor, Hildebrand Boschma, per¬ 
mitted him to do a field study for his thesis. Tinbergen’s 
topic was the orientation behavior of the bee wolf, 
Philanthus triangulum. The experiments he conducted for 
it were modeled in part on the work of Karl von Frisch. 
As events transpired, Tinbergen was allowed to submit a 
dissertation that was exceptionally short - only 31 pages 
in print - so that he could receive his degree and partici¬ 
pate in a Dutch expedition to Greenland. In the spring 
of 1932, he was awarded his doctorate, he got married 
(to Elisabeth Rutten), and the young couple set off for 
East Greenland. Tinbergen had constructed a scientific 
justification for the trip - a study of the territorial behav¬ 
ior of the snow bunting in spring - but his primary goal 


was to live in the Arctic among the Inuit and witness the 
stark, natural beauties of the area. 

After 15 months in Greenland, the Tinbergens 
returned in the fall of 1933 to Holland. Tinbergen took 
up again an assistantship in the Feiden Department of 
Zoology (a position to which he had been originally 
appointed in 1931). In this capacity, he developed a pro¬ 
gram of research and teaching involving field and labora¬ 
tory studies of animal behavior. He established in the 
spring of 1935 a special, 6 week, laboratory ‘practical’ for 
third-year undergraduates. In this course, he and his 
students researched the reproductive behavior of fish, 
most notably the three-spined stickleback. In summers, 
he took students to a field camp in the Dutch dunes to 
study the behavior of insects and birds. 

Tinbergen was thus already launched on his career 
when he met the Austrian zoologist Konrad Forenz at a 
small conference on instinct held in Feiden in November 
1936. Tinbergen at this time was just 29; Forenz was 33. 
The more senior animal psychologists attending the con¬ 
ference were interested in understanding instinct in terms 
of the animal’s subjective experience, whereas Tinbergen 
and Forenz were interested in creating a new, objectivistic, 
science of animal behavior that was biologically rather than 
psychologically oriented. The two men quickly bonded 
with each other. Tinbergen was greatly impressed by the 
way Forenz was uniting a vast array of disparate informa¬ 
tion in a single, coherent, theoretical system. Forenz, for 
his part, was particularly impressed by Tinbergen’s talents 
as an experimenter. Tinbergen was able to report on the 
stickleback experiments that he and his student, Joost 
ter Pelkwijk, had recently conducted. Using ‘dummies’ to 
elicit the fish’s instinctive reactions, they had investigated 
the different sign stimuli to which three-spined stickle¬ 
backs respond in fighting, courting, spawning, and the 
like. Forenz, whose new theoretical system featured relea¬ 
sers, innate releasing mechanisms, and innate motor pat¬ 
terns, regarded Tinbergen’s experimental results as just 
what his new science needed. 

The friendship that sprang up between Tinbergen and 
Forenz in November 1936 was consolidated the following 
spring when Tinbergen, with the benefit of a research 
leave from his department, traveled to Austria to work for 
3 1/2 months with Forenz at Forenz’s home in Altenberg. 
There the two naturalists conducted their classic study of 
the egg-rolling behavior of the gray lag goose. There too 
they experimented on how young birds react to simu¬ 
lated predators. Tinbergen also continued a series of 
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Figure 1 Niko Tinbergen. Photo by Lary Shaffer. Courtesy of 
Lary Shaffer. 


experiments he had begun in Leiden with his student, 
D. J. Kuenen, on the gaping response in young blackbirds 
and thrushes. 

Years later, Tinbergen and Lorenz would look back 
wistfully to their months of being together at Altenberg in 
the spring of 1937. The Second World War put them 
on opposite sides politically. After Germany invaded 
Holland in May 1940, they continued to exchange letters 
on scientific matters, but this ceased in 1942, when 
Tinbergen was incarcerated in a prisoner of war camp 
after resisting the occupiers’ attempt to Nazify Leiden 
University. Lorenz took part in an effort to have 
Tinbergen released, but Tinbergen would have no part 
of it. He remained a prisoner for 2 years. After the war, his 
experiences during the occupation made him unwilling 
to resume relations with German scientists right away. 
With regard to Lorenz, Tinbergen’s thoughts were espe¬ 
cially ambivalent. He was aware that the man whom he 
had regarded both as a friend and as the pioneer of animal 
behavior studies had been somewhat ‘Nazi-infected.’ He 
was saddened, nonetheless, when the news arrived that 
Lorenz was missing in action and presumed dead. 

It turned out that Lorenz was not dead after all but had 
been captured by the Russians. However, Lorenz had no 
prospects of being released soon. Tinbergen concluded 
that he had to take charge of the postwar reconstruction of 


ethology himself One of his key efforts in this regard was 
the founding of the journal Behaviour, ; the first issue of 
which appeared in 1947. He also lectured abroad: in 
Switzerland, Britain, and the United States. The special 
series of lectures he gave early in 1947 in New York 
became the basis of his book, The Study of Instinct, which, 
when it finally appeared in 1951, was ethology’s first 
general text. 1947 was also the year Tinbergen was pro¬ 
moted to a chair of experimental biology that been cre¬ 
ated especially for him at the University of Leiden. Two 
years later, when he gave up his post to take up a lecturer’s 
position at Oxford, many of his Dutch colleagues were 
angry with him. The explanation he offered them was that 
he felt the need to serve as a missionary for ethology in 
the English-speaking world. 

Tinbergen moved to Oxford in the fall of 1949. There 
he made his new home with his wife and five children. He 
would remain at Oxford for the rest of his life, establishing 
a strong program of behavior studies that attracted many 
talented PhD and postdoctoral students. He and Lorenz 
would continue to be the leading figures of the discipline 
through the 1950s and 1960s, playing conspicuous roles at 
the international congresses that helped shape ethology’s 
identity. Tinbergen was also a successful popularizer of 
ethology, most notably with his books, The Herring Gull's 
World (1953), Curious Naturalists (1958), and the Time-Life 
volume, Animal Behavior (1965), and with films. 

Tinbergen was promoted to a professorship at Oxford 
in 1966. In addition to the honors he received for his 
scientific research (which included his election as a Fel¬ 
low of the Royal Society and his receipt of the Nobel 
Prize), he was recognized for his achievements as a film¬ 
maker, receiving with Hugh Falkus in 1969 the Italia Prize 
for their film, Signals for Survival. In the 1970s, he joined 
his wife in a study of child autism. Tinbergen died in 
Oxford on 21 December 1988. 

Practices and Concepts 

First at Leiden and then again at Oxford, Tinbergen 
established a program of researches that featured investi¬ 
gations in both the field and the laboratory. The patient 
watching of sea gull colonies and field and lab experi¬ 
ments on selected species of insects, fish, and birds 
characterized his work. In early experiments on the repro¬ 
ductive behavior of sticklebacks and on the gaping behav¬ 
ior of young blackbirds, he used ‘dummies’ to test the 
stimuli eliciting the animals’ instinctive reactions. His 
results seemed to correlate nicely with Lorenz’s new 
theorizing about the interrelations of external stimuli, 
innate releasing mechanisms, and instinctive behavior 
patterns, and Tinbergen proceeded to employ these con¬ 
cepts in his new work, including the studies he conducted 
with Lorenz in Austria in the spring of 1937. 
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In their collaborative experiment on the egg-rolling 
behavior of the graylag goose, Tinbergen and Lorenz 
distinguished between two components in the motor 
sequence by which the goose returns an egg to her nest: 
an instinctive behavior pattern on the one hand and an 
orienting response or ‘taxis’ on the other. In the experi¬ 
ments they conducted on the response of young, hand- 
reared fowl to simulated predators, their primary interest 
was the correspondence between external stimuli and 
innate releasing mechanisms. 

Although the latter experiments were never written up 
in detail, they can serve as a good illustration of the kind 
of experiments Tinbergen used in his studies of behav¬ 
ioral causation. In this case, he and Lorenz tested the 
reactions of various species hand-reared fowl to simulated 
flying predators (cardboard dummies of different shapes, 
pulled along a rope above the turkeys). The naturalists 
found that for young turkeys (though not the other barn¬ 
yard fowl), the shape of the dummies made a difference. 
Dummies with ‘short necks’ elicited the young turkeys’ 
alarm calls much more readily than did dummies with 
‘long necks.’ The most striking results involved a single, 
relatively crude dummy constructed with the ‘wings’ 
located off center so as to make one end of the body 
relatively short and the other end relatively long. Which 
end appeared to be the neck and which end appeared to 
be the tail depended simply on the direction in which the 
dummy was moving. The young turkeys displayed more 
alarm when the dummy crossed above them with its short 
end first than with its long end first (Figure 2). The 
appeal of the case was that it appeared to show how well 
innate releasing mechanisms were tuned to the stimulus 
situations that triggered them. Though experiments 
20 years later would suggest that the young turkeys’ behav¬ 
ior was best explained in terms of habituation, Tinbergen 
and Lorenz interpreted the young turkeys’ reaction to the 
short-end-forward shape as an innate response’, forged by 
natural selection, to an environmental cue signaling ‘pred¬ 
ator.’ The short-necked version, they explained, corre¬ 
sponded to the shape of a hawk, while the long-necked 
version corresponded to the shape of a goose. 

Tinbergen had already found in experiments with 
male sticklebacks that the optimal stimulus eliciting 
their fighting response was not just any red fish model 
but instead a model that was red underneath. Young 
thrushes likewise directed their gaping responses toward 
certain models more than others, depending on how the 
models’ ‘heads’ were presented in relation to the rest of 
the body. Tinbergen concluded that the behavior of the 
young turkeys was similar in that they were not respond¬ 
ing to the shape of the ‘hawk-goose’ model per se, but 
they were responding to the particular configurational 
stimulus produced when the model moved slowly above 
them short end first (like a hawk). In the decades that 
followed, later investigators found it difficult to replicate 



Figure 2 Tinbergen’s illustration of a ‘card-board dummy 
that releases escape reactions when sailed to the right (‘hawk’) 
but is ineffective when sailed to the left (‘goose’).’ 

Reproduced from Tinbergen N (1948) Social releasers and the 
experimental method required for their study. The Wilson Bulletin 
60: 6-51,34. 


these early experiments on innate releasing mechanisms. 
Be that as it may, these experiments played an important 
role, early on, in establishing ethology’s credentials as a 
new science. 

Although he endorsed Lorenz’s basic system of releasing 
stimuli, innate releasing mechanisms, and innate motor 
patterns, Tinbergen’s developing thoughts on behavioral 
causation were not an exact mirror of Lorenz’s. In Lorenz’s 
model of instinctive action, instincts were treated as 
basically independent of each other, at least in the sense 
that each was fed by its own ‘action-specific energy.’ 
Tinbergen, to the contrary, came by the early 1940s 
to think of instincts as being hierarchically related. 
Tinbergen’ doctoral student Gerard Baerends in this 
period interpreted the behavior of a digger wasp of the 
genus Ammophila in terms of hierarchically arranged inter¬ 
nal states or ‘moods.’ Hierarchical thinking about instincts 
also appeared in the thinking of the Dutch animal psychol¬ 
ogist, Adriaan Kortlandt. Tinbergen proceeded to describe 
the instincts of sticklebacks in much the same terms that 
Baerends used. Stickleback males, by Tinbergen’s account, 
are brought into the reproductive ‘mood’ through internal, 
hormonal changes and perceiving an appropriate territory. 
Once they have reached this general state, they are capable 
of a number of different activities, notably fighting other 
males, building a nest, and courting females. Whether a 
male comes into a fighting, building, or courting ‘submood’ 
depends on which stimuli it receives. If the appearance of 
an opponent brings it into a fighting submood, how the 
opponent then acts will determine how the male reacts: by 
fighting, chasing, threatening, biting, etc. (Figure 3). 
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Figure 3 Tinbergen’s representation of the hierarchical arrangement of drives. Reproduced from Tinbergen N (1942) An 
objectivistic study of the innate behaviour of animals. Bibliotheca Biotheoretica 1: 39-98, 57. 


Tinbergen’s work on behavioral causation also involved 
the identification and explanation of what Tinbergen 
called ‘substitute activities’ (later ‘displacement activities’). 
These are stereotypic movements that appear as ‘irrelevant’ 
acts, such as birds stopping to feed or preen or collect nest 
materials while in the midst of fighting or courting. He 
interpreted these activities as outlets for a strongly acti¬ 
vated drive (or two conflicting drives, such as fighting and 
fleeing) when it is prevented from being normally dis¬ 
charged. He also noted that displacement activities can 
serve as signals, becoming increasingly distinctive and 
‘ritualized’ in this capacity over the course of evolution. 

When Tinbergen moved to Oxford in 1949, he recog¬ 
nized the need to widen the scope of his researches 
beyond studies of causation. Lorenz had stressed the 
value of doing comparative studies and had illustrated 
this with a long, comparative study of the reproductive 
behavior of ducks. Tinbergen decided to do some com¬ 
parative work of his own. Having already developed a 
detailed knowledge of the behavior patterns of the 
three-spined stickleback and the herring gull, he decided 
to set his new graduate students to work studying addi¬ 
tional species of sticklebacks and gulls. However, he did 
not want simply to use new species to replicate Lorenz’s 
work. Instead, he wanted to understand how behavior had 
evolved in particular ecological settings. 

The comparative gull studies paid off handsomely for 
Tinbergen’s research team, with the black-headed gull 


and the kittiwake proving especially instructive. Work¬ 
ing on the kittiwake, Esther Cullen, one of Tinbergen’s 
students, identified a whole range of species-specific 
behaviors that were corollaries of the bird’s habit of 
breeding on the narrow ledges of steep cliffs. These beha¬ 
viors included particular releasers, specialized fighting 
movements, distinctive nest-building behavior, and the 
nonremoval of eggshells from the nest site. 

Tinbergen was greatly impressed by Cullen’s findings. 
He was pleased to note how the kittiwake’s adaptive 
characters fit together in a coherent system. From this, 
he drew two conclusions. One was that a species would 
often be subject to conflicting selection pressures, from 
which ‘compromises’ of various sorts would result. The 
other was that characters that looked by themselves like 
the product of random change could prove upon close 
examination to be the indirect results of selection on the 
whole adaptive system. To Tinbergen, this constituted a 
validation of field biology. Field biologists were in a better 
position than museum taxonomists — or observers of ani¬ 
mals in captivity - when it came to observing the effects 
of selection. 

Tinbergen indeed felt that this new research estab¬ 
lished something that Lorenz had not anticipated. Lorenz 
had insisted that releasers are especially valuable for 
taxonomic purposes because they are not closely linked 
to a species’ ecology and thus not subject to convergence. 
He represented them as arbitrary, historical conventions 
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developed over the course of evolution. Tinbergen con¬ 
cluded to the contrary that the kittiwake’s special displays 
were not arbitrary conventions but were instead inti¬ 
mately linked to the species’ cliff-dwelling habit. More 
generally, he went on to argue that one could expect to 
find convergence in the threat displays of very different 
species, because there are only a limited number of pos¬ 
tures a bird can adopt in signaling its likelihood of attack¬ 
ing or withdrawing. 

In 1957, at the International Ethological Congress in 
Freiburg, Tinbergen reported that he was feeling with 
respect to his work like a butterfly emerging from a chrys¬ 
alis. Although he was not very explicit what he meant by 
this, the context of his remark seems clear. The previous 
several years had been a complex time for ethology. 
A number of its original concepts had come under fire. 
Within ethology, a new generation of students had identi¬ 
fied problems with Lorenz’s psycho-hydraulic model and 
Tinbergen’s hierarchical model of instinctive action. From 
the American comparative psychologist Daniel Lehrman 
came in 1953 a scathing critique of Lorenzian ethology, 
claiming, among other things, that Lorenz’s notion of 
‘innate’ behavior was hindering the study of behavioral 
development. Tinbergen saw the value of establishing a 
dialog with Lehrman, and he indeed came to agree with 
some of what Lehrman was saying. But after this period of 
engaging with critics and trying to decide which of ethol¬ 
ogy’s original concepts were still viable and which were 
not, Tinbergen wanted to get on with new work. His 
comparative gull studies were leading him to new studies 
of behavioral function, that is, how behavior patterns con¬ 
tribute to an animal’s survival. In the late 1950s and early 
1960, as he engaged in experimental field studies of behav¬ 
ioral function, he concluded that this type of work 
appealed to him more than any other. This was the basis 
for his sense of metamorphosis. 

Studying the function of eggshell removal in the black¬ 
headed gull revealed to Tinbergen and his students how 
complex and how beautifully adapted the bird’s behavior 
was. What was safest for the parents was not necessarily 
what was safest for the brood. Likewise, what helped 
protect against one kind of predator, such as carrion 
crows, did not necessarily work against other kinds of 
predators, such as foxes. The timing of removing eggshells 
from the nest area was itself a kind of compromise: while 
predation by herring gulls and crows constituted a selec¬ 
tion pressure favoring the rapid removal of eggshells, 
leaving newly hatched chicks briefly unprotected exposed 
them to being eaten by neighboring black-headed gulls. 
Through his experimental field studies of selection pres¬ 
sures and adaptations, Tinbergen helped stimulate the 
development of modern behavioral ecology (Figure 4). 

Fittingly enough, when Tinbergen in the early 1960s 
took an opportunity to comment on how his research 
program had developed at Oxford, he described the 



Figure 4 Tinbergen in the field (in 1972 on Skomer Island, off 
the coast of Wales). Photo by Lary Shaffer. Courtesy of Lary 
Shaffer. 


choices he had made in setting up his program in much 
the same terms that he used when describing adaptive 
radiation in gulls. His choices in building his program, 
he said, were influenced not only by general considera¬ 
tions about where ethology should be heading, but also by 
local conditions. He had been keen to connect with 
Oxford’s strong traditions in ecology and evolutionary 
biology. At the same time, he knew that he had to be 
economical with the limited budget at his disposal. By 
his account, the character of the Oxford program ulti¬ 
mately reflected a compromise between breadth of 
approach and close attention to specific subjects. 

The Four Questions of Ethology 

Tinbergen is remembered for having defined and pro¬ 
moted ethology as ‘the biological study of behavior.’ His 
classic statement of what he meant by this appeared in his 
1963 paper, ‘On aims and methods of ethology.’ There he 
offered his famous formulation of the ‘four questions of 
ethology.’ To understand behavior biologically, he said, 
one needs to ask of it: (1) What is its physiological causa¬ 
tion? (2) What is its function or survival value? (3) How 
has it evolved over time? (4) How has it developed in 
the individual? This, he went on to suggest, not only 
provided the best way to characterize the nature of ethol¬ 
ogy, but also held the key to ethology’s future. For 
ethology to continue to flourish, he said, it is needed to 
address all the four of these questions in a balanced and 
coordinated fashion. 

Tinbergen’s definition of ethology as of 1963 was a 
definition that had taken shape in his thinking over the 
course of some 30 years. Both he and Lorenz back in the 
1930s had emphasized that their new approach was bring¬ 
ing biological perspectives to bear on the questions of 
animal psychology, but what they had actually stressed 
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at any given time generally depended on the particular 
audience they were addressing. In 1942, for example, 
when he was contrasting the objective nature of ethology 
with the subjectivist approach of his animal psychologist 
countryman, J. A. Bierens de Haan, Tinbergen maintained 
that the ethologists’ primary interest was behavioral cau¬ 
sation, that is, understanding innate behavior in physio¬ 
logical terms. (Lorenz for his part, while equally 
committed to the study of behavioral causation, was 
inclined to say that what made ethology most distinctive 
was its comparative, evolutionary nature.) In 1951, in his 
book, The Study of Instinct , Tinbergen in effect identified 
ethology’s Tour questions,’ but without calling them that 
and certainly without giving them balanced treatment. 
Tinbergen devoted more than half of the book to the 
study of behavioral causation. He provided only a scant 
chapter each on behavioral development, function, and 
evolution. As it was, when he published his ‘Aims and 
Methods of Ethology’ paper in 1963, he did not feel that 
a balanced approach to the four questions of ethology was 
anywhere near being achieved. Studies of behavioral cau¬ 
sation still far outweighed studies of behavioral function 
(despite the work that he and his students were doing on 
the latter topic). Ironically, perhaps, within a decade and a 
half, the tide would turn dramatically and functional 
studies would come to enjoy a disproportionate share of 
the research in ethology. 

To view Tinbergen’s 1963 paper in historical context 
is also to consider what it reveals about Tinbergen’s 
ongoing relations with Konrad Lorenz. Tinbergen dedi¬ 
cated the paper to his old friend as part of a Festschrift 
commemorating Lorenz’s 60th birthday. Tinbergen’s 
contribution radiated friendship and goodwill, and it 
gave full credit - indeed in some ways exaggerated 
credit - to Lorenz’s pioneering efforts in the field. 
Writing the paper required a certain amount of diplo¬ 
macy on Tinbergen’s part, for on the subject of behav¬ 
ioral development in particular, Tinbergen and Lorenz 
no longer saw entirely eye-to-eye. Lorenz was angry 
with Tinbergen for having been too accepting of Daniel 
Lehrman’s critique of ethology’s early assumptions about 
‘innate’ behavior. Tinbergen acknowledged that he and 
Lorenz held different opinions with regard to behavior 
development - Tinbergen had come to believe that 
applying the word ‘innate’ to behavioral characters was 
harmful heuristically - but he did not want to press the 
issue too hard at that moment. A more subtle critique of 
Lorenz can be detected in what Tinbergen said in the 
paper regarding behavioral function. While he lauded 
Lorenz as one of the first students of behavior to be 
interested in survival value, he also made it clear 
that if scientists were to gain a better understanding of 
how natural selection actually operates, hard fieldwork, 


including the experimental demonstration of survival 
value, needed to be done on the subject. In these ways 
and others, Tinbergen’s ‘Aims and Methods’ paper testified 
both to the evolution of his own thinking and to his ongoing 
relations with Lorenz. 

Tinbergen’s ‘four questions’ of ethology were simulta¬ 
neously a vision for the future development of ethology 
and an affirmation of his life-long commitment to field¬ 
work. At the end of his career, he felt that if he were to be 
remembered for anything, it would not be for any partic¬ 
ular discovery as much as for his long-term promotion of a 
fully biological approach to behavior. 

See also: Behavioral Ecology and Sociobiology; Ethology 
in Europe; Future of Animal Behavior: Predicting Trends; 
Herring Gulls; Integration of Proximate and Ultimate 
Causes; Neurobiology, Endocrinology and Behavior. 
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Introduction 

Cognitive science provides a fresh look at animal behavior, 
and its merge with neuroscience overcomes the conceptual 
limitations of traditional experimental psychology and 
ethology. Despite the multitude of approaches in cognitive 
neuroscience and the respective attempts to define these 
approaches, a general definition for the term ‘cognition’ 
remains elusive probably because the key terms are under¬ 
stood differently depending on the conceptual traditions 
to which the scientists relate themselves, the behaviors 
in question, and the considered complexity of the neural 
substrates underlying them. A key term is ‘representation,’ 
the understanding that the brain is actively involved 
in perceiving the world and creating motor patterns by 
recruiting memories, expecting outcomes, and making 
decisions between neural instantiations of behavioral 
options. Gaining information by learning and by storing 
it in multiple forms of memory, as a fundamental form of 
representation, is an essential and most likely a basic prop¬ 
erty of any neural system of some complexity. Here, we 
shall focus on nonelemental forms of associative learning, that is, 
on learning forms in which simple, unambiguous links 
between specific events in an animal’s environment cannot 
account for experience-dependent changes in behavior, 
and which require operations on remote and recent mem¬ 
ories. In this respect, nonelemental associative learning trans¬ 
cends elemental forms of associative learning , in which animals 
learn univocal connections between specific events in their 
environment. In particular, we shall ask whether animals 
with small brains like molluscs and insects are capable of 
performing nonelemental associative learning 

Elemental Forms of Associative Learning 
in Invertebrates 

Associative learning allows extracting the logical structure 
of the world by evaluating the sequential order of events. 
Two major forms of associative learning are usually recog¬ 
nized: in classical conditioning , animals learn to associate an 
originally neutral stimulus (conditioned stimulus (CS)) 
with a biologically relevant stimulus (unconditioned stim¬ 
ulus (US)); in operant conditioning, they learn to associate 
their own behavior with a reinforcer and relate this con¬ 
nection to the context conditions of the environment. 


In their most simple version, both learning forms rely 
on the establishment of associative links connecting two 
(or more) specific and unambiguous events in the animal’s 
world. For instance, in absolute classical conditioning (A+), 
a direct link between an event (A) and reinforcement (+) 
is learned, while in differential classical conditioning (A+ 
vs. B—), simple, unambiguous links between A and rein¬ 
forcement and between B and the absence of reinforce¬ 
ment are simultaneously learned. 

Multiple cases of these simple learning forms have been 
described for invertebrates. For instance, in the honeybee 
Apis mellifera, olfactory conditioning of the proboscis exten¬ 
sion response (PER) has been repeatedly used for the study 
of elemental classical conditioning and its neural substrates. 
Individually harnessed hungry bees that do not respond 
to an odor presentation with an extension of their proboscis 
do so when their antennae are stimulated with sucrose 
solution (the US). If the odor (the CS) is forward paired 
with sugar, the bees learn an association between odor and 
sugar reward so that they exhibit conditioned PER to future 
presentations of the odor alone (Figure 1). An example of 
elemental operant conditioning s provided by the aquatic mol¬ 
lusc Lymnaea stagnalis, which can be trained to suppress the 
opening of its pneumostome, a small respiratory orifice, 
when the animal surfaces and attempts to breathe. This is 
achieved by an aversive and repeated mechanical stimula¬ 
tion of the pneumostome, which determines that the mol¬ 
lusc learns to reduce its attempts to open the pneumostome 
as training progresses. In both examples, the neural net¬ 
works mediating associative learning are relatively simple 
and well studied, thus underlining the advantages of inver¬ 
tebrates as model systems for the understanding the neural 
mechanisms of simple forms of learning. 

Nonelemental Forms of Associative 
Learning in Invertebrates 

In the higher-order forms of learning on which we focus 
here, simple links connecting specific events are generally 
not useful because ambiguity characterizes the events 
under consideration. For instance, in the discrimination 
termed negative patterning discrimination, an animal has to 
learn to differentiate a nonreinforced binary compound 
AB— from its reinforced elements (A+, B+). This situa¬ 
tion is particularly challenging as each element A and B 
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Figure 1 Olfactory conditioning of the proboscis extension reflex, (a) An individual bee is immobilized in a metal tube so that only 
the antennae and mouth parts (the proboscis) are free to move. The bee is set in front of an odorant stimulation setup which is controlled 
by a computer and which sends a constant flow of clean air to the bee. The air flow can be rerouted through cartridges presenting 
chemicals used for olfactory stimulation (conditioned stimuli or CS). A toothpick soaked in sucrose solution (unconditioned stimulus or 
US) is delivered to the antennae and the proboscis. In this appetitive classical conditioning, the bee learns to associate odorants (CS) 
and sucrose solution (US), (b) The proboscis extension reflex of the honeybee. Bees exhibit this reflex when their antennae are touched 
with sucrose solution (US). After successful conditioning, bees extend the proboscis to the odorant (CS) which predicts the US. 


appears as often reinforced as nonreinforced. Relying on 
elemental links between A (or B) and reinforcement (or 
absence of reinforcement) is useless to solve this problem. 
Another example of nonelemental learning is the so-called 
biconditional discrimination where the subject learns to 
respond to the compounds AB and CD and not to the 
compounds AC and BD (AB+, CD+, AC—, BD—). As in 
negative patterning, each element, A, B, C, and D appears 
reinforced as often as nonreinforced so that it is impossible 
to rely only on the associative strength of a single element 
to solve the task. In both examples, animals have to sup¬ 
press linear processing of compounds and learn that a 
compound is an entity different from its components. 

A second form of nonelemental learning is contextual 
learning , in which animals learn to produce adaptive 
responses that can be linked to a specific context. They 
learn that, given a certain stimulus or condition, a partic¬ 
ular response is appropriate whereas, given a different 
stimulus or condition, the same response is no longer 
appropriate. This form of learning, usually referred to as 
conditional learning or occasion setting, cannot be viewed 
as elemental learning because a given stimulus may or not 
be predictive of a certain outcome, depending on the 
particular environment. 

A third form of nonelemental rule is provided by rule 
learning in which animals respond to novel stimuli that 
they have never encountered before or can generate novel 
responses that are adaptive given the context in which 
they are produced. In doing this, animals exhibit a positive 
transfer of learning, a capacity that cannot be referred to 
as an elemental learning because the responses are aimed 
at stimuli that do not predict a specific outcome per se 
based on the animals’ past experience. 

One of the first works adopting a nonelemental 
learning perspective in invertebrates was performed on 
lobsters. These animals normally exhibit exploratory 
behavior when placed in an aquarium. They can be 


aversively conditioned to stop searching by pairing an 
olfactory stimulus delivered in water with a mechanosen- 
sory disturbance produced by the experimenter. Lobsters 
were trained in this way with an olfactory compound 
AX reinforced by the aversive mechanosensory stimula¬ 
tion (AX+). Conditioning was either absolute (AX+) or 
differential, when a second compound AY (AX+ vs. AY—) 
was used. After absolute conditioning, lobsters inhibited 
their search behavior when presented with AX as 
expected, but searched when presented with A, X, or 
with a novel odor Y. This result is consistent with 
learning the compound AX as an entity different from 
its components A and X, as proposed by the configural 
theory (Pearce, 1994). After differential conditioning, 
lobsters again inhibited their searching behavior when 
presented with AX but not with AY. Interestingly, they 
also inhibited search when presented with the element 
X but not with the element Y. A was not useful as it was 
common to the reinforced and the nonreinforced com¬ 
pounds AX+ and AY—, respectively. In this case, lobsters 
seemed to have learned the compounds AX and AY in 
elemental terms, thus being able to fully generalize their 
respective responses to X and Y. This work shows that 
depending on the conditioning protocol, lobsters treat 
and learn an olfactory compound differently so that 
either elemental or nonelemental associations with the 
negative mechanosensory reinforcer are built. 

In honeybees, several studies have addressed the issue of 
elemental versus nonelemental learning, using visual con¬ 
ditioning of free-flying animals or olfactory PER condi¬ 
tioning of harnessed animals. In the first protocol, bees 
flying between the hive and a feeding site are trained to 
discriminate different kinds of visual targets (colors, 
shapes, motion cues, etc.) at the food source. Correct 
choices are rewarded with a drop of sucrose solution. In 
the second protocol, described earlier, harnessed bees learn 
a Pavlovian association between odor and the sucrose 
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reward. In both experimental protocols, bees were shown to 
solve a biconditional discrimination (AB+, CD+, AC—, 
BD—). In the visual modality, free-flying bees had to dis¬ 
criminate complex patterns that were arranged to fulfill the 
principles of this discrimination problem. In the olfactory 
modality, olfactory compounds were used and bees learned 
to respond appropriately to each compound, indepen¬ 
dently of the ambiguity inherent to the components. 

Bees also proved to be able to solve a negative pattern¬ 
ing discrimination (A+, B+, AB—) in the olfactory 
domain. It was shown that in situations in which ambigu¬ 
ity is created at the level of the odorants integrating 
a compound, olfactory processing is consistent with the 
unique cue theory, a form of processing in which animals 
detect to some extent the presence of the components 
in the compound but in which they also assign a unique 
identity to the compound (the unique cue), resulting from 
the interaction between its components. 

Neural Bases of Nonelemental Learning 
in Invertebrates 

The interest in nonelemental olfactory learning protocols 
in insects relates to the possibility of correlating the 
behavior with the plasticity of the underlying neural 
circuits. The olfactory circuit is relatively well known. In 
the case of honeybees (Figure 2), peripheral processing of 
odor molecules occurs at ~60 000 olfactory receptor neu¬ 
rons (ORNs) and in 160 glomeruli of the antennal lobe 
(AL). ORNs and glomeruli in the AL have broad, over¬ 
lapping and combinatorial responses to a range of odors. 
Processed olfactory information is conveyed by ~800 
projection neurons (PNs) to higher-order brain centers 


(mushroom bodies (MBs) or lateral protocerebrum). MBs 
are particularly interesting from the perspective of none¬ 
lemental learning since they receive segregated informa¬ 
tion of different sensory modalities (visual, olfactory, 
mechanosensory) and provide multimodal output that 
reflects the integration of information between modalities 
at the level of the neurons that constitute them, the 
Kenyon cells and the mushroom body output neurons. 

In honeybees, bilateral olfactory input to both anten¬ 
nae is required to solve a negative patterning discrimina¬ 
tion. Given that the olfactory circuit remains practically 
unconnected between hemispheres until the MBs, this 
result suggests that the reading of a unique cue, arising 
from odorant interactions within the mixture, occurs 
upstream the ALs, that is, at the level of the MBs. Mush¬ 
room body-ablated honeybees were used to determine 
whether these structures are necessary to solve nonele¬ 
mental olfactory discriminations. Bees were conditioned 
in a side-specific discrimination so that when odorants 
were delivered to one antenna, the contingency was 
A+ versus B—, while it was reversed (A— vs. B+) when 
they were delivered to other antenna. Bees without lesions 
could solve this nonelemental problem (each odor is as 
often rewarded as nonrewarded), while bees with unilat¬ 
eral lesions of the MBs were impaired in this problem 
solving but not in elemental discriminations. It was there¬ 
fore proposed that MBs are required for solving none¬ 
lemental discriminations. 

It thus appears that at least lobsters and honeybees are 
capable of nonelemental learning in the strict sense and 
that in insects, MBs are involved in such kind of problem 
solving. Such forms of learning are highly dependent on 
the way in which animals are trained, the number of trials, 
and on the similarity between elements in a compound. 



Figure 2 The basic organization of the honeybee olfactory system, (a) Frontal view of the brain with the main olfactory centers; 

(b) Three-dimensional reconstruction of the olfactory circuit based on confocal microscopy; AL: antennal lobe; LH: lateral horn; MB: 
mushroom body; m-ACT: medial antenno-cerebral tract; l-ACT: lateral antenno-cerebral tract; mCa: medial calyx; ICa: lateral calyx; 
alpha and beta: alpha and beta lobes of the mushroom body. Courtesy of Wolfgang Roessler. 
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Further research should ask whether other invertebrates 
particularly Drosophila solve nonlinear discrimination 
problems. Neurogenetic tools available in this insect 
could be a most useful tool for identifying in a more 
precise way the neuronal circuits involved in nonlinear 
discriminations. 

Contextual Learning in Invertebrates 

Contextual learning can be subsumed in the so-called 
occasion setting problem. In this problem, a given stimu¬ 
lus, the occasion setter, informs the animal about the 
outcome of its choice (for instance, given stimulus C, 
the occasion setter, the animal has to choose A and not 
B because the former but not the latter is rewarded). This 
basic form of conditional learning admits of different 
variants, depending on the number of occasion setters 
and discriminations involved, which have received differ¬ 
ent names. For instance, another form of occasion setting 
involving two occasion setters is the so-called transwitch- 
ingproblem. In this problem, an animal is trained differen¬ 
tially with two stimuli, A and B, and with two different 
occasion setters Cl and C2. When Cl is available, stimu¬ 
lus A is reinforced while stimulus B is not (A 4- vs. B—), 
while it is the opposite (A— vs. B+) with C2. This prob¬ 
lem does not admit lineal solutions as each element (A, B) 
and each occasion setter (Cl, C2) appear equally as often 
connected with reinforcement as with absence of rein¬ 
forcement. Focusing on A or B alone does not allow 
solving the problem. Animals have, therefore, to learn 
that Cl and C2 define the valid contingency. 

In the mollusc Aplysia californica , exposure to two dif¬ 
ferent contexts (a smooth, round bowl containing lemon- 
flavored seawater and a rectangular chamber with a 
ridged surface containing unscented seawater that was 
gently vibrated by an aerator located in one corner) and 
experiencing a series of moderate electric shocks (US) in 
one of these two contexts lead to the establishment of an 
association between the context and the shock. The con¬ 
text alone elicited a defensive reaction which was exclu¬ 
sive for the reinforced context. 

Crickets Gryllus bimaculatus and cockroaches Periplaneta 
americana also exhibit contextual learning as they solve a 
typical version of the transwitching problem. Both crick¬ 
ets and cockroaches associate one odorant with water 
reward (appetitive US) and another odorant with saline 
solution (aversive US) under illumination, and learn the 
reversed contingency in the dark. Thus, the visual context 
affected the learning performance only when crickets 
were requested to use it to disambiguate the meaning of 
stimuli and to predict the nature of reinforcement. 

Bumblebees Bombus terrestris have also been trained in 
a transwitching problem to choose a 45° grating and to 
avoid a 135° grating to reach a feeder, and to do the 


opposite to reach their nest. They also learn that an 
annular or a radial disc must be chosen, depending on 
the disc’s association with a 45° or a 135° grating either 
at the feeder or at the nest entrance: in one context (the 
nest), access was allowed by the combinations 45° + radial 
disc and 135° + annular disc, but not by the combinations 
45° + annular disc and 135° +radial disc; at the feeder, 
the opposite was true. In both cases, the potentially com¬ 
peting visuomotor associations were insulated from each 
other because they were set in different contexts. Compa¬ 
rable behavior was found in honeybees, where distinct 
odors or times of the day were the occasion setters for a 
given flight vector or rewarded color. Further examples 
for contextual learning could be provided but they would 
be redundant for the main conclusion of this section: 
invertebrates are capable of different forms of condi¬ 
tional learning. Despite this cumulative body of evi¬ 
dences, the nature of the associations underlying this 
kind of learning and the neural substrates underlying 
this form of learning remain unclear. 

Studies of decision making in the fruit fly Drosophila 
melanogaster indicate that MBs are of fundamental impor¬ 
tance for this behavior. In this case, an individual fly 
suspended at a torque meter from a copper wire glued 
to its thorax beats its wings when hanging in the middle of 
a cylindrical arena displaying a visual panorama with 
identifiable landmarks (Figure 3). An unpleasant heat- 
beam is focused on the fly’s thorax and switched on 
whenever the insect fly toward a given landmark on 
the cylinder. The fly controls the reinforcer delivery as 
its flight maneuvers determine the on/off switching of the 
heat beam if the appropriate flight directions (i.e., land¬ 
marks) are chosen. In studies of decision-making in 
Drosophila , flies were conditioned to choose one of two 
flight paths in response to color and shape cues; after the 
training, they were tested with contradictory cues. Nor¬ 
mal flies made a discrete choice that switched from one 
alternative to another as the relative salience of color and 
shape cues gradually changed, but this ability was greatly 
diminished in mutant flies with miniature MBs or with 
hydroxyurea ablation of MBs. Although this protocol does 
not provide a formalized nonlinear discrimination prob¬ 
lem such as those presented earlier (e.g., negative pattern¬ 
ing), it has the merit of moving from the traditional 
elemental learning protocols applied so far in Drosophila 
to a more sophisticated problem in which the cognitive 
richness of fly behavior could be revealed and related 
to the MBs. Furthermore, it was shown that salience- 
dependent choice behavior consists of early and late 
phases; the former requires activation of the dopaminergic 
system and MBs, whereas the latter is independent of 
these activities. Immunohistological analysis showed that 
MBs are densely innervated by dopaminergic axons, thus 
suggesting that the circuit from the dopamine system to 
MBs is crucial for choice behavior in Drosophila. 
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Figure 3 The flight simulator used for visual conditioning of a 
tethered fruit fly. A Drosophila is flying stationarily in a cylindrical 
arena homogeneously illuminated from behind. The fly’s 
tendency to perform left or right turns (yaw torque) is measured 
continuously and fed into the computer. In closed-loop, the 
computer controls arena rotation. On the screen four 
‘landmarks,’ two Ts and two inverted Ts, are displayed in order to 
provide a referential frame for flight direction choice. The 
illumination of the arena can be changed using color filters. 

A heat beam focused on the fly’s thorax is used as an aversive 
reinforcer. The reinforcer is switched on whenever the fly flies 
towards a prohibitive direction. The fly controls therefore 
reinforcer delivery by means of its flight direction so that operant 
conditioning mediates the performance observed. However, 
classical associations between landmarks and reinforcer (or its 
absence) can also be established in this protocol. Courtesy of 
B. Brembs. 


Positive Transfer in Rule Learning by 
Invertebrates 

Nonelemental associative learning also underlies problem 
solving in which animals respond to novel stimuli that 
they have never encountered before or can generate novel 
responses that are adaptive given the context in which 
they are produced. In doing this, the animals exhibit a 
positive transfer of learning, a capacity that cannot be 
referred to as an elemental learning because the responses 
are aimed at stimuli that do not predict a specific outcome 
per se based on the animals’ past experience. 

A typical example of rule learning is the acquisition of 
the sameness or difference principle. These rules are 
demonstrated through the protocols of delayed matching 
to sample (DMTS) and delayed nonmatching to sample 
(DNMTS), respectively. In DMTS, animals are presented 
with a sample and then with a set of stimuli, one of which 
is identical to the sample and which is reinforced. Since 
the sample is regularly changed, animals must learn the 
sameness rule, that is, ‘ always choose what is shown to you (the 
sample), independent of what else is shown to you? In DNMTS, 



rm 

Preference for vertical 
Preference for horizontal 

i i 


80 - 


c n 
CD 
O 

• 

o 

sz 

o 

o 

o 

o 

o 

vO 


60 - 


40 - 


20 - 


0 


Preference for blue 
Preference for yellow 



Vertical 


Horizontal 


Blue 


Yellow 


(C) Sample (d) 

Figure 4 Rule learning in honeybees. Honeybees trained to 
collect sugar solution in a Y-maze (a) on a series of different 
patterns (b) learn a rule of sameness. Learning and transfer 
performance of bees in a delayed matching-to-sample task in 
which they were trained to colors (Experiment 1) or to black-and- 
white, vertical and horizontal gratings (Experiment 2). (c, d) 
Transfer tests with novel stimuli, (c) In Experiment 1, bees trained 
on the colors were tested on the gratings, (d) In Experiment 2, 
bees trained on the gratings were tested on the colors. In both 
cases bees chose the novel stimuli corresponding to the 
sample although they had no experience with such test stimuli. 
n denotes number of choices evaluated. Reproduced from 
Giurfa M, Zhang SW, Jenett A, Menzel R, and Srinivasan M (2001) 
The concepts of sameness and difference in an insect. Nature 
410: 930-933. 


the animal has to learn the opposite. Honeybees foraging 
in a Y-maze learn both rules. Bees were trained in a 
DMTS problem in which they were presented with a 
changing nonrewarded sample (i.e., one of two different 
color disks or one of two different black-and-white grat¬ 
ings, vertical or horizontal) at the entrance of a maze 
(Figure 4). The bees were rewarded only if they chose 
the stimulus identical to the sample once within the maze. 
Bees trained with colors and presented in transfer tests 
with black-and-white gratings that they have not experi¬ 
enced before solved the problem and chose the grating 
identical to the sample at the entrance of the maze. 
Similarly, bees trained with the gratings and tested with 
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colors in transfer tests also solved the problem and chose 
the novel color corresponding to that of the sample 
grating at the maze entrance. Transfer was not limited to 
different kinds of modalities (pattern vs. color) within the 
visual domain, but could also operate between drastically 
different domains such as olfaction and vision. Further¬ 
more, bees also mastered a DNMTS task, thus showing 
that they also learn a rule of difference between stimuli. 
These results document that bees learn rules relating 
stimuli in their environment. The capacity of honeybees 
to solve a DMTS task has recently been verified and 
studied with respect to the working memory underlying 
it. It was found that the working memory for the sample 
underlying the solving of DMTS is around 5 s and thus 
coincides with the duration of other visual and olfactory 
short-term memories characterized in simpler forms of 
associative learning in honeybees (Menzel, 1999). More¬ 
over, bees trained in a DMTS task can learn to pay 
attention to one of two different samples presented suc¬ 
cessively in a flight tunnel (either to the first or to the 
second) and can transfer the learning of this sequence 
weight to novel samples. 

The neural basis of rule extraction has not been 
addressed yet in invertebrates. The potentials offered by 
Drosophila with respect to molecular genetics and by the 
bee with respect to the recording of neural correlates will 
certainly be used in the near future to establish closer 
links to the neural substrates. 

Conclusion 

Here we focused on a particular basic cognitive faculty 
that relates to the ability of animals to process sequences 
of associative connections such that structures of interre¬ 
latedness are derived which are not housed in the elemen¬ 
tal associations. In some cases, rules are learned and 
applied across sensory modalities, in others temporal 
relations are acquired. Learning under natural conditions 
will be much richer than implied here because bees, for 
example, are known to navigate along novel routes 
according to the expected outcome of the navigational 
choices, and Drosophila decides between flight goals by 
integrating multiple stimulus conditions. These and the 
examples discussed here require brain functions best con¬ 
ceptualized as representations, since the relations estab¬ 
lished during learning cannot reside in basic cellular 
modules of associative connections as they were so suc¬ 
cessfully studied in invertebrates. Rather they must be 
represented in network properties composed of multiple 
cellular association modules which incorporate new 
information into already stored information by some 
self-organization process, retrieve appropriate informa¬ 
tion from remote stores, and allow decisions to be made 
according to the current conditions, the internal status of 


the animal, and the evaluated expected outcomes. Hints 
for memory processing during both memory storage and 
retrieval come from multiple observations. For example, 
consolidation of earlier forms of memory into later and 
stable forms changes the content of the memory and is 
accompanied by transfer between structures, for example, 
between the gamma lobe and the alpha/beta lobe neurons 
in the mushroom body of Drosophila. Memory retrieval 
initiates processes described as reconsolidation, and deci¬ 
sions between simultaneously activated memories are 
being made without access to stimuli according to the 
expected outcome. In this respect, memory processing 
during storage and retrieval in invertebrates resembles 
basic features described for mammals and humans, and it 
is conceivable that analog network processes may be 
responsible despite the large differences in the structure 
and functional organization between for example, insect 
and mammalian brains. How are we to discover these 
processes? A fundamental requirement for any experi¬ 
mental approach is that the working of the neural nets is 
monitored at the level of multiple but single neurons 
under conditions in which the animal learns, retrieves, 
and processes memory. Ideally, these neurons should be 
identifiable anatomically, aiming to establish a close rela¬ 
tionship between structure and function. These strict 
requirements are not met by any animal although recent 
advances in optical and electrical recordings from neurons 
in the Drosophila and the bee brain come close. 

Two streams of new developments have to meet in an 
attempt to take advantage of invertebrates as models for a 
cognitive neuroscience approach, a conceptual shift in 
addressing the phenomena of learning and memory, and 
a major methodological advance. Methodological advances 
are already on the verge. Calcium and voltage sensitive 
dyes as well as light driven dyes for controlling neural 
excitation can be expressed in defined neurons of the 
Drosophila brain, while recordings from multiple neurons 
in the bee brain can be performed for several days when 
the animals learn and perform. A more important 
achievement will be the conceptual shift, which relates 
to the necessity to include invertebrates into the cognitive 
view of behavior. It is the combination of stereotypical 
and highly flexible behavior of invertebrates that makes 
them such attractive study objects for a cognitive approach. 
Evidence presented and discussed in this article aims at 
promoting this cognitive framework to understand inver¬ 
tebrate behavior. 

See also: Categories and Concepts: Language-Related 
Competences in Non-Linguistic Species; Crabs and 
Their Visual World; Drosophila Behavior Genetics; Insect 
Social Learning; Metacognition and Metamemory in 
Non-Human Animals; Nematode Learning and Mem¬ 
ory: Neuroethology; Taste: Invertebrates; Vision: 
Invertebrates. 



572 Non-Elemental Learning in Invertebrates 


Further Reading 

Davis R (2005) Olfactory memory formation in Drosophila: From 

molecular to systems neuroscience. Annual Review of Neuroscience 
28: 275-302. 

Giurfa M (2007) Behavioral and neural analysis of associative learning in 
the honeybee: A taste from the magic well. Journal of Comparative 
Physiology A 193: 801-824. 

Giurfa M, Zhang SW, Jenett A, Menzel R, and Srinivasan M (2001) The 
concepts of sameness and difference in an insect. Nature 410: 
930-933. 

Greenspan RJ and van Swinderen B (2004) Cognitive consonance: 
Complex brain functions in the fruit fly and its relatives. Trends in 
Neurosciences 27: 707-711. 

Guo J and Guo A (2005) Crossmodal interactions between olfactory and 
visual learning in Drosophila. Science 309: 307-310. 

Heisenberg M (2003) Mushroom body memoir: From maps to models. 
Nature Reviews Neuroscience 4: 266-275. 

Lachnit H, Giurfa M, and Menzel R (2004) Odor processing in 

honeybees: Is the whole equal to, more than, or different from the 
sum of its parts? In: Slater PJG (ed.) Advances in the Study of 
Behavior, vol. 34, pp. 241-264. San Diego, CA: Elsevier. 


Livermore A, Hutson M, Ngo V, Hadjisimos R, and Derby CD (1997) 
Elemental and configural learning and the perception of odorant 
mixtures by the spiny lobster Panulirus argus. Physiology & Behavior 
62: 169-174. 

Menzel R (1999) Memory dynamics in the honeybee. Journal of 
Comparative Physiology A 185: 323-340. 

Menzel R, Brembs B, and Giurfa M (2006) Cognition in invertebrates. 

In: Strausfeld NJ and Bullock TH (eds.) The Evolution of Nervous 
Systems. Vol II: Evolution of Nervous Systems in Invertebrates, 
pp. 403-422. London: Elsevier Life Sciences. 

North G and Greenspan R (2007) Invertebrate Neurobiology, pp. 665. 
New York, NY: CSHL Press. 

Pearce JM (1994) Similarity and discrimination: A selective review and a 
connectionist model. Psychological Review 101: 587-607. 

Swinderen BV (2005) The remote roots of consciousness in fruit-fly 
selective attention? BioEssays 27: 321-330. 

Zhang K, Guo JZ, Peng Y, Xi W, and Guo A (2007) Dopamine- 

mushroom body circuit regulates saliency-based decision-making in 
Drosophila. Science 316: 1901-1914. 

Zhang SW and Srinivasan MV (2004) Exploration of cognitive capacity in 
honeybees. In: Prete FR (ed.) Complex Worlds from Simpler Nervous 
Systems, pp. 41-74. Cambridge: MIT Press. 




Norway Rats 

B. G. Galef, Me Master University, Hamilton, ON, Canada 
© 2010 Elsevier Ltd. All rights reserved. 


The Rise of Rats 

Not all that many years ago, before the ethological 
approach to the study of animal behavior came to the 
fore early in the 1970s, comparative and physiological 
psychologists conducted most behavioral research with 
animals. The intent of these investigators was quite differ¬ 
ent from that of many of today’s scientists with an interest 
in animal behavior. For the most part, comparative and 
physiological psychologists were interested in exploring 
general laws of behavior, particularly those laws governing 
the formation of the associations that underlie learning. 

Because the focus of research was on the discovery of 
general laws believed to be applicable to any species in 
any situation, convenience rather than theory or ecologi¬ 
cal considerations determined the choice of a species to 
study. And, one species proved more convenient than any 
other. Indeed, in the 1930s and 1940s, more than 60% of 
all papers published in two of the leading animal-behavior 
journals of the time (the Journal of Comparative and Physio¬ 
logical Psychology and the Journal of Animal Behavior) were 
concerned with the behavior of a single organism, the 
Norway rat (Rattus norvegicus). 

Given the focus on discovery of general behavioral 
principles that might apply to all species, humans included, 
the Norway rat was not an altogether bad choice. Rats are 
members of the order Rodentia, the mammalian order with 
by far the greatest number of species (more than 2000), and 
of the genus Rattus (with more than 50 species), which is 
the most species rich of the murid family of rodents, the 
Muridae, that includes mice, gerbils, and hamsters. 

Rats are about the average size for a mammal (reports 
of Norway rats as big as cats are considerable exaggera¬ 
tions; a very large adult male rat weighs 500-600 g, 
making it a very small cat indeed) and a convenient size 
for laboratory work. Rats are neither so large as to make 
their maintenance in large numbers impractical nor so 
small as to make direct observation of their behavior 
difficult or surgery on them particularly demanding. 
Domesticated rats are easy to produce. They become 
sexually mature at 3 months of age, have a dozen or more 
pups in a litter, can produce a litter every 21 days, and 
breed all year round. Further, the ability of rats to thrive 
on relatively low-protein diets makes them inexpensive to 
feed. Unlike their sometimes-vicious and very timid wild 
forebears, rats of domesticated strains are easy to handle 
and will go about their business undisturbed even when 
nearby humans are watching their every move. 


Important advantages accrued from having, quite liter¬ 
ally, hundreds of researchers working on various aspects of 
the behavior and physiology of a single species. Techni¬ 
ques developed, for example, in studies of rat learning 
were of use to scientists studying the rat nervous system, 
and students of learning in rats could benefit from infor¬ 
mation concerning rats’ sensory systems. Further, the ade¬ 
quacy of the methods used in an experiment could be 
readily evaluated by others working with the same animal, 
so potentially important findings could be replicated 
(or not) almost immediately. 

The Fall of Rats 

The decline in the dominance of Norway rats as subjects 
in behavioral research had a number of causes. Foremost 
among these was the mid-twentieth century increased 
interest in studying behavior among of a group of European 
biologists who called themselves ethologists. Ethological 
investigation of a species started with the construction of 
an ethogram, a complete description of the behavioral 
repertoire of a species while in its natural habitat. 

Norway rats are, unfortunately, most active in the dark 
and underground and therefore are difficult to observe in 
the wild. Even worse, humans have inadvertently trans¬ 
ported Norway rats around the world, making identifica¬ 
tion of their place of origin, their natural habitat, all but 
impossible. Today, most free-living Norway rats live in 
man-made structures, feed on human refuse or crops, and 
because of their close association with humans, are pro¬ 
tected from many potential predators. Their current hab¬ 
itat is hardly natural. 

Ethologists were particularly interested in interactions 
between animals and the environments in which they 
evolved. For example, the last of Tinbergen’s four ques¬ 
tions defining the field of ethology, and the question 
that was to serve as a focus of research in ethology’s 
descendant field, behavioral ecology, concerned the 
functions of behavior (i.e., the ways in which behavior 
increased survival and reproductive success in natural 
circumstances). The behavior of Norway rats in their 
natural habitat, wherever it may be, is simple not available 
for such studies. 

Ethologists focused their research not on individually 
learned behaviors but on instincts, species-typical pat¬ 
terns of behaviors that ethologists believed reflected 
directly the action of natural selection on the genetic 
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substrate of behavior. One of the more appealing charac¬ 
teristics of rats to comparative psychologists was that rats 
did not seem to show elaborate, heritable, species-typical 
behaviors that could interfere with the discovery of gen¬ 
eral principles of behavior. 

And, there were other problems as well. For example, 
the domesticated rats that were subject to so much atten¬ 
tion from comparative psychologists had undergone several 
hundred generations of breeding in captivity. Exposure to 
artificial selection by humans breeding rats for tameness 
and for fertility in captivity ensured that the genetic sub¬ 
strate of domestic rats was not that of their wild forebears. 
A century or more of such artificial selection, led some 
ethologists to assert that the behavior of laboratory rats was 
not ‘natural,’ and consequently, not worth studying. 

As a practical matter, increasingly stringent regulations 
governing the breeding and maintenance of laboratory 
animals, made work with rats ever more expensive and 
reduced the number of laboratories that could afford to 
use rats in experiments. And invention of procedures for 
generating knockout strains of mice preceded the more- 
difficult development of knockout rat strains by 14 years. 
The importance of knockouts for exploring the genetic 
substrate of behavior made mice the species of choice for 
many scientists interested in studying the mechanisms of 
mammalian behavior, even if using mice as subjects meant 
repeating behavioral studies previously performed with rats. 
In sum, although work on the behavior of Norway rats and 
its mechanistic substrate continues today, the dominant 
position of the species in studies of animal behavior is over. 

What Is the Origin of Laboratory Rats? 

Norway rats, the forebears of all laboratory rat strains, are 
generally assumed to have originated somewhere in Asia, 
possibly in Northern China, although the long association 
of Norway rats with humans makes the species’ point of 
origin difficult to determine. It is known that sometime in 
the mid-eighteenth century, Norway rats spread through 
Europe (the appellation Norway rat is believed to derive 
from the false, eighteenth-century presumption that the 
first of the species arrived in the United Kingdom on 
lumber ships coming from Norway, although there were 
probably no Rattus norvegicus in Norway when the species 
first invaded Britain). The black or roof rat (Rattus rattus), 
not the Norway rat, had been common in Europe before 
the larger and more aggressive Norway rat arrived in the 
eighteenth century and displaced them. Consequently, the 
black rat, not the Norway rat, was the principle vector in 
the recurring bouts of bubonic plague that killed 25% or 
more of the human population of Europe during the latter 
half of the fourteenth century. Norway rats arrived on 
the east coast of North America shortly after their arrival 
in Europe, and spread with the gold rush to California 


in 1849. Today, Norway rats are to be found on every 
continent but Antarctica, and from Alaska (64° N) to 
South Georgia Island (55° S). 

However, rats do not thrive in areas with continental 
climates, such as Alberta, Canada, and northern Montana, 
USA, where winters are long and cold and human habita¬ 
tions are relatively sparse. Indeed, Norway rats are most 
successful in temperate climates. In the tropics, they are 
largely replaced by other species of their genus, for example, 
the more arboreal, lighter and longer-tailed Rattus rattus 
and Rattus exulans (the Polynesian rat). 

Norway rats, like humans, are great generalists and are 
able to thrive in a broad range of environments. Rats have 
been seen catching fingerling trout in hatcheries, diving 
in rivers to feed on mollusks, and catching and killing 
wild ducks and geese. Wherever rats are introduced onto 
islands by human visitors (or when they swim or float to 
islands from distant shores), they become a threat to the 
survival of any ground-nesting birds found there and have 
been implicated in the extinction or endangerment of 
numerous bird species. 

Norway rats are the forebears of all domesticated rat 
strains whether albino, hooded, black or agouti colored. 
When, where, and how Norway rats were first domes¬ 
ticated is not known. In the nineteenth century, wild 
Norway rats served as prey in the brutal sport of rat 
baiting in which a dog was placed in a pit with large 
numbers of rats and bettors wagered on how many rats 
the dog would kill in a specified period. One story is that 
when rare albino wild Norway rats were trapped in the 
course of securing the large numbers of rats needed for rat 
baiting, the albinos were displayed in cages outside bet¬ 
ting establishments, and that these albino rats were the 
ancestors of at least some of today’s domesticated strains. 
Whatever their source, domesticated albino rats were first 
used in the laboratory in 1895 at Clark University in 
Worcester, Massachusetts, in studies of nutrition. Five 
years later, they were subjects in Willard Small’s studies, 
also at Clark, of the behavior of rats in mazes. The decades 
of subsequent research on the behavior of Norway rats 
and its neural substrate have led to publication of many 
tens of thousands of research articles. Obviously, it is not 
possible to thoroughly review so vast a literature here. 
In the following sections, I describe a few of the many 
areas in which studies of Norway rats have played an 
important role, and mention a scattering of findings that 
I find either intriguing or amusing. A great deal more 
information concerning rats, both wild and domesticated, 
is available in the ‘Further Reading.’ 

Regulatory Systems 

Some of the earliest studies of rat behavior were 
concerned with the role of behavior in maintaining the 
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internal environment of animals within the boundaries 
compatible with life. The ability of rats to select items 
for ingestion, to regulate their intake so as to neither lose 
nor gain appreciable amounts of weight, and to maintain a 
relatively constant body temperature each has an exten¬ 
sive literature. 

Selecting Foods 

Results of experiments conducted in the 1940s and 1950s 
were interpreted by many as demonstrating that rats 
that had been deprived of a specific nutrient (e.g., thiamine) 
could select the food containing thiamine from among a 
cafeteria of foods only one of which contained the needed 
vitamin. The results of these reports are responsible for 
the belief, widespread even today, that your body will lead 
you to seek out whatever foods you need to eat to remain 
healthy or to regain health should you become deficient 
in some nutrient. Unfortunately, the interpretation of this 
early research has proved exaggerated. Although rats that 
need salt can identify salt in a food or fluid, and thirsty 
rats will seek water, rats fail miserably in selecting appro¬ 
priate foods when in need of almost any other of the dozens 
substances (vitamins and minerals) needed for health. 

Controlling Body Temperature 

Like other mammals, rats use evaporative cooling to avoid 
heat stress. However, unlike humans and horses, rats do 
not sweat. Instead, overheated rats spread saliva on the 
unfurred areas of their bodies (as do elephants). The rat’s 
naked tail (which some people find repulsive) serves as a 
particularly effective window through which to release 
heat. Consequently, rats that have had their tails surgically 
removed have a markedly reduced ability to remain cool 
when exposed to elevated environmental temperatures. 

Reproductive Behavior 

Every aspect of reproduction from selection of a mate to 
weaning of young has been studied in Norway rats. There 
are, for example, extensive and detailed studies of: (1) the 
cues that male rats use to determine if a female is in 
the receptive phase of her estrous cycle, (2) patterns 
of copulation and their effects on the rewards both male 
and female rats garner from engaging in sexual activity 
and the impregnation of females, (3) the behavior and 
sensory experiences of fetal rats and effects of intrauterine 
experiences on postnatal behavior, (4) the nest building 
that females engage in before parturition, (5) behaviors 
during parturition when dams lick their pups, gather 
them in the nest and assume a nursing posture over 
them, (6) the behavior of young while both seeking their 
mothers nipples and nursing and when the mother is 
absent from the nest, (7) mother’s behavior toward her 


maturing young: her retrieval of pups that stray from the 
nest, the gradual reduction in time she spends in contact 
with her offspring and changes in maternal delivery of 
milk as her young mature, (8) the increased aggression of 
mothers with young, and (9) the changes in pups behavior 
as they develop from exothermic, blind, deaf and hairless 
eraser-sized newborns to independent juveniles. 

Perhaps surprisingly, the seemingly helpless blind and 
hairless pups huddled together in a nest can behaviorally 
regulate their temperature, spreading apart and increas¬ 
ing the surface area of the huddle to increase heat loss 
when the environmental temperature is high and forming 
a tight ball with a small surface area when the environ¬ 
mental temperature is low. Equally surprising is the 
impact of prenatal life on later behavior. As first discov¬ 
ered in Norway rats, whether a fetal mammal is located in 
its mother’s uterus between two brothers or two sisters 
(i.e., its intrauterine position) profoundly influences the 
amount of testosterone to which it is exposed before birth. 
As was subsequently established in studies with mice and 
gerbils, while an adult, much of an animal’s hormonally 
influenced reproductive behavior is modified by intra¬ 
uterine exposure to testosterone. 

Social Behavior 

Free-living wild rats are intensely social beings that live in 
colonies consisting of from a few to several hundred indi¬ 
viduals. Colony members share a burrow system and paths 
through the environment that they defend against intru¬ 
sions by unfamiliar conspecifics. 

Communication 

Such social life requires communication, and Norway rats 
communicate in a variety of interesting ways. They pro¬ 
duce olfactory cues that allow both individual identifica¬ 
tion and guide movement through the environment. They 
vocalize during social and sexual interactions and in 
response to the presence of potential predators, and 
much of their vocalization is ultrasonic (i.e., in a frequency 
range too high for humans to hear). 

Aggression 

Books have been written about the aggressive behavior of 
rats, describing the stimuli that elicit, direct, and termi¬ 
nate aggressive interactions, the neural and endocrine 
substrates of aggression, and rats’ postures and movements 
while interacting aggressively or stealing food from one 
another. Intruders into the territory of a colony of wild 
rats are vigorously attacked, and even brief attacks on 
intruders that do not produce any detectable wounds 
can have fatal consequences, though the causes of such 
death are not well understood. 
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Predation 

Laboratory rats’ predatory behavior toward mice and the 
response of rats to cats and other potential predators were 
also studied for many years. However, ethical concerns 
have largely ended experiments involving either staged 
aggressive encounters between mammals or between pre¬ 
dators and potential mammalian prey. 

Social Learning 

Despite their aggressiveness toward strangers, members of 
established colonies of rats form stable dominance hier¬ 
archies and live relatively amicably, sleeping together, 
grooming one another, and following each other through 
the environment. Life in socially tolerant groups provides 
rats with opportunities to both observe and learn from the 
behavior of others of their species. More than 50 papers 
have been published concerned with the finding that after 
a naive ‘observer’ rat interacts for a few minutes with a 
‘demonstrator’ rat that has recently eaten a distinctively 
flavored food, the observer rat shows a substantial increase 
in its liking for whatever food its demonstrator ate. 

Rats have also been shown to learn to dig for buried 
food by watching other rats do so. After learning socially 
either to eat a particular food or to dig for food, an 
observer rat can act as a demonstrator for new, naive 
observers, and such chaining can be sustained for several 
‘generations’ thus producing rat ‘traditions.’ 

Sensory Systems 

Rats are sensitive to a broad range of stimuli; they see, 
hear, taste, smell, and respond to touch. Each of the rat’s 
sensory system has been fully explored, and each has its 
own voluminous literature. 

Vision 

In nature, Norway rats are most active at dusk and dawn, and 
possibly as a result, they are less dependent on vision than 
other well-studied mammals such as cats and ferrets. The 
visual, acuity, even of wild rats is quite poor, and domesti¬ 
cated rats have about half the visual acuity of their wild 
brethren with albino strains of rat suffering particularly from 
poor vision. All strains of Norway rat lack both color vision 
and a fovea, and their visual cortex is less clearly function¬ 
ally differentiated than that of some other mammals. 

Olfaction 

Rats have a keen sense of smell, and throughout life, 
depend heavily on olfactory cues in their day-to-day 
functioning. Prenatal exposure to odorants can have 


lasting effects on rats postnatal behavior. Infants quickly 
learn to identify the odor of their mother and home nest 
and use olfactory cues to find their mother’s nipples to 
nurse. Adult rats deposit scent marks in the environment 
that allow others to identify their age, sex, reproductive 
state, and dominance status. Most impressive, the repro¬ 
ductive behavior of female rats can be markedly affected 
by olfactory cues; exposure to strange males both accel¬ 
erates the age of onset of puberty and the regularity and 
timing of estrous cycles. 

Taste 

The taste perceptions of rats and humans are surprisingly 
similar. Members of the two phylogenetically quite dis¬ 
tant mammals almost always find the same flavors attrac¬ 
tive or repulsive. Consequently, Norway rats have served 
as models for understanding human taste perception. Like 
humans, rats display different facial expressions when 
experiencing pleasant and unpleasant flavors. However, 
there is no evidence that the disgust faces of rats dissuade 
other rats from eating the food that a grimacing animal 
has found distasteful. Also like humans, rats find it par¬ 
ticularly easy to associate experience of an unfamiliar flavor, 
but not an unfamiliar noise or visual cue, with later gastro¬ 
intestinal upset. After a single experience, both rats and 
humans learn to avoid a novel flavor to which they were 
exposed hours before becoming ill. 

Hearing 

Relative to humans, hearing in rats is shifted toward 
higher frequencies, and rats can detect sounds with fre¬ 
quencies as high as 80 kHz. Rats produce a number of 
auditory signals both audible to humans and in the ultra¬ 
sonic range. Relatively little work has been done on audi¬ 
ble rat vocalizations, possibly because of their great 
variability. However, rats’ more stereotyped ultrasonic 
vocalizations and the responses to them have received 
considerable attention. 

Ultrasonic calls (40-50 kHz) are emitted by infant rats 
when they cool. Adult rats emit a 22 kHz ‘long-call’ in 
aversive situations (e.g., after losing a fight or detecting a 
cat) and, perhaps surprisingly, after ejaculating. Rats also 
emit a 50 kHz ‘chirp’ that may be associated with pleasant 
events (e.g., playing or being tickled) that has been 
described as a form of laughter, although it also occurs 
in some unpleasant circumstances, for example, during 
aggression or in response to some types of pain. 

All these ultrasonic vocalizations can affect the behav¬ 
ior of rats that hear them. Mother rats are attracted to the 
ultrasonic vocalizations of pups, and there is some evi¬ 
dence that exposure to 22 kHz long calls increases the 
wariness of rats hearing them. Although rats can use their 
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ultrasonic vocalizations to detect objects at a distance, 
they are far less sophisticated in their use of ultrasound 
for echolocation than are bats. 

Somatosensation 

The sense of touch plays in important role in rats’ move¬ 
ments about their environment. Rats are ‘thigmotactic’; 
they are biased toward remaining in physical contact 
with vertical surfaces, presumably to protect against preda¬ 
tion. Rats’ vibrissae, the whiskers around their noses, are 
extremely sensitive to tactile stimuli, and have been com¬ 
pared with human fingertips. Rats can move their vibrissae 
independently across surfaces, allowing them to discrimi¬ 
nate among objects of different size, texture and shape. 

Learning and Cognition 

In the decades when rats were the predominant species in 
behavioral studies, they most often served as subjects 
in investigations of learning. At first, such studies took 
place in complex mazes with many choice points that 
were believed to mirror the complex burrow systems in 
which wild rats live. When behavior in such complex 
environments proved intractable to analysis, experimen¬ 
ters shifted to simple T-mazes with only a single choice 
point. Finally, rats were studied in highly automated 
Skinner boxes, where subjects were rewarded for pressing 
levers with food delivered on various schedules. 

Most recently, studies of the ability of rats to solve 
cognitively demanding tasks have been in vogue. In the 
Morris water maze, rats are placed, on successive trials, in 
random locations in a small circular tank filled with water. 
To escape from the water, which the rats find mildly 
aversive, they have to learn the location of a platform 
hidden just beneath the water’s surface. In different version 
of the task, the rats can use visual cues in the surrounding- 
room, a beacon directly indicating the location of the 
platform, or information concerning the distance of the 
platform from the wall of the test chamber to find it. 
Solution of the task using cues outside the pool itself can 
require the rat to form a ‘cognitive map’ of the relationship 
between cues in the room and the location of the platform. 

Perhaps the most challenging task with which rats have 
been presented is the multiarm maze. Here, as the name of 
the apparatus implies, a rat is placed on the central platform 
of a maze with several arms (8 is the most common number) 
and a small piece of food is placed at the end of each arm 
farthest from the central platform. The rat is free to explore 
the maze until it has recovered food from the end of each 
arm. Greatest efficiency requires that a rat enter each arm 
of the maze only once, a performance that requires the 
subject to remember which arms it has previously entered. 


Rats are extraordinarily good at this task, and make rela¬ 
tively few errors, rarely reentering a previously visited arm 
of the maze. 

Conclusion 

In this brief article, I have just begun to scratch the 
surface of research on the behavior of rats. Many topics 
that have been the focus of extensive research have not 
even been mentioned, among them: play, circadian 
rhythms in activity, motivation, schedules of reinforce¬ 
ment, memory, the results of domestication, maternal 
effects on development, postures, locomotion, grooming, 
exploratory behavior, response to pain, or rats as model 
systems to study human behavioral disorders such as 
anxiety or obsessive-compulsive disorder. This list could 
be lengthened considerably without difficulty 

‘Further Reading’ provides both greater depth and 
greater breadth of coverage of the role of rats in both 
science and everyday life than this brief article. Barnett’s 
The Rat: A Study in Behavior. ; although it is somewhat dated, 
provides classic descriptions of the behavioral repertoires 
of wild rats and discussion of some laboratory work with 
domesticated rats. Meehan’s Rats and Mice: Their Biology 
and Control provides an introduction to the extensive liter¬ 
ature on the control of pest populations of rats. Both 
Telle’s and Calhoun’s classic articles are difficult to find 
today, but provide some of the best descriptions available 
of the social behavior of wild rats. Munn’s Handbook 
of Psychological Research on the Rat provides a summary of 
research with laboratory rats in its heyday. Other recom¬ 
mendations provide introductions to specific topics covered 
here. Most important among these is Wishaw and Kolb’s 
recent, 500-page edited volume The Behavior of the Laboratory 
Rat. It provides a compact and up-to-date summary of 
much of the work on domesticated rats. 

Several publications about Norway rats intended for lay 
audiences appeared during the last decade. S. A. Barnett’s 
l The Story of Rats and Lore & Flannelly’s l Rat societies are 
both trustworthy. 

See also: Comparative Animal Behavior - 1920-1973; 
Food Intake: Behavioral Endocrinology; Hearing: Verte¬ 
brates; Hormones and Behavior: Basic Concepts; Mam¬ 
malian Female Sexual Behavior and Hormones; 
Mammalian Social Learning: Non-Primates; Memory, 
Learning, Hormones and Behavior; Neural Control of 
Sexual Behavior; Ontogenetic Effects of Captive Breed¬ 
ing; Parental Behavior and Hormones in Mammals; 
Psychology of Animals; Sexual Behavior and Hormones 
in Male Mammals; Smell: Vertebrates; Social Information 
Use; Vision: Vertebrates; Water and Salt Intake in 
Vertebrates: Endocrine and Behavioral Regulation. 
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Introduction to the Octopus 

Like Aplysia , but unlike most of the animals featured in 
this section, octopuses are in the mollusca, a large diverse 
phylum that is mostly marine. Octopuses are in the class 
cephalopoda within the molluscs and are very different 
from clams, slugs, and snails. The biggest difference is the 
loss of the protective shell, but this loss has probably led to 
the evolution of the complex display system, the flexible 
arms, the acute sensory systems, and the large brain, all of 
which characterize them and make their behavior so 
interesting. The name cephalopod means ‘head-foot’ and 
it is used because, unlike the vertebrate arrangement, the 
body is at the posterior, the head at the center, and the 
arms (not feet) at the anterior end of the animal. Cuttle¬ 
fish (not fish!) and true squid are in the coleoid cephalo¬ 
pod subclass (including all but the genus Nautilus) with 
the octopuses. 

When we say the octopus, we do not really mean one 
species. The genus Octopus has about 100 species, and 
while the behavior of most of them remains completely 
unstudied, new ones are being described every year. It is 
better to think of the family Octopodidae as octopuses, 
which allows us to include the giant Pacific octopus 
(GPO), which has been recategorized as Enteroctopus 
dofleini recently, the poisonous blue-ringed octopus Haplo- 
chlaena maculosa , and the deep-water genus Bathypolypus. 
The octopuses look pretty much alike, with eight flexible 
arms, and the body enclosed in a sac-like mantle, though 
they range from the 15 g joubini to the 25 kg dofleini in size. 
Almost all of them live on or close to the sea bottom and 
none lives long, from 6 months to 3-4 years for the GPO, 
raising the question of why they have developed their 
high intelligence when they do not live long to use it 
(Figure 1). 

If any one species could be described as ‘the’ octopus, it 
would be 0. vulgaris from the Mediterranean. It was origi¬ 
nally described by Aristotle in 330 BC. Its range was 
described as so huge that taxonomists began to suspect it 
represented more than one species, and reassessment of 


the variants showed that this was true. The trouble is that 
taxonomists are still not sure which subgroup of animals is 
the true Octopus vulgaris and which ones are different 
species in a similar-looking subgroup. This makes it diffi¬ 
cult for researchers to know if they are describing species- 
typical behavior. 

One way in which octopuses are special is that their 
movement is not limited by a fixed skeleton. Instead, their 
skeleton is provided by a muscular hydrostat and move¬ 
ment, particularly of the flexible arms, theoretically has an 
unlimited number of degrees of freedom. There is a large 
set of different muscles in the arm - longitudinal, trans¬ 
verse, circular, and oblique - and a differential contrac¬ 
tion of some of them sets up a skeleton against which the 
others can contract. Octopuses can also bend or twist 
these arms anywhere along their length - they are even 
reputed to be able to tie a knot in the arm and run it down 
its length and off the tip. This complexity of possible 
actions is probably why 3/5 of the neurons in the octo¬ 
pus’s nervous system are outside the brain. However, 
video analysis has shown that there are patterns of muscle 
activation along the arm that control very stereotyped 
reaching movements. Behind the complexity are combi¬ 
nations of much more simple units. A catalog of the 
octopus arm movements by Mather described a wider 
but still limited set of actions that the octopus arms can 
undertake. For instance, in Webover, an octopus extends 
and spreads the arms, splays them, and pulls the web 
between them down to form a parachute-like spread 
over part of the environment, often a rock under which 
a hapless crab is hiding. 

An important feature of the octopus’s nervous system 
is the very complex skin display system. Each of the many 
chromatophores contains red, yellow, or brown pigment 
in an elastic sac. Sacs can be pulled out by a group of 
muscles that are connected to nerves from the brain, and 
when they do this, the color is displayed. Below this is a 
layer of leucophores and irridophores which reflect ambi¬ 
ent or blue-green light, so when the sacs are retraced, 
these colors show. Skin colors can match the background 
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Figure 1 This giant Pacific octopus (Enteroctopus dofleini) 
shows the many flexible arms and the lateral lens-type eyes that 
are characteristic of the group. 


in pattern and intensity, and the appearance is enhanced 
by extension or retraction of skin papillae and postures of 
those moveable arms. The result is a system which can 
mimic the appearance of many background features and 
change in less than 30 ms and 1 cm square area. Octopuses, 
being solitary, do not appear to use this system much to 
display to conspecifics and in fact do not have color vision. 
Instead, their appearance seems tuned to the visual sys¬ 
tem of the receivers, the bony fishes with whom coleoid 
cephalopods evolved in competition. The anatomy and 
physiology of this system is so complex that even a tem¬ 
plate to describe it is difficult to form, as the octopus 
builds its appearance from postural, chromatic, and tex¬ 
tural components. 

The unusual movement, the dazzling skin displays, and 
the molluscan history also combine with an unusual life 
history. Octopuses are mostly semelparous, which means 
that they leave reproduction until the end of the lifespan. 
After that, males die and females hide in shelter and tend 
and defend their eggs, up to tens of thousands and often 
only the size of a rice grain. After the eggs hatch, the 
mother dies, and the newborns float off in the open sea. 
They look somewhat octopus-like, with the right number 
of arms but a large body and with few of the chromato- 
phores that are so important in adults. They feed on tiny 
crustaceans and fish and are eaten by fish; they may stay in 
the open ocean for months but eventually settle to the sea 
floor. In this transition, they grow longer arms, develop 
the network of chromatophores that give them their 
appearance, and become the subadult octopuses we know. 

A Historical View of Learning Research 

Years of research have linked octopuses to the study of 
learning. Work began at the Stazione Zoologica in Naples 


in the 1950s, mainly on the initiative of the British 
researcher JZ Young, and flourished through the 1970s. 0. 
vulgaris was an ideal animal for learning studies. It was big 
enough to handle, was resilient in recovery, adapted easily 
to being kept in captivity, and had a strong exploratory drive 
that could be used by researchers. Octopuses sheltered in a 
home of several bricks and readily emerged to investigate 
whatever stimuli were presented, and their acute vision (the 
eyes are a classic example of convergent evolution with the 
vertebrate eye) meant that they could readily be tested with 
visual stimuli. Paired figures were presented to them at the 
opposite end of their tank from the home (simultaneous 
discrimination) and octopuses were rewarded with food and 
punished with a small electric shock. 

Young investigated the anatomy of the octopus brain, 
which was the result of major centralization of the molluscan 
system of several pairs of ganglia. In parallel to this, Wells 
and his associates began to look especially at the effect of 
brain lesions on learning. They found a visual learning 
center in the vertical lobe. Stimulation of this area did not 
result in any behavior, and the removal only affected 
octopuses’ visual memories; they could no longer learn a 
discrimination or repeat one that they had learned. With 
further investigation, Wells also isolated another brain 
region, the subfrontal lobe, which seemed essential for 
tactile memory. After removal of that area, the octopuses 
could no longer discriminate between rough and smooth¬ 
surfaced cylinders. 

As the brain of the octopus is bilaterally symmetrical 
and octopuses usually view visual targets monocularly 
(with little frontal visual field overlap), researchers 
could look at information storage. Octopuses could be 
trained with one eye but tested with the stimulus placed 
in the field of view of the other. The stored information 
did not transfer to the other side of the brain immediately 
but had done so within a day. If the vertical lobe of the 
favored side was removed, the octopus did not learn the 
discrimination. If the connections between the two brain 
halves were cut before the learning, no transfer took place, 
whereas if it was cut after the learning, it had done so. 

In parallel with these studies, Sutherland used the octopus’ 
ability to discriminate visual stimuli to search for the rules 
by which they encoded visual shapes. Initially, he found 
that they easily discriminated a vertical rectangle from a 
horizontal one but were much worse at discriminating a 
pair of oblique ones (this is also true for vertebrates) and 
theorized that the octopus discriminated patterns by their 
vertical and horizontal extents. However, it could also 
discriminate a square from a circle and a W-shaped figure 
from a V-shaped one, perhaps by the presence of visual angles 
or the ratio of edge to area. Sutherland advanced several 
different models of shape discrimination but octopuses 
were able to learn to discriminate complex shapes that did 
not follow any simple assessment rules. In the end, it 
became apparent that (like vertebrates) octopuses were 
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able to attend to different dimensions of the figure and to 
choose which ones were important for the discrimination. 

These studies led to an assessment of what might be 
called simple concept formation. When octopuses were 
given the two different cues of brightness and shape 
orientation for a discrimination, they learned faster than 
those that were given only one. Further testing showed 
that some relied on one cue and some on the other; when 
a separate group was trained to use one cue and then 
switch to another, they took longer to learn. If they were 
trained by finer and finer distinctions on an orientation 
discrimination that was initially too difficult, octopuses could 
learn it. They were also able to learn to respond to switches 
of the positive and negative stimuli in six successive 
reversals - if the criterion for correct choices was 70% 
(less than usual but appropriate for a win-switch forager). 

This emphasis on lab investigation of learning flour¬ 
ished between 1955 and 1970, but dwindled thereafter. 
A downturn in funding was part of the cause, but further 
investigation into the control of octopus learning needed 
electrophysiological techniques that were not then avail¬ 
able. There must also be a balance between lab and field 
investigations, and little or nothing was known of octopus 
behavior in the field. Ironically, Mather’s field observa¬ 
tions of octopuses in Bermuda suggested that some of the 
testing did not use an appropriate stimulus situation. In 
the field, octopuses foraged by moving over the sea bot¬ 
tom and feeling amongst and under the rocks, digging 
arms into the sand, and snaking them along algae to locate 
prey. Presenting paired visual stimuli for a food reward 
did not mimic a natural situation as prey was usually in 
hiding. Instead, octopuses used their vision to orient in 
the shallow waters, to find likely locations for prey, and 
return to their sheltering home. 

Other Approaches to Octopus Behavior 

Through these years, there was a low countercurrent of 
field investigation of octopuses that was more ecological 
than behavioral. Octopuses are top predators in many 
ecosystems: how are their populations regulated, what 
guides their prey choices, and how do they avoid preda¬ 
tion? The availability of sheltering homes may limit habi¬ 
tat choice. One study found that discarded beer bottles 
may extend the range of Octopus rubescens by providing 
such shelter, and fishers have taken advantage of this 
necessity in the Mediterranean by providing sheltering 
pots as traps. Most octopuses choose a wide variety of 
crustacean and molluscan prey. Consumption is affected 
by prey availability but lab selection does not always 
match that in the field, commonly measured by sampling 
the hard-shelled remains of prey left in a midden outside 
the octopus home. Octopuses may be specializing gener¬ 
alist, with the species taking a wide variety of prey and yet 


individuals specializing, perhaps fueled by learning. On 
the other hand, the soft octopus body makes them easy 
prey for many fish species and marine mammals, and their 
movement and distribution may be limited by predator 
pressure. 

The life history of octopuses has meant that studies on 
the development of behavior are few. There are three 
major transitions in the life of octopuses. The first is 
hatching, assisted by a hatching gland on the posterior 
tip of the mantle that dissolves the membrane of the egg. 
Hatchlings are immediately positively phototactic and 
negatively geotactic, so they move fairly quickly to near 
the water surface, where they are carried away by ocean 
currents. The paralarvae are nearly transparent slow 
swimmers and are swept by these currents, though they 
can use bursts of swimming to evade their (mostly) fish 
predators or to catch their mostly crustacean larvae prey. 
After some weeks or months in the plankton, octopuses 
undergo a second transition, settling from to water column 
to the sea bottom. During this transition, the arms grow a 
great deal and the buccal lobes of the brain that control 
them also grow, the chromatophores develop from a few 
to many, thickly covering the body surface, and the octo¬ 
pus preferentially seeks shelter and darkness. During the 
long subadult period, octopuses are voracious predators 
and have a very high conversion efficiency of food to body 
weight of 50%. Toward the end of the life cycle, they 
undergo a third major transition. The optic gland matures, 
suppression of growth of reproductive tissues is removed, 
and the body metabolizes protein from the muscles to 
form eggs or sperm. Males appear to become more active 
and seek out others with whom to mate (by passage of a 
large spermatophore that contains hundreds of sperm). 
Boal’s review of mating strategies notes that only Abdopus 
has mate guarding and competition for females; octopuses 
are generally solitary. The digestive gland shrivels and 
octopuses reduce their food intake, which also serves to 
protect the eggs while females guard them for the last 
weeks of their lives. 

Studies of behavior development have been done not 
on octopuses but on cuttlefish, which hatch from their eggs 
as miniature versions of the adult. Hatchlings have a nar¬ 
row visual search image for preferred prey, resembling 
Mysid crustaceans, and find it difficult to learn not to 
strike at one with the extended tentacles when it is 
enclosed in a glass test tube. Over the first 6 weeks of life, 
they gradually expand their prey preference and learning 
capacity, and the growth of the vertical lobe of the brain 
parallels the learning growth. But, like vertebrates, cuttle¬ 
fish can learn to modify these preferences with early 
exposure. Dickel and colleagues showed that the presence 
of crabs immediately after and even before hatching, 
modified their prey preference in a process reminiscent 
of mammalian early imprinting. No one knows whether 
similar learning occurs in octopus paralarvae. 
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We may have to similarly turn to other cephalopods to 
understand the full range of the skin display system. 
Much of the information about the system is descriptive, 
despite Packard’s lifelong study of its physiology and 
structure. On a behavioral level, octopuses can produce 
counter-shading of dark above and paler below. They can 
make a deceptive resemblance to features of the environ¬ 
ment or other noxious animals such as poisonous sea 
snakes. They can put on disruptive coloration that breaks 
up the pattern of the body (see the bars that extend out 
from the linear pupils of the eyes and break up its round 
outline). When threatened, they can darken the skin 
around the eyes and at the edge of the extended arms 
and web, looking both larger and threatening in a deimatic 
display. Octopuses often change these patterns many 
times and unpredictably, also extruding ink that acts as a 
visual screen. But they seldom perform these displays to 
conspecifics, and the true squid, which have a dazzling 
repertoire of such patterns as the Zebra, the Saddle, and 
the Stripe, may be a better group in which to investigate 
the meaning of such a system and whether it could be 
considered a language. 

Modern Research on Cognition and 
Neural Control 

As modern technology combines with a return to studying 
adaptive behavior in field and laboratory, there is a reem¬ 
phasis on the octopus’s cognitive capacity and its neural 
base. Williamson and Chrachri review the four most inter¬ 
esting neural networks for study in the cephalopods. One is 
the giant fiber escape system of the squid, with nerves of 
such large diameter that they have been used historically 
for neurophysiological study. Another is the hierarchical 
control of the chromatophore system described above, 
starting with the optic lobe behind the eyes and extending 
to the mantle motorneurones. A third is the statocyst-based 
balance system, an effective parallel of the one in verte¬ 
brates. A fourth is the visual system, particularly the optic 
lobe and its structural parallel with the retina of verte¬ 
brates. The last is the memory systems, the two are not as 
completely separated as earlier researchers believed and 
visual and tactile memories may interact. A separate anal¬ 
ysis of the neural basis of behavior is the approach of 
Hochner and colleagues, investigating the electrophysiol¬ 
ogy of the neurons and field potentials from different areas 
of the brain. 

In parallel to this are investigations of the learning and 
cognitive capacity of the octopus from new directions. For 
one, we have looked beyond the population to the indi¬ 
vidual, as octopuses are very different from one another. 
Mather began investigating octopus personalities in the 
1990s and Sinn has carried on the work with Euprymna 
squid. Sorting behaviors in common situations by factor 


analysis has resulted in three dimensions, Activity, Reac¬ 
tivity, and Avoidance. These dimensions are again a parallel 
to those found for many vertebrates. Sinn’s squid work 
suggests that such individual differences, sometimes called 
behavioral syndromes, have clear developmental patterns 
and also convey adaptive advantages. Such differences 
must, as in vertebrates, adapt the individual well to the 
complex changing near-short tropical marine environ¬ 
ment and allow it to select appropriate micro-habitats. 

Our understanding of the adaptive capacity of octopus 
learning has led in new directions. Boal’s test of their 
spatial learning, based on the capacity Mather found in 
the field, may be a more ecologically appropriate paradigm 
for learning. Fiorito has studied problem-solving in octopuses, 
testing their ability to take a lid off a glass jar to gain access 
to the crab hiding inside. Octopuses can also problem-solve 
in gaining access to a captured clam. They can manipulate 
the clam while it is held in the arm web out of sight and 
use three techniques, pulling apart, chipping with the 
beak, and drilling a hole in the shell and injecting a 
venomous neurotoxin. Each is done with the appropriate 
orientation, and both the Boal work and this study suggest 
that the octopuses, despite Wells’ earlier assumptions, 
have an understanding of where they are in space and of 
where appropriate body parts are situated. There must be 
limitations of the feedback about arm positions and 
actions, as so much of the nervous system is not in the 
brain, but Grasso’s recent work on arm actions suggests 
that their control is very sophisticated. 

Two areas suggest abilities outside what one might 
expect given the life history of the octopus. One is 
the suggestion of observational learning by Fiorito, who 
allowed one octopus to learn a visual discrimination by 
observing another make the correct choices. Such an abil¬ 
ity, which is not adaptive for a solitary animal, may be an 
offshoot of their general drive to investigate and learn by 
observation. Another offshoot of this drive to investigate is 
the appearance of play behavior in octopuses. Given a 
floating pill bottle, two of the six octopuses repeatedly 
aimed water jets at it with their funnel, driving it to the 
opposite end of the tank where it was returned by the 
intake current. This behavior was observed at a lesser 
level in the manipulation of plastic toys by octopus arms. 
Play is now known in many vertebrates, possibly with the 
long-term gain of practice by sheltered young for the adult 
social world and for long-term survival. In solitary octo¬ 
puses, it cannot serve these functions. Instead, these results 
suggest that observational learning and play are the results 
of a big brain, a complex sensory system, and an explor¬ 
atory drive, whatever animal they are observed in. 

The above account demonstrates that the octopus is a 
particularly good model for understanding learning and 
cognition. Its learning and memory are not based on the 
same nervous system as vertebrates, as its phylogenetic 
derivation is very different. In addition, it lives differently 
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as it is marine, has a semelparous life history, major life 
transition from a pelagic paralarva to subadults, and a 
complex but completely different brain organization. 
On the one hand, recent research has suggested that it 
has a wide-ranging capacity for learning and many of the 
cognitive abilities such as personalities, play, observa¬ 
tional learning, and problem solving that we tend to 
associate with higher vertebrates. Octopuses may even 
have a simple form of consciousness. On the other, it has 
complex brain circuitry that parallels that of vertebrates, 
as well as complex neurophysiological and neurochemical 
functions. The combination of behavioral and neurophys¬ 
iological information should ensure that the octopus 
remains an alternative model for the study of learning, 
memory, and cognition. 

See also: Playbacks in Behavioral Experiments; Visual 
Signals. 
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Introduction 

Communication involves the transfer of information via 
a common system of signals. These signals can be sent 
along visual, auditory, chemical, tactile, and even electri¬ 
cal channels. Chemical communication is a widespread 
phenomenon among animals, ranging from unicellular 
prokaryotes to humans. The olfactory systems of these 
organisms are capable of detecting both general odorants 
derived from food or the environment and semiochem- 
icals that influence the interactions between organisms. 
Semiochemicals can be further classified into phero¬ 
mones, allomones, kairomones, and synomones based on 
the nature of the interactions they mediate. 

Types of Semiochemicals 

A pheromone is an externally secreted signal that sends 
meaningful information to members of the same species. 
The first pheromone was identified in 1959 from the 
common silk moth Bombyx mori. Like many other noctur¬ 
nal moths, virgin females produce this volatile signal from 
eversible glands on the tip of their abdomens. After more 
than 20 years of research, which included extracting 
abdominal tips of over 250 000 female moths, Butenandt 
and others identified the active component of silk moth 
pheromone as bombykol. 

Pheromones act as either releasers or primers based on 
their mode of action. A releaser pheromone elicits an 
immediate change in the behavior of the receiver, while a 
primer causes a less rapid and longer term physiological 
change in the receiver. Interestingly, a single chemical signal 
can perform both releaser and primer functions, depending 
on the context in which it is sent. For example, the phero¬ 
mone of a queen honeybee (trans-9-keto-2-decenoic acid) 
acts as a primer by inhibiting the ovarian development of 
female workers in the colony and preventing the rearing 
of additional queens. This pheromone is picked up by a 
retinue of females that groom the queen and is transferred 
throughout the colony as workers feed each other by 
tropholaxis. Virgin queens also release this same com¬ 
pound while on nuptial flights, where it performs a 
releaser function - acting as a sex attractant by calling in 
males for mating. 

Allelochemicals are interspecific signals that affect the 
growth, health, behavior, or population biology of the 
receiver. These signals can be further categorized as allo¬ 
mones, kairomones, or synomones. An allomone elicits a 


behavioral or a physiological response in the receiver that 
results in an adaptive advantage to the senders. These are 
often defensive compounds that act as repellents or feed¬ 
ing deterrents. For example, green lacewings in the genus 
Chrysopa produce skatole-rich defensive secretions that 
repel invertebrate predators. In some cases, allomones 
can also come in the form of chemical mimicry. For 
example, the bola spider mimics the sex pheromone of a 
noctuid moth. After luring a moth into range, the spider 
captures its prey with a silken bolas. 

Kairomones , on the other hand, are chemical signals that 
benefit the receiver rather than the emitter. Phytophagous 
insects often use kairomones to locate appropriate host 
plants. The western pine beetle, a bark beetle, responds 
more readily to aggregation pheromones when they are 
accompanied by a terpene called myrcene which is 
released from its host, weakened ponderosa pine trees, 
Pinus ponderosa. 

Finally, synomones mediate mutualistic interactions that 
benefit both sender and receiver. Floral scents which 
attract pollinators are an example of synomones, wherein 
the pollinator receives food in the form of nectar or pollen 
and the plant is, in turn, pollinated. Plant odors are gener¬ 
ally complex mixtures, though only a few compounds may 
mediate behavior. These odors are often species specific 
blends of secondary compounds. 

Not all chemical signals fit neatly, however, into the 
categories described earlier. Some signals originate from 
abiotic factors. For example, fermentation products attract 
parasitic wasps to decaying fruit inhabited by fruit flies 
that the wasps parasitize. In fact, the very process of 
classifying the response of organisms to chemical signals 
may color or limit our interpretation of them. 

Structure of Olfactory Signals 

Chemical signaling is the dominant means of communi¬ 
cation within and among species. These signals are largely 
composed of secondary metabolites - compounds not 
involved in primary physical processes. Chemical signals 
are structurally diverse with properties that tend to vary 
with the medium through which they are propagated. 
Nonetheless, some common features unite the sex pher¬ 
omones of terrestrial and aquatic organisms. Air-borne 
pheromones are volatile and of low molecular weight, 
allowing them to diffuse rapidly. These signals are rela¬ 
tively simple organic compounds often composed of 
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a basic hydrocarbon structure to which functional moi¬ 
eties are attached. Most airborne compounds range in 
length from 5 to 20 carbon atoms and have molecular 
weights from 80 to 350 amu. Moreover, many insect phero¬ 
mones are composed of a blend of structurally related 
compounds. Signals involved in processes requiring a high 
degree of specificity (e.g., sex pheromone) usually have a 
higher molecular weight, allowing for a greater diversity 
of configurations and more specificity. In the aqueous 
environment where diffusion rates depend on solubility 
rather than volatility, chemical signals are often soluble 
compounds similar in size to those of terrestrial organisms 
or large polar proteins. Many marine organisms, for 
example, employ polypeptides as pheromones. 

Advantages and Disadvantages of 
Chemical Signaling 

There are unique advantages and limitations to chemical 
signaling when compared to other channels of communi¬ 
cation. For example, chemical communication is indepen¬ 
dent of light, and signals can be transmitted during both 
day and night. Unlike visual signals, and to some extent 
auditory signals, chemicals can travel around obstacles 
quite easily. They also persist in time, an advantage over 
auditory signals. Persistence, however, can be a liability if 
the sender needs to augment the signal or quickly adver¬ 
tise a change in status. Nevertheless, chemical signals are 
energetically rather efficient to produce and also have a 
broad transmission range - anywhere from contact pher¬ 
omones detectible only on the surface of an animal to sex 
pheromones that are effective over distances of several 
kilometers. There are a number of drawbacks related to 
chemical communication, however. Chemicals are often 
borne on the wind or carried by currents of water and, 
as a result, delivery can be quite slow and the accuracy 
by which the signal is delivered diminishes. Also, it is very 
difficult to modify the frequency or amplitude of a chem¬ 
ical signal once it is released, which may make it difficult 
for a receiver to localize the source of a distant signal. 

While chemical signals are known from a wide variety 
of organisms, they are particularly well characterized in 
insects and vertebrates. For this reason, I will focus on 
olfactory signals in these two taxa. 

Insect Pheromones 

Sex Pheromones 

Sex pheromones are arguably the best studied of semio- 
chemicals, having been identified from nearly all orders 
of insects. These signals can be produced by either sex 
and advertise the identity and status of the sender for the 
purpose of attracting a mate. Much of the interest in these 
signals is fueled by the notion of exploiting them as 


a means of pest management. A greater understanding 
of the chemically mediated mating behavior of insects 
will likely lead to new methods for the monitoring, mating 
disruption, and mass trapping of these important pests. 
For example, the synthetic sex pheromone of the codling 
moth, Laspeyresia pomonella , was first used to monitor popu¬ 
lations 30 years ago and later used in mass trapping and 
mating disruption efforts. 

Aggregation Pheromones 

Aggregation pheromones attract conspecifics of both sexes 
and are particularly common among insects and other 
arthropods that exploit food sources that are patchy in 
distribution and sporadically available. These pheromones 
meditate the formation of a group of individuals for the 
purpose of mating, overwhelming predators, or overcoming 
host resistance by mass attack. It has been suggested that 
aggregation pheromones arose from sex pheromones when 
members of the producing sex opportunistically responded 
to sex pheromones. Among beetles that infest stored products, 
these pheromones are commonly produced by males. For 
example, males of the red flour beetle, Tribolium castaneum , 
produce 4,8-dimethyldecanal as an aggregation phero¬ 
mone. Moreover, the aggregation pheromone of the pea 
and bean weevil, Sitonia lineatus , has been used to trap in 
mass this widely distributed pest of legumes. Perhaps the 
most widely studied aggregation pheromones are those of 
the conifer-attacking bark beetles. For example, in the 
mountain pine beetle, Dendroctonus ponderosae, the produc¬ 
tion of the aggregation pheromone component exobrevi- 
comin is induced when a pioneering female feeds on host 
phloem while attacking a tree. If a sufficient number of 
beetles respond to this chemical signal, host defenses can 
be overcome and the tree colonized. Another remarkable 
example of aggregation pheromones are those of the gre¬ 
garious locust. Aromatic hydrocarbons structure the for¬ 
mation of great swarms of the desert locust, Schistocerca 
gregaria , which can cover 1200 km" and contain as many as 
80 million individuals. 

Aphrodisiac Pheromones 

Aphrodisiac pheromones are commonly produced by 
males of Lepidoptera and act as close-range sex phero¬ 
mones to mediate courtship behaviors. In comparison 
with most sex pheromones, these signals are often per¬ 
ceived through contact alone, produced in staggeringly 
large quantities, and are by and large more structurally 
diverse. Moreover, many of these compounds are often 
derived from diet. For example, male danaid butterflies 
release a pyrolizidine alkaloid called ‘danaidone’ from 
large eversible brush-like ‘hair pencils.’ When a male 
butterfly overtakes a female in flight, he dusts her with 
particles containing the pheromone. These compounds 
induce the female to land. The male continues to hover 
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over the female, dusting her with pheromone, until finally 
he too lands nearby and mates with her. Interestingly, 
if the ‘hair pencils’ are extirpated, males are unsuccessful 
at attracting a mate. Another example of close-range sex 
pheromones are cuticular hydrocarbons that act as contact 
pheromones that mediate mate recognition. In some bee¬ 
tles, such as longhorned beetles, these pheromones can be 
single components or blends of branched or straight- 
chained saturated and unsaturated hydrocarbons. Males 
are unable to recognize females, even those within a few 
millimeters, until physically contacting them with their 
antennae. In fact, some males even attempt to mate with 
glass rods or dummies that have been treated with solvent 
extracts of the female cuticle containing the pheromone. 
In flies, these pheromones are often methylated hydro¬ 
carbons with chain length greater than 25 carbons and can 
function both as contact pheromones and volatile attrac- 
tants that function over very short distances. In some 
species of flies, such as those belonging to the genus 
Glossina , males transfer cuticular hydrocarbons to females 
while mating, and these compounds act as abstinons - 
inhibiting further courtship by other males. 

Alarm Pheromones 

Alarm pheromones are usually volatile compounds that are 
released by either clonal or social insects in response to a 
disturbance. These signals can be monoterpenes, sesquiter¬ 
penes, or short-chain aliphatic hydrocarbons. They often 
comprise mixtures of compounds and are less specific than 
other types of pheromones. In response to alarm pheromones, 
nonsocial insects usually disperse. For example, aphids fall 
from their host plant. Social insects, on the other hand, 
often respond aggressively to alarm pheromones, which 
are often blends of compounds, with each component 
eliciting a different response in the receiver. For example, 
worker leaf-cutting ants in the genus Atta raise their heads 
and open their jaws upon perceiving hexanal - the most 
volatile and rapidly spreading component of the alarm 
pheromone. Other components, such as hexanol, are less 
volatile, spread more slowly, and attract other ants to the 
site of release. Finally, other components of the blend elicit 
aggressive behaviors such as biting in ants that are in 
proximity to the release point. In social insects, these 
signals are often produced by mandibular glands, although 
other glands can also be associated with their release. For 
example, guard bees in the genus Apis mark intruders to 
the hive with mandibular gland secretions that stimulate 
aggressive behavior in other bees, while the glands asso¬ 
ciated with the sting release another alarm pheromone. 

Epideictic Pheromones 

Nonsocial insects commonly release chemical signals that 
mark their eggs or pattern the spacing of populations. 


Many of these compounds are the result of competition 
for limited resources, and chemical signals that indirectly 
affect population density are commonly referred to as 
‘epideitic pheromones.’ The most thoroughly studied 
examples of epidiectic pheromones are those of stored 
grain pests. For example, larvae of the flour moth produce 
a pheromone from their mandibular glands. The phero¬ 
mone, targeted to larvae of these same species, causes 
increased wandering, delayed pupation, and smaller pupae. 
These smaller pupae ultimately result in smaller adults that 
lay fewer eggs and thereby lessen density-dependent mor¬ 
tality factors. Oviposition deterrents are also quite common 
among parasitic Hymenoptera and inhibit oviposition on 
the same host, thereby reducing competition. 

Trail Pheromones 

Social insects also commonly use pheromones to mark 
feeding or nest sites and trails. Trail pheromones are 
produced primarily by social insects that forage on the 
ground, such as termites and ants, although a few nonso¬ 
cial insects also use them. Termites, for example, contin¬ 
ually produce trail pheromone from abdominal glands 
and deposit a drop each time the abdomen touches the 
substrate. In this way, insects lay down trail pheromones 
as they walk and move, and the persistence of well-used 
trails is reinforced by those who follow. Tent caterpillars 
even overmark their original paths to a food supply by 
pressing the terminal abdominal segment along the trail 
as they return to their nest. Chemical trails can even be 
followed by flying insects. For example, stingless bees in 
the genus Trigona mark a food source with a pheromone 
composed mostly of citral and continue to lay down 
pheromone on the way back to the nest. 

Pheromones also play important roles in maintaining 
the colony structure of social insects. For example, pher¬ 
omones regulate many aspects of colony life in honeybees. 
In fact, honeybees use at least 36 different pheromones 
components, secreted by 15 different glands. Pheromones 
are involved in such diverse behaviors as foraging, trail 
marking, colony defense, nestmate recognition, colony 
fission, swarming, and mating. 

Vertebrate Pheromones 

The pheromones of vertebrates commonly exist as complex 
mixtures rather than as single compounds or the simple 
mixtures characteristic of many arthropod and inverte¬ 
brate pheromones. Signal specificity of these pheromones 
is often achieved by varying the proportions of individual 
components of the mixture. For example, the preorbital 
and pedal gland secretions of antelopes contain as many as 
50 individual compounds. Among vertebrates, a sense of 
smell is well developed in mammals, especially carnivores 
and ungulates, where the recognition of individuals is 
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important in maintaining dominance hierarchies, defend¬ 
ing territories and in providing parental care. These mes¬ 
sages often arise from odor-producing glands in the skin 
but can also be found in feces, urine, vaginal secretions, 
saliva, and even expired air. Glands that release odors in 
mammals are often associated with hairs that may serve to 
further disperse the signal. 

Interestingly, both primer and releaser pheromones 
structure the highly social lives of mammals. Primer 
pheromones appear to be most closely associated with 
urine. For example, the estrous cycle of the laboratory 
house mouse Mus musculus can be suppressed by the 
presence of another female, but also accelerated by 
odors present in the urine of males. Releaser pheromones 
are more common among mammals. For example, female 
boars display receptive behavior in response to androgen- 
derived primer pheromones found in the saliva of males. 
Moreover, 2-methylbut-2-enal is produced in rabbit milk 
and mediates nipple searching behavior in pups. 

The semiochemistry of amphibians and reptiles remains 
to be studied intensely. Nevertheless, there is evidence of 
sex pheromone use by these groups. For example, the 
male newt Cynops pyrrhogaster attracts conspecific females 
by the decapeptide sodefrin which is released into the 
water from an abdominal gland. Males of the magnificent 
tree frog, Litoria splendida , release a peptide sex phero¬ 
mone that attracts local females. Moreover, toad tadpoles 
respond to alarm pheromones released from injured kin 
by leaving the large conspicuous shoal and swimming to 
deeper water. Alarm pheromones have also been identi¬ 
fied in fish, including carp and minnows. In fact, these 
signals were among the first vertebrate pheromones to be 
recognized. The alarm pheromones of minnows, and 
other fish in the subfamily Leuciscinae, are held within 
specialized ‘club cells’ within the skin that are released 
only when the skin is damaged. The homing behavior 
of salmon also appears to be mediated by pheromones 
and kairomones. Apparently, these fish return to their 
natal streams by orienting to distinctive odors that were 
imprinted as juveniles. There is also evidence of primer 
pheromones in fish that induce ovulation. These phero¬ 
mones are responsible for the maturation of oocytes and 
raising the volume of milt. Releaser pheromones also act 
as sex attractants and mediate spawning behavior and the 
release of gametes. 

Perception and Interpretation of 
Olfactory Signals 

How are odorant molecules like pheromones and host 
odors converted into signals that travel to the brain and 
trigger a behavioral response in the organism? In this 
regard, there are striking similarities between olfaction 
in vertebrates and invertebrates at both the cellular and 


the organ levels. All systems are composed of olfactory 
receptors cells. These receptors are polarized neurons 
that are exposed to the outside world on one end, where 
they are specialized for chemical detection, while the 
other end extends to the brain and is specialized for 
signaling. After an odorant molecule binds to the odorant 
receptor protein in the cell membrane, the protein under¬ 
goes a conformational change and an intracellular cascade 
of secondary messengers is set into course. This signal 
cascade causes hyperpolarization of the cell membrane 
which ultimately results in the transmission of an action 
potential that conveys information to the brain. Specifi¬ 
cally, the binding of an odorant to a specific receptor 
protein activates a G-protein in the cell membrane. Inter¬ 
estingly, G-proteins are involved in other processes that 
incorporate cellular receptors (e.g., hormone reception 
and vision), and all share amino acid sequences including 
seven-transmembrane domain regions that crisscross the 
membrane. In the nerve cell, GTP interacts with adeny¬ 
late cyclase to produce cyclic adenosine monophosphate 
(cAMP), which serves as a second messenger to open a 
cation channel permitting an influx of ions. This flush of 
ions into the nerve cell, in turn, causes a depolarization 
and the nerve then fires. There is new evidence, however, 
that in insects signal transduction may be independent of 
G-protein-coupled secondary messengers and rather 
the receptor neurons themselves act as cation channels. 
Nevertheless, these systems are extremely sensitive and 
most animals are able to detect a host of compounds 
including completely novel odorants. This astonishing abil¬ 
ity is partly due to the diversity of receptor types and the 
broad yet overlapping specificities of the receptors. 

Insects have a highly tuned olfactory system and can 
detect vanishingly small amounts of pheromones in the 
environment. A male moth may rapidly respond over a 
distance of 100 m to as little as 200 molecules of phero¬ 
mone released by a calling female. It has been estimated 
that 50% of odorant receptor cells on the antennae of the 
male silk moth are tuned to respond to female sex phero¬ 
mone. There is often strong sexual dimorphism with 
regard to antennal morphology. For example, the anten¬ 
nae of male silk moths possess gross anatomical and fine 
structural morphology that serves to increase the recep¬ 
tion rate of chemical signals. Surface area is enhanced by 
comb-like structures that project from a central shaft of 
the antennae, and each of these projections is covered by 
odorant receptors. In fact, the antennae essentially act as 
a molecular sieve composed of more than 100 000 indi¬ 
vidual sensillae through which air passes. Odorant mole¬ 
cules are first caught by sensory hairs that are perforated 
by many pores and then pass through these openings 
on the sensillum. The space within a sensillum is filled 
with hydrophobic lymph, similar to the mucus of verte¬ 
brates, and hydrophobic pheromone molecules are carried 
through the lymph by specialized odorant binding proteins 
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to odorant receptor neurons. The axons of these neurons 
terminate in the antennal lobes of the brain where 
they synapse with other neurons at glomeruli. The 
antennal lobes are equipped with excitatory projection 
neurons that further send their axon terminals to a portion 
of the brain called ‘the protocerebrum’ for higher 
processing. 

In vertebrates, membranes of chemosensory cells, called 
‘olfactory epithelia,’ are bathed in mucus and often modified 
to increase surface area. There can be millions of olfactory 
receptors cells. These olfactory cells also tend to be con¬ 
centrated at the anterior end of an organism and in many 
vertebrates are often located on the roof of the mouth. The 
importance of olfaction in the lives of organisms is often 
reflected in the number of olfactory receptor cells they 
possess; some dogs, for example, are endowed with approx¬ 
imately one billion receptor cells, while humans have only 
10-40 million. The axons of these cells extend directly to 
the brain, where they connect with interneurons in spheres 
of nerve tissue called ‘glomeruli.’ Interestingly, the axons 
of receptor cells that respond to a specific odorant or 
related molecule converge on an individual glomerulus, 
bringing together information from large numbers of neu¬ 
rons. For example, each glomerulus of a rabbit is composed 
of approximately 25 000 receptor cells. 

There are two dominant olfactory systems in verte¬ 
brates. The common or main olfactory system senses the 
environment and is used to find food, detect predators and 
prey, and mark territories. However, some amphibians, 
reptiles, and mammals perceive chemical signals, particu¬ 
larly those involved in mate attraction, courtship, parental 
care, and aggression, using a specialized structure called 
the ‘vomeronasal organ’ (VNO) located on the roof of 
the mouth or between the nasal cavity and mouth. This 
secondary or accessory system is separate from other 
chemosensory organs and the neural wiring innervates 
brain regions other than the main olfactory system, par¬ 
ticularly the hypothalmic-pituitary axis - a region of the 
brain important in hormonal regulation. The VNO is 
specialized to detect nonvolatile pheromones. Snakes 
use their tongues to deliver compounds to the VNO, 
while in mammals, many pheromone signals are in urine 
or specialized secretions, and the receiver must lick or 
touch its nose to the chemical for it to be perceived. 
Mammals also show a characteristic grimace, called the 
‘flehmen,’ where the head is raised and lips curled after 
making contact with pheromones. This response helps 
transfer the compounds to the VNO. 

Conclusion 

Olfactory signals mediate critical processes in the lives 
of animals, from finding a mate to avoiding danger. 


Nevertheless, pheromones often work in concert with other 
communication channels to form composite signals. Signals 
from parallel sensory channels may provide redundancy, 
ensuring that a signal gets through to the receiver. For 
example, black-tailed deer transmit an odor alarm signal 
along with sound and visual signals. Also, signals from 
additional sensory channels (e.g., auditory or visual) may 
modulate the intensity of the message or may even be 
necessary for the message to be received altogether. Ants in 
the genus Novomessor enhance chemically mediated recruit¬ 
ment of nestmates to a food source by adding stridulatory 
vibration signals. Moreover, pheromones alone are not suf¬ 
ficient to mediate mating behavior in the fruit fly, Drosophilia 
melanogaster. Visual, acoustic, olfactory, and tactile signals are 
used to stimulate receptivity in females and copulatory 
behavior in males. A greater understanding of the genetic 
and neural architecture underlying communication will 
undoubtedly shed light on the evolution of these multimodal 
and other olfactory signals. 

See also: Alarm Calls in Birds and Mammals; Communi¬ 
cation Networks; Interspecific Communication; Mating 
Signals; Smell: Vertebrates. 
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An Introduction to Captive Breeding 

Animal populations worldwide are becoming increasingly 
endangered due to habitat loss, climate change, unsustain¬ 
able harvesting practices, and impacts from invasive and 
pathogenic organisms. Human intervention is often nec¬ 
essary to maintain viable populations in the wild and to 
prevent species from becoming extinct. One approach to 
prevent extinction is to manage vulnerable or endangered 
species in situ (in their natural habitat) and attempt to 
control the factor(s) that is(are) causing the species’ 
decline, for example, through habitat restoration and/or 
the eradication of nonnative predators. If in situ interven¬ 
tion is not possible, however, individuals or populations 
may be removed from the wild and bred in captivity until 
the problem(s) causing the decline can be resolved, and 
there are sufficient numbers of animals available for 
release into the wild. This form of ex situ conservation 
(or ex situ preservation) is called captive breeding. 

The primary aim of captive breeding is to maintain 
viable populations in captivity that can later be used to 
augment or reestablish populations in the wild via reintro¬ 
duction. Other important goals of captive breeding include 
providing a ‘gene bank’ for long-term species preservation 
and producing animals as subjects for conservation 
research projects. Captive-bred animals are also often 
required as exhibits for zoos and aquaria to avoid remov¬ 
ing additional animals from the wild. Importantly, captive 
breeding programs play a crucial role in raising public 
awareness of conservation issues, providing support and 
opportunities for fundraising. It should be noted that 
captive breeding programs are not always undertaken for 
species under imminent threat, but may be implemented 
for species that are predicted to face population declines 
in the future. For example, an ‘insurance population’ of 
Tasmanian devils has been set up on mainland Australia 
as wild populations are under threat from Devil Facial 
Tumour Disease. 

There was a great deal of interest in the use of captive 
breeding as a recovery tool for endangered species during 
the 1980s and 1990s. This culminated in the suggestion 
that zoos, aquaria, and other breeding facilities could 
effectively operate as ‘arks,’ in which species could be 
preserved over long periods of time before eventually 
being reintroduced into the wild. Despite this early 
enthusiasm, however, it is now generally recognized that 
captive breeding may not be suitable for all species. 


Indeed, it has proved difficult to achieve self-sustaining 
captive populations of animals such as whooping cranes, 
giant pandas, and northern white rhinos due to a shortage 
of reproductively active animals, high mortality, and poor 
reproductive success. On the other hand, some animals 
appear well suited to captive breeding programs. An anal¬ 
ysis of the relationship between body mass and the intrin¬ 
sic rate of population increase in captive populations of 
threatened animals revealed that species that are most 
likely to have high population growth rates are those 
with small body mass such as black-footed ferrets {Mustek 
nigripes ), pink pigeons ( Columba mayeri), and golden lion 
tamarins ( Leontopithecus rosalia). 

If an endangered species is successfully bred in captiv¬ 
ity, it does not necessarily mean that its reintroduction into 
the wild will be successful. Only a small number of captive 
breeding and reintroduction programs have been consid¬ 
ered successful, that is, where released animals can poten¬ 
tially form self-sustaining populations in the wild. Captive 
breeding and reintroduction is therefore often considered 
as a last resort strategy, particularly since this form of 
management can also be very expensive and time consuming. 
Nonetheless, several species such as the Arabian oryx and 
the Californian condor have been brought back from the 
brink of extinction through such schemes. Successful rein¬ 
troduction schemes require expertise from a variety of 
groups including biologists, policy makers, sociologists, 
and organizational consultants, and problems may emerge 
if communication among these parties is poor. 

The limited success of reintroduction programs is also 
frequently attributed to behavioral problems associated 
with captive breeding; captive-bred animals often show 
deficiencies associated with foraging skills, predator avoid¬ 
ance, and social interactions. These behavioral deficiencies 
can arise through genetic adaptation to the captive environ¬ 
ment (domestication) and/or as a result of developmental 
(ontogenetic) effects. Ontogenetic effects may be of partic¬ 
ular interest to breeding managers as their effects on animal 
behavior may be more easily reversed (e.g., through envi¬ 
ronmental enrichment and learning) than those resulting 
from unintended selection. In another category falls mating 
behavior, in particular mate choice. This is the consequence 
of adaptive preferences that make animals choosy when it 
comes to mate. In most species, females are unlikely to 
accept any potential partner; thus, mate choice limits the 
success of captive breeding and introduction programs 
when partner availability is limited, as is often the case. 


589 




590 Ontogenetic Effects of Captive Breeding 


Here, we first consider how genetic and ontogenetic 
processes operate in captivity and how these might influ¬ 
ence the behavior of captive animals. We then examine 
the environmental factors that may contribute to behav¬ 
ioral deficiencies in captive animals, focusing on the 
availability of space and food, the reduction or loss of 
predation risk, and the social environment. We also dis¬ 
cuss the relationship between the developmental environ¬ 
ment and abnormal repetitive behaviors (or stereotypic 
behaviors) that may be observed in captive animals. 
Finally, we explore the ways in which breeding managers 
can modify the behavior of captive animals by providing 
environmental enrichment and opportunities for learning. 

Effects of Captivity on Animal Behavior 

The behavior of wild and captive animals is often mark¬ 
edly different, and there are numerous reports of behav¬ 
ioral differences being observed between wild and 
captive-reared or captive-bred animals. Behaviors are 
not usually ‘lost’ when animals are bred in captivity; 
rather, there tend to be quantitative differences in the 
behavioral repertoire of wild versus captive animals. 
Behavioral differences between wild and captive-bred 
animals can arise as a result of genetic changes occurring 
in captivity (through selection), through differences in the 
environment experienced during development, or a com¬ 
bination of both factors. 

Genetic Effects of Captive Breeding 

The process by which animals become adapted to captiv¬ 
ity as a result of genetic changes occurring over genera¬ 
tions is referred to as domestication. The selective processes 
that result in domestication can either be artificial or 
natural. Artificial selection occurs when individuals with 
particular characteristics are mated in order to produce 
offspring with preferred traits. For example, for thousands 
of years, humans have selectively bred animals to produce 
desirable traits in modern livestock such as large muscle 
mass in sheep and pigs. On the other hand, natural selection 
in captivity promotes traits that are advantageous in the 
captive environment. Both types of selection build on the 
genetic effects of inbreeding depression and random 
genetic drift which result from the commonly small pop¬ 
ulation size of captive-bred stocks. 

Genetic adaptation to captivity has been demonstrated 
in insects, amphibians, fish, and mammals and is often 
associated with increased levels of fecundity. For example, 
levels of fecundity in large white butterflies ( Pieris brassicae) 
that had been maintained in captivity for 100-150 gen¬ 
erations were around 13 times higher than levels observed 
in wild populations. However, traits that are advantageous 
and selected for in captivity are often highly maladaptive 


if captive-bred animals are introduced into the wild. For 
example, hatchery-reared salmonid fish have lower fitness 
in natural environments than wild fish, with declines in 
fitness sometimes being observed after just 1-2 genera¬ 
tions of hatchery rearing. 

Behaviors that are favored by natural selection in wild 
animals (e.g., predator avoidance) tend to lose their adap¬ 
tive significance in captivity resulting in what is often 
referred to as relaxed selection on these traits. Isolation of 
prey from predators can cause some components of anti¬ 
predator behavior to be lost rapidly (over the course of 
a few generations), while others may persist. For example, 
tammar wallabies (. Macropus eugenii) inhabiting Kangaroo 
Island, South Australia (which has been isolated from 
mammalian predators for around 9500 years), retain a 
fear response toward visual, but not acoustic cues from 
mammalian predators. Loss of antipredator behaviors has 
also been shown to occur in captive breeding programs: 
antipredator responses of the threatened Mallorcan mid¬ 
wife toads ( Alytes muletensis) were found to diminish after 
around 9-12 generations of captive breeding. 

Ontogenetic Effects of Captive Breeding 

Differences in the behavior of wild and captive animals can 
also arise as a result of ontogenetic factors, which are those 
that take place during the animals’ development. Ontoge¬ 
netic differences occur because many species are pheno- 
typically plastic meaning that their appearance and/or 
behavioral traits exhibit different responses depending 
on the environment that they encounter during develop¬ 
ment. Learning is a form of phenotypic plasticity as 
it allows animals the chance to modify their behavioral 
skills in response to specific stimuli in the environment. 
Learning is not restricted to mammals but occurs in most 
animal groups, as Darwin showed in his early study of 
earthworm behavior. Yet there is a disproportionate repre¬ 
sentation of vertebrates, and in particular of fish, birds, and 
mammals in the literature on ontogenetic effects of captive 
breeding. This may be a result of human biases toward 
certain groups of organisms, and/or of a widespread mis¬ 
conception than amphibians and reptiles - and inverte¬ 
brates in general - are not capable of much learning. 

Learning can occur at the level of the individual 
through trial and error ( individual learning r ), or it may 
arise through observing and/or interacting with others 
(.social learning). Some animals may have a repertoire of 
complex learned behaviors such as parental care, sexual 
behavior, social interactions, and foraging skills, and devel¬ 
opment of these skills may be constrained if the captive 
environment does not provide sufficient learning or train¬ 
ing opportunities in the form of realistic behavioral 
(e.g., foraging) tasks. Opportunities for social learning 
may also be limited if the structure of the social group 
does not allow information to be transmitted between 
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particular individuals, such as from parent to offspring. 
Behaviors that are learned and socially transmitted to 
other group members have the potential to be lost much 
faster than genetic diversity (i.e., within a single genera¬ 
tion) and are therefore of major concern to captive breed¬ 
ing managers. 


Environmental Factors Affecting 
Behavioral Development 

The environment that an animal experiences in the wild 
may differ greatly to that which it encounters in captivity. 
Captive animals typically live in a confined space and 
those kept indoors may be subjected to artificial lighting 
conditions (which may result in abnormal circadian 
rhythms), different temperature regimes, and are gener¬ 
ally not exposed to the variation in physical conditions 
experienced by wild animals. In contrast, animals kept in 
outdoor enclosures may experience greater variation in 
environmental conditions than their wild counterparts if 
the enclosure does not provide a range of habitats (e.g., 
shelters, tunnels, and exposed rocks) to allow behavioral 
buffering through the use of such refuges. The time bud¬ 
gets of wild and captive animals can also differ dramati¬ 
cally. For example, captive black and white ruffed lemurs 
(Vanda variegata) spend more time self-grooming and less 
time feeding than lemurs in the wild. The social environ¬ 
ment is also very different in the wild, with group organi¬ 
zation likely being more dynamic in terms of group size, 
sex ratio, age structure, and social hierarchy than that 
occurring in captivity. The environment experienced dur¬ 
ing ontogeny can also result in captive and wild animals 
displaying different responses to stress. However, the spe¬ 
cific cause of behavioral deficiencies observed in captive- 
born individuals is often not known and likely attributable 
to a combination of factors, including genetic effects. 
Major differences between wild and captive environments 
and their likely affects on behavioral development are 
discussed below. 

Space 

The amount of space used by animals in the wild largely 
depends on the spatial distribution of resources such as 
food, water, and shelter. Some wild animals are highly 
territorial while others are dispersed or migratory with 
space requirements varying on an annual or seasonal 
basis. In contrast, the amount of space available for captive 
animals is almost always reduced such that animals live at 
higher densities than they would otherwise experience in 
nature. Although the basic nutritional and housing require¬ 
ments of animals may be met, the environment must also 
provide for the animals’ physiological and psychological 


welfare; for example, there may be the basic need to per¬ 
form species-specific behaviors such as exploration. 

As larger population sizes are generally preferable for 
maintaining viable populations in captivity (e.g., through 
avoiding inbreeding), there is a conflict between the size of 
the captive population that can be housed and the amount 
of space available for each individual. Many zoos overcome 
this problem by incorporating animals from different insti¬ 
tutions into their captive breeding programs, hopefully 
increasing the size of the breeding population if translo¬ 
cated individuals are acceptable breeding partners to the 
local animals (see section ‘Sexual Behavior’). The amount of 
space provided for an animal in captivity must allow for the 
appropriate expression of the ‘normal’ behavioral reper¬ 
toire. Animals with insufficient space often display stereo¬ 
typical behaviors such as pacing. Crowding is often 
associated with high levels of aggression and reduced repro¬ 
duction in rodents, and increasing cages sizes has been 
shown to alleviate these effects. The amount of space avail¬ 
able to an animal group can also directly influence its social 
structure. For example, house mouse populations switch 
from territorial societies to dominance hierarchies if space 
is limiting. 

Food Availability 

Wild animals spend a large proportion of their time 
foraging, including deciding where to forage, how long 
to spend foraging, and which food items are likely to be 
most profitable. However, animals in captivity are typi¬ 
cally presented with their food at the same time and place 
every day. As a consequence, captive animals spend much 
less time and energy foraging than wild animals. Captive 
animals therefore do not need to trade foraging behavior 
for other important activities such as reproduction and 
predator avoidance. However, the extra time created in 
their activity budgets can be detrimental to their welfare, 
and a number of studies have shown that captive animals 
benefit when provided with foraging activities that are 
more time consuming. For example, captive common 
marmosets (£allithrix jacchus) presented with hidden food 
showed increased foraging and movement activity and 
reduced scratching and grooming compared to marmosets 
whose food was presented in a bowl. Indeed, it is common 
practice in modern zoos to allow animals the opportunity 
to forage for their food by presenting it at various loca¬ 
tions around the enclosure or by presenting it in such a 
way that it takes animals time to obtain it (e.g., presenta¬ 
tion boxes, foraging puzzles). 

Predation 

Most animals are subjected to predation risk and must 
spend a considerable portion of their time being vigilant 
toward potential risks and responding to threats. In contrast, 
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animals in captivity are rarely exposed to predation threats 
or any of the cues that are associated with increased risk 
(unless they receive training as part of their management 
program, see section ‘Predator Training’). It was previously 
thought that animals would develop their full repertoire of 
antipredator skills without requiring any experience. How¬ 
ever, antipredator behavior in animals is often modified as a 
result of experience with predators or predator-related cues 
(e.g., odors), and/or as a result of observing the antipredator 
responses of others. Animals born in captivity therefore may 
not have the opportunity to learn how to respond appropri¬ 
ately to a predation threat. As a result, the antipredator 
behavior of captive-reared animals can be impoverished 
when compared to the skills of wild-caught animals. Indeed, 
high predation on released animals has been reported as a 
major cause of failure in many reintroduction schemes. 

Social Environment 

Wild animal populations are hugely variable in social 
structure ranging from species with largely solitary life¬ 
styles to those with highly complex hierarchical societies. 
However, the social environment in captivity may depend 
on the availability of animals or enclosure space with 
social organization typically being more uniform (e.g., a 
few adults of each sex) than that observed in the wild. 
Animals often fail to breed when housed in an inappro¬ 
priate social environment, and mistakes are often made 
because of a lack of information about the social structure 
of populations of endangered species. Social isolation in 
an otherwise gregarious species can cause high levels of 
stress, poor health, and the development of abnormal 
repetitive behaviors. Animal keepers often obtain infor¬ 
mation about the social requirements of a particular spe¬ 
cies through simple field research or experiments in 
captivity where animals are allowed to chose their social 
partners. 

Parent-offspring interactions 

Captive-born young may either be allowed to remain in the 
enclosure with their parents or, if necessary, may be 
removed for hand rearing. Hand rearing is often used for 
primates because of high rates of maternal neglect in cap¬ 
tive populations. Indeed, poor social environment is often 
blamed for poor parenting skills in captive populations, 
possibly because females are unable to learn these skills 
from other females in the population. In captive breeding 
programs for birds such as whooping cranes (Grus ameri- 
cana ), eggs are often removed to induce the production of 
larger brood sizes than would normally be produced. This 
is done to maximize egg production to provide a large 
number of individuals for reintroduction. As the parents 
cannot care for all the young, some of them may be hand 
reared or cross-fostered by either different parents or 


members of a closely related species. This can subse¬ 
quently create problems associated with species recogni¬ 
tion, song learning, habituation to humans, and the 
development of antipredator skills. For example, postre¬ 
lease monitoring of captive-born whooping cranes found 
that those that were raised by their parents were more 
vigilant and formed larger groups (a potential antipredator 
strategy) than those which were hand reared. Reproductive 
suppression has been reported in animals such as rhinoc¬ 
eros, naked mole rats, marmosets, and tamarins when 
young adults are forced to remain in their family groupings. 
In other species, however, the presence of ‘helper’ family 
members may be required for successful reproduction. 
Female monkeys that are isolated from their mothers at 
an early age may be more likely to reject their own off¬ 
spring, and there are also reports of females pacing instead 
of caring for their young. 

Sexual behavior 

Many species require particular conditions in order to 
breed and the key to success is to ensure that these are 
met, where possible, by the captive environment. One 
problem with identifying these conditions in endangered 
species is that their natural history is often not well 
known. In these cases, animal breeders may use a closely 
related species for which more information is available, 
and it may take several years for animal managers to find 
the conditions required for successful breeding. 

Captive breeding facilities often provide limited 
opportunities for mate choice, either because few sexually 
mature adults are available or because management prac¬ 
tices require matings between particular individuals (e.g., 
through the use of studbooks) in order to enhance genetic 
diversity. Such animals may refuse to mate or these pair¬ 
ings may result in low or no reproductive success, if for 
example the individuals selected are genetically incom¬ 
patible. However, knowledge of the mating preferences 
of captive species can be used by breeding managers to 
facilitate pairings between particular individuals. Mating 
preferences can be determined by early social interactions 
and animals display preferences based on either familiar 
or novel phenotypes that were encountered at an early 
stage of development. For instance, experimentally released 
mallards may remain in compact flocks which do not mix 
with wild birds, thus reducing the opportunity for inter¬ 
breeding (and baffling attempts to perform genetic rescue 
of endangered populations). Mating patterns in captivity 
can also be assessed using genetic parenting. This can be 
particularly useful for animals kept in groups, as it may 
reveal that only a few males are siring most of the off¬ 
spring produced, with the consequent negative effects of 
reducing the effective (genetic) population size of the 
captive population. 
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Abnormal Repetitive Behaviors (ARBs) 
and Stress in Captive Animals 

Abnormal repetitive behaviors (ARBs) also referred to as 
‘stereotypical behaviors’ are defined as repetitive, unvary¬ 
ing, and apparently functionless behavior patterns. These 
are commonly observed in captive animals held in zoos 
and breeding institutions but are rarely observed in 
nature. It has been estimated, for example, that 80% of 
giraffes, 69% of gorillas, and 43% of elephants in captivity 
display these behaviors, and that up to 10 000 animals are 
affected worldwide. Examples of common ARBs include 
pacing, rocking, overgrooming, self-harm (e.g., biting), 
and eating inedible objects. ARBs may be performed in 
response to cues in the captive environment and be driven 
by frustration, fear, or discomfort (‘frustration-induced 
stereotypic behavior’). These sorts of ARBs can develop 
from attempts to escape; examples include bar chewing in 
rodents and pacing in wombats and leopards. ARBs are 
also thought to be linked to abnormalities of the central 
nervous system caused by sustained stress and/or a sub- 
optimal environment experienced during early develop¬ 
ment (‘malfunction-induced stereotypical behavior’). 
Impoverished rearing environments are known to impair 
brain development in rodents, and the observation that 
ARBs are more often observed in captive-born animals 
than in wild-born animals subsequently kept in captivity 
provides some evidence for underlying pathological pro¬ 
blems. Regardless of the underlying causes of ARBs, they 
are an important consideration in terms of animal welfare, 
public education, and for the conservation of ‘normal’ 
behavior patterns. 

It has been suggested that performing repetitive beha¬ 
viors may be a method that allows animals to ‘cope’ with 
the stresses associated with captivity. Indeed, the propor¬ 
tion of time spent performing ARBs tends to increase 
when individuals are under increased stress (which is 
why Broom suggested that stereotypies should be viewed 
with alarm if they take up more than 10% of an animal’s 
time), for example, when zoo visitor numbers are high and 
there is more human contact. Animals in the wild have a 
suite of behaviors allowing them to respond to stresses 
such as predator encounters or aggressive interactions 
with conspecifics, but animals in captivity may face con¬ 
ditions (e.g., human interactions) that they are less 
equipped to deal with. Although ARBs tend to be linked 
with poor welfare, animals in these environments that 
perform ARBs often fare better (e.g., reduced response 
to stress) than those that do not display them, providing 
some evidence for a ‘coping effect.’ Some types and/or 
levels of stress may actually be beneficial for captive 
animals and, if experienced during early development, 
may allow animals to more effectively deal with stressful 
situations encountered in later life. 


Modifying the Behavior of Captive 
Animals 

The realization that the captive environment often does 
not allow for the appropriate expression and development 
of behavior has led to improvements to the physical 
environment, through environmental enrichment. This 
not only improves the general welfare of captive animals 
(e.g., through stress reduction), but also ensures that 
where possible, a full repertoire of behaviors is expressed. 
Where learning is required for the development of a 
species’ behavior, there have been attempts to either pro¬ 
vide the relevant learning experiences and/or to rear 
animals in seminatural conditions so that they might be 
exposed to the appropriate stimuli. These can also be 
regarded as forms of environmental enrichment. These 
different approaches and their success at reversing the 
behavioral effects of captivity are discussed below. 

Environmental Enrichment 

Environmental enrichment refers to modifications that act 
to enhance the level of physical and social stimulation 
provided by the captive environment (Wurbel et ah, 1998). 
The method is commonly employed by zoos and is bene¬ 
ficial both for an animal’s behavior and its physiology, 
primarily through stress reduction. Chronic stress is asso¬ 
ciated with reduced immune responses, poor growth, and 
poor reproductive success and may be responsible for the 
ARBs that are sometimes observed in captive animals. 
Numerous studies in the zoo literature document the 
positive effects of environmental enrichment (e.g., adding 
climbing structures, hiding places, and foraging tasks) on 
animal health and behavior. Besides increasing the well¬ 
being of captive animals, environmental enrichment 
ensures that an animal’s behavior as well as its genes is 
conserved. Thus, enrichment can increase the behavioral 
repertoire displayed by a species when in captivity and 
potentially enhance the success of a captive breeding and 
reintroduction program. 

Although environmental enrichment is the most com¬ 
mon method used for reducing the prevalence of ARBs, it 
is only successful about 50% of the time. It is possible that 
the enrichments provided are insufficient to promote 
‘normal’ behavioral patterns and/or that the ARBs were 
acquired during early development and are more difficult 
to lose. Other suggestions for reducing the prevalence of 
ARBs in captive animals include genetic selection, the use 
of drugs, and encouraging animals not to perform ARBs 
through either positive (rewards) or negative reinforce¬ 
ment (mild punishments or prevention - such as obstruct¬ 
ing pacing routes). However, enrichment is the simplest 
and most commonly performed method and any 
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alternative/complementary strategy should, if possible, 
be based on deeper understanding of the species’ natural 
history 

One method of using environmental enrichment to 
increase the chances of reintroduction success is to rear 
captive-bred animals in seminatural environments. Stud¬ 
ies have shown that the behavioral skills and postrelease 
survival of animals reared in seminatural environments 
are enhanced in comparison to those reared in standard 
enclosures. For example, black-footed ferrets (Mustela 
nigripes) reared in enriched environments and provided 
with live prey are more efficient hunters than those reared 
in standard pens. Another method for increasing postre¬ 
lease survival is to initiate a ‘soft release,’ where animals 
are acclimatized shortly before release into the wild, or 
they are released but provided with food and shelter for a 
while as in the traditional falconry’s method of ‘hacking 
back.’ Individuals may be held in enclosures positioned at 
the release site, allowing them to acclimatize to natural 
conditions or they may be allowed to roam over a rela¬ 
tively large area prior to release. For example, the rein¬ 
troduction of golden lion tamarins was more successful 
when they were freed into a remote area of the zoo 
(containing foraging and climbing tasks) for 2 months 
before being transferred to their natural habitat in Brazil. 

Predator Training 

Species whose antipredator skills are most likely to be 
affected by captive rearing are those whose behaviors are 
acquired as a result of learning. Although these animals 
may be considered less suitable candidates for release 
than those whose antipredator skills are ‘hard wired,’ 
these skills can potentially be reacquired if the correct 
stimuli are provided. The success of training may depend 
on when it is performed; many animals have ‘sensitive 
periods’ or developmental stages during which particular 
behaviors are more readily acquired. A species’ sensitive 
periods will dictate whether attempts to ‘train’ individuals 
to recognize and respond to predators should be per¬ 
formed when animals are at an early stage of development 
or just prior to release, when they are adults. 

Experiments with mammals, birds, and fish have shown 
that individuals can learn to recognize novel predators 
relatively rapidly, often after just a few exposures. Indivi¬ 
duals that observe conspecifics responding fearfully 
toward a novel predator retain a fear response toward 
that predator during future encounters. Learning can 
also occur on the basis of auditory and chemical cues. 
Model predators are often used for training purposes as 
it avoids the ethical issues associated with live predators. 
For example, predator models have been used to enhance 
predator avoidance in Siberian polecats (Mustela ever- 
smanni)', polecats reduced their escape times after just 


one exposure to a model badger presented in conjunction 
with a mild aversive stimulus. 

Individuals readily habituate if overexposed to model 
predators, or if their detection is not associated with fear. 
For example, predation by red foxes is the main factor 
influencing the survival of reintroduced juvenile houbara 
bustards in Saudi Arabia. Both live and model fox pre¬ 
dators were used in an attempt to train captive-bred 
houbara bustards to recognize predators. Training with 
the live predator and not the model increased the survival 
probability of released animals, possibly because the birds 
had become habituated to the model as its presence was 
not associated with a negative experience. The level of 
negative experience required to elicit learning is an inter¬ 
esting topic of research, both in the context of designing 
simulated predator encounters and also in relation to 
animal welfare. 

Summary 

In summary, captive breeding can have a host of effects 
of various seriousness on the animals’ behavior, which can 
limit the success of captive breeding and of reintroduction 
programs. Both genetic and ontogenetic effects can cause 
behavioral differences to arise between wild and captive 
animals. The ontogenetic effects of captive breeding may 
be reversed more readily than the genetic effects if the 
relevant environmental stimuli and learning opportu¬ 
nities can be identified and provided. 
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General Concepts of Co-evolution 

Oaks protect their leaves from herbivores with toxic 
tannins. The caterpillars that eat oak leaves have digestive 
mechanisms that detoxify tannins. The oak defense 
and the caterpillar response provide an example of co¬ 
evolution. Co-evolution occurs when one species evolves 
in response to evolutionary changes in another, the result 
being an evolutionary feedback involving two or more 
species. Co-evolution is an important and ubiquitous pro¬ 
cess in nature that can occur any time two evolving popula¬ 
tions interact through evolutionary time. As the oak- 
caterpillar example illustrates, many species interact via 
foraging behavior. These interactions may be predator-prey 
relationships or interactions between animals that compete 
for similar food resources, and it follows that these interac¬ 
tions set the stage for foraging behavior to coevolve with the 
attributes of competitors and prey. 

To take a more behavioral example, consider a small 
herbivorous mammal foraging in a meadow. Rocks and 
shrubs in the meadow offer safety from predators, but 
they are far from the mammal’s food which occurs out in 
the open away from shelter. In a system like this, we 
expect that natural selection will favor a pattern of activ¬ 
ity in which our small mammal allocates some time every 
day to feeding in the open and some time to sheltering 
behind rocks. Yet, our small mammal’s predator evolves 
too. Changes in the prey animal’s activity pattern will 
generate selection on the predator’s activity pattern. Co¬ 
evolution between the two species would thus lead to 
patterns of allocation of foraging time for each species 
with distance from cover. 

Big predators eat big prey items. And, coevolutionary 
pressures offer a partial explanation of this phenomenon. 
On the predator side of the equation, predator and prey 
body sizes influence the predator’s encounter rate with 
prey, the likelihood that the predator can successfully 
capture a prey item, the time it takes to eat a prey item, 
and the metabolic costs of these activities. On the prey 
side of things, predator and prey body sizes influence the 
prey’s rate of food intake, risk of being eaten by the 
predator, and metabolic costs. Larger prey species com¬ 
monly experience less predation, and this selects for 
larger prey bodies. Large predators can capture larger 
prey, so selection will often favor larger predators in 
response to larger prey. Co-evolution can, as this example 
shows, contribute patterns that occur at higher levels of 
biological organization such as between two trophic levels 


(predators and prey) such as a correlation between the 
body sizes of predator and prey species. 

Theories of co-evolution seek to explain and predict 
the outcomes of co-evolution. As this article explains, it 
can be difficult to determine how coevolutionary pro¬ 
cesses work. The remainder of this article focuses on co¬ 
evolution between plants and their pollinators. This topic 
demonstrates both the potential and the difficulties asso¬ 
ciated with developing theories of co-evolution. 

Plants and Their Pollinators 

Investigators have recognized co-evolution between 
plants and their pollinators since Darwin first put forward 
his theory of evolution. For example, pollination biologists 
have traditionally identified ‘pollination syndromes’ that 
relate flower characteristics to pollinator characteristics: 
hummingbird pollinated flowers tend to be red and tubu¬ 
lar, for example, while bee pollinated flowers tend to be 
blue or yellow and open. At a somewhat finer scale, we 
often find that long-tongued (or long-proboscized to be 
technically correct) bees visit flowers with long corollas 
(Figure 1) and that flowers visited by larger pollinators 
(birds, bats, etc.) tend to offer larger amounts of nectar. 

Co-evolution must, in particular, occur between the 
foraging behavior of flower-visiting animals and plant traits 
such as nectar production, nectar concentration, and 
flower morphology. Consider, for example, a plant that 
increases its nectar production. This simple change can 
influence pollinator behavior in several ways. A pollinator 
may spend more time at each flower, simply because it 
takes more time to lap up more nectar. Or, it may visit 
more flowers per plant because one ‘rich’ flower indicates 
the presence of other rich flowers. 

Many explanations of pollination syndromes are unsa¬ 
tisfying because they make unrealistic assumptions about 
the process of natural selection. To argue, for example, that 
a plant species evolved a long corolla to exclude pollinators 
with a short proboscis requires the following sequence of 
events: corolla length increases across the entire plant spe¬ 
cies; this reduces the ability of pollinators with a short 
proboscis to collect nectar; these pollinators switch away 
from this plant species to others; and this somehow benefits 
the plant species (with the newly elongated corolla). This 
reasoning incorrectly implies that selection acts at the spe¬ 
cies level and fails to consider the consequences of changes 
in corolla length for an individual plant. 
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Figure 1 Average corolla length for flowers visited by each 
bumblebee species and caste versus bumblebee tongue length 
(Observations made during transect surveys of bumblebees and 
visited flowers during summer 1974 near the Rocky Mountain 
Biological Laboratory, Colorado; Pyke, unpublished). 

Some explanations of pollination syndromes are also 
unsatisfying because they imply that an evolutionary 
change in one species occurs because it benefits another 
species. To say, for example, that plants pollinated by 
larger animals provide larger nectar rewards because 
their pollinators need more food wrongly assumes that 
the plants evolve to serve the needs of their pollinators. 
Instead, we need to explain this correlation by considering 
how changes in nectar production affect individual plants. 


Optimal Behavior for Plants and 
Pollinators 

An approach from evolutionary game theory helps to 
overcome some of these problems. Instead of thinking 
about species-level benefits, we consider the evolution- 
arily stable state (ESS) for a frequency-dependent trait, 
like corolla length or nectar production. An evolutionarily 
stable corolla length, for example, would be a corolla 
length such that if all plants in a population adopt the 
ESS corolla length, no mutant individual adopting a lon¬ 
ger or short length can do better. In practice, this is a form 
of optimization, because at the ESS a given individual’s 
corolla length should be the optimal evolutionary ‘reply’ 
to the actions (corolla lengths) of the other individuals 
in the population. This means that we can use results 
from optimal foraging theory when we analyze the co¬ 
evolution of pollinator foraging behavior and floral traits. 

Applying optimal foraging theory to the behavior of 
nectar-feeding animals has been a relatively straightfor¬ 
ward and much used approach. For example, worker bum¬ 
blebees often restrict their foraging to nectar collection, 
they are not looking for mates or defending territories, they 


experience virtually no risk of predation while they forage, 
and their colony’s survival and growth of depends on their 
nectar-collecting efforts. Hence, for nectar feeders like 
bumblebees, we can reasonably apply foraging theory’s 
premise that behavior will maximize the net rate of energy 
intake. Using this premise, we can consider a wide variety 
of foraging behaviors including which plants nectar feeders 
visit, how they move within and between plants, the num¬ 
bers of flowers they probe per visit to a plant, and the 
spatial distribution of individuals across different flower 
patches. Consider, for example, how one might apply the 
classical foraging problem of patch departure to nectar 
feeders. We can readily observe rates of nectar consump¬ 
tion and travel times within and between plants. Moreover, 
we can find the statistical relationship between the nectar 
obtained at one flower and the forager’s expectation of 
rewards at subsequent flowers on the same plant by record¬ 
ing the correlations between the nectar volumes of flowers 
on the same plant. Observations indicate that the amount of 
nectar obtained at a flower influences a nectar feeder’s 
decision to probe more flowers on same plant. With this 
information in hand, we can determine the optimal depar¬ 
ture rule. 

Indeed, applications of optimal foraging models to 
nectar feeders have experienced considerable success, 
typically finding at least qualitative agreement with theo¬ 
retical expectations. The optimality approach leads us to 
expect, for example, that an individual encountering a 
high-nectar flower should be more likely to probe another 
flower on the same plant, because flowers on the same 
plant tend to have similar amounts of nectar. In addition, 
we expect an increased tendency to move to a nearby 
plant, because neighboring plants tend to have similar 
nectar levels. Observations support these qualitative pre¬ 
dictions. The quantitative predictions of optimal foraging 
models also have an impressive record, even though it is 
not quite as impressive as record for qualitative predic¬ 
tions. One model has, for example, accurately predicted 
the average number of flowers that a nectar-feeding ani¬ 
mal probes per plant visit. 

The plant side of the coevolutionary problems presents 
a more difficult challenge. A model of optimal nectar 
production, for example, must consider a fairly complex 
sequence of questions: how do changes in nectar produc¬ 
tion affect pollinator behavior, how does pollinator behav¬ 
ior affects pollen transfer from one plant to another, how 
does pollen transfer affects plant fitness through both male 
and female function, and what does it cost a plant to 
produce nectar. In the next paragraph, I review how one 
might construct a model that incorporates this information. 

To begin, we would consider a (mutant) plant with 
a slightly higher rate of nectar production and hence a 
slightly higher amount of nectar per flower. A nectar¬ 
feeding pollinator that visits such a plant would respond 
to the higher nectar volumes by visiting more flowers than 
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average on the plant. As a result, the pollinator will 
deposit more pollen (from previously visited plants) on 
our mutant’s stigmas, and it will also collect more of the 
mutant’s pollen that it will ultimately deposit on the 
stigmas of other plants. Changes in pollinator behavior 
could also affect pollen flow within the subject plant (i.e., 
from one of our mutant’s flowers to another on the same 
plant). Taken together, all these changes in pollen flow 
can, at least in theory, affect the mutant’s fitness. For 
example, receiving more pollen from other plants could 
increase seed production (in cases where pollen is limit¬ 
ing). Alternatively, if the plant already receives enough 
pollen for maximum seed production, more pollen may 
allow the mutant to choose its mates (i.e., selectively use 
the pollen it receives) and produce higher quality seeds. 
In theory, then, a higher rate of nectar production should 
increase our mutant’s fitness by enhancing the quantity 
and quality of its seeds and by increasing the amount of 
pollen transported to other plants. However, because it 
costs a plant energy and other resources to produce nec¬ 
tar, a higher rate of nectar production could also reduce 
the mutant’s fitness. Assuming that nectar production is at 
an evolutionary equilibrium, we would predict that our 
mutant’s increased nectar production will actually dec¬ 
rease its fitness, because departures from the population 
norm should not payoff at the evolutionary equilibrium. 
This suggests an optimization approach, because equilib¬ 
rium nectar production should be at a local peak. 

While the recipe outlined seems straightforward, using 
it to build and test a model of nectar production presents 
significant practical difficulties. Determining the source 
and the ultimate destination of transported pollen grains 
is technically challenging and labor intensive; and it fol¬ 
lows that determining how pollinator behavior influences 
pollen flow just compounds this difficulty. Assessing how 
variation of pollen flow affects seed quantity is experi¬ 
mentally difficult and time consuming. Assessing the con¬ 
sequences of variation of pollen flow for seed quality 
requires even more time because seed quality varies 
along many dimensions (e.g., likelihood of germination, 
rate of growth, subsequent reproduction) and measuring 
these dimensions requires sowing seeds and growing them 
to maturity. Determining the costs of nectar production is 
also difficult because it is difficult and time consuming to 
measure plant-level differences in nectar production and 
difficult to translate such differences into differences in 
fitness. In addition, we need large sample sizes to separate 
variation in nectar production from other plant traits 
because it covaries with other plant traits. 

Given these complexities and associated difficulties, it is 
not surprising that efforts to develop and test optimality 
models of co-evolution have moved slowly. Moreover, the 
conceptual and practical difficulties we face in the analysis 
of pollination reflect more general problems that plague 
the analysis of co-evolution generally. The next paragraph 


discusses one study designed to consider pollinator-plant 
co-evolution, and it illustrates the difficulties and potential 
of this approach. 


Hummingbirds and Scarlet Gilia: 

A Worked Example 

In the rocky mountains of Colorado, hummingbirds col¬ 
lect nectar from the flowers of scarlet gilia (Ipomopsis 
aggregata, see Figure 2). In the late 1970s, I studied this 
system with the goal of explaining both hummingbird 
foraging behavior and the level of nectar production per 
flower. As expected, measurements show that flowers on a 
single plant offer similar nectar rewards (see Figure 3). So 
one might expect that hummingbirds will probe a second 
flower, if they discover a rich flower, since this means that 
other flowers on the plant are likely to be similarly rich. 
I expressed this idea mathematically by assuming that 
birds use a threshold: visiting a second flower on a given 
plant if they visit a flower that offers more than this 
threshold and leaving the plant to find another if they 
obtain less than the threshold. Using optimality reasoning, 
I determined the threshold that maximized the birds’ net 
rate of energy intake. Observations of hummingbird 
departures from plants supported this threshold model. 
I then used this model to ask how changes in nectar 
reward would change hummingbird behavior (Figure 4). 



Figure 2 Scarlet gilia (Ipomopsis aggregata). 
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Nector volume per flower (pi) 

Figure 3 Average nectar volume (pi) in the immediately lower flower versus nectar volume (j_il) in a flower (grouped into intervals), with 
line fitted by eye. Observations on Ipomopsis aggregata in vicinity of Rocky Mountains Biological Laboratory, Colorado. Reproduced 
from Pyke GH (1978) Optimal foraging in hummingbirds: Testing the marginal value theorem. American Zoologist 18: 627-640. 



Figure 4 Predicted average number of flowers probed per 
hummingbird visit to an Ipomopsis aggretata plant versus 
average nectar volume per flower. Reproduced from Pyke GH 
(1981) Optimal nectar production in a hummingbird-pollinated 
plant. Theoretical Population Biology 20: 326-343. 


This is first step in considering the plant side of the 
coevolutionary problem, because one could use this infor¬ 
mation to draw inferences about the fitness of a mutant 
plant that offers more or less nectar than average. The 
second step is to ask how changes in hummingbird behavior 
influence pollen flow. To assess this, I used a stuffed 
hummingbird to simulate the process of probing a sequence 
of flowers and measured seed production in the experi¬ 
mentally probed flowers. This technique showed that the 
number of flowers probed per visit did not affect seed 
production (i.e., female reproduction), apparently because 
the plants already received more than enough pollen to 
fertilize their seeds. Yet, the same technique showed that 
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Figure 5 Average energy cost (cal) and average number of 
seeds fertilized (i.e., fitness gain) per hummingbird visit to an 
Ipomopsis aggregata plant. The scales for each correspond on 
the basis of the average energy content per seed. Reproduced 
from Pyke GH (1981) Optimal nectar production in a 
hummingbird-pollinated plant. Theoretical Population Biology 
20: 326-343. 


more flower visits did increase male reproduction. A plant 
that experienced more flower visits, transferred more 
pollen to other plants, and ‘fathered’ more seeds. This 
suggests that a mutant offering more nectar would pri¬ 
marily benefit via enhanced male function. It might be 
costly to produce more nectar, and this presents a logical 
problem because we must express costs of nectar production 
and the fitness value of‘fathering’ more seeds in the same 
currency. To solve this problem, I expressed both the costs 
and the benefits in terms of energy (see Figure 5). Using 
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this approach, I calculated that the optimal average nectar 
volume (per flower) for a plant is about 1.1—1.2 pi. The 
observed nectar volume per flower was consistent with 
(i.e., not significantly different from) this. And it follows 
that the observed nectar production (per flower per day) 
also agreed with predictions. Hence, both the observed 
foraging behavior of the hummingbirds and the observed 
nectar production per flower were consistent with an 
evolutionarily stable strategy. 

See also: Co-Evolution of Predators and Prey; Cost- 
Benefit Analysis; Game Theory; Optimal Foraging Theo¬ 
ry: Introduction; Patch Exploitation. 
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Introduction 

Foraging, which is the process by which animals obtain 
food, is a fundamental activity for animals. Animals 
require food to sustain their metabolism, provide energy 
for a wide range of activities, and support reproduction. 
In some situations, foraging occupies a high proportion 
of available time, and since animals often cannot do two 
things at once, increasing the time spent on foraging may 
reduce the time available for other activities such as mating, 
resource defense, and predator avoidance. Optimal foraging 
theory is an approach to the study of foraging behavior that 
uses the techniques of mathematical optimization to make 
predictions about this critical aspect of animal behavior. 

Optimal Foraging: The Classic Models 

Consider a hummingbird drinking nectar from flowers. 
When our hummingbird arrives at a fresh flower it obtains 
nectar quickly, but as it spends more time the nectar 
becomes harder to obtain because the hummingbird has 
depleted the supply. Most food patches work this way. 
Fresh patches provide food quickly, but the rate of intake 
declines as the forager depletes the patch. This simple 
observation presents a foraging problem, because it takes 
time and energy to move to a fresh patch. How long 
should the forager spend exploiting a patch before it 
moves to a fresh one? This is one of the classical problems 
of foraging theory Figure 1 shows the idea of patch 
depletion graphically: the amount of energy extracted from 
the patch increases with the time an animal spends in the 
patch, but the instantaneous rate of food gain (given by the 
slope of this function) declines steadily; so this gain func¬ 
tion increases but bends down. Now, it takes T units of 
time for the animal to travel from one patch to another; 
and t is the time the animal spends in each patch. The 
classic patch model finds the patch time, /, which gives the 
highest rate of food intake. Figure 1 shows how we can 
find this ‘optimal patch time’ graphically. The slope of the 
line that connects the point — Ton the v-axis (which is the 
time axis) to the point (/, e[t\) on the gain function gives 
the rate of energy intake an animal can expect if it spends 
time t. A bit of reflection shows that the highest slope (and 
hence the maximal intake rate) occurs at time t opt \ when 
the line is tangent to the gain function. This simple graphical 
approach predicts that foragers should stay longer when it 
takes longer to travel to fresh patches. Compare f optl and 


/o pt2 , which correspond to short (T) and long (4 T) travel 
times in Figure 1. A number of early empirical studies 
support this prediction qualitatively. The theoretical and 
empirical results of patch exploitation are reviewed else¬ 
where in this encyclopedia. 

We can view foraging behavior as the outcomes of a set 
of decisions. As described earlier, an animal can decide 
whether to stay in a patch or leave it. Foraging animals 
make many other types of decisions, of course. For example, 
they decide what types of food to eat; and they decide 
where and when to search for food. These decisions result 
in the foraging behavior that we observe. 

We can understand these behavioral decisions if we can 
explain and predict them in terms of underlying processes, 
and our understanding will be greater the more quantitative 
(rather than qualitative) we can be in matching predictions 
and observations. We might, for example, assume that an 
animal can determine its average energy yields and its 
handling times associated with consuming various poten¬ 
tial food types when encountered, as well as the average 
time it spends between successive food items. Then, based 
on our own measurements of these variables, we could 
predict which food types a forager should include in its 
diet. The extent to which our observations match our 
predictions would indicate how well we understand the 
forager’s dietary decisions. Optimal foraging theory seeks 
to understand foraging behavior in this way. 

At the most fundamental level, optimal foraging theory 
assumes that foraging decisions have evolved, and, conse¬ 
quently that the fitness associated with the foraging behavior 
of an individual animal has been maximized; hence, the 
underlying processes are ‘optimal.’ We can therefore use 
the mathematical machinery of optimization to critically 
formulate our predictions about foraging behavior. To 
apply this logic, optimal foraging models must first describe 
the foraging process mathematically. In the patch model 
described earlier, for example, our description includes 
the travel time, the gain function, and the assumption that 
the forager can choose a range of patch residence times. 
The next step in the process is to calculate how changes in 
patch residence time affect the forager’s evolutionary fitness. 

Ideally, we would find the fitness, measured in terms of 
offspring production, associated with a given patch resi¬ 
dence time, but this is quite difficult in practice. Instead, 
foraging models maximize a currency that acts as a proxy 
for fitness. Classical foraging models (like the patch 
exploitation model outlined earlier) use the currency of 
maximization of long-term rate of net energy gain. 
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Time (t) 

Figure 1 Graphical representation of optimal departure rule. 


Rate maximization has a prominent place in foraging the¬ 
ory, but investigators also use other currencies, such as 
minimizing the probability of starvation, or mortality rate. 
To take one example, a model of herbivore foraging might 
include food contents other than energy - such as nutrients 
and toxins — in the currency of maximization because plant 
tissues vary dramatically in quality and constituents. 

Optimal foraging models can and do take many forms. 
Models can differ in the behavioral decision they consider 
(patch use, prey choice, habitat use), and they differ in 
how they model the environment (e.g., sequential encounter 
with resources vs. simultaneous encounter) and in which 
currency they maximize (e.g., rate of net energy intake vs. 
probability of survival). Notwithstanding this diversity, we 
recognize a classic set of foraging models that are impor¬ 
tant because they serve as the starting point for further 
development. These classical models consider two basic 
decision problems (patch use and prey choice) using the 
currency of rate maximizing and assuming that the forager 
encounters resources (prey or patches) sequentially. These 
classic models recognize that, in deciding to do something, 
an animal may forgo other choices and, in this sense, a forager 
will typically pay an ‘opportunity cost’ when it chooses 
one action instead of another. The idea of opportunity 
cost is a central feature of many optimal foraging models. 


Beyond the Classic Models 

Investigators have extended and improved the classical 
models in many ways. For example, a fairly large family of 
models considers tradeoffs between foraging and other 
aspects of behavior. The best location for foraging might, 


for example, be the worst location in terms of the risk of 
predation. Tradeoffs between foraging and predation risk 
have been the focus of many recent theoretical and empir¬ 
ical studies. To take another example, the classical models 
assume that the forager’s behavior is tuned to environ¬ 
mental conditions as if it has perfect information about 
the properties of the environment such as prey quality or 
encounter rates. Realistically, however, variables like these 
will often change, and a forager will need to adjust its 
behavior in response to these changes. Several models 
have considered the problems of ‘incompletely informed 
foragers.’ Commonly, these models make assumptions about 
how the environment varies, and consider how experience 
and information acquisition should influence foraging 
decisions. This approach, therefore, provides an important 
bridge to other aspects of animal behavior such as learning, 
cognition, and decision making. 

Another important trend is the development of so- 
called dynamic foraging models. In the classical models, 
we imagine that the animal adopts, for example, a fixed 
patch residence time that represents the single best choice. 
Dynamic optimization models suppose, instead, that the 
best patch residence might change as the animal’s state 
(e.g., it’s hunger) changes. Instead of predicting a single 
optimal choice, dynamic models predict an optimal deci¬ 
sion trajectory that predicts how decisions might change 
over the course of a day, and how this change covaries 
with a state variable like hunger. 

A fascinating recent development is the extension of 
the optimal foraging approach to phenomena outside the 
realm of animal feeding behavior. Engineers, computer 
scientists, sociologists, anthropologists, psychologists, and 
neuroscientists have all adapted foraging models for their 
purposes. To give some specific examples, investigators have 
adapted foraging models to consider criminal behavior 
(how long a burglar remains in a house collecting things 
to steal before he/she moves on to another house), military 
search strategies, and how human computer users distribute 
their time among various web sites. 

Growth and Prognosis 

The optimal foraging approach has also grown enor¬ 
mously in terms of numbers of publications and it con¬ 
tinues to grow (see Figure 2). Beginning in the mid-1960s, 
the annual number of publications considering foraging 
theory grew exponentially, especially during the late 1970s. 
Since then, this annual rate has grown steadily but much 
more slowly. Unlike many other areas of research, optimal 
foraging theory has not yet begun to show a decline in 
publication rate. 

Optimal foraging theory has survived a number of 
criticisms and passed all the reasonable tests that one 
could apply to any theoretical approach. Some have 
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Figure 2 Number of scientific articles relating to Optimal 
Foraging Theory published per year versus 5-year period. 

criticized it for being on overly simplistic and unrealistic; 
but most significant conceptual paradigms develop itera¬ 
tively, improving assumptions and refining models as new 
data comes to light. Some critics argue natural selection 
has not had enough time to optimize foraging behavior. 
For others, the premise of optimization is valuable and 
justified, because behavior can evolve relatively rapidly, 
and because it has manifestly improved our understanding of 
animal foraging behavior. Other critics point to quantitative 
disagreements between expectations and observations and 


pronounce the theory dead. In contrast, proponents point 
to consistent qualitative agreement and reasonable (but 
more modest) quantitative agreements with the theory. 

Investigators have used ideas from optimal foraging 
theory in several other areas of biology. Ecologists have, 
for example, used the theory to predict (1) how food 
density affects consumer behavior (via the so-called func¬ 
tional response), (2) population dynamics of foraging animals, 
and (3) species coexistence. It has also had a major impact 
on the area of psychology through its involvement with 
issues such as learning, memory, and decision making. 
Optimal foraging theory has therefore demonstrated its 
usefulness and emerged as a strong theory of behavior and 
ecology. 

See also: Cost-Benefit Analysis; Ecology of Fear; Habitat 
Selection; Optimal Foraging and Plant-Pollinator Co- 
Evolution; Patch Exploitation. 
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Introduction 

Foraging, which is the process by which animals obtain 
food, is a fundamental activity for animals. Animals 
require food to sustain their metabolism, provide energy 
for a wide range of activities, and support reproduction. 
In some situations, foraging occupies a high proportion 
of available time, and since animals often cannot do two 
things at once, increasing the time spent on foraging may 
reduce the time available for other activities such as mating, 
resource defense, and predator avoidance. Optimal foraging 
theory is an approach to the study of foraging behavior that 
uses the techniques of mathematical optimization to make 
predictions about this critical aspect of animal behavior. 

Optimal Foraging: The Classic Models 

Consider a hummingbird drinking nectar from flowers. 
When our hummingbird arrives at a fresh flower it obtains 
nectar quickly, but as it spends more time the nectar 
becomes harder to obtain because the hummingbird has 
depleted the supply. Most food patches work this way. 
Fresh patches provide food quickly, but the rate of intake 
declines as the forager depletes the patch. This simple 
observation presents a foraging problem, because it takes 
time and energy to move to a fresh patch. How long 
should the forager spend exploiting a patch before it 
moves to a fresh one? This is one of the classical problems 
of foraging theory Figure 1 shows the idea of patch 
depletion graphically: the amount of energy extracted from 
the patch increases with the time an animal spends in the 
patch, but the instantaneous rate of food gain (given by the 
slope of this function) declines steadily; so this gain func¬ 
tion increases but bends down. Now, it takes T units of 
time for the animal to travel from one patch to another; 
and t is the time the animal spends in each patch. The 
classic patch model finds the patch time, /, which gives the 
highest rate of food intake. Figure 1 shows how we can 
find this ‘optimal patch time’ graphically. The slope of the 
line that connects the point — Ton the v-axis (which is the 
time axis) to the point (/, e[t\) on the gain function gives 
the rate of energy intake an animal can expect if it spends 
time t. A bit of reflection shows that the highest slope (and 
hence the maximal intake rate) occurs at time t opt \ when 
the line is tangent to the gain function. This simple graphical 
approach predicts that foragers should stay longer when it 
takes longer to travel to fresh patches. Compare f optl and 


/o pt2 , which correspond to short (T) and long (4 T) travel 
times in Figure 1. A number of early empirical studies 
support this prediction qualitatively. The theoretical and 
empirical results of patch exploitation are reviewed else¬ 
where in this encyclopedia. 

We can view foraging behavior as the outcomes of a set 
of decisions. As described earlier, an animal can decide 
whether to stay in a patch or leave it. Foraging animals 
make many other types of decisions, of course. For example, 
they decide what types of food to eat; and they decide 
where and when to search for food. These decisions result 
in the foraging behavior that we observe. 

We can understand these behavioral decisions if we can 
explain and predict them in terms of underlying processes, 
and our understanding will be greater the more quantitative 
(rather than qualitative) we can be in matching predictions 
and observations. We might, for example, assume that an 
animal can determine its average energy yields and its 
handling times associated with consuming various poten¬ 
tial food types when encountered, as well as the average 
time it spends between successive food items. Then, based 
on our own measurements of these variables, we could 
predict which food types a forager should include in its 
diet. The extent to which our observations match our 
predictions would indicate how well we understand the 
forager’s dietary decisions. Optimal foraging theory seeks 
to understand foraging behavior in this way. 

At the most fundamental level, optimal foraging theory 
assumes that foraging decisions have evolved, and, conse¬ 
quently that the fitness associated with the foraging behavior 
of an individual animal has been maximized; hence, the 
underlying processes are ‘optimal.’ We can therefore use 
the mathematical machinery of optimization to critically 
formulate our predictions about foraging behavior. To 
apply this logic, optimal foraging models must first describe 
the foraging process mathematically. In the patch model 
described earlier, for example, our description includes 
the travel time, the gain function, and the assumption that 
the forager can choose a range of patch residence times. 
The next step in the process is to calculate how changes in 
patch residence time affect the forager’s evolutionary fitness. 

Ideally, we would find the fitness, measured in terms of 
offspring production, associated with a given patch resi¬ 
dence time, but this is quite difficult in practice. Instead, 
foraging models maximize a currency that acts as a proxy 
for fitness. Classical foraging models (like the patch 
exploitation model outlined earlier) use the currency of 
maximization of long-term rate of net energy gain. 
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Figure 1 Graphical representation of optimal departure rule. 


Rate maximization has a prominent place in foraging the¬ 
ory, but investigators also use other currencies, such as 
minimizing the probability of starvation, or mortality rate. 
To take one example, a model of herbivore foraging might 
include food contents other than energy - such as nutrients 
and toxins — in the currency of maximization because plant 
tissues vary dramatically in quality and constituents. 

Optimal foraging models can and do take many forms. 
Models can differ in the behavioral decision they consider 
(patch use, prey choice, habitat use), and they differ in 
how they model the environment (e.g., sequential encounter 
with resources vs. simultaneous encounter) and in which 
currency they maximize (e.g., rate of net energy intake vs. 
probability of survival). Notwithstanding this diversity, we 
recognize a classic set of foraging models that are impor¬ 
tant because they serve as the starting point for further 
development. These classical models consider two basic 
decision problems (patch use and prey choice) using the 
currency of rate maximizing and assuming that the forager 
encounters resources (prey or patches) sequentially. These 
classic models recognize that, in deciding to do something, 
an animal may forgo other choices and, in this sense, a forager 
will typically pay an ‘opportunity cost’ when it chooses 
one action instead of another. The idea of opportunity 
cost is a central feature of many optimal foraging models. 


Beyond the Classic Models 

Investigators have extended and improved the classical 
models in many ways. For example, a fairly large family of 
models considers tradeoffs between foraging and other 
aspects of behavior. The best location for foraging might, 


for example, be the worst location in terms of the risk of 
predation. Tradeoffs between foraging and predation risk 
have been the focus of many recent theoretical and empir¬ 
ical studies. To take another example, the classical models 
assume that the forager’s behavior is tuned to environ¬ 
mental conditions as if it has perfect information about 
the properties of the environment such as prey quality or 
encounter rates. Realistically, however, variables like these 
will often change, and a forager will need to adjust its 
behavior in response to these changes. Several models 
have considered the problems of ‘incompletely informed 
foragers.’ Commonly, these models make assumptions about 
how the environment varies, and consider how experience 
and information acquisition should influence foraging 
decisions. This approach, therefore, provides an important 
bridge to other aspects of animal behavior such as learning, 
cognition, and decision making. 

Another important trend is the development of so- 
called dynamic foraging models. In the classical models, 
we imagine that the animal adopts, for example, a fixed 
patch residence time that represents the single best choice. 
Dynamic optimization models suppose, instead, that the 
best patch residence might change as the animal’s state 
(e.g., it’s hunger) changes. Instead of predicting a single 
optimal choice, dynamic models predict an optimal deci¬ 
sion trajectory that predicts how decisions might change 
over the course of a day, and how this change covaries 
with a state variable like hunger. 

A fascinating recent development is the extension of 
the optimal foraging approach to phenomena outside the 
realm of animal feeding behavior. Engineers, computer 
scientists, sociologists, anthropologists, psychologists, and 
neuroscientists have all adapted foraging models for their 
purposes. To give some specific examples, investigators have 
adapted foraging models to consider criminal behavior 
(how long a burglar remains in a house collecting things 
to steal before he/she moves on to another house), military 
search strategies, and how human computer users distribute 
their time among various web sites. 

Growth and Prognosis 

The optimal foraging approach has also grown enor¬ 
mously in terms of numbers of publications and it con¬ 
tinues to grow (see Figure 2). Beginning in the mid-1960s, 
the annual number of publications considering foraging 
theory grew exponentially, especially during the late 1970s. 
Since then, this annual rate has grown steadily but much 
more slowly. Unlike many other areas of research, optimal 
foraging theory has not yet begun to show a decline in 
publication rate. 

Optimal foraging theory has survived a number of 
criticisms and passed all the reasonable tests that one 
could apply to any theoretical approach. Some have 
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Figure 2 Number of scientific articles relating to Optimal 
Foraging Theory published per year versus 5-year period. 

criticized it for being on overly simplistic and unrealistic; 
but most significant conceptual paradigms develop itera¬ 
tively, improving assumptions and refining models as new 
data comes to light. Some critics argue natural selection 
has not had enough time to optimize foraging behavior. 
For others, the premise of optimization is valuable and 
justified, because behavior can evolve relatively rapidly, 
and because it has manifestly improved our understanding of 
animal foraging behavior. Other critics point to quantitative 
disagreements between expectations and observations and 


pronounce the theory dead. In contrast, proponents point 
to consistent qualitative agreement and reasonable (but 
more modest) quantitative agreements with the theory. 

Investigators have used ideas from optimal foraging 
theory in several other areas of biology. Ecologists have, 
for example, used the theory to predict (1) how food 
density affects consumer behavior (via the so-called func¬ 
tional response), (2) population dynamics of foraging animals, 
and (3) species coexistence. It has also had a major impact 
on the area of psychology through its involvement with 
issues such as learning, memory, and decision making. 
Optimal foraging theory has therefore demonstrated its 
usefulness and emerged as a strong theory of behavior and 
ecology. 

See also: Cost-Benefit Analysis; Ecology of Fear; Habitat 
Selection; Optimal Foraging and Plant-Pollinator Co- 
Evolution; Patch Exploitation. 
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Introduction 

The orthopteran order of insects includes the grasshop¬ 
pers, crickets, and their relatives. The order comprises two 
suborders: Caelifera (grasshoppers, locusts, and mole 
crickets) and Ensifera (true crickets, katydids, and bush 
crickets). Members belonging to Caelifera have short 
antennae and abdominal tympanal organs (ears), whereas 
antennae of the Ensifera reach at least to their abdomen 
and their ears are located in their fore tibia (front legs). 
Orthopteran insects have a worldwide distribution and 
can generally be recognized by their ability to produce 
sound. The ability to sing is a fascinating feature of 
orthopteran insects and has formed the basis of a great 
deal of behavioral research. Orthopteran insects also dis¬ 
play other behaviors such as those involved in defense, 
camouflage, and temperature control, but the most stud¬ 
ied behaviors have been those associated with singing and, 
to a lesser extent, swarming: singing due to its relevance as 
a model system of stereotypic behavior, courtship behav¬ 
ior, and reproductive isolation; and swarming due to its 
relevance as an extreme example of phenotypic plasticity 
and because of the economic damage caused by locust 
plagues. Both cricket singing and locust swarming repre¬ 
sent complex phenomena that are often difficult to ana¬ 
lyze, but the study of these traits in orthoptera has led to 
a detailed understanding of the underlying mechanics 
and neurophysiology that has enabled targeted genetic 
analysis. Behavioral variation is driven by variation at 
both the genetic and the environmental level, and eluci¬ 
dating the contribution of these to acoustic and swarming 
behavior is the focus of this article. 

Genetics of Acoustic Behavior 

For me, the sound of crickets is inextricably linked with long 
summer evenings. Crickets can and do sing at other times of 
the day and in other seasons, but for those of us living in 
urban areas noise levels often have to drop appreciably 
before the chirping becomes noticeable. Why do crickets 
and grasshoppers sing with such monotonous regularity? Do 
they have ears? Is singing a learned behavior? These and 
similar questions have stimulated a remarkable number of 
investigations over many years and valuable insight into the 
neuroethology of orthopterans and neurobiology in general. 
Cricket song, in particular, has been extensively studied as a 
model system of highly stereotypical repetitive behavior led 


by Franz Huber, the founding father of cricket neurobiology. 
Such rhythmic behaviors are found in many organismic 
processes (digestion, heartbeat, respiration, locomotion, 
etc.), and studies of simple model systems have led to an 
understanding of the principles underlying rhythmic motor 
pattern generation. 

The song of both crickets and grasshoppers is a 
sequence of sound pulses generated by rubbing specialized 
structures (e.g., stridulatory pegs). There are a number of 
variations, but in many crickets, these elements (toothed 
file and scraper) are located on the forewings, while most 
grasshoppers have stridulatory pegs on the hind legs that 
they rub over their forewing or against their abdomen. 
Stridulation is a behavior similar to respiration and flight, 
with repetitive contracture of antagonistic and synergistic 
muscles under the control of a small network of neurons 
(rhythmic motor generators) that coordinate the required 
contraction and relaxation of opposing groups of muscles. 
An interesting aspect of these oscillators is that once trig¬ 
gered the rhythm will continue without sensory input. 
Sensory feedback, although not necessary for basic rhyth¬ 
mic output, is involved in cueing the control center that 
triggers the pattern generator. In the cricket, the song 
pattern generator has been localized to the thoracic ganglia 
and the control center higher up in the neural circuitry. 

Cricket song represents a complex communication 
system whereby males and females identify members of 
their own species, females locate potential mates, and 
males advertise their presence to ward off potential com¬ 
petitors. The repertoire of cricket songs was classified by 
Alexander in 1962 into three main types: calling, court¬ 
ship, and aggressive. Calling song serves both to attract 
females and advertise a male’s presence (males call from a 
stationary location and females approach). Courtship song 
is elicited after males and females have come together, 
and facilitates copulation. Males sing an aggressive song 
during territorial fights. 

The songs of crickets and grasshoppers have also been 
extensively studied due to their potential importance in 
species formation. Many song patterns are species spe¬ 
cific, especially where different species occur in the same 
locality. Females recognize the song of their conspecifics, 
and hence the song represents an important premating 
reproductive isolating barrier. Variation in song is there¬ 
fore linked to the speciation process itself. In grasshop¬ 
pers, naturally occurring hybrids exist where variation in 
song structure and morphology has provided insight into 
the evolutionary processes underlying the formation, 
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extent, and duration of hybrid zones. In crickets, investi¬ 
gation of male mating song and female preference varia¬ 
tion in closely related species has provided information 
on the evolutionary genetics of mating behavior. 

How Much of Acoustic Behavior Is Under 
Genetic Control? 

The song of crickets can be affected by the environment, 
particularly temperature, whereby the rate of calling var¬ 
ies in a linear fashion relative to the ambient temperature. 
However, song is stereotypic and not a learned behavior; 
in other words, under genetic control. Bentley and Hoy 
showed this to be the case by crossing different species 
with distinctive song patterns and experimentally chang¬ 
ing the environmental and genetic input of the hybrids 
produces. They observed that hybrids always produced 
song with characteristics intermediate to that of the par¬ 
ents (e.g., the number of pulses/trill and the number of 
trills/phase; Figure 1) regardless of the environmental 
changes. Not all song characters observed display this 
pattern of inheritance. Indeed, some song characters did 
not vary between parents or hybrids, whereas some hybrid 
characters were more similar to that of the male of the 
maternal parent (only male crickets sing) indicating the 
involvement of X-linked genes (female Orthoptera are 
XX whereas males have a single X). 

The pattern of inheritance of intermediate characters 
in hybrids indicated a polygenic system with the involve¬ 
ment of a number of genes. This has been illustrated in a 
number of crossing experiments including those involving 
the Hawaiian cricket Laupala by Shaw in 1996. The male 
courtship song of these small, flightless crickets is impor¬ 
tant in species identification and is believed to be central 



Figure 1 Calling-song pulse patterns of Teleogryllus species 
and FI hybrids, (a) T. oceanicus ; (b) T. oceanicus }xT. 
commodus S FI hybrid; (c) T. com modus $ x T. ocean ics S FI 
hybrid; and (d) T. commodus. Each trace starts at the beginning 
of a phrase and arrows indicate the beginning of subsequent 
phases. Reproduced from Bentley DR and Hoy RR (1972) 
Genetic control of the neuronal network generating cricket 
(Teleogryllus gryllus) song patterns. Animal Behavior 20: 
478-492, with permission from Elsevier. 


in maintaining reproductive isolation between sympatric 
species. Shaw and colleagues have studied the molecular 
and behavioral aspects of the group and found that these 
crickets are undergoing an extremely rapid rate of specia- 
tion, very similar to that of the African cichlid fish. The 
Laupala cricket song has a very simple structure and one 
feature, the pulse rate, distinguishes different species 
(Figure 2). Shaw crossed two closely related species 
endemic to the big island of Hawaii, Laupala kohalensis and 
Laupala paranigra, to produce Fj and F 2 hybrid generations 
and analyzed the inheritance of the pulse rate (Figure 3). 
The intermediate nature of the pulse rate of the F] gener¬ 
ation as well as the wider variation in pulse rates observed 
in the F 2 generation support a polygenic model. If this 
characteristic was controlled by only one gene, the pattern 
would be similar to the results Mendel obtained in his 
famous pea experiments where the Fi offspring all resem¬ 
bled just one of the parents, and only forms resembling one 
or other parent (i.e., no intermediates) were recovered in 
the F 2 generation. When one considers that singing behav¬ 
ior requires coordination of various morphological features 
as well as neuronal input, it is not surprising that a number 
of genes are involved. This is not to say that all the genes 
involved vary in all species, but some of them do and these 
have no doubt been important in leading to the difference 
we observe between species and hence, speciation itself. 
Natural selection as well as sexual selection has been 
implicated in the evolution of genetic variation underlying 
acoustic behavior - selection can act on morphological 
as well as the behavioral features and hence we have the 
immense variation we hear. 

How Much Genetic Variation in Calling Song Is 
Present? 

Male-calling song is an important feature of mate recog¬ 
nition in crickets and grasshoppers and, as such, there is 
considerable variation between species and significant 
species level differences have been identified in various 
taxa. Indeed, cryptic species complexes can be distin¬ 
guished based on species specific calling songs as in Laupala 
and other cricket and grasshopper species as well. This 
suggests then that the level of genetic variation between 
species is quite considerable. Evidence indicates that song 
characters are broadly polygenic and that genes on the 
sex chromosomes are involved. Studies in both crickets 
and grasshoppers have indicated a polygenic mode of 
inheritance, and heritability estimates for calling-song 
parameters indicate that heritable genetic variation is 
reasonably substantial. 

Female Preference 

Breeding experiments have demonstrated that female 
preference is also under genetic control and that similar 
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genes could be involved. Early studies demonstrated that 
hybrid females preferred the song of hybrid males over 
either parents suggesting the involvement of pleiotropic 
gene(s) affecting both song and preference. Association 
between male-calling song and female preference at the 
genetic level was thought to be necessary to ensure that 
they remain synchronous across evolutionary change. 
However, more recent studies have shown that this may 
not be the case. 

Identifying Genes Underlying Acoustic Behavior 

Despite the wealth of information available on the mechan¬ 
ics and neurophysiology of cricket mating behavior, little is 
known about the underlying molecular genetics. Crickets 
proved an ideal model for investigating neurophysiological 
aspects and crossing studies demonstrated the polygenic 
nature of cricket song and the potential involvement of the 
X chromosome, but identifying the genes responsible has 
proven more difficult. Drosophila is one of the most com¬ 
monly used models for genetic studies due to the combina¬ 
tion of small genome size, tractable chromosome number, 
short generation time, and ease of laboratory rearing. Gen¬ 
eration time in crickets, on the other hand, varies from 
6 weeks to several months, while genome size is considerably 
larger and chromosome numbers also vary considerably. 
Progress has been made, however, by following a quantitative 
trait loci (QTL) mapping approach in the Hawaiian cricket. 
The simple song structure in males together with the rapid 
rate of speciation observed makes Laupala an ideal system 
for studying the genetic basis of acoustic behavior. As this 
behavior is central to conferring reproductive isolation, 


it provides a model for identifying genes involved in specia¬ 
tion, the holy grail of evolutionary biology. 

Quantitative traits are characteristics that are measured, 
such as height and weight, that generally follow a bell¬ 
shaped distribution when measured in a population such 
as that seen in Laupala populations (Figure 3). Variation 
between individuals in these traits (phenotypic variation) is 
due to genetic variation in the genes that are involved in 
specifying the trait. QTL represent the genomic regions 
that contain one or more of these genes and can be mapped 
through crossing individuals that vary in the trait of interest 
and analyzing their offspring for association between spe¬ 
cific gene markers and phenotypic variation. To identify 
QTL at the molecular level, two approaches are possible. 
The first involves the development of a linkage map using 
DNA markers and computer-based analysis to identify the 
number and location of genomic regions involved in phe¬ 
notypic variation. The second is a random or ‘candidate’ 
approach. As the Laupala genome is relatively unknown, 
both approaches are appropriate to search for QTL effect¬ 
ing mating-song variation. 

Mapping studies in replicate populations have identi¬ 
fied eight QTL in Laupala that account for more than half 
of the genetic variation underlying pulse rate variation. 
Other QTL that were not identified would account for 
the remaining genetic variation. QTL were mapped to the 
X and autosomal linkage groups that correspond to six of 
the eight chromosomes in Laupala. The results are consis¬ 
tent with a model whereby pulse rate phenotype has 
diverged through substitution of alleles of small-to- 
moderate effect in many genes under direction selection. 
The results of these studies have helped to shed light on 
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the evolutionary mechanisms involved in reproductive 
isolation and the speciation process. They confirm the 
role of sex chromosomes, indicate that male song has 
evolved via directional selection, and suggest that the 
substitution of alleles of moderate effect in genes under¬ 
lying behavioral variation can lead to species divergence. 


Candidate Gene Approach 

A ‘candidate’ gene is one for which the function suggests it 
may play a role in the variation associated with a particu¬ 
lar trait. Candidate genes for cricket singing include those 
that function in the signaling mechanism of the neuron, 
the basic component of behavior. All animal behavior is 
ultimately the result of information transfer between 
and within nerve cells that occurs via electrical signals 
generated by the flow of inorganic ions across the cell 


Table 1 Voltage-gated ion-channel genes 
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Calcium-channel al 

Mammal, nematode, 
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mollusk, rodent 
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Calcium-activated K + 

Mammal, nematode, 


channel 

turtle, rodent 

Seizure 

Potassium channel 

Mammal, rodent 

Paralytic 

Sodium channel 

Mammal, rodent, 
mollusk, cnidaria 

Shaker 

Potassium channel 

Mammal, rodent, 
mollusk, crustacean 


membrane. Ion flow is controlled by ion channels, a ubiq¬ 
uitous class of proteins that span the cell membrane 
forming pores through which ions flow. These proteins 
play critical roles in the propagation of action potentials 
and modulation of membrane potential, and mutations in 
ion-channel genes are associated with neurological defects, 
such as ataxia, cardiac arrhythmia, migraine, epilepsy, and 
myotonia. Gene family members share sequence, structural 
and functional properties and display significant evolution¬ 
ary conservation making them ideal genes to investigate in 
diverse taxa such as Laupala for which genome sequence is 
not available (Table 1). 

Evidence implicating ion-channel genes in mating- 
song variation in Laupala comes from Drosophila research 
where courtship song aberrations were found to be due 
to mutations in two ion-channel genes, cacophony and 
slowpoke. The cacophony gene, in particular, is a very strong 
candidate for effecting variation in Laupala cricket song 
for four reasons: (1) the song of cacophony males exhibited 
differences in song parameters that have been observed 
among different Drosophila species suggesting a role in 
naturally occurring variation; (2) the gene has been 
mapped in Drosophila to the X-chromosome and the 
X-chromosome has been implicated in pulse rate song 
variation in Laupala ; (3) the mutations are not physiologi¬ 
cally deleterious suggesting that genetic variation does 
not significantly reduce the fitness of the individual and 
(4) cacophony mutants exhibited longer interpulse intervals 
(analogous to pulse period, the inverse of pulse rate in 
Laupala) compared to wild-type flies. Using sequence 
information from other organisms, coding and noncoding 
regions of the putative Laupala homolog of cacophony has 
been isolated and sequenced. No species-specific variation 
at the molecular level has yet been found, however, which 
suggests that either more cacophony gene regions need to 
be investigated or that this gene is not a candidate for 
controlling phenotypic variation in pulse rate in Laupala 
crickets. Given the polygenic nature of variation in cricket 
song, however, there are certainly many more potential 
candidate genes to investigate. 
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Gregarious Behavior in Locusts 

Why do reasonably well-behaved solitary grasshoppers 
change into gregarious voracious migratory swarms? This 
spectacular phenomenon, peculiar to a group of grasshop¬ 
pers known as locusts,’ has been the subject of intense 
research for many decades. When locusts are subject to 
increased population density, they undergo an extreme 
phase shift in behavior, coloration, morphology, develop¬ 
ment, and endocrine physiology that can result in sweeping 
plagues causing widespread devastation. Density-dependent 
phase transition occurs in other insects including moths, 
beetles, and aphids, but locusts alone display the ability to 
gregarize, changing from the low-density solitary to high- 
density gregarious phase. Indeed the terms ‘gregaria’ and 
‘solitaria’ were coined by Uvarov in 1921 to describe the two 
extreme phases of Locusta migratoria. 

Phase transition in locusts involves change in a suite of 
characters; however, the key aspect is the transition from 
the normal solitary to the gregarious behavior that is a 
prelude to other observable changes. This phenotypic 
change in behavior occurs relatively quickly, within only 
a few hours of increased population density, in contrast to 
the other changes, and it has recently been shown that 
increased levels of serotonin effect the behavioral shift. 
This work was conducted by Simpson and colleagues who 
have gained considerable insight into the stimuli and 
neurophysiological and ecological mechanisms involved 
in phase transition. Dense populations can develop as a 
result of environmental and biotic factors: seasonal winds 
lead to convergence of solitary individuals; restricted 
local vegetation encourages aggregation; precipitation 
and increased food encourage larger population sizes. 
Chemical communication contributes to maintenance of 
high local population density which ultimately triggers 
phase transition. Swarming occurs when the locusts main¬ 
tain density during migratory flight. Migration is asso¬ 
ciated with reduced food quality and/or quantity, and 
hence the response to increased density reflects food 
resource availability. 

Phase transition represents a radical example of phe¬ 
notypic plasticity where a given genotype can produce 
different phenotypes in different environments. Transi¬ 
tion therefore represents an environmental polymor¬ 
phism rather than a genetic polymorphism, and full sib 
individuals with similar genetic makeup will develop sol¬ 
itary or gregarious behavior depending on rearing density. 
This does not mean that there is no genetic component, 
however. Plasticity is a function of the genotype and the 
co-coordinated changes are effected through selective 
expression of genes from within a constant genotype. 
This has been demonstrated quite convincingly by Kang 
and colleagues who conducted a large-scale gene expres¬ 
sion analysis of phase change in a gregarious population 
of migratory locusts from China. Both gregarious and 


solitary experimental stocks were raised from this field 
population, with the variation in behavior mediated by 
different rearing conditions: the gregarious culture at 
high density and the solitary culture as individuals in 
isolation. Kang and colleagues generated gene libraries 
from messenger RNA (mRNA) isolated from head, hind 
leg, and midgut tissue from representatives of both gregar¬ 
ious and solitary cultures and compared expression pro¬ 
files between the two. They found over 500 genes that 
differed statistically in expression levels between the two 
phases; most from the hind legs and midgut were down- 
regulated in the gregarious phase, whereas several in the 
head were upregulated. The function of many of these 
expressed genes was determined and included genes, for 
example, that function in cell growth, carbohydrate 
metabolism, and neuromodulation providing some excit¬ 
ing insight on the molecular mechanisms of phase change 
and a huge repertoire of genes to investigate further. The 
majority of genes discovered in the study could not be 
assigned a function, however, due to lack of sequence 
homology to known genes in other insects. The order 
Orthoptera is an ancient lineage, having diverged over 
300 Ma, so this is not surprising, but nonetheless highlights 
the need for similar large-scale genetic studies in other 
orthopteran taxa. 

Grasshoppers that undergo phase transition represent 
only a small number of grasshopper species, and even 
within this small number of species some populations 
are less likely to form aggregations than others. This 
represents variation in the level of plasticity at the popu¬ 
lation level, another aspect of phase transition that has 
been investigated at the genetic level. In L. migratoria , 
populations are identified historically as ‘outbreaking’ or 
‘nonoutbreaking,’ and laboratory experiments in a com¬ 
mon environment were conducted by Chapuis and col¬ 
leagues to compare parental effects on the expression of 
phase transition in offspring. They observed larger phase 
changes in offspring from the historically outbreaking pop¬ 
ulation and concluded that this was due to genetic variation 
in the expression of parentally inherited gregarization. This 
indicates that although phase change itself is subject to 
environmental cues, genes control the level of phase change 
expression and evolution has resulted in differences between 
populations. Furthermore, their work may have important 
implications in assessing the dynamics of plague outbreaks 
and pest management control. 

Concluding Remarks 

The variation we observe in acoustic behavior in crickets 
is largely controlled by variation at the genetic level, 
whereas the phenotypic phase change that occurs in 
locusts is largely driven by the environment. Genetic 
variation is seemingly more important in specifying 
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phenotypic variation in acoustic behavior than it is in 
behavioral phase change, but genes are nonetheless the 
ultimate basis of the differences we observe. As with all 
observable characteristics, both genetic and environmen¬ 
tal factors play a role, and information on the contribution 
of each is critical to understanding the evolution of com¬ 
plex behavior. 
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Introduction 

Reproductive relationships between individuals can be 
described as social mating systems, which are often 
related to parental care patterns. A broad classification 
of social mating systems includes: (1) Monogamy, in 
which one male and one female express a partner prefer¬ 
ence, which leads to the formation and maintenance of 
either a temporary or a permanent pair bond. In this case, 
neither sex monopolizes additional members of the oppo¬ 
site sex. (2) Polygyny, in which individual males control or 
gain access to multiple females. (3) Polyandry, in which 
individual females control or gain access to multiple 
males. In the latter two cases, partner preference, pair¬ 
bond formation, and maintenance are relaxed or at least 
biased toward one sex. Finally, there is (4) promiscuity, in 
which neither females nor males control access to mem¬ 
bers of the opposite sex and each individual may mate 
with multiple partners. In promiscuous species, pair-bond 
formation is absent. 

After the development of genetic parentage analyses 
in the 1980s, it soon became clear that these social 
mating systems are built upon genetic mating systems 
with various degrees of extra-pair fertilizations. As a 
consequence, many more females produce offspring 
with multiple males than previously suspected. In other 
words, genetic mating systems describe who produces 
how many offspring with whom and with how many 
others. Genetic mating systems can also explain alterna¬ 
tive mating tactics, such as those of satellite or sneaker 
males, who attempt to fertilize females visiting the ter¬ 
ritories of males. 

Why should the circulating concentration of reproduc¬ 
tive hormones be related to a particular mating system? 
Several comparative studies have shown that testis size is 
related to the social mating system or sperm competition 
across vertebrate and nonvertebrate species, suggesting 
that high levels of testosterone - the major steroid 
involved in male vertebrate reproduction - are associated 
with high levels of sperm competition. But large testes in 


vertebrates do not necessarily and/or continuously pro¬ 
duce large amounts of testosterone, although a recent 
comparative study suggests a slightly positive relationship 
between testis size and seasonal testosterone peaks in 
birds. What is the evidence for a relationship between 
mating systems and testosterone? 

The Challenge Hypothesis and 
Comparative Evidence Relating 
Testosterone and Mating Systems 

When discussing mating systems and testosterone, it is 
important to distinguish between circulating testosterone 
concentrations and androgen responsiveness, which is the 
ability of an individual to increase testosterone secretion 
from breeding baseline levels to the physiological maxi¬ 
mum. A major step in understanding the relationship 
between hormones, mating systems and behavior was 
achieved through the Challenge Hypothesis by John 
Wingfield and colleagues. This hypothesis represents 
one of the first formalized attempts to explain the huge 
variation in plasma testosterone levels and focuses on the 
androgen responsiveness rather than absolute testosterone 
concentrations. 

In principle, the Challenge Hypothesis is based on 
the observation that there is a bidirectional relationship 
between hormones and behavior: hormones influence 
behavior and behavior feeds back on hormone secretions. 
The Challenge Hypothesis assumes that elevations of 
circulating androgens above a certain level are for the 
most part associated with temporal variations in aggres¬ 
sive and, to a lesser extent, sexual behavior, rather than 
with basal reproductive physiology. Many studies have 
demonstrated rapid effects of social interactions on 
plasma concentrations of androgens (i.e., testosterone) 
in a wide array of vertebrate taxa, such as fish, amphi¬ 
bians, reptiles, birds, and mammals including humans. In 
line with these data, seasonally breeding birds with a 
high degree of male-male competition have high plasma 
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androgen concentrations during periods of social insta¬ 
bility and/or when females are receptive. In contrast, 
high concentrations of circulating androgens are virtu¬ 
ally absent in species that do not compete for territories 
or mates. 

More precisely, the Challenge Hypothesis postulates 
three (idealized) levels at which testosterone or other 
androgens are present in the circulation (Figure 1): First, 
there is a constitutive homoeostatic ‘Level A’ which repre¬ 
sents the basal secretory activity of the Leydig cells during 
the nonbreeding season. This level is presumed to maintain 
feedback regulation of both gonadotropin-releasing hor¬ 
mone (GnRH) from the hypothalamus and gonadotropin 
release from the pituitary gland. Second, there is a regu¬ 
lated (periodic) breeding season baseline ‘Level B,’ which 
represents the constitutive secretory activity stimulated by 
environmental cues such as day length (Figure 1). Level 
B is considered sufficient for spermatogenesis, the devel¬ 
opment of secondary sexual characters and accessory 
organs, and the expression of reproductive behaviors. 
Levels A and B can be considered as the basic levels at 
which hormones influence behavior, morphology, and 
physiology. Finally, there is a maximum response ‘Level C’ 
that is considered to be achieved through social stimula¬ 
tion from competing males or via interactions with recep¬ 
tive females. Thus, Level C is induced by behavior 
feeding back on the secretion of the hormone. The 
increase of testosterone to Level C can be short or long 
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Figure 1 The three-level model of androgen secretion in 
seasonally breeding male birds: Level A represents the 
nonbreeding androgen baseline required for feedback regulation 
of GnRH and gonadotropin release. Level B represents the 
androgen baseline during breeding induced by environmental 
cues such as the increase in day length. Level B is sufficient for 
spermatogenesis and for the expression of secondary sexual 
characters and reproductive behaviors. Level C represents the 
physiological testosterone maximum that - in the original 
Challenge Hypothesis - can be achieved during interactions with 
other males or receptive females. The increase from Level A to 
Level B occurs seasonally at the onset of the breeding season, 
while the increase from Level B to Level C is facultative, that is, 
only triggered by social stimulation or challenge during the 
breeding season. Redrawn from Wingfield JC, Hegner RE, Dufty 
AM, and Ball GF (1990) The “challenge hypothesis”: Theoretical 
implications for patterns of testosterone secretion, mating 
systems, and breeding strategies. American Naturalist 136: 
829-846. 


in duration, and small or great in magnitude. In contrast to 
the increase from Level A to Level B, which periodically 
occurs at the onset of the breeding season, the increase 
from Level B to Level C is considered facultative and may 
be expressed throughout all phases of the breeding life- 
cycle stage (Figure 1). 

The three levels of testosterone release represent the 
first important cornerstone of the Challenge Hypothesis. 
The second important ingredient of this hypothesis is the 
observation that high levels of testosterone interfere with 
male parental care or result in other costs that should 
be avoided. But what do these idealized levels A, B, and 
C of testosterone and the interference of testosterone with 
paternal care imply for the relationship between testos¬ 
terone and mating systems? The Challenge Hypothesis 
states that temporal patterns of plasma testosterone are 
the result of a trade-off between the degree to which male 
parental care is necessary for reproductive success and the 
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Figure 2 Schematic representation of the relationship between 
androgen responsiveness and mating systems in birds, as 
originally formulated in the Challenge Hypothesis: on the x-axis, 
species are listed according to a decrease in paternal care from 
left to right and an increase in the importance of male-male 
aggression from left to right. They-axis represents the androgen 
responsiveness, that is, the magnitude of the difference between 
Level B and Level C testosterone concentrations. Socially 
monogamous and polyandrous species, in which males provide 
substantial amounts of paternal care, show a high level of 
androgen responsiveness. This means that they express low 
levels of testosterone (Level B) most of the time, but are capable 
of quickly increasing their testosterone concentrations to 
maximum (Level C) during brief periods of male-male 
encounters. In contrast, polygynous males that do not participate 
in parental care and frequently interact with competing males 
express high levels of testosterone close to Level C throughout 
the breeding season, thus showing a low level of androgen 
responsiveness. Polygynous males that provide paternal care 
show an intermediate pattern. Redrawn from Wingfield JC, 
Hegner RE, Dufty AM, and Ball GF (1990) The “challenge 
hypothesis”: Theoretical implications for patterns of testosterone 
secretion, mating systems, and breeding strategies. American 
Naturalist 136: 829-846. 
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necessity or benefit of expressing aggressive behavior 
(Figure 2). The balance between costs and benefits of 
the effects of permanent high levels of testosterone is 
assumed to differ between monogamous and polygynous 
species. Socially monogamous species with a high degree 
of male parental care are predicted to show an increase in 
androgens from Level B to Level C (the androgen respon¬ 
siveness) only during periods of territory establishment, 
during acute male-male challenges, or when females are 
fertile, so that paternal care is not compromised or other 
costs of permanent high levels of testosterone are avoided. 
In other words, these species express a large androgen 
responsiveness, because they show a strong rise in testos¬ 
terone when challenged (Figure 2). 

The same is true for classically polyandrous species in 
which males provide exclusive parental care. In contrast, 
androgen levels in polygynous species with little or no 
paternal care should be close to the maximum Level C 
throughout the breeding season because males continu¬ 
ously and intensely interact with each other and with 
receptive females. Hence, in such a competitive environ¬ 
ment, the benefits of permanent high levels of testoster¬ 
one may outweigh the associated costs. In other words, 
polygynous species express a low level of androgen 
responsiveness, because their testosterone levels are high 
throughout the breeding season. Polygynous species in 
which males contribute to parental duties at the nest, 
however, should show an intermediate level of androgen 
responsiveness between those two extremes. These pre¬ 
dictions were confirmed in interspecific comparisons of 
seasonal androgen patterns in birds and fish, confirming 
the existence of a relationship between mating system and 
androgen responsiveness in these taxa. The data suggest 
that socially monogamous species show a larger difference 
between Level B and Level C testosterone concentrations 
than polygynous species. This difference seems to be 
based mainly on lower Level B values in socially monog¬ 
amous than polygynous species rather than on variation of 
Level C testosterone concentrations (but see below). In 
these comparative studies, the influence of paternal care 
on the androgen responsiveness persisted only in passer¬ 
ine birds: in passerines, different androgen responsiveness 
probably evolved in passerines in response to changes in 
the male’s paternal contribution during the incubation 
phase. Thus, it is possible that other costs (unrelated to 
paternal care) associated with high levels of testosterone 
drive this relationship between mating system and andro¬ 
gen responsiveness in other species. One direct and 
potentially costly effect of testosterone may be that per¬ 
manently high levels may enhance the likelihood of esca¬ 
lating conflict behavior. This may lead to inappropriate 
expression of aggressive or risk-taking behavior and hence 
increase the risk of injury or predation. 

Other studies looked at maximum testosterone concen¬ 
trations rather than the androgen responsiveness. These 


studies found that polygynous birds appear to have higher 
testosterone peaks than socially monogamous birds. A better 
predictor, however, was the rate of extra-pair behavior: bird 
species with higher rates of extra-pair paternity expressed 
higher peak levels of testosterone. This fits with another 
observation in vertebrates, that - independent of mating 
system - high testosterone levels were strongly associated 
with high frequencies of sexual behavior, with the largest 
effect observed in nonpaternal vertebrates, in particular 
mammals. As more and more data become available on 
genetic mating systems and the degree of within-pair and 
extra-pair paternity, one may base future comparative 
analyses of testosterone concentrations or the androgen 
responsiveness on genetic rather than social mating systems. 
To do this properly, a combination of testosterone concen¬ 
trations and genetic paternity data of individuals from the 
same study population would be needed. Thus, combined 
efforts of behavioral ecologists and behavioral endocrinol¬ 
ogists to obtain such kind of data would certainly be helpful. 

Recent findings in birds suggest that some refinements 
of the Challenge Hypothesis or its interpretation may be 
necessary in the future. First, a number of recent studies 
showed that testosterone does not universally suppress 
paternal behavior in all species. According to the Essential 
Paternal Care Hypothesis, males of some passerine bird 
species may have become insensitive to the suppressive 
effect of testosterone on paternal behavior. This behav¬ 
ioral insensitivity should mainly occur in species in which 
the survival of the offspring is severely hampered if the 
male stops feeding the young. 

A second issue is related to a certain methodological 
discrepancy between the predictions and the support of 
the Challenge Hypothesis. The predictions of the Chal¬ 
lenge Hypothesis, namely, the increase from Level B to 
Level C testosterone concentrations, relate to a situational 
increase of testosterone mainly during agonistic interac¬ 
tions between males, that is, a behavioral effect on testos¬ 
terone secretion during social challenges. But support for 
the Challenge Hypothesis is mainly based on seasonal 
patterns of testosterone, that is, Level C concentrations 
of testosterone measured during the periods of territory 
establishment or mate guarding and Level B concentra¬ 
tions during the rest of the breeding season, assuming that 
the higher levels during territory establishment and mate 
guarding are the results of these social interactions. 
Unfortunately, quite a substantial number of species do 
not show the expected increase in testosterone from Level 
B to Level C during experimental inductions of situa¬ 
tional male-male interactions. This discrepancy led to 
the distinction between the seasonal androgen response 
(Reason, based on seasonal profiles of Level B and Level 
C testosterone concentrations) and the androgen respon¬ 
siveness to male-male interactions (^male-male, based on 
testosterone concentrations measured during experimen¬ 
tal inductions of territorial conflicts between males 
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compared to those during control situations). Data based 
on Rseason broadly support the predictions of the Chal¬ 
lenge Hypothesis, but data based on situational /? ma ie-maie 
are ambiguous. Future work has to show whether the lack 
of androgen responsiveness to male-male challenges 
(female—male) in many species and the discrepancy between 
Reason and ^male-male is related to specific ecological fac¬ 
tors, which then need to be incorporated into refinements 
of the Challenge Hypothesis. Alternatively, the seasonal 
androgen response (R season ) may not entirely be caused by 
social stimulation from competing males or receptive 
females. If so, additional and potentially intrinsic factors 
need to be considered and also implemented in refine¬ 
ments of the Challenge Hypothesis. 

In summary, there is substantial evidence that andro¬ 
gen responsiveness based on seasonal testosterone profiles 
(Reason) is related to mating systems: males of socially 
monogamous species are more likely to show large andro¬ 
gen responses, whereas males of polygynous species are 
more likely to express small androgen responses. Very 
likely, the disparity between males of monogamous and 
polygynous species is founded on differences in the ben¬ 
efits and costs of the effect of persistent high levels of 
testosterone. Unfortunately, and in contrast to males, we 
know very little about the influence of sex steroids on 
mating decisions or strategies in females: greylag geese 
(.Anser anser) are socially monogamous and form long¬ 
term pair bonds: pairs with a higher synchrony of each 
other’s seasonal testosterone profile (the so-called testos¬ 
terone compatibility) produce larger clutches, have 
heavier eggs and a higher life-time reproductive output 
than less synchronous pairs. Thus, in monogamous geese, 
pair-bond quality is not predicted by just measuring a 
physiological parameter in one partner. The physiology 
of both partners is needed to predict the quality of the pair 
bond. So far, it is unknown whether a high level of testos¬ 
terone compatibility is the cause or a consequence of pair 
synchronization in geese. 

Experimental Evidence for a Role of 
Testosterone as a Proximate Regulator 
of Mating Systems 

So far, we looked at comparative data to investigate 
whether there is a relationship between testosterone con¬ 
centrations and mating system. But is there experimental 
evidence that testosterone is a proximate factor for the 
expression of different mating strategies so that mating 
systems can be manipulated using testosterone treatment? 
Once again, most investigations have been done in birds. 
Testosterone implants increased the likelihood of males to 
become polygynous or show extra-pair behavior in song 
sparrows ( Melospiza melodia), white-crowned sparrows 
(Zonotrichia leucophrys), dark-eyed juncos ( Junco hyemalis ), 


starlings ( Sturnus vulgaris ), mallards ( Anas platyrhynchos), 
and red grouse ( Lagopus lagopus ), but not in pied flycatch¬ 
ers ( Ficedula hypoleuca ), house finches ( Carpodacus mexica- 
nus ), spotless starlings ( Sturnus unicolor), red-winged 
blackbirds ( Agelaius phoeniceus ), and blue tits ( Cyanistes 
caeruleus ), although male blue tits with testosterone 
implants showed a greater interest in interacting with 
females other than the one they were paired with. 
A potential confound for studies that investigate the effect 
of testosterone on the genetic mating system is that treat¬ 
ment with testosterone may lead to a shutdown of the 
internal production of testosterone and sperm. This is a 
pharmacological effect that should be kept in mind when 
comparing the within- and extra-pair fertilization success 
of testosterone-treated males with controls. 

Additional evidence for an effect of testosterone in the 
proximate control of mating strategies comes from male 
side-blotched lizards (Uta stansburiana) that exist in several 
color morphs related to mating tactics. Adult males with 
an orange throat have high levels of testosterone, are 
highly aggressive, and defend large territories that overlap 
with the territories of multiple females. Adult males with 
a blue throat have intermediate levels of testosterone, are 
less aggressive, and defend small territories overlapping 
with those of few females. Adult males with a yellow 
throat express low levels of testosterone, do not defend 
territories but mimic females, and sneak copulations. 
Throat color has a genetic basis and is influenced by 
hormone levels during development. But blue- and 
yellow-throated males implanted with testosterone dur¬ 
ing adulthood start to defend territories which are as large 
as those of orange-throated males. 

Whereas testosterone seems to activate mating strate¬ 
gies in adult side-blotched lizards, organizational effects 
of testosterone play a major role in a closely related 
species, the tree lizard Urosaurus ornatus. Also, tree lizards 
come in several color morphs: males with an orange-blue 
dewlap are aggressive and defend territories, whereas 
males with an orange dewlap are nonaggressive and do 
not establish territories. Males with high levels of testos¬ 
terone and progesterone during ontogeny develop into 
the orange-blue morph which become territorial and 
defend the home range of several females. Males with 
low levels of testosterone and progesterone during devel¬ 
opment turn into the orange morph, which follow a 
sneaker or nomadic strategy. Adult circulating levels of 
testosterone do not differ between orange-blue and 
orange tree lizards and - unlike in side-blotched lizards - 
mating strategies are fixed and cannot be manipulated via 
testosterone implants. Thus, the major hormonal effects 
on mating strategies seem to occur at different times 
during the life history of tree- and side-blotched lizards. 
Organizational effects prevail in tree lizards, whereas 
side-blotched lizards remain plastic and mating strategies 
can be manipulated with hormones during adulthood. In 
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summary, these data suggest that testosterone may facili¬ 
tate polygynous mating strategies in some species, but 
since this is not universally the case, testosterone alone 
cannot explain mating decisions. 

An important factor that has been largely neglected in 
the discussion of proximate factors for the control of 
mating strategies is the female part: it always takes two 
to tango and it takes even more to become polygamous or 
promiscuous. Thus, treatment with testosterone may 
increase the propensity of males to seek additional 
mates, but this does not mean that females of all species, 
and under all circumstances, are ready to accept these 
offers. There is a large body of ecological literature dis¬ 
cussing factors that might influence the decision of 
females to become the secondary mate of a polygynous 
male. Such factors include for example male quality, 
territory quality, availability of unpaired males, etc. But 
we know very little about the physiology of such females. 
Potential hormonal factors that lead to or prevent the 
formation of a pair bond between females and males are 
discussed in the next section. 

The Role of Oxytocin and Arginine- 
Vasopressin in Pair Bonding and Mating 
Systems: Voles as a Model 

A highly instructive model for the study of the role of 
hormones in mating systems have been voles — small 
arvicoline rodent species that resemble mice with a 
shorter hairy tail, a rounder head, and stouter body. The 
prairie vole (Microtus ochrogaster) is a socially monogamous 
species found in grasslands throughout North America. 
A female and a male form a life-time pair bond and 
maintain a common nest and territory, which they defend 
against other voles. They live in communal family groups 
consisting of the breeder pair and their offspring. large 
proportion of the offspring does not leave their family and 
serve as ‘helpers at the nest.’ When prairie vole pups are 
isolated from their families for just 5 min, they emit distress 
calls and their plasma corticosterone levels - a hormone 
released during stress - increase. 

In contrast, montane voles (M. montanus) or meadow 
voles (M. pennsylvanicus) are much less social: males and 
females have separate territories and nests, and they only 
meet for mating. They are highly promiscuous and paren¬ 
tal care is provided by the female only. When montane 
vole pups are socially isolated, they do not emit distress 
vocalizations and their plasma corticosterone levels 
remain low. 

Which hormones are involved in the regulation of 
these differences in the life history of monogamous and 
promiscuous voles? As outlined earlier, testosterone 
would be an obvious candidate and indeed, plasma testos¬ 
terone levels of monogamous prairie voles are far lower 


than those of promiscuous voles. But testosterone treat¬ 
ment does not render male prairie voles polygynous, nor 
does castration of polygynous meadow or montane voles 
turn them monogamous. Thus, testosterone does not 
appear to play a direct role in the modulation of mating 
preferences in voles. Unfortunately, field data reflecting 
the seasonal pattern of testosterone and the influence of 
social stimuli on testosterone levels in monogamous and 
promiscuous voles are not available yet. 

In contrast to gonadal steroids such as testosterone, the 
adrenocortical ‘stress hormone’ corticosterone seems to 
have an effect that apparently differs between the sexes. 
Injections of corticosterone, or stress leading to an 
increase in circulating corticosterone levels, facilitate 
pair bonding in monogamous male prairie voles, but the 
same treatment inhibits pair bonding in females of this 
species. It is unknown whether treatment with corticoste¬ 
rone would induce partner preference in promiscuous 
vole species. 

The most important modulators of pair bonding 
and social behavior in voles appear to be oxytocin and 
arginine-vasopressin (or arginine-vasotocin in nonmam¬ 
malian vertebrates). These peptides belong to a very 
ancient hormone family present in all vertebrates. 
In mammals, oxytocin plays an important role during 
parturition and lactation, as it stimulates contraction of 
the uterus and initiates the milk-let-down from the mam¬ 
mary glands. Vasopressin reduces urinary water loss as a 
result of increased osmotic reabsorption of water from the 
kidney tubules. But, centrally, both hormones also play an 
important role in the regulation of affdiative behavior, 
that is, oxytocin is involved in the mother-infant bonding, 
grooming, and sexual behavior. Vasopressin has been 
implicated in male social behaviors including aggression, 
territorial behavior, and courtship. Both neuropeptides 
are also involved in the neural processing of sensory 
cues involved in social learning. For example, oxytocin 
knockout mice cannot recognize individuals to which 
they have been previously exposed. So, what is the role 
of oxytocin and arginine-vasopressin with respect to mat¬ 
ing systems in voles? 

Monogamous prairie voles typically form a pair bond 
as a consequence of intense mating during a 24-h period. 
Because mating results in central oxytocin release in 
mammals, it is likely that intense mating in prairie voles 
stimulates oxytocin release and facilitates the social pair 
bond of a female prairie vole to her mate. Indeed, oxyto¬ 
cin injections into the ventricle of the brain of unmated 
female prairie voles facilitate pair bonding. In male prai¬ 
rie voles, arginine-vasopressin rather than oxytocin 
mediates this effect: arginine-vasopressin is released 
during mating and injection of arginine-vasopressin 
facilitates pair bonding in unmated males. In addition 
to its effect on pair-bonding behavior, administration 
of arginine-vasopressin also stimulates paternal care 
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and increases aggression toward strangers. Interestingly, 
injection of arginine-vasopressin into promiscuous male 
montane voles did not increase aggression toward stran¬ 
gers, but increased self-grooming behavior, suggesting 
that the differences between monogamous and promis¬ 
cuous voles are not related to the release of the peptides, 
but lie further downstream in how these signals are 
processed in the brain. 

The prairie vole brain expresses high levels of oxytocin 
receptors and arginine-vasopressin receptors (of the 
VlaR subtype) in brain regions that are involved in the 
dopamine reward and reinforcement circuits, brain areas 
that are involved in becoming addicted to various sub¬ 
stances. The release of oxytocin and arginine-vasopressin 
upon mating in prairie voles activates the dopaminergic 
reward pathway in the brain. As a consequence, mating 
with a particular partner is reinforcing, rewarding, and 
presumably hedonic in monogamous prairie voles. These 
reinforcing effects may become coupled with the identity 
of the mate, resulting in conditioned partner preference. 
These results are supported by the finding that blocking 
dopamine receptors in these reward areas prevent the 
formation of partner preferences in monogamous prairie 
voles. 

In contrast to prairie voles, promiscuous montane voles, 
which do not form partner preferences, have only few 
oxytocin and arginine-vasopressin receptors in these brain 
reward regions, suggesting that mating with a particular 
partner is not exceptionally rewarding for montane voles, 
preventing the formation of a partner preference. Also, the 
comparison of the brains of several vole species suggests 
that the distribution of oxytocin and arginine-vasopressin 
receptors differs between monogamous and promiscu¬ 
ous species: monogamous pine voles (M. pinetorum) are 
similar to monogamous prairie voles, whereas promiscuous 
meadow voles resemble promiscuous montane voles. 

In a highly sophisticated experiment, viral vectors 
were used to overexpress the Avprla gene (the gene that 
encodes the arginine-vasopressin receptor VlaR) in the 
reward circuit of male promiscuous meadow voles. Unlike 
control males, these transgenic males showed an increased 
partner preference toward a female they were cohabitated 
with. Again, if dopamine receptors were blocked in the 
reward areas of these transgenic animals, the formation of 
a partner preference was prevented. These results suggest 
that mutations that alter the expression of a single gene 
(in this case the receptor for arginine-vasopressin) in a 
specific region of the brain can have a remarkable impact 
on complex social behaviors such as pair bonding and 
could potentially transform a promiscuous vole into a 
monogamous one (or vice versa). 

In a similar experiment with female voles, viral trans¬ 
fection of the gene for the oxytocin receptor into the 
reward circuit of the brain led to accelerated partner 
preference in female prairie voles, but was not sufficient 


to induce partner preference in promiscuous meadow 
voles. These data suggest that differences in the expres¬ 
sion of oxytocin receptors in the reward circuit of female 
prairie voles may contribute to natural variation in part¬ 
ner preference behavior, but unlike the situation in males, 
it is not sufficient to induce partner preferences in pro¬ 
miscuous species. 

How did the different patterns of expression of oxytocin 
and arginine-vasopressin receptors evolve in monogamous 
and promiscuous vole species? Most is known about the 
Avprla gene coding the receptor for arginine-vasopressin. 
This gene is highly homologous in prairie voles and mon¬ 
tane voles, but upstream from the transcription start site, 
the prairie vole gene contains a highly repetitive sequence, 
a microsatellite. In montane voles, this repetitive sequence 
is much shorter. Transgenic mice with the prairie vole 
Avprla gene (including this microsatellite sequence) 
express the gene in brain regions similar to those found 
in prairie voles and, unlike control mice, show a strong 
partner preference. Thus, the change in the microsatellite 
region of the Avprla gene may have been the molecular 
event inducing a change in the expression of the arginine- 
vasopressin receptor in the reward circuit of the vole brain. 
This change resulted in the biological potential to develop 
a conditioned partner preference. 

Implications for Pair-Bonding Behavior or 
Mating Systems in Humans 

What do these data on pair-bond formation in voles 
implement for pair-bonding behavior in humans? It is 
unknown whether there is a common physiological mech¬ 
anism for pair-bonding behavior in voles and humans. 
Similar to voles, plasma oxytocin levels are elevated dur¬ 
ing orgasm in women and plasma arginine-vasopressin 
levels are elevated in men when they are sexually aroused. 
Furthermore, when humans view photographs of people 
with whom they are ‘truly, deeply, and madly in love,’ 
their brain activity patterns resemble those observed after 
cocaine or opioid infusions: they show strong activations 
of brain areas involved in the dopamine reward and rein¬ 
forcement circuits, areas rich in oxytocin and arginine- 
vasopressin and their receptors, suggesting that there is 
some truth in the saying that ‘love is an addiction.’ 

A recent study also links the findings of the Avprl gene 
encoding the arginine-vasopressin receptor in voles and a 
polymorphism of the equivalent AVPR1A gene in humans. 
Men with a particular variant of the AVPR1A gene are 
more likely to remain unmarried. And when they get 
married, they are more likely to report a recent crisis in 
their marriage. Also, their spouses are more likely to 
express dissatisfaction in their relationships than spouses 
of men with a different variant of the gene. These data 
suggest that the gene for the receptor being involved in 
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differences in pair-bond formation in voles is probably of 
some relevance also in humans. 

According to the saga of ‘Asterix and Obelix,’ Getafix, 
the Gaul druid, was famous for brewing magic potions 
more than 2000 years ago, among them the famous potion 
giving its drinker superhuman strength. To my knowl¬ 
edge, a ‘love potion’ was not on the druid’s portfolio of 
drinks, but, given the recent advances in understanding 
the biology of pair-bonding behavior, we may not be too 
far from such a potion now. 

Acknowledgments 

Discussions with and constructive criticism from Silke 
Kipper, Nicole Geberzahn, Barbara Helm, and Katharina 
Hirschenhauser helped to improve previous versions of 
this contribution. 

See also: Aggression and Territoriality; Mate Choice and 
Learning; Monogamy and Extra-Pair Parentage; Parental 
Behavior and Hormones in Mammals; Parental Behavior 
and Hormones in Non-Mammalian Vertebrates; Repro¬ 
ductive Skew, Cooperative Breeding, and Eusociality in 
Vertebrates: Hormones; Seasonality: Hormones and 
Behavior; Sex Change in Reef Fishes: Behavior and 
Physiology; Sperm Competition. 

Further Reading 

Adkins-Regan E (2005) Hormones and Social Behavior. Princeton, NJ: 
Princeton University Press. 

Bartels A and Zeki S (2000) The neural basis of romantic love. 
Neuroreport 11: 3829-3834. 

Carter CS, DeVries AC, Taymans SE, Roberts RL, Williams JR, and Getz 
LL (1997) Peptides, steroids, and pair-bonding. Annals of the New 
York Academy of Sciences 807: 260-272. 

Garamszegi LZ, Eens M, Hurtrez-Bousses S, and Moller AP (2005) 
Testosterone, testes size, and mating success in birds: A 
comparative study. Hormones and Behavior 47: 389-409. 


Goymann W (2009) Social modulation of androgens in male birds. 
General and Comparative Endocrinology 163: 149-157. 

Hirschenhauser K, Mostl E, and Kotrschal K (1999) Within-pair 
testosterone covariation and reproductive output in greylag geese 
[Anser anser). Ibis 141: 577-586. 

Hirschenhauser K and Oliveira RF (2006) Social modulation of 
androgens in male vertebrates: Meta-analyses of the challenge 
hypothesis. Animal Behaviour 71: 265-277. 

Hirschenhauser K, Winkler H, and Oliveira RF (2003) Comparative 
analysis of male androgen responsiveness to social environment in 
birds: The effects of mating system and paternal incubation. 
Hormones and Behavior 43: 508-519. 

Lynn SE (2008) Behavioral insensitivity to testosterone: Why and how 
does testosterone alter paternal and aggressive behavior in some 
avian species but not others? General and Comparative 
Endocrinology 157: 233-240. 

Moore MC, Hews DK, and Knapp R (1998) Hormonal control 
and evolution of alternative male phenotypes: Generalizations 
of models for sexual differentiation. American Zoologist 
38: 133-151. 

Oliveira RF (2004) Social modulation of androgens in vertebrates: 
Mechanisms and function. Advances in the Study of Behavior 34: 
165-239. 

Ross HE, Freeman SM, Spiegel LL, Ren X, Terwilliger EF, and Young LJ 
(2009) Variation in oxytocin receptor density in the nucleus 
accumbens has differential effects on affiliative behaviors in 
monogamous and polygamous voles. Journal of Neuroscience 29: 
1312-1318. 

Sinervo B, Miles DB, Frankino WA, Klukowski M, and DeNardo DF 
(2000) Testosterone, endurance, and Darwinian fitness: Natural and 
sexual selection on the physiological bases of alternative male 
behaviors in side-blotched lizards. Hormones and Behavior 38: 
222-233. 

Walum H, Westberg L, Henningsson S, et al. (2008) Genetic variation in 
the vasopressin receptor la gene (AVPR1A) associates with pair¬ 
bonding behavior in humans. Proceedings of the National Academy 
of Sciences 105: 14153-14156. 

Wingfield JC, Hegner RE, Dufty AM, and Ball GF (1990) The “challenge 
hypothesis”: Theoretical implications for patterns of testosterone 
secretion, mating systems, and breeding strategies. American 
Naturalist 136: 829-846. 

Wingfield JC, Moore IT, Goymann W, Wacker D, and Sperry T (2006) 
Contexts and ethology of vertebrate aggression: Implications for the 
evolution of hormone-behavior interactions. In: Nelson R (Ed.) 
Biology of Aggression, pp. 179-210. New York: Oxford University 
Press. 

Young LJ, Nilsen R, Waymire KG, MacGregor GR, and Insel TR (1999) 
Increased affiliative response to vasopressin in mice expressing the 
Via receptor from a monogamous vole. Nature 400: 766-768. 

Young LJ and Wang Z (2004) The neurobiology of pair-bonding. Nature 
Neuroscience 7: 1048-1054. 




Parasite-Induced Behavioral Change: Mechanisms 

M.-J. Perrot-Minnot and F. Cezilly, Universite de Bourgogne, Dijon, France 
© 2010 Elsevier Ltd. All rights reserved. 


Parasites can manipulate the behavior of their hosts to 
their own benefit - this is what evolutionary parasitology 
studies tell us. But let us go a step further and take up the 
challenge raised by these manipulative parasites messing 
with the brains of their hosts and giving our own brains a 
serious puzzle. How can a so-called ‘simple’ (not ‘regressed’) 
parasite hijack the behavior of its host, which in some 
instances might be a so-called ‘higher’ vertebrate? Is there 
anything like a ‘manipulative molecule’ secreted by the 
parasite to directly target its host’s CNS and specifically 
modulate the behaviors affecting transmission success? Or 
does manipulation come as a fortuitous side-effect of the 
infection on the host immune system and metabolism? 

Despite the growing number of studies reporting on 
behavioral manipulation by parasites, the proximate 
mechanisms underlying this phenomenon have been 
investigated in only a few of them (Table 1), and no 
mechanism has been completely elucidated. This article 
aims at reviewing these few cases, where the mechanisms 
of parasite manipulation have been investigated. However, 
we use here a broader approach, looking for a causal con¬ 
nection between altered host behavior and the modula¬ 
tion of gene expression in both the host and the parasite. 
The analysis is focused on the mechanisms underlying 
changes in behavior that increase parasite transmission 
success (strictly speaking, parasite-induced behavioral 
manipulation). Mechanisms associated with disease- 
related behavioral disorders, such as immune-generated 
alteration of the CNS, will not be addressed here. 

The phenomenon of parasite manipulation can be fully 
understood only if the demonstration of a fitness gain for the 
parasite (ultimate cause) is coupled to the identification 
of the mechanisms underlying the observed behavioral 
changes (proximate causes). Understanding proximate 
causes of manipulation will contribute to our evolutionary 
analysis in two ways: (1) it will help evaluate the costs a 
parasite pays to invest in manipulation and whether these 
costs are shared with investment in parasite survival (i.e., 
defense against the immune system) and (2) it will reveal 
how complex and specific the manipulation process is. These 
two criteria are currently acknowledged as important in 
assessing the adaptive significance of manipulation. 

The mechanisms involved in parasite manipulation 
have been explored since the pioneering work on rodents 
infected with Toxoplasma gondii and on the amphipod 
Gammarus lacustris infected with the acanthocephalan 
bird parasite Polymorphus paradoxus. Since then, several 
studies have attempted to identify the changes in host 


neurophysiology or gene expression associated with 
parasite manipulation (Table 1). The expected complex¬ 
ity of the interactive network connecting a host and its 
manipulative parasite comes from the modulatory con¬ 
nections between the neuronal, hormonal, and immune 
systems of the host. The investigation of proximate 
mechanisms therefore relies on an integrative approach 
combining behavioral ecology, neurophysiology, pharma¬ 
cology, molecular biology, and biochemistry. 

From Phenotypic Behavioral Changes to 
Altered Gene Expression 

Changes in host behavior following infection are not 
necessarily profitable to the parasite. They may actually 
benefit the host through compensating for the effect of 
infection or getting rid of the parasite. Alternatively, they 
can be pathological side-effects, with no benefits for the 
host or for the parasite. When beneficial to the parasite, 
changes in host behavior can result from a combination of 
direct and indirect effects of a parasite on its host’s CNS. 
The most likely indirect effect relies on the connection 
between the neuronal and immune systems: the host’s 
immunological response to infection can be involved in 
changing the host’s behavior into a behavior that favors 
parasitic transmission. Therefore, the methods used to 
investigate mechanisms of parasite-induced behavioral 
changes must not only identify the biochemical or physi¬ 
ological changes in manipulated hosts, but also demon¬ 
strate that these changes are indeed the proximate cause 
of behavioral manipulation. 

More precisely, we have to identify the following: 

1. The functional connection between an altered behav¬ 
ior and the corresponding genes expressed in the host. 

2. The parasite’s biochemical signal (in the excretory/ 
secretory (E/S) parasite products) targeting host’s 
genes, whether it corresponds to ‘manipulative mole¬ 
cules,’ or molecules with a broader spectrum, includ¬ 
ing physiological targets. 

3. The causal link between some of those genes and the 
direct target of the parasite’s E/S products. 

To that end, several complementary approaches are 
possible: 

- The exploration of specific neurophysiological path¬ 
ways by means of ethopharmacology and techniques 
used on candidate proteins (immunohistochemistry or 


618 



Parasite-Induced Behavioral Change: Mechanisms 619 


Table 1 Review of studies attempting to identify the changes in host’s neurophysiology or proteome associated with parasite 

manipulation in invertebrates (for a review on vertebrates, 

see Klein 2003) 



Host 

Parasite 

Manipulated behavior 

Method of investigation 

References 

Grasshopper, 

Hairworm, 

Seeking water and 

Brain proteome (host) and 

1 

Meconema 

Spinochordodes tellinii 

jumping into it 

Parasite proteome 


thalassinum 
(Orthopteran insect) 

(Nematomorph) 




Cricket, Nemobius 

Hairworm, Paragordius 

Seeking water and 

Brain proteome (host) and 

2 

sylvestris 

tricuspidatus 

jumping into it 

Parasite proteome 


(Orthopteran insect) 

(Nematomorph) 




Mosquitoe Anopheles 

Plasmodium berghei 

Increased biting rate 

Brain proteome (host) 

3 

gambiae (Dipteran 
insect) 

(Protozoa: Apicomplexa) 




Tsetse fly Glossina 

Trypanosoma brucei 

Increased probing, 

Brain proteome (host) 

4 

palpalis gambiensis 

(Protozoa: 

Extended engorging 



(Dipteran insect) 

Sarcomastigophora) 

duration 



Amphipod Gammarus 

FI at worm Microphallus 

Negative geotaxis: water 

Brain proteome (host) 

5 

insensibilis 

papillorobustus 

surface 



(Crustacea) 

(Platyhelminthes: 

Trematoda) 

Positive phototactism 

Immunocytochemistry on the 

6 




brain (5-HT) 


Amphipod Gammarus 

Thorny-headed worm 

Negative geotaxis: water 

Brain proteome (host) 

5 

pulex (Crustacea) 

Polymorphus minutus 

(Acanthocephala: 

Polymorphidae) 

surface 



Amphipod Gammarus 

Thorny-headed worm 

Positive phototactism, 

Ethopharmacology 

7 

pulex, Gammarus 

Pomphorhynchus laevis, 

Increased drifting 

(phototactism), 


roeseli (Crustacea) 

Pomphorhynchus 

behavior and activity 

Immunocytochemistry on the 



tereticollis 

(Acanthocephala: 

Pomphorhynchidae) 

Attraction to chemical 

brain (5-HT) 




cues from fish predator 



Amphipod Gammarus 

Polymorphis paradoxus 

Clinging behavior 

Ethopharmacology (clinging), 

8 

lacustris (Crustacea) 

(Acanthocephala: 

Positive phototactism 

Immunocytochemistry on the 

9 


Polymorphidae) 


nerve cord (5-HT) 



7 Biron DG, Marche L, Ponton F, Loxdale HD, Galeotti N, Renault L, Joly C, and Thomas F (2005) Behavioural 
manipulation in a grasshopper harbouring hairworm: a proteomics approach. Proceedings of the Royal Society B 
272:2117-2126. 

2 Biron DG, Ponton F, Marche L, Galeotti N, Renault L, Demey-Thomas E, Poncet J, Brown SP, Jouin P, and Thomas F (2006) ‘Suicide’ of 
crickets harbouring hairworms: a proteomics investigation. Insect Molecular Biology: 15: 731-742. 

3 Lefevre T, Thomas F, Schwartz A, Levashina E, Blandin S, Brizard J-P, Le Bourligu L, Demettre E, Renaud F, and Biron DG 
(2007a) Malaria Plasmodium agent induces alteration in the head proteome of their Anopheles mosquito host. Proteomics 
7: 1908-1915. 

4 Lefevre T, Thomas F, Ravel S, Patrel D, Renault L, Le Bourligu L, Cuny G, and Biron DG (2007b) Trypanosoma brucei brucei 
induces alteration in the head proteome of the tsetse fly vector Glossina palpalis gambiensis. Insect Molecular Biology 
16: 651-660. 

5 Ponton F, Lefevre T, Lebarbenchon C, Thomas F, Loxdale H, Marche Renault L, Perrot-Minnot M-J, and Biron D (2006) Behavioural 
manipulation in gammarids harbouring trematodes and acanthocephalans: a comparative study of the proximate factors using 
proteomics. Proceedings of the Royal Society B: Biological Sciences 273: 2869-2877. 

6 Helluy S and Thomas F (2003) Effects of Microphallus papillorobustus (Plathyhelminthes: Trematoda) on serotonergic immunoreactivity 
and neuronal architecture in the brain of Gammarus insensibilis (Crustacea: Amphipoda). Proceedings of the Royal Society B 270: 
563-568. 

7 Tain L, Perrot-Minnot M-J, and Cezilly F (2006) Altered host behaviour and brain serotonergic activity caused by acanthocephalans: 
evidence for specificity. Proceedings of the Royal Society B 273: 3039-3045. 

Tain L, Perrot-Minnot M-J, and Cezilly F (2007) Differential influence of Pomphorhynchus laevis (Acanthocephala) on brain serotonergic 
activity in two congeneric host species Biology Letters 3: 68-71. 

s Helluy S and Holmes JC (1990) Serotonin, octopamine, and the clinging behavior induced by the parasite Polymorphus paradoxus 
(Acanthocephala) in Gammarus lacustris (Crustacea). Canadian Journal of Zoology 68: 1214-1220. 

9 Maynard BJ, DeMartini L, and Wright WG (1996) Gammarus lacustris harboring Polymorphus paradoxus show altered patterns of 
serotonin-like immunoreactivity. Journal of Parasitology 82: 663-666. 
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immunocytochemistry, HPLC-ED, etc.). This approach 
can establish a functional link between a neuromodu- 
latory pathway and the observed altered behavior, 
without establishing how the parasite directly hijacks 
the neurophysiology of its host. 

- The differential screening of the host proteome or 
transcriptome between infected-manipulated indivi¬ 
duals and nonmanipulated ones (uninfected and in¬ 
fected), to reveal proteins or mRNA associated with a 
manipulated phenotype (as the cause or the conse¬ 
quence of altered behavior and physiology). 

- The proteomic analysis of parasite’s E/S products fol¬ 
lowed by the identification of the biological fractions 
modulating host’s behavior. Proteomic tools applied to 
the analysis of E/S products screen for molecules 
released by a manipulative parasite that could trigger 
the observed phenotypic changes. 

The first two approaches must compare infected-manipulated 
individuals with nonmanipulated ones (infected by a 
nonmanipulative stage of parasite and uninfected), to 
specifically identify neurophysiological or biochemical 
changes associated with manipulation. Still, will these 
pathways or molecules in the host’s repertoire be the direct 
target of parasite? The third approach is thus necessary to 
identify the initial molecular dialog setting up behavioral 
manipulation. 

Several inferences emerge from the astonishing fact 
that parasites increase their own transmission success by 
taking control of their host’s behavior. (1) The molecular 
cross-talk between a host and a parasite that results in 
fine-tuned phenotypic alterations is probably complex 
and intimate. (2) A parasite manipulating the behavioral 
flexibility of its host so that it performs the appropriate 
behavior likely uses either molecular mimicry (biochem¬ 
ical evolutionary convergence) or highly conserved mole¬ 
cules (phylogenetic inertia). The parasite may thereby 
control some of its host modulatory pathways by usurping 
signaling processes. (3) Changes in host behavior are often 
a mix of direct and indirect effects, and it may prove 
difficult to differentiate between the two. Investigations 
of proximate mechanisms involved in parasite manipula¬ 
tion must keep these inferences in mind. 

Multidimensionality and Mechanisms of 
Parasite Manipulation 

The capacity of a parasite to manipulate several behav¬ 
ioral and physiological traits together has been largely 
ignored in most empirical studies so far, although a 
review of studies on the same host-parasite systems 
shows that manipulative parasites generally modify 
more than a single dimension in the phenotype of their 
hosts. For instance, the acanthocephalan fish parasite 
Pomphorhynchus laevis reverses the photophobic behavior 


of its host Gammarus pulex and its antipredatory behavior 
in reaction to olfactory cues, and increases its activity and 
its drifting behavior. Several physiological changes have 
been reported as well in G. pulex infected with P laevis , 
such as increased hemolymph protein titers (in particular 
haemocyanin), reduced 0 2 consumption, increased gly¬ 
cogen content, fecundity reduction, and immunosuppres¬ 
sion. In wild rats infected with the protozoan T. gondii , 
changes in activity and in motivational level in various 
contexts have been reported. T. gondii- infected rats were 
found to be significantly less neophobic toward food- 
related novel stimuli. In outdoor captive environment, 
they were more likely to be trapped than their uninfected 
conspecifics, and their propensity to approach a mildly 
fear-inducing object was higher than that of uninfected 
rats (reduced neophobia). Alteration of innate behavior 
(such as neophobia) extends to the reversal of antipreda¬ 
tory behavior from a strong aversion to a preference for 
cat-treated areas in infected rats. This ‘fatal attraction’ is 
expected to increase the chances of transmission of T. 
gondii to its feline definitive host. Such multidimensional¬ 
ity of manipulation makes sense from an ecological and 
evolutionary point of view: having the ‘vehicle’ host 
reaching the right place at the right time (through being 
predated by, or stinging, or biting the next host species in 
the cycle) probably involves several behaviors related to 
environmental sensing and microhabitat choice. In para¬ 
sites with a direct life cycle, transmission by contact or 
wounding can be increased by modulating a number of 
social behaviors, such as aggression and exploration. Sev¬ 
eral cue-oriented behaviors are generally altered in 
infected invertebrates (among phototaxis, chemotaxis, 
rheotaxis or wind-evoked behavior, geotaxis, etc.) that 
together contribute to increased transmission success of 
the manipulative parasite. 

Are these multiple dimensions of a manipulated pheno¬ 
type functionally independent? Or do the proximate 
mechanisms of manipulation have ‘pleitropic effects’? The 
best argument supporting the hypothesis of ‘pleiotropic 
effects’ lies in the functional connection between host’s 
neuronal, immunological, and endocrinal/metabolic sys¬ 
tems, be the host an invertebrate or a vertebrate. Because 
the very first conditions for a parasite to develop are to 
successfully establish in a host and exploit its energy 
reserves, some mechanisms must exist that allow the parasite 
to interact with its host’s physiology, especially the host’s 
immunity. As pointed out by several authors, the evolution¬ 
ary transition leading to parasite manipulation may simply 
consist in an extension of the effect of the parasite on the 
immune system of its host to its neuronal system. Targeting 
diverse and flexible neuromodulatory pathways to induce 
adaptive behavioral change in its host would thereby be a 
small evolutionary step. The understanding of proximate 
mechanisms of parasite manipulation allows us to test this 
evolutionary and functional scenario. 
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Investigating Host’s Neuromodulatory 
Pathways 

Biogenic amines (serotonin, dopamine, octopamine among 
others) and other chemical signals such as neuropeptides or 
the gas nitric oxide (NO) play a neuromodulatory role in 
numerous sensory, motor, and endocrine functions, in both 
invertebrates and vertebrates. They modulate the behav¬ 
ioral or physiological responses of an organism to external 
information, according to its internal status. By ‘manipulat¬ 
ing’ these neuromodulatory pathways in its host’s CNS, a 
parasite could adjust its host’s behavioral response to reflect 
the parasite’s own interest. The E/S products of the parasite 
would thus be akin to the venom of several predators or 
parasitoid wasps manipulating the monoaminergic system 
of their hosts to improve prey handling and use. 

Several studies have shown a major role of biogenic 
amines and neuropeptides in the physiological and behav¬ 
ioral alterations induced by parasites (Table 2). The 
‘candidate neuromodulatory pathway’ approach to para¬ 
site manipulation targets simple tropisms or cue-oriented 
behaviors such as phototaxis, geotaxis, chimiotaxis, ther¬ 
mal gradient sensitivity (in biting or sucking vectors 
of warm blood animals), and reflectance (Table 2). In 
vertebrates, several viruses and protists increase their 
hosts’ exploratory behavior or aggression, two behaviors 
suspected to enhance parasite transmission either by pre¬ 
dation or by conspecific wounding/contact respectively. 
These behavioral effects have been related to changes in 
concentrations or receptor binding of amines (dopamine, 
serotonin) or opioids. 

However, few studies have combined ethopharmaco- 
logical analysis to biochemical techniques (immunohisto- 
or cytochemistry, western blot, and ELISA) to establish 
or invalidate the involvement of a neuromodulator in 
parasite manipulation of behavior. One pioneer ethophar- 
macological study investigated the role of several neuro¬ 
modulators in the behavioral alterations induced by 
P. paradoxus in its intermediate host G. lacustris. Uninfected 
individuals injected with serotonin responded to mechan¬ 
ical stimulation by skimming to the water surface until 
clinging to floating material and exhibited positive pho- 
taxis, two behavioral mimics of amphipods infected with 
this parasite of dabbling ducks. Immunocytochemistry on 
the nerve cord of amphipods infected with P. paradoxus 
revealed an increase in the number of varicosities 
exhibiting serotonin-like immunoreactivity in the third 
thoracic ganglion. Serotonin was altered either in the 
amount or in the number of local storage and release 
sites along neural fibers in P. Paradoxus- infected amphi¬ 
pods, but not in G. lacustris infected with Polymorphus 
marilis , a parasite of diving ducks inducing positive photo- 
tactism but no escape response. 

Exogenously supplied serotonin can mimic the effect of 
parasitism in other amphipod-acanthocephalan systems: 


G. pul ex — P. laevis and Pomphorhynchus tereticollis. Injection 
of serotonin in uninfected G. pulex reversed their reaction 
to light, mimicking the positive phototactism of gammar- 
ids infected with these two fish parasites. The serotonergic 
activity in the brains of infected-manipulated gammarids 
was significantly increased, compared to that of four con¬ 
trols: uninfected G. pulex, G. pulex infected with P. tereticollis 
but not manipulated, G. pulex infected with the bird acan- 
thocephalan Polymorphus minutus (not altering phototaxis), 
and a nonmanipulated sympatric amphipod species Gam- 
marus roeseli, infected with P laevis (Figure 1). 

In Gammarus insensibilis infected by the cerebral trema- 
tode Microphallus papillorobustus, immunocytochemistry on 
brain has revealed the degeneration of discrete sets 
of serotonergic neurons: immunoreactivity to serotonin 
(5-hydroxytryptamine or 5-HT) was decreased in the optic 
neuropils but increased in the olfactory lobes. This imbal¬ 
ance in brain serotonergic activity is suspected to contribute 
to the behavioral alterations reported in this brackishwater 
amphipod species, in particular, positive geotactism and 
attraction to light. In vertebrates, several viral and proto¬ 
zoan parasites infecting the CNS of their rodent hosts alter 
neurochemical pathways in the brain. In the brains of infected 
mice and rats for instance, rabies virus decreases 5-HT and 
GABA neurotransmission, and T. gondii increases the con¬ 
centration of dopamine and decreases the concentration of 
norepinephrine. These changes in neuromodulatory path¬ 
ways may be linked to elevated aggression exhibited by 
infected rodents (and exploratory and fearless behavior in 
the case of T. gondii infected rats). These behavioral altera¬ 
tions presumably enhance the transmission of rabies virus 
by increased conspecific biting and of T. gondii by increased 
predation rate. 

Although the exploration of these neurophysiological 
changes can provide evidence that a neuromodulator 
plays a key role in one or few behavioral dimensions of 
parasite manipulation, it also has several limitations. First, 
the neuromodulatory and signaling network is complex: 
several neuropeptides or amines may act together to 
modulate a given behavior, while a single neuromodulator 
may regulate several behaviors. If this may fit well with 
the multiple dimensions of parasite-induced alteration on 
host’s phenotype, it makes the full understanding of the 
underlying neurophysiological process difficult. Second, 
showing a change in brain CNS does not establish a causal 
connection with the manipulative process. 

Screening the Host’s Proteome and 
Transcriptome 

In the few host-parasite systems to which it has been applied, 
the proteomic approach appeared sensitive enough to detect 
proteome differences between infected and noninfected 
hosts that can be attributed to the manipulative syndrome. 



Table 2 Review of studies suggesting the involvement of certain neuropeptides or biogenic amines in parasite-induced alteration of invertebrate hosts’ behavior (used as intermediate 
hosts by trophically transmitted parasites or as food store and shelter by parasitoid larvae) 


Host species 

Parasite species 

Technics 

Results 

References 

Amphipod Gammarus lacustris 

Polymorphus paradoxus 

- Injection: serotonin, 

Only 5-HT injection mimics clinging 

1 


(Acanthocephalan) 

dopamine, octopamine, 
norepinephrine 

behavior 




- Immunocytochemistry (anti- 

- Increased 5-HT immunoreactivity in the 

2 



5-HT) on nerve cord 

third thoracic ganglion (increase in 
varicosities) 


Amphipod Gammarus insensibilis 

Microphallus papillorobustus 

Immunocytochemistry (anti-5- 

Serotonergic activity depressed in specific 

3 


(Trematode) 

HT) on the brain 

areas of the brain 


Amphipod Gammarus pulex 

P. laevis, P. tereticollis 

- Immunocytochesmitry (anti- 

- Increase in brain 5-HT immunoreactivity 

4 


(Acanthocephalan) 

5-HT) 

in infected amphipods (correlates to 
their degree of manipulation of 
photactism) 




- Injection of serotonin 

- Injection of 5-HT to uninfected animals 





mimics positive phototactism of infected 





ones 


Crab Macrophthalmus hirtipes 

Maritrema (Trematode) 

HPLC-ED on brain extracts 

Increase in 5-HT content in the brain of 

5 




crabs coinfected with both parasite 



Profilicollis 





(Acanthocephalan) 




Crab Hemigrapsus crenulatus 

Profilicollis antarcticus 

HPLC-ED on hemolymph 

Increase in hemolymph dopamine content, 

6 


(Acanthocephalan) 

extracts 

but not serotonin, in infected crabs 


Moth Manduca sexta 

Cotesia congregata 

- HPLC-ED on haemolymph 

- Increased octopamine content of the 

7 


(Hymenoptera 

extracts 

brain, thoracic ganglia, and abdominal 



Braconidae) 

- Injection of octopamine or 

ganglia 

- Injection mimics the decreased 

8 



blood from postemergence 

peristaltic activity in the foregut (related 




parasitized larvae 

to decreased feeding) 
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Periplaneta americana (and other 
cockroaches) 


Ampulex compressa 
(Hymenoptera, 
Sphecidae) 


- Injection (dopamine) 

- GC-MS and HPLC-ED on 
venom 


- Immunocytochemistry (anti¬ 
dopamine) 

- Electrophysiology 


- Injection of dopamine mimics venom- 9 

induced grooming 

- Pharmacological depletion of 
monoamines mimics venom-induced 
nonparalytic hypokinesia and reduced- 
escape response 

- Dopamine present in the venom 

- Decrease in octopamine neurons activity 
in the thorax, modulated by input from 
descending neurons from the brain, 
themselves modulated by venom 
injection 


7 Helluy S and Holmes JC (1990) Serotonin, octopamine, and the clinging behavior induced by the parasite Polymorphus paradoxus (Acanthocephala) in Gammarus lacustris (Crustacea). 
Canadian Journal of Zoology 68: 1214-1220. 

2 Maynard BJ, DeMartini L, and Wright WG (1996) Gammarus lacustris harboring Polymorphus paradoxus show altered patterns of serotonin-like immunoreactivity. Journal of Parasitology 
82: 663-666. 

3 Helluy S and Thomas F (2003) Effects of Microphallus papillorobustus (Plathyhelminthes: Trematoda) on serotonergic immunoreactivity and neuronal architecture in the brain of Gammarus 
insensibilis (Crustacea: Amphipoda). Proceedings of the Royal Society B 270: 563-568. 

4 Tain L, Perrot-Minnot M-J, and Cezilly F (2006) Altered host behaviour and brain serotonerqic activity caused by acanthocephalans: evidence for specificity. Proceedings of the Royal 
Society B 273: 3039-3045. 

5 Poulin R, Nichol K, and Latham ADM (2003) Host sharing and host manipulation by larval helminths in shore crabs: cooperation or conflict? International Journal for Parasitology 
33:425-433. 

6 Rojas JM and Ojeda FP (2005) Altered dopamine levels induced by the parasite Profilicollis antarcticus on its intermediate host, the crab Hemigrapsus crenulatus. Biological Research 
38: 259-266. 

7 Adamo SA and Shoemacker KL (2000) Effects of parasitism on the octopamine content of the central nervous system of Manduca sexta : a possible mechanism underlying host 
behavioural change. Canadian Journal of Zoology 78: 1580-1587. 

8 Miles Cl and Booker R (2000) Octopamine mimics the effects of parasitism on the foregut of the tobacco hornworm Manduca sexta. Journal of Experimental Biology 203: 1689-1700. 
9 Several references in. 

Wiesel-Eichler A and Libersat F (2004) Venom effects on monoaminergic systems. Journal of Comparative Physiology A 190: 683-690. 

Libersat F and Pflueger HJ (2004) Monoamines and the orchestration of behavior. Bioscience 54: 17-25. 
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Figure 1 5-HT immunoreactivity (yellow) within the brains of uninfected Gammarus pulex, P. tereticollis -infected G. pulex, and 
P. m/nufcys-infected G. pulex. Arrows show position of tritocerebrum giant neuron (TGN) cell body. No differences in brain anatomy from 
infected and uninfected individuals were observed. Bar shows 100 mm. 


Indeed, the use of comparative screening of whole prote- 
ome or transcriptome between infected hosts and unin¬ 
fected hosts appears a powerful means to cope with the 
predicted complexity of proximate mechanisms involved 
in parasite manipulation, if several conditions are met (e.g., 
the quality of controls run, the access to database allowing 
protein identification, and other limitations listed here). 
Proteins or transcripts differentially produced and specif¬ 
ically associated with the manipulative process can be 
identified, if one compares manipulated hosts with unin¬ 
fected and infected nonmanipulated hosts. The analysis of 
infected nonmanipulated hosts (i.e., usually containing a 
developmental stage of the parasite not infective to the next 
host) is an important control to run, to distinguish the pro¬ 
teins or transcripts specifically associated with the manipula¬ 
tive process from the ones produced in response to infection. 
Similarly, noninfected hosts exposed to the same environ¬ 
mental conditions as infected manipulated ones should be 
analyzed (in addition to noninfected ones in their natural 
environment) to distinguish the proteins or transcripts spe¬ 
cifically associated with the manipulative process from the 
ones produced in response to the environmental changes 
associated with manipulation (for instance, living at the sur¬ 
face instead of the bottom of a body of water). The differ¬ 
ences in brain proteome between infected-manipulated hosts 
and controls are either in the presence/absence, the quantity, 
or the posttraductional processing of certain proteins. 

From the studies reviewed (Table 3) it seems that the 
alteration of the CNS is a common feature in the prote¬ 
ome of infected manipulated animals. In addition, key 
metabolic pathways are often perturbed, as well as pro¬ 
teins involved in cellular stress (HSP, other chaperones), 
immunomodulation, or oxidative damage. Alteration in 
energy metabolism in the brains of infected blood-feeding 
insects can be interpreted as a parasite strategy to manip¬ 
ulate vector-feeding behavior by inducing a nutritional 
stress. Interestingly, several proteins putatively involved 
in similar behavioral modifications in different 
host-parasite systems belong to the same family. For 
instance, differential expression of proteins from the fam¬ 
ily (CRAL-TRIO) implicated in the vision process has 
been found in the brain of the wood cricket N. sylvestris 


infected by the manipulative nematomorph P. tricuspidatus 
and in the brain of G. insensibilis infected with the bird 
trematode M. papillorobustus (Table 3). Such pattern is 
suggestive of a limited ‘jeu des possibles,’ with molecular 
convergence or conserved proximate mechanisms being 
the only way to alter the behavior of phylogenetically 
distant hosts such as an amphipod and an insect. 

However, despite their power in investigating the 
molecular basis of parasite manipulation, proteomic stud¬ 
ies have several limitations: 

- Some peptides might be undetected because of their 
low concentration, specific pi, or small size (for 
instance, neuropeptides). 

- Most proteomic studies have focused on differential 
expression of proteins; however posttranslational mod¬ 
ifications of proteins might be involved as well in the 
modulation of the host’s phenotype induced by para¬ 
sites, and their importance in interpretating transcrip¬ 
tional data has been emphasized by some authors. 

- Protein identification becomes problematical in non¬ 
model organisms: it relies on cross-species protein 
identification, and therefore, on either highly con¬ 
served proteins or proteins known from organisms 
closely related to the host. For instance, the power of 
proteomic studies on Gammarus amphipods in reveal¬ 
ing proteins specifically linked to the manipulative 
process was limited by the impossibility of identifying 
27 out of 72 proteins spots differentially present or 
absent from the brain of G. insensibilis manipulated 
by M. papillorobustus and 60 out of 68 proteins spots 
differentially present or absent from the brain of 
G. pulex manipulated by P. minutus. 

Microarrays provide an alternative to proteomics but 
have been used so far in a limited number of host-parasite 
systems (rodents, salmons, mosquitoes, and bees infected 
with Apicomplexa protists, helminths, or mites). Most 
studies have performed transcriptional profiling of 
infected and uninfected individuals or resistant and sus¬ 
ceptible strains, to identify the immune and metabolic 
response to infection. In parasites, microarray profiles 
coupled to other techniques in functional genomics have 






Parasite-Induced Behavioral Change: Mechanisms 625 


Table 3 A review of studies screening the proteomes of infected manipulated and noninfected individuals in insects and 
amphipods. The role of proteins differentially produced has been putatively ascribed to the functioning of the CNS, to metabolic 
pathways, or to other functions, including immunity and stress response 


Differential changes in the brain proteome of infected animals 


Host-parasite system 

Functioning of the CNS 

Metabolism 

Others 

Tsetse flies with mature 

Dopa decarboxylase (-) (synthesis 

Glycolytic enzymes 

Pheromone and odorant- 

infection of Trypanosoma 

of dopamine and serotonin) 


biding protein (+) 

gondii 



Molecular chaperone 
(stress-activated proteins) 
Signaling,... 

Anopheles gambiae 

Tropomyosin (+up) 

Metabolic enzymes 

Molecular chaperone 

(mosquitoe) with mature 


involved in the 

(HSP20, stress protein) 

infection of Plasmodium 


production of ATP b or 


berghei (sporozoite stage in 


in glucose oxidation 


salivary glands) 

Calmodulin (+up) (activation of NO 

pathway (+up) 

Several other proteins 


synthase) 3 


involved in cell cycle, 
signaling, etc.... 

Meconema thalassinum 

Six protein families involved in the 

? 

■ 


(grasshopper) during 

development of the CNS (+) (such 



manipulation by 

as Actins, ATPase, Wnt): two in the 



Spinochordodes tellinii 

release of neurotransmitters, one 



(nematomorph) 

in apoptosis 0 



Nemobius sylvestris (cricket) 

Five protein families involved directly 

Glucose metabolism 

Glutathion S-transferase 

during manipulation by 

and/or indirectly in the 


(oxidative stress) 

Paragordius tricuspidatus 

development of the CNS (such as 



(nematomorph) 

Actins, ATPase, Wnt) 


Nonspecific stress 


Two proteins implied in the vision 


Signal transduction 


process (including CRAL-TRIO) 


(serine/threonine protein 
phosphatase) 

Gammarus insensibilis infected 

Arginine-kinase (-) (regulating factor 

? 

■ 

Proteins implied in immunity 

with Microphallus 

in NO synthesis) 3 


defenses (PBP-GOBP 

papillorobustus (Trematode) 

Aromatic-L-amino acid 


(pheromone binding protein) 
(+) and ATP-gua Ptrans: 

(-)) 


decarboxylase (-) (synthesis of 
serotonin) 




Two proteins implied in the vision 




process (including CRAL_TRIO) 



Gammarus pulex infected with 

Arginine-kinase (+) (regulating factor 

? 

■ 

Proteins implied in immunity 

Polymorphus minutus 

in NO synthesis) 3 


defences 

(Acanthocephalan) 

Tropomyosin (+) (interacts with the 


(prophenoloxidase: (+); 


development and plasticity of the 


MAM, sushi and ATP- 


CNS) 


gua_Ptrans: (+)) 


a NO is a neuromodulator involved in memory, neuronal development as well as immune defense. 
fo ATP can also play a role as neuromodulator. 

inducing apoptosis in the brain can alter the chemical signals in the brain (inflammatory immune responses), as reported in vertebrates 
infected with certain viruses or protozoans. 

(-): Not detected in the brain proteome of infected individuals compared to uninfected ones. 

(+): Detected in the brain proteome of infected individuals but absent from the one of uninfected individuals. 

(-do) Downregulation. 

(+up) Upregulation. 


been used to discover new drug targets, or to understand 
the genetic basis of drug resistance. To our knowledge, the 
method has not yet been used to screen for ‘manipulative 
molecules,’ possibly because of the lack of genomic data 
on the historically best model systems of behavioral 


manipulation (acanthocephalans or trematodes and their 
arthropod intermediate hosts). This could, however, be 
done on mosquitoes /Plasmodium (with altered behavior 
driven by olfactory cues), tsetse flies and Trypanosoma , 
and b ee/Varroa systems. Indeed, in the later model, a 
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recent microarray-based analysis reveals that resistant 
and susceptible strains of bee to Varroa differ more on 
olfaction-related genes than on immune genes. 


The Search for the ‘Molecules of 
Manipulation’ in E/S Products of 
Manipulative Parasites 

Differential screening of infected-manipulated hosts and 
noninfected or infected and nonmanipulated hosts will 
not reveal which molecules are actually released by the 
parasite to induce changes in the proteome or transcrip- 
tome. Even if proteomic studies can reveal a protein 
specifically produced by a parasite during the manipula¬ 
tion process, such as the mimetic protein Wnt by hair¬ 
worms infecting crickets, the demonstration of its role as a 
‘manipulative molecule’ requires that its excretion in the 
host’s hemolymph is established. Therefore, proteomic 
analysis of E/S products from manipulative parasites is 
necessary to identify the parasitic molecules initiating 
the manipulation process. The separation of biologi¬ 
cal fractions in the ‘secretome’ allows their biochemical 
identification and must be followed by the biological 
testing in vivo of their functional role (in the manipulative 
process). 

Such analysis is currently limited to parasites that can 
be maintained or cultivated in vitro. The proteomic iden¬ 
tification of E/S parasite products also relies on ongoing 
sequencing (genomic and EST) projects. So far, it has 
been possible in several nematodes and in the trematode 
Schistosoma mansoni , in the prospect of designing vaccines 
or drugs. Given these limitations, no such analysis has yet 
been done to identify the E/S products involved in behav¬ 
ioral manipulation. Studies analyzing E/S products from 
worms have revealed the release of proteins involved in a 
diversity of functions, such as stress response proteins/ 
chaperones, antioxidant enzymes, energy metabolism and 
structural/cytoskeletal proteins, immune evasion, prote¬ 
ase inhibitors, and lipid binding. No doubt the proteomic 
analysis of ‘secretome’ is a promising route to the discov¬ 
ery of the ‘manipulative molecules’ (either directly or 
indirectly targeting the host’s CNS). 


Conclusion 

The most tricky aspect in our quest for the mechanistic 
basis of parasite-induced behavioral alterations is a cau¬ 
sality problem akin, at first sight, to ‘the chicken or the 
egg’ dilemma. Whenever one spots a change associated 
with the manipulative process/the manipulated pheno¬ 
type (be a neurophysiological change, a gene or a protein 


differentially expressed or produced), is it the cause or 
a side-effect of parasite manipulation? The reviewed 
studies addressing the mechanisms underlying parasite 
manipulation reveal that the alteration of host’s CNS is 
a common feature of manipulated hosts. Given the diver¬ 
sity of host-parasite systems in which behavioral altera¬ 
tions have been reported, further studies should help in 
answering several key questions: (1) Have the same con¬ 
straints on parasitic transmission led to a similar solution 
(evolutionary convergence of behavioral manipulation)? 
(2) Are similar behavioral alterations induced by the same 
biochemical tools (molecular convergence)? For instance, 
geotaxis is altered in several host-parasite systems. Ants 
parasitized with parasitic fungus of the genus Cordyceps 
and ants infected with the liver fluke Dicrocelium , as well as 
the caterpillar Mamestra brassicae infected with M. brassicae 
nuclear polyhedrosis virus, climb to the top of a plant. 
Several amphipods infected with various acanthocephalan 
species (G. pulex/P. minutes , G. lacustris/P. paradoxus , and 
G. insensibilis/M. papillorobustus) swim at the water surface. 
Chemosensing and possibly learning are also altered in 
several host-parasite systems. Changes in olfactory perception 
and/or learning have been reported in various host-parasite 
systems as different as rats infected with T. gondii , amphi¬ 
pods infected with acanthocephalans, or dipteran vectors 
carrying protozoans. Is molecular convergence at the 
heart of these similar changes? The understanding of the 
mechanisms underlying parasite manipulation will likely 
reveal how parasites play tricks on their hosts, guiding 
them round more or less directly, by using molecular 
mimics or conserved molecules that affect the host’s flexible 
neuromodulatory network. 

See also: Defensive Avoidance; Evolution of Parasite- 
Induced Behavioral Alterations; Immune Systems and 
Sickness Behavior; Intermediate Host Behavior; Nema¬ 
tode Learning and Memory: Neuroethology; Neuroethol¬ 
ogy: Methods; Neuroethology: What is it?; Non- 
Elemental Learning in Invertebrates; Parasite-Modified 
Vector Behavior; Parasitoid Wasps: Neuroethology; 
Propagule Behavior and Parasite Transmission. 
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Introduction 

Hematophagy is a feeding behavior that has been adopted 
by many invertebrates, including some insects and ara¬ 
chnids. It is thought to have evolved independently in 
many different lineages and is often accompanied by 
specific adaptations of mouthparts for biting and sucking. 
Blood-feeding arthropods can be regarded as ectopara¬ 
sites that feed on the blood of their hosts when they are in 
temporary contact with them (such as mosquitoes, sand¬ 
flies, tsetse flies, blackflies, tabanids, and blood-feeding 
bugs), in permanent contact (such as lice, sheep ked, and 
tungid flies), or in periodic contact (such as fleas and 
ticks). Many feed on blood only during one particular 
phase (often the adult female), while others feed on 
blood throughout their life cycle. 

There are two major strategies associated with the 
acquisition of a blood meal, namely pool feeding, where 
biting mouthparts cut open superficial blood vessels and 
feeding occurs on blood that leaks out to the surface of the 
host; and piercing and sucking, where specialized mouth¬ 
parts are inserted into the skin and blood vessels are 
severed or cannulated. During these feeding events, organ¬ 
isms present in the host blood or superficial skin layers 
may be imbibed inadvertently. Many of these parasitic 
organisms continue their life cycles within the arthropod 
and are transmitted back to the vertebrate host during a 
future blood-feeding episode. Hematophagous arthropods 
thus act as vectors of parasites and pathogen, including 
many of medical and veterinary importance. Because of 
this, they are indirectly responsible for tremendous 
suffering and economic loss to mankind. 

Vector-Transmitted Parasites and 
Pathogens 

Although insects were confirmed as vectors of parasitic 
diseases only at the end of the nineteenth century, trave¬ 
lers and explorers had already recorded the belief by 
tribes in Africa and South America that febrile illnesses 
were associated with mosquitoes and sleeping sickness 
with tsetse flies. We are now aware of a multitude of 
vector-borne disease caused by parasitic organisms rang¬ 
ing in size from arboviruses to helminths. Many dis¬ 
eases disproportionately affecting poor and marginalized 
populations are transmitted by insects. These include 
malaria, caused by a protozoan parasite of the genus 


Plasmodium ; African trypanosomiasis or sleeping sickness, 
caused by the flagellates Trypaonsoma brucei rhodesiense and 
T. b. gambiense. ; Chagas’ disease, caused by Trypanosoma 
cruzi\ leishmaniasis caused by Leislomania spp.; lymphatic 
filariasis caused by Wuchereria bancrofti or Brugia malayv, 
river blindness caused by Onchocerca volvulus , and dengue 
fever, caused by DEN viruses. In addition, many wild and 
domesticated animals are afflicted by diseases caused by 
vector-borne parasites and pathogens. In the majority of 
cases, these organisms continue to develop within their 
vector, either just passing through developmental stages 
or undergoing sexual and/or asexual reproduction. In this 
process, complex biochemical, physiological, and behav¬ 
ioral interactions occur between the parasite and the 
vector that affect the fitness of the vector and the trans¬ 
mission prospects of the parasite. 

Vector-borne parasites can only complete their life 
cycles once they have matured and are located in a site 
in the vector that gives them access to their next verte¬ 
brate host. This contact will occur during a blood-feeding 
episode. Some parasites, such as the sporozoite stages of 
Plasmodium , migrate to the salivary glands and a few are 
transferred to the vertebrate in the saliva that is injected 
into the wound made by the probing mosquito. Others, 
such as Leislomania , migrate toward the front of the gut and 
are regurgitated during feeding. Some trypanosomes are 
transmitted via the proboscis, whereas, in contrast, other 
trypanosomes are defecated with the feces close to the 
bite site and enter the wound from the surrounding skin. 

To complete its life cycle, a vector-borne parasite or 
pathogen thus depends upon its vector making a mini¬ 
mum of two contacts with its vertebrate host, one to 
transmit the infectious organism to the vector and one 
to return it to a vertebrate host. However, in both the 
cases, successful establishment of an infection is by no 
means guaranteed as the host and vector will use their 
immune systems and other mechanisms to repel the inva¬ 
ders. We can therefore predict that selection will be 
operating in favor of those parasites that have evolved 
mechanisms to enhance their prospects of transmission. 
Evidence suggests that one such mechanism operates via 
manipulation of the vector’s feeding behavior. 

Vector Feeding Behavior 

Examples of parasites that appear to manipulate the 
behavior of their host, such that their chances of 
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transmission to the next host are enhanced, are well 
documented. Amazing examples of trophically transmit¬ 
ted parasites that cause their host to be eaten by their 
next host in preference to uninfected conspecifics are 
beloved by Parasitologists. Hosts of parasites transmitted 
in this way would not normally be seeking contact with 
the parasite’s next (definitive) host, and indeed, if unin¬ 
fected, they would be avoiding predation. Parasite trans¬ 
mission via blood feeding is, in contrast, very different 
in that it is in the interest of both the vector and the 
parasite that contact is made with the parasite’s next 
host. Host manipulation that causes this to occur seems, 
on the face of it, unnecessary. However, blood feeding is 
a risky strategy, as vertebrates try to defend themselves 
against blood feeders. Vector decisions concerning feed¬ 
ing will therefore tend to minimize these risks by limit¬ 
ing host contact. In contrast, parasite transmission success 
will increase when more contact is made and when more 
hosts are contacted. Vector fitness will be optimized 
when the maximum amount of blood can be taken, 
with minimum risk to the insect. Once a parasite has 
reached a mature, infective, stage, parasite fitness will be 
enhanced, the more host contacts are made, regardless of 
the risk. 

Insect blood-feeding behavior can be broken down 
into a sequence of events, namely; appetitive search, 
attraction to the host, landing, probing, and feeding. 
Many of these events have been shown to be altered by 
vector-borne infectious agents, although probing behavior 
has been studied the most. Although the mechanisms 
underlying these changes differ, the resulting conse¬ 
quences are similar, namely, that more host contact occurs 
and parasite transmission is likely to be enhanced. 

Feeding Persistence in the Face of Host 
Defensive Reactions 

In a natural situation, hematophagy is often interrupted 
by host defensive responses. As this can result in death, 
insects are wary feeders and desist if they are aware that 
they will be interrupted. Feeding persistence is the 
repeated attempt to feed, despite these interruptions. 

If a parasite is still in an immature stage, and not yet 
infective to the next vertebrate host, then vector contact 
with defensive hosts will not be beneficial, as it poses a 
major mortality risk to the vector, and hence to the para¬ 
site. The vector, however, always gains from host contact, 
especially in the case of females, because a blood meal will 
result in the production of a batch of eggs. So there is a 
conflict of interest between parasite and vector when the 
parasite is immature. A rodent malaria [Plasmodiumyoelii 
nigeriensis) / mosquito [Anopheles gambiae) model has been 
used to investigate this conflict. Mosquito feeding was 
repeatedly interrupted before blood was imbibed and it 


was shown that, while the parasites are developing as 
oocysts on the midgut wall and not yet infective, feeding 
persistence is significantly reduced in comparison with 
uninfected mosquitoes. This suggests that the malaria 
parasites had altered the mosquito’s feeding behavior in 
such a way that fewer risks were taken and the vector was 
more likely to survive long enough for the parasite to 
mature. Interestingly, another study showed that the pro¬ 
portion of infected mosquitoes that fed from a mouse that 
was anesthetized and therefore unable to engage in defen¬ 
sive behavior, actually rose if they were infected with 
oocysts of another rodent malaria species, Plasmodium 
chabaudi. It would appear that, when oocysts are present, 
host contact is reduced only if it is risky, but there is more 
likelihood that the vector will obtain a nutritious blood 
meal if it is safe to do so. In contrast, the former study also 
showed that when the mature-stage parasites, the sporo¬ 
zoites, were present in the salivary glands, feeding persis¬ 
tence was significantly greater than that of uninfected 
mosquitoes. This remarkable reversal of effects could be 
predicted to benefit the parasite at both the stages of its 
development as the vector will engage in less risky host 
contact when contact does not benefit the parasite and 
more contact when the parasite could be transmitted. 

Protozoan parasites of the genus Leishmania are the 
causative agents of different forms of leishmaniasis in 
mammalian hosts. In an experiment performed to exam¬ 
ine feeding persistence, sand flies infected with infective 
stages were allowed to feed on an anesthetized mouse but 
feeding was artificially interrupted by brushing the anten¬ 
nae of the flies. The more feeding persistence, the greater 
the number of infective stages that were present per fly. In 
the case of both the malaria parasites and Leishmania 
parasites, only the infective stage of the parasite caused 
this behavioral change. 

Experiments that monitor animal behavior in the lab¬ 
oratory should always be interpreted with care as activity 
may not be the same as that occurring in the wild. Studies 
of vector transmission are much more difficult to perform 
in a natural setting in the field than in the laboratory, not 
least because of ethical issues surrounding the experi¬ 
ments with human subjects. However, it has been demon¬ 
strated that mosquitoes infected with sporozoites of the 
human malaria Plasmodium falciparum , engorge more fully 
than uninfected mosquitoes in a field situation. This sug¬ 
gests that more tenacious feeding behavior also occurs in 
naturally infected mosquitoes, although we must bear in 
mind that another interpretation is that more tenacious 
mosquitoes are more likely to become infected. 

Biting and Probing Behavior 

Once hematophagous insects have landed on a host, they 
must probe the skin to find a blood source. During this 
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probing phase, parasites may be deposited in, or on, the 
skin. Probing will cease if no blood vessel is pierced, or if 
host defensive responses endanger the vector. In addition, 
once the vector begins imbibing blood, feeding may be 
discontinued if the blood flow dries up or, again, if the 
vector is interrupted. Persistent insect will then attempt to 
feed again by probing in a different place or by moving to 
a new host. Any of these interruptions could result in 
increased parasite transmission as a new probing or feed¬ 
ing attempt will deposit additional parasites in the new 
wound site. Thus, the parasite will be advantaged if the 
vector needs several attempts to obtain blood, or takes 
multiple, small, blood meals. Several parasites have been 
shown to change the biting behavior of their vectors such 
that they probe more or take multiple meals and a few 
studies have demonstrated that this is likely to enhance 
transmission prospects for the parasite. Four different 
examples are given below. 

The rat flea acts as a vector for Yersinia pestis, the 
plague bacillus responsible for the Black Death of 1348 
and subsequent plague epidemics. The bacilli multiply in 
a mass of coagulated blood that blocks the flea’s foregut. 
When the flea attempts to feed, the blockage causes a 
regurgitation of blood and bacilli into the mammalian 
host, thereby transmitting Y pestis to the vertebrate host. 
The formation of the blood mass is caused by the product 
of a gene that is encoded on the plasmid of the bacillus. 
Difficulties experienced when trying to take blood up into 
a blocked gut cause the flea to make multiple attempts to 
bite. The bacilli pathogens themselves have thus been 
shown to directly cause the change in the vector’s biting 
behavior. This will increase the likelihood that transmis¬ 
sion to several hosts will occur and thus increase the 
fitness of the pathogen. 

Blockage of the vector’s gut and subsequent regurgita¬ 
tion of parasites also account for the transmission of the 
protozoan Leishmania from the sand fly back to the verte¬ 
brate. The infective stage of the parasite is located within 
a gel-like material that fills the lumen of the valves in the 
foregut that help to pump up the blood meal. This gel 
causes a blockage, which inhibits feeding. A major com¬ 
ponent of the gel is a filamentous substance that is pro¬ 
duced by the parasites. It forms the 3D matrix of the plug 
that blocks the gut and keeps the valve open. By restrict¬ 
ing blood flow, the plug facilitates regurgitation, prolongs 
feeding time, and causes flies to bite more. A comparison 
of the behavior of infected and uninfected sand flies 
feeding on an anesthetized mouse demonstrated that 
flies harboring infective stages take longer to feed but do 
not probe more often. As it is additional probing that 
creates more chances of transmission, this observation 
stresses the importance of host defensive behavior (not 
operating in an anesthetized mouse) in initiating vector 
behavior that enhances transmission of Leishmania para¬ 
sites, rather than a blocked gut. It has been suggested that 


the presence of the gel may inhibit the functioning of the 
mechanoreceptors in the foregut that detect blood flow, 
thereby altering the hunger state or increasing the thresh¬ 
old blood volume at which feeding is deceased. In com¬ 
mon with Y pestis , it would seem that Leishmania produce 
a molecule that is manipulating the biting behaviors of 
their vector. 

Mosquitoes infected with malaria parasites also display 
increased probing behavior when they are infected with 
the infective stage of the parasite, the sporozoite. Here 
too, this change in vector biting behavior would appear to 
enhance transmission prospects, but there is no evidence 
as yet that this is the result of the action of a parasite 
molecule. In the mosquito, Plasmodium parasites divide 
asexually in the oocyst phase, which is located on the 
gut wall. A proportion of the thousands of sporozoites 
that are produced in the oocyst invade the distal lobes of 
mosquito salivary glands. Sporozoites are released into the 
vertebrate host with the saliva that is discharged during 
probing and feeding. 

The distal lobes of the salivary glands of female mos¬ 
quitoes produce an enzyme, apyrase, which inhibits the 
action of the platelet-aggregation factor. When apyrase is 
released into the vicinity of the wound made by the 
mosquito’s stylets, the enzyme inhibits the action of plate- 
let-aggregation factor and thus platelets are not recruited 
to plug the wound in the lanced blood vessel. Instead, a 
pool of blood will form in the surrounding tissue and the 
mosquito can feed from this pool. Feeding time has been 
related to the quantity of apyrase in the glands of differ¬ 
ent anopheline mosquitoes. Mosquitoes in which the 
apyrase gene had been knocked down take twice as long 
probing before obtaining a blood meal. The presence of 
sporozoites has a similar effect to the gene knock down. 
A fourfold decrease in the activity of salivary apyrase has 
been detected in malaria-infected mosquitoes, even 
though the volume of saliva produced is constant. Several 
studies have shown that probing behavior and blood loca¬ 
tion time increases in sporozoite-infected mosquitoes. We 
could thus predict that the inactivation of apyrase and 
consequent increase in probing behavior will increase 
the number of hosts contacted by infected mosquitoes. 
This prediction was upheld in a study that showed that 
a mosquito infected with avian malaria took multiple 
blood meals on different hosts. In addition, markers were 
used to type the human blood meals taken by field-caught 
mosquitoes and match them with the individuals they had 
fed upon. Significantly more malaria-infected mosquitoes 
were shown to have fed on more than one person during 
the night, compared with uninfected ones. Clearly, the 
increase in host-seeking and probing behavior that occurs 
when mosquitoes are infected with sporozoites is likely to 
increase the chances for parasite transmission. 

A final example is that of a kissing bug infected 
with the protozoan, T. cruzi , which causes Chagas disease. 
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The parasite multiplies in the digestive tract of the bug; 
forming an infectious form that is excreted with the feces 
and invades the definitive vertebrate host via the mucous 
membranes. Detection of, and orientation to, a potential 
host is almost twice as fast as that in uninfected kissing 
bugs, the biting rate of the bug is significantly higher 
and defecation occurs 3 min earlier. Unlike the previous 
examples, neither salivary gland pathology nor blockage 
of the gut can explain the increase in the biting rate and it 
has been suggested that infection may lead to depletion of 
trace nutrients that leads the infected kissing bugs to be 
more eager to bite. Can this be regarded as true manipu¬ 
lation or is the vector’s feeding behavior a by-product of 
the infection? 

Is the Parasite Manipulating 
Vector-Feeding Behavior? 

In the 1980s, Richard Dawkins discussed the idea of the 
extended phenotype in his book of that name. The concept 
that products of the genes of an organism can influence 
factors outside of that organism has been applied to para¬ 
sites and developed into the ‘manipulation hypothesis.’ 
This states that changes in host behavior that occur follow¬ 
ing infection are the result of parasite adaptations that favor 
transmission. Alternative hypotheses that explain these 
behavioral changes are that they are secondary outcomes 
of the pathological effects of the infection, such as resource 
depletion, or that they are host adaptations that compen¬ 
sate for the effects of the parasites. Finally, it has been 
suggested that host behavioral changes may be coevolved 
traits and that there may be fitness benefits for the host as 
well as the parasite. It has been suggested that several 
criteria should be met before behavioral changes can be 
regarded as manipulations. One of these is that there 
should be obvious fitness benefits to the parasite. Clearly 
some of the examples of parasite-induced alterations 
in vector behavior outlined earlier would be predicted 
to enhance the transmission prospects and thus would 


confer benefits upon the parasite. This has been confirmed 
for mosquitoes with sporozoite infections and also for 
Leishmania -infected sandflies as both the vectors have 
been shown to feed on multiple hosts when infected. 
Finally, the discovery that both plague bacilli and Leish¬ 
mania parasites produce molecules that manipulate the 
blood-feeding behavior of their vectors supports the 
manipulation hypothesis. Despite these examples, a great 
deal of caution must be taken before categorizing the 
majority of changes in the vector blood-feeding behavior 
as manipulations and many more investigations of under¬ 
lying mechanisms need to be performed before we can do 
this with any degree of assurance. 

See also: Ectoparasite Behavior; Evolution of Parasite- 
Induced Behavioral Alterations; Intermediate Host Behav¬ 
ior; Parasite-Induced Behavioral Change: Mechanisms; 
Propagule Behavior and Parasite Transmission. 
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Introduction 

Parasites are ubiquitous. Probably 50% of all animal 
species are parasites, and every free-living animal is likely 
to be parasitized at some point during its life cycle. 
A parasite can be broadly defined as an organism that 
lives in or on another organism, the host, from which it 
derives resources, resulting in a reduction in fitness of the 
host and an increase in its fitness. This definition includes 
viruses, bacteria, microparasites, fungi, and macropara¬ 
sites. It has been known for a long time that parasites can, 
and do, alter the behavior of their hosts. While many insect 
hosts are solitary animals, they nearly all engage in some 
form of social behavior, for example, mating behavior or 
competitive interactions. However, the social insects - 
ants, bees, termites, and wasps - have taken social behavior 
to extremes, evolving arguably the largest and most com¬ 
plex social systems on the planet, bar Homo sapiens. 
The success of these societies has made social insects the 
dominant form of terrestrial life. However, only recently 
have the interactions between parasites and insect social 
behavior been put under the spotlight. Recent discoveries 
suggest that the impacts of parasites on social behavior 
in insects have been profound, and considerably more 
diverse than were initially expected. In this article, I will 
start by examining the relationship between parasitism and 
social behaviors seen in both solitary and social insects, 
before examining the more complex effects of parasites 
within insect societies. 

Mating Behavior and Parasites 

In many solitary species, mating may be the only time 
when individuals come together and exhibit social behav¬ 
ior. The function of this behavior is to maximize fitness of 
both male and female parties. Parasites might influence 
mating behavior in at least four distinct ways. 

First, and most prosaically, parasitized individuals may 
be less capable of successful mating behavior because of 
the impact of parasitism. For example, male fruit flies 
(.Drosophila nigrospiracula) infested with a mite ( Marrocheles 
subbadius) are less capable of mating with female flies, and 
male dragonflies ( Libellula pulchella) infected with a grega- 
rine are less capable of gaining a territory and thus have 
lower mating success. 

Second, parasite-induced reductions in host fitness 
may have an impact on mate quality. If insects can detect 


reduced fitness in prospective mates, parasites should 
affect the likelihood that their host will be chosen as a 
mating partner. In contrast to the first mechanism, there is 
little if any good evidence that mate choice behavior is 
driven by parasites. One possible example is seen in 
midges ( Paratrichocladius rufiventris) parasitized by ectopar- 
asitic mites (Unionicolaypsilophora) , which have higher mat¬ 
ing success. However, this effect appears to be driven by 
the presence of the mite being the signal for the absence of 
a more virulent, castrating nematode worm (probably 
Gastromermis rosea). Despite this disparity in evidence, 
these first two mechanisms overlap considerably. 

Third, and most interestingly, some parasites are sexu¬ 
ally transmitted diseases (STDs). Consequently, mating 
behavior should have been selected to minimize the 
potential of acquiring an STD. In contrast, parasites that 
are sexually transmitted should have been selected to 
manipulate their host and increase the number and 
frequency of sexual contacts. There is little or no evidence 
to support the former hypothesis, and while several stud¬ 
ies have provided evidence supporting the latter effect 
(e.g., male milkweed leaf beetles (Labidomera clivicollis) are 
more successful in obtaining matings when infected by the 
subelytral mite ( Chrysomelobia labdomerae)), such data can 
also be interpreted as host adaptations to increase their 
fitness against the background of parasite virulence. For 
example, life-history theory predicts that if an individual’s 
lifespan is going to be curtailed, one response is to 
increase the energy allocated to mating opportunities. 

A fourth way in which parasites might affect mating 
behavior is selection on mating frequency. The Tangled 
Bank theory proposes that sexual reproduction results in 
an array of offspring that vary in their ability to cope with 
environmental challenges. Parasites are a key feature of 
every organism’s environment. Mating with multiple indi¬ 
viduals enables individuals to produce more genetically 
heterogeneous offspring, increasing the likelihood that 
some of them may escape parasitism. The evolution of 
polyandry through natural selection by parasites has been 
particularly closely examined in social insects (mainly the 
bees and ants). This is because polyandry also has the 
effect of reducing relatedness within colonies, decreasing 
the genetic benefit to individual workers of raising their 
mother’s brood (see section ‘Evolution of Sociality’ below 
for a more detailed explanation of why relatedness mat¬ 
ters within insect societies). Comparative analyses, theo¬ 
retical studies, and experiments manipulating polyandry 
in bumble bees and honeybees all provide evidence that 
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parasites might have selected for the evolution of polyan¬ 
dry. However, counter studies and alternative hypotheses 
for polyandry exist, and the question remains open. 


Evolution of Sociality 

Standard explanations for the evolution of sociality are 
based upon Hamilton’s theory of kin selection. This states 
that apparently altruistic behavior, in this case living in a 
group and helping to raise another individual’s offspring, 
can evolve if the benefits of the behavior multiplied by the 
relatedness of the recipient to the actor are greater than 
the costs to the actor. While most studies have examined 
the importance of relatedness, there is an increasing rec¬ 
ognition that the costs and benefits require equal study. 
Parasites might affect this balance if they change the 
probability of being able to produce offspring, that is, 
if they decrease direct fitness. This is, in fact, a general 
result of parasitism, which must, by definition, reduce the 
Darwinian fitness of hosts. Consequently, whether off¬ 
spring stay at home to help rear their siblings or whether 
individuals join a social group and forego their own solitary 
reproduction may be significantly affected by parasites. 
If parasites reduce the ability of an animal to produce its 
own offspring, then selection may act to favor parasitized 
individuals that redirect their energy to help relatives that 
are able to reproduce, resulting in an increase in both 
inclusive fitness and social behavior. Thus, the origin of 
insect societies may lie in parasitism. Like many of the 
hypotheses or ideas discussed in this article, there is a 
general lack of tests of this hypothesis. 


Division of Labor 

Insect societies have been likened to factories, where not 
only are many tasks done in parallel, but also individuals 
are specialized on one task or a small subset of tasks. 
While extreme task specialization does exist, most social 
insect workers are totipotent (in terms of behavioral rep¬ 
ertoire) and switching between tasks is common at both 
short (minutes) and long (days) time scales. Nevertheless, 
at any point in time tasks are distributed across the indi¬ 
viduals within a colony. This division of labor has been 
suggested to explain the dominance of social insects in 
terrestrial habitats. Division of labor was initially thought 
to result from natural selection operating on colonies to 
maximize efficiency, and thus, by extension, reproductive 
fitness. While this explanation has intuitive appeal, con¬ 
vincing evidence to support it is sparse. In contrast, Paul 
and Regula Schmid-Hempel suggested that the way labor 
is divided and colonies are organized might have been 
selected for by parasites. It has been suggested that in 


many social insect species, there is a general temporal 
pattern in the organization of workers, with young work¬ 
ers living inside the nest and older workers acting as for¬ 
agers outside the nest. The queen, the most valuable 
member of the colony, usually resides with the younger 
workers and brood. The Schmid-Hempels argued that 
parasites generally come from outside the colony. The 
internal-to-external drift of workers as they age would 
thus serve to counteract the spread of a parasite from for¬ 
agers to internal and younger nest workers, and ultimately 
to the queen (Figure 1). Similarly, spatial partitioning of 
workers would reduce the spread of disease within a colony. 

More recent work with a trypanosome parasite (Crithidia 
bombi, Figure 2) and bumble bee (Bombus impatient) colonies 
has shown that the prerequisite for this hypothesis - that 
transmission occurs through contact networks - is true. 
Similarly, work in leaf-cutting ants (.Atta spp. and Acromyrmex 
spp.) has demonstrated that ants that work with pathogen- 
rich material (waste from the fungus garden and dead 
nestmates) have reduced contact rates with other groups 
of workers. Presumably, this compartmentalization limits 
the flow of parasites and toxic waste back in to the colony. 
However, whether systems of division of labor have indeed 

Age-dependent polyethism-► 


Transmission of infection 
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Figure 1 The conveyor belt model showing the potential 
interaction between division of labor and parasite epidemiology 
within a colony of social insects. Modified from Schmid-Hempel 
P (1998) Parasites in Social Insects. Princeton, NJ: Princeton 
University Press. 



Figure 2 A scanning electron micrograph of Crithidia bombi, 
a prevalent parasite of bumble bees {Bombus spp.). This 
trypanosome and its bumble bee hosts have become a model 
system for the study of parasites in social insects. Image 
courtesy of Professor Paul Schmid-Hempel, ETH-Zurich, 
Institute of Integrative Biology, Switzerland. 
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been selected by parasites, or simply provide fortuitous 
protection, remains to be tested. 

In addition to selecting for the structure of division of 
labor, parasites may change how workers behave within a 
given system. For example, honeybees (Apis mellifera) 
infected by a microsporidian ( Nosema apis) become foragers 
more quickly and are less likely to exchange food via 
trophallaxis with the queen or young workers. However, 
in most such cases, whether these behavioral changes are 
an adaptation of the host to minimize spread of the disease, 
manipulation by the parasite to maximize its transmission, 
or nonadaptive side effects of parasitism remains unknown. 
Nevertheless, such changes have knock-on effects for the 
distribution of other workers across tasks and thus will 
effect the functioning of the colony as a whole. 

Social Immunity 

Social immunity can be broadly defined as group or social 
behaviors that lead to an increased protection - at the 
colony level - against parasites. By definition, social 
immunity is a social behavior selected for by parasites. 

The earliest example of social immunity was the dis¬ 
covery of necrophoresis and undertakers in ants and honey¬ 
bees. In honeybees and, to a lesser extent, some ant 
species, dead workers are removed from the colony by a 
subset of workers that appear to be task specialists. In 
honeybees, these individuals are known as undertakers, 
whereas in ants, this task can be conducted by a broader 
group of less specialized workers. This process is known as 
necrophoresis. Originally suggested by E. O. Wilson and 
colleagues to be elicited by the presence of oleic acid - 
which increases in concentration as insects decay - later 
work by Deborah M. Gordon demonstrated that ant 
responses to this chemical are context dependent. The most 
recent study suggests that undertaker ants respond not to the 
products of death, but to the absence of chemical products 
indicating life. Regardless of the mechanism, this undertak¬ 
ing behavior has presumably evolved in response to the 
threat that decomposing corpses pose to the colony, through 
the production of parasite transmission stages (if the individ¬ 
ual was killed by a parasite that requires host-death for 
transmission, as many fungi do), colonization by opportu¬ 
nistic pathogens, or the release of generally toxic products. 

More recent discoveries in termites have inspired an 
increasing focus on the study of social immunity. Dampwood 
termites ( Zootermopsis angusticollis) suffer high parasite pres¬ 
sure from fungal pathogens. Rebeca Rosengaus and collea¬ 
gues showed that individuals respond to contact with spores 
by rapidly vibrating themselves against the substrate. Nest- 
mates that detect these vibrations flee from the location of the 
spores. Thus, this social behavior acts to minimize infection. 

A second and very different behavior that minimizes 
infection is the collection of resin by ants, and resin or 


propolis by honeybees. Wood ants ( Formica paralugubris) 
forage for resin, a nonfood stuff. Resin protects colonies 
against the proliferation of detrimental microorganisms 
by inhibiting the growth of bacteria and fungi. Similarly, 
honeybees (A. mellifera) collect resin, or propolis. Foraging 
is a social task in ants, bees, termites, and wasps because 
collected items are brought back to the colony and 
distributed among colony members. Consequently, col¬ 
lection of nonfood items with prophylactic effects is an 
example of a social behavior that most likely is selected 
for at the colony level, and which appears to have evolved 
convergently in two very different social species. 

Once infection has occurred, social immunity can act to 
minimize the spread of the parasite. This can be achieved 
by social exclusion of infected individuals or, as has been 
more recently discovered, acquiring immunity through 
deliberately interacting with infected animals. Sylvia 
Cremer and colleagues showed that ants ( Lasius neglectus) 
raise their contact rates with nestmates that have been 
exposed to a fungal parasite. When treated with the same 
parasite later, these individuals have higher resistance. 
This immune priming may well be a widespread mecha¬ 
nism of social immunity across the social Hymenoptera. 

A much more dramatic method of control is social 
behavioral fever. Behavioral fever, the induction of higher 
body temperatures through behavioral means, is used by 
individual locusts to control the growth of pathogenic 
fungal parasites. Honeybees have evolved a social form 
of behavioral fever in which together a large group of bees 
generate high temperatures through synchronized muscle 
vibration within the hive. This behavior was first seen as a 
way to increase the rate of brood development, and then as 
a defense against predators; Asian honeybees (Apis cerana) 
use it to ‘bake’ to death predatory hornets that invade their 
hives. More recently, Philip Starks and colleagues demon¬ 
strated that in the European honeybee, A. mellifera , behav¬ 
ioral fever can kill a lethal fungal parasite (Ascosphaera apis). 
The presence of this parasite is either sensed by adult bees 
prior to visible symptoms in infected brood, or is commu¬ 
nicated to the adults by infected brood, which would indi¬ 
cate an even more complex social behavior. 

Working for the Colony and Adaptive 
Suicide 

Unlike most solitary animals, social insects work mostly to 
increase their inclusive fitness, rather than their direct 
fitness. This means that the work they do increases the 
production of new individuals, and particularly new 
queens and males, by the colony. Consequently, parasites 
may have selected for novel behaviors in social systems. 
One such behavior is seen in bumble bees that are para¬ 
sitized by conopid fly parasitoids. These flies oviposit into 
the abdomen of foraging bees. Rather than going back to 
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their colonies at the end of the foraging day, these infected 
bumble bees stay outside their nest at night. This serves to 
reduce their body temperature and prolong the develop¬ 
ment time of the fly and thus their own lifespan. All 
infected bees die eventually, and they only rarely repro¬ 
duce themselves, so this is an example of a behavior that 
has been selected at the colony level to maximize the 
amount of work a bumble bee can provide to its colony. 

While workers rarely reproduce, in many social 
Hymenoptera, they have the potential to lay haploid eggs 
that can develop into males, giving the workers direct 
fitness through their sons. Parasites that incur a physiologi¬ 
cal cost may prevent workers from developing their ovaries, 
and thus act to maintain social cohesion within a society and 
prevent selfish behavior. One such parasite is the trypano¬ 
some C. bombi , which is a common parasite of numerous 
bumble bee species worldwide. Infection by this parasite 
reduces ovarian development, and thus workers carry on 
working for the colony and therefore aid the queen in her 
reproduction, rather than competing with each other for 
the opportunity to lay male eggs. This should be advanta¬ 
geous both to the colony as a whole, as it should maximize 
colony productivity, and to the parasite, which needs new 
queens to carry it through into the next generation. 

A second kind of colony-level behavior is that of 
adaptive suicide. The essential idea is that workers that 
become infected leave the colony to die elsewhere. Such 
behavior could be advantageous to the colony, if it would 
prevent the spread of parasites and disease to other work¬ 
ers. Consequently, it would increase the inclusive fitness 
of the worker committing suicide. Such adaptive suicide is 
not predicted to occur in solitary animals, as there would 
be no selective benefit. The transition of parasitized indi¬ 
viduals to external work, such as foraging, which has 
a high associated mortality risk, has been interpreted as 
an example of adaptive suicide. Similarly, the loss of 
fleeing behavior in parasitized aphids when approached 
by coccinellid predators has been interpreted as providing 
protection to clone mates. However, there remains little 
or no convincing evidence that adaptive suicide has 
evolved within insect societies. 

Conclusion 

The effects of parasites on social behavior appear to be 
many and varied. However, most of our evidence for these 


effects is from a very small number of study systems. 
While some of the effects seen in these model systems 
are likely to be widespread across the interactions 
between parasites and social groups, others are likely to 
be specific to a given host-parasite interaction. Much 
further work is needed to determine which is which, and 
to discover if these effects follow general rules. Such 
studies across diverse host taxa and parasite groups will 
undoubtedly discover new and unimagined impacts of 
parasites on social behavior in insects. 

See also: Avoidance of Parasites; Disease Transmission 
and Networks; Group Living; Parasite-Induced Behavior¬ 
al Change: Mechanisms; Social Behavior and Parasites. 
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Introduction 

At first glance, parasites and sexual signaling might seem 
like an odd combination. For a long time, the study of 
parasites was relegated to the field of parasitology, most 
other scientists overlooking them or dismissing them as 
unimportant. However, in more recent years, a broader 
range of scientists have begun to appreciate that parasites 
can impose a heavy cost on their hosts in terms of energy 
and may affect many aspects of their hosts’ life history and 
ecology, playing a role in everything from predator-prey 
interactions to host reproduction and sexual selection. 

Upon consideration, it makes sense that animals look¬ 
ing for mates would do well to avoid heavily parasitized 
individuals. Some parasites can be easily transmitted dur¬ 
ing the close contact required for mating, making infected 
mates a risky choice. Also, in species in which both parents 
care for the offspring, such as most North American song¬ 
birds, a mate with parasites may have less energy to 
devote to raising young, thus lowering the number of 
offspring raised and the fitness of that individual’s mate. 
These ideas are known as the transmission avoidance hypoth¬ 
esis and the good parent hypothesis , respectively. 

Both of these hypotheses rely on individuals gaining 
direct benefits from their choice of nonparasitized mates. 
However, it is also conceivable that choosing parasite-free 
mates could provide indirect benefits as well in the form 
of good genes that would help offspring survive better. If 
parasite resistance is heritable, then that resistance would 
be passed on to any offspring, giving them higher fitness as 
well. This idea was put forward in 1982 by William D. 
Hamilton and Marlene Zuk and thus came to be known 
as the Hamilton-Zuk hypothesis. This hypothesis proposed 
that many of the flashy signals males use to attract mates 
evolved as a way of signaling parasite resistance. The 
healthiest males would develop the most elaborate sexual 
signals. These signals could be anything from the chirp of 
a cricket to the long, elaborate tail of a male widow bird. 
Females would choose to mate with males on the basis of 
these cues and by doing so gain resistance genes for their 
offspring. 

One of the reasons why the Hamilton-Zuk hypothesis 
gained so much attention was that it offered a possible 
solution to a problem that had puzzled evolutionary biol¬ 
ogists for some time. In some species, females raise off¬ 
spring on their own with no input from males except the 
sperm needed to fertilize their eggs. The species include 
lekking species such as the sage grouse, in which males 


display in a large area known as a lek. Females come to the 
lek, survey the males assembled there, and mate with one 
of them. These females are often picky about which mate 
they choose, and the preferred males in the population 
often end up fathering most of the offspring. However, 
after several generations of such strong selection, one 
would expect that the genes behind the trait preferred 
by females would be driven to fixation. Thus, all males 
would be fairly genetically similar, and females would not 
gain any genetic benefits for their offspring. Why then do 
females in such species remain choosy? This is a problem 
known as the lek paradox. 

The Hamilton-Zuk hypothesis offers a solution to the 
lek paradox. Because parasites and diseases are constantly 
coevolving with their hosts, the fitness of a given genotype 
is subject to change. Parasites often evolve to exploit 
whichever host genotypes are most common. Thus, a 
genotype that confers resistance now may not have any 
advantage against parasites a few generations later when 
they have evolved to exploit it. Since the ‘fittest’ genotype 
is constantly changing, females are not selecting for any 
particular genotype generation after generation, thus 
maintaining genetic variability in the population. 

The Hamilton-Zuk hypothesis allows scientists to 
make various predictions about the relationship between 
bright signals and parasites, both within and between 
species. Within a species, the hypothesis states that less 
parasitized males should display more extravagant sec¬ 
ondary sexual signals and that females should prefer to 
mate with these males. The hypothesis also predicts that 
when looking at many different species, those with the 
most parasites should have evolved the flashiest signals. 
Both predictions have been examined, although most 
scientists have focused on the relationship between para¬ 
sites and sexual signals within a single species. 

Examples of the Role of Parasites in 
Animal Signaling 

Jungle Fowl 

Jungle fowl are the ancestors of domestic chickens, and in 
their native Asia, they live in groups consisting of a domi¬ 
nant rooster, one or more subordinate roosters, hens, and 
their chicks. The males are elaborately ornamented with 
colorful feathers and a bright red fleshy comb, and both 
male competition and female choice of particular males 
have been well established in this species. Jungle fowl 
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adapt readily to captivity, and because of their similarity 
to domestic poultry, they have been widely used in studies 
of the effect of parasites on sexual selection. 

Of all the secondary sexual characteristics male jungle 
fowl possess, the most important in mate preference seem 
to be the size and color of the comb and the color of the 
male’s eye, which ranges from pale yellow to bright 
orange. The color and length of the ornamental feathers 
do not seem to matter as much to females in selecting a 
mate, and although larger males are more likely to win 
fights with other roosters, the hens do not seem to prefer 
larger males. The traits used by females are particularly 
interesting because they are condition dependent; in other 
words, they can change relatively readily depending on 
the physical condition of their bearer. Comb size and 
color can change in a matter of days, but feathers molt 
only once a year and are fixed after that. Condition- 
dependent traits are thought to be important in sexual 
selection because they allow females to assess male qual¬ 
ity in a fine-tuned manner. 

When a group of jungle fowl chicks were given infec¬ 
tions of a common intestinal roundworm parasite, they 
grew more slowly and had less well-developed secondary 
sexual characteristics than a control uninfected group of 
birds. Eventually, the infected males were able to ‘catch 
up’ to the uninfected roosters in body size, but the para¬ 
sites seemed to exert a long-lasting effect on precisely 
those traits that the females used in mate choice, and the 
hens were much less likely to mate with a parasitized 
male. This result is important, because it suggests that 
parasites disproportionately diminish ornamental charac¬ 
ters, which means that those characters are good indica¬ 
tors of freedom from parasites, as the Hamilton-Zuk 
hypothesis suggests. Hens were not simply avoiding the 
overall most sickly-looking roosters, but were selectively 
paying attention to the handful of traits affected by the 
parasites. 

Barn Swallows 

Barn swallows are a common sight over fields in North 
America and Europe. These fork-tailed birds are socially 
monogamous, and the tails of the males serve as a second¬ 
ary sexual character. Anders Pape Moller, who works at 
the Pierre and Marie Curie University in Paris, has con¬ 
ducted extensive work on sexual selection in barn swal¬ 
lows and what factors determine how many offspring a 
particular male swallow has. Through observations as well 
as manipulating experiments, he found that females 
tended to focus on male tail length in particular when 
choosing a mate, so that males with longer tails are more 
likely to mate earlier, giving them more time to raise more 
offspring. Also, these males were more successful at gain¬ 
ing extra-pair copulations, or mating with females already 
paired to another male. Both of these factors increased the 


number of offspring a male could have, and thus a male’s 
reproductive success was directly correlated with his 
tail length. 

How did parasites fit into this picture? After his initial 
work on the tails, Moller set out to answer that very 
question. He examined the birds and found a blood¬ 
sucking mite that seemed to be important to the barn 
swallows’ fitness. If a barn swallow carried enough mites, 
it became anemic and emaciated from constant blood loss. 
This debilitating parasite seemed to play an important 
role in sexual selection as well. When Moller examined 
the effects of parasites on males, he found that males with 
fewer mites tended to have longer tails, making them 
more attractive to females and increasing their reproduc¬ 
tive success. 

It is not enough to simply say that females avoid 
parasitized males, however. Mites are ectoparasites that 
are easily transmitted between individuals and male barn 
swallows help raise the nestlings. Thus, female preference 
in this species could be explained by the good-parent 
hypothesis, the transmission avoidance hypothesis, or 
the Hamilton-Zuk hypothesis. To test which of these 
models best explained the female preference in this 
case, Moller also looked at the heritability of mite resis¬ 
tance. If females were choosing males because they had 
the genetic ability to resist the mites, as predicted by the 
Hamilton-Zuk hypothesis, then their offspring should 
also have fewer mites. However, there was the possibility 
that nestlings might resemble their fathers in terms of 
mite numbers simply because their fathers shared mites 
with them when they went to the nest (a variant of the 
transmission avoidance hypothesis). To control for this, 
Moller performed a cross-fostering experiment in which he 
moved very young nestlings between nests and observed 
them. He found that nestlings whose fathers had fewer 
mites also had fewer mites regardless of whether they 
were raised in their parents’ nest or another nest, implying 
that there was some genetic component to resistance that 
passed from the father to the offspring. This heritability 
of resistance is one of the crucial predictions of the 
Hamilton-Zuk hypothesis that sets it apart from other 
explanations for why females might avoid parasitized 
males. Females in this species appear to be choosing 
males on the basis at least in part of their ability to resist 
parasites, just as the hypothesis predicts. 

Soay Sheep 

Soay sheep are the descendants of domestic sheep that 
were once kept on the islands of St. Kilda off the coast of 
Scotland. The human inhabitants of these islands have 
since left, but the sheep remain, living and breeding in 
the wild. Their presence on the island provides scientists 
with an excellent study system, since the sheep live with¬ 
out predators or human interference. Long-term studies 
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continue to be conducted on the sheep, with variables 
such as population density, breeding success, and parasite 
load having been measured for many years. 

Soay sheep have a polygynous mating system in which 
males mate with multiple females. Dominant males will 
locate females in oestrus and accompany them, chasing off 
other males who approach. Dominance, in this case, is 
usually linked with the size of the horns, which are a 
secondary sexual character. Two types of horn exist in 
the male population: normal males, and scurred males, 
which have smaller horns. These scurred males are often 
unsuccessful at defending females and must rely on 
sneaking copulations when the dominant male is else¬ 
where. Females also seem to prefer dominant males with 
larger horns, although this may simply be because of such 
males protecting them from harassment by other males. 

Scurring is apparently a hereditary trait, but horn size 
can be influenced by parasites. Of the parasites that infect 
the sheep, most seem to be fairly benign, but one, a 
nematode called Teladorsagia circumcincta , can cause symp¬ 
toms such as lack of appetite, weight loss, and diarrhea. 
Sheep infected with these worms are more likely to die 
during the winter, particularly in years when food is 
scarce. In addition to these symptoms, males that had 
higher fecal egg counts (meaning that they were infected 
by a greater number of worms) tended to have smaller 
horns. They also spent less of their time pursuing females 
or engaged in sexual activities. Fecal egg count also showed 
some heritability, implying that whatever allowed some 
sheep to avoid heavy parasite loads was at least partly 
genetic: a prediction consistent with the Hamilton-Zuk 
hypothesis. These results do not demonstrate a conclusive 
link between parasites and mating success in this species, 
but they do suggest a connection between the two things. 

Sex, Parasites, and the Immune System 

When scientists initially set out to test the Hamilton-Zuk 
hypothesis, many of them chose to do so by studying the 
direct effects of a single parasite species on mating suc¬ 
cess. However, sometimes problems would arise when it 
came to picking a proper parasite. Parasites are often 
present only in certain locations or at certain times, so 
their impact on the host might not be readily apparent. In 
addition, not all parasites are equal when it comes to the 
evolution of male sexual signals. A highly virulent para¬ 
site or pathogen that sweeps through a population quickly 
would be unlikely to cause the kind of selection pressure 
necessary for males to evolve flashy signals. Such diseases 
usually leave their hosts either dead or with lasting immu¬ 
nity; thus any male or female encountered would almost 
certainly be uninfected and there would be no need for a 
special signal to convey that information. Parasites that 
cause little or no damage would also be unable to drive 


the evolution of secondary sexual signals. Unless the para¬ 
site causes some harm to its host, females choosing elaborate 
males would gain no benefit in terms of fitness for their 
offspring. Under such conditions, female choice, which can 
be costly to the female, would not be maintained. 

How then does one decide which parasite to choose 
when testing the Hamilton-Zuk hypothesis? Many scien¬ 
tists have chosen to bypass the issue entirely by instead 
looking at immunity. An animal that is able to mount a 
stronger immune response can presumably fend off para¬ 
sitic infections more easily, giving scientists a proxy of 
overall parasite resistance. Measuring immunity also allows 
scientists to get around the problem of measuring multiple 
parasite species. Animals are almost always infected with 
more than one kind of parasite, but it is often difficult to 
measure all the parasites involved and their relative 
importance. The immune system, however, must be able 
to deal with all of them to some degree, and so provides 
a way to estimate the overall importance of parasites to a 
given species. 

Measuring immunity also opens up a whole new field 
to those studying sexual selection: the field of immunoe- 
cology. It takes energy and resources to mount an efficient 
immune response, both of which may be limited. Thus, 
maintaining immunity may require trade-offs with other 
functions, such as reproduction. These trade-offs can 
influence an animal’s life history strategy, including things 
such as how many offspring to have and whether to have 
them all at once or to spread them out over the course of 
several breeding seasons. 

If immunity can be used as a measurement of parasite 
resistance, then choosy individuals would benefit from 
being able to gauge whether their potential partner can 
mount a strong immune response. The same secondary 
sexual signals that females use to judge whether a male is 
parasitized or not should also reveal information about his 
general immune status. Thus, measuring immunity in 
place of parasites is a useful tool when examining how 
parasites influence sexual signaling. It is particularly use¬ 
ful in animals such as invertebrates, whose parasites are 
not as well known. 

Invertebrate Examples 

When one thinks of secondary sexual characters, often 
the first things to come to mind are the elaborate and 
colorful feathers of a bird like a peacock or the croaking 
call of a male frog. Yet traits such as cricket song have also 
evolved through sexual selection. Invertebrates are some¬ 
times neglected in studies of how parasites influence sex 
and sexual selection, and yet in many ways they are an 
excellent system in which to test various hypotheses. 
Their short generation times and the fact that scientists 
can easily keep them in the lab make them amenable to 
such tests. 
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Crickets 

Most people have heard the chirping of crickets on a 
warm summer’s night. What fewer people realize is 
that this song is the product of male crickets only and 
that they use it to attract females. A female cricket will 
listen to and assess the song of a male and then move 
toward the source of the song she prefers: a process known 
as phonotaxis. Once the female reaches the male, he will 
continue to court her using a softer song known as court¬ 
ship song, and the female will decide whether or not to 
mate with him. 

Calling song is the first cue a female uses to assess 
a male, and females find the calling songs of some males 
more attractive than others. Specifically, females find ele¬ 
ments of the song such as long trills or fast chirps particu¬ 
larly attractive. Which elements females prefer often 
depends on species, but presumably females hone in on 
those parts of the song because they convey some infor¬ 
mation about the male. This idea was tested by Leigh 
Simmons, who works at the University of Western Australia, 
and his colleagues. To see whether any components of the 
song told the females about male immunity, they first 
recorded males singing in the field, then captured them 
and brought them into the lab to test their immune 
response. They measured the ability of the males to encap¬ 
sulate a piece of nylon thread. Encapsulation is an immune 
response often used by insects to defend against parasitoids 
or other foreign objects that get into the body. What they 
found was that certain elements of the song were indeed 
correlated with the male’s ability to encapsulate a foreign 
object. Thus, a female can use this information when choos¬ 
ing which male she wants to mate with. 

How might this information benefit the female? Given 
that crickets do not have parental care, the good parent 
hypothesis does not explain this preference. Whether 
males with stronger immunity succeed in passing that 
trait on to their offspring is not known in the species, 
although it is certainly possible. Thus, females may 
benefit from preferring some male songs to others either 
by avoiding becoming parasitized themselves or by gain¬ 
ing good genes for their offspring. 

Bedbugs 

Up until now, most of the examples discussed have dealt 
with females discriminating against infected males and 
how this may have driven the evolution of male sexual 
characters. However, parasites and pathogens are ubiqui¬ 
tous, and males are not the only ones they infect. In bed¬ 
bugs in particular, females have been the ones under 
pressure to evolve a special character related to patho¬ 
gens. This is due to the rather odd mating habits used by 
this species. Males have a special, needle-like copulation 
organ known as a paramere, which they use to pierce the 
female’s body and inject their sperm into her abdomen, 
despite the fact that the females have a fully functional 


genital tract. This process, which is called traumatic 
insemination, has dire consequences for the female. 
Such mating practices reduce female lifespan, and this 
reduced lifespan results in lower egg production, or lower 
fitness for the female. 

In response to this unusual mating situation, female 
bedbugs have evolved a special organ at the site where 
males insert their parameres. This organ is called the sper- 
malege. Scientists have proposed many hypotheses about 
the actual function of the spermalege, including one that 
suggests that it helps to prevent infection of the puncture 
wound caused by the male. To test this idea, they used 
needles to mimic the male’s paramere and punctured the 
bodies of female bedbugs either at the spermalege or at a 
different site on the abdomen. The needles used were 
either sterile or dipped in a bacterial solution. For females 
pierced with a bacteria-laden needle, the site of the injec¬ 
tion made a huge difference. If the needle went into her 
spermalege, she was much more likely to survive longer 
than if it pierced a random site on her abdomen. These 
results suggest that pathogens have helped to drive the 
evolution of an entirely new organ in this species. 

Sex Hormones, Signaling, and the 
Immunocompetence Handicap 
Hypothesis 

Signals as diverse as a cricket’s song and a bird’s tail all 
seem to convey some information about parasites and 
immunity. However, how those signals can give accurate 
information is a subject much debated by scientists. What 
are the mechanisms that link the length of a male barn 
swallow’s tail to his ability to resist parasites? One possible 
clue comes from the hormones needed to develop such a 
signal in the first place. In vertebrates, most male sexual 
signals develop under the influence of testosterone. How¬ 
ever, in addition to the role it plays in the development 
of male signals, testosterone also seems to depress the 
immune system. This observation led to a proposed 
mechanism for how sexual traits are linked to immunity. 

In 1992, Ivar Folstad and Andrew Karter proposed the 
Immunocompetence Handicap Hypothesis. According 
to this hypothesis, signals that indicate a male’s resistance 
to parasites are kept honest - in other words, males cannot 
produce the elaborate signal unless they also possess the 
genes for resisting parasites - by the relationship between 
immune suppression and testosterone. If testosterone is 
needed for the production of secondary sexual character¬ 
istics, like combs on roosters, that males need to get mates, 
but if at the same time it also increases the males’ vulner¬ 
ability to disease, then only those males of particularly 
high quality would be able to maintain their showy orna¬ 
ments despite the challenge to their immune systems. 
Females therefore have a way to detect the real studs, 
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because a male who cheats by producing a long tail or 
big comb, but is not of high quality, will be unable to 
pay the price of compromised immunity and will succumb 
to illness. 

Testing this hypothesis has been very challenging. The 
interactions between hormones and the immune system 
are complex, and so it is difficult to make falsifiable 
predictions about the way ornaments or mate choice 
should react to changes in either. Some recent work by 
Deborah Duffy and Greg Ball from Indiana University 
was promising, however. The scientists used starling song 
as their ornamental signal. As in many birds, male star¬ 
lings mainly sing during the breeding season, and the part 
of the brain controlling song is under the influence of 
testosterone. Duffy and Ball recorded the songs of 16 male 
starlings that were placed in an aviary with a receptive 
female. Then they noted how many bouts of continuous 
song the males produced, assuming that a more vigorous 
and sustained song is the equivalent of a longer tail or 
brighter color. It turned out that the birds with more 
vigorous songs also had more robust immunity, support¬ 
ing the idea that females can gauge resistance to disease 
using male signals as a cue. 

Current Issues and Future Directions 

Despite the fact that parasites and sexual selection seem 
like two disparate areas, much evidence now suggests that 
the two are indeed connected. Since the publication of the 
Hamilton-Zuk hypothesis over 20 years ago, a consider¬ 
able amount of work has been done linking parasites to 
sexual signaling in animals. However, most of the studies 
done to date have focused on one species of host at a time, 
or looked only at a single parasite in relation to sexual 
features. This raises the question of how broadly the 
results of such studies can be applied. While parasites 
play an important role, they are likely only one part of 
the picture of how sexual signals evolved. There are many 
hypotheses about what females look for when they pick a 
mate. For example, males may carry ‘good genes’ that do 
not relate to parasite resistance, or females may choose a 
male on the basis of the quality of his territory. One 
possible way to examine how broadly the Hamilton-Zuk 
hypothesis applies across species is to use meta-analyses, 
which compile data from many different studies of multi¬ 
ple species. Such analyses may prove useful in the future 
for examining larger evolutionary questions. 

In all probability, no one explanation can explain the 
evolution of all sexual traits, and the relative importance 
of parasites in this process has not yet been determined. In 
addition, how factors such as parasites affect the degree to 
which secondary sexual traits are developed is also not 
well understood. Why are some species bright and flashy 
while others are dull and drab, even if they have the same 


mating system? How have parasites shaped the mating 
systems themselves, which determine how much selection 
pressure an animal faces because of sexual selection? 
Whether evolution has shaped animals to be monoga¬ 
mous, polygynous, or somewhere in between may be 
related to the risk of acquiring parasites from potential 
mates. Sexually transmitted diseases are thought to be 
particularly important in this regard. However, while 
theoretical models indicate that sexually transmitted dis¬ 
eases may change the optimal number of mates for an 
animal, actual data supporting the idea are still lacking. 

Another underexplored area has to do with differences 
in rates of parasitism between the sexes. In most species, 
males seem to be more prone to infection by parasites 
than females. The reasons for this are not well understood. 
Sexual selection is thought to be responsible for many of 
the differences between males and females, and it may 
help to explain this one as well. For instance, males may be 
subject to higher parasite loads because they must use 
more of their energy than females in competing with 
rivals and attaining mates or because territory defense 
and fights with other males may expose them to more 
parasites. Such explanations require further testing, how¬ 
ever, before they can be accepted. In short, the study of 
parasites and their impact on host sexual behavior is still a 
burgeoning field with great potential for future work. 

See also: Avoidance of Parasites; Beyond Fever: 
Comparative Perspectives on Sickness Behavior; Con¬ 
servation, Behavior, Parasites and Invasive Species; 
Ectoparasite Behavior; Evolution of Parasite-Induced 
Behavioral Alterations; Flexible Mate Choice; Immune 
Systems and Sickness Behavior; Intermediate Host 
Behavior; Mating Signals; Parasite-Induced Behavioral 
Change: Mechanisms; Parasite-Modified Vector Behavior; 
Parasites and Sexual Selection; Propagule Behavior and 
Parasite Transmission; Reproductive Behavior and Para¬ 
sites: Invertebrates; Reproductive Behavior and Parasites: 
Vertebrates; Reproductive Success; Self-Medication: Pas¬ 
sive Prevention and Active Treatment; Social Behavior and 
Parasites; Social Selection, Sexual Selection, and Sexual 
Conflict; Stress, Health and Social Behavior. 
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Introduction 

Predators as diverse as snakes, scorpions, spiders, insects, 
and snails manufacture venoms to incapacitate their prey. 
Most venoms contain a cocktail of neurotoxins and each 
neurotoxin is designed to target-specific receptors in the 
nervous and muscular systems. Most neurotoxins act per¬ 
ipherally and interfere with the ability of the prey’s nervous 
system to generate muscle contraction or relaxation, result¬ 
ing in immobilization and often death of the prey to be 
consumed immediately. However, in a few species of pred¬ 
atory wasps, venoms appear to act centrally to induce 
various behaviors. These venomous wasps use mostly 
other insects or spiders as food supply for their offspring. 
Most parasitoid wasps eat only nectar from flowers and 
other small insects, but as larvae they eat something totally 
different. Many of these wasps paralyze their prey and then 
lay one or more eggs in or on the host, which serves as a 
food source for the hatching larvae. In a few instances, the 
parasitoid wasp often manipulates the host’s behavior in a 
manner that is beneficial to and facilitates the growth and 
development of its offspring. Although the alteration of 
host behavior by parasitoids is a widespread phenomenon, 
the underlying neuronal mechanisms are only now begin¬ 
ning to be deciphered. As of today, only a few behavioral 
alterations can be unambiguously linked to alterations in 
the central nervous system (CNS). 

The direct manipulation of the host nervous system and 
behavior may take several forms. In some instances, the 
venom is purely paralytic, affecting either the peripheral 
or CNS to induce partial or total paralysis, which can be 
transient (seconds to minutes) or long-term (hours to days). 
In other instances, the venom might affect behavioral sub¬ 
routines to produce finer manipulations of the host behav¬ 
ior. In this article, I will discuss selected case studies where 
the neural mechanisms underlying host manipulation by 
parasitoid wasps have been identified. I will then focus on 
one case study where a wasp hijacks the brain of its host to 
control its motivation to perform specific behaviors. 

Most ectoparasitoid wasps incapacitate their prey and 
then drag it to a burrow or a nest. In this protected nest, 
the wasp lays its egg on the prey and seals the burrow with 
the inert prey inside. When the larva later hatches, it feeds 
on the host, ultimately killing it, and pupates in the nest, 
sheltered from predators that could harm the cocoon. The 
hunting and host-manipulation strategies of these wasps 
are diverse and, at least to some extent, depend on the host 
natural behavior. Hunters of relatively small or harmless 


prey usually inflict a single or double sting to the prey item. 
This typically results in deep paralysis by affecting, for 
example, the peripheral nervous system (i.e., the neuromus¬ 
cular junction: synapse between the motoneurone terminals 
and the muscle). In those species of wasps where the paral¬ 
yzing venom is injected into the hemolymph of the prey, as 
in the beewolf (the Egyptian digger wasp Philanthus trian- 
gulum ), the venom has been shown to affect the peripheral 
nervous system (Figure 1). P triangulum feeds its larvae 
almost exclusively with Honeybees (Apis mellifera). The 
beewolf paralyzes bees by stinging them on the ventral 
side of the thorax through the membrane between the first 
and second segments. These wasps are sufficiently strong to 
airborne cargo the prey item back to the nest (Figure 1 (a)). 
After provisioning the nest with a few bees, the wasp lays 
an egg in it and seals it. The venom of the beewolf 
contains potent neurotoxins known as philanthotoxins, 
which evoke neuromuscular paralysis in the bee prey. 
Such philanthotoxins interfere presynaptically and post- 
synaptically with glutamatergic synaptic transmission 
(Figure 1(b)). Because glutamate is the neurotransmitter 
at the insect neuromuscular junction, philanthotoxins 
in the venom block the neuromuscular transmission 
to induce flaccid paralysis of the prey. One potent com¬ 
ponent of the Philanthus venom is 5-philanthotoxin, 
which blocks open ionotropic glutamate receptors in 
the insect neuromuscular junction (Figure 1(b)). Para¬ 
doxically, the very same 5-philanthotoxin blocks gluta¬ 
mate uptake (it interferes with the glutamate transporter) 
at the insect neuromuscular junctions thereby, pro¬ 
longing the presence of glutamate at the neuromuscular 
junction (Figure 1(b)). This venom-induced hyperexci¬ 
tation of muscle contraction is presumably responsible for 
the initial tremor, which immobilizes the prey until flaccid 
paralysis begins. Hyperexcitation preceding flaccid paraly¬ 
sis is a common venom strategy seen in several types of 
venomous animals, such as octopus, spiders, coelenterates, 
and some cone snails where the hyperexcitation is produced 
by different classes of substances. Apparently, the hyperex¬ 
citation immediately immobilizes the prey, so that it cannot 
get out of reach of the predator, until the slower acting 
flaccid paralysis begins. The wasp paralyzes several bees 
and drags them into a concealed burrow. It then lays an 
egg on one of the bees, seals the burrow, and leaves. The 
hatching larva is, thus, provided with a large, paralyzed 
food supply to feed on until pupation. 

On the other hand, wasps, which hunt on large prey 
such as tarantula spiders, face a much more considerable 
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Figure 1 (a) A photograph of an air-borne Philanthus wasp 

carrying its bee prey back to the nest, (b) Schematic 
representation of the insect neuromuscular junction where 
Philanthus venom affects glutamatergic synaptic transmission. 
Calcium (Ca++) ions move in when an action potential (blue 
arrow) reaches the motoneuron terminal and facilitates the 
vesicular release of glutamate (GLU). One potent component of 
the Philanthus venom (5-philanthotoxin) blocks open ionotropic 
glutamate receptors (GLU R ) and glutamate uptake (GLU T ) to 
induce muscular paralysis. 


danger (Figure 2(a)). The tarantula-hawk ( Pepsis ) is the 
fearsome enemies of spiders. These wasps usually first 
disarm the spider of its most powerful weapon, the 
fangs, with multiple stings into the cephalo-thorax but 
sometimes directly in the mouth. After this stinging 
sequence, the spider is totally paralyzed, which allows 
the wasp to drag the spider back to the nest, walking 
backwards facing its formidable opponent. Once the host 
is concealed, the wasp lays a single egg on the abdomen of 
the spider and seals the entrance to the nest. Depending 
on the species, the spider would completely or nearly 
completely recover from paralysis within a few hours to 
2 months. If the tarantula survives what usually happens 
next, it can revive and continue living a normal life. But 
another fate awaits the spider as the larva hatches from the 



Figure 2 (a) The spider wasp, Tachypompilus ignitus, dragging 
an immobilized Palystes spider to her nest, (b) The tomato 
hornworm, Manduca, parasitized by the solitary braconid 
endoparasitoid wasp Cotesia pupae, (c) The normal web of the 
orb-weaving spider P. argyra. (d) The cocoon web of a spider 
parasitized by the Ichneumonid wasp and wasp cocoon from 
above. 


egg after 2 days and feeds on the entombed spider for 
5-7 days. The satiated larva then pupates inside the nest, 
safe from predators. 

As we shall see in this article, some parasitoid wasps alter 
the behavior of their host to the finest degree. The unique 
effects of such wasp’s venom on prey behavior suggest that 
the venom targets the prey’s CNS. A remarkable example of 
such manipulation is that of the braconid parasitoid wasp 
(Glyptapanteles sp.) that induces a caterpillar ( Thyrinteina 
leucocerae) to behave as a bodyguard of its offspring. After 
parasitoid larvae exit from the host to pupate, the host 
remains alive but displays stunning modifications in its 
behavior: it stops feeding and remains close to the parasitoid 
pupae to defend these against predators with violent head 
swings. The parasitized caterpillar dies soon after while 
unparasitized caterpillars do not show any of these behav¬ 
ioral changes. In another example of host manipulation, the 
wasp Cotesia congregata and its host, the tobacco hornworm 
Manduca sexta , we have some information about the under¬ 
lying mechanisms of manipulation. The female wasp injects 
a mixture consisting of venom, polydnavirus, and wasp eggs 
into its caterpillar host (Figure 2(a)). The wasp larvae hatch 
and develop inside the host’s hemocoel, exit through the 
cuticle, and spin a cocoon which stays attached to the host. 
One day before exiting the host, host feeding and spontane¬ 
ous locomotion decline. The host remains in this torpor 
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until death. The decline in host feeding and locomotion can 
be induced by wasp larvae alone which, by an unknown 
chain of events, target the subesophageal ganglion (SEG) of 
the host to induce neural inhibition of locomotion. Further¬ 
more, the change in host behavior is accompanied with an 
elevation of CNS octopamine (OA), a neuromodulator, 
suggesting that alterations in the functioning of the octopa- 
minergic system may play a role in depressing host feeding 
or locomotion. But, the most exquisite alteration of behavior 
ever attributed to a parasitoid wasp is probably the Ichneu- 
monid wasp Hymenoepimecis s manipulation of its spider host. 
In this exceptional example of host behavioral manipula¬ 
tion, the parasitoid wasp takes advantage of the natural 
behavior of web waving of its prey to provide the larva 
with a shelter. Instead of paralyzing and then burrowing 
into the host, this wasp literately coerces the host to build 
the shelter for its future larva. The wasp stings its spider 
host, Plesiometa argyra (Araneidae), evoking a total, but tran¬ 
sient, paralysis during which the wasp lays its egg on the 
paralyzed spider and flies away. Soon after the sting, the 
spider recovers to resume apparently normal activity. It 
builds normal orb webs to catch prey (Figure 2(c)), while 
the wasp’s egg hatches and the larva grows by feeding on the 
spider’s hemolymph. The larva feeds for about 2 weeks and 
just before it kills the spider, a dramatic behavioral change 
occurs in the spider. The prey, driven by an unknown 
mechanism, starts weaving a unique web with a design 
that seems tailored to fit the needs of the larva for its next 
stage in development, the metamorphosis. The new web is 
very different from the normal orb-shaped web of P. argyra , 
and is designed to support the larva’s cocoon suspended in 
the air, rather than lying on the ground (Figure 2(d)). In this 
safe net, the wasp larva consumes the spider, ultimately 
killing it, and then pupates in the suspended net. Interest¬ 
ingly, if the wasp larva is removed just prior to the execution 
of the death sentence, the spider continues to build the 
specialized cocoon web. Hence, the changes in the spider’s 
behavior must be induced chemically rather than by direct 
physical interference of the wasp larva. The wasp larva must 
secrete chemicals to manipulate the spider’s nervous system 
to cause the execution of only one subroutine of the full 
orb web construction program while repressing all other 
routines. The nature of the chemicals involved in this 
extreme alteration of the spider’s behavior, is unfortunately 
unknown. 

Sphecid wasps often hunt large and potentially harm¬ 
ful orthopteroids (crickets, katydids, grasshoppers, etc.). 
They usually sting their prey to evoke total transient 
paralysis, although in some instances, a more specific 
manipulation takes place. One example of total transient 
paralysis of the host can be found in the Larra — mole 
cricket system. Mole crickets spend most of their time in a 
burrow. A larrine wasp (e.g., L. anathema ) in a hunting 
mood penetrates the underground refuge of the cricket 
and attacks it. The frightened cricket may emerge in panic 


from its burrow pursued by the wasp. The wasp then 
wrestles with its prey to finally inflict multiple stings, 
mainly in the thoracic region. The stings induce a total 
transient paralysis of the legs, lasting just a few minutes. 
The wasp performs host feeding, sucking some hemo¬ 
lymph before laying a single egg between the first and 
second pairs of legs of the inert cricket. The wasp then 
leaves the cricket which fully recovers from paralysis and 
burrows back into the ground, apparently resuming nor¬ 
mal activity. The egg soon hatches and the larva starts 
feeding on the cricket after piercing the cuticle with its 
mandibles. The development from egg laying to pupation 
lasts between 2 weeks and a month, during which the mole 
cricket appears to behave quite normally, demonstrating 
complete recovery from paralysis. 

An example for central paralysis can be found in the 
Palearctic Larrine digger wasp Liris niger which hunts 
crickets as food supply for its brood. To transport the 
cricket to a burrow and lay an egg on its cuticle, the 
wasp incapacitates the prey with four stings, which are 
applied near, or perhaps inside, the CNS. First, the wasp 
disarms the cricket’s most powerful weapons, the meta- 
thoracic kicking legs, by injecting venom presumably into 
the metathoracic ganglion. This sting paralyzes the meta- 
thoracic legs for several minutes. Successively, the wasp 
injects venom into the two other thoracic ganglia, tran¬ 
siently paralyzing the legs associated with these ganglia 
and rendering the stung cricket lying helplessly on its 
back for several minutes. Last, the wasp stings into the 
neck, probably directly into, or in the vicinity of, the 
subesophageal ganglion. This last sting is responsible for 
the next phase of envenomation, a long-lasting hypokinetic 
state. The wasp drags the paralyzed cricket to a burrow, 
glues an egg between its fore and the middle legs, and seals 
the burrow with soil particles or pebbles. After the burrow 
has been sealed, the cricket fully recovers from its paralysis 
and can maintain posture and even walk. However, at this 
time, a different story unfolds, as the stung cricket never 
attempts to escape the burrow; rather it stays motionless, 
although not paralyzed, in its tomb. The wasp larva, after 
hatching from the egg, feeds on the lethargic cricket and 
then pupates. If the cricket is experimentally removed from 
the burrow, no spontaneous and only little evoked activity 
can be observed in the stung cricket until it dies, probably 
due to lack of feeding. Thus, Liris venom induces not only 
total transient paralysis but also a partial irreversible paral¬ 
ysis which renders the cricket prey submissive in its future 
grave. It has been suggested that the latter effect of Liris 
venom is a result of the neck-sting, which is, for compari¬ 
son, not typical for mole cricket-hunting Larra and does 
not evoke such long-term effects. 

The short-term paralysis of the cricket legs has been 
thoroughly investigated in this Liris- cricket system. The 
venom’s effect on the CNS of crickets has been studied in 
dissected preparations in which venom was manually 
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applied to thoracic or abdominal ganglia by means of 
manipulating the wasp to sting directly into the ganglion 
or by pressure-injecting sampled venom into the gan¬ 
glion. All experiments with dissected preparations dem¬ 
onstrate two pronounced phases of envenomation. First, 
the sting typically evokes a short (15-35 s) tonic discharge 
of the motoneurons innervating the legs. This discharge is 
most likely responsible for the convulsions of the cricket’s 
limbs, which is the first venom effect observed immedi¬ 
ately after the sting. The cellular mechanism by which the 
motoneurons’ discharge rate increases, is not yet fully 
understood, but it is either due to the presence of an 
excitatory agonist (e.g., ACh receptors) in the venom or 
due to the low pH of the venom. The short tonic dis¬ 
charge of the legs’ motoneurons then completely disap¬ 
pears, marking the onset of the second effect of the Liris 
venom: total transient paralysis of the legs. This paralysis, 
lasting from 4 to 30 min, is characterized by a complete 
absence of spontaneous or evoked activity in the affected 
neurons. Then, after the total paralysis phase is over, 
responses of the leg muscles and motoneurons to sensory 
stimuli recover. However, behaviorally, the prey fails to 
initiate locomotion, which underlies the beginning of the 
third, hypokinetic, and irreversible phase of envenom¬ 
ation, at the end of which the cricket dies. The venom’s 
paralytic effects are restricted to the stung ganglion, indi¬ 
cating that the venom affects central (rather than pe¬ 
ripheral) targets. For instance, excitation of leg sensory 
receptors of stung crickets evokes afferent sensory poten¬ 
tials that reach the stung ganglion but fail to engage a 
motor reflex in that ganglion, demonstrating that the 
venom’s effect is restricted to the stung ganglion. Various 
physiological experiments have uncovered at least three 
types of effects in the CNS. First, the venom prevents 
the generation and propagation of action potentials in the 
affected neurons, presumably by interfering with voltage- 
dependant inward sodium currents. Second, the venom 
decreases central synaptic transmission, the underlying 
mechanism of which is not yet fully understood. Third, 
the venom increases leak currents in central neurons and 
consequently their excitability. 


A Case Study in the Neural Mechanisms of 
Host Manipulation: Ampulex compressa 
and its Prey, the Cockroach Periplaneta 
americana 

Ampulex Hunting Strategy and Offspring 
Development 

The best understood manipulation of host nervous system 
and behavior is the case of the Sphecid cockroach-hunter 
A. compressa. After grabbing its cockroach prey (usually 
P. americana) at the pronotum or the base of the wing, 
the wasp inflicts a first sting into the thorax. This sting 


renders the prothoracic legs transiently (1-2 min) paral¬ 
yzed and presumably facilitates the second sting into the 
neck, which is much more precise and time-consuming 
(Figure 3(a)). After the neck-sting is complete, the wasp 
leaves the cockroach for about 30 min and searches for a 
burrow. During this period, the cockroach is far from 
being paralyzed but grooms frenetically for about 
20 min. When this period is almost over, the wasp returns 
to the cockroach and pushes him around with its mand¬ 
ibles as if to evaluate the success of the sting. This is when 
another effect of the venom begins to take place, as the 
cockroach becomes a submissive ‘zombie’ capable of 
performing, but not initiating, locomotion. The wasp 
cuts the cockroach’s antennae with the mandibles and 
sucks up hemolymph from the cut end. It then grabs one 
of the cockroach’s antennal stumps and leads the host to 
the preselected burrow for oviposition, walking back¬ 
wards facing the prey. The stung cockroach follows the 
wasp in a docile manner, like a dog on a leash, all the way 
to the burrow. Then, the wasp lays an egg and affixes it on 
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Figure 3 (a) The wasp Ampulex compressa stings a cockroach 
Periplaneta americana in the head, (b) A schematic 
representation of a dorsal view of a cockroach head shows the 
relative positions of the head ganglia in the head capsule. The 
brain and SEG are shown in yellow. The major structures of the 
brain include the central complex (cc, red), the mushroom bodies 
(mb, green), and the antennal lobes (al, blue), (c) Two sections of 
representative head ganglia (brain and SEG) preparations of a 
cockroach stung by a radiolabeled wasp. Radiolabeled venom is 
located posterior to the central complex and around the 
mushroom bodies of the brain and in the center of the SEG. 
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the cuticle of the coxal segment of the middle cockroach’s 
leg. Having its egg glued on the live food source, the wasp 
exits the burrow and blocks the entrance with small peb¬ 
bles collected nearby, sealing the lethargic host inside. 
The larva hatches within 2-3 days and perforates the 
cuticle of the cockroach’s coxa to feed on hemolymph 
for the next few days. About 5 days after the egg was laid, 
the larva moves to the thoracic-coxal junction of the 
metathoracic leg and bites a large hole along the soft 
cuticular joint, through which it then penetrates the cock¬ 
roach. The larva feeds on the internal organs of the 
cockroach until, 2 days after entering the host, it occupies 
the entire cockroach’s abdominal cavity. Pupation occurs 
inside the cockroach’s abdomen, roughly 8 days after the 
egg was laid. 

The two stings by A. compressa induce a total transient 
paralysis of the front legs followed by grooming behavior 
and then, by a long-term hypokinesia of the cockroach’s 
prey. In this state, the cockroach remains alive but immo¬ 
bile and unresponsive, and serves to nourish the wasp 
larva. The long-lasting lethargic state occurs when the 
venom is injected into the head but not when it is injected 
only into the thorax. Under laboratory conditions, and if 
not parasitized by the wasp larva, cockroaches gradually 
recover from this lethargic state within 1 or 2 weeks, 
demonstrating a partial long-term paralysis of the cock¬ 
roach. In nature, cockroaches probably rarely reach re¬ 
covery as the A. compressa larva consumes them before the 
end of this convalescent time. 

Where Is the Venom Injected? 

For more than a century, there has been a controversy 
over whether some parasitoid wasps deliver their venom 
by stinging directly into the CNS. In 1879, the French 
entomologist Jean Henri Fabre, who observed that spe¬ 
cific wasps sting in a pattern corresponding to the location 
and arrangement of nerve centers in the prey, suggested 
that the wasp stings directly into target ganglia. Others 
challenged Fabre’s idea and claimed that the wasp stings 
in the vicinity of, but not inside, the ganglion. In fact, 
solitary wasps’ venoms usually consist of a cocktail of 
proteins, peptides, and subpeptidic components, some of 
which are very unlikely to cross the thick and rather 
selective sheath (the insects’ blood-brain barrier) around 
the nervous ganglia. Thus, it is most unlikely that neuro¬ 
toxins in the venom make their way into the CNS by 
simple diffusion from the hemolymph. It was, therefore, 
suggested that some wasps use a common strategy of 
‘drug delivery,’ injecting venom directly into a specific 
ganglion of the CNS of the prey. 

The unique effects of Ampulex's venom on prey behavior 
and the site of venom injection both suggest that the venom 
targets the prey’s CNS. Until recently, the mechanism by 
which behavior-modifying compounds in the venom reach 


the CNS, given the protective ganglionic sheath, was 
unknown. The Ampulex stinger, which is about 2.5 mm in 
length, is certainly long enough to reach the cerebral gang¬ 
lia that lie 1-2 mm deep in the head capsule. But to obtain a 
direct proof of the central injection of the venom, we 
produced so-called ‘hot’ wasps by injecting them with a 
mixture of C 14 radiolabeled amino acids which were 
incorporated into the venom. In cockroaches stung by 
‘hot’ wasps, most of the radioactive signals were found in 
the thoracic ganglion and inside the two head ganglia: the 
supra and the subesophageal ganglia (Figure 3). Only a 
small amount of radioactivity was detected in the sur¬ 
rounding, nonneuronal tissue of the head and thorax. 
A high concentration of radioactive signal was localized 
to the central part of the supraesophageal ganglion (poste¬ 
rior to the central complex and around the mushroom 
bodies) and around the midline of the subesophageal gan¬ 
glion. The precise anatomical targeting of the wasp stinger 
through the body wall and ganglionic sheath and into 
specific areas of the brain, is akin to the most advanced 
stereotactic delivery of drugs. Sensory structures located 
on the stinger might be responsible for mediating nervous- 
tissue recognition inside the head capsule to allow such 
precise venom injection inside the head ganglia. These 
experiments represent, to date, the only unequivocal dem¬ 
onstration that a wasp injects venom directly into the CNS 
of its prey, consistent with Fabre’s ideas. A. compressa is 
almost certainly not the only wasp which injects venom 
in its prey CNS, although the use of such method of drug 
delivery remains to be proven in other wasp species. 

Wasp Venom Induces Transient Paralysis 
of the Front Legs 

The Ampulex venom, similar to the Liris venom, is a 
complex cocktail of proteins, peptides, and subpeptidic 
components. Of this cocktail, only low molecular weight 
fractions seem to be responsible for the short-lived front 
legs paralysis. Electrophysiological studies on the Ampulex 
venom have demonstrated that it dramatically affects 
central cholinergic synaptic transmission. For instance, 
injection of venom to the cockroach’s last abdominal 
ganglion eliminates synaptically evoked action potentials 
in the postsynaptic giant interneuron (GI) (Figure 4(a)). 
Likewise, venom injections block the postsynaptic poten¬ 
tials evoked by exogenous cholinergic agents at the same 
synapse. 

To identify the venom components responsible for 
the total transient paralysis of the front legs, fractions of 
the venom (based on different molecular weights) were 
applied to neurons and the responses quantified. The 
fractions that reduced neuronal activity caused a synaptic 
block in central synapses. Biochemical screening of the 
active fractions revealed that the venom contains high 
levels of the inhibitory neurotransmitter GABA, and 
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Figure 4 A schematic and simplified drawing of a cockroach’s 
nervous system depicting the circuitry that controls escape 
behavior and leg movements. For escape, sensory 
mechanoreceptors of the cerci (1) recruit ascending GIs located 
in the last abdominal ganglion (2); these GIs converge onto the 
thoracic interneurons in the thoracic ganglion (3). The thoracic 
interneurons excite the leg motoneurons (5). Local inhibitory 
interneurons controls the activity of motoneurons involved in leg 
movements. The doted rectangle shows the area enlarged in (b). 
(b) A model of a wasp venom-induced short-term leg paralysis. 
The natural release of GABA at a synapse causes the opening of 
the chloride channels in the postsynaptic membrane. When 
GABA-gated chloride channels (GABA ar ) are opened by venom 
components, the resulting GABA current shunts the 
depolarization generated by the release and binding of 
acetylcholine (Ach) from the presynaptic excitatory interneuron 
when an action potential reaches the terminal (blue arrow). GABA 
can also act on the presynaptic terminals of the cholinergic 
interneuron by decreasing the synaptic release. Because taurine 
and (3-alanine suppress the reuptake of GABA (GABA 
transporter: GAT) from the synaptic cleft, they may contribute to 
a prolongation of chloride channel open times. Together, these 
effects result in a failure of action potential generation in the 
postsynaptic motoneuron. 


a GABA receptor agonist (3-alanine. Another component 
in these fractions was identified as taurine, which is known 
to impair the reuptake of GABA by the GABA transporter 
from the synaptic cleft (Figure 4(b)). These constituents 


mimic the transient action of whole venom, synergisti- 
cally causing a total transient block of synaptic transmis¬ 
sion at the cercal-giant synapse through GABA inhibition. 
Patch-clamp recordings from isolated thoracic motoneur¬ 
ons of the cockroach demonstrate that the Ampulex venom 
induces picrotoxin-sensitive currents, further implicating 
venom action on cockroach GABA receptors. The natural 
release or artificial injection of GABA at a synapse causes 
the opening of chloride channels in the postsynaptic 
membrane. When GABA-gated chloride channels are 
opened by venom components, if the sodium channels in 
the postsynaptic membrane are also opened by a synaptic 
release of ACh, then for each sodium ion entering the cell, 
a chloride ion will accompany it. The simultaneous entry 
of a negative ion and positive ion will produce no change 
in the membrane potential. The utilization of venom 
cocktails containing multiple toxins with distinct but 
joint pharmacological actions has been described previ¬ 
ously in venoms of spiders and marine cone snails. To 
conclude, for the total transient paralysis, the study of 
Ampulex venom has demonstrated a novel strategy for 
venom-induced synaptic block through chloride channel 
activation. 


Wasp Venom Initiates Prey Grooming Behavior 

After the total paralysis effect of the venom is over, the 
Ampulex venom evokes a stereotyped, though excessive, 
uninterrupted grooming behavior in the stung cockroach. 
The venom-induced grooming is similar in all respects to 
normal grooming and involves the coordinated move¬ 
ments of different appendages. The grooming behavior 
is evoked only if venom is injected into the head, and 
cannot be accounted for by the stress of the attack, the 
contact with the wasp, a mechanical irritation or venom 
injection into a location other than the head. Thus, the 
Ampulex venom appears to engage a central neuronal 
circuit in the head ganglia responsible for grooming. 
Experimental manipulation of the monoaminergic system 
in unstung cockroaches affects grooming behavior. For 
example, a single injection into the subesophageal gan¬ 
glion of the alkaloid reserpine, which transiently elevates 
the concentration of all monoamines in central synapses, 
induces excessive grooming similar to venom-induced 
grooming. The specific cause for this is probably an ele¬ 
vation in the levels of the monoamine dopamine (DA), 
since an injection of DA or DA receptor agonists similarly 
induced excessive grooming. Moreover, the injection of a 
DA-receptor antagonist (Flupenthixol) prior to a wasp 
sting markedly reduced venom-induced grooming. Thus, 
grooming behavior could result from the existence of a 
DA (or DA-like) component in the venom, or from a 
venom component that would activate a DA-releasing 
mechanism inside the cockroach head ganglia. A gas 
chromatography-mass spectrometry study has identified 
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a DA-like substance in the venom. This substance might 
be responsible for a direct stimulation, via DA receptors, 
of grooming-releasing circuits within the head ganglia. 

One can only speculate regarding the adaptive signifi¬ 
cance of the grooming phase of envenomation. First, it 
is possible that grooming is merely a side effect of the 
venom. For example, the DA-like substance in the venom 
could be involved in inducing the long-term hypokinetic 
state, in which case, grooming has no adaptive value to the 
wasp. Second, and more provocative, is the possibility that 
excessive grooming cleans off the ectoparasites such as 
bacteria and fungi on the cockroach’s exoskeleton which 
are potentially harmful to the developing wasp’s larva. 
Interestingly, beewolf females (Figure 1(a)) cultivate the 
Streptomyces bacteria in specialized antennal glands and 
smear them on the ceiling of the brood cell prior to 
oviposition. The bacteria enhance the survival probability 
of the larva as they are taken up by the larva later to 
protect the cocoon from fungal infestation. 

Wasp Venom Controls Cockroach Motivation to 
Walk and Escape 

The third phase of cockroach envenomation by A. compressa 
is probably the most interesting in terms of host behavioral 
manipulation, because a stung cockroach becomes a sub¬ 
missive ‘robot,’ and fails to initiate spontaneous or evoked 
locomotion. It is almost certainly of adaptive value to the 
wasp, since it enables resistance-free host feeding, transpor¬ 
tation to the burrow, and oviposition. The venom-induced 
hypokinesia persists, if the egg is removed experimentally, 
for at least a week, after which the cockroach resumes a 
normal activity. In nature, however, the cockroach meets its 
inevitable fate about a week later. 

The long-term hypokinesia is induced only if A. com¬ 
pressa stings the cockroach in the head ganglia. Hence, the 
inability of stung cockroaches to start walking cannot be 
accounted for by a direct effect of the venom on locomo- 
tory centers in the thoracic ganglia of insects. We propose 
that, unlike most paralyzing venoms, Ampulex s venom 
affects the ‘motivation’ of its host to initiate movement, 
rather than the motor centers. Indeed, the wasp injects its 
venom directly into the subesophageal ganglion and into 
the central complex and mushroom bodies in the suprae- 
sophageal ganglion of the cockroach, all considered ‘higher’ 
neuronal centers modulating the initiation of movement. 
We investigated whether the venom-induced hypokinesia 
is a result of an overall decrease in arousal or, alternatively, 
a specific decrease in the drive to initiate or maintain 
walking. We found that the venom specifically increased 
thresholds for the initiation of walking-related behaviors 
and, once such behaviors were initiated, affected the main¬ 
tenance of walking. Nevertheless, we show that the thoracic 
walking pattern generator itself appears to be intact. Thus, 
the venom, rather than decreasing the overall arousal, 


manipulates neuronal centers within the cerebral ganglia 
that are specifically involved in the initiation and mainte¬ 
nance of walking. Furthermore, stung hypokinetic cock¬ 
roaches show no deficits in spontaneous or provoked 
grooming, righting behavior, or the ability to fly in a wind 
tunnel. Hence, the head sting affects specific subsets of 
motor behaviors, rather than affecting behavior in general. 
How this comes about is not completely worked out, but 
we have uncovered some important pieces of the puzzle. 

The hypokinetic state is characterized by very little 
spontaneous or provoked activity; an important hallmark 
of this hypokinetic state is the inability of stung cock¬ 
roaches to produce normal escape responses. Wind sti¬ 
muli directed at the cerci, which normally produce strong 
escape responses, are no longer effective in stung cock¬ 
roaches. Normally, wind-sensitive hairs on the cerci 
detect the minute air movements produced by a predator’s 
strike and excite GIs in the terminal abdominal ganglion 
(TAG) to mediate escape running behavior (Figure 5). 
The GIs activate various thoracic interneurons in the 
thoracic locomotory centers, which, in turn, excite various 
local interneurons or motoneurons associated with escape 
running. In addition, escape running can be triggered by 
tactile stimuli applied the antennae that recruit GIs des¬ 
cending from the head ganglia to the thorax. Tactile and 
wind information is carried by two distinct populations of 
interneurons, each located at the far and opposite ends of 
the nervous ganglionic chain, to converge on the same 
thoracic premotor circuitry which controls similar escape 
leg movements. Studies on stung cockroaches show that 
the sting affects neither the response of the sensory neu¬ 
rons and associated ascending GIs nor that of the des¬ 
cending interneurons. Moreover, thoracic interneurons 
receive comparable synaptic drive from the GIs in control 
and stung animals. Thus, the ultimate effect of the venom 
injected into the head ganglia must take place at the 
connection between the thoracic interneurons and spe¬ 
cific motorneurons. 

Unlike normal cockroaches, which use both fast and 
slow motoneurons for producing rapid escape movements, 
stung cockroaches activate only slow motoneurons, which 
are also important to maintain posture, and do not produce 
rapid movements. This lack of response of fast motoneur¬ 
ons appears to be due to a reduction in the synaptic drive 
they receive from premotor interneurons. Such reduction 
could be due to a modulation of a particular neuromodu- 
latory system that controls a specific subset of behaviors. In 
this case, the venom would chemically manipulate specific 
pathways in the head ganglia which themselves regulate 
neuromodulatory systems involved in the initiation and/or 
execution of movement (Figure 5). Monoaminergic sys¬ 
tems are again probable candidates, as alterations in these 
systems are known to affect specific subsets of behaviors. 
For instance, depletion of the synaptic content of mono¬ 
aminergic neurons, and especially of dopaminergic or 
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Figure 5 A current model of the neurophysiological events 
leading to venom-induced hypokinesia in cockroaches 
stung by Ampulex compressa. A schematic and simplified 
drawing of a cockroach nervous system depicting circuitries 
that affect walking-related behaviors. The walking pattern 
generator that orchestrates leg movements is located in 
the thorax. It consists of motor neurons innervating leg 
muscles (6), sensory neurons associated with sensory structures 
on the legs (not shown) and thoracic interneurons (TIAs; 4), which 
synapse onto the motor neurons directly and indirectly via 
local interneurons (5). The TIAs receive inputs from several 
interneurons. For example, sensory neurons in the antennae 
or cerci (1) recruit ascending (2) or descending (3) GIs, 
which converge directly onto the TIAs to ultimately evoke 
escape responses. In addition, neurons of the pattern 
generator receive input from thoracic neuromodulatory 
cells (8). One example of these is the DUM neurons, which 
secrete OA and modulate the efficacy of premotor-to-motor 
(4-to-6) synapses. The neuromodulatory cells, in turn, 
receive tonic input through interneurons descending from the 
brain (7) and SEG (not shown). This tonic input affects the 
probability of the occurrence of specific motor behaviors by 
modulating the different thoracic pattern generators. The 
wasp A. compressa injects its venom cocktail directly into 
both cerebral ganglia to modulate some specific yet 
unidentified cerebral circuitries. Our current hypothesis 
states that in the SEG, the venom suppresses the activity of 
brain-projecting DUM neurons (9), which control the activity of 
brain-descending interneurons (7) that modulate, either 
directly (not shown) or indirectly via the neuromodulatory 
cells (8), the walking pattern generator. Hence, the venom 
injected into the cerebral ganglia decreases the overall 
excitatory input to the thoracic walking pattern generator. As a 
result, walking-related behaviors are specifically inhibited, and 
the stimuli to the antennae or cerci fail to evoke normal 
escape responses. 


octopaminergic neurons, induces impairment in the ability 
of cockroaches and crickets to generate escape behavior. 
The activity of octopaminergic neurons, known to modu¬ 
late the excitability of specific thoracic premotor neurons 
in the cockroach, is compromised in stung cockroaches. 
The alteration in the activity of OA neurons could be part 
of the mechanism by which the wasp induces a change in 
the excitability of thoracic premotor circuitries. 

The wasp injects its venom directly into the SEG and 
in and around the central complex in the brain. We have 
shown that, in stung cockroaches, the focal injection of a 
potent OA receptor agonist around the central complex 
area partially restores walking. Conversely, in controls, 
the focal injection of a selective OA receptor antagonist 
into the same area reduces walking. However, it appears 
that the relevant neurons that modulate walking reside in 
the SEG and send axons to innervate the motor centers, 
such as the central complex. Within this group of ascend¬ 
ing interneurons, at least three OA ascending SEG neu¬ 
rons provide dense innervation in the central portion of 
the brain. Thus, the SEG sting might be affecting the 
activity of SEG octopaminergic ascending neurons to 
reduce OA levels in the walking centers of the brain 
(Figure 5). 

To conclude, we propose that venom injection into the 
head ganglia selectively depresses the initiation and main¬ 
tenance of walking by modifying the release of OA as a 
neuromodulator in restricted regions of the cockroach’s 
brain. Then, it is likely that A. compressa alters some yet 
unidentified descending pathways in the cockroach head 
ganglia which affect, at the least, OA secretion from thoracic 
dorsal unpaired median (DUM) neurons (Figure 5). The 
latter are known to dramatically affect locomotion, which 
can explain the long-lasting hypokinetic state induced in 
stung cockroaches. 


Conclusions 

In this article, I introduce the reader to the astonishing 
world of parasitoid wasps and their insect hosts. There are 
several reasons to be interested in these wasps. First, they 
are increasingly used as a biological control of crop pests 
to preserve the environment. But, the most relevant rea¬ 
son is that these wasps are considerably better than we are 
at manipulating the neurochemistry of their prey with 
specific neurotoxins. Thus, for those interested in the 
neural mechanisms of animal behavior, parasitoid wasps 
have evolved, through years of co-evolution with their 
prey, a better ‘understanding’ of the neuromodulatory 
systems of their insect hosts than insect neuroethologists. 
Moreover, neurotoxins are invaluable as tools to reveal 
the physiological mechanisms underlying nervous system 
functions. Because neurotoxins are the outcome of one 
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animal’s evolutionary strategy to incapacitate another, 
they are usually highly effective and specific. Chemical 
engineers can generate hundreds of neurotoxins in their 
labs, but these products are random and often useless, 
whereas any natural neurotoxin has already passed the 
ultimate screening test, over millions of years of co¬ 
evolution. As such, wasp neurotoxins may provide us 
with new highly specific pharmacological tools to investi¬ 
gate cell and network function. Although, the alteration of 
host behavior by parasitoids is a widespread phenomenon, 
the underlying mechanisms are beginning to be revealed 
only now. I have focused here on the neuronal mechan¬ 
isms by which parasitoid wasps manipulate the behavior 
of other insects using chemical warfare. In a case study, 
I have surveyed the unique venom effect of an unusual 
predator, the parasitoid wasp A. compressa. Ampulex does not 
kill its prey but instead performs a delicate brain surgery 
to take away the Tree will’ of its prey to initiate locomotion. 
Much work remains to be done until we know the exact 
neuro-chemical cascade taking place in the host’s CNS to 
alter its behavior. Given the breath of such investigations, 
a multidisciplinary approach, combining molecular techni¬ 
ques with cellular electrophysiology and behavior analysis, 
is essential. It is my great hope that such host-parasite 
interactions will stimulate the curiosity of young and tal¬ 
ented minds to investigate the neuronal basis of parasite- 
induced alterations of host behavior, with the goal of 
increasing our understanding of the neurobiology of the 
initiation of behaviors and the neural mechanisms under¬ 
lying changes in responsiveness, which are prime questions 
in the study of arousal and motivation. 

See also: Evolution of Parasite-Induced Behavioral 
Alterations; Experimental Approaches to Hormones and 


Behavior: Invertebrates; Neuroethology: Methods; Parasite- 
Modified Vector Behavior; Parasitoids; Predator Evasion. 
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Introduction and Definitions 

Over half of the organisms on earth live parasitic life¬ 
styles. The fact that almost all organisms are attacked by at 
least one, if not many, different parasites is a testament to 
the success of this feeding strategy. The intimate associa¬ 
tion between host organisms and the parasites that attack 
them cultivates coevolutionary dynamics where host 
defenses and parasite counterdefenses frequently ensue. 
These arms races have given rise to an astonishing diver¬ 
sity of morphological, physiological, and behavioral adap¬ 
tations by hosts to avoid parasitism. The focus of this 
article will be the ecology and evolution of behavioral 
adaptations to avoid parasitism, with a particular focus on 
the often-elaborate defenses and counterdefenses of hosts 
and insect parasitoids. 

Before addressing antiparasitoid host behavior, it is 
important that we first explain what we mean by para¬ 
sitoids as well as the unique threat that they present to 
their hosts. A generally accepted definition of a parasite 
can be found in Webster’s International Dictionary : “An 
organism living in or on another living organism, obtain¬ 
ing in part or all of its organic nutriment, commonly 
exhibiting some degree of adaptive structural modifica¬ 
tion, and causing some degree of real damage to its host.” 
Parasites can be further categorized based on their inter¬ 
actions with hosts and on their life cycle, with an impor¬ 
tant distinction separating parasites from parasitoids. The 
defining difference between parasites and parasitoids is in 
the fate of their hosts. Parasitoids are any organisms whose 
larvae develop in or on another organism resulting in the 
death of the host, whereas most parasites do not obligately 
kill their hosts. Parasitoids can be farther characterized by 
their life-history strategies. Idiobiont parasitoids are those 
that prevent further development of their host by imme¬ 
diately killing or permanently paralyzing the host before 
oviposition, whereas koinobiont parasitoids allow their 
hosts to continue to grow and develop after parasitization, 
which typically involves the parasitoid larvae living within 
an active, mobile host. (As we will see later, the koinobiont 
lifestyle may preadapt such parasitoids for exploiting 
or usurping behaviors typically expressed by healthy, 
active hosts.) Ectoparasitoids and endoparasitoids differ 
in that the latter develop inside their hosts, while the 
former feed outside the host body by adhering to the 
host. Parasitoid lifestyles occur in four orders of insects, 
including Hymenoptera (bees, wasps, and ants), Diptera 


(flies), Strepsiptera (twisted-wing parasites), and Coleoptera 
(beetles); however, the vast majority of parasitoid species 
are in the Hymenoptera. Within parasitoid families, there 
is evidence of extensive adaptive radiation, as demonstrated 
by the vast number of species in the major parasitoid clades. 
In fact, parasitoid wasps account for 20% of all known insect 
species and the Techinidae, which is a family of parasitoid 
flies, is one of the most speciose of all the Diptera. 

Parasitoids have a particularly intimate relationship with 
hosts because a single host harbors the parasitoid’s offspring 
until maturity. This is one of the major differentiating 
characteristics that separates parasites and parasitoids 
from predators in that parasites gain the majority of their 
nutrients developing from a single-living organism, whereas 
predators gain nutrients from many individual prey. The 
fact that hosts are required for parasitoids to complete 
their reproductive cycle is a driving force in parasitoid 
evolution and is thought to be one of the main reasons why 
parasitoids are often highly host specialized and possess 
unique adaptations for overcoming host defenses. Con¬ 
versely, the variation in ecological interactions between 
host insects and the suites of parasitoids that attack them 
has contributed to the evolution and diversification of 
antiparasitoid defenses. One theoretical consideration on 
the evolutionary trajectories of aggressive and defensive 
traits in host-parasitoid associations is that parasitoids 
have a choice when selecting host species, whereas host 
insects may be attacked by many different types of para¬ 
sitoids (and predators) at once. Therefore, specialization is 
typically advantageous in parasitoids as this allows them to 
coevolve with a single host species, whereas a general 
defensive strategy is often more effective in hosts as this 
protects against multiple natural enemies (cf., horizontal 
vs. vertical resistance in plants). 

Throughout this article, we will approach the topic of 
antiparasitoid behavioral defenses by embedding theory 
with experimental evidence and examples from natural 
systems. To aid in understanding the variation in behav¬ 
ioral defenses, we categorize the different strategies based 
on characteristics of the host. Thus, two broad categories 
of defenses are defined: (1) ‘preventative’ traits that pro¬ 
vide protection by reducing signals that parasitoids use to 
locate hosts, and (2) ‘interactive’ traits that are direct 
defensive interactions and provide protection against par¬ 
asitoid attack once the parasitoid and host come into 
contact. Each broad category will then be subdivided 
into several subsections. Preventative traits may include 
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forms of circumvention such as hiding, specialized feed¬ 
ing, defensive structures, and grouping effects. Interactive 
traits will be discussed at different levels of selection, 
including defenses that occur before parasitoid oviposi- 
tion (egg laying) such as those defenses that are local 
(e.g., kicking, spitting) and global (e.g., alarm pheromone), 
as well as those that occur after parasitoid oviposition 
(e.g., adaptive suicide). 

Preventative Traits 

One of the ecological distinctions in any predator-prey 
interaction is defined by the cues predators use to locate 
prey. A major distinction between the foraging of predators 
and parasitoids is the use of chemical cues to locate prey 
items. Although predators use scent when foraging, it is 
typically in combination with a variety of other sensory 
systems. Insect parasitoids, on the other hand, rely almost 
exclusively on chemical cues to focus their search efforts to 
the most profitable environments and then use chemical, 
tactile, and visual cues to locate hosts at close range. 
Chemical cues that reveal a host’s presence can be released 
by plants through herbivore feeding, defecation, egg lay¬ 
ing, mating pheromones, exuviae, or any other chemical 
signals that are produced by the host interacting with its 
environment. Long-distance cues are typically general 
signals produced in large quantities, such as green leaf 
volatiles that are produced whenever a plant is damaged. 
These general signals can be thought of as having high 
detectability but low reliability in that they typically indi¬ 
cate the presence of a feeding animal but are not reliable 
indicators of a particular host species. Short-range cues, 
such as frass, exuviae, or mating pheromones, are highly 
reliable indicators of a specific host’s presence; however, 
these signals are produced by the host themselves and are 
therefore under direct selective pressure to become incon¬ 
spicuous to natural enemies. This evolutionary battle of 
hide and seek has resulted in highly sensitized olfactory 
systems in parasitoids and an array of elaborate means of 
avoiding detection in hosts. 

Hiding and Avoidance in Space and Time 

Almost all insects display some form of hiding or avoidance 
as the first line of defense against parasitoids. Hiding differs 
from avoidance in that avoidance is the use of a habitat that 
has few associated natural enemies (i.e., enemy-free space), 
whereas hiding refers to remaining inconspicuous in the 
presence of natural enemies. Enemy-free space is thought 
to be an important mechanism involved in both population 
dynamics and evolutionary responses in insects, such as in 
niche partitioning wherein prey or host organisms expand 
to new resources as a means of escaping predation and 
competition. For example, the shift from hawthorn to 


apple by the apple maggot fly, Rhagoletispomonella, has facili¬ 
tated escape from parasitism because the flies can feed 
much deeper in the fruits of apples thus avoiding parasitoid 
ovipositors. Enemy-free space may also be achieved by the 
timing of exposure to natural enemies, for instance via host 
diapause, thus creating a temporal refuge from parasitoids. 

A common and effective antiparasitoid strategy em¬ 
ployed by many larvae is to mine under the surface of 
host plants (e.g., cherry bark tortrix), thereby concealing 
themselves and reducing exposure to natural enemies. 
Such larvae maintain their position at considerable dis¬ 
tance from their tunnel entrance making it difficult for 
parasitoids (i) to assess whether the tunnel is occupied and 
(ii) to reach hosts. Thus, parasitoids may be able to detect 
the herbivore-induced plant volatiles through their highly 
sensitized chemosensory system, but the host insect still 
remains elusive, as it is then hiding somewhere within the 
plant. Although this strategy eliminates external visual 
exposure, parasitoids have evolved several mechanisms 
for locating and accessing concealed hosts, such as an 
acute sensitization to vibrations generated by larval feed¬ 
ing or the fascinating behavior of vibration sounding. 
Vibration sounding is a form of echolocation through 
solid medium that several ichneumonid parasitoids (e.g., 
tribe: Cryptinae) use to locate concealed larvae or pupae 
by drumming the substrate with their antennae. Once 
located, many parasitoids of concealed hosts have highly 
specialized ovipositors designed to probe through wood, 
stems, or soil to lay eggs in hosts. As discussed earlier, some 
parasitoids have usurped the behavior of their hosts; here, 
the host defense of concealing itself to avoid parasitism is 
exploited by the parasitoid in that once the host is para¬ 
sitized the shelter provides protection for the parasitoid’s 
larvae by reducing attacks from their own parasitoids 
(hyperparasitoids). 

Insect feeding (see later) and defecation are the most 
common source of chemical cues used by parasitoids to 
locate hosts. Frass volatiles, which can attract parasitic 
tachinid flies at a distance, are used to distinguish host 
from nonhost larva in Hymenoptera and can result in area- 
restricted searching or larviposition behavior in parasi¬ 
toids. Thus, some insects have evolved strategies that 
allow them to distance their fecal material from them¬ 
selves, such as frass ejection. This behavior is displayed 
by most species of skipper caterpillars (Hesperiidae), 
which can shoot a ballistic frass pellets as far as 1 m in 
distance. This behavior is not exclusive to the hesperiids, 
with geometrid and noctuid larvae adopting similar stra¬ 
tegies. Although projectile frass ejection is unusual, many 
insect species, especially those in shelters, remove or def¬ 
ecate away from their local area, which has been shown to 
greatly reduce the incidence of parasitoid attack in Lepi- 
dopteran larvae (e.g., Epargyreus clarts). When moth out¬ 
breaks occur, their frass can rain down (away) from trees at 
rates approaching that of raindrops from thunderstorms. 
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Specialized Feeding 

Hosts may be more detectable than they would be other¬ 
wise while exploiting their own hosts or prey. For exam¬ 
ple, injured plants may release specific odors after being 
fed upon, and these odors can act as cues to host-seeking 
parasitoids. Thus, there should be selection for hosts to 
minimize any cues that would improve natural enemy 
search efficiency. With this in mind, studies have showed 
that palatable caterpillars express feeding behavior that 
minimizes visual feeding damage to reduce predation 
from birds. Of course, birds are visual predators whereas 
parasitoids are primarily olfactory foragers, so the ques¬ 
tion is: Do herbivores reduce their chemical apparency via 
specialized feeding? There is no conclusive evidence for 
this to date; however, caterpillars rarely concentrate their 
feeding on a few leaves, which should make such indivi¬ 
duals harder to find. Along that same line of reasoning, it 
has been suggested that herbivores may feed or oviposit 
(see earlier) in a manner that provides minimum informa¬ 
tion to their parasitoids, thereby reducing the efficacy of 
these natural enemies. Parasitoids make foraging deci¬ 
sions based upon host distributions; a random distribution 
provides little information on the expected whereabouts of 
hosts and is difficult to exploit. The jury is still out on this 
one, though research on leafminer-parasitoid interactions 
suggests that these two organisms may be involved in a 
‘princess-monster’ game, wherein mine geometry impacts 
probability of escape (i.e., mine geometry evolves in direct 
opposition to the search patterns of the parasitoid). 

A feeding preference by hosts that causes them to be 
found in enemy-free space as discussed earlier is a defen¬ 
sive form of feeding specialization. For most insects, feed¬ 
ing preference is often based upon secondary plant 
compounds, and in some species these compounds are 
sequestered in special locations (e.g., exoskeletal tissues 
in monarch butterflies), and these can reduce the vulnera¬ 
bility of herbivores to either parasitoid attack or parasitism. 
So, insect hosts might choose to feed on hosts because 
those secondary plant chemicals provide prophylactic 
protection against parasitoids; however, we are not aware 
of any demonstration of self-medication in any parasitized 
hosts (see postoviposition behavior later). Similarly, as 
already discussed, it has been known for some time that 
feeding internally on plants provides better protection 
against parasitoids than external feeding. 

Grouping Effects 

From the perspective of the individual, living within a 
group can be particularly effective as a defense against 
parasitoids (especially visual parasitoids) for two reasons. 
First, there is now ample evidence that natural enemies 
can be confused by the individuals within a group moving 
en masse when confronted by threats. Second, living in 


a group can be beneficial if there is a dilution effect (i.e., 
the per capita probability of parasitism declines as the size 
of the group increases). Unfortunately for the host, larger 
groups are also easier to detect. So, in addition to intra¬ 
specific competition for resources, living in a group has 
both costs and benefits for the individual that can vary 
with group size. When evaluating this tradeoff problem, 
evolutionary biologists generally agree that the approach 
of join-or-leave quandary per individual is preferable to 
focusing on optimal group size issue simply because 
group selection is generally a weaker force than individual 
selection, all else being equal. 

Defensive Structures 

Many insect larvae, in particular beetles, cover themselves 
with fecal material in the form of coatings, cases, or shields. 
These coverings may function as antiparasitoid defenses 
either as simple mechanical protection or via secondary 
defense compounds that they acquire from the plants that 
they feed on. In some cases, these larval products may be 
carried over into the pupal stage. For similar reasons, adult 
insects may also use excreta to cover their eggs. It is 
important to keep in mind, however, that fecal materials 
will release odors and thus may make producers more 
detectable than those that dispose of such materials. 

Some caterpillars live in groups inside tents with all 
the benefits and costs noted in the group-living section. 
Currently, there is not much evidence that the shelters 
provide protection from parasitoids over and above the 
group-living benefits, but some analogous systems involv¬ 
ing leafhoppers and mutualist ants suggest that leafhop- 
pers in ant-built shelters were less likely to be attacked by 
parasitoids than those outside shelters. 

Interactive Traits 

Preoviposition 

When selecting a suitable host, parasitoids, like many pred¬ 
atory animals, tend to abide by the principles of optimal 
foraging theory. Optimal foraging assumes that natural 
selection has resulted in foraging behavior that maximizes 
fitness, while taking into account the dependence of energy 
intake rate on the forager’s ability to detect, capture, and 
handle each prey item. Parasitoids selecting hosts optimally, 
therefore, make decisions that maximize the net rate of 
fitness gained based on the profitability of each host, where 
profitability can be defined as the fitness of the offspring 
produced per unit time spent handling the host. This 
theory is exemplified by the life stages and size of hosts 
that parasitoids typically attack. The vast majority of para¬ 
sitoids attack the eggs, early larvae, or pupae of their hosts; 
far fewer attack the highly mobile, often heavily sclero- 
tized, adult insects as such stages are difficult to subdue 
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and penetrate and thus less profitable. Euphorinae para¬ 
sitoids are one of the few groups that have invaded the 
niche of adult insect hosts. Euphorins and some species in 
the family Tachinidae have been observed utilizing elabo¬ 
rate oviposition tactics to overcome adult defenses, such as 
ovipositing through very small openings in beetle armor, 
into the mouth of flea beetles, and even into the abdomen 
of chrysomelid beetles in the brief moment the beetles 
raise their elytra to fly away. Attacking the early larval 
stages of caterpillars and aphids (early instars) is a com¬ 
mon strategy exhibited by most parasitoids of hosts that 
develop aggressive defensive behaviors as they mature, 
even though larger hosts universally yield larger parasit- 
oid offspring of greater fitness. In wasps that attack spiders, 
aphids, and caterpillars, host size and aggressiveness have 
also been correlated with the range of acceptable host 
species and host size classes a parasitoid can successfully 
attack. Furthermore, this relationship can be a function of 
parasitoid size, with larger wasps able to maintain a 
broader range of larger host species or classes. 

The physical defenses (i.e., morphological and behav¬ 
ioral) of hosts present formidable barriers to egg laying in 
parasitoids that have resulted in the evolution of very 
unusual and diverse oviposition strategies; note the dis¬ 
tinct differences in the strategies that have evolved in the 
Hymenoptera versus the Diptera. As a general rule, 
Hymenopteran parasitoids must contact hosts with their 
ovipositor in order to lay an egg, thereby directly exposing 
them to physical defenses of their hosts, whereas only 
around half of the Dipterans have adopted this strategy. 
The remainder of Dipteran parasitoids have adopted 
methods of oviposition that do not require contact with 
the host, thereby circumventing the risks associated with 
physical contact. These strategies typically involve laying 
eggs away from hosts with the larvae hatching soon after 
the eggs are laid; they then either wait for passing hosts to 
attach onto (e.g., many Tachininae) or actively search for 
hosts (e.g., Dexiini). One of the most interesting oviposi¬ 
tion strategies is the use of ‘microtype’ eggs, in which the 
parasitoid lays an egg on a host-consumed substrate (e.g., 
plant material) with the intent of having the egg ingested 
by the host insect. Once ingested the larvae hatches and 
tunnels into the host hemocoel. 

Escape Behavior 

High mobility is one of the most effective methods of 
avoiding parasitism; however, not all insects can move 
quickly, if at all. Those that cannot run or walk away, such 
as pupae and many larvae, often rely on violent wiggling to 
deter parasitoids. Other widely employed methods of 
escaping parasitoid attack are dropping or jumping, which 
are thought to be some of the most effective strategies and 
are used by many hosts as this removes the host from the 
local environment. However, this strategy also comes with 


a tradeoff to the host insect, in that leaving the plant may 
result in death from desiccation or starvation. Natural 
selection clearly acts on such tradeoffs. For example, older 
aphids are more likely to drop from plants in response to 
parasitoids, but they can more readily relocate to new host 
plants than their younger colony mates. Similarly, caterpil¬ 
lars (e.g., Plathypena scabra ) mitigate this risk by attaching a 
thread to the substrate prior to dropping, which is then used 
to climb back onto the plant once the threat has passed. 
However, parasitoids have been observed counteracting this 
adaptation by using the suspension thread as a source to 
locate the caterpillar that is attached to the other end by 
either sliding down the thread (e.g., Diolcogaster factosa) or 
actually reeling the caterpillar back up to the awaiting 
parasitoid. Combined with an alarm pheromone (see 
later), which reveals the presence of a parasitoid to your 
kin or neighboring community of insects, escape behaviors 
can be a very effective means of avoiding parasitism. 

Studies have shown that escape behavior induced by 
alarm pheromones in aphids can reduce parasitism by 
almost half. In addition to providing the alarm call via 
diffusion in the air, some aphids dab the alarm pheromone 
onto the parasitoid thus providing directionality to the 
threat as the parasitoid forages. Defensive alarm phero¬ 
mones that warn kin of attacking parasitoids, as in aphids 
that reproduce clonally, have most likely evolved through 
the benefits of increasing fitness in related individuals (i.e., 
kin selection). To counteract escape behaviors in aphids, 
parasitoids have evolved a number of different oviposition 
strategies, such as a fast sting in Aphidius parasitoids to 
oviposit in as many aphids as possible prior to escape or a 
stealthy sting, in Aphelindae parasitoids so as not to disrupt 
the aphid patch. 

Aggressive Behavior 

Aggressive behaviors are physical attacks to avoid parasit¬ 
ism such as kicking, spitting, thrashing, or biting. As men¬ 
tioned previously, larger hosts are often more effective at 
physical combat, and therefore hosts may develop differ¬ 
ent defensive strategies as they mature. Small larvae and 
early instar aphids often resort to escape behaviors or 
alarm pheromones (or have no defenses at all), whereas 
later instar larvae and adult aphids often employ aggres¬ 
sive defensive behaviors. 

Aphids raise their body and strike with kicks, antennae, 
or wings to knock parasitoids away, or some species vigor¬ 
ously wiggle as a group. Caterpillars are renowned for their 
spitting and regurgitant (e.g., pyralid, noctuid, and ericace 
larvae), which serve to entangle parasitoids, causing exten¬ 
sive grooming, paralysis, or sometimes death. In cases where 
parasitoids are attacking carnivorous hosts, the host may 
pose a considerable risk of death to the parasitoids. Pompi- 
lid wasps that attack spiders, and parasitoids of carnivorous 
moth larvae in the family Geometridae, have been observed 
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actually eating their parasitoids. Cyphomyrmex fungus¬ 
growing ants have been reported to grasp, bite, and kill 
some species of diapriine wasps. Caterpillar bites have been 
known to sever parasitoid appendages, such as legs and 
ovipositors, which can maim or kill the parasitoid (e.g., Cotesia 
sp.). Head jerking and flicking is common in caterpillars, 
which can knock parasitoids away or deliver defensive oral 
or anal secretions. Studies have shown that parasitoids take a 
substantially longer time to handle and oviposit in aphids and 
caterpillars that exhibit aggressive defensive behaviors, thus 
demonstrating the effectiveness of these forms of defensive 
behaviors. Some insects are even willing to risk injury to 
defend their eggs, thus exhibiting maternal behavior: Penta- 
tomid bugs aggressively protect their eggs from attacking 
parasitoids. Brood guarding has also been reported in para¬ 
sitoids (e.g., Goniozus nephantidis) and secondary hyperpara- 
sitoids (e.g., Trichomalopsis apanteloctena ), which defend the 
host insect until their larvae pupates, thus guarding against 
hyper or secondary parasitoid attack. 

Chemical Defenses 

Alarm pheromones and noxious secretions are common 
antiparasitoid defenses in aphids. Once an individual is 
disrupted by a parasitoid’s attack, a pheromone is released 
from the cornicles that can trigger an escape or aggressive 
response in neighboring aphids. 

Defensive secretions are typically more useful against 
predators than parasitoids, as parasitoids tend to be more 
specialized and have evolved behaviors to overcome defen¬ 
sive secretions (e.g., quick or stealthy oviposition strategies). 
A tachinid parasitoid, Sturmia inconspicua , will actually wait 
near its host Diprion pini until the defensive oral secretions 
subside, and then quickly move to oviposit. Secretions can be 
irritants or even poisons resulting in the death of the parasit¬ 
oid. In a relatively small number of cases, insects use their 
waste products as a defensive compound. Cicadas and spittle- 
bugs are reported to discharge anal fluids toward approach¬ 
ing natural enemies that act as potent chemical defenses. 

A mutualistic use of secretions can be found in the 
production of nourishing compounds that attract benefi¬ 
cial organisms as bodyguards. A range of hemipteran taxa, 
including aphids, membracids, and coccids, all produce 
secretions that attract ants. The ants receive a food source 
from the secretions, and in return some ant species (e.g., 
Formica ants) defend the hemipterans from attacking para¬ 
sitoids and predators. 

Postoviposition Defenses 

Changes in host behavior, postattack, can be difficult to 
evaluate because such changes could be due to control of 
behavior by the host, control of behavior by the parasitoid, 
or an interaction between the two participants. With that in 


mind, there is some evidence for postoviposition behavior 
that benefits the host. For example, at least one species of 
aphid has been shown to choose high-danger behaviors 
after parasitization, whereas when healthy, only the safest 
behaviors are expressed. The interpretation here is that 
death to the individual host from these dangerous choices 
will also lead to death of the parasitoid and negation of 
parasitoid threat to other colony members. Since aphids 
are parthenogenetic during the summer months, the killing 
of the parasitoid by its terminally ill host will greatly benefit 
that aphid’s genetically identical sisters and nieces and 
thus the inclusive fitness of the victim. 

Several different hosts have been shown to relocate 
following oviposition by their parasitoids, including cater¬ 
pillars and aphids, and, in a few rare cases, larvae have 
escaped their parasitoids while parasitoids cocoons were 
being spun. Except for the last case, none of these responses 
have been shown to benefit the host, but here interpretation 
becomes a bit tricky because parasitoids can become hosts 
for hyperparasitoids. Scientists have suggested that the par¬ 
asitoid has usurped the behavior of its host to reduce the 
threat that it faces from its own parasitoid, the hyperpar- 
asitoid. If correct, this is in fact, antiparasitoid behavior at a 
higher trophic level than normally considered. 

Similarly, some hosts that have been attacked by micro¬ 
parasites (e.g., viruses, fungi) will change microhabitats to 
create a kind of behavioral fever that is highly detrimental 
to the pathogen. Nothing similar has been demonstrated 
for any parasitoid-host system likely because the tolerance 
range between hosts and their parasitoids greatly overlap. 
Finally, although not normally considered a behavioral 
response, many hosts mount an immunological response 
to oviposition from parasitoids primarily through encap¬ 
sulation of parasitoid eggs. 

Conclusions 

Due to the constraints on any review article, we have been 
limited to an overview of some of the most common and 
interesting defensive interactions between parasitoids and 
their hosts. Many interesting and active areas of research 
presented in this review have only been touched upon or 
not mentioned at all. Some of the notable omissions 
include the removal of ectoparasitoids and counteradapta¬ 
tions in parasitoids, parasitoid learning to circumvent host 
defenses, and the fascinating interplay of behavioral (and 
chemical) camouflage and mimicry between parasitoids 
and hosts. A more detailed explanation of the theory and 
biology of antiparasitoid defenses can be explored in the 
reference articles listed later. 

The ecological interactions of insects and the parasi¬ 
toids that attack them are a potent selective force that 
influences evolutionary directionality and has the poten¬ 
tial to shape the structure of communities. It has been 
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suggested that the dynamic arms race of defenses and 
counterdefenses (i.e., Red Queen’s Hypothesis) can lead 
to a rapid burst of evolutionary change in both hosts and 
parasitoids, which facilitates diversification. Given that 
every defensive improvement by a host results in a selec¬ 
tive advantage that must be overcome in order for para¬ 
sitoids to reproduce, it is not surprising that specialization 
is such a common feature in most parasitoid species, and, 
as a result, the parasitoid guild has some of the highest 
levels of species diversity in the class Insecta. One of the 
major differentiating features between defenses in hosts 
and counterdefenses in parasitoids is that host insects 
must contend with a plethora of selective pressures from 
predators and parasitoids, while parasitoids can evolve to 
exploit a single host. Thus, the development and expres¬ 
sion of morphological and behavioral defenses in any 
insect depends on the frequency of attack from parasitoids 
and predators throughout their coevolutionary history. 

See also: Beyond Fever: Comparative Perspectives on 
Sickness Behavior; Co-Evolution of Predators and Prey; 
Defensive Chemicals; Group Living; Optimal Foraging 
Theory: Introduction; Risk-Taking in Self-Defense. 
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Universality of Mammalian Maternal Care 

Mammals are distinguished from all other vertebrates 
by the inescapable need for maternal care in the form 
of lactation. Mammary glands are a distinguishing feature 
of the mammals, and all offspring are suckled, to a greater 
or lesser extent, on their mother’s milk. In some cases, 
such as in rabbits, the milk transfer from mother to off¬ 
spring can be for as short as a few minutes every day, while 
in other species, such as humans, fetal demands for milk 
meals are considerably more frequent and the milk is 
more dilute. When added to the intimate proximity of 
mother and fetus during internal gestation (pregnancy), 
this enhances the initial investment bias that eggs are 
more costly than sperm, ‘traps’ mammalian mothers into 
proximity to their offspring, and is responsible for the 
general bias that mammalian mothers provide consider¬ 
ably more parental care than mammalian fathers. 

Of course, mammalian offspring need more parental 
care than just having their early nutritional needs met. 
They also need shelter, defense, grooming, and opportu¬ 
nities to learn from example and experience. In principle, 
all the nonlactational parental care needs could be met by 
male parents (Figure 1), or by other members of the social 
group. However, although scientists have learned a great 
deal from those types of care by nonmothers, mammalian 
mothers rarely escape responsibility for all these aspects 
of parental care. 

Theoretically, it might be possible for female mammals 
to be born ‘parental’, and to shower care upon all offspring 
they meet in response to ‘infantile’ stimuli from those 
needy individuals. In practice, the evolutionary costs of 
providing parental care to an unrelated individual are 
measured in terms of decreased resources available for 
individual reproductive success, and this kind of indis¬ 
criminate caregiving would be advantageously exploited 
by others for their own benefit. Instead, there are adaptive 
advantages to the other side of the caregiver behavioral 
strategy, infanticidal behavior. Most female mammals are 
not indifferent to offspring other than their own. Instead, 
they tend to be specifically aggressive toward unprotected 
unrelated offspring and will attack, injure, and often kill 
them if they are undefended. Caregiving behavior by 
individuals other than the mother, such as fathers, close 
kin, and extended social groups, is equally sensitive to 
exploitation if care is given indiscriminately, and the 
animals may benefit, evolutionarily, from aggression 
toward unrelated or unfamiliar young. Thus, mammalian 


parental behavior requires the appropriate expression of 
caregiving behaviors, at the appropriate times, toward 
appropriate individuals, and simultaneously requires the 
inhibition of incompatible behaviors that are adaptive at 
other phases of the life span. 

Pregnancy as Preparation for Motherhood 

The appropriate time for the expression of maternal 
behavior is immediately before birth. In many species, there 
is essential behavior before birth, including the choice of a 
secluded location for birth and the building of an appro¬ 
priate nest or ‘nursery.’ At the time of parturition (=birth), 
there is no room for maternal ‘mistakes’ in the types of 
behavior she expresses toward her offspring. If she injures 
them, there is no adaptive value in becoming parental a 
few hours too late. Hormonal changes associated with the 
last stages of pregnancy, including the hormonal changes 
that precede and accompany parturition, are prime can¬ 
didates for roles as the physiological signals involved in 
the transition from indifferent, or aggressive, behavior to 
parental behavior. Estrogen is well established as a key 
steroid hormone involved in the initiation of maternal 
behavior. 

Estrogen and Maternal Behavior 

Estrogen is the final step on the steroid biosynthesis path¬ 
way, with progesterone, followed by testosterone, as its 
precursors. In general, the concentration of estrogen is 
lower than that of other steroids in the circulation, with 
estrogen concentrations often measured in picogram per 
milliliter (10~~ g mf ) and its precursor steroids typi¬ 
cally measured in nanogram per milliliter (10 _9 gml _1 ). 
In female mammals, estradiol 17(3 is the major estrogen 
synthesized by the ovarian preovulatory follicle in the days 
and hours leading up to ovulation and mating. Its concen¬ 
tration is then typically reduced as the follicular tissue 
redifferentiates into the corpus luteum of pregnancy. 
Mammalian corpora lutea synthesize progesterone during 
early pregnancy, can persist throughout pregnancy, and 
also synthesize estrogen. However, in later pregnancy, 
steroid biosynthesis by the placenta often takes on a 
more important steroidogenic role, including estrogen 
synthesis. Steroid hormones are lipophilic and readily 
pass through cell membranes. Thus, the third trimester 
of mammalian pregnancy is typically characterized by the 
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Figure 1 Male Djungarian hamster retrieving young pups 
experimentally displaced from the nest area. Credit: Katherine 
Wynne-Edwards. 


highest concentrations of estrogen seen by a female in her 
lifetime. Birth then initiates an extraordinary transition 
in estrogen concentration, with delivery of the placenta 
and rapid withdrawal of the steroid biosynthesis from that 
source. 

As early as the mid-1960s, studies in the laboratory rat 
demonstrated that premature delivery of pups by Caesar¬ 
ian section resulted in acceleration of the onset of maternal 
retrieval, huddling, and grooming of pups. Within a 
decade, Jay Rosenblatt of Rutgers University had begun 
the first studies of a long and productive career studying 
maternal behavior in the laboratory rat. Steroid hormones 
were soon implicated in this process as hysterectomy 
(excision of both uterine horns) reduced the latency to 
express maternal behavior, but only if the ovaries remained 
intact. Exogenous estrogen could rescue parental behavior 
during short latencies following hysterectomy, even when 
the ovaries were removed. However, the relationships were 
not simple. 

In a process known as ‘concaveation,’ that is a 
specialized subset of sensitization, virgin female rats 


could be induced to show a full spectrum of ‘maternal’ 
behavior after days of repeated exposure to pups. This 
process involved a decrease in fear and neophobia reac¬ 
tions, followed by a gradual increase in contact with 
those pups. However, it was not accompanied by hor¬ 
monal changes such as those experienced by pregnant 
females before birth. Virgin rats with neither uteri nor 
ovaries responded to estrogen treatment with reduced 
latencies to express maternal behavior toward a stimulus 
pup, but the treatment was not effective if their uteri 
were intact. 

Male rats also proved to be an exceptional model in 
which early developmental manipulations of hormonal 
experiences could be differentiated from the effects of 
lifelong exposure to ovarian sex steroids. Male rats that 
were castrated soon after birth, in the neonatal period 
when brain differentiation is not complete, experienced 
‘feminization’ of their brain. In adulthood, they could be 
exposed to hormonal regimes that mimic late pregnancy 
and would respond with ‘maternal’ behavior. As was seen 
in females, estrogen acting centrally at the medial pre¬ 
optic area of the hypothalamus induced ‘maternal’ behav¬ 
ior, whereas lesions to the same area prevented ‘maternal’ 
behavior by estrogen-primed male rats. 

Over time, researchers have effectively used each new 
technology, from steroid implants targeted to specific hypo¬ 
thalamic nuclei, through immediate early gene expression 
after pup exposure, estrogen receptor distribution maps, 
and gene knockout mouse models, to identify the maternal 
estrogen-sensitive circuitry of the female rat and its role in 
the expression of maternal behavior. The emergent consen¬ 
sus has described an essential maternal hypothalamic circuit 
requiring the medial preoptic area, bed nucleus of the stria 
terminalis, and medial amygdala. As birth approaches, 
female rats and mice have increased estrogen receptor 
alpha expression that enhances sensitivity to estrogen in 
those brain regions. After birth, these hypothalamic 
regions remain important in the expression of appropriate 
maternal behavior, receiving input from other brain 
regions and gaining sensitivity to a broad diversity of 
other, biologically relevant, hormones. 

Prolactin and Maternal Behavior 

Prolactin is a peptide hormone that was named for its role 
in an essential form of mammalian parental behavior, 
lactation. However, it is also involved in many other 
aspects of maternal physiology, ranging from maternal 
recognition of pregnancy in rats and mice to sexual recep¬ 
tivity. Prolactin is also implicated in adult neurogenesis 
within the social brain and is selectively transported into 
the brain through the choroid plexus. Given these roles 
around the time of parturition, prolactin is ideally placed 
to be involved in the induction and maintenance of mater¬ 
nal behavior. 
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Prolactin increases before birth are involved in the 
maternal behavior of rodents although there are species 
differences in whether the role is restricted to the onset of 
maternal behavior or both the onset and maintenance 
of maternal behavior. The medial preoptic area of the 
hypothalamus is the critical site for prolactin induction 
of maternal behavior, and mice with a knockout mutation 
of the prolactin receptor show deficits in pup retrieval 
as a critical component of rodent maternal behavior. 
However, just as it is difficult to manipulate estrogen 
levels in pregnant rats without terminating the preg¬ 
nancy, it is difficult to manipulate prolactin without 
altering lactational performance. As a result, studies are 
limited. 

Another challenge is the unique relationship between 
the neurotransmitter, dopamine, and prolactin. Unlike 
other peptide hormones synthesized by the anterior pitu¬ 
itary, prolactin release in mammals is not stimulated by 
releasing hormones from the hypothalamus. Instead, pro¬ 
lactin release is tonically (=continuously) inhibited by 
dopamine released from the synaptic terminals of neurons 
in the hypothalamus. Thus, pulsatile release of prolactin 
into the peripheral circulation is dependent upon the 
withdrawal of dopamine inhibition rather than an increase 
in a stimulatory hormone. Pharmaceutical agents used 
to suppress prolactin in parental behavior research are 
actually dopamine receptor agonists. Since dopamine is 
central to brain pathways for reward, these pharmaceuti¬ 
cal treatments can have broad effects that are not specific 
to prolactin. 


Glucocorticoids and Maternal Behavior 

There has been relatively little research looking at the 
relationship between adrenal glucocorticoid hormones 
and maternal behavior onset and maintenance. However, 
there is typically an increase in glucocorticoids soon 
before birth in both mother and fetus, and labor results 
in increased glucocorticoid concentrations in the shared 
maternal-fetal circulation. Although commonly referred 
to as ‘a stress response,’ glucocorticoids are secreted at 
diverse points in the life span when focused attention to 
salient environmental information, such as the approach 
of a predator or the identity of one’s partner during sex, is 
biologically adaptive. Thus, cortisol and corticosterone, 
depending on the species, increases around the birth have 
appropriate timing to affect the salience of cues from the 
infant for the mother. There is also clear evidence that 
maternal stress during pregnancy, or fetal stress as a result 
of poor maternal care during infancy, results in epigenetic 
modification of the juvenile and adult stress responses of 
the affected individuals. These epigenetic changes are 
then reflected in the transgenerational transmission of 
maternal behavior styles. 


Oxytocin and Vasopressin and Maternal 
Behavior 

Oxytocin is an important hormone in the establish¬ 
ment of pair bonds between conspecific individuals, and 
parent-offspring social affiliation and bonding shares 
many traits with pair bonding. Both are social affiliation 
bonds that result in tolerance for physical proximity and 
altered aggressive reactions to intruders. Oxytocin is 
released during labor and parturition, and works with 
estrogen and progesterone to prime females to be mater¬ 
nal immediately. A direct role in maternal behavior is 
confirmed by the ability of oxytocin to enhance pup 
responsiveness when infused into key nuclei in the mater¬ 
nal behavior circuit after estrogen priming. Like oxytocin, 
vasopressin is secreted before and after birth, and infu¬ 
sions of vasopressin or antagonism of the vasopressin V1 a 
receptor into the medial preoptic area enhance or reduce 
maternal behavior latencies. Also like oxytocin, these 
effects depend on the prior priming actions of estrogen. 

Insights from Sheep 

The ewe has also been studied extensively and highlights 
both similarities and differences from the maternal rodent 
brain. Their larger size has facilitated studies using local 
anesthesia to interrupt the components of the neural path¬ 
ways leading to maternal behavior as well as microdialysis 
approaches to alter hormone exposures at specific brain 
sites. Unlike altricial rat pups that are naked, blind, and 
completely dependent on care for thermoregulation as 
well as nutrition, a lamb is precocial, independently 
mobile, and must maintain contact with its mother in a 
complex social herd. As farmers have long known, ewes 
exhibit a strong selectivity, in the form of exclusive access 
to nursing, toward their own lamb after birth that makes 
fostering an orphaned lamb onto a new mother challeng¬ 
ing. As a result, it has been possible to clearly distinguish 
between maternal responsiveness toward any lamb and 
maternal selectivity for her own lamb. 

Estrogen and Progesterone 

The onset of maternal responsiveness is under the com¬ 
bined influence of elevated estrogen and a drop in pro¬ 
gesterone before birth, with rapid declines in both steroids 
after the placenta is expelled. However, this effect is 
priming rather than sufficient for maternal behavior, as 
physiological doses of the steroids alone cannot elicit 
maternal behavior in the ewe without vaginal-cervical 
stimulation. Immediately postpartum, maternal attraction 
to amniotic fluid results in licking and cleaning of the 
neonate, although amniotic fluid is not attractive to 
females at other phases of the life span, and there are 
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distinct auditory ‘bleats’ that enhance individual recogni¬ 
tion. This attraction involves specific hypothalamic nuclei, 
including the preoptic area, bed nucleus of the stria 
terminalis, and the paraventricular nucleus. Within 2 h 
of birth, the lamb suckles its first meal of colostrum, and 
maternal selectivity is so firmly established that the 
maternal process can be considered an adult version of 
the immediate posthatch imprinting of some avian species 
on the first individual or animal they see. The neurobiol¬ 
ogy of this individual recognition pathway involves the 
main olfactory bulb and the amygdala. Within a few 
additional hours, the mother is also capable of recognizing 
her lamb from a distance through a combination of audi¬ 
tory and visual cues, and that recognition is achieved even 
if the olfactory stimuli necessary for nursing exclusivity 
are denied to the mother. 

Oxytocin 

Not unexpectedly, given its roles in social bonding and in 
the contractions of labor, oxytocin is also active at many 
points in the maternal selectivity pathway over the same 
time interval. As the lamb is expelled, oxytocin is released 
into the peripheral circulation from oxytocin synthesis in 
the paraventricular and supraoptic nuclei of the hypothal¬ 
amus. Other sources of synthesis, plus increased receptor 
expression, also emerge along the maternal behavior 
pathway that includes the preoptic area and the bed 
nucleus of the stria terminalis. 

Insights from Naturally Paternal Males 

A major challenge associated with studying the hormonal 
basis for maternal behavior is that the hormones of inter¬ 
est are also involved in the physiological management of 
the pregnancy, the birth, and the establishment of lacta¬ 
tion. This means that it is difficult to manipulate the social 
and behavioral aspects of maternal behavior without also 
altering pregnancy, birth, and lactational outcomes at the 
same time. Naturally, paternal male mammals avoid this 
problem because they are neither pregnant, nor lactating, 
as they become parents. 

A second challenge is the severe adaptive consequence 
of failure to exhibit maternal behavior. The offspring die, 
and those maternal genes are not represented in the next 
generation. As a result, female mammals are likely to have 
multiple, redundant, pathways to ensure that maternal 
behavior occurs when needed and which might compen¬ 
sate for interventions that experimentally alter a single 
hormonal pathway. Natural mammalian paternal care, on 
the other hand, is relatively rare, and the trait is not always 
shared across closely related species. This suggests that 
there have been multiple independent evolutionary origins 
for paternal behavior. In each case, a parsimonious route 


to the expression of paternal behavior would be the activa¬ 
tion of preexisting maternal neural and endocrine circuits. 
Thus, each species is likely to have ‘activated’ one preexist¬ 
ing maternal neuroendocrine circuit involved in paternal 
and maternal behavior, and that circuit should be amenable 
to experimental ‘dissection.’ 

Finally, naturally paternal fathers lack the mother’s 
absolute security in her parentage. Her egg has not left 
her body from fertilization until birth, whereas his pater¬ 
nity depends on her mate fidelity, and that often involves 
sperm competition between males. For this reason, the 
provision of direct paternal care is likely to be facultative, 
and influenced by competing opportunities to attract new 
mates as well as his ‘confidence’ in his paternity. This 
facultative component of the expression of paternal 
behavior is expected to delay and focus the male’s behav¬ 
ioral transition to the window of time during which his 
young are born. Female mammals are likely to undergo 
multiple developmental priming events for maternal sen¬ 
sitivity, whereas males are most likely to be sensitive to 
immediate environmental cues that are, therefore, amena¬ 
ble to experimental intervention. 

Thus, paternal males represent a natural biological 
model system in which parental care is dissociated from 
the physiology of pregnancy, birth, and lactation, homol¬ 
ogous to a maternal neurobehavioral circuit, and activated 
at a specific time. For these reasons, as well as a basic 
scientific interest in how males become ‘Dads,’ there has 
been considerable interest in the hormonal control of 
mammalian paternal behavior. 


Prolactin and Paternal Behavior 

The correlation between prolactin and naturally occur¬ 
ring paternal behavior is exceptionally strong. Positive 
associations between prolactin and the expression of nat¬ 
ural parental care by mammals have been established for 
biparental rodent species, including the California mouse 
(Peromyscus californicus ), the Mongolian gerbil ( Meriones 
unguiculatus), the Djungarian hamster ( Phodopus camp belli), 
and the striped mouse ( Rhabdomys pumilio). Similar ass¬ 
ociations have also been reported in non-human primate 
species that have twins, and need the males to carry 
offspring, including the Common marmoset ( Callithrix 
j. jacchus) and the Cotton-top tamarin ( Saguinus oedipus). 
Even in human fathers, positive associations have been 
documented between prolactin concentration and 
responses when listening to recorded infant cries, self- 
report of two or more symptoms of pregnancy, and inter¬ 
actions with their children. However, experimental tests 
of this relationship in male Djungarian hamsters demon¬ 
strated that the association between prolactin and pater¬ 
nal behavior was not causal. Despite an increase in 
prolactin receptor mRNA in the choroid plexus of males 
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after the birth of their litter, and an increase in serum 
prolactin concentration when their pups were 5-days old, 
pharmacological manipulation of prolactin concentration 
failed to reduce paternal behavior. 

Testosterone and Paternal Behavior 

Unlike prolactin, the relationship between testosterone 
and mammalian paternal behavior is generally seen as 
‘getting out of the way’ to allow males to resist distraction 
from competing demands such as sexual opportunities, 
rather than facilitating or inhibiting the behavior. For 
example, a tradeoff between parental behavior and sexual 
behavior results in different adult male behavioral trajec¬ 
tories in Mongolian gerbils exposed to different uterine 
steroid environments as a result of secretions from their 
neighboring siblings. However, castration, which removes 
testicular testosterone synthesis, does not always affect 
direct parental behavior toward pups. In some species 
where castration does reduce paternal behavior, those 
changes turn out to be the result of reduced estrogen. 
Since estrogen is synthesized from testosterone, surgical 
depletion of the testosterone pool through castration also 
reduces estrogen synthesis. For the same reason, phar¬ 
macological supplementation of testosterone can show 
behavioral effects as a result of aromatization of that 
testosterone to estrogen. 

Estrogen and Paternal Behavior 

Given the strong, integrated, multilevel evidence for third 
trimester estrogen in the initiation of mammalian mater¬ 
nal behavior, it is not surprising that researchers have 
looked for evidence that estrogen is involved in the 
expression of parental behavior in species where direct 
paternal care occurs naturally. In the male California 
mouse, estrogen facilitates paternal contact with his 
pups, and there is evidence that the enzyme responsible 
for estrogen synthesis from testosterone is expressed in 
a key hypothalamic nucleus for maternal behavior, the 
medial preoptic area. In contrast, the male Djungarian 
hamster has surprisingly high levels of estrogen in its 
circulation, but there is no evidence of estrogen priming 
before the male becomes a father, or that reducing estro¬ 
gen concentration through castration, or reducing estrogen 
exposure through the inhibition of estrogen synthesis, results 
in any deficits in paternal behavior. Results are equally 
mixed in non-human primates. Estrogen concentration 
increases as birth approaches in experienced Cotton-top 
tamarin, fathers. However, the associations are opposite in 
the Black Tufted-Ear marmoset (Callithrix kuhlii ), with 
estrogen concentration highest at stages of the life span 
when attention to young is lowest, and an inverse association 
between individual estrogen concentration and parental 
care provided for their young. In men, there is evidence of 


estrogen changes associated with being in a stable rela¬ 
tionship and with fatherhood, but the biological samples 
were saliva, in which concentrations of estrogen are very 
low and difficult to quantify. 

Progesterone and Paternal Behavior 

In female mammals, the role of progesterone in maternal 
behavior is challenging to study because manipulations 
result in pregnancy failure. However, there has been strong 
evidence both for and against a role for progesterone 
in male parental behavior. Male progesterone receptor 
knockout mice and wild-type mice with pharmaceutically 
antagonized progesterone receptors show enhanced pater¬ 
nal behavior and reduced infant-directed aggression, sug¬ 
gesting an inhibitory role for progesterone in paternal 
behavior. In contrast, the same receptor antagonism treat¬ 
ment in male Djungarian hamsters does not increase the 
responses of nai've males to pups or decrease their infant- 
directed aggression. 

Glucocorticoids and Paternal Behavior 

As is true for research into the hormonal basis for mater¬ 
nal care, there is relatively little research on cortisol and 
corticosterone effects in mammalian fathers. However, 
given the diversity of contradictory evidence surrounding 
the roles for each of the sex steroids in the activation of 
a paternal behavior, glucocorticoid dynamics that alter 
the salience of pup and maternal stimuli are likely to be 
important. In men becoming fathers, in experienced Cotton- 
top tamarin fathers, and in Djungarian hamster males, there 
are increased glucocorticoid concentrations before birth 
and decreased glucocorticoid concentrations associated 
with a stable pair-bonded relationship. 

Oxytocin and Vasopressin and Paternal 
Behavior 

Expectant California mouse fathers have elevated plasma 
oxytocin concentrations relative to new fathers and nai've 
males, but currently there is little available data relative to 
paternal behavior and comparison between different spe¬ 
cies. Like females, biparental prairie voles (Microtus ochro- 
gaster) respond to the infusions of arginine vasopressin 
with increased contact with pups and vasopressin Via 
receptor antagonism with decreases in pup contact. Inter¬ 
estingly, these effects have also been shown to affect the 
incidence and extent of paternal behavior in species such 
as the meadow vole (Microtus pennsylvanicus) that express 
paternal behavior facultatively, depending on social and 
environmental conditions. There is also evidence that 
higher vasopressin synthesis levels within the bed nucleus 
of the stria terminalis are associated with more extensive 
paternal behavior in California mice. 
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Hormonal Homology Between Maternal and 
Paternal Behavior 

Evidence to date suggests that there is considerable diver¬ 
sity between species in the roles that different hormones 
play in the activation of natural paternal behavior. In the 
male Djungarian hamster that acts as a midwife to deliver 
his offspring and is highly attentive to displaced pups, 
experimental tests of causal relationships between paren¬ 
tal behavior and estrogen, testosterone, prolactin, and 
progesterone, have all been negative. Paternal behavior 
in that species is so essential for survival that there might 
be redundant, or hormone-independent, mechanisms of 
paternal behavior activation. On the other hand, few stud¬ 
ies have looked at the developmental effects of hormones 
on these males. It is possible that there are organizational 
changes during development, whether in the uterus, or 
after birth, that sensitize the paternal male brain to multi¬ 
ple, appropriate cues for the activation of parental behav¬ 
ior and selective inhibition of pup-directed aggression. 
Future research testing the inference that correlation 
between a hormone and parental behavior is causal, in 
diverse species, will be needed to establish how common, 
or how divergent, those neuroendocrine circuits are. 

It is also possible that male mammals depend on track¬ 
ing signals from the pregnant female to time their transi¬ 
tion to parental care. However, evidence to date does not 
support this hypothesis. Male Djungarian hamsters, sepa¬ 
rated from the female 2 h after mating and housed in a 
separate room with independent air handling, are wel¬ 
comed back into the female’s nest a few hours before birth 
and participate as midwives in birth. This hypothesis has 
also been explicitly tested through parallel salivary samples 
from men and women expecting their first child, which 
revealed no evidence that the man’s hormones tracked 
those of his female partner. 


Placentophagia as a Source of Hormones 

Another potential source of steroid hormones for new 
parents is through placentophagia. Except for aquatic 
mammals, camels, and some primates, essentially all partu¬ 
rient mammals consume placenta (afterbirth) during the 
few hours surrounding the birth but shun it at all other 
stages of the life span. It is generally assumed that placen¬ 
tophagia functions to clean the nest area and avoid attract¬ 
ing predators. However, the female is typically so focused 
on eating the placenta that she prefers it over the pups. The 
complete sex steroid biosynthesis pathway, plus com¬ 
pounds capable of activating the endogenous opiate recep¬ 
tors, are present in placenta. This makes placenta a 
potentially potent hormonal ‘hit’ for a new mother or a 
new father. Placentophagia is not required for the normal 
expression of maternal behavior. However, there might be 


modulatory effects associated with placentophagia drawing 
the female to the pups and exposing herself to stimuli from 
them while licking. Placentophagia might also have a sig¬ 
nificant impact on males and older offspring that are pres¬ 
ent during birth. In highly parental Djungarian dwarf 
hamsters that act as midwives during the birth of their 
pups, placentophagia is common, whereas, the closely 
related Siberian dwarf hamster (Phodopus sungorus ), which 
is not paternal, refuses the placenta (Figure 2). Juvenile 
Djungarian hamsters also assist in the birth if they are 
present and that interaction includes placentophagia. 
However, the impact of placentophagia on male parental 
behavior is not known, and males of many highly parental 
mammalian species are excluded from the nest area during 
birth, which would preclude placentophagia. 

Parental Behavior as an Addictive Reward 

It is possible that parental behavior was the original 
‘adaptive’ value for the neural pathways leading to addic¬ 
tion and reward in the brain. The challenges for a new 
parent are extraordinary. First, there must be a halt to the 
behaviors directed toward infants that are unrelated. 
These include an essential neophobia, aggression, infanti- 
cidal attack, and neglect. On the other side, there is an 
exquisitely timed transition into selective aggression 
toward adults that would have been possible sexual part¬ 
ners a few days ago but are now threats to the infant. At 
the same time, there is the initiation of an active set of licking 
and retrieval behaviors. Physiologically, there are shifts in 
metabolic rate that increase the overall metabolic demand. 
Behaviorally, there is a substantial readjustment of the 
time budget to build, maintain, and thermoregulate the 
nest environment that typically prioritizes the viability of 



Figure 2 Male Djungarian hamster, that has never been a 
father, eagerly eating fresh placenta although most mammals, 
except parturient females, refuse placenta. Credit: Jennifer 
Gregg and Katherine Wynne-Edwards. 
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the infants over personal homeostasis and metabolic 
demands. Each of these behaviors then needs to be 
repeated, as often as necessary, 24 h per day Such sudden 
devotion to a repetitive subset of previous behavioral 
diversity has all the hallmarks of addiction. At the level 
of the brain, parents need to become addicted to caring for 
their offspring. 

Conclusions 

Mammalian maternal behavior is under hormonal con¬ 
trol. Female mammals are primed by the estrogen of late 
pregnancy to be sensitive to subsequent inputs, ranging 
from the vaginal-cervical stimulation of parturition, to 
the chemical and auditory characteristics of the neonates. 
Other steroid hormones, peptide hormones, and reward/ 
reinforcement neural circuit modifications, also make 
important contributions to the timing and activation of 
specific components of appropriately timing and directing 
maternal care. Mammalian fathers, on the other hand, still 
have to ensure that they do not injure their offspring, but 
rarely make the same behavioral transition to the provision 
of direct retrieval, feeding, and care that mothers make. 
Nevertheless, those males that do become behavioral 
fathers challenge our understanding of how the brain 
forms strong social bonds, and have much to offer as 
animal models of the role of hormones in that process. 

See also: Cooperation and Sociality; Infanticide; Maternal 
Effects on Behavior; Monogamy and Extra-Pair Parentage; 


Parental Behavior and Hormones in Non-Mammalian 
Vertebrates; Parent-Offspring Signaling; Sex Allocation, 
Sex Ratios and Reproduction. 
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Introduction 

Parental behavior patterns are remarkably diverse among 
the nonmammalian vertebrates, and although hormones 
are likely to regulate the expression of parental behavior 
in most if not all cases, the hormonal mechanisms 
involved have been investigated experimentally in less 
than 1 % of extant species. Despite our overall ignorance 
of the diversity of hormonal mechanisms that influence 
parental behavior expression, a survey of the limited 
evidence available suggests a few broad themes in the 
relationship between hormones and parental behavior 
that are likely to apply to a variety of vertebrate taxa. 
Because these themes frame the discussion that follows, 
they are important to consider at the outset. First, hormones 
rarely work in isolation to influence parental behavior. 
More commonly, they work together in permissive, addi¬ 
tive, or synergistic fashion to facilitate these changes. 
Second, the relationship between hormones and parental 
behavior is frequently bidirectional. As a result, the per¬ 
formance of parental behavior can generate cues that alter 
the secretion of the hormones that control its expression. 
Finally, hormones do not ‘switch on’ neural circuits that 
are responsible for parental behavior expression. Instead, 
they alter the sensitivity of specific brain circuits to cues 
from nests, eggs, and young, thereby lowering the thresh¬ 
old for parental behavior to be displayed. Prior experience 
in parenting has similar effects in many species, and 
may in some instances be sufficient to elicit parental 
behavior in the absence of any hormonal stimulation. 

Hormones and Parental Behavior in 
Fishes 

Parental care is apparently absent in the jawless fishes and 
cartilaginous fishes, but the bony fishes (teleosts) exhibit 
the same diverse array of parental care patterns as seen 
in birds, including brood parasitism, in which eggs are 
deposited in the nests of a host species. Unlike birds, 
however, exclusive parental care by the male is the most 
common pattern and is seen in over 50% of teleost 
families. It is also the pattern that has been studied most 
extensively by behavioral endocrinologists. Many teleost 
species also differ from avian species in exhibiting strik¬ 
ing polymorphisms in male size and mating strategy, with 
only the large nesting males exhibiting parental behavior. 
The most common components of male parental care are 


nest building or substrate clearing, aeration of eggs by 
fanning, and guarding of eggs from brood predators, 
although other adaptations, such as mouthbrooding, are 
also displayed in some species. Parental care in most male 
teleosts ends at the time of hatching, although continued 
care of the newly hatched fry occurs in some species. 

Male teleosts secrete significant amounts of testoster¬ 
one and 11-ketotestosterone (11KT), an androgen with 
strong bioactivity that, unlike testosterone, cannot be 
converted to estrogen. Plasma concentrations of one or 
both of these hormones are elevated during the prespawn¬ 
ing period when nest building or nest excavation occurs, 
but their role in nest-building behavior is uncertain. 
Three-spined sticklebacks ( Gasterosteus aculeatus) have 
been the most intensively studied in this context, and 
there is general agreement that male nest building is 
suppressed by castration and restored by 11KT or its 
precursor, 11-ketoandrostenedione (11KA) in this species. 
However, castration has no effect on nest building in 
several other species. In male bluegill ( Lepomis macro- 
chirus) and pumpkinseed sunfish ( Lepomis gibbosus), anti¬ 
androgen treatment suppresses nest building and other 
male-typical reproductive behaviors. However, while 
treatment with mammalian gonadotropins restores nest¬ 
building behavior in pumpkinseed sunfish (presumably by 
increasing gonadal androgen secretion), testosterone or 
11KT pellets do not induce early nest-building behavior 
in untreated male bluegill. It is possible that some of these 
inconsistencies reflect the participation of other hor¬ 
mones that act permissively or synergistically with andro¬ 
gens to promote this behavior. One or more of the three 
gonadotropin-releasing hormone (GnRH) neuropeptides 
in the teleost brain are promising candidates based on 
recent evidence that nest building is reduced in Nile 
tilapia ( Oreochromis niloticus) when GnRH-3 action is 
inhibited by intracerebroventricular injections of antise¬ 
rum generated against this peptide. 

In many teleost species, plasma levels of androgens 
decline after spawning when parental behavior toward 
eggs or young is exhibited, but this relationship is unlikely 
to be a causal one. In males of some species, such as the 
plainfin midshipman ( Porichytloys notatus), plasma 11KT 
levels remain elevated well into the egg stage of parental 
care, and in the bluebanded goby ( Lythropnus dalli ), levels 
are actually highest during this parental stage. In other 
species, such as bluegill and black-chinned tilapia (Sar- 
otherodon melanotloeron ), androgen levels are low during the 
egg stage but increase after hatching while the males are 
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caring for embryos or fry. This suggests that elevated 
androgen levels do not interfere with parental care 
expression, and in support of this interpretation, there is 
no convincing evidence from testosterone or 11KT treat¬ 
ment studies that androgens suppress parental fanning or 
brood defense. 

As in birds and mammals, there is evidence that prolac¬ 
tin (PRL) stimulates parental behavior in some teleost fish. 
Both mammalian and fish PRL preparations increase 
parental fanning behavior in male three-spined stickle¬ 
backs, and mammalian PRL preparations facilitate paren¬ 
tal fanning behavior in a Mediterranean wrasse ( Symphodus 
ocellatus ) and several species of cichlid fishes. Conversely, 
parental fanning behavior is inhibited in pumpkinseed 
sunfish and convict cichlids (. Amatitlania nigrofasdata) fol¬ 
lowing the administration of drugs that enhance the activ¬ 
ity of dopamine, a PRL secretion inhibitor. In contrast to 
these findings, PRL reportedly failed to stimulate parental 
behavior in male breeders and immature helpers in the 
cooperatively breeding daffodil cichlid {Neolamprologuspul- 
chef). Whether this reflects species differences in the hor¬ 
monal control of parental care is difficult to assess, since 
studies in cichlids indicate that the dose-response rela¬ 
tionship between mammalian PRL and parental behavior 
can be complex, with only the middle range of tested doses 
being effective. In addition, PRL-induced parental care in 
some species depends upon, or is enhanced by, the coad¬ 
ministration of testosterone, progesterone, or pituitary 
gonadotropins. 

Hormones and Parental Behavior in 
Amphibians and Reptiles 

Some components of parental care are seen in ~10% of 
frog species and in the majority of salamander species, but 
with the exception of one study in a neotropical frog, the 
effects of hormone manipulations on parental behavior 
expression have not been investigated. In the Puerto 
Rican frog ( Eleutherodactylus coqui), the high plasma levels 
of androgens that are seen prior to mating drop precipi¬ 
tously after the male acquires a clutch of eggs and begins 
to exhibit strong nest attachment, egg brooding, and 
decreased egg cannibalism. Nevertheless, the implanta¬ 
tion of testosterone pellets has no disruptive effects on 
any parental care behavior in males that are already 
brooding eggs. Accordingly, the hormonal mechanisms 
involved in parental behavior expression, if any, remain 
unknown. 

Parental behavior in many species of reptiles consists 
only of nest excavation and burying of eggs, with no guard¬ 
ing of the nest site after egg laying. However, more elabo¬ 
rate or specialized forms of parental behavior have been 
reported, including parental defense of eggs in squamates 
(lizards and snakes), incubation of eggs through shivering 


thermogenesis in pythons, and care of both eggs and young 
in crocodiles. As in the amphibians, however, an under¬ 
standing of the hormonal basis of these behaviors, if any, 
must await the completion of experimental studies involv¬ 
ing hormone manipulations. 

Hormones and Parental Behavior in Birds 

Parental care patterns in birds range from brood parasit¬ 
ism, in which eggs are laid in the nests of a host species 
and no parental behavior is displayed, to intensive and 
prolonged incubation of eggs and care of young by both 
parents. Over 99% of the ~9000 species of birds show 
some form of parental behavior, and unlike other verte¬ 
brates, over 90% exhibit varying degrees of biparental 
care. Over 70% of avian species rear altricial young, 
which are helpless at birth and dependent on their parents 
to provide warmth, protection, and food for an extended 
period. The remaining 30% rear precocial young which 
are able to leave the nest, follow their parents, and forage 
for food on their own soon after hatching. In these species, 
parental care after hatching consists of brooding the 
chicks to keep them warm, defense of the chicks, and 
leading them to food sources or shelter. 

Nesting Behavior and Onset of Incubation 

Nest site attachment, nest building, and onset of incuba¬ 
tion represent a continuum of activities in birds that are 
largely controlled by the same suite of hormones. In 
species in which the female incubates, the early stages of 
nest site occupation and nest building are stimulated by 
the rising levels of estrogen and progesterone from the 
developing ovarian follicles. However, based on the few 
species that have been studied in detail, the hormonal 
requirements for later stages of nesting and the onset of 
incubation could vary depending on how many eggs are 
laid and when functional incubation begins during the 
egg-laying period. 

In females of species with large clutches that lay one or 
more eggs before full incubation begins, the hormonal 
events associated with follicle development, ovulation, 
and egg laying are necessary, but not sufficient, for the 
onset of incubation. In these birds, incubation induction 
requires the priming action of one or more gonadal ster¬ 
oids, followed by an increase in plasma levels of PRL. In 
budgerigars (. Melopsittacus undulatus ), which show this pat¬ 
tern, the optimal hormonal treatment combination for 
stimulating incubation onset is estrogen and PRL. In 
chickens ( Galius domesticus) and turkeys ( Meleagris gallo- 
pavo ), similarly, exogenous PRL administration is effective 
in stimulating incubation onset, but only in females that 
have been exposed to estrogen and progesterone. Not 
surprisingly, there is a strong correlation between rising 
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titers of PRL in plasma and time spent in the nest as fall 
incubation develops in these birds. A particularly con¬ 
vincing demonstration of PRL’s importance in sitting 
onset in chickens and turkeys is provided by evidence 
that incubation onset is prevented by active immunization 
against PRL or vasoactive intestinal peptide (VIP), a brain 
neuropeptide that stimulates PRL release. 

In females of species that lay smaller clutches and begin 
to sit as soon as the first egg is laid, the hormonal require¬ 
ments for incubation onset may be the same as those 
required for egg laying. The best studied species that fits 
this description is the ring dove (Streptopelia risoria). In this 
species, the induction of sitting behavior is a natural 
extension of earlier nesting behavior and is stimulated by 
the same gonadal steroids that support oviduct develop¬ 
ment and ovulation. Unlike galliform species such as 
chickens and turkeys, PRL plays little or no role in the 
onset of incubation behavior in ring doves. In fact, plasma 
PRL levels do not begin to rise until several days after 
incubation begins in this species, and progesterone injec¬ 
tions are more effective than PRL injections in inducing 
incubation onset in nonbreeding doves of both sexes. 

Less is known about hormonal mechanisms responsible 
for the onset of incubation behavior in male birds that share 
incubation duties with their mates or incubate without the 
breeding partner’s assistance. In male ring doves, which sit on 
the nest for over 6h each day, progesterone is effective in 
inducing incubation behavior in nonbreeding birds, provided 
that testosterone or estradiol is also present. Nevertheless, 
incubation can be expressed in male ring doves in the 
absence of adrenal or gonadal sources of steroid hormones, 
provided that they receive adequate social and environmen¬ 
tal signals from the mate and nest. In addition, male ring 
dove, unlike females, do not show changes in plasma proges¬ 
terone levels with onset of incubation. Although this raises 
questions about the importance of plasma progesterone in 
natural incubation induction in males, it does not rule out 
progesterone involvement, since Lea and his collaborators 
have shown that progesterone can also be synthesized locally 
in the ring dove brain. Progesterone receptors in the dove 
brain also show marked fluctuations during the breeding 
cycle that could influence progesterone sensitivity to con¬ 
stant levels of the hormone. Progesterone receptors are plen¬ 
tiful in the preoptic region of the dove brain and could 
be particularly important for incubation behavior expression, 
since progesterone implants in this region are effective in 
inducing incubation behavior in nonbreeding male doves. 

Apart from the demonstration that PRL is less effective 
than progesterone in inducing incubation behavior in non¬ 
breeding male ring doves, the importance of PRL in incu¬ 
bation onset in male birds has yet to be experimentally 
tested in any species. Descriptive studies, however, indicate 
considerable interspecies variation in the pattern of 
changes in plasma PRL levels in males sampled during 
different breeding stages. Interpretation of these changes 


is complicated by the fact that in many temperate zone 
songbirds, PRL secretion in males is stimulated by increas¬ 
ing day length, which coincides with the breeding season. 
As a result, elevated PRL levels in males may have little to 
do with parental behavior expression. A particularly dra¬ 
matic example of this dissociation is seen in male brown¬ 
headed cowbirds (Molothrus ater), which exhibit no parental 
care at all, but nevertheless show robust elevations of 
plasma PRL during the breeding season. 

Maintenance of Incubation 

There is strong circumstantial evidence for PRL involve¬ 
ment in incubation maintenance in many species of birds. 
Plasma PRL concentrations increase during incubation in 
virtually all species of birds that have been studied, 
although there is interspecies variation in the timing of 
this increase in relation to egg laying. In biparental species 
in which both breeding partners contribute to incubation, 
PRL levels in blood tend to be higher during incuba¬ 
tion than during earlier breeding stages in both sexes, 
and in species in which only one breeding partner incu¬ 
bates, PRL levels tend to be substantially higher in the 
incubating sex. Studies in canaries (Serinus canaria ), ring 
doves, ducks, chickens, and turkeys indicate that PRL 
levels decrease when incubation behavior is interrupted 
by egg removal or by anesthetization or denervation of 
the brood patch, which transfers heat from the parent’s 
body to the eggs. In addition, PRL levels rebound when 
nests and eggs are returned after an absence of 24-72 h. 
This strongly suggests that PRL is secreted in response to 
tactile cues from the eggs or from the act of sitting itself, 
but it is clear that other factors also contribute to PRL 
secretion at this stage. Social stimuli are capable of sus¬ 
taining elevated PRL levels in incubating doves during 
sitting recesses of several hours, since visual and auditory 
cues from incubating breeding partners have been shown 
to maintain high plasma PRL levels in male ring doves 
that are deprived of opportunities to sit on eggs for several 
days. In pelagic seabirds such as albatrosses and penguins, 
however, breeding birds must travel from the nesting 
site to remote oceanic sites to forage for food. As a result, 
nest recesses of several days to several months are com¬ 
mon during the incubation and chick-rearing periods, 
and PRL levels typically remain elevated during these 
lengthy absences without the benefit of tactile contact 
with eggs or social stimulation from their mates. Many of 
these species also show no decrease in plasma PRL levels 
when nesting failure occurs, which suggests that PRL 
secretion is maintained at high levels through the incuba¬ 
tion and brooding periods by an endogenous mechanism 
that is buffered from social and environmental influences. 

Although the effects of PRL injections on incubation 
maintenance have only been conducted in two species, 
they provide convincing evidence for PRL involvement in 
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sustaining this behavior. In bantam hens (G. domesticus ), 
the decrease in interest in sitting on eggs that normally 
occurs within 72 h of nest removal is prevented by PRL 
injections during the nest deprivation period. Further¬ 
more, passive immunization against the PRL-releasing 
neuropeptide VIP induces nest abandonment, while 
coadministration of PRL maintains sitting activity. In 
ring doves with previous breeding experience, however, 
passive immunization against VIP does not disrupt incu¬ 
bation behavior. Whether this is because experienced 
birds are less dependent on hormonal stimuli for main¬ 
taining incubation than are inexperienced birds is unclear. 
Regardless of whether PRL is necessary for incubation 
maintenance, it is clear that it strongly facilitates this 
activity in ring doves (Figure 1). PRL injections extend 
the incubation period of ring dove pairs sitting on infer¬ 
tile eggs and maintain interest in sitting on eggs in both 
sexes when birds are deprived of exposure to their mates, 
nests, and eggs for 10 days. Subcutaneous administration 
of PRL is more effective than intracerebroventricular 
(ICV) injections in maintaining incubation readiness 
in nest-deprived doves, which suggests that PRL may 
be acting in part on peripheral target organs to sustain 


this motivational state. These studies, together with the 
hormone assay studies described earlier, suggest that 
PRL secretion and sitting activity are mutually reinfor¬ 
cing in these and probably other avian species. 

Care of Young 

In general, PRL levels in blood tend to drop sharply after 
hatching in chickens, turkeys, ducks, and geese that rear 
precocial young. Studies in chickens suggest that this 
decline may be triggered by the disruptive effects of the 
chicks and their movements on sitting activity of the hen. 
Although levels decrease from those present during incu¬ 
bation, they remain higher than those seen in hens with¬ 
out eggs or young, which suggests that stimuli from the 
chicks, while having disruptive effects, may also retard 
this decline. In turkeys, pheasants, and chickens, PRL 
injections facilitate parental responses toward chicks. 
Similarly, parental behavior expression is strongly corre¬ 
lated with PRL levels after hatching in mallard duck hens 
(Anas platyrhynchos). These observations suggest that PRL 
may facilitate responsiveness toward young even though 
plasma levels are declining at this stage. On the other 
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Figure 1 Prolactin and parental behavior in ring doves (Streptopelia risoria). Rising plasma levels of prolactin during the incubation 
and posthatching periods of the breeding cycle maintain incubation behavior, facilitate nest defense, stimulate crop sac development 
and crop milk formation, increase parental foraging behavior, and promote parental regurgitation behavior to transfer crop milk and 
seeds to the young in ring dove parents of both sexes. 
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hand, full maternal behavior can be induced in nonlaying 
hens in the absence of changes in PRL secretion simply by 
confining them with chicks, which suggests that cues from 
the chicks may promote parental behavior even in the 
absence of hormonal stimulation. 

Plasma PRL levels tend to remain elevated for a longer 
period after hatching in species that rear altricial young. 
In female pied flycatchers (Ficedula hypoleuca ) and ring 
doves of both sexes, PRL secretion is stimulated by signals 
from young or cues generated by parent-young interac¬ 
tions such as brooding or parental feeding. Replacing the 
growing young with newly hatched nestlings can prolong 
this period of elevated PRL levels in female pied flycatch¬ 
ers, but not in doves. However, PRL levels in both species 
eventually decline to baseline levels regardless of the type 
of stimulation provided, which suggests that PRL secre¬ 
tion is also controlled by endogenous timing mechanisms. 

During the posthatching period, as during incubation, 
PRL secretion and parental behavior expression are likely 
to be mutually reinforcing in many avian species. PRL 
levels in blood are elevated in parents rearing altricial 
young and in nonbreeding ‘helpers at the nest’ that assist 
breeders in parental care in communal breeding species. 
However, the question of whether these results reflect 
PRL-induced provisioning behavior or provisioning- 
induced PRL secretion cannot be determined from cor¬ 
relational studies. Relatively few studies have directly 
examined the effects of PRL on parental responses toward 
young. Particularly compelling evidence for PRL involve¬ 
ment in parental behavior expression in wild birds comes 
from Badyaev and Duckworth’s studies of a polymorphic 
population of male house finches (Carpodacus mexicanus ) in 
which parental investment is strongly correlated with 
plumage color. Specifically, males with dull yellow plum¬ 
age have high plasma PRL levels and provision their 
incubating mates and nestlings frequently, while males 
with bright red plumage have low PRL levels and spend 
little time on these activities. Remarkably, these behav¬ 
ioral phenotypes can be reversed by appropriate hormone 
manipulations. Specifically, red plumaged males show a 
threefold to fourfold increase in parental provisioning 
when given the PRL-releasing neuropeptide VIP, while 
parental provisioning ceases entirely in yellow plumaged 
males given bromocriptine, a dopamine agonist and PRL 
secretion inhibitor (Figure 2). 

The strongest evidence for a direct effect of PRL on 
avian parental behavior comes from studies in captive ring 
doves. These birds are unusual in their ability to manufac¬ 
ture food for their young in the form of crop milk, which is 
produced by an esophageal pouch called ‘the crop sac’ 
(Figure 1). Rising levels of PRL during the second half 
of incubation stimulate crop sac growth in both parents, 
which leads to crop milk production. At hatching, PRL 
stimulates parental regurgitation, which is necessary to 
transfer the crop milk to the young squabs (Figure 1). 
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Figure 2 Evidence for a role of prolactin in parental provisioning 
of young in male house finches (Carpodacus mexicanus). 
Subcutaneous implantation of pellets containing vasoactive 
intestinal peptide (VIP), which stimulate prolactin release, caused 
a marked increase in parental provisioning in males with bright red 
plumage, which typically exhibit little parental provisioning of 
young. Subcutaneous implantation of pellets containing 
bromocriptine, which inhibit prolactin release, suppressed 
parental provisioning in males with dull yellow plumage, which 
typically show high levels of parental provisioning. Adapted with 
permission from Badyaev AV and Duckworth RA (2005) Evolution 
of plasticity in hormonally integrated parental tactics. In: Dawson 
A and Sharp PJ (eds.) Functional Avian Endocrinology, 
pp. 375-386. New Delhi: Narosa Publishing House. 

PRL appears to act in two ways to stimulate this behavior. 
A direct action of PRL on target cells in the brain is likely, 
since ICV injections of PRL stimulate parental feeding 
invitations and regurgitation movements in nonbreeding 
doves with undeveloped crop sacs. Nevertheless, regurgi¬ 
tation feeding responses are more frequent in nonbreeding 
doves given subcutaneous injections of PRL, which stimu¬ 
lates crop sac development and crop milk formation. 
Because anesthetization of the crop sac reduces PRL’s 
ability to stimulate regurgitation, these findings suggest 
that regurgitation may be facilitated by cues generated by 
distension and engorgement of the PRL-stimulated crop 
sac. Previous parental experience strongly influences 
these relationships, since doves with previous breeding 
experience show much greater parental responses to 
PRL than doves without previous breeding experience. 

In addition to stimulating regurgitation behavior, PRL 
may initiate the increased foraging behavior needed to 
provision the young with seeds as they grow older. A link 
between PRL and parental hyperphagia is suggested by 
two lines of evidence. First, the increase in food intake 
begins soon after hatching when peak levels of plasma PRL 
are attained. Second, nonbreeding doves given PRL show 
an increase in food intake of similar magnitude to that seen 
in breeding birds raising young. Intracranial injection 
studies indicate that PRL acts directly on the brain to 
elevate food intake, and does so in part by promoting the 
synthesis of the appetite-stimulating neuropeptides 
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Neuropeptide Y (NPY) and Agouti-related peptide 
(AgRP) in the hypothalamus. Dove parents enter a nega¬ 
tive energy state as they continue to provision their young, 
which may be responsible for the modest elevation in 
baseline corticosterone that occurs during the posthatch¬ 
ing period. Because corticosterone also increases NPY, 
AgRP, and foraging activity in doves, these elevated levels 
may sustain parental hyperphagia after the second week of 
the posthatching period when PRL levels begin to decline. 

Gonadal Hormones and Parental Behavior 

While elevated levels of gonadal steroids stimulate nest¬ 
ing behavior and incubation onset, either by acting alone 
or in combination with PRL, they can have inhibitory 
effects on parental behavior at later breeding stages. 
Gonadal steroid levels in both sexes decrease markedly 
after egg laying in birds that participate in parental care 
and usually remain at low levels throughout the post¬ 
hatching period. In part, this decrease is due to suppres¬ 
sive effects of high PRL levels on gonadotropin and 
gonadal steroid secretion. Breeding females of most spe¬ 
cies show little or no disruption of incubation behavior or 
nestling care when this decline is prevented by exogenous 
hormone administration, but males typically show serious 
deficits in parental responsiveness. In male spotted sand¬ 
pipers ( Actitis macularia ), which are solely responsible for 
incubation, the antiandrogenic drug flutamide advances 
the onset of incubation when given during the egg-laying 
period, and the implantation of testosterone capsules after 
egg laying disrupts ongoing incubation behavior. Similar 
disruptive effects of testosterone treatment on male incu¬ 
bation behavior have been reported in one gull species 
and in three other songbirds that share incubation duties 
with their female partners; however, the fact that male 
ring doves and pigeons ( Columba livid) are resistant to 
these effects indicates that this response is not universal. 
Testosterone implants also suppress parental provisioning 
of young in many male songbirds by increasing sexual and 
aggressive behavior, which is incompatible with the dis¬ 
play of parental responses. Nevertheless, in a small num¬ 
ber of species, including two species of longspurs 
(Calcarius sp.), males are apparently insensitive to the 
disruptive effects of testosterone on parental feeding of 
young. The evolution of behavioral insensitivity to andro¬ 
gens would appear to be adaptive here, since parental 
provisioning of young by the male parent is critical to 
nestling survival in these species. 

Corticosterone and Parental Behavior 

Activation of the hypothalamo-pituitary-adrenal (HPA) 
axis is an adaptive response to inclement weather, reduced 
food availability, social instability, and other stressors 
in birds. In breeding birds, the increased secretion of 


corticosterone that results from HPA activation is fre¬ 
quently associated with behaviors that divert effort away 
from reproduction (e.g., nest abandonment, dispersal) and 
toward immediate survival (e.g., increased food consump¬ 
tion). Field studies conducted in the 1980s with breeding 
pied flycatchers and song sparrows (. Melospiza melodia) 
indicated that exogenous corticosterone treatment induces 
this same behavioral shift, thereby lending support to the 
idea that elevated titers of plasma corticosterone are 
incompatible with parental care. However, treated birds 
in these experiments achieved levels of corticosterone 
in plasma that were in the pharmacological range, thus 
complicating the interpretation of the results. Subsequent 
studies have dramatically revised the view of corticos¬ 
terone’s involvement in parental behavior regulation by 
demonstrating that corticosterone can either facilitate or 
inhibit parental behavior depending on the plasma levels 
achieved. Studies in pied flycatchers, for example, have 
shown that the frequency with which nestlings are fed 
increases when the parents’ levels of plasma corticoste¬ 
rone are slightly elevated, decreases with somewhat larger 
elevations, and ceases altogether with large elevations that 
cause nest abandonment. 

While there are many situations in which it would 
advantageous for stress-induced HPA activation to sup¬ 
press reproduction until conditions are more auspicious 
for success, there are situations in which tradeoffs between 
reproductive success and survival are such that it would 
be more adaptive to maintain the breeding effort despite 
stressful conditions. For example, pied flycatchers that 
are forced to rear young alone after loss of their mates 
increase their parental provisioning rates despite the fact 
that baseline corticosterone levels are elevated and corti¬ 
costerone responses to capture and handling stress are 
enhanced. Similarly, willow warblers ( Phylloscopus trochi- 
lus) rearing one brood during the brief and unpredict¬ 
able breeding seasons of the subarctic forests of northern 
Sweden have lower corticosterone responses to stress 
than willow warblers breeding at lower latitudes under 
more temperate conditions where the longer breeding 
seasons permit the rearing of two or more broods. These 
two examples also illustrate the diversity of mechanisms 
that could underlie stress resistance. In the pied fly¬ 
catcher example, resistance could result from decreased 
sensitivity of the reproductive system to glucocorticoids, 
while in the northern population of willow warblers, 
decreased stress sensitivity of the HPA axis itself could 
be involved. 

In addition to diversity in the patterns of corticoste¬ 
rone secretion and responsiveness, there is complexity in 
the mechanisms by which corticosterone acts on its target 
cells. Recent studies in house sparrows ( Passer domesticus) 
indicate that corticosterone can interact with two differ¬ 
ent cytoplasmic receptors as well as a third receptor on 
the plasma membrane. Very little information is available 
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on the receptors that mediate the behavioral effects 
of corticosterone on parental behavior, but in the ring 
dove, corticosterone has been shown to increase food 
intake by binding to one of the cytoplasmic receptors in 
corticosterone-sensitive neurons in the brain. Since base¬ 
line levels of plasma corticosterone increase in parent 
doves after their young hatch, this action of corticosterone 
could contribute to the hyperphagia shown by parents 
that are provisioning their young. 

The fact that most of the avian corticosterone that 
circulates in blood is bound to corticosteroid-binding 
globulin (CBG) also complicates the picture. The bind¬ 
ing of corticosterone to CBG may decrease the biolog¬ 
ical activity of corticosterone by preventing access of the 
hormone to the two cytoplasmic receptors in target cells. 
Because CBG levels in blood can and do change indepen¬ 
dent of changes in corticosterone secretion, significant 
changes in free plasma corticosterone levels can occur 
across the breeding cycle in some species, such as the 
European starling ( Sturnus vulgaris), without any detect¬ 
able changes in total plasma corticosterone levels. 

Based on the variety of ways in which corticosterone can 
interact with its target cell receptors, and the fact that 
bioactive corticosterone can be regulated by CBG levels, 
it is not surprising that the effects of corticosterone on 
parenting can be very complex. A particularly illuminating 
example comes from a study by Love and colleagues, who 
examined changes in baseline and stress-induced cortico¬ 
sterone levels in female European starlings sampled during 
laying, incubation, and chick rearing. While stress-induced 
changes in free corticosterone levels and baseline levels of 
total corticosterone did not vary across breeding stages, a 
significant decrease in CBG was observed in females rear¬ 
ing young, which resulted in higher levels of free cortico¬ 
sterone at this stage than during the incubation or laying 
periods. Females that abandoned their nests had higher 
levels of free corticosterone at all three breeding stages 
than females that did not, which supports the idea that 
large elevations in free corticosterone suppress parental 
care. However, among those birds that did not abandon 
their nests, chick-rearing females had higher levels of free 
corticosterone than laying and incubating females. These 
results, and similar findings in other birds (e.g., male 
Northern mockingbirds ( Mimas polyglottos), ring doves, 
pied flycatchers, wandering albatross ( Diomedea exulans), 
Adelie penguins ( Pygoscelis adeliae)) indicate that moderate 
elevations in baseline levels of corticosterone during the 
parental period are not necessarily incompatible with 
parental behavior and may in fact be beneficial by stimu¬ 
lating parental foraging activity to meet the energetic 
demands of provisioning the young. This idea also receives 
support from hormone administration studies, which dem¬ 
onstrate that corticosterone acts either directly or permis- 
sively to increase locomotor activity and foraging in many 
species. Notably, free corticosterone levels of chick-rearing 


female starlings that did not abandon their nests in the 
Love et al. study were no different from those of laying or 
incubating females that did abandon their nests. This sug¬ 
gests that corticosterone sensitivity can also change across 
the breeding cycle. 

Given the fact that corticosterone can increase forag¬ 
ing and stimulate metabolic processes such as lipogenesis 
and gluconeogenesis for energy mobilization, it is not 
surprising that corticosterone secretion and sensitivity to 
corticosterone varies with energy stores and body condi¬ 
tion. However, the effects of body condition may differ 
between species or between populations of the same spe¬ 
cies based on food availability and the risks and benefits of 
abandoning the breeding effort in a particular environ¬ 
ment. For example, common murre parents ( Uria aalge) 
raising young in years in which food is relatively scarce 
have higher baseline levels of corticosterone than in years 
in which food is abundant. Furthermore, parents that feed 
their young at higher than average rates under these 
conditions have higher baseline plasma corticosterone 
levels and lose less weight than parents with lower paren¬ 
tal feeding rates. In this case, it would appear that birds in 
good condition are better able to mount a robust cortico¬ 
sterone response to food shortage, which in turn promotes 
increased foraging activity so that both they and their 
chicks are adequately provisioned. In contrast to this 
pattern, male Black-legged kittiwake parents ( Rissa tridac- 
tyla) in good condition have been reported to lose weight 
during the chick-rearing period, while those in poor con¬ 
dition gain weight. In this instance, it would appear that 
males in these two energy states were adopting different 
strategies, with males in good condition foraging to pro¬ 
vision young at their own energetic expense and males in 
poor condition foraging to replete their own energy stores 
at the expense of their young. 

Corticosterone-PRL Relationships in 
Parental Behavior 

How PRL and corticosterone interact to regulate parental 
behavior in birds is not well understood, but it is clear that 
there are important interactions between the two that 
could potentially influence reproductive success. In some 
species, or in some situations, PRL and corticosterone may 
have additive or synergistic effects on parental care, while 
in others, the effects could be antagonistic. In female ring 
dove parents, both plasma PRL and plasma corticosterone 
levels are elevated during the posthatching period, and 
PRL is capable of increasing circulating corticosterone 
levels by increasing HPA axis activity at the level of the 
brain. Since both corticosterone and PRL increase food 
intake, these findings suggest that PRL-induced elevations 
in plasma corticosterone could be one mechanism by 
which PRL stimulates the hyperphagia that is necessary 
for parents to provision their young. On the other hand, 
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PRL and corticosterone often exhibit divergent patterns of 
secretion in response to stress. When subjected to capture 
and handling stress, incubating snow petrels (Pagodroma 
nivea) and chick-rearing Black-legged kittiwakes show an 
increase in plasma corticosterone and a decrease in plasma 
PRL. Nevertheless, parent kittiwakes with chicks show a 
less pronounced suppression of PRL during stress than 
failed breeders that lost their eggs. In snow petrels, simi¬ 
larly, the likelihood of egg abandonment is higher in youn¬ 
ger breeders than older breeders, and this in turn is 
correlated with the fact that the older birds maintain 
higher levels of circulating PRL during stress than youn¬ 
ger birds. These findings suggest that the magnitude of the 
PRL response to stress may be important in determining 
whether stress-induced increases in corticosterone result 
in abandonment of the breeding effort and redirection of 
energy toward self-maintenance activities. 

See also: Communication and Hormones; Food Intake: 
Behavioral Endocrinology; Hormones and Behavior: 
Basic Concepts; Parental Behavior and Hormones in 
Mammals; Parent-Offspring Signaling. 
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Introduction 

In species with parental care, signaling between parents 
and offspring is key to regulating the nature, amount, and 
timing of that care. Here, we first show how this signaling 
can take a wide variety of forms, well beyond familiar 
examples such as the begging of nestlings or the crying of 
infants. We will then explain why parent-offspring signal¬ 
ing is of particular interest, not only because it regulates the 
delivery of care during such a critical phase of an animal’s 
life history, but also because it contributes to our under¬ 
standing of behavioral development and the evolution of 
animal signaling. 

Parent-Offspring Signals Are Diverse, but 
Perform a Few Main Functions 

To illustrate the wide variety of parent-offspring signals 
across the taxa, here we describe several examples from 
insects and vertebrates, arranged by the main functions 
they serve. The survey is not meant to be comprehensive, 
but is a selection of particularly interesting or well-studied 
examples. It will show that parent-offspring signaling reg¬ 
ulates virtually every aspect of parental care and offspring 
development, often starting well before hatching or birth 
and sometimes continuing well beyond the dependent 
period. The signals use virtually every modality, although 
certain modalities are more prevalent in particular taxa. 
Olfactory signals, for example, are especially prevalent in 
insects and mammals, whereas acoustic and visual signals 
are more common in birds. 

Signaling for Prenatal Care 

Parent-offspring signaling starts at the earliest stages of 
parental care, when it often seems more akin to physiologi¬ 
cal regulation than signaling. In some live bearing amphi¬ 
bians, for example, fetuses scrape the mother’s uterine wall 
with their teeth to stimulate production of the specialized 
tissue that the fetuses feed on. In mammals, fetuses produce 
hormones that perform a similar function, stimulating 
an increase in the placental resources available to the 
fetus. In several taxa of birds, including gulls and waterfowl, 
embryos give a call when eggs are cooled that, in turn, 
stimulates incubation by adults. Similar calls synchronize 
hatching among nest mates and likely stimulate parents to 
shift from incubation to feeding young. Such calls are also 


found in crocodilians, which do not incubate their eggs 
directly like birds, but instead do so by leaving them in 
heaps of rotting vegetation. Calls of the young crocodilians 
just before hatching stimulate the mother to open the nest 
so the young can scramble out. 

Assembling or Contacting the Young 

Once offspring are hatched or born, patterns of parental 
care vary, depending on whether young feed on their own 
(precocial species) or are fed by the parents (altricial spe¬ 
cies). In precocial species, young can wander widely, so a 
variety of signals serve to keep and restore contact with 
parents. When precocial chicks, such as chickens or ducks, 
are separated from the hen, they give isolation cheeps and 
the hen gives assembly clucks. Similarly, fawns that have 
hidden from a predator will call to reveal their location to 
the doe after the predator has passed. Even some altricial 
species occasionally require such signals. Rodent pups that 
become isolated outside the nest, for example, give ultra¬ 
sonic vocalizations that stimulate and guide retrieval by the 
mother. For all these examples, gradations in the call struc¬ 
ture or rate can signal gradations in the distress of both the 
offspring and the parent. 

Maintaining and restoring contact effectively may be 
particularly challenging in species, such as colonial species, 
in which mixing of different families is likely. Such situa¬ 
tions may require signals that differ among broods or litters 
in ways that allow parents and/or young to discriminate the 
signals of their own family. Particularly dramatic examples 
of such coding are found in penguins and seals, in which 
parents returning from foraging trips must find their own 
offspring in a colony or creche of thousands of youngsters. 
In many mammals, including rodents and ungulates, 
mothers frequently nuzzle and lick their young, partly for 
nonsignaling purposes such as grooming and stimulating 
defecation, but probably also to pick up olfactory and gus¬ 
tatory cues that help them to discriminate their own young. 

Warning and Predator Defense 

The assembly or contact calls just discussed are often 
used after the young have scattered or hidden because 
of a predator’s approach. Warning of such approaches 
in the first place is an important function of many 
parent-offspring signals. Birds and mammals, in particular, 
have a variety of calls that warn their offspring of the 
presence of predators and that may cause offspring to fall 
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silent, crouch, or hide. In cichlid fish, parents jerk their body 
or pelvic fins in response to potential predators, causing 
young to cluster around their parent or against the substrate. 

Offspring may also signal when they detect a predator, 
to solicit help from parents. In precocial birds and mam¬ 
mals, when attack is imminent and hiding is futile, off¬ 
spring may give distress calls that attract the parent’s 
help; altricial nestlings and pups may give similar calls 
when handled. A particularly elaborate antipredator sig¬ 
nal is shown by membracid treehopper nymphs. These 
nymphs live in large groups at exposed positions on host 
plants, where they gradually develop into adults. When 
predatory insects or spiders approach, the nymphs send a 
vibrational signal that is coordinated in a wave across the 
group. Adult females, which linger near their nymphs 
through the developmental period, respond to the vibra¬ 
tions by rushing the predator, waving their wings, and 
kicking their hind feet to repel it. 

Provisioning Food 

In most species with parental care, the main form of care 
is feeding the young, so not surprisingly these food solici¬ 
tation signals, or begging displays, are the best-studied 
parent-offspring signals. A few examples from insects will 
illustrate their diversity. Even just among the colonial 
Hymenoptera, larvae stimulate feeding from workers (the 
deliverers of parental care) with a wide array of signals, from 
swaying of the head and jaws in certain species of ant, to 
scraping mandibles against nest walls in hornets, to chemical 
signaling (pheromones) throughout the taxon. Larval bur- 
rower bugs release volatile chemicals that stimulate provi¬ 
sioning by female parents, releasing more of the chemicals 
the more they are food deprived. Similarly, burying beetle 
grubs stimulate parents to feed them carrion by raising their 
heads in the air and tapping the parent’s mandibles, doing 
so more vigorously the hungrier they are, thus stimulating 
higher provisioning rates by parents. 

To appreciate the variety of information conveyed by 
begging signals, we turn to birds and mammals, which are 
particularly well studied. Altricial nestling birds are depen¬ 
dent on their parents for food and warmth, and nestlings beg 
for food by raising their heads high and opening their 
mouths to expose brightly colored gapes. They may also 
call, wave their wings, and stretch their bodies toward the 
parent. The display is more intense the more hungry the 
nestlings are, and some components of the display may 
actually carry information on the body temperature, immu- 
nocompetence, and long-term condition (mass relative to 
size) of the nestling. Parents, in turn, often call quietly when 
they arrive at the nest to stimulate begging, especially when 
nestlings are too young to be capable of detecting their 
arrival otherwise. 

Analogous signals occur in mammals, although of course 
here they are related to nursing. Acoustic solicitation signals 


include the calls of infant seals that bring their mothers 
ashore to nurse and the squeals of piglets that signal their 
need for nursing. Tactile signals, including suckling and 
kneading, such as the familiar kneading of kittens, also 
stimulate lactation, as do various odors emanating from 
the young. Mothers, in turn, give various signals, such as 
the grunting in sows and calling and head bobbing in ante¬ 
lopes, that gather their young to be nursed. 

Manipulating Host Parents 

The final category of parent-offspring signaling, its exploi¬ 
tation by parasitic species, vividly illustrates the manip¬ 
ulative power that begging can have over parents. The 
best-known example, of course, is the begging of the 
cuckoo chick, which is often several times larger than 
the host parent that is feeding it. However, brood parasitism 
is not limited to cuckoos. Several species of birds, including 
certain cowbirds, viduine finches, honeyguides, and ducks, 
lay their eggs in the nests of other species, leaving those 
host species to raise the foreign parasite. In cowbirds and 
cuckoos, nestlings signal more intensely and effectively 
than host nestlings, and may even mimic the begging calls 
of their host’s nestlings; in parasitic viduine finches, visual 
signals in the gapes of nestlings mimic those of their hosts. 

Several insect species are also highly specialized brood 
parasites. For example, to extract care from their ant hosts, 
lycaenid butterfly caterpillars mimic larval ant phero¬ 
mones, while staphylinid beetle larvae tap like ants on 
their hosts’ mandibles. Brood parasitism has proved to be 
a powerful tool in exploring the theoretical aspects of 
parent-offspring signaling, because it represents such an 
extreme case of manipulation by ‘offspring.’ 

Parent-Offspring Signaling Changes 
as Young Develop 

Parent-offspring signaling changes dramatically as offspring 
develop, especially in birds and mammals. Indeed, this 
dynamic nature of the signaling system is one of its most 
fascinating aspects, one not found in most other animal 
signaling systems. The changes arise not just because of 
maturation in the perceptual and motor abilities of young, 
but also because the young learn to fine tune their responses, 
sometimes very quickly, to what is most effective at getting 
care from the parent. 

Songbird nestlings illustrate these changes especially 
dramatically. They hatch blind, nearly deaf, and unable to 
do much beyond raising their heads and opening their 
mouths. Gradually through the nestling period, they 
begin to see shadows and then, once their eyes open, 
distinguish shapes. Their hearing improves, expanding 
its sensitivity into higher frequencies, and they get better 
at controlling their movements, orienting their begging 
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response toward the approaching parent and ducking 
when the nest is shaken or, late in the nestling period, 
when the parent gives an alarm call. 

The parental cues that are effective in stimulating 
begging shift in step with these changes. Early on, many 
species of songbirds give a loud, low-frequency call when 
arriving at the nest with food to stimulate nestlings to beg. 
Gradually, young respond to other signs of the parent’s 
arrival, such as the thud or vibration made as it lands on 
the nest, its sudden shadow, and eventually, its shape. 
Eventually, they respond to the parent’s alarm calls out¬ 
side the nest by ceasing begging and scrunching down in 
the nest material. 

As young birds transition into adulthood, the signals of 
the juvenile period may disappear or may be incorporated 
into adult behavior. For example, begging calls resurface 
in adult females in species in which males feed females as 
part of courtship or interactions during laying. In some 
species, they diversify early in the fledging period into the 
adult call repertoire or are directly incorporated into 
adult male song. 

Carryover of parent-offspring signaling into adult life 
is perhaps most dramatically illustrated by imprinting. 
Here, the cues that offspring use to recognize and 
respond to their parents shape the cues that they use as 
adults to choose mates and other social companions. The 
carryover to adulthood can also be subtler, however. For 
example, great tits (a songbird) that beg more vigorously 
have more exploratory personalities as adults. Similarly, 
parent-offspring interactions during the juvenile period 
in mammals have long been seen as mechanisms for 
socialization. For example, primate parents that aggres¬ 
sively quash the more extreme demands of their near¬ 
independent young might be seen as teaching them not 
to be selfish so that they can fit in to the more equitable 
environment of the social group. 

The evolutionary implications of such learning and 
development are intriguing. They fall under the broader 
class of so-called maternal effects, nongenetic influences 
on offspring phenotype that may direct the course of 
subsequent evolution. Imprinting is the clearest example, 
but the subtler effects just referred to may also be impor¬ 
tant, and more ubiquitous. Developmental stress in nest¬ 
lings has been shown to affect their song repertoire size 
and other correlates of reproductive success in adulthood; 
it is a short step to imagine that the dynamics of signaling in 
the nest play a key role in communication later in life. 

Evolutionary Questions Raised by 
Parent-Offspring Signaling 

All these varied forms of parent-offspring signaling have 
one main function: the regulation of parental care. One 
might legitimately ask, however, why parental care should 


require regulation through signaling. Why do not parents 
simply give offspring what they need? After all, one would 
think that any parent that does not care sufficiently for 
its own offspring would be swiftly eliminated by natural 
selection. In fact, however, it may be adaptive for parents 
to withhold care that offspring demand, and intensive 
signaling might be one result of this parent-offspring 
conflict. The concept of parent-offspring conflict has 
launched a large theoretical literature on the evolution 
of parent-offspring signaling. 

Parent-Offspring Conflict 

Parent-offspring conflict is the disparity between the 
level of care that natural selection favors for parents and 
the level that it favors for offspring. To understand this 
disparity, one must see parental care in cost/benefit terms, 
like any other behavior. Any effort a parent spends on a 
given offspring entails the cost of withholding that care 
from another offspring or decreasing the chance that the 
parent can produce future offspring. For any given off¬ 
spring, however, that cost is less important than it is for the 
parent. Specifically, while the parent is equally related to 
all of its offspring, the offspring is only half as related 
to its siblings as it is to itself. Thus, a parent gains equal 
amounts of fitness through any given offspring, while 
a given offspring gains twice as much fitness through 
its own sons and daughters than through its nieces and 
nephews. Since the costs of parental care are half as impor¬ 
tant to the offspring as they are to the parent, offspring are 
selected to get twice as much care from the parents as the 
parents are selected to give. 

This parent-offspring conflict could affect the amount 
and timing of care. When a parent divides resources 
among its current offspring, as when a parent bird feeds 
its nestlings, it should divide the amount of food relatively 
evenly, but each offspring should demand twice as much 
food as its even share. Similarly, when a parent curtails 
care on one set of offspring so it can raise a second, as 
when a mother deer stops nursing to save energy for its 
next fawn, the offspring may resist by trying to prolong 
the period of care. In both situations, offspring might be 
selected to signal vigorously to parents in an attempt to 
coax extra resources from them. 

Indeed, at first glance, these ideas fit quite well with 
many patterns of parent-offspring signaling. Nestling 
birds, for example, noisily beg and jostle each other 
when the parent arrives at the nest with food, as if they 
are competing to take food away from their siblings. Simi¬ 
larly, many young mammals, including young humans, 
often appear to resist vigorously when parents try to 
withhold care at the end of the dependent period. None¬ 
theless, such behavioral conflict between parents and off¬ 
spring need not reflect an underlying genetic conflict. 
Weaning conflict in mammals, for example, might occur 
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simply because offspring are not privy to the schedule of 
parent’s activities or to the resources available to them. 
Thus, the amount and timing of care might indeed have to 
be negotiated, but not because parents and offspring dis¬ 
agree over the ultimate outcome. 

Instead of looking for behavioral conflict, then, a proper 
test of the theory of parent-offspring conflict requires 
measures of the fitness consequences of different levels of 
care for both parents and offspring. These data are hard 
to get, so, not surprisingly, parent-offspring conflict has 
proved to be notoriously hard to test. Most work has in¬ 
stead assumed that the conflict exists, that is, that parents 
and offspring disagree over the level of care, and has turned 
to studying the signals with which parents and offspring 
settle on the level of care. 

Models of Signaling 

The models of parent-offspring conflict we have reviewed 
so far assume that offspring use some sort of signal, such as 
begging, to influence parental care. Given that these signals 
might be used to manipulate parents to give more care 
than they otherwise would, it seems reasonable to ask why 
parents respond to the signals in the first place. 

One reason is that both parents and offspring have a 
shared interest in adjusting care to the offspring’s needs, 
even though they may not agree on the precise level of 
those needs. To the extent that they do agree, both parties 
would benefit from a signal that correlates with aspects of 
an offspring’s need that would otherwise be hard for a parent 
to perceive. For example, a parent can easily see how large 
a nestling is and can adjust its level of care accordingly with¬ 
out any signaling. A parent cannot, however, directly detect 
how much nutrients are in the nestling’s bloodstream; for 
this information, some kind of signal is required. 

Because of parent-offspring conflict, however, offspring 
might gain at the expense of parents by exaggerating their 
needs, so what keeps these signals honest? Numerous mod¬ 
els have explored this question. The best-known answer is 
that, if begging is costly for offspring, then a reliable rela¬ 
tionship between signaling and need can be evolutionarily 
stable, because any gains an offspring might achieve by 
exaggerating its needs are offset by the costs of the added 
begging. The result is a one-to-one relationship between 
the level of begging and the needs of offspring. 

Other models suggest that begging might reliably sig¬ 
nal offspring needs without being costly. For example, 
if begging is not a continuously varying signal, but an 
either/or signal (as might be the case, e.g., in very young 
nestlings that can only shoot their necks up and gape or 
not beg at all), then begging need not be costly to be 
evolutionarily stable, because it pays both parents and 
offspring for the latter to beg when they have passed a 
threshold of need. Alternatively, exaggeration might be 
kept in check by repeated interactions between parents 


and offspring. For example, if a parent bird senses that a 
nestling is exaggerating its needs, the next time the parent 
visits the nest it might be less inclined to feed that nesting, 
whatever the nestling’s level of signaling, in effect, punish¬ 
ing the nestling for its bad behavior. The costliness of 
begging might also be affected by errors in how parents 
perceive begging levels or in how offspring assess their 
own needs, by trade-offs in effort between the parents, 
and by interactions among the siblings. 

Empirical evidence that might help to support any one 
of these signaling models over the others is mixed. Many 
studies have confirmed that parents provision according 
to begging levels and offspring beg according to their 
needs. A key sticking point, however, is the cost of beg¬ 
ging. Metabolic studies and (less conclusively) studies of 
nestling growth suggest the energetic costs of begging are 
quite low, but field experiments suggest that the costs of 
attracting predators with noisy begging can be high. To be 
properly assessed, however, the costs and the benefits of 
begging must be related to each other in the same fitness 
currency, which is difficult. 

Not only are signaling models hard to distinguish 
empirically from one another, but they are also hard to 
distinguish from another set of models that do not involve 
signaling at all. The latter models treat begging not as 
a signal that coaxes care from the parent, but simply as a 
struggle among siblings to be the closest to their parents. 
Here, instead of offspring signaling how much they need 
and parents allocating resources accordingly, parents sim¬ 
ply reward whichever offspring wins the scramble to get 
near them. Thus, the chief issue distinguishing the two 
sorts of models is whether offspring or parents control 
the allocation of resources, a distinction that has proved 
surprisingly hard to test. 

One important criticism of all these models is that 
they overemphasize the competitive aspects of parent¬ 
offspring signaling. In fact, although offspring beg partly 
in order to attract feedings toward themselves, they also 
beg to make the parent provision the brood as a whole. 
Thus, the benefits of begging are partly shared among the 
whole brood, and so are the costs; nestlings in a nest are 
the proverbial eggs in one basket, so if any of them makes 
too much noise, they may all go down together. The 
interplay between how parent-offspring signaling func¬ 
tions at the individual and the whole brood level is one of 
the most interesting areas of current research. 

Promising Research Areas 

Having started with a strong focus on parent-offspring 
conflict and reliable signaling, the study of parent¬ 
offspring signaling, especially begging, has branched into 
several promising research areas. The dynamics of signal¬ 
ing within families, for example, how male and female 
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parents mutually adjust their efforts, and how nestlings 
trade off competitive versus cooperative begging, is attract¬ 
ing particular interest. Another growing area will likely 
be the study of how parent-offspring signaling shapes 
the behaviors that offspring eventually display as adults, 
and the evolutionary implications of these effects (see 
‘Development’ above). Of these effects, it is perhaps the 
nongenetic, maternal effects on offspring phenotype, such 
as recently discovered effects of maternal hormones on 
begging levels, that will have a particularly strong impact 
on how we think about the evolution of behavior. Finally, 
the study of the evolution of begging signals has been 
dominated by work on nestling birds, especially by song¬ 
birds. A taxonomically broader approach is likely to yield 
new insights, as already illustrated by emerging research on 
taxa as diverse as burying beetles and meerkats. 

See also: Barn Swallows: Sexual and Social Behavior; 
Development, Evolution and Behavior; Differential 


Allocation; Honest Signaling; Parental Behavior and 
Hormones in Mammals; Parental Behavior and Hor¬ 
mones in Non-Mammalian Vertebrates; Signal Parasites. 
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What Is a Parmecium and What Are Cilia? 

Parmecium species have been useful model organisms for the 
studies of swimming behavior for over 100 years. Perhaps 
the most influential monograph on the behavior of ciliates, 
including Parmecium , was Jennings’ ‘Behavior of the Lower 
Organisms’ (1906) in which he described his careful obser¬ 
vations of the manner in which these cells respond to many 
kinds of stimuli by changing their swimming behavior. 
Parmecium cells behave in response to environmental stimuli 
by changing the way they beat their cilia, the organelles 
that propel them through the pond water that is their 
home. These cells can efficiently relocate to areas rich in 
food or escape noxious areas by manipulating just two 
aspects of swimming: the speed at which they swim, by 
beating their cilia and the frequency of their turns, by 
changing their ciliary power stroke. Their motor responses 
to stimuli are key to their sensory behavior. 

Parmecium is a eukaryotic protist in the alveolatea 
superphylum and ciliophora phylum. It is a holotrichous 
ciliate, which means that it is a single-cell organism cov¬ 
ered in cilia (Figure 1). On a Parmecium cell, there are 
about a thousand or more cilia that are slender organelles 
protruding from the surface of the cell. The cilia are about 
10-pm long compared to the cells that range from 150- to 
250-pm long. The cells can be seen with the naked eye, 
but the cilia cannot. Cilia are fitted with a central struc¬ 
ture, the axoneme, and motor proteins called dyneins. 
They are covered with a membrane that is contiguous 
with the cell body membrane. If the dyneins are supplied 
with ATP and Mg 2+ , the cilium moves at 10-20 Hz in a 
power stroke toward the rear of the cell and returns to the 
starting position in a lazier return stroke. This cycle of 
power and return stroke makes the cell swim forward, but 
the cells can also make abrupt turns by transiently chang¬ 
ing the stroke toward the rear of the cell into the lazier 
stroke and the return stroke into a stronger stroke. This is 
the abrupt turn or ‘avoiding reaction’ described by Jennings. 
Since ciliates swim by beating their cilia in ways that move 
them forward or allow them to turn, the control of the 
ciliary beat is at the heart of understanding how these 
animals behave in response to environmental stimuli such 
as heat, ions, organic chemicals, gravity, water currents, 
or touch. 

Parmecium has the properties of a neuron, and it is these 
properties that inspired the nickname of the swimming 
neuron. The cells are amenable to electrophysiological, 
biochemical as well as transmission and modern molecular 


genetic approaches, which make them appealing as a model 
organism, especially for the genetic dissections of cilia 
formation and function, ion channel function, pattern forma¬ 
tion, DNA rearrangements, chromosome structure, secre¬ 
tion, and more. Here, we focus on their neuronal properties 
that drive behavior. Parmecium has many ion channels, and its 
membrane potential rests at about —45 mV in buffers that 
simulate pond water. The membrane’s electrical proper¬ 
ties that make it so much like a neuron are key to under¬ 
standing the control of its cilia. The connection is simple 
on one level: ions that enter or leave the cell through ion 
channels manipulate the beating of the cilia. Calcium is the 
most important player, with K + , Na + , and Mg“ + also 
playing important roles. As long as calcium remains low 
(<100 nm) inside the cilia, the cilia beat to send the cell 
forward through the pond water in a helical path (Figure 2). 
If the cell depolarizes sufficiently to cause the opening of 
the voltage-gated calcium channels that are exclusively on 
the cilia, ciliary calcium rises, the stroke changes, and cells 
swim backward as long as calcium remains high in the 
cilium. Channels quickly close, the calcium is sequestered 
or removed, and the cell resumes its forward swimming in 
a new direction. An observer would see this as an abrupt 
turn of the cell because the backward swimming compo¬ 
nents are short lived. The cell does follow its old path when 
it starts swimming again, because the cell whirls in place as 
the backward swimming ends, and the cell shape is asym¬ 
metrical in part due to its oral groove being full of beating 
cilia that contribute to the cell’s helical movement. Almost 
all new directions are equally favored, except for a 180° 
turn, which is underrepresented. 

Combining Physiology, Genetics, and 
Behavior 

There is a large body of work on the genetics of Parmecium , 
beginning with Mendelian and nonMendelian genetics, 
studied in great depth by Tracy M. Sonneborn and his 
students. Parmecium species presented an opportunity to 
use crosses and even grafts of paramecia to study very 
complex patterns of inheritance of mating type and surface 
antigens that had interesting patterns of inheritance. It is 
possible to mutagenize Parmecium , search for mutants, and 
analyze their mode of inheritance. The applicability of 
these genetic manipulations and Sonneborn’s groundwork 
made Parmecium an attractive model organism by the mid¬ 
twentieth century. 
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Overlapping in time with the development of genetics 
of Parmecium were physiological studies that elucidated 
the basis of the membrane potential and ion currents that 
led to the nickname of swimming neuron. In Kaneko, 
Naitoh, Eckert, and others, used the relatively new tech¬ 
nologies of electrophysiology to make the connection 
between ionic conductances and the beating patterns of 
cilia on Parmecium. They brought to light the basis of the 
graded calcium action potential that causes the transient 
influx of calcium into the cilia where the calcium changes 
the sliding of mictorubules of the axoneme, the structural 
heart of the cilium, and the bending of the cilia during 
the power and return strokes. The voltage-gated calcium 
channels reside only on the cilia, and when environmental 
stimuli cause sufficient depolarization to open these chan¬ 
nels, the calcium that enters causes a change in ciliary 



Figure 1 Parmecium tetraurelia cell. Scanning electron 
microscope image of a wild type cell from the dorsal side. 


beat. As long as calcium remains high in the cilium, the 
change in beat will be sustained, but normally, this is very 
transient and lasts just a fraction of a second. As the 
calcium levels are reduced, the cell whirls in place, and 
eventually swims forward again. This is the avoiding 
reaction described by Jennings so long ago. The avoiding 
reaction can be elicited by high ionic concentrations, heat, 
repellents, or touching the anterior of the cell. 

There are other ion channels that modify swimming 
behavior. There are many potassium conductances in the 
cell, and when the cells encounter attractants, lower ionic 
strength, or are tapped on the posterior, they hyperpolar- 
ize due to the opening of potassium channels. This hyper¬ 
polarization causes fast forward swimming of the cell. 

Behavioral Genetics 

This background of physiology, genetics, and behavioral 
observations, set the stage for Ching Kung to go about 
selecting for the behavioral mutants of Parmecium. Kung 
and J. Preer, a student of Sonneborn, chose to use 
P. tetraurelia because this species had the process of autog¬ 
amy through which all loci are rendered homozygous at 
all loci with one simple manipulation in the laboratory 
(Figure 3). Autogamy facilitates the recognition of reces¬ 
sive mutations, speeds up crosses, and makes it unneces¬ 
sary to do repeated back-crosses to generate mutants 
with identical genetic backgrounds. Kung used the estab¬ 
lished methods for mutagenesis and genetic analysis, but 
designed selections that would yield mutants that did not 
produce normal avoiding reactions. He trapped wild type 
cells in fits of avoiding reactions at the bottom of tubes 
fdled with solutions high in Na + , for example. Mutants 
unaffected by the Na + could swim upward following a 
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Figure 2 Calcium basis for cell swimming behavior, (a) Cells swim forward with a negative resting membrane potential; cilia beat 
toward the rear of the cell, (b) When an action potential is elicited through a depolarization (note dashed line is 0 mV potential), 
calcium rises inside the cilia, which change their power stroke toward the anterior and the cell transiently swims backward. From 
Kung C, Chang S-Y, Satow Y, Van Flouten J, and Hansma FI (1975) Genetic dissection of behavior in Parmecium. Science 188: 898-904, 
reprinted with permission from AAAS. 
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normal behavior of negative geotaxis to the top of the tube 
where they were collected. Figure 4 shows how wild type 
cells generate trains of action potentials in depolarizing 
solutions with Ba 2+ and jerk around in place without 
making much progress. In contrast, pawn cells depolarize 
but do not generate the action potentials. They swim slowly 
forward away from where they were first put in the pool of 
Ba 2+ . Later, Kung selected for cells that had too robust an 


Meiosis-*+*— Mitosis —*+*-Fertilization-*H 

A 
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Figure 3 Autogamy. When P. tetraurelia become slightly 
starved, they will become mating reactive and reorganize their 
nuclei. As shown here, the nucleus undergoes the usual two 
meiotic divisions, but only one haploid nucleus survives. This 
one divides again by mitosis. If there is a cell of complementary 
mating type, it will receive one of these haploid nuclei. If there 
is no complementary cell, the two identical haploid nuclei will 
fuse, making a diploid nucleus that is homozygous at all loci. 
From Kung C, Chang S-Y, Satow Y, Van Houten J, and 
Hansma H (1975) Genetic dissection of behavior in Parmecium. 
Science 188: 898-904, reprinted with permission from AAAS. 



Figure 4 Cells swimming in Ba 2+ . (All cells are introduced into 
the Ba 2+ solution in the middle of the image. Each trace is a track 
of a cell swimming in the Ba 2+ solution.), (a) Wild type cells in 
BaCI 2 buffers show repeated action potentials, each one of 
which cause a transient turn in the swimming path. The repeated 
turns are shown by the long-exposure micrograph of cells 
swimming. The tracks appear white because dark-field 
microscopy was used, (b) Pawn B mutants in BaCI 2 buffers show 
depolarization but no action potentials. As a result, the cells swim 
slowly out from the center of the picture where they were first 
placed in the BaCI 2 solution. From Kung C, Chang S-Y, Satow Y, 
Van Flouten J, and Hansma H (1975) Genetic dissection of 
behavior in Parmecium. Science 188: 898-904, reprinted with 
permission from AAAS. 


avoiding reaction. The first mutants were called ‘Pawns’ 
because, as the chess piece, they could not back up. Crosses 
demonstrated that there were three pawn complementation 
groups or genes (pwA, pwB , pwC). The mutants with pro¬ 
longed avoiding reactions were called Paranoiacs because 
they backed away for long periods of time as though perse¬ 
cuted. These mutants were generally single-site Mendelian 
mutants. Pawns were recessive and Paranoiacs dominant or 
semi-dominant. Kung identified several gene loci responsi¬ 
ble for each of these phenotypes and eventually identified 
Dancer, Dn, a mutant that increases the calcium conduc¬ 
tance by slowing the calcium channel inactivation, causing 
the cell to repeatedly turn. Figure 5 shows a variety of the 
early mutants and their swimming tracks. 



Figure 5 Variety of mutants. Cells were recorded in dark-field 
long-exposure micrographs while swimming in culture medium, 
which is rich in Na + . The left column shows the long-exposure 
micrographs; the right column shows line drawings of the paths 
with arrows to indicate the direction of movement, (a) Wild type 
show paths with occasional turns from action potentials. 

(b) Fast-2 (cam 11 ) mutant showing fast smooth swimming with 
no full turns from action potentials, (c) Pawn B mutant showing 
smooth swimming with no turns, (d) Paranoiac (cam 3 ) showing 
the tight helix which is indicative of backward. Note the very long 
backward swimming, (e) Sluggish mutant hardly moving. From 
Kung C, Chang S-Y, Satow Y, Van Houten J, and Hansma H 
(1975) Genetic dissection of behavior in Parmecium. Science 
188: 898-904, reprinted with permission from AAAS. 
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In analyses of these mutants, Kung found that the 
Pawns lacked the conductance of the voltage-gated cal¬ 
cium channel and that the Paranoiacs lacked a calcium- 
activated potassium conductance that normally truncates 
the action potential so that the cell usually goes backward 
for only a short period of time. Using a method of making 
‘models,’ that is, cells treated with nonionic detergent so 
that components in the extracellular space can reach the 
inside of the cell and cilia, Kung showed that the Pawn 
mutants had functional axonemes. Adding Mg 2+ and ATP 
causes models to move forward; adding calcium with Mg" 
and ATP reverses the swimming direction. Pawn mod¬ 
els were able to reverse their swimming direction, but 
models of other mutants such as Atalanta, which was 
thought to have some defects in the axoneme, could not. 

Over time, many more kinds of mutants were isolated 
using clever methods of selection. These mutants showed 
disrupted calcium-activated Na + conductances, reduced 
K + currents, or abnormal hyperpolarization-activated 
conductances, and had interesting names such as Panta- 
phobiacs, eccentrics, and restless. Eventually, almost every 
conductance identified in Parmecium had a mutant asso¬ 
ciated with it. This rich zoo of mutants was a tremendous 
resource for the dissection of other swimming behaviors 
of Parmecium , as seen in Bell et al. (2007). 

Kung and workers had begun a ‘genetic dissection’ of the 
behavior of Parmecium in the 1970s, preceding the molecu¬ 
lar genetic innovations that would revolutionize Parmecium 
genetics in the late twentieth and early twenty-first cen¬ 
turies. The insights that Kung brought with his genetic 
approach, combined with the electrophysiological analyses 
of mutants, were truly groundbreaking. The 1987 review 
in Further Reading summarizes Kung’s progress since his 
seminal paper in 1975. 

Search for Proteins 

Kung pointed out in his seminal 1975 paper on his genetic 
dissection of behavior of Parmecium (see Further Reading) 
that P. tetraurelia presented advantages such as well-developed 
genetics and physiology, easily monitored behavior, and 
biochemistry. Since paramecia divide by fission and grow 
in high densities in the laboratory, they are amenable to 
searches for proteins that are the products of the interest¬ 
ing genes that govern behavior. The search for the protein 
products of pawns and Paranoiac genes was difficult and 
generally not successful in the early years. Comparison of 
two-dimensional gels from wild type and mutants did not 
yield results, and the sensitive mass spectrometers that are 
so helpful in protein identification today were not available 
in the 1970s-1980s. However, another convenient aspect of 
Parmecium came to the rescue. It is possible to inject protein 
or cell fractions into the cell. Through microinjection, one 


can assay whether the microinjected material ‘cures’ a 
mutant phenotype, implying that the protein product of 
the wild type version of the gene has now restored the wild 
type phenotype. Using this approach, Kung’s group found 
that a single molecule, calmodulin, could cure many 
different mutants, Pantaphobiacs, Paranoiacs, and fast 
mutants. This important set of results made sense of the 
early genetic data that put fast mutants that do not turn 
and move very fast in Na + solutions in the same comple¬ 
mentation group as Paranoiacs that swim backward for a 
long time in Na + solutions. 

The study of P. tetraurelia calmodulin demonstrates an 
extraordinary dissection of the calmodulin molecule. 
First, the mutants are viable even though a molecule as 
important as calmodulin is changed in each. Second, the 
phenotypes are strong and easily identified. That is, swim¬ 
ming behavior tremendously magnifies subtle genetic 
changes so that selection for altered swimming behavior 
provides very effective selection strategies for clear phe¬ 
notypes. Fast, we have a better appreciation that calmod¬ 
ulin can interact not only with multiple ion channels but 
also with different classes of channels through each lobe 
of the calmodulin molecule. These outcomes would not 
have been possible with any other model organism. 

To summarize the findings, mutations in the C-terminal 
(carboxyl) lobe of calmodulin cause the molecule to fail 
to properly activate the Ca" + -dependent K + conductance 
that is responsible for returning membrane potential to 
basal levels after the action potential. There is a faster 
voltage-activated K + conductance that also works to 
short circuit and end the action potential, but this voltage- 
dependent conductance is rapidly activated and inacti¬ 
vated. If depolarization is prolonged, this conductance will 
be insufficient to repolarize the cell, and the slower to 
activate Ca 2+ -dependent K + conductance will be respon¬ 
sible for returning the membrane potential to basal levels. 
This Ca 2+ -dependent K + conductance requires calcium/ 
calmodulin for its activation. Mutants, once called Panta¬ 
phobiacs and Paranoiacs, are now renamed cam mutants 
and they have very prolonged backward swimming in 
depolarizing solutions, such as those high in Na + . 

Mutations in the N-terminal lobe of the calmodulin 
gene produce entirely different phenotypes. These muta¬ 
tions cause the loss of a Ca" + -dependent Na + current. 
This current requires the binding of calcium/calmodulin 
to the Na + channel as shown in patch clamping. These 
mutants have the common phenotype of no backward 
swimming, and fast swimming in high Na + buffers. The 
two have been renamed cam mutants, such as cam 11 , that 
formerly was fast-2. 

A close scrutiny of the large collection of cam mutants 
has uncovered a more complex picture with mating and 
growth impairments for some alleles. Each allele has a 
signature set of defects, including those in various ion 
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conductances, in addition to the C a 2+ -activated Na + or K + 
conductances described earlier. Some cam mutants (for¬ 
merly Paranoiacs) have an increased Ca 2+ -activated Na + 
conductance, in addition to a reduced Ca 2+ -activated K + 
conductance, which reinforces their long backward swim¬ 
ming in Na . Other cam mutants (formerly Pantophobiacs) 
have lost the hyperpolarization-activated Ca 2+ -dependent K + 
conductance. In short, the mutations in the calmodulin gene 
can be grouped into those that cannot activate the Ca 2+ - 
dependent K + channel or the Ca 2+ -dependent Na + channel, 
but individual mutants have other changes in channel acti¬ 
vation that lead to more complex behavioral phenotypes. 

The identification of the gene products of the Pawn 
genes followed the same path as the identification of 
calmodulin as the gene product of the Pantophobiac 
genes. However, microinjection of fractionated cytoplasm 
did not provide a clear answer about the nature of Pawn 
genes, except to say that the gene products of the pwA and 
pwB genes were cytoplasmic or possibly endoplasmic 
reticulum-associated and probably function in trafficking 
of proteins like the calcium channel to the cilia. 

Groups in Japan, some in collaboration with Kung, 
selected the behavioral mutants of another species, 
P. caudatum, which does not have the process of autogamy. 
The cnr (caudatum nonreversal) mutants fell into lour 
complementation groups. Even though the P caudatum 
cnr and P tetraurelia pawn mutants could not be crossed 
to test for complementation, they could exchange cyto¬ 
plasm by microinjection. While wild type P. caudatum 
cytoplasm cured the cnr mutants, as the wild type 
P. tetraurelia cytoplasm cured the pw mutants, no cyto¬ 
plasm from cnr could cure any of the three pw mutants and 
vice versa. Kung concluded that there are at least seven 
gene products that are necessary for the functioning of the 
voltage-gated calcium channel. 

The genes for both pwA and pwB have been cloned 
through a series of microinjection of smaller and smaller 
fractions of the P tetraurelia genome. The genes look noth¬ 
ing like those coding for the subunits of a calcium channel, 
and the mystery still remains about how the pw gene pro¬ 
ducts function to gate and otherwise control the function of 
the channels that are crucial to the cells’ swimming. 

Expanding the Genetic Dissection to 
Other Behaviors 

We have focused on the swimming behavior mutants of 
Kung and workers in this description of the behavioral 
genetics of Parmecium , but there are other laboratories that 
have selected for mutants that cannot respond normally to 
environmental stimuli. None of these mutants have 
mapped back to the calmodulin gene. There are mutants 
that cannot respond normally to chemical stimuli by 


changing their swimming to be attracted or repelled. 
There are mutants that fail to adapt in high K + or that 
fail to go backward in Mg 2+ . There are even mutants that 
cause the Ca 2+ -dependent K + to activate early in a depo¬ 
larization, short circuiting the action potential. These are 
the TEA-insensitive mutants and, while they affect the 
same conductance as do the mutants with changes in the 
N terminal of calmodulin, the TEA-insensitive mutants 
are calmodulin mutants. 

Modern Parmecium Genetics 

Since the enormous effort to clone the pw genes by 
microinjection and curing, the P. tetraurelia genome has 
been sequenced and annotated http:/www.genoscope.cns. 
fr/spip/Parmecium-tetraurelia-whole.html. The genome 
size appears to be about 35 000 genes, which have few to 
no introns and small introns when they are present. The 
ability to search the genome database has spurred enor¬ 
mous progress in the identification of genes and made it 
less crucial that there be clever screens to identify useful 
mutants. The genes for critical proteins that are necessary 
for homeostasis have been generally conserved well enough 
to be found through homology cloning, for example, plasma 
membrane calcium and SERCA pumps. But membrane 
proteins and signal transduction components have been 
generally less well conserved and the annotated genome is 
crucial in identifying the P tetraurelia orthologs. Now, 
receptors for attractants and other proteins involved in 
signaling and behavior are coming to light. 

The challenge of the annotated genomic sequences is 
that the genome has duplicated three times. Duplications 
have provided a large number of paralogs and homologs 
that need to be sorted through to determine whether these 
similar sequences code for proteins of similar and redundant 
functions, or have been assigned to different purposes in 
the cell. The advent of effective protocols for feeding 
RNA interference (RNAi) has made it possible to sort 
through these similar sequences and determine whether 
a ‘phenotype’ can be assigned to the reduction of the 
expression of a gene sequence. Now, it is possible to assign 
a function to a gene without having to generate a mutant. 

Technologies for expression have also matured, and 
now it is possible to follow the tagged protein of interest in 
the cell. It is possible to inject plasmids or otherwise 
incorporate them into the cell and, until the cell goes 
through autogamy, retain the expression of the plasmid 
for study. In this way, it is possible to cure the existing 
mutants with an injection of plasmids and not use complex 
cell or nucleic acid fractions. When there are no existing 
mutants, it is possible to use the feeding RNAi to determine 
a phenotype and even combine RNAi feedings to look for 
synergies or additivity. 
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Summary 

In summary, Parmecium behavioral genetics have come a 
very long way from Jennings’ observations of swimming 
behavior. The genetic dissection approach taken by Kung 
rested upon two foundations. The first was built by Eckert, 
Kaneko, Naitoh, and others who used electrophysiology 
to understand the physiological correlates of the ciliary 
direction of beat, and the basis of the mechanostimulation 
from touching the front or back of the cell. The second 
foundation was the deep understanding of Parmecium 
genetics from the work of Sonneborn and Preer. Kung 
creatively demonstrated that a complex behavior can be 
dissected down to its root cause. He outpaced the technology 
that was needed to identify genes and gene products. 
Nonetheless, the exquisite dissection of the calmodulin 
molecule and the elucidation of its interaction with channels 
showed that painstaking microinjection and fractionation 
could result in the identification of a gene product in 
P. tetraurelia. Kung’s combination of physiology, behavior, 
genetics, and biochemistry, paid off, as he predicted in his 
1975 paper. We are now in the postgenomic era and groups 
are using bioinformatics and proteomics to understand 
the proteins of the cilia that govern behavior and finding 
elusive membrane and signal components that are crucial 
to Parmecium behavior at a very fast pace. However, we are 
standing upon the foundation laid by the geneticists, 
physiologists, and biochemists who went before. 
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Introduction 

Foraging requires a set of hierarchical decisions. Where 
should the animal forage? Once it decides where, what set 
of potential prey or food types should be in its diet? And, 
if we define the ‘where’ as a patch, when should it leave 
that patch to go look for food elsewhere? What the forager 
does from the point it enters a patch to when it leaves is its 
‘patch exploitation’ behavior. Identifying the behavioral 
rules for patch exploitation is critical to understanding 
much about foraging behavior in general. Knowing why 
animals leave patches leads to important insights on how 
entire habitats are used, how populations are spatially 
distributed, and how species may interact and coexist. 

So let us consider how you might exploit your favorite 
restaurant as a patch. You are foraging on all your favorite 
dishes, prepared to perfection. Assume that the restau¬ 
rant’s food supplies replenish faster than you can eat and 
the check never arrives. In the parlance of foraging, we call 
this a ‘nondepleting patch’ (Figure 1). Although one might 
eventually leave the restaurant for reasons unconnected to 
eating, optimal foraging theory predicts one would never 
leave this patch expecting to find better food at a lower 
cost elsewhere. A number of organisms, such as barnacle 
larvae looking to settle on a rock, may indeed make only 
one patch choice decision in their entire lives. Thereafter, 
these animals treat the world like a single nondepleting 
patch that will never be abandoned. 

Most animals, however, are not barnacle-like. They 
move from place to place often. And most patches, in 
fact, deplete (Figure 1). In the restaurant analogy, sup¬ 
pose the kitchen runs out of your favorite foods and starts 
serving less palatable entries, or that lots of other custo¬ 
mers arrive causing the service to deteriorate and increas¬ 
ing the time it takes for food to arrive, or that they start 
asking you to pay the bill. If one or all these things 
happen, you may decide to quit this particular establish¬ 
ment and go somewhere else to eat. In terms of foraging 
jargon, the net rate of energy intake (calculated as the 
value of the food minus its cost, and divided by the time it 
takes to get and eat it) may be better at another restaurant. 
Graphically, the difference between a nondepleting and 
depleting patch is that when a forager is in a nondepleting 
situation, its total net energy intake goes up linearly 
(Figure 1). If it spends twice as long in a patch, it gets 
twice as much food. For a depleting patch, the longer an 
animal spends in a patch, the less food it will collect per 
unit of time. 


Now let us consider a more natural situation: a bird 
gleaning insects in a bush. As the bird hunts successfully, it 
is emptying the bush of edible prey. At what point does it 
benefit the bird to quit searching a particular bush and fly 
to another one? A number of variables could be involved 
in this decision. First, what is the current capture rate of 
insects in the occupied bush? Second, is there another 
bush off in the distance with even more bugs on it? 
Third, how much does it cost the bird in time and energy 
to move? Note that all these variables deal only with 
energetic, food-related issues. We will add in other fac¬ 
tors, such as predation risk later. 

One solution for the bird is to leave the bush when it is 
empty and no insects are left. Practically, however, this 
solution is almost always unworkable. One could never be 
100% certain that all the insects are gone or that another 
has not just arrived. Furthermore, the bird might need to 
search for a long, long time without any food reward to 
confidently conclude that patch is empty. Certainly, it 
could be doing better than that! Indeed, the mathematical 
solution for the best time to leave a depleting patch was 
derived in the mid-1970s by Eric Charnov. This solution 
is known as the ‘Marginal Value Theorem’ (often seen as 
abbreviated to the MVT), and it is probably the single 
most predictive and useful equation in the history of the 
behavioral ecology of foraging. 

The Marginal Value Theorem 

We start with the realization that the value of a depleting 
patch (let’s call it patch type i) is a decelerating function 
of energy gained per time (Figure 2). Mathematically, we 
can represent the ever-changing gain function curve for i 
as depending on the amount of time spent in that patch, or 
gt{t t ). Each patch type has a specific encounter rate (/l,). 
For each patch type, there is also an optimal length of 
time the animal should spend foraging. This is known as 
the ‘patch residence time’ (t-). Summing across n patch 
types, the net rate of intake for a forager is: 

R = P“l&l(h) + (^2) + • ‘ + hngn^n) ~ s ]/ 

(1 -\- k\t\ + Ajtj + ■ • • + A„t n ) [l] 

For the forager, there exists a set of t values that will 
maximize R. Rather than solving all of them simulta¬ 
neously, we simplify this problem by assuming that the 
animal spends the optimal amount of time in patch two 
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Figure 1 The relationship between time spent foraging and 
the total amount of energy collected. The slopes of the lines 
give the encounter rates. If the patch approximates an infinite 
food supply (i.e., the foragers never seriously deplete the amount 
of food), then the amount of food collected continues to increase 
in a linear manner (dashed line). If foraging depletes the patch, 
then a diminishing return function is expected and encounter rate 
decreases with time spent in the patch (solid line). 


through n, and solve for the more tractable question of 
how long it should spend foraging in patch type 1. There¬ 
fore, we can then gather all the nonpatch one terms into 
two constants, c and k. This gives: 

R = [^i£i(/i) + k\/(c T k\t\) [2] 


From basic calculus, we know that R is maximized with 
respect to time, with the q value for which the first 
derivative (dR/dt) equals zero. This results when: 



V-\g\ ( a ) -\- k] / (c -\- X\ t\) 



where g'i(/j) is the instantaneous net gain in energy in 
patch type 1. The right-hand side of eqn [3] is an approx¬ 
imation of the average net rate of energy intake across the 
encounter-rate weighted average of all the patch types 
(plus search and travel costs). So intuitively, eqn [3] pre¬ 
dicts that a forager should stay in a patch only as long as 
it is doing better at the moment than it would do, on 
average, by picking up and going elsewhere. 


MVT Predictions: Patch Residence 

The effect of catching prey on the forager’s net intake rate 
in a depleting patch is a declining rate at which net energy 
accumulates (Figure 1). It takes the foraging animal lon¬ 
ger and longer to collect equivalent amounts of energy. As 
the gain per unit effort decreases, it will become to the 
forager’s advantage to leave the patch and find a richer 
one. How long the animal actually spends in a patch is 
called the ‘patch residence time.’ The optimal solution 


Patch 



travel to patch enters patch leaves patch 

Time-► 

Figure 2 The optimal patch residence time when foragers 
travel between patches and patches decline in quality due to 
foragers’ actions. The maximum rate of energy intake can be 
found by drawing the line with the highest slope that intersects 
the gain function (i.e., the tangent). The intersection predicts 
the optimal patch residence time. 


can be shown graphically (Figure 2). Time runs both 
before and after a forager encounters a patch because 
there must be a travel time between patches. Patch resi¬ 
dence times are given by the family of lines that initiate 
from where travel commences and intersect the gain 
curve. The optimal patch residence time is defined by 
the line with the greatest slope, which is the one line that 
is tangential to the gain curve. 

In economic terms, the MVT predicts that a patch’s 
immediate utility (i.e., its marginal value) to a forager 
depends on its value relative to all other options. Similar 
to a prey choice model, there is an all or none predictive 
equivalent: foragers should avoid patches whose return 
rates are expected to be below the overall environment’s 
average. However, in better-than-average patches, ani¬ 
mals should forage until the patch declines to the habitat’s 
average. Thus, patch residence times should be variable 
in relation to the patch’s quality at initial encounter. For 
slightly above-average patches, a short patch residence 
time is expected. For very good patches, long residence 
times are predicted. 

The distance a forager needs to travel between patches 
should also affect patch residence time. One can see in 
Figure 2 that if the travel time is increased, the tangent to 
the gain curve will move further to the right. Thus, the 
predicted time in the patch will increase. Similarly, reduc¬ 
ing travel time will decrease the optimal patch residence 
time. 


MVT Predictions: Prey Density 

Unfortunately, for many foraging situations, the experi¬ 
menter neither knows the overall average of the environ¬ 
ment, nor is able to measure patch residence times 
without disturbing the forager. However, if we assume 
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that the animal has an estimate of overall environment 
quality, the number of prey it leaves behind in the patch 
may allow us to measure the animal’s estimation of its 
environment. Students of foraging call the number of prey 
left in a patch after a foraging bout the ‘giving-up density’ 
(GUD). Because an animal’s foraging rate will decline as 
prey become scarcer in a patch, the MVT predicts that it 
should leave every above-average patch with approxi¬ 
mately the same number of prey items still in it. There¬ 
fore, the GUD should approximate the average return 
rate of the habitat. Indeed, most experimental tests of 
the MVT measure prey densities before and after patch 
visits and then compare these values across patches. 

The utility of measuring GUD applies to a wide vari¬ 
ety of foraging problems beyond movement in and out of 
discrete habitat patches. For example, should a spider 
attempt to remove every drop of fluid from a fly before 
returning to hunting? Should a bee remove all the nectar 
from a flower before traveling to the next inflorescence? 

MVT Predictions: Decision Rules 

Despite its elegance, it is inconceivable that the MVT 
could perfectly predict quantitative animal behavior. 
There is a twofold problem. First, prey items come in 
discrete packages. A predator either has a prey item in its 
grasp or it does not. Therefore, the instantaneous gain in a 
patch is either very high (when the predator is feeding) or 
zero (in between prey captures). Thus, a literal interpre¬ 
tation of the MVT predicts that the forager should leave a 
patch whenever it is not handling a food item. Realisti¬ 
cally, foragers should use a time-weighted average esti¬ 
mation of patch quality. It is unlikely, however, that any 
scheme averaging across varying times to capture of prey 
items could consistently identify the precise point where 
the instantaneous gain crosses the threshold for patch 
abandonment. Second, the forager must have an accurate 
estimate of the overall environment’s quality. Again, it is 
difficult to imagine how in a changing world a forager 
could have direct knowledge of all the patches in its 
environment. 

Given that foragers are unlikely to solve the MVT 
directly, can foragers reasonably approximate the optimal 
solutions? Indeed, simpler ‘rules of thumb’ come very 
close to optimal performance under a range of conditions. 
Three such rules have been proposed for how foragers 
decide to leave patches. 

The first is a fixed time rule (Figure 3(a)) where an 
animal spends a set length of time in each patch and then 
moves on, regardless of how successful it has been. 
A second simple rule is to leave after a fixed number of 
prey captures (Figure 3(b)). Both fixed time and number 
rules can work very well when patches do not vary much 
in what they contain. However, if there is a high varia¬ 
bility in patch quality, these simple rules can have serious 


drawbacks. A fixed time rule can cause foragers to leave 
too quickly from very good patches and a fixed number 
rule can trap foragers for long periods of time in rather 
poor patches. 

A more sophisticated rule is to for the forager to leave 
if a fixed time has passed since its last prey encounter 
(Figure 3(c)). These giving-up time (GUT) models have 
several variants. The simplest is a constant time rule: 
the animal leaves whenever a fixed period of time has 
passed without a prey capture. Whenever a capture is 
made, the forager’s ‘clock’ is reset to its original value 
and begins counting down again. If patches are likely to 
be depleted rapidly due to the foragers’ activities, it may 
be more advantageous for the animal to have a constantly 
decreasing fixed time interval. A prey capture resets the 
clock, but to new, shorter time. Conversely, if good 
patches are rare but not rapidly depleting, then it may 
be more advantageous for the fixed time to increase with 
every capture. Thus, a short run of bad luck would not 
cause a forager to abandon a still relatively rich patch. 
Foragers that use versions of GUT decision-making pro¬ 
cesses can be said to be Bayesian in their behavior. 
In other words, such foragers are continually updating 
or reevaluating their expectations of environmental qual¬ 
ity. A review by Tom Valone suggests Bayesian abilities 
and behavior based on learning and updating one’s expec¬ 
tations about the environment is widely distributed across 
animal species. 

Testing the MVT: Patch Residence Times 

Whichever rule of thumb an animal may use, a consistent 
prediction of the MVT is that the rule should be adjusted 
as the travel time between patches changes. For example, 
an increase in travel time would mean that the average 
quality of the habitat has declined (even if individual 
patches remain unchanged). 

Bernie Roitberg tested this prediction in the foraging 
behavior of tephritid fruit flies on hawthorne fruits. 
Female flies lay eggs on the mature fruit, which they 
use vision to locate. In the experiment, Roitberg released 
the females on hawthorne trees that had a fixed number 
of fruit. Surrounding the test tree, the authors placed 
more trees that were either 1.6 or 3.2 m distant. In a 
third treatment, there were no other trees within sight 
for the flies. Thus, the experiment gave females access to 
patch of known and constant quality, but with visibly 
different travel distances to the next patch. The MVT 
predicted that: (1) the females would stay longer in a tree 
as their perception of the distance to the next patch 
increased, and (2) the females would spend this time 
searching more leaves, even though their success rate 
per time spent searching would decline. Both predictions 
were supported (Table 1): GUT and the number of 
leaves visited increased. 
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Figure 3 Rules of thumb for leaving patches. With a fixed time rule (a) the forager stays for a set length of time in each patch. Thus, 
the number of prey eaten may vary across patches. With a fixed number of captures rule (b) the forager stays in each patch until it 
captures a set number of prey items (three in this example). Thus, time spent in each patch may vary. With a GUT rule (c) the forager 
leaves when it fails to encounter a prey item for a given period of time. In this case, both the number of prey captures and the patch 
residence time may vary across patches. 


Table 1 Tephritid 

of host density 

fruit fly foraging 

behavior as 

a function 


1.6m 

3.2 m 

oc 

GUT (min) 

16.4 

22.1 

32.0 

No. of leaves visited 

59.3 

89.3 

103.4 


Flies were released into three types of habitats that differed by 
having the trees spaced 1.6, 3.2 m, or out of the range of the fly’s 
eyesight (oc). The MVT predicts that as flies perceive greater 
travel times between patches, they stay longer in patches (with 
longer GUTs) and search more thoroughly. The results support 
both predictions. 


Testing the MVT: GUDs 

As noted before, it is often difficult to measure the behav¬ 
ior of an animal as it occurs without your presence or 
equipment altering that behavior. A bird will probably 
stop hunting for insects if a large mammal is intently 


peering at it from a few feet away! After an animal departs 
a patch, however, it may be relatively simple to measure 
what it has experienced. Thus, after observing from afar 
that a gleaning bird has left a bush, we can measure all the 
insects it failed to catch and use this as an estimate of the 
bird’s GUD. The measurement of GUD is one of the main 
methodologies in behavioral ecology for inferring patch 
exploitation decisions. 

Burt Kotler used GUD to measure how two species of 
gerbils (genus Gerbillus) exploited patches of food. He set 
out trays of sand with seeds mixed in. The gerbils had 
to dig to find the seeds. After a night of foraging, Kotler 
collected the trays and counted the seeds left behind 
(i.e., the GUD). In one set of trials, the trays were the 
only food patch available. In a second set of trials, he 
provided ‘free’ food at same time he set out the sand 
trays. This free food was piles of seeds without the sand. 
Such easily collected food made the sand-tray patches 
relatively less valuable: Why dig when you do not have to? 
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In the context of the MVT, free food increased the overall 
quality of the habitat. Supporting the MVT prediction, 
both species of gerbils left significantly more seeds uncol¬ 
lected in the sandy trays (Figure 4). Interestingly, in the 
absence of free food, one species (G. allenbyi) had a signifi¬ 
cantly higher GUD than the other species (G. pyramidum). 
This species-level difference indicates that something 
more than food intake rate affected behavior. Kotler also 
found significantly higher GUDs in trays in open locations 
rather than under bushes. Small nocturnal rodents tend to 
view open locations suspiciously because open locations 
make them more susceptible to attack from owls. Thus, 
differences in GUD in this case also measured species 
differences in responding to predation risk. The smaller 
species, G. allenbyi , placed a higher premium to foraging in 
safer areas. 

Testing Patch Departure Rules 

Although there are situations in which fixed time or 
number departure rules appear to fit observed animal 
behavior, the majority of studies find patch departure 
decisions to be most consistent with some variant of a 
GUT rule. A variety of species facing a diversity of patch 
exploitation problems clearly modulate how long they 
stay in patches relative to the prey-capture rates they 
experience. For example, Lefebvre and colleagues found 
that bumblebee’s decisions on when to leave a patch of 


Absent Present 

Figure 4 The mean GUDs for two species of foraging gerbils. 
GUD (as grams of uneaten seeds) is measured in sand trays 
containing seeds under two conditions: when piles of seeds not 
buried in sand are either absent or present. Both species forage 
similarly, with higher GUDs, when free seeds are present. In the 
absence of free seeds, however, the larger species, G. 
pyramidum (solid bars), took significantly more seeds from the 
sand trays than did the smaller species, G. allenbyi (striped bars). 


flowers can depend on a multitude of experiences. Of 
particular importance is the number of rewarding and 
nonrewarding flowers encountered in a foraging bout. 
Eric Wajnberg reviewed an extensive set of studies on 
parasitoid wasps searching for hosts within patches. 
Wasp behavior across species supported a variety of 
potential decision rules, and GUT rules were commonly 
used. However, since the majority of studies were under 
laboratory conditions, fieldwork under more complicated 
environmental conditions and the presence of competi¬ 
tors is greatly needed. 

Extending the MVT 

The species-level differences across gerbils reveal a key 
limitation to the MVT. Clearly, if all gerbils cared about 
was maximizing net energy intake rate, there should have 
been little to no difference across the two species in the 
GUDs because they experienced very similar environ¬ 
ments and foraging problems. Similarly, Peter Nonacs 
surveyed 26 different studies across a wide range of taxo¬ 
nomic groups that tested MVT predictions. Qualitatively, 
MVT predictions were strongly supported across the 
majority of studies: patch residence time tended to 
increase or decrease in the appropriate direction as the 
environment was changed. Quantitatively, however, only 
3 of the 26 studies made accurate predictions. In 19 of the 
23 misses, animals stayed longer in patches than predicted. 
Random errors could fit with the MVT because of the 
aforementioned problems in accurately estimating intake 
rates. A significant bias in one direction, however, suggests 
that a systematic error is present. Perhaps this error results 
from animals doing more than just foraging at any given 
time? There are several methodologies that try to model 
foraging behavior as a tradeoff between feeding and other 
activities. I will discuss two of these here. 

Gilliam’s Rule: Minimize the Ratio of Mortality 
Risk to Foraging Gain 

In the mid-1980s, Jim Gilliam cleverly employed the 
same mathematical techniques used by rocket scientists 
to predict optimal trajectories for missiles to predict the 
behavior of animals simultaneously trying to maximize 
growth rate and minimize predation risk. The mathemat¬ 
ics of analytical solutions to targeting missiles or describ¬ 
ing tradeoffs between foraging, avoiding predators, and 
reproducing is very complex and beyond the scope of this 
study. However, if the animal is either too young to 
reproduce or the behavior is being considered in a time 
when there is no reproduction happening, then an attrac¬ 
tively simple prediction falls out as regards the tradeoff 
between foraging gain and predation risk. An animal can 
maximize its fitness by minimizing the ratio of mortality 
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risk (/i) over growth rate (g). This rule of minimize ju/g 
appears to be particularly useful in predicting patch 
choice and usage decisions because a comparison of two 
patches (Mi/gi vs. fh/gz) can be rewritten as li\/fi 2 versus 
g\/g? . This gives an effectively simple rule of thumb in 
patch choice. If one patch is twice as risky as another, it 
has to provide a growth rate that is double or better for a 
forager to prefer it. 

Gilliam tested the fi/g rule with juvenile Creek Chubs 
(■Semotilus atromaculatus) in an experimental apparatus con¬ 
sisting of three linear patches. In the patches on both ends 
were food dishes and adult fish. The adults are predatory 
to the point where they will cannibalize small, juvenile 
chubs. On one side was one adult, and in the other there 
were either two or three adults. The center patch was a 
safe refuge for the juveniles in that screening kept the 
adults from entering it. However, the refuge contained no 
food and the juveniles would eventually have to risk 
entering one of the food patches. 

Predation risk was real and measurable: juveniles were 
on occasion eaten by adults. Two adults resulted in twice 
the risk of one and three were three times the risk. Forag¬ 
ing rate (f) was measured rather than growth rate, but 
they are obviously intimately connected. With equal for¬ 
aging rates on both sides of the refuge, the juveniles 
should bias their foraging toward the less risky side. How¬ 
ever, the fi/f rule predicts that by simply improving the 
foraging rate enough in the riskier patch, this preference 
could be reversed. Furthermore, since both p and /were 
known, the point at which the shift should occur could be 
quantitatively predicted. Indeed, as the density of prey 
was increased in the riskier patch, the shift occurred 
where the rule predicted it would (Figure 5). 

Nevertheless, fi/g models have a significant limitation 
in that time is not implicitly considered, except as instan¬ 
taneous growth rate. If, for example, an animal has to gain 
a certain size or pass a certain developmental stage by a 
fixed date, the p/g predictions can be grossly inaccurate. 

State-Dependent Models 

Gilliam’s rule is an example of a solution to a simplified 
state-dependent model. The MVT model is static in that it 
predicts the behavior of the average animal responding to 
the average state of the environment. In a static model, the 
animal’s physical state never changes. However, animals are 
dynamic in that their physiological states and needs and 
behavioral motivations are continually changing. Animals 
come in all ages, sizes, and conditions. Some are hungry, 
others are well fed. Some have offspring to feed, others 
are foraging only for themselves. Moreover, the environ¬ 
ment is dynamic, too. There are good and bad days and 
changes over time. The mathematical techniques that give 
the \x/g rule produce predictions that are analytical solu¬ 
tions for unique and optimal behaviors for a given set of 
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Figure 5 A test of Gilliam’s rule with creek chubs. The fish had 
a choice to forage in two patches for worms. Both patches had 
predation risk, but the risk (/.i) was not equal. One patch always 
had one predator and the other had either two (black line and 
points) or three predators (red line and points). Foraging rate was 
changed by adding more worms only in the riskier side. Thus, \Jf 
(measured on the left-hand y-axis) was always a constant for the 
safer patch (dashed line). However, \xlf for riskier side was 
greater at low worm density and the ratio declined as worms 
were added. Thus, the point where the solid lines cross the 
dashed line is where the minimize rule predicts the worm density 
at which fish should begin to value the riskier side more than the 
safer side. Fish decisions are the points plotted as the proportion 
of time spent foraging in the riskier patch (measured relative to 
the right-hand y-axis). For both experiments, the fish always 
preferentially forage in patch with the smallest ji/f. This means 
they switch from preferring the safer patch to preferring the 
riskier patch as the foraging rate there increases. Because of its 
higher n, this switch occurs only at higher worm densities when 
the risky patch contains three rather than two predators. 



environmental conditions. However, the mathematics for 
even simple problems (like the predation-risk/food-gain 
tradeoff) can be dauntingly complex. More complex pro¬ 
blems rapidly produce unsolvable equations. 

A contrasting approach is solving tradeoff problems 
numerically. If we know or can estimate the consequences 
of any decision or set of decisions, then we can let a 
computer calculate the fitness for all possible outcomes 
and from that set of outcomes, choose the behavior or sets 
of behaviors that give the highest fitness. This approach 
has many names, but most often is known as ‘stochastic 
dynamic optimization.’ 

One example in the difference between the predictions 
of static and dynamic models is in the oviposition behav¬ 
ior of parasitoid wasps. A female wasp lays her eggs on a 
host. The size and the survivorship of her offspring 
depend on the size of the host and the number of eggs 
she lays on it. Therefore, for each size of host, Eric 
Charnov predicted the optimal number of oviposited 
eggs that maximizes the parasitoid wasp’s reproductive 
success. Although this is not a classical foraging problem, 
wasp behavior can be easily related to the MVT. At what 
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point does the marginal value of laying another egg in the 
current host drop below the value that egg would have if 
placed in the next found host? However, when the model 
was tested, the actual clutch size laid by Nasonia vitripennis 
females only partially supported the predictions. Females 
rarely exceeded the predicted optima, but quite often laid 
far fewer eggs than predicted. 

Marc Mangel and Colin Clark derived a dynamic 
model for the same situation, including two real-world 
complications: a finite number of eggs that could be 
produced by a female wasp per time period and time 
effects (each foraging session is ended by onset of night¬ 
time, the wasps grow older, and winter approaches). The 
dynamic model was similar to the static model in predict¬ 
ing the maximum number of eggs laid, but the dynamic 
model’s predicted distribution of clutch sizes was far more 
similar to the observed distribution of clutch sizes than 
the predictions resulting from the static model (Figure 6). 

After noting the consistent bias in quantitative tests 
of the MVT, Peter Nonacs created a dynamic model of 
patch exploitation where individuals maximize fitness as a 
balance of foraging success, predation avoidance, mating 
opportunity, and parenting behavior. The results were 
encouraging in that they almost uniformly predicted patch 
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Figure 6 The predicted and actual behavior of parasitoid 
wasps encountering prey of four different size ranges. Upon 
encountering a suitable host, a wasp can lay from 1 to over 
40 eggs on the host. The gray bars are the percentages of 
optimal clutch sizes (=eggs per host) predicted by a dynamic 
model that takes into consideration time of day and season, and 
different possible states and previous foraging experiences 
across wasps. The striped bars are the percentages predicted 
by a static model for each prey size that assumes a constant 
behavioral and physiological state for the wasps. The black 
dots are the observed percentages of clutch sizes for 
ovipositions on 36 hosts. The dynamic model fits the observed 
data better by predicting a range of small clutch sizes. 


residence times that were longer than those from the 
MVT alone. Hence, they could account for the consistent 
deviations from MVT predictions as being caused by 
state-dependent behavior simultaneously reacting to 
multiple environmental variables. 

Conclusion 

There is abundant evidence that animals exploit patches 
not only relative to what they find in patches, but also 
relative to what they expect to find elsewhere. The best 
single predictive model for these decisions is the MVT. 
Through the predictions of the MVT, experimentalists 
have developed two extremely useful metrics for study¬ 
ing animal behavior. These are patch residence time and 
GUDs. Both allow us to explore how animals value 
patches not only relative to food, but to other factors 
such as predation risk. Even obvious limitations in the 
MVT have advanced our understanding. Decision rules 
based on simple measures, such as time from last prey 
capture, can reasonably approximate optimal solutions 
and do appear to match animal behavior. Finally, sys¬ 
tematic errors in MVT predictions have led to creating 
more sophisticated and accurate models that incorporate 
predation risk and the animal’s current physiological 
state. 

The future of studying foraging behavior will surely 
often include the approach of determining the ‘marginal 
values’ of outcomes. Coupled with the techniques of 
dynamic optimization, models will be more ambitious 
in connecting life history considerations with foraging 
behavior. Thus, the ideas initially developed for how 
best to exploit a patch will continue to be have widely 
influential throughout behavioral ecology. 

See also: Group Foraging; Optimal Foraging Theory: 
Introduction; Trade-Offs in Anti-Predator Behavior. 
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Introduction 

Over the last 20 years, there has been a great deal of 
discussion and debate among animal scientists and veter¬ 
inarians about the role of behavioral measures to assess 
the welfare of animals, including pets. Historically, those 
who argue the merits of objective scientific measurements 
to assess welfare and those who value assessment of affec¬ 
tive states and behavior have been polarized. However, 
welfare scientists and veterinarians have recognized that 
objective measures of physiological states cannot fully 
describe the emotional state of an animal, in spite of the 
fact that affective measures are subject to problems of 
anthropomorphism and interpretation bias. In addition, 
behavioral observations in the context of an animal’s 
environment provide critical information about welfare. 
The current comprehensive view, elucidated by Fraser, is 
that animal welfare is best assessed on the basis of three 
distinct but overlapping domains: body, mind, and nature. 
To varying degrees, the assessment of each component 
involves behavioral measures. The goal is the welfare of 
pets, to prevent their suffering and to insure their well¬ 
being, a state often described by pet owners as happiness. 

The ‘body’ component encompasses the physical mea¬ 
sures of basic health and physiological functioning, 
including measures of general body condition, health 
measures including heart rate, respiratory rate, body con¬ 
dition, and disease states. Physiological measures such as 
plasma glucocorticoids may be used to asses the function 
of the hypothalamic-pituitary axis (HPA) as indices of 
fear and pain. Values that reflect maintenance behaviors 
such as eating, drinking, and sleeping are included. 

The ‘mind’ component encompasses psychological eval¬ 
uation of an animal’s affective state, motivation, and subjec¬ 
tive experience. Such assessments are based on observations 
of an animal’s behavior, which allow us to assess its motiva¬ 
tion and emotional state. This approach utilizes the exten¬ 
sive literature on the cognitive abilities of animals. 

The ‘nature’ component encompasses social function¬ 
ing, the animal’s ability to express natural behaviors in an 
appropriate environment, including normal development, 
behavior, and temperament. Information on the animal’s 
actual living conditions compared to a natural environ¬ 
ment is included in this interpretation. In some cases, a 
restricted environment, even if considered acceptable 
welfare, does not allow the expression of normal beha¬ 
viors, such as reproductive and territorial behaviors or the 
full duration of maternal behavior. 


Welfare must be considered on an individual basis and 
on the basis of the animal’s species, age, history, individual 
temperament, physical condition, and circumstances 
under which data were collected. For example, for one 
dog, daily vigorous physical exercise may be an important 
component of its welfare. In the case of another dog, 
vigorous physical exercise might be eschewed by the 
animal and be considered abusive when forced. However, 
most would agree that some physical exercise is a require¬ 
ment of welfare for dogs. 

Current Uses of Behavior to Determine 
Welfare Status 

The following schema use behavioral measures to deter¬ 
mine welfare status and may be applied to pets. These 
include quality of life, behavioral assessment, welfare 
illustrator grid, and free-choice profding. A discussion of 
the use of behavior to assess pets in clinical practices 
follows. 

Quality of Life 

The concept of‘quality of life’ (QOL) has been applied to 
human patients with incurable diseases in order to make 
health care decisions attending to both the perspective of 
the health care provider and the patient’s enjoyment of life. 
This approach is in contrast to traditional objective mea¬ 
sures of medical treatment for human patients, which may 
fail to consider qualitative, affective factors. A focus on 
QOL emphasizes the patient’s well-being and is a con¬ 
scious mental experience. Thus, as with welfare, QOL is an 
abstract idea that cannot be measured directly, but its 
assessment includes the three broad domains, described 
earlier, of physical, psychological, and social functioning. 

QOL varies along a continuum of feelings ranging 
from pleasant to unpleasant, where points might be con¬ 
sidered poor, adequate, good or excellent. Individual pre¬ 
ferences and needs influence QOL decisions. For 
example, illness or disability may or may not affect 
QOL, depending on the individual affected and a number 
of factors that are individualized. Thus, QOL is an indi¬ 
vidual assessment, suitable for the assessment of individ¬ 
ual pets. The QOL concept has been applied to 
consideration of humane care of animals and the assess¬ 
ment of animal welfare, particularly pets (Table 1). More 
specifically, the QOL assessment has been applied to pet 


691 



692 Pets: Behavior and Welfare Assessment 


Table 1 General concepts used to assess quality of life (QOL) of pets 



Concept 

Description 

Low QOL 

High QOL 

Measures 

Comfort and 
discomfort 

Continuum from comfort to suffering 

Discomfort, pain, 
distress 

Comfort, 
absence of 
pain 

Behavioral observation 
and physiological 
measures 

Pleasure states 

Opportunities for pleasure 

No or infrequent states 
of pleasure, 
mistreatment, abuse 

Continuous or 
frequent 
states of 
pleasure 

Behavioral measures 

Physical needs 

Requirements for normal function 
(food, water, shelter) 

Few needs met 

All needs met 

Physical observation, 
physical and behavioral 
measures 

Environmental 

control 

Ability to exert control over 
circumstances 

Absence of control 
over situations, 
learned 
helplessness 

Control over 

situations 

Behavioral measures 

Social 

relationships 
(appropriate to 
species) 

Social emotions 

No important social 
relationships 

Social bonds 

Behavioral measures 

Health 

Biological functioning; ranges from 
good health to disease 

Poor health 

Good health 

Physical evaluation, 
behavioral measures 

Stress 

Measures the ability to cope 
effectively with challenging and 
aversive stimuli 

High stress (chronic vs. 
acute) 

Low stress 

Physical, physiological 
behavioral measures 

Fear/anxiety 

Emotional responses that activate 
stress response and defensive or 
avoidance responses 

Constantly/frequently 
experiencing fear/ 
anxiety 

Rarely (if ever) 
experience 
fear/anxiety 

Behavioral observations 
and measures, 
physiological measures 


Adapted from McMillan FD (2000) Quality of life in animals. Journal of the American Veterinary Medical Association 116: 1904-1910. 


dogs and kennel dogs by Hewson and associates, integrat¬ 
ing the three elements of the animal’s health, its affect, 
and how it lives its life in its behavioral interactions with 
its environment. Odendaal and Meintjes correlated 
affdiative behavior with physiological measures, includ¬ 
ing heart rate, circulating catecholamines, circulating and 
urinary cortisol, and immune status. The concept of affect 
is critically important, since it is the influence of all other 
factors on affect that determines QOL. Behavioral mea¬ 
sures include abnormal behavior (stereotypies and repet¬ 
itive behavior, self-mutilation, coprophagy), frustration 
behaviors (chewing, vocalizing), and conflict behaviors 
(body-shaking, paw-lifting, and a lowered fearful posture), 
although these may vary depending on whether or not the 
stressor is acute or chronic. This approach emphasizes the 
whole animal and attempts to integrate all elements, 
including individual differences in temperament and 
experience. 

Proxy assessment 

Among humans, QOL is measured by self questionnaires 
in combination with health assessments. Since QOL refers 
to a conscious mental experience that pets cannot verbal¬ 
ize, how can we, as members of another species, assess 
their QOL? The tools used to assess QOL of humans with 
communicative and cognitive limitations serve as a model 
for the evaluation of pet QOL. 


What is needed is an instrument for proxy assessment 
of QOL. Hewson and associates have integrated objective 
as well as proxy approaches to define the construct that is 
QOL. With regard to physical health as a component of 
QOL, the role of proxy health informant may be assumed 
by the pet’s veterinarian, who can measure heart rate, 
respiratory rate, weight, and body condition, and conduct 
specific health assessment tests. The contribution of disease- 
specific clinical signs to overall QOL may then be combined 
with the contributions of other aspects. 

With regard to affect and behavior, the role of proxy 
informant may be assumed by the pet’s owner, who is 
familiar with the animal’s personality, behavior, daily 
routine, and environment. 

However, this process suffers from anthropomorphism, 
possible inadequate knowledge of species-typical behav¬ 
ioral signals, and the fact that the owner is not unbiased 
with regard to interpretation of the pet’s behavior as 
reviewed by Hewson and associates. These problems can 
be attenuated by defining terms carefully, avoiding redun¬ 
dant terms, not relying on global questions alone to assess 
QOL, taking into account each animal’s preferences in the 
most objective way possible, and being rigorous in all 
aspects of study design and analysis. 

QOL approaches have been used in the evaluation of 
the effect of chronic pain on health-related QOL in dogs 
by Weisman—Orr and Yazbek and Fantoni. These have 
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evaluated physiological and immunological responses as 
well as behavioral responses on the part of the animal. 
Thus, pain impacts QOL because of its associated feelings 
of discomfort. The magnitude of this effect of pain on 
QOL depends on many factors, such as the presence of 
familiar persons, the individual pet’s pain threshold, its 
prior experiences, and other environmental factors. 

Another study, by Freeman and associates, assessed the 
effect of cardiac disease on health-related QOL in dogs. 
One study developed and evaluated ‘a questionnaire for 
assessing health-related QOL in dogs with cardiac dis¬ 
eases’ named the FETCH (Functional Evaluation of 
Cardiac Health) questionnaire. The questionnaire’s crite¬ 
rion validity was established by correlating the FETCH 
scores with the International Small Animal Cardiac 
Health Council’s classification of disease severity. The 
questionnaire evaluated how each dog’s cardiac disease 
impacted the dog’s comfort and sociability as evaluated by 
the owner. 

These approaches utilize standardized classifications of 
pain and cardiac disease, respectively, paired with validated 
questionnaires completed by the dogs’ owners. Although 
details of the methodology have been criticized, these stud¬ 
ies are major contributions in our appreciation of the effects 
of disease processes on QOL of pet animals. Such QOL 
approaches can be used for the assessment of welfare and to 
make the best clinical decisions about future treatments. 

The QOL concept has been applied in a small study 
(N=2 7) by Mullan and Main to evaluate the QOL of pet 
dogs visiting a veterinary practice on two sequential days. 
A dual instrument was developed and applied to QOL 
assessment in pet dogs. Owners were asked to provide 
biographical information regarding their dog, assess the 
resources provided to their dog (comfort, exercise, diet, 
mental stimulation, and companionship), and score 
behavioral and medical signs on a visual analog scare. 
The questionnaire was found to be repeatable, feasible, 
and to have good internal consistency and validity. The 
authors concluded that the evaluation could be used to 
assess welfare among pet animals in veterinary practice. In 
addition, the evaluation serves as an opportunity for 
veterinarians to advise clients to improve the pet’s QOL. 
The very process of involving the owner in the process of 
assessing QOL is to increase the owner’s awareness of 
welfare concerns to the benefit of the animal. 

Behavioral Observations 

As stated by Marian Stamp Dawkins, ‘The most obvious, 
least intrusive, and potentially most powerful [indicator of 
welfare] is the animal’s behavior.’ Behavior reflects how 
pet animals interact with their environment and thus 
provides information about their needs, preferences, and 
internal states. Behavior can reveal when pets are ill, in 
pain, frightened, anxious, frustrated, or relaxed. 


Pet behavioral assessments may be used to make 
management or treatment decisions in order to enhance 
welfare. For example, in order to asses the effect of pain in 
postoperative cats, the behavior of animals given postop¬ 
erative analgesics was compared with those not given 
analgesics. Observations of cats’ postures and movements, 
including general posture, position of the tail and ears, 
and degree of opening of the eyes and activity were 
measured. Kessler and Turner used this information to 
develop a scheme for evaluating the emotional state of 
cats, including how cats adapt to a new environment. 

Normal behaviors 

Knowledge of species-typical behavior and the range of 
individual behavior is a prerequisite of using behavior to 
assess welfare. Direct observations of activity, posture and 
body position (Figure 1), tail and ear carriage, facial 
expression, actions, piloerection (Figure 2), hypersaliva¬ 
tion (Figure 3), urinations, and defecations can reveal 
information about the animal’s internal state and motiva¬ 
tion. Pleasurable behaviors, including play, grooming, 
scent exploration, and certain affdiative social behaviors 
and vocalizations, contribute in a positive way to an ani¬ 
mal’s welfare. For example, purring by kittens may be a 



Figure 1 Anxious dog. Trembling and panting, a dog displays a 
posture consistent with tonic immobility. 



Figure 2 Anxious cat. Cat displays piloerection along its 
dorsum and a dorsiflexed spine. 
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Figure 3 Confinement distress. A cat, unaccustomed to a 
carrier, displays anxiety-associated hypersalivation. 


contentment signal that promotes positive social interac¬ 
tions. The play bow in dogs signals exuberant social play. 

Anomalous behaviors 

Abnormal behavior may be an expression of welfare con¬ 
cerns in pet animals. It suggests illness or that an animal’s 
environment is inadequate in some way. For example, 
changes in behavior, such as increased water consumption, 
may be the first sign of illness observed in a pet animal. 
Abnormal behavior may indicate that welfare is compro¬ 
mised and that the environment lacks some important 
element needed for the normal functioning of the animal. 
Abnormal behavior may also indicate a negative affective 
state, such as frustration at not being able to act in a way 
that the animal is motivated to act. Self-injury, redirected 
behavior, displacement behavior, and vacuum activities 
may be observed as indicators of poor welfare. 

Stereotypies, repetitive behaviors without apparent 
function, may indicate that the animal’s needs are insuffi¬ 
ciently met and the pet’s welfare needs to be assessed. 
For example, a dog that exhibits stereotypic circling 
in the absence of an underlying medical etiology may 
suffer insufficient exercise and social interactions. However, 
stereotypies may have beneficial effects, such as increasing 
endorphins or preventing aggression. Neurochemical etiol¬ 
ogies may underlie some repetitive behaviors, called com¬ 
pulsive disorders, where welfare is not suspect and pets 
respond positively to serotonergic medications. 

Other Constructs 
Welfare illustrator grid 

Another method of assessing welfare using behavioral 
measures utilizes a welfare illustrator grid to increase 
objectivity as described by Wolfensohn and Honess. 
The grid technique may be used on a case-by-case basis 
to assess the welfare of pet animals over their lifetime or 


to compare the relative welfare states of a number of 
animals in a household at one point in time. In a typical 
case, there are four axes, each with an ordinal scale meant 
to indicate a level of welfare rather than an absolute 
measure. One of these axes is behavior, indicating the 
animal’s deviation from a normal behavioral repertoire. 
Factors might include time budgets, social interactions, 
incidence of fighting, etc. Another axis is a clinical axis, 
which takes in to account the assessment of the clinical 
condition of each animal. Parameters might include 
heart rate, weight, body condition score, hormone assays. 
A third axis, causation, gives a score for the cause of the 
suffering, with a high score being intentional and a low 
score being inevitable or unpreventable. A fourth axis, 
duration, reflects the time span of the incident being 
evaluated in proportion to the actual time span of the 
animal. When a pet animal is evaluated and the results 
plotted, the result is a cognitive matrix of elements and 
constructs that can be explored in both a qualitative and 
a quantitative manner. The overall purpose is to heighten 
the perception of welfare along several axes, including 
behavior. The outcome of this approach is to illustrate 
for individuals responsible for animal welfare to improve 
their objectivity and consistency of action, with resulting 
benefit to the animal. 

Free choice profiling 

Another method utilized by Aerts and associates, and by 
which behavior may be used to assess pet welfare is free 
choice profiling, in which observers develop their own 
individual terminologies to describe the behavior of their 
subjects when observing the behavior of an animal as it 
interacts with its environment, including the observer. 
Then, each of the observers’ terminologies, such as ‘con¬ 
fident’ or ‘playful,’ is applied to a linear analog scale, and 
the observers use that scale as a quantitative measurement 
tool for subsequent observations. This form of assessment 
is used widely in the study of animal temperament and 
personality. Although a seemingly anthropomorphic 
approach, naive observers were very consistent in rating 
the behavioral expression of the same confined pigs on 
different occasions, and there was a high degree of agree¬ 
ment between observers. However, strong agreement 
between observers does not indicate that a judgment is 
correct. These sorts of overall evaluations may be more 
indicative of animals’ internal state than specific measures 
that can be more precisely quantified. This sort of scheme 
may be used to quantify affective states such as pain, fear, 
and contentment. 

As Fraser point out, such assessments have limitations, 
but they may be used to assess welfare in pet animals as 
well, with observers (pet owners) developing their own 
terms, then applying these terms to assess behavioral 
expression of their pet. Such an approach might permit 
an assessment of the affective state of the ‘whole animal’ in 
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a manner that might increase assessment compliance by 
owners when treating clinical behavior problems. 

Assessment of the Welfare of Pets 
in Clinical Practice 

In clinical ethology or veterinary practice, how is it possi¬ 
ble to assess the welfare of pets? The methodologies that 
have been developed for QOL and other assessments 
may require more time, resources, and owner commit¬ 
ment than are available. Yet, there is a need to increase 
awareness of pet animal welfare among owners and 
veterinarians. Behavior problems that impact on the 
human-animal bond are important welfare concerns. 
A pragmatic approach has been suggested by Dawkins, 
who posits two (and only two) basic questions with regard 
to the pragmatic assessment of the welfare of domestic 
animals: Are the animals healthy’? and ‘Do the animals 
have what they want’? The response to the former query 
is in the domain of the veterinarian in consultation with the 
animal’s owner, who can report on behavioral signs related 


to health, such as eating and drinking habits. When identi¬ 
fied, health problems that are identified may then be trea¬ 
ted. A QOL assessment may be used to determine the 
effects of chronic illness on the welfare of pets. 

The response to the latter query, ‘Do animals have 
what they want?,’ addresses the mental and behavioral 
aspects of animal welfare. This question can be answered 
in a number of ways. One method, developed by Mullan 
and Main, is a QOL assessment that may be conducted in 
a companion animal practice. Another method is to spe¬ 
cifically identify behavior problems or abnormal behaviors 
that signal reduced welfare. A simple questionnaire may 
be given to owners to fill out when waiting for veterinary 
appointments to identify common behavior problems in 
dogs (Table 2) and cats (Table 3), and modified for other 
species. When identified, behavior problems may then be 
treated by a veterinary behaviorist or clinical ethologist 
working with the veterinarian. Treatment of behavior 
problems can improve welfare. 

A quantitative approach may be used to assess pet 
welfare, using an ethogram or catalog of the animal’s 


Table 2 Behavior checklist to identify behavior problems in pet dogs 


Canine behavior checklist Date: 

Your Name: _ 

Name of pet: _ 


Does your dog or puppy? 

Yes 

Occasionally or 
rarely 

No 

1. Urinate (pee) in the house when you are at home? 




2. Defecate (poop) in the house when you are at home? 




3. Destroy/chew/claw objects in your home when you are at home? 




4. Urinate, defecate, salivate, or exhibit destructiveness when LEFT ALONE at home 
(in or out of a crate)? 




5. Whine, bark, or howl excessively? 




6. Dig excessively? 




7. Tremble, pace, or whine at the time of thunderstorms or other loud noises? 




8. Repetitively or excessively lick, stare at objects, pace, circle, or chase its tail? 




9. Wake you at night? 




10. Seem hyperactive or excessively excitable? 




11. Stare at, growl, bark, snap, or bite family members (including children)? 




12. Avoid new people or appear reluctant to travel or go into new places? 




13. Stare at, growl, bark, snap, or bite nonfamily members (visitors, strangers, children, 
veterinary team members)? 




14. Stare at, growl, bark, snap, or bite at other dogs (familiar or unfamiliar?) 




15. Chase or attack cats? 




16. Jump up on humans in greeting? 




17. Pull or lunge when walked on a leash? 




18. Have difficulty with basic commands (sit, stay, come)? 




19. Eat feces (stool)? 




20. Other: 
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Table 3 Behavior checklist to identify behavior problems in pet cats 


Feline behavior checklist Date: 

Your Name: _ 

Name of pet: _ 


Does your cat or kitten? 

Yes 

Occasionally or 
rarely 

No 

1. Urinate (pee) or urine mark in the house, outside the litter box? 




2. Defecate (poop) in the house, outside the litter box? 




3. Scratch/claw objects in your home? 




4. Vocalize (cry, mew, or meow) excessively? 




5. Wake you at night? 




6. Repetitively or excessively lick itself (overgroom), resulting in hair loss? 




7. Fail to adequately groom itself (undergroom)? 




8. Repetitively or excessively pace, circle, or chase its tail? 




9. Exhibit rippling skin on its back (dorsum)? 




10. Seem hyperactive or excessively excitable? 




11. Growl, chase, bite, or claw family members ? 




12. Growl, chase, bite, or claw nonfamily members (visitors, strangers, veterinary team 
members)? 




13. Chase or displace dog(s) in the home? 




14. Chase or attack other cats in the home? 




15. Often retreat under the bed or up on a high perch? 




16. Exhibit any problems related to eating or drinking? 




17. Other: 





behaviors and comparing these under several conditions. 
The behavioral repertoire of a pet may be evaluated to 
determine the amount of time spent in various behaviors, 
such as play, resting, eating, grooming, or locomoting 
under two different conditions. For example, a dog’s 
behavior when the owner is present and when he/she is 
not may be compared (via video recording) to determine 
whether the dog suffers from separation anxiety, a clinical 
state of reduced welfare characterized by excessive motor 
activities, distress vocalizations, destructiveness, and other 
negative behaviors not observed in unaffected animals. 

Another method that utilizes behavior to assess what 
animals want is direct measurement of choice and prefer¬ 
ence as described by Fraser. This may be formalized with 
choice tests and the use of demand analysis. Modifications 
of this approach may be utilized in veterinary practice, to 
observe the behavior of pets in various locations and on 
different substrates, when in proximity to other animals 
and when approached by people. Then, this information 
may be used to devise handling methods that reduce fear 
and anxiety and ease management with each subsequent 
visit. Similarly, owners may be trained to note conditions 
under which their pets seem anxious or fearful or display 
defensive aggression or escape/avoidance behaviors. 
Then pets may be offered preferred locations or situations 


through environmental management strategies, such as 
safe places when unfamiliar persons come to visit or 
private locations when being fed. Subsequently, the 
pet may be systematically desensitized to locations 
or situations that previously elicited fear or anxiety. 
In addition, as Ladewig proposed, veterinary practices 
should implement socialization and training programs 
for young and adopted pets to prevent behavior problems 
to reduce the incidence of behavior problems and result¬ 
ing reduced welfare in pet animals. 

Unique Problems in Assessing Pet 
Welfare Using Behavior 

Assessment of Quality of Life 

Although many attempts have been made to use scientific 
information, including behavior, to assess welfare, prag¬ 
matic and value-based decisions underlie these attempts. 
Certain types of behavioral information are subject to 
these biases because they may be measured more easily 
or accurately or with less apparent individual variability, 
or may be more prominent. For example, pet dogs who, 
when left alone exhibit obvious destructive behavior at 
the door of the owner’s egress, are much more likely to be 
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diagnosed ... and treated than dogs that exhibit immobil¬ 
ity or catatonia as a manifestation of separation anxiety. 
The welfare of these dogs will remain compromised in 
spite of the owner’s interest to the contrary. As human 
observers, behavioral information in many olfactory com¬ 
munication signals is beyond our detection. Thus, we 
cannot appreciate a cat that eschews use of its litter pan 
because it is appropriately deterred by olfactory signals 
produced by another cat in the household. In other cases, 
decisions, from our anthropocentric and culture-specific 
view, invoke our assumptions and opinions about what 
constitutes a good life for an animal. For example, 
cats confined to homes suffer less traumatic injury and 
exposure to infectious diseases and consequently, on 
average, live longer, healthier lives than unconfined cats. 
However, confined cats are unable to express a number 
of species-typical behaviors, including live prey acquisi¬ 
tion. Underlying assumptions are retained when we 
combine different behavioral measures into an overall 
evaluation of QOL. 

Utilizing behavioral information obtained from the 
owner in QOL assessments has been justifiably criticized 
as being biased by the anthropomorphism that charac¬ 
terizes owner-pet relationships. Anthropomorphism is 
pervasive and difficult to avoid, particularly when owners 
attribute complex human emotions and social motiva¬ 
tions, such as jealousy, spite, and love, to their pets and 
value them for those qualities. Such attribution can lead 
to diminished welfare; for example, an owner may punish 
its pet retrospectively, erroneously attributing submissive 
behavior to the human emotion of guilt. Owners may 
over- or underestimate their pets’ perceptive abilities or 
ability to understand human language. In addition, many 
pet owners have an inadequate understanding of communi¬ 
cation signals given by their pet and consequently misun¬ 
derstand the pet’s perception of its world. For example, a dog 
that growls may be interpreted as dominant by its owner in 
spite of the fact that its visual communication signals indi¬ 
cate fear. The dual problems of anthropomorphism and 
misinterpretation of communication signals bias the owner 
as reporter with regard to the animal’s welfare and may 
result in the pet being treated by the owner in a manner 
considered conducive but actually detrimental to its welfare, 
failing to meet its species-typical behavioral needs. 

Areas Where More Research Is Needed 

There is a paucity of data on several topics relating to the 
behavior and welfare of pets. 

Behavioral Correlates of Disease Processes 

Pioneering studies correlate behavior signs with pain, 
canine cardiac disease, and feline interstitial cystitis. 


This approach is needed for other common diseases and 
conditions, particularly since owners often present ill pets 
to veterinarians on the basis of behavioral signs. For 
example, behavioral concomitants of endocrine diseases 
such as diabetes, hypothyroidism in dogs, and hyperthy¬ 
roidism in cats will improve our understanding of behav¬ 
ioral correlates of disease processes. 

Improved Understanding and Management 
of Fears and Anxieties 

Fear and anxiety states in pet animals have important 
welfare implications. There is a need for improved under¬ 
standing of the pathophysiology and heritability of these 
conditions. Artificial selection of pets, particularly dogs, 
appears to have resulted in an increase in fearfulness and 
fear-motivated aggression in certain breeds. 

Using fear and intimidation to manage pets is pervasive 
and results in conditioned responses that perpetuate fear¬ 
ful responses and fear-aggression. Additional research is 
needed to better understand the physiological changes 
that underlie acute and chronic stress responses when 
forceful methods are used to manage pets. These findings 
may then be compared to management techniques that 
establish positive conditioned responses and enhance 
welfare. In addition, the differential behavioral response 
of pets to familiar and unfamiliar individuals, both con- 
specific and heterospecific, warrants further research. 

See also: Disease, Behavior and Welfare; Domestic 
Dogs; Welfare of Animals: Behavior as a Basis for 
Decisions; Welfare of Animals: Introduction. 
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Overview of the Ant Genus Pheidole 

The genus Pheidole stands apart even when compared 
to the remarkable radiation of the ants (one insect family, 
the Formidicae) and the species richness of all animals 
and plants. Comprising more than 1100 described species, 
today Pheidole has the status of being the most diverse ant 
genus in the world. Because Pheidole is so extraordinarily 
rich in species, the genus has been called ‘hyperdiverse.’ 
Colonies can be abundant and ecologically dominant, 
particularly in the New World tropics. Nests in soil, 
decayed wood, and twigs are often readily collected and 
colonies are relatively easy to culture, enabling detailed 
mechanistic analyses of sociality that complement and 
extend field research. Pheidole has thus emerged as an 
important model to understand proximate and ultimate 
causes of social behavior and group structure. 

Pheidole colonies generally have a single queen and 
are composed of morphologically distinct sterile workers 
of two different sizes (subcastes), minors and majors 
(Figure 1). This caste system is called complete dimor¬ 
phism. The proportions of minors and majors in colonies 
can vary within and between species. The age of workers, 
whose bodies darken with maturation, can be estimated 
from the pigmentation of the cuticle (Figure 2). The size 
and age distribution of workers in colonies can thus be 
assessed and these two significant axes of the organization 
of division of labor readily studied. This demographic 
modularity also enables the experimental disassembly and 
restructuring of colonies to examine how Pheidole societies 
function and maximize reproductive success. These char¬ 
acteristics have facilitated the use of species of Pheidole as 
models for a wide variety of research in behavioral ecology, 
sociobiology, development, and neuroethology. 

Workers are small, although the ‘supermajor’ subcaste 
of a few species may be roughly 4 mm in head width. 
Minor workers are uniform and unremarkable in form, 
but majors are striking: they have disproportionately 
large and sometimes bizarrely structured heads, typically 
adapted for combat and/or food processing. Majors are 
often called ‘soldiers’ because of their defensive function 
and usually have a small repertoire of behaviors, although 
in some species they may perform a broader range of 
tasks. Minor workers, in contrast, nurse brood (eggs, lar¬ 
vae, and pupae), construct and maintain the nest, and 
forage. These size and form characteristics are the foun¬ 
dation of the behavioral specializations of minors and 
majors, leading to low overlap between subcastes in task 


performance. Because task specializations are considered 
important to the efficiency of colony operations, Pheidole 
has prominently served as a model to understand how 
labor is divided among workers and how natural selection 
has favored the design of an insect society. 

Molecular analyses of Pheidole indicate a monophyletic 
origin in the New World, ~58-61 Ma. Diet ranges from 
specialized predation (e.g., on orabatid mites or termites), 
to scavenging and granivory. Current research on tropical 
species is providing a fascinating glimpse of the struc¬ 
ture of Pheidole communities. Amy Mertl’s recent exami¬ 
nation of 59 ground-foraging species in Amazonian 
Ecuador showed that Pheidole vary widely in abundance, 
nest type, flood tolerance, and foraging range. Major 
workers differ in their involvement in foraging and ability 
to provide brood care when needed. A preliminary molec¬ 
ular phylogeny of these Amazonian Pheidole suggests large 
genetic distances between species and long periods of 
independent evolution. Strong interspecific variation in 
behavior and ecology suggests the presence of distinct 
groups of species that appear to segregate on the basis of 
nest site usage and/or tolerance to flooding disturbance. 

In other ecological studies, P megacephala has served as 
a model of invasive species biology. Desert Pheidole have 
been used to examine intercolony aggressive interactions 
and antipredatory behavior. Pheidole species have also 
provided excellent examples of the influence of parasites 
on competitive interactions. 


Pheidole as a Model of the Evolution 
and Ecology of Caste 

Because of its completely dimorphic worker caste, pio¬ 
neering studies of physical caste evolution and the role 
of worker size variation (polymorphism) in ecological 
interaction have featured Pheidole. Species of Pheidole also 
provide paradigms for the analysis of age-related task 
performance (called temporal polyethism, or age-related 
division of labor). Additional path-breaking research has 
concerned how colony defense is organized through com¬ 
munication between minors and majors, how worker sub¬ 
castes are determined physiologically, and why colonies 
have certain proportions of workers in each subcaste. 
Indeed, the genus Pheidole has provided an excellent sys¬ 
tem to study the adaptive nature of physical caste, caste 
differentiation and the evolution of development, worker 
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Figure 1 



P. dentata major (left) and minor (right) worker. 




Minor worker age (days) 

Figure 2 Age-related changes in cuticular pigmentation in P. dentata minor workers. 


behavioral ontogeny, colony demography, and the plastic¬ 
ity of social behavior and colony structure. 

The Evolution of Major Worker Task 
Specialization 

One trait thought to have been a key to the remarkable 
success of Pheidole is the major worker subcaste. Major 
workers provide colony defense though their morpholog¬ 
ical adaptations. They occupy locations within the nest 
that may require defense, and minors can mobilize majors 
to areas outside the nest where their ability in combat is 
required. Their defensive specializations make them effi¬ 
cacious in attacking competitors that threaten to usurp 
food sources or invade the nest. Depending upon the 
colony size and nest type, majors may provide in situ 
defense within the nest by occupying strategic positions, 
such as around nest entrances. Their specialization can 
enhance colony survival, but their flexibility to perform 
a broad range of task could be constrained by their 
morphology (i.e., their large, defense-adapted heads). 
Most of the differences between minor and major worker 
morphology are due to body size. The relatively massive 


heads of majors show strong variation among species, per¬ 
haps because of the specificity of their colony functions. 

Minors tend to most operations required for day-to- 
day colony functioning, but majors may serve as an ‘emer¬ 
gency standby caste’ and thereby compensate if there is a 
reduction in minors, such as might happen in a predation 
event by ants, other invertebrates, or reptiles, amphibians, 
and mammals, by absorbing their tasks. This indicates that 
majors can assess colony needs and respond accordingly 
by changing their behavior. Laboratory studies that model 
predatory losses have shown that if enough minors are 
removed from a colony, majors begin to perform tasks 
such as brood care that normally are outside of their 
repertoire. In some species of Pheidole , majors nurse 
brood, but seem to be incompetent at the task. This causes 
the minor workers remaining in the colony to increase 
their nursing, seemingly to compensate for the ineptitude 
of majors. Yet majors in other species of Pheidole appear to 
be as capable as minors at performing brood care. 

These data suggest that the specialized morphology of 
Pheidole majors may compromise their ability to provide 
compensatory labor in the event of colony need, limiting 
them to defensive or trophic functions. In a comparative 
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study in twig-nesting Pheidole species in Amazonian 
Ecuador, Amy Mertl studied the relationship between 
minor and major worker morphology, colony demography 
(the proportion of majors in a colony), and major worker 
ability to provide brood care, by quantifying nursing by 
majors in natural colonies and in colonies from which 
minors were experimentally removed. Across species, 
majors performed significantly less brood care than minors 
in intact colonies, but in subcolonies lacking minors, majors 
did not differ from minors in nursing acts after 1 week 
of contact with immatures. Apparently, majors perceived 
that immatures were not appropriately attended to during 
this time and upregulated their nursing. Brood nursed 
by majors, however, had lower survival than brood tended 
by minors, although rates of brood growth did not vary 
between subcastes. 

Significant variation among these Amazonian species 
in brood care by major workers did not correlate with 
significant differences in brood growth or survival. Addi¬ 
tionally, there was no significant association between the 
degree of major worker morphometric specialization and 
rates of nursing, growth or survival of brood, and the 
proportion of majors in a colony. Therefore, major worker 
morphology and specialization generally reduced the 
efficacy of brood care, but the extent of specialization in 
form did not further compromise their nursing ability. 
This lack of correlation may be due to the nature of 
predation on twig-nesting species: attacks may have either 
an extreme impact leading to colony death or negligible 
consequences on survival and fitness as colonies fortify 
defense at the nest entrance, secure their safety, and wait 
for danger to pass. In the former scenario, brood are killed 
along with the entire colony population, and in the 
latter case, colonies survive intact. Under both conditions, 
selection may be inadequate to favor major worker task 
flexibility. 


Pheidole Defense: Social Organization, 
Colony Demography, and Plasticity 

The striking morphological differences between Pheidole 
minor and major workers clearly reflect task specializa¬ 
tion. Major worker head shape and the size and morphol¬ 
ogy of the mandibles are products of selection for combat, 
providing weaponry for their primary defensive role. The 
defensive behavior of Pheidole has also been examined 
from the perspective of the specificity of response to 
intruders and systems of communication between minors 
and majors responsible for organizing colony protection. 
Studies have also considered how patterns of investment 
in majors may adaptively change with geography, threat of 
competition, food availability, and colony life cycle. 


The Organization of Colony Defense 

P. dentata provides a model to examine the ecology of 
defense and the mechanisms of alarm communication 
that underscore effective colony-level responses to com¬ 
petition and predation. Over its wide geographic range, 
this species is sympatric with other ants, some of which 
are highly significant competitors. Native fire ants, 
Solenopsis geminata , and the imported fire ant S. invicta , 
compete with P. dentata and may raid neighboring colo¬ 
nies. In response to pressure from fire ants, P. dentata has 
evolved ‘enemy specificity’ in its alarm/recruitment com¬ 
munication. When minor workers encounter fire ants, 
they do not directly engage them in combat as they do 
other ants, but return home, laying a chemical trail. 
Within the nest, minors direct motor displays toward 
majors, raising their level of excitation and responsiveness. 
Together with the perception of the odor of fire ants on 
the body of minors, majors are stimulated to depart the 
nest and follow recruitment trails to attack the intruders. 
This alarm/recruitment response is specific to ants of the 
genus Solenopsis. 

Additional studies of defensive responses suggest 
that P dentata may have a degree of flexibility that allows 
colonies to adapt in ecological time to local threats. When 
laboratory colonies were subjected to repeat assaults 
from pavement ants, Tetramorium caespitum , major workers 
were eventually recruited. Colonies apparently ‘learn’ to 
recognize and respond to a novel threat. 

Investigations of Pheidole have also increased our 
understanding of the antipredatory behavior of social 
insects. For example, to cope with the army ant Neivamyr- 
mex nigrescens , P desertorum in the US southwest frequently 
emigrates, moving among nest sites, and thus playing a 
shell game to decrease the risk of predation. Colonies of 
P. desertorum and P. hyatti prepare for defensive action with 
an ‘alert phase’ during which workers mass together 
around the nest entrance. In addition to directly combat¬ 
ing army ants, major workers of both species participate in 
nest emigration by moving brood. 

Ecological interactions between Pheidole and other ants 
can be impacted by the way in which Pheidole majors 
participate in defense. Parasitoid flies in the family 
Phoridae oviposit preferentially on P. dentata major work¬ 
ers when they are foraging together with minors. These 
flies are sometimes called ‘decapitating flies’ because after 
the egg hatches, the larva burrows into the ant’s head 
and consumes the muscles and nervous tissue in the 
head capsule. Majors respond to attacks by these flies 
by absconding, rendering colony defense less efficacious, 
lowering competitive ability, and thus altering the outcome 
of interactions with Solenopsis texana. Ant-decapitating 
flies also influence the seasonality of foraging in the 
desert-dwelling P. titanus. 
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Adaptive Demography and Colony 
Plasticity in Pheidole 

Pheidole colonies, like colonies of polymorphic ants in 
general, are thought to have proportions of worker sub¬ 
castes that have been determined by natural selection to 
optimize fitness. The proportions of minors and majors in 
Pheidole colonies may thus represent adaptation to local 
environments. Tests of this theory involve excavating 
colonies in the field and determining the frequency dis¬ 
tribution of minors and majors. If adaptive demography 
theory is correct, then colonies inhabiting environments 
where predation or competition is more intense should 
have higher proportions of majors. The results of some 
studies support this prediction. For example, colonies of 
P morrisi in Florida have more majors in relation to colony 
size than colonies in North Carolina or New York. One 
reason for this difference in colony structure could be that 
fire ants, which are potent competitors that may attack 
and destroy colonies, overlap with P. morrisi in Florida but 
not in more northern regions. The greater number of 
majors can provide more effective defense against fire 
ant attacks. Comparative studies of the ecology of sub¬ 
caste distribution patterns in P. dentata , however, have not 
provided support for adaptive demography theory, but the 
geographic range over which colonies were examined was 
much lower than that for P. morrisi. 

In addition to adapting genetically to local variation in 
competition by evolutionary changes in the number of 
majors, Pheidole colonies can also facultatively increase 
production of majors in the short term if exposed to the 
odors of competitors. Colonies of the European P.pallidula 
will raise more majors when they have contact with alien 
conspecific workers. However, not all species of Pheidole 
appear to have equivalent plasticity in adjusting subcaste 
ratios. P. dentata laboratory colonies reared with fire ants 
nearby did not change their proportion of majors as they 
reared brood through several cycles. Additional research 
is needed to determine why species differ in their ability 
to adjust subcaste proportions. 


Minor Worker Age and Division of Labor 

Worker size- and age-related task specializations are thought 
to be critically important to the efficiency of labor and hence 
colony productivity. Age-related task performance, also 
called behavioral development or temporal polyethism, has 
often been studied in this respect and appears to be a con¬ 
served trait in ants and other social insects. P dentata has 
served as the primary model in the study of temporal 
polyethism in ants, and social insects in general. 

There has been controversy concerning the relation¬ 
ship of division of labor to developmental processes or 
changes in patterns of task allocation among workers that 


emerge independently of the biological properties of 
individuals. Some theories of polyethism do not require 
or consider age-related physiological development, sug¬ 
gesting instead that labor dynamics are self-organizing 
and worker age is only a correlate of behavior. Neverthe¬ 
less, a variety of studies, many of Phediole , indicate that 
division of labor is species-typical, with hormonal, neuro- 
biological, and other physiological changes having causal 
links to polyethism. Genetic mechanisms of polyethism 
are also well documented. Studies of Pheidole have yielded 
significant insights into how age, on-task experience, 
and flexibility in task performance, all contribute to the 
colony-level division of labor. 

P dentata minors transition from queen attendance and 
brood care, through other within-nest tasks, to foraging 
and other activities outside the nest during the first 
16 days of adult life, forming nonoverlapping temporal 
castes that specialize on different roles. E. O. Wilson, 
who pioneered research on ant polyethism, called this 
model of age-related task performance temporal caste dis¬ 
cretization. , and hypothesized that it produced an efficient 
division of labor to maximize colony fitness. 


The Repertoire Expansion Model 

Recent studies show that P. dentata minors expand their 
repertoires from 5 to 17 tasks as they age, rather than shift 
between nonoverlapping sets of tasks as predicted by the 
temporal caste discretization model. Tasks typically per¬ 
formed by young minors (newly enclosed to 2-3 days in 
age), including brood care and queen attendance, are thus 
retained in the repertoire of older minors, rather than 
eliminated with increasing age. This pattern of behavioral 
development is termed repertoire expansion. The repertoire 
expansion model (REM) is supported by studies demon¬ 
strating that older minor workers of P. dentata perform 
both brood-care and nonbrood-care tasks with a high 
frequency. Moreover, only older minors increase nursing 
as the demand for brood care increases. The REM also 
predicts that minor worker behavior does not shift 
among spatially associated sets of behaviors that mini¬ 
mally overlap. Instead, because repertoire size expands 
with age, older workers may contribute significantly 
more to brood care through greater efficiency at this 
task suite than young minors. 

The REM can be tested, for example, by determining 
whether the breadth of responsiveness to task-related 
olfactory stimuli increases with age. According to the 
REM, young workers should be capable of perceiving 
odor cues associated with nursing, whereas older minors 
should be able to detect and respond to odors associated 
with both brood and foraging. In an assay in which young 
and old minor workers could chose between orienting 
toward odors of brood or prey odors, old minors moved 
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toward both brood and food odors, but young minors 
responded only to cues emanating from brood. These 
stimuli mediate responses to tasks associated with brood 
care and foraging, respectively These differences in olfac¬ 
tory responsiveness demonstrate age-related variation 
in sensory abilities consistent with the predictions of 
the REM. 

How well do young and old minor workers 
care for brood? 

Young and old minor workers not only respond differen¬ 
tially to task-associated odors; they also differ signifi¬ 
cantly in the efficiency of performance of the principle 
task of nursing, which is dependent on the detection of 
cues related to brood. To examine temporal polyethism 
in P dentata , Mario Muscedere and Tara Willey assessed 
the ability of young and old minors to care for the queen 
and developing brood in single age-cohort subcolonies. 
Larvae reared by old workers gained significantly more 
mass than those reared by young workers and did not 
differ significantly in mass from larvae reared by groups 
of workers of intermediate age. Additionally, old minors 
were more responsive to brood than young minors: old 
minors approached and cared for brood more frequently 
than their young siblings. Old minors also retrieved brood 
and assembled them in groups more rapidly than young 
minors. Furthermore, old minors engaged in more queen- 
directed behaviors in spite of the fact that young minors 
tended to be in closer proximity to the queen. 

Young minors and older minors differ significantly in 
their efficiency at performing brood-care, so the perfor¬ 
mance of nursing by mature minors is not simply com¬ 
pensatory and due to behavioral flexibility of an age class 
that is typically specialized on outside-nest tasks. These 
results do not support the characterization of young work¬ 
ers as a discrete temporal caste specialized to respond 
to queen and brood needs. Although brood and queen 
care are performed earlier in development than forag¬ 
ing, older minors retain the ability to perform these 
tasks and do so with high efficiency. Histological studies 
show that young minors have poorly developed mandib¬ 
ular muscles, apparently limiting their ability to work. 
This suggests that young minor workers are develop- 
mentally immature and physically unable to perform 
many tasks. Minors acquire task proficiency and improve 
their efficiency at brood care with increasing age, rather 
than specializing on foraging and other outside-nest tasks 
later in adulthood to the exclusion of inside-nest tasks. 
Accordingly, the traditional view that young minors spe¬ 
cialize on queen attendance and brood care may simply be 
based on observations that these are the first tasks per¬ 
formed by minors following eclosion, rather than tasks 
performed with the high efficiency expected of an age 
cohort that are nursing specialists. 


The Neurobiology of Division of Labor 

Theories of caste evolution and division of labor can be 
tested by examining the neural properties of workers of 
different subcaste and age, thus providing new insights 
into the mechanisms associated with social organization. 
Structural and neurochemical changes in areas of the 
brain that process sensory information associated with 
inside-nest tasks like brood care (occurring in darkness) 
and external tasks like foraging (performed in light) are 
likely to accompany temporal polyethism. The neural 
basis of task performance has been most extensively stud¬ 
ied in honeybees; similar neurobiological techniques can 
also be applied to understand behavioral development in 
the worker caste of adult ants. Task transitions should 
reflect neuroanatomical and neurochemical change. For 
example, labor required within the nest does not require 
vision, which becomes significant as ants eventually 
depart from the nest to navigate foraging routes and 
patrol territory. 

Pheidole provides an excellent model to analyze the 
neurobiology of division of labor. In P. dentata , changes 
in the volume of brain regions and modifications to neural 
connections accompany repertoire expansion in minor 
workers. Marc Seid’s examination of the ultrastructure 
of one region of the mushroom body, a brain center for 
complex multisensory integration, learning and memory, 
showed that individual presynaptic boutons enlarge and 
acquire more synapses and vesicles as minors age. Older 
P. dentata minor workers, which both forage and nurse, 
have enlarged presynaptic boutons and more synapses 
and vesicles per axonal bouton than young minors. The 
total number of boutons decreases while the size and 
vesicle content of remaining boutons, number of synapses 
per bouton, and average size of postsynaptic elements all 
increase with age. These results indicate expanded and 
enhanced efficacy at synaptic connections important in 
processing sensory input, and the loss of other connec¬ 
tions as minors age and increase their task breadth and 
efficiency. This synaptic pruning could be a mechanism of 
age-related processing of task-associated sensory infor¬ 
mation, and thus a neuroanatomical basis for behavioral 
development and repertoire expansion. 

Brain Chemistry and Division of Labor 

Biogenic amines such as serotonin, dopamine, and octo- 
pamine are present in the insect brain and commonly 
regulate different aspects of behavior, including aggres¬ 
sion, olfactory sensitivity, and learning. Because olfac¬ 
tion and aggressive behavior are associated with tasks 
such as defense and foraging, neurotransmitters may 
cause subcaste and age-related differences in division of 
labor. Although brains of P. dentata minors are miniscule 
(roughly 0.00125 mm 3 , or about one-hundredth of the 
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Figure 3 Confocal microscope scan of the brain of a 
P. morrisi minor worker. 


size of a honeybee brain; Figure 3), it is possible to 
individually measure their amine levels. In P. dentata , titres 
of serotonin and dopamine (but not octopamine) increase 
significantly with age, the greatest increase in serotonin 
being coincident with the onset of outside-nest tasks like 
foraging. Serotonin could therefore activate foraging and 
the perception of its associated cues and signals such 
as prey odors, trail pheromones, and other orientation 
stimuli, as well as the aggressive actions associated with 
prey capture and territory defense. These age-associated 
changes in biogenic amine levels suggest their involve¬ 
ment in the neuromodulation of minor worker behavioral 
ontogeny and temporal polyethism. 

There are also age- and subcaste-related patterns of 
serotonin immunoreactivity in the optic lobes of the 
brains of both minor and major workers of P. dentata. 
Serotonergic nerve cell bodies in the optic lobes increase 
significantly in number as major and minor workers 
mature (Figure 4). Old majors have greater numbers of 
serotonergic cell bodies than minors of a similar age. This 
age-related increase in serotonergic neurons, as well as the 
presence of diffuse serotonin networks in the mushroom 
bodies, antennal lobes, and central complex, occurs con¬ 
comitantly with an increase in the size of worker task reper¬ 
toires. Serotonin thus appears to be associated with the 
development of the visual system, enabling the detection 
of task-related stimuli outside the nest, thus playing a signif¬ 
icant role in worker behavioral development and colony¬ 
wide division of labor. Serotonin and/or other amines may 
be involved in navigation, which is required during foraging. 

Pharmacological manipulations of serotonin titers 
in the brain demonstrate its modulatory role in minor 
worker behavioral development. P dentata minors have 
been treated with either serotonin precursors or antago¬ 
nists. Following the oral administration of these com¬ 
pounds, trail-following assays have been conducted to 



(c) 

Figure 4 Serotonergic neurons in the optic lobe of the brain of 
a young (a) and old (b) minor worker, and an old major worker 
(c) La, lamella; Md, medulla; Lo, lobula. Scale bar is 20 ^m. 

determine the effect of experimentally elevated brain 
serotonin on foraging behavior. Dietary administration 
of the serotonin precursor 5-hydroxytryptophan (5HTP) 
increased brain serotonin levels in treated P. dentata 
minors, which followed artificial trails for significantly 
longer distances than control minors. Minor workers fed 
the serotonin agonist a-methyltryptophan (AMTP), which 
inhibits tryptophan-5-hydroxylase (the rate-limiting enzyme 
of the serotonin synthesis pathway) and thus lowers brain 
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serotonin, showed lower responses to trail pheromone. 
These results indicate that serotonin has neuromodulatory 
effects on the integration of chemical information related 
to foraging behavior. 

Interspecific Variation in Behavior, 

Social Organization, and Brain Structure 

Pheidole species differ widely in diet and vary in worker 
size, proportion of majors in colonies, and subcaste spe¬ 
cialization and plasticity. This adaptive variation is 
reflected in interspecific differences in the structure of 
the brain. For example, Pheidole morrisi has mature large 
colonies of 5000-10 000 workers with a high proportion of 
majors that attend to a relatively broad range of tasks. 
Both minors and majors of P morrisi forage over long 
distances, and majors can transport brood and will nurse 
if needed. Minors and majors are highly aggressive and 
this species is dominant in its community. In sharp con¬ 
trast, minors and majors of Ppilifera form small colonies of 
200-400 timid workers that have small foraging ranges 
and feign death when disturbed. Majors are passive, few in 
number, and do not nurse. Rarely seen above ground, 
majors are typically found in seed-filled nest chambers 
and are primarily millers. Minor and major workers of 
these and other Pheidole species, after correcting for brain 
size, differ significantly in the volume of brain regions 
such as the mushroom bodies, which likely play a neural 
role in the organization of division of labor. The ranks of 
residual volumes of brain compartments of majors parallel 
the ranks of their task diversity. These species also differ 
significantly in biogenic amine levels in the brain. 

Summary 

The hyperdiverse genus Pheidole provides outstanding 
opportunities to examine the relationship between adap¬ 
tation, evolutionary success, social organization, and its 
mechanistic basis. Neuroethological studies of Pheidole 
species may help identify the key innovations in social 
structure associated with the extraordinary diversity of 
this genus. Proximate analyses of colony organization 
can be coupled with ecological studies to understand 
adaptive radiation. 

Effective and efficient division of labor is significant to 
colony survival and reproductive success in social insects. 
Pheidole has been a principal system for the analysis of 
division of labor in an insect society because the impor¬ 
tance of size and age can be studied simultaneously and 
colony structure can be experimentally altered to deter¬ 
mine the importance of demography and explore behav¬ 
ioral plasticity. Recent studies have begun to examine 
the relationship of the neuroanatomy and neurochemistry 
of the brain to age- and size-related task performance, 


providing new and detailed examinations of the role of 
brain structure and neurotransmitters in subcaste task 
specializations and age-related division of labor. Integra¬ 
tive research bridging brain, social behavior, and ecology 
will advance our understanding of how ant colonies are 
organized socially and our knowledge of the role of social 
organization in the evolution of the extreme diversity 
found in this genus. Pheidole can thus serve as a model 
system for comparative studies of other evolutionarily 
dominant clades. 

See also: Ant, Bee and Wasp Social Evolution; Caste 
Determination in Arthropods; Division of Labor; Neurobi¬ 
ology, Endocrinology and Behavior; Neuroethology: 
Methods; Neuroethology: What is it?. 
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Introduction 

The use of behaviors in phylogenetic investigations has a 
long history. As with many evolutionary matters, Darwin 
can be cited as having been one of its promoters, for exam¬ 
ple, in his studies of the unfortunately named ‘slave-making’ 
ants. But others preceded Darwin. For example, in 1854, 
Henri de Saussure published a systematic hypothesis of the 
relationships of family Vespidae based on nearly as many 
nest architectural attributes as morphological; despite de 
Saussure’s lack of computational tools, the details of his 
proposed phylogeny are strikingly similar to modern treat¬ 
ments based upon architecture, morphology, and genetic 
data. Brooks and McLennan provide an excellent historical 
review. The nineteenth-century ethologist C. O. Whitman 
commented, “instincts and organs are to be studied from 
the common viewpoint of phyletic descent.” Early studies 
of birds, caddisflies, spiders, and social insects - especially 
due to the legendary systematist W. M. Wheeler - firmly 
positioned behaviors as important traits for phylogenetic 
analysis. Thereafter, the halcyon era of ethology, inau¬ 
gurated by Nobel laureates Konrad Lorenz and Niko 
Tinbergen, sought to fuse behavior and taxonomy into a 
cohesive whole. 

Since the work of these early ethologists, a revolution 
in taxonomy has taken place, complete with new tools and 
philosophy, making the practice of systematics much 
more explicit, testable, and therefore scientific. Beginning 
in the 1960s, this movement, often called the Cladistic 
Revolution, firmly established scientific principles set 
forth by fly taxonomist Willi Hennig. As a result, the 
power of systematic inquiry was greatly strengthened, and 
so were investigations of behavioral evolution. A brief list 
of studies employing modern cladistic methods to elucidate 
the phylogeny of behavior includes swordtail fish sexual 
selection, architecture in orb-weaving spiders, courtship 
behaviors in fruitflies, display behavior in birds, water 
mite sexual selection and display, termite caste evolution 
and behavior, and wasp social behavior. 

After the Cladistic Revolution, the use of behavior in 
phylogenetics became controversial, but today the major¬ 
ity of practicing systematists readily exploit this rich 
source of character information. Nevertheless, some ques¬ 
tions remain. To answer those questions, the general 
structure of modern phylogenetics, historical objections 
to the use of behavior in phylogenetics, and the responses 
to those objections are discussed here. Then, general 


benefits of behavioral characters are discussed. Finally, 
some advances in behavioral phylogenetic techniques 
are reviewed. 

General Principles 

Before treating the use of behavioral characters them¬ 
selves, some of the underpinnings of phylogenetics are 
first reviewed, since objections to the use of behavioral 
characters often stem from a misunderstanding of the 
goals of phylogenetics. When viewed from first principles, 
the use of behavioral characters is not only substantiated 
but desired as well. 

What Is Taxonomy? 

The field of study often referred to today as phylogenetics 
is a subdiscipline of a field of study known as systematics. 
Systematics, in turn, is a subdiscipline of one of the most 
ancient fields of science: taxonomy. Some readers may be 
surprised by this characterization, as many today errone¬ 
ously believe the relationship to be the reverse of what 
has just been described - namely that taxonomy (as they 
understand it) is a subdiscipline of systematics. This is 
in part due to the marginalization of taxonomy by popu¬ 
lation geneticists in the mid-1900s. Nonetheless, taxon¬ 
omy is the field of biology interested in deciphering 
the patterns and relationships of taxa and the naming 
of taxa. The latter of those two is known as nomenclature. 
The former - deciphering the relationships of taxa — is 
systematics. 

What Constitutes the Phylogenetic System? 

Prior to the work of Hennig, the field of systematics was 
often characterized by careful study of specimens by 
experts in the field. That study, however, was almost 
never codified into a form amenable to scientific test. 
Prior to Hennig, systematists simply asserted the shape 
of phylogenies and pronounced which characters were 
homologies, without any formal procedure or test that 
other investigators could scrutinize. 

In 1966, Hennig proposed a method, which he called 
Phylogenetic Systematics , that allows of the use of characters 
in such a way that the investigator can determine if the 
characters are similar due to ancestry or similar for other 
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reasons. That is, phylogenetic systematics allows the 
investigator to distinguish homology from homoplasy. This 
is the fundamental feature of Hennig’s system, and it is 
also one of the fundamental pursuits of evolutionary 
biology. In phylogenetics, homologies are identified by 
the test of congruence , in which characters are analyzed 
simultaneously with other characters (which may suggest 
different patterns), and the preponderance of character 
evidence is revealed, thereby identifying homologies. In 
other words, as any single character will tell whatever 
story it tells, the only way to test its story is to allow 
other characters to contend with it; homoplasy will not 
generate a single signal, given enough data, but the actual 
homologies will join to show a single pattern or signal. 
In this way, homologies reinforce one another and drive 
the structure of the phylogeny, whereas homoplasies do 
not. Prior to Hennig, investigators simply asserted which 
characters they believed to be homologous or homopla- 
sious, but modern phylogenetics requires the construction 
of character matrices and explicit tests of the hypotheses 
of homology asserted in those matrices. In short, Hennig 
made systematics scientific. 

Phylogenetic systematics is very flexible and permits 
the investigator wide latitude in selecting sources of evo¬ 
lutionary evidence. Originally, those sources were mor¬ 
phological and (frequently) behavioral. Today, character 
data include amino acid residues and nucleotide identity, 
among other biochemical sources. What makes phyloge¬ 
netic systematics scientific is the manner in which char¬ 
acters are treated, not the source of the character data. 

What Is a Character? 

Phylogenetics is dependent on the use of character infor¬ 
mation to discover phylogeny. A working definition of a 
character is both philosophically and pragmatically nec¬ 
essary. When the term character is used herein, the defini¬ 
tion offered by Freudenstein and co-authors in 2003 will 
be followed: a character is a biologically transmitted attri¬ 
bute of a species. This definition may seem simple, but it 
provides quite a bit of circumscription that will guide the 
identification of attributes that constitute valid characters 
and those that do not. 

First, the definition indicates one of the most basic 
components of a character: it must be ‘biologically trans¬ 
mitted’; that is, it must be heritable. Heritability can be 
difficult to assess directly under some circumstances; as 
with all propositions in science, the proposition of herita¬ 
bility is sometimes a tentative hypothesis. 

The notion of biological transmission also stipulates why 
some features are not valid characters. For example, the 
geographic placement of an organism is not biologically 
transmitted from one generation to the other, even though 
it might be argued that in some nonbiological way, organisms 
inherit their locality from their parents. Much has been 


written about the use of geographic location in phylogenetics, 
and while location may be interpretable via phylogenetics 
for investigations of biogeography, locations are not valid 
characters, because they are not transmitted biologically. 
The criterion of heritability via biological transmission 
does not necessarily imply genetic transmission alone, 
however. Provided the attribute is biological, and is trans¬ 
mitted from one organism to another via a biological process, 
the criterion is met. In another section, circumstances in 
which behavioral traits may be valid characters, despite 
their not being genetically encoded, are elaborated. Indeed, 
the involvement of behavioral characters permits the incor¬ 
poration of novel sources of phylogenetic information. 

Next, the working definition states that the attribute 
is that of a species. This taxonomic level is important, as it 
is the lowest level of the taxonomic hierarchy in which 
phylogenetics is involved. Limiting the definition to those 
traits transmitted by species means that within-species, 
population-level variants are not characters in the phylo¬ 
genetic sense. Character formation occurs only at the 
level of the species and above. As a result, characters are 
fixed in a species (though they may be polymorphic at 
higher levels). The fixation of characters at the level of the 
species is critical to the concept of synapomorphy. 

As reviewed earlier, systematists used behavioral data to 
inform phylogeny long before the development of phylo¬ 
genetic systematics. Thus, it is somewhat surprising that 
since then, a variety of objections have been raised suggest¬ 
ing that behavioral attributes are not suitable as characters. 
As I will show below, behavior does not pose special pro¬ 
blems relating to the character concept. I address some of 
the most common objections below, and respond to each. 

Objections to the Use of Behavioral 
Characters in Phylogeny 

Nearly 50 years after the cladistic revolution made system¬ 
atics a hypothesis-driven, explicit, testable and repeatable 
science, recent treatments still object to the use of behaviors 
as characters. 

Objections to the use of behavioral characters in phy¬ 
logenetic analysis have, for the most part, relied on one or 
more of the following arguments: (1) the characters do not 
reflect the phylogeny of the taxa, but merely the evolution 
of behavior itself; (2) the use of characters of interest 
renders any deductions about the behavior circular; 

(3) behavioral characters are more prone to local adapta¬ 
tion and are therefore too plastic to be informative; 

(4) behavioral character delimitation is more likely to 
result in the treatment of nonindependent attributes as 
independent; or (5) behavioral characters are often not 
heritable. While these potential problems should be con¬ 
sidered carefully by investigators proposing behavioral 
homology, in most cases it can be shown that these 
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objections are of no consequence to behavioral phyloge¬ 
netics. Further, close examination reveals that most of the 
arguments can be equally applied to other character types. 

Phylogeny of Characters Versus 
Phylogeny of Taxa 

Some have objected that the use of behavioral characters 
in phylogeny produces only a phylogeny of the behaviors, 
which may not be congruent with the true (and unknown) 
taxon phylogeny. This was an early objection to the use of 
molecular characters in phylogeny, now in such common 
use. It is relevant to reiterate here that two of the fathers of 
the field of ethology, Konrad Lorenz and Niko Tinbergen 
asserted that behavior does not evolve independently of 
phylogeny. 

Indeed, all phylogenies are the result of character 
analysis. Thus any conclusions about the relationships of 
taxa are always based on character phylogenies, whether 
those characters are behavior, DNA sequences, or mor¬ 
phological traits. The power of the phylogenetic system is 
that additional independent characters can be folded into 
a phylogenetic analysis to further test the robustness of 
a given (character) phylogeny. The best phylogenetic 
approximation is the one based on the most character 
evidence, regardless of what those characters are. Thus, 
a priori exclusion of certain types of data detracts from the 
goal of obtaining a reasonable phylogenetic estimate. 

Putative Circularity 

The argument of phylogenetic circularity asserts that the 
character unduly influences the chosen tree shape, 
thereby making evolutionary deductions circular. For 
example, in a recent book, James H. Hunt writes: “To 
use [social behaviors] as evidence of common ancestry for 
taxa categorized as ‘eusocial’ constitutes a fallacy of 
affirming the consequent.” 

The circularity argument asserts that characters used 
in a phylogeny are off limits to evolutionary interpreta¬ 
tion on that tree. Yet scientists are motivated to include 
characters for just that reason. Biologists interested in the 
evolution of a gene must use information from that gene’s 
DNA sequence. Similarly, we must use morphological 
data to infer how morphologies evolved. In short, phylo- 
geneticists must use the very characters of interest because 
those reveal their history better than other characters. 
The objection to inclusion of behavioral traits is particu¬ 
larly troublesome, as some morphological characters were 
originally codified with explicit reference to behavior. 
There is no logical reason to exclude any particular kind 
of character a priori All potential characters are candi¬ 
dates for phylogenetic inference, and choosing from them 
requires consideration of information on stability, herita- 
bility, and fixity in taxa, as outlined in one of the following 


sections. At the outset, any valid character is as good as 
any other, and when all characters are analyzed together, 
congruence allows us to infer the phylogenetic pattern. 

Putatively Increased Plasticity 

A major objection is that behavior is uniquely plastic; that 
is, it evolves rapidly and repeatedly in separate lineages. 
In other words, behavior is more likely than other charac¬ 
ter types to be homoplasious. Yet rigorous assessment 
shows that homoplasy and lack of signal in behavioral 
characters often derive from poor character delimitation 
(e.g., grouping many individual characters into suites of 
composite characters). Studies that compare consistency 
indices of behavioral to morphological characters have 
found that behavior is no more plastic than morphology. 
We must regard the charge of behavioral plasticity as an 
assertion unsupported by rigorous analysis. 

Questions about Independence 

Delimitation of behavioral attributes lends itself to lump¬ 
ing characters into reified classes that are actually com¬ 
posed of many independent characters. Yet this practice is 
hardly unique to behavioral phylogenetics - such ques¬ 
tions plague morphology and molecular data as well. 
Indeed, the still young field of molecular phylogenetics 
must disentangle genetic functional constraints, selection, 
secondary structure, and reading frames, all of which can 
cause nucleotides within and across loci to violate the key 
assumption of independence. In fact, the functional and 
developmental complexities of molecules and morphol¬ 
ogy can place those character types at a disadvantage 
relative to behavior. A recent study shows elegantly how 
decades of careful behavioral observation can be 
employed to create a large matrix of independent behav¬ 
ioral characters. In this work, Fernando Noll identified 
and employed 42 independent, heritable behavioral char¬ 
acters to study bee phylogeny, thereby disarticulating the 
complex character ‘social behavior.’ Bypassing problems 
of defining and discretizing the compound character of 
‘sociality,’ Noll simply coded observed variation in clearly 
defined and independent characters. The result was a 
robust phylogeny by which the evolution of sociality 
could be inferred for that group. 

Questions about Heritability 

The question of heritability is often raised for behavioral 
attributes, especially in the field of sociobiology, and most 
especially in reference to primate behavior, including 
humans. Advocates of a molecular-only approach to phy¬ 
logenetics often point out that molecular data are known 
to be heritable without any question, whereas morphol¬ 
ogy and behavior can be altered by norms of reaction or 
learning. In fact, all character types are prone to errors 
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associated with heritability. Molecular sequences used in 
a phylogeny can, in fact, represent laboratory contamina¬ 
tion. Attributing contaminant sequences to loci from 
which they did not come clearly violates the heritability 
criterion. For behavior, resolving the ‘norm of reaction’ 
problem only requires that behavioral characters be ste¬ 
reotypical of a taxon. 

Behaviors affected by learning pose special challenges 
for phylogenetic analysis. Prior to elucidation of the rules 
governing inheritance, behavioral traits were widely used. 
However, after Watson and Crick’s landmark paper, non- 
genetic mechanisms of transmitting biological information 
from generation to generation, or taxon to taxon, became 
suspect. We now know that genetic material is not the sole 
reservoir of genealogical information and that several 
classes of biologically transmitted attributes of species 
are not encoded in the genome. Consider the classic 
example of bird song. Offspring learn from parents many 
varieties of bird song, and evidence shows that the ele¬ 
ments of the songs themselves and the persistent differ¬ 
ences in dialects of such songs are not transmitted 
genetically. Yet bird species can be distinguished by their 
songs, making song characters valuable for phylogenetic 
studies. Nongenetic transmission satisfies assumptions of 
phylogenetic analysis, and investigators can look for con¬ 
gruence with other characters to reveal those that are 
unreliable. 


The Use of Behavioral Characters in 
Phylogenetic Analysis 

Because of what is described here as character chauvinism - 
that is, the a priori preference of one character type over 
others - most treatments of behavioral characters have 
focused on the debates outlined earlier. However, in these 
discussions, the genuine benefits derived from using 
behavioral characters are rarely featured. My own research 
has shown time and again that the best phylogenies result 
from combined analyses of molecular, morphological, and 
behavioral characters. In these studies, resampling support 
and concordance with traditional taxonomic expectations 
are enhanced by the addition of behavioral characters. All 
character types (behavior, morphology, molecules) have 
liabilities, and an expanded approach provides results that 
are more robust than those achieved by excluding characters 
a priori. Furthermore, behaviors have some features that 
make them superior to DNA sequences for certain kinds 
of analyses. 

Age and Vetting of Characters 

One good reason to involve behavioral (or morphological) 
characters in phylogenetic analysis is the long history of 


their use. Researchers across nearly 200 years of published 
systematic work have been using behavioral attributes. In 
these studies, homology assessments have been vetted, 
tested, altered, and reworked for these suites of characters. 
By contrast, molecular data lack a lineage of such vetting. 
Indeed, the era of molecular sequence data is younger 
than many who are gathering the data. Scientists have 
barely scratched the surface regarding which loci are 
most useful for phylogenetic analysis or how to treat 
them. As a result, behavioral characters comprise an espe¬ 
cially firm foundation or phylogenetic analysis. 

Rates of Evolution 

The use of multiple kinds of evidence increases the sta¬ 
bility and support of the phylogenetic result for two 
reasons. First, more data are better in general. Second, 
different kinds of characters evolve at different rates, and 
so inform different parts of the tree. For example, certain 
genetic loci may evolve much more rapidly than beha¬ 
viors. Consider sequence variation in a gene like cytb , 
which differs among populations, versus the expression 
of the trait ‘swims away from moving, overhead shadows.’ 
Slower evolving characters support ‘deeper’ (i.e., older) 
nodes on the tree, whereas faster characters support more 
recent divergences. Clearly then, including characters like 
behavior can inform divergences for which other charac¬ 
ters are not useful. 

Levels of Analysis 

Morphological and behavioral characters that a phylo- 
geneticist chooses to code and include in a matrix result 
after examination of many species, genera, and higher- 
level taxa. Such investigation, which underlies phenotypic 
character descriptions, means that the discovery of synap- 
omorphy can be quite reliable. That is, deciding which 
characters are fixed for the taxa under analysis is straight¬ 
forward for morphology and behavior, in general. By 
contrast, molecular studies use single individuals to rep¬ 
resent large assemblages of taxa. This practice has at least 
two unfortunate consequences avoided by phenotypic 
coding. First, single strings of nucleotides may contain 
both fixed characters and nucleotide sites that vary within 
populations, thereby violating an important assumption. 
Second, the exclusive use of sequence data tends to pro¬ 
duce trees that are very skeletal, often with long branches. 
Inclusion of nonmolecular characters can resolve these 
difficulties. 

Homology Assessment 

Homology assessment in behavior is conducted by direct 
observation of multiple (often hundreds) of individuals. 
Homology assessment within loci (i.e., nucleotide positional 
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homology) is purely algorithmic - that is, the determination 
of within-gene-fragment homology is conducted exclu¬ 
sively by fitting the data to the tree, and nothing more. 
With behavior, putative homologies that are rejected by a 
phylogenetic analysis (i.e., revealed as homoplasies by the 
algorithmic part) can be reexamined in finer detail to con¬ 
sider if the original homology hypothesis should be revised 
(‘reciprocal illumination’ of Hennig). As nucleotides are 
chemically identical, no further analysis of homology is 
possible. In other words, the putative homology of molec¬ 
ular characters is difficult to test a posteriori, and there¬ 
fore open to substantial error - unless vetted by other 
character types. 

Methodological Approaches to Behavioral 
Phylogenetics 

Dynamic Homology of Behavior 

A recent development in the analysis of behavioral char¬ 
acters in phylogenetics borrows from the molecular ana¬ 
lytic toolkit. This involves the application of Dynamic 
Homology assessment (formerly, Optimization Align¬ 
ment). Dynamic Homology is a heuristic procedure by 
which unaligned strings of (typically) sequence data are 
treated in light of the possible phylogenies for a given 
number of taxa; the procedure seeks to consider every 
possible ‘alignment’ of the strings of data on different trees 
and then chooses from those according to specific criteria. 
Robillard and coauthors recently proposed a novel appli¬ 
cation of this procedure to cricket calling song, treating 
behavioral sequences in the same way as Dynamic 
Homology treats molecular sequences. Their approach 
recognizes that behavioral sequences exhibit deletion, 
insertion, rearrangement, and other mutations similar to 
those of molecular sequences. Distinguishing among sub¬ 
stitutions, insertions, and deletions is a primary goal of 
Dynamic Homology, and the approach may prove useful 
for analyzing temporal sequences of behaviors. Tradition¬ 
ally, behavioral sequences have been coded after careful 
examination of the behavioral repertoires across taxa, 
often with reference to the ontogenetic sequence of 
behavioral elements. Dynamic Homology offers the 
opportunity for homologous elements of behavioral 
sequences across different taxa to be more precisely 
determined by application of an explicit optimality crite¬ 
rion (such as parsimony). Future breakthroughs may well 
depend on applying techniques developed for analysis of 
molecular data to behavioral sequences. 

Mapping Continuous Characters Directly 

The use of continuous characters in phylogeny has proven 
problematic on many fronts. Often, researchers attempt to 
discretize continuous characters, but these attempts 
invoke arbitrary rules of character subdivision and thus 


present analytic problems. Another popular alternative is 
to avoid their use altogether, which represents a major loss 
of information. Clearly, investigators should treat contin¬ 
uous characters, and we now have a variety of techniques 
to ensure that they meet the assumptions underlying 
phylogenetic analysis. Premiere among those is Wagner 
parsimony, also called additive character optimization ; the 
first quantitative cladistic optimization method, Wagner 
parsimony enjoys broad use today. Pickett and coauthors 
recently implemented this procedure to address the ques¬ 
tion of ancestral colony relatedness in social wasps. The 
available data presented evidence sharply in conflict with 
the prevailing wisdom that ancestral colonies would 
exhibit extremely high within-colony relatedness. Thus, 
the hypothesis that sociality evolved via inflated within- 
colony relatedness was strongly refuted by the phyloge¬ 
netic data, illustrating the power of the method to test 
complex behavioral hypotheses. 

Conclusion 

Behavioral characters are valuable components of phylo¬ 
genetics. They often provide evolutionary insight, and 
their inclusion certainly permits the explicit phylogenetic 
study of one of the most interesting features of life - 
animal behavior. Objections to their use are largely 
based on character-type chauvinism. Behavioral charac¬ 
ters have their theoretical and operational problems, and 
morphology and molecules have their own limitations. 
The important thing to remember is that characters are 
characters, and the homology of any single character can 
only be assessed when tested against other, potentially 
falsifying characters. Therefore behavioral characters 
contribute to more complete and robust reconstructions 
of evolutionary history. 

See also: Darwin and Animal Behavior; Development, 
Evolution and Behavior; Evolution: Fundamentals; Kon¬ 
rad Lorenz; Niko Tinbergen. 
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Introduction 

In the first part of the last century, it was detected that birds 
of many species not only migrate back from their winter 
quarters to their previous nesting site, but are also able to 
return to this site over hundreds of kilometers even after 
passive displacement to never-before-experienced areas. 
The kind of information that the animals use to manage 
their extraordinary navigational performances remained 
an enigma. Progress in answering this question would not 
have achieved its present state if our ancestors had not 
created a domestic bird, the homing pigeon, a descendent 
of the rock pigeon, Columba livia. Hundreds of such birds 
can be made living at a site determined by man, where they 
are under permanent control and available for any kind of 
experiment all the year round. Compared to wild-living 
birds in the field, it is relatively effortless to obtain large 
amounts of data collected under manifold experimental 
conditions. 

At least as important as the manageability of domestic 
versus wild animals is the advantage that homing pigeons 
are selected for rapid returning to the loft and hence for a 
strong homing drive. When released at a distant site, they 
usually fly immediately away so that their initial direc¬ 
tional choices can be controlled by field-glass observation. 
At least over shorter or median distances, they mostly 
reach their home in a nonstop flight so that the time 
between departure and arrival roughly indicates the 
length of path they have flown. In recent years, these 
paths can even precisely be tracked by miniaturized GPS 
(global positioning system) data loggers. Wild birds, less 
motivated to fast returns and not adapted to stressful 
handling, mostly land immediately after release, may go 
foraging, and eventually return by and by with many inter¬ 
ruptions, often several days later. The differences between 
homing pigeons and wild-living species do most likely not 
include basically different navigational capabilities. It is 
hardly conceivable that domestication produced com¬ 
pletely novel mechanisms of home-finding which had not 
been developed before in nature. Thus, we can reasonably 
expect that mechanisms detected in homing pigeons are 
applied by many other species as well. It is, nevertheless, 
necessary to test the expectation by repetition of particu¬ 
larly crucial experiments with a number of other birds in the 
wild. What we presently know about pigeon homing shall be 
inspected here. 


Homing from Unfamiliar Areas 

The most remarkable performance of homing pigeons is 
their capability of returning to their home loft from far 
distant regions where they had never been before. How 
perfect is this performance, what are its constraints, what 
particular features characterize the pigeons’ behavior dur¬ 
ing homing and, most important, which environmental 
cues do they exploit in what way in order to find their 
way home? 

Characteristics of Pigeon Homing Behavior 

Pigeons individually released at a site far away from any 
earlier experienced areas tend to depart homeward from 
the beginning. Many birds actually return to their loft and 
most of those that do not reach it, terminate their journey 
on the way toward it (Figure 1). The most striking pecu¬ 
liarities of pigeon homing can be summarized as follows: 

• In the great total of many releases in radial symmetry 
around many home lofts, the mean bearing at departure 
(distance ~2 km) points significantly and almost 
exactly homeward, albeit the individual bearings imply 
a great angular variance around the whole circle. 

• At a single release site, the variance is usually much 
smaller, but the mean direction often deviates signifi¬ 
cantly and site-specifically from the direct direction 
toward home (so-called release-site bias). 

• Initial bearings and routes flown can be influenced by 
topographical features such as repelling mountains or 
lakes or attracting human settlements. 

• Another reason for release-site biases is often a gener¬ 
ally preferred compass direction which is typical for 
pigeons of a certain loft and whose determinants and 
possible function are unknown. 

• Sometimes and to some degree, routes may be influ¬ 
enced by preceding experiences, for example, by the 
compass direction that the individual bird had flown 
during its last homing flight(s). 

• To different degrees at different release sites, the mean 
initial directions, and accordingly homing speeds, fluc¬ 
tuate from day to day and from year to year. At least 
in some regions, homing performances have an annual 
cycle that roughly follows the cycle of ambient 
temperature. 
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Figure 1 Vanishing bearings (circular diagrams) and recovery 
sites of pigeons from three lofts in the north (H = Hohenkirchen, 
W = Wilhelmshaven, O = Osnabruck) and one loft in the south 
(F = Freiburg) of a central release area near Giessen, Germany. 
Lines with arrowhead indicate pigeons that homed after 
re-release at one or two recovery sites. Most of the birds were 
more or less experienced in homing over shorter distances (up to 
45 km), their last previous flight not being from the direction used 
here. Reproduced from Kramer G (1959) Recent experiments on 
bird orientation. Ibis 101: 399-416. 


• There are geographical differences that appear to 
depend on climatic and geomorphological conditions: 
performances better in warmer regions and range of 
operation larger in fairly flat rather than in mountain¬ 
ous areas. The operational range of homeward orienta¬ 
tion can extend up to 500 km and probably more. 

• Initial orientation as well as homing performance is 
better in experienced pigeons that previously had 
homed from other (often less distant) sites rather than 
in inexperienced birds displaced for the first time in 
their lives. There are several potential reasons for the 
differences which in most cases cannot be clearly sepa¬ 
rated: loss of less capable and/or motivated birds that 
failed to return from the first release(s); improved 
motivation to search for home by previous homing 


success; improved efficiency of the homing mechanism; 
improved knowledge of regional spatial configurations 
of navigational signals. 

• Navigational performances over long distances (com¬ 
parable to those illustrated in Figure 1) cannot only be 
achieved by pigeons whose flying experience before 
displacement was restricted to voluntary circling 
around the home loft, but even by pigeons that had 
been confined, from fledging age onward, in a wire- 
mesh aviary. When most of them, nevertheless, fail to 
reach their loft, it is mainly because they are unable to 
pinpoint the aviary itself whose aerial view and embed¬ 
ding in the surrounding landscape they had never seen 
before. 

In general, one can say that pigeons possess remarkable 
navigational abilities, but not an optimally operating 
machinery that always guides them home on the shortest 
route from everywhere. It is obvious that their homing 
paths imply a good deal of stochastic noise and of direc¬ 
tional preferences that are not part of the home-finding 
process, for example, responses to attracting or repelling 
landscape features on the way. It is necessary to isolate the 
navigationally relevant sources of information, which 
themselves appear to be variable in time and space, from 
a distracting background. 


Path Integration or Use of Position-Specific 
Signals? 

An animal cannot return to its home without previously 
having left it. One may ask, therefore, whether the process 
of home-finding makes use of information collected during 
the preceding movement away from home. If so, the animal 
might measure and integrate directions and distances of 
its own motions without taking notice of position-bound 
peculiarities of the environment, and might be able to 
reverse the integrative result in order to fly back home. 
Such a mechanism of path integration (or dead reckoning) 
is efficiently applied by a number of animals (e.g., by small 
mammals, ants, and other insects) while they move actively 
away from home on their own legs or wings, possibly on 
winding routes, and then return on a fairly straight course. 
The mechanism requires permanent recording of self- 
motion data during the outward journey. If this recording 
is interrupted or disturbed, it cannot properly operate. In 
pigeon homing experiments, the birds do not actively fly to 
their point of return, but are transported in a vehicle. By 
specific additional treatments during this transport, it has 
been excluded that pigeons need to record their outward 
movements in order to find home. 

Pigeons can be well oriented toward home if they get 
access to potentially suitable environmental signals not 
before arrival at the release site. Obviously, they are able 
to compare particular position-specific signals perceived 
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at this site (and at subsequent sites crossed later while 
flying) with memorized corresponding signals previously 
perceived at home and to deduce from this comparison an 
estimated bearing that most likely might guide them back 
to their loft. It has been shown that this bearing is deter¬ 
mined as an angle to a directional reference that is avail¬ 
able at home as well as everywhere abroad. To the extent 
to which utilized signals have been identified so far, they 
shall now be inspected. 

Environmental Signals Involved in the Process 
of Home-Finding 

The sun 

In the early 1950s, Gustav Kramer detected the sun as 
a signal from which birds can derive compass directions. 
As the sun’s position changes in the course of a day, its 
usability as a spatial direction marker requires a clock and 
some knowledge about the temporal progress of change. 
Like almost all animals, pigeons have an internal (circa¬ 
dian) clock that can easily be shifted by exposing the birds 
for several days to an artificial light-dark regime being out 
of phase of the natural day-night cycle. Depending on 
geographic latitude, season and time of day, and thus of 
the sun’s current position along its orbit, a 6-h forward- 
shift causes, at median latitudes in summer, an error of the 
sun compass of about 100-130° counterclockwise. If cor¬ 
respondingly clock-shifted pigeons with little homing expe¬ 
rience are released at unfamiliar sites, they deviate by 
approximately this amount from control birds coming 
from a light regime in phase with the natural one (Figure 2). 

Figure 2 and many corresponding results make clear 
that pigeons during homing use the sun’s azimuth (i.e., its 
vertical projection to the horizon) as a compass cue. If the 
bearings of the clock-shifted birds are rotated clockwise 
by the angular difference between expected and observed 
sun azimuth (, S T+6 — S T ), they are statistically no longer 
distinguishable from the bearings of the controls. The 
outcomes of this kind of experiment corroborated 
Kramer’s (metaphoric) map-and-compass concept. The 
clock-shifted pigeons obviously knew their position rela¬ 
tive to the home site (e.g., north or south) on some sort of 
map, but their compass was rotated more than 90° coun¬ 
terclockwise and thus misled them toward a false direc¬ 
tion. One part of the homing mechanism, its compass 
component, could from the late 1950s onward be seen as 
identified, but the nature of the other part, the map 
component, remained enigmatic. 

The geomagnetic field 

Everybody knows that a magnetic compass can be used 
everywhere and a widespread feeling regards the mag¬ 
netic field of the earth as a suitable tool to cope with 
any problem of navigation around the globe. It is not 
surprising, therefore, that magnetism is the oldest and 



Figure 2 In two groups of pigeons, the circadian clocks were 
shifted forward by keeping the birds in an artificial light-dark 
regime advanced against the natural day by 6h. The clock- 
shifted birds (o) were released, in alternation with unshifted 
controls (•), at two sites about 30 km north and south of home. 
The diagrams at the left show theoretically expected flight 
directions on the assumption of perfect position determination 
and use of a sun-azimuth compass. If the birds, at time T 
(here 10.00 a.m.), select an angle oc T relative to the sun S T , they 
fly in the direction toward home H. At time T, the shifted clock 
of the experimental birds shows T + 6 h. At that time (here 
4.00 p.m.), the sun would be at position S T+6 ; H would be 
reached by selecting an angle oc T+6 . By keeping this angle 
relative to the actually visible sun S T , the birds would achieve the 
course IT. Under the given conditions (summer at latitude 
~50°N), H' is ~120° left from H (like S^from S T+ 6 = A aZ imuth)- 
Right-hand diagrams show actually observed vanishing 
bearings with their mean vectors (maximum possible length = all 
birds in one direction = radius). The experimental pigeons were 
equally well oriented toward H' as the controls toward H. 
Reproduced from Wallraff HG (1988) Navigation mit 
Duftkarte und Sonnenkompass: Das Heimfindevermogen der 
Brieftauben. Naturwissenschaften 75: 380-392. 


still vivid candidate as a possible physical basis of pigeon 
homing. In fact, as many other birds, pigeons can perceive 
the magnetic field and they actually have a magnetic 
compass to which they resort if the sun is obscured by 
clouds (Figure 3). 

Little experienced pigeons clock-shifted for the first 
time and released in reliably unfamiliar areas follow their 
sun-azimuth compass completely (cf. Figure 2) without 
showing any irritation from the discrepancy between sig¬ 
nals from clock and sun on the one hand and from 
geomagnetism on the other hand. Deflections caused by 
clock-shift tend to be smaller, however, in older and more 
experienced pigeons, particularly if they are more or less 
familiar with the area and/or had been repeatedly 
released under clock-shift before. In such cases, attached 
magnets making magnetic signals unusable result in larger 
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deflections and thus show that magnetic compass infor¬ 
mation is not definitely ignored. 

Figure 3 shows not only an effect of attached magnets, 
but also a noneffect. Under clear skies, the magnets did 
not affect homeward orientation. Also, bisecting the tri¬ 
geminal nerve branch connecting to a recently detected 
magnetoreceptor based on specifically arranged nano¬ 
crystals of magnetite in the pigeons’ upper beak, being 
able to detect changes in magnetic intensity and suspected 
to act as a map receptor, does not impair their homing 
capabilities (Figure 4, (b) vs. (a)). Like the sun, the mag¬ 
netic field obviously provides only directional, no posi¬ 
tional, information; it is not a basis of the pigeons’ map. 
The geomagnetic field is more suited as a directional 
reference than as an indicator of position. In principle, 
magnetic total intensity as well as inclination can indicate 
geographic latitude, but there is no obvious magnetic 
indicator of longitude. Even the latitudinal gradients are 
very gentle with slopes of less than 1 % of total intensity 
and less than 1° difference in inclination per 100 km. 
Landmark-independent pigeon homing functions down 
to 30 km distance and less, and the birds would have 
to compare currently measured values with memorized 
home values. 


With sun Without sun 



Figure 3 Vanishing bearings of pigeons under sun (a,b) and 
under overcast (c,d), respectively, with magnets (b,d) or brass 
bars (a,c), respectively, attached to their heads and wings. (a,b) 
Simultaneous releases of inexperienced experimental and 
control birds at four symmetrical sites 20-27 km from their loft in 
central Italy. (c,d) The same birds, after having completed flights 
from all four sites used in (a) and (b), now released at four 
unfamiliar sites at 40-43 km distance from home. Modified from 
loale P (1984) Magnets and pigeon orientation. Monitore 
Zoologico Italiano (NS) 18: 347-358. 


It is unclear to what purpose the pigeons might have 
the magnetoreceptor in their beak, if not in a map context. 
Stimuli for compass orientation are, according to current 
opinion, not transmitted by this receptor either, but by 
light-dependent processes in the birds’ retina. 

Neither the map nor the compass component of navi¬ 
gation appears to be involved in responses of pigeons to 
artificial magnetic fields that have been observed only 
during the first minutes after release. Lack of initial 
homeward orientation could be induced by exposure to 
irregularly oscillating magnetic fields, to a near-zero field, 
or to a very strong field over some time before release. In 
all these cases, the disturbance was transitory and ceased 
within several minutes. As the experimentally treated 
pigeons returned to their loft as fast as the untreated 
control birds, a mechanism being essential for home- 
finding was obviously not affected. Magnetic oscillations 
interfere with the birds’ antistress system and thus with 
their instantaneous motivation to steer homeward when 
released from a cage. Application of a tranquillizer could 
compensate for the disturbance. 

Atmospheric chemosignals 

For over more than two decades of intense research on 
pigeon homing, it remained enigmatic from what kind of 
environmental signals displaced birds might deduce which 
compass direction they should fly in order to fly back to 
their home from an unfamiliar area. Yet it became clear 
what they do not use for this purpose: path integration, the 
sun, the geomagnetic field, visual cues, the Coriolis force, 
and infrasounds. The breakthrough came in 1971 when 
Floriano Papi and his colleagues released ten pigeons 
with sectioned olfactory nerves. After subsequent years of 
ongoing skepticism, but also of accumulating experimental 
evidence, there can hardly remain any doubt that pigeons 
are able to deduce the particular compass direction they 
should fly from atmospheric trace gases perceived by the 
sense of smell. The most important experimental findings 
shall briefly be specified. 

• Pigeons with sectioned olfactory nerves, first-time dis¬ 
placed from home and released far away, failed to 
orient their routes homeward while often covering 
considerably long distances (Figure 5). Other such 
pigeons, pretrained over shorter distances and released 
together with those whose magnetoreceptor nerves 
were cut, departed completely disoriented; a few 
returned slowly over 55-60 km, none over 80-105 km 
(Figure 4, (c) vs. (a) and (b)). 

• Homing behavior of pigeons with a unilaterally sec¬ 
tioned olfactory nerve combined with unilateral plug¬ 
ging of a nostril depended on the kind of combination. 
If the two treatments were applied ipsilaterally, the birds 
flew homeward oriented as usual, but they failed to do 
so if contralaterally impaired. Thus, lacking homeward 
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Figure 4 Vanishing bearings (top) and homing performances (bottom) of (a) untreated control pigeons and of pigeons with 
(b) sectioned branches of trigeminal nerves connecting to magnetoreceptors in the upper beak or (c) sectioned olfactory nerves. Open 
symbols and bars refer to three release sites at 55-60 km from home, filled symbols and bars to subsequent three releases of the 
returned birds at 79-107 km. Peripheral dots show individual bearings, arrows resulting mean vectors per release site; c H = mean 
homeward (=upward) component of every six release-site vectors (possible range +1 to -1 = radius of circle). Data from Gagliardo A, 
loale P, Savini M, and Wild M (2008) Navigational abilities of homing pigeons deprived of olfactory or trigeminally mediated magnetic 
information when young. Journal of Experimental Biology 211: 2046-2051. 



Figure 5 Recovery sites of inexperienced (=previously not yet 
displaced) homing pigeons, connected by lines with four release 
sites at 180 km distance from their home loft near Wurzburg in 
northern Bavaria (=center). Normal control birds (left) and 
anosmic birds with bilaterally sectioned olfactory nerves (right). 
Arrowheads near the center symbolize returned pigeons (not 
existing in anosmic birds of which similar numbers were 
released). Modified from Wallraff HG (1980) Olfaction and homing 
in pigeons: Nerve-section experiments, critique, hypotheses. 
Journal of Comparative Physiology 139: 209-224. 

orientation was not caused by a nonspecific influence of 
one or the other invasive manipulation per se. 

• With an ablated piriform cortex that processes signals 
transduced from the olfactory bulb, pigeons failed 
to orient homeward in a similar way as pigeons with 
sectioned olfactory nerves. 


• Pigeons were kept during transport and during waiting 
at the release site in an airtight container ventilated 
with air sucked through a charcoal filter. Upon release 
with locally anesthetized nasal cavities, they failed to 
orient their initial courses homeward. Alternately 
released control pigeons that could smell natural air 
before release, but whose nasal cavities were equally 
anesthetized, departed predominantly homeward ori¬ 
ented (Figure 6). 

• Filters retaining aerosol particles, but being pervious to 
molecules in the gas phase, were ineffective. 

• Pigeons were allowed to smell natural air for a period of 
3 h at a site distant from home and were subsequently 
kept in a container ventilated with charcoal-fdtered air. 
Afterward released under nasal anesthesia at another 
site in the opposite direction, they departed predomi¬ 
nantly away from home. Control birds that had been 
allowed to smell natural air synchronously with the 
others, but at the site of release itself, also flying 
under nasal anesthesia, departed predominantly home¬ 
ward. Homing speeds of the two groups were accord¬ 
ingly different. 

• Gaining sufficient site-specific information from 
ambient air appears to require some time. A few min¬ 
utes of smelling natural air during initial flight were 
too short, whereas an hour or more before departure 
resulted in better orientation even with impeded 
smelling during flight. 
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(a) (b) 

Figure 6 Air filtration. Until shortly before release, the pigeons 
were sitting in an airtight container ventilated with (a) natural 
environmental air or (b) air sucked through a charcoal filter. 
Immediately after removal from the container, the olfactory 
epithelia of each pigeon (experimentals as well as controls) were 
anesthetized by a spray of xylocain. Diagrams show vanishing 
bearings of 46 experiments, pooled with respect to angular 
deviations from homeward. The releases were conducted 
pairwise from opposing directions and similar distances with 
birds of equal or similar experience. The arrows symbolize the 
mean vectors per release (maximum length = 1 = radius). The 
overall mean (in numbers: direction, length, and homeward 
component of vector) from 46 single-release vectors 
corresponds to the center of the small ellipses which indicate the 
95% and 99% confidence intervals. P refers to differences 
between homeward components per release. Data from 
Wallraff HG and Foa A (1981) Pigeon navigation: Charcoal filter 
removes relevant information from environmental air. Behavioral 
Ecology and Sociobiology 9: 67-77, and additional equivalent 
experiments. 


Home Home Home 



Figure 7 Manipulation of winds. At the home site, some of the 
pigeons were living in an aviary in which the wind was deflected 
either to the left or to the right (examples showing wind from 
south). The diagrams (home upward) show corresponding 
vanishing bearings at three different sites as distinguished by 
symbols. Arrows indicate mean vectors calculated from three 
single-release vectors. Data from Baldaccini NE, Benvenuti S, 
Fiaschi V, and Papi F (1975) Pigeon navigation: Effects of wind 
deflection at home cage on homing behavior. Journal of 
Comparative Physiology 99: 177-186. 


even show that pigeons actually correlate deflected winds 
with concomitant olfactory stimuli and artificial winds 
with artificial odors. 


• Near-ground-level air in an open landscape appears 
to contain better positional information than air in a 
forest or amongst other vegetation allowing little air 
exchange. 

In conclusion, homeward orientation and successful hom¬ 
ing from unfamiliar distant sites require unobstructed and 
sustained olfactory contact to the local open-field air. 

The wind 

Some years before olfaction came into focus of research, it 
was found that pigeons coming from an aviary in a pit below 
ground level or from an aviary surrounded by a wall made 
of wood or glass failed to orient homeward, whereas visual 
shieldings allowing airflow did not impair homeward orien¬ 
tation. Later, when seen in the context of olfaction, related 
experiments became more specific. Pigeons were confined 
in aviaries in which winds were deflected or reversed; their 
initial flight courses upon release at distant sites were cor¬ 
respondingly deflected (Figure 7) or reversed. 

These results suggested that pigeons at their home site 
associate varying olfactory inputs with concurrently vary¬ 
ing wind directions and make use of these correlations 
at distant sites for appropriate spatial interpretation of 
olfactory input gained there. Specific experiments could 


Sun, Magnetism, Odors, and Wind: How Are 
They Interrelated? 

Four environmental parameters have been identified to be 
used by pigeons for home-finding. Functionally, the first 
two can be united to one, to a compass. Why pigeons and 
other birds have two compasses, is not clear. A fully oper¬ 
ational magnetic compass, once existing at all, would 
suffice. Its handling appears much easier than that of a 
sun compass, as it is independent of cloudiness, time of 
day, season and largely of geographic latitude. Neverthe¬ 
less, if it is visible, pigeons clearly prefer the sun to 
determine compass directions (cf. Figures 2 and 3). 

If winds had been shielded during the long-term habit¬ 
uation at the home site or odors are excluded during and 
after displacement, pigeons are obviously unable to select 
the correct compass bearing leading toward home. These 
results forced us to think about the feasibility that trace 
gases dispersed in the ambient air, together with winds 
experienced at home and a compass, might constitute a 
navigation mechanism operating over hundreds of kilo¬ 
meters. Thus, in spite of intuitive disbelief, it was neces¬ 
sary to think about potential large-scale regularities in the 
chemical atmosphere that allow directionally distinctive 
extrapolation from the home site to never experienced 
areas far away. 
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Extrapolations could be possible if (1) proportions 
among concentrations of a number of atmospheric trace 
gases would regularly change over longer distances, dif¬ 
ferently in different directions, and if (2) the birds could 
determine, at home, in what directions what proportional 
changes can be expected (in terms of classical rules of 
olfaction, changes of ratios would result in changes of 
perceived odor quality). The first premise is not as unreal¬ 
istic as it might seem at first glance. Gas-chromatographic 
analyses of air samples have shown that, within an area 
covering 400 km in diameter, the ratios of a number of 
volatile hydrocarbons actually did have spatial gradients 
in compound-specific directions (examples in Figure 8). 
The gradients are noisy, but statistically highly significant. 
The second premise implies that these directions should be 
correlated with wind directions at home under which rele¬ 
vant ratio spectra vary correspondingly, so that memorized 
odor/wind relations can provide a template for predicted 
odor/space relations. Also this premise has gained some 
empirical support, albeit in the only so far available data set 
the corresponding directions (ratios/wind vs. ratios/space) 
are, on average, systematically shifted against each other by 
about 50°. It is not yet clear whether this discrepancy is 
generally typical or merely an accidental outcome within a 
data sample of limited size. Even within this sample, the 
two bearings are similar in a number of compounds, though 
not in the majority. 

Using the atmospheric data shown in Figure 8 and 
proposing that model pigeons roughly know the direc¬ 
tions of the ratio gradients, it was possible to simulate 



Figure 8 Relief maps showing standardized ratios of six 
atmospheric hydrocarbons, each as a portion of the sum of all 
six, in a radius of 150-200 km around Wurzburg in Germany 
(=center of each map). Areas in which the relative abundance of 
the respective compound is above its overall mean are light gray, 
those with values below average are dark. The maps (each 
covering the same area) are arranged in the directions of the 
mean upward slopes of the respective compound-specific 
gradients as indicated by the central arrows. Modified from 
Wallraff HG and Andreae MO (2000) Spatial gradients in ratios of 
atmospheric trace gases: A study stimulated by experiments on 
bird navigation. Tellus 52B: 1138-1157. 


homing within a radius of 200 km. Model calculations 
revealed levels of homeward orientation that were at 
least as good as those obtained with real pigeons. Further 
calculations including more of the captured volatile com¬ 
pounds support the hypothesis that, by selecting and 
optimized weighting of the most appropriate trace gases, 
evolution could have created a navigation system based 
on chemical ratio spectra varying in space as well as with 
wind direction with sufficient regularity. 

It must be emphasized that most of the trace gases 
measured in the ambient air were anthropogenic hydro¬ 
carbons and thus could not have been the basis of phyloge¬ 
netic development. They can, however, serve as substitutes 
of the unknown substances that birds may actually use for 
navigation. All volatile trace compounds in the atmosphere 
follow the same basic rules of emission, diffusion, turbulent 
mixing, advective transport with winds, chemical conver¬ 
sion, etc. so that ratio gradients observed in some example 
sets of compounds can be expected to exist in other com¬ 
binations in a similar manner. 

It should further be emphasized that the hypothetical 
mechanism of olfactory navigation described earlier 
reflects merely an attempt to show that home-finding on 
the basis of atmospheric chemosignals is at all feasible. It 
does not imply that the mechanism applied by the birds 
necessarily follows the algorithm of the model. Moreover, 
even if it should turn out that the model is completely 
wrong (no use of ratio gradients, etc.), the issue of olfac¬ 
tory navigation would persist as an empirical outcome 
and thus would demand an alternative explanation. 

Do Pigeons Use an Olfactory Map? 

At first sight, the pigeons behave as if they had an olfac¬ 
tory map which has been directionally adjusted, at home, 
to the compass scale. False adjustment can be created 
experimentally by rotating either the map as related to 
the compass (deflector aviary) or the sun compass as 
related to the map (clock shift). With respect to cognitive 
skills, however, it may be misleading to say that pigeons 
have an olfactory map. While living permanently at one 
site, perhaps in an aviary, the birds cannot develop an 
analog of what we call a map, that is, a two-dimensional 
representation of spatial structures in an area ranging over 
hundreds of kilometers. If they correlate, at home, varying 
olfactory compositions with varying wind directions and 
later compare, at a strange site, the current composition 
with those remembered, they might fly that compass 
direction toward which the wind blew while the memor¬ 
ized olfactory spectrum was, in some respect, most similar 
to the currently perceived spectrum. The pigeons cannot 
and need not know anything about spatial configura¬ 
tions, but natural atmospheric conditions must include 
structures including far-reaching regularities which we 
humans could draw as a map. Only by using a loose 
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terminology and considering merely the functional 
appearance, we may speak of a hypothetical olfactory 
gradient map or grid map, aligned in a compass scale. 

Homing Within a Familiar Area 

General Familiarity with a Larger Area 

Distances flown by pigeons during voluntary flights at 
home are usually quite small, hardly more than 1 or 
2 km around the loft. A larger area can be made more or 
less familiar, however, by releasing pigeons from various 
sites. The degree and range of familiarity depends on the 
density of a grid of release sites, on the number of releases 
within a given area, and on their distances from home. If 
pigeons are released at a site at which they had been 
released before or, at least, at a site with a number of 
previously experienced release sites around, olfactory 
deprivation has no or little effect (Figure 9). Thus, in a 
familiar area, olfactory inputs are largely redundant for 
home-finding. Olfaction-independent homing within a 
familiar area is obviously based on remembered visual- 
landscape cues which are processed and memorized pri¬ 
marily in the hippocampus. Visual-landmark orientation 
is an ability that pigeons share with many other animals 
of various taxa, but not in all other animals is its closer 


Initial orientation Homing success 



Figure 9 Summary of (a) mean homeward components of 
vanishing bearings (theoretically variable between +1 and -1) 
and (b) homing performances of four types of pigeons released at 
two sites about 55 km from home in opposing directions (two 
releases per site, n = 44-48 birds per type). Half of the pigeons 
had participated in training releases around - and at least 10 km 
from - either the one or the other test site. F + = familiar, 

F~ = unfamiliar with the surrounding area; 0 + = always 
unimpaired olfactory access to ambient air; CT = confined to 
charcoal-filtered air previous to release and largely anosmic by 
nasal anesthesia from few minutes before release onward. Note 
that the F~CT pigeons recovered from anesthesia after a while; 
those that returned during daytime arrived significantly later than 
the other groups. Data from Wallraff HG and Neumann M (1989) 
Contribution of olfactory navigation and nonolfactory pilotage to 
pigeon homing. Behavioral Ecology and Sociobiology 25: 
293-302. 


investigation complicated by a second mechanism that 
can be used in parallel. With unimpeded smelling, contri¬ 
bution of vision and olfaction to the birds’ behavior can¬ 
not be separated. 

It is unknown in what way the pigeons deduce what 
kind of information from the landscape over which they 
fly if they are not specifically familiarized with a particu¬ 
lar release site and subsequently crossed areas. The birds 
whose performances are shown in Figure 9 had not been 
released previously at a site closer than 10 km from the 
current release site, but from a number of somewhat more 
distant sites around. Some pigeons may have flown over a 
more adjacent area, but generally they could not replicate 
from the beginning a former route home by following a 
sequence of individually learned landmarks. It seems 
more likely that they brought the aerial panorama under¬ 
neath and around into coincidence with a remembered 
global image they had in mind. With their wide bimono¬ 
cular visual field, pigeons can overlook a large area, may 
conserve its image, and later on try to match it with the 
current panoramic view. Owing to problems of parallax 
from different viewpoints, such matching may be imper¬ 
fect so that the pigeons guided by landscape features 
alone were not better in initial orientation and homing 
speed than those guided solely by olfactory signals (com¬ 
pare F + 0~ with F~0 + in Figure 9). 

Unlike atmospheric chemosignals, the visual landscape 
provides more than rough information on the compass 
direction toward home. It constitutes a spatial pattern 
ranging over an extended area around and implies in itself 
a directional guideline for piloting toward home without 
use of a compass. Including the everywhere-available sun 
in the topographical pattern might nevertheless be helpful. 
What, however, happens if the sun does not fit with the 
landscape in the expected direction? When released with 
their clock shifted by 6 h, anosmic pigeons behave much 
more variable and inconsistent than pigeons able to smell 
in an unfamiliar area (cf. Figure 2). They tend to depart 
somewhere between true home and home as expected 
according to the sun’s position. Thus, the birds take notice 
of the sun also while visually piloting; noncoincidence 
between the sun’s position and the landscape leads to 
conflicting responses. Probably depending on varying 
concomitant circumstances (structure of the landscape, 
degree of familiarity, effect of directional training, etc.), 
one or the other sort of signal may more or less dominate 
the directional choices. 

Specifically Exercised Homing Routes 

If pigeons are not only roughly familiar with a larger area 
around the release site, but have been consecutively 
released at one particular site, they often end up with an 
individually stereotyped homing route (Figure 10). This 
route seems to follow a learned chain of landmarks which 
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Figure 10 GPS-tracked homing routes of three individual 
pigeons during the final 3 of 20 training flights from the same 
release site (R) 25 km south of the home site (H). Adapted from 
Biro D, Meade J, and Guilford T (2006) Route recapitulation and 
route loyalty in homing pigeons: Pilotage from 25 km? Journal of 
Navigation 59: 43-53. 


are usually not exactly on the shortest way home. In some 
cases, it appeared obvious that the birds were attracted 
by outstanding landmarks. So, pigeons flew clearly along 
a highway that deviates, though not very much, from 
the direction toward home; then, where continued road¬ 
following would have led too far away, at a conspicuous 
junction, they corrected the course homeward. If pigeons 
trained to home from a given site were released at a novel 
site 1-3 km sideways of the established route, they did not 
fly a novel route home, but were attracted back to the old 
accustomed path. Such behavior in detail is somewhat 
variable (e.g., route recapitulation or road-following not 
everywhere equally pronounced) and appears to be influ¬ 
enced by regional topographical peculiarities. As related 
experiments with GPS-tracking have so far not been 
conducted with anosmic pigeons, it is not yet clear 
whether they reflect exclusively visual orientation. 


Do Pigeons Use a Visual-Landscape Map? 

In the case of visually guided homing over a familiar 
landscape (with a spatial configuration the birds had mem¬ 
orized during earlier homing flights), the term map fits 
better than in the case of olfaction-based homing. Here, it 
may be appropriate to say that pigeons use a familiar-area 
map, a visual-landscape map, a topographical map, a 
mosaic map or (probably) a cognitive map, as here the 
birds are thought to operate with a neural spatial repre¬ 
sentation. At least when released at a site where they had 
not yet started previously (cf. Figure 9), the fairly well- 
oriented anosmic pigeons must have referred to some kind 
of vision-based two-dimensional map, achieved earlier 
while flying over adjacent parts of the area, and could not 
sequentially follow a chain of remembered landmarks. 
With sufficient knowledge of the landscape, additional 
use of a compass would not be essential. However, it may 
be helpful also for a pilot. Actually, the pigeons orient 


their courses by paying attention to both the landscape 
and the sun. 

In the case of route recapitulation during repeated 
homing from the same site, the term ‘map’ appears less 
clearly appropriate. Depending on the birds’ more general 
or more specific experience, no explicit distinction can be 
made between map use and point-by-point path replica¬ 
tion. Even while flying stereotyped routes, the pigeons 
obviously pay attention to a broader corridor of land¬ 
marks within which they fly back to their route when 
released a few kilometers away from it. 


Conclusions and Perspectives 

The homing behavior of pigeons is a simple output (flight 
in a particular direction) of a variety of inputs which are 
usually not completely under the experimenter’s control. 
In part, they depend on the individual bird’s life history 
(preceding homing flights). Also, they are not all directly 
involved in the process of navigation and they are subject 
to stochastic noise. There are, however, five classes of 
environmental signals that have been identified as sources 
of information used for home-finding. Pigeons deduce 
directional (compass) information from (1) the sun’s posi¬ 
tion as well as from (2) the geomagnetic field. They 
deduce positional information from (3) the visual land¬ 
scape as far as they could explore its configurations during 
earlier flights over a given area. Without such explora¬ 
tions, that is, also in unfamiliar areas, they deduce posi¬ 
tional information from (4) trace gases dispersed in the 
atmosphere perceived by olfaction, provided that they had 
been living at home exposed to the free airspace with (5) 
undisturbed winds. 

Within each of these classes of cues, more or less 
decisive details have not yet been clarified. Least prob¬ 
lematic is the sun compass, albeit fine tuning to the sun’s 
path in dependence on latitude, on time of day and season 
could still deserve closer attention. Magnetoreception is 
currently under vivid investigation. Research on visual 
piloting has recently gained considerable upswing by 
modern GPS technology allowing precise recording of 
homing routes. It is, nevertheless, difficult to analyze the 
methods by which the pigeons exploit their wide aerial 
view over the landscape, because its configurations cannot 
be manipulated experimentally like single landmarks in 
the laboratory. 

By far the most challenging problem is olfactory navi¬ 
gation. Empirical research leaves hardly any doubt that it 
works, but very little is known about the environmental 
conditions that make its functioning possible. Currently, 
more revealing than further investigations of pigeon hom¬ 
ing would be closer investigations of the atmosphere in 
order to clarify which spatial configurations it places 
at the birds’ disposal. So far, it is merely a working 
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hypothesis that they exploit gradients of ratios among a 
number of particular trace gases. Neither the actually 
involved chemical compounds are identified nor are 
their origins and spatiotemporal distributions in the air¬ 
space known. At least, however, an encouraging pilot 
study has revealed that ratio gradients do exist in the 
atmosphere that potentially could be employed for 
home-finding within a radius of 200 km around one par¬ 
ticular geographic position. Further progress can only be 
achieved by an interdisciplinary approach on a broader 
basis that links avian navigation, olfactory signal proces¬ 
sing and, most urgently, atmospheric chemistry connected 
with meteorology. 

See also: Insect Navigation; Magnetic Compasses in 
Insects; Magnetic Orientation in Migratory Songbirds; 
Maps and Compasses. 
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Introduction 

Origins and Range 

Rock pigeons (Columbidae: Columba livid) are widespread, 
common, and apparent; their combined status as domes¬ 
tic, feral, and wild birds gives them a distinct familiarity 
to people all over the world. Their behavior is easy to 
observe, so much so that citizen scientists have been 
recruited to study pigeon courtship behavior as a function 
of plumage through The Cornell Lab of Ornithology’s 
Project PigeonWatch. Pigeons have served as a focus for a 
wide range of evolutionary and behavioral studies, includ¬ 
ing prominent recent studies of social and breeding 
behavior, mating systems, sex ratio, and navigation 
(pigeon navigation is dealt with elsewhere in this encyclo¬ 
pedia), that go back to the work of Charles Darwin. 
Recently, pigeons were even fitted with small sensor back¬ 
packs to monitor air pollution at altitudes at which sam¬ 
pling by ordinary means is difficult. Ubiquitous ‘city rats,’ 
pigeons continue to provide new insights into behavioral 
ecology and animal behavior. 

Feral and domestic pigeons are found worldwide but, 
although common in the Americas, are not native there. 
In this article, we use the term ‘feral pigeon’ to refer to 
free-living birds that are descended from escaped or 
released domestic pigeons (in some cases, these domestics 
may have interbred with synanthropic rock pigeons). The 
term ‘domestic pigeon’ refers to those individuals , includ¬ 
ing all the various artificially selected breeds, that live in 
captivity, and the term ‘rock pigeon’ designates wild birds 
living in their indigenous range that are descended from 
wild, free-living ancestors. 

At their maximum natural range, pigeons were 
distributed throughout Europe, from a northern limit 
in Great Britain and southern Scandinavia, southward 
into North Africa, and east into India and Mongolia. 
Their historical range is difficult to delineate precisely, 
for pigeons have a long history of both domestication and 
escape from domestication. Some wild rock pigeon popu¬ 
lations have become casualties of the worldwide distribu¬ 
tion of feral pigeons, which has caused the extinction of 
native populations through inter-breeding. 

Domestication of rock pigeons began as long as 
5000 years ago; existing domestic pigeons are the product 
of up to 5000 generations of artificial selection by humans. 
However, the association of rock pigeons with humans may 
have begun even earlier, when wild rock pigeons colonized 
human settlements in the eastern Mediterranean region. 


The modern feral pigeon, which has been studied exten¬ 
sively by Richard Johnston and his students at the Univer¬ 
sity of Kansas, derives part of its mongrel pedigree from 
these synanthropic rock pigeons, which later bred with 
escaped domestics to produce individuals of mixed ancestry. 

Artificial selection by humans has resulted in a wide 
range of domestic pigeon breeds, with distinctive traits 
ranging from holding the tail erect (the fantail) to naviga¬ 
tional abilities (the homing pigeon). Charles Darwin used 
domestic pigeons as an example of the power of selection 
to create diverse descendent types from a common ances¬ 
tor, asserting in his 1859 masterpiece, On the Origin of 
Species , ‘Great as are the differences between the breeds 
of the pigeon, I am fully convinced that ... all are des¬ 
cended from the rock-pigeon (Columba livia [sic]).’ The 
release and escape of domestic pigeons into the wild 
provided a natural experiment for Darwin: Which of the 
artificially selected traits persist in feral populations 
under natural selection? By crossing different breeds of 
his own domestic pigeons, Darwin produced an individual 
identical in appearance to a wild rock pigeon, which he 
cited as an example of the ‘principle of reversion to 
ancestral characters.’ When domestic animals possess all 
of the genetic variation that was present before domesti¬ 
cation, and assuming that the selective pressures remain 
unchanged, we would expect a population to revert to 
wild type appearance within 12-20 generations. Feral 
pigeons have not reverted and differ from natural popula¬ 
tions of rock pigeons in several respects, including varia¬ 
bility of plumage color and patterning, as well as aspects 
of morphology, such as tarsus length. 

Why have feral pigeons not evolved to uniformly 
resemble the ancestral rock pigeon, losing the heteroge¬ 
neity remaining from their artificially selected past? 

Plumage variation may be maintained in feral popula¬ 
tions because of positive or negative assortative mating. 
Alternatively, possessing nonancestral plumage types may 
confer benefits in urban environments, and these benefits 
may allow domesticated plumage patterns to persist. 
There is little evidence of natural selection favoring 
reversion to the wild type character state, but a study in 
Spain suggests selection against the longer tarsus of 
domestic pigeons in some feral populations, resulting in 
evolution towards a morphology more similar to that of 
the wild rock pigeon, but only for this one particular trait. 

Plumage variation may be maintained because of 
release from natural selection in urban environments, 
which are likely characterized by predator scarcity and 
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super-abundant food. Alberto Palleroni and colleagues 
found that, in a Californian population, feral pigeons 
with ‘wild 7 variant coloration appear to have an advantage 
against peregrine falcons (Falco perigrinus). Peregrine fal¬ 
con conservation efforts have resulted in successful rein¬ 
troductions to North American cities, and the next 
20 years may offer a replicated series of natural experi¬ 
ments to test the hypothesis that pigeon color variation is 
maintained because of release from predation. With 
domestic pigeons continuing to escape and interbreed 
with feral populations, such evolution may be slow, but 
the process represents an interesting opportunity to eval¬ 
uate the different selective pressures exerted upon feral 
pigeons compared to their wild rock pigeon ancestors. 

Mating Behavior 

Courtship and Pair-Bonding 

Feral pigeon courtship behavior has been studied exten¬ 
sively by Richard Johnston and colleagues. In the wild, 
mate choice takes place within courtship displays. Before 
courtship, males establish territories and defend them 
against other males. Each territory includes an existing 
nest or nest site; preferred nest sites of feral pigeons 
resemble the rocky cliffs with caves and ledges used by 
rock pigeons. An unpaired male begins to sing from the 
nest site, attracting females to his territory. When a female 
appears, the male approaches her and after determining 
that she is not another male by testing her aggressiveness, 
he performs a ‘bow-coo 7 display in which he struts around 
the female while bowing, fanning his tail, and making 
sounds like ‘coo-cuk-cuk-cuk-coo 7 (Figure 1). A recep¬ 
tive female allows the male to approach more closely and 
touch her head and neck feathers with his bill (hetero- 
preening). This sequence of behaviors may be repeated 
multiple times over the course of hours or a few days. 
For a diagrammatic explanation of pigeon courtship, see 
Figure 1 or the Project PigeonWatch web site at The 
Cornell Lab of Ornithology (see Relevant Websites). 

Pair-bonding is initiated by the female begging for 
food from the male, which he eventually provides in the 
form of crop milk (a nutritious fluid secreted in the crop) 
or a seed. Once the pair is well-bonded, approximately a 
week after they begin courting, they copulate after most 
courtship feedings. The pair continues to copulate regu¬ 
larly throughout the nest-building period, and until the 
beginning of egg laying. 

During the breeding season, the pair bond is maintained 
by periodic repetition of the courtship behaviors, including 
heteropreening and singing, as well as by the joint duties of 
rearing young. Other coordinated behaviors, such as terri¬ 
tory defense and joint roosting, occur throughout the year. 
In feral pigeons, pairs usually endure until one pair mem¬ 
ber dies, although divorce and repairing does occur. 


Mate Guarding and Extra-Pair Copulations 

In feral pigeons, just as in many other species of birds, 
pair-bonded females engage in extra-pair copulations with 
males other than their social mate. Males guard their 
fertile mates intensely by following the female closely 
on the ground and in flight, pecking the back of her 
head, and harrying her until she moves further away 
from other pigeons. Males usually only guard when 
other pigeons are nearby, and such guarding probably 
prevents extra-pair copulations. In addition to preventing 
extra-pair copulations, which is certainly in the male’s 
interest, guarding males may also protect females from 
costly harassment by extra-pair males. Claire Lovell- 
Mansbridge and Tim Birkhead suggested that females 
trade pair copulations for protection from harassment by 
extra-pair males. When females solicit more copulations 
from their partners, their partners invest more in guard¬ 
ing. Females do not approach extra-pair males and mate 
guarding does appear to reduce harassment. 

Rates of extra-pair copulations appear to be moderate to 
very low in both feral and domestic pigeons, depending 
upon the population. The type of nest provided to domestic 
pigeons may influence the extra-pair copulation rate, with 
estimates of 2% and 17% of offspring resulting from extra¬ 
pair copulations in closed shelf and open-front nest types 
respectively. We do not yet know what makes males success¬ 
ful at extra-pair fertilization, because although polymorphic 
DNA microsatellites for pigeons have been identified by 
Traxler and colleagues, to our knowledge no researchers 
have yet used these to assign paternity to extra-pair males. 

Sexual Competition Strategies 

When the operational sex ratio (ratio of reproductively 
available males to available females) is male-biased, unpaired 
feral pigeon males sometimes induce breeding failure by 
damaging eggs. This evens the playing field and potentially 
causes divorce of the breeding pair. In feral pigeons, however, 
there is no convincing evidence that divorce rates increase 
following breeding failure. Among domestic pigeons, the 
duration of the pair bond is a more important predictor 
of pair bond stability than is breeding success. 

Feral pigeon males may also attack copulating pairs, 
pushing the male off the female before pecking the female 
on her head. Attacking males then either perform the 
bowing display, a display given by males in breeding con¬ 
dition when females are present, or more rarely, mount and 
copulate with the female. In 1983, Derek Goodwin sug¬ 
gested that reproductively active males attack copulating 
pairs because selection favors a response to any copulation 
as if it is an extra-pair copulation with their own mate. 
If disrupting a copulation is not very costly, males benefit 
by attacking the copulating pair first and checking the 
identity of the mounted female later. 
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Courtship behaviors 
Illustrations by julie zickefoose 



Bowing: a male puffs out his neck feathers, 
lowers his head and turns around in circles 


Tail-dragging: a male spreads his tail and 
drags it while he runs after a female 



Billing: when a female puts her beak 
(or bill) inside the male’s beak during 
courtship 



Driving: one pigeon runs closely behind 
another 




Clapping: after mating, a male pigeon may 
make a display flight. In this display, he 
‘claps’ his wings twice behind his back 


Mating: when mating, a male stands on top 
of a female 



Figure 1 Pigeon courtship behaviors. Illustrations show bowing, tail-dragging, driving (mate guarding), billing, mating (copulation), 
and clapping. Reproduced from The Cornell Lab of Ornithology’s Project PigeonWatch. 


Mate Choice and Plumage Polymorphisms 

One outstanding characteristic of feral pigeons is their 
extraordinary variation in plumage and mating behaviors. 
In 1981, Nancy Burley, a pioneer in devising methods 
for testing female mate choice in birds, assessed the 
mate choice of pigeons, using an experimental design 
that tested preferences for multiple traits. Although feral 
pigeon females are more selective in mate choice than are 
males, both sexes use multiple characteristics in selecting 
a mate (Figure 2). These include age, dominance status, 
reproductive experience, size, and feather condition. 
Results from Nancy Burley’s experiments, along with 
several other investigations, indicate that feral pigeons 
prefer mates that are young, dominant, experienced, 
large, and have a low feather parasite load. 


Feral pigeon mate preferences for plumage color and 
pattern are much more difficult to summarize neatly, as 
there is a large range of plumage polymorphisms present 
in most feral populations. While the plumage of domestic 
pigeon breeds is standardized and well-described, feral 
pigeon plumage varies in both color and pattern. Pigeon 
plumage is categorized using two parameters: color (blue, 
ash red, brown, or white) and melanism (plumage dark¬ 
ness, which causes patterning). From lightest to darkest, 
the commonly recognized patterns of melanism are bar, 
checker, T-pattern, and spread (Figure 3). The ancestral 
rock pigeon has blue bar plumage, and this plumage type 
remains common among feral pigeons. 

Given the high degree of plumage polymorphism in 
feral pigeons, is plumage an important factor in their 
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Figure 2 Mate preferences of male and female pigeons in mate 
choice experiments, (a) Shows the plumage type preferences of 
male pigeons; (b) shows the plumage type preferences of female 
pigeons; (c) shows preferences of both males and females with 
respect to mate age and breeding experience. The dashed lines 
indicate preferences that were not directly tested in the 
experiments. Reproduced from Burley N (1981) Mate choice by 
multiple criteria in a monogamous species. The American 
Naturalist 117: 515-528. 

choice of mates? In mate choice experiments, both male 
and female feral pigeons show nonrandom preferences for 
plumage color and pattern, and data from several feral 
populations show nonrandom distributions of plumage 
color and pattern in mated pairs. 

What type of nonrandom mating occurs within feral 
pigeon populations? Is there absolute preference for a single 
plumage type, or do individuals prefer mates that are either 
similar to or different from themselves? The results are 
mixed: feral pigeons seem to vary locally in their plumage 
preferences, and there is evidence from different popula¬ 
tions for both negative assortative mating and positive assor- 
tative mating. 

Among wild rock pigeons in Europe, plumage is 
monomorphic: all individuals have the blue bar plumage. 
In terms of characteristics such as age and breeding expe¬ 
rience, mate preferences within rock pigeon populations 
probably resemble those found in feral pigeon popula¬ 
tions, but plumage pattern may not be variable enough to 


play a large role in mate choice. Little is known about the 
preferences of domestic pigeons, since the humans who 
breed them often constrain their mate choice to indivi¬ 
duals of the same breed or type. 

An interesting question recently raised in the literature 
is whether plumage morphs are indicative of polymorphic 
mating strategies within feral pigeon populations. Melanie 
males, whose plumage pattern is darker than bar, are more 
likely to retain gonadal function during the winter: their 
gonads fail to regress, making these males physiologically 
capable of breeding year-round. This lack of regression 
may be accompanied by decreased deposition of winter 
fat, which could explain why melanics have higher over¬ 
winter mortality rates than blue bars in rural habitats. 
However, in urban habitats, melanics enjoy lower over¬ 
winter mortality rates than blue bars, probably because of 
continuous food availability in urban areas. Blue bar 
morphs tend to have higher summertime breeding success 
than do melanics. The blue bars’ strategy may be to con¬ 
centrate breeding effort in a single season, producing fledg¬ 
lings with high rates of success, while the melanics’ strategy 
may be to exert continuous but lower-level breeding effort 
year-round. These strategies could have equal overall suc¬ 
cess or vary in effectiveness depending upon habitat type 
or other environmental factors. A rigorous comparison of 
these strategies across urban and rural habitats would be an 
exciting future research project. 

In a Californian feral population, Palleroni and collea¬ 
gues discovered that individuals with blue bar plumage 
are significantly less likely to suffer capture by peregrine 
falcons (Falco peregrinus). This indicates that predation 
pressure confers a survival advantage to birds with the 
ancestral phenotype. If females prefer other phenotypes 
over the blue bar phenotype, natural selection may oppose 
sexual selection in populations under high peregrine falcon 
predation pressure. Assessing the relative strengths of these 
potentially conflicting selection pressures across different 
feral pigeon populations presents another interesting ave¬ 
nue for future investigation. 

Breeding Behavior 

Biparental Care 

Pigeons breed in monogamous, heterosexual pairs, although 
there are occasional reports of joint laying, intraspecific 
brood parasitism (egg dumping), and male-male or 
female—female pairings. The female begins laying 2-3 
days after nest completion, and then usually lays a second 
and final egg 1-3 days after the first. Although the mother 
incubates the eggs overnight, both parents incubate during 
the day, alternating to contribute roughly equal amounts of 
daylight incubation time. The eggs hatch about 18 days 
after the onset of incubation and nestlings are initially 
fed regurgitated cropmilk, a nutritious substance secreted 
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Figure 3 This poster displays some of the more common feral 
pigeon color morphs, including the ancestral blue-bar plumage 
type. Reproduced from The Cornell Lab of Ornithology’s Project 
PigeonWatch. 

in the crops of both parents. After about a week, as nest¬ 
lings mature, parents gradually substitute seeds for crop- 
milk. Nestlings beg loudly for food, emitting calls of 
increasing amplitude as they grow. 

Nestlings begin to walk away from the nest to forage 
independently when they are about 20 days old. However, 
they are not capable of flight until at least 25 days of age, 
reaching independence at 30-45 days. They are depen¬ 
dent upon their parents for food until about 7 weeks old, 
and afterward they continue to follow their parents to 
foraging sites, where they learn how to forage by imitating 
other pigeons’ feeding behavior. 

Sex Ratio Manipulation 

R.A. Fisher correctly pointed out in 1930 that population 
sex ratios should reflect equal investment in sons and 
daughters. However, in 1973 Robert Trivers and Dan 
Willard added the insight that individual females may 
still benefit from facultatively adjusting the sex ratio of 
their young if one sex has a better prospect of reproduc¬ 
tive success in a given maternal or social environment. For 
example, if females in poor condition produce low-quality 
sons and competition for access to females is intense, then 
poor-condition females may be selected to bias their 


offspring production toward daughters, the reproductive 
success of which varies less as a function of condition. 
These females have a better chance of producing grand¬ 
children through daughters than through sons, which are 
likely to be out-competed by higher quality males. 

Experimentally altering the mother’s internal state 
(e.g., hormones) or external environment (e.g., food avail¬ 
ability) provides a test of the ability of mothers to manip¬ 
ulate primary offspring sex ratio (sex ratio at conception), 
as well as the conditions under which it is beneficial for 
them to do so. Two recent experiments using domestic 
pigeons have produced interesting results. Using homing 
pigeons, Vivian Goerlich and colleagues found that 
females given testosterone-elevating implants produce a 
higher proportion of sons compared to sham-control 
females, given neutral implants, but this bias only affected 
first-laid eggs. In a different experiment, Thomas Pike 
found that females that were food-deprived subsequently 
produced a higher proportion of daughters in both the 
first- and the second-laid eggs compared with pigeons in 
an ad libitum food control. These results suggest that 
female pigeons are indeed capable of manipulating the 
primary sex ratio of their offspring in response to internal 
or external environmental changes. 

Do female pigeons manipulate offspring primary sex 
ratio in the wild? Research at Groningen in the Netherlands 
suggests that pigeons manipulate the primary sex ratio 
in response to season; however, these results are as yet 
unpublished, and the importance of sex ratio manipula¬ 
tion in natural feral pigeon or rock pigeon populations 
remains unaddressed. Little is known about the mechan¬ 
isms governing sex ratio adjustment in birds generally; 
pigeon studies could make a valuable empirical contribu¬ 
tion to this area of research. 

Brood Reduction 

Brood reduction is a life history strategy that enables 
parents to reallocate their resources to fewer offspring 
during times of food stress. In pigeons, the two eggs in a 
clutch are laid ~40 h apart and usually hatch ~24h apart. 
This hatching asynchrony gives the first-hatched chick a 
perceptible growth advantage over the second and, as the 
degree of hatching asynchrony increases, the imbalance in 
competitive abilities of the two chicks increases, resulting 
in increased chances of mortality for the second chick. 
The difference in size between the chicks caused by hatch 
order is further exacerbated by sexual dimorphism: the 
first-laid egg is more likely to be male, males are larger 
than females, and this produces an even greater difference 
between the first and second chick. Studies in Russia 
revealed that nestlings from first-laid eggs are more likely 
to fledge than are nestlings from second-laid eggs, in both 
summer and winter clutches. What do females gain by 
sacrificing their second chick’s chances of survival? 



















728 Pigeons 


While parents could avoid hatching asynchrony by 
beginning incubation only when both eggs have been 
laid, they could also simply feed the second-hatched 
chick more to help it catch up. Laying a second egg that 
hatches with a severe competitive disadvantage could be 
an adaptive strategy for fitting brood size to local food 
abundance. If food is scarce, the larger nestling can easily 
out-compete its younger sibling, leaving the parents 
capable of raising one nestling successfully rather than 
suffering total brood loss. If food is abundant, the smaller 
chick will receive enough food to catch up to its older 
sibling and the parents will benefit by producing two 
offspring instead of one. Evidence suggests that second 
chicks often grow faster than first chicks, supporting the 
idea that second chicks are able to catch up quickly under 
conditions of food abundance. 

Dispersal and Recruitment 

Natal dispersal, where young leave the area where they 
were born and move elsewhere to breed, is a key life 
history trait that is poorly understood in rock pigeons. 
In a Polish population of feral pigeons studied by Tomasz 
Hetmanski and colleagues, young of both sexes were 
equally likely to disperse from their natal colonies and 
were particularly likely to disperse when their natal colo¬ 
nies contained a high density of breeding pairs. When the 
young pigeons dispersed from a high-density natal colony 
to a lower-density colony, they enjoyed increased breed¬ 
ing success. Thus, a crowded natal colony probably indi¬ 
cates low future probability of breeding near home, 
favoring dispersal to a colony with a lower density of 
breeding pairs. 

Dispersal of young feral pigeons may occur in multiple 
phases: in a Russian population, 70% of 1-year-old immi¬ 
grants to a colony moved to a different colony after 1 year. 
The choice of a breeding colony may have such a strong 
effect on a young pigeon’s lifetime reproductive success 
that it is willing to make a corrective move if the first 
choice appears to be unsuitable. Once a young bird has 
made its final choice, however, it is unlikely to reverse it: 
adult pigeons show strong breeding-site fidelity in Poland 
and defend breeding territories year-round in some areas, 
often roosting in the nest at night when they are not 
breeding. 

Social Behavior 

Flocking and Group Foraging 

Many species of birds live for part of the year in flocks - 
small social groups that form for a variety of functions, 
including feeding, commuting to feeding sites, roosting, 
and avoiding predators. Feral pigeon flocks may be com¬ 
prised of individuals from the same breeding colony, or of 


individuals from different colonies that aggregate at a 
feeding site or that come together for defense against 
predators. When flying to distant feeding grounds, feral 
pigeons almost always travel in flocks, especially when the 
likelihood of encountering a predator is high, and pigeons 
respond to the predators by flocking tightly together and 
performing evasive flight maneuvers. 

Although they tend to form smaller groups, wild rock 
pigeons also perform most of their important activities in 
flocks and appear to be more cohesive in predator avoid¬ 
ance maneuvers than are feral pigeon flocks, which some¬ 
times splinter, isolating the more vulnerable individuals. 

Within feeding flocks, dominant feral pigeon indivi¬ 
duals occupy favorable central locations, forcing more 
subordinate birds to the periphery of the group. In studies 
of feral flocks in the United Kingdom, Ronald Murton 
and colleagues found that social hierarchies are generally 
stable across both feeding and roosting flocks, with domi¬ 
nant birds retaining advantageous positions. Subordinate 
birds suffer from lighter body weights than dominants, but 
this poorer condition could be either the cause or an 
effect of their subordinate status. 

Individual pigeons within flocks vary in foraging abil¬ 
ity, foraging behavior, and dominance rank. Flock-mates 
may identify and follow successful foragers, learning how 
to employ novel foraging methods by observing them. 
Such opportunities for social learning may be a premier 
benefit to joining feeding flocks, especially for young, 
inexperienced birds. 

Coloniality 

While most feral pigeons nest in colonies, single nests 
are not uncommon, and neither feral pigeons nor wild 
rock pigeons seem to be obligate colonial nesters. Feral 
pigeon colonies usually form near food resources, although 
some urban colonies migrate daily to exploit rich food 
resources outside the city. Abundant, accessible food may 
be a prerequisite for colony formation and persistence, and 
solitary nesting may be the result of food stress. 

Feral pigeon colonies consist of different classes of 
residents, including a core of reproductive individuals 
that breed in the colony for four or more years, indivi¬ 
duals that breed in the colony for 2-3 years, transient 
individuals that remain for less than 6 months and may 
or may not attempt breeding, and nonbreeding indivi¬ 
duals. As this variable colony structure suggests, interac¬ 
tions and migration events between neighboring colonies 
are common; males may seek extra-pair copulations with 
females in nearby colonies, and individuals may immi¬ 
grate to favorably placed colonies for the winter. 

Pigeons nesting in colonies engage in cooperative 
defense of nestlings against predators, and the effective¬ 
ness of such defense compared to the defense capabilities 
of a solitary pair may represent one of the most important 
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benefits to individuals of nesting colonially. Colony mem¬ 
bers may also benefit from sharing information about food 
resources and from foraging in flocks that are comprised 
of fellow colony members. 

Individual Recognition 

Feral pigeon parents identify their nestlings by location 
until their offspring fledge, at which point parents become 
capable of recognizing their young individually. With train¬ 
ing, some domestic pigeons visually discriminate male from 
female pigeons, using photographs. This finding is surprising 
because wild feral pigeons do not seem to be able to tell 
male from female on sight alone. Instead, feral pigeons use 
behavioral tests, such as the courting male’s aggressive 
challenge (which another male would respond to aggres¬ 
sively while a female would not) to determine whether an 
unfamiliar pigeon is a rival or a potential mate. Given that 
training can result in better discrimination of the sexes by 
domestic pigeons, it is surprising that feral pigeons do not 
exhibit this same discriminatory ability. 

Navigation 

One of the traits for which pigeons are most famous is 
their remarkable ability to navigate accurately over long 
distances. A thorough discussion of this aspect of pigeon 
behavior is presented elsewhere in this encyclopedia. Wild 
rock pigeons and feral pigeons seem to have roughly com¬ 
parable navigational abilities, although both home less 
accurately than do trained homing pigeons: in one compar¬ 
ative experiment, feral pigeons proved to be 20-30% 
less adept at homing than were homing pigeons. Gaia 
DeH’Ariccia and colleagues in Zurich recently showed 
that homing pigeons home significantly more effectively 
in small flocks than they do individually, suggesting an 
important social dimension to navigational behavior that 
has been largely ignored in previous studies. 

Invasive Behavior 

Feral pigeons are distributed worldwide, inhabiting such 
diverse locations as Ghana, Sri Lanka, Japan, and Australia. 
Although humans often transport domestic pigeons 
to locations outside the rock pigeon’s native range, 
escaped or released domestic pigeons have been extraor¬ 
dinarily successful, both in colonizing new areas and 
persisting in urban environments. What behavioral traits 
make recently domestic pigeons so successful at establish¬ 
ing feral populations in a wide variety of locations? 

Feral pigeons possess several traits, including omniv- 
ory and sociability, that promote successful establishment 
in novel environments. They are quick to investigate and 


sample new food resources, and consume a variety of food 
types. Feral pigeons’ history of domestication and artifi¬ 
cial selection may be the cause of their reduced fear of 
novel foods and of human proximity, compared to synan- 
thropic doves with wild ancestors. However, feral pigeons 
do not appear to possess characteristics associated with 
competitive displacement of native species, such as inter¬ 
specific aggression. Consistent with this observation, feral 
pigeon populations are usually concentrated in human- 
modified habitats, particularly cities, although they some¬ 
times spread into the surrounding countryside. Feral 
pigeons are primarily urban birds and do not usually 
threaten the persistence of native species in the rural areas 
around the cities in which they establish populations. 


Conclusion 

Pigeons are excellent study subjects for answering a 
variety of questions in animal behavior and behavioral 
ecology. The complex social interactions that take place 
within the flocks and colonies in which pigeons perform 
most of their important activities are still poorly under¬ 
stood and constitute a fascinating topic for future study. 
Empirical studies of pigeons may help test predictions in 
important areas of animal behavior such as sex ratio 
theory and intrasexual competition, and from this per¬ 
spective, they have been underutilized. Recent attention 
focused on urban ecology will likely increase the interest 
of scientists in using the pigeon as a model organism for 
tackling large, evolutionary, and behavioral questions. 
The evolutionary pressures affecting abilities such as 
visual discrimination of the sexes and of individuals 
remain mysterious, as do the potential roles of learning 
and experience in facilitating such discriminations in wild 
birds. The outcome of the large-scale natural experiment 
currently ongoing with increased peregrine falcon preda¬ 
tion pressure on polymorphic feral populations remains 
to be determined, and presents an exciting opportunity to 
watch the opposing forces of sexual selection and natural 
selection in real-time action. There are few organisms 
that are as common, easy to observe, easy to raise, and 
interesting with respect to the broad range of questions 
that can be addressed with experimental studies in the lab 
and field as is the pigeon. 

See also: Pigeon Homing as a Model Case of Goal- 
Oriented Navigation. 
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Current Uses of Behavior to Determine 
Welfare Status 

Introduction 

The welfare of farmed animals has received increased 
attention in the recent times. Compromised welfare leads 
to reduction in productivity. Additionally, market forces 
can be negative when the welfare is shown to be poor. 
Thus, compromised animal welfare affects the economic 
sustainability of animal agriculture in more than one way. 
However, from the producers’ perspective, there is consid¬ 
erable difficulty in demonstrating that adequate welfare has 
been ensured. The major reason for this is the lack of 
objective and scientific tools to evaluate animal welfare. 
Without objective quantification, a compromise in welfare 
cannot be approved nor can the efficacy of corrective 
measures assessed. Animal welfare involves several factors, 
many of which are influenced by factors other than threats 
to welfare. Nevertheless, behavioral changes are the first 
and obvious indicators of compromised welfare in animals, 
though the identification of the same requires thorough 
knowledge about the normal behavior of the species con¬ 
cerned. The aim of this article is to explain the importance 
of behavior in swine welfare assessment. 

Importance of Behavior in Animal Welfare 
Assessment 

Animal welfare is a multidisciplinary concept. Behavioral, 
physiological, and hormonal indicators are employed to 
assess the welfare of animals. Among these disciplines, the 
study of animal behavior is an important component. 
A major reason for the prominence of behavior as a tool 
in welfare assessment is that changes in behavior patterns 
are among the most rapid and visible responses of an 
animal to changes in its environment. Behavior is the 
way in which the animal expresses its basic needs, deficits, 
and happiness in an environment. The study of behavior 
(ethology) involves not only what an animal does but also 
when, how, why, and where the behavior occurred. Under¬ 
standing animal behavior is the best way to know whether 
we are keeping the animals appropriately. The behavior of 
an animal is influenced by both the structure and function 
of the animal as well as by the interaction of the animal 
with the external environment. 

All categories of pigs under farm conditions are 
exposed to different types of challenges to their welfare. 
These challenges vary depending on different aspects of 


farming such as routine management, housing, slaughter, 
and transport. The major welfare concern associated with 
housing is close confinement in barren environments. 
The significance of animal welfare is associated with an 
animal’s adaptive response to stress and its impact on 
biological functioning. The first response to stress is an 
alteration in behavior in order to cope with the stressful 
environment. This may or may not be accompanied by 
changes in physiological parameters such as respiration 
and/or heart rate to support the coping efforts. In many 
instances, it is possible to objectively assess the changes 
in physiological responses. However, the difficulty is in 
using the physiological changes alone to identify or quan¬ 
tify the compromise in welfare as many of the physiologi¬ 
cal parameters are influenced by factors not necessarily 
threats to the welfare. Therefore, a system evaluation, 
using a multidisciplinary approach, has been suggested 
to be the ideal way to assess animal welfare. 

By nature, each species has its own unique behavioral 
repertoire (the ethogram) to cope with problems in its 
natural environment. Scientific studies in farm animals 
under seminatural conditions have indicated only meager 
changes in their behavioral repertoire despite domestica¬ 
tion. This is the major reason for the widespread consen¬ 
sus that animals should be able perform their natural 
behavior in order for their welfare to be at a high level. 
Thus, animal welfare is often defined in terms of natural 
living or normal functioning of behavioral systems. In 
other words, successful coping means both physiological 
health and the ability to perform normal behavior. There¬ 
fore, the occurrence of normal behavior is viewed as an 
indicator of welfare in farm animals. 

Despite the admittance of behavior as an important 
indicator of animal welfare, there has been a serious 
dearth of scientific studies on different aspects of animal 
behavior. This was a serious limitation as a thorough 
knowledge about the normal behavior of a species is a 
prerequisite to understand behavior pathologies. This 
fact was well understood by the formal official movement 
to ensure animal welfare, the Brambell committee of the 
United Kingdom. This committee reported that scientific 
research on animal behavior and related fields is essential 
to answer many questions that arose over the welfare of 
captive/farmed animals. The committee report proposed 
how behavioral research could be used to detect pain and 
discomfort, understand the cognitive powers of animals, 
and identify motivations that are thwarted in captivity by 
the use of preference tests. The committee stimulated 
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several animal behavior studies in the United Kingdom 
and other parts of the world. 

In addition to the obvious use in animal welfare assess¬ 
ment, knowledge of animal behavior enables human care¬ 
takers to solve practical problems of animal housing, 
management, handling, transport, and health. It also con¬ 
tributes to the science of animal welfare and permits the 
humans to better use the skills and abilities of animals. 
Knowing the reasons for abnormal behavior, ethologists 
can offer ways to prevent or mitigate the problem. Fur¬ 
ther, behavior principles will help to better design animal 
accommodations thereby making the environments func¬ 
tion better and improve the welfare of animals that live in 
such facilities. A mere knowledge of the behavior reper¬ 
toire is not enough to assess the welfare of an animal. It is 
equally crucial to know whether animal welfare is at risk if 
the behavior observed differs from that in the natural 
environment for each species and farming system. This 
is achieved by animal motivation studies and by studies 
exploring the effect of environmental structures on ani¬ 
mal behavior. 

In many instances, physiological and/or behavioral 
responses essential for survival under natural conditions 
become part of the biology of the species. Such responses 
persist despite a need for them under domestication. 
However, from the animal’s perspective, this is a true 
behavioral response to ensure survival and therefore not 
being able to perform such a behavior can be a compro¬ 
mise in welfare. An ideal example of such a behavior is 
altered nest building in periparturient sows despite the 
need for a nest for piglet survival. Although abnormal 
behaviors are the common indicators of a compromised 
welfare, there are positive behavior indicators as well 
suggestive of good welfare such as cheerful vocalizations 
and facial expressions in some species. Thus, well being 
comprises both the absence of negative effects and the 
presence of positive effects. 

Motivation and Behavior 

Behavior is a reflection of the inner state (motivation) of 
the animal, the brain process behind the overt behavior. 
Motivation also dictates when behavior is to be exhibited. 
Motivation studies are thus essential to understand the 
meaning of the behavior observed. Many altered/abnor¬ 
mal behaviors in animals suggestive of compromised wel¬ 
fare have been linked to motivational problems. Causal 
factors are the inputs to the decision-making center which 
are actually the interpretations of different internal and 
external states of the body like fear or hunger. The moti¬ 
vational state of an animal represents the combination of 
the levels of all relevant causal factors. 

Motivation may arise from internal or external source. 
For example, group-housed sows prefer to eat simulta¬ 
neously. That means when one sow sees another sow 


eating, she also is motivated to eat even if she is not 
hungry. Here, the source of motivation is external. Simi¬ 
larly, nest building is another behavior expressed by sows 
prior to farrowing. Even if there is no bedding material in 
the vicinity, sow will follow the same body movements as 
if she is building a nest. Here, the motivation is internal. 
There is no consensus regarding the strength of internal 
and external motivations. The causal components of a 
motivational state are difficult to quantify although 
behavior observation permits us to understand the moti¬ 
vational state of the animal. The motivational state and 
its strength in animals are studied using preference tests. 
Preference tests are generally performed in one of the two 
forms, to identify the motivation or to assess the strength 
of motivation. In the former, the animal is exposed to two 
conditions suitable to perform two different behaviors 
and is permitted to select one depending on its motiva¬ 
tional state at that time. In the latter, the animal is given a 
condition suitable for a particular behavior and required 
to perform some work to access the condition. Depending 
on the amount of work performed, the strength of moti¬ 
vation is evaluated. 

Behavioral Patterns in Swine 

The changes in housing and management patterns in 
swine farming have been rapid with respect to both evo¬ 
lutionary time and the domestication history of the pig. 
Thus, there is every chance to have problems in meeting 
the behavioral needs of pigs. This becomes a serious issue 
given the fact that the behavioral differences between 
wild pigs and domestic pigs are more quantitative than 
qualitative in nature. 

Social Behavior 

Pigs in nature live in large social groups. The members 
within a group exhibit a fixed pattern of relationship 
between them and with their environment. Social behav¬ 
ior of pigs within a group comprises both agonistic and 
nonagonistic behaviors. Physical (size, age and sex com¬ 
position of the group, degree of relationship between 
members) and social structures of the group as well as 
group cohesion (length of association between members) 
have effects on social behavior. Attempts to use the same 
resource at the same time by more than one individual in 
the group result in competition which may not necessarily 
lead to physical conflict. Hierarchy in the social group 
means that the dominant member is able to restrict the 
movements of subordinates and their access to resources. 

The key factor in a social group is communication. 
Vocal signals are the most important means of communi¬ 
cation in pigs. The common vocalizations in pigs are the 
following. 
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• Grunt : lasts for < 1 s and produced in response to 

familiar voices or during activities such as rooting. 

• Bark : produced when pigs are startled. 

• Squeal : intense vocalization produced when aroused. 

• Scream : vocalization produced by a pig when hurt. 

Olfactory signals are predominant in recognizing a 
new member in the group. Experiments using blindfolded 
pigs have indicated that olfactory stimuli are more impor¬ 
tant than visual or hearing senses in forming a dominance 
hierarchy among group members. Although vision plays a 
less significant role in social behavior, pigs have color 
vision, a panoramic range of about 310°, and binocular 
vision of 35-50°. 

Dominance hierarchy in social groups of pigs 

When unfamiliar pigs are mixed together for the first 
time, they compete with others, characterized by aggres¬ 
sive interactions to establish a dominance hierarchy. Gen¬ 
erally, a new hierarchy is established within 24 h of 
mixing, though the level of aggression drops considerably 
after 1 h of mixing. The time to establish a hierarchy is 
longer in older pigs. Once a hierarchy is established, the 
group may become stable. Hierarchy is not permanent; 
when a new pig enters or leaves the group, the hierarchy is 
reorganized. Both sex and body weight are predictors of 
success in achieving dominance. Female pigs are aggres¬ 
sive for longer duration than castrated males. Although 
boars are generally dominant over sows, in a group of 
castrated male pigs and sows, the males may not be 
dominant. Breed difference in aggression has also been 
noted, with the Yorkshire more aggressive than Berkshire 
breed. A breed x sex interaction in the extent of aggres¬ 
siveness has also been observed, with Hampshire male 
dominance over females exceeding that of Duroc male 
pigs. Once a hierarchy is established in a group of pigs, it 
is maintained by the subordinate pigs in the group avoid¬ 
ing conflicts. Recognition between members in the group 
and the memory of the social encounters are thus vital 
factors in maintaining social stability; pigs can recognize 
and remember 20-30 of their group mates. During the 
process of hierarchy establishment, dominance is estab¬ 
lished between each pair of pigs, with aggression usually 
expressed by the dominant animal. However, once hierar¬ 
chy is established, the same animal may not appear to be 
very aggressive, as the relationships are understood by 
other group members. Following hierarchy formation, 
overt aggression is replaced by threat (sharp loud grunt 
and feint with the snout by the dominant pig). Thus, a 
stable social group of pigs is characterized by a high level 
of group bonding with a minimal level of aggression. 

Aggression is an important social behavior in pigs even 
after the establishment of a social hierarchy since there 
will be competition for some resources at all times (see 
section ‘Social Behavior’). The most common aggressive 


behavior is thrusting the head upward or sideways against 
the head or body of the opponent pig. The fighting pigs 
strut shoulder to shoulder while attempting to bite each 
other, usually at the neck, ears, and shoulder region while 
in a parallel posture. Another common aggressive behav¬ 
ior is levering (snout is put under the body of the oppo¬ 
nent from behind). The losing pig in a fight will exhibit 
the characteristic submissive gesture (twisting the head 
away from the opponent) and will be usually chased by the 
winner. The various components of agonistic interactions 
in pigs, as developed by Jensen and Wood-Gush, are given 
in Table 1. 

In many swine-breeding herds, a dynamic grouping 
system (sows are removed and new sows are added to the 
group at frequent intervals) is followed to make best use of 
resources. This results in disruption of the social hierarchy 
and consequent aggression. When sufficient space is avail¬ 
able in such situations, subordinate pigs could inhibit 
aggression by moving away from the dominant ones. How¬ 
ever, if there is physical limitation in performing submissive 
responses, the aggression remains unresolved and persists 
at a high level. The problem is exacerbated when resources 
such as feed are limited. This can be a serious challenge to 
the welfare of pigs. Similarly, in stall housing systems, the 
pigs are unable to exhibit submissive behaviors resulting in 
unresolved aggression. Both the quantity and the quality of 
space are important as a resource given that in natural 
surroundings groups of pigs occupy vast areas and forage 
over long distances daily. 

Characteristic association between individuals within 
a group is another feature of social behavior. Certain 


Table 1 Agonistic interaction patterns in swine 


Agonistic behavior 
components 

Description 

Inverse parallel 

Pressing of shoulders against each 

pressing 

other, facing opposite directions 

Parallel pressing 

Pressing of shoulders against each 
other, facing same direction 

Head-to-body 

Hitting with the snout against the body of 

knock 

the receiver 

Head-to-head knock 

Hitting with the snout against the head of 
the receiver 

Nose to nose 

The nose approaches the snout or the 
head of the receiver 

Nose to body 

The nose approaches the body of the 
receiver 

Anal-genital nosing 

The nose approaches the anogenital 
area of the receiver 

Head tilt 

The head is lowered and turned away 
from another animal 

Aiming 

An upward-directed thrust of the snout, 
slightly directed at the receiver, from a 
distance of 2-3 m 

Retreat 

Takes several steps away from the other 
animal 
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individual members within a group will have closer rela¬ 
tionships (affdiation). These pairs evolve by themselves 
and support each other for their benefit. Strong social 
relationship between and within sexes and age groups 
has also been observed. Allogrooming (in pigs - nosing 
another pig) is another social behavior observed in pigs 
which is considered to reinforce social bonds within 
groups and reduce tension between group mates. 

Feeding and Drinking Behavior 

Pigs show characteristic behavior during feeding. Feeding 
behavior is affected by diurnal rhythms and social factors. 
Brain inputs such as visual input or input from taste 
receptors can also influence feeding behavior. Drinking 
is closely associated with feeding; social factors, diet com¬ 
position and texture, and environmental temperature 
strongly influence drinking behavior as well. Social facili¬ 
tation (tendency for animals to join in an activity) is 
another factor influencing feeding behavior. Pigs in gen¬ 
eral prefer to eat simultaneously. This means that a pig 
fed ad libitum will be motivated eat again if it sees another 
pig eating. Thus, social facilitation can influence both the 
frequency of feeding and the quantity consumed. In facil¬ 
ities like the electronic feeding system (ESF), sows are not 
able to eat simultaneously. This blocks social facilitation 
and is suggested to cause behavioral and welfare pro¬ 
blems. Often, waiting to enter the ESF appears to frustrate 
the sows, making them aggressive and causing injuries and 
compromised welfare. The competitive order for feeding 
is not necessarily linear and varies considerably in differ¬ 
ent situations. The social hierarchy dictates the feeding 
order to a great extent, with the dominant sow entering 
the feeder first. It is also possible that a dominant sow may 
enter the station repeatedly even after eating their allot¬ 
ted feed, thus restricting the access of submissive sows. 
Rooting is another important component of feeding 
behavior in pigs. The snout of the pig is a highly devel¬ 
oped sense organ and olfaction plays an important role in 
feeding behavior. Rooting involves moving the feed mate¬ 
rial or straw or mud using the snout. 

Pigs also show distinctive defecation behavior. Pigs 
prefer to defecate in an area away from the place where 
they feed or rest. 

Nonlocomotory Postural Behaviors 

Stretching, standing, sitting, lying down, and getting up 
are some of the nonlocomotory behaviors exhibited by 
pigs. The definitions of various nonlocomotory behaviors 
are provided as follows. 

• Standing : an upright position on extended legs while 
remaining stationary. 


• Sitting : the posture in which most of the body weight 
and the posterior part of the trunk are in contact and 
supported by the ground. 

• Lying', the posture in which the side or ventral part of 
the body is in contact with the ground. 

Specific sequences of movements are involved in 
assuming each posture with a pause of few seconds 
between phases. Animal needs a certain amount of space 
for these postures. The first step in preparation for a lying 
down posture is adopting a stable standing posture. This is 
followed by the sow dropping down onto the knees and 
adopting a half-kneeling position. The sow then slides one 
knee under the body and rests on one knee and one 
shoulder. This is followed by gradual rotation of the 
upper part of the body to rest the shoulder and side of 
the head on the floor. Then, the sow rotates the front half of 
the body so that the front part becomes almost recumbent 
on the floor. Subsequently, the sow drops the hind quarters 
and adopts a sternal or lateral recumbency, in which the 
ventral surface or the side of the body is supported by the 
ground, respectively. Similarly, when standing up, the sow 
first raises up on the front knees to a position similar to 
sitting, followed by lifting the hind quarters. sow may lie 
down vertically (on the belly), laterally (on the side); she 
may fall down on the side or may lie down by leaning on a 
wall. The lying down process can thus significantly affect 
the chances of piglet crushing since most crushing occurs 
when the sow lies down. 

• Stretching-. Stretching is generally performed after a 
period of rest or after a period when the limbs are 
folded. Stretching helps the animal to keep its joints 
and muscles in a functional state. 

Sideways, backward, and forward movements are asso¬ 
ciated with nonlocomotory postural behavioral changes. 
These impose a dynamic space requirement, which is 
greater than the static space requirements associated 
with standing or lying stationary. For instance, while 
lying down or getting up, the animal makes forward and 
backward movements. During these postural changes, the 
animal moves its center of gravity and uses its weight as a 
counterbalance for rising or as a direct pull when lying 
down. The movement of center of gravity is achieved by 
the forward and backward movements of the body and this 
requires additional space. 

Locomotion and Gait 

Locomotion is an important component of an animal’s 
activities. Locomotion enables an animal to respond in 
space and time to meet its different needs. Locomotion 
disorders have a major impact on the welfare status of 
animals. In locomotion, limbs act in definite synchronized 
patterns which are called ‘gaits.’ Gait may be symmetrical 
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(limbs on one side repeat those of the other side, but half a 
stride later) or asymmetrical (limbs from one side do not 
repeat those of the other). Walk, pace, and trot in horses 
are symmetrical gaits, whereas canter and gallop in horse 
are examples of asymmetrical gaits. The full cycle of leg 
movement during the phases of support, propulsion, and 
movement of the body through the air is called ‘stride’; 
stride length is the distance between successive imprints 
of the same foot. Various aspects of locomotory behavior 
are important in diagnosing conditions like lameness. For 
instance, in lame animals, the stride length will be 
affected. Lame animals will adopt peculiar body move¬ 
ments to adjust the center of gravity. 

Spacing Behavior 

There are behavioral parameters associated with space also, 
which are important especially in social animals such as 
pigs. Individual space depends on the body dimensions of 
the animal in a particular posture and individual space 
moves with the animal. The static area used by an animal 
refers to its home range and territory. The common terms 
related to spacing behavior are given as follows. 

• Flight distance', the radius of space within which the 
animal will not voluntarily permit the intrusion of 
man or other animals. The animal may respond by 
startle, alarm, fight-or-flight display, and vocalizations 
if the flight distance is violated. 

• Territory, an area defended by fighting or by demarca¬ 
tion that deters other animals from entering the area. 
There may not be a permanent territory for an animal. 

• Individual distance', the minimum distance between an 
animal and other members in the group; each animal 
prevents other animals from entering this space. Indi¬ 
vidual distance includes the physical space (space for 
its basic movements of lying, rising, standing, stretch¬ 
ing, and scratching). The space will be larger in the 
head region to accommodate the head movements dur¬ 
ing ingestion, grooming, and gesturing and it includes 
both vertical and horizontal distances. Individual space 
protects the animal from body damage due to contact 
and reduces competition and interference while feed¬ 
ing. Individual distance also provides sufficient space 
for escape when needed and for separation from dis¬ 
eased animals. 

Animals have quantitative and qualitative needs in 
relation to space. The former are related to space occupa¬ 
tion, social distance, flight distance, and actual territory, 
whereas qualitative needs are related to activities such as 
eating, body care, exploration, kinetics, and social behav¬ 
ior which are space dependent. The quality of space 
includes the presence of barriers to avoid visual contact 
with others and concealment locations to avoid aggression 
from other animals. 


• Social limit: the maximum distance any animal moves 
away from the group. There is always a balance 
between individual distance and social limit in stable 
social groups. 

The space occupied by an animal is a function of its 
body weight and its need for various activities. The rela¬ 
tionship between space occupied and weight is a constant 
(‘k’) multiplied by the body weight to the power of 0.67. 
This constant depends on the extent to which the body 
shape of the animal deviates from a sphere and the activ¬ 
ities that are important for the animal to perform. The 
values of ‘k’ are different for lateral recumbency and 
sternal recumbency as the space required differs. Sharing 
of space occurs when animals are housed in groups since 
all animals are not performing the same postural behavior 
at the same time. Generally a ‘k’ value of 0.034 is consid¬ 
ered sufficient in group housing systems. Crowding in a 
group means that the movement of members in the group 
is restricted by the physical presence of other group 
members; this increases the chance for violating individ¬ 
ual space, which may affect the fitness of the group mem¬ 
bers especially when resources are limited. 

Exploratory Behavior 

Exploration is another important component of swine 
behavior. Animals are strongly motivated to explore 
when they are in a new environment. Exploration subsides 
as the environment becomes familiar and it resumes when 
there is a change in the environment. Fear associated with 
novelty is a major reason for exploratory behavior; a novel 
situation causes the animal some degree of fear. Explora¬ 
tion also helps in preparation for the future such as escape 
from predator, escape from inclement weather, and ensur¬ 
ing food security. A high degree of awareness is needed to 
evaluate the situation and to prepare for the future. Given 
the link between fear and exploration, welfare scientists 
have suggested that estimating the potential of a new 
environment or a novel object to induce fear can be 
used to evaluate the welfare status associated with the 
housing system. Exploration may be inquisitive (the ani¬ 
mal looks for a change) or inspective (the animal responds 
to a change). The former is considered to be a pleasurable 
activity for the animal and indicates no immediate needs, 
whereas the latter represents the behavioral outcome of 
an interaction between fear and curiosity. In any case, 
interpretation of this behavior remains the subject of 
some debate. 

Sexual Behavior 

Both sexes of swine exhibit characteristic sexual beha¬ 
viors. Standing still when pressed on the back (immobil¬ 
ity) which is facilitated by the boar odor is a characteristic 
sign of female sexual behavior in pigs. While in estrus, 
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the female pig may become restless at night. Some breeds 
also show erect ears (ears held stiffly close to the head and 
turned upward and backward). Female pigs in estrus may 
also urinate frequently and may produce a soft rhythmic 
grunt. The female pig will also approach the boar and 
sniff the boar’s head and genitals. The female pig in estrus 
will try to mount other estrus females. This behavior 
eventually transforms into searching behavior for the 
boar, a behavior that is successfully used to detect estrus 
in sows using electronic monitoring system. Female pigs 
are able to identify intact males by the strong boar odor 
produced by androgen metabolites present in both the 
saliva and the preputial secretions of boars. 

Approaching a female pig and nosing her sides, flanks, 
and vulva is a major sexual behavior in boars. Boars also 
make a characteristic series (6-8 s -1 ) of soft guttural 
grunts (courting song). The boar urinates rhythmically 
and the pheromones in the urine further stimulate the 
standing behavior of the female pig. The boar will also 
foam at the mouth and move its jaw from side to side. 
Boars do not exhibit flehmen (lip curling; turning up of 
the upper lip in response to an odor). Instead, boars gape 
when they encounter sow urine. The major sexual arous¬ 
ing factor in boar is suggested to be the female pig’s 
willingness to stand still and not the olfactory signals. 

Prepartum Behaviors 

During the preparturient period (ranging from late gesta¬ 
tion to the beginning of the first stage of labor), sows 
exhibit different behaviors when in the natural surround¬ 
ings. However, not all of them may be visible in the 
confined systems. Nest building (gathering nest materials 
such as grass or sticks and arranging it by rooting and 
nosing), which starts between 3 days and 24 h before far¬ 
rowing, is the most notable prepartum behavior. The 
duration of nest building may vary among sows. During 
nest building, the sow uses her forelimbs to move the 
bedding, known as ‘pawing.’ Sows may show nest-building 
behavior even if there are no materials available to them. 
Sows will stop all these activities as time advances and 
adopt a lateral recumbency before farrowing. This is 
followed by a period of restlessness and frequent change 
of position. The frequency of postural changes increases 
before the sow adopts a final lying posture. Piglets are 
farrowed every 15-30 min and the sow will remain in 
lateral recumbency until farrowing is completed. Sows 
remain mostly inactive during the first 48 h after farrow¬ 
ing which helps to minimize piglet crushing and to facili¬ 
tate establishment of a teat order. 

Postpartum Behavior 

Postpartum behavior by the sow forms part of the strategy 
to protect the piglets. Like bovines, sows also eat placenta 


(placentophagia) which may help to recycle nutrients and 
to minimize chances of predation by removing odors. 
Sows generally do not lick or groom their piglets, but 
may nose the piglets. The sow also produces repeated 
short grunts to invite the piglets to feed on colostrum. 
She appears very nervous at this time and is easily dis¬ 
turbed by the presence of an intruder; this may lead to 
movements by the sow causing piglet crushing. Sows are 
very defensive of the piglets and may attack with barks 
and open mouth if approached. 

Piglets will stand on their feet within minutes after 
birth and will start searching for a teat, facilitated by the 
grunts of the sow. The firstborn piglet uses thermal, 
tactile, and olfactory cues to locate the teat and may be 
slow to find teat. However, subsequent piglets respond 
to the voices of their littermates and quickly locate the 
udder. The sow will remain stationary in lateral recum¬ 
bency and may change position to help the piglet locate a 
teat. Sensory inputs such as vocalization, odors from 
mammary and birth fluids, and hair patterns of the sow 
are suggested to help the piglets to locate the teat. 

Colostrum is available continuously for the first few 
hours; 10 h after farrowing, milk let down becomes syn¬ 
chronized and periodic. Letting down occurs once in 
every 50-60 min and each letting down lasts for 10-25 s. 
The piglets learn the sow’s call and will be ready at the 
teat for milk. The interval between letting down is longer 
at night than during the day. Sows generally do not 
respond to feel or sight of a piglet under them though 
they respond to loud squeals. Sows are reported to be 
most responsive to piglet squeals on the first 2 days 
postpartum. 

New-Born Piglet Behavior 

The most import aspect of neonatal behavior is the hud¬ 
dling together of piglets to conserve heat since their 
thermoregulatory mechanism is poorly developed. The 
first stage in the suckling process is marked by the vigor¬ 
ous, rhythmic up-and-down movements around one seg¬ 
ment of udder by the piglet using its snout for about a 
minute. This is followed by slow suckling with the tongue 
wrapped around the teat for about 20 s. Then, the slow 
suckling is followed by rapid mouth movements as milk 
starts to flow for about 10-20 s. During this phase, the 
piglets’ ears are flattened, and their head moves along 
with suckling movements. After 10-20 s of milk flow, the 
piglets may show slow mouth movement or move to 
another teat for more milk. After nursing, the piglets 
leave the udder or fall asleep in position. The sow stops 
rhythmic grunts once the piglets stop suckling. 

Piglets establish a teat order within the first day of 
their life and will return to the same teat during the entire 
lactation. Piglets compete for the most productive teat 
regardless of its position in the udder. Piglets show their 
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characteristic defecation behavior within 4 days of birth. 
Piglets sleep on average 10.5 h day -1 during the first 

5 weeks. In nature, sows and their piglets stay together 
for several weeks. Piglets start showing play behavior 
(tossing and waving the head, spinning around) when 
they are 2-days old and will reach a peak between 2 and 

6 weeks of age. The play behavior facilitates socialization 
with group members. 

Abnormal Behavior 

Abnormal behaviors are generally considered indicators 
of compromised welfare in animals. Abnormal behavior is 
defined as a clear deviation from the normal behavior 
expressed by majority of the members of the species 
when they are allowed to perform their full range of 
behaviors. Abnormal behavior may be harmful to animal 
itself and/or to other members in the group. Provision of 
manipulate substances and thereby avoiding barren 
environments will help reduce most of the abnormal 
behaviors. Common abnormal behaviors in pigs are 
described as follows. 

Stereotypy 

Stereotypy is a repetition of sequence of movements with¬ 
out any apparent reason. The repetition may be regular or 
irregular and may be short or long. Stereotypies are linked 
to the dopamine release systems in the brain that control 
body movements. Stereotypies are generally exhibited 
when the animal has no control over its environment, 
causing frustration. The argument that stereotypy is part 
of an animal’s coping mechanism has not been widely 
accepted. Even if it is so, the indication is that welfare is 
compromised. Sham chewing (pig imitates chewing move¬ 
ments even when there is no food to chew, characterized 
by chewing, mouth gaping, and frothing and foaming of 
saliva), bar biting (animal opens and closes its mouth 
around a bar/metal piping of the stall, engaging the tongue 
and teeth with surface and performing chewing move¬ 
ments) are common stereotypies noticed in pigs especially 
in stall-housed pigs. Continuous repeated pressing of the 
drinker by some sows is also considered to be a stereotypy. 
Provision of straw or other manipulable material has 
shown to reduce most of the stereotypic behaviors. 

Tail biting 

Tail biting is an abnormal behavior that occurs mainly in 
grow-finish pigs and that is directed to group mates. 
Crowding and consequent inadequacy of feeder and 
waterer spaces in group housing is associated with tail 
biting. Environmental factors such as high temperature, 
humidity, and noise may exacerbate the situation. How¬ 
ever, lack of oral stimulation is suggested to be the major 
reason for this abnormal behavior. The incidence of tail 
biting is increased among pigs housed without bedding on 


slatted floors and ones that are fed automatically. Hunger 
also predisposes pigs to tail biting. The bleeding from tail 
biting stimulates farther tail biting. Provision of rooting 
materials has been shown to reduce tail biting. Docking 
may reduce tail biting though it may lead to another 
abnormal behavior, ear chewing. 

Vulva biting 

This is very common in ESF systems where the hungry 
sows are forced to wait to access the feeder. As in tail 
biting, the bleeding from the wound stimulates further 
biting. 

Anal massage 

Anal massage is an abnormal behavior noticed in growing 
pigs, especially in docked pigs. Providing objects to chew 
and root will help to minimize this problem. 

Belly nosing 

It is the up-and-down movement of the snout and the top 
of the nose on the belly of other pigs, on the soft tissue 
between their hind legs and between their forelegs. This is 
common in early weaned piglets, especially those that 
continue to show teat-seeking behavior, which gets 
directed toward other piglets. 

Cannibalism 

This is an abnormal behavior mostly seen in sows with 
first litters where the sow may kill and eat her own piglets. 
In its mildest form, the hyper-reactive sow may acciden¬ 
tally crush and kill the piglets which are then eaten 
partially or fully. In severe forms, the sow tries actively 
to avoid piglets and approaching piglets are attacked, 
killed, and eaten fully or partially. Once started, cannibal¬ 
ism usually stops only after the death of the entire litter. 
Cannibalism is associated with hyperexcitability of the 
sow following farrowing, due to the novelty of the farrow¬ 
ing environment. Providing bedding before farrowing and 
allowing sows to build nests may reduce cannibalism. 

Pigs are highly motivated to explore their environment 
and spend 75% of their active time in foraging-related 
behavior. Provision of concentrates in a single location as 
in confined systems requires the animal to satisfy all its 
food intake needs within a short time, while not satisfying 
the motivation to explore and forage. In the barren envi¬ 
ronment, these behavioral needs are redirected at unsuit¬ 
able targets such as pen mates. Lack of substrates is the 
major reason for abnormal behaviors such as tail biting 
and ear chewing. Studies have suggested that even the 
modern swine breeds retain the behavioral features of 
wild boars. Most of these natural behaviors are controlled 
by internal factors, and therefore swine welfare is com¬ 
promised by a lack of opportunities to perform the beha¬ 
viors that they are strongly motivated to perform. 
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Sickness Behavior 

Sickness behavior is defined as the expression of the 
adaptive reorganization of the priorities of the host during 
an infectious period. The major feature of sickness behav¬ 
ior is a general decrease in activity (immobility, sleepi¬ 
ness, reduced food and water intake). Sickness behavior 
may be interrupted in response to important strong sti¬ 
muli (e.g., a sick sow may respond to a newborn piglet). 
The reduction in activity helps the animal conserve 
energy, and spend more time resting and sleeping. How¬ 
ever, reduction in activity may not occur in all cases. 
A sick animal will try to move away from its group. This 
helps the animal to be away from the disturbances of its 
group mates and minimizes the chances of transmission of 
disease. It is argued that the behaviors shown by sick 
animals are part of a strategy to fight disease. Behaviors 
such as play, grooming, sexual behavior will be reduced in 
illness, as animals divert resources for maintaining body 
temperature and combating pathogens. 


Using Behavioral Principles to Improve 
Pig Welfare 

Pigs prefer to live in large static groups with plenty of 
space and opportunities to perform many of their natural 
motivations. However, it is a practical and economic chal¬ 
lenge to offer these facilities under commercial farming. 
For instance, space is a limiting factor in farms. Similarly, 
dynamic grouping with frequent mixing of pigs may be 
required to ensure better facility use. However, a knowl¬ 
edge of swine behavior can be successfully utilized to 
mitigate the threats to the welfare of domestic swine. 
Aggression is unavoidable when unfamiliar pigs are 
mixed together. However, the extent of aggression is 
determined by the method of feeding, and the amount 
and quality of space. Similarly, aggression at mixing can 
be influenced by design of the system and by management 
techniques. For instance, allowing small subgroup forma¬ 
tion has been indicated to reduce aggression at mixing. 
The shape of the pen is also important in determining the 
level of aggression, with higher aggression in circular 
pens, and lower aggression in pens with a solid barrier. 
Aggressive interactions can be reduced over the short 
term by mixing pigs after sunset, administering some 
pharmacologic compounds, and the presence of boar at 
the time of mixing. Space availability is another issue as 
pigs in groups require space to show submissive behavior 
(e.g., running away). Providing the space necessary to 
perform this behavior will ensure quick establishment of 
social hierarchy and stability in the group. It has been 
suggested that the psychological stress associated with 
nonresolvable aggressive interactions among stall-housed 
sows is a chronic stressor. 


Unique Problems in Assessing Welfare 
by Behavior 

Obviously, welfare is a multifactorial concept. Therefore, 
behavior alone cannot be an adequate indicator of welfare 
in animals. However, given that behavior change is the 
first overt and perhaps the major indicator of compro¬ 
mised welfare, we are justified in using it in animal welfare 
assessment. At the same time, it is important to remember 
that we as humans are ascribing meanings to the behaviors 
of another species, and to that extent our interpretations 
can be erroneous. 

Often, behavioral pathologies are used as indicators of 
compromised welfare. However, it is important to under¬ 
stand the positive behaviors in animals and their link to 
welfare. Many times, stress physiology is used to assess 
the existence of a positive state or at least the absence of a 
negative emotional state in animals. However, physiologi¬ 
cal parameters such as heart rate, respiration rate, and 
cortisol levels are influenced by factors not adversely 
affecting the welfare of the animals. For instance, sexual 
excitement can increase the heart rate and respiration rate 
without any adverse effect on the welfare of the animals. 
Individual differences, developmental changes, and diur¬ 
nal variations in measures can also affect the interpreta¬ 
tion of the final result. Thus, subjective assessment is also 
frequently needed for successful welfare assessment. 

Nonetheless, the extent to which a human observer can 
accurately assess the mental feeling of the animal is debat¬ 
able. This is a serious limitation in using behavioral indica¬ 
tors for welfare assessment. Motivational studies evaluating 
the animal’s ‘willingness to work’ have been suggested as 
useful in assessing the state of the animal. Even then the 
correct interpretation demands appropriate experimental 
designs and sophisticated operant equipment. Even though 
preference tests are used in housing system studies, they are 
not perfect. The main limitation is that the results are 
unique to the testing situation. The behavioral choice of 
the animal may vary with the duration of exposure. Above 
all, it may be difficult to establish a scientific rationale for 
the choices made by the animal because those choices may 
not always be the best for the subject. 

The multifactorial nature of animal welfare also raises 
the issue of how to weight those factors. Often, a higher 
importance is given to factors which humans value had 
they been exposed to such a welfare threat. It is also 
possible that different indicators may provide conflicting 
interpretations. For instance, physiological and behavioral 
indicators provide different assessment of the pain asso¬ 
ciated with castration. Similarly, behavioral and health 
indicators have come up with different conclusions 
regarding the welfare implications of providing bedding 
for pigs. 

Another difficult issue, even when positive behaviors 
are used to assess the welfare status, is the level of such 
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behaviors. For example, allogrooming is generally consid¬ 
ered as a positive behavior in social groups of pigs. Nev¬ 
ertheless, excessive levels of allogrooming activity may 
not necessarily reflect positive states of the animal as they 
are likely to disturb the receiver. Obviously, there are no 
objective indicators to assess this and no gold standard has 
been established. Similarly, the ability of the animal to 
perform various postural behaviors is critical with respect 
to its welfare. But there are no scientifically valid numbers 
available regarding the duration or frequency of postural 
behaviors, leaving the assessor to resort to subjective 
judgments. 

Areas Where More Research Is Needed 

Obviously, all the limitations mentioned earlier warrant 
further research. However, there are promising areas that 
are expected to advance human knowledge about animal 
behavior. These have the potential to improve the welfare 
of domestic animals. One little-researched area is sickness 


behavior and its value as a disease indicator. Similarly, 
studies are needed to understand how to assess the posi¬ 
tive experiences in animals that are suggested to be 
important components of good welfare. This issue is cru¬ 
cial because well being is not merely the absence of 
negative effects, but instead, predominantly the presence 
of positive effects. Affdiation (closer relationship between 
certain pairs of individuals) is a type of social behavior 
exhibited by many farm animal species. Affdiative behav¬ 
ior has been suggested to create a ‘positive mood’ in 
animals. However, the number of studies focusing on 
this behavior is considerably less than those involving 
social competition. Our efforts to focus on negative beha¬ 
viors will only enable us to help the animal meet its needs 
and thereby avoid suffering. Research is also needed to 
understand how to use positive experiences to a better 
quality of life to the animals and to improve their health. 

See also: Beyond Fever: Comparative Perspectives on 
Sickness Behavior; Self-Medication: Passive Prevention 
and Active Treatment; Welfare of Animals: Introduction. 
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Introduction and History 

Play has been recognized in non-human animals for many 
centuries, but the study of animal play, like much of 
animal behavior, really did not develop until after the 
writings of Charles Darwin and the rise of natural history, 
comparative psychology, and, in the early twentieth cen¬ 
tury, ethology. It is useful at this point to mention that 
play in animals is generally categorized as locomotor play 
(jumping, leaping, twisting, swinging, and running), object 
play (biting, mouthing, and manipulating), and social play 
(chasing, wrestling, and mounting). These are not 
completely independent as all three can occur at the 
same time when, for example, two dogs chase after a 
stick, both grab it, and then proceed to engage in a tug- 
of-war for possession. The need for a more precise defini¬ 
tion of play will soon become apparent, however. 

Although some early writers on animal behavior, 
including Charles Darwin, claimed that play occurred in 
a wide variety of animals, even crabs, ants, and fish, these 
were based on anecdotal evidence in the days before film 
and video documentation. With the rise of behaviorism 
and the disparaging of anthropomorphism, play soon 
became identified as a phenomenon largely limited to 
humans and other ‘intelligent’ mammals such as monkeys, 
apes, dogs, and cats. Furthermore, by early in the twenti¬ 
eth century, play was viewed by many, especially educa¬ 
tors, as existing in order to help animals (and children) 
learn how to survive in adulthood. Indeed, Karl Groos, in 
a classic book published in 1898, put forth the enduring 
view that play is a necessary means for animals to develop 
and perfect their instinctive behavior (finding food, fight¬ 
ing conspecifics, repulsing predators, courting and mat¬ 
ing, building nests, etc.). This soon became the major, but 
far from universal, theoretical assumption, although with 
many variants. Associated with this perspective was the 
position that the benefits of play are delayed until adult¬ 
hood and that is why play appears to have no function 
when it appears in young animals. About 50 years later, 
the view that play also may be important when it occurs, 
such as in stimulating activity that provides immediate 
general neuromuscular and physiological benefits for per¬ 
formers outside of, and in addition to, any long-term 
benefits, was developed. The seminal 1981 book by 
Fagen reflected the dominant theme of the functional 
benefits of play, although when written, the empirical 
evidence for any benefits of play was scant indeed, even 


in the human child and education literature. This litera¬ 
ture promulgated an optimistic positive role for play and 
largely ignored the costs. Although play may appear to be 
fun or enjoyable, its real importance lies elsewhere. 

There were some alternatives to this ‘play as practice 
for the future’ view, including the surplus energy theory 
of Schiller and Spencer, the recapitulation theory of 
G. Stanley Hall, and the psychodynamic anxiety reduction 
approach of the Freudians, such as Winnicott, but the 
acceptance of the claim that play is linked to intelligence, 
large brains, and prolonged parental care seemed to sup¬ 
port the practice and delayed benefits views. For example, 
the seminal studies on the development of intelligence and 
the resulting stage theories of Piaget found play part of the 
earliest ‘circular’ reflex-like reactions of infants, but higher 
order ‘pretend’ or pretense play did not occur until much 
later in childhood and most likely beyond the capabilities 
of other animals. However, even applying Piagetian meth¬ 
ods, such pretend play has now been documented in some 
great apes. Nevertheless, such views hardened the con¬ 
clusion that ‘true’ play was most common, if not found 
exclusively, in ‘higher’ mammals. In other species, play¬ 
like behavior was largely dismissed as misidentified or mis¬ 
firing ‘instincts’ or their developmental precursors. Even the 
acceptance of play in birds was suspect in authoritative 
writings into the 1980s. And until quite recently, virtually 
all authorities dismissed reports of play in ectothermic 
(cold-blooded) vertebrates and all invertebrates. Neverthe¬ 
less, while many play researchers accepted that play may 
have immediate benefits for ‘higher’ animals, not just ben¬ 
efits delayed until adulthood and serious tasks in life, the 
problem remained that none of these benefits, immediate or 
delayed, had been empirically confirmed with careful 
experimentation in either human or non-human animals 
of any species, as documented in papers by Martin and Caro 
and Peter Smith. In fact, virtually all tests of the putative 
benefits of play either failed or had serious methodological 
flaws. In this situation, it was perhaps understandable that 
outside the fraternity of play researchers, few found reason 
to consider play a serious topic for research. The reason 
turns out to be that scientists were searching for the obvi¬ 
ous connections. The meaning of play lies elsewhere than 
in a stark utilitarianism or obvious appearing functional¬ 
ism (play fighting leads to better fighting as adults, play 
with prey-like objects in kittens leads to better hunting 
ability in cats, play with dolls leads to better mothering in 
children, etc.). 
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Recognizing Play 

But there is a more fundamental problem. A careful anal¬ 
ysis of the literature of play in animals actually reveals 
that until recently there were no clear criteria for identi¬ 
fying play in them other than an uncritical anthropo¬ 
morphic extrapolation from human play and ‘obvious’ 
animal play coupled with post hoc definitions. In other 
words, from apparently unambiguous examples of play in 
monkeys, dogs, rats, horses, and other mammals, defini¬ 
tions were formulated that were full of words such as 
‘may’ or ‘might,’ or were restricted to only one kind of 
play, such as social play. They also included behavior most 
would not call play, such as exploration or behavioral 
stereotypies. 

Let us elaborate on this important point. We might all 
agree on what is play in a dog or a monkey, but we typically 
do so by identifying the behavior and its underlying emo¬ 
tion with our own assumed feelings when performing 
a similar behavior. Thus, we develop the understandable 
view that play should be pleasurable or fun. Perhaps we 
can assess a dog having fun by observing its leaps, ears, tail 
position, and vocalizations. But what about turtles, fish, 
frogs, lizards, and snakes? If we want to determine how 
ancient and basal play is in vertebrate evolution, it is 
imperative to find out if play is, like endothermy or 
enlarged frontal lobes, a recent evolutionary innovation, 
as championed by some writers, or if it also occurs in much 
older, more ‘primitive’ animals. Below are five criteria 
which, when all are met, quite confidently permit a behav¬ 
ior to be characterized as play. Since using this approach 
has resulted in play being claimed to exist in animals 
where it had not been seriously entertained by scientists, 
this definitional treatment needs some details. 

The first criterion for recognizing play is that perfor¬ 
mance of the behavior is not fully functional in the form 
or context in which it is expressed; that is, it includes 
elements, or is directed toward stimuli, that do not con¬ 
tribute to current survival. The critical term is ‘not 
completely functional,’ instead of‘purposeless,’ nonadap- 
tive, or having a ‘delayed benefit.’ This distinction recog¬ 
nizes that play may have an important current utility while 
not being focused directly on survival such as eating or 
fighting. The second criterion is that the behavior is sponta¬ 
neous, voluntary, intentional, pleasurable, rewarding, or 
autotelic (i.e., ‘done for its own sake’). Here, only one 
term of these often overlapping concepts need apply. 
Note that this criterion accommodates any subjective or 
emotional concomitants of play (having fun, enjoyable), 
but does not make them essential for recognizing play. The 
third criterion is that the behavior differs from the ‘serious’ 
performance of ethotypic behavior in at least one respect: 
incomplete (generally through inhibited or dropped final 
elements), exaggerated, awkward, precocious, or involves 


play signals, role reversals, or other behavior patterns 
with modified form, sequencing or targeting. This crite¬ 
rion acknowledges, but does not require, that play may be 
found predominantly in juveniles in many species. The 
fourth criterion is that putatively playful actions be repeat¬ 
edly observed during at least a portion of an animal’s life. 
Repetition is found in all play and games in both human 
and non-human animals. This criterion also distinguishes 
transient responses to novel stimuli or environments from 
the play actions that may follow such initial exploratory 
behavior. The fifth criterion is that the behavior is initiated 
only when an animal is adequately fed, healthy, and free 
from intense stress (e.g., predator threat, harsh microcli¬ 
mate, crowding, and social instability), or intense competing 
motivations (e.g., feeding, mating, resource competition, 
and nest building). This contextual criterion appears essen¬ 
tial for the occurrence of play, as it has been repeatedly 
shown that play is one of the first types of behavior to 
drop out when animals, including children, are hungry, 
threatened, mistreated, or exposed to nasty weather. 

The five criteria can be summarized in one sentence: 
‘Play is repeated incompletely functional behavior differ¬ 
ing from other versions in form, context, or developmen¬ 
tal stage, and is initiated voluntarily when the animal is in 
a relaxed or low-stress setting.’ The term ‘initiated volun¬ 
tarily’ could refer to pleasure, fun, excitement, rewards, or 
other emotional attributes. However, these attributes are 
not explicitly included since they may be hard to ascertain 
in animals less likely to be viewed as similar to humans 
(e.g., turtles or fish). 


The Taxonomic Diversity of Play 

With this set of criteria as a tool, we can see that much of 
our behavior from gourmet cooking to biking to watching 
sports can be viewed as play, but also that the same behav¬ 
ior may sometimes be work, punishment, or fulfilling an 
obligation. More importantly, applying the criteria allows 
us to see play in the behavior of many animals other than 
birds and placental mammals, as extensively documented 
in Burghardt (2005). Here are some examples. 

Many marsupials such as kangaroos, wallabies, Tasma¬ 
nian devils, and wombats are playful, though as a group, 
they are nowhere near the richness of playfulness one sees 
in dogs, monkeys, and otters. Even the egg-laying mono- 
treme, the duck-billed platypus, seems to play. In fact, data 
strongly suggest that some animals from many other 
groups, including fishes, insects, molluscs, and reptiles 
can, and do, play. Since this may seem a rather bold, if 
not unsettling, claim, here are a few examples. The 
Komodo dragon is the largest lizard in the world and 
is a deadly carnivore, capable of hunting and eating deer 
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and water buffalo. A lizard observed in captivity at the 
National Zoo in Washington, DC, when several years old, 
explored objects such as old shoes, small boxes, and even 
soft drink cans. It grabbed and shook them like a dog with 
a slipper. Like the dog, the lizard would not try to eat the 
object. She also engaged in tug-of-war games with her 
favored keeper, removed handkerchief or notebooks from 
a keeper’s pocket, and tried to run away with them. A large 
adult aquatic turtle at the same zoo, given a basketball, 
repeatedly and for years, banged it around his tank. A large 
Nile crocodile frequently chased and attacked a large ball 
attached to a rope thrown around and pulled by a keeper 
outside his large naturalistic enclosure. Great white sharks 
have done similar things. Several species of fish have been 
known to push around balls and balance them on their 
snouts. A cichlid fish may engage in behavior with a larger 
less agile fish that looks, objectively, like something we 
would term ‘teasing’ when seen in kids or even a dog. Play 
fighting is the best-studied type of play in animals and is 
the focus of literally hundreds of studies in laboratory rats. 
Comparable recent documented observations of play-like 
agonistic social interactions have been made of dart poison 
frogs, young turtles, some fishes, and even in wasps. Octopi 
have been documented performing complex manipula¬ 
tions with Lego blocks and using their water jet abilities 
to repeatedly ‘bounce’ floating balls. Honeybees engage in 
practice take-off behavior before their first successful 
flights. Freshwater stingrays are so attracted to balls that 
sink to the substrate that two will engage in a ‘game’ of 
keep-away to control access to them. 

Some Processes Underlying Play 

As diverse as the above examples are, it is important to 
note that most species in many taxonomic groups have not 
been recorded as playing, nor do they all play in the same 
way or to the same extent. Social, locomotor, and object 
play are all very common, but not universal, in mammals 
and birds, and some species that engage in one, do not 
engage in others. Other types of play typically found in 
humans, such as construction (building) play, social- 
dramatic play, language play, pretense, and games with 
implicit or explicit ‘rules’, are a bit more complicated, but 
rudimentary versions of all may be found in non-human 
animals as well. Even social play in animals can be 
extraordinarily complex. When animals play, especially 
when agonistic behavior patterns are employed involving 
hits, bites, attacks, leaps, pins, and so forth, it is important 
that both participants (and there can be more) understand 
that they are engaging in play and not real fights. Thus, 
play signals are often employed to signal ‘let’s play’ and 
these can be postures, such as the play bow in dogs, play 
faces in primates, and even play odors in rodents, among 
many examples. 


Such signals are only a first step in play. To maintain a 
playful encounter, both partners need to intermittently 
convey that they are still playing, even as the play fighting 
becomes more intense. Thus, play signals can become 
metacommunication signals , signals about other communica¬ 
tive interactions. Thus, play fights in dogs are periodically 
punctuated with play bows. Most social play involves 
competition, including pinning in rats, tug-of-war in 
dogs, and king of the hill in goats. Whereas in serious 
fights and competitive encounters, the goal appears to be 
to defeat the opponent as quickly as possible and gain the 
resource in contention, this is not the dynamic underlying 
play. In social play, the goal seems to be to continue the 
encounter as long as possible and have partners willing to 
engage in an interaction again in the future. Thus, while in 
serious fights, the larger, stronger, or more skillful partner 
wins and defeats the other one, such behavior largely 
defeats the reason animals engage in socially playful 
interactions. Consequently, in many species, we observe 
a phenomenon termed self-handicapping This refers to the 
fact that in play interactions, just as when adults play with 
children, always defeating your opponent is not the best 
way to ensure future interactions. So, what is found in 
many social play interactions is turn-taking and an alter¬ 
nation of who wins and this often involves the better 
player not competing up to his or her ability in order to 
maintain the interaction or the probability of future ones. 
This may be one of the most important aspects of play, as 
some recent empirical and modeling work indicates that 
through social play, animals learn such things as fairness 
and how to interact in socially useful, rather than destruc¬ 
tive, ways. Such skills and knowledge may also help indi¬ 
viduals in courtship and other important endeavors. 

From an evolutionary perspective, play has originated 
numerous times in animals throughout evolutionary his¬ 
tory and has altered course in many ways, even in the most 
playful mammals. Thus, adult play in monkeys can differ 
in type and amount dramatically even in closely related 
species. Furthermore, sex differences in the amount or 
type of play are pronounced in many species. Hormones 
underlie such differences in many cases, but such hor¬ 
monal bases are themselves related to evolutionary history 
and behavioral ecology, including mating systems, forag¬ 
ing and fighting modes, type of predators and other dan¬ 
gers, amount and extent of parental care and protection, 
and so on and so forth. Thus, a satisfactory play ecology 
needs to recognize that play taps into ancient behavioral 
systems that manifest themselves in many species. 

Development and the Adaptive 
Function of Play 

Play is also a developmental phenomenon and different 
kinds of play may have different developmental 
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trajectories even in the same species, such as locomotor, 
object, and social play in domestic cats. Furthermore, 
different features of play may have their own develop¬ 
mental pacing; this has been most well-worked out in rat 
play fighting. Broad comparative analyses indicate that 
play in young animals is related to the relative length of 
the juvenile period, and to this extent, the ideas of Groos 
have some support. On the other hand, there are many 
exceptions. We now have quite a few descriptive studies 
on the development of play but, as mentioned above, few 
empirical demonstrations of the function of play. These 
need to be experimental to be more than just suggestive. 
Also, attempts to deprive animals of play almost invariably 
affect other aspects of behavior than play itself, such as 
social or object interactions of a nonplayful sort. It has, 
thus, been hard to go from suggestive and plausible to 
documented and proved. The work on rats, as reported by 
Pellis and Pellis, is the most sophisticated experimentally 
and shows that one needs to examine the execution of the 
specific movements involved in play, whether refinements 
in them cross over into improvements in ‘important’ tasks 
such as foraging or courtship behavior, and what specific 
kinds of deprivation have what consequences. The study 
of the functions of play, so much the focus of research, is 
only recently showing progress. 

The Brain and Play 

While play has now been identified in some invertebrate 
and ectothermic vertebrate animals, most of our knowl¬ 
edge concerning the neural bases of play is based on 
research in mammals, especially laboratory rats. During 
the 5-8 weeks after birth, postweaning rats are extremely 
playful in terms of engaging in play fighting. Until 
recently, most inferences on the role of the brain in play 
had to do with looking for correlations between playful¬ 
ness and overall brain size across species in comparative 
studies of mammals, both placentals and marsupials. 
There is a roughly positive correlation, but this relation¬ 
ship largely disappears when phylogenetic correlations 
and finer within taxa (e.g., primates and canids) are looked 
at in some detail. What about the telencephalon or cere¬ 
bral cortex, the more ‘advanced’ or later evolving brain 
structures. Data generally suggest that the cortex is not 
necessary for the basic motivation to play and the move¬ 
ments involved, at least in rats. However, the cortex does 
allow the animal to play much more flexibly. Indeed, the 
motor cortex is implicated in developmental changes in 
the defensive tactics used by rats but does not seem to be 
involved in changes in the frequency of instigating attacks 
in play. There are also relationships between the areas of 
the brain such as the hypothalamus and amygdala, and 
social play in primates. In fact, many parts of the brain 
contribute to play, understandable when the diversity of 


play is considered. Thus, the cerebellum (posture and 
rapid movement coordination), limbic system (emotion), 
and other areas are involved. But to be more specific on 
how play is neurologically organized is largely impossible 
at this point, except for the laboratory rat. 

Experimental research using a variety of techniques 
including ablation, imaging, and pharmacologic studies 
is showing that one can measure both those areas of the 
brain involved in various types of play and ways of manip¬ 
ulating play. Pellis and Pellis (2009) present an in-depth 
treatment of play and its neurological bases in mammals. 
The role of specific areas of the developing rat brain in 
social play is being disentangled via ingenious experi¬ 
ments. It thus seems that play does have important con¬ 
sequences, but play itself needs to be carefully dissected 
before convincing and specific conclusions can be discov¬ 
ered. Comparative work is also urgently needed, and 
parallel studies in several species, including playful 
birds, would be most useful. 


The Origins and Evolution of Play 

The importance of play and its role in an animal’s life and 
development may, as we have seen, differ greatly, even at 
the simple level of its causal mechanisms and develop¬ 
mental consequences. Such differences can even occur in 
the same species. The mechanisms and consequences of 
play can be categorized into three groups, though of 
course, in reality, a continuum most likely exists. Thus, 
there is primary process play that is somewhat atavistic and 
due to boredom, low behavioral thresholds, immature 
behavior, excess metabolic energy, and other factors with 
no necessary long-term effects, good or ill. In contrast, 
secondary process play helps maintain the condition of the 
animal physiologically, behaviorally, and perceptually. For 
example, physical exercise may be necessary for main¬ 
taining cardiovascular functioning and body flexibility, 
and mental games may aid in slowing the effects of senile 
dementia. Finally, there is tertiary process play that may be 
crucial for reaching developmental milestones, cognitive 
accomplishments, social skills, and physical abilities. It is 
not currently known which examples of play in human or 
non-human animals fall under which rubric and at which 
times in life. Neither are the specific consequences known 
for different kinds of play, with the notable exception of 
social play in rats. Even in rats, each of the movements 
may contain primary, secondary, and tertiary elements. 
Do play fighting and competitive games foster war and 
aggression or a sense of fairness and the necessity of rule 
following? Such questions may not be easy to resolve, but 
the field needs to keep an open mind on them and help 
provide answers and not accept assertions that fit our 
respective ideologies. 
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Rather than search for the ‘true’ or ‘real’ meaning of 
play, as if it is a unitary phenomenon, the conceptual 
framework outlined above encourages examination of 
factors in both the environment and the organism that 
facilitate the performance of play. Some kinds of play are 
more individually or socially adaptive than others. Thus, 
we must not forget that hazing, bullying, animal cruelty, 
gambling, risk taking, compulsions, and addictions of 
many kinds can have their origins in play. Ironically, it 
was work on reptiles, which did not seem to play much if 
at all, that led to the ideas underlying Burghardt’s Surplus 
Resource Theory. Reptiles, lacking parental care, must 
largely survive on their own with little parental care 
providing them with nutrition, protection, and time to 
engage in behavior not directed toward immediate ends. 
Furthermore, reptiles have a physiology that is generally 
not conducive to the sustained vigorous behavior often 
seen in play. Reptiles also do not possess the rich behav¬ 
ioral repertoire of limb, body, facial, and other body parts 
of many mammals and usually operate on slower time 
scales, having a metabolic rate averaging only 10% that of 
the typical mammal. Still, as noted above, some reptiles do 
play, as do fish and other ‘lower’ animals. By examining 
those animals that do and do not play, and also looking at 
the great extent of play diversity in mammals and birds, 
one sees that several major groups of factors underlie the 
surplus resources that allow animals to play and to engage 
in behavior not totally needed for current survival 
demands. 

Some organismal factors that facilitate play are good 
health, a physiology conducive to vigorous and sustained 
activity, and a diet that can sustain such behavior. Devel¬ 
opmental factors, such as having parental care, allowing 
the animal to explore and play in relative safety, and 
sufficient time to do these, are also important, as well as 
possessing a rich repertoire of instinctive and motivational 
resources. Ecological factors, such as weather, potentially 
dangerous environments (trees, water, and predators), 


and foraging styles, along with social factors, such as the 
type and number of potential play partners and social 
openness/rigidity, affect play in other species and cer¬ 
tainly do so in people. Individual differences in play pro¬ 
pensity and skills are found in human and non-human 
alike. Such differences provide the raw variation needed 
for natural selection, including sexual selection, to operate 
its transformative magic. Evolutionary and ecological con¬ 
siderations thus help explain why some species play and 
other less so, or not at all, as well as variation within the 
same species in play. We are just entering into a time of 
exciting and innovative research on play in all its manifes¬ 
tations and complexities. 

See also: Cognitive Development in Chimpanzees; 
Domestic Dogs; Innovation in Animals. 
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Introduction 

Defined in an influential volume by Peter McGregor 
as ‘the technique of rebroadcasting natural or synthetic 
signals to animals and observing their response,’ play¬ 
back is to animal behavior what the polymerase chain 
reaction is to molecular biology. From neuroethology, to 
behavior genetics, to animal cognition, it is difficult to 
conceive of any area of animal behavior where playback 
experiments have not made a major contribution. Play¬ 
backs provide an analytical approach to studying how 
animals respond to stimuli, where an experimenter can 
quantitatively manipulate some signal components while 
holding others constant. 

Hunters and herders have long used artificial stimuli 
to manipulate animal behavior, and the mirrors, painted 
models, and chemical swabs used since the early days 
of ethology could well be considered playback stimuli. 
The term ‘playback,’ however, is generally applied to the 
electronic presentation of temporally patterned stimuli 
applied in an experimental setting. Hundreds of studies 
across numerous taxonomic categories have used playback 
of visual and acoustic cues, while a smaller number have 
presented electrical and vibrational stimuli. While visual, 
vibrational, and electrical playbacks are mainly used in 
laboratory settings to study perception, cognition, and com¬ 
munication, acoustic playbacks are frequently performed in 
the field, where they can be used to census individuals, lure 
them to capture, or quantify territory size. 


Acoustic Playback 

Playback of acoustic signals dates back to the end of the 
nineteenth century, when the newly invented gramo¬ 
phone was used for audio playback of conspecific signals 
to rhesus macaques; subjects would thrust their arms into 
the gramophone’s horn in search of the other monkey. 
By the mid-twentieth century, inexpensive and portable 
equipment for recording, analysis, and broadcast made 
sound playback broadly accessible to researchers. Sound 
playback is ubiquitous in studies of vocal communication 
in birds and anurans, and has also been widely used in fish, 
mammals, and insects. Most studies have focused on sig¬ 
naling in terrestrial environments, but there is a growing 
body of work on acoustic playback to aquatic animals. 


Stimulus Preparation 

The most straightforward type of stimulus in an acoustic 
playback is simply a recording of a natural vocalization. 
Numerous experiments have compared responses of 
subjects to conspecific versus heterospecific calls, local 
versus foreign song dialects, or vocalizations of familiar 
versus unfamiliar individuals. Playback of unmanipulated 
recordings can also be used to obtain demographic infor¬ 
mation, for example by transect counts of the number of 
males that respond to conspecific vocalizations. Playback 
of recorded sounds can also be used, in the absence of a 
receiver, to measure attenuation and degradation of sig¬ 
nals. This is typically done by recording sound at a series 
of standard distances from a speaker. The experimenter can 
compare how different vocalizations are affected within the 
same environment, or alternatively compare attenuation 
and degradation of the same signal across environments. 

Natural recordings are often edited before presenta¬ 
tion. Until the late twentieth century, natural sounds were 
recorded on magnetic tape, a variety of analog electronic 
devices used for filtering, and signal components repeated, 
excised, or rearranged via manipulations of audiotape. 
Contemporary editing is done on digitized sounds, using 
sound-editing software such as ProTools or Signal. At a 
minimum, editing involves application of band-pass fre¬ 
quency filters to minimize background noise and remove 
extraneous sounds. Different components of a signal can be 
‘cut and pasted,’ for example to increase or decrease the 
interpulse interval in a repeated call, or to evaluate the effect 
of song syntax (the structure of distinct vocal elements, or 
‘syllables’) on receiver response. Harmonic components of a 
signal can be removed, amplified, or attenuated, and signal 
components can be selectively accelerated or decelerated. 
These kinds of manipulations have proved invaluable in 
analyzing how receivers attend to signals. For example, 
in the tun gar a frog (see entry) Physalaemus pustulosus, males 
produce a two-component sexual advertisement call com¬ 
prising a tonal frequency sweep (a ‘whine’) and one or 
more broad-band, high-energy harmonic ‘chucks.’ By add¬ 
ing and removing whines and chucks, researchers were 
able to determine that the whine is both necessary and 
sufficient to elicit a female response; females respond 
positively to whines alone, but fail to attend to isolated 
chucks. However, adding chucks to a call and increasing 
chuck number both increased the attractiveness of this 
compound signal. 
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Synthetic stimuli, where acoustic signals are generated 
based on specified parameters, offer the most control and 
flexibility over stimulus design. Sound synthesis allows 
experimenters to independently decouple specific vari¬ 
ables and create hypothetical, mathematically specified 
stimuli that are nonexistent in nature. Although analog 
synthesizers are still widely used by musicians, sound 
synthesis in animal behavior is now performed digitally 
using a variety of software packages. There are two major 
classes of approaches to sound synthesis. Tonal synthesis 
represents sounds as sums of sinusoidal functions varying 
in frequency, amplitude, and phase. Sinusoidal functions 
can be convoluted with any number of mathematical 
functions to produce, for example, signals that ramp up 
in amplitude over time or vary in pulse repetition rate. 
The parameters in tonal synthesis are all based on the 
physical properties of the sound itself, and are indepen¬ 
dent of the signaler. 

By contrast, physically based synthesis, which is less 
widely used in animal communication studies, recon¬ 
structs sounds based on a model of the sound production 
system; for example, linguists make extensive use of mod¬ 
els of the human vocal production apparatus in generating 
speech sounds for playback studies. 

Synthesized sounds are widely used in neurophysiolog¬ 
ical studies, where they can be used to determine neural 
responses to specific acoustic parameters. ‘Morphing’ one 
signal into another permits investigation of categorical 
perception. For example, acoustic intergrades between the 
‘ba’ and ‘pa’ phonemes in human speech are always per¬ 
ceived by subjects as one or the other. A particularly pow¬ 
erful application of sound synthesis involves the ability to 
generate entirely novel stimuli. Several studies of tungara 
frogs, mentioned earlier, have assayed female mating pre¬ 
ferences for the inferred calls of ancestral taxa, which are 
synthesized using acoustic parameters inferred by phylo¬ 
genetic reconstruction. 

Stimulus Presentation 

The output device for audio playback is typically a com¬ 
mercially available loudspeaker, including underwater 
speakers for aquatic systems. The most important consid¬ 
eration is that the frequency-response curve of the 
speaker be relatively flat over the range of frequencies 
and sound pressure levels being played back. For stimuli 
outside the range of human hearing (like infrasonic or 
near-infrasonic calls in elephants), speakers have to be 
specially modified. Ultrasonic playback (e.g., to bats or 
mice) requires specially designed electrostatic speakers. 

Playback of acoustic signals is typically sequential, 
with stimulus order varied and interstimulus intervals 
designed so as to minimize order effects. Simultaneous- 
choice experiments, where calls are paired antiphonally 
on opposite sides of an arena, is particularly common in 


laboratory experiments on frogs and insects. Studies of 
acoustic localization or interference can have multiple 
sounds playing out of multiple audio channels into an 
array of speakers. 

Depending on the receiver, a variety of assays are used 
to measure receiver response. For examples, males typi¬ 
cally respond vocally to acoustic signals of other males, and 
these responses can often be quantified automatically with 
the appropriate software. In some species, receivers will 
exhibit specific postural changes in response to an acoustic 
signal (e.g., a ‘copulation solicitation display’ involving 
raising of the tail in female birds). More general response 
measures include phonotaxis (approach to a speaker), 
habituation/dishabituation approaches (particularly useful 
in psychophysical assays of just meaningful differences), 
and changes in locomotor activities (e.g., number of perch 
changes in birds). 


Electrical and Vibrational Playback 

Electrical signals are produced by specialized electric 
organs in gymnotiform and mormyriform fishes, and 
substrate-borne vibrational, or seismic, signals have been 
most extensively studied in hemipteran insects. Despite vast 
differences in signal production and transmission, these can 
be parsed into frequency, temporal, and amplitude spectra 
just as acoustic signals can. For electrical playback, recorded 
or synthetic signals are transmitted via an amplifier to 
paired electrodes, often at either end of a plastic pipe that 
serves as a shelter. Electrical signals emitted in response to 
stimuli can then be recorded by the experimenter. For 
vibrational signals, the amplifier is connected to an electro¬ 
magnet which vibrates the substrate, typically a plant, and 
vibrational responses are recorded with an accelerometer. 
Playback of white noise allows the experimenter to deter¬ 
mine the response function of the substrate, and accelerom¬ 
eter recordings of playback stimuli provide an assessment of 
signal fidelity. 


Playback of Visual Stimuli 

Presentation of moving images to research animals dates 
back to the 1960s. As with acoustic playback, rhesus 
macaques provided proof of concept of visual playback, 
in this case by attending preferentially to cine stimuli over 
stills or mirror images. Most studies of visual playback 
have focused on presenting subjects with moving images 
of other animals (conspecifics, closely related heterospe¬ 
cifics, predators, or prey) performing behaviors of interest 
to the experimenter. 
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Stimulus Preparation 

The ability to manipulate visual stimuli has gone hand in 
hand with advances in technology available to researchers; 
one early study, for example, evaluated the importance 
of temporal structure in Anolis displays by comparing the 
aggressive response of subjects to fdms played forwards 
and backwards. Analog video-editing techniques like 
chroma-keying (colloquially known as ‘green-screening,’ 
where a selected color range can be changed or overlain 
with another video stimulus) allowed experimenters to 
standardize background features and isolate specific beha¬ 
viors. Such approaches allowed of a range of tests on how 
visual cues in isolation elicit a particular behavioral 
response. For example, roosters produce ‘ground alarm 
calls’ in response to a video of a ground predator on an 
adjacent monitor, and ‘aerial alarm calls’ in response to a 
video of a looming hawk on an overhead monitor. 

The ability to digitize video represented an important 
methodological advance. Numerous studies in the 1990s 
applied frame-by-frame manipulation of video sequences. 
This is a tedious process in which a video sequence is 
digitized, individual frames are imported into an image¬ 
editing program, and each frame is individually altered. 
Numerous studies used this approach to independently 
decouple stimulus behavior and morphology. 

At 30 frames per second for the NTSC analog video 
standard used in most of the Western Hemisphere and 
25 frames per second for the PAL standard used in most 
other countries, this represents a time-intensive process 
even for brief sequences; and each procedure results in 
only a single-parameter manipulation in a single exem¬ 
plar. Frame-manipulated video is prone to producing 
a number of artifacts, including spatial discontinuities 
and aliasing effects (visual distortions caused by under¬ 
sampling) between a manipulated trait and background 
features. Moreover, it is difficult to manipulate two- 
dimensional projections of animals performing behaviors 
in three dimensions. Despite these concerns, frame manip¬ 
ulation can preserve much of the spatiotemporal complex¬ 
ity of an original video sequence while allowing broad 
flexibility in morphological manipulations. It is particularly 
appropriate for creating stimuli of short duration so that 
motion is confined to the plane of the screen. 

Most contemporary visual-playback studies use some 
form of synthetic computer animation: a familiar feature 
of popular films and television shows. Like synthetic 
acoustic, electrical, and vibrational signals, synthetic ani¬ 
mations are mathematical descriptions of a set of features 
chosen by the experimenter. Visual signals are fundamen¬ 
tally distinct, however, in that while these other signals 
involve energy generated by the signaler, visual signals 
typically involve the manipulation of incident light by 
the receiver, for example sunlight reflecting off feathers 
or skin. Further, visual perception depends critically on 


stimulus contrast with background elements. Synthetic 
acoustic and other generated signals are typically pre¬ 
sented in isolation, or occasionally coupled with masking 
noise or interfering cues. With synthetic animation, the 
experimenter needs to generate an entire visual scene, 
specifying the color, intensity, and spatiotemporal distri¬ 
bution of both the light regime and the visual background. 

Like sound synthesis, synthetic animations are 
parameter-based. This makes it possible to measure fea¬ 
tures of interest, like the relative size of morphological 
ornaments, on animals and their habitats (like the tempo¬ 
ral frequency distribution of moving background vegeta¬ 
tion) and then apply these to a synthetic model. This also 
allows the experimenter to generate morphologies and 
behaviors outside the range of natural variation; for exam¬ 
ple, chimeric individuals bearing traits of more than one 
species, or inferred ancestral states. 

A very large number of parameters is needed to specify 
even a simple visual scene; for example, the appearance 
of a single point on an animal’s skin depends on how the 
color, brightness, opacity, and shininess of the point inter¬ 
act with light as a function of intensity, wavelength, and 
incident angle, all of which in turn vary over space and time 
depending on the animal’s orientation, position, and pos¬ 
ture relative to light sources, other objects in the scene, and 
the receiver. Since it is unfeasible for experimenters to 
collect quantitative data on every parameter of a scene, 
some parameters are often fixed to arbitrary values, while 
others are based on individual exemplars. For example, 
body patterns are often based on digital photos of a single 
individual. Complex motor patterns, meanwhile, are often 
derived by superimposing a synthetic model over video 
footage of a live animal. This technique, called rotoscoping, 
dates back to early twentieth century cine animations. 

Stimulus Presentation 

Visual stimuli are generally presented on cathode-ray-tube 
(CRT) video or computer monitors. Flat-screen monitors, 
which provide a limited viewing angle, have proved to be 
less generally appropriate. Color fidelity, spatial and tem¬ 
poral resolution, and the lack of depth cues can pose 
problems in interpreting responses to video stimuli; these 
issues are discussed in more detail below. 

By contrast with acoustic playback experiments, where 
sounds are routinely broadcast to animals in the field, 
there is only one published study of video playback in 
the field, where a monitor placed in Anolis lizard terri¬ 
tories elicited stereotypical responses from males and 
females. Video playback in the field is problematic, since 
ambient light tends to make it difficult to detect images on 
a video monitor, and since detection of a video is contin¬ 
gent on being in the line of sight of the monitor. Robots (see 
entry) may be more appropriate for field playback studies. 
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In the laboratory, video stimuli are typically presented 
adjacent to an arena, cage, or aquarium that restricts the 
animal from moving behind the monitor, thus increasing 
the likelihood that visual stimuli are detected. As with audio 
playback, presentation may be sequential, with stimuli pre¬ 
sented in succession, or simultaneously, with stimuli usually 
presented on opposite sides of the arena. Response is 
assayed by the performance of specific behaviors directed 
at a particular stimulus; for example, Anolis lizards perform 
a characteristic ‘head-bob’ display in synchrony with a 
simulated intruder on video, while chickens produce 
a ‘ground alarm call’ when confronted with a video of a 
raccoon. Many video playback experiments, however, rely 
on simple proximity measures as an assay of preference. 
By itself, proximity does not provide information about 
the behavioral context in which an animal is responding, 
raising concerns that animals may be attending to artifacts 
in stimulus representation (see section Signal Fidelity). 

Multimodal Playbacks 

In almost all communication systems, receivers are likely 
to attend to multiple sensory modalities. Given the large 
number of playback studies in each individual modality, 
it is surprising that relatively few studies have used a 
multimodal approach. In both pigeons and tungara frogs, 
female receivers respond more strongly to a combination 
of visual and acoustic cues than to either cue alone. In the 
frogs, a combination of synthetic and edited-video stimuli 
was used to show that females attend specifically to the 
form and inflation pattern of the male vocal sac - a 
moving rectangle of the same size was no more effective 
than a blank screen at eliciting phonotaxis. A similar result 
is obtained by combining visual cues with substrate-borne 
vibration playback. For both wolf spiders and their preda¬ 
tors, a combination of video and vibrational cues is more 
likely to elicit a response than either cue alone. 

Interactive Playbacks 

In nature, communication is an interactive process. 
Signalers dynamically adjust signal output, signal type, 
and signal parameters, depending on changes in orienta¬ 
tion, position, and behavior in both intended receivers and 
eavesdroppers (e.g., predators or sexual rivals). Interactive 
playback attempts to mimic this property of senders: 
signal presentation is determined by receiver behavior. 
Typically, the experimenter specifies a set of rules (e.g., 
matching or escalating calls emitted by the subject in 
an aggressive display). Interactive playbacks are often 
manual, where the experimenter identifies a subject 
behavior and plays a signal in response. Since one of the 
benefits of playback is that subjects are presented with 


consistent, repeatable sets of stimuli, interactivity in play¬ 
back experiments may not always be desirable, particu¬ 
larly if experimenter subjectivity or error is an important 
factor. A potentially more rigorous approach is to have 
real-time signal-processing algorithms automatically 
determine the interaction. This approach has been used 
successfully with acoustic and electrical signals; more 
recently, real-time tracking of subject behavior has been 
used akin to a video-game controller, determining the 
behavior of an animated stimulus on screen. 

Potential Hazards of Playback Techniques 

Playbacks offer a degree of control and precision that is 
unavailable from observational studies or direct manipu¬ 
lation of live exemplars; by their very nature, therefore, 
they are prone to a number of potential pitfalls that may 
limit the external validity of experimental results. As noted 
in the preceding section, the appropriateness of interactiv¬ 
ity is a matter of some debate: a signal that is not contin¬ 
gent on subject behavior may elicit artifactual responses, 
while one that is interactive may make it more difficult 
to compare responses across trials. Two main issues have 
been the focus of attention: pseudoreplication, whereby 
playbacks fail to adequately sample natural signal varia¬ 
tion, and signal fidelity, whereby playbacks fail to repre¬ 
sent signals appropriately. 

Pseudoreplication 

With regard to playback experiments, pseudoreplication 
was defined by McGregor and colleagues as ‘the use of 
an n (sample size) in a statistical test that is not appropriate 
to the hypothesis being tested.’ Many early acoustic play¬ 
back experiments would use, for example, a single recorded 
exemplar per species when studying conspecific recogni¬ 
tion in a territorial context. Without adequately sampling 
responses to multiple exemplars, it is impossible to discern 
whether differences in response are due to differences in 
stimulus classes or due to idiosyncratic differences among 
individuals. This problem can be addressed by using mul¬ 
tiple natural exemplars and performing appropriate statis¬ 
tical analyses. Synthetic stimuli, which are generated from 
specified parameters, offer the opportunity to eliminate 
this idiosyncratic variation. Parameters can be modeled 
on data sampled from multiple natural signals. Even syn¬ 
thetic stimuli, however, leave open the possibility that 
responses depend on interactions between a manipulated 
parameter and a parameter that is arbitrarily fixed. For 
example, the attractiveness of a repeated acoustic mating 
signal might depend on an interaction between pulse 
rate and dominant frequency. Merely holding dominant 
frequency constant and varying pulse rate would provide 
an incomplete picture of how sexual selection acts on the 




Playbacks in Behavioral Experiments 749 


signal. This problem is particularly difficult with video 
animations, where the number of possible parameters is 
very large; in practice, many animations use sample data for 
a tiny fraction of model parameters (typically morphologi¬ 
cal traits), and behavior and texture are modeled after 
single exemplars. 

Signal Fidelity 

Signal fidelity has garnered particular attention for visual 
playback studies, but is nevertheless an important concern 
in other modalities. This is particularly the case for sound 
in aquatic systems, where signals in small aquaria are dis¬ 
torted by reverberation and resonance. In the field, the 
directionality of sound and the transmission of sound 
through acoustic microenvironments may also alter acous¬ 
tic signals in artifactual ways. 

Video playback involves representing a three- 
dimensional signal on a two-dimensional surface, break¬ 
ing a continuous visual stimulus into discrete, pixilated 
still frames at temporal intervals on the order of 33 ms, 
and collapsing spectral radiance and irradiance functions 
into red, green, and blue outputs on a monitor. In the 
absence of real depth cues, a large object far away sub¬ 
tends the same visual angle as a small object close up. 
Occlusion cues (static objects at varying apparent dis¬ 
tances from the foreground) can provide depth informa¬ 
tion in a two-dimensional image. 

The standard refresh rate of most video monitors 
(25-30 Hz) is just above the flicker-fusion threshold for 
humans. Many animals, particularly birds, have higher 
flicker-fusion frequencies. Depending on monitor type 
and the species being tested, subjects may perceive a 
series of static ‘slides’ as opposed to a continuous image. 
Newer computer monitors can refresh over 120 Hz, which 
is suitable for most species. 

Color fidelity is perhaps the most intractable problem 
with video outputs for playback to non-human animals. 
The red, green, and blue phosphors or pixels of television 
or computer monitors are tuned to match the sensitivity 
of human red, green, and blue cone photoreceptors. 
By differentially stimulating each photoreceptor class, a 
video image is able to represent a wide range of illusory 
colors, or metamers. The correct perception of these 
metamers, however, is contingent on matching the three 
output classes to the sensitivity of receivers. Spectral 
tuning varies widely among and even within species. 
Researchers have developed a methodology for adjusting 
monitor color output to match sensitivity of known pho¬ 
toreceptor classes in a study species; problems arise, how¬ 
ever, when testing animals with more than three color 


receptors. Colors can, however, be simulated by carefully 
selected color fdters over the output screen. A harder 
problem is posed by the many highly visual animals, 
including many birds, fishes, and arthropods, that perceive 
color into the ultraviolet. Since video monitors do not 
emit directed ultraviolet light, current technology lacks a 
way to represent UV signal components in an experimen¬ 
tal setting. 

Despite these caveats, playback across modalities has 
been an indispensable tool for understanding communica¬ 
tion systems. Numerous studies have quantitatively com¬ 
pared responses with playback and live stimuli; when 
transmission among live animals is prevented in modalities 
other than the one being played back, playback stimuli are 
typically as effective as live animals in eliciting responses. 
Moreover, there are few, if any, studies where predictions 
made by playback experiments have been directly refuted 
by observational work or by complementary physiological 
or molecular measures. 


Conclusion 

Playback techniques have grown hand in hand with 
available technology. Acoustic, electrical, and vibrational 
playback collectively represent a mature technique for 
experimentally manipulating emitted signals. Visual sig¬ 
nals are both more complex and more contingent on the 
environment in which they are produced and perceived, 
but ongoing advances in image acquisition, analysis, and 
presentation continue to expand the scope of questions 
that can be addressed using video playback. 

See also: Acoustic Signals; Electrical Signals; Experi¬ 
mental Design: Basic Concepts; Olfactory Signals; 
Robotics in the Study of Animal Behavior; Vibrational 
Communication; Visual Signals. 
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Introduction 

Poultry behavior is a useful tool in the assessment of the 
welfare of poultry. Historically, evaluation of production 
parameters has been an effective way to assess poultry 
welfare. In general, a healthy bird will produce better than 
one that is sick or stressed. Although historic poultry 
behavioral research has helped us develop management 
practices to maximize production, we cannot adequately 
assess welfare using production parameters alone. Evalu¬ 
ation of production parameters alone is reactive rather 
than proactive, mostly considers lost production rather 
than potential production, and does not take into consid¬ 
eration the birds’ needs based upon the natural state. 
Therefore, an understanding of poultry behavior and its 
continued application should be an integral part of the 
assessment of the welfare of poultry. The use of behavior 
in the assessment of poultry welfare is advantageous 
because it serves as an early indicator of problems, can be 
performed without specialized equipment, is instantaneous 
and may lead to increased unrealized production. The 
assessment of the welfare of poultry occurs at the conflu¬ 
ence of various disciplines such as ethology, ethics, genet¬ 
ics, poultry science, and veterinary medicine. The proper 
assessment of poultry behavior and welfare requires an 
interdisciplinary and integrative approach. Behavioral 
assessments are beneficial during routine flock evaluations 
or when conducting poultry welfare audits. 

This article is designed to be an introduction to prac¬ 
tical items in the use of behavior in the assessment of the 
welfare of poultry and to serve as a guiding tool in the 
pursuit of further knowledge and experience. The article 
is written from the veterinary perspective based on a 
review of existing poultry behavior literature and our 
experience with poultry medicine, diagnostics, and com¬ 
mercial poultry production. Discussion will be centered 
mainly on chickens as they are the most abundant and the 
most studied poultry species. 

Uses of Behavior to Assess the Welfare 
of Poultry 

Poultry behavior is a good indicator of welfare and the 
performance of some behaviors is important to the wel¬ 
fare of poultry. Poultry behaviors include social behaviors, 
such as breeding behaviors, competitive behaviors and 


aggression to determine social order; individual behaviors 
such as broodiness, roosting, pecking, foraging, ground 
scratching, preening, dust bathing, head shaking, head 
scratching, feather ruffling, beak wiping, wing-leg stretch¬ 
ing and wing flapping; and fear, distress, or frustration 
responses, such as flightiness, displacement preening or 
pecking, pacing, and aggression. The presence, absence, 
frequency, and intensity of a behavior are the parameters 
of its objective assessment. 

To define and organize this section, we found it useful 
to employ four central components of animal welfare: 
health, natural living, mental states, and biological func¬ 
tion. A discussion on the practical aspects of the use of 
behavior to assess poultry welfare follows. These compo¬ 
nents will overlap in flock assessment. 

Health 

An understanding of poultry behavior is an integral part 
in the assessment of their health status. Assessment of the 
vocalizations of an undisturbed flock to determine health 
status should be done before and after establishing visual 
contact. While active, healthy birds make certain vocali¬ 
zations. Over time, one develops an ear for the sounds of 
an undisturbed healthy flock. A serious deviation from 
normal during daylight hours would be relative silence, or 
excessive vocalization. Infectious Coryza is a highly con¬ 
tagious chicken disease that is known to cause a virtual 
silence in an infected flock. Young turkeys with severe 
enteritis vocalize incessantly with high-pitched calls. One 
could quite commonly hear coughing and sneezing in a 
flock with severe respiratory disease. However, mild 
respiratory signs within a flock, such as with a vaccine 
reaction, may not be heard easily if drowned out by other 
vocalizations. As an example of practical use of poultry 
behavior to facilitate the assessment of flock health, one 
can utilize normal fear responses. Flocks become momen¬ 
tarily silent in response to a brief high-pitched whistle or 
loud hand clapping. Before vocalization resumes, one can 
hear birds with mild respiratory disease that cannot stop 
making abnormal respiratory sounds. This enables the 
evaluator to hear low-volume respiratory sounds. 

On visual assessment, the first observations relate to 
appearance, posture, and locomotion. While active, 
healthy poultry stand holding their head relatively high, 
wings folded close to their body, and legs extended 
directly under their body (Figure 1). Preening, the act 
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Figure 1 Normal bird posture. Standing with head relatively 
high, wings folded close to body, and legs extended directly 
under their body. 

of smoothing or cleaning the feathers with the beak, is 
common. Sick poultry tend to be in a crouched position 
with head drawn close to the body, eyes closed, the feath¬ 
ers ruffled and often soiled (Figure 2). Severely diseased 
and depressed birds may be unresponsive to external 
stimuli. Healthy flocks are responsive to stimuli as part 
of their fear responses, such as reacting to a foreign 
presence, noises, bright lights, and sudden movements. 
As one approaches a healthy flock, birds may walk, run, 
or fly away. Normal avoidance responses can be used to 
assess flock health status. When walking among a healthy 
poultry flock in floor-type housing, the birds will typi¬ 
cally move away clearing a path in front but they also tend 
to fill the void left behind relatively quickly (Figure 3). 

Poultry express varying degrees of fear responses 
depending on the species, breed, environment, housing 
type, previous exposure to stimuli, and health status. 
Certain species and breeds, such as domestic turkeys 
and floor-raised brown egg layers are relatively docile 
and will approach people after a brief period of avoidance. 
Decreased avoidance, failure to fill the void left behind on 
one’s path, or a failure to approach could be an indication 
that the birds are reluctant to move and could possibly be 
severely ill. However, white leghorn chickens and some 
meat chicken lines tend to be more flighty, and sudden 
movements, a flash of light or a loud noise could cause a 
commotion whether the birds are in cages or on the floor. 
In floor-raised birds, flightiness may also help assess man¬ 
agement, as excessive flying and running beyond what is 



Figure 2 Sick turkey. Note crouched posture with head drawn 
close to the body, eyes closed, feathers ruffled and soiled. 



Figure 3 Birds are clearing a path while people are walking 
through a house. If the path does not fill in a short period of time, 
birds may be ill or reluctant to walk. 


anticipated for the breed could indicate that the birds are 
less familiar with human presence and may not be eval¬ 
uated frequently (Figure 4). Excessive flightiness may 
also predispose birds to trauma. 

Specific systemic, musculoskeletal, or nervous system 
diseases may also alter normal stance and locomotion. For 
example, birds with spinal lesions may sit back on their 
hocks and move backward for avoidance rather than for¬ 
ward. These birds may range from bright, alert, and 
responsive to severely depressed, based upon the severity 
of the lesion and ability to access feed and water. Also, one 
could observe a decrease in male strutting and mating 
behaviors in a breeding flock with a high incidence of 
lameness due to conditions such as bumblefoot. 

The degree of preening and cleanliness is relative to 
the environment. Commercial poultry usually have white 
feathers, making cleanliness easy to assess. Poultry housed 
in a dirty environment may not be able to stay clean and 
may be at greater risk of disease because of the opportu¬ 
nity for pathogens to multiply in dirty environments. 
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Figure 4 Excessive flightiness can predispose birds to trauma 
and may be an indication that birds are not being inspected 
frequently. 


Deviation from normal could be related to disease. Birds 
with an upper respiratory infection, including conjuncti¬ 
vitis, produce excess mucus (Figure 5). Normal behaviors 
such as beak wiping on the shoulders and head scratching 
are used to keep their eyelids and nostrils clean. Over time 
dust and feed particles will cling to the excess mucus and 
feathers may become matted with dry, crusting exudate. 
Therefore, a brownish collar appearance along the 
shoulders may be the first observation on a flock with an 
upper respiratory infection or facial lesions (Figure 6). 
Similar observations could be made in chickens with 
corneal ulcers and reactive conjunctivitis due to excessive 
ammonia levels. 

Pecking trauma could result in fresh or dried blood on 
the feathers, feather loss, abrasions, and lacerations. The 
location of the skin trauma could be indicative of the cause. 
Head and facial trauma in roosters are usually associated 
with fighting or male aggression. Poultry will often peck at 
other birds that look or act differently. An example of this 
behavior is neck and tail trauma in growing turkeys. 
Feather loss and trauma to the nape and back of hens is 
associated with excessive male mating behavior. This type 
of trauma may be severe and lead to increased hen mortal¬ 
ity. Excessive breeding of hens may be due to male aggres¬ 
sion or if the hen has neurological or musculoskeletal signs 
that resemble a breeding receptive posture or lordosis. 
Trauma to the toes may be associated with toe pecking in 
young poultry. Vent pecking in laying or breeder hens may 
occur for several reasons. After a bird lays an egg, they can 
prolapse part of the cloaca. This can be accenmated by 
obesity or underlying disease. Although the cloaca will 
invert back within the bird, other birds may become 
attracted to it and peck at it. This behavior may become 
habitual and spread within the flock and lead to cannibal¬ 
ism. In large flocks, excessive vent pecking could be first 
spotted by the observation of blood on the eggshells. 



Figure 5 Increased mucus production. Observe clear mucus 
from the nostrils. 



Figure 6 Birds with upper respiratory infections may wipe their 
beaks on their shoulders, which will give the birds a brown collar 
appearance overtime. Notice brown discoloration of the feathers at 
the shoulders and base of the neck of the turkey in the center. 

Natural Living 

In order to appropriately understand certain behaviors, 
people often look at the behavior of ancestral poultry. For 
example, the need for dust bathing is often researched 
using jungle fowl, which are considered an ancestral 
chicken lineage. However, domestication over thousands 
of years and selective breeding over the last several dec¬ 
ades make this comparison difficult. Now there is great 
variability in the presence or absence of certain natural 
behaviors. The domesticated birds’ natural behavior dif¬ 
fers depending on breed, genetic selection, and use. For 
instance, layer chickens have been selected for increasing 
egg production. If layer chickens start exhibiting broodi¬ 
ness, they will stop laying eggs. This is contrary to the goal 
of egg production. Therefore, genetic selection has, in 
part, generated lines that are less likely to become broody. 
Genetic selection of certain traits like egg production and 
decreased broodiness may be genetically linked to less 
desirable traits such as increased aggressive behaviors. 
Aggressive behaviors would be more similar to that of 
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the ancestral jungle fowl in contrast to meat-type birds or 
broilers, where the genetic selection for egg production 
and decreased broodiness is not as strong. Because the 
selection parameters that are chosen for our domestic 
poultry breeds can be complex, it is critical for us to 
understand to the best of our ability the specific innate 
behaviors in the natural state of living for our poultry 
species and breeds. Behavioral insight can greatly improve 
poultry welfare by rapidly identifying problems when 
there are deviations from natural behavior. Future pro¬ 
blems can be minimized by troubleshooting management 
conditions that may limit natural behavior, thus leading 
to future husbandry improvements for the health and 
welfare of the birds and to improved productivity. 

Common poultry species such as chickens, turkeys, 
ducks, and geese are innately social animals. The natural 
social structure within a population of poultry leads to 
competition for resources, breeding behaviors, parental 
care, aggression and submission behaviors, pecking orders 
or hierarchical ranking, and synchronized behaviors. 
Poultry have a natural predilection for competition 
whether it is for mating, feed, nest areas, or preferred 
locations. Competitive exchanges are worked out through 
aggressive and submissive behaviors that occur naturally 
within a flock. Aggressive behaviors are more prominent 
in males and include posturing, pecking, and scratching. 
Posturing in male turkeys may start as early as 1 week of 
age and include fluffing and holding wings down to 
appear larger (Figure 7). Submissive birds attempt to 
hide behind other birds, in corners, under feed lines, 
roosts, or nest boxes. 

Not all social pecking comes from aggressive responses 
from higher ranking birds. Typically pecks to the head 
and neck area are more aggression related. However, 
pecking at the vent or other areas can be for reasons 
other than aggression. For instance, vent pecking may be 
associated with birds pecking at a partially prolapsed vent 



Figure 7 Posturing in male turkeys including fluffing of feathers 
and dropping wings down toward toes may start as early as 
1 week of age. 


after egg laying because it looks different, with redirected 
feeding behavior, or with nutritional deficiencies. Hierar¬ 
chical status is not always linear as one bird may be 
dominant over the second but not necessarily over the 
third even if the second bird is dominant over the third. 
These pecking orders may become stable in smaller 
flocks; however, with larger flocks such as in commercial 
setting, these rankings will likely be constantly in flux. 
This may predispose flocks to more aggressive interac¬ 
tions as the hierarchical rankings change. Adequate access 
to resources such as feed and water can help minimize 
aggressive behavior. 

Natural breeding behaviors are also part of the social 
structure of poultry species as well as individual behaviors 
such as broodiness. Female birds receptive to breeding will 
go into squatting position with the wings slighting out from 
the body and will not move. This is called lordosis. Hens, 
especially as they start becoming reproductively active, will 
be less discriminating of potential mates and may even go 
into lordosis when approached by human workers. As males 
become reproductively active, they have greater aggression 
and competition behaviors. Sometimes these aggressive 
behaviors can be directed at females if they are not repro¬ 
ductively active yet. In a comingled breeding operation, 
timing of reproductive activity between the males and 
females is critical. The timing of initiating reproductive 
activities is modified by lighting and feeding programs 
and is beyond the scope of this document. 

The concentration of males to females within a 
comingled population also can decrease aggression while 
increasing fertility. In commercial chickens between 1-8 
and 1-12 male to female ratio is desired with 1-10 optimal. 
Too few males may lead to some female birds within a 
population to start exhibiting hormonal changes to take on 
male characteristics such as crowing and aggression. 
Females with ovarian tumors may also develop male char¬ 
acteristics. In commercial broiler breeder houses, where 
breeder birds are typically comingled, management prac¬ 
tices have moved toward an environment that allows some 
separation of breeding, nesting, male and female areas. This 
is designed to decrease aggressive behavior and maximize 
egg production and use of nest boxes. A floor area of litter 
is usually where breeding takes place, as the males have 
better coordination for breeding on the ground. Male fee¬ 
ders that are elevated to good height for the male birds are 
placed in the floor area and females are usually excluded by 
competition. Nest boxes and female feeders are usually 
placed on elevated slats. This provides the hens an area 
away from breeding males. Female feeders are constructed 
so that the males cannot access the feed well because of 
their larger heads. The slat area also provides subordinate 
birds a place to hide from aggressive birds. 

Egg production for either food consumption or breed¬ 
ing purposes relies on continual egg laying. As such, 
genetic selection for increased egg production and 
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decreased broodiness has been established as part of our 
poultry’s domestication. Broodiness is the natural behav¬ 
ior in which birds stop laying and sit on eggs to incubate 
them. Often hens become more defensive of the nest when 
broody. In addition to genetic selection, there are envi¬ 
ronmental ways to reduce the chances of broodiness nat¬ 
urally. One is to make sure that you have even lighting, as 
areas that are perpetually dark may predispose birds to 
broodiness. Another is frequent collection or removal of 
eggs from the nest boxes or cages, as birds are more likely 
to become broody if they have a clutch of eggs on which to 
sit (Figure 8). Most commercial systems have automated 
egg removal from nest boxes and cages. Domestication 
and genetic selection of layer chickens has greatly mini¬ 
mized the natural broody behaviors, so much so that it is 
sometime difficult to get the birds to lay eggs in nest boxes 
in cage-free environments. 

Even in chicken genetic lines without as much commer¬ 
cial selective pressure, there is great variability in broody 
and parental behavior. For instance, Leghorn strains histor¬ 
ically are difficult to get to sit on their eggs and have 
maternal instincts toward hatched chicks whereas Silkies 
are often used to incubate and hatch other birds’ eggs in 
mixed poultry environments because of their naturally 
broody and maternal tendencies. 

Other behaviors exist in poultry, including roosting, 
pecking, foraging, ground scratching, preening, dust bath¬ 
ing, head shaking, head scratching, feather ruffling, beak 
wiping, wing-leg stretching, and wing flapping. These 
behaviors may be learned or innate and seen in indivi¬ 
duals within a flock. The assessment of poultry welfare 
based on these behaviors is difficult because there may 
not be a discernable benefit or detriment associated with 
having a management system that does not support 
expression of these behaviors. 



Figure 8 Hen becoming broody after being allowed to sit on 
eggs that were not collected. 


Mental States 

The evaluation of animal welfare requires the assessment 
of animals’ mental states. Certain poultry behaviors have a 
strong motivation and poultry welfare may be negatively 
affected if the birds are not allowed to express these 
behaviors. Frustration, fear, and pain are well-documented 
negative mental states of poultry. Responses to frustration 
include increased aggression, displacement preening, and 
stereotyped pacing. Hens in battery cages, particularly 
light hybrid strains, show frustration due to the inability 
to perform nesting behavior. Frustration is demonstrated 
by stereotyped pacing and increased aggression during 
the hour before they lay an egg. 

Increased aggression is observed when poultry have to 
compete for limited feeding space or when attempts to eat 
are frustrated. For example, broiler breeders are placed on 
feed restriction programs to prevent obesity, reproductive 
disorders, and other health problems. Feeding smaller 
amounts of feed everyday increases the competition for 
the feed, so that the dominant birds eat the majority of the 
feed leaving little or no feed for the more subordinate 
birds in the population. Therefore, skip-a-day and similar 
feeding programs have been put in place to accommodate 
this aggressive behavior so that there is more food on less 
days allowing the dominant birds to eat their fill and still 
have plenty of food available for the more submissive 
birds. Still, increased aggression among cockerels is 
observed on mornings when feed is absent. Frenzied 
behavior may also be seen on feed days in a restriction 
program and may cause piling of birds and trauma; how¬ 
ever, this behavior may be modified by applying our 
understanding of the bird’s mental state and responding 
to it. Signal light programs have been successfully used to 
decrease aggressive and frenzied behavior at the time of 
feeding especially if started when birds are first exposed 
to a restriction program. Signal light programs are imple¬ 
mented by turning on a single dim or tinted signal light 
10-15 min prior to running the feed line. After the feed 
line is full, the house lights would be turned on. Birds 
become trained to line up at the feed lines prior to food 
being available without the frenzied activity. Signal light 
programs are best implemented as soon as the feed 
restriction program starts and should be performed at 
the same time every feeding day. 

Postural changes such as crouching with eyes closed 
and vocalizations such as those turkeys with enteritis 
make (both described previously) may be signs of chronic 
and acute pain respectively. Regarding fear responses, 
alertness and avoidance are normal responses and signs 
of good welfare. These birds are prey species by nature, 
and fear and aversion may prevent a bird from entering a 
situation that could cause pain and distress. Extreme 
nervousness and hysteria are indications of poor welfare. 
Extreme nervousness and hysteria may be associated with 
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high population densities in floor-type housing and large 
group cages, genetic predisposition or exposure to noise, 
sudden movement, or unfamiliar situations. Multiple risk 
factors such as dense floor-raised white leghorn chickens 
exposed to new people moving rapidly increase the 
chances of hysteria within a flock. Signs of hysteria 
include wild flying, vocalizing, and attempts to hide. 
Hysteria may result in skin trauma from scratches, spon¬ 
taneous fractures, decreased feed consumption, decreased 
egg production, and reproductive disorders such as inter¬ 
nal laying and peritonitis secondary to abdominal trauma. 

Biological Function 

Some poultry behaviors are innate and related to the 
general metabolism of the bird (e.g., regulation of body 
temperature). Management systems should be in place to 
optimize environmental temperature so that the birds do 
not have to exert excessive energy toward maintaining 
optimal body temperature. However, because the flock is 
made up of many individuals and each individual within 
the flock may have a slightly different comfort zone for 
temperature, management systems often work as a best 
guess for optimal house temperature. Also, the bird’s 
ability to maintain body temperature may be altered by 
stressors such as accessibility of feed and water, competi¬ 
tion and aggression within a flock, exposure to humid or 
wet conditions, drafty or arid conditions, excessive dust, 
exposure to pathogens, and disease status. Therefore, 
textbook guidelines for housing temperatures should 
only be used as guidelines, and great attention should be 
paid to the birds’ behavior to help determine the best 
temperature and management conditions for the flock as 
a whole. Special consideration should be given to chickens 
during their first 2 weeks of age as they have difficulty in 
regulating body temperature until they are older. Feeders 
and waterers should be evenly distributed over a gradient 


of temperatures for birds this age so that birds that are too 
warm have access to feed and water equivalent to that of 
birds that are too cold. A flock of birds that are comfort¬ 
able should be evenly spread over the space provided for 
them (Figure 9). 

Birds exhibit several behavior changes when they 
become overheated. Primarily, when birds are too hot, 
they will try to avoid the source of the heat unless they 
are debilitated in some way. Areas under brooder pans or 
near the heat source will be vacant except for potentially 
a few birds (Figure 10). Birds can end up in the corners 
of pens or houses and may pile, which could lead to 
suffocation and lack of access to food and water. Birds 
will open mouth breathe to cool themselves and may also 
hold their wings away from their bodies or down near 
their feet. Birds that are too hot will also eat less feed 
and may consume excessive amounts of water leading to 
watery droppings or flushing. 

Poultry can also respond behaviorally to conditions that 
are too cold. Birds will likely huddle together or near a heat 
source if provided. Birds avoiding drafty conditions may 
huddle in corners of the house or pen. Cold birds will fluff 
up, which is a behavior that traps air between the body and 
the feathers. The trapped air will then be warmed by the 
body of the bird acting as a cushion between the bird and 
the cold conditions. If conditions are too cold, birds may be 
reluctant to seek out feeders and waterers. 

Unique Problems in Assessing Welfare 
via Behavior 

A unique problem in assessing poultry welfare via behav¬ 
ior is its inherent complexity. Poultry behavior is affected 
by variables such as species, breed, sex, age, hormone 
levels, neurobiology, health status, environment, and 
management practices. Therefore, the assessment of 
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Figure 9 Diagram of how birds respond to environmental temperature. Red circle in the middle of each ring represents the heat source. 
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Figure 10 Birds are too hot near the brooder pans. Note how 
no birds are present directly under the hovering pans. 


poultry welfare via behavior requires a broad knowledge 
base or interdisciplinary approach. The outcome of any 
assessment depends on the knowledge and experience of 
the observer and many observers may not be well versed 
in ethology, poultry science, and poultry medicine. An 
important consideration is that behavior occurs at the 
individual and flock levels. It is easier to assess individual 
behavior in small flocks up to 100. In larger flocks, indi¬ 
vidual behaviors may be overlooked. Another unique 
problem is the assessment of the mental state of poultry. 
A central question in the assessment of poultry welfare is 
whether a bird is in distress when it is prevented from 
performing a normal behavior. The answer requires an 
understanding of the causation and function of the behav¬ 
ior plus a determination of the strength of the bird’s 
motivation to perform the behavior. The complexity of 
this task may require a well designed and analyzed behav¬ 
ioral study, which would be beyond the scope of a site visit 
or animal welfare audit. 

Animal welfare is also complex. The challenge of 
assessing poultry welfare via behavior is that poultry 
welfare cannot be assessed by behavior alone. There 
may be times when restriction of a natural behavior is 
imposed to improve an animal’s welfare in another way. 
Poultry confinement may limit some natural behaviors 
but improves the welfare of birds by providing a con¬ 
trolled environment, limiting the exposure to the ele¬ 
ments, predation and potentially devastating diseases 
such as Avian Influenza. Battery cage housing systems 
keep the hens from nesting and dust bathing but provide 
the hens a controlled environment, ready access to feed and 
water, decreased external and intestinal parasitism and 
decreased traumatic pecking and subsequent cannibalism. 
Egg laying hens in free-range and aviary (cage-free) 
systems have the opportunity to express most behaviors 
but have higher mortality rates from bacterial diseases, 
parasitism, trauma, and cannibalism. Most commercial 


poultry strains are highly productive and bred for specific 
purposes such as egg production or meat production. 
These birds are bred to perform under exacting housing, 
nutrition, and preventive medicine requirements. Some 
breeding programs select robust characteristics in lieu of 
maximizing productivity to develop birds that are better 
able to adapt to rustic, antibiotic-free, or free-range man¬ 
agement conditions. 

Areas Where More Research Is Needed 

Although behavior in poultry has been studied for years, 
there are numerous opportunities for future research. 
Development of research models that more objectively 
assess pain and distress is crucial for poultry behavior 
research. Very little work has been done on determining 
the positive mental states of birds and the welfare value of 
retaining individual behaviors such as dust bathing and 
perching. Pecking conditions that were mentioned in this 
text may be due to boredom in intensive commercial 
environments and should be evaluated. Advances in 
these areas could lead not only to better welfare, but 
decrease health problems associated with aggressive and 
displacement behaviors and overall lead to better produc¬ 
tivity of the birds. 

See also: Group Living; Molt in Birds and Mammals: 
Hormones and Behavior; Stress, Health and Social 
Behavior; Trade-Offs in Anti-Predator Behavior. 
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The Relationship of Mechanistic Science 
and Higher-Order Systems 

This discussion focuses on the antecedent causes of anti¬ 
predator behavior from a mechanistic perspective. The 
antipredator behavior of different organisms will also be 
described from the perspective of different levels of orga¬ 
nization and time scales of change. As typically used in 
biology and psychology, the term mechanism characterizes 
a world-view perspective that maintains that reality is 
best represented as stable and fixed. Any change in this 
stability results from antecedent causes that are specifi¬ 
able. This perspective has its origins in the atomist tradi¬ 
tion in pre-Socratic Greek philosophy and later refined 
into the tradition of formal hypothesis testing in the early 
seventeenth century by Francis Bacon. During the late 
nineteenth century, British and American empiricists, like 
Thomas Chamberlin, promoted the testing of multiple 
hypotheses using eliminative induction to identify ante¬ 
cedent causes and consequences of discontinuity. In short, 
the empiricist-positivist-inductivist perspective of mod¬ 
ern analytic philosophers attempts to explain change in 
the stability and continuity of the object of inquiry by 
antecedent causal sequences that can be decomposed into 
simpler elements at lower levels of organization. When 
trait stability over evolutionary time is considered as 
primary and change requires explanation, it must be 
noted that the ubiquitous, mechanistic term ‘selection 
pressure’ does not characterize the differential filtering 
process of natural selection that shapes evolutionary 
change. The less common expression ‘sources of natural 
selection’ will be used instead to describe the historical 
circumstances in which prey species failed to detect and 
recognize predators as threats as well as failed to engage 
in appropriate antipredator behavior. With the decline or 
absence of these sources of selection, the ability to recog¬ 
nize predators remains intact in some species for long 
periods, leading to the enquiry of the mechanisms of 
trait stability or slow reorganization. 

As an extension of mechanistic science, control-systems 
theory incorporates higher levels of organization with mul¬ 
tiple goal-directed reference signals and error-correcting 
feedback loops that regulate behavior over time. Never¬ 
theless, while causal relationships are easiest to describe at 
the lowest level of organization with one-way causation, 
higher levels of organization involve the complex integra¬ 
tion of regulatory elements with two-way causation that 
are more difficult to describe as having antecedent causes. 


The highest levels of organization in a system can be 
difficult or impossible to characterize in this manner, 
especially if a large number of higher-order relationships 
exhibit emergent properties that preclude decomposition 
into simpler elements. As a result, empirical research in 
antipredator behavior consists typically of assessing causal 
relationships of perception and action at lower levels of 
organization. 

One interesting facet of control-systems theory rele¬ 
vant to assessing proximate time scales of change in anti¬ 
predator behavior is that simpler elements at low levels of 
organization react much more quickly to causal sequences 
than elements at higher levels of organization that incor¬ 
porate much more generality in various inputs. As will be 
discussed, prey can engage in periodic or sustained vigilant 
behavior while foraging with the goal of evaluating their 
state of vulnerability based on various microhabitat quali¬ 
ties that include nearness to refuge and the ability to detect 
predators. Such tonic ‘nonconsumptive effects’ such as 
prolonged wariness when predators are first detected and 
then disappear from view operate at the highest level of 
the organism-environment relationship or cognitive level. 
xAlthough predators are more likely to be detected by prey 
with tonic states of vigilance, this redirection of attention 
has energetic costs that impact prey health, growth, and 
fecundity, especially when vigilance is directed at detecting 
predators that use sit-and-wait ambush tactics. Experimen¬ 
tal manipulations of this phenomenon in natural settings 
typically require the presentation of predator models to 
engender antipredator behavior. 

Affordances 

James J. Gibson developed the ecologically relevant per¬ 
ceptual theory positing that perceivers extract informa¬ 
tion from their environment as fluid ‘space-time events’ 
that do not require partitioning into a succession of 
immediate time steps that are reconstructed by the per- 
ceiver into a single event. Perception is thus an ongoing 
activity that involves the detection by the perceiver of 
the invariant features of the environment that can include 
an invariant pattern over time. The ecological perception 
approach asks how an animal knows what to do in complex 
settings with enormous amounts of information and what 
information needs to be ignored. This view readily acknowl¬ 
edges that natural selection can shape the active properties 
and selectivity of information gathering, especially habitat 
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features that are useful. Such selectivity permits the rec¬ 
ognition of predators, including how they might consti¬ 
tute a particular kind of threat and how the physical 
properties of the environment might be used differently 
to evade predation. In some contexts, antipredator behav¬ 
ior includes assessment of the temporal properties of pre¬ 
dators and, for knowledge that a predator is nearby but 
out of view, expectations of the likelihood of it remaining 
in the area. 

Animals with well-developed senses are active percei- 
vers of structural invariants that include environmental 
features that engender particular kinds of action. Any 
information perceived, however, must be considered in 
the context of what it offers or affords the perceiver. From 
the perspective of perceivers with excellent climbing 
ability, a large steep boulder and tall tree share the same 
affordance of an elevated perch for evading terrestrial 
predators. Looking out is another affordance of a high 
perch, permitting predator detection and monitoring. 
Conversely, such predators would likely perceive the 
same structures as not affording accessibility to prey and 
indication that the predator was detected if alarm calls 
were emitted. Trees, however, would afford relative pro¬ 
tection from avian predators attacking on the wing as 
would bushes, shrubs, and thickets that preclude prey 
seizure; both California ground squirrels and vervet 
monkeys recognize this affordance and readily dash to 
nearby bushes after spotting hawks and eagles. Both 
boulders and trees might afford access to adjacent struc¬ 
tures if the predator can climb, and for trees with wide 
crowns, the low weight-bearing properties of thin 
branches can afford protection. During daytime attacks, 
baboons can evade heavier-bodied predators with facile 
climbing ability, such as leopards and pythons, by seeking 
refuge on thin branches near the edge of the crown, and 
macaques and langurs choose the crown edge as primary 
sleeping sites. In cold habitats, tall conifers are selected by 
colobine monkeys as sleeping sites to avoid leopards and 
for thermoregulation. 

Escape to burrows affords rodents immediate refuge 
from nonburrowing predators, but burrows are also places 
of danger for digging predators and especially venomous 
snakes that use burrows for thermoregulation and ambush¬ 
ing. Rock squirrels and California ground squirrels recog¬ 
nize this difference in burrow affordance based on predator 
type, because they become wary of burrow entrances in a 
sustained or tonic manner after engaging rattlesnakes above 
ground that are no longer in view. 

Other examples include perception of distance to refuge 
by both diurnal and nocturnal rodents that prefer traveling 
next to structures that occlude overhead detection. Well- 
studied laboratory open-field experiments illustrate the 
aversive arousal of rats and mice exposed in the center of 
an arena. Their quick scurrying to adjacent walls suggests 
that they immediately sense their vulnerability to overhead 


threats. Although not as well documented, animal trails 
afford guidance, ease of travel to known resources, and 
the opportunity to detect partially concealed predators 
along the way. In the latter context, trails afford familiar 
routes with landmarks, patterns of vegetation, and engen¬ 
der motor learning along the route that facilitates escape. 
For diurnal mammals with widely spaced eyes, repeated 
travel without aversive consequences engenders habitua¬ 
tion, enabling the rapid detection of partially concealed 
ambush predators. Trails with a smooth, well-trodden sub¬ 
strate also allow less energy expenditure during transit, and 
species as diverse as rodents and ungulates move easily and 
fluidly without appearing disabled to predators. In partic¬ 
ular, elephant shrews recognize the affordances of well- 
maintained trails, spending up to 25% of their time on trail 
maintenance. 

Predator Recognition 

The recognition of predators by prey is paramount for 
survival, and, in some species, natural selection has engen¬ 
dered the evolution of well-integrated perceptual cap¬ 
abilities coupled with higher-order inferences of how 
predators hunt in specific settings. Depending on the 
prey species, predator recognition involves the use of 
different sensory modalities, some of which detect gradi¬ 
ents in intensity and conspicuousness of predator features 
that are perceived in both static and dynamic contexts. For 
example, predator-experienced moose exhibit a height¬ 
ened wariness to the odors and playback vocalizations of 
familiar and novel predators in contrast with predator- 
naive moose, suggesting that predator exposure engenders 
a broad ‘climate of fear’ affecting moose readiness to 
respond appropriately. 

Natural selection can also promote selectivity in how 
prey learn about predators. In historical situations in 
which prey encountered predators in highly variable con¬ 
texts without predictable properties, natural selection 
operated on prey success in learning to recognize specific 
morphological characteristics of predators in different 
settings. In circumstances where stealthy sit-and-wait pre¬ 
dators attack quickly during the day or at night, minimiz¬ 
ing the ability of prey to assess the predator’s physical 
appearance, prey that escape learn to be wary of specific 
locations where they were previously attacked. Learning 
in both contexts can occur rapidly with several aversive 
experiences. In laboratory studies using contextual fear 
conditioning, laboratory rats can exhibit one-trial learning 
by freezing in an experimental apparatus in which they 
received painful electric shocks the previous day. Such 
rapid associative learning of a specific spatial location as 
dangerous is analogous in nature to an animal escaping a 
painful bite by an unseen predator in a specific setting and 
later avoiding that area. This evolutionarily ‘prepared’ 
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associative learning of the predictors of dangerous cir¬ 
cumstances is contrasted by much slower unprepared’ 
learning, requiring many more trials to make less urgent 
or ecologically relevant associations. In low-visibility 
habitats used by stealthy predators for hunting during 
the day, or less stealthy predators hunting in dark burrows 
and at night, some prey have evolved sensory specializa¬ 
tions for predator recognition that involve the assessment 
of the direction and amplitude of specific sounds and 
detection of predator scent which is diffused and provides 
much less information on predator location. 

Olfactory Predator-Recognition Cues 

Marine invertebrates are sensitive to predator odors and 
evidence of predatory activity, such as the alarm odors of 
crushed conspecifics that is evident in 25 genera of gastro¬ 
pods. Snails can distinguish the odors of predatory and 
nonpredatory crustaceans as well as food and refuge. In 
particular, crabs that eat snails are especially provocative, 
as characterized by the ability of the gastropod mollusc 
Littoraria to distinguish the odor of their blue crab preda¬ 
tor from fiddler crab and grass shrimp odors. Sea urchins 
respond to large sea stars within 5-10 cm upstream by 
moving their spines defensively with gaping pedicellariae. 
Odor discrimination can occur early in development 
when other sensory modalities are undeveloped. Among 
aquatic larvae, western toad tadpoles from Oregon can 
distinguish the odors of predatory garter snakes, back- 
swimmers, and giant waterbugs from those of roughskin 
newts and rainbow trout that treat these tadpoles as 
unpalatable. 

Age-related changes in antipredator behavior to odor 
cues are evident in terrestrial vertebrates, notably the 
broader predatory threat to smaller, more vulnerable 
juveniles. In a choice test of refuge scented with sympatric 
and allopatric invertebrate- and snake-predator odors, 
juvenile Australian scincid lizards avoided refuges scented 
by predator odors, especially the venomous funnelweb 
spider, whereas adults failed to distinguish the odors of 
predators from nonpredators. 

Because the chemical attributes of predator recogni¬ 
tion can be examined at a low level of organization 
involving neural pathways, and because prey species can 
be examined in laboratory settings in either animate or 
anesthetized states, research on predator-odor recogni¬ 
tion has engendered considerable understanding of the 
integration of olfactory neurophysiology that mediates 
antipredator behavior. Integrative research has empha¬ 
sized study of the provocative effects of the predator 
odor, trimethylthiazoline (TMT) originally isolated 
from fox feces. Laboratory rats and mice exhibit innate 
aversion to this odor illustrated by freezing and with¬ 
drawing. The causal sequences of TMT recognition 
begin with its activation of odor receptors exclusively in 


the D-domain glomeruli in the olfactory bulb that trans¬ 
mit information to the olfactory cortex for odor identifi¬ 
cation. The olfactory cortex projects to many forebrain 
areas, including the orbital frontal cortex (OFC), which 
regulates arousal, but the critical circuit for engendering a 
rapid antipredator response is the olfactory cortex activa¬ 
tion of the medial division of the bed nucleus of the stria 
terminalis (BST). BST activation simultaneously triggers 
the release of stress hormones via the hypothalamus and 
pituitary gland and rapid freezing mediated by its direct 
projection to the midbrain periaqueductal gray (PAG). 
Although the basolateral complex of the amygdala interacts 
with the BST, and there is considerable evidence that the 
amygdala plays an essential role in the production of 
learned emotional memories, the amygdala plays no sub¬ 
stantive role in innate TMT recognition and avoidance 
behavior. Research using mutant mice has shown that the 
mouse olfactory bulb has two functional modules, one of 
which participates in the process of associative learning 
while the other incorporates specialized neural organization 
for detecting mammalian predators essential for survival. 

Acoustical Predator-Recognition 

This facet of antipredator research emphasizes simulations 
of predator presence to prey using playbacks of predator 
vocalizations and predator-generated sounds. If the cir¬ 
cumstances of acoustic predator recognition enhancing 
fitness were consistent for a long enough period during 
evolution, then neural specialization in auditory processing 
of acoustic structure might be expected to have evolved. If, 
in the developmental time frame, predator sounds were 
heard consistently in similar circumstances, but inconsis¬ 
tently in the evolutionary time frame, then learning would 
be expected to play an important role in acoustical preda¬ 
tor recognition. Some facets of sound processes might 
involve innate perceptual biases that could facilitate 
learning. For example, captive-born cotton-top tamarins 
are not responsive to playbacks of predator vocalizations 
as would be predicted if acoustic predator recognition were 
innate; nevertheless, these monkeys do respond to low- 
frequency, noisy sounds that characterize larger body size 
and potential aggressive threats. 

The manner in which bonnet macaques in southern 
India learn to ignore irrelevant sounds but react strongly 
to alarm calls and predator vocalizations is illustrative of 
the coupling of two learning processes, conditioned inhi¬ 
bition and Pavlovian conditioning. Conditioned inhibition 
involves the suppression of attention (i.e., selective habit¬ 
uation) to irrelevant sounds after repeated exposure with¬ 
out emotionally laden consequences, such as fearful 
running to trees or watching others run to avoid preda¬ 
tors. Pavlovian (classical) conditioning results when 
salient, but initially irrelevant sounds act as predictors of 
emotionally laden consequences. For example, bonnet 




760 Predator Avoidance: Mechanisms 


macaque infants transported ventrally by their mother on 
the ground respond to a broad range of loud noises (e.g., 
conspecific and heterospecific alarm calls) by rapidly 
clinging harder to their mother to prevent dislodging as 
she runs to trees and jumps from branch to branch as she 
climbs. With the exception of alarm calls and predator 
vocalizations, juveniles begin to ignore ecologically irrel¬ 
evant sounds by actively observing adult inattention. In 
particular, watching others run is highly contagious and 
engenders a fearful emotional state that acts as an uncon¬ 
ditioned stimulus maintaining the provocative properties 
of an ecologically important sound, the conditioned stim¬ 
ulus. In experimental study, playbacks of tiger growls eli¬ 
cited flight in only younger monkeys from Bangalore city 
where tigers are absent, a property reflecting their sensitiv¬ 
ity to loud noises, whereas all monkeys fled in forest troops 
where tigers are present. Playbacks of eagle calls and 
leopard growls engender antipredator behavior in Diana 
monkeys from West Africa. When the leopard-initiated 
alarm calls of crested guinea fowl are paired with leopard 
growls in a higher-order Pavlovian conditioning experi¬ 
ment, Diana monkeys treated the guinea-fowl alarm calls 
as if a leopard were present. This result demonstrates in a 
natural setting how second-order Pavlovian conditioning of 
heterospecific alarm calls associated with first-order condi¬ 
tioning of leopard growls would be useful for detecting 
leopards prior to troop members spotting them. 

The ability to selectively winnow out irrelevant sounds 
while retaining sensitivity to relevant predator sounds via 
selective habituation is evident in harbor seals in the north¬ 
west Pacific. Playbacks of the vocalizations of transient 
mammal-eating killer whales and unfamiliar fish-eating 
killer whales engendered strong submerging antipredator 
responses, but there was little submerging to the familiar 
calls of local fish-eating killer whales that posed no danger. 

Novel predator vocalizations that share acoustic proper¬ 
ties with sympatric predators can also be evocative due the 
perceptual process of stimulus generalization. Research on 
acoustic owl-predator recognition examined the antipre¬ 
dator behavior of migrant and resident tropical birds on the 
Yucatan Peninsula, Mexico. During playbacks of eastern 
screech-owl and ferruginous pygmy-owl vocalizations, 
migratory passerines responded to only familiar screech- 
owl vocalizations. However, both migrant and resident 
birds responded to pygmy-owl vocalizations that share 
acoustical properties with eastern screech-owl vocaliza¬ 
tions, allowing migrants to generalize the familiar predator 
vocalization to the unfamiliar one. Similarly, yellow-bellied 
marmots in the Rocky Mountains, Colorado, respond to 
familiar coyote vocalizations and generalize this predator 
recognition to unfamiliar, but longer duration wolf vocali¬ 
zations that share similar acoustical properties. 

In contrast with the processes of sound generalization, 
the distinct sound differences of defensive rattling and 
hissing by rattlesnakes and gopher snakes are used by 


California ground squirrels to distinguish these predators 
when squirrels confront these snakes at close proximity, 
flagging their tails from side-to-side and throwing loose 
substrate at these snakes with their forepaws. The rattling 
sound also leaks cues to a rattlesnake’s body temperature 
and vulnerability because cooler rattlesnakes strike with 
lower velocity, reduced accuracy, and more hesitation. 
Smaller rattlesnakes rattle with lower amplitude and 
emphasize higher sound frequencies than larger, more 
dangerous rattlesnakes, and ground squirrels become less 
cautious when they hear playbacks of the rattling sounds 
of more vulnerable smaller and cooler rattlesnakes. 

Visual Predator Recognition 

The ability of prey to detect and recognize predators visu¬ 
ally during the daytime during which the predator’s body is 
immediately distinct from the background as a recognizable 
Gestalt (unified pattern) can involve the complex percep¬ 
tual integration of predator features, such as body shape, 
coloration, texture, and movement. Sit-and-wait ambush 
predators, such as felids, counter the predator-detection 
ability of visually adept prey by remaining still, crouching 
with flattened ears to diminish projecting contours, hiding 
in vegetation that disrupts body contours, and evolving 
pattern-blending camouflage. Hunting at night is another 
way to circumvent visual predator recognition. 

Because depth perception is essential for ambushing, 
predators that rely on vision must face their prey, usually 
exposing both eyes to prey as a detectable schema. Pike 
and bass also face their prey using vegetation as cover 
before striking. Because ambush predators use both eyes 
to monitor prey, the schema of two facing eyes has been 
available as a consistent predator-recognition cue during 
the phylogeny of numerous vertebrate prey species. 
Research has shown that, during early development, par¬ 
adise fish larva and jewel fish fry become alarmed by eye¬ 
like patterns consisting of two dark spots in the horizontal 
plane. Two horizontal light-emitting diodes simulating 
the moonlit eye shine of nocturnal carnivores augment 
fear in wild house mice associated with foot shock. Simi¬ 
larly, the horizontal arrangement of two concentric circles 
appears dangerous to a variety of primates, ranging from 
mouse lemurs to humans. 

Social primates in general are excellent detectors of 
the direction of gaze of nearby conspecifics either as a 
potential threat or signal of appeasement. Such ability 
translates well for determining whether predators appear 
interested. From a theory of mind framework, this urgent 
inference that another agent is interested in the perceiver 
based on its two facing eyes is evidence of a second-order 
intentional system in which the perceiver has beliefs and 
desires about the beliefs and desires of others. 

As evidence of the speed of assessing predatory inter¬ 
est by bonnet macaques, leopard-experienced forest and 




Predator Avoidance: Mechanisms 761 


leopard-inexperienced urban monkeys start running 
toward nearby trees with latencies of 200-300 ms after 
detecting a realistic-looking model leopard with a spotted 
yellow coat appearing to stare at them in the open. These 
monkeys react similarly to only a forequarter view of the 
leopard model, illustrating the threatening appearance of 
the leopard’s facing orientation. 

A number of studies of human and non-human pri¬ 
mates have documented rapid neural activity during face 
processing using brain scanning and electrophysiological 
recordings that provides insight into the rapid assessment 
of predatory threats. Perception of two facing eyes engen¬ 
ders a cascade of neural activity in the occipitotemporal 
cortex encompassing pattern recognition that peaks 
around 170 ms with near simultaneous activation of fear¬ 
ful emotions via interactions of the basolateral amygdala, 
OFC, and PAG that rapidly initiates flight. Longer cogni¬ 
tive assessment in the 400 ms time frame involves the 
recruitment of the parietal, medial, and lateral prefrontal 
cortices that regulate more deliberate action. Wild bonnet 
macaques respond more slowly to the presentation of a 
dark morph without the spotted yellow coat that acts as a 
leopard-recognition cue, and some monkeys continued 
to monitor the model without fleeing. Presentation of 
upside-down spotted yellow or dark leopard models also 
reduces the flight response either by disrupting the leopard’s 
shape or by providing contextual information of a nonhunt¬ 
ing cat resting on its back. Despite this postural difference, 
the spotted yellow coat of an upside-down leopard is still 
provocative, possibly because spotted patterns activate tex¬ 
ture processing via dot-pattern selective neurons in 
macaque inferotemporal cortex and primates with trichro¬ 
matic vision are especially sensitive to yellow. The responses 
of captive-born West Indian green monkeys, sooty manga- 
beys, pigtailed macaques, and rhesus macaques to leopard 
models suggest that these primates have also evolved the 
ability to recognize leopards as predatory threats. 

Predatory snakes are a threat to variety of rodents with 
large venomous snakes capable of eating young or small 
monkeys. Whereas venomous snakes constitute major 
dangers during unexpected encounters, larger pythons 
and boas constitute more systemic predatory threats and 
can be dealt with effectively if detected early; thus, large 
snakes are provocative to juvenile and adult monkeys. An 
experimental study using snake models revealed that the 
Indian python was the only model snake among a series of 
smaller model venomous and nonvenomous snakes that 
engendered alarm calling by wild bonnet macaques. 

One major cue for identifying partially occluded 
snakes in leaf litter is the crosshatch scale pattern. In 
experimental presentations, captive-born rhesus maca¬ 
ques are more vigilant toward a snake model with a 
crosshatch pattern than one without. Recognition of a 
snake-scale pattern is clearly innate in California ground 
squirrels as evidenced by their precocious ability to 


recognize a gopher snake and a textured strip resembling 
a gopher snake the first day pups use vision to navigate. 
The innate properties of snake recognition are also evi¬ 
dent in the fast reaction times for expressing protective 
behavior. For example, in humans and wild bonnet maca¬ 
ques, unexpected detection of a nearby snake engenders 
immediate freezing, startling, or jumping back with laten¬ 
cies as brief as 200 ms. Such a fast reaction precludes 
higher-order cognition as apparent from interviews of 
experienced herpetologists surprised by snakes; they 
mentioned that they became consciously aware of the 
snakes mostly after the event. The visual processes under¬ 
lying the innate aspects of snake recognition involve 
the same brain loci used for face recognition, but with 
different neural specializations useful for processing 
highly periodic patterns characterizing crosshatched snake 
scales, repetitive bands, and blotches. Research on cats has 
shown that the first phase of integrating moving gratings 
resembling snake scales into a global coherent pattern 
involves higher-order motion analysis by area V1 in the 
primary visual cortex, area MT in macaque visual cortex, 
and cortico-thalamo-cortical loops involving the pulvinar 
and superior colliculus. Also, to facilitate rapid responses 
to snakes to avoid envenomation or being seized by 
pythons, the OFC inhibiting physiological arousal is less 
activated during snake perception, allowing snake recog¬ 
nition by the occipitotemporal cortex and concomitant 
amygdala activation to drive freezing and jumping 
responses by the PAG. As evidence for elevated involve¬ 
ment of the amygdala and reduced involvement of the 
OFC during interactions with snakes, rhesus macaques 
with bilateral lesions to the OFC showed initial retention 
of snake fear whereas bilateral lesions of the amygdala 
eliminated emotional expressions of fearfulness. Similarly, 
recognition that a rattlesnake is dangerous by snake-nai've 
rock squirrels during a staged rattlesnake encounter is not 
disrupted by bilateral OFC lesions, but this removal of 
OFC inhibition of the amygdala increases sympathetic 
nervous system arousal substantially. 

With evidence of ecologically relevant biases for 
detecting and recognizing snakes, learning can play an 
important role in fear augmentation or reduction. Watch¬ 
ing an experienced rhesus macaque observing a snake 
fearfully on video enhances selective learning in captive- 
born monkeys that a snake is dangerous, while watching a 
similarly fearful response to flowers on video does not 
enhance fear of flowers. With this result, it seems reason¬ 
able to argue that, with numerous snake encounters in the 
wild, fear should increase with age. With the exception of 
pythons, which are provocative to all age classes, and 
unexpected encounters with snakes, adult bonnet maca¬ 
ques are less excited by snakes than juveniles; adults do 
remain vigilant when they forage near snakes, a property 
consistent with processes of selective habituation when 
snakes do pose a direct threat. 
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The Effects of Relaxed Natural Selection 
on Antipredator Behavior 

Unlike the emphasis of evolutionary biologists on 
explaining how natural selection shapes evolutionary 
change, studies of relaxed selection examine trait disinte¬ 
gration or trait persistence as relicts when the original 
sources of selection are diminished or no longer present. 
The study of antipredator behavior offers unique circum¬ 
stances for investigating the effects of relaxed selection 
because the presence or absence of predators and their 
relative density and prey preferences can be quantified. 
Moreover, the survival functions of different antipredator 
behaviors in which failure to respond appropriately 
immediately impacts fitness are more easily interpreted 
than many other behavioral traits that affect fitness in a 
more progressive manner. 

An important property of studying the effects of 
relaxed selection on trait stability is estimating the time 
scale for changes in the sources of selection from preda¬ 
tors. There are several ways to estimate the time frame for 
the divergence of predator selected- and relax-selected 
populations. If the predator is exothermic, such as snakes, 
historical fluctuations in temperature can be estimated 
from the fossil pollen of temperature-sensitive trees and 
from sea-surface temperatures derived from temperature- 
sensitive foraminifera in ocean-core samples. Rising sea-level 
and the emergence of islands separating prey populations 
from mainland populations can provide relatively sharp 
demarcations in gene flow, as can geological events lead¬ 
ing to the formation of other barriers to gene flow, such as 
large rivers. The presence of predators and prey in the 
same fossil assemblages provides clear evidence of histor¬ 
ical sympatry, and inferences can be made of possible 
predator-prey sympatry from fossils appearing in adjacent 
assemblages of the similar ages. Together, these indices 
can be linked to genetic distances calibrated to time, showing 
population divergences in regions with different predator 
densities. Finally, coarse estimates of time scales of relaxed 
selection can be made from phylogenetic analyses of 
species with and without specific patterns of antipredator 
behavior. 

Constraints on Trait Stability and Evolutionary 
Plasticity 

There are three constraints at different levels of organiza¬ 
tion that potentially buffer antipredator behavior from 
undergoing rapid disintegration under relaxed selection: 

(1) the shared functionality of coping behaviors to miti¬ 
gate predation at higher levels of organization, such as 
elevated vigilance, aggressive mobbing, or flight behavior, 

(2) neuronal organization at lower levels of organization 
engaged in the multifunctional processing of perceptual 
features useful for recognizing different predators, food 


resources, and variegated habitat features, and (3) the 
number of predator-recognition cues integrated into a 
coherent Gestalt. 

The first constraint of shared functionality in behav¬ 
ioral expression is evident in the antipredator behavior of 
cat-sized tammar wallabies on Kangaroo island, South 
Australia, that have been isolated from terrestrial mainland 
predators, but not large wedge-tailed eagles, for an esti¬ 
mated 9500 years. Presentations of mammalian predator 
models to inexperienced wallabies engendered heightened 
vigilance and antipredator behavior typical of mainland 
wallabies. This finding of visual predator recognition led 
to the multipredator hypothesis, positing that antipredator 
behavior might be buffered from rapid disintegration under 
relaxed selection from one class of predators if the sources 
of selection from any extant predators have properties that 
maintain similar patterns of coping. 

With a focus on texture-based predator recognition, 
the second constraint on evolutionary change at lower 
levels of organization also involves intertwining multi¬ 
functional systems. As discussed earlier, the periodic 
pattern-processing aspects of rodent, cat, and primate 
V1 neurons in visual cortex are essential for distinguishing 
important visual features. Ground squirrels likely employ 
the same pattern-processing ability to distinguish periodic 
snake scales and grass seed heads from the complex back¬ 
drop of irregular detritus and leaf litter. Similarly, dot- 
pattern selective neurons in the primate inferotemporal 
cortex that receive input from the visual cortex are 
attuned to less regularity but have properties theoretically 
proposed to facilitate pattern segmentation essential for 
distinguishing spots and rounded patterns. Despite the 
enormous amount to pleiotropy at the genetic level play¬ 
ing a role in trait stability, any mutations that disrupt the 
developmental integrity of neural circuitry specialized for 
these critical visual pattern-processing abilities would 
thus be scrubbed from the gene pool. 

The question remains as to whether under relaxed 
selection highly conserved neural processes mediating 
lower levels of visual information processing with broad 
functionality can protect more specialized neurological 
processes subserving higher-level pattern recognition 
from undergoing rapid disintegration. Although such pur¬ 
ifying selection accounts for the ancient continuity of 
visual-texture processing by diverse mammalian species 
living in different habitats, further specialized neural cir¬ 
cuitry clumps visual information, so it pops out to the 
perceiver as a meaningful Gestalt. 

Recent single-unit recordings of humans engaged in 
visual-recognition tasks showed that only a fraction of 
neurons in the medial temporal cortex receiving visual 
input from the inferotemporal cortex were active out of 
the hundreds presumably addressed by this memory sys¬ 
tem and among the millions of neurons activated by a 
typical stimulus. If applicable to the neural circuitry 
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underlying innate predator recognition, such sparsely 
distributed coding by only a few million neurons could 
explain how selection is less encumbered in modifying 
variation in the pattern of interneural connectivity among 
only a small proportion of units within a bank of many 
units. As a result of the much greater historical entrench¬ 
ment of the neural organization for visual-texture proces¬ 
sing than for pattern recognition, this latter specialization 
in information processing is much more plastic in the 
evolutionary time frame. Although tentative from only a 
few experimental studies, the robustness of predator recog¬ 
nition under relaxed selection appears to be associated with 
the number of distinctive predator features integrated per¬ 
ceptually into a meaningful whole. For example, the Spanish 
subspecies of pied flycatchers relies on two recognition 
cues for identifying their redback shrike predator: the 
black band that masked the shrike’s eyes and its passerine¬ 
like body shape. Relaxed selection from shrike predation 
in the 1000 year time frame is sufficient to induce loss of 
recognition of a model shrike in nearly all pied flycatchers 
examined, compared with their ability to recognize more 
visually complex owl models which is facilitated by the 
owls’ large facing eyes. 

West Indian green monkeys imported from West Africa 
to Barbados Island in the sixteenth century will gather and 
alarm call vigorously at a leopard model and even alarm 
call at a yellow disk with leopard spots. In the longer time 
frame of an estimated half million years of relaxed selection 
from jaguars, black-tailed deer in Northern California 
appear to have lost their ability to recognize a model jaguar 
as dangerous because the spotted coat has seemingly 
regained its original obliterative shading function, disrupt¬ 
ing jaguar shape. On the other hand, black-tailed deer do 
recognize a puma model as dangerous and generalize rec¬ 
ognition of a large felid shape to a novel tiger model that 
has less disruptive stripes. 

While intuitively simple in their linear configuration, 
snakes do constitute complex configurations that challenge 
the recognition process because their appearance can 
change substantially from coiled to moving in a sinusoidal 
fashion. Motionless snakes, especially their heads, need to 
be detected quickly, and coiling disrupts repetitive pat¬ 
terns, leaving the fmer-grain snake scales as the only con¬ 
sistent snake-recognition cue. Nevertheless, rattlesnakes 
and gopher snakes are distinguished in experimental pre¬ 
sentations by wild California ground squirrels experiencing 
relaxed selection for an estimated 300 000 years, a time 
frame in which their serum-based resistance to rattlesnake 
venom has dissipated completely (Figure 1). 

While the snake-recognition system persists under 
prolonged relaxed selection, changes in the cohesive¬ 
ness of antisnake behaviors are evident, and all popula¬ 
tions studied show an elevation in sympathetic nervous 
system arousal. Based on human studies, high states of 
arousal can compromise behavioral expression, leading 



Figure 1 Evolutionary persistence and loss of snake 
recognition by ground squirrels. Photographs are taken through a 
one-way mirrored window during experimental study revealing 
behavioral differences among California ground squirrels 
(Spermophilus beecheyi) that currently or historically 
encountered rattlesnake and gopher snake predators and Arctic 
ground squirrels (Spermophilus parryii) whose ancestors evolved 
for the past 3 My in snake-free central Alaska, (a) California 
ground squirrel from the snake-abundant Folsom Lake area 
harassing a caged rattlesnake by tail flagging vigorously, (b, c) 
California ground squirrels from the Lake Tahoe basin and Mt. 
Shasta are shown preparing to harass the rattlesnake by 
throwing substrate. Tahoe basin and Mt. Shasta squirrels have 
experienced relaxed selection from snakes for estimated times of 
70 000 and 300 000 years, respectively, (d) Arctic ground squirrel 
exhibiting a vulnerable standing posture indicative of loss of 
snake recognition. Folsom Lake squirrels exhibit the highest 
serum-based resistance to rattlesnake venom recorded in this 
species. Lake Tahoe squirrels show an intermediate loss of 
venom resistance and squirrels from Mt. Shasta show the same 
lack of venom resistance as Arctic ground squirrels. 


to recklessness. As discussed previously with rock 
squirrels engaging a rattlesnake in staged encounters, 
lesions of the OFC disinhibit amygdala activity that ele¬ 
vates arousal markedly. In a similar manner, elevated 
arousal while dealing with snakes in relax-selected Cali¬ 
fornia ground squirrel populations might reflect neural 
reorganization of the OFC due to genetic drift in combi¬ 
nation with unrelated sources of selection. From this 
insight, natural selection from snakes for thousands of 
years has apparently dampened physiological arousal dur¬ 
ing snake encounters, which might explain the calmer, 
more coordinated pattern of antisnake behavior by these 
squirrels. Although biophysical evidence from rats indi¬ 
cates that the expense of generating neuronal action 
potentials is high, the persistence of antisnake behavior 
under relaxed selection argues for sparse coding for the 
underlying neural circuitry that engenders a low meta¬ 
bolic burden. 

A final point should be made about higher-order predator- 
recognition processes under relaxed selection that include 




764 Predator Avoidance: Mechanisms 


how prey anticipate the motivational states of predators, 
what actions they might take, and the kinds of habitat 
features and circumstances useful for evading predation. 
In experimental presentations, a predator can be recognized 
visually outside its natural surroundings by inexperienced 
prey. Nevertheless, it is reasonable to argue that predator 
recognition evolved to operate most effectively when the 
predator is embedded in the appropriate context of its 
typical surroundings. Prolonged relaxed selection is likely 
to compromise the habitat-related contextual aspects before 
predator-recognition fails completely, in part, because the 
integration of predator appearance and background habi¬ 
tat has been historically much more variable than the 
continuity of predator-recognition cues of shape, texture, 
sounds, and odor. Future study of relaxed selection should 
address whether species that continue to recognize predators 
robustly in appropriate habitats maintain this ability in 
experimental contexts altered to reflect historical circum¬ 
stances no longer present. 

See also: Conservation and Anti-Predator Behavior; 
Ecology of Fear; Predator’s Perspective on Predator-Prey 
Interactions; Risk Allocation in Anti-Predator Behavior. 
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Introduction 

With relatively few exceptions, all animals must worry 
about becoming a meal for another animal. Thus, survival 
long enough to reproduce successfully requires defensive 
strategies. The dominant strategy for any animal is deter¬ 
mined by its behavior and ecology. Relatively sedentary 
animals often rely on camouflage to avoid detection by 
predators. Others may advertise their distastefulness or 
formidable armament with bright colors and displays. 
Some creatures that must move around frequently for 
foraging, dispersal, or finding mates minimize their risk 
by avoiding the times and/or places most used by their 
primary predators. Others stay in large groups that can 
provide maximal vigilance and divert attention from indi¬ 
viduals. From the predator’s viewpoint, survival and 
reproduction require preventing or circumventing the 
defenses of their prey. The conflicting interests of preda¬ 
tor and prey can lead to an evolutionary one-upmanship 
often likened to an arms race. 

When other defenses fail and the predator is closing in, 
the best, and often only remaining strategy to avoid being 
captured is strong, active response. This means getting out 
of the predator’s capture range and/or making continued 
capture attempts too time consuming or difficult to be 
worth the predator’s effort. Effective escape typically has 
two components: timely detection of the threat and rapid 
evasive or deterrent behavior. 

Basic Characteristics of Escape 
Behaviors 

Escape systems have provided neuroethologists especially 
good opportunities to study the neural control of behav¬ 
ior, from the processing of sensory information (detec¬ 
tion) to the coordination of the evasive behaviors. They 
have the advantages of easily elicited, robust, stereotyped 
behaviors combined with neural circuits that are relatively 
simple (emphasis on ‘relatively’) because they need to be 
fast and foolproof. Among the classic model escape sys¬ 
tems are the crayfish tail flip, the fast start elicited by the 
Mauthner cells in fish, and the visually triggered escape in 
fruit flies and locusts. This article will discuss the neu¬ 
roethology of effective escape using two model systems 
from the insect world: escape based on wind detection 
(cockroach, cricket) and based on sounds produced by 
predators (moth, praying mantis, several others). 


It will be useful first to summarize the basic require¬ 
ments for a successful escape system. 

Optimally timed: In many cases, evasion should start as soon 
as possible after detection. Sometimes, however, strate¬ 
gic timing can enhance escape by maximally disrupting 
the attack sequence or startling the predator. 

Fast: Once initiated, the response should be sudden and 
proceed rapidly. 

Innate: The escape system should work the first time it is 
required. Death precludes learning. 

Resistant to false negatives: Similarly, failure to detect or 
respond to an attacking predator is not acceptable. 

Resistant to false positives: Executing an escape when there is 
not actually a threat wastes energy. More importantly, it 
disrupts important behaviors such as foraging or search¬ 
ing for mates. Habituation often helps limit false-positive 
responses to repeated stimulation. 

Matched to predator(s): An effective escape system should be 
tailored to the strengths and weaknesses in the hunting 
styles of the most common predators. The level of risk 
posed by the predator influences the strength and/or 
nature of the response. 

Translational I rotational: Evasion requires movement. This 
may be subtle such as shifting position to blend in 
better with the background or to hide. More often, it 
involves translation from one place to another, some¬ 
times preceded by a rotation of the body. The move¬ 
ment may be in a particular direction relative to the 
attack, or may be random. 

Integrated with the animal's biology: There are situations in 
which an escape system would not be needed and 
might even be counterproductive. Activation of escape 
systems is often context specific and may also be modu¬ 
lated by the reproductive state or social status of the 
animal. 


Wind-Mediated Escape 

When a predator moves, it produces a variety of stimuli 
that might be used by prey as a warning. An active noc¬ 
turnal animal with poor vision and minimal hearing such 
as the cockroach Periplaneta americana could profitably use 
the substrate vibrations created by the predator’s 
approach, for instance, and most insects have vibration 
sensors in their legs (subgenual organs) that are exqui¬ 
sitely sensitive. A careful or a stationary predator avoids 
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producing vibration, but cannot avoid creating air cur¬ 
rents (wind) as it attacks the cockroach. Such a stimulus 
indicates immediate, maximal danger and should reliably 
elicit a fast, strong evasive response. 

The Evasive Behavior 

Cockroaches are very good at avoiding capture and death, 
be it by a predator or a rolled-up newspaper. Kenneth 
Roeder first asked how they do this in the 1940s. Beginning 
in the mid-1970s, Jeffrey Camhi and colleagues, including 
Roy Ritzmann and Christopher Comer, have pursued the 
question in great depth. This work has been paralleled by 
very detailed studies of the comparable escape system in 
crickets in the labs of John Palka, Roderick Murphey, 
Gwen Jacobs, John Miller, and others. 

Camhi and colleagues introduced a cockroach into a 
circular arena where a cockroach predator, the large toad 
Bufo marinus , was waiting. By filming the interactions with 
an overhead high-speed camera, they could document the 
evasive movements of the cockroach and their effective¬ 
ness. When the cockroach entered the toad’s field of view, 
the toad lunged, protruding its sticky tongue in an attempt 
to capture the cockroach. It was successful only 45% of the 
time (although one might say that predator and prey were 
equally matched). The cockroach’s response to the attack 
had two stages: an abrupt turn away from the toad that 
started well before the tongue came out, and then 
50-70 ms later, running away (Figure 1). Two antennae¬ 
like appendages called ‘cerci’ near the tip of the abdomen 
carry long, thin hairs that are sensitive wind detectors 
(Figure 2). Immobilizing those filiform sensilla with glue 
increased the toad’s success rate to 92%. Experiments using 
a precisely controlled wind source instead of a toad elicited 
the same evasive response confirming that wind was the 
necessary and sufficient trigger. Even newly hatched cock¬ 
roach nymphs perform the escape competently. 

Studies using high-speed videotaping of the cockroach 
evasive turn coupled with measurements of the forces 
generated by each leg have defined the sequence of move¬ 
ments leading the evasive turns. The metathoracic legs 
(third pair) provide power for the turn, but little direc¬ 
tional force. The mesothoracic legs have the greatest 
effect on the direction of the turn. Segments of all the 
individual legs also have a division of labor. Force gener¬ 
ated at the first leg joint creates predominantly forward or 
backward movement and force at the more distal joints 
pushes toward the opposite side. The precise coordination 
of the legs differs in specific detail when the threat comes 
from the front, the back, or the side. 

The evasive maneuver is very fast. A stationary cock¬ 
roach’s turn away from the toad or a controlled wind 
source starts on average only 54-58 ms after the wind 
reaches the cerci, and the initial turn is completed 
20-30 ms later. The average behavioral latency depends 


on the activity of the animal when stimulated and can be as 
short as 14 ms during slow walking. The entire attack from 
the first movement of the toad to the end of the tongue’s 
forward movement lasts 200-250 ms. Latencies in these 
ranges - 40-80 ms for first movement, 100-250 ms for 
full execution - are typical of many insect escape systems. 

False-negative responses are very unlikely based on the 
extreme sensitivity of the cereal wind detection system. 
Wind velocities as low as 3 mm s -1 elicit some behavioral 
response, and the threshold for an evasive turn is only 
12mms _ (0.007 mph), well below the wind velocities 
produced by a lunging toad. 

Because the system is so sensitive, false positives could 
pose a severe problem. Environmental air currents caused 
by small thermal gradients are typically more than an 
order of magnitude above the cockroach’s behavioral 
threshold as are air currents the insect itself creates 
when it moves. The characteristic of attack wind that is 
normally absent in background wind is high acceleration. 
Thus, cockroaches minimize false positives by requiring 
both a minimum wind velocity and an acceleration well 
above normal background levels to trigger the escape 
system. This also constitutes an example of‘feature detec¬ 
tion,’ in which a distinctive, but small subset of salient 
attributes is sufficient to recognize something. In other 
words, the cockroach does not need to know whether 
the toad is green or brown or whether the rolled-up 
newspaper is the Post or the Times , only that wind above 
threshold for both velocity and acceleration means imme¬ 
diate danger. 

The initial pivoting turn away from the attack is crucial 
to the cockroach’s success. In theory, there are two basic 
strategies for the direction of an escape maneuver. Going 
directly away from the threat makes sense geometrically, 
but it is a predictable response that even a relatively dim 
predator could learn to anticipate. Moving randomly 
eliminates that problem, but also means that sometimes 
the prey goes directly toward the predator. Nonetheless, a 
turn and run almost directly away from the attack 
emerged in the early studies as the strategy used by the 
cockroaches. The data from those experiments were 
puzzling, however, because of the very high variation in 
turn angle. A recent study employing a different analysis 
technique suggests that Periplaneta actually uses a hybrid 
strategy. Its direction of turn is almost always 90-180° 
away from the attack. Within that range, however, each 
individual has 3-4 preferred directions that it uses ran¬ 
domly. This suggests a full 360° divided into ~16 head¬ 
ings or a response ‘resolution’ in the range of 22-23°. 

Neural Control 

There are four layers of neurons controlling escape: wind 
afferents (detection), giant interneurons and thoracic inter¬ 
neurons (processing), and motor neurons (output, behavior). 
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Figure 1 The basic escape response to a wind puff comprises 
a rapid turn followed by a run. The polar plot shows predicted 
response angles for three strategies of choosing an escape 
direction. The width of each response shape indicates variability 
and the length shows number of responses out of a large series. 
The black arrows indicate turns in random directions. A turn 
directly away from the threat is shown in red. An intermediate 
strategy (blue) is to turn generally away from the threat, but to 
choose randomly among 3-4 preferred directions within that 
range. 


Detection 

In Periplaneta , each cercus has ~200 long, slender filiform 
hairs on its ventral surface (Figure 2). Each hair sits on 
flexible cuticle in a socket (hence the common term ‘socketed 
hair’). When wind moves the hair shaft, the base also moves 
causing stretch in the dendrite of a single bipolar afferent 
neuron, which in turn triggers action potentials (‘spikes’). 
Filiform sensilla are the most sensitive biological sensors 
known. Mechanical energy as low as 4 x 10 - ~ Ws acting 
on a cricket filiform hair generates an action potential in the 
afferent neuron. This is 100 times below the threshold of the 
most sensitive photoreceptive cell. Invertebrate filiform sen¬ 
silla have recently inspired MEMS (micro-electromechani¬ 
cal systems) analogs in silicon for use as ultrasensitive flow 
sensors and as improvements for cochlear implants to assist 
the hearing impaired. 

The socketed hairs on the cockroach cerci form a map 
of wind direction (an anemotopic map). Each hair has a 
preferred stimulus direction determined by the attach¬ 
ment site of the dendrite on the inner wall of the hair and 
by the physical geometry of the socket itself. Wind in the 
preferred direction increases the rate of afferent firing. 
Further, the sensilla form an organized array on the cer¬ 
cus. The largest hairs form nine columns along the length 
of the cercus each containing only hairs with the same 



Figure 2 The cerci with their very long, thin filiform hairs (indicated by small arrows) protrude from the abdomen tip. The wing tips 
have been removed for a clearer view of the cerci. The base of a hair is visible as a domed socket (colored dots). Each hair in the row on 
every cereal segment has a preferred stimulus (wind) angle shown by the arrowheads. The result is columns along the length of the 
cercus that code a particular wind direction and form an ‘anemotopic map.’ 
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preferred direction. Thus, a wind will cause a specific 
pattern of afferent activity depending on its direction. 
The left and the right cerci point in different directions, 
which taken alone suggests that the anemotopic map could 
have a resolution in the range of 20° (360°/18 columns). 

Comer and colleagues have discovered that wind stim¬ 
ulation of the antennae can also elicit brisk evasive turns. 
It certainly would be advantageous to have both rear- and 
front-facing sensors to detect predators. Antennal-based 
evasion thresholds are quite high, and the wind may 
actually be tapping in to circuitry that responds primarily 
to touch. 

Processing 

Speed is of the essence, and it is typical for escape systems 
to use relatively few interneurons with high conduction 
velocities and simple processing, that is, few synapses 
(Figure 3). The cockroach’s head (containing the brain 
and subesophageal ganglion) is not necessary for direc¬ 
tional escape turns, which saves on transmission and pro¬ 
cessing time. The turn does not rely on sensory feedback 
for control, that is, it is ‘open-loop’ versus a slower 
‘closed-loop’ system that uses feedback. The ~400 affer¬ 
ent neurons synapse with seven bilaterally symmetrical 
pairs of‘giant interneurons’ (GIs) organized into a dorsal 
group and a ventral group (dGIs and vGIs). The axon 
diameters are 25—30 pm for the three dGIs and ~60 pm 
for the three largest vGIs, whereas the diameters for 
the rest of the axons in the abdominal connectives are 


predominantly 0.5-10 pm. Diameter is the primary deter¬ 
minate of conduction velocity for axons without myelin, 
absent in most invertebrates, and the presence of large- 
diameter axons often indicates a high-speed processing 
system, probably for escape (although not all escape sys¬ 
tems have GIs). Several lines of evidence indicate that the 
largest and fastest GIs, the vGIs Gil, GI2, and GI3, 
control the first stage of the evasive response. The dGIs 
are more involved in the second stage of evasion and in 
behaviors during flight. 

The GIs have their cell bodies and dendrites in the last 
abdominal ganglion (A6). The vGIs receive only wind 
information, and the connections are monosynaptic. 
Action potentials in these interneurons leave the A6 gan¬ 
glion ~2.5 ms after a strong wind stimulus strikes the 
cercus and reach the thorax 2-3 ms after that, thanks to 
the high conduction velocities (5-7 ms -1 ). Even for the 
shortest behavioral latencies (11-14 ms), this leaves >6 ms 
to activate the motor neurons and initiate movement. 
Selective ablation and stimulation experiments support 
the necessity and sufficiency of activity in the vGIs as a 
group for the evasive turn triggered by low-intensity 
wind. However, higher wind levels, especially from the 
front, can trigger the same evasive movements via anten¬ 
nal stimulation. 

The vGIs synapse with a population of ~100 inter¬ 
neurons (the TI a s) in the thoracic ganglia. The TI A s 
control the leg motor neurons, directly and indirectly 
through other interneurons. 



Abdomenal 
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Figure 3 The cockroach CNS includes a ganglion in each body segment. The ganglia receive sensory input from and produce motor 
commands for their own segment. The three thoracic ganglia (metathoracic, mesothoracic, and prothoracic) control leg movement. 
Bundles of axons (connectives) provide communication among ganglia. The afferent neurons from the filiform hairs travel in the 
cereal nerve to the ganglion to an area (gray shading) where they synapse with interneurons including the GIs. The figure shows GI1, 
GI2, and GI3. 
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Directionality 

A central neuroethological question is how the circuitry 
in the CNS uses wind direction information to orchestrate 
activity in the leg muscles to produce turn in the appro¬ 
priate direction. 

The initial experiments with cockroaches presented 
a puzzle. On one hand, the overall design of the CNS 
processing system is typical for creating directional 
behavior. The central strategy is to keep incoming infor¬ 
mation in parallel, but separate left and right channels. In 
the cockroach wind system, the cereal afferents do not 
cross the midline, and the vGIs get their input almost 
exclusively from the ipsilateral cercus. The six vGIs are 
not connected to one another. The stage is set for com¬ 
parisons, in the thorax, of excitation strength and/or 
timing on left and right to determine the direction of 
the wind and the appropriate response. On the other 
hand, the anemotopic map created by the ~18 cereal 
columns converges on just six interneurons relevant to 
the turn, vGIs 1-3 on both sides. Intracellular recordings 
of vGI responses to wind from different directions 
revealed only a crude directionality: wind from the entire 
frontal region stimulates Gil, broadly from the side for 
GI3, and from the rear quadrant for GI2 (the contralateral 
vGIs have the mirror-image pattern). Selective ablation of 
vGIs individually and in combinations using injected 
enzyme further suggested a relatively low-resolution 
directional system. 

Three contrasting ideas emerged: ‘winner takes all’ in 
which the side with the greatest number of spikes or 
shortest latency solely determines the turn direction; 
‘steering wheel’ in which the result is a balance of the 
summed activity on the two sides; and ‘population code’ in 
which the activity of all the vGIs contribute equally to the 
final turn direction. Computational models based on and 
refined by experimental data show that a variant of the 
population code model, called the ‘Darwinian population 
code,’ best explains the turn directions. 

Sound-Mediated Escape 

Animals with sensitive hearing can take advantage of 
sounds produced by predators. (We deal here only with 
the pressure component of sound detected by ears using an 
eardrum (tympanum). The displacement component of 
sound behaves in much the same way as wind.) Tympanate 
hearing confers at least two major advantages: (1) sound 
can travel considerable distances before it becomes too 
faint to hear. A sensitive ear can detect an approaching 
predator at least several meters before it arrives. This 
translates to at least 0.5-2.0 s even for a fast-moving pred¬ 
ator, much longer than needed for an effective escape; (2) it 
can detect frequencies above 1-2 kHz, whereas wind and 
vibration are most useful below that, often at <300 Hz. 


Systems for avoiding capture by echolocating bats 
provide some of the best examples of sound-based escape 
systems in insects. In the 1950s and 1960s, Kenneth 
Roeder along with Asher Treat, working with noctuid 
moths, published classic studies first documenting such 
evasion strategies. Insectivorous bats are superb predators 
with highly effective echolocation (ultrasonic sonar). The 
echolocation is also their Achilles’ heel, from the prey’s 
perspective. The ultrasonic cries used during hunting 
must be very intense to insure adequate returning echo 
strength, but this also makes them excellent early warning 
signals for tympanate insects. Further, the prey have two 
cues to tell them exactly how much trouble they are in: 
increasing signal strength as the predator approaches; and 
the stereotyped sequence of increasing pulse repetition 
rates used by the bats during an attack. Bat-moth inter¬ 
actions have proven invaluable for our understanding of 
the sensory ecology of escape thanks to the continuing 
work of Fullard, Surlykke, and many colleagues. Compa¬ 
rable systems have been studied in crickets, locusts, katy¬ 
dids, green lacewings, scarab and tiger beetles, and 
praying mantids, among others, attesting to the intense 
predation pressure exerted on nocturnally active insects 
by hunting bats. Despite the diversity, complexity, and 
elegance evident in these escape systems, they follow 
the same fundamental principles detailed here for wind- 
triggered escape. Praying mantises provide an especially 
interesting case study. 

The Evasive Behavior 

Because they often fly at night, because they live in the 
same habitats world-wide as many insectivorous bat spe¬ 
cies, because they fly relatively slowly, and because they 
are palatable prey, mantises are highly vulnerable to attack 
by bats. Nonetheless, as long as they can hear, behavioral 
studies show that they evade capture in 76% of bat attacks. 
When the hearing is impaired by fdling the ear with water 
or Vaseline, successful evasion drops to 34%. 

Faced with a strong threat, a flying praying mantis 
dives toward the ground under full power, often with a 
spiraling trajectory (Figure 4). Strobe photography stud¬ 
ies of free-flying mantids responding to artificial bat cries 
show that flight direction starts to change 125-230 ms 
after the stimulus. The first stage is an upturn in flight 
path with a reduction in flight speed. Then, the mantis 
rolls off to one side, which initiates the dive. The direction 
of dive is random. Such abrupt, unexpected, unpredict¬ 
able changes in speed and direction pose a significant 
problem for bats, given their much greater momentum. 
In videotapes of flight room encounters and in field 
observations, the bat chased the mantis as it dove, but 
broke off the dive without capture in ~ 3 5-40% of attacks. 
Other times (10-15% of trials) the bat began the attack, 
but aborted before committing to a dive. Many times 
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(~50%), the mantis dove out of the bat’s detection range 
before an attack actually began. 

Mantis hearing sensitivity is sufficient to detect the 
echolocation cries of most bats at >15 m (free-flight 
behavioral threshold at 10 m), whereas the bat must be 
within 6-8 m to detect mantis-size insects. False negatives 
are most likely when the bat suddenly turns toward the 
mantis at close range, so the insect’s detection of the 
directional sonar beam is too late for effective evasion. 
This scenario accounted for many of the capture successes 
in the behavioral studies. False positives must be very rare 
simply because bats are by far the most common aerial 
source of ultrasound at night. 

The power dive comes from the mantis’ fast, complex 
response to ultrasound that involves all parts of its body. 
The front legs fully extend, the head rolls to one side 
(random), the abdomen curls up to a right angle with the 
body, and wing beat rate and excursion change. The 
response starts as early as 30 ms after stimulus onset 
(mean =72 ms) with the foreleg movement first, followed 
in sequence by the head, wings, and abdomen. It reaches 
its maximum within 150—300 ms. Aerodynamically, the 
foreleg extension shifts the center of mass forward, but 
initially the greater effect is most probably the upward 
abdomen curl. This would create increased drag, quickly 
slowing the mantis and causing upward angle of flight 
preceding a roll one side or the other, randomly. 

Mantis evasive behavior most resembles that of moths. 
Both have a powerful, unpredictable response to imminent 
threat, and both use a less intense response to lower threat- 
level stimuli, although it is directional in moths. In contrast, 
green lacewings and tettigoniids drop passively toward the 
ground. Cricket and locust responses are highly directional. 
Arctiid moths and tiger beetles take a highly effective, but 
entirely different approach by producing intense ultrasonic 
clicks when a hunting bat approaches. In some species, the 
clicks are a powerful warning of distastefulness (aposema- 
tism), which deters the bat. In many cases, the bat is startled 
and the attack disrupted. In yet other cases, very rapid, 
prolonged ultrasonic clicking interferes with the bat’s 
sonar system causing an aborted or missed attack (jam¬ 
ming). The clicking defense works without evasive maneu¬ 
vers in arctiid moths, so the insect can continue about its 
business unscathed and uninterrupted. 

Just as cockroach behavioral threshold to wind varies 
depending on its ongoing activity, so is sound-triggered 
evasion integrated with the overall biology of the animal. 
In mantids, the evasive response is highly context specific, 
only occurring when the flight muscles are active. Ultra¬ 
sonic pulses in any other situation elicit no change in 
behavior at all. In crickets and moths, reproductive 
demands can override predator evasion. In the former, 
sufficiently intense lower frequency (3-5 kHz) mating 
calls can inhibit activity of the neuron that triggers eva¬ 
sion (two-tone inhibition). In the latter, studies have 



137 ms 



72 ms 


87 ms 


92 ms 


(estimate) 


Latencies 



Flight paths 

i 

•i 


1 




Ultrasound 

starts 


, t 

A 


r 

y 





y 


Figure 4 A mantis suspended in the air by a tethering wire flies 
normally with a streamlined posture. Ultrasonic pulses like those 
produced by a hunting bat elicit a complex evasive behavior after 
a very short latency which differs somewhat for the various 
components of response (means measured from video 
recordings at 1000 frames per second). In free-flight recorded 
under strobe lighting (22 ms between flashes; individual 
arrowheads), the evasion triggered by ultrasound comprises a 
dive, often with a strong turning component (spiral) during which 
the mantis continues flapping its wings. The response usually 
ends with the mantis landing, but sometimes it skims just above 
the ground, and then resumes flight. Latencies to the change in 
flight path typically range from 120 to 250 ms. 
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assessed behaviors when a flying male simultaneously 
receives pheromonal signals from a receptive female and 
ultrasonic signals from an attacking bat. The results show 
a clear balance point at which the potential for successful 
mating outweighs the threat posed by the bat, and the 
evasive response is suppressed. 

Neural Control 

As with other escape systems, the goal for flying mantids is a 
fast, but strategically timed movement out of danger (with 
disruption of the predator’s attack, if possible). This insect 
has opted for randomness of evasion (‘evitability’ and ‘Pro¬ 
tean response’ are terms used in reference to this strategy), 
which makes sense in the context of flight. It also implies 
less CNS processing. There are four layers of neural ele¬ 
ments: afferent input, interneurons for processing and for 
ascending/descending transmission, and motor neurons. 
For insect sound-mediated escape in general, studies on 
the input side dominate, and less is known about processing 
above the neck and descending control. 

Detection 

The males in ~80% of praying mantis species have sen¬ 
sitive ultrasonic hearing (females in many species have 
secondarily lost their hearing, that is, there is strong 
auditory sexual dimorphism). Mantises have just one ear 
that is located in the ventral midline between the third 
pair of legs. In most species, the auditory system is most 
sensitive to 30-60 kHz sound (matching the range of 
dominant frequencies used by the most common insectiv¬ 
orous bats worldwide) with lowest mean thresholds of 
40-60 dB SPL (15-30 dB SPL in some cases) (Figure 5). 
A few Old World species have their best sensitivity as high 
as 130 kHz, which could reflect vulnerability to predation 
by hipposiderid and rhinolophid bats that use echoloca- 
tion cries in that range. 

Although uniquely situated, the mantis ear functions 
on the same basic principle as in all animals with sensitive, 
high-frequency hearing. There are tympana that, in this 
case, sit in the walls of a deep auditory chamber. Sound is 
effective in causing the tympana to vibrate because there 
is air on both sides of the tympanal membranes, thanks to 
large air sacs, analogous to the vertebrate middle ear. 
Tympanal organs containing sensory receptors (chordo- 
tonal sensilla) similar to those in other insect ears detect 
the vibration and report via a tympanal nerve to the CNS. 
The bioacoustics of the mantis ear are complex because 
(1) the chamber itself affects tympanal vibration, selec¬ 
tively increasing the sensitivity by 10-12 dB at 40-70 kHz 
for the species tested; and (2) the single ear has four 
vibrating membranes that differ in size, thickness, and 
location within the chamber. 

As expected, behavioral and neurophysiological tests 
confirm that the mantis auditory system is nondirectional. 


Processing 

A tympanal nerve on each side carries 40-50 afferents 
into the metathoracic ganglion where they synapse ipsi- 
laterally with a population of at least six auditory inter¬ 
neurons (each of which has a mirror-image twin on the 
other side of the ganglion). The best-studied auditory 
interneuron, 501-T3, has an ascending axon that is 
among the 2-3 largest in the thoracic connectives with 
an appropriately high conduction velocity (4—5 ms -1 ), 
and thus qualifies as a ‘giant interneuron.’ The two 501 - 
T3s have a high degree of spike-by-spike synchronous 
firing arising from the similar activity in the right and left 
tympanal nerves and also from coordinating circuitry in 
the CNS. The result is essentially a single, powerful signal 
going to processing centers in the head. 

The auditory interneuron 501-T3 has a distinctive 
phasic-tonic firing pattern shaped by inhibitory interac¬ 
tions. The firing rate in the initial burst of 3-6 action 
potentials is extremely high, 600-800 s - . An initial high- 
rate burst has emerged as a common feature of neural 
responses in vertebrate and invertebrate CNS circuits 
controlling time-critical behaviors. In cricket and proba¬ 
bly moth ultrasound-triggered bat evasion, the firing rate 
in the burst must exceed a threshold (220 s -1 and 
350-400 s - , respectively) to elicit the behavior. The 
rate threshold minimizes false-positive responses and is 
a neural component of feature detection. 

Headless mantids will fly readily and well, but do not 
perform any component of the evasive response to ultra¬ 
sound. However, processing in the head, which contains 
the brain and the suboesophageal ganglion, must be very 
limited. Action potentials from 501-T3 and 401-T3 reach 
the head ca. 15 ms after stimulus onset, and descending 
auditory responses in at least three large axons leave the 
head only 4-5 ms later. Thus, the brain may play a per¬ 
missive role (yes or no, depending on context and input 
from other sensory modalities), rather than exert fine 
control over the behavior itself. Involving the cephalic 
ganglia slows the response to bat attack, and there are 
other ultrasound-triggered defensive systems (in arctiid 
moths, for instance) that act more like segmental reflexes 
with no contribution from the head. 

The specific role of the auditory interneuron 501-T3 
has been investigated with combined behavioral and neuro¬ 
physiological experiments. Extracellular recording with 
implanted electrodes during attack by a flying bat showed 
that this GI accurately tracked the bat cries up until 
~250ms prior to capture, but then ceased firing entirely. 
That is the point at which the evasive response begins. The 
key triggering stimulus feature for the full dive seems to be 
a bat echolocation pulse repetition rate exceeding ~55 s -1 . 
In the typical attack sequence, this occurs at the transition 
from approach phase (chase) to the final capture maneuver. 
Thus, 501-T3 most probably provides the trigger signal 
for the evasive response and then drops out of the action, 
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Figure 5 The single mantis ear can be recognized between the metathoracic legs by the knobs at its anterior end and the slit-like 
opening to the auditory chamber. Auditory afferents from the ear synapse with interneurons in the metathoracic ganglion, the best 
studied of which is 501-T3 shown here filled with lucifer yellow dye. The ~20 -jim axon travels to the head. The firing pattern produced 
by 501-T3 in response to ultrasound is distinctive and consistent as shown by the raster plot from extracellular recording in an 
ascending connective. After a latency of 9-12 ms, there is a short, high-rate burst of action potentials followed by a pause and then a 
variable number of spikes that tracks the duration of the stimulus (50 ms in this case). 


possibly to minimize habituation. This neuron is undoubt¬ 
edly necessary, but sufficiency has not been shown. Other 
interneurons such as 401-T3 may also play important roles. 
Proving both necessity and sufficiency of a single auditory 
interneuron for an evasive behavior is very difficult, and 
has so far only been accomplished for Int-1 in the cricket’s 
ultrasound-triggered response. 


Evolution 

Underlying the evolution of adaptive behaviors are altera¬ 
tions in the CNS, often accompanied by anatomical 
changes in the body. None of these are likely to arise de 
novo, but are modifications of existing circuits and struc¬ 
tures. Uncovering the evolution of neuroethological 
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systems must rely on comparisons of corresponding com¬ 
ponents and behaviors among existing species because 
behavior and neurons are rarely preserved as fossils. The 
comparative approach can be very powerful when com¬ 
bined with good information about the evolution (phylog- 
eny) of a group of animals. 

The auditory neuroethology of mantises provides an 
especially good example. There are extensive data across 
almost all of the >400 mantis genera on the various anato¬ 
mical characteristics of the ear, on neurophysiological 
responses to ultrasound, on sound-triggered escape beha¬ 
viors, and on the phylogeny derived from molecular genet¬ 
ics. We also have detailed information about the structures 
and sensory organs in mantis’ closest relatives (cockroaches - 
all earless) that are precursors to the cyclopean ear. 

Modern mantises first appeared about 150 Ma, and 
they were earless. The mantis ear evolved just once, 
about 35 My later, and must then have looked much as 
it does today. It arose from a pair of sensory structures that 
monitored the positions and movement of the legs. The 
structures fused in the middle of the body forming the 
auditory chamber which improved hearing. More impor¬ 
tantly, the midline is the only place in the area where the 
ear could be protected from deformation by leg move¬ 
ments. Why the mantis ear evolved between the metatho- 
racic legs remains a mystery. 

Many mantis lineages have independently become 
sexually dimorphic: males hear normally, but females are 
earless and deaf (and flightless). This transformation must 
be ‘easy’ in the evolutionary sense. A simple change in 
developmental timing so that females retain juvenile 
characteristics is a probable mechanism. 

Most remarkably, a few mantis lineages have evolved a 
second ear. It is located in the ventral midline of the 
mesothorax between the middle pair of legs and built 
from the same components as the metathoracic ear, that 
is, it is a serial homolog. The mesothoracic auditory 
system detects only frequencies of 2-4 kHz and operates 
independently from the ultrasound-sensitive ear. Its func¬ 
tion is not yet known. 

As would be expected, mantis’ sound-triggered beha¬ 
viors and the underlying neural systems evolved at about 
the same time as the ear. Modern bats, however, did not 
appear until ~60 Ma. This makes the important point that 
the current function of a system need not be the same as 
its original function. We do not know what sounds those 
early mantises listened to, nor from what predators they 
might have escaped, nor even if predator avoidance was 
the primary function of the earliest auditory system. 

Conclusions 

Wind-mediated escape and sound-mediated escape have 
become models for the study of both escape behavior and 


the neural machinery underlying it. Predator evasion 
using other sensory modalities (vision and substrate vibra¬ 
tion, for instance) follows the same principles. The intense 
evolutionary pressure on both prey and predator has 
yielded sensors of astounding sensitivity and selectivity, 
neural circuits optimized for speed and reliability, and 
behaviors that either frustrate or feed, depending on 
your point of view. 

See also: Acoustic Communication in Insects: Neu¬ 
roethology; Bat Neuroethology; Cockroaches; Defensive 
Avoidance; Empirical Studies of Predator and Prey 
Behavior; Hearing: Insects; Predator Avoidance: Me¬ 
chanisms; Sound Localization: Neuroethology. 
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Predation is an interaction between individuals of two 
species. Given this, it is somewhat surprising that studies 
of predation often focus data collection almost exclusively 
on one of the two species. In research on antipredator 
behavior, the most common approach has been to focus 
observations on the prey, recording their responses to real 
or simulated encounters with predators. This approach has 
been productive and has revealed a great deal about the 
behavioral and physiological responses of prey to immedi¬ 
ate risk. Despite the ubiquity, utility, and tractability of 
this approach, it is important to keep in mind that the 
behavior of prey only constitutes half of a predator-prey 
interaction. Prey-based data collection tends to promote 
a style of analysis that treats predation risk as a fixed 
environmental condition to which prey respond dynami¬ 
cally. However, predators respond dynamically to spatial 
and temporal variation in the distribution, abundance, and 
behavior of their prey, just as prey respond to spatial and 
temporal variation in predation risk. Recognizing that 
predation is a ‘game’ with players simultaneously in 
motion on both sides of the board helps put the antipre¬ 
dator behavior of prey in context. Ideally, research on 
predator-prey interactions should combine prey-based 
and predator-based data collection, but relatively few 
studies have adopted this approach. However, studies 
that center data collection on the predator are reason¬ 
ably common, and this approach has yielded some impor¬ 
tant insights about antipredator behavior, including the 
following: 

• Identifying the stages of predation from the perspective 
of the predator makes it clear that the probability of 
making a kill once an attack has begun is only the final 
stage of the predation sequence. Much research on 
antipredator behavior focuses on this final stage, but 
broader approaches that consider the ways that prey 
can manipulate the probability of being encountered or 
attacked yield a more complete understanding of the 
costs and benefits of antipredator response. 

• Taking this broader view of the predation sequence also 
promotes analysis that considers both behavioral and 
ecological responses by prey. Changes in behavior (such 
as an increase in vigilance) are important from the 
perspective of the prey species, but ecological responses 
(such as a shift in habitat selection) are probably more 
important from the perspective of understanding the 
consequences of predation for community and ecosys¬ 
tem structure and function. As we seek to understand 


the consequences of predator loss (and reintroduction), 
this perspective will be important. 

• Considering the interaction between predators and prey 
from both perspectives encourages analysis that consid¬ 
ers the effects on antipredator behavior on predator-prey 
dynamics. Predators affect prey numbers through direct 
killing and through the costs of antipredator responses, 
which are known as ‘risk effects’ or ‘nonconsumptive’ 
effects. Recent research shows that risk effects can consti¬ 
tute a large proportion (even the majority) of a predator’s 
limiting effect on prey numbers, but we do not yet have a 
clear understanding of the general importance of risk 
effects, the mechanisms that mediate them, or the factors 
that affect their magnitude. 


Methods of Studying Predation 

Predator-focused research on predation is generally con¬ 
ducted in two ways. Direct observation of predators has 
the advantage of providing information on the outcome 
(rates of predation and patterns of prey selection) and the 
processes that produce this outcome. Direct observation is 
tractable for many carnivores, but predators occupy posi¬ 
tions high in the food web, and consequently live at much 
lower population densities than their prey. Many verte¬ 
brate predators are shy, nocturnal, or solitary (approxi¬ 
mately 85% of the species in the order Carnivora are 
solitary), which further complicates direct observation 
and often requires radiotelemetry to obtain representative 
data. Indirect studies are usually based on identifying the 
remains of prey in carnivore scats. Such studies provide 
useful data on patterns of prey selection and relative rates 
of predation, but do not yield absolute rates of predation, 
and do not give information on the processes that produce 
the observed pattern of predation. However, it can be 
difficult to directly observe a large sample of predation 
events, and indirect measures of the relative importance 
of prey are a useful way to broaden the scope of sampling. 
Direct observation and scat analysis can be combined to 
take advantage of the strengths of each method. 

The Predation Sequence, Prey Selection, 
and Antipredator Behavior 

Predators rarely take prey in proportion to their availabil¬ 
ity. The species, age, and sex of prey (among other 
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attributes) affect the likelihood of being taken by preda¬ 
tors. It seems intuitively obvious that individuals of a type 
that is killed by predators often would be under stronger 
selection to engage in antipredator behavior, but this is 
not necessarily correct: a prey type might be killed rarely 
because it is rarely targeted, or because it engages in 
effective antipredator behavior. In other words, predation 
rates and antipredator behavior are linked by a feedback 
loop, and inferences about the strength of predation pres¬ 
sure must take this feedback into account. For example, it 
is possible that one species is directly killed by a preda¬ 
tor half as often as another prey species, but the less- 
frequently killed species invests more time and energy 
in antipredator behavior, so that the total effect of preda¬ 
tion is the same for both prey species. 

Studies of the predation sequence can reveal the pro¬ 
cesses by which a prey species becomes a large or small 
proportion of a predator’s diet, and thus help resolve the 
total effect of a predator’s presence on prey dynamics. 
Many studies have compared the diet of a carnivore 
with the relative abundance of each prey species. Such 
data describe the end-point of prey selection, but do not 
reveal whether prey selection is affected by nonrandom 
prey encounter rates, nonrandom decisions to hunt once 
prey are encountered, nonrandom success once a hunt has 
begun, or dilution of individual risk within a group of 
prey. Taking the view that prey selection is the outcome 
of a process with several stages reveals the complexities of 
predator-prey dynamics. Predators might focus dispro¬ 
portionately on given prey types at each of these stages, 
antipredator behavior might be employed with varying 
effort at each stage, and the mechanisms that affect one 
stage may complement or oppose the effectiveness of 
antipredator behavior at other stages. For example, a 
larger group promotes dilution of risk, but might also 
make the group easier to detect, or more likely to be 
attacked if it is detected (or less likely: even the sign of 
some effects is difficult to predict using logic alone, and 
empirical data are required to resolve these issues). 

Formally, relative risk, or an individual’s risk of preda¬ 
tion given the abundance of its type, is the product of four 
conditional probabilities, each representing a stage of the 
predation sequence: 

Encounter = probability of being encountered, given 
availability 

Attack = probability of being attacked, given encounter 
Kill = probability of a kill occurring, given attack 
Dilution = probability of being the individual selected, 
given a kill 

Encounter 

Relatively few studies have examined whether predators 
encounter their prey in proportion to their abundance or 


in some nonrandom manner. While data are sparse, most 
studies suggest that encounter rates are not random across 
prey species or group sizes. Habitat selection and active 
searching by predators could produce nonrandom pat¬ 
terns of prey encounter. Prey might reduce the likelihood 
of encounter by morphological crypsis, behavioral crypsis 
(e.g., snails show lowered activity rates in response to 
predator cues in water; many prey species freeze when a 
threat is nearby), active avoidance (e.g., duikers move to 
the opposite side of a bush when a threat is detected), 
reductions in group size (e.g., female elk disaggregate in 
response to the local presence of wolves), or shifts in 
habitat selection (e.g., bottlenose dolphins move to safer 
waters in response to the presence of tiger sharks). 

Attack 

Few studies have directly examined the factors that influ¬ 
ence the decision to hunt, once prey have been detected, 
but limited data suggest that attack probabilities are not 
random. Attack abatement strategies are seen in many 
prey species and generally fall into two categories. Some 
behaviors dissuade attack by sending an honest signal to 
the predator that a prey animal is in good condition. If the 
signal is honest, the predator benefits by avoiding the 
costs of a hunt that is more likely than average to fail, 
and the prey benefits by avoiding higher cost antipredator 
behaviors such as full speed flight. A good example is 
stotting by Thomson’s gazelles in response to cheetahs 
(stotting is a difficult and energetically costly display, in 
which gazelles repeatedly throw themselves as high as 
possible in a series of abrupt, four-footed bounds). The 
second category of attack abatement consists of behaviors 
that inform the predator that it has been detected (e.g., 
alert postures, alarm calls). For predators that rely upon 
stealth (e.g., most stalkers), attacks are likely to fail if the 
prey are aware of the predator’s approach while it is still 
too far for a final rush. Examples include woodpigeons 
preyed on by hawks and antelopes preyed on by leopards. 

Kill 

Mechanisms that affect the success of a direct attack are 
probably the most heavily studied aspect of antipredator 
behavior, because this is the stage that is most easily exam¬ 
ined by studies that focus data collection on the prey. This 
stage is also considered often by studies that focus data 
collection on the predator, which often use the term ‘hunt¬ 
ing success’ to describe the ratio of kills to hunts, or the 
probability of making a kill once a hunt is initiated. Quanti¬ 
tative comparisons of hunting success across species or 
studies are notoriously difficult, because differences 
among species (and habitats, group size, etc.) in the behav¬ 
ioral details of a hunt can make it difficult to define when a 
hunt occurs in a manner that is comparable across studies 
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but also appropriate to the specific predator-prey pair that 
is being studied. One clear-cut example of this problem is 
that coursers pursue their prey openly, and making prey 
flee at the outset of a hunt often allows weaker prey to be 
identified. Stalkers, on the other hand, are more likely to 
succeed if they can launch a final rush without having 
alerted their prey. Because the fundamental methods of 
capturing prey differ for stalkers and coursers, the criteria 
used to operationally define the initiation of a hunt also 
differ. Thus, statements such as ‘African wild dogs succeed 
in 44% of their hunts’ must be taken in context. 

Nonetheless, we know a good deal about the factors 
that affect hunting success. Aspects of antipredator behav¬ 
ior that can reduce the probability of a kill occurring once 
a hunt has begun include active defense (e.g., adult ungu¬ 
lates charging predators that attack juveniles), collective 
defense (e.g., ring formations in wildebeest or musk ox), 
coordinated flight (e.g., in fish schools), or predator con¬ 
fusion. It should be noted that the confusion produced by 
scattering groups can work against prey as well as the 
predator; predator confusion may be more effective for 
fish and birds, operating in three dimensions, than for 
species like mammals that operate in two dimensions 
and are thus more likely to intersect paths when moving 
quickly and erratically. 

Dilution 

Individual prey can reduce their immediate risk of preda¬ 
tion by sharing risk with group mates, provided that pre¬ 
dators cannot kill a large subset of a prey group and the 
detectability of groups by predators does not increase too 
substantially with group size. Empirical studies generally 
suggest that the benefit of risk dilution is a strong factor in 
reducing the per capita risk of death, when risk is assessed 
on a per-attack basis. Thus, dilution can provide selection 
pressure in favor of grouping, even if grouping does not 
yield antipredator benefits through other mechanisms 
that reduce the total rate of predation. If dilution of risk 
is the only benefit of grouping (on a per attack basis), then 
the time scale over which prey minimize the risk of 
predation becomes important. 

Risk Effects: The Costs of Antipredator 
Behavior and the Total Limiting Effect 
of Predators on Prey 

A large body of research has identified and quantified the 
behavioral responses of prey to predators. A large body of 
theoretical and empirical research has considered the 
manner in which direct predation can limit prey popula¬ 
tions. Recent research has combined these approaches to 
consider the possibility that predators can limit prey 
populations in part through the costs of antipredator 


responses. These costs are often termed ‘nonconsumptive 
effects’ or ‘risk effects’. Experimental studies with inver¬ 
tebrates have shown that risk effects can comprise a large 
part of the limiting effect of predators on prey popula¬ 
tions. For example, spiders rendered incapable of killing 
grasshopper prey (by gluing the spiders’ mouthparts shut) 
induce typical antipredator behavior by the grasshoppers, 
and reduce grasshopper populations by an amount that is 
comparable to unmanipulated, lethal spiders. As a second 
example, the presence of the invertebrate freshwater pred¬ 
ator Bythotrephes causes its Daphnia prey to migrate to 
colder and darker water to reduce predation risk. While 
Daphnia benefit from reduced predation risk in such con¬ 
ditions, they also grow more slowly and produce fewer 
eggs. This cost of responding to predation risk reduces the 
population growth rate of Daphnia by a greater amount 
than the effect of direct predation itself. Several studies 
suggest that risk effects can also be important for the 
dynamics of vertebrates in the wild, though we still have 
little information on this subject. For example, elk adjust 
their behavior, habitat selection, and diet in response to the 
presence of wolves, and these responses are associated with 
substantial decreases in food intake, progesterone concen¬ 
tration (progesterone is responsible for maintenance of 
pregnancy), and calf production. Such results suggest 
that the costs of antipredator responses can be an impor¬ 
tant part of the total effect of predators on prey dynamics. 
In turn, this result suggests that the effects of predator loss 
or reintroduction will often be more complicated than the 
result that would be predicted solely on the basis of direct 
predation rates. 

See also: Defensive Avoidance; Group Living; Risk- 
Taking in Self-Defense. 
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The majority of mobile animals need to locate their food 
in space (and in some cases, time). In addition, some kinds 
of food need to be extracted or processed before they 
can be consumed, and the pressure to exploit these 
resources, through extractive foraging or tool-use, has 
been hypothesized to have selected for advanced cogni¬ 
tive abilities. This article will focus on physical problem¬ 
solving in mammals and birds and review the evidence 
for the cognition underpinning it. A recurring question is 
whether animals that solve complex problems in their 
environment differ from those that do not, in terms of 
what, or how, they learn. Early research on the ability of 
animals to solve physical problems focused on tool-users, 
but these are not the only species to exploit embedded or 
otherwise defended resources, and so our review will 
encompass evidence from tool-using and nontool-using 
animals alike. 

When Does a Problem Become a 
Problem? 

Animals face many problems in their lives; they need to 
find food, avoid predators, reproduce and, in some cases, 
care for their offspring. This article is concerned with 
the problems animals face in the course of accessing 
and processing food. Some species never face these 
sorts of physical problems in their natural habitat; their 
food can be processed directly through morphological 
adaptations. However, some species take advantage of 
embedded or otherwise defended foods, despite the 
fact that evolution has not equipped them to process 
such resources directly. For example, although rodents, 
such as agoutis, can gnaw through tough nuts to get 
access to their kernels, other species must use tools to 
smash them open (such as chimpanzees and capuchin 
monkeys), or drop them from a height onto a hard 
surface (a tactic employed by several corvid species). 
Similarly, the aye-aye, a species of prosimian, native 
to Madagascar, has an elongated middle digit which it 
uses to probe tree holes for insect larvae. However, 
species without this adaptation, such as chimpanzees, 
woodpecker finches, and New Caledonian crows use 
stick tools to fish for invertebrates instead. Physical 
problems then, such as extracting a larva from a tree or 
opening a nut, are not simply a feature of the environ¬ 
ment, but are modulated by the nature of the animal 
encountering them. Kohler, one of the first to research 


the physical problem-solving abilities of animals, 
described a problem as follows: 

Something is to he achieved with regard to ... a situation; 

but, as the situation is given, it cannot be achieved. How 

must we change the situation so that the difficulties disap¬ 
pear and the problem is solved? (Kohler, 1969, p. 134) 

One of the most conspicuous candidates for problem¬ 
solving is tool-use, when an animal can be seen to reach 
beyond the limitations of its own body to gain an other¬ 
wise inaccessible resource. Animals in the wild also solve 
problems through direct manipulation of the environ¬ 
ment; this can be identified when an expert in a particular 
species witnesses an individual encountering a new prob¬ 
lem and finding a solution to it outside of the usual 
behavioral repertoire of that species. However, some 
behavioral solutions have a large genetically determined 
component, and are therefore, comparable to a morpho¬ 
logical adaptation. Further study is needed to identify 
behavior as novel, and because of the interplay between 
genes and the environment, this may not be an easy task. 
For example, chimpanzees and orangutans are known to 
use tools customarily in the wild, but gorillas and bonobos 
do not. However, in captivity, all four species of great apes 
use tools. Nevertheless, regardless of whether tool-using 
per se is genetically predetermined in some or all of the 
ape species, the uses to which they are put are very 
variable and do not seem to be genetically fixed. Some 
of the difficulties in defining innovation and problem¬ 
solving can be circumvented by presenting animals with 
novel problems in the laboratory that prevent them from 
using morphological or behavioral adaptations; their 
problem-solving abilities can then be studied, although 
this approach is not without its caveats. This article will 
address four questions about problem-solving in animals. 
What selective pressures favor its evolution? What sort of 
problems can animals solve, and what makes one species 
better at solving problems than another? Finally, what 
cognitive mechanisms underpin problem-solving in dif¬ 
ferent animal species? 

The Evolution of Problem-Solving 

Problem-solving is costly, for two main reasons. First, 
interacting with new objects leads to risks, both of actual 
physical harm (from resources such as poisonous cater¬ 
pillars and nettles), and from the prospect of investing 
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valuable foraging time into a nonprofitable venture (some 
problems may prove insoluble). In environments where 
these risks are large and the incentives small (because of 
the direct availability of reliable resources) it will be more 
adaptive to be cautious and conservative. Second, in both 
birds and primates, those species for which higher rates of 
innovation and tool-use are reported have relatively 
enlarged areas of the brain involved in cognitive processes 
such as inhibition and rule-learning (the mesopallium and 
nidopallium in birds and the isocortex and striatum in 
primates). Neural tissue is expensive in terms of energy 
demands (requiring around nine times more energy than 
the average requirements of body tissue), and animals 
maintaining a surplus would be selected against. Given 
the costs of problem-solving, why would it evolve? 

One theory involves direct selection for problem¬ 
solving itself, in environments where the benefits of 
accessing defended food outweigh the costs of the risk of 
injury and a large brain. Candidates for the important 
features of these environments are: low availability of 
directly accessible foods; high availability of defended 
foods; availability of defended foods with high nutritional 
quality; and unpredictability (either through seasonal 
variation or rapid environmental change such as occurs 
in urban environments). Of course, these features are not 
mutually exclusive; need and opportunity can act in com¬ 
bination, and different features may have been acting 
during the evolution of different problem-solving species. 
Evidence for the importance of different environmental 
features comes from two sources. The first is the distribu¬ 
tion of problem-solving behavior across populations of a 
single species occupying different habitats. For example, 
woodpecker finches use tools to probe tree holes for 
invertebrates more frequently in arid habitats in the dry 
season, where the availability of surface prey is low and 
the availability and nutritional content of embedded prey 
is high, compared both to the wet season and to other 
habitats, where the opposite is true (Tebbich et al., 2002). 
Similarly, capuchin monkeys use stones to dig for high- 
quality tubers in arid environments with low availability 
of easily accessible foods, but have not been reported to do 
so in habitats rich in other food sources (Moura and Lee, 
2004). Another source of evidence comes from the sur¬ 
vival rates of different species of bird during introduction 
events to new environments. Large-brained species show 
higher survival rates, through higher rates of innovation. 
Such studies give clues as to the selective pressures that 
originally favored the evolution of problem-solving and 
the associated neural structures. 

Alternatively, selection in another domain may have 
resulted in neural adaptations that, as a by-product, also 
allowed animals to solve physical problems. There are 
several hypotheses for the evolutionary pressures favoring 
increased brain size and intelligence. Some theories cite 
ecological factors other than those mentioned above, such 


as a patchy distribution of food in time and space. Other 
theories emphasize the challenges and opportunities 
stemming from social living, such as increased competi¬ 
tion; cooperating to secure resources unavailable to indi¬ 
viduals; and learning from others. Evidence supporting 
the Social Brain hypothesis and its variants comes from 
positive correlations between relative brain size and group 
size in mammals. Social system is also related to brain size 
in birds, with cooperative breeders and long-term monog¬ 
amous species having the largest brains. Amici et al. (2008) 
report evidence for a link between the social environ¬ 
ment and adaptations that impact on problem-solving. 
They found from a comparative study of inhibitory skills 
among seven species of primate that the degree of fission- 
fusion dynamics (splitting and merging into subgroups) 
predicted success on tasks in which a prepotent response, 
such as reaching directly for food, had to be inhibited. 
Inhibition is certainly a cognitive skill that would benefit a 
species with high fission-fusion dynamics (if group mates 
are not seen for some time, relations among them can 
change), but that also would be important for problem¬ 
solving, which requires the repression of an ineffective 
direct approach. 

Whether direct or indirect selection is responsible 
(and the two alternatives are not mutually exclusive), 
comparing animal problem-solving in the wild certainly 
reveals differences between species, with some groups of 
animals emerging as the most frequent innovators and 
tool-users; the great apes amongst primates (such an 
analysis has not been done with other mammals), and 
the corvids amongst birds. However, are these differ¬ 
ences ascribable to a property of the animals themselves 
or the habitats in which they are found? Of course, the 
relatively large forebrains of these groups suggest that it 
is the former, but it could be the case that infrequent 
tool-users and innovators lack the incentive, rather than 
the ability, to solve problems. To comprehensively 
address whether there are differences between species 
in the types of problems they can solve, comparative tests 
under controlled conditions are needed. 

What Sorts of Physical Problems Can 
Animals Solve? 

Observations of animal problem-solving in nature have 
inspired experiments to try and uncover what problems 
animals can solve under controlled conditions, and to 
characterize the cognitive processes involved. Most of 
this work has been conducted with chimpanzees, inspired 
by the striking observations of tool use and manufacture 
by this species in the wild and its close relationship to 
humans. However, other species have been incorporated, 
mostly from those highly innovative groups, the corvids 
and primates. A few studies have also been conducted on 



Table 1 The main physical problem-solving studies conducted in the laboratory on more than one species (species are shown in the legend) 


Apes Primates Mammals Corvids Birds 


Property 

Task 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

6 

7 

8 

1 

2 

3 

1 

2 

3 

1 

2 

3 

Shape 

Form 

1. Bundled sticks 

Y 

Y 

Y 



Y 











Y 







2. Unbend wire tool 

Y 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

— 


3. Modify tool 

1 

I 

Y 

— 

— 

I 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

— 

— 

Y 

— 

— 

Length 

4. Tool length choice 

— 

— 

Y 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

— 

— 

I 

— 

— 


5. Assemble tool 

Y 

I 

Y 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


6. Meta-tool 

1 

— 

Y 

Y 

— 

Y 

Y 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

Width 

7. Tool diameter 

— 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

Contact 

Connection 

8. Inverted rake 

N 









Y 

N 





Y 








9. String pull 

Y 

Y 

Y 

Y 

Y 

1 

Y 

Y 

Y 

— 

Y 

Y 

— 

Y 

Y 

— 

— 

Y 

Y 

— 

Y 

Y 


10. Parallel 

I 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

— 

Y 

Y 

— 

Y 

Y 

— 

— 

— 

Y 

— 

Y 

— 


11. Crossed 

Y 

Y 

Y 

Y 

— 

I 

Y 

Y 

N 

— 

— 

Y 

— 

N 

— 

— 

— 

— 

Y 

— 

Y 

— 


12. Broken 

Y 

I 

Y 

Y 

— 

— 

— 

— 

— 

Y 

Y 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

Y 


13. Contact tube 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

— 

— 

— 

— 

Support 

Material 

14. Cloth 

Y 

Y 

Y 

Y 

— 


Y 

— 

— 

Y 

Y 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

Y 

— 

Rigidity 

15. Flimsy tool 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

Y 

— 

— 

— 

— 

— 

N 

— 

— 

— 

— 

— 

Continuity/solidity 

16. Trap tube 

Y 

Y 

Y 

N 

— 

1 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

1 

Y 

— 

I 

— 

— 


17. Two-trap task 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Y 

Y 

— 

— 

— 

— 


18. Trap table 

1 

— 

— 

— 

Y 

1 

— 

— 

— 

Y 

N 

— 

— 

— 

— 

— 

I 

— 

— 

— 

— 

— 


19. Obstacles 

— 

— 

— 

— 

— 

I 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


20. Boards 

Y 

I 

Y 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 

N 

— 

— 

— 

— 

— 

— 

— 

— 

Weight 

21. Discrimination 

Y 

Y 

— 

— 

— 

Y 

Y 

— 

Y 

— 

— 

— 

Y 

— 

— 

— 

— 

— 

— 

— 

— 

— 


Y indicates that at least one individual solved at least one configuration of the problem. 

N indicates that no individuals solved the problem. A dash indicates that the species has not been tested. Species shaded in gray are habitual tool-users in the wild. 

A (Apes):1 - Chimpanzee; 2 - Bonobo; 3 - Orangutan; 4 - Gorilla; 5 - Gibbon. P (Primates - other): 1 - Capuchin; 2 - Macaque (various); 3 - Spider monkey; 4 - Squirrel monkey; 5 - Vervet 
monkey; 6 - Callatrichid; 7 - Baboon; 8 - Long-tailed lemur. M (Mammals - other): 1 - Dogs; 2 - Elephants; 3 - Degus. C (Corvids): 1 - New Caledonian Crow; 2 - Rook; 3 - Raven. 

B (Birds - other): 1 - Woodpecker finch; 2 - Parrot; 3 - Pigeon. 
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other mammals and birds. Table 1 summarizes the results 
of the main studies on which more than one species has 
been tested, organized in terms of the physical principle 
involved. In each case, the problem is the retrieval of a 
food reward, to which direct access has been blocked. The 
subject either needs to modify the situation (e.g., creating 
a long stick tool by putting three smaller ones together), 
or make a choice between two or more options (e.g., 
pulling an effective tool rather than an ineffective one, 
which might be long, complete, rigid or connected to 
food, rather than short, broken, floppy, or unconnected 
to food). The problems and their solutions are shown 
pictorially in Figure 1. For a detailed description of the 
results of most of these studies, see Tomasello and Call 
(1997). From this overview, it is clear that animals are able 
to solve problems of a great many varieties involving the 
physical principles of shape, connectedness, and material 
properties (such as rigidity, continuity, and weight), 
including some that were thought to be the unique pre¬ 
serve of humans, such as meta-tool use. 

However, Table 1 merely indicates which species were 
able to find the solution to the problem over the course of 
an experiment, and it must be emphasized that species 
differ considerably in other performance measures, such 
as the amount of experience they need to solve a problem, 
and the proportion of successful individuals. The broken 
string paradigm has been used to test several species, and 
a more detailed analysis of this problem can illustrate how 
performance can differ. When presented with two objects 
attached to food rewards (strings, or other objects such 
as strips of cloth or prepositioned tools), one intact and 
one with a clear break in the middle, great apes, vervet 
monkeys, cotton-top tamarins, elephants, and pigeons, are 
able to pull the connected, continuous object to bring the 
food within reach (Table 1; Figure 1(12)). However, 
whilst some species performed significantly above chance, 
right from the start of the experiment, in at least some 
configurations (great apes, vervet monkeys, and elephants), 
pigeons and cotton-top tamarins required extensive train¬ 
ing (they required over a hundred trials before the correct 
solution was learned). 

It is tempting to infer that the species that solved the 
problem spontaneously used a qualitatively different cog¬ 
nitive mechanism, involving an appreciation of the prin¬ 
ciple of connectedness such as would underpin an adult 
human’s behavior. However, an animal’s performance 
depends on a number of both cognitive and noncognitive 
processes. For example, those animals that take longer to 
solve a particular task, or even fail it completely, may be 
less motorically dexterous, less motivated, more easily 
distracted, find the task at hand harder to perceive, 
or find irrelevant features of the task more attention- 
grabbing, compared to the species that solve it quickly. 
Even the same individuals can perform very differently on 
two tests supposedly probing the same ability. For example, 


although the great apes tested by Herrmann et al. (2008) 
on the broken string problem were able to solve it spon¬ 
taneously when the material involved was string or cloth, 
they performed at chance (in the 6 trials given) when the 
objects were two wooden canes, prepositioned around the 
food rewards. Similarly, Girndt et al. (2008) tested a group 
of chimpanzees on the trap table test (in which food 
should be raked in over a solid surface rather than one 
with a trap in it, Figure 1(18)). When tested with two 
prepositioned tools, they failed to find the solution in 
20 trials, but they passed when given one tool and required 
to choose which reward to rake towards themselves. These 
small differences in task presentation had such a large 
effect on performance that had only one configuration 
been given, a very misleading picture of the animal’s abil¬ 
ities would have emerged. Given that many species com¬ 
parisons rely on comparing studies done using not only 
different materials but also completely different research 
setups, it is clear that caution must be exercised. Impor¬ 
tantly, even an identical setup may not be equivalent for 
different species. Ideally, results of many tests probing the 
same ability in different ways should be employed to build 
confidence in the interpretation, a process referred to as 
‘triangulation.’ 

Although several processes (both cognitive and non¬ 
cognitive) go into the make-up of a successful problem- 
solver, comparing performance measures across a range of 
problems can provide us with an idea of different species’ 
proclivity to solve new problems. Fine-grained analyses of 
performance data provide little evidence that apes out¬ 
perform monkeys in problems involving space and 
objects, despite hypotheses to the contrary (Call, 2000). 
Furthermore, animals that customarily use tools in the 
wild do not systematically outperform nontool-users on 
the tasks in which both have been tested. Interestingly, on 
the tests conducted so far, corvids have performed com¬ 
parably to primates, suggesting that there has been a 
convergent evolution of problem-solving skills in these 
two distantly related groups (Seed et al., 2009). However, to 
study the cognition underpinning problem-solving we 
need to go beyond absolute performance differences, and 
look at the results of tests that aim to isolate the cognitive 
processes from each other (e.g., perception, inhibition, 
learning, memory), and from the noncognitive ones (e.g., 
motor skills, motivation, attention, and temperament). 

What Cognitive Mechanisms Underpin 
Animal Problem-Solving? 

When animals solve problems, such as the broken string 
task described above, do they use a knowledge of object 
properties (only materials that are continuous and 
connected to the reward are worth pulling), or have they 
simply associated certain perceptual cues with rewarding 
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Figure 1 The 21 problems as numbered in Table 1. The arrow shows the transformation from one state to another or the direction 
in which the food should be moved for the problem to be solved. 


outcomes? The question of whether animals solve pro¬ 
blems through sophisticated cognitive processes, such as 
mental representation and reasoning, is a century old 
debate that is still on-going. At one pole of the debate is 
the view expounded by Thorndike, an American psychol¬ 
ogist working at the beginning of the twentieth century. 
Thorndike presented animals with puzzle boxes that they 
had to learn to open, either to gain their freedom or gain 
access to food. From these studies, he concluded that 
whilst the animals were able to learn through trial-and- 
error to associate perceptual features of the stimuli with 
behavioral responses, repeating those combinations that 
led to reward and ceasing those that did not, there was no 


evidence for any human-like reasoning. Kohler, a contem¬ 
porary of Thorndike, objected to this conclusion on the 
grounds that the methodology employed did not allow the 
animals to engage in their powers of reasoning, because 
the causal mechanisms controlling the boxes’ release- 
mechanisms were made too obscure. In his studies with 
chimpanzees, he made food inaccessible, but the means to 
reach it clearly visible (e.g., putting food too high for the 
chimpanzees to reach it and leaving sticks to knock the 
food down, or boxes that could be stacked). From the rapid 
success of some of his subjects, he concluded that chim¬ 
panzees used insight, and not blind trial-and-error, to 
solve problems. Importantly, both accounts contain a 
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hypothesis about two facets of the cognitive process, namely 
what animals see in a problem (shallow perceptual features 
or more abstract representations of causally relevant struc¬ 
tural features) and how animals solve problems (associative 
learning or more complex ‘human-like’ processes, such 
as reasoning and insight). These two facets will be discussed 
in turn. 

What Do Animals See in a Problem? 

Objects in the environment have physical properties that 
dictate the possible ways in which they can interact with 
one another (e.g., solid objects cannot pass through one 
another). These properties, such as solidity, continuity, 
weight, and rigidity can be directly sensed, but the prin¬ 
ciples themselves can also be represented at a deeper level 
of abstraction (where more ‘abstract’ means that the infor¬ 
mation is not equivalent or reducible to concrete, ana¬ 
logue sensory input, but rather has undergone further 
processing in which meaning is extracted). This would 
enable them to be used to make predictions in novel 
situations that do not share any surface perceptual fea¬ 
tures with those in which they were first encountered. 
This is a critical feature of flexible problem-solving in 
humans, but in the absence of verbal report, when an 
animal transfers its solution to a new context, it is often 
impossible to know if it has inferred anything about causal 
properties, or if its behavior can be explained by a combi¬ 
nation of past associative learning and generalization 
based on surface-level perceptual characteristics. Con¬ 
trolled experimentation that pits one account against 
another is needed. 

Once paradigms have been found that subjects can at 
least learn to solve, different features can be varied sys¬ 
tematically in transfer tasks, to ascertain which of the 
possible features the subjects used to solve the original 
problem. For example, in the broken string task, cotton- 
top tamarins, having learned the original discrimination 
(pull the unbroken rather than the broken cloth), were 
given transfer tasks that varied functionally irrelevant 
features, such as the cloth’s color, shape, texture, and the 
shape and size of the gap. The tamarins readily transferred 
their solution across the majority of these changes, sug¬ 
gesting that they had used functionally relevant proper¬ 
ties to solve the original discrimination (Hauser et al., 
1999). In contrast, pigeons that had learned to solve one 
version of the broken string task failed to transfer to a new 
version in which the shape and color of the material was 
changed, suggesting that they had relied on perceptual 
cues to solve the original task (Schmidt and Cook, 2006). 

However, even the transfer tasks solved by the tamar¬ 
ins could be solved by learning to avoid the gap as a 
perceptual feature, and then generalizing along this 
parameter. Animals certainly do rely on perceptual cues 
to solve some problems. Povinelli (2000) conducted a 


series of experiments with chimpanzees, including several 
of the tasks depicted in Figure 1(8, 12, 14-16, 18). 
The results of many of these studies were commensurate 
with the idea that the chimpanzees had used a per¬ 
ceptually based rule, rather than one that encompassed 
an abstract notion of object properties. For example, in 
the trap tube task, in which the subject needs to push a 
piece of food out of a horizontal tube away from a trap 
(Figure 1(16)), the one subject that learned to do so 
continued to use this strategy even when the tube was 
inverted, and therefore nonfunctional. It seemed therefore 
that she had treated the trap as a perceptual cue but had 
not encoded its functional significance. But does the use 
of perceptual information in one task mean that structural 
information cannot be encoded by members of this spe¬ 
cies? It must be emphasized that the two sorts of knowl¬ 
edge are not mutually exclusive, and indeed human 
researchers have argued for the existence of two cognitive 
processes working in parallel during problem-solving. 
Furthermore, the many factors affecting performance 
mentioned at the end of the last section also impact the 
results of transfer tests, and so the results of one study 
(especially, if they are negative) need to be interpreted 
cautiously. Seed et al. (2009) found that eight chimpanzees 
solved a version of the trap problem that did not require 
them to use a tool. The performance of these subjects was 
then compared with naive subjects on a perceptually 
distinct transfer test made of new materials. Chimpanzees 
without experience on the first problem performed 
poorly on this task (only one subject was successful), but 
all of the experienced subjects in a group tested without a 
tool solved the new test in very few trials, suggesting that, 
in contrast to the results of the original trap tube study, 
they had encoded information about the functional prop¬ 
erties of the objects involved in the initial testing phase. 
However, another group of experienced subjects tested 
with a tool required many more trials, and only half of the 
subjects were successful, revealing the critical importance 
of the manner of task presentation. 

Seed et al. (2006) made some changes to the trap tube 
task in a study of rooks, and aimed to pit a perceptual and 
structural account directly against one another. Eight 
birds were tested on a version that featured two ‘traps’ 
along a horizontal tube (Figure 1(17)). One of the traps 
was sealed with a black disc at the bottom and would trap 
the reward if the rooks pulled the food over it. The other 
was nonfunctional; in Design A, it had a black disc at the 
top, which the food could pass across; in Design B, it had 
no black disc, so the food could fall through it. Once the 
birds had solved these tasks, they were given two transfer 
tasks, each featuring both previously nonfunctional traps 
(pass-across and fall-through). In Design C, both ends of 
the tube were blocked with bungs, and in Design D, the 
tube was lowered to the surface of the testing shelf. Cru¬ 
cially, therefore, both tasks featured the same familiar cue, 
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but each required the opposite response to it (pull away 
from the black disc in Task C, pull towards it in Task D). 
One of the seven rooks was able to solve these transfers, 
suggesting that she did not simply use the appearance of 
the functional trap as an arbitrary, surface-level cue. Seed 
et al. (2009) recently conducted a similar experiment with 
chimpanzees. All of the eight chimpanzees tested learned 
to avoid the trap. Furthermore, one chimpanzee passed 
both designs C and D. Like the successful rook, this chim¬ 
panzee could not have been using a rule based on an 
arbitrary perceptual cue to solve the task. 

Hanus and Call (2008) also pitted perceptual and 
abstract representational accounts against one another in 
an experiment designed to probe what chimpanzees know 
about weight. Chimpanzees were shown a seesaw balance, 
with an empty cup at either end. The experimenter sur¬ 
reptitiously placed the banana in one of the cups behind a 
screen. The chimpanzees saw the balance tip, and strik¬ 
ingly, they chose the lower cup significantly more often 
than the higher cup from the first trial. Perhaps most 
interestingly, they chose at chance when the experimen¬ 
ter’s action tipped the balance, revealing that the shallow- 
level perceptual information, namely the downward 
movement of the lower cup, was not sufficient to elicit 
the chimpanzees’ choice. Even subjects tested first on the 
casual condition that had been choosing the lower cup 
reverted to random responding when the weight of the 
banana was no longer the cause of the movement. 

From these and other experiments, it seems that some 
animals do form abstract representations of some object 
properties. However, this assertion is still controversial, 
and a number of questions arise: which species; which 
specific properties; how do the abilities develop; and 
how (if at all) do they differ from those of humans? 

How Do Animals Translate Information and 
Knowledge into Action? 

Associative learning as put forward by Thorndike to 
explain the performance of mammals in his puzzle boxes 
is based purely on covariation, and considerable trial- 
and-error is needed before the emergence of a correct 
solution. Experiments in the laboratory have shown that 
animals are adept at learning to associate a response to a 
given cue if doing so reliably leads to a certain outcome 
(e.g., pressing a lever or pecking a key when a light is 
turned on, to gain access to food). Putting aside the 
question of the level of abstraction at which the learned 
knowledge is represented (perceptual or structural), is this 
the only mechanism available for animals to discover the 
solution to a problem? In the real world, events are not 
random and arbitrary, but are instead underpinned by 
predictable causal structures (e.g., heat causes water to 
evaporate, and not the other way round). Adult humans 
are able to infer the solution to a completely novel problem 


without interacting with it at all, drawing on their knowl¬ 
edge of causality, logic, and other applicable concepts. 
Processes such as inference are little understood and lack 
rigid definitions; they are simply referred to as ‘nonasso- 
ciative processes.’ What evidence is there for inference in 
animals? 

Call (2007) tested great apes on a task in which subjects 
needed to locate a food reward based on the inclination of 
two boards lain on a table. One board had a food reward 
underneath it, and was therefore at an incline, whilst the 
other was flat (Figure 1(20)). All great apes were able to 
locate the reward at above chance levels. They did not 
show a preference for the inclined board when the cause 
of the incline was a wedge, despite being rewarded if they 
did so. It therefore seems that apes were able to use their 
knowledge of solid objects and the effect they have on one 
another to infer the location of food, because a learned 
preference for inclined boards could not explain the 
results. Similarly, they were also able to infer the presence 
of food when two cups were shaken and only one made a 
rattling sound, but did not choose a tapped cup in another 
condition even though this choice was rewarded (Call, 
2004). In the experiment by Hanus and Call (2008) 
described earlier, chimpanzees inferred the location of 
food on the basis of its weight, choosing the lower of two 
cups on a see-saw balance when the baiting of one of the 
cups was the cause, but not when the experimenter moved 
the balance by hand. Call (2004) also found evidence for 
inference by exclusion in apes. Subjects were shown 
two cups, and the hiding of a piece of food in one of them 
behind a screen. Apes were then shown the empty cup, or in 
another condition, the empty cup was shaken and produced 
no rattling sound. The apes chose the untouched, baited 
cup significantly above chance levels. 

Conclusion 

Questions concerning the cognitive processes involved 
in animal problem-solving are still hotly debated, but 
they have relevance for fundamental questions concerning 
thinking in nonverbal animals, and the evolution of the 
human mind. The debate has moved on from a stark 
dichotomy between simple associative learning and more 
complex processes, and most modern researchers acknowl¬ 
edge the interplay between inherited predispositions, 
learning, and reasoning. Indeed, even Kohler, the great 
exponent of insight in animals, recognized that ‘... some 
previous learning is often needed not only for the solution 
of a problem but also for its understanding as a problem’ 
(Kohler, 1969, p. 135). Physical problem-solving provides 
researchers with an excellent window onto these questions, 
because unlike the social domain, objects and events in 
the physical world can be tightly controlled by experi¬ 
menters. However, because so many variables impact on 
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performance on these tasks, experiments must be carefully 
designed and interpreted with caution, especially when 
comparing species. Evidence so far suggests that for 
large-brained, innovative species such as primates and cor¬ 
vids, associative learning of perceptual rules is not the only 
process available for solving problems. However, further 
work is needed to characterize these nonassociative pro¬ 
cesses in more detail, and the precise role they play in 
animal problem-solving. We have taken some steps towards 
an understanding of animals’ knowledge of object proper¬ 
ties, and their inferential abilities, but we know little about 
how these two facets interact. A still greater challenge is to 
explore the distribution of these cognitive skills amongst 
animals, to address the question of the evolutionary pres¬ 
sures selecting for problem-solving skills. 

See also: Animal Arithmetic; Apes: Social Learning; 
Categories and Concepts: Language-Related Compe¬ 
tences in Non-Linguistic Species; Costs of Learning; 
Development, Evolution and Behavior; Foraging Modes; 
Innovation in Animals; Intertemporal Choice. 
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Introduction 

Propagules - a general term relating to all forms, such as 
eggs and larvae, which serve in dissemination and trans¬ 
mission between habitats and hosts - are one of the major 
parameters of success of living organisms. If in a popula¬ 
tion certain individuals have a greater capacity to disperse 
than others, then their or their offspring’s chances of 
survival, and subsequent fitness, may be increased, either 
by an increase in the probability of finding a suitable 
habitat, by the conquering of new areas, and/or by the 
reduction of intraspecific competition. However, propa¬ 
gules of living organisms only serve their function if, 
either actively or passively, they end up in a favorable 
habitat/host. 

Parasites that are not directly transmitted or vector- 
borne require some method of movement between their 
hosts, and it is the propagules of these indirectly trans¬ 
mitted parasites that enable the life cycles to be main¬ 
tained. The majority of parasitic species spend at least one 
portion of their life cycles as ‘free-living propagule’ stages. 
The mobility of these propagules varies along a scale with 
some parasite propagules appearing not to require mobil¬ 
ity or associated behaviors for successful transmission. 
For example, some parasite propagules, such as the highly 
resistant and ubiquitous Ascaris (roundworm) eggs, are 
released with the feces of an infected host, and subse¬ 
quently simply rely on a mobile new host to make soil- 
transmitted contact with the eggs and their subsequent 
larvae for onward transmission. However, in general, in 
parasite species where the reproductive stages are rela¬ 
tively immobile, due to the lack of host mobility or habit 
(where they return to the same parasite-shedding loca¬ 
tion), the more likely it is that some elaborate means of 
dispersion for its propagules has been selected. For exam¬ 
ple, fixed aquatic animals ensure the dispersion of their 
gametes or planktonic larvae by developing various 
appendages, such as bristles, blades, or umbrellas, which 
allow them to be carried away by the wind or to drift 
with the currents. Associating oneself durably to a mobile 
organism amounts to selecting an equally efficient mech¬ 
anism of dispersion. All parasites in the digestive tract of a 
mammal, for example, have their eggs or larvae dispersed 
more or less constantly in this manner as the living host 
‘vehicle,’ as Claude Combes puts it, travels. Similarly, all 
bird parasites fly with their hosts and all fish parasites 
swim with theirs. In contrast, in insects parasitic of other 
insects and crustaceans from the monstrillid group, only 


the larvae are parasitic, since dispersion is ensured by 
mobile adults. 

Propagule dispersion is ensured by a range of different 
processes. Furthermore, parasites that infect multiple 
hosts are impressive in the complexity of the cyclical 
changes of milieu that they must undergo to accomplish 
dispersion through the exterior environment, infection of 
successive and often dramatically contrasting host species, 
and transfers between different sites within hosts, for the 
life-cycle to be continued and their genes transmitted. In 
each of such parasites, the same genome must be capable 
of building a series of six or seven ‘successive organisms,’ 
each different from the others and each able to discover 
and exploit different habitats. 

The Complexity of Parasite Behavior 

Larval propagules are often nonfeeding and obtain their 
energy through stored glycogen. As their energy stores 
deplete with time and activity, both swimming capabilities 
and infectivity decrease. This provides strong constraints 
and selective pressures for the parasite propagules to 
locate and penetrate a suitable host rapidly postemergence. 
The rate of glycogen depletion, survival and infectivity 
of these propagules can be influenced by environmental, 
genotypic, and phenotypic factors. 

Parasites appear to have thereby evolved a broad range 
of complex species-specific and stage-specific phenotypic 
behavioral traits to aid the transmission of their propa¬ 
gules, often including trade-offs between quantity and 
quality, with some species investing in sophisticated beha¬ 
viors, while others produce multitudes of behaviorally less 
complex propagules. The degree of separation between 
these two extremes depends in part on the behavioral and 
ecological characteristics of the subsequent host, including 
host’s environmental niche, behavior, density, and distri¬ 
bution, all of which influence the chance of a propagule 
encountering a host and therefore whether it is more 
advantageous to conserve energy and wait for host stimuli 
or to keep searching. 

Transmission-enhancing behavioral traits can either be 
host independent (where they increase the chance of the 
parasite entering and remaining in the host’s natural niche 
at a time when the host is likely to be within this environ¬ 
ment) or host dependent and involve attraction to a host. 
Such behavioral traits can also involve either taxis or 
kinesis depending on whether they result in a direct 
movement toward or away from a stimulant (taxis), 
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or involve alterations in behaviors such as an increase or a 
decrease in turning rate, thereby increasing the chance of 
a propagule remaining within a given area/environment 
(kinesis). These behaviors can also be innate and/or 
involve sensory perception. They are however rarely 
learned behaviors, as parasite propagules tend to pene¬ 
trate the first host they come into contact with, although 
this can also depend on the maturity of the propagule. 
The role of parasite propagule behaviors in achieving 
and enhancing transmission will be discussed within this 
review in relation to several parasitic species, although 
focusing in particular on various species of trematode as 
model systems. 

A Brief History of Research into 
Propagule Behavior 

Knowledge of the range of parasite propagule behavior 
can provide insights into the ecology of such parasites and 
could potentially have strong implications for the success 
of parasite control programs and our general understand¬ 
ing of the diseases they cause. Although the study of 
parasite behavior has lagged far behind other fields of 
behavioral study, some of the earliest reports date back 
to 1883, with studies on Fasciola hepatica miracidia (a larval 
propagule) and their attraction to lymnaeid snails by 
A.P. Thomas. Similar host-finding behavioral studies 
seldom reappeared until the mid-1950s, often expanding 
from entomology investigations on parasitic insects. Most 
early studies were performed on trematode miracidia 
and cercariae, due to their medical importance, and such 
investigations still dominate parasite behavior research 
today. Behavioral strategies for location of a suitable host, 
food, environment, or mate have, however, now been 
demonstrated in many different genera with a wide range 
of mechanisms and inter- and intraspecific variation. 

This review will focus primarily, but not exclusively, 
on trematodes, in particular schistosomes. Schistosomes, 
of the genus Schistosoma , are the causative agent of schis¬ 
tosomiasis a parasitic disease second only to malaria in 
terms of its socioeconomic and public health importance. 
They are platyhelminth macroparasites with an indirect 
life-cycle involving two propagule stages; miracidia and 
cercariae. 

Host location by free-swimming parasite propagules is 
thought to consist of five essential phases: hatching/ 
release, dispersal, microhabitat selection, orientation to 
the host, and penetration. We will later consider each 
of these phases for trematode miracidia and cercariae in 
turn. These two parasite propagules have been chosen 
as they contrast greatly in the type of host they infect, 
and therefore the type of behaviors that have evolved to 
maximize transmission. Trematoda miracidia are mainly 
infective to molluscan intermediate hosts which are slow 


moving and aquatic or semiaquatic, while cercariae in 
contrast mainly infect the definitive mammalian hosts 
which are nonaquatic and warm blooded with sporadic 
presence in the environment that the propagules are 
released into. The specific behavioral, biological, and 
environmental characteristics of these hosts are strongly 
reflected in their infecting propagules’ behavior, and 
therefore these two more specific examples of trematoda 
miracidia and cercariae provide excellent opportunities to 
demonstrate the wide variety of characteristics that para¬ 
site propagules of wider genera are capable of. 

Miracidia 

Hatching of Miracidial Propagule Stages 

The first step in transmission of a miracidial propagule 
from the definitive host is hatching, and egg production 
can be rhythmic to increase the chances of coming into 
contact with a suitable environment and the next host. For 
example, Schistosoma haematobium egg excretion peaks in 
the urine of children around midday, when they are more 
likely to be near a suitable hatching site. The hatching 
process of the parasite itself further requires certain envi¬ 
ronmental conditions, paralleling those preferred by the 
molluscan host, and is prevented from occurring within 
the definitive host through high osmotic pressure. The 
shift from high to low osmotic pressure, light, and tem¬ 
perature are all strong triggers for the hatching of propa¬ 
gule stages, for example schistosomes, Fasciola hepatica , and 
Echinostoma trivolvis eggs each reflecting their subsequent 
host habitat preference. 

Miracidial Dispersal and Host Attraction 

Due to their finite glycogen reserves, miracidial activity 
and infectivity are ultimately both age- and temperature- 
dependent. Posthatching, miracidia either demonstrate 
dispersal behavior or attraction toward host-space and time 
locations. Dispersal behaviors tend to be host-independent 
innate behaviors that act to spread the propagules out, 
reducing the chance of high intensity infections and their 
associated density-dependent effects such as competition 
and increased host mortality. In some species, miracidia 
appear oblivious to their snail hosts for up to three 
hours posthatching, which initially led researchers, such 
as Chernin and Dunavan in 1962 and La Rue in 1951, to 
believe that miracidia were not capable of host-specific 
recognition. 

This initial dispersal phase however can also be con¬ 
trolled by environmental stimuli matched to the species- 
specific substrate preferences of their intermediate hosts, 
indirectly increasing the likelihood, through sharing the 
same environment, of propagule contact with their appro¬ 
priate host. E. trivolvis miracidia for example show strong 
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negative geotaxic and positive phototaxic responses which 
act together to increase the numbers of miracidia in the 
upper half of the water. Helisoma trivolvis , the snail host for 
these E. trivolvis miracidia, tend to feed at the surface of the 
water, and therefore both these responses would act to 
increase the chance of contact with the subsequent host. 
The miracidia of F. hepatica are also strongly photopositive 
and their snail hosts are usually found near the surface, at 
the edges of the ponds, whereas the miracidia of the eye 
flukes, Philophthalmus lucknowensis and P gralli , are geoposi¬ 
tive and photonegative in accordance to their bottom¬ 
dwelling snail hosts, Melanoides tuberculata and Tarebria 
granifer. ; respectively. Likewise, S. mansoni and S. haematobium 
miracidia show geonegative and geopositive responses and 
photopositive and photonegative responses, respectively, 
directing them toward their contrasting Biomphalaria glab- 
rata and Bulinus globosus snail host environments. In these 
instances, combinations of simple taxis behavior can 
greatly influence the chances of contact with the necessary 
subsequent host. Even though in these cases the individual 
host species are all snails, their specific environments vary 
and the parasites behavior has evolved to exploit that. 

As water temperature and water velocity can also affect 
snail distributions, it is therefore not surprising that miracidia 
have evolved adaptations in their geo- and photoresponses 
with turbulence and temperature changes demonstrating the 
highly complex interactions between various stimuli and 
propagule behavior continually working in a balance to 
increase the chance of contact with the next host and 
continuation of the parasite life-cycle. 

Miracidial Attraction to Host in Response to 
Host Stimuli 

Propagules can further increase their chances of transmis¬ 
sion by being directly attracted to host cues, with species- 
specific mechanisms of host-finding and -recognition, often 
evolved to minimize contact with nonsuitable hosts. 
E. trivolvis demonstrate klinokinesis as a positive reaction 
to snail-conditioned water, turning in tighter circles, caus¬ 
ing them to remain within the vicinity of the chemicals 
associated with their H. trivolvis snail host. Both S. mansoni 
and S. haematobium demonstrate similar behaviors after the 
initial dispersal stage, with an increase in rate of change of 
direction in increasing gradients of snail-conditioned 
water and a ‘turn-back response in decreasing gradients.’ 
S. japonicum demonstrate even more sophisticated traits, 
swimming directly along a chemical gradient toward their 
intermediate snail host Oncomelania hupensis. This may 
have evolved as a result of S. japonicum !r snail host being 
semiaquatic and therefore potentially more difficult to 
locate than S. mansoni and S. haematobium's fully aquatic 
snail hosts. 

Intraspecific variation in sophistication of behavioral 
traits also occurs with S. mansoni parasites from Egypt 


capable of differentiating between sympatric snail species, 
while a Brazilian strain did not. These differences may 
be due to a parasite bottleneck occurring when trans¬ 
ported to South America during the slave trade, with 
those parasites which were more generic in their attempts 
to penetrate nonsympatric snails more likely to succeed in 
finding a new host than those which retained their sym¬ 
patric specificity. 

Miracidial Attachment and Penetration 

S. japonicum miracidia are attracted to host and non¬ 
host species in their swimming behavior; however, once 
they encounter their intermediate host 0. hupensis , or agar- 
containing 0. hupensis chemicals, they perform host-specific 
responses of‘contact with return,’ ‘repeated investigation,’ 
and ‘attachment’ which they do not exhibit when encoun¬ 
tering the dead-end hosts B. glabrata. These results not 
only demonstrate the ability of host penetration to be 
species-specific, but they also indicate that the miracidia 
respond to different signals when they approach a host 
compared to when they attach and penetrate. As you can 
see, parasite behavior is much more complex than one 
might assume at first glance; however it is also much more 
varied. S. mansoni and S. haematobium miracidia are also 
capable of‘repeated investigation’ followed by attachment 
and penetration attempts, but the chemical host cues are 
very similar to the macromolecule stimuli for their 
host seeking. These responses to complex macromolecules 
may enable parasites to locate their hosts in aquatic envir¬ 
onments, but without wasting energy on behaviors trig¬ 
gered by smaller molecules which could be more diffused 
and less localized around a snail host. These simple varia¬ 
tions in what stage of the host location and penetration 
process is species-specific illustrate the extensive varia¬ 
tion between even very closely related parasite species, 
with some demonstrating more complex host space location, 
or host attraction and others demonstrating more complex 
behavioral traits and specificity at the point of attachment 
and penetration. 

Much research into propagule behavior, including that 
discussed here, focuses on kinesis and taxis in response to 
a chemical, physical, and/or biological stimulus. Some 
however exhibit a wider repertoire of swimming beha¬ 
viors, with those of S. mansoni recently elucidated for the 
first time by the authors of this review. These more 
specific behaviors have been observed to vary with para¬ 
site genotype and selective pressures, such as in vivo 
chemotherapy. It has been speculated that drug resistance 
may be associated with biological costs or life-history 
trade-offs and that such costs could occur within these 
vital dispersal, host-seeking and/or penetrating stages. 
S. mansoni miracidia with a reduced sensitivity to with 
praziquantel, the current drug of choice, have been 
observed to carry out significantly less straight-line 
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swimming than susceptible miracidia in a snail-free envi¬ 
ronment, with these differences enhanced under prazi¬ 
quantel pressure. It was suggested that this relative 
reduction in straight swimming could confer a lower 
propensity for dispersal which could act to reduce the 
rate of spread of resistance within natural foci, particu¬ 
larly where snail numbers were low due to wide-scale 
mollusciciding, such as in Egypt. 

The concept of different behavioral repertoires with 
intraspecific variation becomes mind boggling when one 
considers the range between contrasting larval stages, 
such as miracidial and cercarial trematode propagules, 
exposed to contrasting selective pressures and therefore 
differing in certain key predictable behavioral aspects. 

Cercariae 

Cercarial Emergence 

Although host finding by cercariae is strategically similar 
to that of miracidia, with a dispersal phase, movement into 
a suitable host habitat consisting of energy efficient 
searching, orientation toward the host, attachment and 
penetration, the stimuli and specific behavior responses 
themselves are often very different reflecting their differ¬ 
ent hosts. 

Cercariae demonstrate peaks in emergence from snails 
which maximize their numbers within the ‘host-time’ 
with peak release occurring just before and during the 
time when their definitive hosts are most likely to be 
within the water. These peaks can be induced through 
various physiochemical factors, such as light, temper¬ 
ature, mechanical disturbance of the snail, humidity, 
and pH. Cercarial production peaks vary between schis¬ 
tosome species, with schistosomes of ungulates such as 
S. bovis, S. curassoni , and S. leiperi being released from the 
snails during the early morning, human schistosomes 
S. mansoni and S. haematobium cercariae emerging around 
midday, and the rodent schistosome S. rodhaims emer¬ 
gence at dusk, each coinciding with water contact periods 
of their respective definitive host species. 

Even more interesting is that S. mansoni emergence also 
depends on which host species it is mainly cycling 
through, as rodents can also act as a definitive host in 
some locations. In Guadeloupe, peaks have been observed 
at night in rodent-dense ‘sylvatic’ foci, and during the 
morning in more ‘urbanized’ foci where human are 
responsible for maintaining transmission, and even poten¬ 
tially a midpoint tripeak in ‘swampy’ foci where both 
humans and rodents maintain transmission. Recent stud¬ 
ies on S. japonicum have also demonstrated that although 
it is capable of infecting up to 40 different definitive host 
species, peaks in cercarial emergence support population 
genetics findings of different hosts being the keystone 
species for transmission in different areas. For example, 


in the marshlands in mainland China, where cattle have 
been shown to be the most important species for main¬ 
taining parasite life-cycles, cercarial peaks have been 
observed to occur in the morning, while in the hilly 
regions, where rodents are more important in the trans¬ 
mission, cercarial emergence peaks in the evening, 
thereby providing high numbers of viable cercariae at 
night time when the rodents may be coming into contact 
with the water. 

The transmission of cercarial propagules, however, 
becomes more complicated when two parasite species share 
the same host. The chronobiology of both laboratory-bred 
hybrids of S. mansoni and S. rodhaini as well as intraspe¬ 
cific hybrids of two strains of S. mansoni with different 
shedding peaks from Guadeloupe has shown chronobiol¬ 
ogy to be genetically determined with peak emergence at 
both times relating to each parental species. 

The presence of the next host need not be the only 
selective pressure for peaks in cercarial emergence, as the 
two parasites Protorometra edneyi and Protorometra macro¬ 
stoma emerge during the day or night, respectively, even 
though they both infect the same host, Goniobasis semicar- 
inata , a day feeder. It is argued that predation by diurnal 
feeding nonhosts of P. macrostoma might select against 
diurnal emergence. 

In addition to these periodicities in cercarial emer¬ 
gence, investigations by Helen McCarthy in the early 
2000s on microphillid trematodes have demonstrated trade¬ 
offs between the complexity and numbers of cercariae 
released depending on the mobility and the predictability 
of the next host. Microphallus similis produced few, but 
large cercariae without periodicity, each strong swimmers 
with greater host-seeking behavior capable of locating a 
mobile less predictable crab host, while Maritrema arenaria 
periodically produced many smaller cercariae, almost 
twice as much in volume as M. similis , which remained 
suspended and survived longer, increasing the chance of 
contact with their sessile barnacle hosts. 


Cercarial Dispersal 

As with miracidia, emergence from the snail into the 
environment is thought to be followed by innate swim¬ 
ming behaviors which initially facilitate dispersal into 
their host’s habitat. Many species, such as S. haematobium , 
E. caproni , Diplostomum spathaceum , and Cryptoctyle lingua , 
perform highly active swimming until they reach a suit¬ 
able habitat in which they then slow down, and as with 
miracidia they tend to be nonresponsive to a suitable host 
during this early phase. While such nonresponsiveness in 
miracidia may act to reduce density-dependent effects 
within snails, a stronger selective pressure at the cercarial 
stage could be to reduce the chance of inbreeding and loss 
of genetic diversity, should a high number of asexually 
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produced cercariae all penetrate the same host causing 
extreme levels of genetic aggregation. 

During these dispersal and host-space orientation 
phases, cercariae appear most susceptible to light and grav¬ 
itational stimuli. Claude Combes and colleagues published 
an extensive study in 1994 on a Mediterranean lagoon, 
which demonstrated these dispersal responses and how 
they are tapered toward the subsequent host stage. They 
argued that to maximize cercarial success, there would 
be a trade-off between quantity and quality of cercariae, 
and investigated how the ‘quality’ of cercariae can alter 
depending on sophisticated behavioral mechanisms which 
favor transmission. They reinforced the ideas of host- 
independent behaviors and host-dependent responses. 

The range in behavioral traits of trematode cercariae 
is extremely large. While some species, often with only 
limited development of tails, crawl along the substrate to 
disperse, the majority perform independent alternations 
of short swimming periods with long floating or sinking 
periods, termed the ‘active’ and ‘passive’ phase, respec¬ 
tively. Even the mechanisms of this swimming can vary, 
with some controlled by a pacemaker in the tail (e.g., 
P macrostoma ), while others are controlled by the brain 
(e.g., C. lingua and Transversptrema patialense). Cercariae are 
assumed to be capable of perceiving and responding to 
stimuli from the environment, because they become 
orientated toward their host space. Phototactic behavior 
has been reported for many cercariae with pigmented 
photoreceptors, such as Posthodiplostomum cuticola and 
Trichobilharzia ocellata. Photokinetic swimming behaviors 
have been observed in cercariae with unpigmented photo¬ 
receptors, such as S. mansoni , where swimming frequencies 
increase with irradiance. Cercariae are also strongly 
affected by gravity, with interactions between geo- and 
phototaxis maintaining the cercariae at optimum levels 
for host contact. For example, Bunodera mediovitellata are 
released from their bottom-dwelling intermediate host, a 
clam, and although they actively swim and demonstrate 
photopositive responses, their geopositive response is 
dominant and they do not rise more than 3-5 mm off the 
bottom, keeping them within their bottom-dwelling host- 
space, but moving them toward the edge of water bodies in 
the more illuminated areas. Bartoli and Combes published 
research in 1986 on various cercariae taxis responses, such 
as Lepocreadium pegorchis which have strong geopositive 
responses but are weak swimmers, remaining low where 
they can be inhaled by their bivalve host. Cardiocephalus 
longicollis demonstrate strong responses to light and grav¬ 
ity and concentrate themselves approximately halfway 
between the surface and the bottom, where they are 
inhaled though the gills of fish for transmission. Renicola 
lari are strongly photopositive, which takes them to the 
surface, where their subsequent host preferentially feeds. 
S. mansoni cercariae also demonstrate strong photopositive 
and geonegative responses taking them toward the surface 


of the water where they perform periodic resting behavior 
to reduce unnecessary energy use and predation while 
being located near definitive mammalian hosts contact 
points. 

Helen McCarthy and colleagues have also shown that 
propagule behaviors can even vary between day and night. 
For example, M. similis cercariae, which infect shore crabs, 
are active and remain well distributed throughout turbu¬ 
lent water in the dark when the crabs are most active and 
feeding. But in light conditions, cercariae swim downward 
and move horizontally into the dark, increasing the chance 
of encountering the crabs hiding under rocks during the 
day. In addition, cercariae have been shown to be capable 
of recognizing an already-infected host, preventing the 
detrimental effects of superparasitism and thus enhancing 
the success of transmission. For example, Nolf and Cort 
showed in the 1930s that cercariae of Cotylurusflabelliformis 
swim away from rather than penetrating already-infected 
snails. 

As with miracidia, cercariae not only exhibit kinesis 
and taxis, but they also have a wide repertoire of swim¬ 
ming behaviors which to date are little understood. These 
different behaviors were first fully described for S. mansoni 
cercariae by Alice Norton. External pressures (intraspe¬ 
cific competition and host-defense responses) appear to 
reduce activity and therefore influence the range of beha¬ 
viors displayed, presumably through their effect on the 
cercarial glycogen stores. These behavioral changes were 
also linked to a reduced infectivity of these parasite lines 
to the laboratory mouse host. Interspecific competition 
between S. mansoni and S. rodhaini within the B. glabrata 
snail hosts also influenced their miracidial propagule’s 
behavioral repertoire, reducing activity. 

Cercarial Attraction to Host in Response to 
Host Stimuli 

Cercariae tend to have more stimuli specific responses 
than miracidia which makes sense when you consider that 
the definitive host is a larger, warm-blooded organism 
which is not permanently aquatic, providing mechanical 
stimuli such as water turbulence, shadows, and tempera¬ 
ture that cercariae can respond to. Haas and colleagues 
observed that T. ocellata , which tend to be photopositive 
and geonegative while dispersing, demonstrated down¬ 
ward bursts of swimming away from light in response to 
shadows, propelling them down increasing the chance of 
contact with the feet of their duck host. Even bottom¬ 
dwelling cercariae with poorly developed tails and limited 
swimming capabilities respond to shadows, with Combes 
and colleagues observing Cainocreadium labacis cercariae 
standing up on their reduced tails in any water currents, 
ready to attach to a passing benthic fish. 

Although many different responses to stimuli have 
been observed, they all tend to demonstrate repeatable 
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and predictable patterns, so much so that Wilfred Haas 
has defined simple mathematical models that can accu¬ 
rately mimic activity levels of D. spathaceum. Some of 
behavioral traits described earlier are so innate, in fact, 
that the cercaria’s tail of P. macrostoma , continues to per¬ 
form even when the head has been removed. 

Cercarial Attachment and Penetration Stimuli 

Most cercariae infect mobile mammalian definitive hosts; 
chemoattraction is probably relatively less important than 
environment physical cues, as the hosts do not stay in one 
place long enough for such mechanisms to be efficient. 
Some cercariae which infect a farther molluscan host 
stage do however orientate themselves toward their 
hosts, such as E. trivolvis , E. revolutum , E. echinatum , and 
Gorgodera amplicava. 

Summary Discussion 

In this review, we have focused on aquatic free-living 
larval stages, primarily of trematode parasites; however, 
it must be emphasized that many other parasite propa- 
gules demonstrate a range of behavioral traits to enhance 
transmission, which, for constraints of space, are beyond 
the scope of this current review. Nevertheless, across the 
diverse range of multiple host life-cycles which parasites 
employ, selection on life-history characteristics is com¬ 
plex and ultimately driven by transmission success. As the 
energy sources in many propagule stages are limited, 
allocation of resources must be partitioned between host 
seeking and longevity, with resources remaining for estab¬ 
lishment and development even after successful location 
and penetration of the host. Trade-offs in such allocations 
will evolve depending on the particular hosts they need to 
infect. Maximum resource use in host-seeking behavior 
will hasten the parasite propagule’s demise, but such 
trade-offs not only occur within swimming behaviors 
such as active and passive phases, but also for the cercarial 
propagules within the asexual stage of reproduction in the 
snail. If the subsequent hosts are abundant and wide¬ 
spread, then a maximum rate of propagule production 
may be optimal. If however the next hosts are variably 
and unpredictably available, then more energy will be 
required for host location, in these instances fewer pro¬ 
pagules but with greater energy reserves, temporal varia¬ 
tion, and extended periods of release at a less virulent 
production level, enabling the host to stay alive longer and 
parasite production to continue all increasing the chances 
of completing a life-cycle. 

This article has highlighted the scope of some of the 
work which has been performed to date in this field as 
well as revealing the large amount which remains to be 
investigated. Future research in this field needs to take 


advantage of more advanced technology such as fine scale 
automated video-capture techniques in order to elucidate 
many important issues related to these, often medically 
and/or veterinarily, important parasites. Indeed parasite 
propagule stages, being so often easily available and abun¬ 
dant, are very useful in investigating several fundamental 
parasite traits such as drug resistance and therefore treat¬ 
ment outcomes, and we look forward to more behavioral 
research on these topics in the future. Today, we know 
many of the modes of transmission used by the various 
groups of parasites; however, we still have major gaps at 
the level of the species simply because the experimental 
transmission of biological cycles is often difficult to per¬ 
form under controlled laboratory settings. Most research 
to date has really only skimmed the surface of what is 
actually happening, with many exciting avenues opening 
up as interest increases in this relatively understudied arm 
of behavioral ecology. 

See also: Avoidance of Parasites; Beyond Fever: 
Comparative Perspectives on Sickness Behavior; Con¬ 
servation, Behavior, Parasites and Invasive Species; Ecto¬ 
parasite Behavior; Evolution of Parasite-Induced Behavioral 
Alterations; Intermediate Host Behavior; Parasite-Induced 
Behavioral Change: Mechanisms; Parasite-Modified Vector 
Behavior; Parasites and Sexual Selection; Propagule 
Behavior and Parasite Transmission; Reproductive Behav¬ 
ior and Parasites: Invertebrates; Reproductive Behavior and 
Parasites: Vertebrates; Self-Medication: Passive Prevention 
and Active Treatment; Social Behavior and Parasites. 
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Animal Psychology 

Psychology is usually defined as the study of mind and 
behavior; often such definitions specify human behavior. 
From its historical beginnings as a separate discipline in 
the late nineteenth century, however, some psychologists 
have been interested in the study of the minds and behav¬ 
ior of non-human animals. This has often, but not always, 
been to shed light on humans. Students of animal psy¬ 
chology have grappled with the problem of studying 
animals in a discipline devoted primarily to humans 
throughout the field’s history. This has led to a variety of 
approaches that have often been labeled ‘comparative 
psychology.’ Because the term comparative psychology has 
been defined in many different ways, I prefer to treat this 
field as animal psychology. 

Six Approaches to Animal Psychology 

I will differentiate six varieties of animal psychology. 
They are not exhaustive categories; surely, they overlap. 
Further, many individuals used more than one approach, 
especially during the early part of the history. However, 
I think they are useful in differentiating the many faces of 
animal psychology. 

Zoological psychology lies at the boundary between psy¬ 
chology and zoology. The term has a long history, having 
been used, for example, by Linus Kline in 1904. The 
approach is animal-centered in that the focus is primarily 
on studying the life of the animal rather than on asking 
arbitrary questions in a so-called animal model. The 
emphasis is often on the natural behavioral repertoire of 
the animal rather than on training the animal to engage in 
some arbitrary task. 

Although virtually all research with animals depends 
on observations of behavior, behavioristic psychology is gen¬ 
erally process-oriented. The goal is to use the animal in an 
effort to understand a process of interest. Such processes 
include the mechanisms of learning, the prediction and 
control of learned behavior, and motivational processes. 

The first two approaches deal only with behavior, 
while physiological psychology is concerned with mechanisms 
internal to the animal that affect and are affected by 
behavior. Included are studies of the nervous system, 
endocrine function, and other internal processes. 

Developmental psychology is focused on the changes in 
behavior as the animal matures. This has been an interest 


in psychology almost throughout its history. Some animal 
behaviorists have shown little interest in development, 
while others emphasized the approach. Alternative views 
on the roles of genes and environment in behavior have 
been the cause of much controversy in the field. 

Cognitive psychology is technically the study of the mind’s 
function, including perception, attention, memory, imag¬ 
ery, and decision making. However, the primary focus has 
been upon the so-called higher processes. These are 
mechanisms of such phenomena as thinking and problem 
solving that appear necessary to explain aspects of behav¬ 
ior patterns that appear more complex than those that 
reflect basic principles of learning. 

In mentalistic psychology, the scientist attempts to under¬ 
stand the mental life of the animal. One tries to infer in the 
animal mind the kind of conscious experiences that are 
exemplified in human experience. One can know the con¬ 
scious processes of other humans only by extrapolating 
to them from our own experiences. In this approach, the 
extrapolation is taken one step further. Although the line 
between cognitive and mentalistic approaches may seem 
to be a fine one, it is important to make this distinction. 
One can investigate the complex mechanisms that some¬ 
times appear to affect thought and behavior without deal¬ 
ing with the difficult problems of mentalistic inferences. 

It should be noted that all the six of these approaches 
have been present throughout the history of comparative 
psychology to some degree but their emphasis has ebbed 
and flowed throughout that history. Various combinations 
of the approaches have often been labeled ‘comparative 
psychology.’ As is appropriate for this volume, I will not 
try to provide a complete treatment of the physiological 
and behavioristic approaches. Rather, I emphasize those 
approaches that had the most direct effects on the broad 
field of animal behavior. 


Predecessors of Animal Psychology 

The beginning of scientific psychology as a discipline is 
generally dated in 1879, with the founding of Wilhelm 
Wundt’s laboratory at the University of Leipzig. However, 
interest in psychological phenomena dates back well 
before that time. Interest in animal psychology can be 
seen in prehistoric cave paintings, in the work of philoso¬ 
phers such as Aristotle, Michel de Montaigne, and Rene 
Descartes, in the writings of early naturalists, and in those 
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interested in applied animal behavior such as farmers and 
falconers. 

Impetus for a serious study in comparative psychology 
came from Charles Darwin. His writings are suffused with 
behavioral observations. Such books as the Origin of Species .; 
The Expression of the Emotions in Man and Animals , and The 
Descent of Man and Selection in Relation to Sex and his 1877 
U A Biographical Sketch of an Infanf were especially impor¬ 
tant for psychology. Other British scientists who were 
important forerunners included George John Romanes, 
C. Lloyd Morgan, Sir John Lubbock, Douglas A. Spalding, 
and L. T. Hobhouse. Their work is described elsewhere 
in this volume. However, it is important to note that, 
although Romanes was a keen observer of, and very capa¬ 
ble experimenter on, behavior, in some of his writings, he 
was prone to anthropomorphic interpretations based on 
anecdotal data. He was criticized by Morgan. This differ¬ 
ence set the occasion for some of the controversies that 
would characterize animal psychology in the twentieth 
century. Overall, these authors represented antecedents of 
the zoological, behavioristic, cognitive, and mentalistic 
themes to varying degrees. 

1879 to World War I 

In his 1863 Lectures on the Human and Animal Psychology. ; and 
later editions thereof, Wundt followed Darwin in arguing 
that the elements and general laws that hold for animals 
are the same as those of humans. Wundt was especially 
interested in the mental processes that characterize con¬ 
scious experience. He had already seen two different 
approaches that can be mapped into the definitions 
noted earlier: one in which animals were studied for 
their own sake and the other in which they were studied 
to enlighten human behavior. 

At least from a North American perspective, activity in 
animal psychology soon moved to North America. Some 
notable research continued elsewhere, however. Perhaps 
most notable is the study of Clever Hans, a horse that was 
supposedly capable of remarkable feats of arithmetic. This 
claim was eventually debunked in Oskar Pfungst’s Clever 
Hans (The Horse of Mr Van Osten ), which appeared in 
German in 1907 and in English in 1911. It was found 
that Hans appeared to base his performance on inadver¬ 
tent cues from humans rather than feats of arithmetic. 
Other horses were also studied with similar results. We 
still use the term ‘Clever Hans effect’ to refer to the 
susceptibility of subjects to inadvertent cues. 

Some of the most famous studies in the history of the 
field were conducted by German psychologist Wolfgang 
Kohler on the island of Tenerife during World War I. 
Kohler studied problem solving in chimpanzees that 
either had to move, climb, or sometimes stack boxes in 
order to reach a banana suspended out of reach above 


them. He also used various stick problems, such as when 
the chimpanzees had to join together two short sticks to 
form a single stick long enough to reach a food item 
outside of their cages. Kohler believed that the animals 
demonstrated insight in solving the problems, thus favor¬ 
ing a cognitive, over a behavioristic, interpretation. 

Animal psychology flourished in the United States 
during this period. William James, arguably the founding 
American psychologist, wrote his 1890 Principles of Psy¬ 
chology, a work, more than any other, that led to the spread 
of psychology in North America. In the book, James, who 
was quite conversant with the animal work in England and 
elsewhere, adopted an evolutionary perspective. Between 
1890 and World War I, journals were founded, labora¬ 
tories were established, the American Psychological Asso¬ 
ciation was founded (1892), and departments began to 
emerge. Animal psychology spread as the discipline of 
psychology was secured. 

Several universities were especially important. The 
key person at James’s Harvard was Robert M. Yerkes, 
who completed his Ph.D. there in 1902. Yerkes began his 
career, studying a great variety of species, including earth¬ 
worms, frogs, and crabs. His book The Dancing Mouse 
(1907), an analysis of mutant strains of house mice, was 
one of the earliest behavior-genetic studies. This work 
was necessarily of a behavioristic orientation, though 
Yerkes also retained a strong cognitive interest that 
would become more dominant in his later work. 

G. Stanley Hall, James’s first Ph.D. student in psychol¬ 
ogy, assumed the presidency of nearby Clark University 
in 1898. Important early animal research was conducted in 
Hall’s psychology department, especially by two graduate 
students. Like Yerkes, Linus Kline studies utilized a wide 
range of species, including vorticella, wasps, chicks, and 
rats. He was interested in both naturally occurring behav¬ 
ior and learning, but with a zoological psychology orien¬ 
tation. Kline believed that behavior could only be 
effectively studied in the context of the natural conditions 
under which the species lived. His colleague, Willard 
S. Small, conducted the first study of maze learning in 
rats. The task was designed to simulate the runways in 
which Small had observed rats to live under his father’s 
cabin in Virginia. Small also studied the development of 
behavior in rats. 

The program at Columbia University was led by 
Edward L. Thorndike, who was a student of James at 
Harvard before going to Columbia for his Ph.D. Thorn¬ 
dike is best known for his studies of cats in puzzle boxes. 
Cats were enclosed in wooden crates of various sorts that 
required operation of some kind of device for them to 
except and get food. The cats learned the tasks but 
Thorndike was interested in how they did so. He believed 
that cats solved the puzzles not with insight, but with a 
simpler process of trial and error. Thorndike thus fol¬ 
lowed in Morgan’s tradition and adopted a behaviorist, 
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rather than a cognitive, interpretation. Thorndike’s con¬ 
clusions were challenged by Canadian T. Wesley Mills, 
who argued that the task Thorndike used determined 
the conclusions in that there was no room for insight 
in the puzzle boxes. 

John Broadus Watson completed his Ph.D. in 1903 at 
the University of Chicago and remained on the faculty 
until 1908 when he moved the Johns Hopkins. The dis¬ 
sertation Animal Education typifies the developmental and 
physiological threads, as Watson tried to correlate the 
development of rats’ nervous systems with that of their 
learning abilities. It was Watson who deserves credit for 
developing the behavioristic approach into a full-blown 
behaviorism, as with his 1914 book, Behavior: An Introduc¬ 
tion to Comparative Psychology. Watson believed that infer¬ 
ences about cognitive and conscious processes had no role 
in a science of psychology. He would gradually develop an 
environmentalist approach in which instinctive processes 
played little role. Less well known were his prewar studies 
of noddy and sooty terns on Bird Key in South Florida. He 
studied both homing and naturally occurring behavioral 
patterns in these birds. These field studies of the natural 
behavior of two closely related species of birds demon¬ 
strate the range of interest of comparative psychologists 
and predate the similar approaches of the later European 
ethologists. 

The first Ph.D. recipient from the laboratory of 
Edward B. Titchener at Cornell University was Margaret 
Floy Washburn, probably the first woman with a Ph.D. in 
psychology. Washburn is best know in animal psychology 
for her 1908 textbook, The Animal Mind, which, in its four 
editions, would be the standard textbook in the field for 
the next quarter century. Although Washburn was well 
aware of the difficulty of inferring conscious processes 
from the behavior of animals, she followed in Titchener’s 
footsteps and adopted a mentalistic perspective. 

Karl S. Lashley was originally trained as zoologist, but 
he spent most of his career working in psychology. He 
completed the Ph.D. at Johns Hopkins, where he was 
strongly influenced by Watson, in 1914. He was a strong 
advocate of a physiological approach to the study of 
behavior and was well known for work using ablations 
and other techniques on the cerebral cortices of rats and 
monkeys. He also had a strong approach in zoological 
psychology making observations on, and writing about, 
the natural behavior of animals. He worked one summer 
with Watson at Bird Key and later was the mentor for 
some important animal psychologists. 

This is not a complete list of the centers or the impor¬ 
tant animal psychologists and events of this period. How¬ 
ever, it should be clear that the field was spreading and 
that most of the varying approaches were already devel¬ 
oped as in the zoological approach of Kline, the behavior¬ 
istic approaches of Thorndike and Watson, the cognitive 
approaches of Kohler and Yerkes, the physiological 


approach of Lashley, and the mentalistic approach of 
Washburn. 

Many of these psychologists had students working with 
them and then ready to go out to spread the field; animal 
psychology seemed ready to explode. The problem was 
that there were few jobs in the field. Psychology was 
expanding largely because of its applicability to human 
behavior - especially in the context of education. In order 
to find employment, many of these psychologists switched 
interest to other parts of psychology - especially educa¬ 
tional psychology. Then many were called to serve in the 
war. After the war, there were few animal psychologists 
ready to redevelop the discipline. 

Between World Wars I and II 

Although zoological psychology developed in Germany 
under the influence of Otto Koehler and others, a more 
psychological orientation, advocated by such scientists as 
Mathilde Hertz, never gained institutional status. Com¬ 
parative perspectives were rebuilt gradually in North 
America. 

The early journals in the field were the Journal of Com¬ 
parative Neurology and Psychology (1904—1910), Journal of 
Animal Behavior (1911—1917), and Psychobiology (1917—1920). 
Their successor, Journal of Comparative Psychology. ; was 
founded as the prime journal in the field in 1921. During 
its first few years, there were many studies of human behav¬ 
ior included, probably because of a dearth of comparative 
studies. 

A few animal psychologists entered the field during the 
1920s but it was during the 1930s that the core of psychol¬ 
ogists who would develop the field for the next 40 years or 
more entered the field. One of the few major products of 
the 1920s was Calvin P. Stone, who earned his Ph.D. with 
Lashley at the University of Minnesota in 1921. Stone 
spent most of his career at Stanford University, where he 
adopted an eclectic approach. Stone contributed to the 
study of learning and development, as with his work on 
the ontogeny of sexual behavior in rats. He also conducted 
physiological studies and displayed a concern for the 
natural behavior of animals characteristic of the zoologi¬ 
cal approach. He was a long-time editor of the Journal of 
Comparative Psychology. 

The ‘nature-nurture controversy,’ the debate over the 
relative roles of genetics and environment in the develop¬ 
ment of behavior, has often been a main issue separating 
behavioral scientists; it flared up during the 1920s. Zing- 
Yang Kuo, a Chinese psychologist with a Ph.D. completed 
at the University of California, Berkeley in 1923, wrote 
articles suggesting that the concept of instinct had no role 
in psychology. He emphasized the importance of prenatal 
development. Later, he softened his position to suggest 
that nature and nurture were so intertwined that they 
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could not be separated. Others argued for the value of 
the concept of the innate. Leonard Carmichael, a 1924 
Harvard Ph.D., raised frog and salamander embryos in an 
anesthetic that eliminated movement and found that 
when returned to a normal environment the coordination 
and vigor of these animals was the same as in animals 
reared under control conditions, suggesting some innate 
organization. Nevertheless, the tide was turning in favor 
of interpretations based on nurture over nature. 

The most visible approach during the interwar 
interval was that of behaviorism. Although Watson 
would be forced to leave academic life soon after the 
war, he was still able to popularize his behavioristic- 
environmentalistic approach broadly. The epitome of 
this approach was reached with B. F. Skinner’s version 
of radical behaviorism, a 1931 Harvard Ph.D. Skinner 
focused on the modification of behavior in species such 
as rats, pigeons, and humans. He developed the princi¬ 
ples of reinforcement originated by the British scientists 
and refined by Thorndike into his own approach. Skin¬ 
ner believed that the goals of his field were the prediction 
and control of behavior and he believed that physiological 
analyses contributed very little to those goals. Skinner was 
a very effective communicator who became well known 
outside of the field and recruited many students and 
followers. The approaches of Watson and Skinner became 
so well known that behaviorism was sometimes regarded 
as coincident with the field of animal psychology itself. 
That was not the case. 

A balanced presentation of animal psychology during 
this period would note the overwhelming role of learning 
theory in ‘neo-behaviorism.’ Dominated by such psychol¬ 
ogists as Clark L. Hull, Edward C. Tolman, and Edwin 
R. Guthrie, the field of learning theory was as prominent 
in psychology as virtually other approaches of the time. 
During much of this period, these theorists, not Watson or 
Skinner, prevailed. 

In 1930, Robert Yerkes founded the facility that became 
the Yerkes Laboratories of Primate Biology in Orange 
Park, Florida. Yerkes brought to the facility the largest 
collection of captive chimpanzees for research in the 
world. He developed methods for their care, maintenance, 
and breeding and both he and his staff conducted many 
research studies, including those of learning, development, 
and social behavior. Yerkes adopted a cognitive approach 
to behavior, believing that the chimpanzees used higher 
mental processes in solving some of the complex tasks with 
which they were faced. Indeed, Yerkes sometimes even 
adopted a mentalistic perspective. In 1942, he was suc¬ 
ceeded as director of the laboratories by Lashley. 

Many of the leaders of the rebuilt field completed 
graduate study during the 1930s. C. Ray Carpenter com¬ 
pleted his graduate work in Stone’s Stanford department 
in 1932. Upon becoming associated with the Yerkes 
Laboratories and thereafter, Carpenter undertook some 


of the most important early field studies of non-human 
primates around the world. He provided complete cata¬ 
logs of the social, reproductive, and individual behavioral 
patterns of primates. Carpenter thus was a psychologist 
conducting field studies in a zoological psychology con¬ 
text, thus challenging the stereotype of animal psycholo¬ 
gists as students only of learning in rats. He is recognized 
as the grandfather of modern primate field studies. 

Harry F. Harlow was another Stanford Ph.D. (1930). 
x41though he conducted important studies of learning in 
primates including some of its neural bases, he is best 
known for his developmental studies of rhesus monkeys. 
He uncovered important roles for social contact between 
the infant and its parents and siblings in the development 
of normal naturally occurring and learned behavior. 

Lashley served as pre- or postdoctoral mentor for 
a cluster for budding animal psychologists. Norman R. F. 
Maier believed that there is a clear difference between 
learning and reasoning in rats. He designed experiments 
to show the different roles of these hypothesized pro¬ 
cesses. In some of these, rats would be given experience 
with several parts of an apparatus, such as a room with 
several connected tables, then shown a food incentive, and 
then challenged to locate the food. The rats behaved in 
ways suggesting their capacity to reason. As with Yerkes’ 
approach, this work illustrates how cognitive perspectives 
were not completely dead during the era of learning 
theory and behaviorism. 

Theodore C. Schneirla, like Maier a Michigan Ph.D., 
who went to work with Lashley, also became prominent in 
the field. He worked at the American Museum of Natural 
History in New York and at New York University. He was 
known most for his research in the natural behavior and 
learning of ants and for his theoretical approaches. 
Although his writing style was turgid, he was charismatic 
enough to attract students and colleagues to a group and 
approach I have called the New York Epigeneticists. Epige¬ 
netic approaches emphasize the dynamic nature of the 
interaction of genes and environment during develop¬ 
ment. Today, most psychologists have adopted such a 
position. The Schneirla group came to emphasize envi¬ 
ronmental factors over genetic influences during epigen¬ 
esis. This embroiled them in various controversies, as will 
be seen in a following section. There was a reliance on the 
‘levels’ theory according to which there are different 
levels of development in different species and it is difficult 
to generalize across levels. Maier and Schneirla collabo¬ 
rated on their 1935 Principles of Animal Psychology.\ one of 
several important textbooks published in the 1930s. 

Donald O. Hebb worked with Lashley at Chicago, 
Harvard, and the Yerkes Laboratories. He was remarkable 
in his ability to integrate all the approaches. In his disser¬ 
tation, he showed that some aspects of visual function in 
rats appear to be innately organized, yet he later cautioned 
against the nature-nurture dichotomy. He conducted 
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physiological studies as well as research on the behavior 
and emotion in chimpanzees and the courtship of dolphins 
in the zoological perspective while in Orange Park. He 
focused on problems of the mind and thus represented the 
cognitive approach. His best-known contribution was his 
1949 The Organization of Behavior, a book that combined 
neural and behavioral perspectives in relation to intelli¬ 
gence, emotion, learning, memory, and perception. 

Another student of Lashley was Frank A. Beach, who 
has been called the ‘conscience of comparative psychol¬ 
ogy.’ Beach studied a variety of behavioral patterns but 
mainly reproductive behavior. His classic 1950 article, 
‘The Snark Was a Boojum,’ was an indictment of the 
apparent narrowing of both species and range of problems 
studied in comparative psychology. It was influential 
despite some flaws in the analysis. Beach lamented the 
emphasis of some psychologists on the study of learning at 
the cost of understanding the natural behavioral patterns 
of the animal. Beach conducted numerous developmental 
studies and, like some of his colleagues, questioned the 
utility of the nature-nurture dichotomy. He was a founder 
of the field of behavioral endocrinology and conducted 
many studies of the neural bases of behavior. He thus 
represented the best of zoological and physiological 
perspectives. 

Animal psychology between the wars is sometimes 
portrayed as dominated by behaviorism and the study of 
learning in rats. However, it should be apparent that many 
other threads were present in the fabric of animal psy¬ 
chology, even if they were less prominent. All the diverse 
threads I have delineated, and others, were intertwined 
during this pivotal period. This group of psychologists 
from the 1930s would provide the core for postwar animal 
psychology. 

World War II to the Present 

After the war, the six approaches delineated here became 
more differentiated as the psychology became more 
specialized and fragmented. With the shift in primary 
research funding from private foundations to the Federal 
government, there was a substantial growth of activity in 
all fields of psychology and this fostered specialization. 

As physiological research grew and then mushroomed, 
the physiological approach came into significant promi¬ 
nence and diverged away from other orientations. The 
Society for Neuroscience was founded in 1969. In 1985, 
membership reached 10 000; by 2002, it reached 30 000. 
Although not all neuroscientists were interested in animal 
behavior, the growth of this approach pulled activity away 
from the other approaches. In 1947, given the growth 
of physiological research, the Journal of Comparative Psy¬ 
chology was renamed the Journal of Comparative and Physio¬ 
logical Psychology, Stone continued as editor. By 1983, 


physiological work had grown so that it threatened to 
overwhelm the reset of the material. It was decided to 
split the journal, reestablishing the Journal of Comparative 
Psychology and creating a new journal, Behavioral Neurosci¬ 
ence. Some cross-approach work remained as in the work 
in behavioral endocrinology of Beach and others and with 
the growth of a field of neuroethology. In recent years, this 
interaction appears to be again increasing. 

Since World War II, behavioristic approaches have 
continued. The theories of Hull, Tolman, and Guthrie 
gradually receded, though some of those trained in that 
approach became prominent in various fields of psychol¬ 
ogy. The radical behaviorism of Skinner, by contrast, was 
in the ascent as the combination of basic animal research 
and the application of Skinnerian principles to human 
behavior grew. Although it is sometimes written that 
behaviorism is dead, in fact radical behaviorism lives on 
and flourishes. The field of behavior analysis, its current 
title, with its own journals and meetings, though it is 
somewhat isolated from much of the rest of psychology. 

Developmental research increased along with the 
other fields. The journal Developmental Psychobiology was 
founded in 1968. Controversy over the nature-nurture 
issue flared up for a period and has been resolved with 
general adoption of an epigenetic view that there is a 
continuous, dynamic interaction between genes and envi¬ 
ronment in the ontogeny of behavior. With recent 
advances in molecular biology and genotype mapping, 
the role of genes in influencing, not determining, behavior 
has become more widely accepted. 

The New York epigeneticists clustered around 
Schneirla and his developmental approach. New recruits 
to his approach, such as Ethel Tobach, Daniel Lehrman, 
Jay Rosenblatt, and Gary Greenberg, carried the banner 
after Schneirla. The core principles of the method of 
levels and resistance to conclusions about genetic influ¬ 
ences, often labeled ‘genetic determinism,’ are still 
defended within this group. There is some indication 
that humane concerns, fears that genetic determinism 
could lead to racism, sexism, and other discrimination, 
played a role in this approach. 

Before and after World War II, European ethology, led 
by Konrad Lorenz and Niko Tinbergen, reached maturity. 
The approach presented an apparent contrast with many 
of the approaches in animal psychology. This new ‘objec¬ 
tive study of animal behavior’ was presented as based in 
Europe rather than North America, practiced by zoolo¬ 
gists rather than psychologists, conducted in the field 
rather than the laboratory, studying birds, fish, and insects 
rather than mammals such as rats, studying instinct rather 
than learning, and relying on observation rather than 
controlled experimentation. As should be apparent by 
now, there is a grain of truth in this characterization of 
ethology and animal psychology but there are many 
exceptions on both sides. Ethology was presented as a 
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David fighting the Goliath of comparative psychology. 
The ethological approach proved highly appealing, cul¬ 
minating in the awarding of the Nobel Prize in Physiology 
of Medicine to Lorenz and Tinbergen in 1973. Some 
zoologically oriented animal psychologists went to study 
and work in the laboratories of European ethologists. 

The increased prominence of ethology led to one of 
the most hotly contested battles in the history of animal 
psychology. The key event was the publication of Daniel 
Lehrman’s critique of Lorenz’s instinct theory in 1953. 
The nature-nurture issue was central. Some psycholo¬ 
gists, especially the New York epigeneticists, viewed 
ethologists as ignoring the role of the environment in 
development, while ethologists viewed psychologists as 
being ignorant of natural behavior and obsessed with 
antiinstinct rhetoric. Eventually, the disputes were settled. 
Led by Lehrman, Beach, and others, the psychologists 
became convinced of the value of the ethological approach 
and the ethologists came to see the benefits of controlled 
research of the psychologists. Today some differences in 
emphasis remain but it is sometimes difficult to tell the 
difference between an ethologist and a zoologically ori¬ 
ented animal psychologist. Both fields were changed by 
their interactions. 

The zoological orientation came into prominence dur¬ 
ing the 1960s and 1970s. Following Beach’s snark article, 
there were many reevaluations of comparative psychology 
with respect to its adherence to basic biological principles. 
Numerous psychologists again conducted their research 
with an eye toward natural behavior and the natural 
environment. 

The next big event was the appearance of sociobiology, 
most dramatically represented in Edward O. Wilson’s 
1975 book with that title. The core principles of 1970s 
sociobiology, an evolutionary approach, were the theories 
that natural selection works at the level of the individual 
or gene, not the population or species and that the repre¬ 
sentation of one’s genes in future generations could be 
achieved by facilitating the reproductive success of close 
relatives. This approach too proved controversial with 
accusations of genetic determinism. Wilson’s final chapter 
applied the principles to human behavior and proved 
especially contentious. The approach was largely stripped 
of the controversial applications to humans and repack¬ 
aged as behavioral ecology. This proved to be a highly 
successful endeavor as many diverse data appeared expli¬ 
cable in its context and new areas of research, such as that 
on kin selection, developed. Behavioral ecology, rather 
than ethology, came to dominate the study of behavior 
among zoologists. Zoological psychologists received yet 
another shot in the arm from this approach and many 
applied these principles to the systems they were studying. 
With the impetus from core ethology and behavioral ecol¬ 
ogy and with new sophistication concerning principles 
of evolution, the zoological approach thrived. In 1975, 


Wilson predicted a shrinkage of ethology, comparative 
psychology, and physiological psychology with a growth 
of sociobiology and integrative neurophysiology. Animal 
psychology lives on, but there are some signs that, after 
initial invigoration, the zoological approach is decreasing 
as other orientations have come to the fore, as will soon be 
discussed. 

In the mean time, another transformation of sociobiol¬ 
ogy occurred. In the application of these principles to 
human behavior, sociobiologists sought to understand 
the adaptive significance of current human behavior. 
Soon the emphasis shifted to the view that human behav¬ 
ior is the product of mechanisms that evolved early in 
human history, possibly in the Pleistocene epoch, and may 
not be adaptive in the present environment. This new 
orientation was labeled ‘evolutionary psychology.’ 

Yet another influence on animal psychology was the 
so-called cognitive revolution. It developed in psychology 
and other disciplines from the 1950s, to the 1970s as 
an alternative to behaviorism and a return to psychology 
as the study of the mind. As we have seen, cognitive 
approaches never completely disappeared in animal psy¬ 
chology. Among the core principles in this incarnation 
were a belief in core mental mechanisms that appeared 
universal and with strong genetic base and a grounding 
of mental events in physical bases. Noam Chomsky’s 
theory of linguistics, the impact of Jean Piaget’s devel¬ 
opmental theories, the research of Jerome Bruner and 
George Miller, the increase in computer analogies, and 
other events interacted to produce a greatly revitalized 
cognitive approach in human psychology. As would be 
expected, the approach spread to animal research as well. 
More and more results were given a cognitive interpreta¬ 
tion. New interpretations and topics, such as representa¬ 
tion, expectancy, concept learning, attention, timing, and 
memory, came to the fore. Some of the research that 
had been conducted on animal learning, both within and 
outside of the radical behavioristic environment, was 
reinterpreted and repackaged so that it emerged as ‘ani¬ 
mal cognition.’ Of course, this work built on earlier 
approaches, but was highly successful in gaining repre¬ 
sentation in animal psychology. A pivotal event may have 
been the appointment of a new editor for the Journal of 
Comparative Psychology in 1989. With representatives of 
other approaches, including the zoological and develop¬ 
mental, Gordon G. Gallup, Jr., a strong advocate of a 
cognitive-mentalistic approach, was chosen as the new 
editor. The representation of cognitive studies increased 
at this time and has continued even as editors who empha¬ 
size different approaches have succeeded Gallup. It is 
difficult to determine whether Gallup’s selection was a 
cause or effect of the increased representation of cognitive 
approaches in the journal. 

A return of a mentalistic approach also occurred during 
this time. With his 1976 The Question of Animal Awareness 
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and subsequent works, zoologist Donald R. Griffin rein¬ 
troduced issues of consciousness and related processes to 
animal psychology; the approach became known as cogni¬ 
tive ethology. The claim was that behaviorism had inhib¬ 
ited study of the animal mind; animals have intentions, 
beliefs, and self-awareness. It may be difficult to see these 
processes but we should start by reinterpreting behavior 
in this context in order to attain a more complete under¬ 
standing of animal mind and life. These proposals set off 
yet another controversy. Of course, we can never really 
know the consciousness of another human or non-human. 
Although cognitive ethology lives on, most students of 
animal cognition and related fields seem to reject its 
approach, believing that there are no documented cases 
of animal behavior that necessitate inferences of conscious 
experience. Nevertheless, Griffin and his associates suc¬ 
ceeded in moving animal psychology in a more cognitive 
direction and discussions of animal minds became more 
acceptable. 


Conclusion 

Animal psychology and its history are sometimes pre¬ 
sented as if they are coincident with a behavioristic 
approach. By contrast, the history and current state of 
animal psychology as I view them are product of the 
complex interplay of different approaches within animal 
psychology and the effects of events from outside. Its 
growth and development have been via dynamic interac¬ 
tion via processes somewhat reminiscent of the dynamic 
interaction of epigenetic development within the individ¬ 
ual organism. 

One must be concerned about the future. Animal 
laboratories are expensive and some universities appear 
to be phasing them out to make room for less expensive 
research. Pressures from animal rights extremists have 
made compliance with increased regulation more expen¬ 
sive and made departments think twice about investing in 
animal research. 

In the space allotted, I have been able to only sketch 
some of these approaches and events. I could mention 
only a few of the significant individuals influencing 
this field. With this brief overview, the reader is unlikely 
to remember the names and events I have summarized. 
I do hope, however, that the reader will understand the 
complexity of animal psychology and be wary of simplistic 
presentations. If I can achieve that, I will have accom¬ 
plished something. 

See also: Agonistic Signals; Animal Behavior: Antiquity to 
the Sixteenth Century; Animal Behavior: The Seventeenth 
to the Twentieth Centuries; Apes: Social Learning; 
Behavioral Ecology and Sociobiology; Categories and 
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What Is Punishment? 

In everyday parlance, punishment occurs when one indi¬ 
vidual performs an act with the goal of discouraging 
another individual from engaging in a particular behavior. 
This may involve doing something aversive to the 
offender or withholding something of value. For example, 
owners might punish their dogs for chewing on the furni¬ 
ture by swatting them on the rump, and parents might 
punish their toddlers for drawing on the walls by with¬ 
holding dessert. This commonsense view of punishment 
involves intent - the punisher has the goal of modifying 
the behavior of another individual. Importantly, it 
involves a change in behavior in the future; it is not simply 
reactive or malicious. 

This future orientation is consistent with the 
biological view of punishment in which an individual 
reacts to harmful behavior by reducing the fitness of 
the instigator and thereby decreases the likelihood of 
future harm. Inflicting harm on another at a personal 
fitness cost with no direct fitness benefit (biological 
spite) is not likely evolve, except under very restric¬ 
tive conditions leading to indirect fitness benefits (kin 
selection). However, by being reciprocal - inflicting a 
harm for a harm done - the punisher gains net fitness 
benefits in the future. Biologists are agnostic about the 
cognitive mechanisms of the punisher; intentions are 
not required. 

There are two schools of thought on punishment in 
psychology. For learning theorists, punishment is any stim¬ 
ulus that causes a decrease in an organism’s behavior. In this 
vein, a rose thorn is a punisher because it decreases the 
likelihood that the pricked individual will pick roses in the 
future. Roses, of course, do not have goals and are cogni¬ 
tively uninteresting, nor does the flower picker need any 
understanding of intentions. Social psychologists, on the 
other hand, restrict punishment to cases where impartial, 
outside observers mete out corrections on the basis of 
normative principles. This requires sophisticated cognitive 
abilities, as well as social norms and rational, rather than 
emotional, motives. The social psychological view not only 
restricts punishment to humans, but also it does not encom¬ 
pass all — nor arguably much of— human punishment in the 
everyday sense of the word. As for other animals, it is likely 
that their punishment lies along a continuum between 
simple reflexive responses to harmful events and inten¬ 
tional, impartial, norm enforcement. 


Punishment Shapes the Social 
Environment 

Punishment is a powerful means by which an individual 
can shape its social environment. At the simplest level, 
punishment achieves selfish benefits. Punishment is dis¬ 
tinguished from mere aggression and avoidance by the 
delay in benefits. Aggression and avoidance, though poten¬ 
tially costly, provide immediate benefits. For instance, 
a large male that sexually harasses a female leaves behind 
offspring, and subordinate animals begging from domi¬ 
nant individuals will receive scraps of food. From an 
evolutionary perspective, the delay in benefits involved 
in punishment results in both the punisher and the target 
suffering costs, making the behavior - at least at the time 
that it is performed - a form of biological spite. For 
example, male hamadryas baboons (Papio hamadryas ) will 
threaten or attack females that stray from the harem, and 
dominant male chimpanzees (Pan troglodytes) will attack 
rivals as well as supporters of rivals. Ultimately, for pun¬ 
ishment to evolve, it must eventually benefit the actor, 
either directly or indirectly (i.e., through kin). As with 
positive reciprocity (often called reciprocal altruism), neg¬ 
ative reciprocity is costly at the time that it is performed 
but yields benefits in the future. Because of delayed bene¬ 
fits, punishment is ‘return benefits spite.’ The functions of 
punishment in animal societies include achieving and 
maintaining social dominance, deterring cheaters and para¬ 
sites, as well as disciplining and coercing offspring and 
sexual partners. In all these cases, the punisher receives 
delayed, direct fitness benefits from its actions. 

Punishment and Cooperation 

Retaliation against personally harmful behaviors (nega¬ 
tive reciprocity) is a particularly interesting form of pun¬ 
ishment. While the punisher still benefits from its actions, 
other individuals in the group might also benefit from 
changes in the target’s behavior. For instance, a juvenile 
that is attacked when it tries to take food from one adult 
might learn to not take food from others. The role of 
punishment in maintaining cooperation is of great inter¬ 
est, because the benefits to the punisher are not so trans¬ 
parent and the consequences are far reaching. The reasons 
why animals cooperate - particularly when they make 
costly sacrifices for the benefit of others - is one of the 
longest-standing and most important questions in 
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evolutionary biology. Individuals risk being exploited by 
group members: free-riders reap the benefits of coopera¬ 
tion without sharing the costs and can cause the collapse 
of cooperation. Punishment can be an important force for 
the maintenance of cooperation. 

In animal societies, one context in which punishment 
would appear important for maintaining cooperation is 
in cooperative breeders. In cooperative breeders, breed¬ 
ing individuals will coerce their offspring into forfeit¬ 
ing reproduction to aid in the care of the dependent 
offspring. In some cases such as social insects, the nonre- 
productive workers will punish egg-laying cheats (biol¬ 
ogists refer to this as policing since the punishers do not 
benefit directly). Cooperative breeding is a fascinating, 
but limited form of cooperation; punishers either 
directly benefit or provide benefits to kin (especially 
true in the social insects), and helpers remain because 
the costs of being exploited are less than the risks of 
leaving. Surprisingly, despite temptations to free-ride, 
examples of punishment of helpers that fail to work are 
rare. Punishment in cooperative breeders functions as a 
coercive strategy. 

Outside of cooperative breeding, examples of punish¬ 
ment to maintain cooperation in non-humans are few, and 
these are equivocal. In one field experiment designed to 
test for tit-for-tat reciprocity, African lions {Panthera leo) 
did not punish laggards that failed to reciprocate the 
potentially hazardous behavior of approaching a per¬ 
ceived threat. In chimpanzees, there was one observation 
in captivity of a male attacking a group member who 
failed to provide support in a conflict, the inference 
being that the attacker punished the recipient for unco¬ 
operative behavior. Alternatively, in a systematic observa¬ 
tional study of reciprocity and aggression in chimpanzees, 
failure to reciprocate grooming or support did not lead to 
punishment. In the only experiment designed specifically 
to probe punishment of noncooperative behavior in chim¬ 
panzees, captive individuals had their food stolen from 
them by a conspecific. They then punished the theft by 
collapsing the table on which the food sat, thereby pre¬ 
venting the thief from eating. Chimpanzees were punitive 
in that they were negatively reciprocal (vengeful). It is not 
clear that they were punishing a noncooperative behavior 
(theft) for the purpose of maintaining a cooperative rela¬ 
tionship, however. In fact, theft increased over time while 
punishment declined, suggesting that punishment failed 
to deter noncooperative behavior. 

Altruistic Punishment 

A special form of punishment has been described recently 
in the experimental economics literature. Altruistic pun¬ 
ishment is the punishment of free-riders without a return 
in benefits for the punisher. Because the punisher does not 
directly benefit from an increase in cooperation, altruistic 


punishment has been claimed to pose a potential chal¬ 
lenge to natural selection at the individual level. Theoret¬ 
ical models and experimental economic studies conducted 
on humans have shown that in the absence of punishment, 
the level of cooperation in groups declines with repeated 
interactions. In fact, the standard prediction in economic 
theory is that in one-shot encounters, pairs or groups of 
players should not cooperate at all: free-riders fare better 
in a population of cooperators by receiving the benefits 
of cooperation without the costs. As a result, cooperation 
is driven to extinction. However, if individuals are allowed 
to punish others - even if this imposes an additional cost on 
the punishers - cooperation can be maintained as a stable 
strategy. Punishment is more effective in maintaining coop¬ 
eration than is direct (positive) reciprocity because the 
individual costs of punishment decline as the number of 
free-riders declines, whereas the cost of cooperation rises 
as the number of cooperators increases. As well, the threat 
of punishment can be a sufficient deterrent to cheating. 
The nature of altruistic punishment remains contenti¬ 
ous. The reason for the debate is that the experiments that 
elicit altruistic punishment are artificial, and there are some 
questions whether the participants truly play the games as if 
they are anonymous and one-shot. However, studies outside 
of economics, as well as examples of people intervening 
on behalf of others, lend credence to the notion of altruistic 
punishment. 

While there have been many studies of altruistic pun¬ 
ishment in humans, the sole experimental attempt to find 
something like altruistic punishment in animals is an adap¬ 
tation of the widely used economic experiment, the ulti¬ 
matum game. The ultimatum game involves a division of 
a resource between two players. The first player proposes 
a division which the second player can accept. But if the 
second player rejects it, both get nothing; the responder 
pays a cost to punish the proposer for his offer. This experi¬ 
ment has been run hundreds of times in many human 
cultures, and contrary to economic models of rational self- 
interest, people routinely pay this punishment cost. In a 
reduced form ultimatum game played by chimpanzees, the 
apes behaved like self-interested maximizers, conforming 
to the predictions of standard economic theory. Proposers 
did not choose equal divisions, and responders did not reject 
any nonzero offer; that is, chimpanzees did not pay a cost 
to prevent a conspecific from getting more of a resource. 
This finding is consistent with the punishment experiment 
described earlier in which they did not react especially to 
the outcome of another individual eating as long as it was 
not stolen. 

Third-Party Punishment 

Clear evidence for altruistic punishment would require 
impartial, third-party punishment, where the punisher 
has no direct stake in the matter. (Previous examples 
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were personal, or second-party, punishment.) As stated 
earlier, third-party intervention is an essential condition 
for punishment according to social psychologists. Humans 
do engage in third-party punishment, for instance, by 
policing all kinds of social norms that are violated - 
from smoking in restaurants to harming children. Some 
primates will intervene in disputes and some social insects 
will destroy eggs not laid by the queen. Biologists use the 
term policing for this kind of behavior, though it is funda¬ 
mentally different from the human case. The examples of 
policing in animal societies are typically executed by 
dominant individuals who have their own interests at 
stake, and there is no evidence for punishment by disin¬ 
terested individuals following the disruption created by a 
conflict in a group. Experimental evidence for third-party 
punishment in animals is needed to help resolve the 
question of altruistic punishment in non-humans. 

Norm Enforcement 

A special case of third-party punishment is norm enforce¬ 
ment. In this case, the simple violation of social norms, 
such as a teenager wearing torn jeans and a T-shirt to a 
wedding, will evoke punishment from others (such as 
expulsion from the wedding or disparaging gossip). The 
‘altruism’ refers to the fact that the punisher’s behavior 
benefits not the offender, but others in the group (e.g., by 
maintaining certain behavioral traditions as markers of 
group identity). There may be indirect benefits to the 
punisher, including a reputational benefit for being an 
altruistic punisher (attracting more cooperators and 
deterring cheats). But both third-party punishment and 
norm enforcement may also benefit the punisher indi¬ 
rectly by benefiting the group, as described earlier. Pun¬ 
ishment can maintain any behavior — such as conformity 
to styles of dress - and not just cooperation, though the 
selective pressures favoring cooperation are more obvious 
than for wedding attire. 

There have been a few claims for norm enforcement, 
or punishment of rule violation, in animals other than 
humans. One example was suggested in rhesus macaques 
(Macaca mulatta ): higher ranking individuals aggressed 
against lower ranking conspecifics that failed to give 
food calls when the latter found food. The interpretation 
was that noncallers were punished for deception. How¬ 
ever, a plausible alternative was provided in a study on 
white-faced capuchins {Cebus capucinus): individuals called 
to signal ownership of food resources and those that failed 
to call were more likely to enter into conflict with higher 
ranking individuals, since ownership was not clear. An 
observation in captive chimpanzees saw two individuals 
that failed to come into the enclosure at night in a timely 
manner (and hence delayed the feeding of the group); 
they were attacked the next morning by the others 
when reunited. And an example from the field reported 


a violent attack by eight individuals on single male who 
had failed to conform to a social rule such as not exhibit¬ 
ing species-typical submissive behavior. It is not clear, 
however, that these acts of aggression were really cases 
of punishment to enforce specific behaviors or were cases 
of redirected aggression, dominance behavior, or some¬ 
thing else. Experiments modeled on such observations 
will be needed before we can attribute rule enforcement 
to non-human animals. 

Social Preferences and Punitive Motives 

Given the role of punishment in societies, it is important 
to know why individuals punish others, namely their 
intentions. As an example for why intentions are impor¬ 
tant, consider the difference between first-degree murder 
(intentional killing) and involuntary manslaughter (un¬ 
intentional killing). From the victim’s perspective, the 
outcome is the same, but psychologically (and legally), 
these are very different acts. Of particular importance for 
punishment are social preferences, namely whether the 
punisher has the intention or motivation of causing harm 
in other individuals. 

Self-Regarding Preferences 

Self-regarding preferences are nonsocial - the goals 
involved are purely personal with no regard for the con¬ 
sequences for others. Any effects on other individuals are 
byproducts. With regard to punishment, any change in 
future behavior that subsequently benefits the punisher is 
fortuitous. The goal of the individual is only that the 
offender immediately refrain from harming it, or that it 
remove itself from the harmful situation. Effects on the 
target of punishment - and on others that may be affected 
(e.g., through a decrease in uncooperativeness) - do not 
motivate the punishers choices. In other words, the indi¬ 
vidual is indifferent to the consequences of its actions 
apart from immediate, personal outcomes. Much aggres¬ 
sion and harm avoidance may be seen in this light and 
would not be seen as punishment in the commonsense use 
of the term: the aggressor’s motivation is not that the 
offender learn to refrain from doing something in the 
long term, but only that it stop it now. However, in 
terms of delayed costs and benefits for both the punisher 
and the target, unintended punishment may still have the 
same effects as intended punishment. 

The cognitive processes required for self-regarding 
behaviors such as aggression and avoidance are minimal. 
In social insects, for example, an aggressive response is 
triggered by a biochemical cue. It is a fixed, evolved 
response and is cognitively not much more interesting 
than a rose thorn. The cognitively relevant cases are 
those that are intentional and flexible. Retaliatory punish¬ 
ment is an aggressive response to an aversive stimulus. 
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Shunning need only be explained by avoidance. However, 
the behaviors in many species are not inflexible. For 
instance, a low-ranking baboon will not behave aggres¬ 
sively to a dominant individual, or even the kin of the 
dominant. It may have learned this lesson through past 
experience (i.e., losing violent conflicts). The motivations 
for punishment are self-regarding - the punishing animal 
need only have as its goal the reduction of annoyances in 
its social environment. Consideration for how this affects 
the target of the punishment is not required. 

The simplest mechanism for dealing with noncoopera¬ 
tors would be to stop cooperating after being exploited; 
however, indiscriminate shunning punishes cooperators as 
well and would cause cooperation to fall apart. Cognitive 
mechanisms that would allow targeted avoidance of non¬ 
cooperators should include individual recognition and 
perhaps a memory for specific events (episodic-like 
memory). Emotions such as anger are likely important 
in mediating punishment. In the punishment experiment 
with chimpanzees described earlier, when chimpanzees 
exhibited aggressive displays and tantrums - indicators 
of anger - they were more likely to collapse the food table. 
While likely important for motivating immediate reac¬ 
tions to undesirable events, it would be valuable to find 
evidence for planning punishment after the eliciting event 
(e.g., cold-blooded revenge). At present, there appears to 
be no evidence for delayed retributive punishment in 
non-human animals. 

Social (Other-Regarding) Preferences 

Other-regarding preferences are social. These are beha¬ 
viors that are motivated by a concern for the welfare of 
others. Even though the outcome of punishment may 
benefit the punisher, the motivation to punish need not 
be self-regarding; the goal might be the effect it has on the 
behavior or the psychological state of the target, with any 
personal benefits arising as unintended byproducts. In 
addition to having the goal of decreasing harmful behavior 
directed at the self, the punishing individual may have as 
goal a change in the noncooperative behavior of the target, 
or may have the goal of maintaining a cooperative social 
environment. However, selfish benefits make it hard to 
rule out self-regarding motives, and it is difficult to estab¬ 
lish other-regarding punitive motives. Furthermore, any 
individual action can arise from multiple motivations. For 
example, someone might scold a youth for crossing the 
street against a red light so as to protect him from potential 
harm, as well as to uphold the norms of society, to set an 
example for children who are present, to impress upon 
one’s peers that one is an upstanding member of society, to 
relieve the moral outrage he feels, to experience pleasure 
in causing embarrassment in the youth, and to be the 
first to cross the street when the light is green so as to get 
the best seat on the waiting tram. The important point 


is not to elucidate the complex suite of motivations for 
every action, but to determine whether certain motives 
even exist. 

Antisocial preferences 

Punishment can be motivated by a concern for the nega¬ 
tive welfare (suffering) of others. This is not the same 
thing as self-regarding punishment, which is neutral to 
the consequences of others; it has as its primary goal that 
the target suffer. Antisocial (negative other-regarding) 
preferences such as spite and schadenfreude (pleasure in 
the misfortunes of others) can motivate punishment. For 
example, humans (at least males) experience pleasure in 
seeing an individual who previously cheated them receive 
a painful stimulus, yet will exhibit empathy for a cooper¬ 
ator in pain. 

An important aspect of human cooperation may be a 
sensitivity to fairness. Aversion to inequity can motivate 
people to correct unfairness. People are ultracompetitive 
in that they compare their gains and losses to the gains and 
losses of others. They are sensitive to - and reciprocate 
strongly against - personally unfair outcomes as well as 
unfair intentions. When faced with personal unfairness 
in experiments such as the ultimatum game, people report 
feelings of anger and they show appropriate facial expres¬ 
sions and physiological responses such as an increased 
heart rate. This ‘wounded pride’ can motivate punishment 
in the absence of anticipated rewards such as future reci¬ 
procity or reputation. Spite (in the typical, psychological 
sense) has the suffering of the target as the ultimate goal 
and is not a means to an end. Altruistic punishment may 
therefore be a byproduct of spiteful (antisocial) punish¬ 
ment; the punisher inflicts harm on another individual for 
the sake of causing harm, rather than out of altruistic 
motives for others. 

There is considerable debate about whether other 
animals have a sensitivity to fairness, particularly disadvan¬ 
tageous inequity aversion. Several experiments have sug¬ 
gested that some non-human primates and even dogs (Cams 
familiaris) are sensitive to inequity. However, several other 
experiments dispute these findings. In none of these studies 
can the animals inflict harm on others in response to ineq¬ 
uity; they can only react to the experimenter. Two studies in 
chimpanzees have attempted to address antisocial punish¬ 
ment directly. In the punishment study described earlier, 
chimpanzees did not react spitefully by ‘punishing’ unfair 
outcomes when an experimenter pulled their food away and 
gave it to a conspecific. Nor, in the mini-ultimatum game 
did responders react in any way to unfair outcomes. Taken 
together, these studies suggest that harming others for the 
sake of causing others to experience loss might be unique to 
humans. Counterintuitively, such antisocial preferences 
might lead to altruistic outcomes; altruistic punishment is 
not necessarily motivated by altruism, and instead may be 
driven by spite. 
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Prosocial preferences 

Punishment need not be self-regarding nor negatively 
other-regarding. One might be motivated by the positive 
outcomes for others. Empathy is the standard for proso¬ 
cial preferences. Many parents, for instance, will tell their 
children that they are punishing them Tor their own good’ 
and that it hurts them more than it hurts the child. The 
punishment is intended to produce delayed benefits for 
the target through the imposition of immediate costs; any 
benefits or costs to the punisher are unintended. Parental 
discipline could qualify as being prosocially motivated. 
Examples of this are intentional teaching (discipline) and 
reform. For example, humans will punish their child if 
it engages in a potentially risky activity to teach it to not 
do this; they will reform it for having done something 
that is harmful to others to prevent that from happening 
in the future. The majority of examples of discipline in 
animals are inconclusive, however, since the parents pun¬ 
ish behavior that is personally aversive; the punishment 
therefore provides immediate, direct benefits to the par¬ 
ents. One potential exception is a field observation in 
chimpanzees of a mother aggressing against her infant 
that was about to eat poisonous leaves, though single 
observations are always inconclusive. 

It is not yet clear what motivates altruistic, third-party 
or normative punishment in humans. It is possible that 
people have altruistic motives, that they have as a goal the 
modifying of the behavior of defectors so that others will 
benefit. They can be motivated by advantageous inequity 
aversion and empathy. It is also possible that they are 
indifferent to the effects of the punishment on both them¬ 
selves and the target, but are motivated to achieve a 
particular social effect, such as a sense of justice. Punish¬ 
ment is used as a means to an end, and a punitive senti¬ 
ment is a motive to see a noncooperator harmed for a 
cooperative end (and not an end in itself as in the case of 
spite). An altruistic punitive sentiment is a motive to harm 
the target for the target’s own good, or for the benefit of 
others. Altruistic punitive motives can also be for the 
benefit of individuals other than the target, such as pre¬ 
venting free-riders from exploiting others in the future. 
The important point is that the benefit of the target or of 
other individuals is the final goal of altruistic punishment, 
and that it is not a self-serving means to an end. 

Other Cognitive Mechanisms 

As alluded to earlier, emotions are likely important com¬ 
ponents for punishment. Anger, in particular, appears to 
be a feature of all forms of punishment in humans and is 
likely to be prevalent in other animals. The circumstances 
that motivate anger are likely to vary; moralistic outrage, 
for instance, will only apply to altruistic, normative, or 
third-party punishment, since the emotion is in response 
to rule violations and not personal offenses. Other 


cognitive features that might be important for punishment 
in humans - and potentially their closest living relatives - 
are perspective-taking and intention reading. Chimpan¬ 
zees, but not capuchin monkeys, have been shown to take 
the visual perspective of conspecifics in a competitive 
situation. Such visual perspective-taking allows them to 
know what another individual sees, has seen, and presum¬ 
ably knows. Chimpanzees, as well as capuchin monkeys, 
also recognize intent in others and are less likely to remain 
engaged in an interaction with a human who is unwilling 
to give them food than one who attempts to give them food 
but is unable to do so. However, there is as yet no evidence 
for an understanding of beliefs and desires (theory of mind) 
in non-human animals. Secondary (social) emotions such 
as satisfaction at revenge, pride in seeing justice done, guilt 
in failing to punish, and forgiveness when the punishment 
has been effective may also be important for punishment, at 
least in humans. 

Conclusion 

Punishment is an important way in which organisms can 
control or manipulate their social environments. Most 
often, it provides direct benefits to the punisher in that 
the offender stops engaging in the harmful behavior — 
ideally both at the moment and in the long term. In some 
cases, the direct benefits are great enough that the pun¬ 
isher will suffer some costs to bring it about. In addition, 
by punishing free-riders, others can benefit, and this can 
stabilize cooperation. Altruistic punishment, third-party 
punishment, and norm enforcement are special forms 
of punishment that may allow for the development of 
cooperation of unrelated individuals on a large scale 
seen only in humans. The cognitive mechanisms of par¬ 
ticular importance to punishment are other-regarding 
preferences. Cooperative outcomes can result from 
purely self-regarding motives. The evolution of complex, 
stratified societies are likely to require other-regarding 
preferences. Antisocial preferences such as spite and pro¬ 
social preferences such as empathy can facilitate cooper¬ 
ation by being especially sensitive to cheaters and other 
norm violators. 

See also: Conflict Resolution; Emotion and Social 
Cognition in Primates; Empathetic Behavior; Morality 
and Evolution; Social Cognition and Theory of Mind. 
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Introduction 

A great deal can be learned about the ecology and evolu¬ 
tion of social behavior by studying the origin, nature, and 
resolution of conflict among queens within insect socie¬ 
ties. Queen conflict fundamentally concerns the struggle 
for reproductive success among society members. Thus, 
conflict among queens is a pervasive feature of eusocial 
insect colonies. 

Eusocial insects dominate ecological communities and 
rank among the most successful of animal taxa. The 
success of eusocial insects stems primarily from their 
cooperative and helping behaviors. Members of eusocial 
insect societies work together to efficiently rear young, 
defend the colony, and forage for food. The efficiency of 
eusocial insect colonies arises, in part, from the fact that 
colony members belong to different castes, which under¬ 
take distinct tasks. 

The queen and male castes are generally responsible 
for reproduction and dispersal. In contrast, the worker and 
soldier castes are subfertile. The formation of societies 
composed of distinct reproductive and subfertile castes 
represents a major evolutionary transition in biological 
organization. Such transitions, from independent replica¬ 
tion to replication as part of a larger group, occur only 
rarely in evolution. In the case of eusocial insects, inde¬ 
pendent organisms, the workers and soldiers, gave up the 
ability to reproduce separately and instead came to rely 
on others, the queens and males, to successfully pass on 
their genes to future generations. 

Eusocial insect colonies have justifiably been called 
‘superorganisms’ because of the tremendous cooperative 
and integrative nature of their societies. However, euso¬ 
cial insect colonies are also subject to internal conflict. 
Conflicts arise because members of insect societies are not 
clonal and thus their genetic interests differ. Under such 
conditions, selection acts to promote selfish behaviors. 
However, such behaviors are often kept in check by 
mechanisms that balance selection on individuals and 
selection at the colony level, leading to the formation of 


relatively stable groups. Consequently, eusocial insect 
colonies represent a dynamic equilibrium that arises 
between cooperation among individuals and potential 
conflict among them that could destroy the society. 

This article concerns conflict that occurs among 
queens within eusocial insect colonies. Here, queens are 
defined as the primary reproductive females within insect 
societies. Queens may be contrasted with workers and 
soldiers, which are often morphologically distinct from 
queens and, by definition, have lower reproductive poten¬ 
tial than queens (Figure 1). 

It is important to note that, although many inverte¬ 
brates show varying levels of social behavior, this article 
will be restricted to the traditional eusocial insects, which 
fall into two insect orders, the Hymenoptera (ants, bees, 
and wasps) and the Isoptera (termites). Moreover, the 
major focus of discussion will be on the eusocial Hyme¬ 
noptera, because far more is known about eusociality in 
this group than in termites. Finally, this article deliber¬ 
ately avoids discussion of other types of conflict, including 
queen-worker conflict and conflict between the sexes, 
which are reviewed elsewhere. 


Importance of Understanding 
Queen-Queen Conflict 

Queen conflict is an outcome of cooperative breeding 
among queens. Cooperative breeding is a type of social 
structure whereby a group of individuals assists in caring 
for offspring that are not exclusively their own. Coopera¬ 
tive breeding represents a special difficulty for evolution¬ 
ary theory because it results in individuals helping raise 
the offspring of others. Rearing the offspring of other 
individuals would seem to decrease the direct fitness of 
the individual providing the help and increase the direct 
fitness of potential competitors in the population. Both of 
these outcomes should lead to a decrease in the frequency 
of helping behavior in the population. 
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Figure 1 Red imported fire ant, Solenopsis invicta, queen 
and workers. The queen is morphologically and behaviorally 
distinct from the workers and specializes in reproduction 
and dispersal. In contrast, the workers are sterile and specialize 
in brood rearing, foraging, and colony defense. 

However, despite the potential negative effects on 
individuals, cooperative breeding can still evolve under 
appropriate ecological conditions. In general, ecological 
constraints impeding solitary reproduction select for indi¬ 
viduals to work together to reproduce. As will be dis¬ 
cussed later, this constraint is central to explaining the 
origin of multiple-queen societies in eusocial insects. In 
addition, cooperative breeders also receive direct or indi¬ 
rect fitness benefits from membership in the group. 

Direct benefits are gains in the helpers’ own reproduc¬ 
tion. Such gains may arise if large groups are more secure 
or stable and therefore actually provide greater fitness 
benefits to an individual than solitary reproduction. Alter¬ 
natively, helpers may assist dominant individuals in order 
to remain on a territory. Remaining on an established 
territory may be directly beneficial to the helper in the 
long term if the helper ultimately gets to reproduce. 
Finally, cooperative breeding may act as a signal that 
helpers are of high quality, which may attract breeding 
attempts that directly benefit the helper. 

In addition to direct fitness benefits, cooperative bree¬ 
ders may receive indirect fitness benefits. Indirect fitness 
benefits result from increased reproductive success for 
relatives of the helping individual. Cooperative behaviors 
that lead to fitness changes for relatives evolve through 
the action of kin selection. Although kin selection is com¬ 
mon, the most spectacular example of kin-selected traits 
can be found in advanced eusocial insect workers. Workers 
of these species are unable to mate and generally do not 
reproduce, but they still receive indirect fitness benefits by 
helping related individuals to produce offspring. 

Consequently, understanding potential conflicts among 
queens in eusocial insect colonies also provides insight 
into the nature of kin selection and kin groups. Indeed, as 


will be seen below, kin structure is a key factor affecting 
conflict within colonies. However, the characteristics of 
conflict also depend fundamentally on the ecological cir¬ 
cumstances surrounding the interactions. 

Types of Queen-Queen Conflict 

Conflict necessarily originates from selection acting to pro¬ 
mote reproductive success among individuals. Here, how¬ 
ever, the types of conflict have been divided into categories 
based upon when they occur in the eusocial insect life cycle. 
It is important to note that different types of conflict should 
not be viewed as mutually exclusive. Indeed, one type of 
conflict often leads to another. Nevertheless, the categories 
represent convenient ways to consider how conflict occurs 
among queens within complex societies. 

Conflict over Joining a Group 

One of the most important areas of conflict among queens 
is centered on whether a queen may join an existing 
colony. The potential joining together of eusocial insect 
queens represents a major change to the social structure of 
a typical insect society. Indeed, the formation of multiple- 
queen groups represents a second type of cooperative 
breeding that can arise within insect societies, the first 
instance being the origin of the sterile worker caste that 
defines eusocial insects. 

Many types of queen conflict within colonies begin 
with the acceptance of multiple queens. For example, 
queens within polygyne (multiple-queen) colonies poten¬ 
tially compete for reproductive dominance. In addition, 
workers within polygyne colonies are typically less 
related to their colonymates than workers in monogyne 
(single-queen) colonies. Thus, having multiple queens 
within a colony also affects worker fitness. 

How can multiple queens come to coexist within colo¬ 
nies? The first mechanism, known as primary polygyny, 
occurs when multiple queens join together to initiate a new 
colony. The second method, known as secondary polygyny, 
occurs when existing queens attempt to enter and join an 
already established queenright colony. Primary and second¬ 
ary polygyny are treated separately here because the origins 
and resolution of the two situations typically differ greatly. 

Primary polygyny 

Queens of several eusocial insect taxa form foundress 
associations when initiating new colonies. The formation 
of multiqueen associations is known as pleometrosis, to be 
contrasted with haplometrosis, which occurs when queens 
found colonies independently. Primary polygyny resulting 
from pleometrotic associations is unusual from the per¬ 
spective of typical cooperative breeding associations 







Queen-Queen Conflict in Eusocial Insect Colonies 3 


because of the way that groups of queens form and how 
reproductive conflicts among them are ultimately resolved. 

Pleometrotic associations typically occur when unre¬ 
lated queens join together and attempt to initiate a new 
colony Aggregations of queens may form without queens 
actively searching for other queens if, for example, new 
queens are attracted to similar nesting habitats. However, 
selection may favor formation of foundress associations 
if there are strong constraints on independent colony 
founding and if groups of queens succeed at founding 
colonies better than solitary queens. In this case, kinship 
need not play a role in the formation of associations. 
Instead, mutualism drives pleometrosis because a queen’s 
direct fitness is higher on average when she joins a group 
than if she attempts to found a colony independently. In 
addition, selection may not drive queens that already 
belong to a pleometrotic group to keep other queens 
out, provided that the group has not reached a size at 
which benefits from membership begin to diminish. 

Pleometrotic associations occur in many ant species, 
including members of the subfamilies Myrmicinae, Doli- 
choderinae, and Formicinae. Ants that form pleometrotic 
associations are typically territorial. Workers from newly 
founded colonies frequently destroy or raid colonies in 
their immediate vicinity. Thus, it is beneficial for new 
colonies to produce as many workers and as quickly as 
possible. Colonies founded by multiple queens typically 
produce more brood than those founded by single queens, 
thereby providing a clear numerical advantage in competi¬ 
tive interactions with adjacent colonies. 

Surprisingly, pleometrotic associations in ants almost 
always end with monogyny. Queens that peacefully 
coexisted during the initiation of pleometrotic groups 
often become highly aggressive toward each other as the 
colony matures. The cohabitating queens may even enter 
into mortal combat that only ends when a single queen 
is left. 

Queens may also compete indirectly during the seem¬ 
ingly peaceful stage when they are producing the first 
brood. For example, evidence suggests that Solenopsis 
invicta fire ant queens, which use their own internal 
body reserves to produce eggs, vary in weight loss during 
reproduction. Such variance in weight loss may be asso¬ 
ciated with ultimate success within pleometrotic associa¬ 
tions, as heavy queens are more likely to survive fights 
than light queens. Queens in pleometrotic associations of 
ants, including species such as S. invicta , Myrmecocystus 
mimicus , and Formica podzolica , also sometimes eat eggs 
produced by rivals, thereby increasing their food intake 
and potentially forestalling loss of mass. Thus, queens 
may be preparing for fighting even while they coexist 
without direct aggression. The workers may or may not 
take part in the culling of queens. However, in S. invicta , 
workers do not treat their mother differently from other 
unrelated queens within the colony. 


Although primary polygyny is best studied in ants, it 
also occurs in other eusocial insects. For instance, some 
eusocial wasps in the genus Polistes form multiple foun¬ 
dress associations. These associations frequently lead to a 
single queen dominating reproduction within a colony. In 
addition, some termites, including species in the genera 
Macrotermes , Microcerotermes , and Nasutitermes , form pleo¬ 
metrotic associations. These multiple-queen colonies may 
grow more rapidly than those founded by single sets of 
reproductives, thereby providing an advantage to joining 
the group. Beyond this, little is known about pleometrotic 
associations in termites. 

A final, related example of competition among queens 
is found in honeybees (Apis mellifera). Honeybee colonies 
are almost always headed by a single queen. New colo¬ 
nies arise through colony fission when the original 
mother queen leaves with part of the colony to find 
a new nesting site. After the mother queen departs, the 
remaining colony rears several of the original queens’ 
daughters as potential replacement queens. These 
potential replacement queens kill their potential rival 
sisters while they are still developing. Alternatively, sur¬ 
viving replacement queens engage in lethal duals so that 
only a single queen ultimately remains in the old nest. As 
Darwin noted in The Origin of Species, “It may be difficult, 
but we ought to admire the savage instinctive hatred of 
the queen-bee, which urges her instantly to destroy the 
young queens her daughters [sic, sisters] as soon as born, 
or to perish herself in the combat; for undoubtedly this is 
for the good of the community.” 

Secondary polygyny 

Many mature eusocial insect colonies contain multiple- 
functional queens. These colonies typically come to be 
polygyne through secondary adoption of queens as the 
colony ages. Thus, the processes leading to secondary 
polygyny differ from those that give rise to primary poly¬ 
gyny. Moreover, in contrast to primary polygyny, secondary 
polygyny often leads to permanently polygynous nests. 

The primary factor promoting secondary polygyny is 
the low probability of new queens founding a colony 
independently. A variety of ecological circumstances can 
conspire to make colony foundation difficult for new 
queens. High risk of predation, lack of nesting sites, high 
levels of competition, or high risk of colony loss - all 
should select for queens to attempt to enter established 
colonies. Consequently, from the standpoint of a new 
queen, joining a mature colony should be a relatively 
attractive option under many circumstances. 

However, the decision to allow a new queen to join an 
established colony is not so simple from the standpoint of 
the queens and workers that already belong to the focal 
colony. Polygyny involves shared reproduction among 
queens and tends to decrease per-capita reproductive 
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output, which should lead to queen conflict. In addition, 
the presence of multiple queens generally decreases the 
relatedness of workers to the brood they rear, which 
should lead to conflict among families within colonies. 
So why would a mature colony accept new queens? 

Evolution favors colonies that accept new queens if 
there is a strong likelihood that a colony will lose its 
queen or if queen lifespan is short relative to colony life¬ 
span. Under these circumstances, the colony may get 
potential long-term reproductive benefits by accepting 
new queens as reproductives. Moreover, established colo¬ 
nies may be selected to accept additional queens pro¬ 
duced by that colony if the probability of these daughter 
queens surviving colony foundation on their own is very 
low. Finally, recruitment of multiple queens may be 
selected for genetic reasons. For example, workers in 
genetically diverse colonies may undertake a greater 
range of tasks or may better resist parasites than workers 
in less diverse colonies. Indeed, genetic diversity 
mediated by queen mate number benefits honeybee 
(A. mellifera), bumblebee ( Bombus terrestris ), and harvester 
ant ( Pogonomyrmex occidentalis ) colonies. 

Regardless, under almost all of these circumstances, 
colonies should only accept their own relatives as new 
queens. By doing so, workers within the nest still obtain 
indirect, kin-selected benefits from rearing brood of the 
new queens. In contrast, acceptance of unrelated queens 
into nests would generally be detrimental to members of 
the established colony as this leads to helping behavior 
directed at nonrelatives and produces no indirect fitness 
benefits for workers. Unrelated new queens can thus be 
viewed as social parasites within the colony. 

Empirical evidence shows that cohabitating queens in 
most eusocial insect colonies are related, as predicted. 
However, there are exceptions. Some ants form supercolo¬ 
nies that contain large numbers of unrelated queens. For 
example, invasive, polygyne S. invicta fire ants sometimes 
form large unicolonial populations where individuals move 
freely among nests. Introduced Argentine ants, Linepithema 
humile, represent an even more extreme example, as their 
supercolonies can span hundreds of kilometers. Conflict 
among queens and workers under these circumstances is 
expected and should disrupt the social structure within 
colonies. Thus, the evolutionary persistence of such colo¬ 
nies represents somewhat of a puzzle. 

The formation of polygyne colonies frequently leads 
to a great number of changes in the life history and 
behavior of colony members. For example, queens in 
polygyne species tend to have shorter lifespans than 
queens in related monogyne species. Polygyny also entails 
queens having varied dispersal and mating strategies 
that include adoption into established nests and some¬ 
times mating within the nest. Polygyne queens are also 
usually smaller and less fecund than their monogyne 
counterparts. 


Queen number also affects worker morphology and 
behavior. For example, workers in polygyne species tend 
to be smaller and display lower levels of polymorphism 
than workers in monogyne species. In addition, new poly¬ 
gyne colonies sometimes form through the budding off 
of existing colonies, in contrast to monogyne colonies, 
which are almost always established through independent 
founding events. 

Nevertheless, polygyny is taxonomically widespread. 
Many ants, such as some species in the genera Formica , 
Leptothorax , Linepithema , Myrmica , and Solenopsis , are poly¬ 
gyne for part of their life cycle or show variation in queen 
number among colonies. Many eusocial wasps, particu¬ 
larly in the subfamily Polistinae, also form polygyne asso¬ 
ciations. For instance, multiple queens often jointly 
initiate colonies in some Ropalidia , Polistes , Parapolybia , or 
Belonogaster wasp species. Eusocial wasp colonies may also 
become polygyne through adoption of daughter queens as 
they mature. For example, Vespula wasp colonies are typically 
initiated and headed by only a single queen. But multiple, 
daughter queens may be recruited as reproductives in 
some species if the colony persists for more than a single 
season (Figure 2). In addition, some species of Ropalidia 
and Mischocyttarus wasps display serial polygyny, whereby 
only a single queen exists within a colony at any one time, 
but is frequently replaced by relatives from within the nest. 
A few species of Halictid bees also form semipermanent, 
polygyne associations, although these tend to be rather 
limited in size and scope. Finally, some termites form 
colonies containing multiple-functional queens, kings 
(male termite primary reproductives), or other secondary 
reproductives. The secondary reproductives, which are a 
common feature of many termite species, frequently arise 



Figure 2 Inside the nest of a yellowjacket (Vespula maculifrons) 
social wasp. Vespula colonies are generally headed by a single 
reproductive queen (lower right). However, the colonies of some 
species can adopt the queen’s daughters (center) as 
reproductives under unusual circumstances such as when a 
colony survives for more than a single season. 
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through inbreeding events and allow colonies to persist 
long after the primary reproductives have died. 

Conflict over Becoming a Queen 

A major source of conflict within eusocial insect societies 
centers on whether a given individual will develop into a 
queen or worker. Workers, by definition, are subfertile. In 
contrast, queens are reproductively capable. Thus, theory 
predicts that females should develop into queens if possible. 
So why do individuals develop into workers? 

A likely proximate reason why most developing females 
develop into workers is that individuals typically cannot 
control their own development in most eusocial insect 
species. Rather, developing individuals are almost always 
reared directly by workers that control the caste fate of 
offspring and rear brood according to the interests of the 
colony. Consequently, the castes of individuals produced 
in colonies typically result from resolution of conflicts 
between existing queens and workers, rather than the devel¬ 
oping individuals. 

Nevertheless, in a few eusocial insect species, develop¬ 
ing individuals can control their own fate. For example, 
female Melipona bees decide their own caste. This unusual 
situation arises because Melipona larvae are not progres¬ 
sively provisioned with food by workers as they develop. 
Instead, the larvae receive all of the food necessary for 
growth at the beginning of their developmental phase. 
Thus, larvae are capable of choosing how much food to 
ingest and determining their final body size, which is related 
to whether they become queens or workers. This situation 
leads to an overproduction of queens, as individuals vie to 
become reproductives within the population. Excess 
queens, however, are killed by resident workers. Caste 
may also be self-determined in a few other eusocial insects 
including some termites. In these cases, colonies also tend to 
greatly overproduce reproductives because individuals 
attempt to selfishly develop into queens and kings. 

Conflict over Reproduction 

When multiple queens coexist within a single colony, 
conflict necessarily arises over how reproduction is 
shared. Indeed, queens should be under strong selection 
to dominate reproduction in polygyne colonies. Variation 
in reproductive success is quantified as reproductive skew. 
High-skew societies have one or a few queens that domi¬ 
nate reproduction at the expense of other queens. In 
contrast, queens in low-skew societies share reproduction 
more equally. 

Theoretical analyses dissecting the factors that affect 
skew have been very helpful in understanding queen 
conflict. Skew theory integrates genetic, ecological, and 
social factors to reveal what features of social living affect 
reproductive success. Moreover, skew models predict 


conditions under which queens should peacefully coexist, 
partition reproductive success, fight with one another, or 
disperse from the colony to attempt to found colonies 
independently. Results of modeling suggest that impor¬ 
tant factors affecting skew include (1) the expected repro¬ 
ductive success of a queen that chooses to reproduce 
alone, (2) a colony’s productivity if a new queen joins an 
existing colony, (3) the relatedness between interacting 
queens, and (4) the probability that a new queen will win a 
fight with an already existing queen. 

Data from several species of eusocial wasps, eusocial 
bees, and ants suggest that skew is associated with ecolo¬ 
gical or genetic factors, as expected under the theoretical 
models. For example, skew among Polistes fuscatus wasp 
queens is directly related to the relatedness among queens 
and the overall colony productivity. High skew in Halictus 
ligatusbee associations is correlated with a low probability 
of successful nest founding, as expected if females that 
join an existing colony must accept low reproductive 
success if they have little hope of founding a colony 
on their own. Similar results have been observed in 
Leptothorax ants, in which skew increases with greater 
ecological constraints on independent colony founding. 

In addition, aggressive interactions among queens arising 
from reproductive partitioning are observed in some poly¬ 
gyne insect societies. For example, antagonistic behaviors 
among Polistes wasp queens often lead to dominance hier¬ 
archies, whereby one queen physically dominates her rivals 
and ultimately obtains greater reproductive success. Alter¬ 
natively, aggression can lead to eviction of queens, ovarian 
regression, or even death. As predicted under some models, 
aggression in eusocial wasps is sometimes associated with 
factors such as relatedness among queens and ecological 
constraints. Interestingly, more complex polygyne societies, 
like those found in some ants, show reproductive skew but 
no obvious signs of aggression. In these cases, conflict is 
apparently resolved indirectly through pheromones. 

Queen conflict may also occur through variation in the 
fate of brood. Eggs produced by queens may be eaten by 
rivals or workers, or otherwise show differential viability 
leading to variation in queen reproductive success. Com¬ 
petition among queens may even take place during larval 
development. In particular, queens may vary in the pro¬ 
portion of the different castes they produce. Queens that 
exclusively produce workers ultimately obtain low fitness, 
because workers are, by definition, subfertile. However, 
queens whose brood is reared as new queens or males 
achieve higher fitness. Investigations in several polygyne 
ant taxa have discovered that queens may indeed vary 
in their contributions to queens, workers, and males 
within colonies. 

A final, very unusual, means of indirect queen conflict 
is found in the ant Cardiocondyla. Queens in polygyne 
colonies produce sons very early in the colony life cycle. 
These males kill competitor males within the colony and 
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subsequently mate with existing virgin females. Thus, 
conflict among queens in this species occurs through the 
production of precocious, aggressive sons and leads to 
greater reproductive success of some queens than others. 

Conflict over Nepotism 

The presence of multiple queens within colonies greatly 
complicates the dynamics of insect societies. In particular, 
polygyne colonies contain multiple different families. 
Thus, polygyny may lead to conflict among subfamilies 
within colonies. Such conflict can potentially be resolved 
if individuals help or cooperate solely with members of 
their own subfamilies. Workers produced by particular 
queens may attempt to direct their helping behavior to 
other offspring of that queen rather than to individuals 
that are less related. Such nepotism can be viewed as an 
indirect mechanism of queen conflict, which gets played 
out through the queens’ offspring. 

Surprisingly, there is very little evidence of nepotism 
within eusocial insect colonies. The lack of nepotism may 
be a byproduct of workers’ inabilities to differentiate close 
relatives. This failure to discriminate based on relatedness 
may actually be selected at the colony level if nepotistic 
acts ultimately prove detrimental to colony performance. 
In addition, recognition errors could be costly leading to 
failure to correctly help relatives. 

Conclusion 

Members of eusocial insect colonies normally display 
remarkable helping and cooperative behaviors. However, 
the selective pressures associated with possible gains in 
reproductive success that arise through conflict always 
exist. Indeed, the possibility that potential conflict could 
erupt into actual conflict represents a pervasive problem 
within insect societies. Conflict among queens is one of 
the most important and obvious types of conflict within 
insect colonies. Queen conflict plays a central role in 
shaping the life cycle of eusocial insect queens and the 
dynamics within eusocial insect societies. Ultimately, 


social order within insect colonies partly rests on a delec- 
tate balance between selection operating at the level of 
individual queens, which promotes selfish behaviors that 
could break down the social order, and selection operating 
at the level of the colony, which maintains cooperative 
and helping behaviors. 

See also: Ant, Bee and Wasp Social Evolution; Colony 
Founding in Social Insects; Cooperation and Sociality; 
Division of Labor; Kin Selection and Relatedness; Levels 
of Selection; Queen-Worker Conflicts Over Colony Sex 
Ratio; Reproductive Skew; Social Insects: Behavioral 
Genetics; Social Selection, Sexual Selection, and Sexual 
Conflict; Unicolonial Ants: Loss of Colony Identity. 
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Introduction 

Studies of sex-ratio conflict in hymenopteran insect socie¬ 
ties (ants, bees, and wasps) highlight the importance of 
understanding how colony members resolve conflicts to 
maintain cooperation. The typical and simplest colony 
type consists of the sole reproductive (i.e., the queen) 
and her nonreproductive daughters (i.e., the workers) 
that perform various tasks for colony maintenance and 
survival. One of these tasks includes brood care of their 
immature brothers and sisters, some of which become 
reproductives of future colonies. Understanding why 
workers forgo their own reproduction to help their 
mother queen produce more young is a major question 
in evolutionary biology and animal behavior. 

Theory 

In their seminal paper in 1976, Trivers and Hare pre¬ 
dicted that extreme altruism by workers is more likely to 
evolve in Hymenoptera than in most other animals 
because of their unusual sex determination system. 
Hymenoptera, unlike diploid organisms, are haplodiploid, 
meaning that females develop from fertilized eggs and are 
thus diploid, whereas males develop from unfertilized 
eggs and are haploid. This sex determination system 
renders workers more closely related to their sisters 
(r=0.75) than they would be to their own daughters 
(r= 0.50), assuming the simplest case of a hymenopteran 
society with a singly mated queen and her workers (i.e., 
a monogynous colony). To maximize genetic representa¬ 
tion in future generations, selection should favor workers 
helping their mother queen produce more young (parti¬ 
cularly their sisters) rather than reproducing themselves. 

Despite this extreme level of altruism exhibited by 
workers, the haplodiploid system of sex determination 
also sets up the potential for conflict between the queen 
and workers over sex ratios (Figure 1), workers being 
more closely related to their sisters than to their brothers 
(on average, three times more related in monogynous 
colonies) and the queen equally related to her sons and 
daughters. Expanding on Fisher’s sex-ratio theory and 
Hamilton’s kin selection theory, Trivers and Hare there¬ 
fore predicted that workers should bias sex ratios toward 
female reproductives and the queen should counter this 
female bias. Fisher’s basic sex-ratio argument predicted 
for diploid species that sex ratios should stabilize at 1:1 


(femaleauale) for the following reasons: each offspring 
derives from the pairing of a female and a male, and 
each sex, thus, produces overall the same total number 
of offspring; any deviations from an even sex ratio are 
unstable, because negative frequency-dependent selection 
gives the rarer sex a reproductive advantage over the more 
common sex, ultimately leading to equal sex ratios at the 
population level. However, hymenopterans are haplodi¬ 
ploid and different sex ratio predictions arise because of 
asymmetries in relatedness of colony members to one 
another. Trivers and Hare combined their knowledge of 
Fisher’s sex ratio theory with Hamilton’s kin selection 
theory (inclusive fitness theory), which states that altruists 
can gain indirect fitness benefits by helping their relatives. 
Thus, in colonies headed by a singly mated queen, work¬ 
ers should be selected to rear three reproductive females 
for every reproductive male (assuming an equal cost in the 
production of male and female reproductives), given that 
workers share three times as many genes with their sisters 
as with their brothers. The equilibrium is 3:1 (female: 
male) because genetic value balances reproductive value: 
the genetic value of a sister is three times as valuable as 
that of a brother, whereas the reproductive value of a 
brother is three times the reproductive value of a sister 
(i.e., an average male is expected to have three times the 
offspring compared to the average female). 

To test their theory, Trivers and Hare examined empi¬ 
rical data from 20 species of monogynous ants and found 
that population-level sex ratios were indeed female-biased 
with an average value of about 3:1 (female:male). With this 
evidence, the authors then concluded that queen-worker 
conflict over the sex ratio had been demonstrated and 
that such conflict was resolved in favor of workers in 
these ant species. 

This work stimulated numerous empirical and theo¬ 
retical studies. In 1986, Nonacs later expanded the dataset 
of Trivers and Hare and confirmed the predicted 3:1 
(female:male) bias. However, one paper in particular by 
Alexander and Sherman a year after Trivers and Hare’s 
study claimed that another potential factor, other than 
genetic relatedness, could also explain the observed sex 
ratio patterns, namely local mate competition where 
brothers compete for matings with future queens. Such 
competition for mates for hymenopteran males reduces 
the relative value of son reproductives compared to 
daughter reproductives, and thus, sex-ratio interests of 
queens and workers become more closely aligned and 
female-biased sex ratios are considered optimal for both 
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Figure 1 Queen and workers of fungus-growing ant species 
Acromyrmex coronatus. Photo by Jeremy Harrison. 

parties. Under local mate competition, brothers compete 
more with each other than sisters compete with each other. 
It can be looked at as a kin-selected process where mothers 
try to minimize the negative effects that offspring have on 
each other. Because sons compete with each other and 
daughters do not compete with each other (or compete 
less), mothers minimize negative effects between relatives 
(i.e., offspring) by biasing the sex ratio. Local resource 
enhancement, another hypothesis proposed to explain sex- 
ratio bias in Hymenoptera, predicts the opposite: under 
local resource enhancement, mothers maximize the posi¬ 
tive effects that offspring have on each other; daughters 
cooperate synergistically to enhance their joint reproduction, 
increasing the relative value of daughters. 

Distinguishing between which of these different 
hypotheses modulate sex ratios in various Hymenoptera 
still continues in the literature. However, most theories of 
sex-ratio conflict focus on how relatedness asymmetry 
affects sex allocation. The degree of relatedness asymmetry 
varies across the Hymenoptera, depending on the social 
structure of the colony. For example, the presence of more 
than one reproductive queen in a colony (i.e., polgyny) 
and/or a queen that has mated with multiple males 
(i.e., polyandry) reduces the asymmetry in relatedness of 
workers to the average female versus the average male 
produced by a colony and more closely aligns sex-ratio 
interests of queens and workers. However, it is important 
to note the following: In a polygynous colony, not all males 
produced by a colony are true brothers to all workers; some 
males are unrelated to some workers (assuming that the 
queens are unrelated). More importantly, in a polygynous 
colony with unrelated queens, each worker should still bias 
the sex ratio to 3:1 (female:male); by doing so, the worker 
will bias the sex ratio of the reproductives to which a 
worker is related (and the incidental effect on the sex 
ratio of the unrelated sexuals is irrelevant). Thus, polygyny 
matters only if the queens are related; then the relatedness 


asymmetry changes with the number of related queens. 
This highlights the importance of discounting all potential 
confounding factors that could explain sex ratio patterns 
before claiming that queen-worker conflict over the sex 
ratio exists for a given species. 

Effects of Environmental Factors 
on Sex Ratios 

Social factors, such as genetic relatedness, have played an 
important role in explaining sex allocation patterns in 
Hymenoptera. However, recent studies are elucidating 
the importance of testing the effects that various ecological 
factors may have on sex ratios, for example, food availabil¬ 
ity, nest density, temperature, and colony size. In bumble¬ 
bees, which are usually monandrous but sometimes show a 
small degree of polyandry, colonies with greater nectar and 
pollen are more likely to produce female reproductives 
than colonies with less nectar and pollen. A similar pattern 
on sex ratios has been found in the ant Formica podzolic a ; 
colonies with supplemented food tended to produce 
female-biased sex ratios and colonies without supplemen¬ 
ted food tended to produce male-biased sex ratios. This 
effect is consistent with the hypothesis that colonies should 
invest more in the cheaper sex (i.e., males, which are 
generally smaller than females in Hymenoptera) when 
resources are limited. However, this Trivers-Willard 
resource constraint hypothesis can actually be argued as 
important only for species that make one (or a few) repro¬ 
ductives per reproductive bout (e.g., red deer). In bum¬ 
blebees, dozens of males and females are produced at the 
same time, and the Trivers-Willard effect seems irrelevant; 
if food-constrained, why not just make a few less sexuals 
but keep the sex ratio constant? However, making fewer 
offspring is not an option for red deer when producing only 
one offspring per reproductive bout; there the only option 
is to make either a male or a female, depending on what 
resources the mother can afford in a given year and which 
sex will convert the investment into the greatest number of 
grand-offspring. In addition to food, temperature can also 
influence sex ratios. In a population study over multiple 
years of a primitively social halictine bee, Halictus rubicundus .; 
warmer temperatures correlated with increasing male- 
biased sex ratios. However, in the Argentine ant, Linepithema 
humile ; cooler temperatures resulted in more male-biased 
sex ratios than warmer temperatures. Thus, studies that test 
the independent and interactive effects of social and eco¬ 
logical factors on sex ratios are needed. 

Mechanisms of Sex-Ratio Bias 

One important way that queen-worker conflict can be 
empirically tested is to determine the mechanism(s) 
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by which the sex-ratio bias is achieved by the queen or 
workers. Sex ratios can be manipulated by the queen at 
the egg-laying stage (i.e., the proportion of unfertilized vs. 
fertilized reproductive-destined eggs laid by the queen) 
also known as the primary sex ratio, or presumably by 
workers at later developmental stages also known as the 
secondary sex ratio. Thus, a comparison between primary 
and secondary sex ratios can provide a powerful test of 
whether queen-worker conflict exists over the sex ratio 
given that both the queen and workers have power to bias 
sex ratios at different developmental stages of the repro¬ 
ductive brood (Figure 2). 

Because workers care for the brood, they have the ability 
to control the sex ratios of queen-laid eggs (Figure 3). 
Several mechanisms of worker control have been empirically 
demonstrated in various Hymenoptera. One such example 
includes the selective elimination of male reproductives. 


Figure 2 Queen and workers of fungus-growing ant species 
Acromyrmex coronatus shown with brood. Photo by Jeremy 
Harrison. 


Figure 3 Workers of Cyphomyrmex spp. embedded in their 
fungal garden with winged adult reproductives. Photo by Jeremy 
Harrison. 


This has been shown in a number of different ant species, 
and furthermore, in the wood ant Formica exsecta , workers 
appear to do this facultatively; male brood were eliminated 
by workers in colonies with a singly mated queen, but not 
by workers in colonies with a doubly mated queen. How¬ 
ever, a recent study in honeybees, which have multiply 
mated queens, found facultative male brood elimination 
even though theory predicts that queen-worker conflict 
should be minimal or absent. Workers were more likely to 
cannibalize males if older male brood was more abundant. 
This behavior was attributed to environmental factors 
rather than to queen-worker conflict - male elimination 
was beneficial to both the queen and workers because of 
increased colony efficiency. Thus, this work on honeybees 
emphasizes the importance of teasing apart and testing 
various factors that could possibly affect sex ratios and 
points out the value of manipulative experiments for 
understanding cooperation and conflict in hymenopteran 
societies. 

Other mechanisms of worker control include prefe¬ 
rential rearing and feeding of female reproductives, influ¬ 
encing female caste fate to force worker-destined brood to 
become reproductive females, imprisoning males to limit 
their access to food, and distancing themselves and brood 
from the queen (to prevent sex-ratio manipulations by the 
queen). Most of these sex-ratio biasing mechanisms 
employed by workers imply that workers can distinguish 
between male and female brood in order to manipulate 
sex ratios in their favor. However, virtually nothing is 
known on the chemicals or cues that workers might use 
to discriminate between male and female brood; this 
could be a fruitful area for future research. 

The queen also has power to control sex ratios. How¬ 
ever, this occurs at the earlier developmental stages of the 
reproductive brood (i.e., the egg stage). Studies of hyme¬ 
nopteran populations characterized by split sex ratios 
have recently demonstrated mechanisms of queen control 
over sex ratios. Split sex ratios occur in populations with 
two types of colonies, one type specializing in the pro¬ 
duction of female reproductive broods (i.e., female- 
specialist colonies) and other colonies that specialize in the 
production of only male reproductive broods (i.e., male- 
specialist colonies). Under a standard split-sex ratio sce¬ 
nario, one type of colony makes 100% sexuals of one kind 
(this is called the biasing class of colonies); the other type 
(the so-called balancing class) produces both males 
and females, depending on their best interests in adjusting 
the reproductive value of their offspring. This type of 
specialization in the production of one sex or the other 
provides a powerful test of queen-worker conflict over 
the sex ratio. However, it is important to note that split 
sex ratios can arise because of resource differences as 
explained earlier (small colonies across ants tend to 
make males, while large colonies tend to have a higher 
proportion of females). 
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The bumblebee Bombus terrestris exhibits split sex ratios 
and is a model for investigating queen-worker conflict. The 
society consists of a singly mated queen and workers are 
capable of laying haploid male eggs. Queens appear to have 
some control over sex allocation by forcing workers to rear 
her males in male-specialist colonies. Queens achieve this 
control by laying male eggs during the early phase of 
colony development when workers are presumably unable 
to distinguish the sex of brood. Later, it is too costly for the 
workers to replace her males with their own males. 

Similar to B. terrestris , the monogynous form of the 
notorious invasive pest Solenopsis invicta is also character¬ 
ized by split sex ratios. Passera and colleagues performed 
a clever laboratory transplant experiment in which they 
took queens from male-specialist colonies and put them 
with workers from female-specialist colonies and vice 
versa. x\fter some time, they recorded the type of repro¬ 
ductive brood produced by these experimental colonies 
and found that male-specialist colonies with female- 
specialist queens produced female-biased sex ratios, and 
female-specialist colonies with male-specialist queens 
produced male-biased sex ratios. This finding demon¬ 
strates that queens, not workers, control sex ratios, and 
that queens manipulate sex ratios by limiting the number 
of female eggs laid, forcing workers to rear males in male- 
specialist colonies. 

In another ant species characterized by split sex ratios, 
Pheidole desertorum , queens can influence sex ratios by 
controlling their oviposition. Queens from male-specialist 
colonies affect female caste determination by producing 
worker-destined eggs instead of female reproductive- 
destined eggs. Nevertheless, other experiments have 
shown that workers of S. invicta and P. desertorum exert 
some control over sex ratios by preferentially rearing 
female reproductive brood over male brood. These find¬ 
ings demonstrate queen-worker conflict over the sex ratio 
in these two ant species. 

A recent study showed that the queen has the potential 
to influence female caste fate in Pogonomyrmex harvester 
ants. Once again, by performing cross-fostering experi¬ 
ments, Schwander and colleagues revealed that maternal, 
rather than nutritional, factors influence female caste 
determination: female reproductives were produced when 
the queen was exposed to cold temperatures and when the 
queen was at least 2 years old. These results emphasize the 
need for a reevaluation of the traditional view that queens 
have little influence over female caste fate, which can have 
important consequences in queen—worker conflict over the 
sex ratio. 

Other Intracolony Conflicts 

Queen-worker conflict over the sex ratio is just one of seve¬ 
ral examples of potential conflicts among colony members. 


Other major types of conflict that can occur include 
conflict among workers or multiple queens over queen 
rearing, conflict among workers or between workers and 
the queen over the production of males, conflict among 
totipotent individuals over reproduction, and conflict 
over life-history decisions. 

Conflict over Queen Rearing 

Conflict over queen rearing among workers or multiple 
queens can occur if a queen has mated with multiple 
males or if there are multiple reproductive queens in a 
colony. Such conflict has been studied in a variety of 
Hymenoptera, including bees, wasps, and ants. However, 
most studies have failed to find strong evidence for nepo¬ 
tism. Lack of recognition or potential recognition errors 
in discriminating full sisters from half sisters may explain 
why evidence for conflict over queen rearing is weak or 
absent in Hymenoptera. 

Conflict over Male Production 

Another form of conflict among colony members is the 
potential for conflict over the production of males. In 
some hymenopterans, workers can lay unfertilized male 
eggs and thus compete with the queen (or even with 
other workers) over male production. This type of conflict 
has been frequently observed in various Hymenoptera, 
including bees, wasps, and ants. Chemical cues and ritua¬ 
lized behaviors are mechanisms that have been shown to 
signal conflict over male production in ants and bees. 
Such conflict can arise because of haplodiploidy, where, 
for example in monogynous colonies, workers are more 
related to their own sons (r= 0.50) than they would be to 
their brothers (r= 0.25), yet the queen is more related to 
her own sons (r= 0.50) than she would be to her grand¬ 
sons (r=0.25). Relatedness asymmetries change depend¬ 
ing on the social structure of the colony. For example, if a 
queen has mated with multiple males, then workers are on 
average more related to the queen’s sons (r= 0.25) than to 
other worker-produced sons (r<0.25), which selects for 
workers preventing one another from laying male eggs 
(i.e., worker policing). In line with this theory, worker 
policing of male production has been found to occur in 
polyandrous species, such as honeybees, but not in mon- 
androus species (e.g., stingless bees). However, recent 
work by Wharton, Dyer, and Getty claims that other 
factors, including colony efficiency, may also limit worker 
reproduction. That is, worker policing may be selected 
for if colony growth and efficiency is reduced because 
of workers spending their energy on reproducing rather 
than on performing tasks for colony maintenance and 
survival. 
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Conflict Among Totipotent Females over 
Reproduction 

Unlike typical hymenopteran societies, in some bees, 
wasps, and queenless ant species, females in a colony are 
not specialized for worker or queen roles. These females 
have little morphological differences, are able to mate, 
and thus produce male and female offspring. This is 
referred to as totipotency, and conflict among totipotent 
individuals over reproduction can occur. Examples of 
such conflict are similar to those that can occur among 
queens in a polygynous colony. For instance, totipotent 
females can compete over reproduction, resulting in aggres¬ 
sive interactions over who becomes the ‘breeder.’ Cases of 
totipotency are particularly useful for understanding the 
evolution of morphological castes and caste conflict. 

Conflict over Life-History Allocation 

Life-history allocation refers to a colony’s investment of 
resources into growth (i.e., production of workers) versus 
reproduction (i.e., production of sexuals). This type of 
queen-worker conflict is argued to occur in hymenop¬ 
teran societies with complex social structures because 
queen and worker interests are more aligned in monogy- 
nous, monandrous colonies. For example, for societies 
where queen replacement can occur (e.g., facultative 
polygynous colonies), queens and workers are predicted 
to be in conflict over life-history allocation with the 
existing queen favoring investment into workers as long 
as possible so that newly produced reproductives cannot 
possibly replace her; workers, on the other hand, favor the 
opposite scenario. 

Integrating Intracolony Conflicts 

As already noted, queen-worker conflict over the sex ratio 
is just one of several forms of conflict that can occur in 
hymenopteran societies, yet each are interrelated with 
one another. All potential conflicts are predicted to arise 
because of workers and queens having different selective 
interests that result in an increase in their own fitness, the 
ultimate measure of evolutionary success. The magnitude 
of this difference presumably affects the level of conflict 
observed between colony members. For example (as 
noted), based on the relatedness hypothesis, queen-worker 
conflict over the sex ratio is more likely to be observed in 
monogynous colonies with a singly mated queen than in 
monogynous colonies with a multiply mated queen 
because of the increased relatedness asymmetry of work¬ 
ers to their sisters versus their brothers in monogynous, 
monandrous societies versus monogynous, polyandrous 
societies. This in turn, results in queens and workers 


having very different sex-ratio interests, and in this cir¬ 
cumstance, theory predicts conflict over sex ratio of 
reproductives produced by the colony. 

Conclusion and Future Directions 

Over three decades of research on queen-worker conflict 
over the sex ratio have enlightened our understanding of 
conflict and its resolution in hymenopteran societies. This 
work has also provided some powerful tests of Hamilton’s 
kin-selection theory. However, so much more is yet to be 
discovered. 

Areas of future research include integrating sex-ratio 
conflict with other queen-worker conflicts for a better 
understanding of conflict resolution in hymenopteran socie¬ 
ties. The integration of multiple queen-worker conflicts 
allows for a more realistic approach toward understanding 
conflict evolution and might reveal new predictions on how 
conflict resolution is achieved. Some recent theoretical 
models have already taken such an approach. 

Future research will undoubtedly need to address fur¬ 
ther the mechanisms by which queens and workers 
achieve control over sex ratios - more specifically, what 
chemical, physiological, and genetic cues underlie these 
mechanisms of control and conflict. Advances in chemical 
ecology are likely to reveal novel mechanisms of how 
queens and/or workers achieve control, which presum¬ 
ably have some sort of chemical basis given that this is the 
primary mode of communication for social insects. For 
example, what exactly are the recognition cues that queens 
and/or workers use to distinguish between male and 
female brood, and thus, allows them to manipulate colony 
sex ratios in their favor? Also, endocrine analyses are 
increasingly being performed to investigate how hormone 
levels (e.g., juvenile hormone) influence queen-worker 
conflict. Finally, as the field of genomics increases at a 
rapid pace, molecular tools will become more available to 
uncover the genes behind such conflict. Once the genes, 
chemicals, and hormones are discovered, then these genetic, 
chemical, and physiological studies in combination with 
traditional animal behavior experiments are likely to pro¬ 
vide much promise in improving our understanding of 
how conflicts of interest get resolved. 

See also: Ant, Bee and Wasp Social Evolution; Kin 
Selection and Relatedness; Queen-Queen Conflict in 
Eusocial Insect Colonies; Worker-Worker Conflict and 
Worker Policing. 
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Introduction: The Problem of Choice 

As humans, we are constantly faced with choices between 
alternative options. We have to decide which products to 
buy in the supermarket, what sort of house we want to live 
in, and even who we would like to meet again following a 
speed-dating event. These choices are made difficult not 
only by the sheer number of different options we are faced 
with, but also by the fact that the options differ in multiple 
attributes that may affect our decisions. Buying something 
as seemingly simple as a box of eggs recently, I realized 
that I had to make a choice based on price, box size, egg 
size, egg color, freshness, whether the hens were free- 
range or kept in battery cages, and whether they were 
fed a conventional or organic diet! xAJthough this kind of 
problem might at first seem unique to humans living in 
the modern world, many non-human animals are also 
faced with complex choices about what to eat, where to 
live, and who to mate with. For example, a foraging rufous 
hummingbird (,Selasphorus rufous) must choose between 
flowers of different species differing in corolla length and 
the sweetness and volume of nectar contained; a colony of 
rock ants (Temnothorax albipennis) moving house must choose 
between potential nests differing in the size of the entrance 
hole and the darkness of the interior; and a female mouse 
(Mus musculus) looking for a mate has to choose between 
males differing in genetic relatedness and genetic quality 
Studying the choices made by animals in such situations is a 
major area of research in animal behavior. Researchers want 
to understand both the proximate mechanisms of choice 
and the ultimate evolutionary explanations for the choices 
animals make. The study of proximate mechanisms is pre¬ 
dominantly the domain of ethologists and comparative psy¬ 
chologists, whereas the study of the adaptive significance of 
the choices animals make is the domain of behavioral 
ecologists. 

Rationality is a property of choice behavior that, as we 
will see shortly, has been used to describe both the 
mechanisms of choice and the outcome of the choice 
process. The ancient Greek philosopher, Aristotle, saw 


rationality as a property unique to human decision 
making, setting us apart from other animals. However, 
modern-day biologists and psychologists have extended 
the concept of rationality to animal choice, and are 
actively pursuing research into whether animals can be 
considered rational. In this article, I review the study of 
rationality in animals and examine what the evidence says 
about whether animals are indeed rational. However, 
before we address these questions, we first need to under¬ 
stand exactly what it means to describe a choice as rational. 

What Is Rationality? 

It is difficult to provide a concise definition of rationality, 
because it has been used to refer to different properties 
of choice in different academic disciplines. Biologists, econ¬ 
omists, philosophers, and psychologists all use the term 
‘rationality’ to describe choice behavior, but they define 
rationality in many different ways. Any student new to the 
area will be horrified at the bewildering typologies produced 
by researchers in different fields, and this artilce cannot 
review the many subtly different definitions of rationality. 
Instead, I suggest that we can map many, if not most, of the 
existing definitions of rationality onto two broad categories: 
first, descriptions of the process of choice, and second, 
descriptions of the outcome of choice, that is, which option 
is actually chosen. Thus, in analyzing our hummingbird’s 
choice of flowers, we can focus on either the mechanisms it 
uses to choose one flower from a set of three, or alternatively 
on which flower it actually chooses. We can ask whether both 
the process of choosing and the outcome of the bird’s choice 
can be described as rational. Thus, the two uses of rationality 
map neatly onto two of Tinbergen’s four questions: those of 
proximate mechanism and ultimate function. 

Rationality of Choice Processes 

If you look up the adjective ‘rational’ in a standard English 
dictionary, you will find definitions such as: ‘Using reason 
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or logic in thinking out a problem’ or ‘Endowed with 
the capacity to reason.’ Both these definitions refer to 
reasoning, which in turn is defined as the ability to think, 
or to draw conclusions from known facts. These layman’s 
definitions of rationality correspond quite closely with the 
way philosophers and cognitive psychologists use the 
term. Interestingly, they are also similar to the definition 
adopted by Charles Darwin who wrote in his notes, 
“Rational actions ... are actions which are required to 
meet circumstances of comparatively rare occurrence in 
the life-history of the species, and which therefore can only 
be performed by an intentional effort of adaptation ... 
rational actions ... serve to meet novel exigencies which 
may never before have occurred even in the life-history of 
the individual.” Darwin went on to argue that rational 
action, “Implies the conscious knowledge of the relation 
between means employed and ends attained” (Darwin 
cited in Romanes (1882)). In defining rational actions, 
Darwin contrasts them with what he refers to as ‘reflexes’ 
and ‘instinctive actions.’ 

Thus, in describing the process of choice as rational, 
Darwin and others are implying the use of cognitive 
mechanisms that we might describe as ‘clever’ or ‘intelli¬ 
gent.’ By this, we mean mechanisms that represent infor¬ 
mation about the state of the world and the goals of the 
animal, and use this information in a flexible way to solve 
novel problems effectively. Darwin’s definition also implies 
that conscious intention has to be present for rationality. 
However, most modern biologists are not happy with 
the notion of ascribing conscious intentions a causal role 
in the generation of behavior. Consciousness is a private 
experience, and consequently we can never objectively 
observe or measure it in animals. Therefore, most modern 
research in animal cognition distinguishes between the 
study of information processing in animals and the study 
of consciousness. We can ask how animals acquire, represent, 
and use information in the generation of behavior without 
asking whether or not this happens via some conscious 
process. Thus, for the purposes of this study, we will 
define a choice process as rational if the resulting behavior 
displays evidence of flexible, goal-directed information 
processing based on representations of the state of the 
world. 

Rationality of Choice Outcomes 

The second use of the term ‘rationality’ focuses on the 
alternatives an animal actually chooses, as opposed to the 
processes responsible for choice. This use of rationality 
therefore refers to directly observable behavior rather 
than unobservable cognitive processes. An individual’s 
behavior is defined as rational if it is compatible with 
the individual maximizing a currency of some type, 
resulting in internally consistent decisions. This definition 
of rationality has its roots in microeconomic theory and 


has only relatively recently been explicitly considered in 
the context of animal behavior. I will therefore start by 
describing what rationality means in economics before 
exploring how we can apply the concept in biology. 

Economic rationality 

The theory of individual decision making developed in 
microeconomics starts by considering the problem of 
choosing from among a set of mutually exclusive alter¬ 
natives (similar to the egg-choice problem with which 
I opened this study). Economic models of choice assume 
that when making such choices human consumers maxi¬ 
mize a quantity called ‘utility.’ One can think of utility as a 
measure of the relative satisfaction an individual derives 
from a specific resource. However, it is important to 
realize that utility cannot be measured independent of 
what people actually choose. Rational choice is simply 
defined as choice behavior that is compatible with the 
maximization of utility. If an individual maximizes utility, 
or indeed any other currency, their choice behavior will 
be internally consistent in various ways that are consid¬ 
ered to be hallmarks of rational choice. These hallmarks 
include the properties of transitivity, independence from 
irrelevant alternatives, and regularity. I will briefly describe 
each of these properties in the following paragraphs. 

Transitivity is a property that applies specifically to 
binary choices. Preferences are transitive between the 
three options A, B, and C if A is preferred to B, B is 
preferred to C, and A is preferred to C. For example, if 
binary choices reveal that I prefer a cherry to a pear, and a 
pear to an apple, then if my choices are transitive I should 
prefer a cherry to an apple (see Figure 1(a) for an exam¬ 
ple). If I showed the opposite preference and preferred the 
apple to the cherry, this would constitute a violation of 
transitivity (see Figure 1(b) and 1(c)). 

Independence from irrelevant alternatives is a prop¬ 
erty that applies when a choice set is expanded. It implies 
that the preference between two options should be inde¬ 
pendent of the presence of additional inferior alternatives. 
For example, if A is preferred to B in the binary choice of 
A versus B, then the introduction of option C should not 
affect the preference for A over B (see Figure 2(a) for an 
example). If the relative preference for A over B is altered 
by the addition of C, this is referred to as a ‘violation of 
the constant ratio rule’ (Figure 2(b)). If the absolute 
preference for either A or B increases when C is added 
to the choice set, this is referred to as a ‘violation of 
regularity’ (Figure 2(c)). 

Thus, we can summarize the economists’ definition of 
rationality as follows. In economics, rationality describes 
the internal consistency in an individual’s choices that 
results if they are maximizing a currency known as ‘utility.’ 
Economists consider transitivity and regularity to be fun¬ 
damental features of rational choice. Given that one cannot 
measure utility directly, assessing transitivity and regularity 
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A vs B 


B vs C 


A vs C 



A vs C 


A vs C 



Figure 1 (a) An example of transitive choice: A is preferred to B, 

B to C, and A to C; (b) an example of a violation of strong 
stochastic transitivity: the preference for A over C is less than the 
preference for A over B or B over C; (c) an example of a violation 
of weak stochastic transitivity: C is preferred to A. 


will often be the only way to test whether human consumers 
maximize utility 

Biological rationality and optimal foraging theory 

Given the strong superficial similarity between the kinds 
of choices faced by humans and animals, it is perhaps not 
surprising that research on animal choice has drawn 
heavily on the theories developed to model the behavior 
of human consumers in microeconomics. However, a major 
difference between biological and economic models of choice 
is that they assume different currencies of maximization. 
In animal behavior, we start with the basic assumption that 
an animal’s behavioral repertoire is ultimately the product of 
evolution by natural selection. Natural selection favors 
genetic variants with the highest inclusive fitness; thus, the 
behavior of an animal observed in the context in which it has 
evolved should ultimately maximize its inclusive fitness. 
By analogy with the economists’ definition earlier, we can 
think of an individual that behaves in a way that maximizes 
its inclusive fitness as biologically rational. Since we assume 


A vs B A vs B vs C 




(b) ABC (c) A B C ABC 


Figure 2 (a) An example of independence from irrelevant 
alternatives. When the inferior option, C, is added to the binary 
choice of A and B, the relative preference for A over B remains 
unchanged; (b) an example of a violation of independence from 
irrelevant alternatives: the addition of C leaves the proportion of 
choices for A unchanged but reduces the proportion of choices 
for B, leading to a violation of the constant ratio rule; (c) two 
examples of violations of regularity: the addition of option 
C either increases the proportion of choices for B (first panel) or 
A (second panel). 


that all animals should be ultimately biologically rational, 
this is in some sense a trivial definition. Ultimately, how¬ 
ever this does not matter, because behavioral ecologists 
take biological rationality as their starting point for more 
detailed analyses of behavior; the basic assumption of 
ultimate biological rationality is not under test. 

Unlike utility, biologists can, in principle, measure 
inclusive fitness. However, inclusive fitness is unlikely to 
be an appropriate currency for computing the costs and 
benefits of alternative decisions in many circumstances. For 
example, assume that we want to understand the moment- 
to-moment flower choices of a foraging hummingbird. 
The inclusive fitness consequences of the bird choosing 
a specific flower type are hard for us to measure, because 
in order to estimate these it would be necessary to record 
the lifetime reproductive success of birds that fed on this 
flower type compared with birds that fed on another flower 
type. Similarly, the hummingbird cannot use its inclusive 
fitness as the currency it is maximizing when it is making 
foraging decisions, because the consequences of its choices 
are not immediately translated into detectable changes in 
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fitness. We therefore assume that foraging animals must use 
currencies for decision making that are accessible to them 
over the time scale of a single foraging bout. The assump¬ 
tion is that natural selection will have favored animals that 
use currencies for decision making that correlate well with 
inclusive fitness over the life of the animal. 

One of the most common currencies assumed in opti¬ 
mal foraging models is net rate of energy intake. Maximi¬ 
zation of this currency is likely to lead to maximization of 
fitness because both time and energy have clear relation¬ 
ships with fitness: the more energy taken in the more can 
be used for growth and reproduction, and the less time 
spent foraging the more is available for other fitness 
enhancing activities. However, different currencies will 
be appropriate for different behavioral decisions. For 
example, in the case of a small bird in winter choosing 
between safe and risky foraging options, the best currency 
might be the probability of surviving the night, whereas 
for a worker bee choosing how much nectar to carry, it 
might be the ratio of energy gained to energy spent 
(known as ‘efficiency’). The specific currency that best 
predicts inclusive fitness in a given instance will depend 
on a number of factors including the biology of the species 
concerned and the exact behavioral decision being mod¬ 
eled. Research in optimal foraging commonly asks which 
proximate currency best predicts animal decision making. 
A classical study by Alex Kacelnik investigating foraging 
decisions in breeding starlings illustrates this approach. 

Given the parallels between economic models and 
optimal foraging models, it is interesting that the econo¬ 
mists’ definition of rationality was until recently not 
explicitly mentioned in the foraging literature; indeed, 
the word does not appear in the index of Stephens and 
Krebs’ (1986) classic text on foraging theory. There are a 
number of explanations for this omission. The first is that 
economists and behavioral ecologists ask different questions: 
economists want to know whether or not we are rational, 
whereas behavioral ecologists assume that animals are ulti¬ 
mately rational and want to know which of various alterna¬ 
tive proximate currencies they are maximizing. The second 
explanation is that economists and behavioral ecologists 
analyze different types of behavioral decisions. The hall¬ 
marks of rational decision-making analyzed by economists 
apply to a one-off simultaneous choices between mutually 
exclusive alternatives. Whereas the classic prey choice and 
patch leaving problems analyzed in foraging theory consider 
situations involving sequential, nonmutually exclusive 
choices, for which measurements of transitivity and regular¬ 
ity are hard to apply. Finally, behavioral ecologists can mea¬ 
sure directly the currencies that they make hypotheses 
about, so they do not have to rely on indirect measures of 
rationality (such as transitivity and regularity) that charac¬ 
terize the economic approach to choice. 

Although animals seldom face simultaneous choices 
between mutually exclusive outcomes, arguably there are 


some situations in which they face such choices. For 
example, a peahen might assess the qualities of the pea¬ 
cocks displaying on the lek before choosing one of them to 
mate with, and a hummingbird might weigh up the benefits 
of two clumps of flowers of different species before com¬ 
mitting to one of them for its next bout of foraging. In these 
cases, we can ask whether the animals’ choices display 
the economists’ hallmarks of rational decision making. 
If the proximate mechanisms underlying animal decision 
making involve the maximization of absolute currencies, 
such as for example rate of energy intake, then animal 
choices should be rational in the economists’ sense and 
display the properties of transitivity and regularity. 

Thus, we can summarize the biologists’ approach to 
rationality as follows. Biologists assume that behavior is 
ultimately rational in that it maximizes inclusive fitness. 
Behavioral ecologists assume that animal decision-making 
mechanisms maximize proximate currencies which in turn 
maximize inclusive fitness. If animals make decisions by 
maximizing proximate currencies, then their choices 
should also be rational in the economic sense. 

Are Animals Rational? 

Having established what biologists mean by rational 
behavior, in this section we will proceed to identify what 
kinds of evidence we need to determine whether or not 
animals are rational. Given the different definitions of 
process and outcome rationality explained earlier, we 
will consider each separately. 

Testing Process Rationality in Animals 

The definition of process rationality implies mechanisms 
of choice that we cannot observe directly. Therefore, tests 
of process rationality must use observable behavior to 
draw inferences about unobservable mental states and 
processes. The challenge in testing whether animals can 
be described as rational is to find behavioral evidence for 
flexible, goal-directed information processing based on 
mental representations of the state of the world. This is 
extremely difficult, because simple rules and associative 
learning can often explain behavior that superficially 
appears to be rational. Investigators have used a number 
of different species and behavioral tasks to address the 
question of animal rationality including: tool use and tool 
construction in New Caledonian crows ( Corvus monedu- 
loides), scatter-hoarding behavior in western scrub jays 
(.Aphelocoma californica ), metacognition in Rhesus monkeys 
(Macaca mulatto) and pigeons (Columba livia), gaze follow¬ 
ing and mind reading in chimps ( Pan troglodytes), to name 
a few systems where recent progress has been made. In 
this study, I use transitive inference (not to be confused 
with transitivity of choice) to illustrate the problems 
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reaching unequivocal conclusions about process rational¬ 
ity in animals. 

Transitive inference 

Many animals need to rank things in a stable series. The 
ranked entities could be group mates (who is dominant to 
whom) or food items. For example, within a primate 
troupe, there may be a stable dominance hierarchy of 
individuals, or within the territory of a hummingbird, 
some flower species always have more nectar than others. 
When an animal has knowledge of such a series, ‘transitive 
inference’ refers to the ability to deduce the relationship 
between two items in the series that the animal has not 
previously compared directly. For example, if a baboon 
knows that individual A is dominant to individual B, and 
that individual B is dominant to individual C, then she is 
capable of transitive inference if she can deduce that 
A should be dominant to C. Performing transitive infer¬ 
ence apparently involves reasoning using prior knowledge 
about the relationships between entities in the world to 
form a conclusion about a novel situation. It therefore 
captures many of the attributes of process rationality 
identified earlier. As a consequence, attempts to demon¬ 
strate transitive inference in animals have had a central 
place in comparative psychologists’ attempts to test ani¬ 
mal rationality. 

Investigators have tested transitive inference in a wide 
range of species including squirrel monkeys, rhesus 
monkeys, chimpanzees, pigeons, pinyon, and scrub jays, 
and even cichlid fish (.Astatotilapia burtoni). Most tests 
begin by training experimental subjects on what is 
known as an n-term series task. A three-term task would 
involve three distinct stimuli, A, B, and C (Figure 3(a)). 
The procedure presents successive adjacent pairs of sti¬ 
muli from the series (i.e., AB and BC for a three-term 
series, ABC) to the subject. For each pair, choosing one 
stimulus produces reinforcement (+) while the other 
stimulus is unreinforced (—). Thus, for the three-term 
series, the two trained pairs are A + B— and B + C—. 
The assumption is that this training will create the linear 
series A > B > C in the animal’s mind. The critical test 
trial presents a nontrained, nonadjacent pair (in the case 
of the three-term task, this is AC). If the subject is capable 
of transitive inference, it should choose stimulus A, on the 
grounds that it can infer from inspecting its mental repre¬ 
sentation of the series that A > C. 

When trained on such a type of task, most animals do 
indeed prefer A. However, this preference could equally 
be explained by a very simple associative mechanism, 
because during training A has always been rewarded and 
C never. Hence, the animal could simply be picking the 
stimulus previously associated with reinforcement, as 
opposed to reasoning based on inspecting a mental repre¬ 
sentation of the linear order of the stimuli. For this reason, 
the standard procedure in tests of transitive inference is to 


Task Train Test 



Figure 3 Reinforcement patterns used in n-term 
transitive inference tasks: (a) shows a three-term task, and 
(b) a five-term task. 


train the subject on a five-term series (see Figure 3(b)). 
This allows a test trial with the novel pair BD. This test 
has the advantage over the three-term task that both B and 
D have been rewarded 50% of the time during training, 
removing the asymmetry present in the three-term task. 
When trained on this version of the task most animals 
prefer B, as predicted if they are capable of transitive 
inference. Successful performance on this task has been 
interpreted as evidence for transitive inference in animals. 

However, this is not the end of the story. In the course 
of training, B may have acquired a higher value than 
D because B is sometimes paired with A, which is always 
a winner, whereas D is sometimes paired with E, which is 
always a loser. Thus, if value transfers to B from A and to 
D from E by virtue of their sometimes being presented 
together, this could explain why B is preferred to D. It 
seems that however well-designed the test, it is always 
possible to come up with an associative account for the 
animals’ behavior that does not require reasoning based 
on a representation of the series. In studies of comparative 
cognition, it is usual to apply Lloyd Morgan’s Canon 
which states, “In no case is an animal activity to be inter¬ 
preted in terms of higher psychological processes, if it can 
be fairly interpreted in terms of processes which stand 
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lower in the scale of psychological evolution and devel¬ 
opment” (Morgan, 1903, p. 59). Following this rule, there 
is little evidence for process rationality in animals that we 
could not explain by some simpler mechanism. 

Evidence for Outcome Rationality in Animals 

Outcome rationality is simpler to test than process ratio¬ 
nality because tests rely on direct observations of what 
animals choose. As explained earlier, the assumption of 
biological rationality underpins the whole of behavioral 
ecology and is generally not directly tested. Instead, behav¬ 
ioral ecologists have focused on testing specific hypotheses 
about the proximate currencies animals maximize, and this 
approach has been extremely successful in showing how 
animal behavior is evolutionarily rational. However, a small 
number of more recent studies have set out to test whether 
animals are rational in the economists’ sense. 

Tests of economic rationality in animals have been 
inspired by examples of human irrationality. Experiments 
on human decision making have shown that we tend to 
make irrational choices when alternative options differ in 
more than one attribute (as in the egg example with which 
I started this article). When faced with decisions of this 
type, a rational decision maker should combine all the 
attributes into a single currency and choose the alternative 
that yields the highest value. For example, a hummingbird 
might choose from a set of flowers that differ in nectar 
volume, nectar concentration, and handling time. Under 
an optimal foraging account, we can summarize all these 
attributes in the single currency of net rate of energy 
intake. Using this currency, the hummingbird could com¬ 
pare the flowers and make a choice that maximizes net rate 
of energy intake. However, when humans face complex, 
multidimensional decisions, they often show violations of 
transitivity and tend to be influenced by the presence of 
irrelevant alternatives. For example, an experiment found 
that purchases of large cans of a high-quality, high-price 
brand of baked beans increased, and purchases of large 
cans of a low-quality low price brand decreased, when 
smaller, relatively more expensive cans of the same high- 
quality brand are added to the choice set. The small-but- 
expensive option is an irrelevant alternative, being more 
expensive and of no better quality than one of the other 
options, making this result a clear violation of regularity. 

One explanation for this irrationality is that rather than 
combining the attributes into a single currency, we instead 
resort to simple heuristics for decision making. For exam¬ 
ple, we might simply choose the option that ranks highest 
on the greatest number of attributes, ignoring the absolute 
values of the various attributes. Such heuristics have the 
benefit of being fast and easy to compute, but they some¬ 
times result in economically irrational choices. Therefore, 
experiments designed to look for economic rationality in 
animals have specifically focused on situations in which 


animals face choices between options that simultaneously 
differ in multiple attributes of interest. 

Tests for transitivity of choice 

Transitivity (not to be confused with transitive inference) 
is a property of a series of binary choices made between 
pairs of simultaneously presented mutually exclusive 
alternatives. Thus, tests of transitivity typically present 
animals with pairs of choices and study which option the 
animal prefers. In the first experiment explicitly designed 
to test economic rationality in animals, Sharoni Shafir 
presented foraging honeybees (Apis meliferd) with a series 
of binary choices between pairs of artificial flowers varying 
in two attributes both known to affect bees preference: the 
corolla length and the nectar volume. He found some 
individual bees that preferred flower A to B, B to C, 
C to D, but also D to A. Preferring D to A violates 
what is known as ‘weak stochastic transitivity.’ Bees that 
violated weak stochastic transitivity also violated strong 
stochastic transitivity, meaning that the strength of pref¬ 
erence between two flowers adjacent on the scale of utility 
(e.g., A and B) was larger than that between two more 
widely separated flowers (e.g., A and C). Similar results 
have also been found in foraging gray jays (Perisoreus 


Tests for independence from irrelevant 
alternatives and regularity 

Independence from irrelevant alternatives and regularity 
are properties of choice that emerge when we increase the 
number of alternatives in the choice set. Tests of regular¬ 
ity ask how adding a third alternative to the choice set 
(a ternary choice) affects preference between two options 
(a binary choice). My colleagues and I tested the prefer¬ 
ences of foraging rufous hummingbirds presented with 
artificial flowers that offered different volumes and con¬ 
centrations of nectar. In the binary treatment, birds chose 
between a high concentration flower (20 pi of 40% 
sucrose) and a high volume flower (40 pi of 20% sucrose), 
whereas in two ternary treatments we added a third flower 
type that was worse than either the high concentration or 
the high volume flower (10 pi of 30% sucrose and 30 pi of 
10% sucrose, respectively) (see Figure 4(a)). The addi¬ 
tional flowers should be irrelevant to the birds’ preference 
between the high concentration (C) and high volume 
flowers (V) because they are clearly worse than one of 
these flowers on both dimensions. However, we found that 
the third flower type affected both the relative and the 
absolute preferences for the two options compared in the 
binary treatment (Figure 4(b)). Thus, the birds’ prefer¬ 
ences violated both independence from irrelevant alter¬ 
natives and regularity. Interestingly, our results support 
the idea that the birds use a simple heuristic that ranks 
concentration and volume dimensions independently, 
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Figure 4 (a) The four flower types used by Bateson et al. (2003) 
in their study of hummingbird foraging decisions; (b) results from 
the experiment: relative preference for V increases in the 
treatment with D v , whereas relative and absolute preference for 
C increases in the treatment with D c . Redrawn from Bateson M, 
Healy SD, and Hurly TA (2003) Context-dependent foraging 
decisions in rufous hummingbirds. Proceedings of the Royal 
Society B 270: 1271-1276. 


because in both ternary choices, preferences shifted 
toward the flower with the highest relative ranks on both 
dimensions. Studies using foraging gray jays, honeybees, 
and starlings, as well as in female green swordtails ( Xipho - 
phorus helleri) and fiddler crabs (Uca mjoebergi) choosing 
their mates have reported similar results. 


What Does It Mean if Behavior Is 
Irrational? 

The experiments described earlier show that animals are 
sometimes irrational in the economists’ sense. These 
results imply that animals do not necessarily assign abso¬ 
lute values to alternatives options, but instead the values 
assigned can depend on the specific set of alternatives 
available at the time of choice. However, it is important 
to understand that this in no way threatens our view as 
behavioral ecologists that animals are ultimately biologi¬ 
cally rational. Context dependency could occur for a 


number of different reasons. Earlier, I suggested that 
simple heuristics - such as preferring the option with 
the highest rank on all dimensions - could explain human 
and non-human irrationality. Although these heuristics 
might sometimes lead an animal to prefer a poor alternative 
(e.g., one that yields a lower rate of energy intake), we 
assume that natural selection has favored these heuristics 
because on balance they benefit the animal. Benefits could 
occur either via increased speed of decision making or a 
reduced requirement for computational resources in the 
brain. Other explanations for context dependency have 
also been suggested. In most studies, for example, the animal 
makes a sequence of choices, so the options chosen early in 
the sequence could change the animals state (e.g., reduce its 
hunger) and thus change the nature of optimal decisions later 
in the sequence. Thus, it might be possible to accommodate 
some apparently irrational behavior within a conventional 
optimal foraging framework. 

In summary, although animal behavior can sometimes 
appear economically irrational, when we consider it in its 
full ecological context, the biological rationality should 
become apparent. The value of studying economic irra¬ 
tionality in animal decision making lies in what these 
studies can tell us about the proximate mechanisms 
underlying animal choices. 

See also: Kin Selection and Relatedness; Niko Tinbergen; 
Optimal Foraging Theory: Introduction. 
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Introduction: A Wide-Angle View of 
Recognition Systems 

Readers of scientific journals are no strangers to recogni¬ 
tion: a recent keyword search by the authors turned up 
over 100 000 papers related to that subject. Of these, only a 
fraction were from the animal behavior literature; the 
balance came from journals of molecular biology, immu¬ 
nology, cellular medicine, or cognitive psychology. There 
were papers on human facial recognition and on the 
immune detection of viral proteins, papers on nepotism 
in ground squirrels, and on the specificity of restriction 
enzymes - papers, in other words, from almost every 
branch of biology. The only question was what, if any¬ 
thing, they had in common. 

During the last 15 years, some researchers have begun 
to converge upon an answer. They argue that these studies 
are united both by a common theme and by the need for a 
common framework, and that the time has come for a 
unified approach to the study of recognition. They point 
out that all recognition research, no matter what the 
model system, is about explaining how evaluators identify 
and discriminate among entities. To these scientists, it 
makes little difference whether that evaluator is a red¬ 
tailed hawk or a human lymphocyte; both bird and blood 
cell have evolved to recognize significant entities accu¬ 
rately and efficiently. In this expanded view - what we call 
the ‘wide-angle’ approach to recognition - all biological 
recognition systems are variations on a theme, a theme 
best understood through a shared vocabulary and a com¬ 
mon theoretical framework. 

And yet, despite the promise of new insights and new 
collaborations, this wide-angle perspective remains rare. 
Even after well-reasoned arguments published by Blaustein 
and Porter in 1996 and Sherman and colleagues in 1997, 
many still think of kin recognition not as a limited case, but 
rather as the only case, of animal recognition. While this may 
be due to poor coverage in the textbooks - recognition is 
often given little more than a short mention in a chapter on 
kin selection - it also owes something to long-standing 
inconsistencies in the technical language, inconsistencies 
that persist despite efforts at standardization. 

In this review, we explore how students of behavioral 
ecology might benefit by adopting the wide-angle 
approach. We offer a quick review of current terms and 
make the case for recognition as a ubiquitous biological 
process. We then illustrate the approach by bringing it to 
bear upon the study of social insects, and by showing how 


four seemingly unrelated behaviors - selecting nest sites, 
choosing mates, recognizing relations, and detecting 
parasites - all depend on the ability to recognize and 
discriminate. 

Describing Recognition: The Need for a 
Common Vocabulary 

Despite its widespread use in the literature, ‘recognition’ 
remains a vague term. Almost all of us have some sense of 
what it means to ‘recognize an opportunity’ or to ‘recog¬ 
nize a face in a crowd,’ but few, if pressed, could provide a 
rigorous definition. What do we really mean when we say 
we recognize an old friend on the train? For that matter, 
what do we mean when we say that a honeybee recognizes 
olfactory cues, or that a restriction enzyme recognizes a 
nucleotide sequence? If we expect to get a handle on 
recognition systems, we must first get a handle on the 
terms we use to describe them. 

To that end, we propose the following definition: rec¬ 
ognition occurs whenever an evaluating entity, regardless 
of its level of biological organization, identifies another 
entity with reference to a previously existing template. In 
short, the ability to recognize is the ability to identify 
encountered entities. While no one would argue that an 
enzyme identifies its substrate through the same mechan¬ 
isms that we use to identify a car in a parking lot, the 
overall structures and the ultimate outcomes of those 
processes are the same. A recognition system does not 
require cognitive processing to achieve these goals: Nei¬ 
ther gated channels nor restriction enzymes nor tRNA 
molecules require ghosts in the machines - or in this case, 
in the alpha helices - to meet the basic requirements for 
recognition. 

Any attempt at synthesis must also designate those 
features that all recognition systems share. Perhaps the 
most obvious of these is the condition of having two or 
more participants, one that does the recognizing and at 
least one other that gets recognized. Following Fiebert 
and Starks, we call these the ‘evaluator’ and the ‘cue 
bearer,’ respectively. These terms are particularly helpful 
as they replace a confusing set of words (‘signaler’ vs. 
‘receiver’; ‘recipient’ vs. ‘actor’) that grew out of the exi¬ 
gencies of communication and kin recognition work. 

The act of recognizing also means that evaluators must 
possess criteria against which to judge cue bearers. Taken 
together, these criteria form the ‘template,’ a term we use 
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regardless of whether those criteria are learned or fixed. 
Learned templates may crystallize early on or they may 
require constant updates throughout the evaluator’s life¬ 
time, but either way they only form after exposure to 
example stimuli, the so-called referents. For example, 
one of the first things that newly emerged Polistes paper 
wasps are exposed to is the odor of the natal nest. This 
unique hydrocarbon signature becomes the referent by 
which the wasps form nestmate recognition templates, 
and future interactions between adults depend on how 
well newly encountered wasps and those templates match 
(see section ‘Recognizing kin’). 

Though we usually think of recognition as a single 
behavior, it is often helpful to break it down into three 
essential components: expression, perception, and action. 
The expression component refers to the production or 
acquisition of identity cues by the cue bearer, the percep¬ 
tion component to the detection and interpretation of 
those cues, and the action component to all those beha¬ 
viors elicited by recognition on the part of the evaluator. 
Expression thus falls to the cue bearer (which need not be 
a biological entity), while the other two are exclusive to 
the evaluator. Each of these components is explored in 
detail elsewhere by Starks. 

There is one more subtle distinction in the terms used 
to describe recognition systems, namely the difference 
between ‘discrimination’ and ‘recognition.’ While authors 
have sometimes used them interchangeably, the former 
properly refers to observable behavioral changes, while 
the latter refers only to an invisible process occurring 
inside the evaluator. In other words, only one, discrimina¬ 
tion, is amenable to traditional behavioral analysis. Some 
organisms almost certainly recognize objects or other 
individuals without outwardly changing their behavior, 
but short of brain-imaging assays or EEGs, we have no 
way of knowing for sure. (These techniques are, however, 
becoming more common. See the discussion of phero¬ 
mone detection in section ‘Identifying Mates.’) 

In the next sections, we show how these terms apply to 
some behaviors of the social insects and how the wide- 
angle view helps us make sense of those behaviors. 

Evaluating Nest Sites 

This is a common enough scene in the summertime 
forests of North America: a swarm of honeybees, Apis 
mellifera , is dangling from the high branches of a tree, a 
compact mass made up of thousands of homeless workers. 
Hours before, this swarm split from its parent hive, leaving 
the old nest in the hands of a young queen and striking 
out for a new place to call home. Now, it hangs in a 
moment of indecision, exploring its surroundings, weigh¬ 
ing its options, and figuring out where to begin the task of 
building a new colony. 


This decision is not to be taken lightly. Many hives do 
not survive their first year, and much of their success or 
failure depends on finding a quality nest site. But how do 
the bees even begin to decide? The forest and surrounding 
fields are full of potential homes: every tree cavity, every 
old stump, every farmer’s empty bee box is a possibility. 
To complicate matters, most workers are inexperienced at 
choosing real estate; hardly any of them are more than a 
few weeks old, and for many the swarm marks the first 
real journey into the outside world. What’s more, this 
corporation of workers must arrive at a decision without 
the help of central management because the queen, buried 
deep within a writhing mass of bees, is in no position to 
affect the process. 

So how to begin? First, the scout bees, the workers 
charged with finding the new nest site, must know what 
to look for and how to rank the cue-bearing sites they 
encounter. In other words, it must possess a nest template. 
Seeley and Morse first investigated this template in the 
late 1970s by evaluating the nest sites of feral bees in 
the forests around Ithaca, New York. They found that 
bees tended to prefer tree cavities that fell within a 
circumscribed range of volumes, usually between thirty 
and sixty liters, and that they tended to choose cavities 
with small exterior openings over those with larger 
entrances. The data did not imply any preference for 
one tree species over another and suggested only a small 
preference for living versus dead trees. 

Following their forest observations, Seeley and Morse 
designed a series of experiments to see what other cues 
might influence nest site preference. The researchers 
built a series of side-by-side next boxes, each modified 
according to a single variable, and presented them as 
choice experiments to bee swarms. Scout bees would 
encounter both cue-bearing boxes at the same time, eval¬ 
uate the cues with reference to the nest site template, and 
then convince the swarm to settle in one of the two boxes. 
When one type of box was chosen significantly more often 
than another, the researchers interpreted this as evidence 
of a preference. 

The results showed that scout bees possess far more 
complicated templates than one might expect given their 
small brains. As it turns out, the scout bees were looking 
not only at cavity volume and entrance diameter, but 
also at nest height (higher boxes were preferable to 
lower ones), distance from the previous nest (somewhere 
between 400 and 1000 m was ideal) and nest entrance 
direction (south facing was better than north facing). 
Data for nest entrances supported the previous observa¬ 
tion that bees preferred small over large holes, but the 
bees showed no preference when it came to the shape of 
the entrance. Meanwhile, the position of that entrance, 
either near the bottom or the top of the nest box, did seem 
to matter, while the bees showed no preference when 
it came to cavity shape, dryness, or draftiness. Through 
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careful observation and well-designed experiments, See¬ 
ley and Morse were beginning to shed light on the nature 
of the honeybee nest template. 

Of course, there is more to the perception component 
of a recognition system than just the template; on an even 
more fundamental level, evaluators must first be able to 
perceive identity cues. In another project, Seeley investi¬ 
gated the proximate mechanisms behind the scout bees’ 
ability to perceive differences in nest site cavity volume. 
Clearly, the bees were able to accurately and consistently 
discriminate between cavity sizes, but the means by which 
they did so were far from clear. Seeley had previously 
observed that the bees spent a great deal of time walking 
and flying around the interior of the nest cavity; through a 
series of elegant experiments, he was able to demonstrate 
that this movement was actually a method for measuring 
and calculating interior volumes. When the bees were 
deprived of visual information by means of a light baffle 
over the cavity entrance, they were still able to choose 
those nests closest to the ideal volume. However, when 
Seeley placed rotating cylinders inside the nest boxes and 
created a sort of treadmill for incoming bees, he was able 
to confuse their spatial assessments. Regardless of whether 
the bees were forced to do more or less walking than the 
cavity size required, their perceptions of volume corre¬ 
lated to the distances they walked, and not to the real size 
of the cavity. Thus, Seeley showed that the bees measured 
not with their eyes, as one might expect, but rather 
through a complex calculus of distances walked and 
angles turned. 

Recent studies by Seeley and colleagues have begun to 
shed light on the action component of nest site recogni¬ 
tion, the decision-making process that leads a swarm to 
move into a site. Removing colonies to a mostly treeless 
island off the coast of Maine, the researchers offered scout 
bees their choice of several nest boxes, only one of which 
was a high quality site. Previous studies had demonstrated 
that individual scouts visit only a single site, evaluate it 
thoroughly, and then return to the hive to share their 
assessment with the other workers. The scout bees then 
advertise their site through a series of waggle dances 
containing information about both the location and the 
quality of the cue bearer. Stronger dances lead more 
bees to investigate the sites, until eventually the swarm 
becomes a miniature political convention, each faction 
dancing in support of its nest site choice. When a quorum 
is reached, the scouts begin to make faint piping noises, 
and the swarm takes off in the direction of their new 
home. (Pratt covers this process in more detail and with 
a specific focus on collective decision making in another 
chapter in this volume.) 

The problem of finding a nest site is not, of course, 
limited to bees. Starks investigated some of the same 
questions using European paper wasps, Polistes dominulus ; 
and found that they too recognize quality nest sites. Given a 


choice between long, medium, and short nest boxes, the 
wasps preferred to initiate nests in the medium ones. 
While several foundresses started nests in the small 
boxes, almost none chose the large ones, perhaps because 
more exposed sites raise the risk of predation by birds or 
brood parasites. Unlike honeybees, however, these wasps 
had no preference for higher versus lower nest sites and 
settled equally often into boxes at all elevations in the 
enclosure. Thus, as expected, recognition templates vary 
between species and almost certainly reflect the unique 
selection pressures faced by each. 

As an interesting side note, Starks found that female 
wasps emerging from hibernation preferentially stopped 
to perch on fragments of the nests they were raised on, 
even when those fragments had been moved from their 
original sites. Since these nest materials were in new 
locations and had been cut up into smaller pieces, the 
wasps must have used chemical cues to discriminate 
between them. It is well known that wasps acquire hydro¬ 
carbon signatures from their nests and use those signa¬ 
tures as referents when creating nestmate recognition 
templates; Starks suggests that returning to the nest may 
be a way of reconnecting with the previous season’s sisters 
or of updating a learned template by new exposure to the 
original referent. Either way, returning to the natal nest 
may be a proximate mechanism by which wasps facilitate 
cooperation between kin, a behavior that is facilitated in 
turn by the ability to recognize. 

Despite advances such as these, we still have much to 
learn about the expression, perception, and action com¬ 
ponents of nest site recognition systems. While we now 
know that honeybees possess a nest cavity template that 
includes ideal measurements of volume, entrance size, 
and height, we know practically nothing about the devel¬ 
opment of that template. Somehow, by the time scout bees 
are searching the landscape for appropriate nest cavities, 
they have developed a Platonic vision of their ideal home; 
how they and other insects are able to form such tem¬ 
plates, sometimes in the absence of clear referents, is an 
exciting area for future research. 

Identifying Mates 

Among the social insects, sex tends to be a limited 
affair. For the workers who make up the bulk of any 
given colony, life is a chaste, and often brief, exercise in 
altruism. That much is to be expected. But even among 
reproductives - the winged queens and frenetic males that 
fill the skies in early spring and autumn - the mating 
season is often little more than a brief interlude in a longer 
life cycle. 

Of course, we must not mistake brief for boring; more 
often than not, these mating periods are every bit as 
extravagant as they are short. Reproductive female paper 
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wasps fly out to meet some of their male counterparts on 
high, well-lit structures where the latter congregate en 
masse. Honeybees meet each other high above the 
ground where males hone in on and mate with polyan- 
drous queens midflight. Winged reproductive ants ren¬ 
dezvous in swirling, carousing clouds, several hundred 
strong, and naturalists lucky enough - or unlucky enough - 
to wander into them do not soon forget the experience. 
In the high stakes game of finding a mate under such 
chaotic conditions, recognition is a critical component 
of fitness. 

This is especially true for males. With the exception of 
one genus of ant ( Cardiocondyla , see later), all social Hyme- 
noptera species seem to have sperm-limited males with 
life expectancies that are significantly shorter than their 
queens’. Once the males’ sperm supplies are exhausted, so 
too is their biological relevance, and selection seems to 
favor individuals who bow out gracefully (though “grace¬ 
fully” may be too charitable a word for a species like the 
honeybee: its drones are famous for explosively rupturing 
immediately after they mate.) Honeybee males not only 
mate just once before they die; they also have just one 
opportunity to mate, a single high-altitude flight in which 
they must compete with hundreds of other males to find 
and inseminate a new queen. It makes sense for them to 
maximize that opportunity and to locate receptive 
females as quickly as they can. 

To this end, selection has favored honeybee males with 
large eyes and large antennae to serve as well-honed, 
queen-detection devices. Recent studies by Wanner 
and colleagues investigated the perception component 
of queen recognition and showed that drones possess 
sex-specific odorant receptors that respond to a chemical 
(9-oxo-2-decenoic acid (9-ODA)) found in the queen 
retinue pheromone. Meanwhile, using calcium-imaging 
techniques, Sandoz demonstrated that brain regions 
found only in the males respond specifically to this and 
to two other components of the queen pheromone. These 
long-distance chemical signals, along with a highly devel¬ 
oped detection apparatus, help drones perceive flying cue 
bearers long before they can detect them visually. Their 
sterile sisters, meanwhile, recognize and respond to some 
of the same chemicals, but with an entirely different 
behavior: in their case, recognition of 9-ODA leads them 
to gather around the queen and to suppress the develop¬ 
ment of their ovaries. The same expression component, 
the production and emission of 9-ODA, leads to two very 
different action component outcomes in the honeybee. 

While males have a lot invested in finding females, 
they do sometimes misinterpret cues. An interesting 
example comes from Cardiocondyla obscurior. ; an ant species 
that exhibits strong dimorphism within the male popula¬ 
tion of each nest. Some males are wingless, or ergatoid, 
individuals who stay within their natal nests, mate with 
their relatives, and produce sperm throughout their lives. 


Others are winged, sperm-limited dispersers who mate 
with the same females as the ergatoids, but who also leave 
the nest to mate. Interestingly, while ergatoid males show 
extreme aggression toward each other and often kill new 
males before they emerge, they are highly accepting of the 
winged males. In fact, they not only tolerate them, but also 
frequently mount them in attempts at copulation. Cremer 
and colleagues have recently shown that the wingless 
males escape the lethal aggression of their nestmates by 
mimicking the chemical signatures of virgin queens. By 
covering themselves in mimicked cues, these ants are able 
to fool the ergatoid recognition system, thus escaping 
aggression while still competing for mates. 

While hymenopteran males must do everything they 
can to maximize their reproduction, most of them do not, 
at least, have to live with the consequences. Not so their 
newly inseminated queens, who can live years or even 
decades longer than their mates. While some species, 
notably the honeybee and some bumblebees, are able to 
mate multiply with different males, many hymenoptera 
appear to be monandrous and to store their sperm for life. 
This leads to the curious instance, rare among animals, of 
sperm outliving the males that created them. It should 
also lead to a great deal of pickiness on the part of the 
females, and to the development of highly precise mech¬ 
anism for recognizing quality males. Unfortunately, the 
high-altitude nature of the nuptial flights means that we 
know far less than we would like about female mate 
choice in these species. Baer provided tantalizing details 
in a recent review of bumblebee male sexual selection - 
apparently females in laboratory settings show a great 
deal of choosiness among potential mates and occasion¬ 
ally sting undesirable males to death - but much of the 
necessary research remains to be done. 

For termites, lifetime mating and the continuous pro¬ 
duction of sperm create a different set of selection pres¬ 
sures, but the need to recognize and evaluate potential 
mates remains the same. In a recent study of the damp- 
wood termite, Zootermopsis nevadensis , Shellman-Reeve 
demonstrated that they were able to recognize and avoid 
close relatives during laboratory mating trials. Although 
termites often replace dead mates with offspring or other 
close relatives, they appear to avoid such inbreeding dur¬ 
ing initial colony formation. 

As a result of their haplodiploid reproductive system, 
some hymenopteran species suffer disastrous conse¬ 
quences after inbreeding. When these females mate with 
close relatives, they increase their chances of producing 
diploid offspring that are homozygous at the complemen¬ 
tary sex-determination locus; since heterozygosity at the 
CSD (complementary sex determination locus) is required 
to develop as a female, these individuals grow up to 
become genetically abnormal males. If they do not die 
early or get identified and removed from the nest (as in 
honeybees), they may mate with females, produce sterile 




24 Recognition Systems in the Social Insects 


triploid offspring, and thus increase the colony’s genetic 
load. We know that several of these species demonstrate 
some form of kin recognition, and so we expect some of 
them to recognize and avoid close relatives when choosing 
mates. Intriguingly, this kin discrimination may relax 
under extreme circumstances, such as those found in the 
genetic bottlenecks associated with invasions. A study by 
Keller and Fournier tested whether or not nonnative 
French populations of Argentine ant Linepithema humile 
avoided inbreeding with siblings. They concluded that 
these individuals did not recognize their siblings in mate 
choice situations, but suggested that this might not be true 
of the populations in the native range. 

Of course, inbreeding avoidance is just one way that 
animals benefit from the ability to recognize their kin. In 
the next section, we look at some more ways that the 
social insects rely on these abilities to survive, reproduce, 
and maintain their fitness advantages. 


Recognizing Kin 

Few evolutionary quandaries have caused as much puz¬ 
zlement, or as much grief, as the question of how altruism 
persists in a Darwinian world. Consider, for instance, how 
long it took for an elegant and, more importantly, a 
mathematically rigorous solution to emerge. In the early 
1960s, over a hundred years after Darwin hinted at it in 
the Origin , William Hamilton published his vision of 
inclusive fitness, a gene-centered view of natural selection 
that explains why some animals sacrifice so much for their 
relatives. The concept is simple: Hamilton argued that an 
altruism promoting gene could spread through a popula¬ 
tion so long as it caused organisms to preferentially direct 
care toward their relatives. If an organism sacrifices its 
own fitness, and if that sacrifice means that more copies of 
the sacrifice-inducing gene wind up in the next genera¬ 
tion via the reproduction of close relatives, then the 
altruistic gene has an evolutionarily successful strategy. 
Inclusive fitness is the lens that clarifies, and allows us to 
see for the first time, the true nature of altruism. 

Hamilton also suggested that if an animal could recog¬ 
nize its relatives and then discriminate between them and 
other individuals, then that ability to recognize would 
play a central role in the evolution of altruism. In the 
decades since the debut of inclusive fitness, behavioral 
ecologists have confirmed that kin recognition exists in 
multiple species and that it seems to be adaptive in ways 
predicted by theory. In fact, the recognition system frame¬ 
work described in this chapter largely grew out of that 
work and has blossomed most fully within it; while the 
examples that follow are covered by the authors elsewhere 
in this volume, it is worthwhile to briefly revisit them here 
in the context of social insect recognition. 


Many insects are, it turns out, surprisingly smelly 
creatures - at least to other individuals of the same 
species. Most of the scent cues studied so far belong to a 
class of molecules found embedded in the waxy outer 
surfaces of their exoskeletons and known to biochemists 
as cuticular hydrocarbons (CHCs). These molecules have 
proven to be quite diverse, and the normal variability 
found between species and even between individuals is 
sufficient to provide high-resolution signals of identity. 
As such, CHCs are well suited to act as the cues by which 
insects recognize differences between kin and nonkin. 

As predicted, researchers have indeed uncovered a 
central role for CHCs in the recognition systems of social 
insects. A classic example comes from the work of Gam¬ 
boa and his colleagues on recognition in the primitively 
eusocial Polistes paper wasps. Females of the temperate 
species emerge in the spring and found nests dominated 
by a single reproductive queen; often this queen also 
receives a great deal of help from nonreproductive assis¬ 
tants who do everything from collect food to defend and 
enlarge the nest. By Hamiltonian logic, this kind of altru¬ 
istic behavior makes little sense unless it is directed 
toward close relatives and leads to an increase in the 
helper’s inclusive fitness, even as she reduces her personal 
fitness. Paper wasps, like most other animal altruists, 
would do well to tell relatives apart from other reproduc¬ 
tive females. 

This discrimination between kin and nonkin, or more 
accurately between nestmates and non-nestmates, is based 
on recognizing CHC cues specific to wasps from the same 
natal nest group. While there is some evidence to suggest 
that genetics may play a role in these chemical signatures, 
by far the most important influence appears to come from 
the papery nest itself. Polistes wasps are much more likely 
to accept individuals that eclosed on their own nest than 
they are to associate with foreign wasps, even if those 
foreign individuals are more genetically related to them¬ 
selves. Experimental manipulation of larval origin sup¬ 
ports these findings and shows that wasps preferentially 
associate with nestmates even when overall relatedness is 
low. The nest carries the cues which, when acquired by a 
female, provide a passport to interacting with nestmates 
found off the original nest. While this kin recognition 
system is clearly susceptible to error, nestmate status is 
probably linked to kinship status often enough in nature 
that nest origin serves as a decent proxy. 

There are at least two proximate mechanisms at work 
in Polistes nestmate recognition: first, the acquisition of 
cues by newly eclosed wasps (an expression component 
mechanism), and second, the learning of cues and the 
formation of a nestmate template by evaluator wasps (a 
perception component mechanism). For the expression 
component, each wasp appears to acquire and then bear 
the specific odor cues of the nest material on which it 
was raised; this means that while odor cues are 
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homogenized across nestmates, no meaningful intracolo¬ 
nial distinctions can be made on the basis of CHC dissim¬ 
ilarity. Experiments bear this out and demonstrate that 
wasps appear to follow an ‘all-or-none’ rule when encoun¬ 
tering previously unmet individuals: when other wasps 
smell like nestmates, they are accepted as kin, but when 
they do not, they are treated as intruders and often met 
with aggression. 

When it comes to the perception component, wasps 
seem to develop their nestmate templates in much the 
same way that they develop their own chemical cue pro¬ 
files, namely through exposure to the natal nest. The nest 
odor itself appears to be a mixture of environmental- and 
wasp-based odors, and taken together these cues form the 
referent on which the nestmate recognition template is 
based. In this way, an inanimate referent (the nest) ends up 
having a profound effect on the way a wasp evaluates and 
discriminates between animate cue bearers (other wasps). 

Of course, this particular model of cue expression and 
template formation is not applicable across all social 
insects: that polyphyletic taxon is simply too diverse to 
allow for generalizations. Ants, for instance, seem to have 
evolved an array of different expression mechanisms that 
result in nest- or colony-specific CHC profiles. In some 
groups, for example in species of the genus Camponatus , 
the queens appear to be the sole source of colony-specific 
odors; in others, for example, Cataglyphis iberica and 
C. niger, the queen has little influence on the cues, and the 
colony’s odor is derived instead from a ‘gestalt’ mixture of 
individual worker-produced chemicals. For the vast major¬ 
ity of species, the mechanisms remain unknown; while 
research continues, the only conclusion we can draw so 
far is that there are no easily generalizable conclusions. 

It appears that insects need not rely solely on chemical 
cues to recognize differences between conspecific indivi¬ 
duals. To return to Polistes wasps, Tibbetts studied the 
mechanisms by which females identify individuals and 
maintain dominance hierarchies. After observing that 
individual brown paper wasps, P. fuscatus , varied greatly 
in individual facial markings, she decided to modify these 
markings with paint and then observe how other wasps 
responded. All focal individuals received paint treatments 
on their faces, though those treatments did not affect the 
previously existing patterns on control wasps. As it turned 
out, individuals with altered facial patterns received more 
aggression from their nestmates than the controls did. 
None received aggression of the sort that would be used 
against non-nestmates - presumably because they still 
bore chemical cues that tied them to that specific nest - 
but they did lose their places in the dominance hierarchy 
and had to fight to regain positions of power. After a short 
span characterized by aggressive interactions, the wasps 
sorted themselves back into the previous dominance 
order, apparently familiarizing themselves with the new 
facial patterns. It seems that the wasps have flexible and 


updatable visual templates for who is in charge in the 
colony; when the disconnect between facial cues and 
other indicators of status, such as aggression and fighting 
ability, becomes too great, the wasps learn to look for a 
different set of cues. 

While the existence of visual templates raises intriguing 
questions for future research, chemical recognition still 
seems to be the sine qua non of insect kin recognition. It 
also plays a vital role in another set of recognition systems, 
systems that have evolved to protect those resources that 
social insects work so hard to accumulate. 

Avoiding Parasites 

Social insect colonies are centers of wealth in the insect 
world; with hidden food stores, nutritious larvae, and 
armies of committed workers, they are cities ripe for 
pillaging. The committed workforce is particularly appeal¬ 
ing, and often essential, to a certain type of insect oppor¬ 
tunist, the so-called social parasite. These organisms steal 
workers and occasionally the entire nests of other species, 
and use those resources to benefit their own offspring. But 
such coups require a certain delicacy. Most social insects 
have highly developed mechanisms by which to recognize 
and discriminate against other species, and the successful 
parasite must somehow find a way to subvert these systems. 
The means with by which they do so are the focus of this 
section. 

While social parasites exist in many different groups of 
insects, nowhere have they evolved to such an extraordi¬ 
nary degree as in the ants. In some of these species, the so- 
called dulotic or slave-making ants, workers routinely 
leave their own nests to make raids on the pupae of 
neighboring species. The captured pupae are returned 
to the slave-makers’ nests, where they emerge as adults 
and, using their new masters as referents for template 
formation, quickly accept their faux nestmates as kin. 
Thus, an action component behavior suitable under nor¬ 
mal conditions becomes terrifically maladaptive after a 
recognition error. 

In one genus of dulotic ants ( Polyergus ), the slave 
makers are so highly specialized to their raiding tasks 
that they have lost most of the abilities required to take 
care of themselves and have thus become obligatory social 
parasites. Polyergus species often raid the nests of closely 
related Formica species, returning the pupae to eclose 
inside their own colonies; occasionally, however, they 
have been observed to enter queen-right host colonies, 
kill the host queen, and usurp her position among the 
workers. Recent work by Tsuneoka investigated the 
nature of these usurpations by the Japanese pirate ant, 
Polyergus samurai , against its host, Formica japonica. 

Tsuneoka introduced P samurai queens into F. japonica 
colonies raised in the laboratory and observed the parasite 
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queens’ behaviors under three experimental conditions: 
in queen-right, queenless, and workerless host colonies. 
Under none of these circumstances did the slave-making 
queen physically attack her host workers; instead, in both 
the queen-right and queenless colonies, she was able to 
stave off F. japonica attacks by raising her gaster and 
presumably emitting behavior modifying pheromones 
(which immobilized and sometimes killed host workers). 
Within a few hours, the host workers gradually ceased to 
attack the parasite and instead accepted her presence. 

The relatively low level of aggression directed toward 
host workers was not seen in interactions between the 
queens in worker-fdled colonies. When P. samurai females 
entered queen-right nests, they attacked the F. japonica 
queen immediately upon contact, grasping and biting 
the host with their mandibles. During these attacks, the 
parasite queens also directed their gasters toward the host 
queens, and spent some time after the attack licking their 
victims and grooming their own bodies; shortly after, the 
workers gradually accepted the new queen. In queenless 
colonies, meanwhile, P. samurai queens appeared to have 
more difficulty usurping colonies. Finally, in workerless 
colonies, most introduced queens simply ignored the host 
queens, presumably avoiding conflicts in which there 
were no workers to be gained. 

All this adds up to a picture of P. samurai as a highly 
skilled chemical cue mimic, a not uncommon type among 
the social parasites. Indeed, some social insects seem to 
use similar methods against their own species: the Cape 
honeybee, Apis mellifera capensis , has become a major pest 
for South African beekeepers who rely on colonies of its 
host, A. m. scutella. The workers of A. m. capensis are unusual 
among honeybee subspecies in their ability to lay diploid 
female eggs via asexual reproduction; most honeybee 
workers are only able to lay haploid male eggs and even 
then only successfully in colonies without queens. In 
queen-right colonies, workers usually police each other’s 
egg-laying and remove eggs that they have not lain them¬ 
selves. Thus, not only have Cape honeybees managed to 
evolve a novel method of asexual reproduction, but they 
have also developed a way to avoid detection by African 
honeybee workers intent on policing. Presumably they do 
so by means of chemical mimicry of queen-laid eggs. 

Finally, the mixing and the acceptance of hetero¬ 
specifics are not limited to parasitic relationships. Mixed 
colonies of ants often live together in fungus gardens, 
symbiotic associations between ants and certain species 
of epiphytes; Orivel and colleagues investigated one such 


relationship between two species of ant, Crematogaster 
limata parabiotica and Odontomachus mayi. These two species 
coexist peacefully inside their ant gardens, sharing food 
resources and odor trails, but keeping their broods sepa¬ 
rate. Remarkably, the relationship between these species 
goes beyond tolerance of each other to the exclusion of 
any individual not associated with the ant garden. Indeed, 
both species will readily attack members of their own 
species if these individuals come from outside the shared 
nests. Equally remarkable is that each of these spe¬ 
cies manages to maintain distinct hydrocarbon profiles 
throughout their association. This implies that these ants 
are able to build recognition templates using the indivi¬ 
duals around them as nonexclusive referents and, in this 
respect, they share some aspects of their behavior with 
those ants that fall prey to dulotic parasites. 

Conclusions 

This article provides only a limited tour of the many 
recognition behaviors performed by social insects; it 
does not address the identification of foreign debris within 
the nest, the recognition of specific floral odors, or the 
discovery and removal of diploid male larvae, to name but 
a few. Nevertheless, each of these - and scores of other 
behaviors - are best understood as acts of recognition. 

The recognition systems framework first developed to 
study kin recognition is still the best way to approach these 
topics. Future research will no doubt reveal even more 
applications, and will hopefully explore the mechanisms 
behind template formation, cue expression, and behavioral 
modification in even more detail. 

See also: Collective Intelligence. 
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Introduction 

Darwin argued strongly that language had evolved from 
precursors in the natural signals of animals. This quintes- 
sentially human trait formed part of his case for continuity 
which remains controversial today. Critics typically take 
the Cartesian position that language is unique and that, 
unlike language, animal signals are simply a read-out of 
emotional state. Thus, traditional models of animal com¬ 
munication suggest that signals principally encode motiva¬ 
tional information. This theoretical position implies that 
variation in the sender’s internal state will be reflected by 
continuous gradation in the physical properties of the 
signal produced. 

In contrast, some animal calls have the unusual prop¬ 
erty of seeming to denote environmental events. These 
‘referential signals’ are produced in response to specific 
stimuli (e.g., approach of a particular predator, discovery 
of food) and are sufficient to evoke from companions a 
full suite of appropriate responses (e.g., adaptive escape 
behavior, food search). 

Given the cognitive sophistication implied by such 
systems, it was logical for initial research to concentrate 
on non-human primates, beginning with Struhsaker’s 
studies of vervet monkeys. Reports accumulating over 
the last three decades have revealed that referential sig¬ 
naling may be relatively widespread. For example, it is 
also present in other cercopithecines, tufted capuchins, 
lemurs, suricates, and several species of birds, including 
fowl, ravens, and ptarmigan. In each of these systems, call 
playbacks are sufficient to evoke adaptive responses, 
implying that receiver behavior is mediated by a predic¬ 
tive relationship between signal structure and a particular 
type of salient event. Referential signals hence have prop¬ 
erties consistent with the idea that they encode relatively 
specific information about the external environment and 
which are plainly incompatible with models relying on 
variation in motivational state, at least if this is conceived 
of in terms of general arousal. 

Recognizing Referential Signals 

The discovery of referential signals in the natural behav¬ 
ior of a wide range of social animals invites comparative 
and developmental studies. An essential prerequisite for 
such a program is the development of agreed criteria for 


recognizing the properties of functional reference. Cur¬ 
rent consensus is that this should involve consideration 
both of the caller’s behavior and of the effects of the signal 
on companions. Studies of signal production and percep¬ 
tion thus assume equal importance. 

The principal considerations with regard to production 
are that referential signals should be structurally discrete 
and that they should have a degree of stimulus specificity. 
Eliciting stimuli should belong to a coherent category, 
although the absolute size of this category, and hence the 
degree of referential specificity, can vary considerably. The 
key point is thus not the absolute level of specificity, but 
rather the relationship between event class and signal type. 
We would not expect the same class of referential signal to 
be produced in response to stimuli that are clearly drawn 
from qualitatively different categories. 

The importance of this distinction is illustrated by 
Owings and Morton’s work on California ground squirrels. 
These rodents have a series of alarm calls forming a 
continuum from broad-band ‘chatters’ to tonal ‘whistles,’ 
evoked by terrestrial and aerial predators, respectively. 
However, there are exceptions to this pattern of usage 
suggesting that this call system does not describe predator 
class, but rather encodes differences in response urgency 
perceived by the caller. Squirrels being closely pursued by 
terrestrial predators sometimes produce whistles, and 
chatters are given to distant raptors. Similar patterns of 
call usage have been described in sciurid rodents such as 
marmots which have call systems designed to elicit a more 
or less rapid response of fleeing to a burrow refuge, which 
is their sole response tactic. 

Referential signals must also meet a perception crite¬ 
rion. They should be sufficient to permit receivers to 
select appropriate responses, in the absence of the eliciting 
stimulus and of other normally available cues. Macedonia 
and Evans termed this property ‘context independence.’ 
The most common technique for assessing perception of 
putative referential signals is playback experiments in 
which recorded sounds are presented to conspecific recei¬ 
vers. This approach, by design, strips away the contextual 
cues that might normally be provided by the nonvocal 
behavior of the sender. 

The full diversity of animal signals is not captured by 
the simple dichotomous classification scheme adopted in 
some early papers, in which calls were considered to be 
either affective or referential. Current practice instead 
models the properties of animal signals as points falling 
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along a continuum, with signals that principally reflect 
the motivational state of the sender at one end and deno¬ 
tative labels at the other. Categorizing a signal as referen¬ 
tial is equivalent to postulating a threshold value on such 
an underlying continuum and then demonstrating empir¬ 
ically that the properties of the signal are such that it is 
exceeded. 

The strategy for exploring the properties of a system of 
putative referential signals involves mapping systematically 
the relationship between eliciting events (Figure 1(a)) and 
signal morphology (Figure 1(c)), and then assessing the 
effects of variation in signal type (Figure 1(c)) on receiver 
response (Figure 1(e)). In addition to these three observ¬ 
able levels (stimulus characteristics, signal structure, and 
receiver response), two hypothetical levels are included 
that are necessarily hidden and have properties that can 
only be inferred. We assume for heuristic purposes that 
visual stimuli do not evoke call production directly, but 
rather that they are first recognized as members of a cate¬ 
gory (Figure 1(b)), which is then linked to a particular call 


type. Also included is an analogous level in which catego¬ 
rization of call type by receivers occurs (Figure 1(d)). 
Evidence exists for such processing in birds and mammals. 

Information Content 

Struhsaker’s pioneering field studies of vervet monkeys 
established that they have acoustically distinct alarm calls 
corresponding to their three principal classes of predator: 
eagles, leopards, and snakes. Cheney and Seyfarth fol¬ 
lowed up this work with playback experiments, demon¬ 
strating convincingly that calls are sufficient to evoke 
responses appropriate to the type of predator that had 
originally elicited the sound. Macedonia’s studies using 
playbacks to ring-tailed lemurs provide similar evidence 
of predator-class-specific alarm calls. 

Studies of alarm calling and food calling in birds also 
reveal a high degree of communicative complexity and 
specificity. Work by Evans and Marler demonstrates that 
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Figure 1 Functional reference in vocal signals. Examples summarize findings obtained from experimental analyses of the production 
and perception of fowl calls. Note the strategy of mapping relationships between eliciting events and signal structure, and between 
signal structure and receiver response. The system has both observable and inferred properties (see text for details). Audience effects 
are unique to call type. Aerial alarm calling is potentiated by the presence of any conspecific. There is no audience effect for ground 
alarm calls, which are probably in part predator directed. Males that have found something edible produce food calls at a low rate when 
they are alone, but they call much more when in the presence of a hen, particularly if she is an unfamiliar. In contrast, food calling is 
completely suppressed in the presence of a rival male. 
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Figure 2 Acoustic characteristics of fowl aerial alarm calls (a-c) and ground alarm calls (d). The calls in panels (a-c) were 
produced by three different males in response to a computer-generated ‘hawk’ stimulus. Note the individual variation in call structure. 
Panel (d) is part of a long bout of ground alarm calling. 


fowl (Gallus gallus) have an alarm call system broadly 
similar to that of ring-tailed lemurs. They produce two 
structurally distinct signals, one to terrestrial predators 
(e.g., canids) and the other to aerial predators (e.g., rap¬ 
tors) (Figure 2). These birds tolerate handling and behave 
naturally in the laboratory, so it is possible to create a 
virtual environment in which the stimulus attributes nec¬ 
essary for call production can be systematically explored. 
Computer-generated animations of raptor silhouettes 
produce the full gamut of responses to an aerial predator. 
This technique allowed characterization of key para¬ 
meters of stimuli that elicit alarm calls. The size and the 
speed of a simulated predator play an important role, and 
there is also a degree of sensitivity to stimulus shape and 
spatial location. 

Differences in ecology have been implicated as one 
determinant of signal specificity. While chicken aerial 
alarm calling depends upon simple characteristics, pro¬ 
ducing a system in which eliciting stimuli are quite broadly 
defined, the alarm calls of some avian species are as highly 
specific as those of vervet monkeys. For example, Walter’s 
studies of lapwings demonstrate that both South American 
and African species make subtle discriminations between 
raptors that are visually very similar. Lapwings inhabit open 
terrain, which affords them the opportunity to examine 
approaching raptors for some time before producing an 
alarm. In contrast, red junglefowl, which are the ancestral 
species for domesticated chickens, live in forest and dense 
brush where visibility is limited and the time available for 
responding to potential avian predators will consequently 
be brief This ecological constraint may have selected for 
a simple, general rule for predator recognition, which, 
although it entails some loss in accuracy, facilitates rapid 
response. Other reports describing the antipredator 
behavior of forest-dwelling birds also suggest a fairly 
high frequency of false alarms. 


It is possible that the range of events evoking alarm 
calls is the product of an evolutionary trade-off between 
two types of error: calling when the approaching bird is 
not dangerous (called Type I error) and failing to respond 
to an approaching predator (called Type II error). Birds 
living in open habitats may have been subject to selection 
for low Type I error rates, as the cost of the frequent false 
alarms that would otherwise be produced in an environ¬ 
ment where aerial objects are visible much of the time 
would be prohibitive. This process would give rise to 
relatively specific alarm calls. Species inhabiting habitats 
where visibility is restricted and response times must be 
short may have been selected to reduce Type II error 
rates and their alarm calls may be less specific as a conse¬ 
quence. The logic of this argument is closely analogous to 
that of classical signal detection theory 

What about signal receivers - are these sounds suffi¬ 
cient for selection of appropriate escape responses? 
As Macedonia and Evans have argued, referential signals 
should have the property of context independence, that is, 
they should be sufficient to permit receivers to select 
appropriate responses in the absence of the eliciting stim¬ 
ulus or other normally available cues. When hens, isolated 
in a cage with a small area of cover, were played terrestrial 
and aerial alarm calls, they responded to terrestrial alarm 
calls by drawing themselves up into an erect alert posture 
and scanning back and forth in the horizontal plane 
as though trying to detect a threat approaching on the 
ground. When they heard aerial alarm calls, they ran to 
cover, crouched, and looked upward, precisely as though 
they were trying to detect an object moving above. Each of 
these responses is appropriate to the type of predator that 
originally elicited the call, indicating that chicken alarm 
calls, like those of vervets and lemurs, are referential signals. 

Predators are not the only environmental events that 
chickens respond to with distinctive calls. When a male 
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finds a food item, he produces characteristic pulsatile 
sounds, known as ‘food calls.’ Hens respond by approach¬ 
ing and fixating on the food item in the male’s beak. The 
male will typically then either drop the item on the 
ground in front of her or allow her to take it directly 
from his beak. There are two types of explanation for 
the hens’ approach. One is that food calls provide specific 
information about feeding opportunities and the other is 
that food calls describe the subsequent behavior of the 
sender (i.e., nonaggressive). To distinguish between these 
accounts, Evans and Marler used simple instrumental 
conditioning techniques to train males to peck a key for 
food pellets. During the first 2 min of each test, the key 
was unlit and pecks delivered to it had no effect; then the 
key was lit, signaling that food was available. When the key 
was first lit, the rate of food calling increased by an order 
of magnitude, then dropped slowly as the males became 
satiated. These results demonstrated that there is a pre¬ 
dictive relationship between food availability and produc¬ 
tion of food calls by males. 

Again, what about signal receivers - are these sounds 
sufficient for selection of an appropriate feeding response? 
Although food calls might signal feeding opportunities, in 
a natural interaction, hens have visual information avail¬ 
able to them as well. Males are calling and also performing 
stereotyped ‘tidbitting’ movements in which they pick up 
and drop the food item repeatedly. Using playback experi¬ 
ments in which visual signals were absent, hens’ responses 
to food calls, terrestrial predator alarm calls (similar in 
structure to food calls), and contact calls (produced during 
affdiative interactions) were compared. Hens responded 
to food calls by moving about the cage, pausing repeatedly 
to fixate on the ground in front of them. There was no 
such increase in substrate-searching behavior when ter¬ 
restrial alarm calls or contact calls were played back, 
suggesting that the behavior of hens is mediated by the 
likely availability of food. 

Similarly, field studies of white-tailed ptarmigan by 
Clarke have revealed that different call types evoke 
appropriate and strikingly different responses from the 
chicks. White-tailed ptarmigan chicks respond to play¬ 
backs of hens’ terrestrial alarm calls by assuming an 
upright, alert position and scanning their surroundings, 
and to aerial alarm calls by immediately crouching or 
seeking cover, but when food calls are played back the 
chicks run to the hen and fixate on her beak. 

Communication and Cognition 

Referential signaling is controversial because it poten¬ 
tially extends the parallels between animal communica¬ 
tion and language. Some linguists accept that there is 
evidence for a primitive type of reference in animal com¬ 
munication, while others stress the apparent lack of 


volitional control and conclude that such analogies are 
not compelling. Similarly, some biologists have objected 
that referential signals may reveal only the subsequent 
behavior of the sender, or that it is not useful to think of 
animal signals as containing information at all. In sum, 
conventional studies of call production and playback 
experiments can establish only that animals behave as if 
their signals describe external events. 

The central issue in this debate concerns the cogni¬ 
tive processes that must be invoked to explain the 
observed pattern of receiver behavior. Words derive 
their meaning from mental representations that corre¬ 
spond to stimulus categories. If referential signals and 
language are truly analogous, then alarm calls and food 
calls should similarly evoke representations of the elicit¬ 
ing event. This property would correspond to Gallistel’s 
nominal representation, which is the lowest level of 
cognitive complexity: it would establish that calls stand 
for something in the environment. The design of most 
previous studies has not allowed exclusion of more par¬ 
simonious alternatives, such as the possibility that refer¬ 
ential signals might simply trigger appropriate motor 
patterns in a reflexive way. 

Representation is a special word in Psychology, Cognitive 
Science, and Linguistics. Consider the relationship between 
football jersey numbers and player identity: mapping bet¬ 
ween these systems is systematic and constrained in two 
ways. First, assignment is one to one (each player can only 
wear a single number). Second, numbers are unique (the 
same number cannot be given to more than one player). 
These rules define a functioning isomorphism between the 
number system and the individual identity system. 

Gallistel calls representations of this type ‘nominal 
representations.’ He places them at the lowest level in a 
hierarchy of increasingly complex types of representation, 
characterized by the computational operations required 
to derive them. Nominal representations have been con¬ 
sidered impoverished because the only operation that 
they can compute is equals to or identity. But such opera¬ 
tions are functionally important. Animals frequently have 
to test for a match between stored information and a 
stimulus that they have encountered, and often the deci¬ 
sions made as a consequence of such processes really 
matter. For example, birds can learn to avoid insects with 
warning coloration after a single unpleasant experience. 
Each subsequent encounter is effectively a matching-to- 
sample task, requiring comparison with stored informa¬ 
tion about morphology. 

In some systems, we can be confident that adult 
behavior reflects the acquisition of representations during 
development. Oscine birds acquire a detailed model 
of song while still nestlings and reproduce it as adults 
(including all the nuances of the local dialect) by match¬ 
ing their own output against this template. A similar point 
can be made about filial imprinting. Elegant experiments 
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have shown that storage of information about an imprint¬ 
ing object (in nature, this would be the mother’s face) 
involves centers in the chick’s left forebrain; a process 
that is now understood at the cellular level. 

There is hence no doubt that animals have representa¬ 
tions. What is contentious is whether they are involved 
in communication. To make this question specific, and 
thus testable, let us return to chicken food calls and ask 
how we might explain the characteristic substrate¬ 
searching response of a hen. There are two distinct possi¬ 
bilities. The call might evoke looking downward directly, 
by triggering the appropriate motor pattern. Alternatively, 
food calls might stimulate retrieval of stored information 
about food, which then determines the hen’s response. 
For reasons of parsimony, we might prefer the reflexive 
account. 

If food calls encode information about feeding oppor¬ 
tunities, then the effects of playbacks should be affected 
by the hen’s knowledge about her environment and in 
particular by the prior discovery of food, while the same 
experience should cause no change in responsiveness to 
control calls of a different type. The various nonrepresen- 
tational models of call processing generate neither of 
these predictions. 

The crucial experiment, conducted by Evans and 
Evans, involved playing food calls to hens that had either 
just been given a small quantity of corn (thus, information 
in the signal should be redundant) or had not had recent 
foraging success (thus, the message of the signal should be 
salient). Hens responded to playback with anticipatory 
feeding behavior at almost three times the baseline rate, 
but only when the food calls had not been preceded by 
discovery of food. This effect of manipulating experience 
was specific to call type. Substrate search during food call 
playback in food trials was significantly less than that in 
no-food trials, while the duration of substrate search was 
unaffected during control ground alarm call playbacks. 
Hens behaved as though they were sensitive to the infor¬ 
mation provided by food calls; they reacted strongly when 
they had not already found food and much less when the 
message of the call matched their own recent experience. 
This pattern of results matches precisely the representa¬ 
tional model predictions. 

The cognitive processes engaged by these avian signals 
thus appear to include nominal representations, which 
may prove to have properties in common with those 
that have been revealed in studies of associative learning. 
This strong parallel offers a parsimonious explanation 
for the mechanisms underpinning receiver response to 
food calls and alarm calls. Referential signaling in non¬ 
human animals invites speculation about higher-order 
mental processes such as intentionality and theory of 
mind, but the simple property of nominal representation 
offers an alternative grounded in well-developed litera¬ 
ture. This way of considering referential signals does not 


require us to evoke complex cognitive processes; rather, 
the only difference between the representations demon¬ 
strated in laboratory learning paradigms and those evoked 
by calls is that the former are the product of experimental 
contingencies, while the latter have been produced by 
natural selection. 

Function and Evolution 

Alarm calling is a system in which the evolution of refer¬ 
ential signals can be examined. Identifying the adaptive 
utility of alarm calling is a classic problem in behavioral 
and evolutionary biology. Signalers endanger themselves 
by warning conspecifics of impending danger, yet they 
receive no obvious fitness payoff in return. Individual 
selection, kin selection, and reciprocal altruism have all 
been invoked as explanations. However, empirical tests of 
these theories have been complicated by the challenge 
of quantifying signaling costs and controlling confound¬ 
ing factors in the field, such as the presence and proximity 
of kin, individual experience, and recent mating history. 
Furthermore, calling may serve multiple functions, and 
these may vary across species and contexts. Most infer¬ 
ences about call function have necessarily been based 
upon observations of the classes of signalers and receivers 
(e.g., sex, mating status, parental status, kinship, residency) 
present during predator encounters. This approach iden¬ 
tifies putative functions of calling based on the conditions 
conducive to each, but experimental manipulations of the 
relevant factors are required. One such study with fowl by 
Wilson and Evans, in which male mating and reproductive 
success were experimentally manipulated, revealed a 
causal link between mating success and alarm-calling 
effort. The results of this study emphasize the importance 
of direct benefits in the evolution of alarm signaling, in 
effect viewing call production as a form of parental 
investment. 

Although we have a reasonable understanding of eco¬ 
logical and life history variables that account for the 
evolution of alarm calling, generally much less is known 
about the selective regime that produces referential sig¬ 
nals, as distinct from other classes of antipredator vocali¬ 
zations (e.g., urgency based). As referential signaling is 
identified in a growing list of species, there is the exciting 
prospect of comparative studies to test the relative impor¬ 
tance of the putative selective factors that have been 
invoked to explain the evolution of this phenomenon. 

Few studies of referential signaling have been compar¬ 
ative in the strong sense, providing a series of systematic 
analyses of closely related species that would permit us 
to reconstruct the evolution of a trait, as has been 
done successfully in many studies of sexually selected 
signals. One clear example of the power of the compara¬ 
tive approach in this context is the analysis of alarm 
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communication in marmots by Blumstein. None of the 
species studied have referential signals, but some produce 
many types of alarm calls and others only one. Blumstein 
posits that alarm calling initially evolved as a predator- 
directed pursuit deterrent signal and that differences in 
alarm call structure among these sciurid rodents are 
linked to variation in social complexity and the degree 
of risk faced by the caller. 

Further clues about the way in which comparative 
studies might proceed are provided by comparisons 
between the alarm-call systems of ring-tailed and black- 
and-white ruffed lemurs. These two species have quite 
different behavior and ecology. Ring-tailed lemurs are 
highly terrestrial and occupy open habitat, while ruffed 
lemurs are arboreal and live in dense rainforest. Ring¬ 
tailed lemurs produce highly specific alarm calls, both 
during natural encounters with predators and during 
experimental simulations of such events. Playback experi¬ 
ments by Pereira and Macedonia demonstrate that call 
type encodes sufficient information for companions to 
select appropriate responses. Ruffed lemurs react to 
approaching predators with a graded series of calls, 
which, like the alarm calls of ground squirrels and mar¬ 
mots, have only a probabilistic association with predator 
class. Consistent with these studies of call usage, playback 
experiments with ruffed lemurs do not reveal qualita¬ 
tively different responses to different types of alarm call. 

Ring-tailed lemurs share with vervet monkeys the 
traits of living in an open habitat and of spending a great 
deal of time on the ground. The transition from an arbo¬ 
real to a largely terrestrial existence probably produced a 
substantial increase in predation risk. This factor is, how¬ 
ever, clearly not sufficient to account for the character¬ 
istics of the ring-tailed lemur alarm call system, because 
there are many other species of small mammals (e.g., 
sciurid rodents) that are also exposed to frequent attacks 
from terrestrial predators but have rather less specific 
alarm calls. major selection pressure for the evolution 
of referential alarm calls may have been the use of qualita¬ 
tively distinct and incompatible strategies for avoiding 
different classes of predator. Vervets and ring-tailed lemurs 
have the shared characteristic that responses to avian pre¬ 
dators involves movement into dense cover, while the safest 
refuge from ground predators is the outermost branches of 
trees (a location where vulnerability to attack from raptors 
is actually increased). Macedonia and Evans suggested that 
such ecological factors have played a role in the evolution 
of alarm call systems that designate predator class. 

It is clear that referential signaling is not a property of 
a taxonomic group, but has evolved independently in a 
variety of mammalian and avian species. The theoretical 
ideas outlined earlier regarding the selective factors 
responsible remain speculative. They do, however, make 


clear predictions and are thus amenable to empirical test. 
This will require comparative studies with a focus upon 
groups of species selected to have variation in the ecolog¬ 
ical and life history parameters implicated in the evolu¬ 
tion of referential signaling. In the case of alarm calls, 
these include sociality, habitat characteristics, and strate¬ 
gies for avoiding predation. Much less has been written 
about the evolution of referential food calls, although 
putative selective factors for the tidbitting and food call¬ 
ing displays of male fowl likely include female choice, 
while similar displays in hens may be associated with 
parental care and variability in the distribution and nutri¬ 
tional content of food sources. 

See also: Alarm Calls in Birds and Mammals; Cultural 
Inheritance of Signals; Dance Language; Food Signals; 
Honest Signaling. 
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What Is Remote Sensing? 

Remote sensing is information acquisition from a distance 
(without direct contact with the object observed). This 
term is often encountered in the fields of geography and 
ecology, where satellite data are used to infer topography, 
vegetation cover, system productivity, and other landscape 
attributes. Remote sensing usually provides large-scale data 
at the expense of detail (e.g., we can identify a habitat type 
as forest, but it would be difficult to determine the exact 
species of each tree). Similarly, remotely obtained behav¬ 
ioral data provide the big picture of animal movements, 
but usually do not address the fine details of the animal’s 
motor patterns or exact behaviors, such as foraging. Still, 
much information about animals’ behavior can be obtained 
remotely, with little interference to the study subject. 

Why Use Remote Sensing to Study 
Behavior? 

Spatial data from remote sensing may be used to answer a 
variety of behavioral questions. Early studies were pri¬ 
marily descriptive and focused on home range size, habitat 
use, survival, and movement patterns. Such descriptive 
data are still important for learning about the basic biol¬ 
ogy of cryptic, nocturnal, marine, migrating, and rare 
species that are not easily observed. However, researchers 
also use tracking data to test specific hypotheses about the 
relationship between an animal and its environment. For 
example, one can examine changes in spatial behavior as 
a function of life history stage (e.g., wintering sites of 
migrating birds) or competition pressure (e.g., the effect 
of population density on defendable territory size). 

Studies of animal dispersal and migration have partic¬ 
ularly benefited from advances in remote tracking of 
animals. Recent reductions in tag size have made it feasible 
to track extremely small animals such as dispersing juve¬ 
niles. The ability to track an increasing number of migrat¬ 
ing species has advanced our understanding of animal 
navigation, site fidelity, and population dynamics. 

The study of animal movement also serves as a valuable 
link between animal behavior and conservation biology. 
Habitat conservation and restoration efforts and the 
design of wildlife corridors are often supported by data 
on animal movements. Increasing human populations 
around the world force many species into unfamiliar 


environments due to land use change (e.g., deforestation 
and expansion of agriculture) and wildlife management 
actions (e.g., reintroductions and translocations). Data on 
spatial behavior can greatly assist in determining which 
habitats to preserve and how different species and life 
stages cope with environmental change and teaching us 
about the mechanisms used for dealing with these changes 
(e.g., exploration patterns and changes in home range size 
or location). 

One great advantage of remote sensing over direct 
observation is the ability to monitor the behavior of 
individual animals with minimal observer interference. 
x4fter an initial tagging event, animals are left alone to 
behave naturally without further disruption. Remote sens¬ 
ing might be the only way for obtaining behavioral infor¬ 
mation about certain species, particularly those that are 
dangerous or difficult to see. Most tagging techniques allow 
individual identification of animals, which is especially 
useful for studying nocturnal animals or those that would 
be hard to distinguish using natural markings. The ability 
to continuously and reliably obtain information about a 
specific individual provides detailed information about 
certain life history events such as dispersal or migration. 

What Do Spatial Data Look Like? 

Remotely sensed animal location data consist of, at least, a 
series of X and Y coordinates coding the animal’s location, 
and the associated time of each location. There are three 
primary types of spatial coordinate systems in use: longi¬ 
tude/latitude, Universal Transverse Mercator (UTM), 
and user-designed coordinate systems. 

Longitude/latitude coordinates are based on a circular 
coordinate system that covers the globe. Location on the 
north-south axis is the latitude component and location 
on the east-west axis is longitude. These coordinates are 
measured in degrees, minutes, and seconds. This system 
provides continuous coverage of the entire globe. There¬ 
fore, it is the most suitable coordinate system for studying 
long-ranging animals. 

UTM is a rectangular coordinate system, which is not 
continuous across our spherical globe. Between 80° S and 
84° N, the earth is divided into 60 zones, within which the 
UTM system is continuous. An advantage of the UTM 
system is that each unit is 1 m, which simplifies the 
calculation of distance between locations in the field. 
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If a field site spans the boundary between two UTM 
zones, a researcher may choose to use latitude/longitude 
coordinates instead, or to convert locations from one 
UTM zone so that they are compatible with those col¬ 
lected in the other zone. Conversion between the UTM 
and the longitude/latitude systems is possible but not 
straightforward. 

Finally, researchers may create their own coordinate 
systems for use in small field sites or lab studies. This 
approach is usually taken when the spatial resolution of a 
GPS is large relative to the spatial activity of the study 
animal. For example, if the movements of a 1-cm long insect 
are being tracked, the 5-m error associated with the loca¬ 
tions from most handheld GPS units will be too large. The 
main disadvantage to this approach is its inconsistency 
across studies. Furthermore, for maximum accuracy, one 
should use proper distance measuring tools in the field, 
which may not always be possible. 

How Do We Study Behavior Remotely? 

There are many methods for gathering behavioral data 
remotely. All methods reviewed here involve affixing a tag 
to an animal and tracking the signals emitted from the tag, 
or downloading data stored on a tag. There are several types 
of tags, categorized by the wavelengths they transmit. 
A tag may contain more than one type of tracking mecha¬ 
nism. For example, a GPS recording tag can also be 
equipped with a VHF transmitter. The suitability of 
each tag type will depend on the study species, habitat, 
and the study aims. Here, we present several tagging 
methods, explain how they operate, and provide some 
advantages and disadvantages of each tag type. We will 
summarize this section with general considerations rele¬ 
vant to all tags. 

Radio Tracking (VHF) 

Radio tracking is probably the most widely used method 
for acquiring behavioral data remotely. Radio tags constantly 
transmit a radio signal at a set frequency in the very high 
frequency (VHF) range (142-230 MHz). Each tag transmits 
a unique radio frequency (e.g., 150.020, 148.800 MHz) 
used for distinguishing between different tagged individuals; 
these signals are detected using a receiver (Figure 1). 
Both tag and receiver are equipped with antennas, the 
size of which will determine the distance from which 
the tag can be detected. 

Receivers can tune into different frequencies either 
manually or automatically (using a programmable receiver). 
When a tagged animal is within the range of the receiver, a 
beeping tone is heard and its strength is used to determine 
the direction of the animal. The antenna connected to the 
receiver is used for scanning the landscape by carefully 



Figure 1 R1000 Communications Specialists handheld 

receiver connected to a three-element Yagi antenna. Photo by 
Karen Mabry. 


‘sweeping it from side to side. The direction in which the 
tone is strongest is recorded as the bearing to the animal. 
Researchers can determine the location of a tagged animal 
using the following techniques. 

Ground tracking 

One simple method for locating a tagged animal is hom¬ 
ing in to its signal. This is achieved by following the 
strength of the tag’s signal until the animal is seen. This 
method is not always feasible because the animal may 
hear the observer approaching and move away, or the 
terrain may be impassable. In addition, this tracking 
method is likely to disturb and alter the tagged animal’s 
behavior. Thus, researchers may choose to obtain the 
location of a tagged animal indirectly, using triangulation. 

Triangulation requires at least two directional bearings 
toward a tag from known locations. The estimated location 
of the tagged animal is based on the intersection of the 
bearings (Figure 2(a)). Bearings are obtained using a 
handheld antenna, vehicle-mounted antenna, or antennas 
on fixed towers. The simplest way to obtain a bearing is to 
rotate the antenna 360° and record the direction in which 
the signal is the strongest, using a compass. When using a 
handheld compass, it is important to account for magnetic 
declination - the difference between true north and mag¬ 
netic north, which varies across the globe. Just two inter¬ 
secting bearings are needed to generate an estimated 
location, but at least three bearings are needed to estimate 
the associated location error (Figure 2(a)). However, more 
bearings are not necessarily better; rather than resulting 
in a more accurate location, too many bearings may create 
confusion (Figure 2(b)). Location accuracy will depend 
on the intersection angle of the bearings, the number of 
bearings, and the time interval between them. Note that 
animals may move while obtaining bearings. Thus, the 
size and speed of the study animal should be carefully 



Remote-Sensing of Behavior 35 


Bearing 1 




Figure 2 Triangulation to VHF tags, (a) Two bearings might be 
enough for obtaining an estimate of the animal’s location, but 
notice that different bearing pairs may produce different 
locations (squares). Therefore, at least three bearings are needed 
for estimating a more accurate location and its measurement 
error (star - location and oval - error), (b) Too many bearings 
might not always be helpful - removing some of the bearings in 
this figure will not affect the estimated location of the animal. 

considered when deciding on the number of hearings to 
use and the spatial and temporal distance between them. 
LOCATE III is a useful computer program for estimating 
an animal’s location using triangulation. 

Aerial tracking 

When animals move large distances, are in inaccessible 
terrain, or many animals need to be tracked at once, aerial 
tracking may be used. Similar to homing in from the ground, 
an aircraft can be used to home in on a tagged animal. 
Light aircrafts used for wildlife telemetry are usually 
mounted with two antennas, one on each wing (Figure 3). 
A switch box connected to the two antennas is used for 
activating them. Initially, both antennas are activated. 
Once a signal is detected, the listener can alternate between 
the antennas to determine the signal’s direction, depend¬ 
ing on its strength. When the signal is very strong from 



Figure 3 Light aircraft with antennas connected to each wing 
for wildlife tracking. Photo by Roy Wollman. 


both sides, the aircraft can begin circling to visually search 
for the tagged animal. 

A major advantage to radio tracking is its common use 
as a tracking method. There is a great deal of information 
about radio tracking in the scientific literature. It is possi¬ 
ble that radio tracking has become so widely used because 
of its simplicity. VHF tag and receiver architectures are 
simple and therefore relatively inexpensive compared 
with other tags discussed later. In addition, the tag’s sim¬ 
plicity allows for small tags that can be attached to small 
animals such as mice, frogs, and even large beetles. 
Despite its widespread use, radio tracking does have some 
disadvantages. The tracking equipment itself is relatively 
inexpensive, but tracking in the field may become very 
costly in terms of researcher time and fuel costs, especially 
if aerial tracking is needed. In addition, if triangulation is 
used, locations might be inaccurate. Terrain and vegetation 
cover can greatly influence signal accuracy because VHF 
signals may bounce off from hills, disappear in valleys, or 
be absorbed by heavy forest cover. Finally, accessibility 
should be carefully considered when planning ground 
tracking - extensive road or trail systems and high topo¬ 
graphical features for bearing stations can be useful. 

Ultrasonic Telemetry 

In aquatic environments, radio frequencies (VHF) can be 
greatly distorted and are hard to detect. Therefore, tags 
for tracking aquatic animals utilize ultrasonic frequencies 
(30-80 kHz, 75 kHz being the most popular). These fre¬ 
quencies can be used only in fresh water environments. 

Tracking ultrasonic tags is similar to radio (VHF) 
tracking, with the primary difference being that tracking 
is conducted by boat, or by using fixed underwater 
receiver stations, because the tagged animal is underwater. 
Water-submerged antennas are often used to avoid signal 
distortion arising from the transition between water and 
air. In addition, homing in on the tagged animal, as described 
for radio tracking, can be used to position a boat or an 
aircraft directly above the tagged animal. The advantages 
and disadvantages of ultrasonic telemetry are similar to 
the ones mentioned for radio tracking. 
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Satellite Tracking 

Some animals, such as migrants, cannot be feasibly tracked 
using radio telemetry because of their large-scale move¬ 
ments. Platform Transmitter Terminals (PTTs) are tags 
used for satellite-based tracking. The ‘Argos system’ 
is used for detecting the locations of PTTs and for trans¬ 
mitting these locations directly to researchers, with no need 
for tracking the animals in the field. PTTs transmit a signal 
at a specific ultra high frequency (UHF) (401.650 MHz). 
Currently, five polar-orbiting satellites are equipped with 
receivers for this particular frequency. Based on how often 
a tag transmits a signal and the speed of the passing 
satellite, the tagged animal’s location is calculated using 
the Doppler effect. Animals are distinguished from one 
another based on identification numbers that are specific 
to the tag’s transmission electronics. In addition to calcu¬ 
lating location, the satellite can also download data recorded 
by other devices attached to the tag such as a GPS, pressure 
sensor, and others discussed later. The satellites transmit 
the data to a receiving station on the ground which in turn 
sends the information to a processing center. The proces¬ 
sing center consolidates the data and prepares them for 
presentation to the end user, the researcher. Data can be 
viewed on the internet, received by email, text message to 
a cell phone, and other communication channels. 

PTTs are often deployed on marine and migrating 
animals (Figure 4). When aquatic animals are deep in 
the ocean, the satellites cannot receive the UHF signal. 
Therefore, PTTs for aquatic animals are often equipped 
with a device that activates them only when the animal 
surfaces, thus preserving battery power. This may reduce 
the number of locations per day that can be obtained for 
these animals. 

A great advantage of satellite tracking is that animals 
can be tracked under all weather conditions, and at all 


times of day. Furthermore, once the tag is attached, there 
is no need to follow the animals in the field, thus greatly 
reducing the expenses of field work. This point is particu¬ 
larly important for long-ranging animals, such as migrants 
that can travel from pole to pole and for which VHF 
tracking is not practical. However, the location accuracy 
varies (from 250 m to 1.5 km error) depending on the 
number of fixes the satellite obtained when passing over 
the tagged animal. In addition, the number of locations 
obtained per animal depends on its position around the 
world. At the poles, a tag can be detected up to 14 times a 
day, but this number declines at lower latitudes. Another 
disadvantage to satellite tracking is its price. Because 
PTTs use a very specific frequency, manufacturers are 
under stringent technical constraints. As a result, PTT 
tags are larger and more expensive than VHF tags. Still, 
PTT tag sizes are getting smaller and the cost of tags and 
the associated data processing fees should be carefully 
weighed against the expenses of tracking a VHF tag. 

GPS 

All the earlier-mentioned tags can be equipped with a 
global positioning system (GPS) unit. GPS units automat¬ 
ically record the animal’s location at fixed, predeter¬ 
mined, time intervals and store the data on-board the 
unit. The frequency at which locations are obtained will 
determine the battery life of the unit and therefore the 
tracking duration. To preserve battery life, GPS units 
must have a clear view of the sky, to enable communica¬ 
tion with the GPS satellites (Figure 5(a) and 5(b)). Heavy 
vegetation cover (e.g., thick forests) and aquatic environ¬ 
ments may distort or disable the use of a GPS unit. 

There are several ways to retrieve the data stored on¬ 
board the GPS unit. 



Figure 4 A satellite-tagged Franciscana dolphin. Chicago 
Zoological Society’s Sarasota Dolphin Research Program. 
Courtesy of Randall S. Well. 


Manual retrieval 

One straightforward method for data retrieval is to remove 
the tag from the animal at the end of the study and directly 
connect to the GPS unit (using hardware and software 
provided with the tag). If recapture is impossible or 
unwanted, tags can be equipped with a drop-off device 
(Figure 5(c)). The drop-off device is scheduled to detach 
a tag at a predetermined time, and the researcher is left to 
find it. Having a VHF unit on such tags is useful for 
successfully locating them. After detaching from aquatic 
animals, tags float to the surface and can either be retrieved 
by the researcher or the data can be remotely downloaded 
through a satellite link (see below). 

Remote retrieval 

An alternative method to retrieve data from a GPS unit is 
linking to it remotely. Remote download permits multiple 
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Figure 5 African elephants collared with VHF/GPS collars with a drop-off unit, (a) A collared female elephant and her calf. 

The GPS unit is on top, between her ears, and the VHF unit is hanging below the elephant’s chin. The drop-off unit is behind the 
elephant’s ear and cannot be seen, (b) The GPS unit can be seen between the elephant’s ears, facing the sky to allow easy 
connection with the GPS satellites, (c) An anesthetized elephant immediately after collar deployment. The VFIF unit can be seen at 
the bottom with black cloth covering the VFIF unit’s antenna. The silver box is the drop-off unit and the GPS unit cannot be seen. 
Photos by Noa Pinter-Wollman. 


data downloads throughout the study period, allowing 
adaptive management decisions and troubleshooting of 
data acquisition rate. Furthermore, remote downloading 
eliminates the need for recapturing an animal or depend¬ 
ing on unreliable drop-off mechanisms. It also eliminates 
the challenge of finding a dropped tag in dense vegetation. 
Three ways to remotely link and download GPS data are: 

UHF: Short-range receivers which rely on UHF remotely 
connect to the GPS unit and download the data, requiring 
a stable connection for several minutes. 

Satellite : A satellite link can be used for downloading 
data from GPS units mounted on PTT tags, through the 
Argos system.’ The data are relayed to the researcher in a 
similar manner to that described earlier in the satellite¬ 
tracking section. For downloading data using a satellite 
link from aquatic animals, the tag must be at the water 
surface to allow a stable connection. 

GSM: Recent advances in the cellular phone technol¬ 
ogy allow remote downloading using the Global System 
for Mobile communications (GSM) network. The loca¬ 
tion data are then received as a Short Message Service 
(SMS) to a cell phone. This remote download method is 
available only in field sites with GSM coverage. 

The major advantage to using a GPS unit is the excel¬ 
lent location accuracy (5-55 m error) at high temporal 
resolution. In addition, GSM and satellite retrieval meth¬ 
ods allow obtaining real-time location of tagged animals, 


which is especially useful for making adaptive manage¬ 
ment decisions. 

Some disadvantages to using GPS units include the 
tradeoff between data temporal resolution and battery 
lifetime, distorted or missing locations in dense habitats, 
and the GPS unit size, which currently constrains their 
use to animals heavier than 2 kg. Some potential problems 
with manual data downloading include inability to recap¬ 
ture the animal, failure of the drop-off mechanism, inac¬ 
cessibility to the drop-off location, or inability to find the 
tag. For these reasons, GPS units should always be 
deployed along with VHF/PPT/Ultrasonic units to allow 
tag retrieval. These other tracking devices can also be 
used for obtaining spatial data at a lower temporal resolu¬ 
tion, as backup for GPS failures. 

Additional Data Collection Devices 

In addition to a GPS unit, other sensors can also be 
attached to tags for collecting information about the envi¬ 
ronment and the animal’s physiology. The data are often 
stored on-board these devices and can be retrieved using 
the techniques mentioned in the GPS section. Sensors 
may record water salinity, pressure, air and body temper¬ 
ature, heart rate, and activity. Marine animals are often 
equipped with pressure sensors to provide information on 
the animal’s swimming depth, which is an additional 
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spatial measure. The study of social behavior can also 
benefit from these devices. For example, microphones 
attached to tags record vocalizations, and recently devel¬ 
oped proximity loggers record instances and duration of 
social interactions between tagged individuals. 

These sensors provide additional useful and interest¬ 
ing data on the tagged individuals and by collecting data 
automatically, they can reduce the time required for 
behavioral observations. However, the more sensors placed 
on the tag, the heavier and larger it will be. In addition, 
note the advantages and disadvantages relating to data 
retrieval, mentioned earlier for GPS units. 

RFID and PIT Tags 

Radio frequency identification (RFID) tags are some of 
the smallest tags currently available. These tags encode 
information electronically (e.g., tag ID) and transmit it 
via radio waves. RFIDs utilize a wide range of frequencies 
(LF: 30-300 kHz; HF: 3-30 MHz; UHF: 300 MHz-3 GHz). 
Higher frequencies allow the information on the RFID to 
travel further using smaller tag antennas. Two types of 
RFIDs exist: active and passive. Active tags contain a battery 
that allows a constant transmission of the information on 
board the RFID. Passive tags do not contain a battery and 
the information on them is transmitted only when in prox¬ 
imity to a reader that ‘wakes up’ the tag by sending an 
electronic pulse to charge-up the tag. Because passive tags 
do not contain a battery, they can be very small, but this 
small size comes at the expense of reading range. Passive 
RFID chips can be as small as 0.3 mm"; however, the read 
range of such a chip without an antenna is only 2—3 mm, 
connecting an antenna to the RFID chip increases its size 


(to several square centimeters) and read range (depending 
on antenna structure). 

Passive Interrogated Transponders (PIT) tags are glass- 
encapsulated passive RFID tags that often utilize the low 
frequency range and can be as small as 8 mm (read range 
of ~20 cm). These tags are now widely used in wildlife 
studies, especially when studying small mammals, fish, 
amphibians, reptiles, and insects (Figure 6). The tag is 
usually injected into the animal (except for insects), thus 
enhancing its durability in the field. Because the read range 
of PIT tags is relatively short, the animal has to pass very 
close to the reader for data to be gathered. This often allows 
studies only on the presence/absence of an animal at a 
certain location (e.g., a nest site or feeding station). Thus, 
animals that routinely use certain locations, and study 
questions that rely on these locations would be good systems 
for deploying PIT tags. Certain tracking systems can provide 
spatial information as well. For example, a series of readers 
along a river enables researchers to record the movements 
of fish up and down the river. 

The obvious advantages of RFIDs and PIT tags are their 
small size and low price. These features increase the range 
of species that can be remotely studied and reduces the 
financial burden of tagging large numbers of individuals. 
Furthermore, the injection of PIT tags into to animal’s body 
eliminates the need to attach external, potentially disturb¬ 
ing tags. However, the small size of these tags comes at the 
cost of read range. In addition, while the tags are cheap, tag 
readers are expensive, and obtaining many of them might 
not be feasible, thus limiting the number of reading points 
available. In addition to field use, RFIDs and PIT tags may 
be implemented for tracking small animals in controlled 
lab environments. 



Figure 6 A paper wasp tagged with a passive RFID. The tag shown is an insert of a PIT tag, without the outer glass casing. 
Photo by Aidan Weatherill. 
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Harmonic Radar 

For tracking the flight path of insects, some researchers 
have used radar technology. The insects are tagged with 
very small and lightweight tags emitting super high fre¬ 
quencies (SHF) (3-30 GHz) that allow a radar detector to 
distinguish the flying insect from the background noise of 
moving objects (e.g., plants moving in the wind). The 
tagged insect can be detected at a radius of up to 400 m 
from the radar, depending on the insect’s flight height (if it 
is flying above the horizon, it can be detected at longer 
distances). 

These tags are extremely light and small but the radar 
detectors are large, bulky, expensive, and difficult to move. 
Furthermore, tagged insects cannot be individually iden¬ 
tified, and radar error can be up to 7 m. Tracking insects 
using radar is uncommon and little information is avail¬ 
able about it. 

Bird flocks, flying bat groups, and very large insect 
swarms can also be detected using radar. In these cases, 
the animals are not tagged and the flight patterns of the 
entire group are detected by radars used for weather 
forecasting, similar to detecting rain clouds. This tech¬ 
nique is used for tracking movements of large animal 
groups at large geographical scales. Radar technology 
does not allow distinguishing between individual animals 
or even between species (e.g., birds and bats). It can often 
be difficult to differentiate the signal of moving animals 
from background noise (e.g., clouds and vegetation). 

Attachment Methods 

There are many ways to attach tags to study animals. 
Researchers seek attachment methods that minimize 
interference to an animal’s activities but ensure that the 
tags remain on until the end of the study. Tag manufac¬ 
turers, veterinarians, and researchers working on similar 
species should be consulted when choosing the appropri¬ 
ate attachment method. Listed below are some available 
attachment methods. 

Collars 

Mostly used for tagging terrestrial mammals, collars attach 
the tag around the animal’s neck (Figure 5). Collars 
should be loose enough to allow an animal to swallow 
but not so loose that it gets hung on vegetation. The space 
left between the collar and an animal’s neck usually follows 
some rule of thumb specific to the species. 

Harnesses 

Animals whose necks are larger than their heads (including 
many birds, reptiles, and amphibians) cannot be fitted 
with collars and are instead fitted with harnesses. A harness 
is mounted on the animal’s body like a backpack. 


Tail Mounts 

Tags are sewn into the shaft of a bird’s tail feathers. The 
tag then falls off with the feather when it molts; therefore, 
this attachment method is usually for a short time period. 

Glue On 

When collars and harnesses will not work, because of the 
animal’s body shape, or the environment, glues such as epoxy, 
cyanoacrylate (superglue), or eyelash glue may be used. It 
is important to ensure the glue does not cause skin irritation. 
Glues are commonly used to attach tags to aquatic animals 
(Figure 4), crustaceans, reptiles, insects (Figure 6), and 
some birds. 

Implants 

PIT tags and very small radio tags can be implanted in the 
animal. Implantation can be carried out through injection, 
ingestion, or incision. An incision will require anesthetizing 
the animal and keeping it under supervision for a few days 
after the surgery. 

Ear tags and leg mounts are two additional less com¬ 
monly used attachment techniques. 

What Should One Consider When 
Choosing a Tracking Device? 

Certain feasibility considerations apply to all of the afore¬ 
mentioned tags. The study objectives will guide how 
many animals and which individuals should be tagged, at 
what time of year they should be tagged, and the duration 
of the study. Funding availability often limits the number 
of animals that can be tracked. Thus, it is important to 
carefully design a tracking study to ensure that the data 
collected will actually address the study questions. Too 
often, researchers tag as many animals as they can afford 
and only later realize that a larger sample size is necessary 
to achieve sufficient statistical power or that the age and 
sex structure of the tagged animals restrict the study results. 

Animals must be captured and sometimes anesthetized 
to allow the attachment of a tag. Capture equipment and 
anesthesia can be costly and should be considered in the 
project’s budget. Capturing an animal can be difficult and 
time consuming; it might take a researcher several days or 
even weeks to locate and capture an appropriate individual. 
Anesthetization can be risky for the animal and should be 
conducted in consultation with a veterinarian or other 
experts. For some animals, anesthesia could be more risky 
than the stress of being tagged while awake. A variety of 
local, national, and institutional regulations and laws will 
apply to most capture and tagging procedures. The appro¬ 
priate personnel (e.g., the Institutional Animal Care and 
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Use Committee (IACUC) at US universities) should be 
consulted to ensure that all research is consistent with the 
applicable laws, and that appropriate capture and anes¬ 
thesia protocols are followed. 

How large can a tag be? The rule of thumb used by 
most researchers allows for tags that weigh less than 5% 
of a terrestrial mammal’s body weight and less than 2% 
of body weight for birds and bats. Aquatic animals can 
carry slightly heavier weights, but the tag’s effect on their 
hydrodynamics is usually the confounding factor. Battery 
weight usually contributes the most to tag weight, and is 
positively correlated with the tag’s life span and thus with 
the study duration. GPS and PTT fixes require considerable 
battery power, leading to a negative correlation between 
the number of GPS or PTT fixes and the tag’s life expectancy. 
The development of solar-powered PTT and GPS units 
may increase tag life span. It is also important to match 
the battery life with the longevity of the attachment method. 
It makes little sense to invest in a large tag that can last for 
2 years if the animal can remove it after 1 week. 

Finally, once the study is completed, the tags should be 
removed to ensure the animal’s well-being. Tags are often 
deployed for short periods of time, but may adversely 
affect the animal if left on for too long. Drop-off mechan¬ 
isms and pop-off units are one way to achieve tag removal, 
but animals may need to be recaptured and even anesthe¬ 
tized for removing their tag. It may not always be possible 
to remove the tag at the end of the study, but every effort 
should be made to do so. As a practical consideration, 
many tags can be refurbished and reused, thus reducing 
the cost of tracking in future studies. 

See also: Amphibia: Orientation and Migration; Bat 
Migration; Bats: Orientation, Navigation and Homing; 


Bird Migration; Fish Migration; Habitat Selection; Insect 
Migration; Insect Navigation; Irruptive Migration; Mag¬ 
netic Compasses in Insects; Magnetic Orientation in 
Migratory Songbirds; Maps and Compasses; Migratory 
Connectivity; Pigeon Homing as a Model Case of Goal- 
Oriented Navigation; Sea Turtles: Navigation and Orien¬ 
tation; Spatial Orientation and Time: Methods; Vertical 
Migration of Aquatic Animals. 
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Introduction 

Every parasite confronts the same dilemma: how to extract 
ample host resources for growth and reproduction while 
allowing the host enough resources to survive - or face 
certain death as well. Specific variations of this quandary 
depend on the species of parasite and its particular life 
stage, but all parasites need time to grow or mature inside 
intermediate and/or final hosts. Parasites should maintain 
an optimal balance between minimizing host damage and 
maximizing nutrient availability during this time. The 
host reproductive system provides an ideal resource for 
such a strategy. 

Reproduction constitutes the primary objective of all 
living organisms. However, reproduction is energetically 
costly, and animals in suboptimal health often forego breed¬ 
ing in order to maintain overall somatic health. For exam¬ 
ple, birds that are highly parasitized by feather mites or 
endoparasitic worms will skip the winter migration to 
breeding grounds. Although these individuals sacrifice a 
year’s reproductive gain, the reallocated energy goes toward 
somatic repair, possibly extending the animal’s overall 
reproductive output via increased longevity. Similar situa¬ 
tions occur when other animals are infected with parasites. 
Parasitic infection can result in a decrease or cessation of 
host reproduction, and the subsequently available energy 
is shifted toward other physiological demands, such as 
increased immune function or nutritional requirements. 
Furthermore, reproductive organs and structures are not 
essential for an organism’s survival, and the tissues provide 
an energy-rich source of nutrients that can be diverted 
toward host growth or energy storage, or - as is the focus 
of this study - parasite growth and reproduction. 

It remains debated whether alterations of host repro¬ 
duction ultimately prove beneficial for parasites or hosts. 
Manipulations of host reproductive behavior and repro¬ 
duction represent a large portion of parasite-induced host 
modification, especially for invertebrate hosts. That a wide 
variety of parasitic taxa exploit host reproduction suggests 
that it may be a successful strategy for maximizing parasite 
fitness. However, there are situations where hosts might 
benefit from the resultant decrease in reproduction. A host 
might limit reproductive activity upon infection to mini¬ 
mize the subsequent nutritional stress. Reductions in 
reproductive effort could be advantageous for hosts if 
such measures somehow increase host longevity, and if 
the temporary decrease in reproduction results in greater 
overall reproductive output over the extended lifespan. 


This generally applies to systems where hosts can poten¬ 
tially resume reproduction after overcoming or surviving 
a parasitic infection. 

There appear to be more host-parasite examples 
demonstrating that parasites benefit - largely in the 
form of greater fecundity — from altered host reproduc¬ 
tion. For example, bacteria of the genus Wolbachia induce 
sex reversals in their intermediate arthropod hosts 
(aquatic and terrestrial), so that males become functional 
females. Wolbachia is transmitted vertically through eggs, 
and its drastic modification of males ensures greater trans¬ 
mission to new hosts. 

Sometimes, the beneficiary of the altered host behavior is 
unclear. In one unusual example, the physical presence of 
ectoparasites actually prevents the host from reproducing. 
Desert flies (Drosophila nigrospiracula ) are host to ectoparasitic 
mites (Macrocheles subbadius) that attach to the underside of 
the fly’s abdomen (Figure 1). Infection loads of several mites 
create a physical obstruction large enough to prevent the 
male fly from mating successfully. Heavily infected males 
still attempt to mate by mounting females, but the male’s 
efforts to engage copulatory structures are hindered by the 
mites situated under his abdomen. It remains unclear how or 
if the mites benefit from this impediment of host reproduc¬ 
tion. The mites are not transmitted sexually, so increased 
mating attempts by the male would not facilitate new infec¬ 
tions. Furthermore, the transient nature of ectoparasitic 
mites means that infected males may not always be pre¬ 
vented from mating, suggesting that this alterated reproduc¬ 
tion may simply be a side effect of the infection. 

In contrast to ectoparasites, a large proportion of para¬ 
sites that affect host reproductive activity are endo- 
parasites that are long-lived inside their hosts. Many of 
these parasites manipulate host reproduction using meth¬ 
ods that include energetic drain and/or mechanical and 
neurochemical disruption. There are three general types 
of parasite-induced reproductive changes: altered repro¬ 
ductive behavior, parasitic castration, and changes in host 
reproductive effort. Specific host-parasite examples are 
discussed in the following sections. 

Changes in Host Reproductive Behaviors 

Altered host reproductive behavior falls into two broad 
categories: changes in behavioral displays and behavioral 
castration. Many of the altered behavioral displays exhibited 
by hosts are not completely novel but rather existing 
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behaviors displayed in unconventional circumstances. Hel- 
luy and Holmes noted that gammarids ( Gammarus lacustris) 
infected with the acanthocephalan Polymorphus paradoxus 
display a peculiar clinging behavior. In the wild, uninfected 
gammarids normally reside down near the sand or mud 
bottom, where they spend much of their time in burrows. 
Infected gammarids, however, become positively phototac¬ 
tic and hover near the water’s surface, where they often cling 
to floating vegetation. Here, they are more likely to be 
ingested by grazing ducks, which serve as final hosts for 
the acanthocephalan. 

The clinging posture displayed by infected gammarids 
is actually a male reproductive behavior that is displayed 
out of context. During breeding, an uninfected male will 
cling to an ovigerous female for several days, waiting for 
the opportunity to fertilize her eggs. Incredibly, the acan¬ 
thocephalan parasite is able to induce its host to display 
this male reproductive behavior, regardless of host gender. 
Thus, the physiological state required to produce clinging 
behavior is present in both male and female gammarids, 
and P. parodoxus somehow reproduces the required condi¬ 
tion^) in females and in males out of context. 

There is strong evidence that alterations of the neuro¬ 
transmitter serotonin underlie the clinging behavior and 
positive phototactism of infected gammarids. Helluy and 
Holmes were able to elicit clinging behavior in uninfected 
gammarids after directly injecting serotonin into the body 
cavity. Additionally, serotonergic neurons of infected gam¬ 
marids have increased serotonin varicosities, which may 
serve as storage locations for the neurotransmitter. In a 
similar system, gammarids (Gammarus pulex) are infected 
with a fish acanthocephalan, Pomphorloynchus tereticollis. 
Infected gammarids are positively phototactic, and the 
increased time they spend in exposed areas render them 
more visible to fish predators, which are the finals hosts for 
P tereticollis. The serotonergic neurons of infected G. pul ex 
show much stronger immunoreactivity when compared to 
the same neurons of uninfected individuals, indicating that 



Figure 1 Desert flies (Drosophila nigrospiracula) infected 
with the ectoparasitic mites Macrocheles subbadius. 
(indicated by arrows) Photo courtesy of Michal Polak. 


infected gammarids have increased serotonin activity in 
their brains. Furthermore, infected individuals that display 
the strongest photophilia also have the highest serotonin 
immunoreactivity in their brains. It is unclear whether these 
acanthocephalans actively target the serotonergic metabo¬ 
lism of their hosts, or if altered serotonin metabolism con¬ 
stitutes part of the host response to parasitic infection. 
Nevertheless, if an altered host behavior somehow increases 
parasite fitness, any parasitic traits associated with those 
host behavior changes should be selected for. 

Decapod crustaceans infected with rhizocephalan barna¬ 
cles also display reproductive behaviors out of context. Rhi¬ 
zocephalan barnacles are completely parasitic and barely 
resemble their free-living counterparts - they lack a calcified 
shell and their bodies consist of little more than an absorptive, 
branchlike network extending throughout the body of their 
crab host. The only visible part of a rhizocephalan is a large, 
round bump called the externa, which protrudes from under 
the crab’s abdominal flap (Figure 2). The externa is actually 
the female parasite’s gonad. Female rhizocephalan larvae are 
released from the externa, locate and infect new hosts, and 
each develops inside a crab as a root-like network of tissue 
(called the interna), eventually producing an externa. Male 
rhizocephalans live the early part of their lives as free-living 
stages. Sexually mature males locate and enter the externa, 
remaining inside to permanently fertilize the female. The 
externa is located where the egg mass would be in an 
uninfected, ovigerous female crab. Infected female crabs 
still exhibit innate ovigerous behavior by aerating (fluttering 
abdominal flap) and grooming the parasite externa as if 
it were an egg mass. The behavioral modification is more 
dramatic for infected male crabs. The rhizocephalan fem¬ 
inizes the behavior and morphology of male crabs. An 
infected male exhibits the egg ventilating and grooming 
behavior normally limited to ovigerous females. Further¬ 
more, the male’s abdominal flap actually grows wider 



Figure 2 A European Green crab (Carcinus maenus) infected 
with the parasitic rhizocephalan barnacle Sacculini carcini. 

The rhizocephalan’s externa visibly bulges from under the 
crab’s abdominal flap. Photo courtesy of Todd Huspeni. 
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through subsequent molts, to resemble that of a female, to 
better house and protect the rhizocephalan externa. 

The rhizocephalan benefits greatly from the altered 
behaviors of its host. The externa turns foul and necrotic 
without the crab’s grooming, and the aerating behavior 
increases the parasite’s reproductive success. The aeration 
performed by infected crabs likely helps to broadcast the 
female rhizocephalan’s chemical cues, thereby increasing 
the number of potential males that will be attracted to the 
externa. Crabs have also been observed to ventilate the 
externa during the release of rhizocephalan larvae, which 
increases the dispersion of parasite larvae. The mechan¬ 
isms of how rhizocephalans induce their hosts to nurture 
the externa remain unknown, although the feminization 
of males likely occurs through interference with the 
androgenic gland. Not only do rhizocephalans manipulate 
host reproductive behavior, they also parasitically castrate 
them, diverting energy from host reproduction toward 
parasite growth and reproduction (see section ‘Parasitic 
Castration’). Rhizocephalans thus maximize their fitness 
by exploiting both the reproductive behavior and the 
physiology of their hosts. 

Parasites have also been shown to alter host responses 
to sexual stimuli. This type of behavioral manipulation 
is referred to as behavioral castration, since the changes 
often prevent the host from reproducing successfully. For 
example, male flour beetles ( Tribolium confusum) infected 
with the larval cestode Hymenolepis diminuta show a de¬ 
creased response to female sex pheromones - an action 
critical for initiating the process of mating and mate recog¬ 
nition. Similarly, cockroaches ( Periplaneta americana) infected 
with an acanthocephalan ( Moniliformis moniliformis) also 
show decreased responses to sex pheromones. Infected 
cockroaches can still detect the pheromones, demonstrat¬ 
ing that infection does not interfere with the host’s ability 
to perceive scent stimuli. However, infected cockroaches 
were inconsistent in their responses to pheromones when 
compared to uninfected ones. An infected male cockroach 
that is unresponsive to female sex pheromones would 
almost certainly miss the opportunity to mate. Thus, the 
infected flour beetles and cockroaches experience reduced 
fecundity as a result of behavioral castration. In contrast, 
the parasite appears to reap some indirect benefit from its 
host’s decreased interest in sexual cues. Male cockroaches 
fight for the right to mate with females, often sustaining 
injuries in the process. By preventing its host from engaging 
in such risky reproductive behaviors, the parasite increases 
its host’s longevity and secures itself more time to mature 
(inside the host) and become infective to the next host. 

Parasitic Castration 

The most common and striking examples of parasite- 
modified host reproductive behavior involve the infamous 


phenomenon known as ‘parasitic castration.’ Parasitic 
castration has been classically defined as destruction or 
alteration of host gonadal tissue by parasites. Parasites can 
directly castrate hosts by damaging host gonads or by 
secreting neurochemicals that target host endocrine and/ 
or reproductive systems. Indirect methods of castration 
usually consist of gonadal atrophy due to energetic drain, 
as a result of infection. This destruction of reproductive 
organs is often accompanied by a change in the outward 
reproductive behavior of a host. Representatives of a diverse 
range of parasitic taxa castrate at least one host in their life 
cycles; these taxa include microsporidians; protozoans such 
as ciliates and gregarines; terrestrial, marine, and aquatic 
arthropods; and helminths of multiple phyla. This diversity 
suggests that castration may constitute a successful parasite 
strategy for gleaning host nutrients and energy while mini¬ 
mizing host mortality. 

Larval stages (metacestodes) of the rat tapeworm Hyme¬ 
nolepis diminuta commonly infect the grain store beetles 
Tenebrio molitor. The metacestodes do not physically cas¬ 
trate their intermediate hosts, but infection does result in 
reduced fecundity of the infected beetles. This decreased 
fecundity may be due in part to the behavioral castration 
of infected male beetles, whereby they are less responsive 
to female sex pheromones. However, infection also results 
in morphological changes to host reproductive organs. 
The tapeworm larvae reside in the hemocoel (body cavity) 
of the beetle, and the lack of physical disruption to host 
reproductive organs points to a neurochemical mechanism 
by which they affect host fecundity. 

Infected female beetles exhibit a marked decrease in 
the production of vitellogenin - the key component in egg 
yolk. Webb and Hurd isolated a peptide from H. diminuta 
metacestodes that directly impedes vitellogenesis, dem¬ 
onstrating that decreased host fecundity occurs as a pos¬ 
sible parasite strategy and not simply as a by-product of 
infection. Metacestodes undergoing rapid development 
exerted the greatest vitellogenesis inhibition, suggesting 
that the worms may incur an energetic gain by diverting 
host resources toward parasitic growth. 

The underlying strategy is less clear in the case of 
H. diminuta-infected male beetles. Rather than experience 
a marked depletion of a reproductive organ, infected male 
beetles have enlarged reproductive accessory glands, the 
primary function of which is the conversion of sugar to 
glucose. Enlarged glands retain higher protein contents, 
but there is yet no indication that this translates to in¬ 
creased host spermatogenesis or parasite growth. It remains 
unclear whether these changes benefit the host or parasite, 
or if they result as a pathological by-product of infection. 
Female beetles experience a greater impact of infection 
than do males, probably because ovarian development and 
egg production are more energetically costly compared to 
testicular growth and spermatogenesis. There may not have 
been much selective pressure for H. diminuta to fully castrate 
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its intermediate host, since the tapeworm ultimately re¬ 
quires that a rat ingest its beetle host in order to complete 
its life cycle. However, it is possible that infected females 
exhibit some alteration in their reproductive behavior, per¬ 
haps their receptivity to breeding males, due to their overall 
decrease in reproductive output. 

Tobacco hornworm caterpillars (Manduca sexto) serve 
as hosts for the parasitoid wasp Cotesia congregata. The 
female wasp oviposits multiple eggs inside the caterpillar, 
and the wasp larvae grow inside the caterpillar until they 
emerge from their host, spin and attach cocoons to the 
caterpillar’s tegument (Figure 3, individual on left). Here, 
they remain for several days until they metamorphose. 
Caterpillar hosts cease feeding and movement during the 
period of cocoon formation and wasp metamorphosis, and 
eventually die after the adult wasps emerge. Infected male 
hornworms experience a reduction in testicular volume. 
Wasp larvae may benefit from this if they utilize the 
energy and nutrients diverted from developing host testes 
for their growth and maturation. Wasp larvae feed only 
on host hemolymph, so physical disruption of the testes 
(e.g., consumption) seems unlikely. Instead, methods 
such as neurochemical or hormonal signals, energetic 
drain, or both provide plausible explanations for castra¬ 
tion in M. sexto. 

Bopyrid isopods castrate their final crustacean hosts. 
These parasites are rather romantic (if one can refer to 
parasites as such), despite their host-sterilizing effects. 
Males and females live paired inside the host, and one 
or more dwarf males usually accompany the larger female 
(Figure 4, male on the left, female on the right). 

Decapod crabs harbor bopyrids in their branchial 
chamber, whereas shrimps can have either branchial or 



Figure 3 Infected (individual on the left) and uninfected 
(individual on the right) tobacco hardworm caterpillars (Manduca 
sexta). The infected individual on the right has newly emerged 
larvae of the parasitoid wasp Cotesia congregata. Photo 
courtesy of Shelley Adamo. 


abdominal infections (Figure 5, bopyrid infection under¬ 
neath bulging carapace on right side of shrimp). 

The methods of castration employed by bopyrids 
remain a mystery. There are strong indications for castra¬ 
tion as a result of energetic drain, since bopyrids do not 
normally occupy the gonad region, and the parasite is large 
relative to host body size. This method of indirect castra¬ 
tion seems especially plausible when considering castrated 
shrimps that are infected with abdominal bopyrids, where 
the parasite sits near the base of the host’s pleopods, away 
from the reproductive organs. In contrast, branchial bopyr¬ 
ids are situated within the open circulatory system of the 
crab’s hemocoel. It seems likely that these parasites could 
castrate their hosts by secreting neurochemicals that could 
induce atrophy or inhibit development of reproductive 
organs. The loss of reproductive organs may translate to 
a lack of circulating reproductive hormones, the physio¬ 
logical cues that would normally initiate and maintain 
reproductive behaviors in male and female crabs. Bopyrids 



Figure 4 Dwarf male (left) and female (right) bopyrid 
isopods, removed from the branchial chamber of a mud 
shrimp (Upogebia maginitieorum). Photo courtesy of Shane 
Anderson. 



Figure 5 Mud shrimp (Upogebia maginitieorum) infected 
with bopyrid isopods in its branchial chamber. The carapace 
eventually bulges out, around the paired isopods, after 
several molt cycles. Photo courtesy of Shane Anderson. 
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also synchronize their molting cycles to those of their 
hosts, indicating that they have evolved means of reading 
host hormones. It is possible then that bopyrids are also 
able to secrete chemicals that communicate with host 
neuroendocrine systems and inhibit reproductive activity, 
such as sperm or egg production. Furthermore, effects of 
bopyrid castration can be reversed, with the host’s gonad 
regenerating in some capacity (but not fully) after experi¬ 
mental removal or death of the bopyrid. Thus, bopyrids 
likely castrate through a combination of direct chemical or 
hormonal signals to the host reproductive system and 
indirect energetic drain on general host resources. 

Rhizocephalan barnacles also castrate their crustacean 
hosts. In addition to modifying host reproductive beha¬ 
viors, such as inducing egg-caring behavior in both 
females and males, the parasite also drastically alters the 
host’s reproductive system. The rhizocephalan interna 
grows by branching out nutrient-absorbing processes that 
proliferate throughout the crab’s body. Infected females 
usually have degenerate ovaries that are permeated by 
branches of the interna. The testes of infected males gen¬ 
erally do not experience the same degree of atrophy, but 
the androgenic gland is often destroyed. This results in the 
cessation of sex hormone production responsible for sper¬ 
matogenesis and secondary sexual characteristics. Com¬ 
pared to uninfected crabs, female crabs infected with 
rhizocephalans have higher levels of a gonad-inhibiting 
hormone (GIH), which inhibits ovarian growth and egg 
production. Although this hormone regulates the timing of 
reproduction in uninfected females, its continual circula¬ 
tion could suppress ovarian development while diverting 
potential energy toward use by the parasite. It remains 
unknown whether the parasite secretes GIH or another 
chemical that triggers the host to secrete it. Thus, it 
appears that rhizocephalans castrate their hosts through a 
combination of nutrient depletion and hormonal commu¬ 
nication. The actions of GIH are remarkably specific when 
considering that the hormone reduces only the reproduc¬ 
tive organ of an infected female and not the egg-caring 
behaviors displayed by gravid females. 

Larval trematode parasites often infect the gonads of 
their molluscan intermediate hosts. In most cases, the hosts 
are castrated, and the trematodes completely fill the region 
formerly occupied by host gonad (see Figure 6, for cross- 
section of gonad). The California horn snail, Cerithidea 
californica , is a common benthic invertebrate in California 
and Baja California estuaries. The horn snail serves as first 
intermediate host to multiple species of trematodes, which 
go on to infect other molluscs, annelids, Crustacea, and fishes 
as second intermediate hosts, and birds as final hosts. Many 
of these trematodes have asexually reproducing larval stages 
called rediae, which are mobile wormlike stages equipped 
with a mouth and pharynx. Rediae consume host tissue, 
including gonadal tissue, as the infection progresses, usurp¬ 
ing host nutrients and space for parasitic growth. They have 



Figure 6 Cross-section of California horn snails (Cerithidea 
californica) uninfected and infected with larval trematodes. 
Infected snails are parasitically castrated. Photo courtesy of 
Ryan Hechinger. 


even been observed consuming larval stages of other trema¬ 
tode species in concurrent infections within the same snail. 
The sporocyst is another trematode larval stage that is 
similar to rediae in appearance but lacks a mouth, instead 
absorbing nutrients across the tegument. Depending on 
the trematode species, sporocysts may occur as precursors 
of rediae, or occur without producing rediae. Sporocysts 
are nonetheless associated with castration. Furthermore, 
there are also trematodes that infect only the snail’s mantle 
region, the area above the snail’s head. Snails with mantle 
infections — but not gonad infections - are also completely 
castrated. In addition to castration, these snails may also 
experience some slowness in retracting their heads in 
response to danger, due to the bulging mantle infection. 
Since the trematodes in the last two examples cannot cas¬ 
trate their host by ingesting reproductive tissue, they likely 
castrate through neurochemical alteration, energetic drain, 
or a combination of both strategies. 

There are clear indications of energetic drain as a 
partial cause of castration in C. californica. Trematodes 
infecting C. californica undergo a tremendous amount of 
growth within the snail, reaching up to 2% of an individ¬ 
ual host’s biomass in some populations. The high ener¬ 
getic demands required for such growth likely usurp 
resources from host reproduction, resulting in castration 




46 Reproductive Behavior and Parasites: Invertebrates 


even if the parasites are located elsewhere in the snail. 
Castration by manipulation of endocrine and/or neural 
systems remains to be identified in this host-parasite 
system; however, there is clear evidence that trematodes 
can castrate their snail hosts in the freshwater system 
described as follows. 

Several studies document the complex mechanisms by 
which schistosome trematodes castrate their freshwater 
snail hosts through neuroendocrinological alteration. 
The avian schistosome Trichobilharzia ocellata manipulates 
both the energy budget and the reproductive system of its 
snail host ( Lymnaea stagnalis) to maximize nutrient yield 
for parasitic growth and reproduction. The parasites 
infect the snail’s gonad (ovotestis) and eventually castrate 
their hermaphroditic hosts. Trichobilharzia ocellata lacks 
rediae, so castration does not result from consumption of 
host reproductive tissue. Extensive work by Marijke 
Dejong-Brink and colleagues demonstrate that T. ocellata 
actively alters its host’s neuroendocrine system using 
multiple strategies to successfully establish and advance 
infection. 

Infected L. stagnalis upregulate a gene coding for a 
homolog to neuropeptide-Y (LyNPY). LyNPY is highly 
conserved in structure and function to that of vertebrate 
NPY, which is important in determining energy allocation 
toward growth and reproduction and can inhibit reproduc¬ 
tion. Administration of synthetic LyNPY to uninfected 
snails, which mimics conditions of a I ocellata infection, 
causes decreased or complete cessation of egg production 
and growth. This probably resulted from nutrient depriva¬ 
tion to the reproductive systems, because host feeding was 
not adversely affected, and LyNPY appears to prevent 
mobilization of energy to host reproduction and growth. 
The parasite also interferes directly with the development 
of ovotestes and gamete production. Neuroendocrine pro¬ 
ducts excreted and/or secreted by the schistosome also 
directly inhibit cellular differentiation of the male copula- 
tory organ. In later infection stages, the schistosome induces 
the host to produce and release schistosomin, a peptide with 
actions similar to those of vertebrate cytokines. Schistoso¬ 
min simultaneously inhibits efficacy of gonadotropic hor¬ 
mones on reproductive organs and decreases the activity of 
central neuroendocrine cells that regulate ovulation, egg 
production, and associated behaviors. The intricate com¬ 
munication between host and parasite neuroendocrine sys¬ 
tems suggests a highly coevolved system in which T. ocellata 
has successfully adapted to exploit host physiology in 
efforts to maximize parasite fitness. 

Hosts Alter Reproductive Efforts in 
Response to Parasitism 

Not all hosts passively succumb to the detrimental effects 
inflicted by parasites; some go down fighting. Hosts have 


demonstrated the ability to alter their life history strate¬ 
gies when faced with increased mortality or reproductive 
death (castration) due to parasitic infection. Several inver¬ 
tebrates actually ramp up their short-term reproductive 
efforts - generally defined as the energy and resources 
allocated to reproduction - in response to infection. Male 
desert flies ( D . nigrospiracula) court females at a signifi¬ 
cantly higher rate after becoming infested with ectopara- 
sitic mites (M. subbadiug see above). Infected males suffer 
from shorter life spans, probably due to loss of host 
hemolymph caused by feeding mites. This suggests that 
the increased courtship behavior may be an adaptive 
effort to compensate for potential long-term losses in re¬ 
production. This may not always translate into actual 
reproductive gains, since infections of more than four 
mites can physically obstruct and prevent males from 
mating. Nevertheless, the plasticity of this behavior should 
still be selected for in fly populations if some infected 
males experience greater overall fitness by increasing 
reproductive efforts. 

Biomphalaria glabrata are freshwater snails that serve 
as first intermediate host for the trematode Schistosoma 
mansoni — one of the major causative agents of human 
schistosomiasis. Schistosomes, like many other trematodes 
in their first intermediate snail hosts, completely castrate 
their hosts once they proliferate throughout the snail’s 
gonad tissue. xAfter Minchella and LoVerde exposed snails 
to S. mansoni in the laboratory, the exposed snails actually 
increased egg laying in the weeks immediately postexpo¬ 
sure, before castration was complete. This phenomenon - 
termed ‘fecundity compensation’ - was even observed in 
snails that were exposed but did not become infected, 
indicating a persistent reaction to the initial threat of 
parasitism. The long-term egg output of these snails 
turned out to be less than that of their uninfected con- 
specifics, which probably resulted from the intense burst 
of reproductive activity early on. It may seem that the 
exposed but not infected snails ultimately sacrificed their 
maximum reproductive output for naught, but such imme¬ 
diate responses to infection may be genetically selected for 
in host populations that experience high rates of parasitic 
castration (see discussion on Cerithidea californica later). 
A short-term surge of reproductive activity may mitigate 
potential fitness losses for species that eventually become 
castrated. 

fecundity compensation has been observed in systems 
involving pathogens as well as parasites. Daphnia magna , a 
small aquatic crustacean, increases reproductive output in 
response to infection by the bacterium Pasteuria ramosa. 
Lab-infected individuals produce egg clutches earlier than 
uninfected ones, although they are eventually castrated. 
Interestingly, the number of clutches that an infected 
Daphnia produces before becoming completely castrated is 
inversely proportional to the reproductive output (number 
of spores) of the bacteria, where the increased reproductive 
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efforts of the host compromise resources available for even¬ 
tual use by the parasite. This indicates a struggle between 
host and parasite for energetic resources, where Daphnia 
struggles to maximize its reproductive output before it is 
sterilized, and P. ramosa races to castrate its host as quickly as 
possible in order to minimize its potential fitness losses. 

There are indications that mammals can also compensate 
for fecundity losses due to parasitic infection. Mammals 
do not typically face the threat of parasitic castration, due 
to a number of variables including a large host-to-parasite 
body size ratio, which allows them to preserve resources 
for growth and reproduction even after some resources 
have been consumed by parasites. Instead, fitness losses 
may result from a shortened lifespan due to infection 
pathology. Described examples of mammalian fecundity 
compensation are restricted to short-lived species, which 
may indicate a selective condition for maintaining plas¬ 
ticity in reproductive timing and effort. 

Wild deer mice ( Peromyscus maniculatus) typically live 
about 6 months, whereas mice infected with schistosoma- 
tid trematodes ( Schistosomatium douthitti) exhibit shorter 
lifespans. The schistosome infection is chronic, with 
worms living in the mouse for the duration of the mouse’s 
life, and pathology can be severe. Adult worms live in the 
mesenteric vein system and pass hundreds of eggs a day 
through the venule walls to the intestine. Schistosome eggs 
then exit the host with the feces. However, many of these 
eggs become lodged in the host’s liver and cause inflam¬ 
mation and eventually calcification. These symptoms are 
similar to those of certain types of human schistosomiasis 
(e.g., Schistosoma mansoni). Infected mice suffer from exten¬ 
sive liver damage and compromised thermoregulation, 
and they exhibit 30% higher mortality. Even though the 
schistosome worms do not castrate deer mice, female mice 
still respond to infection by increasing reproductive effort, 
likely due to the threat of a shortened lifespan. Experi¬ 
mentally infected females produce litters of significantly 
higher body mass compared to litters from uninfected 
females. This outcome can be viewed as a maternal fitness 
gain, since greater mass likely constitutes greater compet¬ 
itive ability and survival for an individual offspring. In 
contrast, longer-lived mammals can often overcome an 
infection and go on to reproduce in some capacity, which 
may explain the rarity of short-term fecundity compensa¬ 
tion in mammalian hosts. 

The examples above all confer the ability of individual 
hosts to alter short-term reproductive efforts when threat¬ 
ened with parasite-induced decreases in reproduction and, 
ultimately, fitness. However, host populations can also exhibit 
life history adaptations in response to high levels of parasit¬ 
ism. The California horn snail, Cerithidea californica , is found 
in high densities in many estuaries throughout California and 
Baja California. Most of these populations experience mod- 
erate-to-heavy rates of infection by multiple species of 
trematodes that use the snails as first intermediate hosts. 


The trematodes infect both immature and mature indivi¬ 
duals, grow via asexual reproduction, and gradually consume 
and/or occupy the snail’s gonad, parasitically castrating the 
snail. Snails from populations with a high prevalence of 
infection matured at earlier life stages. Cross-transplant 
experiments, using individuals from both high and low prev¬ 
alence populations, confirmed the genetic basis for earlier 
maturation. Larval and adult snails are relatively sedentary, 
so putative low rates of gene flow between sites - even within 
an estuary - further indicate that populations may adapt to 
local levels of parasitism. These findings are consistent with 
others that show individuals maturing earlier when lifespan 
and reproductive output are threatened, as with heavy pre¬ 
dation pressure or harsh habitats. 

Fecundity compensation and earlier maturation can be 
considered to be host responses to mitigate fitness losses 
caused by parasitism. These strategies are generally viewed 
as beneficial for the host and not parasite. In all the scenarios 
described earlier, the hosts do not evade infection or castra¬ 
tion by altering their reproductive efforts in response to 
infection. Rather, hosts may be attempting to maximize 
their reproductive output once faced with an inevitable 
loss of reproductive ability. 


Conclusions 

Parasites that target host reproductive systems strike an 
optimal balance of resource consumption in hosts. The 
parasite gleans a nutrient-rich source of energy for their 
growth and reproduction, while taxing a host resource 
that is nonvital for host survival. Parasites can also exploit 
alterations in host reproductive behavior to further 
increase parasite fitness. Many alterations of host behavior 
benefit the parasite, and seem to constitute a parasite 
strategy for increased survival and reproduction. How¬ 
ever, there are systems in which the host alters reproduc¬ 
tive efforts in response to parasites, perhaps attempting 
to mitigate the damaging effects eventually induced by 
infection. Such struggles between host and parasite for 
host energetic resources drive the dynamics of host and 
parasite coevolution. 

See also: Evolution of Parasite-Induced Behavioral 
Alterations. 


Further Reading 

Baudoin M (1975) Host castration as a parasitic strategy. Evolution 
29(2): 335-352. 

Beck JT (1980) Effects of an isopod castrator, Probopyrus pandalicola, 
on the sex characters of one of its caridean shrimp hosts, 
Palaemonetes paludosus. Biological Bulletin 158(1): 1-15. 




48 Reproductive Behavior and Parasites: Invertebrates 


Beckage NE (1997) Parasites and Pathogens: Effects on Host 
Hormones and Behavior. New York: Chapman and Hall, 
de Jong-Brink M, Bergamin-Sassen M, and Soto MS (2001) Multiple 
strategies of schistosomes to meet their requirements in the 
intermediate snail host. Parasitology 123: SI 29-SI 41. 

Helluy S and Holmes JC (1990) Serotonin, octopamine, and the clinging 
behavior induced by the parasite Poiymorphus paradoxus 
(Acanthocephala) in Gammarus lacustris (Crustacea). Canadian 
Journal of Zoology 68(6): 1214-1220. 

Hurd H (2001) Host fecundity reduction: A strategy for damage 
limitation. Trends in Parasitology 17(8): 363-368. 


Kuris AM (1974) Trophic interactions: Similarity of parasitic castrators to 
parasitoids. Quarterly Review of Biology 49(2): 129-148. 

Lafferty K (1993) The marine snail, Cerithidea californica, matures at 
smaller sizes where parasitism is high. Oikos 68(1): 3-11. 

Minchella DJ and Loverde PT (1981) A cost of increased early 
reproductive effort in the snail Biomphalaria glabrata. American 
Naturalist 118(6): 876-881. 

Webb TJ and Hurd H (1999) Direct manipulation of insect 
reproduction by agents of parasite origin. Proceedings of the 
Royal Society of London Series B - Biological Sciences 
266(1428): 1537-1541. 




Reproductive Behavior and Parasites: Vertebrates 

H. Richner, University of Bern, Bern, Switzerland 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

The Viewpoint of the Host 

Host-parasite interactions during the reproductive period 
differ from those during other phases of the life cycle for 
several reasons. First, for many hosts, reproduction is one 
of the most demanding activities, and dealing with para¬ 
sites at this time is much harder than it is during more 
relaxed phases of life. Second, many reproductive traits 
are linked to each other by trade-offs involving one or 
several behavioral activities that, under parasite pressure, 
require different optimization processes or strategies in 
order to maximize reproductive success. While most means 
of control of infection by hosts (e.g., parasite avoidance, 
preening, grooming, sun bathing, self-medication, or mater¬ 
nal effects) appear as obvious and often efficient in reducing 
parasite load, their frequency of occurrence will not be 
determined by their beneficial effects alone, but by the 
trade-offs incurred with other essential activities during 
reproduction, or by trade-offs with physiological functions. 
Third, many hosts are less mobile during reproduction, or 
are confined to a nest site, which makes them an easy target 
for parasites that require fixed locations for completing 
their own reproductive cycles. Fourth, newborns are naive 
with respect to parasites and have limited defenses, includ¬ 
ing their relatively immature immune systems. Protecting 
young from the damaging effects of parasites may then 
involve strategies that reduce exposure or alleviate damage 
if exposure occurs. An example of the latter strategy is the 
induction of maternal effects (e.g., immunoglobulins, hor¬ 
mones, antioxidants) that can be transmitted from mother to 
offspring via the egg, milk, or nutrients, and that protect 
young from the damaging effects of parasites. Fifth, para¬ 
sitized young most often show compromised trajectories of 
growth and development that lead to permanent changes in 
phenotype and persist into adulthood. Thus, a control of the 
parasites’ effects by behavior and other means during repro¬ 
duction should be among an individual’s highest priorities. 

The Viewpoint of the Parasite 

Fish, amphibians, reptiles, birds, and mammals are hosts 
to many parasite types of different taxonomic groups. 
These parasites are characterized by radically different 
life styles that pose different constraints for hosts and thus 
evoke different sets of host strategies. Such differences 
may be best understood if we adopt, for a moment, the 
viewpoint of the parasites. Protozoan blood parasites, for 


example, often depend on insect vectors for transmission 
to the next host, and may therefore attempt to manipulate 
hosts in a way that increases transmission to their specific 
vector. Tapeworms, as another example, live permanently 
inside the guts of their host; they produce vast numbers of 
eggs and compete with the host for the energy they both 
require for reproduction. The most successful tapeworms 
may then be the ones that hinder host reproduction. Flukes 
can occur in the blood, the guts, the bile ducts, the lungs, 
and other tissues of birds and mammals, and may therefore 
affect physiological functions that are important for hosts 
during the strenuous time of reproduction; they can thus 
induce strong changes in reproductive behavior and per¬ 
formance of hosts. The most successful parasites may not 
necessarily be the ones that win the competition with hosts 
for reproductive resources, but the ones that can best keep 
the host functioning for their own purpose. 

In contrast, nest-based ectoparasites (e.g., mites, fleas, 
louse flies, blowfly, and botfly larvae) live off nestlings and 
have therefore no interest in reducing host fecundity. The 
parasites’ interests are rather the other way round: more 
nestlings mean more resources for the parasites’ offspring. 
Many ectoparasite species consume blood of nestlings 
and thus require an optimal synchronization of their 
own reproduction and larval growth with the reproduc¬ 
tive phase of their hosts. Since larval growth of ectopar¬ 
asites also depends on environmental temperature, the 
early breeding birds of temperate zones may not be opti¬ 
mal hosts and may constrain parasite reproductive success 
early in the season. In some ectoparasite species, the 
larvae develop underneath the host’s skin and can thereby 
circumvent such constraints. The precise coordination of 
host and parasite reproduction is in most cases a tight 
coevolutionary arms race between hosts and such ecto¬ 
parasites. Other ectoparasites such as ticks may live on 
hosts at any time of the year and their reproductive timing 
will therefore be less constrained. These are some of the 
examples that illustrate the diversity of parasite life styles 
and how they may set the scene for the more or less 
intimate relationships with their hosts. 

Parasitism, Reproductive Traits, and 
Behavior 

Correlations 

A vast number of studies document correlations between 
parasitic infections of vertebrates and reproductive 
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performance and behavior of hosts. Male three-spined 
sticklebacks ( Gasterosteus aculeatus) naturally infected 
with a common cestode parasite, for example, showed 
weaker nuptial colors, lower courtship levels, and nesting 
activity than uninfected males. Pied flycatchers ( Ficedula 
hypoleuca) naturally infected with blood parasites arrived 
later in the season at the breeding ground. Red Grouse 
(.Lagopus lagopus scoticus) infected with round worms in 
their guts laid fewer eggs later in the season than unin¬ 
fected individuals. American Kestrels ( Falco sparverius) 
misplaced their eggs when infected with a nematode that 
lives in muscle tissue. Such correlations between host 
infection and behavioral changes, however, cannot in 
principle demonstrate a causal pathway from parasites to 
host behavior since it could just as well work the other 
way round, where phenotypes with particular traits and 
behaviors are more likely to contract parasitic infections. 
The few exceptions arise when parasites interfere directly 
with host organs required for reproduction, castrate hosts, 
or drastically reduce the levels of essential male hor¬ 
mones. In the white-footed mice ( Peromyscus leucopus), 
the huge larvae of a botfly develop mainly in the groin 
region and thereby often prevent the descent of testicles 
and successful copulation. In male mice (Mus musculus), 
the common trematode (, Schistosomia mansoni) reduces tes¬ 
tosterone to castration levels. Following infection, the 
endogenous opiate system is activated and decreases the 
release of luteinizing hormones, which in turn reduces 
testosterone synthesis. Lowered testosterone levels can 
retard the growth and development of parasites and there¬ 
fore be in the interest of the host, and also be initiated 
by the host. 

These few examples demonstrate two important points 
regarding the cause-effect relationship in host-parasite 
interactions: First, the observed symptoms of infections 
may not be caused by the parasite, but instead may be a 
property of a phenotype that is correlated with a higher 
likelihood to become infected. Second, the observed 
symptoms are not necessarily adaptive for the parasite, 
but may be adaptive host responses to parasite infection. 
Since the cause-effect relationship is not obvious in most 
host-parasite relationships, it is important to discriminate 
between studies that simply draw conclusions from corre¬ 
lations, and studies that use experimental infections of 
randomly chosen host individuals in combination with 
properly designed controls. Furthermore, a careful inter¬ 
pretation of the observable correlations in host-parasite 
interactions with regard to the direct effects of parasites 
versus adaptive host responses is essential. Given the 
difficulty of disentangling parasite effects from effects 
due to the phenotype, nonrandom distributions over 
environments, or other nonrandom effects, the following 
examples are preferentially drawn from experimental 
studies that attempted randomization of infection. 


A Life-History View 

Understanding cause-effect relationships in host-parasite 
interactions also requires a life-history perspective. The 
commonly observed concurrence of reproductive activity 
and parasitic infections, for example, is expected if re¬ 
source allocation to reproduction occurs at the expense of 
resource allocation to parasite defense or immune func¬ 
tion. Such trade-offs will arise in any organism and, essen¬ 
tially, all functions that contribute to fitness can be 
involved in trade-offs. These trade-offs form the core of 
life-history theory. 

For example, latent infections of vertebrate hosts with 
blood parasites are common, but many patent infections 
only arise during stressful periods, such as reproduction. 
What is the exact relationship then between reproductive 
effort and parasitism? The traditional view holds that 
parasitic infections will reduce reproductive effort and 
success, and thus interprets the lowered reproductive 
performance as a consequence of infection. The life- 
history view, in contrast, holds that reproductive effort 
will determine the chance of becoming infected or devel¬ 
oping a patent infection, and thus views infection as the 
consequence of reproductive effort. An experiment by 
Heinz Richner and his students at the Universities of 
Bern and Lausanne on great tits ( Parus major) infected 
by Plasmodium spp. illustrates the point: average preva¬ 
lence of patent infection in reproducing females is around 
20%. Females lay on average eight eggs. Richner and 
students removed the first two eggs in the laying sequence 
in one (experimental) group of breeding females; as a 
result, the experimental females laid one more egg but 
raised one offspring less than the females of the control 
group. The prevalence of infection in the control group 
was 20% but, strikingly, rose to 50% in the experimental 
group. This illustrates that reproductive effort and 
defense against blood parasites form a trade-off. Why, 
then, does an increase of 12.5% in reproductive effort 
lead to more than a doubling of the prevalence of parasit¬ 
ism? Relationships between life-history traits are expected 
to be nonlinear, and therefore an increase of reproductive 
effort at low levels of effort (Figure 1: from x x to x 2 ) will 
have small consequences for the resistance against para¬ 
sites (from y x to j 2 ), whereas an equal increase at high 
levels of reproductive effort (from v 2 to xj) will drastically 
reduce the resistance against parasites (from y 2 to yj). 

Behavioral Strategies for Coping with 
Parasites During Reproduction 

Parasite Avoidance 

The most obvious defense against parasites seems to be to 
avoid infestation in the first place. It implies being choosy 
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Reproductive effort 


Figure 1 Trade-offs between life-history traits are typically 
nonlinear, with the consequence that equal changes in trait X 
lead to disproportionate changes in trait Y. An increase in 
reproductive effort at low levels of reproductive effort, for 
example, leads to a small reduction in resistance against 
parasites, whereas at higher levels of reproductive effort, the 
same increase leads to a more drastic reduction of resistance. 


for mates, for breeding sites, and for places to roost and to 
forage. Gray treefrogs (Hyla versicolor), for example, laid 
fewer eggs in experimental pools containing snail vectors 
infected with a harmful trematode than in control pools 
with uninfected snails. Among great tit (P major) females 
that were offered a choice between a flea-free and a flea- 
infested nestbox, almost 80% chose the flea-free nest site. 
When no such choice was given, 60% of females aban¬ 
doned breeding at later stages. Female Eastern blue birds 
(.Sialia sialis ), given a choice between ectoparasite-infested 
and parasite-free nesting sites, preferred the ones without 
parasites. Cliff swallows ( Petrochelidon pyrrhonota) used 
nesting sites that were lightly infested with cliff swallow 
bugs every year, but only used heavily infested sites every 
second year. 

Since choice among options requires investment of 
time and energy, it becomes clear that parasite avoidance, 
although an intuitively obvious choice, may not always be 
the optimal strategy. While parasite avoidance per se is 
well documented, demonstrations that avoidance is the 
best behavioral response to potential infestation are rare. 
In the great tit example given earlier, the cost of deserting 
an infested brood must be offset by the benefits of breed¬ 
ing elsewhere. 


Behavioral Control After Parasitism 

Behavioral means for reducing the parasite load include 
preening, grooming, using chemical compounds of plants, 


sun or dust bathing, anting, spacing of breeding sites, 
adjustments in social behavior, preening of conspecifics, 
and others. These behaviors, however, are not restricted 
to the period of reproduction and can occur at any time 
of the year. The frequency of occurrence of these beha¬ 
viors throughout the life of an animal may be partly 
determined by parasite load, but probably equally impor¬ 
tant, by time constraints. Time constraints are especially 
relevant during reproduction, when demands for finding 
food, defending a nesting site, and providing a suitable 
environment for the developing offspring are peak prio¬ 
rities that leave little time for behaviors that control 
parental parasite load. In contrast, the control of parasites 
that target offspring may be given much higher priority. 
Birds that use plants with specific antiparasitic chemical 
compounds as nesting material provide a striking exam¬ 
ple. In an experimental study on starlings by Helga Gwin- 
ner, plants had no direct effect on the number of mites in 
bird nests but reduced the load of bacteria. Offspring in 
starling nests with added plant material fledged at higher 
body weights than did offspring in nests with plant mate¬ 
rial removed. Thus, the plants seem to compensate for the 
effect of the mites, which usually do have deleterious 
effects on growing young. Nestling Alpine swifts ( Apus 
melba) can be heavily covered by the blood-sucking louse- 
fly ( Crataerina alba). Nestlings often walk around the 
breeding colony and thereby become adopted by other 
parents. Experimentally infested nestlings sought adop¬ 
tion more often and earlier than noninfested controls, and 
their parasite load became smaller after adoption, due to a 
redistribution of louse flies among the members of the 
foster family. 

An elegant illustration of the efficiency of parasite 
control by preening behaviors is provided by the work of 
Dale Clayton and his students at the University of Utah. 
In an ingenious experiment on rock pigeons ( Columbia 
livia) ridden by feather lice, Dale Clayton prevented 
wild caught pigeons from preening efficiently by placing 
small metal bits between the upper and lower beak. The 
procedure had no effect on the condition or reproductive 
performance of the birds, but the load of two common 
feather-eating louse species increased 2-3 times. Also, 
rock pigeons with slight bill deformities had higher 
louse loads than pigeon without deformities. Interestingly, 
preening with normal bills selected for smaller lice that 
could escape preening, which illustrates the power of the 
coevolutionary process in host-parasite interactions. 

Parasite Control by Maternal Effects 

The discovery that the maternal environment before and 
during ovulation and pregnancy can permanently influ¬ 
ence offspring development and behavior into adulthood 
is among the most important recent advances in 
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understanding host-parasite interactions. Olivia Curno 
and collaborators at the University of Nottingham showed 
that mice housed in proximity to noncontagious conspe- 
cifics infected with the protozoan Babesia microti produced 
offspring that, as adults, showed a faster immune response 
to B. microti and lower aggression in social groups than 
offspring of mice housed close to uninfected mice. Such 
transgenerational effects appear to be common both in 
vertebrates and invertebrates. Birds are very well suited 
for experimental approaches to maternal effects since 
development of offspring occurs in the eggs and thus 
allows experimental separation of the prelaying and post¬ 
hatching maternal influences on offspring. Technically, 
this can be done by first exposing mothers to a given 
parasite during egg formation in order to induce the 
maternal effect. This is then followed by a random cross- 
fostering of these eggs among females that have not been 
exposed. At same time, the females that have been ex¬ 
posed to parasites are given the eggs laid by the previously 
uninfested mothers. During the growth of the young, half 
of the nests are then exposed to the same parasite species 
that has been used to induce the maternal effects. Such a 
strict experimental protocol can show both the effect of an 
induction of a maternal response to a parasite on the 
rearing capacity of a female and the benefit of the mater¬ 
nal response for the development of offspring. Heinz 
Richner and his students at the University of Bern per¬ 
formed a series of such increasingly complex experiments 
in field studies on great tits infected by hen fleas. They 
found the following results: (1) females with a flea- 
induced maternal response have almost double the num¬ 
ber of offspring compared to controls, (2) the maternal 
effect reduces survival times of fleas after they feed on 
nestlings, (3) the maternal effect can be beneficial to 
nestlings even if they are not exposed to parasites them¬ 
selves, and (4) the maternal effect modulates natal dis¬ 
persal of young. Birds whose mother has been exposed to 
fleas disperse shorter distances for breeding than birds 
with unexposed mothers. If infested with fleas, the birds 
with smaller natal dispersal distances are more successful 
breeders. 

The mechanisms that mediate the transgenerational 
effects are varied. It has been shown that parasites can 
induce changes in the level of hormones (androgens or 
corticosteroids), antioxidants (e.g., carotenoids), and immu¬ 
noglobulins deposited in the egg. In the great tit, exposure 
to fleas during egg formation leads to higher immunoglob¬ 
ulin concentrations and lower testosterone levels in eggs. 
A study where testosterone levels were directly manipu¬ 
lated in freshly laid eggs showed that lower testosterone 
levels led to shorter natal dispersal, thereby underlining the 
adaptive significance of the maternal response. 

This type of transgenerational effect has been demon¬ 
strated in other bird species. For instance, Nicola Saino 
from the University of Milano and collaborators showed 


that female barn swallows (Hirundo rusticd) exposed to an 
antigen (Newcastle disease virus vaccine, NDV) transfer 
significant quantities of anti-NDV antibodies to the egg 
yolk. Jennifer Greenstaff at the University of Indiana 
induced a maternal response in three groups of female 
Japanese quail (Coturnix japonica ), one group as a control 
and the other two groups each with a different antigen. 
She demonstrated both elevated concentrations of specific 
antibodies in the offspring and higher growth rates if 
nestlings were immunized with the same antigen as their 
mother, compared to nestlings immunized with a different 
antigen. In general, growth and development are among 
the most important factors that determine the offspring’s 
competitive ability, access to resources and other beha¬ 
viors vital for survival both in the nest and as adults. 

Another yet largely unexplored mechanism is genomic 
imprinting, that is, a change in the pattern of gene expres¬ 
sion in the offspring, determined by the parent of origin, 
without an alteration of the underlying genetic code. 
Genomic imprinting is most commonly due to altered 
gene expression based on an induced change in DNA 
methylation or histone acetylation. The maternal envi¬ 
ronment induces such changes in genes passed on to 
offspring, and there is no reason to believe that parasites 
could not be an important inductor for genomic imprint¬ 
ing of genes. 

Given that parasite-induced maternal effects can be 
highly beneficial in most situations where mother and 
offspring experience similar parasite environments, one 
would expect mothers to specifically seek exposure to 
these parasites before and during the time of egg forma¬ 
tion, and also during pregnancy in species where young 
develop inside females and are essentially provisioned 
by the mother. There are hardly any studies that explore 
the occurrence of such behaviors as a consequence of 
expected parasite exposure and parasite type. 

Some Current Questions 

Despite the rather large number of studies that describe 
relationships between parasitic infections and reproductive 
traits and behaviors of hosts, the number of studies that have 
attempted to understand these interactions under strict 
experimental control is limited. Future studies should aim 
to achieve a proper randomization of parasitic infections 
among phenotypes and habitats in order to understand 
cause-consequence relationships, and perform experiments 
that can discriminate between pure parasite effects and 
adaptive and nonadaptive host responses. There should 
also be more studies that include investigation of longer- 
term trade-offs, such as linkages between the benefits for 
the current brood of behavioral adjustments due to parasit¬ 
ism and the cost of those adjustments for raising future 
broods. 
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Also, in studies of vertebrates there is a very strong 
bias toward birds, which limits our general understand¬ 
ing of host-parasite interactions. Life histories, ecology, 
and physiology of fish, amphibians, reptiles, birds, and 
mammals are in many respects fundamentally different, 
and predict different outcomes of host-parasite interac¬ 
tions and susceptibility to parasites. 

The physiological mechanisms that mediate the effects 
of parasites on host behavior, and vice versa, are in most 
cases not well understood. Substances that are suspected 
to mediate these effects should be manipulated inde¬ 
pendent of parasites in order to assess their fundamental 
role in the mediation process. Recent developments in 
molecular biological techniques could be applied, for 
example, to understand parasite-induced changes in 
gene-expression in hosts, including imprinting of genes. 

See also: Avoidance of Parasites; Ectoparasite Behavior; 
Intermediate Host Behavior; Maternal Effects on Behavior; 


Parasite-Induced Behavioral Change: Mechanisms; Para¬ 
sites and Sexual Selection; Reproductive Behavior and 
Parasites: Invertebrates; Self-Medication: Passive Preven¬ 
tion and Active Treatment. 
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Introduction 

A major goal of evolutionary biology is to understand how 
the characteristics of animal societies emerge from the 
operation of natural selection on the social strategies 
employed by all members of the society. Of extreme 
interest is the possibility that variation in the major char¬ 
acteristics of societies can be understood within a single 
theoretical framework. Reproductive skew theory was 
born out of the desire to develop such a framework, one 
that could unify our understanding of social evolution in 
social insects, cooperatively breeding vertebrates, within 
groups of interacting plants. Skew models extend even 
among cells of a metazoan organism and among genes 
within a single organismal genome. 

Reproductive skew is the unevenness of partitioning of 
reproduction among same sex individuals within social 
groups; in other words, some males or females may repro¬ 
duce more than other males or females. Skew is an obvi¬ 
ous major dimension along which all animal, including 
insect, societies vary. In high-skew societies, such as 
honeybee, yellow-jacket wasp, and many ant and termite 
societies, reproduction is monopolized by one or a few 
group members (i.e., the dominant breeders); in low-skew 
societies, such as communally nesting wasp and bee socie¬ 
ties and some multiqueen ant associations, reproduction is 
shared almost equitably. Marked variation in skew occurs 
not only among species but also often within species, 
depending on ecological factors such as the time of year, 
competitive (e.g., body size) asymmetries among group 
members, and genetic relatednesses among group members. 

Because reproductive skew is such a widely varying 
attribute of animal societies, the goal is a general theory 
that explains variation in skew among different ecological 
and genetic settings, and under distributions of different 
competitive asymmetries among group members. This 
would likely be a good candidate as a unifying theory’ 
for understanding all of social evolution. To achieve this 
goal, skew theorists attempted to predict levels of repro¬ 
ductive skew by using a combination of game theory and 
kin selection theory. They asked what sorts of evolution- 
arily stable reproductive skews would result from games 
in which each of the group members was trying to maxi¬ 
mize its own inclusive fitness. 

In the initial development of skew theory, the connec¬ 
tion between explaining reproductive skew and the prob¬ 
lem of whether groups should form in the first place (and 
to what size these groups should grow) quickly became 


obvious. Consider the decision of an organism to join a 
group versus reproducing alone. The inclusive fitness 
payoff an animal receives for joining a group depends 
partly on how much of the total group reproduction that 
it receives by joining the group. However, this fraction 
depends on evolutionary games among group members 
that determine the reproductive skew. Thus, the problems 
of reproductive skew and group size are inextricably 
linked—one cannot be solved without solving the other. 

More recently, it has become obvious that the problem 
of skew also strongly connects to the problem of how 
selfish and cooperative group members act within stable 
groups. In other words, what level of conflict will be 
observed within stable groups? The payoff for a selfish act 
depends on how much an individual increases its selfish 
share of the group reproduction. In turn, the potential for 
increasing its share depends on the current reproductive 
skew within the social group. How selfishly a group mem¬ 
ber acts in turn modifies its reproductive share and thus, 
affects the reproductive skew. As a result, the level of 
within-group conflict and the reproductive skew inter¬ 
twine such that theory must solve both simultaneously. 

In sum, skew models ultimately attempt to explain not 
only reproductive partitioning within societies but also 
whether groups should form, the evolutionarily stable 
sizes of groups, and degrees of intragroup conflict. These 
models apply, generally, across vertebrates and invertebrate 
species. Skew models unify our knowledge of reproductive 
skew across taxa by building on the twin theoretical pillars 
of kin selection theory and game theory. In addition, skew 
theory unifies our understanding of reproductive sharing, 
group size, and social conflict within taxa (formerly, these 
have been treated as almost separate problems). 

In the next section, we describe the major classes of 
skew models and their major predictions. We then briefly 
discuss recent attempts to synthesize earlier models into a 
more comprehensive theory that accommodates the richly 
varying data on reproductive skew in animal societies, such 
as the social insects. Our discussion of the models roughly 
parallels their chronological development. 

Models of Reproductive Skew 

Transactional Models 

The earliest transactional model of reproductive skew 
was proposed in 1979 by Sandra Vehrencamp and shortly 
thereafter by Stephen Emlen. The theory was later 
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formalized explicitly into a game between dominants and 
subordinates by Reeve and Ratnieks, who also derived 
the conditions under which a group should form in the 
first place. The basic idea of the transactional model was 
simple: dominants always try to monopolize group repro¬ 
duction, but if they are too greedy, the subordinates may 
get insufficient direct reproduction (offspring production) 
and respond by leaving the group to reproduce on their 
own. Thus, there are limits to how selfish a dominant can 
be; how much reproduction dominants must concede to 
(i.e., pay) subordinates is predictable from inclusive fitness 
theory: the lesser the share of reproduction for the sub¬ 
ordinates, the greater their genetic relatedness to the 
dominant, the lesser their share of the reproduction. 
This is because the dominant can more exploit a closely 
related subordinate without making it favorable for the 
subordinate to leave. A subordinate receives greater indi¬ 
rect genetic benefits by helping a more closely related 
dominant, so such a subordinate does not require as large 
a direct reproductive share to gain by staying in the group. 
Also, a subordinate’s reproductive share should decline as 
the success of solitary breeding decreases (since the domi¬ 
nant does not have to pay it as much to make it favorable 
for the subordinate to stay) and as the benefit of forming a 
group increases (because subordinates will accept a smaller 
share of a bigger total group pie). 

Thus, skew, measured as the dominant’s reproductive 
share, is particularly high under conditions of high related¬ 
ness, large group benefit, and harsh ecological constraints 
on solitary breeding. Above certain critical values of these 
variables, theory predicts complete reproductive skew: the 
dominant monopolizes the group reproduction, and the 
subordinate receives no reproductive share at all. Finally, 
the transactional model predicted that groups form under 
the simple condition in which the total reproduction of the 
group exceeds the sum of what the subordinates and the 
dominant would produce alone. 

The transactional model assumes that dominants have 
essentially complete control over the subordinate’s repro¬ 
ductive share. Dominants have the power to ‘push’ a sub¬ 
ordinate’s reproductive share to the point at which it almost 
‘breaks even’ in inclusive fitness when staying is compared 
with leaving the group. Cant and Johnstone pointed out 
that an alternative model (a ‘restraint’ or ‘eviction’ model 
in contrast to the earlier ‘concession’ model) yields com¬ 
pletely opposite predictions if the subordinate maintains 
complete control over reproductive shares. In this case, the 
subordinate increases its reproductive share up to the point 
at which theory favors eviction by the dominant. However, 
the predictions of the concessions and restraint come back 
into alignment if the dominant is defined as the individual 
controlling reproductive shares. 

Another restrictive assumption of the transactional 
model is that the dominant and the subordinate have sym¬ 
metrical genetic relationships with each other’s offspring 


(e.g., as sisters or unrelated individuals). However, euso- 
cial insect societies are, by definition, groups in which the 
dominants are mothers of the subordinates (workers). 
Reeve and Keller expanded the transactional theory to 
the latter situation and found that reproductive skew 
always is higher in mother-daughter associations than in 
sibling associations or among groups of nonrelatives. This 
occurs because the daughter can be as closely related to 
the dominant’s offspring (i.e., siblings) as to her own 
offspring, so she has little genetic incentive to leave an 
association with a monopolizing dominant. In contrast, 
the dominant mother has great genetic interest in mono¬ 
polizing the reproduction. 

Transactional theories of skew were highly attractive; the 
models were simple (mostly algebraic) and had straightfor¬ 
ward predictions. These models had to be tweaked for 
application to Hymenopteran systems (e.g., to cases where 
Hymenopteran relatedness asymmetries lead to split sex 
ratios) but nonetheless were straightforward. The major 
successful prediction was that mother-daughter groups 
should have generally higher skew (where workers are 
viewed as subordinates) than should groups of siblings or 
nonrelatives, as in queen-foundress associations or in com¬ 
munal colonies of wasps and bees. 

Detailed tests of the theory in groups of symmetri¬ 
cally related individuals yielded mixed results, however. 
Bourke and coworkers showed that the theory nicely 
explains variation in skew in small queen associations 
in leptothoracine ant populations that experience vary¬ 
ing ecological constraints on independent founding. The 
theory seems to explain why, in early summer colonies of 
the paper wasp Polistes fuscatus , reproductive skew in early 
season offspring production varies positively with both 
foundress relatedness and comb size (as a surrogate mea¬ 
sure of group productivity). However, in other Polistes 
species such as Polistes dominulus and P. bellicosus , and in 
some stenogastrine wasp species, the skews are typically 
too high to test whether skew varies in correlation with 
other parameters. For example, relatedness does not sig¬ 
nificantly negatively correlate with skew in foundress 
associations in P bellicosus. This finding does not necessar¬ 
ily contradict the transactional model, as some empirical 
researchers have erroneously asserted, because the trans¬ 
actional model predicts no relationship between skew and 
relatedness under some conditions. This happens when 
most or all colonies are essentially above the threshold for 
complete skew, and occurs when relatedness is high, 
group benefits are large, and/or the success for indepen¬ 
dent founding is low. Thus, the theory is at best difficult 
to test in species with typically (uniformly) high skews, 
because the theory predicts no strong relationships 
between skew and relatedness or group output. If most 
colonies within a population are above the complete skew 
threshold, subordinates also are no longer predicted to 
almost break even in inclusive fitness when the benefits of 




56 Reproductive Skew 


staying in the colony are compared with the benefits 
of leaving, so empirical failure to find the latter result is 
not informative. 

Much more problematic for the transactional conces¬ 
sions model have been findings that reproductive skew in 
foundress associations can be highly variable and do still 
do not correlate positively with relatedness; this condition 
has been found in an allodapine bee species. Such data have 
turned attention to a completely different game-theoretic 
model of reproductive skew, the tug-of-war model. 

Tug-of-War Models 

Transactional models make the biologically unrealistic 
assumption that dominants have complete control over 
the reproductive shares of subordinates. In real animal 
societies, the relative power of subordinates and domi¬ 
nants varies along a continuum, and any animal may be 
faced with the decision of how much energy to expend in 
selfishly increasing its share of the reproduction to coun¬ 
teract the selfish efforts of its partner(s). In the tug-of-war 
game theory model, the reproductive skew depends on 
the ratio between these selfish efforts. This model assumes 
that dominants are more efficient in converting selfish 
effort to an increased reproductive share. Each party in 
the conflict faces a trade-off: the more energy expended 
on selfish effort, the greater the reduction in the total 
group output because less energy remains available for 
cooperative care of the young. 

The tug-of-war model is solved by modeling the self¬ 
ish efforts of dominants and subordinates so that the 
inclusive fitness of each is maximized. The resulting 
model usually makes quite different predictions from 
those of the transactional models. For example, the domi¬ 
nant’s share of the skew can decrease with increasing 
genetic relatedness or not be affected by relatedness at 
all (e.g., increased relatedness can decrease both dominant 
and subordinate selfish efforts, with no net effect on skew). 
Skew also increases with greater relative competitive effi¬ 
ciency of the dominant. In the tug-of-war model, ecologi¬ 
cal factors such as constraints on solitary breeding do not 
affect the reproductive skew, as skew depends only on the 
relatedness and competitive asymmetries among group 
members. Like the transactional model, the tug-of-war 
model predicts that reproductive skew should be higher 
in mother-daughter associations than in sibling associa¬ 
tions or associations of nonrelatives - in the former, sub¬ 
ordinate selfish efforts against the dominant queen 
collapse to zero since siblings can be as genetically valu¬ 
able as offspring. Thus, both transactional and tug-of-war 
models can account for the general observation that skews 
are typically higher when mothers are dominants. This 
explains the very existence of eusocial insect societies. 

The tug-of-war predictions also accord remarkably 
well with data on reproductive skew for noneusocial 


insect groups, such as foundress associations of the allo¬ 
dapine bee, Exoneura nigrescens. Phillipp Langer and 
Laurent Keller showed that skew in the small foundress 
associations of this species does not increase with relat¬ 
edness and is independent of availability of nesting sub¬ 
strate and floral resources. Moreover, they found that 
group output increased with foundress relatedness, as 
predicted by the tug-of-war model. 

In general, data that support both transactional models 
and tug-of-war models and their variants exist, but some 
recent data do not clearly fit either kind of model. This 
observation led researchers to wonder whether transac¬ 
tional and tug-of-war models are nonexhaustive special 
cases of a more general, synthetic model. Recently, inves¬ 
tigators have proposed a number of such syntheses. 

Synthetic Models 

A number of theoretical researchers, most notably Pete 
Buston, Michael Cant, Rufus Johnstone, Kern Reeve, 
Sheng-Feng Shen, and Andy Zink, have set about the 
task of finding a synthetic model that unifies transactional 
and tug-of-war approaches to reproductive skew. Reeve 
and Shen proposed that both models could be combined 
by assuming that the dominant and the subordinate may 
engage in a limited tug-of-war. In this case, they give each 
other incentives to stay in the group, but a tug-of-war 
occurs over the fraction of group reproduction not involv¬ 
ing the incentives. Thus, the tug-of-war is ‘bordered’ - if a 
party behaves too selfishly, the other party leaves (for 
example). This approach yields new submodels of skew 
in addition to accommodating the original tug-of-war and 
transactional models. For example, when ecological con¬ 
straints on solitary founding are harsh for both dominants 
and subordinates, a pure tug-of-war erupts with no 
exchange of incentives, because the prospects for inde¬ 
pendent reproduction are so bad that neither party has to 
pay the other to keep it in the group. 

Under another set of conditions, the dominant has to 
pay the subordinate but not vice versa, leading to the 
transactional concessions model. Another submodel with 
entirely new predictions assumes that the dominant and 
the subordinate have to pay each other. A particularly 
appealing feature of this model is that it explicitly shows 
how ecological factors affect within-group conflict: in par¬ 
ticular, conflict (the intensity of the tug-of-war) decreases 
attractiveness of leaving options for group members, 
because under these conditions, the tug-of-war is less 
limited by the exchange of incentives. Counterintuitively 
then, greater internal conflict occurs within groups that 
are more stable! 

It should be noted that the bordered tug-of-war 
model has been criticized by some as being evolution- 
arily unstable. The claim is that each party would always 
do better to reduce the incentive paid to the other party 




Reproductive Skew 57 


until a pure tug-of-war emerges. This argument ignores 
the central point of the transactional component of the 
model; if the incentive that one party gives to another is 
too low, the latter party will leave the group or other 
otherwise retaliate. 

Along the same lines, Cant and Johnstone proposed 
that selfish efforts in the tug-of-war can be limited by the 
leaving options of the parties even if there is no exchange 
of incentives at all. That is, when one party is threatening 
to leave, the other party need not directly pay it directly 
to keep it in the group, but may merely decrease its selfish 
effort in a pure tug-of-war. Despite the omission of incen¬ 
tive exchange in their model, it behaves remarkably like 
the Shen and Reeve model because a kind of transaction 
still occurs: be less nasty when the partner is about to 
leave the group. 

Within-group conflict remains stably present in both 
the synthetic models, but Buston and Zink have achieved 
a synthetic model in which internal conflict is ameliorated 
due to a negotiation process - no tug-of-war is present at 
the end of the negotiation. The three synthetic models make 
both overlapping and distinctive predictions, which are 
still being sorted out, but already it appears that they are 
rich enough to accommodate the widely varying results of 
reproductive skew studies in social insects. 

The synthetic models make new predictions about the 
relationships among reproductive skew, within-group con¬ 
flict, and the ecologically influenced ‘outside options’ of 
group members. These are the reproductive options that 
each group member has other than cooperating within the 
group (e.g., leaving the group or fighting to the death for 
complete control of its resources). Studying how these 
noncooperative options affect within-group conflict and 
skew remains crucial to testing the synthetic models. 

There are surprisingly few experimental studies that 
manipulate the payoffs for noncooperative options (e.g., 
ecological constraints on solitary reproduction) to test 
their effect on reproductive skew and within-group con¬ 
flict. The only three such animal experimental studies 
have generated mixed results. In studies of the Australian 
allodapine bee ( Exoneura nigrescens) and Lake Tanganyika 
cichlid fish (Neolamprologuspulcher), there is no relationship 
between ecological constraints and skew, a result consis¬ 
tent with the pure tug-of-war model. On the other hand, 
Elizabeth Tibbetts and Kern Reeve found an effect of 
manipulating outside options on intragroup aggression 
in polistine wasps. Ecological constraints on independent 
nesting were experimentally reduced in the paper wasp 
Polistes dominulus by placing an adoptable, empty nest 
comb near nests occupied by a dominant and a subordi¬ 
nate foundress. Within-group conflict was significantly 
decreased after the empty comb was presented; this pro¬ 
vides a support for the notion that higher payoffs for 
leaving the group should reduce the intensity of the tug- 
of-war among group members. 


A second way to test the synthetic skew models in social 
insects is to compare ecological situations of societies in 
which pure (and intense) tug-of-wars occur with those in 
which there appear to be reproductive transactions in the 
form of exchanged incentives or reduced aggression. Pure 
tug-of-wars are predicted to occur under circumstances of 
harsh ecological constraints favoring group living, such as 
when animals gain large benefits of group living or experi¬ 
ence strong constraints on solitary founding. As mentioned 
previously, skew in the allodapine bee Exoneura nigrescens 
appears to best fit a pure tug-of-war model, whereas skew 
in early season Polistes fuscatus models best fits a transac¬ 
tional concessions model. It is interesting that this alloda¬ 
pine bee lives under strong ecological constraints: group 
productivity is very high in rich floral habitat (3.4-5.3 times 
higher than for solitary individuals), whereas this ratio is 
closer to 2-3 for the early founding phase of Polistes fus catus. 
Thus, the synthetic models appear capable of explaining 
why two different skew submodels apply to social groups 
in these two different ecological situations. 

Future of Skew Theory and Its Tests 

A great amount of theoretical work has focused on skew 
theory, as is appropriate given the importance of unifying 
our knowledge of the major features of social systems, 
such as how group size, reproductive skew, and within- 
group conflict relate to ecological and genetic variables 
across all social taxa. 

Unfortunately, some investigators have taken the mul¬ 
tiplicity of skew models and the ability of a given skew 
model to predict a wide variety of skew outcomes depend¬ 
ing on circumstances as signs of weakness. This has 
induced the feeling that skew models are somehow 
‘untestable.’ However, this reasoning is exactly backward. 
One does not reject Newtonian gravitational theory 
because it predicts that wildly different patterns of motion 
will occur in different circumstances. Rather, one tests 
it by comparing particle trajectories predicted for spe¬ 
cific circumstances to the actual particle trajectories for 
those circumstances. Likewise, skew models predict how 
group stability, skew, and within-group conflict should 
arise under specific circumstances. These models should 
be tested by comparing theoretical skews and conflict 
levels with observed skews and conflict levels within 
social groups in a particular set of ecological and genetic 
circumstances. If there is not a good match, the model is 
rejected. Thus, skew models are much more falsifiable 
than loose verbal models, not less so. In addition, having 
more alternative theories allows a more rapid approach to 
an accurately predictive theory. 

Skew models have already made significant headway 
into providing an understanding of reproductive partition¬ 
ing in insect societies, but empirical tests of these models, 
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particularly the synthetic models, are still lagging. Partic¬ 
ularly important will be determining whether variation 
in the outside options of group members modulates 
reproductive skew and intragroup conflict as predicted 
by skew theory. 

See also: Colony Founding in Social Insects; 
Queen-Queen Conflict in Eusocial Insect Colonies; 
Reproductive Skew, Cooperative Breeding, and 
Eusociality in Vertebrates: Hormones. 
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Introduction 

Reproductive skew refers to the degree of asymmetry in 
the distribution of direct reproductive success among 
individuals within a social group. In high-skew societies, 
direct reproduction is monopolized within one or both 
sexes by one or a small subset of behaviorally dominant 
individual(s), whereas low-skew societies are characterized 
by a more equitable distribution of reproduction among 
all adult group members. Numerous theoretical models 
have been developed to explain the evolution and main¬ 
tenance of reproductive skew. Simultaneously, consider¬ 
able work has been devoted to determine the behavioral 
and hormonal mechanisms generating asymmetric repro¬ 
ductive success in high-skew societies. 

High-skew societies are exemplified by cooperative 
breeding systems, including their most extreme manifes¬ 
tation, eusociality. Strictly speaking, cooperative breeding 
refers to any breeding system in which some individuals 
provide alloparental care for the offspring of other animals. 
These so-called helpers or alloparents may be male or 
female, related or unrelated to the breeding pair, and adult 
or immature. Among singular cooperative breeders - that is, 
species in which reproduction is limited to one female 
within each social group - helpers are often reproductively 
inactive, adult or subadult offspring of the breeding pair. 
Thus, additional common characteristics of singular cooper¬ 
ative breeding systems are delayed dispersal from the 
natal group and delayed or suppressed reproduction in 
helpers. Eusociality is a form of cooperative breeding 
characterized by extremely high reproductive skew and, 
according to some definitions, occurrence of irreversibly 
distinct behavioral castes. Cooperative breeding has been 
identified in a broad diversity of taxa, including insects, 
arachnids, crustaceans, fish, birds, and mammals, whereas 
eusociality has traditionally been considered to occur only 
among insects, especially some species of hympenoptera, 
isoptera, hemiptera, and thysanoptera. More recently, 
however, several species of sponge-dwelling shrimps 
( Synalpheus ) and two mammalian species, the naked 
mole-rat (Heterocephalus glaber ) and the Damaraland mole- 
rat (Cryptomys damarensis), have also been characterized 
as eusocial. 

The mechanisms underlying both the suppression of 
reproduction and the performance of parental-like behavior 
by nonbreeding alloparents have generated considerable 


interest among behavioral endocrinologists and behavioral 
ecologists. Here, I focus on the hormonal aspects of these 
two hallmarks of high-skew vertebrate societies. 

Hormonal Mechanisms of Reproductive 
Inhibition in Eusocial/Cooperative 
Breeding Systems 

Failure of adult individuals to breed can be mediated by 
inhibition of reproductive behavior, suppression of repro¬ 
ductive physiology, or a combination of the two. Behavioral 
mechanisms may involve inbreeding avoidance in animals 
living with their natal families or interference in mating 
behavior. Physiological suppression typically involves 
dysfunction of the hypothalamic-pituitary-gonadal endocrine 
axis and may be manifest in impairments in gonadal 
endocrine function, gametogenesis, and pregnancy main¬ 
tenance. Both behavioral and physiological mechanisms 
of reproductive failure can be conceptualized as being 
either imposed on subordinate individuals (i.e., helpers) 
by dominants, to the benefit of the dominant but at a cost 
to the subordinate, or self-imposed by subordinates as an 
adaptive response to specific organismal, social, or envi¬ 
ronmental cues. 

The proximate mechanisms underlying reproductive 
inhibition have been investigated in numerous coopera¬ 
tively breeding birds and mammals, and at least one 
cooperatively breeding fish. Most of these studies have 
compared activity of the hypothalamic-pituitary-gonadal 
axis between breeders and nonbreeders to discern 
whether or not nonbreeders are physiologically capable 
of reproducing. Briefly, in breeding adults, the hypothala¬ 
mus secretes gonadotropin-releasing hormone (GnRH), 
which stimulates the anterior pituitary to secrete luteiniz¬ 
ing hormone (LH) and follicle-stimulating hormone 
(FSH). These two gonadotropins, in turn, exert stimula¬ 
tory effects on the gonads, promoting both gametogenesis 
and production of gonadal steroids (primarily testoster¬ 
one in males, estradiol and progesterone in females) and 
peptide hormones (e.g., inhibin). Gonadal hormones feed 
back to the brain and pituitary to regulate secretion of 
GnRH, FH, and FSH. Reproductive impairments in sub¬ 
ordinates can be caused, potentially, by dysfunction at the 
level of the gonads, pituitary, hypothalamus, or higher 
brain structures. 
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Reproductive Suppression in Male Cooperative 
Breeders 

Studies of cooperatively breeding birds provide mixed 
evidence for suppression of the hypothalamic-pituitary- 
testicular axis. In some species (e.g., red-cockaded wood¬ 
pecker, Picoides borealis-, Harris’s hawk, Parabuteo unicinctus ), 
circulating concentrations of testosterone or total andro¬ 
gens do not differ between male breeders and adult male 
helpers. In others (e.g., bell miner, Manorina melanophrys ; 
superb fairy-wren, Malurus cyaneus), helpers have consis¬ 
tently lower levels of testosterone than breeders, and in 
still others (e.g., pied kingfisher, Ceryle rudis), testosterone 
levels are low in male helpers that are sons of one or both 
breeders (i.e., primary helpers), but not in male helpers 
that are unrelated to the breeding pair (i.e., secondary 
helpers). Even in species in which male helpers have low 
testosterone levels compared to breeders, testosterone 
levels may undergo seasonal changes comparable to 
those in breeding males, and LH concentrations in help¬ 
ers may not be reduced, suggesting that the hypothalamic 
and pituitary components of the gonadal axis are not 
impaired. Moreover, low testosterone levels in these help¬ 
ers are not necessarily associated with impaired sperm 
production or infertility. 

Cooperatively breeding male mammals show little 
evidence of suppressed reproductive physiology. Circu¬ 
lating or excreted testosterone concentrations do not dif¬ 
fer reliably between breeders and nonbreeders in a number 
of cooperative rodents (e.g., Damaraland mole-rat; Mon¬ 
golian gerbil, Meriones unguiculatus), carnivores (e.g., dwarf 
mongoose, Helogale parvula ; gray wolf, Canis lupus), and 
primates (e.g., common marmoset, Callithrix jacchus-, cotton- 
top tamarin, Saguinus oedipus). Thus, reproductive inhibition 
in most cooperatively breeding male mammals appears to 
be mediated exclusively by behavioral inhibition. One 
noteworthy exception is the eusocial naked mole-rat, in 
which nonbreeding males show significant reductions in 
plasma LH levels, urinary testosterone levels, sperm 
counts, and sperm motility as compared to breeders. 

Reproductive Suppression in Female 
Cooperative Breeders 

Relatively little is known about the mechanisms of female 
reproductive inhibition in avian cooperative breeders, 
perhaps because many cooperatively breeding birds have 
only male helpers. In the few studies that have been 
performed on avian female helpers, no clear pattern has 
emerged. Female helpers have been found to have low 
circulating LH and estradiol concentrations as compared 
to breeding females (Harris’s hawk); smaller ovarian fol¬ 
licles and, in helpers unrelated to the breeding pair but 
not in related helpers, lower LH levels than breeders 


(white-browed sparrow-weaver, Plocepasser mahali)-, or 
smaller follicles and, in some years, lower estradiol levels 
than breeders, but no differences in baseline or GnRH- 
stimulated LH levels (Florida scrub jay, Apbelocoma 
coerulescens). 

Female mammals have much higher costs of reproduc¬ 
tion than males, mainly as a result of lactation, and are 
much less able to breed surreptitiously. Consequently, it 
might be predicted that subordinate females in coopera¬ 
tive mammalian societies would be under stricter physio¬ 
logical suppression of reproduction than subordinate 
males. Data from numerous species support this predic¬ 
tion. In many species (e.g., common marmoset, cotton-top 
tamarin, naked mole-rat, Damaraland mole-rat), many, if 
not all, female helpers fail to ovulate and have impaired 
ovarian steroidogenesis, as a consequence of diminished 
gonadotropic stimulation of the ovaries. In others (e.g., 
African wild dog, Lycaon pictus ; meerkat, Suricata suricatta-, 
dwarf mongoose), helpers might undergo ovulatory 
cycles, but have lower circulating or excreted estrogen 
levels than breeders. 

Social Determinants of Reproductive 
Suppression in Cooperative Breeders 

Unlike the eusocial insects, cooperatively breeding verte¬ 
brates do not undergo irreversible differentiation into 
permanent reproductive morphs. Instead, reproductive 
inactivity in helpers, whether behaviorally or physiologi¬ 
cally mediated, is typically dependent on age and social 
context. The specific social determinants of reproductive 
failure in nonbreeding helpers are generally not known. 
In offspring of the breeding pair, lack of sexual stimulation 
from an unrelated, opposite-sex adult can potentially delay 
reproductive maturation in young animals or diminish 
hypothalamic-pituitary-gonadal function in mature adults, 
as well as inhibiting sexual behavior. Alternatively or 
additionally, reproductive physiology may be suppressed 
in response to agonistic interactions with dominant indi¬ 
viduals, most likely the same-sex breeder, or in response 
to specific sensory cues, such as chemical signals from a 
dominant animal. Studies designed to tease apart the 
relative roles of inbreeding avoidance and rank-related 
reproductive suppression indicate that the relative impor¬ 
tance of these two factors may vary among species and 
perhaps between the sexes within species. 

Reproductive Suppression and Stress in 
Cooperative Breeders 

Social subordination is often assumed to be inherently 
stressful, and stress-related physiological changes, such 
as increased secretion of the endogenous opioids (e.g., 
(3-endorphin) from the pituitary, catecholamines (epinephrine 
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and norepinephrine) from the sympatho-adrenomedullary 
system, and glucocorticoids (cortisol and corticosterone) 
from the adrenal cortex, can inhibit activity of the 
hypothalamic-pituitary-gonadal axis. Consequently, con¬ 
siderable interest has focused on the question of whether 
reproductive suppression in subordinate cooperative breeders 
is stress-induced. Many studies have examined potential 
differences in activity of the hypothalamic-pituitary-adrenal 
(HPA) endocrine axis - especially circulating or excreted 
glucocorticoid concentrations - between breeders and 
nonbreeders. Activation of the HPA axis involves secretion 
of the neuropeptide corticotropin-releasing hormone (CRH, 
also referred to as corticotropin-releasing factor, CRF) 
from the paraventricular nucleus of the hypothalamus 
into the hypothalamo-hypophyseal portal vasculature. 
At the anterior pituitary, CRH stimulates the secretion 
of adrenocorticotropic hormone (ACTH) from cortico- 
trope cells. ACTH in turn stimulates the zona fasciculata 
of the adrenal cortex to secrete glucocorticoid hormones, 
which elicit a broad range of effects in the brain and body. 

Most studies of cooperatively breeding and eusocial 
vertebrates have found either no differences in circulating 
or excreted glucocorticoid levels in association with breeding 
status (e.g., male and female white-browed sparrow- 
weaver; male and female gray wolf), or elevated levels in 
breeders as compared to nonbreeders (e.g., female com¬ 
mon marmoset; male and female African wild dog; male 
daffodil cichlid, Neolamprologus pulcher). Thus, reproduc¬ 
tive inhibition in these subordinates is not thought to 
result from generalized stress and may instead be mediated 
by more specialized neuroendocrine mechanisms. The 
final common pathway for many of these mechanisms 
may be alterations in hypothalamic secretion of GnRH, 
leading to suppressed release of gonadotropins from the 
pituitary and, consequently, to impaired gametogenic, 
endocrine, and/or ovulatory function in the gonads. Several 
exceptions to this pattern have been reported, however, 
including male and female naked mole-rats and female 
meerkats, in which reproductive inhibition in helpers is 
associated with elevated glucocorticoid levels. Even in 
these species, though, stress and glucocorticoids have 
not been shown experimentally to play a causal role in 
reproductive inhibition. 

Hormonal Mechanisms of Reproductive 
Skew in Noncooperative Breeding 
Systems 

Although reproductive skew is most pronounced in coop¬ 
eratively breeding and eusocial species, moderate asym¬ 
metries in the distribution of direct reproduction within 
social groups may occur in other types of vertebrate 
breeding systems. Are the mechanisms that bias reproductive 


outcomes in these lower-skew societies quantitatively or 
qualitatively different from those that more strictly limit 
reproductive success to a small number of individuals in 
high-skew societies? 

Reproductive Suppression in Male 
Noncooperative Breeders 

Both reproductive success and circulating testosterone 
concentrations may differ markedly among males in non- 
cooperative societies, such as multimale groups or lek- 
polygyny mating systems. Nonetheless, studies examining 
the relationship between reproductive success and testos¬ 
terone levels have not yielded a consistent pattern. Several 
explanations have been proposed. First, circulating testos¬ 
terone levels within the normal range do not necessarily 
show a linear relationship with measures of spermatogenesis 
or sexual behavior, and virtually all adult (and subadult) 
males in these species are likely to have breeding-season 
testosterone levels high enough to support both physio¬ 
logical and behavioral components of reproduction. On 
the other hand, testosterone levels may correlate with, and 
may be strongly influenced by, success in intermale ago¬ 
nistic encounters, such as dominance-related and territo¬ 
rial interactions (i.e., the Challenge Hypothesis), which 
may or may not correlate with reproductive success. Fur¬ 
thermore, experimental studies have shown that while 
elevated testosterone levels may enhance some aspects 
of reproductive behavior, such as courtship and territorial 
defense, they may inhibit others, such as feeding of nest¬ 
lings by avian fathers. 

The lack of correspondence between testosterone 
levels and reproductive success suggests that in many 
species, male reproductive skew is mediated primarily or 
entirely by behavioral, rather than physiological means. 
Some exceptions exist, however, in which low-ranking 
males exhibit such physiological impairments - likely 
mediated by the hypothalamic-pituitary-testicular axis - 
as reduced sperm number, sperm motility, or semen volume 
(e.g., sheep, Ovis arieg house mouse, Mus musculus), delayed 
puberty (e.g., savannah baboon, Papio cynocephalug sheep), 
or inhibited development of secondary sexual character¬ 
istics (e.g., orangutan, Pongo pygmaeug European minnow, 
Phoxinus phoxinus) can presumably reduce lifetime repro¬ 
ductive success. 

Reproductive Suppression in Female 
Noncooperative Breeders 

Noncooperative female vertebrates rarely exhibit the 
complete, socially-induced suppression of ovulatory activity 
found in some cooperative/eusocial species. Instead, 
reproductive skew among females in these societies may 
be mediated by mechanisms, often stress-induced, that delay 
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puberty (e.g., house mouse), inhibit sexual behavior (e.g., 
rhesus macaque, Macaca mulatto), delay conception (e.g., 
savannah baboon), block implantation (e.g., white-footed 
mouse, Peromyscus leocopus ), induce spontaneous abortion 
or prenatal litter reduction (e.g., golden hamster, Mesocricetus 
auratus), or impair maternal care (e.g., ringtailed lemur, 
Lemur catta) in subordinate females. Such mechanisms can 
be activated by a variety of stressors such as agonistic 
interactions among females or reduced access to food or 
other resources. 

Hormonal Mechanisms of Alloparental 
Care 

A second aspect of cooperative breeding/eusociality of 
interest to behavioral endocrinologists, in addition to the 
mechanisms of reproductive curtailment in nonbreeding 
helpers, is the proximate control of alloparental behavior. 
Parental behavior in breeding individuals is activated by 
specific hormones (especially estrogen, progesterone, pro¬ 
lactin, and oxytocin) acting upon the brain while, in some 
cases, acting simultaneously upon peripheral structures 
(e.g., mammary glands, crop sac). In birds, the onset of 
parental behavior toward hatchlings is facilitated by the 
hormonal sequelae of incubation, whereas in mammals, 
the endocrine events stimulating the onset of maternal 
behavior are intimately linked to pregnancy, parturition, 
and lactation, processes that do not occur in nonbreeding 
helpers. Because cooperative breeding systems are charac¬ 
terized by nonbreeding individuals engaging in parental-like 
behavior, the question arises as to whether this alloparental 
behavior, like parental behavior, is activated by specific 
hormonal events. The identification of hormonal mechan¬ 
isms regulating alloparenting, especially in birds, has also 
been considered crucial in determining whether allopar¬ 
ental behavior is evolutionarily distinct from parental 
behavior and results directly from natural selection, or 
whether it simply reflects a stereotyped response to cues 
from nestlings, which evolved in the context of parents 
provisioning their own offspring and which may not be 
dependent on hormonal priming. Thus, understanding the 
hormonal influences on alloparenting, if any, may elucidate 
both the proximate and ultimate causes of cooperative 
breeding. 


Most studies of the endocrine correlates of alloparental 
behavior have focused on prolactin, a peptide released 
both within the brain and by the anterior pituitary into 
the general circulation. Prolactin has been demonstrated 
conclusively to play a key role in the onset of parental 
behavior in mammalian mothers and in avian mothers and 
fathers, and has been associated correlationally with 


paternal behavior in mammalian fathers in biparental 
species. Similarly, correlational evidence supports the 
hypothesis that prolactin promotes alloparental behavior 
in several cooperatively breeding birds and mammals: 
both inter- and intraspecific studies have found positive 
associations between alloparental behavior and prolactin 
concentrations in male and female helpers. In meerkats, 
for example, adult males have significantly higher circu¬ 
lating prolactin concentrations prior to a bout of‘babysit¬ 
ting’ than prior to a bout of foraging, suggesting that 
prolactin might influence individual helpers’ decisions 
to provide alloparental care. In Florida scrub jays and 
Harris’s hawks, plasma prolactin levels in both breeders 
and nonbreeders rise during the incubation stage and 
correlate with individual differences in helping behavior. 
Prolactin secretion can be stimulated by incubation, how¬ 
ever, or by contact with or exposure to nestlings/infants, 
and very few experimental studies have been conducted to 
determine whether prolactin plays a causal role in allopar¬ 
enting. Thus, while prolactin remains the most obvious 
candidate for an ‘alloparental hormone,’ its role in the 
expression of alloparental care, if any, is not yet clear. 

Testosterone 

High circulating levels of testosterone have been shown to 
influence - usually, to inhibit - paternal behavior in a 
number of birds and mammals. Therefore, several studies 
of cooperative breeders have focused on testosterone 
in helpers as a possible determinant of alloparental care. 
No clear pattern has emerged in the relationship between 
individual alloparents’ current testosterone levels and 
helping behavior. In male azure-winged magpies ( Cyanopica 
cyana ), endogenous circulating testosterone concentrations 
do not correlate with helping behavior, but treatment of 
male helpers with exogenous testosterone elevates their 
rates of feeding nestlings. In contrast, low endogenous 
testosterone levels in male Mongolian gerbils are associated 
with high alloparental responsiveness. More importantly, 
perhaps, exposure to androgens or other steroid hormones 
during the perinatal period is likely to permanently alter 
the propensity to provide alloparental care by exerting 
organizational effects on the central nervous system, 
especially in species that exhibit sex differences in allo¬ 
parental behavior. 

Pregnancy 

In several cooperatively breeding mammals (e.g., common 
marmoset, meerkat, Mongolian gerbil), both dominant 
and subordinate females may commonly become infanti- 
cidal during pregnancy, presumably as a manifestation of 
female-female reproductive competition. The mechan¬ 
isms underlying this pattern are not known but are likely 
to involve pregnancy-related hormonal changes. 
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Glucocorticoids 

Few studies have addressed a possible relationship between 
glucocorticoid hormones and alloparental behavior. In 
meerkats, however, correlational evidence suggests that 
high glucocorticoid levels may increase pup-feeding 
rates by male helpers. 

Future Directions 

Clearly, much remains to be learned about the endocri¬ 
nology of reproductive skew, cooperative breeding, and 
eusociality in vertebrates. While hormones undeniably 
play a role in limiting reproduction in at least some male 
and female cooperative breeders, the endocrine/neuroen¬ 
docrine mechanisms underlying such effects, as well as 
the social or sensory cues activating these mechanisms, 
remain almost entirely unknown. Moreover, although rank- 
related differences in glucocorticoid concentrations have 
been reported in many cooperatively breeding vertebrates - 
often with dominant, breeding individuals exhibiting 
higher glucocorticoid levels than subordinate nonbreeders - 
nothing is known about the functional significance of these 
differences. Finally, our understanding of hormonal influences 
on alloparental care is rudimentary. Focused, experimental 
studies, ideally involving hormone manipulations, are 
needed to further elucidate the role of the endocrine 
system in determining reproductive and behavioral pro¬ 
files of vertebrates living in high-skew societies. 
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What Is Reproductive Success? 

Reproductive success (RS) of individuals in a population, 
meaning the production of independent offspring, is a 
crucial component of fitness, if it is correlated with actual 
recruitment of those offspring to the breeding population. 
This is a reasonable assumption in most cases in which 
there is no trade-off between the number and quality of 
independent offspring. If this assumption is not met, RS 
must be adjusted by offspring quality estimated as condi¬ 
tion, immunocompetence, or any trait that predicts juve¬ 
nile survival. Alternatively, RS has to be measured in 
numbers of recruits, not independent offspring — a much 
more arduous task. RS can be estimated per breeding 
attempt, per breeding season, per year, or per lifetime 
(LRS). LRS may approximate Darwinian fitness of a cer¬ 
tain genotype (r or the intrinsic rate of increase in the 
population), meaning the bequeathal of genetic propen¬ 
sities to future generations. However, RS per year or 
season may not be an adequate measure of realized fitness 
if it is not or is negatively associated with breeding life¬ 
span. Thus, it has been repeatedly shown that a long life 
does not always guarantee high lifetime fecundity; exam¬ 
ples of this are reviewed in Clutton-Brock’s 1988 book. 
However, LRS approximates realized fitness only in con¬ 
stant populations. Otherwise, RS at different ages has to 
be adjusted by the rate of change in populations. Thus, in 
an expanding population, RS at early ages will be more 
valuable than at late ages, and the opposite will be true in 
a declining population. In populations with conservation 
problems, selection will therefore act faster on improve¬ 
ments in old-age reproduction than in early reproduction 
if population age structure remains the same. However, 
threats to populations frequently result in changes in age 
structure. 

LRS Is Not the Same as Fitness 

The principal interest in measuring LRS by ecologists is that 
it might approximate fitness, and thus help us understand 
the patterns of selection in nature. However, individual LRS 
values do not necessarily reflect accurately the adaptive 
potential of a certain genotype because measured estimates 
include the effects of chance and environmental circum¬ 
stances having no relationship with that genotype. Thus, the 
quality of a territory may be related to genotype but not 
climatic factors during development. In evolutionary terms, 


fitness should refer to the adaptive qualities of a certain 
design. Darwinian fitness is reflected in the number of 
descendants a given genotype can on average expect to 
produce rather than in actual LRS values, and is therefore 
an abstraction. Another problem with deriving evolutionary 
consequences from LRS values is that if LRS reflects Dar¬ 
winian fitness accurately, it should in fact demonstrate a very 
low heritability (because selection reduces variation in fit¬ 
ness within populations). This has been shown to be true in 
several cases by Merila and Sheldon. Thus, we expect varia¬ 
tion in LRS in natural populations to reflect primarily 
environmental variation unrelated to genotype. However, 
it is a prediction of evolutionary theory that any evolution¬ 
ary change in a trait must be sustained by differences in r 
during several generations, and hence in realized LRS if 
populations are stable. Detecting evolution in action by 
associating changes in traits with differential LRS of indivi¬ 
duals is an objective seldom met due to technical problems 
and to the long time spans frequently involved in such 
changes. Also, as proposed by Grafen, LRS is not adequate 
to explore the adaptive properties of specific traits as indi¬ 
viduals with different LRS values may differ in many 
aspects. Accordingly, researchers on adaptive design need 
to perform experimental manipulations of the trait of 
interest. 

How Is LRS Measured? 

To estimate changes in RS with age, two approaches are 
practicable. In longitudinal studies, individuals are fol¬ 
lowed throughout their lives, from birth to natural death. 
In cross-sectional studies, samples of different individuals 
with certain ages are compared. Longitudinal studies are 
much preferable to cross-sectional ones as they give us a 
picture of LRS of individuals, unaffected by events hap¬ 
pening in a specific year or season. Also, longitudinal 
studies avoid the pitfall of including a biassed sample of 
individuals due to the removal of individuals through 
selection before they reach a certain age. Finally, follow¬ 
ing individuals throughout their lives may reveal the traits 
underlying marked differences in LRS. Longitudinal 
studies are not always possible due to problems of indi¬ 
vidual identification or to the longevity of the studied 
organisms in relation to research funding. However, sev¬ 
eral studies of vertebrates and a few of invertebrates have 
attempted to estimate LRS in natural populations by 
following individuals throughout their lives. 
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RS and Life Histories 

RS varies during the lifetime according to age-dependent 
reproductive effort. Age-related changes in reproductive 
effort are a consequence of life history trade-offs. Indivi¬ 
duals at every age have to trade-off resources invested in 
reproduction with those necessary for survival until 
future reproductive opportunities. This basic trade-off is 
called the ‘cost of reproduction’ and may be expressed 
in behavioral (level of risk-taking) or physiological (level 
of input of energy or nutrients) terms. The resolution of 
these physiological and behavioral trade-offs at every age 
yields the optimal life history, the one that maximizes r; 
in constant populations that life history equates to the 
genetic potential for LRS. For example, high extrinsic 
mortality due to food shortage, predation, disease, or 
accidents, produces a low chance of surviving to future 
reproductive opportunities; in such an environment, we 
expect to see high reproductive effort even in the face of 
large costs. Short lives of intense reproduction are the 
outcome, with LRS divided into a few bouts of breeding. 
By contrast, some taxa have mechanisms to reduce extrin¬ 
sic mortality (larger body size, flight, immunity, weapons, 
brains). Such traits shift the optimal life history by slowing 
and distributing LRS into more and smaller bouts. 

The causes of improvements of RS with age can 
include physical maturation, breeding experience, age of 
partner or changes in dominance, breeding site or breed¬ 
ing time due to experience. Improvements with age may 
continue for many years in long-lived animals. In com¬ 
parisons of successive age groups not based on longitudi¬ 
nal studies, improvements with age may be due to the 
disappearance at young ages of less viable individuals 
which may be also poor reproducers. Young breeders 
may also show reproductive restraint in order to maxi¬ 
mize residual reproductive value. Restraint is favored if 
chances to breed successfully increase with age and these 
chances could be jeopardized by breeding too early or 
investing too much in reproduction at early ages. Also, 
good survival chances at young ages may frequently imply 
prudence or restraint in reproduction. 

Age of old breeders may reflect negatively on RS as an 
expression of senescence. Only in long-lived species may 
senescence be detectable, as external mortality may be so 
high in many populations so as to reduce the probability 
of reaching old age to insignificant levels. Where direct 
competition for mates is intense as in highly polygynous 
species, males may have only a short period in their life 
with a sufficiently high physiological condition to obtain 
any RS at all. The ability to attain and stay in such a 
‘prime of life’ may explain a high proportion of male LRS 
in these species. In general, long-term population studies 
have shown reproductive senescence by increasing the 
chance of including the small proportion of individuals 
reaching very old ages, which short-term studies may miss. 


Furthermore, only longitudinal studies of marked or rec¬ 
ognizable individuals provide reliable sources of informa¬ 
tion in the study of senescence. Finally, old individuals, 
although less proficient breeders, may in fact devote a 
higher proportion of available resources to reproduction. 
This ‘terminal investment’ is predicted by life history 
theory as a consequence of reduced future prospects for 
breeding. Terminal investment does not necessarily mean 
a higher RS, as reproductive senescence may interfere 
with increased effort to produce no trend or even declines 
in RS at old ages. Investment has therefore to be measured 
as effort in relation to available physiologically and behav- 
iorally mediated resources. 

Sources of Variation in LRS 

Longitudinal studies have revealed extensive variation 
among individuals in terms of LRS. Newton summarized 
the information from studies of birds as follows: (1) a large 
proportion of young that are raised to independence die 
before they can breed; (2) not all the individuals which 
survive to attempt breeding subsequently produce off¬ 
spring; and (3) successful individuals differ greatly in 
productivity. These conclusions are mainly based on stud¬ 
ies of birds for which there are more long-term studies 
available (Table 1). The pattern of a reduced proportion 
of breeding populations being able to pass on their genes 
to future generations is not exclusive of birds but a general 
one. This pattern is a basic assumption of evolutionary 
theory. Several factors show clear effects on individual 
LRS variation. 

Sex 

The concept of LRS figures prominently in sexual selec¬ 
tion theory. A major prediction is that variance in LRS is 
higher for males than for females, thereby driving sexual 
dimorphism, polygyny, and selection of male traits that 
improve male mating success. This assumption has led 
some to assume that variance among females in LRS 
must be low, as they are usually all impregnated and 
thereby have a chance to produce offspring. However, the 
available information shows that variation in female LRS is 
substantial, both in species that show parental care and in 
those that do not. A striking feature of the data is that 
variance is much higher when analyzed in terms of number 
of offspring recruited than as number of eggs produced. 
This implies in turn that quality rather than number of 
offspring is important for female LRS, a classical assump¬ 
tion of parental investment theory. The data also indicate 
that females can raise their RS by continuing to invest in 
offspring, even after they become independent. 

Data on males indicate that differences in RS variance 
between monogamous and polygynous species are smaller 
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Table 1 Percentage of any one generation of offspring that breed in avian studies, and percentage of breeders that raise some 
young throughout their lifetime and produce half of the next generation 


Percentage breeders raising 



Percentage fledglings that breed 

Some young 

Half next generation 

Blue tit Parus caeruleus 

14 

93 

21 

Kingfisher Alcedo atthis 

19 

95 

32 

Meadow pipit Anthus pratensis 

28 

79 

25 

Sparrowhawk Accipiter nisus 

28 

81 

18 

Ural owl Strix uralensis 

28 

96 

21 

Osprey Pandion haliaetus 

29 

83 

21 

Barnacle goose Branta leucopsis 

58 

59 

16 


Based on studies reported in Newton I (1989) Lifetime Reproduction in Birds. London: Academic Press. 


than predicted. The difference with females in polygy- 
nous species is also less marked for LRS than for short¬ 
term measures of RS, because successful males may enjoy 
a high RS only for a short part of their life. Recently, 
molecular data have allowed researchers to detect a 
surprising prevalence of extra-pair offspring in many 
monogamous species: pair bond formation does not 
imply exclusive male paternity. Overall, standardized var¬ 
iance in LRS (expressed as variance divided by the square 
of the mean in the population) in males commonly 
exceeds that in female RS, confirming a basic tenet of 
Trivers’ parental investment theory. Thus, there is a 
higher price for males in striving to increase mating 
success than for females, driving sex differences in paren¬ 
tal investment. The higher the potential number of 
females a male can monopolize (operational sex ratio), 
the higher is male standardized variance in LRS; such 
variance is equal to the ‘opportunity for selection’ (not 
necessarily the actual intensity of selection). Sexual selec¬ 
tion is predicted to increase as the ratio of male to female 
standardized variance increases. Accordingly, a high vari¬ 
ance in male LRS (or female LRS in sex-role reversed 
species) is usually interpreted as indicating the impor¬ 
tance of sexual selection in a certain species or population. 
However, if variance in longevity is involved in the vari¬ 
ance in LRS, natural selection for viability may be 
involved in the estimate, complicating its interpretation 
with regard to sexual selection. 

Longevity 

Some long-term population studies have revealed that a 
good part of variance in LRS is actually due to breeding- 
lifespan. The more years an individual gets the opportu¬ 
nity to breed, the higher the LRS. This is as true for short¬ 
lived as for long-lived species when considering offspring 
production, but not when estimating recruitment success 
of those offspring. In short-lived species, offspring survival 
may vary between years and offset the effect of longevity. 


Of course, longevity effects do not apply to semelparous 
organisms (once in a lifetime reproducers). The associa¬ 
tion of LRS with longevity is based on a simple cumula¬ 
tive effect (more breeding events lead to more offspring), 
but may also include an association of RS with age (see 
section ‘RS and Life Histories’). If experience leads to 
improvements in breeding performance, the last years in 
a lifetime may be the productive ones. To reach that level 
of experience, individuals have to live long. The experi¬ 
ence effect would express itself as nonlinear associations of 
RS with number of breeding years, the functions rising 
slowly at first and faster at the end of life. Linear trends 
would show that experience is not important for explaining 
LRS, and that viability suffices to explain the association of 
LRS with longevity If individuals with a high viability are 
the same as those with a high RS per year, the conclusion 
cannot be that there are no reproductive costs as is some¬ 
times argued. To detect life history trade-offs, one has to 
compare individuals with access to the same level of 
resources, meaning one has to experimentally randomize 
reproductive effort levels among individuals. 

Body Size 

Female body size is often positively associated with many 
components of RS, such as clutch size, individual egg or 
offspring mass, milk yield in mammals or offspring sur¬ 
vival. Especially in species with indeterminate growth, 
size-related RS may have driven evolutionary size 
increases in the past. This selection may have been lim¬ 
ited by the vulnerability of faster or longer growing juve¬ 
niles to starvation. Among males, larger individuals often 
obtain priority of access to resources and partners, 
although this may be less prevalent where females exert 
mate choice. The differential effect of size on RS in the 
two sexes may be the cause of the frequently observed 
sexual size dimorphism. This effect is difficult to separate 
from that of dominance rank in social species with which 
it is frequently closely associated. Dominance guarantees 
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differential access to resources necessary for breeding 
in both sexes, and is involved in the probability of recruit¬ 
ment of independent offspring. 

Mating Partner 

The identity of the mating partner may be another factor 
explaining RS. In certain long-lived species where both 
sexes participate in breeding activities, the maintenance of 
the pair-bond from one breeding event to the next may 
be indicative of impending successful reproduction. This 
indicates that coordination of breeding routines between 
partners may be important for RS in these species. 
Divorce is accordingly rare in these cases. In species in 
which there is no obvious penalty for repairing, this often 
occurs after obtaining poor RS. Moreover, mates may be 
selected in relation to important resources for breeding to 
which they have access, or to signals of disposition to 
invest in common progeny. Thus, mate selection may 
explain a good deal of RS, independently of age or expe¬ 
rience. Males may be also interested in obtaining fecund 
and maternally devoted females, as these may raise their 
reproductive prospects. This would explain cases of 
mutual mate choice in both sexes. 

Conditions During Development 

Another factor explaining variation in LRS is early devel¬ 
opment of offspring or ‘silver spoon effect’ described by 
Grafen. Thus, individuals that are raised late in the sea¬ 
son, or resulting from small eggs, or receiving less mater¬ 
nal input before birth or hatching, may grow poorly, 
become smaller adults and show reduced LRS. Studies 
of LRS indicate that environmental circumstances unre¬ 
lated to phenotype can have a major effect on all compo¬ 
nents of RS. Thus, temporal and local differences in 
resource availability may affect LRS independent of phe¬ 
notype. The chance of including very good years in a 
lifespan may render disproportionate fitness benefits. 

Individual Variation in RS 

Even controlling for factors like sex, longevity, size, or 
development, there frequently remains a large residue of 
individual variation in LRS accounted for by systematic 
variation in individual RS. Thus, some RS-related breed¬ 
ing parameters such as breeding date, egg size, or fecun¬ 
dity may show a significant individual repeatability or 
consistency between years. Individual consistency in 
breeding performance has been interpreted as being due 
to differences between breeders in a highly elusive prop¬ 
erty called ‘parental quality.’ Parental quality would 
change with age for any individual, but there would be 


differences in quality in any age group. Thus, parental 
quality is not only a consequence of age or experience. 
Parental quality is a widely used term and usually refers 
to consistent differences in some aspect of RS. There is 
a striking circularity in this description, as RS is used to 
define parental quality, which is then used to explain 
differences in the very variable used in the definition, 
namely RS. As such, parental quality is nonexplanatory 
and just a catchword used to hide our ignorance about 
underlying processes. In some studies, parental quality is 
simply the variation in breeding performance, which can¬ 
not be expressed through other measured variables. To 
avoid tautologous arguments, it is necessary to define 
parental quality in terms of something else than RS. One 
way is to define it not by actual RS but by a propensity to 
obtain a high RS in a certain environment. Some indivi¬ 
duals with high parental quality may never have a chance 
to prove it because of accidents. Thus, parental quality is 
not the same as RS, although both should obviously be 
correlated. The next question is how to establish this 
propensity independently of actual RS. An important 
application of such knowledge is identifying the fraction 
of the population likely to reproduce, so we can enhance 
conservation of threatened species as well as control pests. 
Propensity to have a high RS may be estimated a priori 
through measures like mass in relation to structural size, 
fat, or protein reserves, fluctuating asymmetry, ptilochro- 
nology (or similar measures for nonbirds), locomotor 
capacity, health state, or immunocompetence. These mea¬ 
sures may constitute rough approximations to RS pro¬ 
spects and constitute noncircular indices of parental 
quality. Thus, breeding failure is reflected in some cases 
in poor health and immunity parameters. Differences in 
the health-related component of parental quality may 
have a genetic basis or they may represent the lasting 
consequences of conditions during early life. While we 
expect genetic variation for health to be eroded under 
strong continuous selection favoring improved antipatho¬ 
gen defenses, changes in pathogen strategies may impose 
fluctuating selection. Under that scenario, a coevolution¬ 
ary arms race can maintain substantial heritable variation 
in health and immunity parameters. 

The Seasonal Decrease in RS 

In seasonal environments, I have shown that RS fre¬ 
quently declines with the advance of the season. Several 
hypotheses have been proposed to explain these seasonal 
declines in reproductive performance. The most impor¬ 
tant are: (1) there are seasonal deteriorations in food 
supply or food availability; (2) individuals breeding after 
the peak in the population suffer a higher predation 
pressure due to a reduced dilution of predation risk; 
(3) young or inexperienced breeders or individuals in 
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poor condition start late; and (4) late breeders have a 
lower drive or inclination to invest in reproduction. The 
last hypothesis is related to that predicting reproductive 
restraint in young individuals. The first three hypotheses 
propose different date-dependent constraints on breeding 
performance, while the last is based on life history theory 
by predicting prudence in current reproduction in order 
to be able to reproduce in the future. Independently of 
constraints, late reproduction affects two crucial life his¬ 
tory parameters in opposite directions (Figure 1). On the 
one hand, the benefits of current reproduction are deva¬ 
lued with every passing day of the season due to the 
prevalent seasonal declines in offspring reproductive 
value. On the other hand, the costs in terms of adult 
postbreeding survival probability increase in the course 
of the season as time for activities crucial for winter 
survival is reduced (Figure 1). This means that early 
breeding parents may reduce their investment in the 
current brood when their reproductive schedule is exper¬ 
imentally delayed. Ultimately, the reduction in benefits 
and increase in costs with the advancement of the season 
imply ecological constraints imposed by physical vari¬ 
ables like temperature. However, restrained individuals 
would react in anticipatory fashion to environmental 
challenges, while constrained parents would just express 
the immediate costs imposed by the constraints. Seasonal 
declines in RS in temperate climes may be a combination 
of constraints and parental restraint. 


Amount of Individual RS Variation as 
Expressed in Population Variances 

Individual variation in RS within populations is frequently 
subsumed under population-level annual averages as ana¬ 
lyzed in long-term studies. Annual variation in average RS 
in populations under long-term study arises from varia¬ 
bility in environmental factors such as food supply, preda¬ 
tion, disease, climate, or human disturbance, but also from 
quantitative changes among years in the individual com¬ 
position of populations. On the other hand, the amount of 
variability among breeders in RS may be expressed as 
variance associated with the average breeding output. 
This variation arises from differences in the reproductive 
performance of different individuals or pairs (see section 
‘Individual Variation in RS’). Differences in both the mean 
and the variance in RS may exist between populations of 
the same species according to different environmental 
restrictions on reproduction, and between species accord¬ 
ing to different life history strategies. In a model of logistic 
improvement in RS with environmental quality for bree¬ 
ders with different capacities, the mean RS denotes envi¬ 
ronmental quality for breeding. The model establishes a 
space of potential combinations of means and variances in 
RS (Figure 2). In this space, positive, negative, or absent 
trends are possible (Figure 2). The literature on long-term 
population studies of birds show that species of long life 
rarely achieve a high annual mean RS, while associations 




Figure 1 The ‘reproductive restraint’ model based on differences between early and late breeders in the fitness benefits (left axis, 
asymptotic curves) and costs (right axis, concave upward curves) derived from variation in parental effort. The function representing the 
benefits of present reproduction is lower for late than for early breeders due to the reduction in the reproductive value of offspring with 
date, while the function representing the risks for future reproduction is higher for late breeders due to the reduction in time available for 
crucial maintenance functions like molt or migration. The optimal reproductive effort is obtained when the difference between benefits 
and costs is maximal, and is higher for early breeders. The form of the functions is based on the reasonable assumptions that the 
benefits in terms of offspring fitness derived from parental effort reach an asymptote due to diminishing returns, and that the costs 
increase exponentially due to cumulative physiological effects of exertion. Reproduced from Moreno J (1998) The determination of 
seasonal declines in breeding success in seabirds. Etologfa 6: 17-31. 
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Figure 2 Associations between means and variances in RS (proportion of eggs that result in fledged offspring) for different bird 
species. Species laying single-egg clutches like albatrosses and petrels follow the upper mathematically strictly canalized parabolic 
association between means and variances, while species laying multiple-egg clutches can follow any function below the upper parabole 
(the guillemot data points suggest that it behaves like a single-egg layer with respect to RS). Reproduced from Moreno J, Polo V, 
Sanz JJ, et al. (2003) The relationship between population means and variances in reproductive success: Implications of life history and 
ecology. Evolutionary Ecology Research 5: 1223-1237. 


between the annual means and variances of RS in different 
years tend to be positive (Figure 2). This is a consequence 
of reproductive restraint induced by future breeding options. 
For the opposite reason, populations of short-lived species 
present negative mean-variance relationships with high 
annual means and zero variances in RS under good environ¬ 
mental conditions (Figure 2). Other factors such as resource 
distribution and mating system may also affect the shape of 
mean-variance associations. Plotting means with respect 
to variances in RS for different years or populations may 
indicate important aspects of the life history and ecology of 
organisms. Sweeping individual variability under the rug 
by only presenting population averages is not recommended 
in population studies. Therefore, long-term studies should 
always present not only the annual average RS values 
obtained during a sequence of years, but also the annual 
variances in RS as well, something which is seldom done. 

See also: Body Size and Sexual Dimorphism; Evolution: 
Fundamentals; Mate Choice in Males and Females; 
Monogamy and Extra-Pair Parentage; Social Selection, 
Sexual Selection, and Sexual Conflict. 
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The rhesus macaque (. Macaco mulatto) is a medium-sized 
monkey. Adults are about half a meter tall and weigh 
between 5 and 8 kg. Males are about 5-10 cm taller and 
2-3 kg heavier than females. Their bodies are covered 
with brown fur while their faces and rumps are pink or 
red and have no fur. Rhesus macaques are 1 of 19 species 
belonging to the genus Macaca. Macaques, in turn, belong 
to a large family of Old World monkeys called Cercopithe- 
cidae , which also includes baboons, mandrills, vervet 
monkeys, and many other African and Asian primates. 
Macaques originated in Africa and migrated to Europe 
when these two continents were still well connected by 
land bridges. From Europe, the macaques migrated east¬ 
ward and into the Asian continent, where they differen¬ 
tiated into many species. The rhesus macaque and its 
close relatives - the Japanese macaque, the Taiwanese 
macaque, and the long-tailed macaque - are the most 
recent group of macaques to have evolved and colonized 
Asia. Rhesus macaques, in particular, have been very suc¬ 
cessful in this colonization process. Today wild rhesus 
macaques can be found almost anywhere throughout main¬ 
land Asia: Afghanistan, India, Thailand, China, Pakistan, 
Bhutan, Burma, Nepal, Bangladesh, Laos, and Vietnam. 
They are also found in almost any type of habitat, including 
tropical forests, dry and semidesert regions, swamps, and 
mountains up to 4000 m high. Rhesus macaques have been 
successful at displacing other macaque species from their 
native forest habitats as well as colonizing new habitats 
where no other macaques had gone before. According to 
some estimates, the rhesus macaque is the second most 
widespread primate species in the world after humans. 

A key component of rhesus macaques’ ecological suc¬ 
cess has been their ability to adapt to changes in the 
environment induced by people and to people themselves. 
In northern India, almost half the local population of 
rhesus macaques lives in villages, towns, temples, and 
railway stations. Most of the time, the monkeys just hang 
out on roadsides and in close contact with people. They 
have learned to raid crops, eat garbage, or steal food directly 
from people’s kitchens. In addition to their omnivorous 
diet, the adaptability of rhesus macaques is also due to 
their resilience to stress and their ability to survive and 
reproduce in almost any environment. These character¬ 
istics have made the rhesus macaque the ideal laboratory 
primate for biomedical research. 

After research laboratories throughout the United 
States imported hundreds of thousands of rhesus maca¬ 
ques from India, this country banned the export of these 


primates in the 1970s. Although the United States and 
other countries continue to import rhesus macaques from 
China and other Asian countries, rhesus macaques are 
also actively bred in many research facilities in the United 
States. The best known breeding program for rhesus 
macaques was initiated in Puerto Rico in 1938, when a 
colony of rhesus macaques numbering several hundreds of 
individuals was established on Cayo Santiago, a 15.2-ha 
island 1 km off the southeastern coast of Puerto Rico. The 
monkeys, who were shipped to Puerto Rico directly from 
India, adjusted very well to the tropical climate of the 
Caribbean and began reproducing at high rates. The veg¬ 
etation on the small island did not provide enough food 
for the monkeys, so they had to be fed with commercial 
monkey chow on a daily basis. Over the years, support for 
the colony has been provided by the US National Insti¬ 
tutes of Health and by the University of Puerto Rico. 

Studies of the behavior of rhesus macaques on Cayo 
Santiago began almost immediately following the estab¬ 
lishment of the colony in 1938, but were soon suspended 
due to the World War II. Stuart Altmann, a Harvard 
graduate student supervised by E.O. Wilson, is credited 
with the resumption of behavioral studies on Cayo 
Santiago in the late 1950s and early 1960s. Studies by 
Altmann himself, and later Conaway, Koford, and Sade 
provided the first systematic description of rhesus 
macaque behavior and social organization. As researchers 
began, for the first time, to individually recognize the 
monkeys and gather information on births, deaths, migra¬ 
tion, and patterns of spatial association, affiliation, and 
aggression, the importance of male dispersal, female kin¬ 
ship, and dominance as organizing factors for rhesus 
macaque society became apparent. Continued observa¬ 
tions of rhesus macaques on Cayo Santiago up to the 
present day have provided a detailed understanding of 
their behavior and social dynamics. The information 
provided by research in Puerto Rico has been confirmed 
and supplemented by behavioral studies conducted in 
other research facilities such as the Sub-department of 
Animal Behaviour at the University of Cambridge, the 
Yerkes National Primate Research Center of Emory Uni¬ 
versity, and the Wisconsin National Primate Research 
Center of the University of Wisconsin in Madison. 
Although studies of wild rhesus macaques in India, Pakistan, 
and other Asian countries have generally confirmed the 
findings obtained in research facilities, these field studies 
have been very few. Thus, the behavior of rhesus macaques 
in the wild remains generally understudied. 
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In the forests of India and Pakistan, rhesus macaques 
live in groups of 10-30 individuals, which include a few 
adult males and several adult females with their offspring. 
In urban areas in Asia and on the island of Cayo Santiago, 
social groups can include over 100 individuals. The adult 
females and immature individuals within a group belong 
to several different matrilines, that is, families of indivi¬ 
duals related through the maternal line. The matrilineal 
structure of rhesus groups results from the patterns of 
dispersal and philopatry characteristic of this species: 
males emigrate from their natal group at puberty and 
join a new group, whereas females remain in their natal 
groups throughout their lives. Within a matriline, at any 
point in time, there can be 4-6 overlapping generations of 
individuals, for example, a 10-year-old female with her 
mother, grandmother, sisters, aunts, cousins, offspring and 
grandoffspring, and nieces and nephews. The adult males 
in the group are generally unrelated to all other indivi¬ 
duals because they immigrated by themselves from 
another group. On Cayo Santiago, however, groups some¬ 
times include a few natal males who have reached adult¬ 
hood in their natal group and have not yet emigrated. 

The strength of social bonds between individuals in a 
rhesus group is generally predicted by their kinship, sex, 
and age. Strength of social bonds is generally expressed in 
amount of time spent in contact, close proximity, or 
engaged in grooming behavior. The strongest social 
bonds are between mothers and infants. Mothers and 
juvenile daughters also have strong bonds, as well as 
closely related adult females such as sisters. Males are 
strongly bonded to their mothers as infants, and to other 
young or adult males as juveniles or subadults. Adult 
males who have no family members in the group form 
temporary social bonds with females in estrus, in which 
spatial association and affdiation are accompanied by 
mating. Adult males generally do not associate with their 
offspring or show paternal behavior. 

Males emigrate from their natal group around the 
time they reach puberty (4-6 years of age). In their 
natal group, young males receive increasing amounts of 
aggression from both resident adult males and adult 
females, particularly when they attempt to mate with 
females. Aggression and lack of opportunities for mating 
eventually result in emigration. Young males may also be 
sexually attracted to females from other groups. By emi¬ 
grating from their natal group, rhesus males minimize 
the risk of inbreeding and maximize their chances of 
mating success in other groups. When rhesus males 
emigrate, they usually do so alone, although rare cases 
of males emigrating with their brothers have been 
reported. After spending several months, or even years, 
alone or as part of a small all-male group, rhesus males 
join a new group. They can stay in the new group for 
several years, after which they may leave and die alone, 
or try to join another group. 


Rhesus macaques are aggressive and xenophobic pri¬ 
mates who have a strong tendency to attack unfamiliar 
conspecifics. The first fight between two individuals can 
establish a stable dominance relationship between them: 
the winner of the fight will be dominant and the loser will 
be subordinate. After dominance is established, the subor¬ 
dinate individual will generally avoid the dominant, or 
express fear and submission in his/her presence. The 
dominant will attack the subordinate every now and 
then, to maintain or reinforce the dominance relationship 
between them. Every rhesus macaque has dominance 
relationships with every other individual in the group. 
Dominance relationships are generally transitive so that 
if individual A is dominant over B, and B is dominant over 
C, A is also dominant over C. As a result of these domi¬ 
nance relationships, all individuals within a group are 
ranked on a linear dominance hierarchy and the indivi¬ 
dual’s position in the hierarchy is called dominance rank. 
The highest ranking male and female are called the alpha 
male and the alpha female, respectively. The alpha male 
is dominant over all other individuals in the group. The 
alpha female is dominant over all the females and males, 
with the exception of the alpha male and occasionally 
another or a few other adult males. 

Females maintain stable dominance ranks within their 
natal groups throughout the lives, whereas males lose 
their ranks when they leave their natal group at puberty 
and acquire new ranks when they join a new group. Males 
who have joined a new group are typically lower ranking 
than all the other adult males resident in the group and 
gradually work their way up the hierarchy by making 
alliances with powerful males and females. Females who 
belong to the same matriline have similar dominance 
ranks. In particular, closely related females such as 
mothers and daughters, or pairs of sisters, occupy adjacent 
positions in the dominance hierarchy. Mothers remain 
dominant over all of their daughters throughout their 
lives, while sisters rank in reverse order of their age so 
that young females dominate their old sisters, and a fema¬ 
le’s youngest daughter is the most dominant of her female 
offspring. In addition to individual ranks within a matri¬ 
line, there are also dominance relationships between 
matrilines, so that each group of rhesus macaques has a 
top-ranking matriline, and bottom-ranking matriline, and 
other matrilines ranked in between them. High-ranking 
matrilines tend to be larger than low-ranking matrilines. 

The hierarchical relationships between individuals and 
between matrilines are ultimately determined by the 
mechanisms through which dominance rank is transmit¬ 
ted across generations. These transmission mechanisms 
are not genetic, but social, and involve agonistic support 
given by mothers to their offspring. Mothers consistently 
intervene on behalf of their offspring, when offspring get 
into fights with other group members. When two juveniles 
fight with each other, the mothers of both juveniles 
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intervene to support their offspring, and the outcome of 
the fight is ultimately determined by the relative rank 
of the mothers. Since this process is repeated many 
times and with different individuals, offspring eventually 
acquire a dominance rank just below that of their mothers. 
Although juveniles are initially lower ranking than all 
adults within the group, juveniles will challenge every 
adult that ranks lower than their mother, and with their 
mother’s support, they will eventually outrank these indi¬ 
viduals. Dominance relationships between sisters are also 
settled by maternal intervention, as mothers always support 
their younger daughters against their older sisters. Rank 
reversals between mothers and daughters, or between sis¬ 
ters, are possible but rare. Young males acquire ranks from 
their mothers as females do, and maintain this rank as long 
as they remain in their natal group. 

Agonistic support between relatives is used not only to 
transfer dominance rank to juveniles but also to help 
females maintain their rank in adulthood. Agonistic sup¬ 
port between nonrelatives is less frequent but plays an 
important role in social dynamics. Adult males rise in 
ranks through the formation of coalitions with unrelated 
males or females. Furthermore, both adult males and 
females maintain and reinforce their status by interven¬ 
ing on behalf of unrelated individuals, whenever these 
individuals attack males or females lower ranking than 
themselves. Agonistic support is solicited with scream 
vocalizations, with particular facial expressions (raised 
eyebrows and eye movements), and with body postures 
(tail raising and hindquarter presentation). Agonistic sup¬ 
port is also obtained in exchange for grooming behavior, 
as grooming a higher ranking individual for extended 
periods of time increases the probability of receiving 
tolerance and agonistic support from this individual. 

Social grooming, or allogrooming, is the main affilia- 
tive behavior used by rhesus macaques to establish and 
cement social relationships with one another. Grooming 
involves slowly brushing the coat of another individual 
and picking skin parasites and other particles with the 
fingertips. Grooming serves a hygienic function and also 
relaxes the recipient. A rhesus macaque can request to be 
groomed by another individual by lipsmacking and 
encouraging the other individual to approach, and then 
by lying down in front of the other and exposing the part 
of the body that needs to be groomed. Grooming can last a 
few seconds, minutes, or occasionally, over an hour. Rhe¬ 
sus macaque females generally give and receive more 
grooming than males do. Infants receive a great deal of 
grooming from their mothers beginning on their first day 
of life, but do not show any appreciable grooming activity 
in the first 6-8 months of life. Rates of grooming per¬ 
formed increase with age in both males and females and 
sex differences emerge in the first year of life when 
females start performing more grooming than males. 
Juvenile females increasingly groom both older females 


and younger individuals, and grooming of males increases 
dramatically after puberty Females continue to groom 
their female relatives, particularly their mothers and sis¬ 
ters, at high rates into adulthood, but after they give birth, 
a large fraction of their grooming is directed to their 
offspring. At 3-4 years of age, juvenile males seek out 
adult males out and maintain one-sided grooming rela¬ 
tionships with them. Young males shift from grooming 
older males to grooming females after puberty and around 
the time of emigration; in other words, they mostly groom 
males prior to departure from their natal group, and they 
mostly groom females after immigration into a new group. 
Prior to emigration, males receive grooming mostly from 
their mothers, and after immigration, they receive groom¬ 
ing from unrelated females that are potentially their sex¬ 
ual partners. Grooming between adult males is much less 
frequent than grooming between adult females and 
mostly limited to the nonmating season. 

Both adult males and females use grooming behavior 
during their mating activities. Mating activity is con¬ 
centrated in a 5-6 month period (mating season), while 
infants are born and raised by their mothers in a subsequent 
5-6-month period (birth season). During the mating sea¬ 
son, mating typically occurs in a 5-12-day period within a 
female’s menstrual cycle. In rhesus macaques, exaggerated 
sexual swellings are exhibited only by adolescent females. 
Instead, adult females advertise their fertility through a 
reddening of the facial and anogenital skin, and through 
behavioral solicitations of copulation. During female 
estrus periods, male and female macaques form a tempo¬ 
rary social bond called consortship, which includes prox¬ 
imity maintenance, repeated copulations, and grooming. 
Consortships may last from several hours to a few days. 
Rhesus males need multiple mounts (about 10 or more) to 
achieve ejaculation, although subordinate males can occa¬ 
sionally ejaculate after a single, very brief mount. During 
consortships, dominant males guard the females and pre¬ 
vent other males from approaching and mounting them. 
The alpha male, however, often disrupts the consortships 
of other males. When a consortship ends, a female can 
begin consorting with a different male, so that females can 
consort and copulate with several different males on a 
given day or estrus period. Some studies of rhesus maca¬ 
ques have reported that estrous females can shift partners 
10 times in a period of 2 h, soliciting copulations from all 
the adult males in the group. Males are sexually promis¬ 
cuous as well, and adult males and females mate, on 
average, with a similar number of partners. Despite this 
promiscuity, mating activities are not indiscriminate or 
random, or simply the result of competition for mating 
among individuals of the same sex. Instead, it is very likely 
that partner choice plays an important role in the forma¬ 
tion of consortships, and more generally in the occurrence 
of all mating activities. Mate choice, however, is a poorly 
understood phenomenon in rhesus macaques. Kinship 
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and familiarity are the variables whose effects on mate 
choice are perhaps best understood. Normally, rhesus 
macaque males do not breed in their natal group because 
they all emigrate at puberty Mating between close rela¬ 
tives is infrequent also in situations where males achieve 
reproductive maturity in their natal groups and their 
mothers are still reproductively active. This is especially 
the case for the rhesus population on Cayo Santiago, 
where opportunities for male dispersal are limited, and 
some males remain and mate in the groups in which they 
were born, or return to their natal groups later in life. 
Many studies on Cayo Santiago have reported that mating 
between close kin, especially between mothers and their 
adult sons, is rare, and generally less than expected by 
chance. One common explanation for incest avoidance is 
that females develop sexual aversions to related males 
based on familiarity cues such as proximity. Consistent 
with this hypothesis, even individuals with no close rela¬ 
tives form affdiative relations with one set of individuals 
but mate with another. Rhesus macaque females generally 
do not mate with males with whom they have had an 
affdiative relationship. Females also seem to develop a 
sexual aversion for males that have been in their group 
for 3-4 years or longer. This could be a proximate factor 
promoting male departure from the natal group at 
puberty and further migration after a few years of resi¬ 
dence in a group. Several studies have also reported that 
females are attracted to novel males and leave their group 
temporarily to consort with peripheral or extra-group 
males. Another variable whose effects on mate choice 
are relatively well understood is age. In rhesus macaques, 
both males and females tend to mate preferentially with 
middle-aged individuals in their reproductive prime 
rather than with sexually mature adolescents or very old 
but still fertile individuals. Effects of dominance rank on 
female or male mate choice are generally weaker and often 
contradictory among studies. Although, in some studies, 
both males and females were reported to mate more fre¬ 
quently or have longer consorts with high-ranking part¬ 
ners, in others, individuals appeared to have proximity 
preferences for low-ranking individuals. 

Pregnancy in rhesus macaques lasts about 5.5 months. 
Females typically give birth to a single infant; twins are 
rare and their probability of survival is very low. Mothers 
take care of their offspring on their own, with no help 
from the offspring’s father, or other family members. 
Newborn infants spend a great deal of time nursing or 
sleeping on their mother’s chest. Mothers carry their 
infants while they travel for several months. During time 
devoted to resting or social activities, however, infants 
spend increasing amounts of time out of contact but in 
close proximity to their mothers. During this time, young 
infants explore the environment or play with other 
infants. Young infants also receive a great deal of attention 
and grooming from juvenile and adult females. Mothers 


may restrict and control their infants’ activities by physi¬ 
cally restraining them and by making contact with them 
frequently. During the first few weeks of infant life, 
mothers are almost entirely responsible for maintaining 
contact and proximity with their infants. For example, 
infants tend to break contact and walk away from their 
mothers, while mothers follow them and reestablish con¬ 
tact. During the second or third month of infant life, 
however, responsibility for maintaining contact and prox¬ 
imity shifts to infants. Therefore, mothers break contact 
and walk away from their infants frequently, while infants 
follow their mothers and make contact with them. 

Mothers encourage their infants’ independence by 
breaking contact with them frequently and physically 
rejecting their infants’ attempts to make contact and gain 
access to the nipples. Individual mothers differ greatly 
from one another in the frequency with which they cradle 
or groom their infants, make or break contact with them, 
or restrain or reject them. Individual differences in mater¬ 
nal behavior are consistent over time and across different 
infants. These differences are accounted for by character¬ 
istics of the mothers (e.g., her age, previous maternal 
experience, dominance rank, or personality), those of 
their infants (e.g., age or sex), and those of the surrounding 
environment (e.g., availability of food, risk of predation, 
risk of aggression, or infant kidnapping by other rhesus 
macaques). 

Infants begin eating solid food in the first few months 
of life and are generally weaned by the end of the first 
year. Six months after giving birth, mothers may resume 
their menstrual cyclity, and mate and conceive again. 
Infants actively resist weaning by responding to maternal 
rejection with screams and tantrums. Infants also interfere 
with their mother’s mating activity and in some cases, 
successfully delay conception and the birth of a sibling. 
High-ranking mothers often produce an infant every year, 
while low-ranking mothers may give birth only every 
other year. These differences in reproductive rates may 
result from differences in maternal behavior, as high- 
ranking mothers reject their infants earlier and at higher 
rates than low-ranking mothers. Limitation of suckling 
activity through maternal rejection reduces the length of 
lactational amenorrhea and increases the probability that 
the mother will conceive again during the mating season. 

The birth of a sibling accelerates the process of acqui¬ 
sition of independence for a 1-year-old rhesus monkey. 
Young males spend increasing amounts of time playing 
rough-and-tumble with their peers, while young females 
become increasingly interested in exchanging grooming 
with older female relatives or in playing with infants. 
Females reach puberty at 3-4 years of age, while males 
do so 6 or 12 months later. Both females and males con¬ 
tinue growing after puberty and adult body size is typi¬ 
cally reached at around 5 or 6 years of age. Maximum life 
span length for rhesus macaques in captivity is 35 or 
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40 years. Among the free-ranging rhesus macaques on 
Cayo Santiago, most individuals die between 15 and 
20 years of age, despite abundance of food and lack of 
predators. In the wild, average age of death for adult 
rhesus macaques is probably 10 years. As with other mam¬ 
mals, males have higher mortality rates than females at 
any age. On Cayo Santiago, adult mortality is significantly 
affected by reproduction. In general, adult males are more 
likely to die during the mating season, whereas adult 
females are more likely to die during the birth season. 
Sex differences in seasonal patterns of mortality reflect 
the survival costs of reproduction and the fact that in a 
sexually promiscuous species such as the rhesus macaque, 
male reproductive effort is mainly expressed as mating 
effort, while female reproductive effort is expressed 
through pregnancy and lactation. Increased male mortal¬ 
ity during the mating season mostly results from high 
vulnerability to infectious diseases due to male-male 
aggression and wounding in conjunction to suppression 
of the immune system associated with high levels of 
testosterone. Increased female mortality during the birth 
season may be the result of pregnancy or delivery com¬ 
plications, or energetic stress and immunosuppression 
associated with pregnancy and lactation. In the forests of 
India, rhesus macaques are probably vulnerable to pre¬ 
dators such as tigers or large raptors. However, many 
‘wild’ rhesus macaques currently live in areas without 
any natural predators, and in which the main threat is 
represented by humans. Given that some rhesus macaques 
recently attacked and caused the death of the Deputy 
Major of the city of New Delhi, in India, it is fair to say 
that rhesus macaques can be as dangerous to humans as 
humans are to them. 

The common use of rhesus macaques in biomedical 
research and the availability of rhesus macaques in 


research or breeding facilities such as Cayo Santiago 
Island in Puerto Rico, Morgan Island in North Carolina, 
or the NIH-funded National Primate Research Centers in 
the United States has made it possible to conduct exten¬ 
sive observational studies of this species and uncover 
many aspects of its behavior and social organization. 
Research with rhesus macaques has allowed scientists to 
understand many basic aspects of primate behavior, and 
animal behavior in general, such as dispersal and philo- 
patry, altruistic and nepotistic behavior, aggression and 
submission, and dominance hierarchies. Studies of rhesus 
macaque behavior in research facilities peaked in the 
1970s, but have become increasingly rare in the past 
30 years. As a result, the rhesus macaque is currently one 
of the least studied primate species and some aspects of its 
behavior still remain unclear. This interesting primate 
species, however, still has much to contribute to the 
study and understanding of animal behavior. It is there¬ 
fore hopeful that new generations of animal behaviorists 
will rediscover the rhesus macaque and address new ques¬ 
tions about its behavior with renewed energy and 
enthusiasm. 

See also: Animal Arithmetic; Chimpanzees; Monkeys and 
Prosimians: Social Learning. 
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Introduction 

Antipredator behaviors (e.g., flushing, refuge use, avoid¬ 
ance of risky habitat) allow animals to reduce the risk of 
being captured by predators, providing a net benefit in 
terms of survival. However, antipredator behavior can be 
costly: direct energy expenditure and loss of opportunities 
for acquiring food, mates, nest sites, etc. Prey should 
weigh the risk of predation against various potential fit¬ 
ness benefits when choosing how much effort to invest in a 
given behavior and, in some contexts, combine different 
behaviors to reduce risk. For example, if body mass (as a 
result of a recent meal) or the distance to the nearest 
refuge increases, more time would be invested in moni¬ 
toring the environment for predators or moving closer to 
cover to reduce exposure, which may decrease risk but 
reduce access to food-rich patches. 

The relationship between predation risk and prey 
behavior has been widely studied. Most of these studies 
deal with snapshots of how predation risk influences 
short-term changes in prey behavior. However, the per¬ 
ception of risk at a given point in time is also likely to be 
affected by the previous experiences of the animal (e.g., 
number of times it had been exposed to a predator). For 
instance, imagine two individuals defending a territory in 
different locations: one with raptors flying around regu¬ 
larly during most of the day and one without raptors. The 
individual with high predator exposure may not be able to 
cope with its energetic needs or find a mate if, after 
detecting the predator, it always reacts with the safest 
antipredator response (e.g., seeking cover). Thus, the indi¬ 
vidual with high predator exposure may be forced to hide 
for just very brief periods of time or allow closer predator 
approaches, flushing only when the risk is extremely high. 
On the other hand, the individual with low predator 
exposure may allocate more time and energy to antipre¬ 
dator behavior if a predator happens to show up. The 
reason is because a superfluous escape from a long dis¬ 
tance or a prolonged time hiding in the bushes would 
likely not increase starvation risk or decrease mating 
opportunities, given the availability of time with low risk 
that had been allocated to resource acquisition. 

The importance of the risk history had been greatly 
overlooked until the formulation of the risk allocation 
hypothesis by Steven Lima and Peter Bednekoff in 1999. 
This hypothesis is based on the fact that the risk of 
predation experienced by an animal is not fixed in time, 


and it generates temporal variation in risk. Based on the risk 
history, the risk allocation hypothesis intends to establish 
how the animal allocates effort optimally between resource 
exploitation and behaviors that reduce risk. While it is clear 
that prey should allocate greater antipredator effort to high- 
risk situations than to low-risk situations, the risk allocation 
hypothesis stresses that the actual antipredator effort allo¬ 
cated to each situation will depend on the relative propor¬ 
tion, duration, and intensity of high- and low-risk situations 
experienced by the animal in the past. 

When high-risk situations are brief and infrequent, the 
risk allocation hypothesis predicts that animals should 
allocate their greatest antipredator effort to the pulses of 
high risk, since they can easily compensate for time lost by 
maximizing resource acquisition in the prolonged low- 
risk periods. On the other hand, when high-risk situations 
are frequent and/or lengthy, animals are forced to reduce 
allocation of antipredator effort in each high-risk situa¬ 
tion (e.g., hiding for a shorter period of time), and to 
further reduce antipredator investment in the few avail¬ 
able low-risk situations (e.g., reduce scanning behavior to 
the minimum while foraging) to gather enough resources. 
Additionally, as the relative degree of risk in high-risk 
situations increases, animals are expected to allocate rela¬ 
tively more antipredator effort to high-risk situations and 
less to low-risk situations. 

While the mechanisms of the risk allocation hypothesis 
may seem intuitive, some of its implications may not. The 
risk allocation hypothesis predicts that animals living in 
an area with high predator abundance should be less wary 
to predator approaches than animals living in an area 
where predators are less abundant. Moreover, the behav¬ 
ioral responses predicted by risk allocation can be con¬ 
fused with those predicted by other mechanisms, such as 
habituation. 

Experimental Evidence Behind the Risk 
Allocation Hypothesis 

Since the formulation of the risk allocation hypothesis, a 
number of studies have tested its predictions, with mixed 
results. Most of these studies created experimental sce¬ 
narios in the laboratory using mostly aquatic animals 
(snails, crayfish, fish, tadpoles) in which the addition of 
predator cues and/or alarm olfactory cues from conspe- 
cifics causes changes in the frequency (e.g., number of 
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times animals are exposed to predators) and/or intensity 
(e.g., degree of severity) of risk. Several studies have found 
a clear relationship between the risk history and the 
animal response to a given situation of risk, with lower 
antipredator responses (usually measured as the use of 
refugia or reductions in activity levels) after a history 
of frequent high-risk situations. Specifically, studies 
on cichlid fish by Maud Ferrari, Grant Brown, Patricia 
Foam, and others provide consistent support for the risk 
allocation hypothesis and highlight the predicted interac¬ 
tion between frequency and intensity of risk (see earlier). 
However, several other studies did not find clear evidence 
supporting the influence of the frequency of risk on prey 
antipredator responses. 

These contradictory results were found even in closely 
related species, like in the studies conducted by Keith 
Pecor and Brian Hazlett on crayfishes, in which the 
behavior of Oronectes virilis matched the predictions of 
the risk allocation hypothesis, but the behavior of the 
closely related 0. rusticus did not support the hypothesis. 
In a recent comparative study, Kate Boersma and colla¬ 
borators suggest that different species of North Pacific 
flatfish may diverge in how they adjust to the risk alloca¬ 
tion model depending on species-specific factors, such as 
the species ability to perceive risk changes, their preferred 
habitat (shallow and turbid waters that protect from most 
predator vs. deep and clear waters with higher predation 
risk), and their relative ability to avoid predation as a 
result of predator gape size. These species-specific factors 
could make some experimental designs unsuitable to 
detect patterns of risk allocation, as each species may 
have different risk thresholds before they start limiting 
antipredator responses. For instance, under a scenario 
with low frequency of high-risk events, small increases 
in the frequency of risky events may not elicit a reduction 
in antipredator behavior, since animals still have pro¬ 
longed periods of safety to exploit resources. However, 
as the frequency of risky events continues to increase, it 
may reach a threshold that would start causing the reduc¬ 
tion in antipredator effort predicted by the risk allocation 
hypothesis. Differences in this threshold among species 
may cause interspecific variation in risk allocation behav¬ 
ior. While this concept of risk threshold has only been 
suggested in the flatfish study, it could be present even 
between populations or individuals. 

Risk thresholds may also explain the lack of support 
to the risk allocation hypothesis in other experimental 
studies. Usually, lab experiments include only two fre¬ 
quency of risky scenarios (low and high), assuming that at 
least one will fall above the risk threshold; however, the 
specific threshold level is largely unknown for the model 
species. Moreover, the physiology of the model species 
may affect the need to engage in foraging efforts. Josh Van 
Buskirk and collaborators, as well as Keith Pecor and 
Brian Hazlett suggested that given the low temporal 


scale of many risk allocation experiments, some animals 
may not require foraging at all over the entire duration of 
the experiment, and thus invest nearly all their effort in 
antipredator behavior (e.g., animals are not sensitive to 
frequency of risk). Although this shortcoming could be 
solved by modifying food-deprivation schedules, the abil¬ 
ity of prey to detect changes in predation risk is an 
implicit assumption of the risk allocation hypothesis. 

Field Evidence Supporting the Risk 
Allocation Hypothesis 

Some patterns observed under field conditions may actu¬ 
ally be the result of risk allocation. For instance, the 
reduction in antipredator responses to humans in areas 
with a high rate of human visitation has been found in 
many vertebrate taxa, with habituation to humans usually 
proposed as the mechanism underlying this pattern. How¬ 
ever, it is unclear whether habituation and/or risk alloca¬ 
tion are involved. Humans do not directly prey on wildlife 
in many areas but nonetheless they are perceived as pre¬ 
dators, causing antipredator responses similar to those 
elicited by real predators. Under the risk allocation 
hypothesis, this scenario of frequent high-risk situations 
(e.g., high frequency of human approaches) should result 
in a reduction in antipredator responses to each risky 
situation as compared to scenarios with less frequency of 
high-risk situations. This prediction has been tested by 
Inaki Rodriguez-Prieto and collaborators using blackbird 
Turdus merula flight responses in urban parks. This study 
clearly differentiated for the first time the effects of risk 
allocation from those of habituation, finding that habitua¬ 
tion complements risk allocation to produce the pattern 
of reduced antipredator responses in areas with a high 
frequency of human visitation. In this study, animals expe¬ 
rienced different risk histories by park-specific daily pat¬ 
terns of human visitation. While the history of risk was 
naturally produced by human visitors, the tests on black¬ 
bird flight responses were performed by both human 
observers and novel predators (e.g., radiocontrolled vehi¬ 
cle) to help differentiate habituation from risk allocation. 

That risk allocation is not predator specific is usually 
overlooked. For example, the risk history produced by 
frequent encounters with a snake species may lead to 
reduced prey responses not only to the snake but also 
to other types of predators, like raptors or mammals. 
Of course, the type of antipredator response may differ 
depending on the predator, but all antipredator responses 
are expected to be reduced as the frequency of high-risk 
situations from any predator increases. 

While most of the known patterns of reduced antipre¬ 
dator responses in places with high density of predators 
come from areas with varying levels of human visitation, 
there are also some examples from areas with different 
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densities of real predators. A recent study by Scott Creel 
and others on elk antipredator behavior in relation to wolf 
presence has tested the prevalence of risk allocation in 
relation to other models by studying several prey popula¬ 
tions experiencing temporally and spatially variable levels 
of actual predation risk. The findings provide support for 
the risk allocation hypothesis, with wintering elks reducing 
antipredator vigilance in areas where they were more fre¬ 
quently exposed to wolf predation. Because predation risk 
was produced by the main predators of elks, habituation of 
elks to wolves was not likely a problem in this study. 

Risk allocation and habituation predictions are diffi¬ 
cult to distinguish. If animals habituate to risk cues that 
are not coupled with potential predation, some experi¬ 
mental designs may not be able to tell apart behavioral 
responses produced by risk allocation from those pro¬ 
duced by habituation, as acknowledged by Reehan Mirza 
and others. A strategy to avoid this problem may be to 
study scenarios with real predation where actual preda¬ 
tors almost always pose a threat and actually attack and 
kill prey, and thus may preclude habituation. However, if 
researchers cannot perform the study with real predators, 
a potential solution may be to use at least two types of 
different predator cues, one for creating the risk history 
and the other for testing antipredator responses. For 
instance, if a scenario of frequent high-risk situations is 
created by the intermittent addition of predatory fish odor 
cues in the water, animals may become habituated to these 
cues and thus reduce their responses to further predatory 
fish cues just by a process of habituation, but not by risk 
allocation. However, once the risk history is established, 
another type of predator stimulus, like an overflying rap¬ 
tor silhouette, could be used to test if the antipredator 
responses follow risk allocation, since the potential habit¬ 
uation to the previously used odor cue can be ruled out as 
responsible for patterns of reduced responses to the rap¬ 
tor. Another strategy may be to take advantage of the 
different temporal scales in which habituation and risk 
allocation could be acting. A bird cannot be expected to 
habituate and dishabituate periodically in response to 
short-term changes in the frequency of risk. However, 
risk allocation can predict increases and reductions in 
antipredator responses to high-risk situations following 
changes in the frequency of these situations, for example, 
between consecutive and cyclical periods such as morn¬ 
ings and afternoons. 

Broader Implications of Risk Allocation 

Risk allocation can alter some paradigms commonly used 
in ecological models. For instance, most studies on the 
ecological impacts of predators assume that all the effects 
of predation increase with increasing exposure to predation 
risk. Scott Creel and collaborators suggest that while direct 


mortality should increase with increasing attack ratios, the 
same does not apply to the costs of antipredator behavior 
since risk allocation suggests that the costs associated with 
antipredator behavior could be reduced or at least could 
remain relatively unchanged with increasing frequency of 
exposure to risk under the scenarios discussed earlier. 
Similarly, common ecological models assume that indi¬ 
vidual predators would suffer from reduced capture rates 
in areas with high density of competing predators since 
prey depletion and avoidance behavior may lead to a re¬ 
duction in the per capita predator-prey encounter rate. 
However, Rodriguez-Prieto and collaborators suggested 
that the probability of prey being captured in any given 
predator-prey encounter would increase in areas with 
high density of predators, as animals would reduce their 
responses to predator approaches in those areas; hence 
increasing their vulnerability to predator attacks, which 
would potentially alter predator-prey dynamics. 

The risk allocation hypothesis has opened new venues 
for behavioral research. While there have been some 
contradictory results, evidence is mounting in favor of 
risk allocation being an important force shaping the ani¬ 
mal responses to temporal variation in predation risk. 
More research is needed, and there are some questions 
that seem particularly promising, for example, how and 
why different species (and probably different populations) 
vary in the thresholds at which they respond to predators, 
and how this variation affects predator-prey interactions. 

See also: Ecology of Fear; Economic Escape; Predator 
Avoidance: Mechanisms; Trade-Offs in Anti-Predator 
Behavior; Vigilance and Models of Behavior. 
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Introduction 

Animals go to great lengths to minimize their risk of death 
by predation, and these efforts run the gamut from vary¬ 
ing pre-encounter activity rates relative to risk level to 
the struggle for freedom from the grasp of the predator. 
Throughout the entire attack sequence, animals typically 
try to avoid contact with predators and keep them at a 
great distance. Strategies for reducing risk in this way 
include limiting exposure to times and places where pre¬ 
dators are not likely to occur, maintaining high levels of 
vigilance to detect predators from as great a distance as 
possible, and fleeing as rapidly as possible when the prob¬ 
ability of attack reaches some threshold, to keep as much 
distance between themselves and the predator as possible. 
However, many species have adopted unique behavioral 
responses to predators that appear to increase predation 
risk during encounters with predators but are actually 
intended to reduce predation risk or increase fitness in 
some way. 

This article focuses on these apparently risky beha¬ 
viors by prey animals toward predators during encounters. 
The discussion of different types of risky behavior will 
follow the attack sequence from predetection risk-taking 
(e.g., formation of highly visible large groups, freezing 
behavior in an attempt to be cryptic) to preattack beha¬ 
viors intended to warn conspecifics (e.g., alarm calls and 
fear screams) and/or deter further pursuit by the predator 
(e.g., communicative calls or displays of health, aposema- 
tism, predator inspection, defense calls), to postattack 
behaviors intended to physically accost the predator 
(e.g., mobbing) or defend oneself or one’s offspring (e.g., 
counterattack, nest defense). This article will also briefly 
address the issue of the difficulty of assigning functional¬ 
ity to antipredator signals: Are signals intended to warn 
conspecifics, deter predatory pursuit, or both? I will not 
include discussions of behaviors that increase predation 
risk but benefit the animal in a nonpredatory context (e.g., 
a peripheral position in a group enhances both predation 
risk and feeding efficiency) as they are covered in other 
articles; this article will only deal with apparently risky 
behaviors that are actually intended to reduce the risk of 
predation or increase inclusive fitness. As most research in 
this area has been conducted on vertebrates (especially 
birds and mammals), this article will focus on vertebrates; 
however, the basic principles apply to invertebrates as 
well, and invertebrate examples do exist. 


Predetection Risk-Taking 

When no predators are currently detectable, animals 
behave to maximize reproductive fitness in a variety of 
ways. Many of these fitness-enhancing tactics increase the 
risk of predation, but the benefit in a nonpredatory context 
outweighs the predatory cost. Many behaviors enhance 
visibility to predators (e.g., showy mating displays), make 
prey more localizable (e.g., territorial vocalizations or 
chemical signals), or increase vulnerability (e.g., moving 
into exposed areas to feed on high-quality forage). As these 
phenomena are covered in great detail in other articles, 
this section focuses on two types of predetection behaviors 
that have both costs and benefits in a predatory context: 
group formation and freezing behavior. 

Large Group Formation 

The antipredator benefits of group living have long been 
recognized and were, earlier in the history of the study of 
behavior, a major focus of studies of the evolution of social 
behavior. While these benefits are covered at length in 
another article, there are a few noteworthy highlights for 
this discussion. Jens Krause and Graeme Ruxton reviewed 
the costs and benefits (both antipredator and other types) of 
grouping in animals. In addition to benefits in mate choice, 
foraging, thermoregulation, and locomotion, antipredator 
benefits include many-eyes effects, dilution, predator confu¬ 
sion, predator swamping via reproductive synchrony, selfish 
herd effects, defense against parasites, communal defense, 
and enhancement of aposematism. Clearly, group living has 
antipredator benefits; however, relevant to this article are the 
predatory costs of group living - the ways in which large 
aggregations of animals increase the risk of predation. 

The primary predatory cost of group living is that pre¬ 
dators may more easily detect and preferentially target 
large groups of prey animals. While theory to support the 
association between detectability and group size is limited, 
three-spined sticklebacks detect and attack larger groups 
of Daphnia more rapidly than smaller groups (Figure 1). 
Given their greater nutritional potential, predatory cichlids 
preferentially attack larger guppy shoals; however, a general 
preference for larger prey groups is likely lost as the size 
differential between predator and prey is reduced, fewer 
prey being required to sate a predator. There are other 
potential ways in which grouping increases predation risk: 
interference between fleeing prey increases the predator 
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Figure 1 The relationship between Daphnia magna group size 
and detection rate by three-spined stickleback (Gasterosteus 
aculeatus L.) predators (as measured by time to approach) in a 
laboratory setting. Larger groups were detected more quickly 
than smaller groups: t 2 = 0.25, A/ = 50, p < 0.0005. Reproduced 
from loannou CC and Krause J (2008) Searching for prey: The 
effects of group size and number. Animal Behaviour 75: 
1383-1388, with permission from Elsevier. 

success rate as prey group size increases, and prey remain¬ 
ing motionless while grouped are more vulnerable to pre¬ 
dators restricting their searches to small areas. 

Freezing and Immobility 

Crypsis is probably the most widespread antipredator 
strategy that prey employ to reduce predation risk, and 
morphological camouflage is covered in detail in another 
article. Clearly, animals with cryptic morphologies must 
also remain relatively motionless (e.g., stick insects) or 
hide in deep vegetation (e.g., neonate ungulates) in 
order for the coloration to be effective. In contrast, some 
noncryptically colored species freeze upon detection of a 
predator, and this phenomenon is often associated with 
habitats that provide natural camouflage (e.g., dense forests). 
Immobility or a reduction in movement reduces risk upon 
detection of the predator in many species because many 
predators are highly reliant upon motion cues to detect and/ 
or track their prey. In fact, many species that normally flee 
from predators at long distances may switch to a more 
cryptic strategy and remain motionless when their locomo- 
tory performance is reduced (e.g., gravid or autotomized 
lizards). When the probability of successful escape by fleeing 
is reduced, prey freezing allows the predator to approach to 
a shorter distance before the prey animal takes flight. 

Preattack Risk Taking 

Upon detection of a predator, an animal may emit a chem¬ 
ical, auditory, or visual warning signal that captures the 


attention of other animals (presumably the predator and/ 
or conspecifics) in the vicinity. The majority of these 
signals are thought to have one or two functions: (1) to 
deter further approach/pursuit by the predator by signal¬ 
ing the prey’s ability to escape quickly, the prey’s ability to 
physically defend itself (e.g., weaponry or aposematic col¬ 
oration with toxin), or the fruitlessness of attack when a 
predator’s stealthy approach has been detected; and/or 
(2) to warn nearby conspecifics of the presence of the 
predator, allowing them a better chance of successful 
escape. Signals falling into these categories are apparently 
costly in that they might increase the risk of the signaler, 
either by making the signaler more localizable by the 
predator or delaying flight and allowing the predator to 
approach more closely, relative to an animal that flees 
outright upon detection at long distances. Here, I will 
discuss each of these potential functions in detail and 
show how it is extraordinarily difficult to demonstrate 
antipredator signal function. 

Pursuit Deterrence 

Any behavior will certainly increase fitness if it reduces the 
probability that its performer will be attacked by a predator. 
Indeed, animals have evolved a wide array of signals that 
function to discourage the predator from pursuing them 
further. However, while all of these signals have the same 
desired outcome, they may signal one of a great many 
different reasons for the predator to cease its pursuit, and 
these behaviors come in a variety of different forms. 

Advertisements of perception 

First, many predators depend on stealthiness while hunt¬ 
ing in order to approach very close before ambushing 
their prey from a close distance. Mountain lions must 
approach undetected to within only 5-10 m of a deer in 
order to have any chance of successfully capturing it. 
Clearly, if prey detects a predator at a greater distance, 
signaling the predator that it has been detected should 
reduce the likelihood that the predator will continue to 
waste energy on a fruitless approach; the predator will 
likely move on to another area to try again on less- 
informed quarry. These perception advertisement signals 
may come in the form of simple, low-cost alert postures 
or tail-flagging; however, some prey use a more obvious 
auditory signal of awareness (e.g., snorting in ungulates). 
Klaus Zuberbiihler, Ronald Noe, and Robert Seyfarth 
found that leopards spent less time in hiding after being 
detected by vocalizing Diana monkeys, suggesting that the 
monkey vocalization informed the leopards that a stealthy 
approach was no longer possible and that the leopards 
gave up on their hunts upon being signaled. 

Perception advertisement also may come in the form of 
high-cost behaviors like predator inspection, in which an 
animal, upon detecting a predator, repeatedly moves 
toward and dashes away from its foe. Anne Magurran 
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studied the inspection behavior of a live predatory pike by 
minnows; inspecting fish avoid entering the ‘attack cone’ 
around the predator’s mouth, thereby minimizing risk. She 
found that the attack rate of the pike was reduced when 
minnows performed inspection approaches (Figure 2). 
Therefore, although predator inspection may reduce pred¬ 
atory attacks, it does not prevent them entirely, and inspec¬ 
tors may incur a great deal of risk. In addition to advertising 
perception to the predator, inspection may also allow the 
inspector and other conspecifics to learn more about the 
predator and/or maintain visual contact with a dangerous 
stealthy predator. 

Advertisements of quality 

Second, individuals vary in their physical strength, agility, 
and ability to outrun or outmaneuver a predator during 
an attack. In fact, many predators preferentially single out 
and attack apparently lame or infirm individuals from a 
group, which improves the predator’s likelihood of success 
and decreases the chances of prolonged unsuccessful 
chases of healthy prey. Therefore, if able-bodied prey 
can signal their escape ability to a predator prior to attack 
or even during the early phases of a chase from a long 
distance, the predator may halt the attack to avoid wasting 
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Figure 2 The relationship between likelihood of attack by 
predatory pike (Esox lucius) and the performance of inspection 
behavior by minnow prey (Phoxinus phoxinus). Pike and minnows 
were placed in separate tanks next to each other. The pike could 
always see and strike at the minnows but the pike was either 
visible to the minnows or shielded by a one-way mirror. When the 
pike was visible, minnows displayed inspection behavior, but 
when the pike was hidden, minnows foraged continuously and 
did not inspect the pike. The performance of inspection behavior 
by the minnows reduced strike rate by the pike (p < 0.025) but 
did not eliminate attacks. Redrawn from Magurran AE (1990) The 
adaptive significance of schooling as an antipredator defense in 
fish. Annales Zoologici Fennici 27: 51-66, with permission from 
Finnish Zoological and Botanical Publishing Board. 


more energy or risking physical injury on a likely fruitless 
effort. Stotting or bounding is a common behavior per¬ 
formed by many groups of ungulates while fleeing from 
predators. During flight, the animal stretches all four 
limbs downward, keeping them stiff, and springs upward 
in a high leap; the legs are kept together as the animal 
returns from the leap. Stotting is a slower form of loco¬ 
motion than outright sprinting and, therefore, increases 
risk and imposes costs on the performer. Tim Caro inves¬ 
tigated 11 potential functions of stotting in Thomson’s 
gazelles and concluded that, although stotting is likely 
an advertisement of perception in response to cheetahs, 
which rely on stealth and tremendous bursts of speed, 
it is likely an advertisement of quality/body condition in 
response to wild dogs, which chase gazelles over a long 
distance but at a slower pace (wild dogs preferentially 
chased gazelles that stotted at lower rates). Caro also 
suggests that stotting by mothers whose neonates are 
being pursued may be a way to distract the predator’s 
attention away from her young. Many other examples of 
advertisement of quality exist, but it is usually quite 
difficult to tease apart the true function of these signals 
(see discussion in the following section). 

Advertisements of defensive weaponry 

Third, many animals have toxins or defensive weaponry 
that help protect them from predators. These animals 
often allow their predators to approach very close to 
them and advertise the presence of their arsenal with 
bright coloration or exaggerated behaviors. Aposematic 
coloration, bright contrasting color patterns advertising 
defensive toxins or weapons, and defensive chemicals are 
discussed in detail in other articles. In addition to these 
patterns, animals can behaviorally modulate their body or 
coloration to enhance its visibility and direct the preda¬ 
tor’s attention to the presence of their defense. For exam¬ 
ple, tail piloerection and handstanding enhance the 
visibility of the contrasting black-and-white pelage of 
spotted skunks and draw attention to their anal region, 
the source of their noxious defensive spray. Skunks and 
other protected animals are often less wary than typical 
prey and allow potential predators to approach to within 
just a few meters before responding. Some bold or nai've 
predators attack anyway. Therefore, while toxins and 
weaponry go a long way toward reducing predation risk, 
their displays are not always effective, and these animals 
accept some risk by allowing the close approach of poten¬ 
tial predators that may attack despite their coloration or 
behavior. 

Defense calls 

Many animals that lack defensive weaponry or toxins 
may also stand their ground when a predator approaches, 
and some will make an abrupt noise that can mimic a 
more threatening species. Some rabbits growl like large 
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carnivores; some birds hiss like snakes; and burrowing 
owls produce a rattling sound to mimic a rattlesnake. 
The callers incur greater risk by not fleeing at greater 
distances. However, most of these calls appear to startle 
the predator, causing it to delay its attack for a brief time, 
giving the caller a few extra seconds to escape. We know 
very little about the function and ubiquity of defense calls, 
and most information that is known is anecdotal in nature. 

Death feigning 

Finally, one behavior that involves considerable risk but 
may function to halt a predator’s continued attack and 
consumption of a prey item is death feigning, the assump¬ 
tion of a false catatonic state in which the animal appears 
rigid and lifeless. While it takes place after attack and 
capture, death feigning, also known as thanatosis, letisi- 
mulation, or death shamming, has been documented in 
many birds and mammals, most famously the opossum. 
While most knowledge of death feigning is anecdotal in 
nature, Alan Sargeant and Lester Eberhardt found that 
bouts of feigning in ducks lasted, on average, 4 min, and 
29 out of 50 ducks that feigned death after being captured 
by foxes survived the incident. Foxes typically cached and 
abandoned immobile ducks rather than delivering a final 
death bite, which allowed the ducks time to regain con¬ 
sciousness and escape. Death feigning is probably most 
effective against predators that capture, move, and con¬ 
sume their prey at a later time. 

Warning Conspecifics of Danger 

Many species have evolved signals that are emitted when 
a predator is detected. These signals can function to warn 
nearby conspecifics of the presence of danger, and in some 
cases, the type of predator and its location. Earlier detec¬ 
tion of threat allows animals to take flight earlier and 
increase their probability of surviving the attack. Callers 
may incur high survivorship costs in the form of increased 
predation risk. These warning signals come in many forms 
(acoustic, chemical, or visual), and some species even 
have individuals designated as sentinels to warn the rest 
of the group. This section will focus on the costs and 
benefits of these apparently risky alarm calls. Detailed 
discussions of structure and alarm call type can be found 
in other articles. 

Costs and benefits of warning conspecifics 

It seems intuitively likely that alarm callers increase pre¬ 
dation risk and incur survivorship costs by drawing the 
predator’s attention and making themselves more locat- 
able, but there is some debate as to the actual level of these 
costs. Indeed some species may incur high survivorship 
costs for calling, while others may incur very little to none 
at all. For example, Paul Sherman measured capture rates 
of Belding’s ground squirrel alarm callers and noncallers, 


and he found that although alarm callers had a higher 
probability of being captured by terrestrial predators 
than noncallers (i.e., high survivorship costs), alarm callers 
had a lower probability of being captured by aerial pre¬ 
dators than noncallers (i.e., no survivorship costs and high 
survivorship benefits). Others suggest that the fact that 
prey in some species produce alarm calls only when they 
are a safe distance from the predator is evidence of high 
survivorship costs. On the other hand, many alarm calls are 
structured to make the caller less localizable or detectable, 
suggesting low survivorship costs. In sum, the risk incurred 
by alarm callers likely varies with the prey’s level of expo¬ 
sure, and the predator type, speed, and distance from 
the prey. 

There are three potential benefit structures of alarm 
calling. First, selfish alarm calls may benefit the caller but 
harm the receivers by inciting receivers into flight and 
distracting the predator’s attention away from the caller. 
However, this proposed benefit has received theoretical 
attention but no real empirical support; most studies 
suggest that receivers always receive at least some benefit 
from alarm calls, and no study has ever shown a net cost 
to attending to alarm calls. Second, alarm calls may be 
mutually beneficial: both callers and receivers benefit and 
the predator’s success rate is reduced by the altered 
behavior of the receivers. Receivers typically benefit by 
early detection, which leads to adaptive responses, and 
callers may benefit by a number of different mechanisms, 
including increased monitoring of the predator by all 
group members, initiation of coordinated group flight or 
defensive behaviors, initiation of a swarm of prey taking 
flight in different directions that may confuse the preda¬ 
tor, or protection of a nearby mate. Third, alarm calls may 
be kin-selected and result in a net cost to the caller (i.e., 
reduced survivorship - see previous paragraph), but the 
recipients (kin with whom the caller shares genes) benefit 
by earlier detection of the predator and increased escape 
probability (i.e., nepotism). In nepotistic alarm calls, 
receivers again typically benefit by early detection, and 
callers benefit by increasing the probability that indivi¬ 
duals with whom they share genes will survive the attack, 
thereby increasing their indirect fitness (n.b., the caller 
may receive no direct benefit from calling, but the indirect 
benefits due to relatedness with the receivers may exceed 
the potential survivorship costs of calling). Paul Sherman 
found that female Belding’s ground squirrels called more 
often than expected when closely related conspecifics 
were in the area (e.g., sisters and offspring), whereas 
males that had dispersed into the group and had no kin 
in the group called much less often than expected. 

Sentinels 

In most groups, individuals do not coordinate vigilance 
behavior, and animals alternate between foraging and 
being vigilant at some individual rate. However, in 




Risk-Taking in Self-Defense 83 


some taxa, one or a few individuals take on a sentinel or 
guard role for the group, while the other members enjoy 
uninterrupted time to forage. Sentinels usually position 
themselves in exposed positions, are more likely to spot 
predators from afar, give alarm calls to alert conspecifics, 
and therefore, would seem to incur greater risk from 
predators. However, sentinels are the first individuals to 
detect threats and usually position themselves in locations 
that, while exposed with visibility to the surrounding area, 
are close to refuge. In fact, studies of meerkats show that 
guards were never attacked by predators, indicating few, if 
any, costs to sentinel behavior. Theoretical investigations 
have shown that when an individual has sufficient energy 
reserves, it pays to be a sentinel when no one else in the 
group is occupying that role, and it pays to continue 
foraging if a sentinel is already on duty. Therefore, senti¬ 
nels likely incur very little, if any, risk and benefit from 
assuming the sentinel role by fleeing very early from 
predators, increasing foraging efficiency when they are 
not vigilant, and helping to protect conspecifics from 
predation (i.e., via kin selection or reciprocal altruism). 

Fear screams 

Individuals of some species, when captured by a predator, 
emit high-intensity, broadband vocalizations in addition 
to struggling physically to free themselves. These calls are 
called fear screams. Given that the individual has already 
been captured, using any remaining energy to intensify its 
physical struggle for freedom would seem to be the most 
adaptive strategy; however, Michael Conover has pro¬ 
posed five functions for fear screams: mobbing, startling 
the predator, warning kin of danger, calling for help from 
conspecifics, and attracting other nearby predators to 
distract the captor. While empirical evidence supports 
the idea that fear screams have several functions, the 
function with the most support is conspecific warning. 
Fear screams by some bird chicks at the nest induce flight 
behavior in their siblings; probability of fear scream 
behavior is positively correlated with flock size in some 
birds. Playbacks of fear screams are commonly used by 
wildlife managers to keep some bird species away from 
sensitive areas. While fear screamers may, indeed, 
improve their chances of escape via startling, distracting, 
or chasing the predator via mobbing, it is apparent that 
callers can also benefit by warning related kin during their 
final seconds of struggle, thereby increasing their indirect 
fitness. 

Teasing Apart Functionality 

From the foregoing discussion, it is clear that many dif¬ 
ferent types of signals may reduce predation risk in a 
variety of ways. However, testing functionality empirically 
in a wild population of animals is usually quite difficult. 


Typically, a number of a priori functional hypotheses and 
their supportive predictions are stated, an experiment is 
conducted or a set of natural observations is recorded, and 
the data are compared with the predictions. This strategy 
works well when the trait has only one function, but when 
a trait is multifunctional and provides its bearer with 
multiple benefits, the predictions of one function may be 
at odds with the other and both may be disregarded 
erroneously. For instance, if a signal functioned to warn 
conspecifics, we might predict that the signal would not 
be given by solitary animals. However, if that signal also 
served to advertise perception, then we would expect 
solitary animals to give the signal. Therefore, if the signal 
served both functions, then, given the data, we might 
conclude that it did not warn conspecifics of danger 
because solitary animals also signal. Great care must be 
taken when selecting predictions and planning experi¬ 
ments in order to avoid this potential problem. One 
must find ways to test each hypothesis independently of 
the validity of other hypotheses. Due to conflict among 
predictions, many experiments provide only marginal 
confirmation of one hypothesis, lacking sufficient evi¬ 
dence to rule out the others (i.e., just because solitary 
animals signal, does not exclude use of the signal to 
warn conspecifics when they are present). 

Physical Attack and Engagement 

Some animals decline to flee from predators and actually 
approach and attack certain types of predators they en¬ 
counter. Physical engagement takes many forms, includ¬ 
ing saving offspring from attack (e.g., nest defense), calling 
conspecifics to the cause and mobbing a predator, and even 
throwing substrate or other inanimate objects at the preda¬ 
tor to drive them away. Alternatively, animals that, when 
attacked, simply defend themselves with chemical or mor¬ 
phological weapons typically do so after all attempts to 
discourage the predator to cease its attack (e.g., warning 
behaviors, contrasting coloration, escape attempts, etc.) 
have failed, and these weapons are covered in detail in 
other articles. 

Offspring Defense 

If a predator approaches into close proximity of a young 
animal, parents often defend their offspring at some cost 
to their own of survivorship. This discussion will focus on 
nest defense in birds, but the same principles apply to 
parental defense in other taxa (e.g., Susan Lingle’s work 
on adult mule deer defending their fawns from attack 
by predators). Nest defense is a major part of parental 
investment that requires parents to weigh their own long¬ 
term survival against the survival of the current off¬ 
spring. Although the benefits of nest defense are obvious 
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(increased survivorship of offspring resulting in increased 
direct fitness), this section will focus on the costs of nest 
defense in the form of increased risk to the parent. 

Birds defend their broods in many ways: flushing 
explosively, feigning injury (e.g., broken wing) to entice 
the predator to attack the parent and not its young, alarm 
calling, and individually attacking the predator with dives 
and strikes. Distraction displays take many forms, and 
Michael Gochfeld groups a large number of nest protec¬ 
tive behaviors into this category, including running beha¬ 
viors, injury feigning, tail flagging, and erratic flight. Most 
distractive behaviors make the performer appear to be 
easier to capture, and therefore an easier and more prof¬ 
itable meal than the parent’s offspring, whether they have 
been detected or not. There is great variation in the form 
of these behaviors, and the type and frequency of beha¬ 
viors used vary from individual to individual. 

Although the most apparent cost of nest defense is 
increased risk of injury or death to the parent, there is 
little empirical evidence to suggest that this cost exists, 
and anecdotal evidence suggests that death is only occa¬ 
sional. Parents likely defend young in a manner that 
minimizes risk to themselves and may take fewer risks 
when the risk of predation posed by a particular type of 
predator is high. Additionally, parental survivorship costs 
of nest defense may be overstated because many defensive 
behaviors are performed in response to predators that 
pose little risk to the parents and only really threaten 
the offspring. The likelihood of nest defense in relation 
to costs may also depend on the parent’s renesting poten¬ 
tial (e.g., older parents, lower quality individuals, or par¬ 
ents nesting at the end of the breeding season when there 
is no chance of surviving the winter may take greater risks 
to protect their current offspring). 

Mobbing 

In many gregarious species, groups of animals sometimes 
advance toward a predator to inspect, follow, harass, or 
attack it until it leaves the area. Predators usually escape 
with just a few bites or pecks, but sometimes predators are 
captured or killed by mobbers. Mobbing is usually a group 
effort of offspring defense, varies considerably within and 
among prey species in form and intensity, and may take 
different forms specific to particular types of predators. 
Clear benefits of mobbing include reduced predation on 
gregarious species and increased reproductive success as a 
result of defending offspring. Eberhardt Curio outlined 
specific direct and indirect benefits of mobbing in birds; 
mobbing can harm or kill a predator (reducing risk), 
advertise detection of the predator and encourage a pred¬ 
ator to leave an area sooner, dilute risk of any one indi¬ 
vidual attacker, attract larger predators that pose a risk to 
the attacker, alert other conspecifics to danger, or induce 
silence from offspring. Costs of mobbing, in addition to 


temporal and energetic costs, should include decreased 
survivorship via the increased risk of reducing the dis¬ 
tance between the predator and prey. Although anecdotes 
suggest that prey are occasionally captured while mobbing 
predators, the best evidence of the costliness of mobbing 
is indirect and contextual. Riskiness of mobbing may be 
inferred from observations of mobbers being more cau¬ 
tious (1) with more dangerous predators, (2) when closer 
to a dangerous location, (3) when terrain makes it difficult 
to escape, (4) when fewer mobbers are available, and 
(5) when prey are less nimble. Mobbing may also attract 
additional predators to the area, and mobbing parents may 
inadvertently leave their offspring unprotected and more 
vulnerable to predation. 

Individual Attack 

Members of some species show a willingness to confront a 
predator on their own. While many of these species also 
mob predators in groups, individuals are often capable and 
eager to take on approaching predators without help from 
conspecifics. Ungulate mothers sometimes confront pre¬ 
dators to defend their offspring, attacking with their 
hooves and head ornaments (e.g., horns or antlers). Donald 
Owings, Richard Coss, Ron Swaisgood, and Matthew 
Rowe, among others, have studied the preemptive individ¬ 
ual attacks by California ground squirrels to rattlesnake 
predators for many years. Squirrels may approach, dart 
toward, and retreat from the snake (Figure 3), tail flag, or 
bite or throw substrate (dirt) at the snake. This snake 
harassment behavior is undoubtedly influenced by the 
squirrels’ resistance to rattlesnake venom and their interest 
in protecting more vulnerable offspring from predation: 
mothers are more likely than other squirrels to harass 
snakes. 

Some prey launch counterattacks against predators 
that have attacked them. Species with noxious or toxic 
defenses are most famous for their counterattack strate¬ 
gies: skunks and striped polecats are exceptional in their 
ability to spray a target with anal gland secretion from 
several meters away. As these types of weapons are dis¬ 
cussed in detail in another article, here I will focus on 
other forms of counterattack. Most nonnoxious prey that 
fight back against predators defend themselves with sharp 
teeth and claws. The small mustelid carnivores (e.g., 
weasels, martens, polecats) are excellent examples of 
small species with razor-sharp teeth that evolved to suit 
their voracious carnivorous appetite but that also are 
useful in defense. Many of these species can severely 
harm/maim an attacker in a cloud of dust and blood — 
the ratel (honey badger) is particularly well known for 
being fearless, pugnacious, and relentless in its response to 
harassment. Other animals may regurgitate oils onto their 
predators, which can lead to predatory birds becoming 
waterlogged and drowning and mammalian predators’ fur 
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Figure 3 Illustration of a California ground squirrel (Spermophilus beecheyi) female jumping back after being struck by a 
rattlesnake. Ground squirrels recognize and harass rattlesnakes at close-range and throw substrate to drive them away; squirrels 
have fast reactivity and venom resistance. Painting by Richard G. Coss. 


becoming foul-smelling. Some vultures regurgitate food 
when frightened; the vomit is highly acidic and can drive 
away predators. Clearly, the likelihood of counterattack 
depends on the costs and benefits of attacking versus 
flight and is based on the size and dangerousness of the 
predator, the size of the prey, the escape options on hand, 
and other environmental factors (e.g., availability of cover 
or refuge). 


Conclusion 

Clearly, when confronted by a predator, animals often do 
not flee immediately and behave in apparently risky ways 
that would appear to increase survivorship costs. How¬ 
ever, in nearly all cases, closer examinations of the beha¬ 
viors suggest that these ‘risk-takers’ are actually either 
optimizing fitness, so that fitness benefits exceed fitness 
costs, or are not behaving in a risky way at all, or both. 
Prey behave in risky ways throughout the attack sequence, 
whether they are alarm calling while the predator is still 
far away or purposely drawing a predators attention away 
from a nest of defenseless offspring. While some animals 
that accept increased survivorship costs at one stage of the 
predation sequence often compensate at a later stage by 
playing it more safely, other animals accept more risk in all 
contexts (i.e., a behavioral syndrome). While it is difficult 
to empirically assign functionality to risky antipredator 


behaviors, carefully designed experiments and attention to 
environmental circumstances during the performance of 
the behavior can shed light on the benefits that performers 
might receive. 

See also: Acoustic Signals; Alarm Calls in Birds and 
Mammals; Defensive Chemicals; Defensive Coloration; 
Defensive Morphology; Economic Escape; Group Living. 
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Introduction 

Behavior is typically defined as the activity of an organism, 
machine, or natural phenomenon, particularly in response 
to external stimuli. This definition is broad, and applies to 
robots and animals alike. A categorical difference between 
animals and robots is that the latter are typically designed 
by human beings to perform a set of highly constrained 
objectives, while animal behavior is typically rich and 
largely unconstrained. 

The overwhelming majority of all robots manufactured 
worldwide are industrial robot manipulators. These are 
typically open kinematic chains - that is, a series of links 
and joints, whose first joint is mounted to a stationary base - 
with an end effector mounted to the final link. It is true 
that many industrial robot arms are at least approxi¬ 
mately anthropomorphic, with six degrees of freedom: a 
waist joint, shoulder joint, elbow joint, and three degree-of- 
freedom wrist. However, the connection to biology ends 
there because the mechanical design, construction, control, 
and performance is unnatural: industrial robots are rigid, 
extremely precise, and some designs can produce forces on 
the order of tens of kilonewtons (thousands of pounds) 
while maintaining positioning error on the order of cen¬ 
timeters. In fact, some industrial manipulators can acceler¬ 
ate automobile engines at several times the acceleration 
due to gravity. These machines can produce a wide array of 
movements reliably, repeatably, and for much longer than 
animals can without fatigue. By many metrics, these 
machines already outperform animals, so a natural question 
arises: Why copy nature? 

Once programmed, industrial manipulators are gener¬ 
ally quite limited in their ability to respond to their 
environment and typically execute an even more limited 
repertoire of behaviors. These machines are rigid not only 
mechanically, but behaviorally as well. Animals, on the 
other hand, exhibit complex and nuanced responses to 
sensory stimuli, can perform a wide range of behaviors, 
and seem to deal with uncertainty and complexity more 
effectively than current robotic designs. This has moti¬ 
vated some research groups to study the principles of 
animal behavior to design robotic systems on the basis 
of these principles. 

In this article, we turn our attention to biologically 
inspired robots: those that are designed to emulate or copy 
some set of morphological and/or behavioral character¬ 
istics from nature. In this context, what are the relations 
between robotic and animal behavior and how can they be 


a source of insights for both engineers and biologists? 
Engineers increasingly look to the animal world for inspi¬ 
ration, but, as described later, translating animal behavior 
into robotic systems is fraught with pitfalls. Nevertheless, 
with care, this approach has led to technological advances, 
several examples of which are reviewed here. Robotic 
behavior can also be used by biologists to test specific 
hypotheses. This opens up the door for productive syner¬ 
gies between engineers and biologists, seeking to advance 
the state of the art in both fields. 

Briefly, robots can be divided into three categories. 
Type 1 robots are not directly inspired by, nor designed 
to share features with biological systems. Robots that 
operate in assembly lines or household robots such as the 
Roomba™ (iRobot Corporation) fall into this category. 
Type 2 robots are those that are biological inspired, incor¬ 
porating specific behavior features observed in animals in 
order to achieve some set of functional objectives. Robots 
such as those envisioned by the popular science fiction 
writer Isaac Asimov fall into the Type 2 category. Type 3 
robots are those that are built to test specific hypotheses 
about animal systems. These robots can be particularly 
helpful when certain manipulations of the actual animal 
are not possible. Here, we focus on Type 2 and Type 3 
robots. 

Type 2: Biologically Inspired Robot 
Behaviors to Service Human Needs 

Even relatively simple animals can perform far more com¬ 
plex and nuanced behavior than can the most advanced 
robots. Take, for example, the case of winged flight. Fixed- 
wing aircraft can outperform animals in terms of velocity 
and lift, but cannot match flapping animal fliers in terms of 
maneuverability. In recent years, engineers have produced 
many biologically inspired flapping fliers, called ornithop- 
ters , in an effort to match the maneuverability of nature’s 
designs. These Type 2 robots take their inspiration from 
the natural world to achieve a limited set of functional 
objections. Several of these machines are reviewed in the 
examples given later, but first some of the challenges in 
the process of bioinspiration are described. 

Challenges in Translating Biological Behavior 
into Robotic Inspiration 

The basic hypothesis underlying many efforts in bioin¬ 
spiration is that animal behavior systems have been 
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optimized over time by evolutionary processes. The notion 
is that organisms, through millions of years of evolution, 
have come up with fundamental design properties that 
solve problems associated with the natural constraints 
defined by the physical properties of the universe. The 
result is that animals can be high performing with respect 
to a variety of engineering metrics. Determining those 
fundamental design features for use in robotic design, how¬ 
ever, is more difficult than simply copying specific features 
of an organism. 

Take, for example, the differences among indepen¬ 
dently evolved vertebrate fliers such as pterosaurs, birds, 
and bats. Obviously, a pterosaur and bird and a bat do not 
look identical; in fact they are quite different in terms of 
the details of their design. If these animals were indeed 
‘optimal,’ one might expect a greater convergence of mate¬ 
rials, morphologies, and physiological properties between 
species. So, how does a roboticist determine those features 
of animal design that will contribute to better robots? As a 
start, the roboticist needs to consider that every behavior 
an animal performs must be interpreted in the context of 
the entirety of the organism. This is due to three features 
of animal behavior. 

First, behavior is mediated by mechanisms that are 
shared by other behaviors and physiological functions of 
the animals. Therefore, the mechanisms for any particular 
behavior cannot be assumed to be optimal for that behavior. 
In fact, a better assumption is that the mechanisms for any 
particular behavior are actually suboptimal. For example, 
songbirds produce songs that are necessary for successful 
reproduction. Nevertheless, the mechanisms for song pro¬ 
duction use organ systems that are shared for grooming, 
breathing, eating, and thermoregulation. Ergo, birds are not 
optimized for producing song alone. 

Second, the behavior of an animal occurs in the context 
of its evolution. The evolutionary history of an organism 
imposes a set of constraints on behavior and physiological 
mechanisms that may not be easily described or under¬ 
stood. A trivial example of this sort of phylogenetic con¬ 
straint might be food manipulation in birds and mammals. 
Birds must use the hindlimbs to manipulate food items 
because the forelimbs have been co-opted for flight, 
whereas most mammals use the forelimbs. In other 
words, evolution makes use of the features that are avail¬ 
able, rather than developing an optimal solution ‘from 
scratch.’ 

Third, behavior must be interpreted in terms of the 
ultimate evolutionary goal of the animal, which is repro¬ 
duction. Thus, although the proximate goal of a particular 
behavior might appear straightforward, such as prey cap¬ 
ture, that behavior represents only part of the behavioral 
repertoire necessary for reproduction. In short, no animal 
is optimized to achieve any single behavior, but rather 
they are designed to carry out a suite of behaviors that are 
sufficient for survival and reproduction. 


Design features can more reliably be determined via a 
comparative approach. Specifically, comparisons among 
species permit the identification and separation of those 
features that are unique to a particular organism or a clade 
of organisms, versus those features that are similar among 
organisms or clades. Of interest are those features that are 
similar among the widest array of animals: those features 
are most likely to represent the fundamental design con¬ 
straints for a particular category of behaviors. 

Evolutionarily speaking, such similarities can arise from 
two sources. Similarities across clades can be plesio- 
morphic - meaning that the feature arose in an evolution¬ 
ary event that occurred long ago and that all the extant 
clades have inherited that feature. Indeed, there are genetic 
sequences that are found in very distantly related species, 
and can be shown, using quantitative analysis, to have first 
occurred well over 200 million years before present. Simi¬ 
larities can also be homoplastic - meaning that the feature 
arose independently in different clades. This process is 
also known as ‘convergent evolution.’ A simple example 
of convergence is the eyes of vertebrates, cephalopods, and 
cnidarians. Each of these clades independently evolved an 
eye with a single lens in front of a photoreceptive sheet. 

Convergent strategies are of particular interest. Take, 
for example, the case of legged locomotion. Comparative 
studies that carefully account for dimensional scaling 
reveal remarkably similar mechanics and energetics across 
dramatic variations in, morphology (including 2-, 4-, 6-, 
and 8-legged runners) and body size (millimeters to 
meters). These similarities include mechanical and meta¬ 
bolic energetics, gait, stride frequency, and ground reaction 
forces. These ubiquitous scaling relations have been used 
to inform the design and implementation of biologically 
inspired legged robots such as the RHex robotic hexapod 
described below. 

Examples of Type 2 Biologically Inspired Robots 

There is a rich history of biological inspiration in mechan¬ 
ical systems, perhaps starting with the human fascination 
with avian flight. Leonardo da Vinci is widely known for 
his study of birds and he produced many conceptual 
designs of artificial flying machines, including an early 
design for a hang glider which was ultimately successful. 
Many of his designs were for ornithopter flapping flight. 
While it is true that for centuries, engineers have been 
inspired by flapping flight, ultimately engineers separated 
the mechanisms of thrust, lift, and, to some extent, control. 
This is a decidedly nonbiological approach, because for 
birds and other flapping fliers, flapping wings perform all 
three of these tasks. 

Deciphering these integrated, shared mechanisms has 
proven a substantial challenge for engineers and has 
remained essentially unsolved for decades. In the last 
two decades, substantial progress has been made in this 
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regard, encouraging researchers to return to the design 
and construction of ornithopters inspired by animal flap¬ 
ping flight. This has been facilitated by a multitude 
of technological and scientific advances. For example, 
improved fabrication technology has accelerated the rate 
at which new designs can be implemented and tested. 
Moreover, a wide variety of actuator technologies, such 
as electroactive polymers (EAPs), are becoming available 
for use as artificial muscles that offer many of the char¬ 
acteristics of animal muscle. From a scientific standpoint, 
there have been increasingly sophisticated studies into the 
mechanisms for lift and maneuvering in natural flapping 
fliers, including a wide range of new experimental and 
analysis techniques: high-resolution and high-speed vide- 
ography, complex 3D fluid simulations, electrophysiolog- 
ical recordings during behavior, etc. 

A recent example of the confluence of science and tech¬ 
nology is the Micromechanical Flying Insect (MFI; http:// 
robotics.eecs.berkeley.edu/~ronf/mfi.html) project, which 
began as a collaboration between biologists and engineers 
at UC Berkeley. These small-scale robotic flying machines 
are inspired by the discoveries in high-frequency flapping 
flight of flies. Biological investigations into the mechan¬ 
isms of unsteady aerodynamics of flies, sensory integration 
from the haltere, and wing actuation have all fueled MFI 
technology. Recently, the Harvard Microrobotics Labora¬ 
tory built a successor to the MFI that generated sufficient 
lift to take off. 

In terrestrial locomotion, basic research at the 
PolyPEDAL Laboratory at the University of California, 
Berkeley, has inspired several engineering research labs to 
build hexapedal robots capable of rapid running and 
climbing, including the following projects: 

• RHex (http://kodlab.seas.upenn.edu/RHex/Home): 
This is a collaboration between researchers at Univer¬ 
sity of California, Berkeley, the University of Pennsyl¬ 
vania, and McGill University to build a dynamic 
hexapod capable of high-speed terrestrial locomotion. 

• Robots in Scansorial Environments (RiSE; http://www. 
riserobot.org/): This is a large consortium of research¬ 
ers from academics and industry, including University 
of Pennsylvania, University of California, Berkeley, 
Stanford University, Lewis and Clark College, and 
Boston Dynamics, Inc., to build biologically inspired 
climbing machines. 

Type 3: Robots as Biological 
Research Tools 

The Role of Robots as Physical Models 

Biological hypotheses must often be tested using indirect 
methods, such as mathematical models and computer simu¬ 
lations. This is particularly true for fields like paleobiology, 


where direct measurement of behavior is impossible, but it 
is also true for behavioral biology in general. For example, 
ethical considerations or technical challenges with small 
organisms can preclude many types of manipulations and 
measurements. In this case, computer models and numeri¬ 
cal simulations can certainly be helpful, but there are cases 
when these are not sufficient either. This motivates the use 
of robotics as a tool for simulating animal behavior in order 
to test hypotheses. 

In a certain sense, physical simulations using a robot are 
no different than those in a computer. In the context of 
behavioral biology, however, robot models have two poten¬ 
tial advantages over computer simulations. First, computer 
simulations rely on approximations to the underlying phys¬ 
ics of movement that cannot be independently verified. 
Second, robots are of special importance for investigations 
of social behavior, because robotic surrogates can be intro¬ 
duced into ecologically relevant settings; these surrogates 
can then be used to test specific hypotheses about the nature 
of social interactions in a way that may be impossible using 
animals alone. 

Examples of Type 3 Robots to Model 
Biological Behavior 

The mechanics of flapping flight of the fruit fly is chal¬ 
lenging to study for many of the reasons noted earlier. 
First, the small scale of fruit flies makes instrumentation 
unfeasible using state-of-the-art technologies. Moreover, 
accurate mathematical simulations of the aerodynamics 
are currently an open research problem in the fluid 
mechanics community, so such simulations cannot, alone, 
be completely trusted as a test of a biological hypothesis. 
As a consequence, a team of engineers and biologists 
developed a Type 3 robot called ‘RoboFly,’ a large dyna¬ 
mically scaled robotic model of a fly wing, designed to flap 
in mineral oil. In a hybrid approach, the researchers 
measured the 3D flight kinematics for real fruit flies turn¬ 
ing in free space and replayed the measured wing kine¬ 
matics (appropriately scaled in time) through RoboFly. 
RoboFly’s large scale facilitated instrumentation of forces 
and torques, enabling researchers to measure for the first 
time the forces required during maneuvering. Using the 
principle of similitude, the forces measured on RobotFly 
were used to determine the forces at play at the original 
scale of the fruit fly itself. In a synergistic collaboration, 
members of the same team have developed a series of Type 2 
robots through the MFI project mentioned earlier. These 
small-scale robotic flying machines are inspired by the 
discoveries the team has made about flapping flight using 
RoboFly. This synergy between biologists and engineers - 
involving the development of both Type 2 (MFI) and 
Type 3 (RoboFly) robots - is increasingly common. 

Another area where biological experimentation can be 
difficult is in the complex cues used in social communication. 
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Robot animals can be used introduced into social settings 
to test the role of specific cues for communication. 
A recent example this sort of Type 3 robot is ‘Faux Frog’ 
that was used to test the role of visual cues in female 
responses to male calls. Male Tungara frogs produce audi¬ 
tory signals that involve the inflating and the deflating of a 
large sac. The auditory cues have been known for some 
time to be effective for attracting mates. However, the 
movement of the sac itself could be a strong visual cue to 
females, but disassociating the sac movement and the 
sounds produced by those movements is not possible in 
an intact animal preparation. To test the possibility that 
the movement of the sac was a cue used by females, a robot 
frog was produced in which the sac movements and sounds 
could be decoupled. Experiments with this robot showed, 
for the first time, that the visual cues arising from sac 
movements had an important role in female perception 
of frog calls. 

In a more complex experiment, Type 3 robot cock¬ 
roaches imbibed with cockroach chemosensory cues were 
used to examine the relative contributions of physical and 
social cues in refuge choice. In an experimental arena, 
cockroaches will hide under refuges that are provided for 
them. If two identical refuges are provided, all the cock¬ 
roaches will nevertheless congregate under a single ref¬ 
uge. A quantitative model for refuge selection was 
developed, but this model could not be tested using ani¬ 
mals because there are no manipulations of the animals 
that can reliably change the social behavior of the animals. 
Instead, robot cockroaches that implemented the quanti¬ 
tative model were introduced into the arena with the 
roaches. The parameters of the model could be changed 
in the robots, which indeed resulted in changes in the 


behavior of the cockroaches. These changes showed how 
social cues contributed to the distributions of cockroaches 
among the refuges. Interestingly, the behavior of the 
cockroaches also affected the performance of the robots. 

See also: Animal Behavior: The Seventeenth to the 
Twentieth Centuries; Communication: An Overview; Com¬ 
parative Animal Behavior - 1920-1973; Darwin and Animal 
Behavior; Evolution: Fundamentals; Integration of Proxi¬ 
mate and Ultimate Causes; Neuroethology: What is it?; 
Psychology of Animals. 
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The use of robotics to study animal behavior has been 
increasing in recent years, as the sophistication of robotic 
technology increases and costs decrease. There are two 
main uses of robots in behavioral studies. First, robots have 
been used in playback experiments in a diversity of inver¬ 
tebrate and vertebrate taxa - to mimic behaviors in 
a controlled way - in order to study focal animal response. 
Such experiments allow researchers to study the function 
and efficacy of different components of the mimicked 
behavior, in isolation or in combination. Researchers can 
also examine how response to the mimicked behavior 
varies in different social and environmental conditions, 
and assay characteristics of responding animals, for exam¬ 
ple, measuring their aggressiveness, fearfulness, or respon¬ 
siveness. The second main use of robots in animal behavior 
does not involve fooling animals into interacting with 
robots; rather, robotics is used as a modeling tool to 
study the mechanisms underlying behaviors. In this type 
of research, often called biomimetic robotics, researchers 
program robots with different algorithms and compare the 
behavior of robots with that of focal animals. By determin¬ 
ing which algorithm best approximates natural behavior, 
researchers can learn about animal behavioral rules and 
cognitive processes. As technology improves, the division 
between robots used for playbacks and algorithm testing is 
beginning to erode, with autonomous robots being tested 
in interactions with live animals. 


What Are Robots? 

Robots are machines made to perform actions similar to 
those of human or non-human animals. They are typically 
electromechanical systems that convey a sense of agency, 
by appearance or movements. These movements can be 
controlled by experimenters, or may be programmed to 
interact with the environment independently. The degree 
of similarity between the movements and appearance of 
the robot and the model organism varies. Some robots are 
designed to mimic the model animal, as is typically the 
case in robot playback experiments, whereas others may 
bear little resemblance, but mimic behavioral mechanisms 
of interest to the researcher, as is typically the case in 
biomimetic robotics. As will be seen further in the article, 
the forms of robots are as varied as the types of research 
questions they address. 


Robotic Playback Experiments 

The use of robot technology has allowed researchers to 
add a new dimension to one of the oldest tools in the 
behaviorisms kit: the playback experiment. In playback 
experiments, the signals and cues produced by animal 
are recorded or reproduced and played back to animals 
to measure their response. Playbacks are a common tool 
in the study of animal communication. For example, 
researchers use recorded or synthesized vocalizations to 
study acoustic signaling, and painted or taxidermied mod¬ 
els or, more recently, recorded or animated video images 
to study visual signaling. With robots, researchers are able 
to perform playback experiments with dynamic visual, 
tactile, and behavioral signals in a way that allows animals 
to interact with the stimulus in three dimensions. As 
is described in this article, robots are often used in com¬ 
bination with other types of playback, such as acoustic 
signals or chemical cues. Like other kinds of playback 
experiments, the robotic stimulus can be predetermined or 
interactive - with the experimenter creating a ‘response’ 
from the robot, simulating two-way interaction between 
the robot and the target animal. Interactive playback 
experiments with robots are still relatively rare, but the 
use will undoubtedly grow as technology improves. 

Moving mechanical models have been used in playback 
experiments since the time of Nikko Tinbergen. Tinber¬ 
gen studied the visual signals used by black-backed gulls to 
stimulate and direct nestling begging, using painted mod¬ 
els of a gull’s head, which he moved by hand. While simple 
and effective, models that need to be moved by hand can 
only be used in limited circumstances. The first successful 
use of a remotely controlled electromechanical robot in a 
playback experiment was in 1989, with a robotic dancing 
honeybee, followed by robotic vertebrates, including 
a female robotic satin bowerbird and a male dart-poison 
frog. It is no coincidence that these early examples, which 
are discussed in the article, used robots to study animal 
communication, as this is the focus of most playback 
experiments of any kind. Since these early examples, the 
use of robotics in animal behavior has grown rapidly, as has 
the diversity of questions and taxa represented. 

The use of robots allows researchers to accomplish tasks 
that would, in many cases, be impossible without a robot. 
This article focuses on three such tasks: (1) deconstructing 
different components of a behavior, such as a visual signal, 
to measure how individual components affect response and 
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how they interact; (2) examining the efficacy of the behav¬ 
ior in eliciting a response across a wide range of environ¬ 
mental conditions; and (3) assaying the characteristics of 
responding animals, for example, so that different respon¬ 
ders can be compared by their aggressiveness, fearfulness, 
or responsiveness to a controlled stimulus. These types of 
experiments are discussed here, with examples for each. 

Measuring the Response to Components of 
Complex Behaviors 

Animal behaviors are often complex, and researchers may 
want to know which particular features of a complex 
behavior are necessary and sufficient to elicit a response 
from other animals. Robots can allow researchers to answer 
this question by experimentally mimicking a particular 
feature of the behavior and measuring the response. For 
example, there was a long-lasting controversy over whether 
honeybees communicate the location of food sources to 
other workers with elaborate waggle dances, or whether the 
dance serves only to focus the attention of other workers, 
which then use the scent of the pollen to find the food 
source. Alex Michelson and colleagues were able to sepa¬ 
rate these two components by creating a robotic honeybee 
that could dance in an experimentally controlled manner 
(Figure 1(a)). The robot was designed to mimic the waggle 
movement and sound-producing wing-vibrations of a 
dancing worker. The robot was scented like the food source, 
as a dancing worker would be, but it did not look like a bee - 
in fact, it was made of brass and had a vibrating piece of razor 
blade for wings. But looks were not important, since the 
dance occurs in the dark of a hive. By creating an experi¬ 
mental mismatch between the scent and dance signals, 
researchers were able to direct bees away from the scented 
target location, to the location indicated by the dance. This 
showed that the waggle dance independently conveys infor¬ 
mation about the distance and direction of food sources, 
though scent cues are clearly important as well. 

In addition to being able to decouple and assess the 
response to different components of behaviors, research¬ 
ers can examine how these components interact. Peter 
Narins and his colleagues did just this using a robotic 
dart-poison frog in a field study in Costa Rica. With the 
‘Robo-Rana,’ Narins could compare the response to the 
acoustic signal alone, the visual signal of the inflating vocal 
sac on the throat, and the combination of both signal 
components (Figure 1(b)). They found that only the com¬ 
bination of acoustic and visual displays was effective at 
eliciting an aggressive response from males. Further, they 
were able to carefully adjust the timing and spatial position 
of the acoustic and visual signal sources (the speaker and 
the robot), to study how separation affected the integration 
of signal components by receivers (Figure 2). In another 
study examining how multiple signal components interact, 
Aaron Rundus, Don Owings, Sanjayjoshi, and colleagues 


built a robotic ground squirrel (Figure 1(c)) that could 
produce both infrared (IR) and tail-flagging (i.e., side-to- 
side waving) signals used in interspecific communication 
with rattlesnakes. California ground squirrels heat up their 
tails while performing a tail-flagging display to rattlers, 
who have IR-sensing pit organs, but not to gopher snakes, 
who lack pit organs. Supporting the hypothesis that the IR 
increases the efficacy of the tail-flagging signal to rattlers, 
they found that the combination of the flagging and heat 
was more effective than tail flagging alone in repelling 
rattlesnakes. 

In addition to studies of communication, robots have 
great promise for studies of social cueing. Social cueing is 
the use of cues from other individuals to make decisions 
about group formation, movement, settlement, foraging, 
and other social behaviors. In a recent study, Jose Halloy, 
Gregory Sempo, and colleagues used robots to study 
group decisions in cockroaches (Figure 1(f)). The robots 
were autonomous, and programmed with a model for how 
real cockroaches behave, including their response to other 
cockroaches, creating a closed behavioral loop between 
the robots and roaches. This allowed Halloy to use the 
robots as a test for alternative mechanisms of behavior 
(see section ‘Biomimetic Robots’) as well as to study how 
real cockroaches respond to social cues. The robots did 
not look like roaches, but were scented with roach pher¬ 
omones. Real cockroaches followed the robots, even when 
the robots were programmed to lead them from their 
preferred dark nooks and crannies into unsafe, open areas. 

Another form of social cueing is conspecific attraction, 
where gregarious animals are attracted to areas that have 
conspecifics present. Conservation biologists have exploited 
this tendency to positive effect by using model animals to 
promote settlement of animals into underutilized habitats. 
In some cases, static decoys may suffice, but robots may 
increase the effectiveness of this method. One example 
of this effect - in this case with detrimental effects to 
the attracted animals - is the use of powered decoys 
with spinning-wing by hunters to attract ducks. Joshua 
Ackerman, John Eadie, and colleagues found up to a 50% 
increase in kills with the use of motorized decoys, suggesting 
that the visual cue associated with wing movement may be 
used by ducks in conspecific cueing. The use of robotic 
models may thus help to determine which cues and signals 
are used in conspecific attraction, and may have important 
conservation and management implications. 

Measuring Environmental Effects on Response 

Not only are behaviors often complex, but they also occur 
in a complex world that varies in space and time; to be 
successful, animals need to produce behaviors that are 
effective and advantageous in the social and environmen¬ 
tal context in which they are used. Robots allow research¬ 
ers to examine how the efficacy of signals and other 
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Figure 1 Examples of robots used for playbacks experiments, (a) The robot honeybee used by Michelsen and colleagues to study 
communication; the robot can imitate the waggle dance and direct workers toward an experimental food source. Photo courtesy of 
A. Michelsen. Reproduced from Michelsen A, Andersen BB, Stom J, Kirchner WH, and Lindauer M. (1992) How honeybees perceive 
communication dances, studied by means of a mechanical model. Behavioral Ecology and Sociobiology 30: 143-150. (b) The 
‘Robo-Rana’ dart-poison frog used by Peter Narins and colleagues to study male territorial signaling; to the left is a speaker for acoustic 
playbacks, centers is the model male with inflatable vocal sacs, right is a real male attacking the robot. Illustration courtesy of P. Narins. 
Reproduced from Narins PM, Grabul DS, Soma KK, Gaucher P, and Hodl W (2005) From the cover: Cross-modal integration in a 
dart-poison frog. Proceedings of the National Academy of Sciences of the United States of America 102: 2425-2429. (c) The robot 
squirrel used in playbacks of tail-flagging to rattlesnakes; the tail can be heated to mimic the infra-red signals produced by ground 
squirrels. Photo reprinted with permission from the National Academies of Science. Reproduced from Rundus AS, Owings DH, Joshi 
SS, Chinn E, and Giannini N (2007) Ground squirrels use an infrared signal to deter rattlesnake predation. Proceedings of the National 
Academy of Sciences of the United States of America 104: 14372-14376. (d) A robotic female sating bowerbird used by Gail Patricelli 
and colleagues to study male how male response to female signaling affected male success in courtship; the robots can look side to 
side - to appear more realistic - and perform female signals of interest in the courting male - crouching downward and spreading their 
wings. Photo courtesy of G. Patricelli. Reproduced from Patricelli GL, Uy JAC, Walsh G, and Borgia G (2002) Sexual selection: Male 
displays adjusted to female’s response. Nature 415: 279-280. (e) The robotic female greater sage-grouse used by Gail Patricelli and 
Alan Krakauer to study how males adjust their displays in response to female proximity; the robot can look back and forth, move toward 
target males on model train tracks and rotate to face them; she is outfitted with an on-board microphone and video camera to measure 
male display from a female perspective. Photo courtesy of G. Patricelli. Reproduced from Patricelli GL and Krakauer AH (2010) Tactical 
allocation of effort among multiple signals in sage grouse: An experiment with a robotic female. Behavioral Ecology 21: 97-106. (f) The 
robotic cockroach used to study collective decision making and movements in cockroaches. The autonomous robot is programmed to 
interact with real cockroaches, and can elicit novel behaviors from them. Photo courtesy of J. Halloy. 


behaviors varies in these different contexts. For example, 
Terry Ord and Judy Stamps tested how the presence or 
absence of an alert component (a push-up display) in an 
Anolis lizard affected the response of territorial males to 


the main part of the signal (the ‘headbob’) in varying light 
conditions. They used a robotic male anole, which could 
be programmed to produce different patterns and combi¬ 
nations of push-ups and headbobs, and deployed in the 
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Figure 2 Results from Narins and colleagues, who used a robotic male dart-poison frog to study investigating cross-modal 
integration in dart-poison frogs. Trials in which the speaker and visual stimulus (the robot with moving vocal sac) were separated 
by 12 cm elicited significantly less aggressive behavior than with separation of 25 or 50 cm. Figure reprinted Narins PM, Grabul DS, 
Soma KK, Gaucher P, and Hodl W (2005) From the cover: Cross-modal integration in a dart-poison frog. Proceedings of the National 
Academy of Sciences of the United States of America 102: 2425-2429, with permission from the National Academies of Science. 


Puerto Rican forest habitat of the anoles. They found 
that signals with an alert were detected more quickly in 
environments with poor lighting than those without an alert. 
In good lighting, however, the advantage of the alert dis¬ 
appeared. This supported the hypothesis that alerts are 
important for calling attention to the main part of the signal 
and that their effectiveness varies with environmental con¬ 
ditions. Using only observations of natural behaviors, such 
comparisons of the efficacy of the same behavior in different 
conditions would be impossible, since animals often change 
their behavior to match the background. 

Assaying Responder Traits 

Animal behaviorists often need to assay the traits of known 
individuals to determine how different aspects of behavior 
relate to each other or to life history traits, like fitness. For 
example, researchers may want to know how males differ 
in their courtship behavior, and how these differences relate 
to male success at convincing females to mate. These kinds 
of relationships can be difficult to measure in observational 
studies, since successful males are more likely to be found 
courting receptive females, and female receptivity behaviors 
may encourage males to court more enthusiastically. One 
of the most important uses of playback experiments is to 
assay the responses of different individuals to a controlled 
stimulus, allowing researchers to compare individuals on a 
level playing field. 

For example, in collaboration with Gerald Borgia and 
colleagues, I used a robotic female satin bowerbird to ask 
whether male satin bowerbirds that display more intensely 
are more successful in courtship, or whether differences in 
display intensity are due to differences in the receptivity 
behaviors of courted females. The robot was able to mimic 
female signals of receptivity to courtship and could be 
deployed in the field where courtship would normally 
occur (Figure 1(d)). We found that successful males indeed 
displayed more intensely, even when female behaviors 



(a) Robot crouch rate 


c n 



(b) Male responsiveness to the robot 

Figure 3 Results from Patricelli and colleagues, who used a 
robotic female satin bowerbird to assay male courtship 
behaviors, (a) Males increased their display intensity in response 
to increasing signals of interest (crouching) from the robot. 

(b) Males who adjusted their intensity more strongly (i.e., more 
responsive males) startled real females less often during 
courtship, and were thus more successful in courtship. Reprinted 
with permission from Nature Publishing Group. 

were held constant using a robot. Moreover, we examined 
how males adjusted their display intensity in response to 
female crouching signals. We found that males increase the 
intensity of their displays in response to increased crouching 
(Figure 3(a)) and that males that adjust their display 
intensity more strongly (i.e., are more responsive) threaten 
real females less often (Figure 3(b)) and are thus more 
successful in courtship. 
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More recently, I worked with Alan Krakauer to examine 
how male greater sage-grouse adjust their display rate with 
proximity to females, and how this affects the quality of 
their displays. Using a robotic female sage-grouse that can 
be moved toward males on model train tracks (Figure 1(e)), 
we were able to control for the fact that real females tend to 
approach successful males more closely, which elicits faster 
strutting from the males. We found that successful males 
strut at a higher rate toward the robot and they adjust their 
displays more strongly with proximity to the robot, which 
allows them to produce higher-quality signals. The sage- 
grouse robot was also outfitted with an onboard audio and 
video recorder, so that it could be used as a data-collection 
tool as well as a playback stimulus; this allowed us to record 
male signals from the receiver’s perspective - literally get¬ 
ting inside the head of a female during courtship. In both 
the sage-grouse and bowerbird studies, the use of a robot 
allowed us measure male responsiveness to controlled 
female behaviors, and to examine how this responsiveness 
varies with other male display traits and components of 
male fitness. 


Practical Considerations for Robotic Playbacks 

When is it appropriate to use robots in playback experi¬ 
ments? As discussed earlier, robotics is a powerful tool 
in playback experiments, but simpler tools may suffice in 
many cases. For example, if an animal will respond to video 
playbacks of the behavior of interest, then this may allow 
far more flexibility in manipulating the experimental 
stimulus (Figure 4). Using available video and animation 
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Figure 4 Comparison of different robotic tungara frog robots 
with video playback. Taylor and colleagues compared the 
proportion of females responding to a robotic model with a 
moving vocal sac, a moving vocal sac alone, a static model 
and a video playback of a displaying male. Females were given 
a choice between these stimuli and a speaker broadcasting the 
same call but lacking the visual stimulus of a model frog or video. 
Reprinted Taylor RC, Klein BA, Stein J, and Ryan MJ (2008) Faux 
frogs: Multimodal signalling and the value of robotics in animal 
behaviour. Animal Behaviour 76: 1089-1097, with permission 
from Animal Behaviour, Elsevier. 


software, video stimuli can be manipulated to change the 
form, color, size, behaviors, background, etc. Comparable 
manipulations with a robot would typically be more 
expensive and require more specialized training to con¬ 
struct, and in cases where behavior patterns are very rapid 
and complex, may simply be impossible with present 
technologies. But videos are not better in all cases - 
among other issues, they are two-dimensional and fail 
to elicit responses from some animals. Both robotic and 
video playbacks have pros and cons; researchers must 
choose which option will be cheaper, simpler, more reli¬ 
able, and more flexible, considering the natural history of 
the study organism, the logistics of the study, and the 
questions being addressed. 

In deciding whether to use a robot, researcher must also 
consider whether the focal species will respond to a robot. 
If the mimicked behavior is extremely complex, then it 
may be prohibitively expensive (or impossible) to build a 
robot that is sufficiently realistic to elicit a natural 
response. Thus far, robotic playbacks have been used pri¬ 
marily when behaviors are relatively simple, and/or the 
sensory systems or selectivity of the focal animal is suffi¬ 
ciently permissive. For example, researchers have elicited 
natural responses from male and female frogs, using robots 
that mimic male territorial and sexual signals. These 
robots look and move in a strikingly realistic way, with 
painted rubber or plastic models representing the body 
of the frog and inflatable vocal sacs (Figures 1(b) and 5). 
In contrast, the sexual signals of male birds are often 
extremely complex, involving rapid movement and flight, 
such that even the best plastic or rubber bird models look 
far from real. Studies with robotic birds have therefore 
mimicked the simpler behavioral patterns of females, and 
have used jointed taxidermied mounts of the target species 
(Figure 1(d) and 1(e)). Further, these studies have thus 
far been conducted on polygynous species, in which males 
are not very choosy about which females they court. No 
successful studies have yet focused on monogamous spe¬ 
cies, in which males and females are both choosy during 
courtship and in which the bar for a realistic model would 
likely be higher. Unfortunately, there is no way to predict 
whether a species will respond to a robot and how realistic 
the robot must be to elicit a natural response; trial and 
error is thus required in the early stages of the research. 


Biomimetic Robots 

Mathematical and computational models have provided 
scientists with powerful tools for testing hypotheses for 
the mechanisms underlying behaviors. For example, 
scientists can test hypotheses about the neural and mus¬ 
cular mechanisms underlying locomotion by construct¬ 
ing models of these mechanisms and their interaction 
with the environment. They can then test whether their 
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Figure 5 Photographs comparing real (left) and robotic (right) tungara frogs used by Taylor and colleagues to study female mate 
choice. The body of the robot is urethane, cast from a real tungara frog, and painted to match. The inflatable vocal sac is made from a 
latex catheter. Reprinted Taylor RC, Klein BA, Stein J, and Ryan MJ (2008) Faux frogs: Multimodal signalling and the value of robotics in 
animal behavior. Animal Behavior 76: 1089-1097, with permission from Animal Behavior, Elsevier. 


models approach the behaviors observed in real animals. 
Robotics has provided another tool in this modeling 
toolkit and is often used in concert with mathematical 
and computational models. Here scientists test hypoth¬ 
eses about mechanisms by building physical models - 
robots - that use these proposed mechanisms and interact 
with stimuli in the outside world. This field is often 
called ‘biomimetic robotics’ or ‘biorobotics’ to distinguish 
it from other fields of robotics. Since the real world is 
typically more complex than even the most complex 
mathematical and computation models — even in the 
laboratory, where many factors are controlled - robotics 


provides a robust test of hypotheses and a powerful tool 
for generating new predictions and refining models. 
These studies may also help researchers design more 
effective robots - thus animal behavior may contribute 
in turn to the development of robot technology. 

Barbara Webb describes the process of robotic model¬ 
ing as involving the following steps: ‘identifying a target 
issue to be explained; offering an explanation; demon¬ 
strating that it accounts for observations; deriving further 
predictions and testing them.’ Webb argues that the power 
of this approach is that it forces researchers to confront 
how the environment and body design affect behavioral 
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capabilities, often causing researchers to reevaluate their 
assumptions. In some cases, robotic modeling approaches 
have demonstrated that the previous models were too 
simple to account for the complexity of observed beha¬ 
viors in animals. In other cases, the opposite has been 
found - the simpler models can accomplish a task without 
the sensory or cognitive complexity that was assumed 
necessary. Researchers typically begin with the simplest 
possible mechanisms and add complexity as needed until 
the robot approaches natural behaviors. 

The biomimetic robotics approach has thus far focused 
on simple behaviors, or simple aspects of complex beha¬ 
viors, since there are more developed models of the 
underlying mechanisms for testing in these cases. The 
list of modeled behaviors includes escape behavior, loco¬ 
motion, learning, recognition, social aggregation, collec¬ 
tive behavior, and movement toward a stimulus source 
(taxis). A few examples of biomimetic research on taxis 
behavior are given in the following section. 

Modeling Taxes 

One of the most common behaviors addressed with biomi¬ 
metic robots is taxis - directed movement toward a stimulus 
source, such as light (phototaxis), sound (phonotaxis), contact 
(thigmotaxis), and chemical cues (chemotaxis). For example, 
Frank Grasso, Jelle Atema, and colleagues have used robotic 
lobsters (‘robolobsters’) to examine the mechanisms that 
allow lobsters to efficiently locate the source of a chemical 
plume in turbulent water (Figure 6(a)). The robolobsters 
are designed to mimic the scale of a lobster in size, speed, 
maneuverability, and olfactory sampling, but not the 
biomechanics of movement (they roll on wheels). The 
robolobsters are programmed with several hypothesized 
mechanisms for localization, and the resulting behavior of 
the robolobster is compared with the behaviors of real 
lobsters facing the same task in the same conditions. 
Using this method, the researchers were able to reject 
hypothesized mechanisms for failing to reproduce lobster 
behavior, and direct future biological research toward 
more likely mechanisms. 

Phonotaxis has been studied by Barbara Webb and 
colleagues in another invertebrate, the cricket. The robots 
created by Webb and her group model the sensory, cog¬ 
nitive, and biomechanical systems involved in phonotaxis 
(Figure 6(b)). Their robotic model of directional hearing 
suggested that female preference for a particular fre¬ 
quency (i.e., pitch) of male song may be a consequence 
of the physiology of the cricket ear, since only preferred 
frequencies can be localized by the robot. In addition to 
directional hearing, mate searching requires female crick¬ 
ets to recognize calls with the appropriate timing, and 
then orient and move toward the sound source. Webb 
and colleagues have modeled each step of this process. 
Currently, robots are being developed that integrate more 



Figure 6 Examples of biomimetic robots, (a) A robotic lobster 
(‘robo-lobster’) used by Grasso and colleagues to test alternative 
mechanisms of chemotaxis, the localization and tracking of 
chemical signals, in this case in a current of water. Real lobsters 
were tested with an identical task for comparison. Reprinted 
Grasso FW and Atema J (2002) Integration of flow and chemical 
sensing for guidance of autonomous marine robots in turbulent 
flows. Environmental Fluid Mechanics 2: 95-114, with permission 
from Environmental Fluid Dynamics, (b) Three biomimetic 
crickets produced by Webb and colleagues to test hypothesized 
mechanisms of cricket behavior. Front, a robot that performs 
phonotaxis; middle, a robot that combines auditory and visual 
behaviors; rear, a robot that mimics insect-walking behaviors. 
Reprinted Webb B (2008) Using robots to understand animal 
behavior. In: Brockmann HJ, Roper TJ, Naguib M, 
Wynne-Edwards KE, Barnard E, and John CM (eds.) Advances in 
the Study of Behavior, pp. 1-58. New York: Academic Press, with 
permission from Advances in the Study of Behavior, Elsevier. 

explicitly our increasing knowledge of the neurophysiol¬ 
ogy of the sensory and locomotor systems involved with 
phonotaxis. Ultimately, the goal is to develop a complete 
cricket model, which integrates all of the sensory modal¬ 
ities, as real animals do, to examine the interactions 
between sensory modalities and behaviors. 

Studies of taxis behaviors can also lead to a more 
complete understanding of social aggregation and cueing. 
Christopher May, Jeffrey Schank, Sanjayjoshi, and col¬ 
leagues developed robotic rat pups to study the appar¬ 
ently self-organizing and intentional behaviors of real rat 
pups in an arena. They programmed robots with either 
a random or a ‘wall-following’ response to contact with 
the edge of the arena (thigmotaxis), and they compared 






98 


Robotics in the Study of Animal Behavior 



Figure 7 Biomimetic robots using a random-movement algorithm reproduce the aggregation behaviors of real rat pups. Examples 
of aggregation patterns of seven (a) and ten (b) day-old rat pups (on the left) and robots (on the right) in experimental arenas. 
Reprinted May CJ, Schank JC, Joshi S, Tran J, Taylor RJS, and Esha I (2006) Rat pups and random robots generate similar 
self-organized and intentional behavior. Complexity 12: 53-66, with permission from Complexity. 


the resulting behavior with the behavior of real rat pups 
in the same arena. They found that the simpler, random 
mechanism yielded behaviors strikingly similar to those 
of real rat pups (Figure 7). This does not suffice to prove 
that rat pups move randomly as well, but it clearly 
demonstrates that seemingly directed and complex beha¬ 
viors can emerge from mechanisms far simpler than those 
previously assumed. 

Biomimetic Playbacks: A Fusion of 
Approaches 

Biomimetic robotics is distinguished from robotic play¬ 
backs, in that biomimetic robots are built to model the 
internal mechanisms of focal animals, rather than to mimic 
the outward behaviors in order to fool real animals. Since 
conspecifics are part of the environment experienced 
by animals, there are many cases where a combination of 
approaches — using biomimetic robots in interactions with 
real animals - is ideal. This approach can be used to test 
alternative hypotheses about mechanisms of response to 
social cues (biomimetic modeling), and may also be used 
to learn more about the signals and cues used by respond¬ 
ing animals in mediating social interactions (playback 
experiments). The case discussed previously in which 
robotic cockroaches were used to study the cues used to 
coordinate group movements, is an example of this hybrid 
approach which yielded information about both the 
mechanisms and functional consequences of social cues. 
As technology improves and collaboration between animal 
behaviorists and engineers increases, this approach will 
undoubtedly become more common. 


Limitations and Challenges 

The use of robotics holds a great deal of promise for 
animal behavior research, but it is important to recognize 
the limitations and challenges to this approach as the field 
moves forward. 

An important challenge for any behavioral study with 
robotics is how to validate the assay, demonstrating that 
the robot elicits or reproduces naturalistic behaviors. In 
playback experiments, this is often accomplished by test¬ 
ing whether an animal’s response to the robot is correlated 
with its response to natural stimuli or by comparing the 
mean response of animals to the robotic and natural 
stimuli. In biomimetic robotics, the behavior of the robots 
is often compared with the behaviors of real animals. In 
both cases, researchers must decide what variable(s) to 
measure to assess validity. In addition, the strength of the 
relationships between robotic and natural cases will 
depend on many factors, and researchers must decide on 
a threshold to accept the assay as valid. In some cases, 
statistical significance may be used as a threshold, but in 
other cases, especially in biomimetic robotics, a closer 
relationship between the robot and real animal may be 
expected. Since it is difficult to imagine a single standard 
that would apply to all cases, devising methods and 
thresholds for validation will remain a challenge in future 
studies. 

Even if a strong relationship between real and robotic 
behaviors emerges during validation, researchers must 
recognize that a similarity of outcome does not prove 
similarity of causation. While this concern is important 
in playbacks, it is a particular concern in biomimetic 
robotics, where explaining the mechanism is the primary 
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goal. As discussed in the examples above, robotic modeling 
has the most power when it is used to eliminate untenable 
hypotheses and focus attention on more likely - and new - 
hypotheses for further study 

Researchers using robots in playback experiments 
must also consider the possibility of pseudoreplication - 
the use of the same stimulus in multiple experimental 
trials, which can artificially inflate the degrees of freedom. 
Pseudoreplication is problematic in any kind of playback 
experiment, when researchers use one or a few playback 
stimuli but generalize their results to all possible sti¬ 
muli. Pseudoreplication can be minimized by the use of 
multiple playback stimuli or a stimulus that represents 
the average among multiple possible stimuli. These 
approaches may be feasible in some robot studies. But 
unfortunately, building multiple robots is far more diffi¬ 
cult and expensive than recording or synthesizing multi¬ 
ple acoustic playback stimuli, and may not be possible 
or ethical when taxidermied mounts are used in building 
the robots. Many robotic playback studies to date have 
used only one or a few robots, and thus we do not 
have sufficient data to address whether different robots 
are likely to elicit different responses. Nonetheless, this 
issue must be addressed, and if not resolved, then at least 
acknowledged as a limitation of the study. 

Despite the challenges and limitations discussed 
throughout this article, it is clear that robots will allow 
animal behaviorists to pursue questions that would be 
difficult or impossible to address otherwise. Used in com¬ 
bination with other approaches, robotics will allow us to 
generate new hypotheses and test existing ones to explain 
both the mechanisms and functions of animal behaviors. 
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Sea Turtle Life History 

Among the sea turtles, orientation and navigation have 
been studied most thoroughly in loggerhead (Caretta car- 
etta) and green turtles (Chelonia my das). These two species 
have similar life histories and are highly migratory. 
In the typical case, females lay clutches of 100-150 eggs 
and bury them in the sand of the nesting beach. After 
~ 2 months, the young turtles hatch below ground and 
slowly dig their way to the surface. The hatchlings emerge 
onto the surface of the sand, then scramble to the sea and 
migrate offshore, where they begin a prolonged period in 
the open sea, sometimes migrating across entire ocean 
basins. Later, juveniles recruit to various coastal feeding 
areas. Adults of most populations also exploit coastal 
feeding areas and then migrate from the feeding areas to 
the same breeding area in which they originally hatched. 

Many of these migrations depend on the ability of turtles 
both to orient (i.e., maintain a course in a particular direc¬ 
tion) and to navigate (i.e., to determine their position rela¬ 
tive to their goal). The cues used for these tasks have been 
the focus of considerable research during the last 20 years. 

Finding the Sea: Use of Visual Cues 

When young turtles crawl from their nests, they almost 
immediately establish courses directly toward the sea. 
Recent research has confirmed the findings of studies pub¬ 
lished nearly a century ago: despite emerging at night, 
hatchlings use visual cues to set and maintain their courses 
to the sea. Apparently, the turtles are attentive to light 
levels near the horizon. They crawl toward low bright lights 
and veer away from dark silhouettes such as the outlines of 
vegetated dunes. The turtles ignore bright lights from 
overhead. The result is that, at night, turtles are drawn to 
the sea, which reflects starlight and moonlight far more 
than land does. Moreover, they are not often drawn to the 
brightest nighttime object, the moon, because it is too high 
in the sky overhead. 


This reliance on light cues has undoubtedly served sea 
turtles well over the course of their 120 My history. On 
wilderness beaches, they are seldom misoriented toward 
the land. On beaches shared with modern humans, how¬ 
ever, artificial lighting has been a serious problem. As 
development overtook the beaches of south Florida in 
the latter twentieth century, young turtles began crawling 
toward parking lots and tennis courts instead of toward 
the sea. Caught there at sunrise, the turtles often died 
from predation and desiccation before they could find 
their way back to the ocean. Happily, the understanding 
of their orientation mechanisms has informed conserva¬ 
tion efforts throughout the world. In most populated 
areas, an effort is now made to reduce beach lighting on 
turtle nesting beaches and the incidence of misoriented 
hatchlings has declined. 


The Offshore Migration 

Migration by hatchlings in the ocean has been studied 
most thoroughly using loggerhead and green turtles from 
populations found along the Atlantic coast of Florida, 
USA. For these turtles, the first step of the migration is a 
journey from the beach out to the Gulf Stream current. 
This ‘offshore migration’ is accomplished during the first 
2 or 3 days after emergence, when the turtles are nour¬ 
ished by yolk reserves and consequently do not feed. At 
this point in their lives, they are small swimming machines 
highly motivated to migrate. 


Use of Wave Cues in the Ocean 

When the ancestral turtles forsook the land and took up 
life in the sea, new orientation cues became available to 
them that their terrestrial brethren could not exploit. 
Among these is the information inherent in wave trains 
traveling across the ocean surface. The first indication 
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that turtles might use wave cues came in studies of the 
offshore migration. Hatchlings in a floating orientation 
arena moored off the Florida coast swam in random direc¬ 
tions when the ocean was still, but swam east when waves 
moved from the east toward the Florida shore. Subse¬ 
quently, it was shown that when hatchlings first enter 
the water, they almost always swim into waves - even 
under unusual weather conditions when waves come 
from the landward direction. 

Various anecdotal observations indicate that hatchlings 
cease swimming into waves after several hours in the ocean. 
These observations thus suggest that hatchlings use wave 
direction as an orientation cue only for a short time after 
entering the sea. Because waves in shallow water near the 
shore are refracted until they move nearly straight toward 
the shore, swimming into the oncoming waves would 
cause the turtles to orient straight toward the open ocean. 
This orientation allows turtles to avoid swimming parallel 
to the beach; instead, they head out to sea and quickly 
escape the nearshore, predator-fdled waters. 


Wave direction 



Figure 1 The motion of a hatching turtle swimming with and 
against the direction of wave propagation. For a hatchling 
oriented into waves (left), the sequence of accelerations during 
each wave cycle is upwards, backwards, downwards, and 
forwards. A turtle swimming with the waves (right) is accelerated 
upwards, forwards, downwards, and backwards. Modified from 
Lohmann KJ, Swartz AW, and Lohmann CMF (1995) Perception 
of ocean wave direction by sea turtles. Journal of Experimental 
Biology 198: 1079-1085. 


Detection of Wave Direction 

The direction of wave approach is fairly simple for a 
human to observe visually while standing high above the 
water in daylight hours. For a small turtle swimming 
below the surface of the water while migrating in the 
dark, the problem is more challenging. Under these con¬ 
ditions, wave direction cannot be seen from below, nor is 
the turtle able to raise its head high enough above the 
water to see the waves on the surface. In addition, as 
experiments in a laboratory wave tank demonstrated, 
turtles can swim into waves even in complete darkness. 

Clearly, sight is not used by turtles to determine wave 
direction. Instead, it appears that turtles are able to moni¬ 
tor the accelerations that occur below the surface as waves 
pass overhead. Envision a waterlogged cork floating at a 
depth of a meter or so. When a wave passes through the 
ocean, the cork will describe a circle as it is accelerated 
around by the wave, eventually returning to its starting 
location (oceanographers refer to this as an orbital move¬ 
ment). Now, instead of a cork, imagine a turtle swimming 
at the same depth. Because the turtle provides its own 
forward accelerations, it is unlikely that its body will 
actually describe a circle, but it will feel the same accel¬ 
erations that move a cork when a wave goes by. Moreover, 
the sequence of accelerations will appear to differ 
depending on how the turtle’s body is oriented relative 
to the wave. For example, if the turtle is facing directly 
into the oncoming wave, the sequence will begin with the 
turtle perceiving an acceleration going up and back, then 
down and forward around to the starting point again. In 
contrast, a turtle swimming away from the wave would 
perceive a sequence in which it is accelerated upward and 


forward, then downward and backward around to the 
starting point (Figure 1). 

The hypothesis that hatchling turtles could distinguish 
between such patterns of orbital movements was tested in 
experiments that took advantage of the unusual nature of 
sea turtles. First, turtles are air-breathing reptiles so can 
be removed from the water allowing all hydrodynamic 
cues to be eliminated. Second, when suspended in air 
with flippers no longer in contact with the substrate, 
hatchlings behave as if in water and attempt to swim. 
When the suspended turtles were moved in gentle circles 
similar to those found beneath waves (Figure 2), the 
turtles responded by attempting to turn in a way that 
would cause them to experience the same accelerations 
they would feel if swimming into a wave. For example, 
when a turtle was subjected to simulated waves from the 
right, the turtle tried to turn right. Thus, turtles sense 
wave direction by monitoring the sequence of accelera¬ 
tions they experience beneath waves. 


Use of a Magnetic Compass Sense 

In some parts of Florida, the Gulf Stream current flows 
very close to the coastline and turtles can reach it in a few 
hours; in other areas, the current is several days away. In 
either case, however, wave cues are insufficient to guide 
turtles all the way to the Gulf Stream, because the wave 
refraction zone, where waves proceed directly toward 
shore, is relatively narrow. Once turtles pass through this 
zone, waves are no longer a reliable orientation cue. 
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Figure 2 A machine designed to simulate wave motion 
by reproducing the sequence of accelerations that occur beneath 
a propagating wave. The responses of hatchling turtles to 
these simulated waves have been studied by placing turtles into 
cloth harnesses and subjecting them to orbital movements while 
they are suspended in air. Modified from Lohmann KJ, Swartz 
AW, and Lohmann CMF (1995) Perception of ocean wave 
direction by sea turtles. Journal of Experimental Biology 198: 
1079-1085. 


It seems likely that once beyond the wave refraction 
zone, turtles rely on their magnetic compass sense. Like 
other famous navigators (notably migratory birds and 
homing pigeons), turtles have the ability to sense Earth’s 
magnetic field. This was demonstrated originally in a 
laboratory orientation arena (Figure 3) consisting of a 
pool of water in which a hatchling could be tethered. When 
the hatchling swam, it pulled a rotatable tracker arm. The 
tracker arm was in turn connected to electronics that 
recorded the direction toward which it was pointing and, 
by extension, the direction toward which the turtle swam. 

The orientation arena was surrounded by a magnetic 
coil system which, when activated, reversed the magnetic 
field around the turtle. Thus, the turtle would perceive 
magnetic north in geographic south and so on. In initial 
experiments, turtles that swam in the unaltered Earth’s 
field swam to geographic (and magnetic) northeast on 
average, while those in a reversed field swam to geo¬ 
graphic southwest (which was now the new magnetic 
northeast). Thus, turtles could sense the magnetic field 
and use it to orient. 

Subsequent work has shown that the direction turtles 
swim in such experiments is not the result of an innate 
directional preference. Rather, the turtles have the ability 
to acquire a magnetic preference based on other environ¬ 
mental cues such as the position of a light or the direction 
of waves. In nature, this flexible system presumably allows 
turtles to learn the direction of the open ocean from local 
cues. For example, after swimming eastward into waves, 
the Florida turtles on the east coast might acquire a 
directional preference for east and use the magnetic 



Figure 3 The orientation arena, coil system for generating earth-strength magnetic fields of different inclinations, data acquisition 
system and coil control system. Each hatchling was tethered to a rotatable arm mounted on a digital encoder (which was inside the 
central post of the orientation arena). The rotatable arm tracked the direction towards which the turtle swam in darkness. Signals from 
the digital encoder were relayed to the data acquisition computer. The coil control system regulated current running through the box¬ 
like magnetic coil system and was used to create specified magnetic fields inside the volume of the coil. Modified from Lohmann KJ and 
Lohmann CMF (1994) Detection of magnetic inclination angle by sea turtles: A possible mechanism for determining latitude. Journal of 
Experimental Biology 194: 23-32. 
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compass to maintain that course, whereas turtles on Flor¬ 
ida’s west coast might similarly set their magnetic com¬ 
passes for west and then swim in that direction until 
reaching the Gulf Stream Current. 


The Gyre Migration of North American 
Loggerheads 

Loggerhead turtle hatchlings from the eastern coast of 
North America migrate offshore and then spend several 
years in the North Atlantic Gyre. This circular current 
system flows north along the southeastern United States, 
arches eastward across the Atlantic, turns south along the 
northern coast of Africa, and then flows back west toward 
the Caribbean. 

Because small turtles cannot swim fast enough to 
progress against the current, researchers initially specu¬ 
lated that the turtles drifted passively in the gyre during 
the many years of their pelagic existence. Recent evidence 
suggests, however, that the turtles actively guide them¬ 
selves in the gyre and adjust position to help stay within 
its confines. 


Use of Magnetic Positional Information by 
Hatchling Turtles: Staying Within the Gyre 

In an initial study of magnetic positioning, hatchling 
turtles were placed into an orientation arena (Figure 3) 
and exposed to several magnetic fields that differed only 
in inclination; a subsequent study involved fields that 
differed only in intensity. The swimming orientation of 
turtles in these magnetic fields clearly demonstrated that 
the turtles could detect both inclination and intensity. 
Moreover, the responses, when considered in the context 
of the hatchling’s migratory route, would have had the 
effect, in nature, of keeping turtle hatchlings from straying 
out of the gyre. For example, when exposed to an inclina¬ 
tion found near the northern edge of the gyre, the turtles 
swam south, but at an inclination found near the southern 
border of the gyre, they swam northeast. 

In subsequent studies, the coil system was used to 
produce specific combinations of inclination and intensity 
that exist at three actual locations around the gyre. In all 
the three cases, the turtles swam in directions that would 
keep them within the gyre and progressing along their 
migratory route (Figure 4). It thus appears that hatchlings 


Positional Information in the Earth’s 
Magnetic Field 

Human navigators have long known that the Earth’s mag¬ 
netic field provides compass information and the use of a 
magnetic compass sense by turtles and many other ani¬ 
mals is now well-documented. A novel finding that arose 
largely from work on turtle navigation is that animals can 
also use the magnetic field to help them determine their 
position relative to a goal or habitat boundary. The use of 
positional information is based on the detection of mag¬ 
netic features that vary more or less regularly across the 
Earth’s surface. 

Sea turtles are capable of detecting at least two such 
features: (1) magnetic intensity or strength, which 
increases steadily as one moves from the magnetic equator 
toward the magnetic poles and (2) magnetic inclination 
angle, which is defined as the angle that magnetic field 
lines make with the surface of the Earth; this angle 
becomes steadily steeper as one moves from the magnetic 
equator toward the poles. 

The ability to detect either of these features would 
theoretically allow a turtle to roughly approximate its lati¬ 
tude. Detecting both might provide turtles with some infor¬ 
mation about longitude as well, because, while both 
inclination and intensity vary with latitude, they do so 
independently. Thus, most locations within an ocean basin 
have unique combinations of intensity and inclination. 


Northern florida 
0 ° 


Northeastern gyre 
0 ° 



Figure 4 Orientation of hatchling loggerhead turtles in 
magnetic fields characteristic of three widely separated locations 
(marked by black dots on the map) along the migratory route. 
Generalized main currents of the North Atlantic gyre are 
represented on the map by arrows. In the orientation diagrams, 
each dot represents the mean angle of a single hatchling. The 
arrow in the center of each circle represents the mean angle of 
the group. Dashed lines represent the 95% confidence interval 
for the mean angle. From Lohmann KJ, Cain SD, Dodge SA, and 
Lohman CMF (2001) Regional magnetic fields as navigational 
markers for sea turtles. Science 294: 364-366. Reprinted with 
permission from AAAS. 
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employ a sort of magnetic waymark navigation to circum¬ 
navigate the gyre. When they encounter a particular 
magnetic field, they use it as a waymark that triggers a 
directional response that keeps them within the appropri¬ 
ate habitat. 

Because hatchling turtles in these studies had no prior 
experience in the ocean, these studies strongly suggest 
that the turtles emerge from their nests programmed to 
respond to particular magnetic fields by swimming in 
certain directions. The possibility that these responses 
are innate has interesting conservation implications, 
because it might be that populations of loggerheads from 
different ocean basins have different inherited responses. 
If so, then it might be very difficult to reestablish 
endangered or eradicated populations by bringing in 
stocks from other areas; these introduced stocks would 
not possess the correct responses for the local migratory 
route. The failure to reestablish a nesting population of 
green turtles in Bermuda with eggs and hatchlings from 
Costa Rica may be the result of this difficulty. 


Use of Magnetic Positional Information by 
Coastal Juveniles: Finding Specific 
Feeding Sites 

After spending several years in the North Atlantic Gyre, 
young juvenile loggerheads move into coastal areas of the 
eastern United States and establish neritic feeding areas, 
to which they show long-lasting fidelity. In the northern 
part of the loggerhead range, for example, feeding sites are 
used seasonally. Tag returns indicate that the same indi¬ 
viduals return to the same sites in successive years, even 
after migrating hundreds of kilometers in the interim. In 
other areas, turtles have been displaced from harbors to 
allow for dredging and other human activities, and the 
same turtles have subsequently returned to those areas. 

These returns suggest an ability to navigate back to spe¬ 
cific locations. Additionally, it seems unlikely that use of 
specific feeding sites is genetically programmed; rather, one 
would expect site selection on the basis of local conditions 
(i.e., food abundance and availability of shelter) that can easily 
change in response to storms. Thus, fidelity to particular 
feeding sites is unlikely to be based on innate responses. 
Instead, it appears that juvenile turtles learn the locations of 
their favored sites and can return to them from long distances. 

The process of long-distance navigation in the ocean 
probably consists of two basic steps. To reach a specific 
site, turtles must first use long-range cues to guide them¬ 
selves across the ocean and arrive in the general area. 
Then short-range cues might be used to identify the 
exact location. In sea turtles, the short-range cues have 
not been studied extensively, though visual, olfactory, 
auditory, and even wave cues are all possibilities. For the 



Figure 5 Evidence for a magnetic map in juvenile green turtles. 
Juvenile turtles were captured in feeding grounds near the test 
site in Florida, USA. Each turtle was exposed to a magnetic field 
that exists at one of two distant locations (represented by stars 
along the coastline). In the orientation diagrams, each dot 
represents the mean angle of a single turtle. The arrow in the 
center of each circle represents the mean angle of the group. 
Dashed lines represent the 95% confidence interval for the mean 
angle. Modified from Lohmann KJ, Lohmann CMF, Ehrhart LM, 
et al. (2004) Geomagnetic map used in sea turtle navigation. 
Nature 428: 909-910. 


long-range cues, evidence suggests that sea turtles use 
magnetic maps based on inclination and intensity. 

The pivotal experiment on magnetic maps was per¬ 
formed in Melbourne Beach, Florida, using juvenile green 
turtles with feeding sites roughly 100 m from the shore. 
These turtles were collected, brought to an onshore facil¬ 
ity a few kilometers away, and placed in an orientation 
arena similar to that used for hatchlings except that it was 
much larger to accommodate the significantly larger size 
of the juveniles. When in the arena, the turtles were 
exposed to one of two magnetic fields: either the incli¬ 
nation and intensity of a location ~340 km to the north of the 
test site or the inclination and intensity of a location ~340 km 
south of the test site. Turtles exposed to the northern 
field swam south, whereas those exposed to the southern 
field swam north (Figure 5). Because the only difference 
between the two treatments was the magnetic field in the 
arena, the turtles were clearly detecting and responding to 
those fields. Moreover, the turtles behaved as if they had 
been displaced and were attempting to return to their 
feeding areas, apparently using magnetic positional infor¬ 
mation to determine whether they were north or south of 
their goal. 

These results suggest that juvenile turtles have what is, 
in essence, a magnetic map. They have the ability to 
detect and remember magnetic features of their feeding 
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grounds and have learned how these features vary across 
the surface of the Earth. When presented with a new set of 
magnetic features replicating a new location, they can 
determine where they are relative to their goal. 


Use of Magnetic Positional Information by 
Adult Sea Turtles: Natal Homing 

Like the juvenile turtles, adult turtles show fidelity to 
specific feeding sites. Males regularly migrate between 
these sites and courtship sites. Females migrate between 
feeding sites, courtship sites, and nesting beaches. Tagging- 
studies indicate that females display fidelity to specific 
nesting beaches, sometimes returning to nest within just a 
few kilometers of their nest sites from previous years. 

Recent genetic studies have confirmed an even more 
surprising ability. Apparently, sea turtles tend to nest 
in the same regions in which they themselves hatched. 
This behavior of natal homing is so strong that, for exam¬ 
ple, the population of loggerheads that nests in south 
Florida is genetically distinct from that nesting in north 
Florida. 

How turtles accomplish natal homing is not known. It 
appears, however, that the task can be considered a special 
instance of long-distance ocean navigation. Thus, the 
turtle may first use long-range cues to navigate into the 
general location of the natal beach, and then use local, 
short-range cues to identify the appropriate nesting site. It 
seems likely that the initial long-range step is accom¬ 
plished magnetically, and shorter-range navigation relies 
on other cues. 

Recent evidence indicating the use of magnetic cues by 
adult turtles involves an experiment in which female 
turtles were displaced away from an island nesting 
beach. Some individuals were fitted with magnets that 
disrupted the ambient magnetic field and their homing 
ability was compared with controls fitted with nonmag¬ 
netic brass bars. The magnetically disrupted turtles found 
the nesting beach but took longer to do so and followed 
far less direct routes than controls. These results suggest 
that magnetic cues are indeed used by swimming turtles 
to find their nesting beach - but how do the turtles know 
which nesting beach is theirs? 

The unique challenge in natal homing is that a turtle 
must quickly acquire, at a very young age, sufficient infor¬ 
mation that it can recognize its home region and return to 
it years later. One possible way that turtles might accom¬ 
plish this task involves imprinting on the magnetic features 
of the natal area. If hatchlings detect and memorize the 
magnetic features of their home area - perhaps during 
the offshore migration, or even while in the nest - then as 
adults, turtles can potentially use their magnetic map sense 
to locate the general region of the natal beach. 
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Figure 6 Diagram of southeastern United States with isoclinics 
(lines of equal magnetic inclination). The scale on the right shows 
the inclination angles in degrees. Each isoclinic intersects the 
Atlantic coastline only once; thus each area of coast is marked by 
a unique inclination angle. 


Many major nesting beaches are located on continental 
shorelines aligned approximately north to south and in 
geographic areas where magnetic intensity and inclination 
also vary in a north-south direction. In such regions, differ¬ 
ent areas along the coastlines have unique magnetic signa¬ 
tures (Figure 6). A turtle could theoretically swim along the 
coastline until it finds a remembered magnetic intensity or 
inclination, or perhaps combination of the two, and then 
search until appropriate nesting habitat is discovered. 

Not all nesting beaches are continental; some cases of 
turtle navigation involve navigation to remote, island 
nesting sites. It is interesting to note that these may be 
special cases of the more general process. For instance, a 
Brazilian population of green turtles nests on tiny Ascen¬ 
sion Island, some 2000 km away from the Brazilian coast. 
To all appearances, gravid females find the 8-km long 
island with amazing pinpoint accuracy, far more accurate 
than what one would expect using a magnetic map. In this 
case, it seems likely that turtles use magnetic map infor¬ 
mation to arrive in the area of Ascension and then use 
local cues to find a nesting beach. Because the only 
suitable beaches in the area are the beaches of Ascension, 
all of the turtles eventually find and nest on the same tiny 
piece of land. 

One difficulty with the hypothesis of magnetic 
imprinting of natal homing information is its potential 
vulnerability to problems with magnetic drift (secular 
variation). The magnetic field changes slightly each year 
and most species take 10-40 years to reach maturity; 
during this time, the field in the natal areas may change. 
If they relied solely on magnetic fields to find their nest¬ 
ing beaches, turtles might arrive many kilometers from 
their goals. Recent calculations suggest, however, that 
turtles in many geographic areas arrive within a region 
where short-range cues are available for use in identifying 
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appropriate nesting sites. Kemp’s ridley turtles, for exam¬ 
ple, nest in large aggregations on a 160 km beach near 
Rancho Nuevo, Mexico. If a turtle imprinted on the mag¬ 
netic inclination at the center of that beach, calculations 
show that it would return to a location several kilometers 
away but usually within the limits of the nesting beach. 

Future Directions 

During the past two decades, tremendous progress has 
been made in unraveling the mechanisms that underlie 
orientation and navigation in sea turtles. Many questions 
remain unanswered. How do sea turtles sense the mag¬ 
netic field? Do hatchlings indeed imprint on the magnetic 
field of their home beaches? What local cues are used to 
identify precise locations? What population differences 
exist? Nonetheless, the rapid progress in this field has 
provided a window into the world of one of the most 
remarkable animal navigators. 

See also: Magnetic Orientation in Migratory Songbirds; 
Pigeon Homing as a Model Case of Goal-Oriented 
Navigation. 
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Introduction 

The diversity of the regulation of hormones and behavior 
is vast. An organism’s immediate environment (housing 
conditions, population density, time of day), social stand¬ 
ing, social interactions, nutritional status, and even its 
mental state can all influence its endocrine system and 
consequently, its behavioral output. It must be remem¬ 
bered that behavior (either an individual’s own behavior, 
or that of others around it) can also be processed by the 
brain and influence an organism’s endocrine status. Thus, 
the amount of any particular hormone circulating in an 
individual’s blood can vary rapidly during short periods 
of time in response to a great number of environmental 
variables. 

On a different temporal scale, hormonal status also 
changes over longer periods of time (weeks and months) 
and influences changes in behavior that are appropriate 
for an individual’s particular life-history stage. These 
changes in hormones and behavior thus occur on a sea¬ 
sonal basis, and it is the seasonality of hormones and 
behavior that this chapter addresses. Many organisms 
are adapted to live in seasonal environments and have 
evolved endocrine and behavioral mechanisms to predict 
the forthcoming seasons and either exploit them, endure 
them, or escape them - depending on the season. We have 
chosen a few key changes in hormones and behavior that 
are prevalent in seasonal environments and have illu¬ 
strated them with specific examples. 

The hypothalamo-pituitary-gonad and 
hypothalamo-pituitary-adrenal axes 

Before describing key changes in hormones and behavior 
that occur as a result of adaptation to seasonal environ¬ 
ments, we must first describe basic endocrine pathways 
that are present in all vertebrates and allow them to 
respond to the different seasons. The two main pathways 
that we will discuss are the hypothalamo-pituitary-gonad axis 
(HPG axis) and the hypothalamo-pituitary-adrenal axis 
(HPA axis). In broad terms, the HPG axis regulates repro¬ 
duction and associated behaviors, and the HPA axis reg¬ 
ulates the endocrine response to stress. These axes are 
present in all vertebrates, but respond differently to envi¬ 
ronmental and physiological cues in different organisms. 

The HPG axis is pictured in Figure 1(a). The HPA 
axis is depicted in Figure 1(b). 


The HPG axis seems to be present in all vertebrates 
studied, even in the Agnatha (jawless fishes: lampreys and 
hagfish), which are considered to be examples of primitive 
vertebrates. Amphioxus, a cephalochordate, appears to have 
an evolutionary precursor to the hypothalamo-pituitary 
system, with neurosecretory neurons projecting from a 
lobe of the brain to a rudimentary invagination on one 
side of the buccal cavity (roof of the mouth) that possibly 
secretes gonadotropins. Thus, hypothalamo-pituitary 
communication seems to have been established very 
early in vertebrate evolution. The HPA axis is also 
thought to exist in all vertebrates. 

Next, we address how seasonality is regulated at dif¬ 
ferent latitudes and discuss some of the key changes in 
endocrinology and behavior across the annual cycle. 

Seasonality: Temperate Zone 

Many animals have evolved to reproduce during specific 
seasons in order to optimize their reproductive success. 
Energetically demanding activities such as mating, gesta¬ 
tion, and parental behavior are best conducted when the 
weather is clement and food is plentiful. In this way, the 
animals attain maximal reproductive fitness. For example, 
male white-tailed deer ( Odocoileus virginianus) begin to 
secrete growth hormone (GH) from their pituitary gland 
in spring and summer, which stimulates the secretion of 
insulin-like growth factor (IGF) from the liver. These 
hormones induce antler growth, an energetically expen¬ 
sive process, while food is abundant in the summer. As 
fall approaches, the production of these hormones also 
decreases, allowing for calcification of the antlers in prep¬ 
aration for male-male combat during rutting in October, 
when females are reproductively receptive. By seasonally 
restricting antler growth and male-male combat, the 
white-tailed deer maximize their chances of reproductive 
success and get more ‘bang for their buck’ as it were. If 
house sparrows ( Passer domesticus) in Minnesota mated, 
laid eggs, and hatched their chicks during the winter 
months when the temperature is cold and food is scarce, 
they would most likely lose those chicks to hypothermia 
and starvation, and perhaps they themselves would die as 
a result of the effort required to keep their chicks alive. 
Thus, these parents and their offspring would be naturally 
selected against. However, house sparrows that are able to 
time their reproduction during the warm spring months 
when food is ample are naturally selected for. Thus, there 


108 



Seasonality: Hormones and Behavior 109 





li 

I! 

I 


% 




(a) 



Testosterone and 
estradiol from the 
gonads 
feed back to 
V the brain 


t / 

\ / Glucocorticoids 

V feed back to 

jv the body and brain 

! * 

# \ 

v- v 


w 


v 


v 




(b) 



Figure 1 The HPG and HPA axes (simplified), (a) Environmental and physiological stimuli cause gonadotropin-releasing hormone 
(GnRH) in the preoptic area (POA) of the hypothalamus to be released to the pituitary gland (red arrow). The gonadotropins luteinizing 
hormone and follicle-stimulating hormone (LH and FSH) are released by the pituitary and carried in the blood to the gonads, causing 
gonadal activation. The gonads produce the steroid hormones testosterone and estradiol, which not only affect physiology and 
metabolism, but also feed back to the brain to influence behavior, (b) Environmental and physiological stimuli cause corticotropin¬ 
releasing factor (CRF) in the hypothalamus to be released to the pituitary gland (red arrow). Adrenocorticotropic hormone (ACTFI) 
released by the pituitary is carried in the blood to the adrenal glands on the kidneys, causing release of the glucocorticoid cortisol (or 
corticosterone, depending on species). The glucocorticoids not only affect physiology and metabolism, but also feed back to the brain to 
influence behavior. N.B. the brain depicted is a ‘typical’ bird brain, but the axes are the same in mammals and other vertebrates. 


is strong selection pressure for all animals to breed at the 
appropriate time of year for their species. 

How do animals ‘know’ when to reproduce? What cues 
might they use to time their reproductive behaviors? 

Day length is the most reliable environmental cue that 
animals can use to predict the forthcoming season and 
time annual changes in reproduction in temperate zones. 
The angle and rotation of the earth over a period of one 
year dictate how much light is received at any particular 
latitude (Figure 2). 

At nontropical latitudes, days are shortest during the 
winter and longest during the summer. Changes in day 
length, or photoperiod, at these latitudes are therefore a 
better predictor for the timing of life-history events than 
other cues, such as temperature and rainfall. Thus, many 
seasonally breeding animals are what is termed ‘ photoper- 
iodic] in that their reproductive systems are directly con¬ 
trolled by photoperiod. Temperature and rainfall can also 
correlate with the seasons, but they are often highly 
variable from year to year. Patterns of photoperiod remain 
constant annually, enabling animals to prepare their 
reproductive systems in advance of favorable conditions 
and exploit environmental factors such as suitable tem¬ 
peratures and rainfall for reproductive activities. 

Many temperate zone animals that have short gesta¬ 
tion periods, such as small mammals, mate in the early 
spring and rear their offspring in late spring and early 
summer. Most temperate zone birds exhibit this pattern of 
reproduction, too. Animals that breed during the spring 


and the summer are often referred to as ‘long-day bree¬ 
ders’. Generally, larger animals with longer gestation per¬ 
iods, such as sheep, goats, deer, and cattle, mate in the fall, 
gestate over the winter, and give birth in the spring. 
Animals that exhibit this type of reproductive strategy 
are called ‘short-day breeders’ because they mate when 
the days are shorter in the fall. This latter system most 
likely evolved to ensure that even with relatively long 
gestation periods, offspring are born at, or just prior to, a 
time of mild weather and sufficient food. Although mam¬ 
malian young initially feed on mother’s milk, other food 
sources are important for the health and well-being of the 
parents to ensure the energetic requirements needed for 
parental care. 

How do animals time day length? Birds are one of 
many long-day breeding organisms that are photoperio- 
dic, or use day length as an anticipatory cue to time 
reproduction. As short winter days become longer with 
the advance of spring in the northern hemisphere, photo¬ 
receptors that lie deep within the avian brain stimulate 
the HPG axis (Figure 1). In mammals, photoreception is 
exclusively by the eye. Light absorbed by the mammalian 
retina transmits information via the retinal-hypothalamic 
tract and suprachiasmatic nucleus (the body’s circadian 
clock) to the pineal gland. The pineal gland is responsible 
for synthesizing and secreting the hormone melatonin. 
Generally, light inhibits melatonin production and dark¬ 
ness increases it. Thus, the body is able to measure day 
length according to the timing and duration of melatonin 
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Figure 2 Hours of daylight received over the annual cycle at different latitudes. Note that change in daylength over the year can be 
very extreme (24 h light to 24 h dark at high latitudes), but it is always predictable for any given latitude. 


secretion. This system differs from that of birds in that, in 
those species tested, neither the eyes nor the pineal gland 
are needed for birds to exhibit a reproductive response to 
a change in photoperiod. Melatonin does not appear to 
be as necessary for the avian photoperiodic response as 
it is in mammals, but there is some evidence for its 
involvement in seasonal processes. In fish, daily and sea¬ 
sonal rhythms of melatonin may be linked to reproduc¬ 
tion, although a study on Atlantic salmon (Salmo salar) 
reported that melatonin was affected by the change of 
water temperature and not specifically by light. Experi¬ 
mentally modified seasonal photoperiods have been 
shown to affect the spawning time of many fish species, 
though effects are varied and complex. Bromage and 
colleagues review the details of the endocrine control of 
seasonal reproduction in fish (see Further Reading). 

When do temperate animals ‘turn off’ their reproduc¬ 
tive axis? Both birds and mammals eventually undergo a 
state of photorefractoriness, when the reproductive sys¬ 
tem’s response to a particular day length qualitatively 
changes. Photorefractoriness in birds refers to a very 
different physiological process from photorefractoriness 
in mammals. In birds, the increase in photoperiod in 
spring will cause the photostimulation of the reproductive 
axis and growth of the gonads. However, late into the 
summer, when days are still long, a state of photorefrac¬ 
toriness will occur. Gonads then regress as the reproduc¬ 
tive axis is turned off. These adaptations may have 
occurred to discourage breeding late into the season and 
thus having to raise offspring in harsher conditions in the 
fall and winter. After this period of photorefractoriness, 
birds will become photosensitive during the winter, mean¬ 
ing that their systems will once again be sensitive to an 
increase in photoperiod the following spring, and the 


cycle will repeat. In general, birds must experience an 
increase in day length to become photostimulated and 
have their gonads fully recrudesce. 

This phenomenon differs in long-day breeding mam¬ 
mals, such as seasonally breeding vole species (Microtus 
sp.). Unlike birds which become photorefractory to long 
summer days, these mammals continue to breed until day 
lengths decrease in the autumn. Their reproductive sys¬ 
tem then regresses in response to the increased duration 
of melatonin secretion in response to longer nights. After 
several weeks of exposure to short days (and long nights), 
many mammals become what is termed ‘photorefractory’ 
to short winter days, and their gonads will start to recru¬ 
desce as the reproductive axis switches on again. Experi¬ 
mental evidence suggests that when these animals are 
photorefractory, they are less sensitive to the nocturnal 
melatonin signal. In birds, photorefractoriness thus refers 
to an inhibition of reproduction after prolonged exposure 
to long days and in mammals, photorefractoriness refers 
to an activation of reproduction after prolonged exposure 
to short days. 

Over 30 rodent species are characterized as ‘long-day’ 
breeders, yet subsets of many of these populations do not 
regress their reproductive systems under short, winter¬ 
like photoperiods. Approximately 30% of some of these 
species are classified as photoperiodic nonresponders 
based on laboratory experiments. This photoperiodic 
nonresponsiveness is heritable. Thus, it is likely that 
30% of individuals in wild populations of these species 
retain the ability to breed year round, regardless of pho¬ 
toperiod. The fitness payoffs of photoperiodic nonrespon¬ 
siveness in the wild have yet to be determined, but 
benefits must exist — otherwise this would not be an 
evolutionary stable strategy. A subset of photoperiodic 
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nonresponders remains to be identified within any popu¬ 
lation of photoperiodic birds. 

A depiction of these photoresponsive cycles in birds 
and mammals is given in Figure 3. 


Seasonality: Arctic Zone 

Dramatic seasonal changes occur in arctic climates, with 
the majority of the year being inhospitable to many ani¬ 
mals. Changes in photoperiod range from 24 h dark per 
day in the winter to 24 h light in the summer (see Figure 2). 
Arctic animals can use these large changes in photoperiod 
to adjust their breeding and feeding schedules. Many 
arctic-breeding birds, such as the white-crowned sparrow 
(Zonotrichia leucophris gambelii), migrate to more favorable 
climates during winter and return to breed only during 
a short period in summer. In contrast, aquatic mammals, 
such as humpback whales ( Megaptera novaeangliae ), migrate 
to warmer climates in the summer to breed but take 
advantage of productive arctic feeding grounds in the 
winter. Reindeer ( Rangifer tarandus) use photoperiod to 
adjust their food intake by decreasing levels of leptin, a 
hormone produced by adipose tissue, in the short days of 
winter. The decrease in levels of leptin during winter when 
food is scarce is thought to play a role in energy conserva¬ 
tion by decreasing body temperature and inhibiting repro¬ 
duction. Arctic charr ( Salvelinus alpinus), which thrive in 
lakes covered with thick ice and snow, may be able to 
detect subsurface irradiance at very low intensities to 
measure day length, as they somehow receive photoperiod 
information to time the release of melatonin and thus 
provide a seasonally appropriate endocrine response. 


Because of the extreme conditions in arctic zones, 
many species, particularly birds, migrate away from the 
Arctic during the nonbreeding season. Migration is dis¬ 
cussed in a later section as well as in greater depth 
elsewhere in this encyclopedia. 


Seasonality: Opportunism and Tropical 
Zones 

Outside the temperate zone, seasons are often not defined 
by large changes in day length or temperature, but as 
rainy (abundant resources) and dry (limited resources). 
Tropical species that inhabit environments with predict¬ 
able rainy and dry seasons often develop equatorial sea¬ 
sonality, while species inhabiting unpredictably dry and 
wet climates often develop opportunism. 

It was long held that all equatorial species with annual 
cycles of reproduction must respond to nonphotic envi¬ 
ronmental cues that reliably change with the seasons, such 
as food availability, rainfall, presence of predators or con- 
specifics, or temperature. For example, Golden perch 
(.Macquaria ambigua ) and Crimson-spotted rainbow fish 
(Melanotaenia fluviatilis) of the Murray River in Australia 
spawn in the summer, when water temperature reaches 
23 °C and 20 °C, respectively. Foraging behavior in squir¬ 
rel monkeys ( Saimiri oerstedi) of Costa Rica varies predict¬ 
ably across the yearly cycle of dry and rainy seasons. 
Foraging duration and choice depends on the food supply, 
with squirrel monkeys spending the greatest proportion 
of time on arthropods when this resource is limited in the 
late wet season. Rufous-collared sparrows ( Zonotrichia 
capensis) of Equador regress and recrudesce their gonads, 
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Figure 3 Changes in relative gonadal size in photoperiodic birds and mammals over the annual cycle of reproduction in nonequatorial 
regions. This cycle is explained in depth in the text given earlier (see section ‘Seasonality: Temperate Zone’). 
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breed and molt at predictable times each year according 
to rainfall seasons. For example, molt occurs at the driest 
time of year and breeding occurs just after the rains. 
However, many equatorial species retain the ability to 
respond to changes in day length despite the relatively 
small changes in photoperiod in comparison to temperate 
latitudes. 

Spotted antbirds ( Hylophylax naevioides) of Panama can 
respond to a 1-h change (12 h of light in December and 
13 h of light in June) by increasing gonad size and song 
output in anticipation of breeding in the wet season. 
African stonechats [Saxicola torquata axillaris) of Kenya 
also develop their gonads in anticipation of the short 
rainy season using either photoperiodic cues or changes 
in light intensity. Female rhesus macaques ( Macaca 
mulatto) of India exhibit significantly more ovulations 
during the postmonsoon period in response to the slightly 
shortened photoperiods of October-December and 
sharply terminate copulatory behaviors with rises 
in progesterone, so that young are born in the summer 
just prior to the monsoons and energy is not lost while 
resources are limited. Although tropical fishes are thought 
of as principally responsive to temperature changes, 
Indian freshwater fish ( Labeo rohita , Catla catla , and Cirrhina 
mrigala) recrudesce their gonads on long days just prior to 
the monsoons of June. 

Opportunism is a successful strategy in extremely 
limited and unpredictable environments. Although repro¬ 
duction in the Seychelles warbler ( Acrocephalus sechellensis) 
has a pronounced seasonal pattern, this species prolongs 
its breeding season and increases its number of broods per 
year when the food supply is not limited. Zebra finch 
(Taeniopygia guttata) reproduction is also food dependent. 
This species uses rainfall, a rare and unpredictable event 
in arid northern Australia, as a reliable predictor of grass 
seed abundance. As they remain in state of reproductive 
readiness by maintaining their gonads year round, they 
can rapidly initiate breeding and a clutch of eggs within a 
few weeks of a rain event. This strategy is also useful in 
some fishes. Capelin ( Mallotus villosus) larval emergence 
from sediment is synchronous with peak plankton abun¬ 
dance and reduced predator density on the Canadian east 
coast. These cues are driven by offshore wind dynamics; 
thus, they are both unpredictable and temperature depen¬ 
dent. Capelin sense temperature change and respond with 
an increase in plasma thyroxine (T4) and tri-iodothyronine 
(T3), driving yolk sac reabsorption and the transition 
to free-swimming. T3 and T4 are part of another main 
endocrine pathway, the hypothalamo-pituitary-thyroid axis 
(HPT axis), which regulates energy expenditure, metabo¬ 
lism, and, in some cases, metamorphosis. The HPT axis 
is similar to the HPG and HPA axes, but with different 
hormones involved. The hypothalamus responds to low 
circulating levels of T4 and T3 by releasing thyrotro¬ 
pin-releasing hormone (TRH) to the pituitary gland. 


The pituitary gland responds to TRH by releasing thy¬ 
roid-stimulating hormone (TSH), which stimulates the 
thyroid gland (typically in the neck region of the body) 
to produce thyroxine. 

Aggression 

Seasonal patterns of aggression have been documented 
in many taxa. Aggression is typically an overt behavior 
exhibited when the interests of two organisms conflict. 
Generally, animals are most aggressive to others of the 
same species around mating times in order to secure 
resources such as food, territory, and access to mates. 
Thus, aggression may be adaptive in a situation where 
resources are limited, competition for them is high, and 
obtaining them is related to reproductive success. 

Patterns of androgen production often correlate with 
seasonal aggressive behaviors in vertebrates. Many 
experiments have shown that aggression during the 
breeding season can be reduced by castration and restored 
by administration of exogenous testosterone. The ‘Chal¬ 
lenge Hypothesis’ states that circulating androgen levels 
correlate with aggression during times of social instability. 
This mostly refers to male-male interactions, or ‘chal¬ 
lenges,’ over social status and access to females during the 
breeding season. In Figure 4, three levels of circulating 
androgen levels are shown comparing normal baseline 
levels, increased production during the breeding season 
needed for general reproductive activities, like spermato¬ 
genesis and sexual behavior, and peak levels during social 
interactions. Although initially these observations were 
made in birds, this mechanism has been shown to be 
relatively well conserved in mammals, fish, and reptiles. 

Estrogens as well as androgens can play a role in 
regulating aggressive behavior. For example, estradiol 
regulates aggressive territory defense during the breeding 
season in wild female mountain spiny lizards ( Sceloporus 
jarrovii). Variations in estrogen receptors may also affect 
aggressive behaviors, and estrogen receptor alpha gene 
knockout mice support this hypothesis. Further upstream 
of these effects, levels of aromatase (the enzyme which 
converts testosterone to estradiol) in the brain are corre¬ 
lated with aggression in many animals. Male mice (Mus 
musculus) that lack a functional aromatase enzyme show 
diminished aggressive behaviors. In birds, experimental 
treatment of male Japanese quail [Coturnix japonica) with 
an aromatase inhibitor also diminishes aggression. Aro¬ 
matase levels can vary seasonally and thus may play a role 
in the seasonal changes in aggression. 

Some species will exhibit aggression during the non¬ 
breeding season, when androgen levels are low and gonads 
have regressed. For example, song sparrows (. Melospiza 
melodia) exhibit aggressive behaviors (dominance interac¬ 
tions, territorial aggression, and singing) year round 
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Figure 4 Three-level model of androgen regulation in male birds. Level A represents basal levels of androgens during the nonbreeding 
season. Level A advances to level B at the onset of the breeding season. Level B represents basal androgen levels during the breeding 
season. The increase from level B to level C is facultative and triggered by social challenges during the breeding season. Level 
C represents the peak levels of testosterone achieved during these social interactions. Redrawn from Wingfield JC, Hegner RE, Dufty 
AM, and Ball GF (1990) The ‘Challenge hypothesis’: Theoretical implications for patterns of testosterone secretion, mating systems, and 
breeding strategies. American Naturalist 136: 829-846. 


despite low circulating levels of testosterone in the non¬ 
breeding season. Many times, castration will not affect 
aggressive behaviors during the nonbreeding season, sug¬ 
gesting gonadal steroids do not play a role in nonbreeding 
aggressive behavior. Removal of the adrenal glands (adre¬ 
nalectomy), though, can eliminate nonbreeding aggres¬ 
sion in some animals. Adrenocortical steroids, such as 
the glucocorticoids cortisol and corticosterone or the 
steroid precursor dehydroepiandrosterone (DHEA), may 
play a role in mediating aggression during this time. 
DHEA is able to bind with low affinity to all steroid 
receptors (including intracellular androgen and estrogen 
receptors as well as progesterone, mineralocorticoid and 
glucocorticoid receptors) and can be converted rapidly 
into testosterone and estradiol within brain tissue. Ani¬ 
mals can also produce androgens and estrogens de novo 
from cholesterol in the brain. Thus, nonbreeding aggres¬ 
sion may still be dependent upon sex steroids, but inde¬ 
pendent of gonadal steroids. More information on this 
discussed elsewhere in this encyclopedia. 

Courtship Displays 

Animals that breed seasonally tend to exhibit courtship 
displays. These displays could have evolved for purposes 
such as mate attraction, advertisement of quality, species 
recognition or synchronization of reproductive physiol¬ 
ogy. Courtship displays possibly evolved when mating- 
opportunities were skewed and only a limited number of 
one sex was able to mate, or when one sex (typically 
males) was able to mate and produce mature gametes 
multiple times in relatively rapid succession but the 


other sex (typically females) was less able to do so. 
When a male is able to fertilize multiple females while a 
female can only be fertilized by one or a few males, there 
is often competition for access to females. 

Typically, courtship displays in males are mediated by 
androgens. In many species, androgens can increase mus¬ 
cle contractile abilities and lead to increased performance 
in courtship displays, running, swimming, or endurance in 
general. For example, the zig-zagging courtship behavior 
in male three-spined stickleback fish ( Gasterosteus aculeatus) 
is mediated by 11-ketotestosterone (11KT). Castration 
greatly reduces or eliminates the zig-zagging behavior, 
while administration of 11-ketoandrostenedione (11KA), 
which is converted to 11KT, will restore the behavior. 
However, many instances where androgens do not mediate 
courtship displays exist. For example, in the tropical spe¬ 
cies of golden-collared manakins (. Manacus vitellinus), tes¬ 
tosterone is not necessary for display, and the effects of 
testosterone administration vary with sex, season, and age. 
In the roughskin newt (Taricha granulosa), administration 
of arginine vasotocin (AVT) facilitates the courtship clasp¬ 
ing of females by males. The glucocorticoid corticosterone 
(CORT) usually has an inhibiting effect on courtship dis¬ 
plays in many animals, although elevations in corticoste¬ 
rone positively correlate with the chorus density in calling 
displays of male Woodhouse’s toad (Bufo woodhousii). Fur¬ 
ther upstream in the HPG axis, administration of gonado¬ 
tropin-releasing hormone (GnRH) to various taxa will 
also increase mating displays, such as in female copulation 
solicitation displays in white-crowned sparrows ( Zonotri- 
chia leucophrys gambelii). It is thought that GnRH can act 
centrally to mediate sexual behavior, as well as increasing 
gonadal steroids via the HPG axis to elicit courtship 
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behavior. More information on this discussed elsewhere in 
this encyclopedia. 

Although it would seem advantageous to have 
extremely high sex steroid levels during the breeding 
season, this can result in certain fitness tradeoffs. One 
explanation is that the body has limited energy stores 
and resources, and endocrine systems needed for sexual 
displays and performance must compete with other body 
systems for these resources, such as the immune system. 
An animal with high testosterone levels can increase the 
vigor or duration of their displays but may (as a conse¬ 
quence of high testosterone) have to reduce their defenses 
against pathogens. For example, exogenous testosterone 
given to wild-ranging male sand lizards ( Lacerta agilis) 
was correlated with increased mobility, resulting in higher 
mating success, but also had increased parasite load. These 
fitness tradeoffs thus can make sexual signals, such as 
courtship displays, honest ones from which conspecifics 
can discriminate during mate choice or competition. The 
lizard with high testosterone, resulting in increased travel 
and mating displays while maintaining a compromised 
immune system (but not to the point of physical hin¬ 
drance), may be selected for over ‘lesser’ males by his 
female conspecifics. This hypothesis, introduced by Fol- 
stad and Karter, is commonly referred to as “the immuno- 
competence handicap hypothesis” (ICHH). However, the 
ICHH does not necessarily fit all species or situations. For 
example, in a study performed on male blue tits (Cy artistes 
caeruleus ), the effects of testosterone on immunity were 
shown to be immunoenhancing or immunosuppressive 
depending upon the life-history stage, condition, and 
immune challenge administered to the bird, and many 
other species have shown no effects of androgens on the 
immune system. More information concerning immune 
function on this discussed elsewhere in this encyclopedia. 

Migration 

Migration is defined here as a phenomenon by which 
animals avoid harsh conditions by moving to a different 
location during a particular time of the year. During 
winter months, many temperate zone animals will travel 
to lower latitudes where conditions may be more favor¬ 
able for survival. This type of behavior is adaptive because 
it permits for seasonal resource exploitation in regions 
with unstable living conditions. Migration has been 
mainly documented in fish and birds; mammals, amphi¬ 
bians, and reptiles are more prone to enter torpor or 
hibernate, though exceptions do exist. Little is known 
about the endocrine control of migration. In both birds 
and fish, spring migration to breeding grounds appears to 
be regulated by androgens. When animals reach their final 
destination, having relatively high levels of sex steroids 
can help them jump-start breeding activities, such as 


territory and mate acquisition. Fall migration, which 
occurs after the breeding season, generally is thought to 
be independent of androgens. 

Migration in many species of fish, such as Atlantic cod 
(Gadus morhua ), is spurred by seasonal temperature 
change. In cod, colder temperatures correlate with 
reduced locomotor activity. Thyroxine, or T4, injections 
were able to increase locomotion at all temperatures 
studied, but T3 (tri-iodothyronine, the bioactive form of 
thyroxine) and T4 levels did not necessarily differ in 
association with temperature. However, in salmon ( Salmo 
salar ), elevations in T3 and T4 are associated with migra¬ 
tion away from the nest, or feeding migration (smoltifica- 
tion). Testosterone, estradiol, and 11-KT are generally 
elevated during homing or spawning migration. 

Many birds are nocturnal migrants, meaning they are 
active during the day and then perform migratory flights 
at night. Seasonal and circadian rhythms of melatonin 
have been associated with this migratory nocturnal rest¬ 
lessness or ‘zugunruhe’. Zugunruhe has long been 
observed in captive birds during migratory periods. Cap¬ 
tive birds will orient in the direction of their usual migra¬ 
tory flight and commence wing fluttering and perch 
hopping. During this time, patterns of melatonin release 
are similar to the nonmigratory period, and melatonin 
levels are higher at night than during the day. However, 
during migration, melatonin levels are still higher at night 
than during the day, but lower than compared to nonmi¬ 
gratory periods. In studies of blackcaps ( Sylvia atricapilla ), 
night levels of melatonin were lower during the migratory 
phase in relation to periods before and after this phase. 
When migratory flights were simulated by depriving birds 
of food for 2 days, followed by readministration of food to 
mimic a refueling stopover, melatonin increased and noc¬ 
turnal activity was suppressed during the fall. During the 
spring migratory phase, the effects were similar but also 
depended on the amount of body fat reserves. Because 
exogenous melatonin or pinealectomy will disrupt most 
circadian activities, it is difficult to experimentally test 
their effects specifically on zugunruhe. 

As birds prepare for migration, thyroid hormone levels 
(T3 and T4) increase and corticosterone (CORT) levels 
are maintained at a higher basal level than during nonmi¬ 
gratory times. An increase in T3 and T4 is associated with 
the premigratory fattening in birds needed for energetic 
demands during their journey. Thyroidectomy can inhibit 
premigratory fattening as well as zugunruhe. 

Elevations of glucocorticoids, such as corticosterone, 
are generally associated with the stress response. This 
mechanism may help an animal cope with an acute 
change in the environment by aiding in the mobilization 
of energy reserves to meet increased demands. In a similar 
fashion, basal CORT elevations may help prepare for the 
mobilization of resources needed for migration. In many 
species, animals experience a reduced stress response 
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during migration, perhaps to preserve valuable energy 
reserves needed for the journey. A fine balance then 
rests between reaction to a stressful stimulus, such as a 
predator, and maintaining enough energy to make it to the 
final destination. For more information, see the section 
“Migration.” 

Aggregation and Dispersal 

Is there an advantage to grouping at certain times of year 
and dispersing at others? African elephant ( Loxodonta afri- 
cana ) herds are larger in the dry than in the wet season as 
availability of grazing sites decreases. Fecal cortisol meta¬ 
bolites, a measurement of physiological stress, are highest 
in the dry season and increase with dominance rank. As 
cortisol is negatively correlated with progesterone, inten¬ 
sive grouping may serve to limit pregnancy during years 
of reduced resources. Aggregating in larger groups would 
appear disadvantageous, as individual fitness is reduced 
by the further limited food supply. However, herds tend to 
be groupings of related females, so individuals are thought 
to gain indirect fitness by helping protect each other and 
sharing food supplies. 

Piranha ( Pygocentrus nattereri) in the Amazonian flood¬ 
plain shoal during low water when predator density peaks, 
and they disperse during flood when susceptibility to 
predation decreases and prey species become dispersed. 
In this case, however, shoaling behavior is positively cor¬ 
related with reproductive maturity. The fitness gained by 
reducing predator susceptibility is overcome by the need 
of smaller, immature fish to feed and reach sexual maturity. 

Flocking in birds most often occurs at the end of the 
breeding season, just prior to migration. Barn swallows 
(Hirundo rustica) flock and huddle during adverse weather 
conditions in Norway. High plasma testosterone would 
promote nest territoriality and competition, limiting this 
behavior and result in decreased survivorship of the birds. 
A seasonally decreased susceptibility to stress/corticoste¬ 
rone is an advantageous adaptation in subordinate flocking 
birds. In willow tits ( Poecile montanus ), if corticosterone is 
administered during flock establishment, juveniles dis¬ 
perse. If corticosterone is administered after flock estab¬ 
lishment and just prior to migration, dispersal does not 
occur. During flock establishment, corticosterone most 
probably stimulates feeding behavior indirectly, as it pro¬ 
motes the metabolism of energy stores. However, as willow 
tits approach migration, the response may be suppressed 
since the failure to migrate with a flock could be disastrous 
for individuals. Coming together as a flock has many 
benefits outside of the breeding season, and it may be the 
default group dynamic, with dispersal occurring as a result 
of reproductive activation or reaching a critical population 
density that incurs costs which outweigh the benefits of 
remaining flocked. 


Feeding Young 

Ultimately, both seasonal and opportunistic species time 
breeding so that young are born at the time of greatest 
food abundance. This strategy ensures the greatest return 
for reproductive and parental care efforts. In the Amazo¬ 
nian floodplain, there is a higher density of piscivores and 
less algae and green plant matter during low water. Black 
prochilodus ( Prochilodus nigricans) and yamu ( Brycon ama- 
zonicus) spawn at the onset of rising water, so that their 
progeny reach adulthood before the next low water. Dis¬ 
cus fish ( Symphysodon aequifasciata) also spawn at flooding, 
so that abundant food is available as an energy source to 
be converted into food for the young in the form of 
production of an epidermal mucous secretion. The hyper- 
trophying of skin and release of mucous in both females 
and males is under the control of prolactin. Interestingly, 
male parental care is facilitated by an increase in prolactin 
and a reduction in plasma testosterone. Thus, mucous 
production is energetically and chemically limited to the 
appropriate season. Both male and female ring doves 
[Streptopelia risoria) also provision their young. The pro¬ 
duction of crop milk requires a 2-fold increase in food 
intake; thus, ring doves breed in the spring so that their 
young hatch at the time of peak seed abundance. Crop 
milk production is under the control of prolactin, 
although the process is not homologous to milk produc¬ 
tion in mammals. 

In the case of mammalian provisioning of young, milk 
production must also be timed, coincident with peak food 
abundance. The cost of producing protein- and calcium- 
rich milk is incredibly high, especially given the growth 
rate of mammalian young. As milk is produced from 
nutrient stores of the mother, females must ensure ade¬ 
quate food resources are available to prevent an endan¬ 
gering depletion of fat and bone. Caribou ( Rangifer 
tarandus caribou) of northern Quebec reach peak milk 
production in June, after feeding on protein-rich dwarf 
birch leaves and graminoids. Metabolic weaning occurs 
about 20 days after the birth of young, as the rich food 
source for the mothers is depleted and they return to 
feeding on lichens as their principal dietary source. 


Stress 

Many animals cope with a stressor, increasing chances 
of survival, by producing glucocorticoids from the adrenal 
gland. The glucocorticoids cortisol and corticosterone 
can aid in the suppression of nonessential behaviors to 
allow focus of and reaction to the stressor at hand. Gluco¬ 
corticoids can also aid in the mobilization of energy 
reserves needed for reaction. While this type of hormonal 
reaction is necessary to cope with stressors, its chronic 
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effects can negatively affect other bodily systems, such as 
immune function, reproduction, learning and memory, 
and parental care. 

Glucocorticoids operate in a circadian manner, 
increasing just before awakening each day to aid in the 
increase of blood glucose levels prior to any activity, but 
seasonal changes can also alter glucocorticoid concentra¬ 
tions. In many species, plasma glucocorticoids increase 
during the breeding season. One hypothesis for the adap¬ 
tive nature of this phenomenon is that animals require 
more energy for energetically demanding breeding beha¬ 
viors, such as mating displays, territorial defense, and 
competition over mates. As well, during many of these 
behaviors, organisms may be exposed to predatory attacks 
and thus need to be able to access energy stores rapidly. 

Changes in the stress response during the breeding 
season tend to be more pronounced as compared to the 
stress response during the nonbreeding season in many 
animals. Often these changes include an upregulation of 
glucorticoids and glucocorticoid receptors early in the 
breeding season and then a decline as the season pro¬ 
gresses, but this pattern varies depending upon species. 
During molt of many bird species, the stress response is 
markedly downregulated. It is thought that the energetic 
demands of replacing the entire integument are so high 
for these birds species that the stress system does not 
compete for energetic resources at this time. Behavioral 
changes also occur during molt; birds will not exhibit 
territorial behaviors and in general are reclusive, remain¬ 
ing in hiding for most of the time until molt is completed. 

In a study on house sparrows (Passer domesticus ), an 
immediate early gene, or transcription factor thought to 
be one of the first measurable responses to external stimuli, 
was examined in relation to the seasonal stress response. 
Immediate early gene (EGR-1) positive cells in the brain 
increased in stressed birds as opposed to controls, but this 
stress response was more pronounced during the breeding 
season as opposed to the nonbreeding season. The number 
of cells producing the neurohormone gonadotropin inhibi¬ 
tory hormone (GnIH) increased in times of stress during 
the breeding season, but not during the nonbreeding 
season. Since GnIH can have inhibitory effects on the 
reproductive axis, GnIH may be able to inhibit the repro¬ 
ductive axis during times of stress. This mechanism may be 
adaptive for helping animals pause reproductive activities 
during hostile situations (and wait for more favorable con¬ 
ditions in order to maximize chick survival). The response 
of GnIH to glucocorticoids is also seen in rats, suggesting 
an evolutionarily conserved mechanism. 

Molt & Pelage Change 

Vertebrates are capable of changing the appearance of 
their external body covering in response to environmental 


change. This strategy most often satisfies one of three 
purposes: 

• Replacement of worn/damaged coverings 

• Camouflage to avoid detection by predators/prey 

• Signaling of sexual competence 

Skin and hair are keratinized structures composed of 
protein and require replacement with age to maintain 
their mechanistic functions. European starlings (Sturnus 
vulgaris) become photorefractory in the late summer and 
their gonads regress. As the production of gonadal steroids 
sharply declines, vasoactive intestinal peptide (VIP) is 
released from the hypothalamus into the pituitary, 
where it stimulates the release of prolactin into the blood¬ 
stream, initiating the postnuptial molt. Blockage of this 
prolactin rise can inhibit molt. Djungarian hamsters are 
short day breeders and experience an increase in plasma 
prolactin in the spring to initiate their spring molt. In this 
way, the high energetic costs of breeding and feather/hair 
replacement do not occur simultaneously, yet replace¬ 
ment can still occur while resources are abundant and 
before harsh environmental conditions occur. 

Species living in environments with pronounced sea¬ 
sonal landscape changes gain fitness by adapting their 
body covering to maintain camouflage. Willow ptarmigan 
(.Lagopus lagopus) express the pro-opiomelanocortin 
(POMC) gene in their skin, and are capable of cleaving 
POMC locally in the skin to produce a-melanocyte- 
stimulating hormone (a-MSH). This hormone in turn 
stimulates melanogenesis and melanin release. In the 
spring, when days are long and sunlight is more intense, 
light stimulates cleavage of POMC for melanogenesis, 
giving the birds brown plumage matching them to the 
spring arboreal habitat. Melanogenesis and release of mel¬ 
anin cease in the fall because the photoperiod length and 
sunlight intensity are not sufficient for a-MSH produc¬ 
tion. Thus, as the birds molt, the brown feathers are 
replaced with white, in preparation for matching to winter 
snow. The short-tailed weasel (.Mustela ermina) also experi¬ 
ences a brown to white, summer to winter change. In this 
case, long photoperiods are detected by the brain, and 
a-MSH is released into the bloodstream from the poste¬ 
rior pituitary. a-MSH then stimulates melanocytes in the 
skin and hair follicles, resulting in brown coloration. The 
shorter photoperiods of fall are insufficient to stimulate 
a-MSH release from the posterior pituitary, so as hairs are 
replaced, the weasel’s coat becomes white. 

As color change in aquatic environments with respect 
to season is relatively invariant and unpredictable, this 
adaption is rare in fishes. Instead, their color change is 
more rapid and transient, as they move through patchy 
environments. However, salmonids that move from river 
or lake environments to oceanic feeding grounds in the 
spring undergo a metamorphosis that includes a color 
change from the darkly pigmented melanin bars of a 
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parr to the silvery coloration of a smolt. Both body cover¬ 
ings are specialized to provide camouflage by matching 
the patchiness of rivers/lakes or the diffractive index of 
seawater. Smoltification does not involve a loss of the 
melanin bars; the change is a result of the accumulation 
of guanine and hypoxanthine in the scales and skin. 
Silvering is under direct control of thyroid hormone 
(T4), the production of which is stimulated by increasing 
day length and water temperature. 

Sexual coloration is often taken as a reliable signal of an 
individual’s competence and quality (see earlier section on 
the immunocompetence handicap hypothesis, ICHH). 
Coloration for sexual purposes is thought to be energeti¬ 
cally expensive and is also coincident with the high ener¬ 
getic costs of developing sexual structures and displays; 
thus, its display must be timed appropriately. Atlantic 
killifish ( Fundulus heteroclitus) males display a yellow belly 
as nuptial coloration. In an analogous manner, the beaks 
of male European starlings ( Sturnus vulgaris) turn from 
black to yellow just prior to the breeding season. Both are 
the result of androgens stimulating the production of 
xanthophores (a yellow pigment-bearing organelle) in 
these tissues. These color changes occur simultaneously 
with gonadal development, but the environmental cue to 
initiate coloration is different: temperature change for 
killifish and increased photoperiod for starlings. Sexual 
coloration is largely absent in mammals with a notable 
exception of sexual swellings in primates. Sexual swellings 
of female baboons ( Papio hamadryas anubis) are stimulated 
by estradiol and progesterone secreted during ovulatory 
menstrual cycles. 

Torpor 

Torpor, a temporary drop in body temperature and meta¬ 
bolic rate often accompanied by failure to eat or mictu¬ 
rate/defecate, is an adaptation of endothermic vertebrates 
that enables them to survive the energetic demands of 
cold ambient temperature. To decrease the energy expen¬ 
diture of producing body heat while resources are also 
limited, some vertebrates can significantly decrease their 
body temperature and metabolic rate. This behavior is 
under environmental control via the endocrine system. In 
Siberian hamsters, the light: dark cycle entrains the supra- 
chiasmatic nucleus of the hypothalamus, the brain struc¬ 
ture that controls the onset of torpor. Torpor onset is 
inhibited by testosterone and prolactin, so torpor in this 
species occurs only during winter, when gonads are 
regressed and Siberian hamsters are not breeding. 

Because an increase in energy expenditure is required 
for arousal from torpor, this behavior is advantageous only 
when the metabolic rate is sufficiently low and the time 
spent in torpor is sufficiently long to represent a conser¬ 
vation of energy from the normal homeothermic state. 


As a large surface area to volume ratio allows for more 
rapid cooling and arousal requires a sufficient energy 
source, torpor in small animals is also restricted to those 
capable of producing and storing thermogenic brown 
adipose tissue (BAT). In hibernators, the acquisition of 
BAT is seasonal, occurring under a winter-length photo¬ 
period regime. In female Syrian hamsters, the longer 
duration of melatonin secretion and decreased plasma 
levels of gonadal steroids during short photoperiods stim¬ 
ulate increased food intake and BAT growth. It is unclear 
whether melatonin acts directly on brown adipose tissue, 
or whether these effects are mediated via melatonin’s 
action on the sympathetic nervous system. 

Vertebrates that experience seasonal bouts of torpor 
controlled by a circannual rhythm, such as hedgehogs 
(Erinaceus europaeus), dormice (Muscardinus sp .), and most 
famously, groundhogs ( Marmota monax), are called ‘hiber¬ 
nators’ (see also the chapter by F. Geiser). Those species 
that enter torpor/arousal on a circadian cycle experience 
‘daily’ or ‘nocturnal torpor,’ but there is some evidence 
that this pattern has a circannual cycle as well. Rufous 
hummingbirds ( Selasphorus rufus) enter torpor daily, but 
show a pronounced seasonal pattern in the percentage of 
incidence (number of nights on which torpor occurs) and 
duration of torpor. There is highest incidence and longest 
duration in autumn, with lowest incidence and shortest 
duration during summer. In the lab, this seasonality can be 
controlled by manipulating food supply, ambient temper¬ 
ature, or photoperiod, indicating that rufous humming¬ 
birds integrate multiple cues for elicitation of this 
behavior. Studies in this case are difficult due to sampling 
constraints (i.e., the low blood volume of hummingbirds), 
but corticosterone is postulated as a mediating endocrine 
factor. 

Summary 

There is a vast and complex array of seasonal changes in 
hormones and behavior across vertebrate classes. Hor¬ 
monal status can change over long periods of time 
(months to years) and over very short periods of time 
(minutes). Seasonality in hormones and behavior is often 
driven by changes in day length, but can also be affected 
by food availability, changes in temperature, salinity, 
social conditions, and behavior. Within a season not only 
can hormones influence behavior, but behavior can 
directly influence hormonal status. For example, male 
canary song can cause female canaries to lay eggs sooner 
and in greater numbers than if they hear no song. Female 
ring doves will respond to a male ring dove’s ‘bow-coo’ 
behavior by vocalizing, and it is the female’s vocalization 
that stimulates her own reproductive system - a classic 
example of how behavior can affect endocrinology. 
Aggressive interactions and social status can influence 
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testosterone, estradiol, and corticosterone concentrations, 
but this phenomenon varies across seasons. Not only do 
endocrine changes vary from one time of year to another, 
but the response to a specific hormone can vary over the 
same time frame - for example, there are marked seasonal 
changes in sensitivity to glucocorticoids in many season¬ 
ally breeding species. Even in humans (considered non- 
seasonal), social cues can elicit hormonal changes. The 
‘home-team advantage’ in competitive sports is thought 
to be mediated by testosterone. Similarly in men, social cues 
tend to elicit a decrease in testosterone and an increase in 
prolactin at the time of their partner’s late pregnancy and in 
the weeks just after childbirth - possibly to increase parental 
care. Thus, temporal changes in hormones and behavior are 
widespread, varied, and elicited by any number of environ¬ 
mental and behavioral variables. It is this variability and 
sensitivity to the environment that makes changes in 
hormones and behavior interesting, yet challenging to 
study and interpret in their natural environment. 

See also: Aggression and Territoriality; Behavioral 
Endocrinology of Migration; Female Sexual Behavior: 
Hormonal Basis in Non-Mammalian Vertebrates; 
Hibernation, Daily Torpor and Estivation in Mammals 
and Birds: Behavioral Aspects; Immune Systems and 
Sickness Behavior; Male Sexual Behavior and Hormones 
in Non-Mammalian Vertebrates; Mammalian Female 
Sexual Behavior and Hormones; Molt in Birds and 
Mammals: Hormones and Behavior; Sexual Behavior 
and Hormones in Male Mammals; Stress, Health and 
Social Behavior. 
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The Seed Dispersal Process by Animals 

A common approach used to study the whole seed dispersal 
process by animals has been to divide it into three different 
phases, a predispersal, dispersal, and a postdispersal phase. 
The predispersal phase has to do with the attraction of 
animals to fruits and the way they are influenced by several 
intrinsic and extrinsic factors. Intrinsic factors include tree 
fecundity, fruit size, fruit design and nutritional content, 
presence of secondary compounds, and fruit distribution, as 
well as availability in space and time. Many extrinsic fac¬ 
tors not under the genetic control of the plant, such as the 
local abundance of other fruit resources or neighborhood 
effects, may also influence fruit attraction and its removal. 
Since considerable variation exists among seed dispersal 
agents in their responses to these factors, their movement 
and seed distribution patterns are likewise dependent upon 
a diverse array of disperser morphologies, physiologies, and 
behaviors that are commonly included in the dispersal 
phase. Thus, foraging behavior following fruit removal 
depends, at least in part, on intraspecific decisions (e.g., 
intragroup social relationships, mating), interspecific beha¬ 
viors (e.g., competition, territoriality), environmental fac¬ 
tors (e.g., abundance and availability of fluctuating food 
sources, site-specific habitat heterogeneity, predator pres¬ 
sure on seed dispersers), and abiotic factors that affect the 
habitat template where interactions take place. Finally, 
once seeds are deposited or discarded by dispersers (the 
postdispersal phase), the probabilities of seed germination 
and seedling establishment will depend not only on dis¬ 
perser defecation patterns and physical microenvironment 
conditions, but also on the likelihood of encountering seed 
predators or secondary dispersers. As a consequence, 
inconsistencies in the selection pressures exerted by seed 
dispersers upon plant traits are not unusual. 

On the basis of the main topics emerging from the numer¬ 
ous studies that exist on plant-disperser interactions, here 
I intended to summarize and highlight some of the major 
animal behaviors intervening in each phase of the entire seed 
dispersal episode (from the time fruits are removed from 
parent plants, until seeds are deposited in the ground). 

Fruit and Seed Removal: Animal Behavior 
Influencing the Predispersal Phase 

Because often fruit must be removed so that the seeds can 
be dispersed, fruit removal may be considered the first 


step in the seed dispersal process and an important compo¬ 
nent of plant fitness. The pulp of fleshy fruits, consisting of 
a great variety of edible and nutritive tissues surrounding 
the seeds, provides the primary food resource for many 
frugivorous animals, especially mammals and birds, but 
also reptiles and insects. These animals may handle fruit 
and seeds in different ways. Thus, three types of frugivory 
modes can be identified according to their potential con¬ 
sequences for seed dispersal: (1) legitimate dispersers that 
swallow the entire fruit and defecate or regurgitate seeds 
intact and in viable conditions, (2) consumers that tear off 
and ingest only the pulp, sometimes allowing the seeds to 
come out, and (3) seed predators that crack and ingest the 
seeds, or consume the entire fruit and digest both pulp 
and seed. These categories define a wide gradient of seed 
dispersal activity provided by frugivores. The ability to 
handle, swallow, and process a given fruit efficiently 
depends on the relationship between animal size and 
fruit size. For example, ingested seeds must be able to fit 
into the mouth and throat of the animal to pass through 
unharmed. The number and the size of seeds determine 
the time needed by animals to process fruits, and the 
number and the size of fruits ingested determine the 
time needed to process them. Although several studies 
have reported that seed mass, the number of seeds per 
fruit, and the pulp mass per seed are important traits in 
fruit selection by frugivores, fruit size seems to be the 
main source of functional variation in fruit relative to the 
type of frugivores consuming it. Fruit also presents a great 
variety of secondary compounds that can be used to 
attract or repel frugivores (e.g., by reducing a fruit’s 
digestibility). Some of these compounds may promote a 
high quantitative intake of fruit; while others have deter¬ 
rent properties. Finally, whether frugivores behave as seed 
dispersers, pulp consumers, or seed predators may 
depend on diverse characteristics related to not just the 
frugivore and the plant but also the environment where 
the particular interaction occurs. 

The influence of plant-frugivore interactions in the 
diversification of fruit structures and dispersal devices has 
been studied for several decades. The reliance of many 
fleshy-fruited plants, especially in the tropics, on birds and 
mammals for seed dispersal gave rise to the theory of a 
coevolved mutualism between fruiting plants and seed- 
dispersing frugivores. Fruit with pulp of high energetic 
and nutritive value, containing one or a few large seeds, 
would be one extreme of specialization by interacting with 
devoted frugivores which provide high-quality dispersal; 
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fruit with watery, carbohydrate-rich pulp and numerous 
small seeds occupies the other extreme by interacting with 
opportunist frugivores. There is empirical evidence that 
frugivores have a particular preference for one or the 
other type of fruit and exert selective pressure on fruit 
traits. For example, primates seem to prefer fruit with a 
high sucrose content, while birds prefer fruit with high 
fructose and glucose content. On the basis of the great 
variation of fruit traits and displays that exist in nature, it 
is not rare to find also a great diversity in frugivores’ feeding 
behaviors and seed shadows. 

Animals depend on different senses for the location of 
fruits and seeds. Those with color vision employ color as a 
primary cue for finding food; others, most of them mam¬ 
mals, reptiles, or nocturnal animals, use their sense of 
smell to locate seeds or fruits. Fish are known to congre¬ 
gate below ripening fig trees, presumably responding to 
the sound of the fruits hitting the water. Birds, for exam¬ 
ple, show preferences related to fruit color, nutritional 
content, presentation, accessibility, level of insect damage, 
and fruit size, even within a single individual plant and 
species. Mammals tend to select large, husked or pro¬ 
tected, brown, green, orange, or yellow fruit, which are 
often odoriferous and low in protein content. Differences 
in the feeding ability or preferences between guilds of 
frugivores have been used to differentiate among fleshy- 
fruited species and have led to the description of fruit 
syndromes associated with particular frugivore guilds. 
Since animals differ enormously in their size, visual acu¬ 
ity, and ability to access and manipulate fruit, some stud¬ 
ies suggest that a more constructive approach than the 
concept of syndrome may be necessary to identify frugi¬ 
vore traits that should be logically associated with certain 
fruit traits and vice versa. Fruit dispersed by terrestrial 
frugivores, for example, should fall at maturity; fruits 
dispersed by nocturnal frugivores are unlikely to be 
brightly colored but very likely to be odoriferous. 

Fruits and seeds are also critical resources for a vast 
number of insect species (in the pre-and/or the postdis¬ 
persal phases), and some of the prodigious radiation of 
insects is associated with these specializations. The size of 
fruit and seeds may influence the behavior of frugivorous 
insects. For example, the females of some species select 
determined seed sizes to lay their eggs. Likewise, frugivo¬ 
rous insects present a great diversity of behaviors that 
allow them to face periods of fruit scarcity and track the 
fluctuations in fruit abundance and distribution. On the 
other hand, insects may escape predation by frugivorous 
vertebrates because they may (1) make themselves toxic to 
frugivores by incorporating secondary seed compounds in 
their tissues, (2) complete their development before fruits 
ripen and become attractive to frugivores, or (3) make fruit 
unpleasant to frugivores since their excretion products 
change its flavor. Consequently, frugivorous vertebrates 
may avoid selecting fruits that contain insects. The activity 


of insects and vertebrate frugivores on fruits and seeds 
seems, in some cases, to overlap in such a way that the 
spatial pattern of seed deposition should be considered as a 
result of the combined activity of both groups. 

Animal Movement and Seed Transport: 
Animal Behavior Influencing the 
Dispersal Phase 

By simply moving from one habitat patch to another, the 
dispersal of an individual has consequences that go 
beyond individual fitness. Because animal behavior plays 
a large role in determining patterns of movement, it is 
logical to expect that it would therefore also play an important 
role in determining dispersal effectiveness (defined as the 
contribution a disperser makes to the reproductive success 
of a plant, and measured by the quantity and quality 
components of seed dispersal). The quality of seed dispersal 
is characterized by the treatment that seeds receive from 
the disperser, the potential range of microsites and patches 
that those seeds will reach, and the spatial pattern in 
which they are deposited. While much emphasis has been 
given to quantity components, the quality component of 
seed dispersal may be the single most important factor 
determining the final fate of a seed. 

One critical determinant of dispersal effectiveness is 
the distance of dispersal events, summarized by dispersal 
curves. In recent years, several models of seed dispersal, in 
particular inverse and mechanistic models, have played 
a prominent role in predicting the spatial distributions 
of seeds. However, mechanistic models of seed dispersal 
(based on seed passage times, displacement rates and 
speed, and direction of animal movement) have posed a 
greater challenge, primarily because animal movement 
patterns are complex, depend on many factors, and are 
difficult to quantify. Frugivores’ influences on plant fitness 
do not end with seed transport. The seed shadow gener¬ 
ated by frugivore species will depend on its identity, and 
in turn on the rate of movement and the pattern and 
quantity of seed deposition. Diverse external factors 
such as fruit patchiness in space and time, the presence 
of other competing frugivore species, predation pressure, 
and the distribution of alternative food sources and 
resources other than food (e.g., nesting sites, water holes) 
have been shown to influence disperser behavior, move¬ 
ment pattern, and the shape of seed shadows. 

Seasonal fruiting patterns can have a great effect on the 
annual cycle of most frugivores and may cause dietary 
shifts in frugivorous animals which track the changes of 
fruit supply. For year-round resident frugivores, this 
implies having a highly diverse diet that provides a bal¬ 
ance of nutrients. Reproduction, breeding, and migratory 
movements are commonly associated with seasonal pat¬ 
terns of fruit ripening. Predictable patchiness of fruit 
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availability can influence the pattern of patch utilization 
by foraging frugivores and secondary dispersers, and their 
movements between patches have been suggested as a key 
mechanism for habitat connectivity and forest regenera¬ 
tion. Nonrandom seed deposition may result from move¬ 
ments that depend on the distribution of plant species 
fruiting at the same time of year. For example, the distri¬ 
bution of some parasitic and hemiparasitic plants (which 
need highly directed dispersal to particular plant hosts) 
shows consistency with the distribution of particular fruit¬ 
ing plant species that serve as recruitment foci for birds 
that use them as perches. 

Social organization may influence patterns of seed depo¬ 
sition, since it is expected that home range size, dispersal 
distances, and the degree of clumping will increase as a 
function of group size. Animal dispersers can be solitary, 
forage in groups of 10-30 individuals, or congregate in 
hundreds of individuals, such as bats, squirrel monkeys, 
and some birds. Group foraging may increase the overall 
food intake rate, and foraging interference between indivi¬ 
duals promotes longer foraging trips and the utilization of 
more food sources. Large group sizes may also increase 
clumping of seeds, because individuals will tend to disperse 
seeds together in space and time. While some animals 
produce small piles of seeds unevenly over the environ¬ 
ment, others may concentrate large numbers of seeds under 
other fruiting species, in latrines, in places used for sexual 
displays, or roosting, nesting, or sleeping sites. Some bat 
species can deposit over 90% of the seeds they consume 
under roosts; and many species of ants carry considerable 
quantities of seeds to their nests, where they cut off the 
lipid-rich elaiosome attached to the seed and discard the 
rest in piles adjacent to the nest. Territoriality and/or 
resource defense is likely to be important in patterns of 
seed deposition, because they constrain the space used by an 
individual and may limit the number of potential dispersal 
agents visiting a given source tree. Some territorial birds 
regurgitate seeds within a close range of their feeding plant 
or perch, while elephants, tapirs, and large primates may 
use long, recurrent routes. 

Mating and breeding behavior may also have potentially 
important consequences for seed movement and deposi¬ 
tion. Both nesting and male display behaviors, as in lekking 
species, where individuals concentrate in a particular area, 
leading to some degree of seed clumping, though the 
quality of the microsites for germination and establishment 
in which seeds are distributed may vary. For example, some 
birds leave seeds inside nest caves where large numbers die 
in the absence of light, but others that nest along rivers may 
potentially promote long-distance dispersal of seeds taken 
downstream by the current. Males of some bird species 
prefer to sing perched in forest gaps, a behavior that leads 
to directed dispersal of seeds into forest gaps, which consti¬ 
tute favorable microhabitats for seedling recruitment in 
many plant species because of light and space availability. 



Figure 1 Cebus capucinus consuming a fruit. Seeds will be 
deposited away from the fruiting tree, especially if the individual 
is not a dominant member of the group, and thus has to keep 
moving in the periphery of the foraging troop. 


Intragroup social behavior of some primate species, such 
as capuchin monkeys (Figure 1), has the potential to affect 
diet diversity and seed deposition patterns. For example, 
members with low dominance rank avoid approaching trees 
with low fruit production until after the rest of the group 
has left. In the meantime, these individuals forage in the 
surroundings, exploring for new food items, and this pre¬ 
vents the clumping of seed depositions beneath fruiting 
trees. By turning over gut contents very fast, they may 
compensate for the low protein content of some foods and 
rid the gut rapidly of indigestible seeds. Consequently, short 
gut retention times can result in not only a high rate and 
diversity of tree visitation, but also more defecation events 
per day and fewer seeds per dung pile. The resulting 
scattered seed dispersal pattern may strongly influence 
postdispersal seed fate by reducing the probability of seed 
removal by secondary seed dispersers or predators. If gut 
seed retention times exceed the time frugivores remain in 
fruiting trees, defecation of seeds will surely occur at some 
distance away from them. Thus, the combined effect of the 
capuchin’s social behavior and physiological traits may help 
to explain why occasional sequential selective foraging on 
favored fruiting species may not always result in dispersal 
under or near conspecifics. 

Factors Determining the Final Fate of 
Seeds: Animal Behavior Influencing the 
Postdispersal Phase 

Postdispersal seed germination and subsequent seedling 
establishment are affected by the effects of gut passage on 
seed viability and different types of defecation patterns. 
Though some studies show important gut passage effects 
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on germination and dispersal distance, others show that 
most disperser species present movement patterns and 
behaviors that may supersede the effects of physiology 
and/or body size. Once seeds are deposited in viable 
conditions on the ground, the probabilities of germination 
and establishment depend on several factors, including 
litter coverage, proximity to fruiting trees, the presence of 
fecal material, and the likelihood of encountering seed 
predators and/or secondary dispersers, such as dung bee¬ 
tles, ants, and vertebrates like ungulates and rodents. The 
degree of aggregation, type and quantity of fecal material 
surrounding dispersed seeds, and the number of seeds 
delivered may strongly influence these probabilities. For 
example, while some groups of primates defecate more or 
less simultaneously, producing high amounts of feces per 
defecation area, most of them under their sleeping sites, 
others defecate in transit along their foraging routes, 
creating a scattered pattern of seed deposition. Seeds 
embedded in relatively large quantities of feces have a 
higher probability of secondary removal than seeds in small 
quantities and/or without feces. Because fecal material 
can be used as visual or olfactory cue by seed predators, 
differences in dispersal effectiveness among frugivorous 
species are related, at least partially, to differences in their 
patterns of defecation. Alternatively, seed removal by 
secondary dispersers at small spatial scales may further 
influence the probability of seedling establishment by 
preventing seed desiccation and predation by other animals. 
For example, scatter hoarders, such as squirrels, that bury 
seeds and later return to retrieve them, create patchy 
depositions of seeds. Though they are good at finding those 
seeds again, eventually some secondarily dispersed seeds 
are not recovered and thus pass into the soil seed bank. 

Even though most seed predators consume the whole 
seed, some of them, like caviomorph rodents, some beetles, 
and some ants, may also act as secondary dispersers by only 
eating a part of it. Moreover, some plant seed species may be 
adapted to germinate even when part of their tissue has 
been eaten. Thus, diverse behaviors involved in postdisper¬ 
sal mechanisms may influence the degree of seed and 
seedling survival, either by modifying the level of intraspe¬ 
cific competition among seedlings, or by reducing the dam¬ 
age produced by fungi, insects, and mammals, to which 
seeds are frequently subjected after dispersal. 

Ecological and Evolutionary Implications 
of the Animal Behavior: Seed 
Dispersal Link 

The evolution and diversification of angiosperms and 
fleshy fruits in the Cretaceous period introduced an 
unlimited source of food for a myriad of organisms. 
Once seeds were confined to the ovary of flowers, fruit 
removal became closely linked to seed dissemination. 


However, other hypotheses are used to explain the exis¬ 
tence of fleshy structures associated with seeds; such 
hypotheses propose that fruits have evolved for the pro¬ 
tection of ovules against biotic and abiotic factors, as well 
as for the nutrition and rapid development of seeds. At 
least in tropical areas, approximately 85% of woody spe¬ 
cies depend on frugivorous vertebrates for the dissemina¬ 
tion of their seeds. The great diversity of birds and 
mammals present in these ecosystems, plus their contri¬ 
bution as seed dispersers in terms of the total biomass of 
forest communities, may explain the focus on tropical 
vertebrates in most frugivory studies. Studies that have 
evaluated the causes and consequences of the interaction 
between fleshy-fruited plants and frugivorous vertebrates 
suppose that both groups of organisms have evolved for 
two purposes: (1) to attract animals to feed on fruit with¬ 
out damaging the seeds, and (2) to disperse the seeds once 
the fleshy structures have been digested. Viewed in this 
way, the relationship between fruits and frugivores is mutu- 
alistic and many seed- and fruit-display traits are assumed 
to be adaptations for seed dispersal. Seeds adapted for wind 
and water dispersal present morphological adaptations that 
facilitate their spread, such as extensions or plumes that 
increase air resistance, or particular devices that allow 
long-lasting floatation in water. But the greatest diversity 
of adaptations found in diaspores is that which facilitates 
seed transport by animals. Some animal-dispersed dia¬ 
spores present edible and fleshy appendages or coverings, 
while others travel by means of hooks or sticky coatings 
that adhere to the surface of animal vectors. 

Since plant traits that affect dispersal may change in 
response to selection by dispersal agents, individual plants 
must experience fitness consequences resulting from such 
selection. The hypothesized advantages of seed dispersal 
are (1) escape from predators and pathogens near the 
parental tree, and (2) transport of seeds to new, favorable 
sites for seed germination and seedling establishment, and 
in turn, attain dispersal as direct as possible to these 
favorable sites. Therefore, it is expected that selection 
on plant traits that contribute to escape and/or coloniza¬ 
tion of favorable sites should be favored. A major para¬ 
digm in seed dispersal is that dispersal away from parent 
plant is critical to seedling survival (the Janzen-Connell 
Hypothesis) as seeds are expected to experience distance- 
and density-dependent predation. This idea proposes that 
clumped distributions of seeds reduce seed and seedling 
survival by increasing competition and/or the risk of 
predation and disease. However, dispersal away from 
source trees, which is often performed by animals, may 
also result in highly clumped distributions of seeds in 
other areas, such as beneath other fruiting trees or under 
roosting or sleeping sites - places that may offer little 
advantage from the seed’s point of view. On the other 
hand, these negative effects of clumping may be offset 
by deposition of seeds into microsites that are favorable 
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for seedling establishment. At the community level, dis¬ 
persal success, measured as the proportion of potential 
recruitment sites receiving seeds of a given species, has 
been shown to be extremely low for most plant species. 
This failure of seeds to arrive at potential recruitment 
sites may be considerably ameliorated by the foraging 
movements of animals. 

Individual plant species may respond evolutionarily to 
the integrated selective pressures of disperser assem¬ 
blages; however, because of the great diversity of disperser 
behaviors, the direction and intensity of the overall selec¬ 
tive pressure is expected to be inconsistent and weak. 
Weak selection pressure can also result from changes in 
the behavior of a single disperser species, which may be a 
reliable disperser only at a particular time or location. 
Complicating this scenario even more, nonmutualistic 
animals may also exploit mutualistic interactions. Except 
for ants and beetles, frugivorous insects do not disperse 
seeds or fruits; however, as we have seen before, they may 
affect the attraction and availability of fruits to legitimate 
dispersers and, therefore, impact on the reproductive 
success of plants. In turn, omnivore animals by feeding 
on insect visitors to fruits may decrease the abundance 
and change the distribution of insect frugivores, with 
reciprocal, beneficial effects on plant reproduction. 

Finally, during the postdispersal phase, seeds are again 
subjected to animal behavior; they can be removed from 
disperser feces, then eaten, or cached and then abandoned 
by the food hoarder, sometimes affecting seed survivor¬ 
ship and changing the pattern of seed shadow with impor¬ 
tant implications for plant species demography. Given 
that plant-disperser interactions take place in an envi¬ 
ronment where many other interactions and constraints 
occur simultaneously, it is not surprising to find a pattern 
of diffuse co-evolution between plants and their seed 
dispersers in nature. 


Conclusion 

The links between animal behavior and seed dispersal have 
central demographic and evolutionary consequences for 
plant population dynamics, and are likely to be influenced 
by current and future human activities, such as deforesta¬ 
tion and hunting. As forests continue to be decimated, 
significant reductions in disperser population densities are 
likely to have far-reaching consequences for plant popula¬ 
tions and communities. Dependence on animal behavior for 
seed transport means that plants are susceptible to dispersal 
failure when their seed vectors disappear. Understanding 
how animal-seed dispersal works will help us realize the 
extent of the complex connections that populations will 
need to adjust to cope with climate change, habitat loss 
and fragmentation, and invasion of alien species. 


The main genetic consequence related to seed dis¬ 
persal by animals appears to be the prevention of local 
genetic differentiation of plant populations. This mainly 
occurs because the effects of tight animal-seed disperser 
relationships are screened out by the complex events and 
extrinsic biotic and abiotic stochastic factors occurring 
during the fruit-removal, seed-deposition episode that 
influences later demographic processes. Fruit-eating ani¬ 
mals tend to consume many species of fruit, and likewise, 
fruits tend to be consumed by a wide range of animal 
species. Moreover, fleshy fruits are a nonexclusive food 
resource. As various animals behave differently, they also 
handle seeds in different ways and produce diverse kinds 
of seed shadows. The relative importance to plants of 
these animal behaviors may vary within and among 
plant species, within and among sites, and within and 
among years. Plants often do not have a definite target 
for their seeds, and high-quality germination sites are 
unpredictable in space and time. Since vertebrate-seed 
dispersal systems function on the basis of ‘advance pay¬ 
ment,’ this seems to prevent the evolution of traits related 
to the arrival of seeds to favorable germination sites. By 
contrast, traits related to the departure of seeds, such as 
fruit conspicuousness and nutritional reward, may be 
more likely under the control of parent plants and thus 
more prone to evolve. Thus, based also on historical and 
phylogenetic effects, the current belief is that the relation¬ 
ships between fleshy-fruited plants and frugivores are 
diffuse, rather than consisting of tight mutualisms. 

Much remains to be discovered about the links between 
animal behavior, seed dispersal, and plant demography. 
Mutualistic interactions often involve dozens or even 
hundreds of species that form complex networks of inter¬ 
dependence. Understanding how plant-frugivore interac¬ 
tions work means incorporating the notion that mutualistic 
networks are very heterogeneous, nested, and built on weak 
and asymmetric links among species. 

See also: Apes: Social Learning; Caching; Conservation 
and Animal Behavior; Digestion and Foraging; Food 
Signals; Foraging Modes; Habitat Selection; Monkeys 
and Prosimians: Social Learning; Optimal Foraging 
Theory: Introduction; Taste: Vertebrates. 
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Introduction and Definitions 

The study of animal self-medication as a science is a new 
one, although history tells us that traditionally humans 
have long looked to animals as a source of medicinal 
knowledge. Research in this area is devoted to under¬ 
standing how animals respond to threats to their health 
and how these behaviors are transmitted across genera¬ 
tions. It has also provided a ‘biorational’ for the explora¬ 
tion and exploitation of novel secondary plant compounds 
and new insights into how they can be used for the 
management of health in humans and livestock. 

At the proximate level, self-medication may be driven 
by the individual’s ‘need’ to maintain physiological 
homeostasis (to feel well). To date, the majority of evi¬ 
dence for self-medication in animals is about ways in 
which they deal with parasite infections, but there is no 
reason why it should be restricted to parasites alone. 
However, it should come as no surprise, since the exis¬ 
tence of all animals is closely intertwined with that of 
parasites and pathogens. The ability of a species to defend 
itself against life-threatening disease provides a significant 
adaptive advantage and is predicted to occur throughout 
the animal kingdom. 

Much work exists describing the diversity of host- 
parasite relationships in the animal kingdom. Some para¬ 
sitic infections seem to go unnoticed by the hosts. In other 
cases, when homeostasis is disrupted or threatened, it is in 
the best interest of the host to actively respond to alleviate 
discomfort. A hypothesis being developed from the study 
of great ape self-medication is that certain behaviors 
aid in the control of intestinal parasites and/or provide 
relief from related gastrointestinal upset. Regardless of the 
parasite- host association, there are four basic require¬ 
ments for demonstrating self-medication: (1) identify the 
disease or symptom(s) being treated; (2) distinguish the 
use of a therapeutic agent from that of everyday food 
items and or ‘medicinal foods’; (3) demonstrate a positive 
change in health condition following self-medicative 
behavior; and (4) provide evidence for plant activity and 
or direct pharmacological analysis of compounds ex¬ 
tracted from these therapeutic agents. 

Given our current level of understanding, response 
to illness, either as health maintenance or as a direct 
self-medicative behavior, can be classified into five levels: 

(1) ‘sick behaviors (lethargy, depression, anorexia, reduc¬ 
tion in grooming, behavioral fever, basking behavior); 

(2) behavioral avoidance or reduction of the possibility for disease 


transmission (avoidance of feces-contaminated food, water, 
substrates); (3) dietary selection of items with a preventative or 
health maintenance effect (items eaten routinely in small 
amounts or on a limited basis); (4) ingestion of a substance 
for the curative treatment of a disease or the symptoms thereof 
(use of toxic or biologically active items at low frequency 
or in small amounts, having little or no nutritional value); 
and (5) application of a substance to the body ora living space for 
the treatment or control of vectors or external health condition (fur 
rubbing, anting, den/nest lining). 

Behaviors to be focused on here fall within levels 3 and 
4 (coverage of other levels are discussed elsewhere). In 
general terms, level 3 includes passive dietary prophylaxis 
or the consumption of‘medicinal foods’ as health mainte¬ 
nance behavior. Emphasis is put on the passive nature of 
this category, as prophylactic treatment would imply 
intentionality and an understanding of both the cause 
and prevention of illness. To date, this has not been 
demonstrated in animals. 

Level 4 includes therapeutic behaviors such as the inges¬ 
tion of pharmacologically active, nondietary substances. 
This necessarily requires some level of awareness of well¬ 
ness and discomfort and the ability to respond with beha¬ 
viors that bring about positive change in one’s condition. 

Evidence for self-medication at these two levels has 
been found across the animal kingdom, with homologous 
behaviors appearing in phylogenetically distant taxa (e.g., 
swallowing of whole leaves for the expulsion of tape¬ 
worms and nodule worms in chimpanzees, gorillas, bono- 
bos, brown bear, snow geese, civets, etc., see below). The 
diversity of potentially self-medicating species suggested 
thus far reflects the common need to prevent, suppress, or 
cure disease. Current evidence suggest that for insects, 
self-medication may be operated entirely by innate mecha¬ 
nisms, while for some higher vertebrates like chimpan¬ 
zees, important aspects of self-medication, such as what 
plant species and when and how to ingest it, appear to 
be acquired and transmitted from generation to genera¬ 
tion via socially biased learning and maintained in the 
group as culture. 

Dietary Selection or Passive Disease 
Prevention? 

Medicinal Foods 

Selecting a proper diet is important for energy, growth, 
general maintenance, and reproduction. Traditionally, 


125 




126 Self-Medication: Passive Prevention and Active Treatment 


feeding strategies are based upon finding a balance 
between the acquisition of essential nutritional elements 
such as carbohydrates, fats, proteins, and vitamins and the 
avoidance of the negative impact of secondary metabolites 
produced, which protect plants from over predation by 
reducing palatability and/or digestibility for the array of 
herbivores (insect, vertebrates) that prey upon them. 
However, this has not prevented some animals from ben¬ 
efiting from these defense compounds. Adult danaine 
butterflies of both sexes store bitter and toxic pyrrolizi- 
dine alkaloids in their bodies for defense against preda¬ 
tors and males depend on them as a precursor for the 
biosynthesis of a pheromone component needed for 
courtship. The wooly bear caterpillars of the tiger moth 
(.Platyprepia virginalis) protect themselves from the fatal 
effects of tachinid parasitoid wasp larvae ( Thelaira ameri- 
cana) infection by changing their diet from innocuous 
lupine ( Lupinus arboreus) to the toxic alkaloid abundant 
hemlock ( Conium maculatum) if they become infected. 
The alkaloids do not kill the developing parasite within 
the caterpillar’s body, but allow the caterpillar to survive 
the infection. Studying such tri-trophic level interac¬ 
tions (insect host, plant, parasite) may help to deepen 
our understanding of the foundations for the evolution 
of general health maintenance and self-medication in the 
higher vertebrates. 

I introduced the concept of medicinal foods to prima- 
tology, and this adds an extra element of passive disease 
prevention on the basis of the consumption of plants with 
bioactive properties. This term is borrowed from the 
human ethnopharmacological literature. For example, 
among the Hausa peoples of Nigeria, 30% of the wild 
plant species identified and used by them as food, are also 
used as medicine. Interestingly, 89% of the species used 
by these people to treat symptoms of malaria are also used 
in a dietary context. variety of food items found in the 
diet of primates suggest that they may actually be bene¬ 
fiting from small periodic doses of these plant secondary 
metabolites. 

Nutrient-Poor Items 

Some potential medicinal foods are found in the diets of 
many primate species. Bark and wood are by nature 
highly fibrous, heavily lignified, sometimes toxic, rela¬ 
tively indigestible, and nutrient poor. While the list of 
plant species the bark of which is ingested by primates is 
long, little is actually known about the contribution of 
bark to the diet and general health. Sodium has been 
suggested by Jessica Rothman and colleagues to be the 
reason for gorillas in the Impenetrable Forest of Uganda 
to consume large quantities of dead wood. Chimpanzees, 
too, infrequently ingest the bark and wood of several plant 
species. The bark of Pycnanthus angolensis (Welw.) Warb. 
(Myristicaceae) ingested by chimpanzees at Mahale in 


western Tanzania is used by West Africans as a purgative, 
laxative, digestive tonic, emetic, and reliever of tooth¬ 
aches. Chimpanzees at Gombe in western Tanzania occa¬ 
sionally eat the bark of Entada abyssinica (Mimosaceae). In 
Ghana, the bark is used for diarrhea and as an emetic. The 
bark of Gongronema latifolium (Asclepiadaceae) occasion¬ 
ally eaten by chimpanzees at Bossou in West Africa is 
extremely bitter, and the stems are used by some West 
Africans as a purge for colic, stomach pains and symptoms 
connected with intestinal parasite infection. 

Hallucinogens and Stimulants 

Stories of insects, birds, and mammals under the influence 
of fermented fruit or other plant material are widespread 
in the wildlife lore and literature around the world, but 
few examples have been documented scientifically. One 
example from Africa stands out and is perhaps the best 
scientifically documented hallucinogen associated with 
use by animals. The plant is Tabernanthe iboga (Apocyna- 
ceae), a shrub first described in 1889. 

Today, T. iboga is used in religious rituals in Cameroon. 
Indigenous forest-dwelling peoples reportedly discovered 
the hallucinogenic properties of this plant by watching 
gorillas, wild boars, and porcupines digging up and eating 
the roots, afterward going into a wild frenzy, running 
around as if fleeing from some frightening creature. The 
hallucinogenic affect of this plant is supported by phar¬ 
macological tests carried out on domestic animals in 
the laboratory in the early 1900s and later replicated in 
the 1950s. Today, the plant is under investigation in the 
United States as an alternative to methadone, a standard 
treatment for drug addicts. 

An extensive review of the gorilla diet came across 
many well-known medicinal plants with well-documented 
stimulatory, cardiotonic, and hallucinogenic properties. 
Gorillas utilize many species of Kola (Cola\ Sterculiaceae) 
particularly for their seeds, including Cola nitida , C.pachy- 
carpa , and C. rostrata. The seeds of C. pachycarpa contain 
such natural products as caffeine and theobromine. The 
amino acid content in the nuts of Kola suggests weak 
protein levels, which could indicate that gorillas obtain 
caffeine primarily from the fruits and seeds. 

Gorillas in the Virunga volcano range are known to travel 
periodically to the upper slopes around 1100-3200 m above 
sea level. At these high altitudes, they feed on species of 
giant Lobelia (Campanlaceae) and Senecio (Compositae), both 
of which are important plants in ethnomedicine. All the 
members of the genus Lobelia contain alkaloids (iobeline, 
iobelanidine, and norlobelanidine) which can have a long- 
lasting (up to 15 min) stimulatory effect upon the body 
when ingested. Higher doses can have narcotic effects. 
Indigenous peoples of the New World use many species of 
Lobelia as treatment and inebriates. Gorillas reportedly feed 
on L. giberroa and L. wallastonii only occasionally. 
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Antibiotic Properties 

Many primate species worldwide feed on figs. Antipara- 
sitic properties have been found in many of those fig 
species. Clinical trials on both humans and non-human 
animals have shown that preparations of some fig species 
are effective against nematodes such as Ascaris and Tri- 
churis. Ficin, a proteolytic enzyme present in all fig trees, 
is known to be an active ingredient. Concentrations as low 
as 0.05% of F. glabrata latex have been shown to destroy 
the cuticle of Ascarid helminths and cause other lethal 
alterations to the parasite’s body. 

Pith and fruit of species of the wild ginger family 
(Afromomum) are also frequently eaten by chimpanzees, 
bonobos, and gorillas. An extensive survey of the literature 
on Afromomum species eaten by gorillas found significant 
bactericidal activities against Escheria coli, Pseudomonas aer¬ 
uginosa, Yersinia entercolitica, Bacillus subtilis, Proteus vulgaris, 
Klebsiella pneumoniae, and Serratia marcescens. Fungicidal 
activities inhibited Candida albicans, Trichophyton mentagro- 
phytes, Aspergillus niger, Botryodiplodis tloeobromae and species 
of Cladasporium cladosporiodes. 

Timothy Jones argues that today the herbal medicines 
and modern pharmaceuticals used by humans have 
replaced the nonnutritive chemicals typically present in 
the diets of animals in the wild. As governments are 
realizing the economic advantages of investing in disease 
prevention, there is a growing market in the industrial 
world for a wide range of health-promoting dietary sup¬ 
plements also known as nutriceuticals, the medicinal 
foods of the industrialized world. 

Therapeutic Self-Medicative Behavior 

Great Ape Self-Medication 

Two such behaviors receiving wide attention are bitter 
pith chewing and leaf swallowing. Thus far, two parasites 
have been associated with both bitter pith chewing and 
leaf swallowing; the nodular worm ( Oesophagostomum 
stephanastomunr, Figure 1) and a tapeworm ( Bertiella studeri). 
The nodular worm is perhaps one of the most hazardous 
species found in the great apes. Repeated infection, com¬ 
mon in the wild, can cause significant complications, 
including secondary bacterial infection, diarrhea, severe 
abdominal pain, weight loss, and weakness, which can 
result in death. The deleterious effects of the tapeworm 
are not well documented, but abdominal pain is presumed 
to be associated with heavy infections. 

Bitter Pith Chewing 

Bitter pith chewing is proposed to aid in the control of 
nodule worm infection, via pharmacological action, and 
relief from gastrointestinal upset. The hypothesis that 


bitter pith chewing has medicinal value for chimpanzees 
was first proposed from detailed behavioral observations, 
and parasitological and phytochemical analyses of pat¬ 
ently ill chimpanzees’ ingesting Vernonia amygdalina (Com- 
positae) and recovering from their symptoms within 20 h. 

Within the home range of Mahale’s M group, where 
this behavior has been documented, V. amygdalina is nei¬ 
ther abundant nor evenly distributed throughout the 
group’s territory. Use by chimpanzees of this plant often 
requires a detour from the group’s commonly used travel 
routes. When ingesting the pith from young shoots of 
V amygdalina, chimpanzees meticulously remove the outer 
bark and leaves to chew on the exposed pith, from which 
they extract the extremely bitter juice and insubstantial 
amounts of fiber (Figure 1). The amount of pith ingested 
in a single bout is insignificant from a nutritional perspective. 
Portions ranging from 5 to 120 cm x 1 cm are ingested at 
single time. The entire process, depending on the amount 
ingested, takes anywhere from less than 1 to 8 min, and 
bitter pith chewing appears to be a one-dose treatment. 
Individuals have not been seen to repeat the behavior 
within the same day or even within the same week, possi¬ 
bly because of the plant’s toxicity. Older chimpanzees in 
proximity to a sick individual chewing Vernonia bitter pith 
rarely show any interest in ingesting the pith themselves, 
further supporting the idea that it is not a food item. 
Infants of ill mothers, however, have been observed to 
taste small amounts of the pith discarded by their ill 
mothers. Despite year-round availability, use of this pith 
by chimpanzees is highly seasonal and rare, occurring 
most frequently during the rainy season peak in nodule 
worm infections - as expected for a therapeutic treatment. 

Typically, the state of health of individuals at the time 
of bitter pith chewing is characterized by a noticeable drop 
in appetite, malaise, diarrhea or constipation, and high 
levels of nodule worm infection. Visible recovery from 
these symptoms can occur within 20-24 h of pith chewing. 
In one case, the number of nodular worm eggs per gram 
feces level (EPG, a relative measure of the intensity of 
an infection) was calculated and found to have dropped 
from an EPG count of 130 to that of 15 within 20 h. When 
compared to seven other individuals not observed to chew 
bitter pith, with nodular worm infections monitored over 
the same period, their nodular worm EPG levels increased 
over time. The average increase was 69.9 EPG (SD = 84, 
range 5-236). This recognized increase in EPG levels is 
characteristic of the overall trend for an increase in rein¬ 
fection by these nodular worms at the beginning of the 
rainy season in all individuals. 

For numerous African ethnic groups, a concoction 
made from V amygdalina leaves or bark is the prescribed 
treatment for malarial fever, schistosomiasis, amoebic dys¬ 
entery, several other intestinal parasites, and stomach¬ 
aches. The noted recovery time of 20-24 h after bitter 
pith chewing in two M group chimpanzees is comparable 
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Figure 1 Chimpanzees feeding on figs (a), chimpanzee chewing bitter pith (b), a bioactive constituent of Vernonia amygdalina 
(c), an adult Oesophagostomum stephanostomum worm expelled by leaf swallowing (d), chimpanzee leaf swallowing (e) and scanning 
electron microscopic view of the rough leaf surface of Lippia plicata, a species used by chimpanzees in leaf swallowing. 


to that in local human inhabitants of this region, the 
WaTongwe, who use cold concoctions of the plant’s leaves 
as a treatment for parasites, diarrhea, and stomach upset. 
Phytochemical analysis has revealed the presence of 
two major classes of bioactive compounds: four sesqui¬ 
terpene lactones and seven new stigmastane-type steroid 
glucosides (and two freely occurring aglycones of these 
glucosides). 

The sesquiterpene lactones are well known for their 
anthelmintic, antiamoebic, antitumor, and antibiotic proper¬ 
ties. From crude methanol extracts of the leaves, inhibition 
of tumor promotion and immunosuppressive activities 
have been identified. In vitro tests on the antischistosomal 
activity of the pith’s most abundant steroid glucoside 
(vernonioside Bl; Figure 1) and sesquiterpene lactone 


(vernodaline) showed significant inhibition of movement 
of all adult-stage parasites and of adult females’ egg- 
laying capacity. 

In total, the evidence from behavioral, parasitological, 
pharmacological, and ethnomedicinal observations lends 
substantial support to the hypothesis that bitter pith 
chewing is a therapeutic form of self-medication stimu¬ 
lated by and controlling nodule worm infection. 

Leaf Swallowing 

Leaf-swallowing behavior in the African great apes was 
first reported for chimpanzees at Gombe and Mahale by 
Richard Wrangham and Toshida Nishida. It came to their 
attention that leaf swallowing was unlikely to provide any 
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nutritional value after they found the folded, whole and 
undigested leaves of Aspilia mossambicensis (Compositae), 
A. pluriseta , and A. rudis in the dung. The interest generated 
in this behavior stimulated many field researchers to look 
for leaf swallowing at their ape study sites. 

As of September 2008, leaf-swallowing behavior hith¬ 
erto had been observed in populations of chimpanzee ( Pan 
troglodytes schweinfurthii , P.t. troglodytes , Pt.verus ), bonobo 
(P. paniscus ), and eastern lowland gorilla ( Gorilla gorilla 
graueri) in 16 study sites across Africa (Figure 2). The 
leaf surface of all the plant species used share the common 
property of being rough-surfaced, covered in stiff hairs or 
trichomes (Figure 1). These hairs are made of silicates 
that are difficult to digest and can be very abrasive. 

Leaf swallowing has been shown to reduce nodule worm 
infection and possibly relieve pain caused by tapeworm 
infection by expelling these intestinal parasites. The sub¬ 
stantiated mode of parasite control is a physical mechanism 
for the expulsion of parasites via the self-induced increase 
in gut motility, which acts as a purge. The behavior itself is 
quite distinct. The distal halves of these leaves are selected 
one at a time, folded by tongue and palate as they are 
slowly pulled into the mouth and then individually swal¬ 
lowed whole (Figure 1). The leaves’ roughness makes them 
difficult to swallow, so folding them with the tongue and 
palate before swallowing is a necessary part of ingestion 
and is responsible for their exiting totally undigested. 

An individual may swallow anywhere from 1 to 100 
leaves in one sitting. Unlike bitter pith chewing, an indi¬ 
vidual may swallow leaves more than once in a day and 
over several days. Chimpanzees swallow leaves within the 
first few hours after leaving their sleeping nests before the 
first meal and or on a relatively empty stomach. This 
timing is thought to be most important for the behavior 
to be effective. 


A Phytochemical Mode of Action for Leaf 
Swallowing Not Supported 

A phytochemical mode of action for leaf swallowing was 
first proposed on the basis of the known properties of 
thiarubrine A, a powerful antibiotic, antifungal, and anthel¬ 
mintic secondary plant compound purportedly found in 
the leaves of Aspillia species used by chimpanzees at 
Gombe and Mahale. This first attracted wide attention 
to the emerging field of animal self-medication (also 
known as Zoopharmacognosy), as it was proposed to be 
a pharmacological silver bullet for chimpanzees, whereby 
a single dose would be more than enough to kill all of an 
individual’s intestinal nematodes. 

The phytochemical mode of action hypothesis for leaf 
swallowing has since been abandoned, however, princi¬ 
pally because of four different lines of evidence: (1) 
attempts to replicate and improve upon the earlier thiar¬ 
ubrine research were unable to detect even minute traces 
of thiarubrine A, B, D, E, or their derivatives in the leaves 
of three key Aspillia species (A. mossambicensis , A. rudis , and 
A. africana) collected from the chimpanzee study sites and 
other locations in East Africa; (2) leaf swallowing is 
known to have an affect only on two of the many differ¬ 
ent parasites carried by chimpanzees at the time of leaf 
swallowing; (3) regardless of the species of leaf swal¬ 
lowed, at the time of expulsion, these worms are alive 
and remain so, when kept under appropriate conditions, 
up to several days afterward; and (4) field bioassays on 
baboon parasites, using leaves swallowed by chimpanzees 
at Kibale, found no antiparasite activity. Furthermore, 
judging from the work to date on other plant species 
swallowed whole by primates and indeed by other mam¬ 
mal species, any phytochemical mode of action seems 
highly remote. 


1 Bossou 

2 Nimba 

3 Tai 

4 Petit Loango 

5 Ndoki 

6 Lomako 

7 Lyema 

8 Wamba 

9 Kahuzi-Biega 

10 Mahale 

11 Gombe 

12 Kibale 

13 Budongo 

14 Kalinzu 

15 Fongoll 

16 Kwano 



Figure 2 


African great apes study sites where leaf swallowing and or bitter pith chewing have been observed up to 2008. 
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Evidence for Tapeworm Expulsion and 
Leaf Swallowing in Other Animals 

Observations of undigested plant leaf material and large 
masses of tapeworms in the dung of Alaskan brown bears 
by Barrie Gilbert (Department of Fisheries and Wildlife, 
Utah State University) suggest some striking similarities 
with African apes in both mechanism and function. Gil¬ 
bert observed what first appeared to him as anomalous 
plant ingestion in the fall months just prior to hibernation 
by Alaskan brown bears during a 6-year behavioral study 
at Brooks River in Katmai National Park, Alaska. 

During the spring in coastal regions, a brown bear’s diet 
consists 100% of estuarine sedge. Car ex sp. (Cyperaceae) 
was the species ingested before salmon arrived. At this 
time of year, sedge consumption is highly correlated with 
an increased phase of protein content and low structural 
cellulose. In the fall, however, foraging is consistently on 
high fat-content items, definitely eliminating sedge, which 
is rather inefficiently digested, even in its least woody 
phase of growth in spring. In the fall, Carex sp. is extremely 
high in fiber tissue, rather sharp edged and coarse. At this 
same time, large dung masses, almost completely com¬ 
posed of long tapeworms, are often observed. The tape¬ 
worms appeared to be expelled almost in entirety. 

These observations lead Gilbert to question what an 
animal would suffer in energy loss, etc., if it went into 
hibernation for 6-7 months with a gut lined with tape¬ 
worms. He presumed that, as the temperature of bears is 
within a few degrees of normal during hibernation, gut 
parasites would not become particularly inactive. Bears 
eat prodigious quantities of decomposed salmon, making 
their liquid feces rich in digestible nutrients. With the 
hyperphagia (excessive eating) of bears in fall and the 
volume of liquid salmon in their guts, tapeworms would 
flourish and thus be a distinct liability during hibernation. 
However, parasite levels in hibernating bears are report¬ 
edly quite low. 

What Gilbert proposed is that the coarse leaf material 
functions as a rasping plug or abrasive pad to scrape off 
the scolices (head of tapeworm). In effect, if a bear were to 
ingest coarse leaf material prior to going into hibernation, 
this might help to decrease its tapeworm load. This 
mechanical action would account for the observation of 
dung composed almost completely of tapeworms. Previ¬ 
ously, the loss of tapeworms each year before hibernating 
and reinfection in the spring has been ascribed to a change 
in diet. This suggests that the manner in which items of no 
nutritional value are ingested is of critical importance. 

John Holmes (Professor Emeritus, Department of 
Biological Sciences, University of Alberta) has noted a 
similar phenomenon in Canadian snow geese. In the sum¬ 
mer prior to their migration south, juvenile birds in par¬ 
ticular, carry significant tapeworm burdens. x41so at this 


time of year, Holmes observed large boluses of undigested 
grass and tapeworms in goose dung. When the parasite 
loads of these flocks were measured after migrating south, 
their mid-lower guts were found to be completely clean, 
with no tapeworms attached. Geese may be ridding them¬ 
selves of competitors for limited energy stores needed to 
complete the long migration to their wintering grounds. 

See also: Apes: Social Learning; Avian Social Learning; 
Avoidance of Parasites; Beyond Fever: Comparative 
Perspectives on Sickness Behavior; Conservation, Be¬ 
havior, Parasites and Invasive Species; Culture; Ectopar¬ 
asite Behavior; Evolution of Parasite-Induced Behavioral 
Alterations; Fish Social Learning; Insect Social Learning; 
Intermediate Host Behavior; Mammalian Social Learning: 
Non-Primates; Monkeys and Prosimians: Social 
Learning; Parasite-Induced Behavioral Change: Mechan¬ 
isms; Parasite-Modified Vector Behavior; Parasites and 
Sexual Selection; Propagule Behavior and Parasite 
Transmission; Reproductive Behavior and Parasites: 
Invertebrates; Reproductive Behavior and Parasites: 
Vertebrates; Self-Medication: Passive Prevention and 
Active Treatment; Social Behavior and Parasites; Social 
Learning: Theory. 


Further Reading 

Bernays EA and Singer MS (2005) Taste alteration and endoparasites. 
Nature 436: 476. 

Cousins D and Huffman MA (2002) Medicinal properties in the diet of 
gorillas - An ethnopharmacological evaluation. African Studies 
Monographs 23: 65-89. 

Engel C (2002) Wild Health. Boston: Houghton Mifflin Company. 
Glander KE (1982) The impact of plant secondary compounds on 
primate feeding behavior. Yearbook of Physical Anthropology 
25: 1-18. 

Huffman MA (1997) Current evidence for self-medication in primates: 

A multidisciplinary perspective. Yearbook of Physical Anthropology 
40: 171-200. 

Huffman MA (2001) Self-medicative behavior in the African great apes - 
An evolutionary perspective into the origins of human traditional 
medicine. BioScience 51: 651-661. 

Huffman MA (2007) Animals as a source of medicinal wisdom in 
indigenous societies. In: Bekoff M (ed.) Encyclopedia of 
Human-Animal Relationships 2, pp. 434-441. Connecticut: 
Greenwood Publishing Group. 

Huffman MA and Caton JM (2001) Self-induced increase of gut motility 
and the control of parasitic infections in wild chimpanzees. 
International Journal of Primatology 22: 329-346. 

Huffman MA and Chapman C (eds.) (2009) Primate Parasite Ecology - 
The Dynamics and Study of Host-Parasite Relationships, pp. 531. 
Cambridge: Cambridge University Press. 

Johns T (1990) With Bitter Herbs They Shall Eat It. Tucson: 

The University of Arizona Press. 

Krief S, Huffman MA, Sevenet T, et al. (2006) Bioactive properties of 
plant species ingested by chimpanzees [Pan troglodytes 
schweinfurthii) in the Kibale National Park, Uganda. American 
Journal of Primatology 68: 51 -71. 

Messner EJ and Wrangham RW (1996) In vitro testing of the biological 
activity of Rubia cordifolia leaves on primate Strongyloide species. 
Primates 37: 105-108. 




Self-Medication: Passive Prevention and Active Treatment 131 


Page JE, Huffman MA, Smith V, and Towers GHN (1997) Stafford H (eds.) Recent Advances in Phytochemistry, 

Chemical basis for medicinal consumption of Aspilia leaves by Phytochemical Potential of Tropic Plants 27, pp. 89-105. New York: 

chimpanzees: A re-analysis. Journal of Chemical Ecology Plenum Press. 

23: 2211-2225. Wrangham RW (1995) Relationship of chimpanzee leaf-swallowing 

Rodriguez E and Wrangham RW (1993) Zoopharmacognosy: The use of to a tapeworm infection. American Journal of Primatology 37: 

medicinal plants by animals. In: Downum KR, Romeo JT, and 297-303. 




Sentience 

L. Marino, Emory University, Atlanta, GA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction and Definitions 

Sentience is a multidimensional subjective phenomenon 
that refers to the depth of awareness an individual pos¬ 
sesses about himself or herself and others. When we ask 
about sentience in other animals, we are asking whether 
their phenomenological experience is similar to our own. 
Do they think about themselves the way we do? Do they 
ponder their own lives? Do they know that other indivi¬ 
duals have feelings and thoughts? And, do they have an 
autobiographical sense of the past and future? 

At its most cognitively sophisticated levels, sentience 
may be conceptualized in the context of three related 
psychological domains or capacities. It is becoming increas¬ 
ingly clear from the accumulating evidence that these three 
domains are not a cognitive ‘package’; despite our still- 
limited knowledge, at this point, they appear to be separable 
related capacities. The first two have to do with one’s 
awareness of self, physically and/or mentally. First, self- 
awareness is a sense of personal, particularly autobiographi¬ 
cal, identity. Self-awareness may exist at a physical level, 
referred to as self-recognition, to more abstract levels of 
psychological continuity through time. Second, metacogni¬ 
tion is the ability to think about, or reflect upon, one’s own 
thoughts and feelings, and is clearly underwritten by self- 
awareness in the psychological realm but not necessarily by 
self-awareness in the physical realm (i.e., self-recognition). 
And third, Theory of Mind(ToM) comprises capacities, such 
as perspective-taking, modeling of others’ mental lives, 
including empathy. ToM is others oriented, related to 
one’s ability to take the physical and mental perspective of 
others, and is presumably underwritten by metacognition. 

Sentience refers to any of these psychological phe¬ 
nomena. In normal adult human beings, all three of 
these capacities are found to some extent. The study of 
sentience in other animals is tantamount to determining 
how many of, and to what extent, these capacities are 
shared. Although we tend to view humans as having the 
full range and depth of sentience, it is important to 
acknowledge the possibility that other animals might 
have properties of sentience that humans lack. This pos¬ 
sibility is difficult to assess. 

History of Study 

For the major part of human history, the question of 
sentience in other species remained a philosophical one. 


Potentially relevant observations could not be interpreted 
with any scientific rigor until research methods were 
developed that could provide strong tests of hypotheses. 
Thus, the domain of inquiry into animal sentience was 
typically considered beyond the reach of science, and was 
forever limited to ‘thought experiments’ and anecdotes. It 
was a very real and practical restriction on the ability to 
make scientific headway in this domain. There was also a 
more profound impediment to the serious study of sen¬ 
tience in other animals in the form of a pervasive anthro¬ 
pocentric world view of other animals. Whereas the 
question of awareness and cognition in other animals has 
always been great fodder for lively discussion and specu¬ 
lation, it has been burdened by an insidious restriction 
created by the tacit acceptance of the hierarchical nature 
of living beings and the inferiority of other animals to 
humans. This notion derives from the view of nature 
known as scala naturae, and its formalization is attributed 
to Aristotle (300 BC). The scala naturae, also known as the 
great chain of being, places humans at the top of a hierar¬ 
chy of complexity, intelligence, and value. Furthermore, 
intrinsic to this scheme is the idea that there is a qualita¬ 
tive difference between humans and all other animals. 

Our current understanding of nature, including, 
importantly, our own, has been laid bare by the insights 
of Darwin. Darwin provided the theoretical and mecha¬ 
nistic proof that all life on earth is related by descent with 
modification, showing that humans are a byproduct of the 
same natural nonprogressive and dispassionate processes 
that apply to all other living beings. Yet, while science, at 
large, no longer explicitly embraces progressive evolution 
in these post-Darwinian times, its signature remains 
engrained in many concepts and practices. And so it has 
been, historically, for such complex and abstract notions 
as sentience. 

Post-Darwinian understanding of other animals has 
not always been consistent with the notions of continuity 
and nonhierarchical schemes of nature. In the twentieth 
century, the study of ethology and behaviorism emerged, 
but were still burdened by language that denied the 
psychological character of other animals. Therefore, the 
Darwinian revolution did not rid our thinking of scala 
naturae views. Rather, it presented a more realistic alter¬ 
native that could be embraced. In the 1970s, the notion 
of psychological continuity across species finally began 
to be taken seriously. The publication of several seminal 
theoretical and experimental works opened minds to the 
idea of animal sentience as a serious possibility and topic 
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of study. In 1970, the first evidence for mirror self¬ 
recognition in non-humans, chimpanzees, was published 
by psychologist Gordon Gallup in the prominent journal 
Science. This study demonstrated the empirical accessibil¬ 
ity of animal sentience and changed views of human cog¬ 
nitive uniqueness, at least in some scientific circles, in one 
fell swoop. Also, in his books, The Question of Animal Aware¬ 
ness in 1976 and Animal Minds: Beyond Cognition to Con¬ 
sciousness •, originally published in 1992, zoologist Donald 
Griffin provided a compelling set of observations and 
arguments for animal reasoning and sentience, including 
more sophisticated forms of self and other awareness that 
further set the stage for the serious study of these topics. 

Sentience is, by its subjective nature, one of the most 
challenging psychological phenomena to study and, as we 
have seen, historical notions of human—non-human animal 
relationships have hindered serious consideration of this 
capacity in other animals up until recently. But the realiza¬ 
tion that not only are other animals sentient, but that 
sentience is amenable to investigation, has led to a revolu¬ 
tion in our thinking about the psychological experience of 
other animals and a thriving scientific field of study. We 
turn now to current knowledge and understanding of the 
evidence for three domains of sentience (self-awareness, 
metacognition, and ToM) in other animals. 

Self-Awareness 

Self-awareness may be conceptualized as a sense of per¬ 
sonal identity, that is, the subjective ‘I.’ At the bodily level, 
it is typically called self-recognition, the ability to become 
the object of one’s own attention in the physical realm. At a 
more abstract level, self-awareness can take the form of 
robust psychological continuity over time (but it may also be 
more temporally fleeting in some cases). 

Self-awareness has been identified with a variety of 
related terms that are fundamentally very similar in con¬ 
cept. These terms include phenomenal consciousness, 
self-consciousness, metacognition, and autonoetic con¬ 
sciousness. All of these designations ultimately converge 
on the broader concept of self-awareness, that is, aware¬ 
ness of one’s own identity, one’s own thoughts, and the 
consequences of one’s own actions, through time. 

Phenomenal consciousness refers to the subjective, 
experiential, or phenomenological aspects of conscious 
experience, sometimes identified with qualia. To consider 
animal consciousness in this sense, is to consider the 
possibility that, as expressed by Thomas Nagel in 1974, 
there might be ‘something it is like’ to be a member of 
another species. Phenomenal consciousness might be con¬ 
sidered the basic minimum for more complex forms of 
self-awareness. 

Self-consciousness refers to an organism’s capacity for 
second-order representation of his or her own mental states. 


Because of its second-order character (‘thought about 
thought’), the capacity for self-consciousness extends into 
the realm of metacognition (‘cognition about cognition’). 

Another expression for self-consciousness that some 
might feel extends self-consciousness or metacognition 
is autonoetic consciousness. Autonoetic consciousness is 
the capacity to recursively introspect on one’s own sub¬ 
jective experience through time, that is, to perceive the 
continuity in one’s identity from the past to the present 
and into the future. Autonoetic consciousness has been 
likened to the concept of ‘stream of consciousness’ by 
William James. 

Self-Recognition 

Self-recognition has typically been tested through mirror 
self-recognition (MSR), but has also been probed in the 
context of other representations such as photographs and 
videos. Mirrors have the advantage of affording immedi¬ 
ate direct and dynamic visual feedback. Normal humans 
do not show MSR reliably until they are 18-24 months of 
age. It is important to note that a demonstration of MSR 
in the current scientific paradigm requires not only the 
ability to correctly interpret information in a mirror as 
oneself, but also the motivation to use the mirror as a tool 
to view one’s own body. It is this active self-investigatory 
nature of MSR that is tested in the mirror protocol. 
The protocol is thus quite stringent, and failure to pass 
the MSR test does not mean lack of self-recognition 
altogether. 

The first experimental test of self-awareness in another 
species was conducted by comparative psychologist Gordon 
Gallup, when he presented evidence for MSR in chim¬ 
panzees in 1970. Gallup adapted the preexisting MSR 
test for children to the chimpanzees. The basic paradigm 
involves exposing mirror-naive individuals to a mirror. 
The chimpanzees in Gallup’s study showed what has 
turned out to be a very typical pattern of behavior for 
chimpanzees (and human babies) in this situation. They 
initially react to their mirror image as though it is a social 
stimulus but they quickly (sometimes over a matter of 
minutes) learn that the mirror image is not another chimp. 
When social responses wane, chimpanzees begin to use 
the mirror to test the contingencies between the mirror 
image and their own body (e.g., making repetitive hand 
motions in front of the mirror) and to investigate parts 
of the body only visible in the mirror (e.g., sticking out 
the tongue). 

The transition from social to self-directed responding 
at the mirror is compelling evidence for self-recognition. 
But Gallup moved the question into the experimental 
realm by following these observations with a hypothesis- 
driven test. Once the chimpanzees reliably showed self- 
directed behavior at the mirror, they were anesthetized, 
and a nontactile, nonolfactory, red dye was applied to 
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parts of their face that were not visible without a mirror. 
Gallup argued and found that when his subjects awoke 
from the anesthesia and saw their altered image they, if so 
motivated, would use the mirror to touch and investigate 
the marks. Gallup showed that chimpanzees engage in 
vigorous mark-directed behavior at the mirror, providing 
conclusive evidence that they understand the mirror 
image as themselves. 

Since this initial study, a substantial literature on 
MSR has accumulated on the phylogenetic distribution 
of self-recognition among primates. This literature con¬ 
verges on the finding that most common chimpanzees, 
bonobos, orangutans, and some gorillas, show convinc¬ 
ing evidence of MSR. Individual differences and devel¬ 
opmental trends have also been demonstrated among 
the great apes. Gallup was also the first to show that the 
presence of MSR is dependent upon the richness of early 
social experience. Chimpanzees raised in social isolation 
are impaired in MSR. 

The phylogenetic range of self-recognition is now 
known to expand beyond primates with convincing posi¬ 
tive findings on mirror tests for adult bottlenose dolphins 
(Tursiops truncatus ), Asian elephants (Elephas maximus ), 
and magpies (Pica pica). Each finding of MSR outside of 
the primate lineage marks an important advance in our 
understanding of the evolution of self-awareness; it shows 
that this capacity has evolved independently many times 
over. Put another way, it shows that there are many phylo¬ 
genetic lineages converging on the same set of cognitive 
capacities. 

Although MSR in great apes is relatively robust, gib¬ 
bons, siamangs (the so-called lesser apes), and monkeys do 
not use mirrors to investigate their bodies, despite strong 
evidence that they understand the visual contingencies of 
mirrors. Moreover, individuals of some monkey species 
may show more sophisticated mirror responses than 
others. Capuchins, but not other monkeys, show robust 
evidence that they discriminate their own mirror image 
from that of a strange capuchin monkey. However, these 
intriguing findings fall short of providing unequivocal 
evidence for self-recognition in capuchins. 

Other Forms of Self-Awareness 

Besides mirror (and the conceptually equivalent photo and 
video) self-recognition, there are other ways that 
non-human animals demonstrate awareness of their own 
bodies. Dolphins and some primates have shown evidence 
for spontaneous vocal and behavioral mimicry. True mim¬ 
icry requires awareness of one’s own body and how it 
relates to that of another individual. Arguably, bottlenose 
dolphins show the most sophisticated range of capacities in 
this realm. For instance, bottlenose dolphins demonstrate 
awareness of their own actions by repeating a behavior 
just performed, in response to a ‘repeat’ command, or 


performing a different behavior, if so instructed. They 
also understand the relationship between symbolic ges¬ 
tural references to their own body parts and the ability to 
use those body parts in whatever way requested by an 
experimenter. In the laboratory, the capabilities of bottle¬ 
nose dolphins for both vocal and behavioral mimicry are 
well documented. Dolphins are capable of spontaneously 
imitating a wide variety of arbitrary, nonnatural, elec¬ 
tronically generated sounds. Importantly, dolphins can 
develop a concept of mimicry - copying an observed 
behavior or sound when given symbol-based instruction 
to do so. 

Metacognition 

Metacognition refers to the ability to think about, or 
reflect upon, one’s thoughts, perceptions, feelings, and 
memories. It is clearly underwritten by self-awareness 
(at least in the psychological domain), that is, it would 
be difficult to think about oneself without some minimal 
self-concept. Self-awareness in the physical sense, how¬ 
ever, seems to imply less about the existence of metacog¬ 
nition. Furthermore, metacognition is introspective (‘self’ 
rather than ‘other’ oriented) and does not necessarily 
imply ToM capabilities. 

Uncertainty Monitoring 

One way to determine whether another animal is capable 
of metacognition is to experimentally assess whether that 
animal can indicate his or her subjective sense of certainty 
about information he or she needs, in order to perform a 
task. This kind of question was experimentally posed by 
David Smith and his colleagues a few years ago with 
startling results. Smith placed adult humans, bottlenose 
dolphins, and rhesus monkeys, in the same auditory dis¬ 
crimination task situation. All participants could optimize 
rewards by sometimes choosing a bail-out option, called 
an ‘uncertain response,’ on each trial that presented very 
difficult material. The human subjects reported verbally 
and the dolphin and monkey subjects reported by hitting 
buttons and paddles, respectively. What Smith and his 
colleagues found is that the overall pattern of response 
across the three species was essentially identical. Humans 
were able to respond optimally because they were able to 
introspect on their certainty or confidence about any 
given trial and opt out of those trials that were deemed 
too difficult to complete successfully. It turns out that 
dolphins and monkeys also responded in the same man¬ 
ner. In other words, dolphins and monkeys know when 
they do not know something. This is compelling evidence 
that dolphins and rhesus monkeys possess metacognitive 
abilities. Moreover, these findings are even more interest¬ 
ing in light of the fact that rhesus monkeys do not show 
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evidence of mirror self-recognition, demonstrating the 
separable nature of the three domains of sentience. 

Evidence for uncertainty monitoring also exists out¬ 
side of the primate lineage. Rats have been shown to 
use a similar pattern of escape responses as above for 
duration discriminations as do pigeons in visual discrimi¬ 
nation tasks. 

Metamemory 

Closely related to uncertainty monitoring is metamemory 
or memory awareness, which is the ability to accurately 
assess the availability or sufficiency of needed information 
in memory. Memory awareness can be assessed by deter¬ 
mining the extent to which an individual seeks new or 
more information if the contents of his or her memory are 
insufficient for the given task. In these tasks, individuals 
with metamemory seek more information when needed, 
but do not do so when not needed. A common paradigm 
for testing metamemory involves the subject in a foraging 
task and assesses whether the subject will actively seek out 
the information, for example, by looking down an opaque 
tube, needed to complete the task. Several studies have 
shown that chimpanzees, orangutans, and rhesus monkeys, 
possess memory awareness. The evidence for this capacity 
in tufted capuchin monkeys is equivocal, as it is in a few 
other nonprimate species tested thus far, such as pigeons. 
It is interesting that pigeons show evidence for uncer¬ 
tainty monitoring, but are challenged when faced with a 
task that requires them to act more extensively upon their 
metacognitive perceptions, as is the case in the typical 
metamemory paradigm. 

Theory of Mind 

ToM refers to one’s ability to take the physical and/or 
mental perspective of others. ToM is an enormously com¬ 
plex notion. Yet, there is evidence for various aspects of 
this capacity in other animals. This evidence falls primar¬ 
ily into three areas: perspective-taking (also referred to as 
perceptual and cognitive empathy), attribution, and emo¬ 
tional empathy. It is not clear that these subdomains of 
ToM are separable, but they will be presented as such for 
the purposes of this discussion. 

Perspective-Taking (Perceptual and Cognitive 
Empathy) 

Perceptual and cognitive empathy sit on the same contin¬ 
uum of capacities known as perspective-taking. Perspec¬ 
tive-taking can refer to the strictly perceptual realm, for 
example, visual, as when we understand that someone 
who is turned in the other direction will not see an 
event that has taken place. Perceptual empathy shades 


into more cognitive realms when it affects our under¬ 
standing of others’ knowledge states and beliefs. So, in 
addition to knowing that someone did not witness some¬ 
thing if they were facing the other direction, we also know 
that they are lacking certain information about the event 
because of this. And we know that this knowledge state 
may affect their attitudes and beliefs about the situation as 
well. When we are able to think about, and model, the 
mental state of others from their point-of-view, we call 
this cognitive empathy. Moreover, the dimension of per¬ 
spective-taking shades into attribution ability. 

Interestingly, the strongest evidence for perspective¬ 
taking in other animals comes from situations in which 
the subjects are put into a competitive situation with 
other individuals. This is because the more realistic the 
situation, the more meaningful it is from the animal’s 
point-of-view, and the more it allows us to make fairly 
straightforward predictions about behavior that bears on 
the hypothesis of perspective-taking. Chimpanzees, rhe¬ 
sus monkeys, and corvids, use information about the per¬ 
spective of others to devise effective social-cognitive 
strategies. This evidence for these complex abilities will 
be discussed below under attribution. 

The study of visual perspective taking in non-human 
primates has been mottled with a wide disparity in results 
most likely resulting from the animal subjects’ inability to 
extract meaning from certain highly artificial situations. 
However, there is now solid experimental evidence that 
non-human primates possess the capacity for visual per¬ 
spective-taking, particularly in the domain of under¬ 
standing gaze direction. Chimpanzees, mangabeys, and 
macaques, have been shown to be able to follow gaze 
direction of a conspecific to a target. Chimpanzees can 
take into account the properties of various barriers when 
tracking the gaze of others. Brian Hare of Duke University 
and colleagues have provided convincing evidence that 
chimpanzees know what a conspecific can and cannot see 
when placed in a competitive social situation, and can use 
this knowledge to develop effective strategies to win food 
competitions. Other studies indicate that chimpanzees 
understand the effect of blindfolds on humans. 

Rhesus macaques have shown compelling evidence for 
visual perspective-taking in several contexts in addition to 
the above. For instance, in one study, when these monkeys 
were given the opportunity to steal a grape from a human 
competitor, they were more likely to do so if the human’s 
eyes were directed away than toward them. 

Bottlenose dolphins, not surprisingly, have shown con¬ 
vincing evidence of visual perspective-taking. Dolphins 
can reliably choose an object pointed to by a human 
informant or gazed at with a turn of the head. They can 
also understand spontaneously the use of pointing ges¬ 
tures substituted for symbolic gestures in language-like 
tasks. Additionally, dolphins can spontaneously produce 
pointing (using their rostrum and body alignment) to 
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communicate desired objects to a human observer and 
appear to understand that the human observer must be 
present and attending to the pointing dolphin for com¬ 
munication to be effective. 

Dogs also have knowledge about visual perception in 
others, including humans. Several studies have shown that 
dogs can use human gaze as a cue to locate hidden food. 
Primatologist Josep Call and colleagues have found that 
dogs are also sensitive to the attentional state of humans. 
He presented dogs with a situation in which a human 
placed a piece of food on the ground and forbade the 
dog to eat it. In one condition, the human left the room. In 
another, she turned her back on the dog or closed her eyes 
but stayed in the room. In yet another, she looked directly 
at the dog. Call et al. found that the dogs more often took 
the forbidden food in the conditions when the human 
could not see, including when the human’s eyes were 
closed or back turned, than when the human had visual 
access to the dog. 

An innovative body of work by Nicky Clayton and 
colleagues at the University of Cambridge has shed 
light on the perspective-taking abilities of birds, specifi¬ 
cally scrubjays, members of the corvid family. Scrub jays 
are food-cachers and cache-thieves, and therefore engage 
in a number of cache-protection strategies. In a well- 
controlled series of experiments, Clayton and colleagues 
showed that scrub jays remember which individual 
watched them during particular caching events and alter 
their recaching behavior accordingly. These findings sug¬ 
gest that scrub jays remember who was present during 
prior caching events, and discriminate between specific 
individuals with different knowledge states. 

In addition, Clayton and colleagues have shown that 
scrub jays who often steal food from the caches of other 
birds will go to elaborate lengths to hide and rebury their 
caches when other birds are present. Clayton and collea¬ 
gues view this as evidence that the birds are using 
their own experience as thieves and projecting it onto 
other birds. 

Attribution 

As mentioned, the ability to attribute mental states to 
others depends upon perspective-taking; perspective¬ 
taking may be necessary but not sufficient for certain 
complex forms of attribution, such as intentionality. Attri¬ 
butions can become quite complicated when they become 
nested within one another in the form of higher-order 
intentions and beliefs, that is, I believe that you believe 
that I believe ..., etc. The ability to deceive (at least 
intentionally) also appears to be related to the capacity 
to understand and thus manipulate the mental states of 
others. 

It is difficult to neatly separate many of the findings on 
perspective-taking and attribution into one or the other 


category. It is likely that these capacities fall on a contin¬ 
uum. Moreover, although in the interest of scientific par¬ 
simony we typically do not extend interpretations of 
behavioral findings into the cognitive realm, it is reason¬ 
able to view some of the perspective-taking findings as 
indicators of attribution as well. Indeed, these processes 
may be equivalent. 

In addition to the possibilities above, there is also 
evidence of attribution abilities in other animals from 
the domain of deception. While there are numerous 
instances of deception in the animal world, it is only 
intentional deception that is underwritten by perspec¬ 
tive-taking and attribution. This is because it involves 
purposefully attempting to manipulate the psychological 
states of others. Hare and colleagues have shown that 
chimpanzees, when placed in a competitive situation for 
food with humans, actively conceal information that 
would lead the humans to the food. Eight chimpanzees, 
from their first trials chose to approach a contested food 
item via a route that was hidden from the humans’ view. 
The fact that this was a ‘first trial’ response strongly 
supports the interpretation that the chimpanzees were 
engaging in the modeling of human mental states and 
not giving a learned trial and error response. 

Emotional Empathy 

Empathy generally refers to the capacity to recognize or 
understand another’s state of mind or feelings. It requires 
the capacity to take the perspective of another. Emotional 
empathy is most popularly conceived of as sympathy. 
Emory University primatologist Frans de Waal defines 
emotional empathy as the capacity to be affected by and 
share the emotional state of another. 

A series of creative experiments conducted at Yerkes 
National Primate Research Center by de Waal and his col¬ 
laborators provide compelling, albeit somewhat indirect, 
evidence for emotional empathy in capuchin monkeys. 
The researchers exchanged tokens for food with eight 
adult female monkeys. Each capuchin was paired with a 
relative, an unrelated familiar female from her own social 
group or a stranger (a female from a different group). The 
capuchins were then given the choice of two tokens: the 
selfish option, which rewarded that capuchin alone with 
an apple slice; or the prosocial option, which rewarded 
both capuchins with an apple slice. The monkeys predom¬ 
inantly selected the prosocial token when paired with a 
relative or familiar individual, but not when paired with 
a stranger. De Waal interprets the fact that the capuchins 
predominantly selected the prosocial option as evidence 
that seeing another monkey receive food is satisfying or 
rewarding for them. 

In another series of experiments by investigators at the 
Max Planck Institute, 12-18 semiwild chimps went out of 
their way to help an unfamiliar human who was struggling 
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to perform a task (reach a stick), even when it required 
having to climb over an 8-ft rope barrier for no reward. 
Human toddlers will do the same thing. Chimps that had 
been taught how to unlatch a door also helped unfamiliar 
chimps struggling to get through the door - by unlatching 
the door for them. These findings support the interpreta¬ 
tion that the assisting chimps were relating specifically to 
the situational intent of the other. 

All of the above findings could be interpreted as evi¬ 
dence for cognitive empathy solely and, indeed, they 
depend upon the capacity. However, they seem to have 
an additional element of helping or choice that reflects the 
possibility that primates are not only capable of perspec¬ 
tive-taking but also feeling sympathy and ‘good will.’ 

In a classic experiment with rhesus monkeys, subjects 
were trained to make two different responses that deliv¬ 
ered different amounts of food. The response that pro¬ 
vided the larger amount of food, however, was paired with 
the sight of another monkey receiving a shock. After wit¬ 
nessing the shock, a majority of the subjects preferred the 
response that was not paired with shock but delivered less 
food. A number of the monkeys stopped making responses 
altogether and were literally starving themselves to pre¬ 
vent the shock to the conspecific. This response was 
enhanced by familiarity with the shocked individual. 

There is also evidence for emotional empathy in 
rodents. When scientists at McGill University injected 
painful irritants into the stomachs and paws of mice, 
they noted the animals’ ‘writhing’ responses. By placing 
a mouse in a neighboring cage, they observed that the 
witnessing mouse became significantly more sensitive to 
painful stimuli, but only if the neighbor was familiar with 
the writhing mouse. These mice showed clear indications 
that they recognized and responded to the pain of another 
mouse. Moreover, rats will actively work to avoid or 
alleviate distress on the part of a conspecific. 

Another expression of emotional empathy or sympa¬ 
thy is consolation, which has been formally defined as 
contact initiation by a bystander who directs positive 
attention to a victim. Consolation has been convincingly 
demonstrated in chimpanzees, bonobos, and gorillas. 
Frans de Waal has recorded hundreds of instances of 
reconciliation and consolation in chimpanzees. His con¬ 
clusions are based on analyses of postconflict observations 
that compare third-party contacts with baseline rates in a 
social group. 

Recently, evidence suggestive of consolation behavior 
has been provided for dogs. Of 1711 observed conflicts 
between pairs of dogs in a fenced outdoor meadow, 36% 
were followed by affiliations (greeting, sitting/lying down 
together, anogenital sniffing, playing, and/or licking) from 
a third dog. Most of these involved the loser of the 
conflict, and most tended to be initiated by the third 
party rather than by a conflict participant. There is also 
some evidence for consolation in rooks, another member 


of the Corvid family. In these birds, third-party affiliations 
took the form of a distinctive behavior: bill twining, in 
which two birds interlock the mandibles of their beaks. 

Discussion and Implications 

The emerging evidence shows that sentience is not only 
distributed across the animal kingdom, but it is also mul¬ 
tidimensional and highly complex. This situation demands 
that we consider ourselves on a psychological continuum 
with other animals. The implications for science, philoso¬ 
phy, and even the ethics of human—non-human animal 
relationships, are powerful. 

Moreover, the fact that many different phylogenetic 
lineages show capacities related to complex high-level 
sentience is intriguing evidence for cognitive convergence 
in the animal kingdom. It may be that sentience is ubiqui¬ 
tous, but the more complex levels extractable from exper¬ 
imental paradigms, like the ones above, are a result of any 
species’ brain obtaining a certain level of elaboration and 
complexity. Further research will offer a more nuanced 
understanding of sentience and its distribution in the 
animal kingdom. 

See also: Deception: Competition by Misleading Behav¬ 
ior; Empathetic Behavior; Mental Time Travel: Can 
Animals Recall the Past and Plan for the Future?; 
Metacognition and Metamemory in Non-Human Animals. 
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Introduction 

The behavior of an animal observed during a period of time 
can generally be decomposed into a set of mutually exclud¬ 
ing activities such as play (P), exploration (£), or rest (P). 
Thus, the basic data consist of a series of codes indicating 
the successive activities of the subject. The following 
sequence is an example from a dataset of 1000 successive 
observations which will be used throughout the article: 

... PPREEEEPEPP... 

Depending on the sampling method and on the goal of the 
study, a new code can be recorded either each time the 
animal begins a new activity or at regular time intervals. 
In the first case, the same code cannot appear twice 
consecutively, when this remains possible in the latter 
case (see the earlier example). The methods presented 
in this article mostly require data recorded at equal time 
intervals, each 10 s or each minute for instance, but small 
deviations from this principle can be allowed and do not 
automatically invalidate the results. 

A given subject is sometimes observed during several 
independent time periods on different days or months. 
Moreover, along with the activities of the target animal, 
other information can be recorded as well: information 
about the subject itself (sex, age, type of interaction with 
its environment, etc.) or about possible interactors (age, 
sex, activity at the time an interaction occurs with the 
target subject, etc.). Finally, it is usual to observe a change 
or an evolution into the general behavior of an animal, 
with or without being able to clearly identify the deter¬ 
minants of such a change, nor the exact moment the 
change occurs. 

In this article, we consider all of these elements to 
answer to the following questions: Does the probability 
of observing a particular activity depend on the preceding 
observed activities? Do some particular patterns of suc¬ 
cessive activities appear much more often than expected 
by chance only? Which external events influence the 
behavior of this animal? How does the general behavior 
of the animal change over time? After defining the central 
concept of transition matrix, we introduce the reader to 
two different kinds of methods: lag-sequential analysis, 
focusing on the identification of specific patterns of suc¬ 
cessive activities, and Markov chains, considering, in a 
broader manner, the general transition process between 
successive activities. Developments of the latter method 


are introduced to accommodate the use of covariates and 
latent information. 


Transition Matrices 


The basic concept used throughout this article is the tran¬ 
sition matrix. Our basic assumption is that the activity of an 
observed subject at time t is at least partially explained by 
the previous observed activities of the same subject. Con¬ 
sider, for instance, that the activity at time ns explained by 
the activity at time t— 1. We would then like to determine 
the probability of observing each possible activity at time 
t given the activity observed at t— 1. The set of probability 
distributions between times t— 1 and t is summarized as a 
transition matrix: 


Activity at time t — 1 


Activity at time t 



P 

E 

R 


( 


\ 

p 

0.91 

0.06 

0.03 

E 

0.38 

0.55 

0.07 

R 

\ 0.03 

0.03 

0.94/ 


Each row of the transition matrix is a probability distribu¬ 
tion giving the probability of observing each possible 
activity at time t in function of one particular activity 
observed at time t— 1 . For instance, when the subject is 
playing at time t— 1 (first row of the matrix), it has a 0.91 
or 91 % probability of still playing at time f, 6% of explor¬ 
ing, and 3% of resting. Each row of the matrix being 
a probability distribution, it sums to one. 

To compute a transition matrix, we begin by building a 
contingency table between the two analyzed time periods. 
In our example, we observed 495 transitions from play to 
play, 31 transitions from play to explore, and so on. The 
resulting contingency table is 


Activity at time t 



P 

E 
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P 

495 

31 

53 

xActivity at time t — 1 ^ 

36 

53 

7 

R 
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11 

341 / 


The corresponding transition matrix was obtained by 
dividing each row of the contingency table by its total 
(540, 96, and 362). When several independent sequences 


139 




140 Sequence Analysis and Transition Models 


of observation of a same subject, or even of different sub¬ 
jects, are available, it is possible to aggregate all the data 
into a same contingency table, hence the same transition 
matrix is used. Obviously, we should not do that when 
the different sequences represent clearly different types 
of behaviors. In that case, a different matrix should be 
used for each sequence, or the hidden Markovian approach 
described later in the article should be considered. 

The concept of transition matrix can be extended in two 
ways. First of all, it is possible to compute a matrix between 
two nonadjacent periods. For instance, we may be interested 
in the probability of observing a particular activity at time 
t conditionally to the activity observed at t— 2. The rows of 
the matrix then represent the activities at time t — 2, when 
the columns still represent t. Another possibility is to use the 
information of several past periods to explain the present. 
For instance, we can build a matrix, using any combination of 
the activities observed at times t— 1 and t—2 to explain the 
activity at time t. Going back to our example with activities 
(P)lay, (Exploration, and (i?)est, each row or column of the 
transition matrix will be defined as one of the possible 
combinations between two successive observed activities: 

(PP, EP, RP, PE, EE, RE, PR, ER, RR) 

The first letter always corresponds to the first observed 
activity. The transition matrix estimated from our dataset 
then reads 

Activities at time t — 1 and t 




PP 

f 

EP 

RP 

PE 

EE 

RE 

PR 

ER 

RR 
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Notice that the majority of transitions are in fact impossi¬ 
ble (they have been left blank in the matrix). Such nonex¬ 
istent transitions are called structural zeros. For instance, 
the third row of the matrix means that we observed 
activity R at time t—2 and activity P at time t— 1. From 
this situation, it is only possible to go to a column also 
indicating that activity P was observed at time t— 1. 
Columns 1, 4, and 7 are then the only possibilities. The 
position of structural zeros being perfectly defined into 
the transition matrix, it is often better to rewrite the 
matrix in a collapsed form in which only the possible 
activities at time t appear in column: 
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Lag-Sequential Analysis 

Computing the probability of observing an activity in 
function relation to past activities is of interest, but the 
researcher can find it more useful to identify the most 
frequent patterns of successive activities occurring in the 
data. The basic method designed for that purpose, the lag- 
sequential analysis, was introduced by Sackett. Its princi¬ 
ple is to choose a starting activity, Exploration for 
instance, and to compute the probability of observing 
another target activity such as Play after 1, 2, 3, etc. 
periods. Each of these probabilities is an element of a 
transition matrix computed between two times spaced 
by 1,2, 3, etc. periods. The probabilities clearly exceeding 
their expected value are identified on the basis of a statis¬ 
tical test based on a normal distribution. Probabilities are 
then computed also for the same starting activity, but with 
each of the other possible target activity. The result is a 
view of the most probable activities occurring 1, 2, 3, etc. 
periods after the starting activity is observed. 

In Table 1, the X indicates the transitions identified 
as very likely to occur. Here, a pattern of the form 
Exploration followed by Play, Exploration, Rest, and 
Rest appears very common. By repeating the procedure 
starting now from the activity identified as the most 
probable one at time t-\- 1 (Play), we can check whether 
a transition between Play at time t-\- 1 and Exploration at 
time t-\- 2 also exceeds expectation, whether a transition 
between Play at time t-\- 1 and Rest at time t-\- 3 also 
exceeds expectation, and so on. If all transition probabil¬ 
ities exceeding expectation coincide, then the pattern 
Exploration-Play-Exploration-Rest-Rest is really a fre¬ 
quent pattern. The same process can then be repeated 
starting from another activity to identify other frequent 
patterns. 

Notice that the activities composing a frequent pattern 
do not have to follow each other exactly. For instance, 
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Table 1 Example of a lag-sequential analysis 


Starting activity at time t 

Target activity 


Statistically significant probabilities 


t+1 

t + 2 

t + 3 

t + 4 

f + 5 

Exploration 

Play 

X 

— 

— 

— 

— 


Exploration 

— 

X 

— 

— 

— 


Rest 

— 

— 

X 

X 

— 


From the starting activity Exploration observed at time t, the probability of the three possible activities Play, Exploration, and Rest are 
investigated from time t + 1 to time t + 5. In the table, an X denotes the activities having appeared clearly more often than expected by 
chance only. 


a pattern such as Play Play Play m m Play Play Play, in 
which m means that no particular activity was identified as 
very likely to occur, is possible. In that case, three periods 
of Play, followed by two periods spent in any activity, 
followed again by three periods of Play is a very common 
pattern in the data. Another example is E m m m R. Here, 
exploration is very often followed four periods later 
by a rest. 

Log-Linear Models 

The lag-sequential analysis focuses on the identification 
of particular patterns of successive activities, rather than 
on the global relation between all possible activities at 
different times. When the researcher is more interested by 
this higher level of analysis, Agresti suggests that the log- 
linear approach should be preferred. It is also possible to 
reformulate a lag-sequential analysis in log-linear terms. 
A log-linear model is designed for the analysis of 
multiple-way contingency tables. Consider for instance a 
situation where we would like to identify the possible 
relations between activities observed during four succes¬ 
sive periods, from rto t+ 3. In addition to the single effect 
induced by the independent distribution of activities 
observed during each period, we can also consider the 
six possible two-way contingency tables computed 
between two different periods among four, the four possi¬ 
ble tri-way contingency tables, and the unique four-way 
contingency table, using the four periods simultaneously. 
The starting point of a log-linear analysis, the so-called 
saturated model, uses all possible relations between the 
four periods, to exactly reproduce the observed data. This 
model is not really interesting by itself, since it does not 
reduce in any manner the complexity of the initial 
observed situation. However, on the basis of successive 
statistical tests, it is then possible to suppress one by one 
the nonsignificant relations, starting from the highest 
order relations, until reaching the simplest structure of 
association between the four periods being still statisti¬ 
cally similar to the saturated model. For instance, we can 
obtain a final structure like this, each star indicating a 
significant relation between periods: 


[r*r + l,fV + 2,r + l*/ + 2,f+ l*t + 3, r + 2*t + 3, 
t - f- 2 t T 4, t T 3 r T 4] 

In this example, no relation between more than two 
periods simultaneously remains significant. Among the 
two-way relations, only relations between observations 
separated by, at the most, two periods are significant. We 
conclude that an activity observed at a given time can 
influence the activities observed one or two periods later, 
but that no influence remains later. 


Markov Chains 

Markov chains introduced in the early twentieth century 
by the Russian mathematician Andrei Andre'ievitch 
Markov are another way of using the concept of transi¬ 
tion matrix. The basic assumption of a Markov chain is 
that the value taken by a variable at time t is fully 
explained by the values observed for the same variable 
from times t— k to t— 1. In the most restrictive case, the 
first-order model ( k= 1), the immediately preceding 
observation is supposed to resume the entire past of the 
target observation. When the two immediately preced¬ 
ing observations are used (k = 2), we have a second-order 
model, and so on. 

Probability Distribution of Future States 

Let Y x be a random variable observed from time t= 0 to 
time t— n. At each time t, the variable Y takes its value in a 
given set of values, this set being often finite. In the 
example used throughout the article, this set is made 
of the three possible activities (P)lay, (Exploration, and 
(R)e st. In a first-order Markov chain, these values are 
identified as the states of the model. Let X x be a row 
vector giving the probability distribution of the different 
activities at time t. 

Xt = (P(Y t = P) P{Y t = E) P(Y t = R)) 

Let Q^be the first-order transition matrix between two 
successive behaviors, as previously defined. If we know 
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the probability distribution X 0 of the possible activities at 
time t= 0, it is then possible to compute the probability 
distribution at time t= 1 as 


Xi = XoQ 

Similarly, it is possible to compute 

h = i\£L = XoQSL = Xo Q: 
Xi = XiQ^ = Xo Q? 

and 


Xt = X'-iQ. = Xo V' 


Then the probability distribution of the possible activities 
at time t depends only on the transition matrix ^and on 
the initial probability distribution at time 0. For instance, 
if we know that the first observed activity was Rest, then 
Xo = (0 0 1) and we compute 


X, = =(0 0 1) 


/ 0.91 
0.38 
y 0.03 


0.06 0.03 

0.55 0.07 

0.03 0.94 


(0.03 0.03 0.94) 


/ 0.91 

Xl = = (0.03 0.03 0.94) 0.38 

\ 0.03 

= (0.0669 0.0465 0.8866) 


0.06 

0.55 

0.03 



The probability distribution at time t= 2 can also be 
computed as 


X 2 = XoQj 


/ 0.8518 
(001) 0.5569 

\ 0.0669 
(0.0669 0.0465 


0.0885 0.0597 

0.3274 0.1157 
0.0465 0.8866 

0 . 8866 ) 


Here, the transition matrix praised to the power of 2, Q?, 
contains the probability transition between times t— 0 
and t= 2. For instance, 


P(X 2 = P 


X 0 = E) = 0.5569 


States Analysis 

The behavior of the process can be studied through the 
analysis of the structure of the transition matrix i^and its 
successive powers. A probability distribution X r such as 

Xt = XtQ L 

is called a stable distribution. It is time invariant and 
represents the long-term distribution of the possible 
states. Depending on the structure of the transition matrix 
Qj there can be one or several stable distributions. 

A state that can be reached again after having been left 
is called a persistent state. On the other hand, a state that 
cannot be reached again after having been left is called 


a transition state. In the long term, it is always possible to 
be in a persistent state, so its probability in the stable 
distribution is strictly larger than zero. On the other 
hand, it is impossible in the long term to be in a transition 
state, so its probability equals zero. In our example, it is 
possible to go from any state to any other one and to go 
back to the initial state, so all the three states are persis¬ 
tent. The corresponding stable distribution, obtained by 
solving the system of equations defined by x t = XtQd 1S 

(0.5287 0.0955 0.3758) 


It indicates that in the long term, the first activity (Play) 
occurs 52.87% of the time, Exploration occurs 9.55% of 
the time, and Rest occurs 37.58% of the time. Interest¬ 
ingly, if we raise the transition matrix Q^to infinity, we 
obtain 



/ 0.5287 0.0955 0.3758 

0.5287 0.0955 0.3758 

\ 0.5287 0.0955 0.3758 


This situation is called the regular case. It occurs only 
when transitions from any state to any other state are 
allowed, possibly in several steps. 

Consider now another transition matrix defined as 


( 0.4 0.6 0 

0 0.7 0.3 

0 0.4 0.6 


Suppose that the first state is observed at time t= 0. Then, 
it is possible to stay in this state at time t= 1 with proba¬ 
bility 0.4, but when this state is left, which will inevitably 
occur in the long term, it then becomes impossible to 
reach this state again, because transition probabilities 
from state 2 and state 3 to state 1 are all equal to zero. 
State 1 is so a transition state and the stable distribution 
corresponding to the transition matrix is 


(0 0.5714 0.4286) 


The different states are sometimes visited in a fixed order. 
For instance, the song of a bird could consist of four 
different phrases a, b, c, and d, which always succeed one 
another in the following order 

... abcdabcdabcdabcd ... 


The transition matrix then reads 


(0 

1 

0 

0 \ 

0 

0 

1 

0 

0 

0 

0 

1 

\1 

0 

0 

0 / 


Finally, another situation occurs when the set of states 
can be decomposed into at least two subsets of states such 
that it is impossible to go from a state belonging to one 
subset to a state belonging to another subset. For instance, 
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an animal could have six different activities numbered 
from 1 to 6, the transition process from one to another 
being resumed by the following transition matrix: 

/ 0.9 0.1 0 0 0 0 \ 

0.5 0.5 0 0 0 0 

0 0 0 0 1 0 

0.2 0 0 0.5 0.2 0.1 

0 0 0.2 0 0.8 0 

\ 0 0 0 0 0 1 / 

Such a complex situation can be more easily represented as 
a transition graph, where each nonzero transition is repre¬ 
sented by an arrow (see Figure 1). The states can be 
decomposed here into three sets of mutually excluding 
states, called final classes, and a set of transition states. 
The latter set is made of state 4 only, since it is not possible 
to return to this state once left. States 1 and 2 are the first 
final class. When one of these states is reached, it becomes 
impossible to leave the class to go to a state other than 1 or 
2. The same occurs with states 3 and 5 (second final class) 
and state 6 (third final class). State 6 presents the additional 
particularity that it cannot be left, the transition probability 
from state 6 to itself being 1. It is called an absorbing state. 

When the set of states can be decomposed into several 
mutually excluding class of states, there are several stable 
distributions, each one giving the long-term probability dis¬ 
tribution of the states in function of the initial state at time 
zero. In our example, there are four stable distributions, the 
first one being active when the process started in state 1 or 2: 

(0.8333 0.1667 0 0 0 0) 

The second one corresponding to initial states 3 and 5: 

(0 0 0.1667 0 0.8333 0) 

The third one corresponding to being initially in state 4: 

( 0.3333 0.0667 0.0667 0 0.3333 0.2 ) 



Figure 1 Possible transitions between six different activities. 
Each nonnull probability is represented by an arrow. 


The last one corresponding to state 6: 

(0 0 0 0 0 1 ) 

High-Order Markov Chains 

Up to this point, we have considered first-order Markov 
chains only, that is models in which the present is fully 
explained by the immediately preceding observation. 
More generally, the observed activity of an animal often 
depends on several preceding observations. For instance, 
if we have recorded the behavior of a monkey each 5 s 
during a 10 min period, it is very likely that this animal 
did not switch from one activity to another each 5 s, and 
that the activity observed at time 7 can be at least partially 
explained not only by the activity at time 7—1, but also by 
activities at times 7—2, 7— 3, and so on. We can then use 
high-order Markov chains to describe the probability of 
observing a particular activity at time 7, given a finite 
number of past observations. High-order Markov chains 
and their associated high-order transition matrices are 
used exactly in the same way that first-order chains are. 

Model Comparison 

When different Markov chains of different orders can 
possibly fit the data well, a comparison tool is required. 
Even if statistical tests exist in the case of Markov chains, a 
much more common approach is now to rely on the 
Bayesian information criterion (BIC). This criterion is 
defined as 

BIC = -2LL + £ log(») 

where LL is the log-likelihood of the model, k is the 
number of independent parameters, and n is the sample 
size. By integrating a penalty term depending on the 
number of independent parameters, BIC tends to favor 
parsimonious models. The model achieving the lowest 
BIC value is chosen as the best model. Following Raftery’s 
approach, we consider that a difference of BIC lower than 
2 between two models is barely worth mentioning, a 
difference between 2 and 5 is positive, a difference 
between 5 and 10 is strong, and a difference larger than 
10 is very strong. In the process of searching for the best 
model fitting a set of data, all the Markovian models 
described in this article, including Markov chains, mix¬ 
ture models, and hidden models, can be compared 
through the use of BIC. 

Mixture Transition Distribution Model 

The number of parameters of a Markov chain increases 
exponentially with its dependence order. When this order 
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becomes large, the number of parameters quickly 
becomes too large to be reliably estimated from a finite 
dataset. This issue is even more accurate when the num¬ 
ber of possible values taken by the variable of interest is 
large. The mixture transition distribution (MTD) model 
is designed to solve this issue by approximating the true 
high-order transition matrix with a mixture model. 

Consider for instance a third-order Markov chain. 
Each probability of its transition matrix is of the form 


P( Y t = to 




In the MTD model, the same probability is approximated as 


k P{ Yt = h) 



h) + a 2 P( Y t — Iq 


+ ^P{ Yt — h) 






The principle is then to consider separately the influence 
of each lag upon the present. Parameters A 2 , and A 3 are 
weights representing the respective importance of each 
lag. They sum to one and are often nonnegative. All 
transition probabilities from any lag to the present are 
generally supposed to come from only one transition 
matrix of the same size as one of the first-order Markov 
chain. The parameters of the model (the weights and the 
transition probabilities) are estimated by maximizing the 
log-likelihood through an iterative algorithm. 

Considering again our example with three possible 
activities, the second-order MTD model is estimated as 

= 0.75, A 2 = 0.25, and 


Activity at time t 



p 

E 

R 

/ 0.94 

0.04 

0.02 

0.29 

0.61 

0.10 

\ 0.03 

0.03 

0.94 / 


These parameters are then used to compute the following 
approximation of the true second-order transition matrix 
provided in the transition matrices section of this article: 


PP 

EP 

RP 

PE 

Activities at times _ 
t — 2 and t — 1 

RE 

PR 

ER 

RR 


Activity at time t 


P 

E 

R 

0.94 

0.04 

0.02 \ 

0.78 

0.18 

0.04 

0.71 

0.04 

0.25 

0.45 

0.47 

0.08 

0.29 

0.61 

0.10 

0.22 

0.47 

0.31 

0.25 

0.03 

0.72 

0.09 

0.18 

0.73 

\ 0.03 

0.03 

0.94 / 


Covariates 


Categorical covariates can be added to a transition model 
by the way of a MTD model. A transition matrix C* 
summarizes the relation between the possible values of 
the covariate and the values of the variable of interest Tat 
time f, and a weight X c indicates the relative importance of 
the covariate in the modeling. 

Suppose for instance that, in addition to the behavior 
of the focus subject, we also recorded whether interactor 
subjects were present or not. A model combining a first- 
order dependency on the behavior variable and the covar¬ 
iate could then have the following parameters: X\ = 0.68, 
A c = 0.32, 





Activity at time t 



E 

0.16 

0.52 

0.05 



Interactor 

Nointeractor 


Activity at time t 
PER 
' 0.90 0.10 0.00 \ 

v 0.20 0.35 0.45/ 


The activity observed at time t is influenced by the activ¬ 
ity at time t— 1 for 68% and by the presence or absence 
of interactors for 32%. The presence of an interactor is 
characterized by an important probability for Play (90%) 
and a total absence of Rest (0%). On the other hand, the 
absence of interactors implies much larger probabilities 
for Exploration and Rest. At the same time, we observe 
that the probabilities of the transition matrix £Y indicates 
lower chances of staying in the same behavior from t— 1 
to t than previously observed in the matrix of the first- 
order Markov chain. 


Hidden Markov Models 

Up to this point, we have considered that the behavior of 
an animal is accurately represented by only one homoge¬ 
neous model such as a Markov chain. In practice, however, 
we know that a particular subject can be evaluated by its 
behavior. To take this into account, we introduce here the 
notion of hidden model. In a hidden model, the observed 
variable of interest Y is supposed to depend upon an 
unobserved latent variable X taking value in a finite set 
of states (S u ... ,S m ) and following a Markov chain. Each 
latent state can be interpreted as a particular kind of 
behavior of the subject under study. The probability dis¬ 
tribution of T at time t depends on the value taken by the 
unobserved process X at the same time. When successive 
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observations of the visible variable Y are independent 
conditionally to the hidden process, we have a hidden 
Markov model (HMM) and a different probability distri¬ 
bution of the possible values of Y is associated to each 
latent state. In the case of behavior analysis, however, this 
independence hypothesis does not generally hold and 
the visible variable Y can then be also represented as a 
Markov chain, with a different transition matrix asso¬ 
ciated to each latent state. We have then a double chain 
Markov model (DCMM). 

We consider here a DCMM with two latent states and 
first-order dependencies for both the latent and the 
observed variables. The transition matrix corresponding 
to the latent variable X is 


Time t 

Time t — 1 S\ S 2 
Si / 0.95 0.05 \ 

~ S 2 \ 0.18 0.82 ) 

The transition matrix between successive observations of 
the variable Tis 



P 

E 

R 

p 

/ 1.00 

0.00 

0.00 

= E 

0.20 

0.77 

0.03 

R 

0.02 

0.00 

0.98 

when the latent process 

is in state S h 

, and 


P 

E 

R 

P 

( 0.31 

0.48 

0.21 

Q± 2) = E 

0.51 

0.38 

0.11 

R 

^ 0.06 

0.14 

0.80 

when latent state S 7 is active. 




The transition matrix A indicates that the animal is 
very stable in its overall behavior. The probability to stay 
in the first latent state from one period to the next is 95%, 
and this probability is 82% for the second latent state. 
The overall behavior associated to state 1 is characterized 
by high probabilities of pursuing the same activity from 
one period to the next (matrix 100% for Play, 77% 
for Exploration and 98% for Rest). On the other hand, the 


only activity with a high persistence when state 2 is active 
is Rest (80%), Play being very frequently immediately 
followed by Explore (48% of the time) and Explore by 
Play (51%). Our conclusion is that the observed animal 
switches between two different kind of behaviors: a first 
one characterized by long periods spent performing the 
same activity (state 1) and a second one in which quicker 
changes can occur (state 2). 

See also: Disease Transmission and Networks; Endocri¬ 
nology and Behavior: Methods; Ethograms, Activity 
Profiles and Energy Budgets; Game Theory; Neuroethol¬ 
ogy: Methods. 
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Introduction 

The behavior of an animal observed during a period of time 
can generally be decomposed into a set of mutually exclud¬ 
ing activities such as play (P), exploration (£), or rest (P). 
Thus, the basic data consist of a series of codes indicating 
the successive activities of the subject. The following 
sequence is an example from a dataset of 1000 successive 
observations which will be used throughout the article: 

... PPREEEEPEPP... 

Depending on the sampling method and on the goal of the 
study, a new code can be recorded either each time the 
animal begins a new activity or at regular time intervals. 
In the first case, the same code cannot appear twice 
consecutively, when this remains possible in the latter 
case (see the earlier example). The methods presented 
in this article mostly require data recorded at equal time 
intervals, each 10 s or each minute for instance, but small 
deviations from this principle can be allowed and do not 
automatically invalidate the results. 

A given subject is sometimes observed during several 
independent time periods on different days or months. 
Moreover, along with the activities of the target animal, 
other information can be recorded as well: information 
about the subject itself (sex, age, type of interaction with 
its environment, etc.) or about possible interactors (age, 
sex, activity at the time an interaction occurs with the 
target subject, etc.). Finally, it is usual to observe a change 
or an evolution into the general behavior of an animal, 
with or without being able to clearly identify the deter¬ 
minants of such a change, nor the exact moment the 
change occurs. 

In this article, we consider all of these elements to 
answer to the following questions: Does the probability 
of observing a particular activity depend on the preceding 
observed activities? Do some particular patterns of suc¬ 
cessive activities appear much more often than expected 
by chance only? Which external events influence the 
behavior of this animal? How does the general behavior 
of the animal change over time? After defining the central 
concept of transition matrix, we introduce the reader to 
two different kinds of methods: lag-sequential analysis, 
focusing on the identification of specific patterns of suc¬ 
cessive activities, and Markov chains, considering, in a 
broader manner, the general transition process between 
successive activities. Developments of the latter method 


are introduced to accommodate the use of covariates and 
latent information. 


Transition Matrices 


The basic concept used throughout this article is the tran¬ 
sition matrix. Our basic assumption is that the activity of an 
observed subject at time t is at least partially explained by 
the previous observed activities of the same subject. Con¬ 
sider, for instance, that the activity at time ns explained by 
the activity at time t— 1. We would then like to determine 
the probability of observing each possible activity at time 
t given the activity observed at t— 1. The set of probability 
distributions between times t— 1 and t is summarized as a 
transition matrix: 


Activity at time t — 1 


Activity at time t 



P 

E 

R 


( 


\ 

p 

0.91 

0.06 

0.03 

E 

0.38 

0.55 

0.07 

R 

\ 0.03 

0.03 

0.94/ 


Each row of the transition matrix is a probability distribu¬ 
tion giving the probability of observing each possible 
activity at time t in function of one particular activity 
observed at time t— 1 . For instance, when the subject is 
playing at time t— 1 (first row of the matrix), it has a 0.91 
or 91 % probability of still playing at time f, 6% of explor¬ 
ing, and 3% of resting. Each row of the matrix being 
a probability distribution, it sums to one. 

To compute a transition matrix, we begin by building a 
contingency table between the two analyzed time periods. 
In our example, we observed 495 transitions from play to 
play, 31 transitions from play to explore, and so on. The 
resulting contingency table is 


Activity at time t 



P 

E 

R 


( 


\ 

P 

495 

31 

53 

xActivity at time t — 1 ^ 

36 

53 

7 

R 

V 10 

11 

341 / 


The corresponding transition matrix was obtained by 
dividing each row of the contingency table by its total 
(540, 96, and 362). When several independent sequences 
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of observation of a same subject, or even of different sub¬ 
jects, are available, it is possible to aggregate all the data 
into a same contingency table, hence the same transition 
matrix is used. Obviously, we should not do that when 
the different sequences represent clearly different types 
of behaviors. In that case, a different matrix should be 
used for each sequence, or the hidden Markovian approach 
described later in the article should be considered. 

The concept of transition matrix can be extended in two 
ways. First of all, it is possible to compute a matrix between 
two nonadjacent periods. For instance, we may be interested 
in the probability of observing a particular activity at time 
t conditionally to the activity observed at t— 2. The rows of 
the matrix then represent the activities at time t — 2, when 
the columns still represent t. Another possibility is to use the 
information of several past periods to explain the present. 
For instance, we can build a matrix, using any combination of 
the activities observed at times t— 1 and t—2 to explain the 
activity at time t. Going back to our example with activities 
(P)lay, (Exploration, and (i?)est, each row or column of the 
transition matrix will be defined as one of the possible 
combinations between two successive observed activities: 

(PP, EP, RP, PE, EE, RE, PR, ER, RR) 

The first letter always corresponds to the first observed 
activity. The transition matrix estimated from our dataset 
then reads 

Activities at time t — 1 and t 




PP 

f 

EP 

RP 

PE 

EE 

RE 

PR 

ER 

RR 


PP 

0.94 



0.04 



0.02 




EP 

0.55 



0.31 



0.14 




RP 

0.80 



0.10 



0.10 



Activities 

PE 


0.53 



0.44 



0.03 


at times 

t—2 and t— 1 

EE 


0.28 



0.62 



0.10 



RE 


0.36 



0.55 



0.09 



PR 



0.07 



0.14 



0.79 


ER 



0.00 



0.00 



1.00 


RR 

V 


0.03 



0.03 



0.94/ 


Notice that the majority of transitions are in fact impossi¬ 
ble (they have been left blank in the matrix). Such nonex¬ 
istent transitions are called structural zeros. For instance, 
the third row of the matrix means that we observed 
activity R at time t—2 and activity P at time t— 1. From 
this situation, it is only possible to go to a column also 
indicating that activity P was observed at time t— 1. 
Columns 1, 4, and 7 are then the only possibilities. The 
position of structural zeros being perfectly defined into 
the transition matrix, it is often better to rewrite the 
matrix in a collapsed form in which only the possible 
activities at time t appear in column: 




Activity at time t 



P 

E 

R 



( 


\ 


PP 

0.94 

0.04 

0.02 


EP 

0.55 

0.31 

0.14 


RP 

0.80 

0.10 

0.10 

Activities 

PE 

0.53 

0.44 

0.03 

at times 

EE 

0.28 

0.62 

0.10 

t — 2 and t — 1 






RE 

0.36 

0.55 

0.09 


PR 

0.07 

0.14 

0.79 


ER 

0.00 

0.00 

1.00 


RR 

\ 0.03 

0.03 

0.94/ 


Lag-Sequential Analysis 

Computing the probability of observing an activity in 
function relation to past activities is of interest, but the 
researcher can find it more useful to identify the most 
frequent patterns of successive activities occurring in the 
data. The basic method designed for that purpose, the lag- 
sequential analysis, was introduced by Sackett. Its princi¬ 
ple is to choose a starting activity, Exploration for 
instance, and to compute the probability of observing 
another target activity such as Play after 1, 2, 3, etc. 
periods. Each of these probabilities is an element of a 
transition matrix computed between two times spaced 
by 1,2, 3, etc. periods. The probabilities clearly exceeding 
their expected value are identified on the basis of a statis¬ 
tical test based on a normal distribution. Probabilities are 
then computed also for the same starting activity, but with 
each of the other possible target activity. The result is a 
view of the most probable activities occurring 1, 2, 3, etc. 
periods after the starting activity is observed. 

In Table 1, the X indicates the transitions identified 
as very likely to occur. Here, a pattern of the form 
Exploration followed by Play, Exploration, Rest, and 
Rest appears very common. By repeating the procedure 
starting now from the activity identified as the most 
probable one at time t-\- 1 (Play), we can check whether 
a transition between Play at time t-\- 1 and Exploration at 
time t-\- 2 also exceeds expectation, whether a transition 
between Play at time t-\- 1 and Rest at time t-\- 3 also 
exceeds expectation, and so on. If all transition probabil¬ 
ities exceeding expectation coincide, then the pattern 
Exploration-Play-Exploration-Rest-Rest is really a fre¬ 
quent pattern. The same process can then be repeated 
starting from another activity to identify other frequent 
patterns. 

Notice that the activities composing a frequent pattern 
do not have to follow each other exactly. For instance, 
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Table 1 Example of a lag-sequential analysis 


Starting activity at time t 

Target activity 


Statistically significant probabilities 


t+1 

t + 2 

t + 3 

t + 4 

f + 5 

Exploration 

Play 

X 

— 

— 

— 

— 


Exploration 

— 

X 

— 

— 

— 


Rest 

— 

— 

X 

X 

— 


From the starting activity Exploration observed at time t, the probability of the three possible activities Play, Exploration, and Rest are 
investigated from time t + 1 to time t + 5. In the table, an X denotes the activities having appeared clearly more often than expected by 
chance only. 


a pattern such as Play Play Play m m Play Play Play, in 
which m means that no particular activity was identified as 
very likely to occur, is possible. In that case, three periods 
of Play, followed by two periods spent in any activity, 
followed again by three periods of Play is a very common 
pattern in the data. Another example is E m m m R. Here, 
exploration is very often followed four periods later 
by a rest. 

Log-Linear Models 

The lag-sequential analysis focuses on the identification 
of particular patterns of successive activities, rather than 
on the global relation between all possible activities at 
different times. When the researcher is more interested by 
this higher level of analysis, Agresti suggests that the log- 
linear approach should be preferred. It is also possible to 
reformulate a lag-sequential analysis in log-linear terms. 
A log-linear model is designed for the analysis of 
multiple-way contingency tables. Consider for instance a 
situation where we would like to identify the possible 
relations between activities observed during four succes¬ 
sive periods, from rto t+ 3. In addition to the single effect 
induced by the independent distribution of activities 
observed during each period, we can also consider the 
six possible two-way contingency tables computed 
between two different periods among four, the four possi¬ 
ble tri-way contingency tables, and the unique four-way 
contingency table, using the four periods simultaneously. 
The starting point of a log-linear analysis, the so-called 
saturated model, uses all possible relations between the 
four periods, to exactly reproduce the observed data. This 
model is not really interesting by itself, since it does not 
reduce in any manner the complexity of the initial 
observed situation. However, on the basis of successive 
statistical tests, it is then possible to suppress one by one 
the nonsignificant relations, starting from the highest 
order relations, until reaching the simplest structure of 
association between the four periods being still statisti¬ 
cally similar to the saturated model. For instance, we can 
obtain a final structure like this, each star indicating a 
significant relation between periods: 


[r*r + l,fV + 2,r + l*/ + 2,f+ l*t + 3, r + 2*t + 3, 
t - f- 2 t T 4, t T 3 r T 4] 

In this example, no relation between more than two 
periods simultaneously remains significant. Among the 
two-way relations, only relations between observations 
separated by, at the most, two periods are significant. We 
conclude that an activity observed at a given time can 
influence the activities observed one or two periods later, 
but that no influence remains later. 


Markov Chains 

Markov chains introduced in the early twentieth century 
by the Russian mathematician Andrei Andre'ievitch 
Markov are another way of using the concept of transi¬ 
tion matrix. The basic assumption of a Markov chain is 
that the value taken by a variable at time t is fully 
explained by the values observed for the same variable 
from times t— k to t— 1. In the most restrictive case, the 
first-order model ( k= 1), the immediately preceding 
observation is supposed to resume the entire past of the 
target observation. When the two immediately preced¬ 
ing observations are used (k = 2), we have a second-order 
model, and so on. 

Probability Distribution of Future States 

Let Y x be a random variable observed from time t= 0 to 
time t— n. At each time t, the variable Y takes its value in a 
given set of values, this set being often finite. In the 
example used throughout the article, this set is made 
of the three possible activities (P)lay, (Exploration, and 
(R)e st. In a first-order Markov chain, these values are 
identified as the states of the model. Let X x be a row 
vector giving the probability distribution of the different 
activities at time t. 

Xt = (P(Y t = P) P{Y t = E) P(Y t = R)) 

Let Q^be the first-order transition matrix between two 
successive behaviors, as previously defined. If we know 
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the probability distribution X 0 of the possible activities at 
time t= 0, it is then possible to compute the probability 
distribution at time t= 1 as 


Xi = XoQ 

Similarly, it is possible to compute 

h = i\£L = XoQSL = Xo Q: 
Xi = XiQ^ = Xo Q? 

and 


Xt = X'-iQ. = Xo V' 


Then the probability distribution of the possible activities 
at time t depends only on the transition matrix ^and on 
the initial probability distribution at time 0. For instance, 
if we know that the first observed activity was Rest, then 
Xo = (0 0 1) and we compute 


X, = =(0 0 1) 


/ 0.91 
0.38 
y 0.03 


0.06 0.03 

0.55 0.07 

0.03 0.94 


(0.03 0.03 0.94) 


/ 0.91 

Xl = = (0.03 0.03 0.94) 0.38 

\ 0.03 

= (0.0669 0.0465 0.8866) 


0.06 

0.55 

0.03 



The probability distribution at time t= 2 can also be 
computed as 


X 2 = XoQj 


/ 0.8518 
(001) 0.5569 

\ 0.0669 
(0.0669 0.0465 


0.0885 0.0597 

0.3274 0.1157 
0.0465 0.8866 

0 . 8866 ) 


Here, the transition matrix praised to the power of 2, Q?, 
contains the probability transition between times t— 0 
and t= 2. For instance, 


P(X 2 = P 


X 0 = E) = 0.5569 


States Analysis 

The behavior of the process can be studied through the 
analysis of the structure of the transition matrix i^and its 
successive powers. A probability distribution X r such as 

Xt = XtQ L 

is called a stable distribution. It is time invariant and 
represents the long-term distribution of the possible 
states. Depending on the structure of the transition matrix 
Qj there can be one or several stable distributions. 

A state that can be reached again after having been left 
is called a persistent state. On the other hand, a state that 
cannot be reached again after having been left is called 


a transition state. In the long term, it is always possible to 
be in a persistent state, so its probability in the stable 
distribution is strictly larger than zero. On the other 
hand, it is impossible in the long term to be in a transition 
state, so its probability equals zero. In our example, it is 
possible to go from any state to any other one and to go 
back to the initial state, so all the three states are persis¬ 
tent. The corresponding stable distribution, obtained by 
solving the system of equations defined by x t = XtQd 1S 

(0.5287 0.0955 0.3758) 


It indicates that in the long term, the first activity (Play) 
occurs 52.87% of the time, Exploration occurs 9.55% of 
the time, and Rest occurs 37.58% of the time. Interest¬ 
ingly, if we raise the transition matrix Q^to infinity, we 
obtain 



/ 0.5287 0.0955 0.3758 

0.5287 0.0955 0.3758 

\ 0.5287 0.0955 0.3758 


This situation is called the regular case. It occurs only 
when transitions from any state to any other state are 
allowed, possibly in several steps. 

Consider now another transition matrix defined as 


( 0.4 0.6 0 

0 0.7 0.3 

0 0.4 0.6 


Suppose that the first state is observed at time t= 0. Then, 
it is possible to stay in this state at time t= 1 with proba¬ 
bility 0.4, but when this state is left, which will inevitably 
occur in the long term, it then becomes impossible to 
reach this state again, because transition probabilities 
from state 2 and state 3 to state 1 are all equal to zero. 
State 1 is so a transition state and the stable distribution 
corresponding to the transition matrix is 


(0 0.5714 0.4286) 


The different states are sometimes visited in a fixed order. 
For instance, the song of a bird could consist of four 
different phrases a, b, c, and d, which always succeed one 
another in the following order 

... abcdabcdabcdabcd ... 


The transition matrix then reads 


(0 

1 

0 

0 \ 

0 

0 

1 

0 

0 

0 

0 

1 

\1 

0 

0 

0 / 


Finally, another situation occurs when the set of states 
can be decomposed into at least two subsets of states such 
that it is impossible to go from a state belonging to one 
subset to a state belonging to another subset. For instance, 
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an animal could have six different activities numbered 
from 1 to 6, the transition process from one to another 
being resumed by the following transition matrix: 

/ 0.9 0.1 0 0 0 0 \ 

0.5 0.5 0 0 0 0 

0 0 0 0 1 0 

0.2 0 0 0.5 0.2 0.1 

0 0 0.2 0 0.8 0 

\ 0 0 0 0 0 1 / 

Such a complex situation can be more easily represented as 
a transition graph, where each nonzero transition is repre¬ 
sented by an arrow (see Figure 1). The states can be 
decomposed here into three sets of mutually excluding 
states, called final classes, and a set of transition states. 
The latter set is made of state 4 only, since it is not possible 
to return to this state once left. States 1 and 2 are the first 
final class. When one of these states is reached, it becomes 
impossible to leave the class to go to a state other than 1 or 
2. The same occurs with states 3 and 5 (second final class) 
and state 6 (third final class). State 6 presents the additional 
particularity that it cannot be left, the transition probability 
from state 6 to itself being 1. It is called an absorbing state. 

When the set of states can be decomposed into several 
mutually excluding class of states, there are several stable 
distributions, each one giving the long-term probability dis¬ 
tribution of the states in function of the initial state at time 
zero. In our example, there are four stable distributions, the 
first one being active when the process started in state 1 or 2: 

(0.8333 0.1667 0 0 0 0) 

The second one corresponding to initial states 3 and 5: 

(0 0 0.1667 0 0.8333 0) 

The third one corresponding to being initially in state 4: 

( 0.3333 0.0667 0.0667 0 0.3333 0.2 ) 



Figure 1 Possible transitions between six different activities. 
Each nonnull probability is represented by an arrow. 


The last one corresponding to state 6: 

(0 0 0 0 0 1 ) 

High-Order Markov Chains 

Up to this point, we have considered first-order Markov 
chains only, that is models in which the present is fully 
explained by the immediately preceding observation. 
More generally, the observed activity of an animal often 
depends on several preceding observations. For instance, 
if we have recorded the behavior of a monkey each 5 s 
during a 10 min period, it is very likely that this animal 
did not switch from one activity to another each 5 s, and 
that the activity observed at time 7 can be at least partially 
explained not only by the activity at time 7—1, but also by 
activities at times 7—2, 7— 3, and so on. We can then use 
high-order Markov chains to describe the probability of 
observing a particular activity at time 7, given a finite 
number of past observations. High-order Markov chains 
and their associated high-order transition matrices are 
used exactly in the same way that first-order chains are. 

Model Comparison 

When different Markov chains of different orders can 
possibly fit the data well, a comparison tool is required. 
Even if statistical tests exist in the case of Markov chains, a 
much more common approach is now to rely on the 
Bayesian information criterion (BIC). This criterion is 
defined as 

BIC = -2LL + £ log(») 

where LL is the log-likelihood of the model, k is the 
number of independent parameters, and n is the sample 
size. By integrating a penalty term depending on the 
number of independent parameters, BIC tends to favor 
parsimonious models. The model achieving the lowest 
BIC value is chosen as the best model. Following Raftery’s 
approach, we consider that a difference of BIC lower than 
2 between two models is barely worth mentioning, a 
difference between 2 and 5 is positive, a difference 
between 5 and 10 is strong, and a difference larger than 
10 is very strong. In the process of searching for the best 
model fitting a set of data, all the Markovian models 
described in this article, including Markov chains, mix¬ 
ture models, and hidden models, can be compared 
through the use of BIC. 

Mixture Transition Distribution Model 

The number of parameters of a Markov chain increases 
exponentially with its dependence order. When this order 
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becomes large, the number of parameters quickly 
becomes too large to be reliably estimated from a finite 
dataset. This issue is even more accurate when the num¬ 
ber of possible values taken by the variable of interest is 
large. The mixture transition distribution (MTD) model 
is designed to solve this issue by approximating the true 
high-order transition matrix with a mixture model. 

Consider for instance a third-order Markov chain. 
Each probability of its transition matrix is of the form 


P( Y t = to 




In the MTD model, the same probability is approximated as 


k P{ Yt = h) 



h) + a 2 P( Y t — Iq 


+ ^P{ Yt — h) 






The principle is then to consider separately the influence 
of each lag upon the present. Parameters A 2 , and A 3 are 
weights representing the respective importance of each 
lag. They sum to one and are often nonnegative. All 
transition probabilities from any lag to the present are 
generally supposed to come from only one transition 
matrix of the same size as one of the first-order Markov 
chain. The parameters of the model (the weights and the 
transition probabilities) are estimated by maximizing the 
log-likelihood through an iterative algorithm. 

Considering again our example with three possible 
activities, the second-order MTD model is estimated as 

= 0.75, A 2 = 0.25, and 


Activity at time t 



p 

E 

R 

/ 0.94 

0.04 

0.02 

0.29 

0.61 

0.10 

\ 0.03 

0.03 

0.94 / 


These parameters are then used to compute the following 
approximation of the true second-order transition matrix 
provided in the transition matrices section of this article: 


PP 

EP 

RP 

PE 

Activities at times _ 
t — 2 and t — 1 

RE 

PR 

ER 

RR 


Activity at time t 


P 

E 

R 

0.94 

0.04 

0.02 \ 

0.78 

0.18 

0.04 

0.71 

0.04 

0.25 

0.45 

0.47 

0.08 

0.29 

0.61 

0.10 

0.22 

0.47 

0.31 

0.25 

0.03 

0.72 

0.09 

0.18 

0.73 

\ 0.03 

0.03 

0.94 / 


Covariates 


Categorical covariates can be added to a transition model 
by the way of a MTD model. A transition matrix C* 
summarizes the relation between the possible values of 
the covariate and the values of the variable of interest Tat 
time f, and a weight X c indicates the relative importance of 
the covariate in the modeling. 

Suppose for instance that, in addition to the behavior 
of the focus subject, we also recorded whether interactor 
subjects were present or not. A model combining a first- 
order dependency on the behavior variable and the covar¬ 
iate could then have the following parameters: X\ = 0.68, 
A c = 0.32, 





Activity at time t 



E 

0.16 

0.52 

0.05 



Interactor 

Nointeractor 


Activity at time t 
PER 
' 0.90 0.10 0.00 \ 

v 0.20 0.35 0.45/ 


The activity observed at time t is influenced by the activ¬ 
ity at time t— 1 for 68% and by the presence or absence 
of interactors for 32%. The presence of an interactor is 
characterized by an important probability for Play (90%) 
and a total absence of Rest (0%). On the other hand, the 
absence of interactors implies much larger probabilities 
for Exploration and Rest. At the same time, we observe 
that the probabilities of the transition matrix £Y indicates 
lower chances of staying in the same behavior from t— 1 
to t than previously observed in the matrix of the first- 
order Markov chain. 


Hidden Markov Models 

Up to this point, we have considered that the behavior of 
an animal is accurately represented by only one homoge¬ 
neous model such as a Markov chain. In practice, however, 
we know that a particular subject can be evaluated by its 
behavior. To take this into account, we introduce here the 
notion of hidden model. In a hidden model, the observed 
variable of interest Y is supposed to depend upon an 
unobserved latent variable X taking value in a finite set 
of states (S u ... ,S m ) and following a Markov chain. Each 
latent state can be interpreted as a particular kind of 
behavior of the subject under study. The probability dis¬ 
tribution of T at time t depends on the value taken by the 
unobserved process X at the same time. When successive 
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observations of the visible variable Y are independent 
conditionally to the hidden process, we have a hidden 
Markov model (HMM) and a different probability distri¬ 
bution of the possible values of Y is associated to each 
latent state. In the case of behavior analysis, however, this 
independence hypothesis does not generally hold and 
the visible variable Y can then be also represented as a 
Markov chain, with a different transition matrix asso¬ 
ciated to each latent state. We have then a double chain 
Markov model (DCMM). 

We consider here a DCMM with two latent states and 
first-order dependencies for both the latent and the 
observed variables. The transition matrix corresponding 
to the latent variable X is 


Time t 

Time t — 1 S\ S 2 
Si / 0.95 0.05 \ 

~ S 2 \ 0.18 0.82 ) 

The transition matrix between successive observations of 
the variable Tis 



P 

E 

R 

p 

/ 1.00 

0.00 

0.00 

= E 

0.20 

0.77 

0.03 

R 

0.02 

0.00 

0.98 

when the latent process 

is in state S h 

, and 


P 

E 

R 

P 

( 0.31 

0.48 

0.21 

Q± 2) = E 

0.51 

0.38 

0.11 

R 

^ 0.06 

0.14 

0.80 

when latent state S 7 is active. 




The transition matrix A indicates that the animal is 
very stable in its overall behavior. The probability to stay 
in the first latent state from one period to the next is 95%, 
and this probability is 82% for the second latent state. 
The overall behavior associated to state 1 is characterized 
by high probabilities of pursuing the same activity from 
one period to the next (matrix 100% for Play, 77% 
for Exploration and 98% for Rest). On the other hand, the 


only activity with a high persistence when state 2 is active 
is Rest (80%), Play being very frequently immediately 
followed by Explore (48% of the time) and Explore by 
Play (51%). Our conclusion is that the observed animal 
switches between two different kind of behaviors: a first 
one characterized by long periods spent performing the 
same activity (state 1) and a second one in which quicker 
changes can occur (state 2). 

See also: Disease Transmission and Networks; Endocri¬ 
nology and Behavior: Methods; Ethograms, Activity 
Profiles and Energy Budgets; Game Theory; Neuroethol¬ 
ogy: Methods. 
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Introduction 

Resource Allocation to Male and Female 
Reproduction 

Success in life can be thought of as the degree of presence 
of an organism’s genetic material in the population to 
which it belongs. As no individual organism lives forever, 
success will eventually be contingent on some form of 
reproduction. As no organism has infinite resources, the 
amount of reproduction achieved will be limited. Repro¬ 
ducing organisms must therefore make life-history deci¬ 
sions concerning the optimal use of their resources, 
addressing, for instance, the tradeoff between producing 
a few, well-resourced, or many, relatively neglected, off¬ 
spring. While some species reproduce asexually, in many 
others, reproduction is sexual via the fusion of male 
(small) and female (large) gametes. If the sexual organism 
is a simultaneous hermaphrodite, it must decide how 
much resource to allocate to male and female reproduc¬ 
tive function at any one time. If it is a sequential her¬ 
maphrodite, it must decide when to switch permanently 
from being one gender to being the other. A third class of 
sexually reproducing organisms is dioecious species, in 
which the sexual function of each individual is fixed 
throughout life as male or female. In these, reproducing 
individuals must make decisions concerning the amounts 
of resources invested into the production of male and 
female offspring. Sex allocation decisions must thus be 
made by all these classes of sexually reproducing organ¬ 
isms, and the three aspects of the decision can usefully be 
viewed using the same fundamental framework provided 
by the interrelated disciplines of behavioral and evolu¬ 
tionary ecology. The particular focus here is sex allocation 
in dioecious organisms and especially the numerical 
aspect of parental investment into the production of 
male and female offspring, commonly referred to as the 
sex ratio. West’s (2009) book on Sex Allocation is a useful 
reference for more detailed studies in this area. 

Sex Ratio Control 

Before outlining the structure of theory that seeks to 
understand the evolution of observed sex ratio decisions, 
it is useful to note that there is no requirement for such 
behavior to be conscious. Nor are the organisms expected 
to have any rational foresight as to the long-term con¬ 
sequences of their actions; instead, natural selection acts 


as the optimising agent, shaping sex allocation behavior 
over evolutionary time: extant individuals are mostly the 
descendants of those that produced offspring sex ratios 
best suited to their environments and are likely to behave 
in a similar way. It is also important to consider possible 
constraints on sex ratio control that might prevent behav¬ 
ior matching a given evolutionary optimum. The poten¬ 
tial for behavioral or physiological control is clear in 
organisms with arrhenotokous (haplodiploid) sex deter¬ 
mination systems, such as parasitoid wasps and fig-wasps 
because, once mated and possessing a supply of stored 
sperm, a mother can produce (diploid) daughters by 
releasing sperm to fertilize the eggs she lays or (haploid) 
sons by withholding sperm. There is plenty of evidence, 
in the form of sex ratio bias, nonrandom sex allocation 
sequences, and low sex ratio variances, that many such 
organisms have proximate control of their progeny sex 
ratios. In contrast, it was long thought that the heteroga- 
metic sex determination mechanisms of organisms such as 
birds (males ZZ, females ZW) and mammals (males XY, 
females XX) put severe constraints on sex ratio control 
because sex is determined by chromosomes borne in 
the gametes, and equal numbers of gametes bearing each 
type of sex chromosome are generated by meiotic cell 
division. This notion has, however, been largely dispelled 
by evidence from individual heterogametic species, most 
notably by Komdeur and colleagues who showed that 
Seychelles warblers (Acrocephalus sechellensis ) produce sex 
ratios closely adapted to their local conditions. Cross-species 
data further show that bird sex ratios do not differ greatly 
from those of parasitoid wasps in terms of their response to 
environmental variables, with stronger sex ratio responses 
made when environmental quality is more predictable. 
Similar evidence indicates that mammals exhibit maternal 
control of sex ratio. Exactly how heterogametic species 
achieve this apparent control is not currently understood. 
Further details of how genetic factors affect sex ratios, and 
vice versa, can be found in books by Bourke and Franks, 
Hardy, and West. 

Theory for Adaptive Sex Ratio Behavior 

Sex ratio theory constitutes a set of interrelated formal 
models that predict the optimal sex ratio for parents to 
produce under given sets of circumstances. Parents are 
assumed to have control of sex allocation and to attempt 
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to maximize their evolutionary fitness, which may he 
measured as the number of grandchildren they produce. 
The assumptions used by sex ratio models are seldom 
matched exactly to an organism’s biology as they attempt 
to avoid intractable complexity while considering the 
essential elements required for understanding the major 
influences on sex ratios. A mismatch between prediction 
and observation often suggests that a modification of prior 
assumptions is required and many such modifications 
have now been explored with respect to their effects on 
predicted sex ratio patterns. This iterative process has led 
to an apparently excellent understanding of the sex ratios 
of many organisms. 

Unbiased Population Sex Ratios 

Many populations have approximately unbiased sex ratios. 
Explanations for this phenomenon were attempted by 
Darwin in 1871 and formally modeled by Diising in 
1883. Darwin’s explanation was almost forgotten because 
of his revision, effectively a retraction, of the relevant 
passage in a later edition of ‘The Descent of Man] and 
Diising’s model was largely forgotten, or at least not 
rigorously cited, for more than a century. Modern sex 
ratio theory is thus seen to have begun with the verbal 
explanation put forward by Fisher in 1930, which was 
‘first’ formalized mathematically by Shaw and Mohler in 
1953; in fact their model is mathematically identical to 
Dtising’s. 

Fisher’s argument is that sex ratio biases in large 
populations, toward either males or females, are returned 
to equality because of a frequency-dependent advantage 
of the rarer sex: offspring of the rarer sex will have better 
mating prospects than the more common sex, so parents 
that tend to produce the rarer sex also produce more 
grandchildren. The advantage associated with the produc¬ 
tion of the rarer sex becomes smaller as the bias decreases, 
and when the sex ratio of the population is unbiased, the 
sexes of individual offspring are selectively neutral (males 
and females have equal value). The theory applies to the 
investment ratio rather than the numerical sex ratio. If 
male and female offspring are equally costly to produce, 
the investment ratio and the sex ratio are identical. 

Fisherian sex ratio theory thus provides an evolution¬ 
ary argument for sex ratio equality that, for heterogametic 
species, runs alongside the mechanistic expectation aris¬ 
ing from meiotic gametogenesis. The explanations could 
be potentially distinguished if one sex were twice as costly 
to produce as the other: using Fisher’s argument, we 
would expect the investment ratio to stabilize at equality 
but the numerical sex ratio to be biased, while meiosis 
would lead to unbiased sex ratios. Further, for organisms 
with haplodiploid sex determination, there is no expecta¬ 
tion of sex ratio equality on genetic-mechanistic grounds 


and an observation of sex ratio equality might thus imply 
support for Fisher’s theory. Despite these possibilities for 
testing the theory, strong empirical evidence for Fisherian 
sex ratios does not abound, principally because of diffi¬ 
culties in being sure that the life-histories of investigated 
organisms match the theory’s assumptions (see next two 
subsections); however, there is evidence for the fre¬ 
quency-dependent nature of sex ratio selection from 
tests that have altered the sex ratio of animal populations 
and monitored the direction of subsequent changes. 

Fisher’s argument relies on a number of assumptions 
that have been modified in the development of many 
subsequent sex ratio models, hence the historically key 
role of Fisher’s work. A crucial assumption is that the 
relationship between parental investment in offspring 
and the subsequent fitness of the offspring is identical 
for sons and daughters. There are two important sets of 
circumstances under which this assumption does not hold. 
First, some populations consist of subgroups containing 
individuals that interact with each other more than mem¬ 
bers of the population as a whole, and the effects of these 
interactions differ between the sexes. Such scenarios com¬ 
monly lead to a biased population sex ratio, with sex ratio 
optima differing little between parents within a group. 
Second, some aspect of the environment (other than 
group structure) can affect the fitness of one sex of off¬ 
spring more greatly than the other: parents are predicted 
to allocate sex conditional on the environment and sex 
ratio optima are likely to differ between individual par¬ 
ents. Exploration of the consequences of these two con¬ 
siderations, separately and simultaneously, theoretically 
and empirically, have formed the basis of most subsequent 
sex ratio research. 

Group Structure Leads to Biased Sex Ratios 

Hamilton’s famous model of local mate competition 
(LMC) was the first to consider sex ratio under popula¬ 
tion subdivision and is also historically important as the 
first game theoretic analysis of an evolutionary problem. 
Assuming that offspring develop in discrete, single gener¬ 
ation groups, that mating takes place within the group 
and then only mated females disperse and reproduce on 
fresh sites, the model predicts that the sex ratio should be 
biased progressively toward the sex (usually males) that 
competes the most for mating opportunities as the num¬ 
ber of mothers, termed foundresses, contributing offspring 
to a group decreases. When offspring on a patch are 
produced by a single foundress mother, the mother should 
produce only sufficient sons to ensure that her daughters 
are mated: extremely female-biased sex ratios can result 
(Figure 1). 

In terms of the life-histories assumed, the LMC model 
best applies to invertebrates, such as many parasitoid 
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Figure 1 Sex ratio response to foundress number - under local mate competition. The upper equation gives the predictions of 
Hamilton’s theory of local mate competition in its original (1967) formulation for diplodiploid genetics. The equation was 
subsequently modified to take haplodiploid inheritance into account (lower equation), which is appropriate for hymenopterans such 
as fig wasps and parasitoid wasps. Haplodiploidy leads to a slight increase in predicted bias for foundress numbers above 1. 

There are now many sets of data that could be used to illustrate empirically the relationship: those shown are brood sex ratio means 
from Herre’s well-known study of fig pollinating wasps. In these species mating is confined to within a fig prior to female progeny 
dispersal and foundress number is relatively straightforward to record because foundress females die within the fig, where their 
bodies can be found and counted, after laying eggs. Herre’s study showed that sex ratios produced within figs are adjusted to the 
number of foundresses within each fig and also that more inbred fig wasp species (those with lower mean numbers of foundresses; 
the harmonic mean number of foundresses in the populations are given in the key) have more female biased brood sex ratios for the 
same number of foundresses, a result that Herre also showed to be expected from theory. 


wasps, fig wasps, and mites, and it is among these organ¬ 
isms that the clearest empirical evidence has been found 
(Figure 1), although the theory is also applied to a much 
wider range or organisms including fish, plants, and pro¬ 
tozoa. The assumptions of the original LMC model have 
been subject to a possibly unprecedented level of scrutiny 
and modification to explore theoretically the sex ratio 
consequences of numerous observed life-history varia¬ 
tions, such as the extent to which offspring developing 
within a group inbreed. Further, the fact that offspring are 
produced in discrete integer units leads to the prediction 
that the sex ratios produced by single foundresses should 
equal the reciprocal of the number of offspring they 
produce in the group, provided that sons are able to 
inseminate all sisters present (Figure 2), and also that 
under LMC selection will act to favor the evolution of 
low variance in sex ratio across offspring groups in addi¬ 
tion to sex ratio bias with them: a prediction that is met in 
many of the species studied. 

The LMC logic has been generalized as local resource 
competition (LRC), encompassing competition for resources 
beyond (but including) mating opportunities, and consid¬ 
ering parent-offspring competition as well as sibling¬ 
sibling competition. Like LMC, LRC theory predicts 
that mothers should bias the sex ratio toward the 


sex that competes least for limiting resources. Sexually 
differential competition can arise when, for instance, one 
sex disperses later, or not at all, from the group and thus 
offspring of that sex will compete more among them¬ 
selves, and more with the mother, than will the more 
readily dispersing sex. However, offspring that do not 
disperse may also help the mother (e.g., in bird species 
with sex biased cooperative breeding) and thus enhance 
the maternal environment. Mothers are then predicted 
to bias their sex ratios toward the helping sex: this is the 
theory of local resource enhancement (LRE), sometimes 
known as the repayment model. LRC and LRE are aspects 
of the same theoretical framework, which includes LMC 
as a particular case. Work on LRC and LRE has generally, 
but not exclusively, focussed on the sex ratios of verte¬ 
brates; these species have relatively complex life-histories 
with a sometimes-unclear degree of fit to the assumptions 
on which sex ratio predictions are based. Consequently 
evidence for LRC and LRE can appear mixed, but much 
of the confusion falls away when the variation in the 
degree to which species adjust the sex ratio is correlated 
with the degree of benefit actually provided by the so- 
called helpers in each species. Further, studies of the 
Seychelles warbler by Komdeur provide strong intraspe¬ 
cific evidence for LRE. 
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Figure 2 Sex ratio response to clutch size under local mate competition. When just one foundress produces a group of locally 
mating offspring, fitness is maximized by producing the minimum number of sons required to mate the daughters. Assuming male 
mating ability is unlimited, the sex ratio should equal the reciprocal of the offspring group (clutch size), that is, the theoretical relationship 
is sex ratio = 1/clutch size. There is empirical support for this relationship both within and across species of parasitoid wasps. Some 
taxa, however, fit the prediction more closely than do others: cross-species analyses of data from wasps in the family Bethylidae show 
an approximate fit to theoretical predictions and single foundress local mate competition seems common within this group. 
Comparable data from the superfamily Ichneumonoidea show a much poorer fit; this is likely due to the life-histories of these species 
being poorly described by the assumptions of the theory, for instance that offspring groups are often produced by several foundresses 
and that offspring commonly mate after dispersal from the developmental group: both factors are expected to increase sex ratio optima 
considerably. Redrawn using raw data from Smart CB and Mayhew PJ (2009) A comparative study of sex ratio and clutch size in 
gregarious ichneumonoid wasps. Journal of Insect Behavior 22: 273-288. 


Environmental Variability Leads to Sex Ratio 
Responses 

In a 1973 landmark study, Trivers and Willard considered 
variation in the sex ratio optima of individual parents. 
When one sex of offspring gains more than the other from 
a given unit of parental investment (e.g., if female fitness is 
little influenced by investment, but male fitness strongly 
depends on it), and the ability of parents to invest varies 
(due to an aspect of environmental quality, Figure 3), 
parents with a greater amount of resource to invest should 
predominantly produce the sex with the greater rate of 
reproductive returns (males, in this example), while par¬ 
ents with few resources should produce the other sex (e.g., 
females) (Figure 3). This is because a male receiving little 
investment will have very low fitness while a female with 
little investment will attain a moderate fitness. Meanwhile, 
a male receiving a great deal of investment will have very 
high fitness, but a female with a great deal of investment 
will still only have moderate fitness (Figure 3). The key 


point to this logic is that there is a greater variance in 
reproductive success in one sex of offspring than the 
other, coupled with a correlation between parental invest¬ 
ment and offspring success. 

The Trivers-Willard logic was originally developed 
to consider maternal condition in ungulate mammals, 
in which greater maternal investment leads to higher qual¬ 
ity male offspring which tend to subsequently gain, via 
male-male competition, a disproportionate number of 
mating: the logic has now been applied to such factors as 
host quality, habitat quality, and the social rank or attrac¬ 
tiveness of parents across a wide range of taxa and is 
generally termed conditional sex allocation. The accumu¬ 
lated evidence for conditional sex allocation has at times 
been somewhat confused due to different studies, some¬ 
times on the same species, finding or not finding a predicted 
effect, and using different methods to measure condition 
and also by uncertainties surrounding which sets of 
theoretical assumptions, and thus predictions, best apply. 
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For instance, high-ranking mothers in good condition may 
be expected to produce male offspring with high potential 
for mating success, yet if maternal rank is transmitted to 
daughters, then high-ranking mothers may be expected 
to produce female offspring: the resulting sex allocation 
strategy will depend on the relative importance of these 
opposite effects. Despite these difficulties, the overall evi¬ 
dence that Trivers-Willard effects frequently operate now 
seems convincing across many taxa, such as ungulates, 
birds, and parasitoid wasps (Figure 3). 

If sex allocation is conditional on the environment 
via sexually differential fitness gains from parental invest¬ 
ment, then Fisherian arguments do not apply because a 
major assumption is violated (probably the most common 
misunderstanding in the sex ratio literature is the incor¬ 
rect notion that population sex ratios can be Fisherian 
while individuals within the same population make 
environmentally conditional sex ratio decisions). Under 
conditional sex allocation, the overall population sex ratio 
is not at all straightforward to predict, but in the simplest 
possible case, the sex ratio should be biased toward the sex 
that is less costly to produce. However, group structure 
(e.g., LMC or LRC) and conditional sex allocation may 
co-occur, which can lead to an expectation of an opposite 
overall sex ratio bias. 

Sex Ratios, Social Behavior, and Conflict 

Alongside these studies of the sex ratios of mammals, 
birds, parasitoid wasps etc., there has been an extremely 
productive and equally refined body of work on the sex 
ratios of highly social organisms, particularly eusocial 
insects such as ants. The evolution of eusociality itself 
may have been facilitated by particular sex ratios. Once 
eusociality is established, the sex ratio behavior of queens 
and colonies, under a wide range of different circum¬ 
stances, can be understood by modifying Fisherian- 
based theory to fit the sometimes-peculiar life-histories 
of these organisms: the unified theoretical framework for 
understanding sex ratio theory thus still applies but leads 
to some different insights. One particularly common 
theme among social species is interindividual conflict 
between kin over the control of sex allocation. For 
instance, worker ants can control the progeny sex ratios 
produced by queens. Here the study of sex ratio behavior 
can lead to improving our understanding of the evolution 
of very fundamental classes of behavior, such as altruism 
and spite. 
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Figure 3 Sex ratio in response to environmental quality. The 
top panel (a) illustrates the key assumption in the Trivers-Willard 
logic: the fitness of one sex (females in this example) is more 
strongly affected than the other sex by variation in environmental 
quality (with quality referring to a range of properties such as the 
ability of a mammalian mother to provide nutrients before and 
after parturition or the attractiveness of the mother’s mate). These 
relationships are often problematic to evaluate in practice 
because fitness can have many components and because the 
components involved inevitably differ between the sexes as male 
and female individuals face different life-history challenges. The 
lower panel (b) shows a sex ratio response to host quality 
(volume) in a spider hunting wasp that lays a single egg onto each 
host attacked: data were collected partially in the field and in the 
laboratory but this did not affect sex allocation behavior. The sex 
of the egg laid was, however, affected by host quality, with female 
offspring developing on larger hosts (more food for offspring 
available), and by the developmental stage of the host (juvenile 
spiders appear to be better quality hosts than adult spiders of 
similar volume). Data are shown displaced from their binary 
positions to reduce visual overlap. Similar patterns have now 
been found in many other parasitoid species. (Lower panel: 
Reproduced from Karsai I, Somogyi K, and Hardy ICW (2006) 
Body size, host choice and sex allocation in a spider hunting 
pompilid wasp. Biological Journal of the Linnean Society 87: 
285-296. 


Conclusion 

The study of sex allocation behavior has been well worth¬ 
while as it has provided an extraordinarily rich and 
closely interrelated set of theories and empirical studies; 


this is quite possibly the best such body of work within 
behavioral and evolutionary ecology Sex ratio research 
transcends questions about the evolution of one particular 
aspect of reproductive behavior because it also contri¬ 
butes importantly to more general, and fundamental, 
issues concerning the operation of, and best way to 
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study, natural selection. For a primarily pragmatic reader, 
it is well worth pointing out that an understanding of sex 
allocation has also shown strong potential to assist in 
solving problems in the fields of conservation biology, 
biological pest control, and the epidemiology of medically 
important parasites such as malaria. 

See also: Differential Allocation; William Donald Hamilton. 
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Kin Selection: Dilemma Between 
Relatedness and Genetic Diversity 

The idea that relatedness among individuals can drive 
the evolution of altruism through kin selection has had 
a major impact on evolutionary biology. Highly eusocial 
insects include social Hymenoptera (ants, bees, and 
wasps) and Isoptera (termites). Eusociality has evolved 
independently in both groups on the basis of similar 
colony structures, although Hymenoptera have a haplo- 
diploid system of sex determination, whereas Isoptera are 
fully diploid. Relatedness asymmetries caused by haplo- 
diploid sex determination, generate queen-worker con¬ 
flicts over sex allocation. Studies of sex-ratio conflict in 
eusocial Hymenoptera provide the most rigorous tests of 
kin selection theory. However, in termites, diploid sexual 
reproduction generally creates no such relatedness asym¬ 
metries among colony members. The reproductive system 
in termites involves high levels of inbreeding, such that 
colony members share more than 50% of their genes, and 
is considered a plausible driving force for the evolution of 
eusociality. 

High Relatedness and the Evolution of 
Eusociality 

Hamilton’s rule predicts that clonal organisms should 
exhibit the highest degree of mutual altruism since relat¬ 
edness among all members of a clone should be one. 
Altruism is indeed quite common in clonal organisms 
including microorganisms such as bacteria, myxobacteria, 
and cellular slime molds. Clonal insects that exhibit euso¬ 
cial behavior include aphids and polyembryonic wasps. 
In aphids alone, whose colonies comprise genetically 
identical members, eusocial behaviors have evolved inde¬ 
pendently on many occasions, possibly as many as 17 
times because of apomictic parthenogenesis. If high relat¬ 
edness is the binding force of their clonal society, clonal 
mixing and the resulting sudden decrease of within- 
colony relatedness should lead to severe conflict among 
colony members. The gall-dwelling colonies of the social 
aphid Pemphigus obesinymphae are invaded by large num¬ 
bers of aphids from other clones, and the intruders refrain 
from risky defensive behaviors and accelerate their own 
development into reproductive rather than defensive 
stages. Therefore, it seems most likely that high kinship 
is the primary factor for the maintenance of altruistic 
behavior in clonal societies. 


Based on kin selection and inclusive fitness theory, 
high relatedness, possibly generated by genetic factors 
such as haplodiploidy, inbreeding, or clonal reproduction, 
are thought to be critical to the evolution of eusociality. 
However, relatedness among workers within colonies of 
some species is relatively low because of sexual reproduc¬ 
tion, including outbreeding, multiple mating (polyandry), 
and multiple reproductive females (polygyny), which 
lowers the potential inclusive fitness gains for altruistic 
members. Recently, E.O. Wilson proposed that close kin¬ 
ship may be more a consequence of eusociality than a 
factor promoting its origin and that eusociality instead 
evolves because of direct fitness alone. If kin selection is 
important for the evolution of eusociality, it is predicted 
that single mating (monandry), which maximizes related¬ 
ness, should be ancestral, while polyandry, which reduces 
relatedness among colony members, should be derived. 
To resolve this controversy, W.O.H. Hughes and his col¬ 
leagues compared female mating frequencies in eusocial 
Hymenoptera. They demonstrated that monandry was the 
ancestral state when eusociality arose in Hymenoptera 
and that mating by queens with multiple males is always 
derived. High levels of polyandry occur only in species 
whose workers have lost reproductive totipotency. Simi¬ 
larly, polygyny is also derived. This indicates that high 
relatedness has played a decisive role in the evolution of 
eusociality and strongly supports inclusive fitness theory. 

Importance of Genetic Diversity for 
Social Insect Colonies 

Although kin selection is central to the modern study 
of social evolution, recent studies of social insects have 
revealed that no simple relationship exists between levels 
of relatedness within colonies and sociality. Mating and 
breeding systems influence genetic variation in terms 
of heterozygosity at the individual level and genotypic 
diversity at the colony level (Figure 1). Polyandry acts as 
a primary source of genetic diversity in social insect 
colonies, and is more common in eusocial Hymenoptera 
with highly developed task specialization, including hon¬ 
eybees, leaf-cutting ants, and harvester ants. Multiple 
matings and the resulting genetic diversity within colo¬ 
nies lower within-colony relatedness. Once worker steril¬ 
ity evolved, reproductive division of labor is presumed 
to have been irreversible. If so, selective influences would 
have been markedly altered once the reproductive poten¬ 
tial of workers was lowered. Occurrences of polygyny and 
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Figure 1 A variety of mating and reproductive systems in eusocial insects and the resulting genotypes of colony members. The 
examples of asexual reproduction were illustrated under the assumption of zero recombination rates. G: number of different genotypes 
in a colony; H : offspring heterozygosity at the locus; r: average offspring relatedness in a colony. 


polyandry in derived lineages suggest that besides kin 
selection, other types of selection favoring genetic diver¬ 
sity have acted on social insects. The most plausible 
hypotheses for the selection of high genetic diversity are 
(1) providing disease resistance via worker genetic diver¬ 
sity and (2) generating a more stable and resilient system 
of division of labor. 

Living in social groups has not only advantages but also 
drawbacks. For example, infectious diseases can poten¬ 
tially spread more easily among group members than 
solitary-living individuals. Transmission is more likely in 
groups because individuals live at high densities and have 
frequent social contact. In addition, group members are 
close relatives and thus susceptible to the same parasite 
infections. This can be understood using an analogy to 
human agriculmre. Selective breeding of crops for desirable 
traits and against the undesirable ones leads to monocul¬ 
tures or entire farms of nearly genetically identical plants. 
Little to no genetic diversity makes crops extremely sus¬ 
ceptible to widespread disease. Low genetic variance and 
closely spaced individuals may be the reasons why the avian 
flu causes devastating effects on poultry farming and why 
plant hoppers wipe out acres of rice paddies at once. In sum, 
both human agriculture and social insect colonies face risks 
associated with high density and low genetic diversity. 


Thelytoky in Eusocial Insects 

The evolution and maintenance of sexual reproduction is 
a major puzzle in evolutionary biology because asexual 
populations have a twofold fitness advantage over their 
sexual counterparts. In addition, given the advantages of 
higher relatedness and thus greater inclusive fitness gains 
for altruistic castes, asexual reproduction appears to be 
better than sexual reproduction for eusocial evolution. 
Thelytoky is a type of parthenogenesis in which females 
are produced from unfertilized eggs. Among the 12 500 
ant and 2400 termite species in the world, thelytoky has 
been reported in only nine ant species and seven termite 
species. Thus, the percentages of species with thelytokous 
capability are 0.07% and 0.29% in ants and termites, 
respectively. These values are much lower than 2%, 
which is the percentage of all insect species with thelyto¬ 
kous capabilities. By taking advantage of asexual repro¬ 
duction, queens of eusocial insects are able to realize a 
twofold advantage over sexual reproduction by allowing 
the transmission of twice the number of genes to offspring. 
This leads to the very interesting question of why thely¬ 
toky is so rare among eusocial insects. 

One possible explanation is that only a limited number 
of studies have carefully examined the possibility of 
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thelytokous parthenogenesis in eusocial insects. Thely- 
toky may be more difficult to detect in eusocial insects 
than in other insects because its presence is sometimes 
concealed or suppressed by social structure; the mechan¬ 
isms that cause this are described in the next section. 
Indeed, findings by L. Keller of the conditional use of 
asexual reproduction in ants arose by pure serendipity. 
Future studies may reveal thelytoky in many more euso¬ 
cial species. Possibly the rarity of thelytoky in eusocial 
insects is attributable to the importance of genetic diver¬ 
sity among colony members. While asexual reproduction 
by a queen would increase within-colony relatedness, the 
resulting reduction in genetic diversity within colonies 
would lower homeostasis in colonies. For example, low 
genetic diversity colonies are more afflicted by disease 
than genetically diverse colonies in bumblebees, honeybees, 
and leaf-cutting ants. In honeybees, high-diversity colonies 
maintain more uniform temperatures in their brood nests 
than did the uniform ones because of a system of genetically 
based task specialization. Thus, reduction in genetic diver¬ 
sity would render the colonies less resilient to environmen¬ 
tal perturbation. A comprehensive survey of species capable 
of thelytokous parthenogenesis is a necessary next step in 
the effort to understand the costs and benefits of sexual 
and asexual reproduction for eusocial insects. 

The genotypes of parthenogenetic offspring depend on 
the mode of parthenogenesis (Figure 1). Thelytokous 
parthenogenesis can be categorized into two major cyto- 
logical divisions, ‘apomixis (ploidy stasis)’ and ‘automixis 
(ploidy restoration).’ In apomictic parthenogenesis, known 
as clonal reproduction in aphids, the features of meiosis are 
either entirely or partially lacking. Only one maturation 
division takes place in the egg and this division is equa- 
tional. The offspring retain the genetic constitution of 
the mother excluding mutations, and heterozygosity is 
maintained in subsequent generations. 

Automixis with Central Fusion 

In Hymenoptera, females are usually produced by sexual 
reproduction and are diploid, while males develop from 
unfertilized eggs and are haploid. In some social Hyme¬ 
noptera, however, females can produce female offspring 
from unfertilized eggs. In general, thelytoky in eusocial 
Hymenoptera, such as the ants Pristomyrmex pungens and 
Cataglyphis cursor. ; and the honeybee Apis mellifera capensis , 
is automixis with central fusion, in which two haploid 
pronuclei that segregate at meiosis I fuse to restore dip- 
loidy. Therefore, the offspring have the same genotype as 
their mother for the loci that did not recombine, whereas 
an offspring is homozygous for one of the two maternal 
alleles if recombination occurred. The recombination rate 
and thus the frequency of transition from heterozygosity 
to homozygosity vary across loci, depending on the dis¬ 
tance to the centromere (Figure 2). Compared to other 


forms of ploidy restoration, the reduction of heterozygos¬ 
ity is slowed under central fusion. 

In social Hymenoptera, the maintenance of hetero¬ 
zygosity at the sex locus is essential for successful long¬ 
term propagation of parthenogens because the locus must 
be heterozygous for the expression of female traits. Cen¬ 
tral fusion gradually increases homozygosity over time 
because of recombination. Reduced rates of recombina¬ 
tion are predicted to evolve for the maintenance of 
genetic diversity in parthenogens propagating thelyto- 
kously with central fusion. In the little fire ant Wasmannia 
auropunctata , the absence of recombination in the central 
fusion presumably evolved as a mechanism for maintain¬ 
ing heterozygosity. 

Automixis with Terminal Fusion 

In contrast to eusocial Hymenoptera, thelytoky in termites, 
such as Retieulitermes speratus and R. virginicus , is accomplished 
by automixis with terminal fusion, in which two haploid 
pronuclei that divide at meiosis II fuse (Figure 2). Thus, 
offspring are homozygous for a single maternal allele at all 
loci that did not crossover, whereas offspring have the same 
genotype as their mother at loci where crossover occurred. 
This causes a rapid reduction of heterozygosity. The near¬ 
total homozygosity caused by terminal fusion requires that all 
recessive lethal genes be eliminated in the course of evolution 
prior to the appearance of parthenogenesis. Otherwise the 
species will be unable to produce viable parthenogens. 
Inbreeding should preadapt a population to parthenoge¬ 
netic modes that promote rapid homozygosity, but this 
inbreeding preadaptation hypothesis has not been sup¬ 
ported by empirical studies. In termites, however, genetic 
purging through repeated inbreeding might have been a 
necessary preadaptation for the evolution of thelytoky. 

Conditional Use of Sexual and Asexual 
Reproduction in Eusocial Insects 

In social insects genetic diversity at both the individual and 
colony level is important for colony growth, survival, and 
reproduction. Perhaps the best solution to the dilemma 
over the costs and benefits of sexual and asexual reproduc¬ 
tion is to use both modes of reproduction conditionally and 
to therefore experience the best advantages of both. Indeed, 
recent studies have uncovered unusual modes of reproduc¬ 
tion in ants and termites, in which they take advantage of 
the social caste system to use sex for somatic growth and 
parthenogenesis for germ line production. 

Conditional Use of Sex in Ants 

Reports on Cataglyphis cursor, a common ant in the dry 
forests of Europe, suggested that unmated workers 
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produce both new queens and workers by thelytokous 
parthenogenesis in colonies that have lost the mother 
queen. Recently, M. Pearcy and colleagues discovered 
that both unmated workers and mated queens can use 
thelytokous parthenogenesis. The genotypes of queens 
and workers within colonies revealed that they consis¬ 
tently had different genotypes. Furthermore, a detailed 
analysis of 35 monogamous colonies showed that 96% of 
the queens (54 of 56) were produced by parthenogenesis. 
In contrast to queens, 97% of the workers (476 of 489) had 
been produced by normal sexual reproduction. Thus, 
queens of this species use alternative modes of reproduc¬ 
tion to produce queens and workers. 

The use of asexual reproduction allows queens to 
maximize their reproductive success by increasing the 


transmission rate of their genes to their reproductive 
female offspring. On the other hand, males normally 
archive direct fitness only through diploid female offspring 
because males usually develop from unfertilized maternal 
eggs in haplodiploid species. Therefore, thelytokous par¬ 
thenogenesis by queens, which potentially reduces male 
reproductive success to zero, is a grave threat to males, 
implying major conflict between sexes. 

In the little fire ant Wasmannia auropunctata , the evolu¬ 
tionary arms race between sexes has impelled a very 
unusual mode of reproduction. Similar to C. cursor, queens 
are produced parthenogenetically and workers sexually. 
Surprisingly, W. auropunctata males are also clonally pro¬ 
duced by their fathers, whereby all males exhibit the 
same genotypes as their fathers. A plausible mechanism 
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underlying this mode of reproduction is elimination of 
the maternal genome in eggs, and thus the resulting 
haploid males have genotypes identical to the sperm 
stored in the queens’ spermathecae. Most recently, a 
mode of reproduction identical to that of W auropunctata 
was found in the Japanese queen-polymorphic ant Vollen- 
hovia emeryi with clonal reproduction by both queens and 
males. Because genes are transmitted only between indi¬ 
viduals of the same sex, there is no gene flow between the 
male and queen gene pools. As a result of the obligate 
clonal reproduction by both sexes in these ant species, the 
queens’ and the males’ genomes are completely separated 
and form two distinct genetic lineages within the species. 

Conditional Use of Sex in Termites 

Termites have often been compared with ants. However, 
termites are basically social cockroaches, whereas ants 
evolved from wasps. Their different ancestries provided 
both groups with different life history preadaptations for 
social evolution. These phylogenetically divergent insects 
differ in fundamental ways. Unlike the haplodiploid 
Hymenoptera, both sexes of termites are diploid. Termites 
are hemimetabolous, whereas ants are holometabolous. 
Nevertheless, the structural elements of social organiza¬ 
tion in ants and termites are highly convergent, suggesting 
common selection factors in their social evolution. One 
of the most amazing convergences can be seen in the fact 
that conditional use of sexual and asexual reproduction 
evolved not only in ants but also in termites. 

Opening the black box 

In most termite species, one king and one queen usually 
found colonies. In termites, especially in lower termites, 
it has long been believed that the inbreeding cycles of 
generations of neotenic reproductives (offspring of the 
colony) propagate the colony after the death of the primary 
king and queen. Evidence for inbreeding depression in ter¬ 
mites is mounting, such as higher mortality in inbred incipient 
colonies and lower lifetime fecundity in inbred colonies. 
Like most subterranean termites, Reticulitermes species have 
cryptic nesting habits with transient, hidden royal chambers 
underground or deep inside wood, making it difficult to 
reliably collect reproductives. Therefore, the breeding system 
of subterranean termites has been primarily estimated by 
genotyping workers or culmring laboratory colonies rather 
than censuses of field colonies. 

R. speratus is the most common termite in Japan. 
To obtain reproductives from a sufficient number of nat¬ 
ural colonies, we collected more than 600 nests in the 
field. We successfully found the royal chambers, where 
reproductives and young broods were protected, of 30 
colonies. In nearly all cases, primary kings were continu¬ 
ously present but primary queens had been replaced by an 
average of 55.4 secondary queens. These results indicate 


that primary kings live much longer than primary queens; 
replacement of the primary king is rare, whereas replace¬ 
ment of the primary queen is the rule at a certain point in 
colony development. In addition, secondary reproductives 
always differentiate from nymphs but never from workers 
in natural colonies (Figure 3). 

The paradox of the king-daughter inbreeding 
hypothesis 

Sexual reproduction can lead to important conflicts 
between sexes and within genomes. In monogamous ter¬ 
mites, conflicts between the primary king and queen can 
arise over parental investment and genetic contribution to 
offspring. Our finding that primary queens are replaced 
much earlier than primary kings in R. speratus leads to a 
paradox if the secondary queens are the daughters of the 
primary king. King-daughter inbreeding should result 
in uneven genetic contribution to the secondary offspring 
(offspring of secondary queens) by the primary king 
and queen. The life-for-life relatedness of a primary 
king to the secondary offspring produced by king- 
daughter inbreeding is 5/8, while relatedness of the pri¬ 
mary queen to the secondary offspring is 1/4 when the 
primary king and the primary queen are unrelated. Because 
male primary reproductives are 2.5 times more related to 
offspring than is the primary queen under this system, 
colonies are expected to bias alate (new primary repro¬ 
ductives that disperse) production in favor of males. Con¬ 
trary to this prediction under this breeding system, the 
alate sex ratio is slightly but significantly female-biased in 
this species (numerical ratio of male = 0.43 =h 0.02 SE ). 
Because of the larger size of females relative to males, 
the biomass sex ratio was even more biased toward females 
(investment ratio of male: 0.415 =h 0.02 S e)- This inconsis¬ 
tency between king-daughter inbreeding and sex invest¬ 
ment ratio in alate production suggests that there is a 
different breeding system in which the king and queen 
have more equal genetic contributions to offspring. 

Queen succession through asexual reproduction 

While examining genotypes within nests of R. speratus, 
we uncovered an extraordinary mode of reproduction. 
Secondary queens are almost exclusively produced parthe- 
nogenetically by the founding primary queens, whereas 
workers and alates were produced by sexual reproduction 
(Figure 3). By using parthenogenesis to produce secondary 
queens, primary queens are able to retain the transmission 
rate of their genes to descendants while maintaining genetic 
diversity in the workers and new primary reproductives 
even after the primary queen is replaced. The relatedness 
of the primary queens to workers (r= 0.49, SEj ackknife 
= 0.04) and to alate nymphs (r=0.58, SEj ackkn jf e = 0.079) 
is not significantly different from 0.5, the value expected 
between a female and her sexual offspring. This is twice 
what the expected genetic contribution queens would 
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make to colony members under king-daughter inbreeding 

(^primary queen to king-daughter offspring 0.25). 

Parthenogenetic production of secondary queens 
allows R. speratus to undergo queen succession without 
inbreeding. Heterozygosity of workers in colonies headed 
by secondary queens was as high (H 0 = 0.733) as that 
expected for offspring produced by outcrossing of the 


primary king and the primary queen (H e = 0.736). Like¬ 
wise, there was no significant reduction of heterozygosity 
in nymphs produced in colonies with secondary queens. 
Further evidence of the lack of inbreeding in R. speratus 
colonies is provided by the low inbreeding coefficient 
of workers, which did not differ significantly from zero 
(F\t — 0.014, SEj ackkni f e = 0.048, over all loci). The lack of 
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consanguineous mating in this breeding system may also 
benefit primary kings. The offspring produced by out- 
crossing between the king and parthenogenetic queens 
may have greater fitness than those produced by king- 
daughter inbreeding. 

The production of secondary queens through condi¬ 
tional parthenogenesis effectively extends the reproduc¬ 
tive life of the primary queen, greatly expanding her 
reproductive capacity. This process of queen succession 
allows the colony to boost its size and possibly its growth 
rate without suffering any loss in genetic diversity or 
diminishing the transmission rate of the queen’s genes 
to her grand offspring, feats that would not be possible 
if secondary queens were produced by normal sexual 
reproduction. 

Purging selection 

A faster rate of accumulation of deleterious mutations is 
a major cost of asexual reproduction. In haplodiploid 
organisms, deleterious alleles are directly exposed to 
selection each generation in the haploid males, and there 
is no masking effect of dominance. Therefore, purging 
selection will cause a more rapid decrease in the frequency 
of deleterious alleles at haplodiploid loci than at compa¬ 
rable loci in diploid organisms. 

In termites, paradoxically, asexual queen succession 
can function to purge deleterious mutations. Parthenoge¬ 
netic offspring are homozygous for a single maternal allele 
at all loci because of terminal fusion. Therefore, deleteri¬ 
ous recessive genes are exposed to selection in homozy¬ 
gous parthenogens. Parthenogens carrying homozygous 
recessive deleterious alleles should not be able to survive 
or develop into functional secondary queens. The obligate 
occurrence of parthenogenesis in the normal life cycle of 
this species can eliminate recessive deleterious genes in 
every generation, much like the genetic purging that 
haploid males of Hymenoptera undergo, eliminating the 
transmission of deleterious recessive alleles to the sexual 
offspring. 

Comparison of the Conditional Use of 
Thelytoky Between Ants and Termites 

Asexual royal succession in R. speratus is in some ways 
analogous to the conditional use of sex found in the ants 
C. cursor. ; IV. auropunctata , and V emeryi. In these ant and 
termite species, queens do not require sperm from mates 
to produce diploid (female) offspring. Nevertheless, they 
retain sexual reproduction for production of workers and 
thus the genetic diversity in the worker force is main¬ 
tained. By using alternative modes of reproduction for the 
queen and worker castes, genetic diversity in the worker 
population can be maintained. 

As discussed earlier, reduced genetic diversity in the 
worker force may be detrimental to the colony because it 


leads to reduced defense against parasites, less efficient 
division of labor, and a decreased range of environmental 
conditions that a colony can tolerate. These costs are akin 
to those thought to lead to the instability of parthenoge¬ 
netic reproduction in nonsocial organisms. Thus, sexual 
reproduction might have important benefits for colony 
function through increased defense against parasites, 
more efficient division of labor, and an increased range 
of environmental conditions that a colony can tolerate. 
Queens of these species take advantage of the social caste 
system to use sex for producing workers, which amounts 
to somatic growth but parthenogenesis, which does not 
involve the evolutionary cost of sex is used for germ line 
production. 

If workers retain reproductive potential (totipotency) 
and have the chance to reproduce, queens may increase 
direct fitness by producing workers by parthenogenesis to 
some extent. In C. cursor, a small portion (2.5%) of workers 
is produced by parthenogenesis, and unmated workers 
have the chance of reproduction in colonies that have 
lost the queen. Under complete worker sterility, however, 
queens gain no fitness benefit by using parthenogenesis 
for worker production. In IV. auropunctata , which exhibits 
complete worker sterility, all workers are produced by 
sexual reproduction. In the termite R. speratus , workers 
are always produced by sexual reproduction. We found 
that all of the 1660 secondary queens collected from field 
colonies were nymphoid, that is, neotenic reproductives 
with wing buds differentiated from nymphs. This indi¬ 
cates that workers have no chance to develop into second¬ 
ary queens in nature (Figure 3). This suggests that worker 
sterility relaxes the sexual conflict over worker produc¬ 
tion and thus favors the use of sexual reproduction for 
worker production. 

Another commonality is that the parthenogenetic 
queens produced in both systems are cared for their entire 
lives by workers. In ants, the conditional use of partheno¬ 
genesis for new queen production primarily occurs in 
dependent-founding species, most likely because the pres¬ 
ence of workers compensates for the negative effects of 
parthenogenesis. Automictic parthenogenesis with central 
fusion gradually increases homozygosity over time because 
of crossing-over. By increasing the levels of homozygosity, 
parthenogenesis should result in reduced queen survival 
and fitness. In line with this prediction, queens of Catagly- 
phis sabulosa , in which colony reproduction proceeds 
through flight dispersal and independent colony found¬ 
ing, produce new queens by sexual reproduction although 
they are capable of thelytokous parthenogenesis. 

In R. speratus , only the nondispersing neotenic (second¬ 
ary) queens that develop within established colonies are 
produced asexually, whereas alates (adult primary queens) 
are produced sexually. Parthenogenesis with terminal 
fusion results in near-complete homozygosity, which 
should reduce the viability and fitness of the secondary 
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queens. However, the consequences for secondary queens 
in this termite species may be minimal, because secondary 
queens stay in the natal nest protected and cared for 
by the existing worker force, unlike independent colony 
founding by the primary king and queen. Contrary to 
neotenic queens, alates of termites disperse and found 
colonies independently, and are thus subjected to a 
number of environmental contingencies in which genetic 
diversity is likely to be advantageous. 

Genetic Influences on Reproductive 
Division of Labor 

Eusocial insects, by definition, have a reproductive divi¬ 
sion of labor, which is often associated with a pronounced 
queen-worker polymorphism. Though caste differentia¬ 
tion is mostly controlled by environmental and social 
factors, recent studies have documented genetic influ¬ 
ences on queen-worker differentiation. Queens in certain 
populations of Pogonomyrmex harvester ants are always 
homozygous, whereas workers are heterozygous hybrids. 
Avery similar genetic caste determination associated with 
interspecific hybridization is also known in Solenopsis ants. 
Among multiple queens within colonies of S. xyloni , queens 
that mate with a conspecific male produce only new 
queens, while queens that mate with a S. geminata male 
produce only workers. 

Genetic influences on queen-worker differentiation 
are essential to the conditional use of sexual and asexual 
reproduction. In the termite R. speratus , parthenogens are 
strongly biased to develop into secondary queens, sug¬ 
gesting that differentiation into this caste is genetically 
influenced, possibly by whether individuals are heterozy¬ 
gous or homozygous at certain loci. This asexual royal 
succession system can work only if parthenogens have 
priority to become secondary queens. Without any genetic 
influence on caste differentiation, it seems impossible to 
do this. The genetic system of homozygous advantage 
to be secondary queens makes it possible. Our latest 
analysis of the relationship between reproductive domi¬ 
nance of secondary queens obtained from experimentally 
orphaned colonies and their genotypes suggested that 
homozygosity at least two independent loci influenced 
the priority to differentiate into secondary queens, thus 
suggesting the existence of a multilocus queen determi¬ 
nation system. 

Future Perspectives 

Recent findings of extraordinary modes of reproduction 
in phylogenetically divergent eusocial groups show that 
eusociality with its attendant caste structure and unique 
life histories can generate novel reproductive and genetic 
systems with mixed modes of reproduction that can provide 


important insights into the advantages and disadvantages 
of sexual reproduction. 

Although conditional use of sexual and asexual repro¬ 
duction is currently known only in three ants and a single 
termite species, breeding systems involving conditional 
parthenogenesis may occur in other eusocial insects. To 
date, the ability to reproduce parthenogenetically has 
been reported in unmated females in seven termite species 
from four different families, in which the production of 
neotenic replacement reproductives is common. This 
raises the possibility that the conditional use of sex and 
parthenogenesis could be widespread within this ecologi¬ 
cally and economically important group of social insects. 
In addition, the genetic system of homozygous advantage 
to secondary queens may provide an ideal opportunity to 
identify the queen determination gene in termites. Indeed, 
molecular tools including RNAi may help reveal the 
queen determination gene in the near future. 

See also: Kin Selection and Relatedness; Queen-Worker 
Conflicts Over Colony Sex Ratio. 
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Introduction 

The sex of an animal can be viewed as a part of its mating 
strategy. While most animals and plants have their sex 
determined by the genotype established at fertilization, 
evolutionary theory suggests that the roughly 1:1 sex ratios 
usually observed are a result of frequency-dependent selec¬ 
tion. By contrast, many animal and plant species exhibit 
environmental sex determination, wherein an individual’s 
sex is instead determined by some aspect of the environ¬ 
ment at a point after fertilization. The key cues from the 
environment determining sex can be chemical or physical, 
as in animals such as sea turtles, or social interactions as with 
the functional adult sex change observed in many fishes. 
Socially controlled sex change in reef fishes is the topic of 
this article. 

Fishes exhibit the broadest range of sexual expression 
patterns observed in the vertebrate animals. This expression 
ranges from strict gonochorism, in which sex is determined 
by genotype at fertilization, to simultaneous hermaphro¬ 
dites that switch sexual roles between male and female 
function on a second-to-second basis. This diversity in 
sexual patterns is most prominent in coral reef environ¬ 
ments, but is also found in fishes inhabiting all marine 
environments. Interestingly, however, fishes in freshwater 
environments exhibit considerably less of this sort of diver¬ 
sity in sexual expression for reasons that are still poorly 
understood. 

This article describes the different sexual patterns 
observed in fishes, the mating systems associated with 
these different patterns, hypothesized selection pressures 
favoring the different patterns, and concludes with a sum¬ 
mary of our understanding of the physiology of sex 
change at the endocrine and behavioral levels. Sexually 
labile fishes provide fascinating examples of how repro¬ 
ductive physiology and behavior can adapt to selective 
pressures exerted by mating systems. They also offer 
superb opportunities for understanding the precise mech¬ 
anisms by which evolutionary pressures act on neural and 
genetic systems as organisms adapt to their environments. 

Sex Change Patterns in Reef Fishes 

Reef fishes display three major patterns of‘sexual lability’ 
(Figure 1). Protandry is observed when individuals mature 
as males and can later change to become functional 
females. This pattern is observed in a variety of species, 


but is best exemplified on reefs by the anemonefishes (an 
anemonefish was the star of the movie ‘Finding Nemo’). 
These fishes are obligate symbionts of large tropical sea 
anemones with individuals settling into groups after a brief 
life as planktonic larvae. Anemonefishes (Pomacentridae, 
subfamily Amphiprioninae) develop initially as immature 
females and form testicular tissue if they become the sec¬ 
ond largest individual in a social group. The largest indi¬ 
viduals in each social group are mature females. These 
females are aggressively dominant over other members of 
the group, and this aggressive display appears to suppress 
sexual development and sex change in the other residents. 
There is also variation in the paths individuals may take to 
this sexually mature, socially dominant female role. While 
most females in the species that have been studied appear 
to pass through immature female, then functional male, and 
finally sexually mature female roles, variation is observed 
in that immature females can mature directly as females 
bypassing the mature male stage entirely if they become 
the largest and socially dominant individual in a social 
group. 

Protogyny is the most common form of sexual lability 
observed in reef fishes. This pattern involves individuals 
developing initially as immature females, then typically 
as mature females before later potentially changing sex 
to become a mature male. Protogyny can take two distinct 
forms. In monandric (‘one male’) protogyny, all indivi¬ 
duals pass through a functional female stage before chang¬ 
ing sex to become male. This pattern is observed in many 
wrasses, angelfishes, gobies, and other sex-changing species. 
The other pattern is diandric protogyny (‘two males’). 
Individuals in these species can mature as either a male 
or a female initially, and either one of these morphs can 
then undergo role change on attaining a large size to 
become a colorful, strongly courting morph that typically 
defends a spawning territory aggressively. This pattern is 
observed in a number of wrasses and parrotfishes. 

The bluehead wrasse, Thalassoma bifas datum, provides a 
good example of diandric protogyny. Bluehead wrasses 
are broadcast spawners, releasing eggs into the water 
column from established breeding sites on Caribbean 
coral reefs. Following a period of planktonic larval devel¬ 
opment, wrasses settle on reefs at approximately 15-mm 
length and grow to approximately 40 mm in length before 
sexual development begins. Most individuals mature as 
females, but some mature instead as initial phase or ‘IP’ 
males. IP males are similar in external appearance to 
females except for a sexually dimorphic genital papilla. 
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Figure 1 Sex change patterns in fishes. 


This ‘female’ appearance is very important for IP males, 
as one important mating tactic they exhibit is termed 
‘sneaking.’ Sneaker males attempt to and often succeed 
in gaining fertilizations by joining the pair spawns of 
females and terminal phase (TP) males. IP males may 
also join group spawns, where often 20-50 or more IP 
males congregate at particular spawning sites on reefs and 
attempt to fertilize the eggs of females when these females 
visit the site to spawn. Competition for access to females 
among these group spawning IP males is intense and 
places a premium on producing large numbers of sperm 
in order to more effectively compete for fertilizations in 
the gamete clouds that result when a female releases her 
eggs among several IP males. This sperm competition is 
thought to be the reason IP males typically have very 
large testes in both relative and absolute terms compared 
to the larger-bodied TP males. 

Terminal phase or ‘TP’ males are large, colorful, and 
usually aggressive. The mating strategy of these males 
relies on controlling access to spawning sites that females 
visit. A series of studies by Robert Warner of the Univer¬ 
sity of California at Santa Barbara and colleagues suggests 
that while females do exhibit preferences for particular 
male characteristics, particularly the size of the white 
patch in the ‘oreo’ that is a prominent signal on TP 
male flanks, the primary determinant of TP male mating 
success is the spawning site that a particular male is able 
to aggressively monopolize. 

Two sexual patterns fishes exhibit entail still greater 
sexual lability in gonadal development and behavior. 
Protandry and protogyny were discussed earlier as they 
are exhibited in different species, but some tropical goby 
species (family Gobiidae) exhibit bidirectional sex 
change - an ability to change from female to male or 
male to female depending on the mating situation they 
encounter. Members of the genus Gobiodon provide partic¬ 
ularly good examples. These small-bodied gobies live 
in very close association with branching coral, which 
they depend on for protection against predators and 
form male-female monogamous mating pairs. Being 


small-bodied and relatively weak swimmers, moving 
among corals is likely to be dangerous in the predator- 
rich coral reef environment. This restriction on mobility 
is thought to be the selective force that has favored the 
unusual ability members of this genus show to undergo 
bidirectional sex change (i.e., either protandrous or pro- 
togynous sex change). If one member of a mated pair in 
Gobiodon erythrospilus is lost to predation, another individ¬ 
ual will replace it. If the new individual is of the same sex 
as the remaining pair member, either male or female, one 
of the two fish will undergo sex change and a heterosexual 
pair is re-established on that coral. Typically, the larger of 
the two fish becomes the male in this situation. This 
pattern is characteristic of Gobiodon and some other genera 
of gobies. 

A different sexual pattern is seen in the goby genus 
Lythrypnus , which is native to the west coast of North 
America. The bluebanded goby Lythrypnus dalli is a simul¬ 
taneous hermaphrodite, maintaining both ovarian and 
testicular tissue in the gonad, but displays behaviors char¬ 
acteristic of only one sex at a time. The amount of gonadal 
tissue dedicated to testicular function can be altered 
depending on an individual’s body size relative to other 
individuals with larger fish allocating more to testicular 
function. However, this allocation depends on mating 
success in the male role. Fish that shift gonadal tissue 
primarily to testicular function and are behaviorally 
male, but do not receive eggs retain large amounts of 
ovarian tissue while those who are successful in receiving 
eggs retain much less ovarian tissue. 

The most dramatic example of sexual lability in fishes 
is the simultaneous hermaphrodites in the family Serra- 
nidae that alternate female and male sexual behavior and 
function on a second-to-second basis. The family Serra- 
nidae also includes the larger groupers, many of which are 
protogynous sequential hermaphrodites. The best studied 
of the serranid simultaneous hermaphrodites from a 
behavioral and mating system perspective are the hamlets 
(Hypoplectrus ) native to reefs in the Caribbean Sea. This 
group displays a fascinating mating pattern termed ‘egg 
trading.’ Hamlets make short migrations to spawning 
locations near sunset each day and spawn during a short 
period before darkness. Individuals form pairs that will 
spawn together a number of times with changes in sexual 
roles between each spawn - the fish that spawns as a 
female in the first spawn releases only a portion of the 
ovulated eggs it holds while the other individual fertilizes 
these eggs. These fish then change sexual roles and the 
fish that just spawned as a male now adopts the female 
role and releases a portion of the eggs it has ovulated. This 
sequence is repeated several times until the ovulated eggs 
of both fish have been released. This unusual mating 
behavior including both rapid alternation of sexual roles 
and spawning during a restricted period at the end of the 
day is thought to prevent ‘cheating’ in which an individual 







162 Sex Change in Reef Fishes: Behavior and Physiology 


might dedicate resources to testicular function, fertilize 
the eggs of a spawning partner, and then fail to reciprocate 
by releasing eggs of its own to instead seek out another 
fish to mate with and gain the fertilization of the more 
energetically expensive eggs. 

Adaptive Significance of Sex Change in Reef 
Fishes: The Size Advantage Model 

What is the evolutionary advantage to sex change? The 
best-established model was proposed by Michael Ghiselin 
and is termed the ‘size advantage model.’ This model 
posits that if individuals of a species can reproduce more 
effectively when small or young as one sex and then more 
effectively as the other sex when larger or older, they 
should exhibit sex change at the age or size when this 
change takes place. Figure 2 illustrates this concept gra¬ 
phically. Because fecundity typically increases, often dra¬ 
matically, with increases in body size in female fishes, the 
reproductive advantage of being male at large size must be 
substantial. This sort of sizable advantage for large indi¬ 
viduals who become male is seen in the bluehead wrasse 
example given above where large TP males monopolizing 
successful spawning sites may fertilize the eggs of 50 or 
more females in a single spawning period. 

Other situations exist in which sex change may be 
strongly adaptive for individuals. The example of bidirec¬ 
tional sex change in Gobiodon described earlier is such 
a case. Simultaneous hermaphroditism may be similarly 
adaptive in cases where it is either dangerous to find mates 
of the opposite sex or population densities are very low 
and finding any mate is challenging. The latter situation is 
found in some deep-sea fishes. It is hypothesized that 



Body size 


Figure 2 Graphical representation of the Size Advantage 
Model of sex change. Female fecundity (red line) increases 
steadily as a function of body size while males (blue line) must 
achieve large body size to effectively compete for matings in 
many reef fish mating systems. This model predicts that sex 
change should occur at the body size where expected male 
reproductive success exceeds that of similarly sized females 
(dashed arrow). 


potential mates are rarely encountered in the deep and 
very dark environment, so simultaneous hermaphrodites 
realize an advantage because they can successfully mate 
with any member of their species they encounter. 

There are also variations where sex change occurs in 
some habitats, but not others. In anemonefishes where 
colonies are found in close proximity to each other, it 
may be adaptive for a male who loses his female mate to 
move to another anemone and ‘evict’ the resident male if 
the female there is larger than he is. This is because 
fecundity is related to size and that larger female can 
produce more eggs than the male in question could if he 
changed sex. 

In other damselfish species, the adaptive significance of 
sex change appears to depend on characteristics of the 
habitat. For example, in the humbug damselfish Dascyllus 
aruanus , sex ratios on small corals that can be aggressively 
monopolized are heavily female biased and the largest 
individual is a male, resulting in a resource-defense 
polygyny situation. By contrast, in habitats characterized 
by large patches of essentially continuous coral cover, 
females are not tied to any particular patch of habitat 
and males consequently cannot monopolize these females. 
Approximately equal sex ratios are typical of these habi¬ 
tats with males controlling nest sites and females moving 
freely through the colonies. Other aspects of life history 
can also determine whether sex change is adaptive or 
not. For example, Mediterranean wrasses of the genus 
Symphodus show variation in the degree of paternal care 
of offspring. Symphodus melanocercus exhibits ‘broadcast 
spawning’, release of eggs into the water column where 
development takes place in the plankton and there is no 
paternal care. By contrast, Symphodus ocellatus and Sympho¬ 
dus roisalli instead spawn negatively buoyant eggs that sink 
to the bottom and are cared for in a nest by the parental 
male. Nesting and the attendant parental care limits the 
number of females a given male can mate with, and this 
limitation reduces the potential advantages associated 
with sex change. This situation predicts that sex change 
will be rare or absent in the species with extensive pater¬ 
nal care. Consistent with this prediction, protogyny 
appears common in S. melanocercus , but not S. ocellatus or 
S. roisalli. 


Proximate Cues Regulating Sex Change 

The preceding section discussed the ultimate causation or 
‘Why?’ of sex change. This section will describe some of 
what is known regarding the proximate causation or 
‘How?’ of sex change, particularly the cues from conspe- 
cifics controlling the process. 

The first clear demonstrations of social control of sex 
change were provided for the Indo-Pacific cleaner wrasse 
Labroides dimidiatus and the fairy basslet Pseudanthias squa- 
mipinnis (Figure 3). Removal of the dominant male from 
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Figure 3 The Indo-Pacific cleaner wrasse Labroides dimidiatus 
and the basslet Pseudanthias squamipinnis (left and right 
respectively), the two species first described as undergoing 
socially controlled sex change in a naturally relevant context. 


Caribbean goby Coryphopterus glaucofmenum by Cole and 
Shapiro showed that sex change was more likely to occur 
in solitary females that received water from tank holding a 
group of conspecific females than for females in tanks 
receiving water from identical empty aquaria or aquaria 
containing either females of a different species or conspe¬ 
cific males. A pheromonal cue is the most likely explana¬ 
tion for these results. 


Physiology of Sex Change 


groups of cleaner wrasses resulted in the almost immedi¬ 
ate display of male-typical courtship behavior by the 
largest female in the group and rapid sex change. This 
removal of a dominant individual also stimulates sex 
change in other species in both the laboratory and the 
wild. Examples include bluehead wrasses, Potters angel¬ 
fish ( Centropyge potteri ), and different anemonefish species. 
A range of specific cues or a combination of cues could 
mediate this transition, and more recent efforts have been 
directed at elucidating which cues in particular regulate 
sex change, although these are still poorly understood. 

A particularly complete study in the Hawaiian saddle¬ 
back wrasse Thalassoma duperrey showed that both stimu¬ 
lation from smaller conspecifics and inhibition from 
larger conspecifics were important regulatory influences. 
Holding females with smaller conspecifics, male or 
female, induced sex change while adding a larger conspe¬ 
cific would suppress this sex change. The influence from 
the conspecific needs to be visual as holding the larger 
conspecific in the same pen, but with a visual barrier that 
did not prevent transmission of olfactory cues did not 
prevent sex change. Finally, these experiments showed 
that the smaller individuals needed to be of the same 
species to stimulate sex change; holding females with 
a smaller individual of the congeneric blacktail wrasse 
Thalassoma ballieui did not induce sex change. 

A study using the Hawaiian Potter’s angelfish (C. pot¬ 
teri) in a seminatural enclosure tested a series of models of 
how social environment regulates female-to-male sex 
change and focused on how the rate of encountering 
conspecifics might regulate the sex change process. As 
with saddleback wrasses, both stimulation from smaller 
females and inhibition from larger males were important. 
Interestingly, holding group size and composition con¬ 
stant, but varying density through varying the size of the 
experimental enclosure influenced the likelihood of sex 
change. Higher density led to greater male encounter 
rates, presumably greater inhibition, and lower rates of 
sex change in large females. 

Pheromonal cues affect reproductive function in a 
variety of fishes, but relatively little is known regarding 
pheromone influences on sex change. A study in the 


Social control of sex and role change is a remarkable adap¬ 
tation. However, socially controlled sex change can also be 
viewed as a particularly striking ‘experiment of nature’ that 
provides insight into the general phenomenon of social 
influences on reproductive function. These influences are 
widespread in vertebrate and invertebrate animals, but the 
precise mechanisms by which social environment affects 
the brain remain poorly understood. Richard Francis has 
suggested that social control of sex may be more likely in 
fishes because of the ‘polarity’ in development of the brain 
and gonads relative to tetrapods. Typically, gonadal sex 
determination and differentiation takes place relatively 
late in fishes, often well after individuals have hatched, 
become well developed and have grown considerably - 
essentially small bodied versions of the adult phenotype. 
By contrast, the gonads typically form and differentiate 
early in tetrapods and well before sexual differentiation of 
the brain takes place. Being able to assimilate various types 
of information about their environment, including social 
interactions, before gonadal differentiation takes place may 
facilitate environmental sex determination in fishes and this 
is seen in a variety of species that do not exhibit sex change 
as adults. The mechanisms which may underlie the ability 
to change both gonadal sex and behavior as an adult may be 
related to the lability seen in juvenile fishes of many species 
and is the topic of the final section. 

The Reproductive Endocrine Axis and Sex 
Change: Gonadal Steroid Hormones 

Research into the physiological mechanisms responsible 
for sex change has focused on the reproductive axis com¬ 
prising the hypothalamus, anterior pituitary gland, and 
gonads (abbreviated as the ‘HPG axis’). I first discuss the 
descriptive studies of the HPG axis in sex-changing spe¬ 
cies, then follow this with a brief summary of manipula¬ 
tive studies intended to test causality for signaling at 
different points in this axis. Finally, I will address other 
neural signaling systems that may interact with the HPG 
axis to transduce perception of social interactions into 
reproductive and behavioral changes. 

A variety of studies have now documented differences 
in profiles of circulating steroid hormones across sexes 
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and sexual phenotypes in sex-changing fishes. Nakamura 
and colleagues completed one of the most comprehensive 
studies of a species exhibiting socially controlled sex 
change in their work on the saddleback wrasse, T. duperrey. 
Terminal phase male saddleback wrasses have higher 
levels of the androgen 11 -KT than either females or the 
female-mimic IP males. By contrast, TP males have lower 
levels of the key estrogen E 2 than females. Interestingly, 
testosterone levels do not differ between the sexual phe¬ 
notypes, which may relate to testosterone being a biosyn¬ 
thetic intermediate in the production of both 11-KT 
and E 2 . The stoplight parrotfish, Sparisoma viride , shows 
a similar pattern of differences between TP males and 
females with higher levels of 11-KT and lower levels 
of E 2 . Stoplight parrotfish also show differences across 
sexual phenotypes and dominance status within males 
with higher levels of 11-KT in TP males compared to 
IP males and territorial TP males compared to nonterri¬ 
torial TP males. This general pattern of differences in 
circulating sex steroid hormone concentrations is found in 
other wrasse species and in other groups such as groupers 
and gobies. Anemonefish show protandrous (male-to- 
female) sex change, but the pattern of higher 11KT in 
males and higher E 2 in females is consistent with that seen 
in protogynous species. 

The differences in circulating levels of sex steroid 
hormones are mirrored by differences in steroid hormone 
production by the gonads where this has been examined. 
The higher levels of 11KT in blood in TP male saddle¬ 
back wrasses are reflected in higher production of this 
androgen in vitro (i.e., in tissue culture). Estrogen biosyn¬ 
thetic capacity may be especially important in regulating 
sex change. Paralleling the difference in plasma levels of 
E 2 , aromatase protein expression is higher in ovaries in 
saddleback wrasses than in the testes of TP males. The 
bidirectionally sex-changing goby L. dalli is particularly 
interesting in this regard as aromatase activity, the ability 
to produce estrogen, has been measured in both gonads 
and brain between males and females as well as across sex 
change. Females show higher levels of aromatase activity 
in both ovaries and brain than males, and these levels 
decline rapidly with the onset of sex change. Similar 
patterns to those in wrasses and gobies are seen in 
groupers as well. 

The differences in sex steroid levels and production 
described so far are correlative in nature. However, sex 
steroid manipulations are widely used to manipulate sex 
prior to sexual differentiation in gonochoristic fish species 
and have also proven effective in manipulating sex after 
maturation in a variety of sex-changing species. Stoll first 
showed sex change could be stimulated with androgens 
in the bluehead wrasse in 1955, and a similar effectiveness 
of androgen manipulations has since been shown in a 
variety of species. Androgens appear to be more effective 
in this regard if they cannot be converted to estrogens. 


For example, 11KT and 11-ketoandrosterone were more 
effective in stimulating protogynous sex change in black- 
eye gobies (C. nicholsi) than either testosterone or a 
synthetically modified form of testosterone (methyl 
testosterone). 

Androgens are effective in inducing sex change, but it 
is not clear whether this is a direct or an indirect effect on 
gonadal tissue. 11-KT can reduce aromatase expression in 
the Atlantic croaker (a nonsex changer) and, as noted 
earlier, reduced aromatase expression and activity have 
been associated with protogynous sex change. Consistent 
with this observation, inhibitors of aromatase enzymatic 
activity are effective in inducing female-to-male sex 
change in protogynous species including wrasses and 
groupers as well as bidirectionally sex-changing gobies. 
There is again some uncertainty about precisely which 
tissue the important changes in aromatase occur to initi¬ 
ate the sex change process. This is because fishes differ 
from tetrapod vertebrates in having two distinct aroma¬ 
tase enzymes produced from different genes with one 
predominantly expressed in the gonads and the other in 
brain. Brain levels of aromatase activity are generally 
thought to be high in fishes, and it is possible that the 
key early changes in estrogen synthesis take place in the 
brain rather than the gonads. Brain aromatase activity 
declines very rapidly at the onset of female-to-male 
sex change in the bluebanded goby {L. dalli), while 
declines in gonadal aromatase activity occur much more 
slowly. Aromatase is expressed in critical regulatory 
regions of the fish brain, including especially the preoptic 
area of the hypothalamus (see later), and the rapid modu¬ 
lation of estrogen documented for gobies undergoing 
sex change could therefore directly influence the activity 
of key neurons regulating reproductive function and 
behavior. 

Neural Regulation of Reproductive Function and 
Behavior in Sex Change 

What are the neural regulators of sex and role change? 
For understanding gonadal change, the primary focus 
has been on gonadotropin-releasing hormone neurons 
(GnRH). Three different forms of GnRH are expressed 
in the fish brain, but it is the GnRH neurons in a region 
termed the ‘preoptic area’ of the hypothalamus that are 
implicated as the key regulators of the HPG axis. From 
the standpoint of social regulation, the best-characterized 
example of activation of GnRH neurons in response to 
changed social circumstances is in a nonsex-changing 
species with ascent to social dominance by males in the 
cichlid fish Astatotilapia burtoni. This is relevant to sex¬ 
changing species both because of similarities in social 
behaviors and because cichlid fishes are members of the 
same suborder of fishes as wrasses, parrotfishes, and dam¬ 
selfishes and therefore likely offer insight into their 
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reproductive physiology. GnRH neurons in newly domi¬ 
nant A. burtoni males show increased expression of a 
marker of neural activation (the transcription factor 
EGR1) within 20 min of these males expressing domi¬ 
nance-related behaviors. This ascent to dominance is fol¬ 
lowed by rapid increases in GnRH neuron size and testes 
size and activity. No studies have yet explored the time 
course of GnRH neuron activity in the same detail for 
sex-changing fishes, but changes in GnRH neuron phe¬ 
notype are seen across sexual phenotypes in several spe¬ 
cies. For example, TP male bluehead wrasses have greater 
numbers of hypothalamic GnRH neurons than IP males 
or females, and a TP male-typical GnRH phenotype can 
be induced with 11KT treatment. Interestingly, males of 
the protandrous anemonefish Amphiprion bicinctus also 
show greater numbers of GnRH neurons despite the 
opposite direction of sex change. 

The link between sexual plasticity and signaling through 
GnRH neurons is strengthened by manipulative experi¬ 
ments, although relatively little information is available. 
Manipulations of gonadotropic signaling including admin¬ 
istration of human chorionic gonadotropin and synthetic 
GnRH can induce varying degrees of sex change in captive 
bluehead wrasses. However, these experiments were per¬ 
formed with isolated females, and it is therefore not known 
whether such manipulations could overcome social inhibi¬ 
tion of sex change. Over-riding of social inhibition has 
been achieved through manipulations of monoamine 
neurotransmitter signaling (serotonin, norepinephrine) in 
the congeneric saddleback wrasse where sex change could 
be stimulated in the presence of large males and, through 
different treatments, inhibited when the manipulated 
female was the largest in an experimental pen and therefore 
expected to change sex. Sex change by unmanipulated large 
females was also accompanied by changes in monoamine 
profiles in a number of important brain areas in saddleback 
wrasses. Studies of bluehead wrasses are consistent with a 
role for monoamines in that augmenting serotonergic func¬ 
tion with a selective serotonin reuptake inhibitor (‘Prozac’) 
reduces aggressive display in TP males and the preoptic 
area of the hypothalamus is richly innervated with fibers 
immunopositive for tyrosine hydroxylase, a key enzyme in 
dopamine synthesis. 

The monoamine neurotransmitters play key roles in a 
variety of physiological functions including regulation of 
reproduction, but are also very important behavioral reg¬ 
ulators. Another key class of neural signaling molecules 
includes the neuropeptides arginine vasotocin (AVT) and 
isotocin, homologs to the mammalian neuropeptides argi¬ 
nine vasopressin and oxytocin, respectively. An enormous 
amount of research in recent years implicates this family 
of neuropeptides in the regulation of social behavior 
across vertebrates. Beginning with studies in the goby 
Trimma okinawae , AVT has been associated with sex 
change including in a series of studies in bluehead 


wrasses. Levels of the mRNA for AVT are greater in TP 
males than females in bluehead wrasses, and these levels 
increase when sex change is experimentally induced. 
Behavioral sex change does not depend on the presence 
of gonads in bluehead wrasses, occurring even in gonad- 
ectomized females made socially dominant. Consistent 
with a role for AVT in this behavioral dominance and 
male-typical territorial and courtship behavior, the 
increase in AVT mRNA depends on social dominance 
rather than the gonadal change (Figure 4). These findings 
are correlative, but experiments have shown that male 
typical territorial behavior and courtship can be stimu¬ 
lated by injections of AVT and reduced by injections of 
a blocker of AVT receptors. The rapid development 
of TP male-typical behaviors associated with large 
females becoming dominant can also be prevented by 
blocking AVT receptors, although male behaviors 
were not induced by AVT injections in a socially inhibi¬ 
tory environment. These findings suggest AVT action is 



Dominant and gonads removed 


Subordinant and intact 




Relative levels of AVT mRNA 

Figure 4 Social status influences AVT mRNA levels in the 
preoptic area of the hypothalamus in bluehead wrasses while 
gonadal status does not. Dominant individuals were the largest in 
their social groups while subordinants were not. Intact animals 
underwent ‘sham’ operations to control for the surgical 
procedure. Inset shows AVT mRNA in the preoptic area 
visualized by the technique of in situ hybridization. Reproduced 
from Semsar K and Godwin J (2003) Social influences on the 
arginine vasotocin system are independent of gonads in a 
sex-changing fish. Journal of Neuroscience 23: 4386-4393. 
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necessary, but not sufficient for behavioral sex change. 
The role of isotocin, the other major member of this 
neuropeptide family expressed in fishes, is not well stud¬ 
ied in sex change in relation to sex change, although one 
study in blue-banded gobies did find higher expression in 
the hypothalamus of females than in established or 
recently changed males. 


Conclusion 

Social control of sex change in fishes represents a fas¬ 
cinating and informative natural experiment for under¬ 
standing social influences on reproduction and behavior. 
A key remaining question in understanding sex change 
concerns the specific mechanisms by which these envi¬ 
ronmental cues are ‘transduced’ into physiological and 
behavioral responses. Sex change in fishes also provides 
a valuable opportunity for linking physiological and evo¬ 
lutionary adaptation. As with examples from many other 
articles in this collection, greater insight into this linkage 
should come from research in a variety of areas including 
especially advances in genetics and genomics. 

See also: Aggression and Territoriality; Male Sexual 
Behavior and Hormones in Non-Mammalian Vertebrates; 
Neural Control of Sexual Behavior; Sex Changing 
Organisms and Reproductive Behavior. 


Further Reading 

Black MP, Balthazart J, Baillien M, and Grober MS (2005) Socially induced 
and rapid increases in aggression are inversely related to brain 
aromatase activity in a sex-changing fish, Lythrypnus dalli. Proceedings 
of the Royal Society B: Biological Sciences 272: 2435-2440. 

Fishelson L (1970) Protogynous sex reversal in fish Anthias squamipinnis 
(Teleostei, Anthiidae) regulated by presence or absence of a male 
fish. Nature 227: 90-91. 

Ghiselin MT (1969) The evolution of hermaphroditism among animals. 
Quarterly Review of Biology 44: 189-208. 

Godwin J (2009) Social determination of sex in reef fishes. Seminars in 
Cell & Developmental Biology 20: 264-270. 

Hobbs JPA, Munday PL, and Jones GP (2004) Social induction of 
maturation and sex determination in a coral reef fish. Proceedings of 
the Royal Society B: Biological Sciences 271: 2109-2114. 

Kroon FJ and Liley NR (2000) The role of steroid hormones in protogynous 
sex change in the blackeye goby, Coryphopterus nicholsii (Teleostei: 
Gobiidae). General and Comparative Endocrinology 118: 273-283. 

Lutnesky MMF (1994) Density-dependent protogynous sex-change in 
territorial haremic fishes—models and evidence. Behavioral Ecology 
5: 375-383. 

Nakamura M, Hourigan TF, Yamauchi K, Nagahama Y, and Grau EG 
(1989) Histological and ultrastructural evidence for the role of 
gonadal steroid hormones in sex change in the protogynous wrasse 
Thalassoma duperrey. Environmental Biology of Fishes 24:117-136. 

Perreault HA, Semsar K, and Godwin J (2003) Fluoxetine treatment 
decreases territorial aggression in a coral reef fish. Physiology & 
Behavior 79: 719-724. 

Robertson DR (1972) Social control of sex reversal in a coral-reef fish. 
Science 177: 1007-1009. 

Semsar K and Godwin J (2003) Social influences on the arginine 
vasotocin system are independent of gonads in a sex-changing fish. 
Journal of Neuroscience 23: 4386-4393. 

Stoll LM (1955) Hormonal control of the sexually dimorphic pigmentation 
of Thalassoma bifasciatum. Zoologica 40: 125-131. 

Warner RR (1984) Mating behavior and hermaphroditism in coral-reef 
fishes. American Scientist 72: 128-136. 




Sex Changing Organisms and Reproductive Behavior 

R. R. Warner, University of California, Santa Barbara, CA, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

Sex change occurs in animals as diverse as annelids, 
echinoderms, crustaceans, molluscs, and fishes. If indivi¬ 
duals are flexible in the expression of which sex they are at 
any particular time, they can profit by functioning as the 
sex that conveys the higher reproductive success, given 
the circumstances in which they find themselves. In other 
words, if the expected number of offspring produced 
(measured, say, as the number of eggs produced or ferti¬ 
lized) differs between the sexes in size or age or local 
social conditions, an individual that can function as the 
correct sex for the situation will have more offspring than 
one that remains exclusively male or female (this is the 
Size Advantage Hypothesis, first suggested by M. Ghiselin 
in 1969, and later by R. Warner in 1975). 

What sorts of things might lead to differences between 
the sexes in expected reproductive return for an individ¬ 
ual of a particular age, size, or social circumstance? Early 
work by theorists and empiricists, including R. Warner 
and R. Charnov, suggested that the mating system was the 
key to understanding patterns of sex change. Expected 
offspring production increases with body size if large 
females can lay more eggs. Expected offspring production 
by males can increase even more strongly with body size 
if, for instance, large males breed with many more females 
than do small males. If this latter scenario is the case, the 
expected reproduction of an average male increases more 
rapidly than that of an average female, and female-to- 
male sex change (protogyny) is favored. Male-to-female 
sex change (protandry) is favored when expected repro¬ 
duction of an average female increases more rapidly than 
that of an average male (see Figure 1). The mating system 
often determines how relative size or age corresponds to 
sexual expectations. 

Reproductive Behavior in Protogynous 
Species 

In species that change sex from female to male, the mating 
system is polygynous, with larger males monopolizing 
reproduction. Male mate monopolization can arise from a 
variety of behaviors, including (1) defense of mating sites 
that are popular with females as places to release their eggs 
(as in the Caribbean bluehead wrasse, Thalassoma bifas datum , 
Figure 2), (2) mate guarding of a local group of females 
(as in the Indo-Pacific bluestripe cleaner fish, Labroides 


dimidiatus ), or (3) defense of a site where the male will 
provide care to the eggs laid by several females (as in the 
Caribbean masked goby, Coryphopterus personatus). The key 
common feature in all these mating modes is that smaller 
males have low mating rates relative to females of the 
same size, while the opposite is true for larger individuals. 
In extreme cases, there are no small males at all in the 
species, and all individuals function initially as females 
and only change sex if they become large enough to 
participate in the monopolization. 

While the direction and timing of sex change can 
be viewed as an evolutionary response to size- and sex- 
specific fecundity, mortality, and growth expectations, the 
sex change response itself often occurs at the scale of the 
local mating group as a phenotypically plastic response 
to local conditions. Thus, in many protogynous species, 
sex change is socially controlled, and a local female will 
rapidly change sex in response to the removal of the 
dominant male. In the bluehead wrasse, for example, the 
largest female in a local group will begin to demonstrate 
male aggressive and courtship behavior within minutes 
after the disappearance of the dominant male and will 
spawn on that day (and all subsequent days) as a male with 
the remaining females in the group. This individual 
begins producing sperm within a week, and within 
2 weeks is indistinguishable from other dominant males 
in terms of gamete production, coloration, and behavior. 

Where smaller males are still present in protogynous 
species, they engage in alternative mating behaviors that 
circumvent the monopolizing behaviors of large males. If 
fertilization is external, they may parasitize large males by 
joining a pair mating and contributing sperm of their own. 
Not surprisingly, in these situations they deposit very large 
amounts of sperm relative to that produced by the large 
male, who is usually not in sperm competition. In other 
circumstances, the small males will band together and 
overwhelm a larger male, subsequently mating en masse 
with the females. Where conditions favor efficient mate 
monopolization (in low population densities, for example, 
or where mating sites are easily defendable), small males 
are rare and the species is predominantly protogynous. 

As shown in the example of social control, we expect 
an individual to opt for change when the prospects are 
brighter in the complementary sex. However, variations 
on this theme are common and illuminating. For example, 
in some species, females will abandon their social group 
and change sex despite the fact that the local dominant 
male is still present. As it turns out, this only occurs when 
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there are many opportunities available to sample for male 
vacancies across several local social groups, effectively 
allowing wider sampling to get the jump on any females 
that might otherwise rise from within the local ranks. 

In an opposite example, in several species, some large 
females do not respond to local male removal, apparently 
allowing smaller females in the group to change sex 
instead. As Munoz and R Warner showed, this occurs 
under two circumstances. When the female is very large, 
her fecundity may exceed the total fecundity of the other 
females in the group (these are her prospective mates if 
she were a male). Also, in externally fertilizing species, 
fertilization of some eggs may be lost to interfering males. 
Where interference is common, it may not be worth it for 
a large female to change sex, trading her guaranteed 
return (in eggs) for a risky investment in male function. 



Body size 

Figure 1 Graphical depiction of the size advantage hypothesis. 
Expected female offspring production (blue line) increases with 
body size if large females can lay more eggs. Expected male 
offspring production (red line) may increase strongly with body 
size if, for instance, large males breed with many more 
females than do small males. Sex change is favored when the 
size-(or age) specific fertility curves of the sexes cross. Female- 
to-male sex change ((a) protogyny) is favored when the fertility of 
an average male increases more rapidly than the fertility of an 
average female. Male-to-female sex change ((b) protandry) is 
favored when fertility of an average female increases. Reprinted 
from Munday PL, Buston PM, and Warner RR (2006) Diversity 
and flexibility of sex-change strategies in animals. Trends in 
Ecology & Evolution 21: 89-95, Copyright (2006), with permission 
from Elsevier. 


Reproductive Behavior in Protandrous 
Species 

Mating systems in species that show male-to-female sex 
change should create situations where female fertility 
tends to be more strongly dependent on size than is 
male fertility. Unfortunately, the mating systems of most 
protandrous sex changers are not well described. For 
those species in which the mating system is known, mat¬ 
ings tend to occur in very small groups (tending toward 
monogamy), as in the anemonefishes (Amphiprion spp., 
Figure 3) or some of the slipper shells (Calyptraeidae). 
For these species, it is of advantage for the egg-producer 
to be the largest individual in the small mating group. 
Similar to what we saw in social control of protogynous 
sex change, individuals will change from male to female if 
the large female is removed from the local social group. 

Protandry would also be expected if individuals pair- 
mated at low rates, randomly with respect to size. This is 
because while an individual is relatively small, it will 
expect to mate on average with a larger individual - 
thus, it is of advantage to be a male. Relatively large 
individuals would have a better return from a pair mating 
by acting as a female, a prediction that R. Warner made 
over 30 years ago. Recently, the predicted mating system 
and sexual pattern was discovered in a shrimp species and 
in a flathead fish species. 

Reproductive Behavior in Bidirectional 
Sex-Changing Species 

Given that individuals appear to be able to respond 
quickly to changes in their local social situation in terms 
of sex-change decisions, it should come as no surprise to 
discover that in some species these decisions are revers¬ 
ible. If circumstances change, so will sexual expression. 
For example, in the polychaete worm Ophryotrocha puerilis, 



(b) 


Figure 2 In the bluehead wrasse, Thalassoma bifasciatum, individuals can mature as either a female or a primary male. Females 
and primary males look nearly identical (a). Adult females change sex when they have the opportunity to take over the territory of a 
large male. Females that change sex and become a territorial male take on a distinct, bright coloration (b). Primary males can also 
become brightly colored if they reach a size large enough to defend a territory, even though they have not changed sex. Reprinted from 
Munday PL, Buston PM, and Warner RR (2006) Diversity and flexibility of sex-change strategies in animals. Trends in Ecology & 
Evolution 21: 89-95, Copyright (2006), with permission from Elsevier. 
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Figure 3 Monogamous coral gobies and anemonefishes are ecologically similar but exhibit different sexual patterns. 

(a) Bidirectional sex change occurs in the coral goby Gobiodon histrio because movement between corals is sometimes required 
to reform a breeding pair following the loss of a partner. The ability to change sex in each direction enables an individual to breed 
with any other single adult encountered and thus reduce the risk of searching for a new partner, (b) Protandrous sex change occurs 
in the anemonefish Amphiprion percula, where mate replacement is always from smaller nonbreeders within the anemone. 

Movement to find a new partner is an option for coral gobies because the habitat patches they occupy tend to occur in much 
higher density than those used by anemonefishes. Reprinted from Munday PL, Buston PM, and Warner RR (2006) Diversity and 
flexibility of sex-change strategies in animals. Trends in Ecology & Evolution 21: 89-95, Copyright (2006), with permission from Elsevier. 


mating occurs in monogamous pairs, and as expected, the 
largest individual functions as a female. Probably due to 
the fact that they are not producing eggs, males grow more 
quickly than females. When the male becomes larger than 
the female, reciprocal sex change occurs. 

Bidirectional sex change has been best described for 
small gobies that inhabit coral reefs in the Indo-Pacific. 
Interestingly, the underlying mating system can be mate 
monopolization or monogamy — the key element is that 
individuals must occasionally change their social group, 
and there is no clear prediction about what the indivi¬ 
dual’s status will be in their new home. 

In the Okinawa rubble goby Trimyna okinawae, typical 
sex change to male occurs when a female becomes the 
largest individual in a social group. If this group is dis¬ 
rupted, however, the male can change back to female if he 
finds himself subordinate to a larger male in a new social 
group. Disruptions in group structure may be common in 
this species because it is very small and short lived; 
individuals simply cannot afford to wait to again become 
a dominant male following the loss of a harem. 

In contrast, in coral gobies (Gobiodon), the social group 
is a monogamous pair within the branches of their host 
coral (Figure 3). When one of the breeding pair dies, the 
survivor must find a new partner, and this can entail 
leaving the protection of the host. When a new pair is 
formed, one of the individuals will change sex if necessary 
to reconstitute a male-female pair. This reduces the dan¬ 
gerous time spent searching for a mate. 

See also: Body Size and Sexual Dimorphism; Sex 
Allocation, Sex Ratios and Reproduction; Sex and Social 


Evolution; Sex Change in Reef Fishes: Behavior and 
Physiology; Social Selection, Sexual Selection, and 
Sexual Conflict. 
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Introduction and Definitions 

In species using sexual reproduction, sexual behavior has 
been evolved to bring the two gamete types (i.e., eggs and 
sperm) together and, thus, to ensure the propagation of a 
species. 

Male sexual behavior has been defined as all the beha¬ 
viors necessary to deliver the male-typical gametes 
(sperm) to the female-typical gametes (ova) successfully. 
Male sexual behavior can be divided into two phases, the 
appetitive phase and the consummatory phase. 

The appetitive phase consists of all behaviors that 
precede the consummatory phase and includes the seek¬ 
ing out of a female and the display of courtship behaviors, 
which are species specific. The consummatory phase is 
the actual copulation, which is usually much shorter in 
time than the appetitive phase. Both phases are under the 
influence of hormones, but there are species as well as 
individual differences within a certain species as regards 
the extent to which sexual behavior is mediated by hor¬ 
mones. For instance, the display of sexual behavior in 
rodent species is highly dependent on hormones, whereas 
the control of sexual behavior in primate species, includ¬ 
ing humans, appears to be less dependent on hormones 
and more so on social interactions and learning. 

To date, most of our knowledge on how hormones 
regulate sexual behavior has been gained through studies 
on laboratory animals, especially rodent species, such as 
mice, rats, and hamsters. Frank Beach (1911-1988) is gen¬ 
erally considered to be the founding father of the study of 
the effects of hormones on behavior - an area of scientific 
research that is known today as ‘ behavioral endocrinology. ;’ or 
‘behavioral neuroendocrinology if the research includes the 
study of the interaction between hormones and the central 
nervous system. This article reviews our understanding of 
how hormones regulate male sexual behavior, focusing on 
male sexual behavior in rodent species, such as mice and 
rats. First, a short description of the different copulatory 
behaviors displayed by rodent species is provided, fol¬ 
lowed by how these behaviors are under the control of 
gonadal hormones in adulthood, that is, the activational 
effects of gonadal hormones on male sexual behavior, 
and finally, how these sexual behaviors are organized by 
gonadal hormones during early development, that is, the 
organizational effects of gonadal hormones on male sexual 
behavior. 


Patterns of Sexual Behavior of Male 
Rodent Species 

Appetitive (or Precopulatory) Behaviors 

Appetitive or precopulatory behaviors are, thus, defined as 
any behaviors that precede actual copulation and may 
include, in rodent species, seeking out a sexually receptive 
female. Locating a female is based mostly on olfactory 
cues since rodents are nocturnal species, and when in 
direct contact, further olfactory and gustatory investiga¬ 
tions of the female, in particular, her anogenital region, 
provide further information on her reproductive state. 
The latter behavior may last just a few seconds or may 
even be completely absent in sexually, experienced male 
rats (Figure 1(a)). 

The display of precopulatory behaviors is often used 
as an index of sexual motivation. The motivational aspects 
of sexual behavior can also be studied by the assessment of 
an animal’s partner preference, which is usually deter¬ 
mined by providing a choice between a sexually active 
male and an estrous female or between an anestrous 
female and an estrous female in a maze. In a majority of 
these studies, the time spent in the proximity of each 
stimulus animal is used as a measure of preference. Over¬ 
all, gonadally intact male rats prefer estrous females over 
males, and this preference occurs even without prior 
sexual experience. When subjecting a male rat to various 
degrees of sexual exhaustion by repeated ejaculations, 
clear changes in their preference are observed: they will 
reduce their time spent near an estrous female. By con¬ 
trast, males that are sexually aroused by allowing a few 
intromissions without ejaculation, spend more time near 
the estrous female. 

Consummatory (or Coital) Behaviors 

Typical male coital behavior in rodents consists of three 
components: (1) mounting, (2) intromission, and (3) ejac¬ 
ulation (Figure 1). Mounting is operationally defined as 
the male assuming a copulatory position, that is dorsally 
and from the rear, but failing to insert his penis into the 
female’s vagina (Figure 1(b)). Mounting is mostly associated 
with the thrusting motions of the hindquarters (pelvic 
thrusts). Intromission is defined as the penis entering the 
vagina during a mount. In rats and mice, intromission is 
associated with the thrusting movements of the hindquarters, 
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Figure 1 Sexual behavior in rats. A male first investigates the anogenital region of the female (a). If the female is in estrus, the 
male will mount her with his forepaws clasped against her hindquarters. This tactile stimulation of her flanks causes her to display 
the lordosis posture, that is, arching her back and deflecting her tail (b). After a few seconds, the male dismounts the female 
and grooms himself (c). After several mounts and intromissions, the male ejaculates (d). 


but in other species, for example in ferrets, this is not 
always observed. Furthermore, there is a species differ¬ 
ence in intromission duration between rats and mice: the 
intromission lasts only 1-2 s in rats, whereas in mice, it 
lasts much longer (up to 1 min sometimes). Intromission is 
commonly followed by a short period of genital auto¬ 
grooming (Figure 1(c)). 

Following a number of repeated mounts and intromis¬ 
sions, ejaculation occurs (Figure 1(d)), which is the force¬ 
ful expulsion of semen from the male’s body. Ejaculation is 
behaviorally defined as the culmination of vigorous intra- 
vaginal thrusting accompanied by the arching of the 
male’s spine and, in rats, the lifting of his forepaws off 
the female prior to withdrawal, whereas in mice, the male 
falls on his side while still clasping the female. Probably 
during the latter behavior, a sperm plug is deposited in the 
vagina, to block intromission of the female by other males 
until the sperm has had time to fertilize the ova. Ejacula¬ 
tion is commonly followed by a long period of genital 
autogrooming, after which the male enters a period of 
sexual inactivity, the postejaculatory period, which lasts 
several minutes in rats and up to 24 h in mice. In rats, the 
postejaculatory period consists of two phases: an absolute 
refractory period and a relative refractory period. During 
the absolute refractory period, a male is less responsive to 
sexual stimuli and he will not resume copulation, whereas 
during the relative refractory period, the introduction of 
a novel female may elicit copulation. Male rats normally 
vocalize at ultrasonic frequencies (22 kHz) after an ejacu¬ 
lation, and particularly during the first 50-75% of the 


postejaculatory interval. It has been suggested that the 
function of the ultrasonic vocalizations is to cool the 
lower forebrain by initiating hemodynamic events that 
redirect blood flow from the brain to the nose at the 
same time that air is being deeply inhaled and then 
forcefully exhaled, thereby producing the vocalization. 

Role of Gonadal Steroid Hormones in the 
Control of Male Sexual Behavior 

Activational Effects of Testosterone on Male 
Sexual Behavior 

Male sexual behavior is highly dependent on the steroid 
hormone testosterone. Testosterone is produced by the 
Leydig cells of the testes and reaches its nontesticular 
targets, including the brain, via the blood. In all mamma¬ 
lian species studied, the display of mating behavior in 
adult males is stimulated by testosterone. The increase 
in testosterone production at puberty underlies elevated 
sexual activity in maturing males, and if the source of 
testosterone, the testes, is removed surgically, then sexual 
activity typically declines. Not only is coital behavior 
diminished, but the motivational aspects of sexual behav¬ 
ior are also affected. When given free access to a sexually 
active male and an estrous female, intact male rats spend 
significantly more time with an estrous female. After 
castration, this preference declines rapidly and is restored 
by treatment with exogenous testosterone. These stimula¬ 
tory effects of testosterone on the sexual behavior of adult 
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males are called 4 derivational effects,’ and need to be dis¬ 
tinguished from the organizational effects of testosterone 
during the sexual differentiation of the brain (see section 
‘Organizational Effects of Testosterone on Male Sexual 
Behavior’). It should be noted that although plasma testos¬ 
terone levels decline to undetectable levels within 24 h after 
castration, male rats may continue to exhibit the complete 
copulatory pattern, that is, mounts, intromission, and ejacu¬ 
lations for days or weeks. However, ejaculation stops first, 
then intromission, and later mounting, and this pattern of 
decline is consistent across species. After complete loss of 
behavior, exogenous testosterone restores the behavioral 
components in the reversed order in which they were lost, 
with mounting occurring first, followed by intromission, and 
finally, ejaculation. Generally, higher doses of testosterone 
are required to restore copulatory behavior to precastration 
levels, particularly if the animal has been castrated and, thus, 
deprived of testosterone for a prolonged period of time. 

The Role of Testosterone Metabolites in 
Activating Male Sexual Behavior 

Testosterone can actually be metabolized into two other 
steroid hormones: (1) 17(3-estradiol, which is formed by 
aromatase, a P450 enzyme, and (2) 5 a-dihydro testosterone 
which is formed by the enzyme 5a-reductase (Figure 2). 
Estradiol acts by binding to estradiol receptors (ER), of 
which there are at least two forms, ERa and ER(3. Dihy¬ 
drotestosterone acts in a manner similar to testosterone by 
binding to the androgen receptor (AR), but the AR has a 
fivefold greater affinity for DHT than testosterone. Dihy¬ 
drotestosterone cannot be converted to estradiol by the 
enzyme aromatase. Estradiol and dihydrotestosterone are 
differentially effective in maintaining copulation. Estradiol 
may be necessary and sufficient to maintain or restore most 
elements of copulatory behavior of male rats. Not only is 
treatment with estradiol sufficient to reverse most of the 
effects of castration on copulation in male rats, but the 
systemic administration of an inhibitor of the aromatase 
enzyme or antagonists to the ER to castrated male rats inhibits 
or prevents the restoration of copulation by testosterone. 
Furthermore, administration of the aromatase inhibitor 
fadrozole to gonadally intact male rats decreased sexual 
motivation measured by the increased latencies to mount, 
intromit, and ejaculate, and overall decreased frequency 
of these behaviors. Accordingly, neither DHT nor the 
nonaromatizable androgen methyltrienolone (R1881) was 
effective in restoring or maintaining copulation in castrated 
male rats. Similar effects were observed in other species 
such as gerbils, hamsters, pigs, or sheep. The effectiveness 
of estradiol, and the ineffectiveness of dihydrotestosterone, in 
restoring or maintaining copulation, have given rise to the 
aromatization hypothesis, which states that the aromatization 
of testosterone to estradiol is critical for the expression of 
male sexual behavior. 
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Figure 2 Schematic diagram summarizing the effects of 
testosterone and its metabolites estradiol and 
dihydrotestosterone (DHT) on organizing and activating male 
sexual behaviors. 

Further support for an important role for estradiol in 
activating male sexual behavior has been obtained from 
studies using genetically engineered mice, such as mice 
lacking functional estrogen receptors (either ERa, ER(3, 
or even both, the double gene knockout), or mice defi¬ 
cient in the aromatase enzyme due to a targeted mutation 
in the Cypl9 gene, encoding the aromatase enzyme (aro¬ 
matase knockout or ArKO). The advantage of the ArKO 
mouse model is that it has functional estrogen receptors 
(ERa and ER(3), and as a result, one can actually deter¬ 
mine the activational effects of estradiol on their behavior. 
Gonadally intact male ArKO mice display very little male 
sexual behavior when paired with an estrous female. 
Thus, only a few ArKO males show some mounts and 
intromissions when paired with an estrous female, and 
ejaculations are very rarely observed. When ArKO males 
are treated with exogenous estradiol in adulthood, they 
show almost normal levels of male sexual behavior, under¬ 
lining the importance of estradiol in activating male sexual 
behavior in male rodents. In addition, the motivational 
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aspects of sexual behavior are affected in male ArKO 
mice; they fail to show a preference for the odors from 
an estrous female over those from a sexually active male as 
observed in wild-type mice. These effects are not due to 
the lower levels of testosterone in ArKO mice. In fact, 
testosterone is increased in ArKO males in adulthood 
presumably because they lack the negative feedback action 
of estradiol on the hypothalamic-pituitary-gonadal axis. 
Indeed, the levels of luteinizing hormone are also elevated 
in ArKO males. 

Although estradiol is clearly efficient in stimulating 
male sexual behavior, it is not sufficient to maintain full 
copulatory behavior. It is often observed that, in particular, 
ejaculation is not fully restored by treatment with estradiol 
alone. Furthermore, estradiol did not restore a female- 
directed partner preference in castrated male rats or male 
ArKO mice. Likewise, treatment with an aromatase inhib¬ 
itor in intact male rats or hamsters did not inhibit copula¬ 
tion or their partner preference for an estrous female. By 
contrast, treatment with the androgen receptor antago¬ 
nist, flutamide, reduced the ability of testosterone to 
restore copulation in castrated male rats and also blocked 
the expression of partner preference. Furthermore, treat¬ 
ment with estradiol and dihydrotestosterone restored 
mating behavior to the level found in gonadally intact 
male rats. Thus, conversion of testosterone to dihydrotes¬ 
tosterone, and subsequent activation of the AR, may be 
necessary to restore (or maintain) copulation in male 
rodents. It has been thought that estradiol affects the 
central nervous system, whereas dihydrotestosterone is 
important to restore penile tactile sensitivity to precastra¬ 
tion levels. However, dihydrotestosterone has been shown 
to stimulate mounting behavior in long-term castrated, 
estradiol-treated male rats treated after bilateral pudendal 
nerve transection, suggesting that dihydrotestosterone 
and estradiol act synergistically in the brain to activate 
mounting behavior. 

Finally, it should be noted that the predominant role 
of estradiol in activating male sexual behavior and, thus, 
the aromatization hypothesis, has little or no support in a 
number of other species. For instance, dihydrotestoster¬ 
one is able to maintain or restore copulation in rabbits, 
guinea pigs, some mouse strains, and monkeys. 

Organizational Effects of Testosterone on 
Male Sexual Behavior 

The ability to show the complete pattern of male sexual 
behavior in adulthood is actually the result of a process 
called ‘the sexual differentiation of the brain that occurs 
during a restricted developmental period under the influ¬ 
ence of testosterone. The duration and timing of this 
‘critical period’ is species specific. For instance, in rats, 
the critical period in which the animal is maximally 
susceptible to the organizing actions of testosterone on 


the brain extends approximately from day 14 of prenatal 
life (gestation lasts 21-22 days in rats) to day 10 of post¬ 
natal life. Prenatally, the developing testes start to secrete 
testosterone at day 14, and surges in testosterone release 
have been detected on prenatal days 18 and 19. Postna- 
tally, there is a surge in testosterone in males directly after 
birth, followed by a sharp decline approximately 6 h later. 
This surge in testosterone might actually result from a 
decreased metabolism of testosterone by the liver of the 
newborn male. Testosterone levels remain higher in males 
than in females until day 10 after birth, after which they 
drop and remain low until the age of puberty. 

The large quantities of testosterone released into the 
circulation enter the brain and act to masculinize and 
defeminize the neural circuits that control sexual behavior 
in adulthood. Thus, masculinization of the brain is defined as 
increasing the capacity to show male-typical sexual beha¬ 
viors (such as mounts, intromissions, and ejaculations) in 
adulthood, whereas defeminization of the brain is defined 
as the loss of female-typical sexual behaviors (such as 
lordosis behavior, characterized by an immobile posture 
with an arched back which enables the male to intromit 
the female). By contrast, the female brain and the ability 
to show female sexual behaviors in adulthood are thought 
to proceed in the absence of any hormonal secretions. 
In other words, the sexual differentiation of the brain is 
thought to be inherently female unless male differentia¬ 
tion is superimposed by testosterone during the critical 
period of development. 

The theory of the sexual differentiation of the brain is 
based upon numerous early observations. Phoenix et al. 
(1959), were the first to propose an essential role of prenatal 
testosterone exposure in the sexual differentiation of the 
capacity of mammals to display male-typical mating beha¬ 
viors. In one experiment, control male and female guinea 
pigs as well as females given testosterone prenatally actu¬ 
ally showed equivalent levels of mounting behavior in 
adulthood. Furthermore, females exposed to testosterone 
in utero showed reduced levels of lordosis behavior when 
primed with ovarian hormones in adulthood. It should be 
noted that the critical period of sexual differentiation 
takes place entirely before birth in this species. 

Additional supportive evidence for a role of perinatal 
testosterone in the development of the male rodent brain 
came from subsequent studies by many researchers showing 
that the removal of testosterone by neonatal castration 
reduced males’ later capacity to show male sexual beha¬ 
viors while enhancing their ability to show female sexual 
behaviors. 

Not only copulatory behaviors, but also the motivational 
aspects of sexual behavior, such as partner preference, are 
sexually differentiated by the presence of testosterone 
during early development. For instance, administering 
testosterone to female rats on postnatal day 3 and again 
later in life led these females to approach an estrous female 
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instead of a sexually active male when given a choice 
between these two stimulus animals, whereas neonatal 
castration of males resulted in a later preference for a 
sexually active male, provided that the males were treated 
with ovarian hormones (estradiol and progesterone) at the 
time of testing. Likewise, neonatally castrated male rats 
that received either oil vehicle to serve as control or 
dihydrotestosterone, immediately after castration, and 
then tested in adulthood while receiving testosterone, 
showed a lower preference to approach an estrous female 
(as opposed to an active male) than other neonatal cas¬ 
trates that received the aromatizable androgen, testoster¬ 
one immediately after surgery Likewise, in male hamsters, 
neonatal castration induced a preference for a stimulus 
male over an estrous female when treated with ovarian 
hormones in adulthood. However, when treated with tes¬ 
tosterone, they resembled control males in their prefer¬ 
ence to approach an estrous female, suggesting that fetal 
testosterone might also be implicated in the organization 
of a female-directed preference in this species. This is 
confirmed by studies in ferrets and dogs. For example, in 
the beagle, combined pre- and postnatal treatment with 
testosterone was most effective in enhancing the later 
preference of genetic females to approach a tethered 
estrous female. These studies, thus, imply that testosterone 
over an extended, species-specific pre-and/or early postnatal 
period organizes a male-typical partner preference, that is, 
a preference for an estrous female. 


The Role of Testosterone Metabolites in 
Organizing Male Sexual Behavior 

Many studies have shown that the conversion of testos¬ 
terone to estradiol in brain cells by the aromatase enzyme 
is a crucial step in the sexual differentiation of the rodent 
brain. Thus, estradiol mediates many of the effects of 
testosterone on the developing brain, thereby supporting 
the aromatization hypothesis. There are several lines of 
evidence that support a critical role for estradiol in the 
masculinization and defeminization of the male brain: 

1. x\romatizable androgens such as androstenedione 
mimic the masculinizing effects of testosterone on the 
brain and behavior of female rats or mice. 

2. Aromatizable, but not the nonaromatizable, androgen 
dihydrotestosterone is able to prevent the demasculi- 
nizing effects of neonatal castration in the male rat. 

3. Treatment with an estrogen receptor antagonist blocks 
the masculinizing and defeminizing effects of testoster¬ 
one on newborn females. 

4. 19-Hydroxytestosterone, an intermediate in the aro¬ 
matization process, is a more potent masculinizing 
agent than testosterone when administered to newborn 
female rats. 


5. Administration of the steroidal aromatase inhibitor, 
l,4,6-androstatriene-3,17-dione (ATD) to newborn 
male rats strikingly increases males’ ability to show 
female sexual behaviors not only following castration 
and treatment with ovarian hormones but also if the 
gonads remain intact. Furthermore, ejaculatory behavior 
is severely impaired in ATD-treated males, suggesting 
an incomplete masculinization of the brain. Very similar 
results have been obtained following the administration 
of the antiestrogen MER-25 to male rats, that is an 
enhancement of lordosis behavior when treated with 
estradiol and progesterone in adulthood and a reduc¬ 
tion in ejaculatory behavior when treated with testos¬ 
terone in adulthood. 

6. Male rats carrying a Tfm (‘testicular feminization’) 
mutation in the X chromosome-linked androgen 
receptor. These rats have 85-90% fewer androgen 
receptors than normal littermates, yet male sex behavior 
does develop with the presence of testosterone. Taken 
together, these results, thus, show that testosterone 
secreted by the testes acts perinatally, after being aro¬ 
matized into estradiol and, thus, stimulating estradiol 
receptors, to masculinize and/or defeminize the neural 
substrate that controls sexual behavior. 

It should be noted again that the predominant role of 
estradiol in organizing male sexual behavior may be lim¬ 
ited to the rat. Studies using genetically engineered mice 
suggest a role for testosterone itself in organizing male 
sexual behavior since male ArKO mice showed full male 
mating behavior when treated with estradiol in adulthood, 
suggesting that these behaviors are not organized by 
estradiol during early development. Accordingly, male 
mice in which the androgen receptor was invalidated 
also showed major deficits in the expression of male 
sexual behavior, whereas female mice treated with dihy¬ 
drotestosterone at birth showed increased levels of 
mounting behavior. Finally, data obtained in mice carry¬ 
ing the Tfm mutation suggest that male sexual behavior is 
not sexually differentiated in the mouse because males 
and females, including Tfm mice, showed equivalent high 
levels of mounting behavior following treatment with 
estradiol in adulthood. 

Numerous studies on rats and mice suggest that many 
of the organizational actions of testosterone on the differ¬ 
entiation of male-typical profiles of partner preference 
also depend on the aromatization of testosterone to estra¬ 
diol in the male brain. An early series of studies on rats 
showed that administration of the aromatase inhibitor 
ATD to newborn male rats duplicated the long-lasting 
effects of neonatal castration on partner preference. 
When tested in adulthood while gonads were intact, 
males treated neonatally with ATD preferred to approach 
a tethered male stimulus (and showed lordosis when 
mounted by the stimulus male). This preference for the 
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sexually active male was even more robust when castrated 
in adulthood and subsequently treated with estradiol. 
Thus, neonatally ATD-treated male rats that were subse¬ 
quently treated with estradiol in adulthood showed a 
strong preference for a sexually active male as opposed 
to an estrous female (like control females), whereas control 
males preferred to approach and interact with an estrous 
female. Whether there is a role for fetal estradiol in orga¬ 
nizing partner preference in male rats remains unclear, 
however. Prenatal administration of ATD to male rats 
failed to disrupt their later preference for an estrous 
female, whereas transplacental administration of the anti¬ 
estrogen CI628 to male rats caused a significant reduction 
in their female-oriented behaviors in adult tests. Finally, 
there is no strong evidence that testosterone itself is 
important in organizing male-typical profiles of partner 
preference in the male rat. Transplacental administration 
of antiandrogenic drugs such as cyproterone acetate and 
flutamide to male rats failed to disrupt their later prefer¬ 
ence to approach an estrous female as opposed to a sexu¬ 
ally active male. 

Only a few studies have investigated the role of testoster¬ 
one versus estradiol in the differentiation of male-typical 
partner preference in mice. Most of these studies have 
focused on the role of estradiol. In one such study, male 
mice with an invalidated ERoc showed no preference for an 
estrous female over a stimulus male, with both stimulus 
animals tethered in opposite ends of a runway, whereas 
wild-type males preferred the estrous female. However, it 
is not clear from this study whether the disruption of estra¬ 
diol signaling reflected an organizational or activational role 
of estradiol on partner preference. Unfortunately, results 
obtained from the ArKO mouse model failed to resolve 
this issue. Wild-type males preferred to approach odors 
emitted from an estrous female as opposed to a gonad intact 
male, whereas ArKO males showed no preference for one 
stimulus over the other. This difference was not reversed by 
adult treatment with estradiol, which suggests a possible 
contribution of perinatal estradiol to male-typical odor pre¬ 
ferences, but ArKO males did not show a female-typical 
preference for male odors. A more recent study actually 
suggests that androgen signaling is important for partner 
preferences in mice. Female mice that have been treated 
with dihydrotesterone on the day of birth preferred to inves¬ 
tigate soiled bedding derived from estrous females, like 
control males, over bedding derived from intact males. 

It is generally assumed that any estradiol produced by 
the gonads (either testes or ovaries) does not play a role in 
the sexual differentiation of the brain, because its passage 
into the brain is prevented by the presence of high con¬ 
centrations of a plasma glycoprotein, oc-fetoprotein, which 
is produced in high quantities by the fetal liver and that 
binds estradiol with high affinity in rats and mice. Pre¬ 
sumably, oc-fetoprotein reduces the free, biologically 


active fraction of estradiol to a concentration which is 
too low to have an effect on the brain. Serum levels of 
estradiol are high during gestation, with the mother’s 
ovaries being the major source. In both male and female 
rats, the serum levels of estradiol decrease between the 
final fetal stage (day 21) and 24 h after birth, further 
supporting the idea that any estradiol circulating before 
birth is of maternal source. 

By contrast, there is a small surge in estradiol in the 
hypothalamus of male rats just after birth (between 0 and 
1 h after delivery), followed by a sharp decrease. This 
hypothalamic estradiol surge is completely absent in 
female rats. The increase in hypothalamic estradiol in 
male rats actually coincides with the surge in testosterone 
following parturition, suggesting that it results from a local 
conversion of testosterone by the aromatase enzyme. 
Indeed, the activity of the aromatase enzyme measured 
on the day of birth is much higher in male than in female 
rodents. In female rodents, the serum levels of estradiol 
start to increase again after postnatal day 5, with a peak 
level around postnatal day 15, then estradiol levels drop 
again by postnatal day 25, before increasing once more at 
puberty. The source of this estradiol is most likely the 
ovaries, which, in contrast to the testes, are quiescent during 
prenatal development. In vitro studies have shown that 
the rodent ovary does not secrete significant amounts of 
estradiol before postnatal day 6-7. 

The observations that the ovaries are quiescent 
during perinatal development and that any estradiol pro¬ 
duced by the mother is bound to oc-fetoprotein, further 
support the assumption that the neural mechanisms, 
which control later female-typical sexual behavior, nor¬ 
mally develop perinatally in females ‘by default,’ that is, 
without the need for any hormonal stimulation. Indeed, it 
was recently observed using mice with a targeted muta¬ 
tion of the Afp gene (AFP-KO) that oc-fetoprotein protects 
the fetal (female and male) mouse brain from being defe- 
minized and masculinized by maternal estradiol. Thus, 
x\FP-KO female mice displayed no female sexual behav¬ 
ior after adult ovariectomy and treatment with estradiol 
and progesterone. When estradiol synthesis was blocked 
during embryonic development by the maternal adminis¬ 
tration of an aromatase inhibitor, the capacity of female 
offspring to show female sexual behavior in adulthood was 
rescued. These data provide strong evidence that during 
fetal life, the main contribution of estradiol is to promote 
male-typical brain and behavioral sexual differentiation - 
an action that is blocked in female fetuses by the binding 
of any circulating estradiol by AFP. 

See also: Hormones and Behavior: Basic Concepts; Male 
Sexual Behavior and Hormones in Non-Mammalian 
Vertebrates; Mammalian Female Sexual Behavior and 
Hormones; Neural Control of Sexual Behavior. 
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Historical Background 

Sexual selection was Charles Darwin’s solution to the exis¬ 
tence of secondary sexual characters, such as the ornate 
plumage of male birds of paradise, the exaggerated weap¬ 
onry of male horned beetles, and the elaborate antennae of 
male gypsy moths. These traits were puzzling, precisely 
because they seemed costly for survival. Darwin’s explana¬ 
tion was that such traits evolve in spite of their survival 
costs because they increase male mating success. He pro¬ 
posed that male ornamentation evolved in response to 
female mate choice, that male weaponry evolved because 
of contest competition among males for access to females, 
and that enlarged male sensory organs evolved because of 
scramble competition for females. 

Sexual selection by female choice, arguably Darwin’s 
most controversial idea, was criticized by several promi¬ 
nent evolutionists, including Alfred Russell Wallace. 
Darwin himself seemed unable to explain why females 
should prefer ornamented males. Ronald Fisher outlined 
the basic explanations that are widely accepted today, but 
it took another 50 years for these ideas to be formally 
modeled and tested empirically. In the meantime, sexual 
selection was supplanted by the notion that secondary 
sexual characters are reproductive isolating mechanisms, 
that is, traits that prevent interbreeding between closely 
related species. 

These two ways of thinking about secondary sexual 
characters were formally united in the 1980s. Mathematical 
models by Russell Lande and other evolutionary theorists 
showed how sexual selection, in combination with genetic 
drift or ecological gradients, could cause populations to 
diverge in mate preferences and secondary sexual charac¬ 
ters to the point of reproductive isolation. Research on 
sexual selection exploded in the 1980s, but with few excep¬ 
tions, mate recognition between species and mate choice 
within species continued to be treated as separate phenom¬ 
ena. After the first wave of studies established the ubiquity 
of female choice, finally vindicating Darwin, the primary 
focus of empirical research began to test the assumptions 
behind several alternative models of mate preference evo¬ 
lution. Empirical research on the role of sexual selection in 
speciation was uncommon until the last few years of the 
twentieth century. 

Since speciation was studied for decades without any 
explicit consideration of sexual selection, it is worth ask¬ 
ing whether taking sexual selection into account is really 
necessary. Ultimately, this is an empirical question. 


It would be hard to deny that sexual selection is at least 
partly responsible for the extraordinarily high rates of 
speciation in African lake cichlid fishes, in which some 
closely related species differ only in male coloration and 
female color preferences, or in Hawaiian crickets, in 
which morphologically indistinguishable sister species 
differ in male song and female song preferences. Exactly 
what role sexual selection has played in the radiation of 
these and other taxonomic groups is an open question. 
This is a very active area of research. 

Processes Linking Sexual Selection 
and Speciation 

What distinguishes sexual selection from most other evo¬ 
lutionary processes is its potential to cause rapid prezy- 
gotic or behavioral isolation. Although sexual selection 
can also increase postzygotic isolation by reducing the 
mating success of hybrids, this requires some degree of 
prezygotic isolation. I, therefore, restrict my attention 
here to processes leading to prezygotic isolation (with or 
without postzygotic isolation). 

Whether a given mode of speciation is viewed as driven 
by sexual selection depends on how narrowly the term 
sexual selection is interpreted. Strictly speaking, sexual 
selection refers to covariation between traits and mating 
success, where mating success includes the quantity and/ 
or quality of mating partners. However, mate preferences 
and secondary sexual characters may also evolve in 
response to other forms of natural selection, with poten¬ 
tially similar consequences for reproductive isolation and 
speciation. If mate preferences and secondary sexual char¬ 
acters are genetically correlated (as assumed under some 
sexual selection models), then selection on one would 
yield a correlated response in the other, and thus, geo¬ 
graphic variation in the strength of survival selection could 
result in a pattern of correlated variation in secondary 
sexual traits and mate preferences. While theoreticians 
have tended to focus on speciation via sexual selection in 
the strict sense, most empirical studies (especially compar¬ 
ative studies) are unable to identify the specific mechan¬ 
isms of selection. More to the point, there are many 
possible causal links between sexual selection and specia¬ 
tion, and the links that are most often explored by theore¬ 
ticians may not be the most prevalent in nature. 

At least eight processes could contribute to prezygotic 
reproductive isolation by causing population divergence in 
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secondary sexual characters and mate choice (see Table 1). 
Of these, only reinforcement represents direct selection for 
reproductive isolation; under the other processes, repro¬ 
ductive isolation emerges as a byproduct. Reinforcement 
can be viewed as a form of good genes sexual selection, 
where members of the other population represent low 
quality mates (i.e., hybrid offspring have low fitness), but 
it is usually treated separately from sexual selection. In 
reinforcement models, sexual selection can be side-stepped 
by assuming the existence of a single assortative mating 
(‘like mates with like’) locus, although it is probably more 
realistic to model mate preference and secondary sexual 
character loci separately. Aside from reinforcement, Fish¬ 
erian selection and sexual conflict have received the most 
theoretical attention. The remaining processes listed in 
Table 1 represent relatively unstudied links between sex¬ 
ual selection and speciation that probably deserve greater 
attention. None of these processes is mutually exclusive; 
multiple processes operating together may be more likely 
to cause speciation than any single process. 

Not all instances of divergence in secondary sexual char¬ 
acters and mate preferences are equally likely to cause 
speciation. Asymmetrical mate preferences, in which 
females of one population mate assortatively (i.e., prefer 
males from their natal population), while females from the 


Tablet Processes that could contribute to reproductive 
isolation by causing populations to diverge in secondary sexual 
characters and mate choice 


Process 


Definition in this context 


1. Genetic drift 


2. Reinforcement 


3. Fisherian 
selection 


4. Sexual conflict 


5. Intrasexual 
competition 

6. Local 
adaptation 


7. Pleiotropy or 
linkage 

8. Phenotypic 
plasticity 


Shifts in secondary sexual characters or 
mate preferences caused by genetic 
bottlenecks or founder events 

Evolution of increased prezygotic 
reproductive isolation between sympatric 
populations in response to selection 
against hybrids 

Co-evolution of male secondary sexual 
characters and female preferences 
arising from the genetic correlation 
between the sexes 

Co-evolution of male secondary sexual 
characters and female resistance to 
mating 

Divergence in secondary sexual characters 
caused by agonistic interactions (e.g., 
territoriality) 

Selection arising from shifts in the local 
optima of secondary sexual characters or 
mate preferences (e.g., sensory drive, 
predation) 

Shifts in secondary sexual characters or 
mate preferences caused by selection on 
genetically correlated traits 

Within-generation shifts in the development 
or expression of environmentally 
sensitive secondary sexual characters or 
mate preferences 


other population mate indiscriminately, are likely to cause 
asymmetrical gene flow but not reproductive isolation. Like¬ 
wise, shifts in secondary sexual characters that are not 
accompanied by corresponding shifts in mate preferences, 
are unlikely to cause reproductive isolation (e.g., males from 
the population with the most elaborate version of the char¬ 
acter may simply be preferred by females from both popula¬ 
tions). In general, shifts in sexual traits or mate preferences 
alone are unlikely to cause speciation. 


Mathematical Models of Speciation by 
Sexual Selection 

Most models of speciation by sexual selection are based 
on Lande’s formalization of Fisher’s insight that mate 
preferences can coevolve merely because both sexes 
carry genes that influence the expression of mate prefer¬ 
ences and secondary sexual characters (process 3 in 
Table 1). Females with a strong preference for, say, long¬ 
tailed males, tend to produce offspring with genes for both 
long tails and the long-tail preference. This can result in a 
positive feedback loop in which mate preferences and 
secondary sexual characters coevolve in unpredictable 
ways, potentially leading to reproductive isolation be¬ 
tween allopatric populations. Populations can diverge by 
drift alone, but the prospects for speciation are enhanced 
when populations occupy different positions along an 
environmental gradient that influences the strength of 
survival selection on the male character. 

Under some circumstances, Fisherian selection could 
result in sympatric speciation. This has been the subject of 
several modeling efforts inspired by the African lake 
cichlids. A frequent conclusion is that sympatric specia¬ 
tion is more likely when sexual selection is coupled with 
ecological (niche) divergence. Models based only on dis¬ 
ruptive sexual selection yield sympatric speciation under 
more restrictive conditions than models that also allow 
ecological character displacement to occur. 

Models by Sergey Gavrilets and colleagues suggest 
that the sexual conflict mode of sexual selection may be 
particularly likely to result in speciation (process 4). In 
these models, mating is costly for females (above some 
optimal mating rate) and female preferences arise from 
resistance to mating. Males evolve adaptations to over¬ 
come female resistance and females evolve counteradap¬ 
tations. Allopatric populations can rapidly diverge to the 
point where males are unable to mate with females from 
another population, resulting in reproductive isolation. 
Speciation is not an inevitable outcome, however; males 
from one population could be superior at mating with 
females from both populations (asymmetric preference). 
Sexual conflict can also cause sympatric speciation if 
females evolve two alternative strategies for resisting 
mating and males evolve adaptations for specializing on 






Sexual Selection and Speciation 179 


one type of female or the other, but the likelihood of this 
outcome is unclear. 

From an empirical standpoint, the sobering message 
from theoretical work is that many different outcomes 
are possible, even within the relatively small subset of 
parameter space that has been explored so far. Still, it 
may be possible to parameterize models for particular 
systems to evaluate whether speciation is a likely outcome. 
Future theoretical work could also clarify which assump¬ 
tions of the models most strongly affect the prospects for 
speciation. 

Empirical Evidence 

Overview 

A wide range of data have been put forth as evidence that 
sexual selection plays a role in speciation. Here, I review 
three categories of evidence: taxonomically broad com¬ 
parative studies (family level or above), case studies of 
smaller taxonomic scale, and experimental evolution 
studies. 

Broad Comparative Studies 

Several published studies correlating species richness 
with putative indices of sexual selection (e.g., sexual 
dimorphism, degree of polygyny, size of testes) have 
found positive correlations, after controlling for phylog- 
eny. Similar studies, however, have found no correlations 
or even negative correlations. Positive correlations sug¬ 
gest that sexual selection increases speciation rates or 
decreases extinction rates. There are several reasons to 
suggest that sexual selection might increase extinction 
rates but few, if any, reasons to expect the reverse. 
Hence, these results have been taken as evidence that 
sexual selection increases speciation rates. One important 
caveat is that indices of sexual selection may correlate 
with other factors that affect species richness. Taxonomy 
is often based on male secondary sexual characters and 
allopatric populations are more likely to be classified as 
separate species if they differ in such characters. Thus, 
species richness might be systematically overestimated in 
clades with elaborate genitalia, complex song, or bright 
coloration. Consequently, using sexual dimorphism in 
such traits as an index of sexual selection is problematic, 
and to the extent that other indices of sexual selection 
correlate with sexual dimorphism, they may suffer from 
the same problem. Another reason to be leery is that 
similar studies on the same taxonomic groups (e.g., 
birds) have yielded contradictory results. 

In a phylogenetic analysis relating song to morphology 
across 163 species of antbirds (Thamnophilidae), Nathalie 
Seddon tested predictions based on pleiotropy, local adap¬ 
tation, and species recognition. All three hypotheses 


received some support. Pitch and temporal patterning of 
songs correlated with body mass and bill size, respectively, 
as predicted from biomechanical constraints on song pro¬ 
duction (i.e., pleiotropy). Pitch also correlated with acous¬ 
tic transmission properties of the forest strata in which 
antbirds typically sing, as predicted by the acoustic adap¬ 
tation hypothesis. Finally, closely related sympatric spe¬ 
cies differed more in song than closely related allopatric 
species, providing evidence for reinforcement or postspe- 
ciation reproductive character displacement. Whether 
divergence in song prevents interbreeding between ant- 
bird species is unknown, however; this would be a useful 
direction for future research. 

Case Studies 

The East-African lake cichlids have become an iconic 
example of speciation by sexual selection. In Lake Victo¬ 
ria, for example, over 500 species appear to have evolved 
from a few ancestral species in the past 100 000 years. 
Many of the species differ primarily in male coloration 
and are genetically isolated from each other only by 
female preferences. Hybrids are viable, fertile, and inter¬ 
mediate in coloration. Some species contain multiple 
male color morphs and morph-specific female prefer¬ 
ences, and may be in the process speciating yet again. 
Although several models of speciation have been loosely 
based on this system, it would be wrong to infer that we 
understand how speciation occurs in the African lake 
cichlids themselves. How color polymorphisms arise and 
how they are maintained long enough for reproductive 
isolation to evolve, is largely an unsolved mystery. One 
solution proposed by Ole Seehausen and Dolph Schluter 
is that intrasexual (male-male) competition over breeding 
territories favors rare color morphs (process 5), setting the 
stage for the evolution of morph-specific mate prefer¬ 
ences and reproductive isolation. Several indirect lines 
of evidence support this hypothesis, but direct tests for 
color-based aggression biases have yielded conflicting 
results. An alternative hypothesis is that the color diver¬ 
gence is a product of small-scale differences between 
species in breeding habitat, coupled with sensory drive 
(process 6). Water color is red-shifted (i.e., shifted towards 
long wavelengths) at greater depths, and thus, different 
colors are conspicuous at different depths. In one sympat¬ 
ric species pair, the species in which males are typically 
yellow and red (Pundamilia nyererei) breeds at greater 
depths than the species in which males are typically 
blue (P pundamilia) (Figure 1), and females use male 
color to mate assortatively by species. In optomotor 
tests, female P nyererei are more sensitive to red light 
and female P. pundamilia are more sensitive to blue light. 
These species differences in wavelength sensitivity can be 
largely explained by sequence divergence in genes coding 
for visual pigments (opsins). Seehausen and colleagues 
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Figure 1 (a) Variation in male nuptial coloration in sympatric Pundamilia spp. cichlids of Lake Victoria, from the blue form of typical 

Pundamilia pundamilia (top) to the red form of typical P. nyererei (bottom). Females of both species have cryptic yellowish coloration. 
The red species P. nyererei is found at greater depths than the blue species P. pundamilia. (b) An illustration of how the spectrum of 
ambient light changes with depth in Lake Victoria, from the surface (blue) through three successive depths: 0.5 m (green), 1.5 m 
(orange), and 2.5 m (red). Modified and reprinted by permission from Seehausen O, Terai Y, Magalhaes IS, et al. (2008) Speciation 
through sensory drive in cichlid fish. Nature 455: 620-626, with permission from Nature Publishing Group. Copyright Macmillan 
Publishers Ltd. 


have proposed a complex verbal model of the speciation 
process that includes sensory drive, Fisherian selection, 
gene flow, and reinforcement. 

Hawaiian crickets in the genus Laupala have the high¬ 
est speciation rate on record for anthropods. Closely 
related Laupala species are morphologically and ecologi¬ 
cally indistinguishable and can produce viable hybrids. 
The only conspicuous difference between sympatric spe¬ 
cies is that they differ in the pulse rate of male courtship 
song. Tamra Mendelson and Kerry Shaw found that 
female Laupala can discriminate between conspecific and 
heterospecific song from a distance and are more likely to 
approach conspecific males. This suggested that corre¬ 
lated divergence in song and song preferences drove spe¬ 
ciation, but farther research by the same researchers 
revealed a more complex story. In a laboratory study of 
two allopatric species, conspecific courtship sequences 
usually went to completion, while heterospecific court¬ 
ship rarely proceeded to the stage where males provide 
spermatophores. However, when females of the same spe¬ 
cies were paired with F 2 hybrid males, which vary widely 
in song pulse rate, the song pulse rate of the males did not 
predict whether courtship proceeded to completion. 
A possible explanation is that chemical or tactile cues 
are exchanged between the sexes during courtship and 
that divergence in such cues, not courtship song, is 
responsible for the breakdown in heterospecific courtship. 
In support of this explanation, the researchers found 
evidence for rapid divergence between Laupala species 
in cuticular hydrocarbon (CHC) profiles. Whether spe¬ 
cies differences in CHCs contribute to reproductive iso¬ 
lation remains to be determined. 


Three-spine sticklebacks provide an example in which 
sexual selection and ecological character displacement 
both appear to have played integral roles in speciation. 
In the lakes of British Columbia, sticklebacks occur in two 
ecologically and morphologically distinct species pairs: a 
larger benthic ecotype that forages in the littoral zone, 
and a smaller limnetic ecotype that forages in open water. 
Limnetic and benthic ecotypes within a lake are more 
closely related to each other genetically than they are 
to fish of the same ecotype in different lakes, proba¬ 
bly because each lake was colonized independently by 
the marine ancestor (Gasterosteus aculeatus). Nevertheless, 
benthics and limnetics within a lake are reproductively 
isolated, while fish of the same ecotype from different 
lakes are not. This suggests that the same prezygotic 
isolating barriers arose independently in different lakes. 
Indeed, Janette Boughman and colleagues have shown 
that male coloration and female sensitivity to red light 
differ between ecotypes in the same direction in three 
different lakes. Compared to benthics, limnetic males 
have more red and less black coloration, and limnetic 
females are more sensitive to red light. In each lake, 
reproductive isolation between ecotypes appears to be 
maintained by female choice based on male size and 
color. The consistent direction of the differences between 
ecotypes in male color and female sensitivity to red light 
suggests that they are caused by habitat differences (albeit 
in the opposite direction as seen in African lake cichlids). 
Water color is red-shifted at greater depths in these lakes, 
and male benthics raised in red-shifted water in the labo¬ 
ratory develop less red and more black coloration than 
those raised in clear water. It would be informative to 
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know whether this response to ambient light is present 
in the marine stickleback (i.e., the presumed ancestor). 
If so, and if the sensitivity of females to red light is 
similarly affected, then reproductive isolation between 
the ecotypes might have arisen as a byproduct of plastic 
responses to the environment (process 8). Alternatively, 
or in addition, the ecotype differences in color and red 
sensitivity might have evolved in response to selection, 
favoring increases in the visibility of males against the 
background water color (process 6). Reinforcement 
seems unlikely in this case because ecotypes differ only 
in the strength and not in the direction of the female color 
preference. 

Research on brood-parasitic indigobirds (Vidua spp.) by 
Michael Sorenson, Robert Payne, and colleagues illus¬ 
trates how within-generation shifts in the development 
of secondary sexual traits and mate preferences could 


cause rapid speciation (process 8). Indigobird nestlings, 
which are invariably raised by foster parents, imprint on 
the songs of their host species. Males later attract females 
reared by the same host species by mimicking host songs 
(Figure 2), and females preferentially lay eggs in the nests 
of their host species. Normally, this process of sexual 
imprinting maintains host-specificity between genera¬ 
tions. But when females lay eggs in the nest of species 
other than their natal host, sexual imprinting may result 
in the sudden formation of new host races, or hybridiza¬ 
tion between existing host races, depending on whether 
the novel host already has its own host race of indigobirds. 
Molecular genetic data support this model of sympatric 
speciation with occasional hybridization. As a possible 
example of speciation in action, one of the ten recognized 
parasitic indigobird species occurs in two morphologi¬ 
cally indistinguishable host races. Males sing host-specific 


Mimicry of L. senegala 


Mimicry of L. striata 



Time (s) 


Figure 2 Sonograms showing host mimicry by male indigobirds (Vidua chalybeata). Males represented in the left column were reared by 
the normal firefinch host, while those represented in the right column were reared by Bengalese finches. Reprinted with permission 
from Payne RB, Payne LL, Woods JL, and Sorenson MD (2000) Imprinting and the origin of parasite-host species associations in 
brood-parasitic indigobirds, Vidua chalybeata. Animal Behaviour 59: 69-81, with permission from Elsevier. Copyright Elsevier. 
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songs and respond more aggressively to songs of their 
own host race. Whether the host races are reproductively 
isolated remains to be determined. 

Other study systems that have provided valuable 
insights into the role of sexual selection in speciation 
include Galapagos finches, Hawaiian Drosophila , Pacific 
salmon ( Oncorhynchus ), greenish warblers (Phyllos copus), 
and water striders (Gerridae), among others. See the review 
article by Ritchie for discussions on most of these examples. 

Experimental Evolution Studies 

In this context, experimental evolution refers to the 
approach of establishing replicate laboratory populations 
or lines, maintaining them under specific treatments that 
are thought to represent different intensities of sexual 
selection (e.g., monogamy vs. promiscuity), and testing 
for reproductive isolation between lines after multiple 
generations. This method has the potential to demon¬ 
strate the efficacy of particular scenarios for generating 
reproductive isolation. So far, this approach has only been 
used to test the sexual conflict model. An experimental 
evolution study with dungflies showed incipient repro¬ 
ductive isolation (assortative mating) after 35 generations 
under conditions promoting sexual conflict (Figure 3), 
but similar experiments on Drosophila melanogaster and 
D. pseudoohscura failed to yield any signs of reproductive 
isolation after 40-50 generations. 

One possible explanation for the negative results in 
Drosophila is that replicate populations exposed to the 
same selection regimes do not evolve in arbitrarily different 
directions, as modelers have assumed; that is, adaptations to 



Figure 3 Results of experimental evolution study on dungflies. 
The graph shows incipient reproductive isolation between 
populations (lines) of flies maintained under conditions 
conducive to sexual conflict (low-density and high-density 
treatments) but not between populations maintained under 
monogamy, after 35 generations. Error bars indicate ±1 standard 
error. Reprinted by permission from Martin OY and Hosken DJ 
(2003) The evolution of reproductive isolation through sexual 
conflict. Nature 423: 979-982, with permission from Nature 
Publishing Group. Copyright Macmillan Publishers Ltd. 


overcome female resistance and female counteradaptations 
may evolve in parallel, from a common starting point, as 
opposed to diverging between selection lines. If so, this 
would imply that sexual conflict alone is unlikely to cause 
speciation, at least not in Drosophila. But perhaps sexual 
conflict would cause divergence between populations that 
inhabit environments that differ in ways that affect the cost 
of female resistance or the efficacy of male mating tactics, 
etc. One promising direction for future research would be 
to incorporate such environmental gradients into experi¬ 
mental evolution studies. 

Conclusions and Future Directions 

Research on speciation, at least in animals, needs to take 
sexual selection into account. On the other hand, the quest 
for examples of speciation, driven purely by sexual selec¬ 
tion, is misguided. Theoretical work shows that speciation 
is more likely when divergent sexual selection is coupled 
with ecological divergence, and empirical studies suggest 
that the situation in nature is even more complex. While it 
is generally productive in science to pit alternative hypoth¬ 
eses against each other, in this case, the hypothesized pro¬ 
cesses may be integral parts of a more complex process. 
A goal for future modeling should be to evaluate which 
combinations of processes most readily yield speciation. 

It is often said that we need only a couple of good 
examples of a given evolutionary process, but in the case 
of sexual selection and speciation, no well-studied sys¬ 
tems are directly comparable. We certainly have not 
reached the stamp-collecting stage of research on this 
topic. There are many well-documented examples of 
allopatric populations that have diverged in mate prefer¬ 
ences or secondary sexual characters, but most such stud¬ 
ies stop short of determining whether the populations are 
reproductively isolated and, if so, whether the observed 
phenotypic differences are responsible. The Hawaiian 
crickets illustrate the problem with assuming that repro¬ 
ductive isolation is caused by an observed difference in 
traits and preferences. Future case studies should go 
beyond identifying plausible mechanisms of prezygotic 
isolation to showing whether these mechanisms actually 
operate in nature. Another promising direction for future 
research will be to use the experimental evolution 
approach to identify the conditions under which particular 
modes of sexual selection generate reproductive isolation. 

Behavioral ecologists have recently begun to pay more 
attention to species in which females develop secondary 
sexual characters. It is not clear yet whether female- 
specific secondary characters are products of sexual selec¬ 
tion or some other form of social selection (e.g., resource 
competition). The role of female secondary sexual char¬ 
acters and male mate choice in speciation is a wide open 
question. 
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See also: Isolating Mechanisms and Speciation; Mate 
Choice in Males and Females; Mating Signals; Parasites 
and Sexual Selection; Social Selection, Sexual Selection, 
and Sexual Conflict. 
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Introduction 

In 1977, a compilation of papers on shark biology and 
ecology was published in the scientific journal, American 
Naturalist. In this volume were two papers about shark 
behavior. One of the key aspects of these two papers is 
that both stated that shark behavior was not well known 
and that study of shark behavior was hampered by several 
constraints. The main problems were logistical in nature; 
first, large sharks are hard to maintain in a captive environ¬ 
ment for observational study; second, observing sharks in 
their natural environment is limited by our ability to be in 
the water viewing their behaviors. In fact, Don Nelson 
suggested that direct observation of sharks was made more 
difficult by the fact that sharks avoid divers unless baited 
into an area. He was concerned that baiting animals for 
observation purposes may lead to biased conclusions since 
sharks were drawn to the region with an urge to feed. In 
their paper in this volume, Gruber and Myrberg cited the 
same constraints. 

Unfortunately, those constraints still exist today. 
Sharks are still difficult to capture, transport, and main¬ 
tain in a healthy condition in laboratory conditions. We 
also have the added concern of whether animals behave 
the same in captivity as they would in the wild. This 
makes the utility and application of captive research diffi¬ 
cult. Direct observation of shark behavior has not gotten 
any easier since the 1970s. Although many new tools have 
been developed to track shark movement patterns, includ¬ 
ing long-term acoustic tracking techniques and satellite 
tracking, these technologies cannot reveal what an indi¬ 
vidual was doing, they can only reveal where it went. For 
these reasons, the study of shark behavior has lagged far 
behind studies of terrestrial predators, where observers 
can watch what individual animals are doing. Despite 
these challenges, many studies have been conducted to 
define shark behavior patterns, and the field continues to 
grow and expand as technologies afford greater opportu¬ 
nities to monitor what is happening in the aquatic realm. 

Studies of shark behavior began as early as the 1950s 
with a study of captive smooth dogfish. Observing the 
movements of these sharks within their tank revealed 
that some social structure or dominance hierarchy may 
exist within shark populations. Since few studies of this 
type have been conducted, these results are still relevant 
today. In 1959, Eugenie Clark showed that captive sharks 
can not only learn, but also be trained. Observations of 
captive lemon sharks revealed that they learned when and 


where they would be fed if a regular feeding schedule was 
kept. Taking this a step further, sharks were trained to 
push a white target board to receive a food reward. Sharks 
were conditioned to press the target for food and after 
10 weeks, with the target removed, they still retained the 
conditioned response when the target was reintroduced. 
This study established that sharks can be taught and can 
retain that training over longer periods. Limited studies in 
learning and conditioning of sharks continue. 

The 1970s was a time of considerable growth in the 
study of shark behavior. During this period, evidence 
began to surface about rhythms in shark behavior patterns 
based on captive studies of activity period. The evidence 
that some sharks have nocturnal behavior patterns has led 
to much research and many conclusions about shark 
activities in the wild. It also provided evidence that 
lunar, circadian, and annual cycles affect shark activity 
and behavior. Also during the 1970s, increased application 
of acoustic tracking technology shed light on shark home 
ranges, daily activity space and dive patterns. This 
research provided a basis for understanding how sharks 
use habitat and how far they swim within a day. 

Since the 1970s, much of the research in the area of 
shark behavior has focused on shark movement patterns. 
This period has seen the introduction of advanced track¬ 
ing technology and provided a means of monitoring the 
long-term and sometimes large-scale movements of these 
highly mobile populations. Less attention has been given 
to other areas of shark behavior and much research is still 
needed in many of these topic areas for a more complete 
understanding of the behavior and ecology of shark popu¬ 
lations to take shape. 

Due to the large number of shark species (over 500) 
ranging from the world’s largest fish, the whale shark, to 
the very small (20 cm) pygmy shark, and the varied habitats 
they utilize, it is impossible to provide a generalized descrip¬ 
tion of shark behavior that is representative of all, or even the 
majority, of species. With that in mind, this chapter examines 
several aspects of shark behavior, discussing examples from 
various species, and providing as much of an overview as 
possible with such a wide array of species to represent. 

Overview of Topics in Shark Behavior 

Mating 

Mating is one of the most basic and necessary behaviors of 
any animal species. Although the practical function of 
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shark mating is well understood, few observations of shark 
mating behavior have been collected, and little is known 
about the timing and location of mating for many species. 
From a basic standpoint, shark mating behavior typically 
involves the male grasping the female by one of her 
pectoral fins or biting somewhere on her flank. This biting 
is thought to be a precopulatory release that signals to the 
female that the male wishes to mate. These bites can often 
involve severe wounds. Female sharks typically have 
thicker skin than males to help protect them from serious 
damage during courtship and mating, although females 
are often reported as having mating scars and open 
wounds during mating seasons. To facilitate this part of 
courtship, males of some species are known to have spe¬ 
cially adapted teeth to help grasp the female during 
mating. The male often attempts to grasp the female by 
one of her pectoral fins and use this grasp as leverage for 
positioning himself to insert one of his claspers in her 
cloaca. All sharks reproduce via internal fertilization, so 
direct sperm transfer is required. 

Sharks are not thought to maintain a single mate, 
although mate choice has been suggested to occur in 
some instances. Studies of nurse sharks revealed that 
females often rebuffed mating attempts from smaller 
males but submitted to larger, more dominant males. 
Female scalloped hammerhead shark schools are also 
thought to be a mechanism to allow larger females to 
observe and select the most fit males to mate with. How¬ 
ever, outside of these two records, little evidence exists to 
support mate selection by females. In fact, many shark 
species appear to display a polygamous strategy with 
multiple matings occurring. Females often give birth to 
litters with multiple fathers. 

To date, few studies have detailed shark mating behav¬ 
ior and most have described mating behaviors observed in 
captive environments. Behavioral data combined with 
physiological and other field data reveal that sharks gen¬ 
erally have a defined reproductive season which occurs 
annually and is controlled by hormone cycles. Individuals 
are thought to migrate to specific mating areas, although 
few, if any, mating areas have been defined for shark 
populations. Prior to copulation, some social behaviors 
may occur, such as males closely following females and 
trying to bite them. Both males and females may use fin 
flexion as a cue to their intentions, and in some cases, 
females become still in order to submit to the male. If a 
female does not want to mate with a male she often 
employs avoidance maneuvers. The extent of any other 
social interactions among individuals or groups during 
mating is very limited. One study of nurse sharks in 
south Florida revealed that males may work together to 
help facilitate mating by an individual male. This type of 
social activity in mating scenarios has not been recorded 
in any other species, but as stated previously, observa¬ 
tions of mating behavior in sharks are still very limited. 


The lack of observational data, particularly in the wild, 
limits our ability to fully understand behavioral aspects of 
mating activities. 

Use of Nursery Areas 

The habitat use and behavior of young sharks after birth 
is a diverse topic with a wide array of possible scenarios. 
Although the early life history of many shark species is 
unknown, inshore species are often thought to utilize 
nursery areas. These regions are suggested to have high 
prey abundance and low numbers of predators. Thus, the 
nursery area is defined as providing an ideal habitat for 
young sharks to survive their early life. This may be 
crucial to sharks, since no parental care is given. After 
birth, young sharks must learn to feed themselves and 
avoid predators without the aid of their parents. Young 
inshore sharks are thought to remain within protective 
nursery areas for the first months or years of their lives 
before moving on to adult habitats. Limited evidence of 
nursery area use suggests young sharks remain in these 
areas for extended periods (months), rarely leave the nurs¬ 
ery habitat, and consistently use small regions within the 
nursery. Many of the species that use nurseries are only 
seasonally present on summer grounds. Therefore, they 
spend 6-8 months in the nursery area and then migrate to 
warmer waters during winter months, although some spe¬ 
cies in tropical waters remain in nursery areas year-round. 
Long-term data has revealed that at least some individuals 
of migratory species return to the nursery where they were 
born as 1- and 2-year olds. There is also some evidence that 
suggests adult females may return to the nursery where they 
were born to have their pups (natal homing). Although not 
all species utilize nursery areas, the restricted use of these 
habitats in some species suggests that this is a key behavioral 
aspect of the early life history of some sharks. 

Movement and Migration 

Shark presence, distribution, and movement patterns are 
some of the most widely studied aspects of shark ecology 
and behavior. Early research involved tag-recapture studies 
to define where individuals from a known location (original 
point of capture) would be recaptured at some later point 
in time (Figure 2). This data provided some of the first 
information relating to shark migration patterns. For exam¬ 
ple, tag-recapture data have been used to define the 
summer-winter migratory behavior of sandbar, and black- 
tip sharks off the US east coast. Both of these species use 
summer grounds to the north, and migrate south as water 
temperatures decline during autumn and winter months. 
Despite the broad applicability and cost effectiveness of 
tag-recapture programs, they are limited in the amount of 
information they can provide on shark behavior. 
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Several approaches supplement and better define data 
collected from tag-recapture studies and thus better 
define shark behavior and movement patterns. These 
include acoustic and satellite tracking of individuals to 
provide more detailed movement and location data. 
Acoustic tracking studies have taken two main paths. 
The first is manual or active acoustic tracking where an 
individual is fitted with a transmitter and followed for a 
short period of time (usually 24-72 h). Data from active 
tracking has been used to define daily activity space and 
movement patterns of a variety of shark species ranging 
from coastal species (bull, lemon, and blacktip sharks) to 
more pelagic species (tiger, blue, and mako sharks). Daily 
activity space of many actively tracked sharks is typically 
restricted to several kilometers (often less than 5 km 2 ). 
Patterns of movement in those tracks vary from moving 
around the same region and even show lap-like swimming 
patterns (observed in lemon sharks) to swimming offshore 
in a consistent direction (observed in tiger sharks). The 
purpose of either of these patterns is unclear - repeated 
use of specific areas may be of benefit, but there is no 
evidence to suggest sharks are territorial. No defense of 
specific regions has ever been observed or reported, and 
sharks are often seen to use small regions over the course 
of a day, but may move their core area around within a 
much broader home range (tens of square kilometers) 
over the course of days or weeks. Directional swimming 
could be indicative of short- or large-scale migrations or 
movement to feeding or refuge areas. 

Tracking studies of pelagic species have also reported 
diel differences in use of the water column, with sharks 
typically coming closer to the surface at night and swim¬ 
ming deeper during the day. This pattern may result from 
sharks following changes in prey location or environmen¬ 
tal conditions. This is a complex and not well understood 
behavioral pattern, but is likely a key behavior of pelagic 
shark species as it is often reported for individuals in open 
ocean habitats. 

The second form of acoustic technology used to track 
sharks is acoustic monitoring, in which a series of acoustic 
listening stations are deployed in a study site. These 
listening stations record the presence of individuals fitted 
with transmitters. Use of listening stations allows data to 
be collected over longer time periods (months to years) 
and for multiple individuals to be monitored simulta¬ 
neously. This makes acoustic monitoring less labor inten¬ 
sive and weather dependent, but unlike active tracks, 
listening station data typically do not provide fine scale 
location data. Listening station data have provided a lot 
of useful information about shark behavior including 
response to environmental conditions, aggregation behav¬ 
ior, use of specific habitats (such as coral reefs), amount of 
space used (home range), and general movement patterns. 
For example, long-term data have revealed philopatric 
behavior patterns in several species. This involves the 


return of individuals to a habitat they have used previ¬ 
ously Young sharks in coastal habitats migrate out of these 
areas during winter months with some returning the next 
summer. Acoustic monitoring of reef shark populations in 
Brazil has shown that sharks maintain home ranges in 
specific locations on coral reefs (Figure 1). In this 
instance, the authors suggested that shark behavior pat¬ 
terns and habitat use explained why more sharks were 
found in marine reserves than in areas open to fishing. 
Other aspects of movement behavior recorded and 
defined by acoustic monitoring are discussed in other 
sections of this article. 

Application of satellite tracking technology gives 
another approach to defining shark movement. Satellite 
tracking has two main forms, the first of which is position 
only data obtained when a transmitter fitted to a shark 
breaks the waters surface. The tag then sends a signal to 
the satellite to record the location at that point. The 
second type of tag is one that archives data on water 
temperature, depth, and day length for a predetermined 
period of time (usually several months) before releasing 
itself from the shark and sending the collected data via 
satellite. These tags allow reconstruction of a movement 
track for the individual using light-based geolocation. 
Both types of satellite tag are used to examine large- 
scale migration patterns. Satellite tags are typically large 
in size, making their use limited to larger shark species. 

Due to the size limitation, most of the current satellite 
tag data is from large species such as tiger, white, and 
whale sharks. These tags have provided unique insight 
into the movements of these sharks. Evidence is gathering 
to show that white sharks make extensive movements 
(from South Africa to Australia) and that they will migrate 
from cold water to more tropical regions (from New 
Zealand to northern Australia, California to Hawaii). Sat¬ 
ellite tagging of whale sharks is also confirming ocean 



Figure 1 A free swimming whitetip reef shark in the Coral Sea. 
(Photo: C. Simpfendorfer). 
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basin scale migration patterns. This has provided a new 
perspective on these populations that has not been 
obtained previously, and will eventually lead scientists 
to understand why individuals use migration routes, 
what behaviors or activities occur at specific regions, 
and what mechanisms trigger movement. Similar to lis¬ 
tening station data, satellite tag data is beginning to show 
that some species return to specific sites at predictable 
times of the year, such as white and tiger sharks returning 
to known areas. Return of these individuals has been 
confirmed by visual identification and resighting. These 
results suggest some habitats are crucial to these popula¬ 
tions for reasons such as feeding or mating. Future 
research based on these findings is likely to better define 
the behavioral motivations for these movement patterns. 
No doubt, future advances in technology will provide 
more insight into what individuals are doing via video 
feeds or other data streams. Until that point, much of 
shark behavior at sites or during migration will remain a 
mystery (Figure 4). 

Homing 

An additional area of interest related to the field of shark 
movement patterns relates to shark navigation and 



Figure 2 A blacktip shark being released with a satellite tag. 
(Photo: C. Simpfendorfer). 


homing ability. Historically, most studies of shark move¬ 
ment have involved tag-recapture studies to examine 
long-term or large-scale movements, or short-term stud¬ 
ies of detailed movement patterns through active tracking. 
A few studies, however, have examined different aspects 
of navigation and movement. Studies of scalloped ham¬ 
merhead sharks along the west coast of North America 
showed the repeated use of specific geographic land¬ 
marks. Peter Klimley and colleagues studied these move¬ 
ments in detail and have suggested that sharks may use 
magnetic fields in the ocean floor to navigate. This theory 
also may explain why sharks appear to be attracted to 
certain regions or geological features such as ridges, 
islands, or seamounts. 

Regardless of the underlying mechanisms, at least 
some sharks appear to know how to navigate to specific 
points or within a region. Studies in which sharks have 
been displaced from a location have shown that indivi¬ 
duals will return to their area of capture after release in a 
new, presumably unknown, location. Individual juvenile 
lemon sharks displaced 4-16 km from their home range 
were found to return in all but one instance. These indi¬ 
viduals often passed up similar, suitable habitat to return 
to their region of original capture. Additionally, all 
released individuals revealed a preferred compass bearing 
with all swimming to the east after release prior to adjust¬ 
ing their path to orient homeward. Displaced Port Jackson 
sharks in Australia also showed an ability to return to 
specific areas, prompting scientists to believe the sharks 
must have some spatial memory in order to navigate 
back to a specific crevice within a complicated habitat. 
Whether sharks have an innate sense of direction, spatial 
memory, or use another means of navigation is unclear, 
especially since some of these experiments have been 
conducted on young sharks that are unlikely to have 
moved from their original location, and as such couldn’t 
have a spatial map of the region. Whatever the mecha¬ 
nism, these studies reveal a preference for individuals to 



Figure 3 A bull shark restrained beside the boat after 
tagging (orange tag is visible in fin). (Photo: C. Simpfendorfer). 
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Figure 4 A free swimming juvenile blacktip shark just after 
release from tagging (yellow tag is somewhat visible). (Photo: 
C. Simpfendorfer). 


use, remain in, and return to a home site if displaced, and 
they display the ability to return if required. 

On larger and longer-term scales are the migratory 
movements of sharks which often return to specific 
regions at specific times of year. Long-term studies have 
revealed that individuals can migrate over 100s of kilo¬ 
meters from a site and then later return to the exact 
region used previously. Mounting evidence for philopa- 
tric behavior in blacktip, blacknose, bull, nurse, and bon- 
nethead sharks suggest that more pelagic species such as 
hammerhead, white, and tiger sharks also routinely return 
to specific sites for feeding, mating, or some other pur¬ 
pose. How sharks navigate and find their way to and from 
specific sites is still largely unknown and is an area of 
shark behavior that requires serious future research before 
any solid understanding can be gained. This is especially 
interesting, since in some species, naive sharks less than 
1-year-old undergo migrations of hundreds of kilometers 
with no parental guidance. These individuals then find 
their way back to summer habitats the following year, 
suggesting a sophisticated navigation mechanism and a 
strong drive to use specific regions. Despite our current 
lack of understanding, this is clearly a crucial component 
of shark behavior and ecology. 

Behavior as a Physiological Aid 

Several studies have reported shark and ray species 
behaving in ways to help cope with changes in the physi¬ 
cal environment or to meet physiological needs. A broad 
example of behavior as an aspect of physiological toler¬ 
ance is found in migratory species of many animals, 
including sharks. Once water temperatures decline in 
winter months, migratory shark species, such as blacktip 


and sandbar sharks, living along the US east coast begin to 
travel south to where water temperatures remain warm. 
Temperatures in the northern extent of the species range 
are below the thermal tolerance for the species, so indi¬ 
viduals must migrate. In this instance, movement/migra¬ 
tion behavior is a key to survival. 

A more specific example of environmental conditions 
driving movement is the report that bat rays along the 
California coast move into warmer waters during the day 
and out of these regions at night when water temperatures 
decline. It was suggested that this movement pattern is a 
form of behavioral thermoregulation where the rays are 
selecting specific environmental conditions to help with 
some physiological process. In this case, it was assumed 
that rays sought out warm water to aid in digestion. 
A similar case of behavioral thermoregulation was 
reported for leopard sharks on Catalina Island, California. 
In this instance, pregnant female sharks moved into shal¬ 
low, warm waters during the day and out of the region 
during the colder night hours. The presence of only 
pregnant females displaying this behavior suggests that 
females use the warmer water temperatures to help speed 
gestation. A similar strategy has been reported for reef 
sharks in the Hawaiian Islands. 

Other environmental factors may cause behavioral 
responses in sharks and rays. Recently, research into the 
movement and behavior of juvenile bull sharks within 
a highly variable river environment suggested that in¬ 
dividuals choose habitat based on salinity preference 
(Figure 3). Results of this research revealed that sharks 
moved nearest to the river mouth (the area of greatest 
marine influence) during the wet season when the river 
approached fully freshwater conditions. During the dry 
season, when the river was well mixed, young bull sharks 
used the entire river region. This behavior could be 
a means of behavioral osmoregulation, in which indivi¬ 
duals select specific salinity regimes to reduce the need 
to regulate their internal salt balance. Movement to 
remain in an optimal salinity may allow individuals to 
use energy for growth rather than salt regulation. 
Changes in flow and salinity conditions have been re¬ 
ported to similarly affect other species using estuarine 
regions including bonnethead sharks, cownose rays, bat 
rays, and leopard sharks. 

A more extreme example of behavioral response to 
environmental conditions is the reported response of 
sharks to passing tropical storm systems. Long-term 
acoustic tracking data have revealed that as tropical 
storm systems come ashore, sharks move out of inshore 
regions into areas of deeper water. The best documented 
case of this behavior involves Tropical Storm Gabrielle 
making landfall on the gulf coast of Florida. The storm 
made landfall 50 km south of an inshore bay where juve¬ 
nile blacktip sharks were tracked by an acoustic monitor¬ 
ing array. All monitored individuals left the study site 7 h 
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prior to the storm’s landfall. Analysis of storm conditions 
revealed that sharks left the inshore region during the 
period of greatest decrease in barometric pressure. This 
suggests that sharks are so finely tuned to their environ¬ 
ment that subtle changes can cause them to leave a region. 
The change in barometric pressure is thought to have 
triggered a flight response, possibly to prevent individuals 
from getting caught in storm surge in shallow regions, or 
to avoid exposure to salinity declines that may accompany 
tropical weather systems. After passage of the storm, all of 
the monitored individuals returned to the study site and 
resumed movement patterns similar to those prior to the 
event. 

Movement in response to environmental conditions 
may provide physical or physiological benefits, and in 
some cases, may be a means of avoiding mortality. This 
reinforces how important movement is as a behavioral 
response in mobile populations, and how finely tuned 
species can be to the conditions and changes within 
their environment. 

Feeding and Predator-Prey Relationships 

Feeding ecology of sharks is a large subject area that 
involves many aspects of shark ecology, physiology, and 
behavior. This includes sensory systems, jaw mechanisms, 
feeding strategy (grasping vs. suction), and biological 
aspects such as feeding periodicity. This discussion is 
limited simply to feeding activities in relation to behavior. 

The majority of shark species feed on fish, crustaceans, 
and other sharks. Various feeding strategies are employed, 
with many species feeding in turbid water or areas of high 
prey density. Few studies attempt to define feeding beha¬ 
viors of sharks and most of the available information is 
based on large predatory species, such as white or tiger 
sharks. From what is known, these species may use more 
of a stealth approach to feeding and either attack from 
below for surface prey, such as marine mammals and sea 
turtles, which must come to the surface to breathe, or 
attack from above to prey on bottom-dwelling fish and 
rays. The coloration of sharks, dark on the top and light on 
the bottom, is thought to help camouflage them when 
feeding on surface or bottom oriented prey who may 
find it difficult to see approaching sharks that blend in 
with surface or bottom coloration. Limited predation 
event data from tiger sharks suggests that they do not 
chase prey items, but rather take advantage of prey when 
they are vulnerable or not alert. Sharks may take advan¬ 
tage of situations when prey are not vigilant and a quick 
attack can occur. An extreme example of stealth feeding 
behavior is that of cookie cutter sharks. These small 
individuals are almost ectoparasitic as they swim up to 
large fish and marine mammals and bite a chunk of flesh 
out of their prey. These sneak attacks leave the prey with 
a melon-ball shaped, nonlethal wound. Whether small 


(cookie cutter) or large (white, tiger), stealth appears to 
be a key component of shark feeding behavior. 

Most shark species hunt as solitary individuals, regard¬ 
less of their feeding behavior. However, data on sevengill 
sharks revealed group hunting for fur seals. Sevengill 
sharks group together and swim in circles around a fur 
seal until one or more of the sharks rush in to bite the seal. 
x\fter the initial bite the rest of the group attacks and feeds 
upon the seal. This suggests that social feeding behaviors 
may occur in shark populations, although this has not 
been documented in any other species. 

As well as being predators, sharks often fall prey to 
other, larger, sharks. Studies of juvenile blacktip sharks in 
a coastal estuary in Florida revealed that juvenile sharks 
tended to use habitat more in relation to predation risk 
than prey abundance. This suggests that sharks are not 
always top predators in the system and have predation 
concerns similar to those of other prey species. Further 
support for the use of habitat for protection rather than 
feeding comes from juvenile hammerhead sharks in 
Hawaii. Young hammerhead sharks remained within a 
nursery area despite the fact that it did not provide 
adequate food resources and a portion of the population 
actually starved while resident in the region. These 
populations presumably stay in the area to avoid preda¬ 
tion by larger sharks that may not enter the shallow 
water regions these sharks inhabit. This reinforces the 
concept that large sharks can alter the behavior patterns 
of their prey species, and that prey species, including 
small sharks will use habitats in ways to avoid predation 
by these individuals. As these large predators move into a 
region, fish, small sharks, and other prey species, such as 
marine mammals, may change their distribution and 
movement patterns to avoid interactions and reduce 
their predation risk. As predators and prey, shark behav¬ 
ior clearly plays a key role in feeding activities and 
predator avoidance. 

Social Aspects of Shark Behavior 

Sharks are typically thought of as solitary individuals that 
do not associate with others, unless for very specific 
purposes such as mating. Given this assumption, very 
little research has been conducted to define social aspects 
of shark behavior. In one of the earliest studies (1954), 
dominance within a community of smooth dogfish was 
reported; larger individuals were dominant over smaller 
individuals, suggesting the existence of a social hierarchy. 
A similar study conducted in the 1970s looked at a group 
of bonnethead sharks in a penned enclosure. The move¬ 
ments and interactions of sharks in the pen were observed 
and recorded to determine if any social hierarchy existed 
within the group. Results of the research revealed that 
smaller bonnethead sharks moved out of the way of larger 
individuals or followed along behind a large animal. 
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These studies suggest that, in some populations, sharks 
assess the size of other individuals and alter their behavior 
accordingly. Similarly, reports from shark feeding activ¬ 
ities have suggested that larger, more aggressive indivi¬ 
duals feed first with smaller or less aggressive individuals 
often found on the outer edge of the feeding aggregation. 
There have also been observations of one species appear¬ 
ing to be dominant over another. In some shark popula¬ 
tions, the largest individuals are considered to be 
dominant, as can be seen in many animal populations. 
This is despite the fact that sharks are not known to 
maintain or defend home territories from one another, 
thus dominance must be important for some aspect of 
behavior. Therefore, some basic dominance hierarchy 
may exist, and as such shark communities have a social 
aspect to their communities. 

Despite the assumption that sharks are solitary by 
nature, there are some longstanding examples of shark 
species that do interact, such as reports of schooling 
hammerhead sharks and aggregations of large, conspic¬ 
uous species such as whale or white sharks. Schooling 
in hammerhead sharks is well known and has been 
observed in various locations around the world. Studies 
off the west coast of North America have revealed that 
scalloped hammerhead sharks school at specific geo¬ 
graphic features such as seamounts. It is unclear what 
draws these individuals to specific regions, but they are 
often resident for extended periods of time, moving to 
and from the seamount during the day. Presumably, 
individuals move away from the seamount to feed and 
then return. No mating or other behavioral reasons for 
these aggregations have been identified; perhaps, these 
regions provide refuge areas and/or aid in navigation 
and orientation. It is unclear whether these regions 
provide optimal conditions (ideal water temperature), 
abundant prey resources, or some other feature that is 
of benefit to the sharks that school there. Another exam¬ 
ple of aggregation behavior in sharks has come from 
acoustic tracking of juvenile blacktip sharks in a coastal 
nursery area. Long-term tracking of juvenile shark 
movement patterns revealed that individuals aggregated 
together almost continuously for the first 6-8 weeks of 
life. After that point, individuals continued to aggregate 
during the night, but were dispersed throughout the 
study site during the day. Due to the small size of these 
sharks, it was suggested that this aggregation behavior is 
a form of predator avoidance. By staying in a large 
group, an individual may be less susceptible to predation 
by a larger shark than being a single individual. Decreas¬ 
ing dependence on others throughout the first summer of 
life suggests that individuals become more adept at avoid¬ 
ing predators as they grow and age, therefore decreasing 
their need for the protection of a large group. Thus, aggre¬ 
gation behavior likely serves a specific purpose in shark 
ecology and life history. 


These examples reveal that there are some detailed 
and complex social dynamics occurring in shark popula¬ 
tions and suggest that schooling or aggregation behaviors 
are not strictly related to a biological need such as mating. 
Groups of sharks may have a variety of purposes within 
the life history and ecology of these species. 

Agonistic Displays 

Despite their fearsome reputation, there is little scientific 
evidence relating to aggression in shark species. The most 
comprehensive study of shark aggression is from studies of 
gray reef sharks, where a behavior pattern that was often a 
precursor to attack was observed. Divers who moved 
aggressively toward gray reef sharks elicited a repeated, 
predictable movement and postural behavior in the 
sharks. Threatened sharks swam with an exaggerated 
motion, rolling, tilting, or looping the body. Sharks also 
lifted their snout, dropped their pectoral fins, arched their 
back, and bent their body sharply toward their tails. This 
display posture lasted from 15 to 60s and occurred when 
the diver was within a few meters of the shark. In these 
instances, sharks typically did not retreat from the 
approaching diver. The authors of the study theorized 
that this behavior was the result of sharks being exposed 
to a situation where they were conflicted as to whether 
they should attack or retreat. The most intense behavioral 
responses were observed when the escape route of the 
shark was most restricted. Based on all of the available 
information, it was concluded that this display is most like 
a defensive threat posture and may be a precursor to 
attack. This is one of the few studies to document the 
response of sharks to humans and human activities. 

See also: Electroreception in Vertebrates and Inverte¬ 
brates; Fish Migration. 
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The Puzzles Posed by Signal Parasites 

Although humans have an amazingly sophisticated com¬ 
munication system based on language, we are far from the 
only species the members of which provide information to 
others. The signals that other species use range from 
special sounds (including those that we cannot hear), elab¬ 
orate visual displays, odor cues, and tactile codes. Some fish 
even make use of the electric channel to make contact with 
one another. In analyzing this great diversity of communi¬ 
cation modes and messages, it is helpful to recognize that a 
communication system involves a signaler (the transmitter 
of information) and a signal receiver (who detects and 
reacts to the signals it receives). Both parties have to bene¬ 
fit if the system is to persist. On the one hand, if it were 
disadvantageous to send a signal, then natural selection, 
acting on variation in a population with respect to signal 
behavior, ought to eliminate the communicative action that 
reduced the reproductive success of the signaler. Likewise, 
if individuals that detected and responded to a signal did so 
in ways that lowered their chances of leaving descendants, 
then selection should favor any variant that did not receive 
or react to the signal in that particular way. 

This argument is not purely theoretical. Selection is 
known to have caused a rapid change in a communication 
system in a cricket species, Teleogryllus oceanicus , which was 
accidentally introduced to the Hawaiian island of Kauai. 
There the cricket encountered for the first time a fly that 
locates male crickets by their calls. Once a female para¬ 
sitic fly has found her victim, she deposits a larva on the 
male and her offspring then burrows into the unfortunate 
insect (Figure 1). In a matter of some days, the cricket will 
be eaten inside out, having lost his reproductive future as 
a result of having unwittingly enabled a fly to find him. In 
Kauai, at first most males of T. oceanicus used their wings 
to chirp for mates but after only about 20 generations, 
almost no calling males could be found anywhere on the 
island. Natural selection had favored males the wings of 
which were constructed in such a way that they could not 
generate the calls that we typically associate with crickets. 
These males managed to find receptive females without 
communicating acoustically with them. 

Risky Communication: Dangerous 
Eavesdroppers 

Despite theory and evidence, any number of cases exist 
in which animals continue to produce communication 


signals that attract damaging parasites or predators. In 
addition, other cases occur involving animals that lower 
their reproductive success by responding to the signals 
they receive. Thus, outside of Kauai, chirping or trilling 
males of many cricket species attract the same kind of 
deadly parasitic flies that afflicted T. oceanicus in Hawaii. 
These crickets continue to provide signals that may be 
exploited by an eavesdropping enemy. 

Other well-studied examples of damaging signal stea¬ 
lers include the predatory fringe-lipped bat, which listens 
for calling males of the tungara frog. The bat uses the 
frog’s signals to locate its prey, which it snatches out of the 
water or from the frog’s perch. Evidence that the bat really 
can use the acoustic signals of the frog to locate its meals 
came from experiments in which taped signals of various 
sorts were played at night in places where the bat occurred. 
Some predators flew right up to tape recorders - but only if 
hose recorders were playing tungara frog calls (just as certain 
parasitic flies will go to loudspeakers broadcasting cricket 
calls but not to speakers playing other kinds of sounds). 

One more case involves the predatory fish, the Mexican 
tetra, which lives in streams with another fish species, the 
northern swordtail. Swordtail males attract mates with 
flashy displays that show off their elaborate tails. Unfortu¬ 
nately for the displaying males, their maneuvers also make 
them more conspicuous to the tetra, which uses the signals 
of its prey for its own predatory advantage. Many more 
examples of this phenomenon have been documented, all 
of which raise the question of why some animals give 
signals that may insure their premature death. 

Risky Communication: Deceptive Signalers 

Another equally puzzling aspect of animal communica¬ 
tion occurs when signal receivers ‘permit’ themselves to 
be exploited by deceptive signalers. For example, in 
southwestern Australia, a number of species of small ter¬ 
restrial orchids in the genus Drakaea possess astonishingly 
unflower-like flowers that look vaguely like the wingless 
females of certain species of wasps (Figure 2). Moreover, 
these flowers contain glands that release chemical signals 
attractive to males of these very species. When a male 
wasp is drawn to the flower of a Drakaea orchid, he may 
pounce on the part of the flower that has some resem¬ 
blance to the female of his species. As he attempts to fly 
off with his ‘mate,’ the male is thrown into contact with 
the pollen-bearing component of the flower. When this 
happens, he will pick up the orchid’s pollen sacs and may 
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Figure 1 Male crickets produce acoustical signals that can attract dangerous eavesdroppers, including females of the parasitic fly 
Ormia ochracea. Courtesy of Dave Gray. 



Figure 2 A deceptive signaler: the flower of the hammer orchid 
Drakaea livida smells like and looks (vaguely) like a female of a 
particular species of thynnine wasp, which leads some males of 
that species to approach, grasp and attempt to copulate with the 
flower. 

carry them to another orchid of the same species, where 
the pollinia can be deposited on the pollen-receiving 
surface of the flower - if the wasp is fooled into trying 
to mate with the deceptive flower part once again. In this 
case, the consequences for the exploited signal-receiving 


wasp are not nearly as devastating as those experienced by 
the exploited signal-giving male cricket, but even so the 
interaction is clearly harmful to the deceived receiver. 
Males that are fooled in this fashion waste time and 
energy, which could have been used to help them to 
reproduce had the males invested their effort in finding 
receptive, signaling females of their own species. 

Deceptive communication is not uncommon in nature. 
Hundreds of species of orchids fool hundreds of species of 
bees and wasps into pollinating them (Figure 3). Many 
animal species also deceive certain signal receivers in 
ways that harm the receivers. A famous example involves 
firefly ‘femme fatales’ belonging to the genus Photuris , 
predators that combine eavesdropping with deceptive 
signaling. The femme fatales detect the light flash signals 
given by male fireflies belonging to species in another 
genus, Photinus. Indeed researchers have been able to 
attract Photuris females to light-emitting diodes that pro¬ 
duce the precisely timed series of flashes of the sort given 
by males of certain species of Photinus. Once having 
approached a potential prey, the eavesdropping predator 
uses her own flash equipment to answer the mating signals 
given by male Photinus just as if she were a female of the 
prey species. Some Photuris females can mimic the answer¬ 
ing signals of up to three different Photinus species. When a 
male firefly approaches the deceptive signaler, as if she 
were a potential mate, the predatory Photuris female will 
dramatically demonstrate otherwise (Figure 4). 

Other well-known cases of deceptive visual signaling 
include the anglerfish and alligator turtles that have spe¬ 
cial body parts that resemble minnows, which these pre¬ 
dators wave about seductively, luring real fish to approach 
close enough to be snapped up. 

Another kind of visual deception is practiced by the 
many Batesian mimics in nature. These are edible animals 
that have evolved a close physical (and often behavioral) 
similarity to another species that happens to be largely 
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Figure 3 A male thynnine wasp has grasped the deceptive 
female decoy of the elbow orchid Spiculaea ciliata. Note the 
orchid pollinia stuck to the wasp’s thorax, a result of a previous 
wasp-orchid interaction. 

immune to predation because of its unpleasant, unpalatable, 
or downright poisonous properties. The mimic communi¬ 
cates falsely to its predators that it is a member of a protected 
inedible class of prey. Predators that have experienced the 
bad-tasting or toxic protected species may avoid the Bates- 
ian mimic as well, treating it as it were unpalatable and 
should be left alone. In doing so, the predatory signal 
receiver loses food that it would benefit from having. 

Then there are the acoustical deceivers, like those birds 
that give alarm calls warning others nearby of an impending 
danger that does not exist. By doing so, the alarm callers 
scare neighbors temporarily away, which enables them to 
forage for food without the competition provided by those 
they have frightened off. Olfactory, as well as visual and 
acoustical, deception has also evolved. Take the bolas spi¬ 
ders, which release a pseudosex pheromone similar to that 
emitted by certain female moths. When male moths of 
these species sense the odor, they respond as they would 
to a real female moth - by flying upwind toward the source 
of the scent. The spider takes advantage of this reaction to 
catch the male moth when he comes close enough to be 
struck and stuck to a ball of glue at the end of a silken line. 
The captive moth can then be reeled in, killed and eaten by 
the predator. 



Figure 4 A dangerous eavesdropper and deceptive signaler, 
a female firefly of the genus Photuris that has lured a male 
Photinus firefly to her; the male has paid the ultimate price for 
his mistake. Courtesy of James E. Lloyd. 

Why Communicate If Eavesdroppers and 
Deceivers Can Exploit the System? 

The fact that eavesdropping and deception are wide¬ 
spread is puzzling, given the logic of the evolutionary 
argument that communication systems should not persist 
if the signaler or the receiver are damaged, reproductively 
speaking, by giving or responding to a signal. Biologists 
have, however, produced two different kinds of solutions 
to this puzzle. One answer can be labeled novel environ¬ 
ment theory in which the maladaptive signal-giving, or 
signal-receiving, occurs because modern conditions are 
so different from those that shaped the evolution of the 
behavior in the past, and because there has not been 
sufficient time for advantageous mutations to occur that 
would ‘fix the problem.’ So, for example, certain male 
buprestid beetles respond to the color pattern signals 
provided by orangeish beer bottles and telecommunica¬ 
tion signs (Figure 5) in Australia by flying to these objects 
and attempting to mate with them, just as they would 
attempt to mate with an orange-colored female of their 
species. Beer bottles and orange-colored signs have only 
very recently become part of the environment of the 
beetles and selection has had no time to favor individuals 
that happen to avoid these novel objects as they search for 
receptive female beetles. 

Most cases of eavesdropping and deception, however, 
involve eavesdroppers and deceivers that have long been 
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Figure 5 A male buprestid beetle attracted to a sign because 
of its orange color, a maladaptive response due to a novel 
environment. Prior to recent human activity in the area, males 
that responded to the color orange were likely to locate potential 
mates efficiently. 

part of the exploited signal-giver or signal-receiver’s envi¬ 
ronment. Novel environment theory cannot easily explain 
these instances of communication gone awry. Instead, we 
can apply what might be called net benefit theory to most 
of these cases, arguing that although it does not pay to be 
exploited by an eavesdropper or deceptive signaler, the 
loss of reproductive success imposed by these exploiters is 
on average less than the benefits gained by remaining as 
part of a mutually beneficial communication system. In 
other words, even though there is some chance that a 
signaler will be harmed by an illegitimate receiver, or a 
receiver will be damaged by a deceptive signaler, giving 
the signal or responding in a particular way to a given 
signal yields a net gain in reproductive success on average. 

For example, a male cricket that calls for females or a 
male firefly that approaches the signals associated with 
females of his species derives a benefit, the opportunity to 
pass on his genes, from being part of a communication 
system with females of his own species. If the risk 
of exploitation is reasonably low, then even though para¬ 
sites and predators of other species reduce the average 
reproductive benefits associated with the legitimate 
communication system, the benefits could still outweigh 
the disadvantages of signal-giving or signal-receiving, 
leading to the persistence of these behaviors. Imagine 
that a mutant male Photinus firefly appeared that did not 
respond to the signals given by deceptive Photuris femme 
fatales. This male would probably live longer on average 
than his fellow males, which respond to these signals, but 
since the females of its own species also give the same 


signals, the mutant male would be very unlikely to find 
a mate and pass on the genes for his safe but sterile 
behavior. 

If this argument is correct, then eavesdroppers and 
deceivers should usually exploit a system that has clear 
adaptive value under most circumstances. This seems to 
be the case as can be judged from the fact that most of the 
examples given earlier have to do with communication 
between males and females of the same species that lead 
to reproductive payoffs for both participants. Tungara 
frogs often gain mates by calling for them, even if they 
occasionally attract a fringe-lipped bat instead. Thynnine 
wasp males that respond to the sex pheromones released 
by females have a chance to copulate with these indivi¬ 
duals, even if they sometimes are fooled into ‘mating’ with 
an orchid flower. Likewise, it can pay a bird to always dash 
for cover when hearing an alarm call because the response 
may save its life, a major benefit, even though occasionally 
the alarm is false, which comes with the modest cost of 
losing a bite to eat. 

Reducing the Costs of Dealing with Damaging 
Eavesdroppers 

Even though it may still pay to communicate with others 
despite the risks posed by exploitative eavesdroppers and 
deceptive signalers, we might expect communicators to 
evolve tactics that at least reduce the costs imposed by 
these parasites and predators. If such tactics were possible, 
their use would increase the net benefit associated with 
participation in an adaptive communication system. Ame¬ 
liorative tactics of this sort have evolved in many species. 
Take the tungara frog, which combats the fringe-lipped 
bat by altering its calls under some circumstances. When a 
male is calling with relatively few other individuals 
nearby, and so is at greater risk of being singled out by a 
frog-hunting bat, the frog is especially likely to drop one 
component of the call labeled the ‘chuck.’ Calls with a 
chuck are more readily located by bats, so by eliminating 
this feature, male frogs make themselves harder for their 
predators to find. Frogs giving chuck-less signals are 
almost certainly also harder for females to find as well, 
but this price will be worth paying when the risk posed by 
an eavesdropping bat predator is particularly high. 

Likewise, small songbirds give soft, high-frequency ‘seef 
alarm calls when they spot deadly daytime hunting hawks 
rather than the louder, lower-frequency ‘mobbing’ call that 
they use when they encounter a sleepy owl during the 
daytime. The ‘seet’ call does not travel far and so is not as 
effective in alerting the fellow flock members to nearby 
danger, but the weaker signal is also harder for hawks to 
detect and use to target an alarm caller. 

The evolution of counteradaptations to signal parasites 
is apparent in the visual displays of the northern sword¬ 
tails. These fish use their flashy tails to attract mates but 











196 Signal Parasites 


by employing ultraviolet reflecting pigments in their tails, 
the swordtails employ a sensory channel that their pre¬ 
dators, the Mexican tetras, have difficulty seeing. In doing 
so, the prey species makes it somewhat harder for its 
predator to eavesdrop on its sexual displays. 

Modified Responses to Deceptive Signals 

Just as signal givers can evolve countermeasures against 
eavesdropping, so have signal receivers evolved attributes 
that reduce the likelihood of being damaged by deceptive 
signalers. Consider the male thynnine wasps that can be 
fooled into a pseudocopulation with an orchid flower. It is 
now known that when a male has an unrewarding experi¬ 
ence with a particular orchid, he learns the location where 
this occurred and puts what he has learned to good use by 
avoiding the site thereafter. Yes, he was fooled once. But 
this orchid will not attract him again, which saves the wasp 
from fruitlessly interacting with the same deceptive plant 
over and over again. 

Furthermore, many male thynnines pull back from a 
deceptive orchid at the last moment and do not attempt to 
mate with the flower. Selection has evidently favored 
wasps that exercise a certain cautiousness when searching 
for females. The same is true for male fireflies that have 
approached a deadly Photuris female; her light flashes may 
be attractive but once again, males often turn away from 
the predator’s embrace at the last moment. 

Thus, the interaction between signal parasites and their 
victims has shaped the communication systems that we 


observe in nature. The parasites can, in extreme cases, 
like the Hawaiian cricket and parasitic fly example, cause 
signalers to shift to a totally different sensory modality 
when communicating with potential partners. More com¬ 
monly, the selective pressures exerted by signal parasites 
result in the evolution of modifications of otherwise 
beneficial communication systems that act to the mutual 
advantage of legitimate signal givers and legitimate signal 
receivers. 

See also: Honest Signaling; Interspecific Communica¬ 
tion; Tungara Frog: A Model for Sexual Selection and 
Communication. 
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Introduction 

The welfare of cattle in slaughter plants can be assessed by 
measuring both the behavior of the animals and the behavior 
of the people who handle them. A common mistake made by 
managers and veterinarians is thinking that all welfare pro¬ 
blems can be completely solved by having the right equip¬ 
ment. This is only part of the equation for maintaining high 
welfare standards. The other two essential elements are 
maintaining the equipment and training of the people who 
handle the animals. Training the slaughter plant employees, 
so that they understand the behavioral principles of moving 
animals, is often omitted. People who handle animals need to 
understand principles, such as the animal’s flight zone and 
point of balance at the shoulder. To make an animal go 
forward, the handler must stand behind the point of balance. 
This is a simple concept, but handlers often forget to do it. 
Improving animal welfare in slaughter plants will also 
improve safety for the plant employees. When cattle become 
agitated they are more likely to charge or run over people. 
Calm, careful handling keeps people safer. 

Are Animals Afraid of Being Slaughtered? 

The first question that both students and people outside 
the livestock industry will ask is, ‘Do animals know that 
they are entering a slaughter plant?’ Observations by 
the author at many slaughter plants and large feedlots 
indicate that the behavior of the cattle while they are 
moving through the chutes (races) is the same in both 
places. If the animals knew they were going to die, they 
should be much more agitated in the slaughter plant. 
The first section of this paper will discuss behavioral 
measures that are currently being used by the industry 
and major meat buying customers to assess animal wel¬ 
fare. The second section will cover how the standards 
were developed, and the last section suggests areas where 
more research is needed. 


Animal Behavioral Measures that Are 
Indicators of Poor Welfare 

There are a number of animal behaviors that are currently 
being used in slaughter plants to assess the welfare of the 
animals. The following subsections describe them. 


Percentage of Animals that Vocalize 

Cattle that vocalize (bellow or moo) when they are being 
handled, restrained, or stunned are more stressed than 
animals that remain silent. Common causes of vocaliza¬ 
tion in cattle and pigs are electric prods, sharp edges or 
restraint equipment, poor stunning, jamming in races, or 
prolonged subjection to a head restrainer. In both cattle 
and pigs, vocalization during surgery or handling is asso¬ 
ciated with higher physiological measures of stress, such 
as cortisol or lactate. When pigs get jammed in chutes or 
are shocked with electric prods, higher lactate levels are 
associated with squealing. Animals that vocalize when a 
stunning method fails to work are obviously stressed. In 
contrast, vocalization cannot be used to measure distress 
in sheep. Sheep seldom vocalize when they are injured or 
stressed during handling and stunning. For all animals, 
vocalization should only be assessed in the stun box and 
when handlers are actively moving animals. Do not count 
vocalization in the holding pens. 

Several studies have shown how cattle vocalizations are 
associated with aversive events or equipment faults in 
slaughter plants. The author observed a total of 1125 
cattle while they were in the single file race or stunning 
box in six commercial slaughter plants. A total of 112 
cattle vocalized during handling and stunning. All but 
two of the vocalizing animals had vocalizations that were 
associated with an observable aversive event such as elec¬ 
tric goads, slipping on the stun box floor, missed captive 
bolt stuns, or excessive pressure applied to the animal by a 
restraining device. Further study indicates that problems 
with equipment could be identified and fixed by compar¬ 
ing before and after vocalization scores. In one beef plant, 
an 8% vocalization score dropped to 0% after a light was 
installed on a dark restrainer entrance. Electric goad use 
could be reduced once the light was installed because the 
cattle balked less. In another plant, excessive pressure 
from a head restraint device caused 23% of the cattle to 
vocalize. xAfter the pressure was reduced, the percentage 
that vocalized was reduced to 0%. 

Vocalization scoring is more difficult in pigs because it 
is often impossible to count the individual pigs that are 
squealing in the lead up race, so only the percentage of 
pigs squealing in the stun box or restrainer are counted. 
In plants with very good handling, individual squealing 
pigs throughout the entire facility can be identified. In 
large plants, a sound meter can be used to monitor pig 
squealing. Another method for measuring pig vocalization 
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is to score the percentage of stunning cycles during which 
the entire room was quiet. 

Percentage of Animals Slipping and Falling 

Another obvious indicator of poor welfare is animals 
slipping or falling when they are being moved through 
the slaughter plant facility. Slips and falls can be caused by 
either slick floors or rough, abusive handling. Falls should 
be recorded separately from slips because falls have a 
more severe effect on welfare. 

The areas in the slaughter plant where animals are 
most likely to fall are the truck unloading area and the 
stunning box. Floors wear out and become slick in these 
high traffic areas. Falling during handling is either a big 
problem or it does not occur. The floor is either good 
enough that animals rarely fall or the flooring is so poor 
the animals frequently fall. It can range from 0% to almost 
100% in a plant that had a stun box with a slick floor. 
Careful maintenance of floors in high traffic areas will 
reduce falls to one in over 1000-2000 animals. 

Percentage of Animals Moved with an 
Electric Prod 

This is a measure of the behavior of people that has a 
significant effect on animal welfare. Electric prod use is 
especially detrimental to pigs. Scoring the use of electric 
prods is currently part of industry animal welfare guide¬ 
lines. In the American Meat Institute Guidelines, the 
percentage of cattle, pigs, or other animals moved with 
an electric prod is counted. To help reduce electric prod use, 
many plant managers forbid the use of electric prods as the 
person’s primary animal driving tool, and the person is 
not allowed to constantly carry the prod. It is only picked 
up when needed. 

Balking 

When animals balk and refuse to move forward or back up 
in a race, people will often poke them more with an 
electric prod. Measuring balking, stopping, and backing 
up are often used to detect faults in the plant’s handling 
facilities. Reducing balking can often be accomplished by 
making simple changes in the facilities. 

The most common causes of balking are shiny reflec¬ 
tions on metal or water, dangling chains, seeing people up 
ahead, or air blowing into the faces of approaching ani¬ 
mals. Animals are also reluctant to enter a dark place. In 
many cases, adding a light at either the race or restrainer 
entrance will facilitate animal movement. Both pigs and 
cattle have a tendency to move from a darker place toward 
a brighter place, but they will not move toward blinding 
lights. Simple changes, such as adding a light to illuminate 
a dark race entrance, or moving a lamp to eliminate a 
reflection, may reduce balking. At one plant, installation 


of a lamp on a dark race entrance made it possible to 
reduce electric prod use from 38% of the pigs to 4%. 
When the distractions that attract the animal’s attention 
are removed from a facility, the animals will often walk 
quietly into the stunning area. Movement of both cattle 
and pigs will also be improved if solid sides are installed 
on races to prevent the animals from seeing people and 
moving equipment outside the race. 

When animals balk, the use of electric prods often 
increases and handlers are more likely to resort to abusive 
practices such as tail twisting or poking sensitive parts of 
the animal’s anatomy, such as the rectum or udder. Below 
is a list of simple improvements to eliminate distractions 
that make animals balk. 

1. Modify lighting: examples include installation of a 
lamp at a dark race entrance to provide indirect 
lighting or removal of ceiling lamps from the center 
line of the race to eliminate reflections on a wet floor. 
Sometimes, moving a lamp only 1 m will eliminate a 
reflection on a shiny piece of metal. 

2. Install visual barriers to prevent approaching animals 
from seeing either people or moving equipment up 
ahead as they move into the races. This may simply 
require a metal shield or curtain to block the animal’s 
vision of people and moving machinery. 

3. Install solid sides on races and stun boxes. 

4. Cut a small window in the front of a beef stun box so 
it does not look like a dead-end. 

5. Change the ventilation system to prevent air from 
blowing into the faces of the approaching animals. 

6. Remove dangling chains that jiggle. 

7. Doors on stun boxes must open high enough to avoid 
bumping the animal’s back while entering. 

8. Hold-down bars on races or restrainer should not 
touch the animal’s back. 

9. Install a false floor under a conveyor restrainer so that 
the animal does not balk at the visual cliff effect. 

10. Install speed controls on hydraulic or pneumatic 
cylinders to eliminate sudden jerking movement that 
scares animals. 

11. Silence hissing air with mufflers. 

12. Reduce metal clanging noise. 

13. Avoid excessive pressure applied to the animal by 
head holder devices or other restraint apparatus. 

Behavioral Signs of Return to Sensibility 

After an animal is stunned and rendered insensible, it must 
remain insensible throughout bleeding and dressing 
procedures. Evaluating the clinical behavioral signs of 
insensibility and return to sensibility is used in current 
welfare assessments by both the United States Department 
of Agriculture (USDA) government inspectors and indus¬ 
try welfare audits. The most common mistake that is made 
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when assessing insensibility is to consider reflexive kicking of 
the legs as an indicator of sensibility. Veterinarians, auditors, 
and inspectors need to be trained to look at the head and 
ignore the animal’s legs. Most researchers in the area of 
welfare in slaughter plants recommend that when any one 
of these indicators, which is a sign of return to sensibility, 
occurs, the animal must be restunned. 

1. Blinking in response to a light shined in the eye. 

2. Natural spontaneous blinking similar to a live animal 
in the lairage (holding yard). 

3. Rhythmic breathing (not gasping). 

4. Righting reflex - attempts to lift the head. 

5. Tongue movement. 

6. Response to a pin prick on the nose. Testing for 
response to a painful stimulus must only be done on 
the head or nose. Never on the body. 

Percentage of Animals Rendered Insensible 
with a Single Application of a Stunning Method 

This is part of the industry animal welfare audit and 
assessment. For gas stunning of pigs and poultry, only 
insensibility scoring is used in current industry guidelines. 
For captive bolt stunning, the percentage of animals ren¬ 
dered instantly insensible with one shot is counted to 
determine the percentage of animals stunned correctly. 
Equipment design and maintenance is a major factor that 
affects the efficiency of the captive bolt. For electrically 
stunned animals, there are two measures - the percentage 
of animals where the electrodes are placed correctly so 
the current flows through the brain, and the percentage of 
animals that vocalize when the stunner is applied. Animals 
that vocalize when the electrode is applied are feeling the 
shock, which is a severe welfare problem. 

Behavioral Measures for Truck Loading 
and Handling on Feedlots and Ranches 

Speed Scoring 

Cattle should be moved quietly at a walk or a trot. 
National Cattlemen’s Beef Association Guidelines state 
that the goal is to move 75% of the animals at a walk or 
trot. The percentage of animals that go faster than a trot 
can be measured. There are numerous studies on the use 
of exit speed scoring from squeeze chutes. Cattle that run 
fast while exiting the squeeze chute or become agitated in 
the squeeze chute have lower weight gain and are more 
likely to have dark cutting meat. 

Flight Zone Distance 

Animals that have large flight zones and are unwilling to 
approach people may be fearful. The flight zone distance 


of both pigs and cattle is a useful measure that can be 
assessed by walking into each pen. Animals with large 
flight zones that quickly move away from people are 
usually less productive. In livestock that are raised under 
similar conditions, a large flight zone is often an indicator 
of poor stockmanship. 

Objective Numerical Scoring System for 
Animal Handling and Stunning 

An objective numerical scoring system for animal handling 
and stunning makes tracking improvements possible. When 
numbers are used, both management and government inspec¬ 
tors can determine whether or not practices are becoming 
better or worse. The USDA hired the author in 1996 to 
survey a total of 24 federally inspected beef, veal, pork, and 
sheep slaughter plants, and to develop a more objective 
method to evaluate stunning and handling practices than 
simply observing and giving an opinion. The end result 
was a simple but effective scoring system where 100 cattle 
or pigs are scored on five variables. Each variable is scored 
on a yes/no basis for each animal. The variables are: 

• Percentage of animals stunned correctly on the first 
attempt. 

• Percentage rendered completely insensible prior to 
hoisting - must be 100% to pass the audit. 

• Percentage that vocalize (moo, bellow, or squeal) dur¬ 
ing movement up the race and in the stunning box. 
Each animal is scored as either silent or as a vocalizer. 
Vocalizations in the lairage are not counted. 

• Percentage that slip and fall down during unloading, 
driving, restraint, and in the stun box. Record a fall if 
the body touches the ground. 

• Percentage moved with an electric goad. 

There are also five acts of abuse that will result in an 
automatic failure of the audit: (1) dragging nonambula¬ 
tory animals; (2) intentionally slamming gates on animals; 
(3) poking sensitive areas of the animal, such as in the 
rectum or eyes; (4) intentionally driving animals over the 
top of a downed animal; and (5) beating an animal. 

This system was modeled after the Hazard Analysis 
and Critical Control Points (HACCP) programs that are 
used to monitor food safety. The principle is to use a small 
number of measurable critical control points that measure 
many different problems. For example, a poor stunning 
score could be caused by a lack of stunner maintenance, 
untrained employees, damp stunner cartridges, or agitated 
animals. A high vocalization score could be caused by 
excessive electric prod use, missed stuns, slipping in the 
stun box, or too much pressure or pinching from a head 
holding device. Excessive electric prod use can be caused 
by either a lack of employee training or animals that are 
constantly balking and backing up. 
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The Importance of Numerical Scoring to 
Maintain High Animal Welfare 

Unless handling and stunning practices are continually 
measured, people who handle thousands of animals every¬ 
day tend to slip back into old, bad habits. Over a period of 
months, the use of electric prods, and yelling and scream¬ 
ing may gradually increase. When numbers are used, both 
the managers and the handlers can be made fully aware 
whether their practices are improving or becoming worse. 
People manage the things that they objectively measure. 

Avoid Vague Guidelines 

One of the big problems in Humane Slaughter enforce¬ 
ment is that many regulations are vague. The US DA has 
directives that use wording such as ‘excessive’ use of 
electric prods or ‘egregious animal abuse.’ The problem 
with these vague terms is that they will be interpreted 
very differently by different people. Guidelines need to be 
clearly written. An example of a clearly written guidelines 
or regulation would be a requirement that every holding- 
pen must have a water trough. An example of a vague 
guideline would be, ‘provide access to water.’ Vague terms 
such as adequate, proper, and sufficient should be avoided. 

Audits with Numerical Scoring by Major 
Meat Buyers Improves Welfare 

Tables 1 and 2 show how numerical scoring was used to 
improve captive bolt stunning in cattle and reduce the 
percentage of cattle vocalizing during handling and 
stunning. Data collected in 1999 and 2003 show improve¬ 
ments compared to a 1996 baseline after major meat 
buyers, such as McDonald’s Corporation, used the scoring 
system to audit animal welfare in many plants. To pass the 
audit and continue to be a supplier, the plants had to be 


able to render 95% or more of the cattle insensible with a 
single captive bolt shot and 97% of the cattle had to 
remain silent and not vocalize. Tables 1 and 2 clearly 
show that large customers who have great economic 
power can use numerical scoring to improve conditions. 
The cutoff points for the passing scores were determined 
from the baseline scores taken in 1996. The scores 
attained by the best third of the plants were used for the 
standard. Maintaining good welfare requires constant vig¬ 
ilance. Data collected from 9 years of restaurant audits 
show that constant vigilance and auditing is required to 
maintain standards. 

Areas Where More Research Is Needed 

Relationship Between Clinical Signs of Return to 
Sensibility and Brain Measurements 

There have been many studies showing that different 
methods of stunning are effective for rendering an animal 
insensible before bleeding or other slaughter procedures 
are performed. The efficacy of different stunning methods 
was verified with EEG evoked potentials and other 
brain indicators. There is a lack of research to correlate 
specific and easily observable clinical signs of return to 
sensibility (e.g., spontaneous eye blinks, rhythmic breath¬ 
ing, or other signs) with measurements of brain function, 
such as EEG, evoked potentials, and neurotransmitter 
levels. Most researchers agree that a single weak corneal 
reflex in response to touch may occur in an insensible 
animal, but it is best for animal welfare to attempt to 
abolish this weak brain stem reflex, because the process 
of returning to sensibility has already started. 

Visible Eye White as a Sign of Fear During 
Handling 

Research with cattle shows that when a white ring is visible 
around a bovine’s eye, it is fearful. To prove that this is 


Table 1 Comparison of cattle stunning performance before and after restraint welfare audits 



1996, USD A survey 
baseline before welfare 
audits starts (%) * 

1999, start of 
restaurant welfare 
audits (%) 

2003, fifth year 
of restaurant 
audits (%) 

Average percentage of cattle rendered insensible with a 
single shot from a captive bolt. Cattle that were 
missed were immediately restunned 

89.5 

96.2 

98.6 

Best plant 

95 

100 a 

100 a 

Worst plant 

80 

84 

92 

Percentage of plants that passed the stunning audit 
with 95% or more of the cattle rendered insensible 
with one shot 

30 

90 

98 


* 1996 - N = 10 plants; 1999 - N = 41 plants; 2003 - N = 50 plants. 

This score is based upon a 100 cattle audit. When internal plant data is collected, the very best plant was able to maintain an 
average score of over 99.5%. Absolute perfection is impossible. 

Source: Grandin T (2006) Progress and challenges in animal handling and slaughter in the US. Applied Animal Behavior Science 100:129-139. 
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Table 2 Comparison of cattle vocalization scores before and after restaurant audits 



1996, USDA survey 
baseline before welfare 
audits started (%) 

1999, start of 
restaurant welfare 
audits (%) 

2003, fifth year 
of restaurant 
audits (%) 

Average percentage of cattle that vocalized during 
handling and stunning 

8 

2.4 

2.0 

Best plant 

1 

0 

0 

Worst plant 

32 

17 

6 

Percentage of plants that passed the vocalization audit 
with a score of 3% or less of the cattle vocalizing 

33 

71 

86 


1996 - N = 6 plants; 1999 - N = 41 plants; 2003 - N = 50 plants. 

Source: Grandin T (2006) Progress and challenges in animal handling and slaughter in the US. Applied Animal Behavior Science 100: 
129-139. 


a sign of fear, scientists found that Valium (diazepam) could 
block the response. The author has observed bulging 
eyes where the whites show in many cattle and horses 
being handled at slaughter plants. In slaughter plants, it 
appears to be triggered by the animal suddenly being 
exposed to loud noise when it enters the stun box. In 
many plants, the author has observed that animals can 
be brought up the race with normal eyes, and the eye white 
appears as noise increases. Research needs to be done in 
commercial slaughter plants to develop eye white as a 
valid behavioral indicator for welfare assessment. 

Effects of Beta-Agonists on Lameness and 
Nonambulatory Animals 

Observations by the author in slaughter plants and by 
truckers indicate that feeding high levels of beta-agonists 
for long periods of time can increase lameness, stiffness, 
and heat stress in both cattle and pigs. Beta-agonists are 
drugs that are added to feed to produce more lean meat. 
Behavioral measurement of lameness, stiffness, and will¬ 
ingness to move can be used to locate groups of cattle with 
compromised welfare caused by overuse of these pro¬ 
ducts. These assessments could be easily done when the 
cattle or pigs are unloaded at the plant and put in holding 
pens. The author’s observations indicate that in a large 
group of cattle or pigs, the detrimental effects are not 
evenly distributed across all animals. For example, in a 
group of 200 cattle, 5% were so stiff that they lay down 
and did not want to get up, 20% were sore footed, and the 
rest appeared to be normal. These problems have been 
observed with both Zilmax (Zilpateral) an Optaflexx or 
Paylean (ractopamine). In the most extreme incidents, 
truckers and yard employees have reported that the 
outer hoof shell of the hoof sloughed off of a few 
animals. This may be due to the vasoconstrictor effect of 
beta-agonists. In pigs, the main problem is increased num¬ 
bers of fatigued pigs that go down and refuse to move. For 
pigs, the percentage of pigs that became nonambulatory 
should be counted. 


Assessment of Anesthesia Induction During Gas 
Stunning of Pigs and Poultry 

There is much controversy about the possible distress an 
animal may be feeling during the time between the first 
exposure to a gas and loss of sensibility. When the animal 
or bird collapses and loses posture, it is unconscious. The 
author suggests that observing behavior before the loss of 
posture is one of the best methods to assess welfare. In 
poultry slaughter plants, live birds are hung inverted on 
the line for electrical stunning. This is a stressful proce¬ 
dure that is a standard industry practice. There may be a 
trade off between the handling stress of hanging live birds 
and the introduction of gas anesthesia. Some gasping or 
head shaking may be a trade off, so the live bird can avoid 
being hung inverted on the shackle line. Vigorous escape 
movements to get out of the chamber would clearly not be 
acceptable. More research is needed to develop simple 
behavior measures for assessing behavior prior to loss 
of posture in both controlled atmosphere and hypoxic 
stunning systems. 

Welfare During Ritual Slaughter Without 
Stunning 

Kosher and halal slaughter without stunning is very con¬ 
troversial. There are two variables that need to be 
assessed: the effect of the method used to hold and 
restrain the live animal, and its reaction both behaviorally 
and physiologically to the cut. There are some slaughter 
plants that restrain cattle and sheep for ritual slaughter 
with very stressful methods, such as hanging the live 
animal up by one back leg. In the better plants, the animal 
is held in a restrainer in an upright position. The animal 
loses consciousness when it loses posture and can no 
longer stand, but is it conscious when the eyes roll back 
before it falls? Measurements from the brain will be 
required to answer this question. The author has observed 
that when kosher slaughter is performed correctly, the 
animal has almost no behavioral reaction to the cut. The 
animal’s behavioral reaction is less than the reaction that 
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occurs when a person enters its flight zone by waving a 
hand near the animal’s face. Scientists agree that ritual 
slaughter without stunning does not cause instantaneous 
insensibility. Data collected in different kosher slaughter 
plants indicate that, when the procedures are done cor¬ 
rectly, 90% of the cattle will lose the ability to stand after 
15—30 s. Unfortunately, here are a few animals where 
sensibility lasts over a minute. The author has observed 
that this is most likely to occur when the cutting tech¬ 
nique is poor. There is a need to take careful measure¬ 
ments from the animal’s brain during kosher and halal 
slaughter to assess how the behavioral signs that can be 
observed clinically in a plant are related to EEG’s evoked 
potentials and neurotransmitter levels in the brain. Other 
variables that need to be measured are cortisol, lactate, 
and glucose. The question that needs to be asked is - If the 
animal has little response to the knife cut during a good 
cut, or struggles during a bad cut, are the reactions of the 
brain different? 

See also: Social Cognition and Theory of Mind; Social 
Information Use. 
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Introduction 

The first experimental indications about the role of 
hormones/humoral factors in sleep regulation came in the 
early twentieth century. Injection of cerebrospinal fluid or 
serum obtained from sleep-deprived animals induced sleep 
in the recipient. It was concluded that a hormone-like 
substance, a ‘hypnotoxin,’ is produced in the body during 
wakefulness and causes sleep when it accumulates. In spite 
of major efforts in the last 100 years, the search for a specific 
hormone that would be a key regulator of sleep-wake 
activity has been unsuccessful. Instead, it became apparent 
that a host of‘classic’ hormones are linked to sleep regulation. 

There are three major aspects of the relationship between 
hormones and sleep regulation. First, plasma levels of 
many hormones show a 24-h rhythm phase locked with 
sleep-wake activity. Most of these hormones are regulated 
independent of sleep, but hormonal rhythms and sleep 
rhythms are driven by the same upstream mechanism, and 
are parallel manifestations of the activity of the biological 
clock. The significance of sleep-synchronized hormone 
secretions is perhaps the most evident in aligning metab¬ 
olism with the rest-activity cycle. Second, the secretion of 
several hormones is affected by acute or chronic sleep 
loss. Of particular interest, sleep loss suppresses growth 
hormone (GH) levels, leptin and insulin secretion and 
elevates ghrelin levels, changes that may explain the del¬ 
eterious effects of sleep loss on carbohydrate metabolism. 
Third, a growing number of hormones have been found to 
have sleep- or wake-promoting activities. While a sole, 
key sleep-inducing hormone has not been discovered, it is 
now widely accepted that the net outcome of the activities 
of sleep- and wake-promoting hormones is an important 
factor in modulating sleep-wake activity. 

The synchronization of sleep with hormone secretions 
by the biological clock is mostly a predictive mechanism, 
for example, hormones important in resting states are 
secreted at night in humans when sleep is most likely to 
occur. A significance of the hormone-driven changes in 
sleep is that by modulating sleep-wake activity, hormones 
can fine-tune vigilance to the actual metabolic state of the 
body or to extant environmental influences. For example, 
corticotropin-releasing hormone, a hypothalamic hormone 
stimulated by stressors, strongly suppresses sleep, an adaptive 
response to cope with stress-inducing factors. Ghrelin, 
a gastrointestinal peptide produced by the stomach during 


fasting, stimulates wakefulness, a response that is favorable 
for foraging. Those gastrointestinal hormones, which are 
released after eating, for example, cholecystokinin, typically 
induce sleep. 

It is well beyond the scope of this study to review all 
aspects of hormones and sleep regulation in detail. There¬ 
fore, we focus on the role of two groups of hormones in 
sleep regulation: gastrointestinal hormones and hormones 
of the somatotropic axis. 

Somatotropic Axis 

The major players in the somatotropic axis are growth 
hormone-releasing hormone (GHRH), somatostatin (SST), 
GH and insulin-like growth factor-1 (IGF-1). GH secretion 
by the hypophysis is stimulated by hypothalamic GHRH 
and inhibited by SST. GH acts as a tropic hormone by 
stimulating IGF-1 release from the liver and other peripheral 
tissues. Most, but not all, of the effects of GH are mediated 
by IGF-1; GH also affects target cells directly to regulate 
growth and metabolism. Negative feedback loops fine-tune 
GH secretion; GH and IGF-1 stimulate SST and inhibit 
GHRH secretions leading to the inhibition of GH release 
from the pituitary. The first indication that the somato¬ 
tropic axis may be related to sleep came from observations 
in the 1960s showing that GH secretion peaks at night during 
the deepest stage (Stage IV) of nonrapid-eye-movement 
sleep (NREMS) in young adults. GH release, however, 
can be dissociated from sleep suggesting that it is not sleep 
per se that stimulates the secretion of GH and it is not 
GH secretion that promotes deep sleep, rather, a common 
mechanism synchronizes GH secretion and deep NREMS. 
In fact, the effects of GH itself on sleep are poorly under¬ 
stood, the only consistent findings among more than a dozen 
studies are that GH slightly stimulates REMS and, when 
injected in high doses, it tends to suppress NREMS. The 
hypothalamic GHRH system is likely involved in these 
effects because it releases GH and GH feeds back to 
inhibit GHRH release. 

GHRH 

GHRH is one of the best characterized sleep-promoting 
hormones. It stimulates NREMS duration and intensity 
in all studied species, including humans, rats, and mice. 
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The NREMS-promoting effects of GHRH are indepen¬ 
dent of GH release as they persist in hypophysectomized 
rats. Microinjection studies revealed that the medial pre¬ 
optic area (MPA) is a likely target for GHRH to stimulate 
NREMS. It seems that stimulation of GH secretion and 
promotion of NREMS are two parallel outputs of hypo¬ 
thalamic GHRHergic neurons: one is a (neuro)-hormonal 
action through the hypothalamic-hypophyseal portal cir¬ 
culation, and the other is due to neuromodulator activity 
in the preoptic region. It remains unknown if two sets of 
GHRH neurons under the control of a common regulator 
or the same population of neurons are responsible for the 
sleep and GH-stimulatory effects. In addition to NREMS, 
GHRH also weakly stimulates rapid-eye-movement sleep 
(REMS) in rats. This effect is abolished by hypophysectomy 
suggesting that this REMS-promoting action of GHRH 
may be mediated by GH. Acute sleep loss is followed by 
compensatory rebound increases in sleep, a phenomenon 
called ‘homeostatic sleep regulation.’ GHRH may be an 
important hormone in this homeostatic response. Sleep 
deprivation enhances hypothalamic GHRH release, and 
rebound sleep that usually occurs after sleep loss, is greatly 
reduced in transgenic mice and rats with impaired GHRH 
activity. GHRH receptor antagonists or anti-GHRH anti¬ 
bodies suppress spontaneous sleep as well as inhibit rebound 
sleep increases after sleep deprivation. 

Somatostatin 

The other hypothalamic hormone in the somatotropic 
regulation pathway, somatostatin, was one of the first 
peptides tested for somnogenic actions. SST and other 
SST receptor agonists rapidly suppress NREMS and 
stimulate REMS. In rats, NREMS suppression is followed 
by a large increase in NREMS intensity, a phenomenon 
similar to what is seen during recovery responses after 
sleep deprivation. These NREMS changes parallel the 
effects of SST on GH in that GH secretion was sup¬ 
pressed when NREMS was suppressed and surges of 
GH reoccurred when the duration of NREMS normal¬ 
ized and NREMS intensity was enhanced. In humans, 
potent SST agonists impair sleep in both young subjects 
and in the elderly. These findings are consistent with the 
expectation that a hormone, SST, that inhibits GHRH 
release, also suppresses NREMS and GH secretion. 

Feeding/Adiposity-Related Hormones 

A growing body of evidence supports the existence of a 
strong interaction between sleep/vigilance and feeding. 
Several hypothalamic areas, such as the suprachiasmatic 
nucleus, lateral hypothalamus (LH), and ventromedial hypo¬ 
thalamic nucleus, have long been implicated in the regula¬ 
tion of both sleep and food intake. Changes in the amount 


and/or content of food greatly affect sleep-wake activity 
in rodents. For example, there is a significant correlation 
between meal size and the subsequent duration of sleep. 
Starvation induces a marked sleep loss in rats, while 
refeeding after food deprivation induces increased sleep 
in rats. The calorie-rich ‘cafeteria diet’ induces hyperpha- 
gia and increases the amount of sleep in rats. Intravenous 
administrations of nutrients affect sleep in rats differently. 
The diurnal distributions of NREMS and REMS in rats are 
significantly altered when food access is restricted to the light 
period. Feeding-related peptides and hormones also affect 
sleep. In this section, we focus on the sleep-modulating 
effects of the hunger signal ghrelin, the satiety signal 
cholecystokinin (CCK), and the adiposity signal leptin. 

Ghrelin 

The preproghrelin gene (Ppg) encodes two distinct peptides, 
ghrelin and obestatin. Ghrelin was first isolated from the 
stomach and later was found in the brain and in several 
other tissues such as the distal parts of the gastrointestinal 
system, thymus, gonads, and adrenal gland. In the brain, 
ghrelin-producing neurons are present in the arcuate nucleus 
(ARC), and in the hypothalamic area between the LH, 
paraventricular (PVN) and dorsomedial hypothalamic 
nuclei. Ghrelin is the endogenous ligand of the ghrelin 
receptor (GHS-Rla) which is widely distributed in the 
brain and also expressed by various peripheral tissues. 
Ghrelin secretion by the stomach and circulating plasma 
ghrelin levels inversely correlate with feeding. Plasma 
levels are elevated before a meal and rapidly decrease in 
response to eating in both humans and rodents. Ghrelin 
peptide levels in the rat hypothalamus also have a diurnal 
rhythm; it is low during the light phase when the animal is 
inactive, gradually increases toward the end of the light 
period, and peaks at the beginning of the dark phase. 

It is well established that ghrelin promotes increased 
feeding and contributes to metabolic regulation in fasting 
states. Recent results indicate that ghrelin may also play a 
role in sleep regulation. For example, intracerebroventri- 
cular administration of ghrelin at the beginning of the 
inactive period of rats stimulates wakefulness and simul¬ 
taneously suppresses NREMS and REMS for 2 h after 
injections. Local microinjections of ghrelin into different 
hypothalamic areas such as the LH, PVN, or MPA promote 
wakefulness at the beginning of the inactive period of rats. 
The LH appears to be the most sensitive site of ghrelin’s 
wakefulness-promoting and sleep-suppressing effects. Intra¬ 
venous (i.v.) injection of ghrelin decreases slow-wave sleep 
and increases wakefulness for 30 min after injections in 
rats. Increased hunger and feeding activity lead to 
increased wakefulness. Ghrelin, however, promotes wake¬ 
fulness in those rats which have no access to food, indicating 
that the increased wakefulness is not simply the conse¬ 
quence of increased eating activity. Ghrelin is a part of a 
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well-characterized hypothalamic neuropeptide circuit that 
also involves neuropeptide Y (NPY) and orexin. Ghrelin- 
containing neurons innervate orexinergic cells in the LH 
and NPY-containing neurons in the ARC and stimulate 
the release of NPY from presynaptic axon terminals in the 
PVN and LH. Orexin is well known for its key role in 
maintaining wakefulness. NPY also promotes wakefulness 
when injected into a lateral cerebral ventricle or the LH in 
rats. We hypothesize that the hypothalamic circuit formed 
by ghrelin, orexin, and NPY has two parallel outputs, 
increased wakefulness and increased food consumption. 
These behaviors, as well as increased locomotor activity, 
are characteristic of the beginning of the dark period in 
rodents and collectively comprise the ‘dark onset syndrome.’ 
The ghrelin-NPY-orexin mechanisms that are responsible 
for the dark onset syndrome play an important role in 
integrating the regulation of sleep and feeding. 

Although exogenous administration of ghrelin causes 
robust increases in wakefulness, Ppg KO animals do not show 
any major change in their sleep-wake pattern. Recently, it 
became evident that the Ppg also codes for another bio¬ 
logically active peptide, called ‘obestatin.’ Interestingly, 
while ghrelin has strong wake-promoting activities, obes¬ 
tatin facilitates sleep. Such dissociation between ghrelin 
and obestatin was described for food intake as well. The 
fact that Ppg knockout animals exhibit normal feeding 
and sleep at thermoneutral ambient temperature could be 
explained by the simultaneous lack of two peptides which 
have opposite effects on sleep and feeding. When 
challenged by cold exposure (17°C for 3 days), Ppg KO 
mice show increased cold sensitivity indicated by sup¬ 
pressed body temperature and sleep compared to controls. 
Ppg KO mice are even more sensitive to the combined 
challenge of cold exposure and fasting. Ppg KO mice enter 
hypothermic bouts associated with reduced sleep culminat¬ 
ing in a marked drop in body temperature to near ambient 
levels. Prior treatment with obestatin attenuates the hypo¬ 
thermic response of preproghrelin knockout mice. This 
further supports the role of obestatin in the coordinated 
regulation of metabolism and sleep. 

In humans, the effects of ghrelin and other ghrelin receptor 
agonists on sleep are less clear. Repeated intravenous bolus 
injections of ghrelin during the night increase NREMS, 
particularly stage 4 sleep, and suppress REMS in males, 
but not in females or when given in the early morning. 
Hexarelin, a more potent ghrelin receptor agonist, sup¬ 
presses sleep. Intravenous administration of growth hormone¬ 
releasing peptide-6 increases stage 2 sleep but has no effect 
on SWS and REMS, while growth hormone-releasing 
peptide-2 has no effect on sleep in humans. 

CCK 

CCK is secreted by the endocrine cells of the small 
intestines and produced by neurons in various brain 


regions. Intestinal CCK serves as a gastrointestinal hormone 
and paracrine agent while neuronal CCK is a neuromo¬ 
dulator. Post-translational processing of prepro-CCK, a 
115-amino acid peptide, is cell specific. In the brain, the 
predominant form is CCK octapeptide while in the circu¬ 
lation, longer forms also exist. Two G-protein-coupled 
CCK receptor subtypes have been identified. CCK-1 
receptors dominate in the gastrointestinal tract, and in 
the brain, the most common form is the CCK-2 receptor. 

Two of the best characterized behavioral effects of CCK 
are its satiety- and sleep-inducing effects. In fact, CCK was 
the first peptide implicated in the common regulatory 
mechanisms of sleep and feeding/metabolism. Single 
bolus injection of CCK elicits the complete behavioral 
sequence of the satiety syndrome, that is, the cessation of 
feeding, increased sleep, decreased motor activity, and 
social withdrawal. Systemic CCK injections promote 
sleep in cats, rats, mice, and humans. Central administra¬ 
tion of CCK does not suppress feeding or promote sleep 
indicating that these effects are mediated by peripheral 
targets. Injection of selective CCK-2 receptor agonists does 
not have sleep-promoting effects, but CCK-1 antagonists 
suppress CCK-induced sleep, as well as, sleep increases 
after eating. The feeding-suppressive effects of CCK are 
mediated by the vagus nerve; however, vagotomy does not 
prevent the sleep-inducing effects of CCK in rats. Also, 
sleep induction is independent of the pancreatic insulin, 
another somnogenic hormone stimulated by CCK. OLETF 
rats that lack CCK-1 receptors have normal baseline 
sleep-wake activity suggesting that in the absence of CCK 
signaling through the peripheral receptor subtype normal 
sleep-wake activity can be maintained. 

Leptin 

Leptin is a 16-kD peptide, the product of the ob gene. Its 
major source is the adipose tissue and the epithelial cells 
of the stomach. The best characterized effects of leptin are 
the suppression of feeding and the stimulation of metabo¬ 
lism; these actions together lead to the reduction of fat 
stores. Leptin is secreted proportional to the size of the 
adipose tissue and is thought to serve as an adiposity 
signal to the brain. Gastric leptin is released from the 
stomach after eating and may play a role in the short¬ 
term regulation of feeding as a satiety signal. Circulating 
leptin is transported into the brain where leptin receptors 
are expressed in various hypothalamic nuclei and in the 
brainstem. Leptin suppresses food intake through the 
stimulation of melanocyte-stimulating hormone secretion 
and suppression of NPY-producing cells. 

Relationships between obesity on sleep have long been 
acknowledged. For example, obesity is the most common 
metabolic abnormality in sleep-related breathing disorders; 
gains in body weight reliably predict the incidence of obstruc¬ 
tive sleep apnea. Increased incidence of obesity and the 
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perception that our society is chronically sleep-deprived 
sparked new interest in investigating the relationship between 
sleep disturbances and metabolic disorders. More recent 
sleep research focuses on the reverse side of this relation¬ 
ship by testing the hypothesis that sleep loss may be a 
contributing factor in the development of obesity. In this 
context, adipose tissue hormones, such as leptin, have gained 
recent attention. These studies are, with a few exceptions, 
correlative studies. The direct effects of leptin itself on 
sleep are less understood. In humans, leptin plasma levels 
peak at night and these peak levels are suppressed by sleep 
deprivation. Leptin deficient ob/ob mice have increased 
amounts of NREMS, but this enhanced sleep is more 
fragmented. Exogenous leptin stimulates NREMS and sup¬ 
presses REMS in rats, whereas it stimulates only NREMS 
in mice. 
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Introduction 

The ability of living organisms to react to chemicals in the 
environment is essential for survival and sensory systems 
devoted to detection and identification of substances 
developed early in evolution, and in animals (fishes) 
related to the most ancient vertebrates, we find that the 
olfactory system is composed of the same elements that 
make up our own olfactory system. 

Animals are surrounded by thousands of different 
chemical substances and need to react to each one of 
them in a correct way to survive. Thus, having a keen 
sense of smell is important. The power of the olfactory 
organ is twofold. Firstly, it is a very sensitive organ and 
can detect chemicals at very low concentrations. Sec¬ 
ondly, a particular substance can induce a distinct behav¬ 
ior. For example, the olfactory system detects chemicals 
that are important in reproduction. Any owner of a male 
dog knows when there is a bitch in heat in the neighbor¬ 
hood. We all know that bait is good when fishing, and the 
chemicals released from the lure attract the fish via the 
olfactory organs. 

In the following, we shall discuss how the olfactory 
system is built, what are the features that make it so 
sensitive, and the different types of behaviors the olfac¬ 
tory system initiates. We shall describe some characteris¬ 
tic behavior patterns in a few animals, such as the alarm 
reaction in fishes and the ability of dogs to follow the 
direction of a trail. 

Sense of Smell 

It is worth remembering that fish have been on our earth 
for millions of years. The first fishes, and indeed the first 
vertebrates, appeared in the Cambrian Period, about 
510 Ma, and some became extinct at the end of the Devo¬ 
nian, about 350 Ma. The modern bony fishes appeared in 
the late Silurian or early Devonian, about 395 Ma. 
Throughout evolution, the elements of the olfactory sys¬ 
tem have retained particular features. Thus, fish as well as 
man share some essential features when it comes to the 
olfactory system; sensory neurons are small and many, 
and each sensory neuron has an axon that terminates 
in the relay station, called the ‘olfactory bulb.’ The axons 
of the relay or secondary neurons connect the olfactory 
system to the brain via different nerves bundles. The 


olfactory system was optimized quite early in evolution 
to yield sensitivity and the fundamental ability to discrimi¬ 
nate natural odorants. Nature seems satisfied with the first 
version and did not need to make much refinement to this 
basic plan. That is not to say that man and fish do react to 
the same odorants! 

There are more than 25 000 species of fishes, and each 
of them has olfactory organs with their own particulari¬ 
ties. Since the size of the olfactory organs reflects the 
number of sensory neurons and thus the power of these 
organs, we can estimate the ‘importance’ of the sense of 
smell in the various species. Some have very large olfac¬ 
tory organs, like cod, eel, and the African lungfish. In 
other, perhaps more visually driven species, the olfactory 
system is barely visible, like pike, tooth carp, and garfish. 
In the present context, we shall deal with the olfactory 
system of a few species only, and those interested in a 
particular species are directed to the further reading list at 
the end of the article. 

Sampling Water 

The olfactory rosettes with sensory neurons need to be 
irrigated with water to detect odorant therein. In some 
fishes, this is achieved by the beat of kinocilia creating a 
continuous stream of water. In other fishes, the water 
sampling is made in conjunction with the breathing move¬ 
ments of the mouth. These movements change the volume 
of accessory sacs and pump water past the olfactory organ. 
These sacs act as pumps that drive water through the 
organ with the help of valves. The masterly miniature 
hydrodynamic valves in action are seen in Figure 3. 
Since the skin of the fish contains odorant substances, 
the sampling should be made outside the boundary layer 
of the skin. Thus, the anterior nostril where water enters is 
often formed like a tube. In the ribbon eel, these tubes 
have become large funnels (Figure 2). 

The Peripheral Olfactory Organ 

In the crucian carp (Figure 1), the olfactory rosettes 
(Figure 4) are found midway between the snout and the 
eye. The axons of the olfactory neurons form a short 
olfactory nerve and terminate in the relay structure called 
the ‘olfactory bulb.’ The connections from the olfactory 
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Figure 1 A crucian carp on the 50-kroner Danish bank note. 



Figure 2 Head of a ribbon eel with funnel-shaped anterior nostrils. 



Figure 3 Example of the arrangement of the olfactory cavity of 
a tooth carp. Note the skin flap over the posterior nostril which 
forces water to enter via the anterior nostril as the volume of the 
accessory sac expands. Reproduced from Zeiske E, Melinkat R, 
Breucker H, and Kux J (1976) Ultrastructural studies on the 
epithelia of the olfactory organ of cyprinodonts (Teleostei, 
Cyprinodontoidea). Cell and Tissue Research 172: 245-267. 


bulbs to the brain are long and form three nerves bundles 
on each side (Figure 5). Such an arrangement is normal in 
carp, cod, and cat-fishes, but fish such as salmon have long 
olfactory nerves and short olfactory tracts. 



Figure 4 The olfactory rosette of a cardinal fish showing the 
lamellae. Note that the olfactory epithelium is on both sides of a 
lamella. 



Figure 5 Overview of the brain of a crucian carp. Dorsal view of 
the head of a crucian carp showing the brain and the olfactory 
system. The sensory neurons are situated on the lamellae of the 
olfactory rosette. The axons of the relay neurons of the olfactory 
bulb make up the olfactory tract. Schematic drawing of the 
olfactory tract as it enters the telencephalon demonstrates three 
bundles. Each of these tracts mediates a distinct behavior. 


Sensory Neurons 

The sensory neurons are the detectors of odorants, and 
they possess small proteins, or specific odorant receptors 
situated in the membrane of the sensory neurons. The 
part of the sensory neuron which is exposed to the envi¬ 
ronment is frequently enlarged by cilia and microvilli. 
There are three different types of sensory neurons that 
detect odorants in fishes (Figures 6-8). The so-called 
ciliated sensory neurons are long and have half a dozen 
cilia at the surface ending. The microvillous sensory 
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Figure 6 The surface of the olfactory epithelium of a cardinal fish. 
The cilia of two ciliated sensory neurons have been stained blue for 
clarity. Most of the other cilia are nonsensory kinocilia. 



Figure 7 The surface of the olfactory epithelium in a trout. In 
this scanning electron micrograph of the surface of the olfactory 
epithelium, we see the ciliated sensory neurons (c) popping up 
like horn mines floating in the sea with half a dozen cilia. They are 
intermingled with microvillous sensory neurons (m) that have a 
large number of thin microvilli. There is a region at the upper right 
in the photograph with nonsensory epithelium. In the lower part 
of the photograph, there are kinocilia which promote water 
transport across the epithelium. Reproduced from 
Thommesen G (1983) Morphology distribution and specificity of 
olfactory receptor cells in salmonid fishes. Acta Physiologies 
Scandinavica 117: 241-249. 


neurons have shorter dendrites; the cell body is in the 
middle of the epithelium, and they have microvillae 
extending from their apical surface. The third cell type is 
called a ‘crypt cell.’ These cells are spherical or pear shaped 
and lie close to the epithelial surface and are equipped with 
a few cilia and microvillae (Figure 8). Due to the different 
lengths of the dendrites, the soma of the different cell types 
lies in distinct depth ranges and forms the pseudostratified 
design of the sensory epithelium. 

The density of sensory neurons can reach more than 
100 000 mm". An olfactory organ of 1 cm" would thus con¬ 
tain 10 million sensory neurons. This is a number that is 



Figure 8 Different types of sensory neurons in the olfactory 
epithelium. The photos on the left are from selective staining of 
the sensory neurons. The cells on the right are schematic 
drawings, (a) Ciliated sensory neuron with a long dendrite, 

(b) sensory neuron with microvilli, and (c) crypt cell. Note that 
each sensory neuron has an axon. 



LOT 

l-MOT 

m-MOT 


Figure 9 Drawing of the three pathways in the fish olfactory 
system. Schematic diagram illustrating three parallel pathways 
from the lamellae of the olfactory rosette via the olfactory bulb to 
the olfactory tract. Crypt cells are in red, microvillous sensory 
neurons in green, and ciliated sensory neurons in blue. 
Reproduced from Hamdani EH and Doving KB (2007) The 
functional organization of the fish olfactory system. Progress in 
Neurobiology 82: 80-86. 


reasonable for a cod or an eel with a well-developed sense 
of smell. Since the olfactory rosettes increase in size with 
age, it means that the olfactory sensitivity of a big fish is 
better than that of the smaller member of the family. 


The Organization of Olfactory Sensory 
Neurons 

The olfactory sensory neurons have each a remarkably 
thin axon. In fact, the axons diameter here is as thin as a 
cellular process can become. There are millions of sen¬ 
sory neurons; these neurons have different odorant recep¬ 
tors and the neurons expressing the same odorant 
receptor are spread out over the entire olfactory rosette. 
It has been shown that all the axons from the neurons 
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expressing the same odorant receptor go to a particular 
region of the olfactory bulb. Since there are three types of 
olfactory sensory neurons and three nerve bundles in the 
olfactory tract, it is no surprise that each type of olfactory 
sensory neurons connects to relay neurons that make up 
the different bundles of the tract (Figure 9). The tracts 
bundles have been given names due to their anatomical 
position: medial (MOT) and lateral (LOT) olfactory tract; 
and each bundle has a medial and a lateral portion. 

Figure 9 gives a summary of the organization of the 
olfactory system in crucian carp, and this is likely com¬ 
mon for all fish species. Ciliated sensory neurons termi¬ 
nate on relay neurons whose axons make up the medial 
part of the medial olfactory tract (mMOT). The microvil¬ 
lous sensory neurons terminate on the relay neurons that 
make up the lateral olfactory tract (LOT). The crypt cells 
terminate on the relay neurons that make up the lateral 
part of the medial olfactory tract (1MOT). 

Behavior and Tract Bundles 

Understanding of the chemotopic representation of odor 
information in fish was initiated when it was shown that 
electric stimulation of a particular bundle of the olfactory 
tract evoked distinct behaviors in free-swimming cods. Stim¬ 
ulation of the mMOT induced an alarm reaction. Stimulation 
of the 1MOT induced reproductive behavior. Stimulation of 
the LOT induced different feeding behaviors. Similar 
experiments in other species have given results which are 
in accordance with the initial cod studies. 

In crucian carp, ablation experiments showed that in 
fishes where the mMOT was cut, the alarm reaction was 
absent. Therefore, the mMOT mediates alarm reaction. 
Similar experiments demonstrated that the 1MOT med¬ 
iates reproductive behavior. The LOT mediates feeding 
behavior. Thus, all these studies revealed a correlation 
between the anatomical organization of the olfactory tract 
and function across different species. 

As the different tract bundles mediate different beha¬ 
viors, it implies that the different types of sensory neurons 
should respond to specific sets of biologically important 
odorants. The ciliated sensory neurons respond to bile 
salts, thought to be important in migration, and alarm 
substance found in the skin; the crypt cells respond to 
sex pheromones, and the microvillous sensory neurons 
to food odors. Therefore, the fish olfactory system seems 
to be organized according to behavioral categories into 
three parallel pathways from the sensory epithelium, via 
the olfactory bulb to the telencephalon. 

Sensitivity 

The olfactory system is known to be very sensitive. How is 
this property achieved? The answers to this question are 


many and not all of them are fully understood. Part of the 
answer is that the recognition of any single odorant is 
made by a single matching odorant molecule receptor. On 
each olfactory sensory neuron, there are thousands of 
odorant receptors. As explained earlier, one olfactory 
sensory neuron expresses only one type of odorant recep¬ 
tor. Since every axon from all these sensory neurons go to 
a small number of relay neurons in the olfactory bulb, it 
means that a relay neuron has connections to millions of 
odorant receptors. We believe that every time an odorant 
receptor is hit by the proper odorant, there is an action 
potential sent out along the axon to the olfactory bulb. 
The relay neuron needs only be stimulated by a small 
number of impulses within a second to give a signal to the 
brain. This means that all hits by an odorant in the water, 
which finds the appropriate odorant receptor, will be 
sensed by the olfactory system. Fish smell their way 
through their world continuously. 

Discrimination 

One of the remarkable powers of the sense of smell is the 
ability to discriminate the different odorants hitting the 
nose. This feature is due to the many different odorant 
receptors - more than 1000. The discovery of the family 
of odorant receptors was made in 1991 by Linda Buck and 
Richard Axel who were awarded with the Nobel Prize in 
Physiology or Medicine in 2004. They demonstrated that 
the genetic family coding for these receptors is one of the 
largest in the human genome. Fish have a smaller number 
of odorant receptors types - around a few hundred. In 
most mammals, there are about 1000 functional odorant 
receptors. In man there are only about 300. 

A specific odorant, for example the alarm substance, 
will activate a particular set of alarm receptors. All olfac¬ 
tory sensory neurons expressing this alarm receptor proj¬ 
ect to a small number of relay neurons called ‘alarm relay 
cells.’ The axons of these neurons go to a particular region 
in the brain, an alarm center. The activity in this alarm 
center controls the behavior we call ‘alarm reaction.’ 

As we have seen, in the fish olfactory system, there are 
many different and parallel pathways that induce different 
and stereotypic behaviors in the fish. 

The Alarm Reaction 

The alarm reaction in fishes was discovered by the Aus¬ 
trian zoologist Karl von Frisch when performing experi¬ 
ments on the sense of hearing in minnows at Wolfgangsee 
in the 1930s. He marked a fish in order to be able to 
recognize it. When this fish was introduced into the school 
of fish, the fish became frightened and swam away. Von 
Frisch also released another fish that was accidentally 
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injured, and when that fish approached the school they all 
rapidly disappeared. Von Frisch became keenly interested 
in the subject and made a series of experiments on which 
we base much of our present day knowledge. He made 
field experiments with minnows trained to come to a 
feeding tray close to the beach where he could introduce 
substances to that tray via a rain gutter that he had taken 
from an abandoned house nearby. His suspicious behavior 
caused neighbors to call the police! As well as scaring the 
neighbors, the efficient test solutions induced fright reac¬ 
tions within a minute. Minnows assembled at the feeding 
tray fled a short distance in confusion, then crowded 
together and retreated. Confidence returned after a vari¬ 
able interval of hours or days. 

The Alarm Reactions in Different Carp 
Species 

For quantitative work, von Frisch observed minnows in 
aquaria. These aquaria were equipped with a hiding place, 
a food tube, running water, and ten minnows per aquar¬ 
ium. He observed that the fish had to be conditioned to 
the experimental tank until they no longer fled and 
remained near the tube in expectation of food when a 
person approached the tank. This conditioning time aver¬ 
aged about 10 days. The number of fish near the feeding 
area was noted at intervals of 15 s for 5-min periods after 
each feeding. He introduced the test material 1 min after 
feeding the fish. The fright reaction in the aquarium was 
similar to the reaction observed in the field. The latent 
period after introduction of an effective test substance 
varied from 30 s to 1 min or occasionally even up to 
5 min. Von Frisch noted that an increased rate of respira¬ 
tory movements preceded the fright reaction. 

This description made for European minnow applies 
equally well for many other species of schooling fish, but 
some behave in a very different way. The tench and the 
crucian carp swim excitedly with their heads against the 
bottom and with their bodies at an angle of about 60° to 
the substrate. This behavior looks inappropriate in an 
aquarium with glass bottom, but is superbly adjusted to 
hiding when in their natural habitat. When the fish swims 
at an angle against the bottom, it disturbs the mud and 
debris, and these fish became hidden in the turbid water in 
their natural habitat. This is illustrated in the film that can 
be seen on the site (use QuickTime): http://www.biologi. 
uio.no/genfys/groups/KD/alarmcrucian-carp.html. Some 
bottom fish, gudgeon Gobio gobio and stone loach Barbatula 
barbatula, become motionless and thus may avoid detec¬ 
tion by their enemies. This type of reaction is better 
developed in the adult than in the young fish. Some fish, 
such as striped flying barb Esomus lineatus , flee to the water 
surface where they crowd together and jump out of the 
water. The marbled hatchetfish Carnegiella strigata , which 


normally swim close to the water surface, will dive and 
form a dense school in the middle of the tank if exposed to 
alarm substance. 

The Origin of the Alarm Substance 

Von Frisch considered the sense of hearing as a mediator 
of the alarm reaction. However, he showed that unhurt 
nervous minnows did not release alarm reactions in 
schools of conspecifics. Moreover, he observed that nar¬ 
cotized or dead fish with undamaged skin did not induce 
an alarm reaction. In other experiments, he demonstrated 
that pieces of minnows or even filtered extract produced 
the alarm reaction ruling out the visual system as a medi¬ 
ator of the alarm reaction. These experiments made von 
Frisch suggest that the alarm reaction was released by 
chemicals perceived by the olfactory system, and he 
named the effective chemical Schreckstoff( alarm substance, 
substance d’alarme) and the reaction Schreckreaktion (fright 
reaction, reaction d’effroi). 

In a series of tests, it was shown that the alarm sub¬ 
stance is released from injured skin. Skin from different 
areas of the body was compared and no differences 
between dorsal skin, containing melanin and yellow pig¬ 
ment, and the ventral skin, containing guanin and red 
pigment, could be found. Superficial injury of the skin 
showed that the epidermis contains the alarm substance, 
but did not eliminate the corium as an additional source. 
The age of the minnow and its habitat had no effect on the 
fright reaction. Extracts made from stomach, gut, liver, 
spleen, and muscle did not induce an alarm reaction. 

The Sensory Basis for the Alarm Reaction 

Soon after his discovery, von Frisch arrived at the conclusion 
that the sense of smell mediated the alarm reaction, as he 
observed that the reaction was absent in fish with severed 
olfactory tracts. Fish lose the ability to respond to skin extract 
after treatment of the olfactory epithelium with a detergent 
that removes cilia and microvilli of the olfactory neurons. 
The alarm reaction reappears when the olfactory receptor 
neurons had restored their sensory hairs. 

Recent studies show that the alarm reaction is 
mediated by the mMOT. The neurons making up this 
particular nerve bundle receive information from the 
ciliated sensory neurons. Such information is congruent 
with the view that the ciliated sensory neurons are acti¬ 
vated by the alarm substances. 

The Salmon Migration 

Salmon migration is one of the marvels of nature. Atlantic 
salmon are born in rivers and spend their first years in life 
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within their freshwater territory. Depending upon tem¬ 
perature and food availability; they transform to smolts 
and head for the ocean during the spring, when 2, 3, or 
4 years old. They feed well in the ocean and can add 
2-3 kg to their weight every year. When sexually mature, 
they return to their native river. This return occurs with 
amazing accuracy. Although some may stray to other 
rivers, the majority ascend their home river to spawn. 

Olfactory Trail 

In the ocean, the river waters mix with the salt water and 
form a layer of brackish water. For long distances, the 
chemical cues from the river can trigger the salmon’s 
olfactory neurons and help their orientation toward the 
home river. The minute traces of chemicals, probably bile 
salts from the salmon staying in the river, represent possi¬ 
ble cues for the home river. There has been considerable 
debate upon the origin of the olfactory cues, and how the 
‘memory’ is formed. Some believe that the pheromones 
and the genetic basis for pheromone recognition is laid 
down in the genetics. Other authors believe that the 
memory is formed as the smolts descend the rivers. In 
any case, it is a marvelous journey. 

The Olfactory System in Terrestrial 
Animals 

As the vertebrates became terrestrial, the olfactory sen¬ 
sory epithelium was placed in air passages as they are in 
the frog, birds, and mammals. Some amphibian animals 
have developed olfactory organs that function both in air 
and water. 

Snakes and Lizards 

In reptiles, the chemosensory function is divided between 
the olfactory and vomeronasal systems. This vomeronasal 


organ is first apparent in amphibians, but is well devel¬ 
oped in lizards and snakes. We also find it in mammals, but 
it is remnant only in man. The vomeronasal organ was 
first described by the Danish anatomist L. Jacobson in 
1813, and as his findings were published in Danish, his 
descriptions of the organ in mammals became widely 
known only at the end of the twentieth century. 

The vomeronasal organs are located in the palate, and 
the organs open into the mouth only. Stimuli are collected 
by the forked tongue and transported back to the opening 
of the organs. As the tongue passes by the openings of the 
vomeronasal ducts, the stimuli are transferred to the 
organ. The functional properties of the vomeronasal sys¬ 
tem are well documented in snakes. However, it has been 
difficult to identifying chemosensory behaviors that 
depend on the olfactory input. 

Birds 

In most birds, the olfactory organs seem not to be highly 
developed. The kiwis of New Zealand do have a keen 
sense of smell, which one will appreciate from the way of 
living. Kiwis don’t fly, are nocturnal, and seek their food in 
the forest floor. Kiwis eat small invertebrates, worms, and 
seeds. They may also eat fruit, small crayfish, eels, and 
amphibians. Because their nostrils are located at the tip of 
their long beaks, they can locate insects and worms hiding 
in the top soil. An illustration of the olfactory organ in the 
head of a kiwi is shown in Figure 10. Some oceanic 
wanderers such as the petrels and certain species of vul¬ 
ture are also known to have a keen sense of smell and use 
it to find food, that is, plankton and dead animals, 
respectively. 

Dogs 

Dogs have a remarkable sense of smell. This feature and 
their highly appreciated ability to learn and react to 
human handling are all key factors for their success in 
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Figure 10 The olfactory cavity of a kiwi bird. The kiwis have a keen sense of smell and the olfactory turbinals are highly developed 
to give a large surface area. The nostrils are at the tip of the beak. The olfactory epithelium is stained red and lies close to the brain. 

A cross section of the olfactory area is shown at right. Reproduced from Bang BG (1971) Functional anatomy of the olfactory system in 
23 orders of birds. Acta Anatomica 79: 1-76. 










Smell: Vertebrates 213 


all sorts of tracking and search tasks. They are used in 
mine and drug detection, finding drowned people, miss¬ 
ing wallets, and tracking lost children and criminals. 

Their olfactory ability is primarily due to not only 
their well-developed olfactory organs but also their 
dependence on the olfactory sense for communication 
and orientation, indicating that their brain is especially 
tuned to olfactory input. A cross section of the olfactory 
cavity of a long-nosed dog is shown in Figure 11. The 
lamellae pictured here give the nose its large surface area 
and, as with the kiwi (Figure 10), this helps enhance 
olfaction by providing more surface for odorant receptors. 


Tracking the Direction of a Trail 

Dogs have a remarkable sense of smell to the delight of all 
dog owners. A fascinating property is their ability to 
follow a trail laid hours in advance, a feature inherited 
from their ancestors — the wolves. In experiments with 
tracking dogs, it has been shown that if a person passes a 
field in unknown direction, a dog can come hours later 
and not only find the trail, but also the direction in which 
the man walked. A good dog can do better than that; he 
can find the trail of a particular person, if he has a sniff at 
this person’s possession like a handkerchief. How can the 
dog do this? We do not know the answer, but we do know 
how the dog behaves when performing the task. 



Figure 11 The olfactory organ of a dog. The figure is a cross 
section of the one side of the olfactory organ just in front of the 
cribriform plate. Note the many turbinals and the precise spacing 
of the airways. 


A German shepherd dog trained to detect and take the 
direction of a trail will realize that when he gets his 
harness it is time for action. He starts out with a pace of 
about three steps per second and sniffs with six inhala¬ 
tions per second. These sniffs are in bouts with duration of 
about 3 s. When the dog detects the trail, he makes a short 
stop before continuing with a slightly decreased pace at 
two per second. In this period of intense search, the 
duration of his sniffing bouts increases to about 5 s. The 
dog searches at this pace over two to five foot steps before 
deciding the direction (Figure 12). The footsteps of the 
tracked animal give off odorants that the dog can identify. 

The transition from searching to deciding is clear 
because the dogs halted for a moment when they detected 
the track. The deciding phase lasted 3-5 s, during which 
the dogs sniffed at 2-5 footprints, usually within one 
sniffing period. During this phase, the dog’s nose was 
held close to the ground (around 1 cm). The dog some¬ 
times appeared to move its nose along the track at con¬ 
stant speed, but more often it slowed down or stopped 
when it passed a footprint. The deciding phase was fol¬ 
lowed by the tracking phase, when walking frequency and 
sniffing periods became similar to the values recorded 
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Figure 12 The tracking dog. A German shepherd is equipped 
with a microphone and transmitter to pick up the sniffing 
frequency. In the diagram below, the path of the dog is seen as it 
enters the human trail (1). As the dog smells the trail (2), it lowers it 
step pace and the bouts of sniffing is prolonged. It is during this 
phase that the dog decides the direction of the trail. Once that is 
done, it takes its normal step pace and sniffing frequency (3). 
See text. 
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during the searching phase. The frequency of sniffs was 
remarkably constant: about 6 s -1 in all phases. Regardless 
of phase, the time taken for respiratory inspiration and 
expiration was always <10% of the sniffing period. 

The intensity of the olfactory print is most probably a 
key factor. Experiments where the meat sauce of a sausage 
was smeared on to a leather strap on a bicycle wheel result 
in a trail laid by the bicycle where odor is strongest at the 
beginning of such a trail, in contrast to a more constant 
trail by a prey animal. At the end of the sausage experi¬ 
ment, the dog, trained to follow human trails in the ‘cor¬ 
rect’ direction, ended up where the bicycle had started. 

Man 

The olfactory system in man is illustrated in Figure 13. 
The sensory epithelium is found in the upper part of the 
nose, covering about 2.5 cm" on each side. The nasal 
passages are narrow, and the epithelium is highly vascu¬ 
larized, which means that slight differences in epidermal 
thickness can influence the flow of air. In many people 
with a common cold, the passages are obstructed and they 
lose the sense of smell for a time. 

When we sniff, the odorants, for example from a rose, 
are carried to the sensory epithelium in the upper part of 


the nose. In the insert drawing, the odorants are illustrated 
as red, blue, and green balls. The sensory neurons express 
different odorant receptors (colored red, blue, and green) 
and react to different molecules. When these sensory 
neurons are activated, they send messages to the olfactory 
bulb as a train of nerve impulses via their axons to the 
olfactory bulb, the relay station on the way to the brain. 
The axons of sensory neurons make a spectacular synaptic 
structure (glomerulus) with dendrites of secondary neu¬ 
rons (mitral cells). The discovery of the odorant receptors 
by Buck and Axel mentioned earlier made it possible to 
demonstrate that all sensory neurons expressing a particu¬ 
lar odorant receptor send their axons to one particular 
glomerulus in the bulb. Note that the olfactory sensory 
neurons expressing a particular odorant receptor have their 
cell body in a specified depth in the sensory epithelium. 

The axons of the sensory neurons are extremely thin, 
only fraction of a pm (0.14 pm), or about 7000 if placed 
side by side in 1 mm. 

We frequently hear the question: ‘How can different 
odors evoke different emotions?’ The answer to that ques¬ 
tion is probably that a specific odorant, will activate a 
unique set of odorant receptors, and thus a set of sensory 
neurons. These sensory neurons make connections to sec¬ 
ondary neurons (mitral cells) which then spread to termi¬ 
nate in a particular region of the brain associated with 
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Figure 13 Illustration of the olfactory system in man. When we sniff, the odorants from the rose are carried to the sensory epithelium in 
the upper part of the nose. In the insert drawing, the odorants are illustrated as red, blue, and green balls. The sensory neurons are 
colored red, blue, and green and express different odorant receptors and react to different molecules. Note that the olfactory sensory 
neurons expressing a particular odorant receptor have their cell body in a particular depth of the sensory epithelium. This is similar to 
that found in fishes. When these sensory neurons are activated, they send messages to the olfactory bulb as a train of nerve impulses 
via their axons to the olfactory bulb, to the relay station on the way to the brain. The axons of sensory neurons make a spectacular 
synaptic structure, called a ‘glomerulus’ (plural glomeruli), and all sensory neurons expressing a particular odorant receptor send their 
axons to one particular glomerulus in the bulb. 
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emotion and memory. For example, butyric acid or caproic 
acid target negative emotions such as anger and disgust. 

Olfaction and Memory 

Many of us have had the experience where you perceive a 
smell and suddenly remember an event that you’d for¬ 
gotten for years. Or, consider certain perfume or odorants 
that remind you of people in your life. These are examples 
of the connection between olfaction and memory. The 
primary olfactory cortex is directly connected to the 
amygdala and the hippocampus. Thus, only two synapses 
separate the olfactory nerve from the amygdala, a part of 
the brain involved in experiencing emotion and also in 
emotional memory. The hippocampus is implicated in 
working memory and short-term memory. Olfaction is 
the most ancient sensory modality and is physically clos¬ 
est to the limbic system which is responsible for emotions 
and memory. This connection may be why odor-evoked 
memories are unusually emotionally potent. 

What kinds of olfactory stimuli are best remembered? It 
has been shown that odor memory is improved by famil¬ 
iarity. Olfaction has often been implicated in learning 
processes, specifically in research done with animals. 
Learning occurred relatively quickly: within only one or 
two exposures to a particular combination of odor and 
tastant. Such studies suggest that the brain may be 
equipped with a mechanism for olfactory memory. The 
fact that animals often employ the olfactory sense to locate 
stored food provides further support for the existence of an 
olfactory memory of sorts. Chipmunks found stored food 
using their olfactory sense. However, in the study, olfaction 
only helped chipmunks localize moist seeds and not dry 
seeds. Olfaction therefore plays a part in an integrated 
system for recovering caches and finding hidden food. 


Research has also been done on odor memory in 
humans. It has been shown that patients with Korsakoff’s 
syndrome, who suffer severe memory impairment, show 
less of an impairment for odor memory than for other 
kinds of memory. This suggests that there is in fact a 
mechanism for odor memory separate from other kinds 
of memory. 

See also: Behavioral Endocrinology of Migration; Com¬ 
munication and Hormones; Fish Migration; Food Signals; 
Nervous System: Evolution in Relation to Behavior; 
Olfactory Signals; Taste: Invertebrates. 
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The Neurobiology of Host Social Behavior 

Within the central nervous system (CNS), the hypothalamus 
and the limbic system have been most closely associated 
with the regulation of vertebrate social behaviors, includ¬ 
ing aggressive, reproductive, and parental behaviors. Paul 
MacLean uncovered that the limbic system, including the 
hippocampus, cingulate cortex, fornix, olfactory bulb, 
mammillary body, and amygdala, is phylogenetically 
primitive and as such modulates behaviors that are pres¬ 
ent in terrestrial vertebrates including lizards, birds, and 
mammals. James Papez was the first to suggest that the 
neural circuitry connecting the limbic system, hypothala¬ 
mus, and cerebral cortex forms the anatomical basis 
of emotion. During this time, Kltiver and Bucy demon¬ 
strated that damage to the limbic system and cerebral 
cortex causes pronounced changes in aggression and sex¬ 
ual behavior in primates. Paul MacLean expanded the 
Papez circuit of emotion to include the hypothalamus, 
septal area, nucleus accumbens, and amygdala and demon¬ 
strated that the phylogeny of these brain structures could 
be used to predict the expression of social behaviors in 
vertebrates. Precise characterization of the neural circuits 
that regulate social behavior has proved difficult because 
the circuits that regulate aggression, for example, also 
control other social behaviors. Indeed, it has been sug¬ 
gested that aggressive behaviors are emergent properties 
of a social behavior network that includes the medial pre¬ 
optic area (MPOA), lateral septum (LAS), anterior hypo¬ 
thalamus (AHA), ventromedial hypothalamus (VMH), 
periaqueductal gray (PAG), medial amygdala (MEA), and 
bed nucleus of the stria terminalis (BNST). 

The hypothalamus, in particular, integrates endocrine 
and autonomic responses to stimuli and therefore plays 
a central role in coordinating the neuroanatomical and 
chemical correlates of social behavior. Several neurotrans¬ 
mitters and hormones, including dopamine (DA), norepi¬ 
nephrine (NE), serotonin (5-HT), opioids, y-aminobutyric 
acid (GABA), glutamate, vasopressin, oxytocin, glucocorti¬ 
coids, sex steroids, and nitric oxide are involved in the 
expression of social behaviors. These chemical signals syn¬ 
chronize physiological and behavioral responses and influ¬ 
ence the probability that social behaviors will be exhibited 
in response to the appropriate stimuli. 

Parasites, broadly defined to include microparasites 
(e.g., viruses and bacteria) and macroparasites (e.g., proto¬ 
zoan, helminth, and arthropod parasites), can exploit the 


proximate mechanisms that modulate vertebrate social 
behaviors to increase the likelihood of transmission. 
Parasites can modify the expression of social behaviors 
by infecting cells (e.g., neurons, endothelial cells, and glial 
cells) and inducing apoptosis within the CNS, causing 
inflammatory immune responses in the CNS and altering 
the chemical signals that underlie the expression of 
behavior. Because social behaviors facilitate interactions 
between conspecifics, these host behaviors can increase 
the transmission of parasites from infected to susceptible 
individuals. The primary goal of this article is to evaluate 
the bidirectional interactions between parasites and ver¬ 
tebrate hosts, with particular emphasis on the role that 
nonreproductive social behavior plays in this interaction 
(Table 1). In this article, we will review data illustrating 
that parasites alter social behavior through effects on the 
neurobiology that underlies the expression of vertebrate 
social behaviors. We will then examine how the social 
behavior of animals can influence exposure to and trans¬ 
mission of parasites. To better understand the bidirec¬ 
tional relationship between parasites and host social 
behavior, both the proximate mechanisms and adaptive 
functions of these relationships will be considered. 

The Effects of Parasites on Host 
Social Behaviors 

During the course of host-parasite co-evolution, host 
populations have evolved adaptations to evade infection, 
and pathogens have evolved counter-adaptations to over¬ 
come host defense mechanisms. In many cases, these 
counter-adaptations involve manipulation of host social 
behaviors that serve to increase contact between infected 
and susceptible individuals. The outcome of parasite- 
mediated changes in behavior may depend on the life 
cycle of the parasite. If a parasite has a direct life cycle 
(i.e., there is no intermediate host, only a definitive 
host population), then survival and reproduction may be 
increased through social contact among conspecifics. 
Viruses that have direct life cycles, such as Borna disease 
virus (BDV), rabies virus, and hantaviruses, typically 
cause increased aggression and physical contact between 
individuals within host populations. Conversely, if a path¬ 
ogen has an indirect life cycle (i.e., undergoes develop¬ 
ment in one host population and moves to another host 
population to complete the life cycle), then survival and 
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Table 1 Examples of infection-induced changes in aggressive behaviors and the mechanisms that mediate these effects in vertebrates 


Host 

Pathogen 

Behavioral effects 

Proximate mechanisms a 

References 

Viruses 





Rats (Rattus 
norvegicus) 

Borna disease virus (BDV) 

T Aggression 

Loss of DA neurons in VTA; | DA receptor binding in 
N. Acc.; | DA metabolism in cortex; infection of 
neurons in limbic cortical areas, vomeronasal 
organ, and olfactory bulb 

Solbrig et al. (1995, 1996a, 1996b) 

Tree shrew (Tupaia 
glis) 

BDV 

T Aggression, | physical contact 

Infection of neurons 

In frontal cortex 

Sprankel et al. (1978), Solbrig et al. 
(1995) 

Mice (Mus musculus) 

Herpes simplex virus 

T Aggression 

T Synthesis of 5-HT and DA; ] HVA and 5-HIAA 
cone 

Lycke and Roos (1974) 

Several primate 
species 

Simian immunodeficiency 
virus fo 

T Aggression and wounding 

No infection of neurons; CNS inflammation; 
infection of glia in basal ganglia, thalamus, and 
midbrain; j DA activity; t somatostatin mRNA in 
frontal cortex; apoptosis 

Da Cunha et al. (1995), Nerrienet et al. 
(1998), Sopper et al. (2002) 

Cats (Felis cat us) 

Feline immunodeficiency 
virus fa 

T Wounding 

No infection of neurons; CNS inflammation; 
infection of glial cells and macrophages in 
midbrain and thalamus 

Gardner and Dandekar (1995), 
Fromont et al. (1997) 

Several mammalian 
species 

Rabies virus 

T Aggression 

Infection of neurons in limbic cortical areas; [ 5-HT 
and opioid receptor binding; j 5-HT release; 

| GABA uptake in cortical neurons; apoptosis 

Koschei and Munzel (1984), 
Bouzamondo et al. (1993), 

Ceccaldi et al. (1993), Ladogana 
et al. (1994), Dietzschold et al. 
(2001) 

Rats 

Seoul virus 

T Wounding, 

T aggression, 

| subordination 

No infection of neurons; | testosterone;! 5-HIAA 

Glass et al. (1988), Hinson et al. 
(2004), Klein et al. (2004), 
Easterbrook et al. (2007) 

Mice 

Protozoa 

Tick-borne encephalitis 
virus 

T Aggression 

T Testosterone; infects CNS 

Moshkin et al. (2002) 

Western fence lizard 
(Sceloporus 
occidentalis ) 

Plasmodium mexicanum 

| Aggression, j social displays, 

| dominance, j territoriality 

| Testosterone, t corticosterone, J, glucose 

Schall and Dearing (1987), Schall and 
Houle (1992), Dunlap and Schall 
(1995) 

Mice/rats 

Toxoplasma gondii 

T Aggression, t dominance, 

| social exploration, J, defensive 
behavior 

Infection of neurons, glial, and endothelial cells in 
limbic areas, frontal cortex, and basal ganglia; 
l NE, t DA, and HVA cone in brain 

Stibbs (1985), Arnott et al. (1990), 
Berdoy et al. (1995a), Kristensson 
et al. (2002) 

American kestrel 
(Falco sparverius) 

Trichinella pseudospiralis 

j Aggression 

NA 

Saumier et al. (1986), Henderson 
et al. (1995) 

Mice 

Trichinella spiralis 

J, Dominance, | subordination 

No infection of CNS 

Rau (1983, 1984), Edwards (1988) 

Mice 

Helminth 

Trypanosoma cruzi 

J, Social rank 

CNS inflammation 

Eymard and Pittella (1991), Schuster 
and Schaub (2001) 

Red jungle fowl 
(Gallus gallus) 

Ascaridia galli 

| Social rank, | mating success 

NA 

Zuk et al. (1990, 1998) 


Continued 
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Table 1 Continued 


Host 

Pathogen 

Behavioral effects 

Proximate mechanisms a 

References 

European minnows 

Diplostomum phoxini 

t Tubercles, | competitive ability 

Infects brain 

Muller and Ward (1995) 

(Phoxinus phoxinus) 

White-tail deer 
(Odocoiieus 

Fascioloides magna 

j Body size, J, antler points, 
i social rank 

NA 

Mulvey and Aho (1993) 

virginianus) 

Mice 

Heligmosomoides 

polygyrus 

j Aggression, | subordination, 

| conspecific odor 
discrimination 

| Opioid-mediated analgesia 

Freeland (1981), Kavaliers et al. 

(1998) 

Sticklebacks 

Schistocephalus solidus 

j Competitive ability 

NA 

Barber and Ruxton (1998) 

Mice 

Toxocara canis 

| Aggression, | defensive 
behaviors, j social investigation 

t Larvae in brain 

Cox and Holland (1998), Holland and 
Cox (2001) 


a Proximate mechanisms include only chemical and neuroanatomical mechanisms. 

b For immunodeficiency viruses there is a correlation between aggression and likelihood of being infected. Whether this association is caused by parasite-mediated changes in behavior has 
not been determined. 

NA, Data not available; DA, dopamine; NE, norepinephrine; VTA, ventral tegmental area; N. Acc., nucleus accumbens; HVA, homovanillic acid; 5-HIAA, hydroxyindoleacetic acid; 5-HT, 
serotonin; GABA, y-aminobutyric acid. 

Arnott, MA, Cassella, JP, Aitken, PP, and Hay, J (1990). Social interactions of mice with congenital Toxoplasma infection. Annals of Tropical Medicine and Parasitology 84: 149-156. 
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reproduction may be increased primarily through preda¬ 
tion. To increase the probability of predation, pathogens 
can alter social behaviors in the intermediate host. Several 
investigators, most notably Joanne Webster, have demon¬ 
strated that rodents infected with Toxoplasma gondii increase 
exploratory behavior and aggression, which may make 
them more conspicuous to and less fearful of cats (Felis 
catus), the definitive host. Other pathogens, such as Eimeria 
vermiformis and Trichinella spiralis, can have either direct or 
indirect life cycles and appear to reduce social interactions 
among conspecifics. There are several categories of host 
social behaviors that are affected by parasites. 

Social Structure 

Parasitic infection can have pronounced effects on the social 
hierarchies within populations of animals. For example, 
male house mice (Mus musculus) infected with either the 
nematode Heligmosomoidespolygyrus or the protozoan parasite 
T. spiralis are more likely to assume subordinate status in 
group housing conditions than are uninfected males. Infec¬ 
tion of dominant males with T. spiralis also can reverse 
established dominance in house mice as demonstrated 
by Rau and colleagues. Conversely, infection of rats with 
T. gondii does not affect established dominance hierarchies 
in rat colonies. Shall and Houle demonstrated that infection 
of western fence lizards ( Sceloporus occidentalis) with Plasmo¬ 
dium mexicanum does not impact maintenance of home range 
by males, but can reduce establishment of dominance when 
compared with uninfected males. A majority of empirical 
studies examine the effects of social status on responses to 
infection (see ‘Social Structure’ section below), with consid¬ 
erably less attention paid to the role that parasites play in 
determining social hierarchies within populations of 
animals. Further, the proximate mechanisms mediating 
how parasitic infection alters the social status of individuals 
have not been delineated. 

Aggression 

For directly transmitted pathogens that are shed in saliva, 
aggression is one of the most efficient modes of transmis¬ 
sion. Among mammals, rabies virus infects and kills 
neurons in brain regions (e.g., hippocampus, hypothalamus, 
and amygdala) that modulate host behaviors, including 
aggression, and causes reductions in 5-HT and GABA 
neurotransmission. As reviewed by Nelson and Chiavegatto, 
decreased 5-HT neural communication has been linked 
to elevated aggression in rodents. Presumably, by exploit¬ 
ing the 5-HT system and causing increased levels of 
aggression, salivary transmission of rabies between 
infected animals and other individuals within a popula¬ 
tion may be increased. Solbrig and colleagues have con¬ 
ducted several studies to demonstrate that BDV infects 
neurons in the limbic and cortical areas of the brain, 


including the hippocampus, hypothalamus, olfactory 
bulb, septum, amygdala, thalamus, basal ganglia, and fron¬ 
tal cortex, and reduces neurotransmission along dopami¬ 
nergic pathways. Infection of neurons within the limbic 
system and changes in the dopamine pathway may explain 
the increased aggressive and sexual behaviors that are 
characteristic of animals infected with BDV. 

Viruses can alter aggression through mechanisms 
other than infection of neurons. For example, although 
infection of primates, including mandrills ( Mandrillus 
sphinx) and rhesus macaques ( Macaca mulatto), with simian 
immunodeficiency virus (SIV) and cats with FIV does 
not cause neuronal infection, behavioral modifications, 
including changes in cognition and aggression, are observed. 
Viral infection causes inflammation (i.e., induction of proin- 
flammatory cytokine and chemokine responses), apoptosis 
(i.e., death) of microglia, and changes in neurotransmitter 
(e.g., somatostatin) synthesis in the brain that are associated 
with virus-induced pathology. Although behavioral changes 
following infection may be a pathological side-effect of 
infection, because virus transmission is enhanced by 
increased aggression, the effects of infection on behavior 
still benefit the reproduction of the parasite. 

In common with rabies, SIV, and FIV, hantaviruses are 
directly transmitted and are hypothesized to be propa¬ 
gated through bite wounds. Glass and his colleagues at 
Johns Hopkins have demonstrated that intraspecific trans¬ 
mission of hantaviruses appears to occur through contact 
with saliva during aggressive encounters. They have con¬ 
ducted longitudinal studies with marked and released 
Norway rats ( Rattus norvegicus) to illustrate that animals 
wounded between captures are more likely to develop 
antibody against Seoul virus upon recapture and serocon¬ 
version is more prevalent among adult males than among 
adult females or juvenile males. Thus, increased aggres¬ 
sive behavior at the onset of sexual maturity may increase 
Seoul virus transmission among adult Norway rats. Male 
rats with more severe wounds are also more likely to shed 
Seoul virus and to have viral RNA present in target 
tissues (including the testes and adrenal glands) than are 
males with less severe or no wounds. Wounded males 
that are infected with Seoul virus also have elevated 
serum testosterone and reduced 5-HIAA concentrations 
(i.e., a 5-HT metabolite) in the hypothalamus, suggesting 
that these neuroendocrine mechanisms may contribute to 
aggression and the likelihood of transmission of hantavi¬ 
rus in natural populations of male Norway rats. 

Whether engaging in aggressive behavior increases 
exposure to hantaviruses (i.e., host-mediated hypothe¬ 
sis) or whether infection increases the propensity to 
engage in aggression (i.e., parasite-mediated hypothesis) 
remains unclear. Laboratory studies of male Norway 
rats infected with Seoul virus reveal that males with 
more virus present in lung, kidney, and testis tissues 
engage in aggression for a longer duration of time than 
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do males with less virus. Several investigators including 
Botten and Hjelle at the University of New Mexico have 
demonstrated that neither viral RNA nor protein is 
present in the brains of infected males. Thus, the 
changes in host aggressive behavior may be caused by 
elevated virus replication in peripheral target tissues, 
such as the testes, and may be communicated to the 
CNS via hormonal signals. 

Parasites can also alter the expression of aggression 
in intermediate hosts. For example, T. gondii infection 
increases aggressive behavior in male house mice toward 
uninfected male cagemates, which may reflect the pres¬ 
ence of T. gondii parasites in neurons, glial cells, and 
endothelial cells in limbic areas, the frontal cortex, and 
basal ganglia as well as reduced concentrations of NE 
and increased concentrations of DA. The proximate 
mechanism mediating the effects of T. gondii on behavior 
likely involve the effects of infection on neurotransmis¬ 
sion, as opposed to the presence of parasites in discrete 
brain regions, as treatment of T. gondii-'mfected rats with 
either haloperidol (i.e., antipsychotic drug that acts as 
a dopamine D2 antagonist) or valproic acid (i.e., a mood 
stabilizer) reverses the behavioral effects of T. gondii 
infection. As with T. gondii infection of rodents, bot flies 
(Cuterebra fontineUa) rely on white-footed mice ( Peromyscus 
leucopus) to complete their life cycle and are thought to 
impose a minimal cost, in terms of host reproduction and 
survival, on the rodent host. Cramer and Cameron have 
shown that male white-footed mice naturally infested 
with bot flies are significantly more aggressive than are 
uninfected males. 

There are, however, several parasites that reduce 
aggressive behavior in their hosts, including Taenia crassi- 
ceps infection of male house mice, Toxocara canis infection 
of male house mice, infection of western fence lizards 
with malaria parasites, and ectoparasitic mite ( Hannemania 
eltoni) infestation of male Ozark zigzag salamanders 
(.Plethodon angusticlavius). Clarification about the proxi¬ 
mate mechanisms mediating increase of aggression by 
some parasites and decrease by others as well as consider¬ 
ation of the selection pressures influencing the effects of 
infection on aggression is necessary. 


Effects of Social Behavior on Infection 
with Parasites 

Not all behavioral modifications following infection are 
mediated by pathogens. If the behavioral changes follow¬ 
ing infection are beneficial to the survival and reproduc¬ 
tion of the host, then the behavioral modifications may 
be host-as opposed to pathogen-mediated. Furthermore, 
engaging in social behavior may influence both suscepti¬ 
bility to and transmission of parasites. 


Population Density 

Group living incurs several benefits, including protection 
from predation and increased foraging efficiency. How¬ 
ever, the size of a population can also impact transmission 
of parasites. Alexander hypothesized that parasitism, by 
directly transmitted as well as vector-borne parasites, is 
a cost of living in large groups. Host population density, 
for example, is positively correlated with the abundance 
of gastrointestinal strongylid nematodes when examined 
across diverse mammalian species by Arneberg and col¬ 
leagues. Conversely, a meta-analysis of 46 rodent species 
conducted by Bordes and associates reports no relationship 
between the degree of host sociality (defined by group size 
and degree of aggregation during the breeding and non¬ 
breeding seasons) and prevalence of helminth parasites; 
conversely, the abundance of ectoparasites (i.e., fleas, 
ticks, and mites) is negatively associated with sociality in 
these rodents as has been demonstrated in other meta¬ 
analyses of ectoparasites in vertebrates conducted by Pou¬ 
lin and colleagues. These meta-analyses, however, do not 
account for the vector-borne parasites carried by the 
ectoparasites, so whether population density is differen¬ 
tially related to parasitic disease requires additional con¬ 
sideration. When the prevalence of a vector-borne disease 
is analyzed relative to group size in primates, data col¬ 
lected by Nunn and Heymann reveal that the prevalence 
of malaria parasites in neotropical primates increases with 
group size and may be caused by increased abundance of 
mosquitoes around larger groups of animals. Population 
density also predicts parasite species richness, as indicated 
by the diversity of heliminths, protozoa, and viruses, in 
primates. Conversely, host population density does not 
affect the prevalence of helminth parasites or ectopara¬ 
sites among Cape ground squirrels ( Xerus inauris) or red 
colobus monkeys ( Procolobus rufomitratus) or the preva¬ 
lence of protozoan parasites in Australian lizards ( Egernia 
stokesii). 

In the laboratory, the number of animals housed in a 
cage, can have pronounced effects on susceptibility to 
parasites. For example, individually housed mice have 
higher cell-mediated and humoral immune responses 
and increased resistance to herpes simplex virus (HSV)-l, 
Plasmodium berghei , and Candida albicans infections when 
compared to house mice housed five per cage. In these 
laboratory studies, Rabin and colleagues have shown 
that immunological differences between individually 
and group-housed mice are not related to differences in 
circulating corticosterone concentrations. Conversely, we 
have demonstrated that housing animals in either mixed- 
or same-sex groups increases antibody production in 
female, but not male, meadow voles ( Microtus pennsylva- 
nicus) when compared with individually housed voles. 
Individual housing also reduces the number of immune 
cells and Trypanosoma cruzi loads in Calomys callosus 
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rodents that are the natural reservoir for this parasite. 
Taken together, the effect of group size on immune 
responses to infection appears to be species-specific and 
illustrates that data obtained from common laboratory 
rodents may not always extrapolate to other mammalian 
species. The proximate mechanisms mediating how group 
size affects responses to pathogens may involve steroid 
hormones, but requires farther investigation. There may 
be a chemosensory influence of group housing effects. For 
example, Nelson and his students have demonstrated that 
individual housing in forced-air-ventilated micro¬ 
isolation compared to housing in a standard ‘shoe-box’ 
caging significantly impaired murine delayed-type hyper¬ 
sensitivity (DTH) responses, as well as elevated cortico¬ 
sterone concentrations in response to restraint. 

Social Structure 

Social status within a group can influence the course of 
parasitic infection in many mammals. Social hierarchies 
can form on territories based on aggressive encounters; 
consequently, one male typically becomes dominant 
and the other males are classified as subordinates. Studies 
in house mice illustrate that tradeoffs exist between 
engaging in competitive behaviors (that presumably 
increase mating opportunities and territorial resources) 
and susceptibility to infection. Barnard and colleagues 
have consistenly illustrated that dominant male house 
mice that are more likely to engage in successful aggressive 
encounters are more susceptible to infection with nema¬ 
todes, such as H. polygyrus , protozoa, including Babesia 
microti , and viruses, such as HSV than are lower rank, 
less aggressive males. Similarly, Hausfater and Watson 
showed that in yellow baboons ( Papio cynocephalus ), domi¬ 
nant males shed significantly more nematode (primarily 
Trichuris and Trichostrongylus species) ova than do subor¬ 
dinate males. In labrid fish ( Symphodus ocellatus) of the 
western Mediterranean, the parasite Genitocotyle mediterra- 
nea is found in the digestive tracts of large, dominant, but 
not small, subordinate, male fish. Folstad and Karter were 
instrumental in articulating the hypothesis that the trade¬ 
off between competitive abilities and susceptibility to 
infection is likely mediated by changes in steroid hor¬ 
mone concentrations and available metabolic resources. 
Conversely, dominant males might also be more likely to 
be exposed to parasites as a function of behavior (e.g., 
increased foraging). 

Alternatively, lower ranked males may be more sus¬ 
ceptible to infection than dominant males. Several studies 
illustrate that subordinate males experience an elevated 
stress response toward antagonistic interactions with 
dominant individuals that increases their susceptibility 
to infection. For example, Cohen and colleagues demon¬ 
strated that subordinate male cynomolgus monkeys 
[Macaca fascicularis) are more likely to develop infection 


following inoculation with influenza virus than are 
dominant males. Subordinate house mice exhibit immuno¬ 
suppression and are more susceptible to infection with 
viruses, such as Moloney virus, and parasites, including 
T. cruzi , than are their dominant counterparts. Reduced 
immunocompetence among subordinate males may be 
caused by elevated corticosterone concentrations in 
response to antagonistic interactions. Although social 
rank does not affect antibody responses against pseudora¬ 
bies virus in male pigs (Sus scrofa ), Hessing has shown that 
subordinate pigs experience greater morbidity and mor¬ 
tality following infection than do dominant males. 

Whether a tradeoff exists between reproductive success 
(as measured by the quantity and quality of sired offspring) 
and susceptibility to a naturally occurring, endemic patho¬ 
gen has not been adequately examined. We have shown that 
social status does not predict susceptibility to Seoul virus 
infection or reproductive success among Norway rats. 
Dominant and subordinate males are equally likely to sire 
pups and shed virus, and have similar antibody responses 
and weight gain over the course of infection. Data from 
house mice infected with H. polygyrus further illustrate that 
neither dominance nor infection status predicts reproduc¬ 
tive success, on the basis of microsatellite analysis con¬ 
ducted by Ehman and Scott. Social status also does not 
predict responses to helminth parasites in either olive 
baboons (P. cynocephalus anubis) or Egyptian spiny mice 
(Acomys cahirinus dimidiatus). Taken together, these data 
suggest that the impact of social structure on the course 
of parasitic infection may be pathogen-specific and may 
depend on the social structure of the host population. 

Social Disruption 

Disruption of established social hierarchies within groups 
of animals serves as a social stressor that dysregulates host 
homeostasis and alters susceptibility to infection. Social 
reorganization, a paradigm refined by Sheridan and col¬ 
leagues, in which the dominant male within a cage of 
house mice is switched between cages, increases reactiva¬ 
tion of latent HSV-1 and mortality following influenza 
A virus infection. Social reorganization also increases 
susceptibility to endotoxic shock and bacterial coloniza¬ 
tion of lymphoid tissues and liver following experimen¬ 
tally induced wounds in house mice. The effects of social 
reorganization on susceptibility to infection is mediated 
by immune cells, in particular dendritic cells, becoming 
resistant to glucocorticoids because the glucocorticoid 
receptor fails to undergo nuclear translocation following 
exposure to corticosterone in these animals. As a result, 
dendritic cells from mice exposed to social reorganization 
upregulate the expression of surface receptors indicative 
of activation and produce elevated amounts of proinflam- 
matory cytokines, including interleukin (IL)-6 and tumor 
necrosis factor (TNF)-a, in response to toll-like receptor 
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(TLR) ligands when compared with cells from control 
mice. Glucocorticoid resistance results in elevated inflam¬ 
mation, which can lead to host-mediated immunopathol- 
ogy and, in severe cases, death. 

Social Defeat 

Social stress, primarily in the form of social conflict 
between individuals, is among the most pervasive forms 
of stress experienced by individuals of many animal spe¬ 
cies, including humans. These conflicts usually involve 
access to potential resources including mates, territories, 
or food. In the majority of social conflicts, the resolution of 
the conflict ends in a distinct ‘winner’ and ‘loser.’ Defeated 
animals (i.e., losers) display increased activation of the 
hypothalamic-pituitary-adrenal (HPA) axis as evidenced 
by increased release of adrenocorticotropin, p-endorphin, 
cortisol, and corticosterone. 

Social defeat also evokes prolonged changes in 
behavioral and autonomic functions, including decreased 
reproductive and aggressive behaviors, decreased food 
and water intake, and decreased immune function. 
Blanchard and colleagues have conducted several studies 
illustrating that for many animals living in large social 
groups, subordinate status results in continuous exposure 
to attacks from dominant animals, creating a scenario 
in which the stress of social conflict becomes chronic. 
In subordinate animals, chronic social defeat results in 
a prolonged stress response and chronic activation of 
the HPA axis that can lead to marked physiological and 
behavioral changes. These changes disrupt homeostatic 
balance and may lead to stress-induced illness that 
ultimately threatens survival. It is well established that 
stressful situations can alter immune function in most 
mammals. For instance, social defeat reduces serum anti¬ 
body concentrations in rats. Reduced serum antibodies 
are correlated directly with the amount of time animals 
spent in submissive postures. Stefanski has shown that 
after chronic social defeat (i.e., introduction of a male rat 
into a male-female resident group), submissive males 
have reduced T-cell mitogen-induced lymphocyte pro¬ 
liferation and decreased CD4+/CD8+ T-cell ratios, but 
increased numbers of B lymphocytes and granulocytes 
compared with dominant animals. In addition, acute social 
stressors increase granulocyte numbers and CD4+/ 
CD8+ T-cell ratios, but decrease total lymphocyte num¬ 
bers. These data suggest that both acute and chronic 
stressors can result in differential immunological effects 
depending on the type of stress and the immune parameter 
measured. In addition to altering specific immune para¬ 
meters, social stressors have profound effects on suscepti¬ 
bility to infection and can therefore affect health and 
wellbeing. For instance, Koolhaas, Padgett, and their col¬ 
leagues have demonstrated that social stressors cause reac¬ 
tivation of HSV-1 in latently infected mice, as well as 


suppression of lymph node cellularity, virus specific IL-2 
and interferon (IFN)-y production, and lymphocyte pro¬ 
liferation following inoculation with pseudorabies virus. 

The effect of social defeat on immunocompetence may 
depend on the duration of the interaction. This hypothe¬ 
sis was tested by Jasnow, Demas and their associates in 
adult male Syrian hamsters that were exposed to social 
defeat (i.e., exposure to a dominant animal in that animal’s 
home cage) that was either acute (i.e., a single exposure) 
or chronic (i.e., daily exposures across 5 days). A control 
group of animals was placed in a resident’s home cage 
without the resident animal present and did not experi¬ 
ence defeat. Cortisol concentrations are elevated in 
both acutely and chronically defeated hamsters when 
compared with control animals. In contrast, serum IgG 
concentrations are significantly reduced in both groups 
of defeated hamsters compared with control animals. 
Considered together, these results demonstrate that both 
acute social defeat and chronic social defeat lead to acti¬ 
vation of the HPx4 axis and suppression of humoral immu¬ 
nity. Whether social defeat increases susceptibility to 
parasites requires further examination. 

Sickness Responses 

Fever and sickness behavior are ubiquitous phenomena 
in vertebrate physiology. Much of our understanding of 
the physiological and behavioral consequences of innate 
immune activation has come from administration of the 
model inflammogen lipopolysaccharide (LPS). Animals 
treated with LPS, a component of gram-negative bacterial 
cell walls, display a coordinated suite of physiological and 
behavioral responses. Hart concluded that the behavioral 
sequelae of LPS administration are particularly salient 
and include lethargy, anorexia, adipsia, anhedonia, and 
reduced social interactions. These responses, collectively 
termed ‘sickness behavior,’ along with the induction of 
fever, are thought to be part of a coordinated, adaptive 
effort to aid in recovery from infection. 

LPS is first detected by TLRs expressed on a variety of 
cell types in the periphery. The activation of TLRs (e.g., 
TLR4 for LPS) induces the activation of the nuclear 
factor-kappa B (NF-kB) signaling cascade and the pro¬ 
duction of endogenous signaling factors. Dantzer and 
colleagues have been instrumental in showing that the 
primary mediators of the sickness response are the proin- 
flammatory cytokines, IL-1 (3, IL-6, and TNF-a. Intraper- 
itoneal LPS injections induce cytokine gene expression, 
in both the periphery and the CNS. Although the precise 
mechanisms remain under investigation, peripheral cyto¬ 
kines might induce central production of cytokines via 
active transport of cytokine proteins across the blood-brain 
barrier, interact with receptors on epithelial cells, activate 
vagal afferents, as well as via diffuse into circumventricular 
brain regions. Expression of cytokines in the brain appears 
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to underlie the behavioral effects of peripheral LPS admin¬ 
istration. In the brain, cytokines are largely expressed by 
microglia and perivascular and meningeal macrophages. 
Prendergast and others have reported that attenuated 
febrile and behavioral responses to LPS in short-day 
hamsters are associated with reduced neural cytokine 
gene expression and peripheral cytokine production both 
in vivo and in vitro. 

Acute inflammation is associated with potent activation 
of the HPA axis. Proinflammatory cytokines are capable 
of activating the HPA axis at the level of the brain, pituitary 
gland, and adrenal gland. Inversely, glucocorticoids feed 
back to inhibit the expression of proinflammatory cyto¬ 
kines. Because of their effects on cytokines, as well as 
other cellular signalling pathways, glucocorticoids tend to 
suppress inflammation; and because of their induction by 
inflammatory stimuli, Besedovsky and del Rey characterize 
glucocorticoids as the ‘brakes’ on the immune system, 
having evolved to prevent runaway inflammation. 

Whether engaging in sickness responses affects social 
status and aggression has not been adequately examined. 
One study by Cirulli and colleagues reports that LPS- 
injected male mice fail to initiate aggressive behavior 
toward an intruder in a resident-intruder aggression par¬ 
adigm, but display normal defensive aggression if pro¬ 
voked. Better characterized is the impact of sickness on 
mating behavior. Male and female mating behavior is 
differentially influenced by LPS administration. Rivier 
and others have shown that LPS prevents the preovula¬ 
tory LH surge in female rats and also eliminates mating 
behavior in ovariectomized, hormonally primed females 
via the induction of prostaglandins. In males, however, 
Yirmiya and associates demonstrated that LPS fails to 
disrupt mating at all but the highest doses despite sup¬ 
pressing testosterone production. Moreover, this sex dif¬ 
ference is specific to mating because LPS affects behavior 
similarly between males and females in other behavioral 
responses that are unrelated to mating. Indeed, male rats 
may suppress the symptoms of their infection, putatively 
to ‘deceive’ females into mating. 

Thus, individuals can detect sickness responses and 
other signals of infection to avoid infection. Numerous 
previous studies have focused on the tradeoffs associated 
with infection and reproductive success, but few have 
considered the more efficient adaptation of behavioral 
avoidance of sick animals. Maternal experience before 
and during pregnancy plays a critical role in offspring 
development. In one recent study by Curno and colleagues, 
the influence of social cues about disease in the maternal 
environment was examined in pregnant mice housed next 
to mice infected with noncontagious B. microti , but sepa¬ 
rated by a perforated Plexiglas barrier. Exposed females 
had higher levels of serum corticosterone and increased 
kidney growth compared with those with uninfected neigh¬ 
bors. Exposed females subsequently produced offspring 


that as adults showed an enhanced immune response to 
B. microti and reduced aggression. Because infection could 
more easily be spread by bites and other aggressive inter¬ 
actions, the reduction of aggression is significant. These 
results suggest that prevailing infections can influence 
responses in observers, as well as in their future offspring. 
The study is important because it indicates that these 
adaptations are elicited in future generations by glucocor¬ 
ticoid responses without directly incurring infection. These 
studies illuminate the importance of social information 
and maternal effects (and not necessarily only maternal 
condition) on life histories. Such ‘experiential’ conse¬ 
quences on future offspring phenotype may have important 
implications for understanding the epidemiology and 
individual disease susceptibility in both humans and 
non-human animals. Importantly, these results should pro¬ 
vide a basis for the reconsideration of how rodents positive 
for so-called low-grade infections affect experimental 
observations. 

Conclusion 

This article illustrates that social behavior is an integral 
mediator of the relationship between parasites and verte¬ 
brate hosts. The data presented in this article provide 
several examples of parasites exploiting the proximate 
mechanisms that mediate the expression of social beha¬ 
viors, in particular aggression, to increase transmission 
(Table 1). Pathogens can affect behavior not only by 
infecting cells (e.g., neurons, glial cells, and endothelial 
cells) within the CNS, but also by causing apoptosis, 
inducing inflammation, and altering neurotransmitter 
and hormonal communication. The role of cytokines, in 
particular, in mediating changes in social behaviors fol¬ 
lowing infection has been most well studied with regard to 
sickness behaviors. Whether parasites exploit cytokine- as 
well as neurotransmitter-mediated processes to alter 
behavior has not been adequately studied. Although the 
proximate mechanisms that pathogens use to alter host 
behavior are well characterized in mammals, the effects 
of pathogens on the CNS and neurochemical systems in 
other vertebrate species require additional investigation. 
Presumably, the effects of parasites on social behavior are 
retained across several classes of vertebrates because 
parasites affect the phylogenetically primitive structures 
of the limbic system and related neurochemical systems. 

We have provided a plethora of data illustrating that 
vertebrate social behavior affects susceptibility to, as well as 
transmission of, parasites. How social status, social defeat, 
and social instability cause changes in susceptibility to 
parasites requires additional investigation. We hypothesize 
that activity along the HPA axis affects both immunocom- 
petence and metabolic reserves to create tradeoffs between 
host social behavior and susceptibility to parasites. 
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Future studies must continue to explore the adaptive 
function of host-parasite interactions. Although parasites 
can induce changes in the expression of social behaviors 
to increase transmission, other behavioral modifications 
following infection may be mediated by the host or be a 
byproduct of host-parasite relations. Consideration of the 
route of transmission, pathogen life cycle, and pathogen 
virulence will be important to fully understand why para¬ 
sites manipulate social behaviors in host populations. 
Additionally, the behavioral outcome of infection may 
depend on several host factors including the sex, age, 
and immune status of the individual. 

See also: Avoidance of Parasites; Beyond Fever: 
Comparative Perspectives on Sickness Behavior; Con¬ 
servation, Behavior, Parasites and Invasive Species; 
Ectoparasite Behavior; Evolution of Parasite-Induced 
Behavioral Alterations; Intermediate Host Behavior; 
Parasite-Induced Behavioral Change: Mechanisms; 
Parasite-Modified Vector Behavior; Parasites and Sexual 
Selection; Propagule Behavior and Parasite Transmis¬ 
sion; Reproductive Behavior and Parasites: Inverte¬ 
brates; Reproductive Behavior and Parasites: 
Vertebrates; Self-Medication: Passive Prevention and 
Active Treatment; Social Behavior and Parasites. 
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General Introduction 

Humans are highly social creatures. Human sociality is 
built on a flexible understanding of others that involves 
the ability in some situations to make predictions about 
others’ mental states, for example, others’ attention, 
knowledge, desires, beliefs, etc. These capacities are sum¬ 
marized and referred to by the term ‘theory of mind,’ first 
introduced by Premack and Woodruff It is called a ‘the¬ 
ory,’ as mental states are not directly observable and 
therefore need to be inferred. Following Premack, theory 
of mind is mainly differentiated into three classes: percep¬ 
tual (understanding something about others’ attention, 
visual perspective, etc.), motivational (understanding 
others’ goals, intentions, etc.), and informational (under¬ 
standing others’ beliefs, etc.). One important question is 
the degree to which humans share their social cognitive 
capacities with other animals. While some researchers 
believe that reasoning about mental states is a uniquely 
human skill, others argue that humans share some of their 
social cognitive skills, including mental state attribution, 
with other species such as their closest living relatives, the 
chimpanzees. 

From an evolutionary perspective, certain social cog¬ 
nitive skills would be as beneficial for group living animals 
as they are for humans. Group living has costs and bene¬ 
fits: affording individuals protection from predators, as 
well as increasing competition between individuals for 
limited resources, such as food, mates etc. Therefore, the 
more complex the social group structure, the more the 
individual has to know about the group it lives in, for 
example, to distinguish between individuals and to attend 
to and figure out relationships between them. Also, life in 
social groups increases competition between individuals, 
which means that individuals with some knowledge about 
others have the capacity to outwit their competitors. 
Therefore, group living is thought to put a premium on 
the evolution of certain social cognitive skills as a flexible 
understanding of others would allow the individual to 
maneuver more freely in a complex social environment. 
However, for successful social interactions, it is not nec¬ 
essarily essential to be able to attribute mental states to 
others. Other, lower level mechanisms could potentially 
explain certain social interactions. 


Understanding Others’ Perceptual States 

Attention 

Eyes or eye-shaped stimuli are strong signals in the animal 
kingdom. One famous example that shows the effectiveness 
of eye-shaped stimuli, is the Peacock butterfly (Inachis io L.), 
which has eye-shaped spots on its wings to scare away 
potential predators. The eyespots are an effective morpho¬ 
logical antipredator adaptation that significantly increases 
the individuals’ chances of survival. However, individuals 
from this species are most likely not aware that they have 
this signal. They also have very limited control over its 
presentation to potential predators. They cannot modify 
the signal, depending on whether or not the potential pred¬ 
ator is in a position to actually see them. The interaction 
between both individuals (prey and predator) can therefore 
be best explained as one example of a sender-receiver 
relationship in which one individual, the sender, presents a 
certain signal to which the other individual, the receiver, 
responds. The sender’s signals as well as the receiver’s 
response are fixed patterns, shaped by selection processes 
during evolution and most likely, the Peacock butterfly has 
no understanding of the predator’s mental states whatsoever. 

However, there is also evidence that for some species, 
the eyes are not simply an aversive stimulus; they also signal 
something about others’ attentional states. Apes, as humans’ 
closest relatives, adjust their gestural communication to the 
attentional state of a human experimenter. They use more 
visible gestures (such as pointing) not only when the human 
has his/her body or face oriented toward them, but also 
when the eyes of the human are open as opposed to when 
they are closed. Also, chimpanzees use audible (e.g., clap¬ 
ping) instead of visible gestures if others are nearby, but not 
in a position to see them. The same sensitivity to the eyes as 
an important signal for others’ attention seems to be present 
in different monkey species, for example, rhesus monkeys 
and capuchin monkeys. Rhesus monkeys, for example, steal 
less food from a human experimenter whose eyes are open 
or directed toward them than from one whose eyes are 
closed or oriented away. 

Differentiating others’ attention states is also not 
restricted to primates. Dolphins produce more ‘pointing’ 
(pointing being defined as the alignment of the body 
while remaining stationary for over 2 s) if a human is 
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oriented toward them as opposed to away from them. 
Dolphins ‘pointed’ more when the human was in a posi¬ 
tion to see them (e.g., oriented toward them) than when 
he/she was not. Dogs also show a high sensitivity to 
human eyes. When tested in a competitive situation with 
a human in which the human forbade them to take a piece 
of food, dogs took more food when the human was ori¬ 
ented away from the food than when he was oriented 
toward it or when the human’s eyes were closed as 
opposed to when they were open or when the human 
was distracted as opposed to attentive. The same sensitiv¬ 
ity was shown when dogs were presented with a more 
cooperative paradigm. Here the dogs had to distinguish 
whom to beg from, based on the humans’ attentiveness. 
The dogs directed their begging more toward a human 
whose eyes were visible than toward a human whose eyes 
were covered. There is also evidence that different bird 
species are sensitive to a human’s attentional state. Spar¬ 
rows and jackdaws attend to the presence of the eyes as 
well as the gaze direction of a human in a competitive 
situation related to food. When the human’s eyes were 
closed or averted, starlings resumed feeding earlier, at 
a higher rate and consumed more food overall, whereas 
jackdaws were responsive to subtle attentional states, 
depending on the social context (i.e., whether the individ¬ 
ual was threatening or familiar). 

Line of Sight 

Many species also attend to where others are looking. One 
way to test this is to see whether one individual follows 
the gaze direction of another individual to a specific target 
outside its own view. Species from different taxa follow 
the gaze direction of others to targets above and behind 
them. Various primate species follow the gaze direction of 
other individuals, presumably to gain information about 
outside entities. All great apes species readily follow the 
gaze direction of a human experimenter. In the latter 
study, the human experimenter suddenly shifted her 
gaze toward the ceiling. Gaze-following behavior in this 
situation was compared to a control condition during 
which the experimenter looked straight at the opposite 
side of the room. Apes looked at the ceiling significantly 
more often when the human had looked up than when she 
had not, indicating that they were sensitive to human gaze 
direction. The ability to follow anothers’ gaze is present 
not only in apes, but also in various monkey species more 
distantly related to humans. Tomasello and coworkers 
tested several monkey species for their ability to follow 
gaze of their group members. An experimenter, located in 
an observation-tower, attracted the attention of one indi¬ 
vidual by presenting food to her. Once this individual had 


shifted her gaze toward the food, it was recorded whether 
a nearby subject (that had not seen the food itself) would 
respond with co-orientation to the conspecific’s gaze shift. 
All monkey species tested in this setting followed the gaze 
direction of their conspecific. This finding supported 
earlier findings from a computerized task in which 
Emery and colleagues showed that rhesus macaques 
were able to locate an object according to the gaze direc¬ 
tion of a conspecific depicted on a TV monitor. 

Gaze following is thus widespread among the primates. 
However, it has also been shown in a wide variety of other 
mammals and birds, suggesting that this basic social cog¬ 
nitive skill is widespread in the animal kingdom. Some 
marine mammals, such as dolphins and seals, spontane¬ 
ously attend to the gaze direction of humans (indicated by 
head-direction). Likewise, there is evidence for gaze fol¬ 
lowing in some domesticated species, such as goats and 
dogs. Also members of more distantly related taxa have 
been tested for their gaze-following abilities. Ravens for 
example have been shown to co-orient with the gaze (head 
and eye direction) of a human experimenter from an early 
age. In this test, a human experimenter shifted gaze (head- 
and eye-direction) up to a distant location to which the 
ravens responded with immediate co-orientation. 

One important question is the degree to which gaze 
following is an automatic response or an indicator of one 
individual’s attention to another individual’s line of sight. 
If an individual interprets gaze as an indicator of another 
individual’s line of sight, it should, if necessary, relocate to a 
position from where it can see what the other is looking at. 
Some species seem to attend to what others are actually 
looking at and not just automatically follow others’ gaze. 
Those species take some effort to actually track other’s gaze 
direction to a specific target instead of generally and auto¬ 
matically looking in the same direction. All great apes follow 
the gaze of a human experimenter behind a barrier by 
walking around the barrier presumably to track the human’s 
line of sight. There is also evidence for nonprimate species 
to be able to track a human’s line of sight, as ravens will also 
move around a barrier presumably to see what a human is 
looking at. However, it still does not necessarily indicate a 
deeper understanding of seeing in others. Subjects do not 
have to interpret the other individual’s mental states to be 
successful in this task. Instead of mentally representing that, 
from her perspective, the other individual is seeing some¬ 
thing differently, animals may simply have the motivation to 
look at the same spot the other individual is fixating. 

Another related question is to what extent animals 
interpret gaze direction communicatively, for example as 
an informative gesture toward a target, something humans 
perform from an early age onwards. If a reward is hidden in 
one of several locations and out of view of the animal, 
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different primate species do not interpret a human’s gazing 
behavior toward one of the locations as a communicative 
gesture produced to inform them about the location of 
the food. Instead, they choose mainly randomly between 
the different locations, presumably ignoring the human’s 
gesture. The reason for this lack of understanding is cur¬ 
rently a highly debated issue, much more so because 
domestic dogs, a species very distantly related to humans, 
are very flexible in using different kinds of communicative 
gesture from humans. Dogs’ skills in this domain are out¬ 
standing in the animal kingdom and are most likely the 
result of selection pressure during domestication and an 
adaptation to life with humans. 

Perspective Taking 

To test whether chimpanzees understand something 
about other individuals’ perspective, Hare and colleagues 
designed a paradigm based on chimpanzees’ natural ten¬ 
dency to compete for food. Two individuals, one domi¬ 
nant over the other, were placed in a situation in which 
they had to compete over two pieces of food. The subor¬ 
dinate chimpanzee, which would normally not have had a 
chance to gain food with the dominant present, had an 
advantage. While it had visual access to both pieces of 
food, the dominant individual could see only one piece, 
the other piece being hidden by a wooden barrier. The 
subordinate chimpanzee preferred to approach the piece 
of food behind the barrier, the one the dominant could not 
see, to the piece in the open and visible to the other 
individual. The chimpanzee’s preference for the hidden 
piece was not merely based on a preference for eating 
behind an obstacle, because when they are alone, subjects 
choose randomly between both food locations. Neither 
did subordinates preferentially approach the piece of food 
behind a barrier if the barrier was transparent, even if it 
potentially protected them from the competitor physi¬ 
cally. Chimpanzees also prefer to reach through an 
opaque rather than a transparent tunnel for food if in 
competition with a human whose eyes they can not see 
while reaching but who can potentially see their hand 
reaching through the transparent tunnel. Taken together, 
these results suggest that chimpanzees based their behav¬ 
ior on some sensitivity to the visual perspective of others. 

Another group of species that seem to possess a flexible 
understanding of others’ visual perspective are birds, in 
particular, members of the crow family (Corvidae). Most 
members of this family cache (hide) food for future con¬ 
sumption, which requires not only a good spatial memory to 
relocate the caches at a later date, but also certain strategies 
to reduce the probability of others stealing those caches. 
This work has focused on the cache protection strategies of 
western scrub-jays and ravens. If confronted with a situation 
in which scrub-jays have a choice of where to cache while a 
conspecific is observing, cachers use distance to reduce the 


visual acuity available to observers, by preferring locations 
relatively far from the observer to those nearby. They also 
prefer to cache behind an opaque barrier or in a tray that is 
located in the shade to caching out in the open or in a tray 
located in the light. These results suggest that scrub-jays 
also adjust their behavior, based on an understanding of 
others’ visual access to their actions. 


Knowledge Attribution 

Different animals understand something not only about 
others’ current, but also about others’ past, visual access. 
Povinelli and coworkers conducted a series of experi¬ 
ments in which they wanted to test whether chimpanzees 
could take into account what a human had seen in the 
immediate past. To test this, they confronted chimpanzees 
with a situation in which they had to distinguish between 
two human experimenters who informed them about the 
location of hidden food. One of the experimenters (the 
knower) witnessed food being placed in one of several 
containers while the other experimenter (the guesser) 
waited outside the room. After the guesser reentered the 
room, the humans, the guesser and the knower, pointed to 
different containers. The chimpanzee was then allowed to 
choose between the containers and could potentially base 
her choice on the information coming from the most 
reliable source, the knower. In this setting, chimpanzees 
could only differentiate between humans after several 
hundred trials, which was most likely the result of dis¬ 
criminating between whether the human was present or 
absent during baiting. However, one general critique of 
this paradigm is that it is rather unnatural for chimpan¬ 
zees. A human indicates the location of food in a very 
cooperative manner, something that would not occur in a 
group of chimpanzees. It is highly unlikely that one chim¬ 
panzee would indicate the location of food to another 
chimpanzee with the intention of letting her have it. 

In a paradigm also based on chimpanzees’ natural 
tendency to compete over food, Kaminski and colleagues 
allowed two chimpanzees to compete over two pieces of 
food. Subject and Competitor sat opposite one another, 
between them was a sliding board, which the human could 
slide back and forth between both individuals. The task 
began with a hiding event, in which food was hidden 
under one of three cups while both participants were 
watching. Another piece of food was hidden under a 
second cup while only the Subject was watching. Hence, 
while the locations of both pieces of food were known to 
the Subject, only one of them was known to the Competitor. 
Now the Competitor was given the first choice with the 
Subject unable to see this choice being made. After the 
Competitor had made its choice, it was the Subject’s turn. 
The chimpanzees in this situation preferred the piece of 
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food unknown to the Competitor presumably because 
they understood that the other piece, the one the Com¬ 
petitor had information about, was likely to be gone by the 
time of her choice. This finding supports previous studies 
showing that chimpanzees may take into account what 
others have seen in the immediate past. 

Scrub-jays, like chimpanzees, may base their cache 
protection strategies on an understanding of others’ 
knowledge states. In a recent study, Dally and colleagues 
presented scrub-jays with a situation in which they had to 
decide which tray to recover their caches from. Earlier, the 
birds were allowed to hide food in tray A in the presence of 
observer A with a second tray (B) present, but covered so 
that caching that tray was not possible. After a short delay, 
the same bird was allowed to cache in tray B in front of 
observer B, with tray A now covered. After 3 h, the birds 
were given the opportunity to recover their caches from 
both trays in one of four conditions: to recover in the 
presence of observer A, or in the presence of observer B, 
or in front of a naive bird (C) that had not witnessed caching 
in either tray, or to recover in private. Interestingly, the 
birds specifically recovered the caches that observers had 
seen them make. For example, the birds selectively rec¬ 
ached items from tray A when recovering in the presence 
of observer x\, but did not recache any items from tray B. By 
contrast, the birds did not recache items from either tray 
when recovering in the presence of the naive bird, suggest¬ 
ing possible attribution of ignorance as recaching in front of 
the naive bird would have provided information to the 
naive bird that they previously did not have. Finally, the 
birds recached items from both trays when they recovered 
in private, as observers A and B had seen caches being made 
in these trays, so recaching them in private would move the 
caches to new places that potential pilferers had not seen. 
When recaching in front of a ‘knowledgeable’ observer, the 
cacher moved their caches around up to six times using 
previous cache sites, suggesting that the cacher was 
attempting to ‘confuse’ the observer as to the final location 
of the cache, possibly through memory interference. 

Whether any of these studies can show that animals 
attribute mental states to other individuals is still a highly 
controversial issue. One criticism of all the studies men¬ 
tioned above is that the animals in those studies simply 
base their strategies on associations formed during the 
experiment or in earlier life or simply read others’ behav¬ 
ior and act based on that information. Instead of having 
some concept of seeing, animals may simply learn to (e.g., 
in the chimpanzee example) associate the eyes of their 
competitor with one piece of food and not the other. The 
stimulus ‘eye’ may be seen as an aversive stimulus which 
the subject then associates with the food and therefore 
avoids that particular piece (the so-called ‘evil eye 
hypothesis’). In the examples with scrub-jays, the observ¬ 
ing jays could have formed an association with two indi¬ 
viduals with two trays (Bird A caching in Tray A, and Bird 


B caching in Tray B). As the cachers interacted only with 
one tray each, the observer may have formed associations 
based on the former events. Another, nonmentalistic 
interpretation of the results is that animals in these set¬ 
tings do not form concepts of other individuals’ mental 
states but concepts about others’ behavior and that this is 
sufficient to succeed in all paradigms used with animals so 
far. This concept of behavior is formed based on previous 
experience with conspecifics and may lead to certain rules 
like ‘Every time I do X, the other individual does Y’ or 
‘every time my competitor behaves like X, I am safe to do Y.’ 
The fact that this area of research is still controversial 
and the results remain debatable suggests that more 
research is needed to answer the question of whether 
animals have an understanding of others’ mental states 
rather than their behavior. 

Understanding Others’ Beliefs 

One ability seen as a benchmark for mental state attribu¬ 
tion and therefore theory of mind is the understanding 
that others have beliefs and that those beliefs can be true 
or false. Having an understanding that another 
individual’s belief is false requires an understanding that 
another person’s mental states can be contradictory to 
one’s own mental states and, more importantly, contradic¬ 
tory to reality. So far there is no evidence that animals can 
make this distinction. In one version of a false belief task, 
chimpanzees were again confronted with a situation in 
which a subordinate and a dominant chimpanzee had to 
compete over food. In this setting, one piece of food was 
hidden from the dominant behind one of two opaque 
barriers. The subordinate chimpanzee approached the 
food if the dominant was uninformed (i.e., did not witness 
the placing of the food) but did approach less when he was 
informed (i.e., did witness placing of the food). Again the 
low-level explanation is that the subordinate, instead of 
attributing knowledge to the dominant, simply prefers 
food with which he does not associate the dominant’s eyes. 

In another version of the test, the dominant always wit¬ 
nessed the initial placement of the reward, but then the 
reward was moved to a second location. The dominant 
sometimes witnessed the moving of the food such that they 
were informed about its final location, but sometimes the 
dominant did not witness the moving, such that they were 
misinformed (potentially having a false belief). Interestingly, 
the subordinate chimpanzees did not distinguish between 
both situations and approached the food equally often. 

Summary 

Certain social cognitive skills like reading others’ atten- 
tional state and following others’ gaze direction seem to 




230 Social Cognition and Theory of Mind 


be relatively widespread throughout the animal kingdom. 
Such skills appear to be reflexive and possess a high 
survival value, for example potentially aiding in the 
rapid location of predators or avoiding conflict. Other 
skills, such as the ability to take anothers’ perspective or 
understand what others’ have seen in the immediate past 
do not seem to be so widespread and thus may be based on 
more complex cognitive operations. Although there is 
some evidence, albeit controversial, that apes and corvids 
form representations of other’s knowledge states, such as 
what they may have seen in their immediate past, no 
non-human animal has, so far, demonstrated the ability 
to attribute false beliefs to others. This suggests that a 
truly representational theory of mind may be a uniquely 
human cognitive capacity. 

Box: Ape and Corvid Social Cognition: An 
Example of Convergent Evolution 

Two families, apes and corvids, seem comparable in their 
social cognitive capacities and superior to other animal 
species. One example is that chimpanzees (as a member of 
the apes) as well as scrub-jays (as a member of the corvids) 
have a very flexible understanding of what other indivi¬ 
duals can and cannot see. Chimpanzees, as well as scrub- 
jays, seem to understand when a competing individual’s 
vision is or is not blocked (e.g., by a barrier) and when 
their opponent cannot see a target object or them caching 
food items. In addition, and perhaps more impressively, 
chimpanzees and scrub jays also appear to understand and 
remember what potential competitors have seen in the 
immediate past. They memorize what another individual 
saw and develop their counter strategies, based on this 
knowledge accordingly. So far, chimpanzees, scrub-jays, 
and ravens (another corvid) are the only non-human 
species which seem to have quite flexible skills in this 
domain. 

From an evolutionary perspective, this is interesting as 
chimpanzees and scrub-jays are very distantly related 
species, separated by around 300 million years of evolu¬ 
tion. Therefore, their comparable cognitive skills suggest 
convergent rather than homologous evolutionary events. 
This means that those distantly related species evolved 
similar traits independently, but via similar evolutionary 
processes and most likely as adaptations to similar socio- 
ecological challenges, such as competition with conspeci- 
fics over food. 

That apes and corvids have similar cognitive skills as a 
result of convergent evolution is supported by the fact 
that the morphology of the mammalian (ape) brain is 
completely different from the avian (corvid) brain. 
While the mammalian brain is laminated, with connec¬ 
tions between and within layers, the avian brain is nucle¬ 
ated with connections between nuclei. It remains unclear 


how information is processed in this very differently 
structured neural system or how avian brains that are 
much smaller in absolute size than mammalian brains 
can process similar complex forms of information. 

One reason why apes’ and corvids’ cognitive skills may 
be similar is that both groups of species face similar socio- 
ecological challenges, such as recognizing individuals, 
predicting their future actions, and using such statistical 
regularities of their behavior to deceive them. This may 
therefore be support for the social intelligence hypothesis 
formulated in 1976 by Humphrey. 

See also: Apes: Social Learning; Conflict Resolution; 
Cooperation and Sociality; Culture; Deception: Competi¬ 
tion by Misleading Behavior; Decision-Making: Foraging; 
Imitation: Cognitive Implications; Mammalian Social 
Learning: Non-Primates; Monkeys and Prosimians: So¬ 
cial Learning; Punishment; Referential Signaling; Sex and 
Social Evolution; Social Recognition. 
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Introduction 

The ‘other’ social insects and arachnids comprise a het¬ 
erogeneous group that includes three primary forms of 
social structure. Simple parental care (maternal, paternal, 
and biparental care) involves a range of parent-offspring 
associations but no division of labor. Resource-defense 
societies are built around protection of a valuable com¬ 
modity necessary to the survival of the family - typically 
a nesting site that also provides sustenance, as in galls. 
These societies consist of simple family groups with a 
defense-based division of labor among siblings. Finally, 
herd-like colonies consisting of either all juveniles (larvae 
or nymphs) or a combination of adults with juveniles are 
found in many insect taxa; these societies often consist of 
extended families or mixtures of unrelated family groups. 

This diversity poses a challenge to any simple classifi¬ 
cation of these societies, and they likely represent multi¬ 
ple pathways of social evolution (discussed later). The 
treatment of these groups in an ‘other’ category in the 
present work reflects the history of our efforts to under¬ 
stand social evolution. These societies have traditionally 
been classified relative to the most complex social forms, 
the eusocial species, and as such their primary common¬ 
ality is the lack of eusociality, rather than any uniquely 
defining characteristics. This approach to the classifica¬ 
tion of noneusocial societies was adequate as long as their 
social diversity remained undiscovered. Beginning in the 
1970s, however, and continuing through the 1990s, a 
number of unusual and new social forms were described 
from several insect orders and other arthropod taxa, and 
at the same time other such societies, long known, were 
found to possess a greater degree of complexity than 
previously realized. Today, there is no universally 
accepted classification for these ‘other’ societies. There 
have been several proposals to redefine some of the cate¬ 
gorical terms used to describe them, but to date no one 
approach has gained general acceptance. 

Classification 

Social behavior in insects and their relatives is taxonomi- 
cally widespread, particularly under the definition of 
sociality given by Edward O. Wilson in his 1971 book 
The Insect Societies suggesting that social species exhibit 
‘reciprocal communication of a cooperative nature.’ This 
general definition includes the full range of social forms 


that have traditionally (i.e., through much of the twentieth 
century) been arrayed along a scale from solitary (nonso¬ 
cial) to eusocial , the latter being the term applied to the 
most sophisticated insect societies (Table 1). ‘Eusocial’ 
was coined in 1966 by entomologist Suzanne Batra, in a 
study discussing sociality in halictid bees, a behaviorally 
variable group. Eusociality has traditionally been defined 
by three criteria: co-occurrence of parents and offspring in a 
colony (overlapping generations), care for offspring per¬ 
formed by both parents and nonparents of those offspring 
(cooperative brood care), and unequal reproduction among 
colony members, such that most colony members forego 
some or all personal reproduction in favor of caring for the 
offspring of others, often termed ‘queens’ (reproductive 
division of labor). Traditionally, this term was applied 
strictly to termites (Dictyoptera, suborder Isoptera), ants, 
and some bees and wasps (Hymenoptera, suborder Apoc- 
rita). The noneusocial forms of sociality were given terms 
such as subsocial ., quasisocial , parasocial, and communal , depend¬ 
ing on the degree of parent-offspring interaction exhibited 
relative to the eusocial state. Some of these terms, such as 
‘subsocial,’ are still commonly used, but most are not. 

Wilson’s general definition of sociality is useful in dif¬ 
ferentiating ephemeral or incidental groups of animals - 
aggregations- from social groups per se. Aggregations might 
form, for example, by the common attraction of individuals 
to a common resource such as food or a breeding area; 
spawning salmon is one such aggregation, and another is 
that of the bears that gather to fish them. Individuals in 
these circumstances aggregate for reasons other than inter¬ 
acting cooperatively with each other, forming ‘selfish 
herds.’ (Note that groups that simply gather to breed or 
display are not considered societies, which is not to say the 
behavior exhibited is not a form of social interaction. The 
common application of the word ‘colony’ to both breeding 
aggregations and social groups can create confusion on this 
point.) The ‘selfish herd’ concept was introduced by evolu¬ 
tionary biologist William D. Hamilton in 1971. Hamilton 
pointed out that animals may benefit in several ways from 
grouping, largely as a result of increased vigilance and a 
reduction in per capita predation probability. In some cases, 
it behooves individuals in selfish herds to jockey for the 
optimum position to either avoid predation or gain infor¬ 
mation on resources or mates. 

Social groups, in contrast to aggregations or selfish 
herds, exhibit some degree of behavioral integration or 
coordination directed toward a common goal; these might 
include, for example, shelter or nest building and hygiene, 
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Table 1 Summary of the traditional social insect 
classification that emerged following the formal definition of 
eusociality in 1966 


Category 

Defining traits 

Subsocial 

Parental care of eggs or young 

Communal 

Members of the same generation co-occur in 
colony 

No brood care 

Quasisocial 

Members of the same generation co-occur in 
colony 

Cooperative brood care 

Semisocial 

Members of the same generation co-occur in 
colony 

Cooperative brood care 

Reproductive division of labor 

Parasocial 

Used in place of Communal + Quasisocial + 
Semisocial 

Presocial 

Used in place of Subsocial + Communal + 
Quasisocial + Semisocial 

Eusocial 

Overlapping generations 

Cooperative brood care (offspring and parents 
engage in brood care) 

Reproductive division of labor 


Adapted from Wilson EO (1971) The Insect Societies. Cambridge, 
MA: Belknap/Harvard University Press. 


finding and/or retrieving food, defending the group, car¬ 
ing for young, or physiological regulation (notably ther¬ 
moregulation). What makes such behaviors cooperative, 
however? In this context, the word ‘cooperative’ refers to 
individuals acting in common, with or without mutual 
modulation of behavior such that, as a group, tasks are 
executed more readily than can be achieved by single 
individuals acting alone, or produce an end product 
(such as a nest) that benefits the entire group, that cannot 
be produced by individuals acting alone. 

With this in mind, the significance of ‘reciprocal com¬ 
munication of a cooperative nature becomes clearer: com¬ 
munication is the means by which individuals in social 
groups coordinate or direct their behavior. In social insects, 
this is most often achieved through chemical communica¬ 
tion (chemotactile, trail-based, or airborne pheromones), 
or acoustic communication (substrate-borne vibrational 
signals) — think of communication as the glue that holds 
such societies together. 


Three Social Structures, Four 
Evolutionary Pathways 

The three forms of social structure found in the ‘other’ 
insect societies - parental care, resource defense, and 
herd-like colonies - represent four distinct evolutionary 
pathways of sociality. Parental care as a behavioral phe¬ 
nomenon is sufficiently general in that it can be achieved 
via different evolutionary routes. In this case, it is thought 


that exclusive maternal and biparental care proceeds 
along an evolutionary pathway distinct from that of exclu¬ 
sive paternal care (Table 2). 

Maternal and Biparental Care 

Maternal and biparental care (Figures 1 and 2) is extremely 
widespread among insects and other arthropods, and has 
been hypothesized to arise in several ecological circum¬ 
stances. Edward O. Wilson first discussed this in his 1975 
book Sociobiolog)> , when he proposed ‘prime environmental 
movers’ that favored the evolution of increased parent-off¬ 
spring interaction. These prime movers include (1) stable, 
structured habitats, (2) unusually stressful physical environ¬ 
ments, (3) scarce, specialized food sources, and (4) preda¬ 
tion pressure. All four promote some degree of prolonged 
parent-offspring coexistence and intimacy (care in the 
form of defense, nest building, provisioning, etc.), albeit 
for quite different reasons. For example, stable, structured 
habitat and scarce resources are thought to promote 
^-selected strategies that require extended cohabitation; rot¬ 
ting wood, for example, is an abundant but nutrient-poor 
resource that requires gut symbionts for exploitation, a 
condition that may favor extended parental interaction in 
wood specialists. Ephemeral but high-value resources such 
as dung or carrion may necessitate parental care for different 
reasons, in this case for rapid exploitation and to compete 
effectively with rivals for utilization of the resource. Finally, 
the risk associated with searching for a patchy resource 
could favor central-place nesting and parental provisioning 
behavior. 

Entomologists Douglas Tallamy and Thomas Wood 
were the first to suggest that maternal and biparental 
care behaviors arose convergently in many insect taxa 
primarily due to resource use. Their resource hypothesis 
posited that the quality, persistence, and spatial distribu¬ 
tion of resources such as plants and plant derivatives 
(foliage, fruit, flowers, wood, sap, pollen) as well as fungi, 
carrion, and dung play an important role in the evolution 
of parental care behavior, notably maternal and biparental 
care (see Box 1 for a description of these resources and 
the social structures associated with them). 

An alternative view of the ecology and evolution of 
maternal care behavior (and to a lesser extent biparental 
care) is based on reproductive strategy. Many species 
exhibiting these forms of sociality are semelparous , where 
females reproduce at more or less a single period in their 
lifetime, producing a single large clutch of eggs. This 
contrasts with iteroparous reproduction, with multiple 
smaller clutches spread out over a period of time. The 
semelparity hypothesis of maternal care evolution posits that 
since semelparous species have a great deal invested in 
their one clutch, they can best maximize their reproduc¬ 
tive success by remaining with their eggs, and later, 
defending sheltering, and/or feeding the young and so 
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Table 2 Expressions of sociality by order and family in the ‘other’ 

insect societies and some noninsect arthropod groups 

Maternal 

Biparental 

Paternal 

Resource 

Larval/nymphal 

Mixed family 

Order/family care 

care 

care 

defenders 

colonies 

colonies 

Dermaptera (Earwigs) 

Labiduridae X 

Forficulidae X 

Anisolabididae X 

Spongiforidae X 






Orthoptera (Grasshoppers and Crickets) 





Romaleidae 




X 


Acrididae 




X 

X 

Pyrgomorphidae 

Gryllide X 




X 

X 

Gryllotalpidae X 

Embiidina (Webspinners) 
Oligotomidae X 

Embiidae X 





X 

Anisembiidae X 





X 

Clothodidae X 

Mantodea (Mant ids) 

Mantidae X 





X 

Blattodea (Cockroaches) 
Blaberidae X 

X 




X 

Cryptocercidae 

Psocoptera (Barklice) 

X 




X 

Peripsocidae X 

Psocidae 





X 

Archipsocidae 

Zoraptera 





X 

Zorotypidae 

Sternorrhyncha (Aphids) 
Pemphigidae 



X 


X 

Hormaphididae 

Aphididae 



X 


X 

Auchenorrhyncha (Tree-, Plant-, and Froghoppers) 





Membracidae X 

Heteroptera (T rue Bugs) 
Acanthosomatidae X 

X 



X 

X 

Pentatomidae X 

Cydnidae X 

Coreidae X 


X 


X 


Phloeidae X 

Reduviidae X 


X 




Tingidae X 

Belostomatidae 

Gerridae 


X 


X 

X 

Veliidae 





X 

Thysanoptera (Thrips) 
Phlaeothripidae X 

Coleoptera (Beetles) 

Scarabaeidae X 

X 


X 


X 

Passalidae 

X 





Staphylinidae X 

Silphidae 

X 




X 

Curculionidae X 

X 



X 

X 

Chrysomelidae X 




X 


Erotylidae X 

Tenebrionidae X 

X 



X 


Diptera (Flies) 

Syrphidae 




X 


Mycetophilidae 




X 



Continued 
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Table 2 Continued 






Maternal 

Biparental 

Paternal 

Resource 

Larvalfnymphal 

Mixed family 

Order/family care 

care 

care 

defenders 

colonies 

colonies 


Lepidoptera (Moths and Butterflies) 


Eupterotidae X 

Saturniidae X 

Lasiocampidae X 

Notodontidae X 

Lymantriidae X 

Arctiidae X 

Limacodidae X 

Zygaenidae X 

Tortricidae X 

Geometridae X 

Pyralidae X 

Yponomeutidae X 

Papilionidae X 

Pieridae X 

Lycaenidae X 

Riodinidae X 

Nymphalidae X X 

Hymenoptera 
Halictidae X 

Pergidae X X 

Argidae X X 

Diprionidae X 

Tenthredinidae X 

Pamphiliidae X X 


NONINSECT ARTHROPOD GROUPS 


ARACHNIDA (spiders and allies) 

Araneae (Spiders) 

Theridiidae X 

Dictynidae 

Eresidae 

Oxyopidae 

Thomisidae 

Agelenidae 

Sparassidae 

Amblypygi (Tailless Whipscorpions) 


Amblypygidae X 

Opiliones (Harvestmen) 

Cosmetidae X 

Cranaidae X 

Stygnopsidae X 

Gonyleptidae X X 

Manaosbiidae X 

Assamiidae X 

Podoctidae X 


Pseudoscorpionida (Pseudoscorpions) 
Chthonidae X 

Atemnidae 

Scorpionida (Scorpions) 

Vaejovidae X 

Scorpionidae X 

Ischnuridae 
Diplocentridae 
Acari (Mites) 

Tetranychidae X 

Cheyletidae 

CHILOPODA (Centipedes) 

Scolopendridae X 

Geophilidae X 


X 

X 

X 

X 

X 

X 

X 



X 


X 

X 

X 

X 

X 


Continued 
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Table 2 Continued 






Maternal 

Biparental 

Paternal 

Resource 

Larval/nymphal 

Mixed family 

Order/family care 

care 

care 

defenders 

colonies 

colonies 


Mecistocephalidae X 

DIPLOPODA (Millipedes) 

Andrognathidae X 

Platydesmidae X 

CRUSTACEA: MALACOSTRACA (Shrimp, Crabs, and Allies) 

Isopoda X X 

Decapoda X XX 

Amphipoda X 


The table includes taxa in which the indicated forms of social structure have been well documented in the scientific literature; it is not 
exhaustive, and sociality is likely to occur in many insect and noninsect groups not listed. 



Figure 1 Brood guarding in the rare Australian beetle 
Pterodunga mirabile (Chrysomelidae: Chrysomelinae). Females 
are live bearing (viviparous), with young produced over a period 
of time leading to mixed-age cohorts that she guards. This 
species feeds on plants in the family Proteaceae. Photograph 
courtesy of Mr. Jack Hasenpusch, Innisfail, Queensland, 
Australia. 


increase their chances of survival. She has little to lose 
since it is unlikely she will produce another clutch, and 
much to gain by helping ensure the success of the brood 
she produced. 


Paternal Care 

Examples of exclusive paternal care are rare in comparison 
with maternal and biparental care (Table 2). Among 
insects, this behavior is found in giant water bugs (Hetero- 
ptera: Belostomatidae), a few genera of assassin bugs (Het- 
eroptera: Reduviidae), and a single genus of leaf-footed bug: 


the ‘golden egg bug’ Phyllomorpha (Heteroptera: Coreidae) 
found in the circum-Mediterranean region. Paternal care is 
also known from a few noninsect arthropods, including two 
millipede genera in the family Andrognathidae and a few 
species of harvestmen (Opiliones) representing several 
families (Figure 3). Paternal care in these groups typically 
takes the form of egg guarding, though some, such as brood¬ 
ing giant water bugs, must also care for the eggs so as to 
prevent drowning or desiccation. In one giant water bug 
subfamily (Belostomatinae), females cement their eggs to 
the back of the male, who must forgo flying while thus 
encumbered. These male water bugs rhythmically pump 
their abdomen and thorax to keep the eggs moist and 
aerated. In another subfamily (Lethocerinae), clutches are 
deposited on emergent aquatic vegetation, and males peri¬ 
odically crawl to the eggs to ‘water’ them. 

Evolutionarily, exclusive paternal care arises due to 
enhanced reproductive opportunities for males. Sexual 
selection favors female choice of males that exhibit par¬ 
enting prowess, in this case demonstrable success in 
defending broods, securing a territory or resources, etc. - 
behaviors that may reflect honest signals of male fitness. 
That is, females compete for mates with demonstrable 
parental abilities. This dynamic should result in males 
caring for eggs or young regardless of whether they sired 
them; if larger clutches or broods under a male’s care lead 
to more subsequent matings for that male, he should 
tolerate or even seek to acquire broods to care for even if 
they are not his. This expectation is borne out for some 
groups: brooding male assassin bugs and harvestmen have 
been shown to tolerate clutch contributions from females 
they have not mated with and can usurp the clutches of 
rival males. Brooding giant water bugs, on the other hand, 
do not show such tolerance. In cases such as this where 
males have limited ability to care for eggs - having only so 
much space on their backs, say - they have no tolerance for 
eggs of females he has not mated with. The male-care 
phenotype may arise more via natural than sexual selec¬ 
tion in this group. 
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Figure 2 Treehopper colonies (Auchenorrhyncha: 
Membracidae). (a) Umbonia spinosa, a ‘thorn bug’ treehopper 
from South American that forms family groups lasting a single 
generation. This species, which does not associate with ants, 
initially forms parent-offspring colonies. Parental care takes 
the form of defense, though in some treehopper species, the 
mother will also facilitate nymph feeding by perforating the host 
plant with her ovipositor. Umbonia spinosa nymphs continue to 
associate to adulthood after the death or departure of the 
mother. Groups of adults and nymphs as seen here thus occur 
together only during eclosion, when some individuals have 
reached the adult stage and some have not yet done so. 
Colonies are maintained through the use of vibrational signals, 
detected through the hostplant, produced in synchronized 
bursts by drumming the substrate, (b) Aphetea inconspicua, 
another neotropical treehopper, seen here feeding along the 
midrib on the underside of a leaf while being tended by ant 
mutualists. Colonies consist of mixed groups of adults and 
nymphs, likely representing a merger of multiple families. 
Colonies accordingly persist for multiple generations and so 
are often found on the same hostplant over a period of 
years. Photographs courtesy of Dr. Rex Cocroft, University 
of Missouri. 


Resource (‘Fortress’) Defenders 

Three distantly related arthropod groups have con¬ 
verged on a most remarkable social lifestyle. These are 
gall thrips (Thysanoptera: Phlaeothripidae), gall aphids 
(Sternorrhyncha: Hormaphididae, Pemphigidae, and a 
few Aphididae), and snapping shrimp (Decapoda: Alphei- 
dae), groups in which specialized soldier or defender 
morphs have evolved in the defense of a static and critical 
resource, often a nest site that doubles as food source. All 
three taxa exhibit a range of social structures, the most 
striking of which involve a morphological division of labor 
into soldiers and nonsoldier forms. Thrips and aphid 
soldiers have appendages that are enlarged and thickened 
relative to those of nonsoldiers in the same colony; these 
are often armed with spines. Similarly, snapping shrimp 
soldiers bear enlarged chelae. These social groups do not 
exhibit parental care or much general social interaction; 
rather, sociality centers on defense of a valuable and 
largely irreplaceable resource: the colony domicile. For 
this reason, this form of sociality is termed resource-defense 
sociality. In some cases, other forms of cooperation are 
evident. Some social aphids, for example, engage in nest 
hygiene, expelling honeydew globules that accumulate as 
a result of the way these insects feed on sap and excrete 
excess water. 

The domicile of social thrips and aphids (Figure 4) is 
produced by a foundress that induces development of a 
hollow gall on young stem or leaf tissue of the host plant. 
Her brood colony will develop within the safety of the 
hollow gall, feeding on the plant tissue from within. If the 
gall is breached, however, the defender morphs will 
emerge and patrol the surface, aggressively attacking any 
intruder they encounter. These species are beset by a host 
of predacious insects such as syrphid fly larvae; gall thrips 
also face severe pressure by usurping kleptoparasitic 
thrips species that kill the foundress and make the gall 
their own. The domicile of snapping shrimp consists of 
crevices in sponges, a resource that is less ephemeral than 
galls but also highly susceptible to usurpation. All of these 
domiciles represent a valuable, if not critical, commodity 
that is not easily replaced if lost. 

Mortality stemming from predation and nest usurpation 
is likely the most important ecological pressure in the 
evolution of defender morphs, though it is important to 
point out that kin selection, in the case of thrips and aphids, 
may play a role as well. Soldier-producing thrips species, 
which like all members of the order Thysanoptera are 
haplodiploid, often exhibit high levels of inbreeding. Aphid 
colony mates are clonally produced by the foundress, a 
mode of asexual reproduction called parthenogenesis’ that 
is found in virtually all aphids and related groups. In social 
species of both thrips and aphids, there is, accordingly, a high 
degree of genetic relatedness between colony mates: an 
average of 0.75 in social thrips colonies, and 1.0 in colonies 











Social Evolution in ‘Other’ Insects and Arachnids 237 


Box 1 Nutritional Strategies Commonly Associated with Maternal and Biparental Care Behavior 

Herbivores such as foliage, fruit, and sap feeders that feed exposed are subject to heavy predation and parasitism. Maternal guarding 
behavior (protecting eggs and/or young) has arisen convergently in many taxa, including treehoppers (Membracidae), stink bugs 
(Heteroptera: Pentatomidae), leaf beetles (Coleoptera: Chrysomelidae), and several sawfly taxa (Hymenoptera: Symphyta). Others 
sequester their young in sheltered nests or burrows and either provision the nest or guard the young while foraging. Examples include 
earwigs (Dermaptera), burrower bugs (Heteroptera: Cydnidae), and mole crickets (Orthoptera: Gryllotalpidae). 

Wood feeders often live in galleries excavated within their food source. Some can produce cellulolytic enzymes endogenously, while 
others rely on symbiotic organisms. Examples of biparental care include beetles of the family Passalidae, the adults of which masticate 
wood for larval feeding and help construct pupal chambers for their offspring, and wood roaches of the family Cryptocercidae and 
Blaberidae, which inoculate their young with gut symbionts. Bark beetle colonies (family Curculionidae) are typically maternal; these 
insects inoculate the walls of their wood galleries with fungi, which serves as the derivative nutritional source for the young. 

Dung and carrion feeders often sequester their rich but ephemeral resource in subterranean nests, reducing the chances of losing the 
resource to usurping competitors. Some dung beetles (family Scarabaeidae) carve out dung balls and roll them some distance before 
burying them by undermining. Carrion-specializing beetles (family Silphidae) also bury their resource by undermining. The perishable meat 
is then processed with antimicrobial and digestive salivary secretions to condition it for larval feeding and prevent it from rotting. 



Figure 3 The neotropical harvestman Ampheres leucopheus, 
one of several Opiliones species with exclusive paternal care. 
This male’s clutch could be the product of one or more females, 
which compete for access to him. Exclusive paternal care is a 
rarity in arthropods best developed in certain harvestmen, 
millipedes, and true bugs. Photograph courtesy of Glauco 
Machado, Sao Paulo University. 

of social aphids. This may favor kin selection in these 
groups, in which indirect fitness - realized through the 
successful reproduction of relatives - more than compen¬ 
sates the loss of direct fitness that results from altruistic 
sacrifice (soldier morphs reproduce less and have a greater 
chance of dying as a result of colony defense). 

Herds 

‘Herding’ insect societies come in two forms: juvenile- 
only larval/nymphal herds and mixed adult—juvenile herds , 
reflecting the demographic makeup of the colony and its 



Figure 4 The North American gall aphid Pemphigus 
obesinymphae (Sternorrhyncha: Pemphigidae), which induces 
galls on the petiole of Populus fremontii. Note soldiers patrolling 
gall surface. Photograph courtesy of Dr. Patrick Abbot, 
Vanderbilt University. 

temporal persistence. In both cases, the colony may con¬ 
sist of family members or may be mixed-family groups of 
unrelated individuals formed by colony merging. Social 
interaction in juvenile herds is limited to the immature 
stage with strictly solitary adults, while mixed 
adult-juvenile herds are more like their ungulate counter¬ 
parts with one or more adults and juvenile cohorts co¬ 
occurring in the herd. By definition, societies of immatures 
are more ephemeral than those that include adults, in that 
the group dissolves at adulthood. Larval/nymphal herd 
social structure is found in many species of caterpillars 
(Lepidoptera), sawflies (Hymenoptera: Symphyta), leaf 
beetles (Coleoptera: Chrysomelidae), short-horned grass¬ 
hoppers (Orthoptera: Acrididae), and even some syrphid 
flies (Diptera: Syrphidae). What these groups have in com¬ 
mon is that they are all phytophagous (even the herding 
syrphids, a fly family that is more typically predacious) 
(Figures 5-7). 

Exposed feeding by immatures presents a suite of 
challenges - ultimately, the need to procure sufficient 
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Figure 5 The ‘Ugly Nest Caterpillar’ Archips cerasivoranus 
(Lepidoptera: Tortricidae), a patch-restricted forager of North 
America that feeds on cherry (Prunus). This species imparts a trail 
pheromone to the silk as it is extruded from the spinnerets. Their 
colonies sometimes grow to thousands of individuals as a result 
of merging of multiple independent family groups. Photograph 
courtesy of Dr. Terrence D. Fitzgerald, SUNY College at Cortland. 

resources for development while avoiding predation. 
Grouping in these insects is accordingly thought to have 
positive effects on group defense, thermoregulation, for¬ 
aging, and/or pupation success. Aposematic coloration 
and antipredator displays, for example, may be more 
effective in groups by amplifying signals, rendering 
groups more apparent or threatening, and grouping also 
results in a dilution effect whereby per capita predation 
rate declines. Larvae working in groups may be more 
efficient at shelter construction, expending less energy 
per capita and making a more robust structure en masse. 
Similarly, the thermal benefits of group basking, both in 
terms of the rate of heating and the conservation of body 
heat by lateral transfer, is in part a function of grouping 
and group size, and success at excavating subterranean 
pupation chambers in some group-pupating sawflies is 
also related to group size. 

Expressions of sociality in larval/nymphal societies 
often relate to foraging strategy: patch-restricted foragers 
typically nest in or on a food patch, in many cases con¬ 
structing a silk shelter that encompasses the patch. Nomadic 
foragers are ranging herds, typically constructing no shelter 
and often feeding exposed as they move among patches. 
Species in this category often have aposematic coloration 
or sport defenses such as spines and hairs. Central-place 
foragers nest in a more or less fixed location and venture 
forth solitarily or in groups to procure food, returning to 
the shelter after each foraging bout. These species, too, 
tend to be well defended chemically and mechanically 
(see Box 2 for representative species exemplifying each 
foraging strategy). 

Degree of social complexity, as gauged by communica¬ 
tion and the suite of collective behaviors contributing to 
the colony, increases from patch-restricted to nomadic 



Figure 6 ‘Spitfire’ sawflies, Perga affinis (Hymenoptera: 
Pergidae), found throughout eastern Australia, (a) These sawflies 
form large nomadic colonies on their Eucalytpus host trees. They 
are well defended, sequestering sap and chemicals derived from 
their hostplant (in this case, eucalyptus oil) in gut structures called 
‘diverticulae,’ and ejecting the liquid when threatened. Colony 
structure is maintained through the use of substrate-borne 
vibrations that the larvae generate by tapping the tree with their 
sclerotized anal plate, (b) Early instars exhibit cycloalexic ‘circle- 
the-wagons’ behavior, thought to be a defensive formation. 
Photographs courtesy of Dr. Lynn Fletcher, Franklin College. 

to central-place foraging. Among social caterpillars and 
sawflies, for example, patch-restricted foragers appear to 
engage in little social interaction beyond employing trail 
or arena-marking pheromones that promote group cohe¬ 
sion. Nomadic foragers often employ trail pheromones for 
group cohesion as well, while some groups (e.g., sawflies 
of the family Pergidae) employ substrate-borne vibra¬ 
tional cues to accomplish cohesion. A rare and remarkable 
form of locomotion apparently restricted to nomadic for¬ 
agers is processionary movement, characterized by head- 
to-tail trains of individuals that remain in continuous 
or near-continuous physical contact. Species exhibiting 
processionary movement include the neotropical silk- 
moth Hylesia lineata (Saturniidae), the processionaries 
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Figure 7 Eastern tent caterpillar (Malacosoma americanum, 
Lasiocampidae), a central-place forager that employs trail-based 
recruitment communication to cooperate in locating high-quality 
feeding sites, (a) Closeup of caterpillars basking on the tent 
surface. Group basking can raise caterpillar body temperatures 
considerably above ambient even under freezing or near-freezing 
conditions, (b) Stragglers left on the tent surface are targets for 
parasitoids such as this ichneumonid wasp. The tent provides 
protection from predators and parasitoids, and there is also 
safety in numbers when the colony is grouped in this manner: 
isolated individuals are more easily picked out by predators 
and parasitoids. Photographs courtesy of Susan Roberts, 
Haywood Community College. 

moths ( Thaumetopoea spp., Notodontidae: Thaumetopoei- 
nae) of central and southern Europe, and the neotropical 
weevil Phelypera distigma (Curculionidae: Hyperinae). 
Processionary behavior has been reported from just two 
species outside the Insecta, the western Atlantic spiny 
lobster Panuliris argus , and an early Cambrian crustacea- 
nomorph arthropod. Maintenance of processionary col¬ 
umns involves chemotactic cues associated with setae at 
the tip of the abdomen. Given the widespread occurrence 
of trail following behavior among nomadic foragers, it 
is not clear why this form of locomotion has arisen 
only rarely 


Group antipredator displays are common among 
nomadic foragers, but whether or how alarm signals are 
spread among colony mates (as opposed to being individu¬ 
ally directed toward threats) is poorly understood. Some 
group-displaying species such as diprionid sawfly larvae 
achieve remarkable synchrony in their rapid body-flicking 
display, and it would be interesting to learn if larvae are 
rapidly responding to signals from sentinel colony mates, or 
to external threats. Such displays may serve to intimidate 
visual predators such as birds, or provide a moving target to 
parasitoids flies and wasps, making oviposition difficult. 

Central-place foragers, which also exhibit group dis¬ 
plays, employ a mode of foraging that sets the stage for 
recruitment communication — a form of cooperation 
found in very few larval societies. This behavior is best 
studied in tent caterpillars of the north-temperate lasio- 
campid genera Malacosoma and Eriogaster. ; caterpillars of 
which use trail-based recruitment trails to communicate 
the location of profitable patches to colony mates. Mala¬ 
cosoma remains the only social caterpillar for which a trail 
pheromone has been characterized; this species employs 
the steroid 5(3-cholestane-3,24-dione, perhaps derived 
from a phytosterol produced by the host plant. Malacosoma 
americanum employs its trail pheromone in a two-tiered 
system consisting of exploratory and recruitment phases, 
with strength of over marking recruitment trails related to 
the nutritional quality of the food source. Though the 
caterpillars produce silk trails, the silk alone does not 
elicit trail following but must be overmarked with phero¬ 
mone secreted from a site between the anal prolegs. These 
caterpillars are sensitive to pheromone concentrations as 
small as KT 11 g P 1 . 

Mixed adult-juvenile herds tend to be temporally sta¬ 
ble colonies and often consist of amalgamations of multi¬ 
ple family units. This form of sociality is found in a diverse 
array of arthropods, including species of barklice (Psocop- 
tera), treehoppers (Hemiptera: Membracidae), true bugs 
(Heteroptera), thrips (Thysanoptera), short-horned grass¬ 
hoppers (Acrididae), webspinners (Embiidina), and many 
spiders (Araneae) (Table 2). Maintenance of social struc¬ 
ture in most of these groups is poorly studied. Trail pher¬ 
omones have been shown to play a role in maintaining 
colonies of barklice, and treehoppers communicate in the 
same manner as pergid sawflies by sending vibrational 
signals through their host plant. In many treehoppers, 
this form of communication plays a dual role, serving to 
both promote group cohesion and signal their presence, 
or alarm, to ants. (Treehoppers, such as many sap-sucking 
insects excrete sugar-rich honeydew highly prized by ants. 
Mutualistic interactions between the honeydew secreting 
insects and ants have evolved in many such groups. The 
ants aggressively defend the sap-sucking insects as a 
resource and thereby protect them from predators.) Social 
spiders, too, likely communicate via silk-borne vibrations. 
Sociality in these mixed-family groups often takes the form 
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Box 2 Representative Species of ‘Herding’ Caterpillars, Sawflies, and Beetles 

• Patch-restricted foragers 

Site-limited, constructing shelters of leaves or enveloping leaves in silk and feeding on leaves from within shelter. Patch-shelter is 
expanded to incorporate more leaves as they are consumed. The best studied patch-restricted foraging caterpillars include the fall 
webworm Hyphantria cunea (Arctiidae), cherry scallop-shell moth Hydria prunivoranus (Geometridae), ugly nest caterpillar Archips 
cerasivoranus (Tortricidae), and the common ermine moth Yponomeuta cagnagellus (Yponomeutidae). The best sawfly examples 
come from the web-spinning sawfly family Pamphiliidae, such as Neurotoma spp. There are no known examples of patch-restricted 
larval beetles. 

• Nomadic foragers 

Wandering groups that move from patch to patch, typically feeding exposed and constructing no shelter; the most widespread form of 
larval/nymphal society. Common and well-studied nomadic foraging caterpillars include the North American forest tent caterpillar 
Malacosoma disstria (Lasiocampidae), oakworms of the genus Anisota (Notodontidae), the arsenurine tropical silkworm Arsenura armida 
(Saturniidae), and processionary caterpillars of the genera Hylesia (Saturniidae) and Thaumetopoea moths (Notodontidae). Sawfly 
examples include the red-headed pine sawfly Neodiprion lecontei (Diprionidae) of North America, and Australian spitfire sawflies of the 
genus Perga (Pergidae). Beetle examples include the neotropical processionary weevil Phelyptera distigma (Curculionidae), and 
the imported willow leaf beetle Plagiodera versicolora (Chrysomelidae), a species widely distributed in North America, Europe, 
and Asia. A good orthopteran example is the nymphal colonies of the lubber Romalea guttata (Romaleidae), common in the southeastern 
United States. 

• Central-place foragers 

Static, long-term nest site is established (typically constructed of silk and/or leaves) from which larvae emerge to forage, often in 
synchronized bouts. This rarest foraging strategy of social larvae appears to be found only in the Lepidoptera. The best-studied groups 
include several Lasiocampidae, among them the tent caterpillars Malacosoma americanum and M. neustria, the small eggar moth 
Eriogaster lanestris, and the Australian bag-shelter moth Ochrogaster lunifer. The only known central-place foraging butterfly is the 
Mexican species Eucheira socialis (Pieridae). 


of cooperative prey capture, with multiple individuals join¬ 
ing forces to subdue prey much larger than themselves, and 
parental care in that juveniles share in the food captured by 
the adults. 

Both larval-nymphal herds and mixed adult-juvenile 
herds can arise in two ways: (1) communal oviposition, where 
two or more females oviposit or less simultaneously into a 
common batch (e.g., Peripsocus quadrifasciatus (Peripsoci- 
dae), and several species of Heliconius butterfly (Nympha- 
lidae)); and (2) group merging, where broods hatched from 
initially separate clutches coalesce to form larger, com¬ 
bined family groups (e.g., the red-headed pine sawfly 
Neodiprion lecontei (Diprionidae), and eastern tent caterpil¬ 
lar Malacosoma americanum (Lasiocampidae)). Both these 
phenomena are likely to be more common than is cur¬ 
rently thought. This is particularly true of group merging, 
based on reports of colony sizes that exceed, sometimes 
considerably, the size of those expected based on knowl¬ 
edge of typical clutch size. 

Note that even a modest degree of family merging 
would reduce intracolony relatedness in the herding 
social insects. This suggests that maintenance of family 
structure in these societies may be unimportant relative to 
gains realized by other correlates of group merging, espe¬ 
cially group size. There are few empirical tests of this. 
Studies with eastern tent caterpillars demonstrated a 
strong group size effect, where larvae reared in groups 
differing in size but controlled for genetic background 
attained significantly larger body mass developing in 


larger versus smaller colonies. Caterpillars also exhibited 
less individual variation in growth in larger colonies. 
Likely, group size has important consequences for several 
aspects of larval biology: nest (tent) building rate and 
thermal efficiency during group basking are positively 
affected by group size, as is foraging efficiency, or the 
efficacy of group defense. The potential costs are greater 
apparency to predators, greater likelihood of disease trans¬ 
mission, and competition for food resources. Insofar as many 
of the herding societies show evidence of group merging or 
communal oviposition by unrelated females, the ecological 
benefits of ‘supercolony’ formation are considerable. More¬ 
over, the ready merging of unrelated family units suggests 
that kin selection plays little-to-no role in the evolution of 
sociality in these groups, insofar as ecological circumstances 
may promote grouping and cooperation regardless of rela¬ 
tionship among colony mates. 

A range of biotic and abiotic ecological pressures, 
including predation, parasitism, disease, resource disper¬ 
sion, and thermal regime and its effects on assimilation 
and growth, likely play a role in the evolution of sociality 
in the herding societies, albeit in varying combinations 
and degrees of importance. It is important to stress that 
it is very difficult to test the assumption that sociality 
enables these larvae to meet the challenges and opportu¬ 
nities of their environment. Consider that many nonsocial 
congeners or confamilials co-occur in the same environ¬ 
ment with social ones. The historical factors that lead to 
sociality in some lineages and not others are perhaps 
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impossible to assess, and the empirical work aimed at 
elucidating the pressures faced by social species may 
only tell us about the possible maintenance, not origin, 
of sociality in this or that group. However, a series of 
studies undertaken by Sillen-Tullberg and colleagues 
does point the way to a historical approach to some 
relevant questions. These investigators employed used 
phylogeny to assess the relationship between aposema- 
tism and sociality (gregariousness) of caterpillars, and 
found that aposematism appears to evolutionarily precede 
sociality in many groups, a finding that supports the idea 
that caterpillar sociality has arisen in the context of 
amplifying warning signals. 

Conclusions 

The remarkable diversity in expressions of sociality in the 
‘other’ societies of insects and their allies summarized in 
this review is itself a strong argument for multiple pathways 
of social evolution. Whether simple parent-offspring 
groups, extended families, cohorts of unrelated juveniles, 
or complex mixtures of adults and offspring varying in 
familial affinity, what these societies fundamentally have 
in common is more or less reciprocal and significant influ¬ 
ence of colony members on one another’s fitness. This is 
something that ephemeral aggregations lack. The ultimate 
evolutionary currency is reproductive success, and it is 
instructive to consider sociality as a strategy, albeit one 
that reflects the circumstances of ecology and constraints 
of history in ways that are often difficult to identify. Studies 
of ‘other’ social arthropods have progressed considerably 
beyond the simplistic assumption that social evolution pro¬ 
ceeds in simply ladder-like fashion from solitary through 
eusocial. Yet a complete understanding of the ecology and 
evolution of these ‘other’ societies is critical to fully under¬ 
standing eusociality as well. The study of the noneusocial 
societies has lagged considerably behind that of the more 
complex eusocial groups; although much is known about a 
handful of them, the field is still very much in a natural 
history phase where fundamental knowledge of life history, 
behavior, and ecology has yet to be realized for the vast 
majority of groups. Empirical studies of communication 
mechanisms, life history, colony genetic structure, behavioral 


repertoire, and more are needed to fill in the gaps in our 
knowledge of most of the ‘other’ social insect groups. 
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Social Evolution; Vibrational Communication; Vigilance 
and Models of Behavior. 


Further Reading 

Choe JC and Crespi BJ (eds.) (1997) The Evolution of Social Behavior in 
Insects and Arachnids. Cambridge, UK: Cambridge University Press. 

Cocroft RB and Rodriguez RL (2005) The behavioral ecology of insect 
vibrational communication. BioScience 55: 323-334. 

Costa JT (2006) The Other Insect Societies. Cambridge, MA: Belknap/ 
Harvard University Press. 

Costa JT and Fitzgerald TD (1996) Developments in social terminology: 
Semantic battles in a conceptual war. Trends in Ecology and 
Evolution 11: 285-289. 

Costa JT and Fitzgerald TD (2005) Social terminology revisited: Where 
are we a decade later? Annales Zoologici Fennici 42: 559-564. 

Eickwort GC (1981) Presocial insects. In: Hermann HR (ed.) Social 
Insects, vol. 2, pp. 199-280. New York: Academic Press. 

Fitzgerald TD (1995) The Tent Caterpillars. Ithaca, NY: Cornell University 
Press. 

Hamilton WD (1971) Geometry for the selfish herd. Journal of 
Theoretical Biology 31: 295-311. 

Reed RD (2005) Gregarious oviposition in butterflies. Journal of the 
Lepidopterists’ Society 59: 40-43. 

Tallamy DW (2001) Evolution of exclusive paternal care in arthropods. 
Annual Review of Entomology 46: 139-165. 

Tallamy DW and Brown WP (1999) Semelparity and the evolution of 
maternal care in insects. Animal Behavior 57: 727-730. 

Tallamy DW and Wood TK (1986) Convergence patterns in subsocial 
insects. Annual Review of Entomology 31: 369-390. 

Trumbo ST (1996) Parental care in invertebrates. Advances in Study 
of Behavior 25: 3-51. 

Whitehouse MEA and Lubin Y (2005) The functions of societies and the 
evolution of group living: Spider societies as a test case. Biological 
Reviews 80: 347-361. 

Wilson EO (1975) Sociobiology: The New Synthesis. Cambridge, MA: 
Belknap/Harvard University Press. 




Social Information Use 

J. Morand-Ferron, Universite du Quebec a Montreal, Montreal, QC, Canada 
B. Doligez, Universite de Lyon, Villeurbanne, France 
S. R. X. Dali, University of Exeter, Cornwall, UK 
S. M. Reader, Utrecht University, Utrecht, Netherlands 

© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

A worker bee using the dance of another bee to find a 
patch of flowers, a spider building its web near other webs, 
and a vulture using feeding conspecifics to find prey are 
all examples of social information use. The dance of 
successful honeybees at the hive provides a striking exam¬ 
ple of an evolved signal and perhaps represents the type of 
social information use best studied by ethologists (discus¬ 
sion of animal communication is dealt elsewhere in 
this Encyclopedia). In contrast, the vulture and the spider 
use cues about the location of food that other foragers 
produce inadvertently. The presence of animals, their 
choices, their performance, and the consequences of their 
activities can all serve as sources of inadvertent social 
information on the state of the physical or social environ¬ 
ment. The relatively young field of social information 
use has a number of research foci: the nature of social 
cues used by animals for decision making, the adaptive 
value of using these cues, the mechanisms underlying 
information gathering and processing, and the evolution 
and evolutionary consequences of reliance on social 
information. 

The Value of Information 

By definition, information reduces uncertainty. Animals 
are not omniscient. Uncertainty is ubiquitous because 
environments (we define ‘environment’ broadly and include, 
for example, the effects of other individuals) vary in time 
and space. One expects, therefore, that obtaining and 
processing information is a fundamental problem in ani¬ 
mal decision making. Individuals can collect information 
by observing or interacting directly with their physical 
and social environment, thereby gathering personal infor¬ 
mation through sampling. Conversely, individuals can 
engage in vicarious (i.e., social) sampling and indirectly 
obtain information on the environment by observing 
others or the consequences of the behavior of others, 
thereby collecting social information. Both types of sam¬ 
pling can reduce uncertainty about environmental states 
(i.e., improve an individual’s estimation of the true proba¬ 
bility of attack by a predator, quality of a breeding site, 
etc.), but this uncertainty reduction has a cost in terms of 
the energy spent in sampling, the risk incurred during 


sampling bouts, and the lost opportunities of otherwise 
using the sampling time. The difference in fitness obtained 
by an informed animal over a naive one can provide a 
measure of the value of that information. 

The Relative Value of Social Information 

Early discussions about the benefits of social information 
use were developed in the context of the study of animal 
aggregations. Imagine a flock of starlings being approached 
by a hawk; while individuals looking for invertebrates in 
the grass might not detect the incoming predator, those 
that happened to be scanning the sky would detect it and 
flee. Feeding individuals would thus be alerted to danger 
by the response of their group mates, without having 
detected the predator themselves. If each individual has 
a certain probability of detecting an object of biological 
value (e.g., a predator, a food patch) and social information 
can be acquired at low cost by group members, the total 
amount of information accessible to an individual at any 
given time should be higher for group members compared 
to solitary individuals (i.e., the ‘information-sharing’ per¬ 
spective). Because personal sampling takes time and might 
expose animals to danger, investigators often assume that 
social sampling provides an easy way to collect large 
amounts of information. Moreover, some inadvertent social 
cues such as number and condition of offspring in a nest 
can integrate the effect of multiple external factors - local 
predation risk, food availability, parasite density, etc. - 
thus allowing individuals to avoid the costs of assessing 
each factor independently. In many cases, social informa¬ 
tion is available before personal information; for example, 
a goose can observe the patch use of others before it 
samples patches itself. Social information can be used 
without delay (e.g., when selecting a foraging patch), or 
individuals can acquire social information and use it later 
(e.g., social learning). However, when environmental pre¬ 
dictability is low, inadvertent social cues can become 
outdated (e.g., tracks leading to a depleted food patch). 
Moreover, producers of information might have needs 
that are different from those of potential information 
users. Therefore, the value of social information may vary 
depending on the time between information gathering and 
use, and on the ecological distance between an information 
producer and user. 


242 




Social Information Use 243 


In some situations, animals cannot collect personal and 
social information simultaneously (e.g., birds searching for 
food on the ground with the head down cannot simulta¬ 
neously search for successful foragers with the head up). 
In situations like this, the use of inadvertent social infor¬ 
mation may become a parasitic strategy whose payoffs 
depend on its relative frequency in the population, a 
situation modeled as ‘producer-scrounger’ games. The 
relative value of using personal versus social information 
and the expected frequency of social information use are 
questions that can be examined explicitly theoretically 
and empirically. Animals can, of course, deal with envi¬ 
ronmental uncertainty without gathering information: for 
example, they could use physiological or behavioral buf¬ 
fers against uncertainty (e.g., food stores or fat deposits to 
insure against food supply uncertainties). An integrated 
approach to animal information use must consider these 
alternative routes to dealing with uncertainty. 

Empirical Evidence for Inadvertent Social 
Information Use 

Foraging Decisions 

Animals routinely have to make decisions about when and 
where to search for food, which resource type to exploit, 
how long to exploit a food patch, etc. Animals can use 
inadvertent information acquired from others to make 
better foraging decisions. For example, red-winged black¬ 
birds avoid food that has made conspecifics ill, even 
though they did not taste the food or experience sickness. 
Models of habitat selection (such as the Ideal Free Distri¬ 
bution) typically assume that conspecifics reduce habitat 
quality. Conspecifics compete for food, attract predators, 
and increase the transmission of parasites and diseases in 
feeding groups. Grouping can provide significant advan¬ 
tages, however, and one possible advantage is the infor¬ 
mation group mates provide. Indeed, some biologists have 
argued that information derived from conspecifics repre¬ 
sents one of the key advantages of roosts and colonies. 
According to this ‘information center’ hypothesis, group¬ 
ing can be advantageous when food resources vary in 
space and time. Indeed, feeding resources are patchy 
and variable for many species of colonial animals - e.g., 
colonial seabirds, marine mammals, and birds that feed on 
swarming insects. In cases like this, the foraging success of 
group mates can help an individual locate profitable food 
patches. 

Empirical testing of the information center hypothesis 
is difficult, due to both the technical difficulty of moni¬ 
toring individual movements in the wild (although devel¬ 
opment of radio- or satellite-tracking devices could 
release such constraints), and because many alternative 
hypotheses make the same predictions. Although many 
studies have addressed the information center hypothesis, 


few have provided support for direct information transfer 
(e.g., in raven roosts, Figure 1), and even the conclusions 
of these studies have been challenged by alternative 
explanations. To address some key difficulties of the infor¬ 
mation center hypothesis, some investigators proposed 
a modified hypothesis called ‘the recruitment center 
hypothesis.’ This hypothesis suggests that successful indi¬ 
viduals actively recruit conspecifics when they return to 
the colony because it is advantageous to feed in a group. 
The observation that individuals produce recruitment 
calls (e.g., cliff swallows, house sparrows) when they 
return to the colony provides some empirical support 
for this hypothesis. This parallels the recruitment signals 
of social insects. 

Many animals, colonial or otherwise, are attracted to 
the feeding of others. This can occur over great distances 
(e.g., vultures attracted from kilometers away by conspe¬ 
cifics that have detected carcasses), or with different spe¬ 
cies (e.g., lizards attracted to fig trees by the presence 
of fig-eating birds). Evidence that feeding conspecifics 
influence patch use mainly comes from fishes and birds, 
and also from insects, including nonsocial parasitoid 
species. Beyond the simple presence of others, foragers 
can extract additional information by observing the forag¬ 
ing success of others. Experiments using birds and fish 
have manipulated the foraging success of conspecifics to 
show that foragers clearly do respond to this inadvertent 
social information. For example, nine-spine sticklebacks 
that are naive to the quality of two different foraging 
patches select the patch where they had witnessed the 
largest number of feeding conspecifics a few minutes 
before, suggesting they are using social cues to inform 
foraging decisions. However, when naive fish are pre¬ 
sented with a conflicting choice between a patch where 
many fish had been feeding at a low rate, and a patch 
where a few fish had been feeding at a high rate, they 
select the latter. These results suggest that sticklebacks 
prefer using information about conspecific foraging suc¬ 
cess (also called ‘public information’) rather than inadver¬ 
tent information on their mere presence. Further 
experiments have extended these results to show that 
foragers can be sensitive to the foraging success of 
heterospecifics. 

Breeding Decisions 

The hypothesis that conspecifics could convey informa¬ 
tion valuable for individual breeding habitat decisions 
was initially strongly developed within conservation 
biology, based on observations that cues of conspecific 
presence influenced breeding habitat choice. Conserva¬ 
tion biologists used social cues (e.g., song playbacks, 
decoys resembling breeding individuals, or signs of previ¬ 
ous breeding such as old nests) to keep newly released 
birds on the release site in reintroduction programs. Many 
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Number of ravens at food source 

next morning 


Figure 1 Experimental evidence for information transfer in raven roosts, (a) Changes in the numbers of ravens using a carcass (open 
dots) and using a roost located 25 km away from the carcass (black dots); shaded areas show when the carcass was experimentally 
eliminated as a food source. This graph shows concomitant changes between foraging patch choice and roost use. (b) Recruitment of 
ravens to feeding locations from roosts (numbers and upper 95% confidence intervals). The line indicates when the number of birds 
arriving at a feeding location equals the number previously knowledgeable from the location; thus, points below the line indicate 
recruitment from roosts (more birds arrived at the food source after roosting than previously knew its location). Significant recruitment 
(black dots) occurred for most occasions (87%) when fewer than 20 birds were knowledgeable, that is, shortly after food was 
discovered, while it was less frequent (20%) if more than 20 birds knew the food’s location. Finally, an experiment showed that all naive 
birds released into roosts found new feeding locations by following their roost mates in the morning following release (A/ =14), while only 
4 out of 15 control birds released away from roosts found the food. Reproduced from Marzluff JM, Heinrich B, and Marzluff CS (1996) 
Raven roosts are mobile information centres. Animal Behaviour 51: 89-103. 


investigators have observed prospecting or floating indi¬ 
viduals wandering around or even squatting on breeding 
sites during the breeding season but often too late to start 
breeding themselves. This suggested that prospectors were 
gathering information about their breeding conspecifics, 
which they could use to adjust their decisions in the next 
breeding attempt. However, researchers have seldom 
established a direct link between prospecting behavior 
and later breeding habitat choice, although we have some 
evidence on this point from colonial seabirds where 
observers can easily identify prospectors. 

Experiments have now detected conspecific attraction 
in the wild or in captivity in many different species (e.g., 
larval invertebrates and fishes, grasshoppers, Anolis lizards, 
house wrens, pied and collared flycatchers) with many 
different life-history traits and breeding systems (e.g., 


colonial/social vs. territorial/solitary species; short-lived 
vs. long-lived species; cavity-breeding species vs. species 
breeding freely). More recent evidence suggests that pro¬ 
spective breeders assess more than the simple presence of 
conspecifics. First, individuals can use the characteristics 
of conspecifics, such as morphological, behavioral, or 
physiological traits, to gather information about local 
habitat (e.g., the origin of immigrants in the common 
lizard provides information about population density in 
the surrounding habitat). Second, individuals can use the 
breeding success of conspecifics (an example of public 
information) to adjust their breeding habitat or site choice: 
high local success of a large number of conspecifics should 
indeed reflect high average quality with respect to all 
factors affecting reproduction. Observed correlations 
between dispersal decisions and local success of 
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conspecifics in the previous year (in kittiwakes, pied and 
collared flycatchers, cliff swallows, great cormorants, 
black kites, and yellow-headed blackbirds) support this 
idea. More recently, experiments manipulating either the 
number of young produced locally (collared flycatchers, 
kittiwakes; e.g., Figures 2 and 4) or cues strongly associated 
with local success (e.g., post-breeding songs: bobolinks, blue 
warblers, but not Nelson’s sharp-tailed sparrows) support 
the conclusion that prospective breeders use this informa¬ 
tion. As with foraging decisions, the presence and behav¬ 
ior of other species can also influence breeding habitat 
choice. However, only species with similar ecological 
needs will provide reliable information, such as migrant 
flycatchers copying nest type choices of resident tits. 

Breeding animals can also use inadvertent social infor¬ 
mation to select the best mate. Studies on polygynous 
animals such as quail and guppies have demonstrated 
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that females can copy the mating choices of other females. 
Models predict that selection will favor mate choice 
copying when personal information is of low quality 
(e.g., young females copy the choices of older, more expe¬ 
rienced females) or difficult to obtain (e.g., when potential 
mates are closely matched in quality). Of course, opposing 
copying versus not copying is rather simple minded. Ani¬ 
mals can use inadvertent social information from many 
sources: individuals may use cues from particular focal 
demonstrators, sample the population, and copy the most 
common choice (conformity), or use social information 
only in particular circumstances. 

Breeding decisions involve not only the choice of a 
breeding site and a partner, but many other decisions such 
as how many offspring to produce, what sex they should 
be, and how much to invest in caring for them. Very little 
attention has been given so far to the influence of inad¬ 
vertent social information on these other breeding deci¬ 
sions, but the few empirical examples (e.g., a recent study 
showing complex laying date, clutch size, and offspring 
sex-ratio adjustment in the collared flycatcher in response 
to experimentally manipulated tit density) suggest that 
such influences could be crucial. Problematically, studies 
on inadvertent social information use in breeding habitat 
selection show strong taxonomic biases. We have, for example, 
12 studies with birds, but only one with an amphibian, one 
with a reptile, and none with mammals or fish investigating 
the use of local reproductive success of others in breeding 
habitat choice. A few studies have also revealed the use 



Figure 2 The use of public information, that is, local 
reproductive success of conspecifics, for breeding habitat 
selection in the collared flycatcher revealed by an experimental 
manipulation of the mean number of fledglings produced per 
breeding pair per patch. The mean number of fledglings was 
either increased locally by adding nestlings (patches I), 
decreased locally by removing nestlings (patches D), or left 
unchanged (control patches Cl, fledglings exchanged within the 
patch, and C2, no fledgling exchanged). Patch immigration rate 
in the year following the manipulation was higher in increased (I) 
patches compared to control (Cl and C2) patches, and higher in 
control patches compared to decreased (D) patches. This shows 
that new breeders choose to settle according to the local 
reproductive success in the patch the previous year. 
Reproduced from Doligez B, Danchin E, and Clobert J (2002) 
Public information and breeding habitat selection in a wild bird 
population. Science 297: 1168-1170. 



Year of experiment 


Figure 3 Experimental evidence for eavesdropping on 
interactions by ‘clients’ in the cleaner fish interspecific 
mutualism. Clients were offered the choice to interact with two 
cleaner fish: one that was observed to behave cooperatively to a 
model client, and one that was observed not to interact with the 
model. Clients spent more time near the cooperative cleaner than 
near the cleaner of unknown cooperative level. This suggests that 
clients were eavesdropping on interactions between cleaner fish 
and other clients, and were then using this inadvertent 
information in decisions about future interactions with individual 
cleaner fish. The dash line represents random choice; bars 
represent median and interquartiles. The same experiment was 
repeated over two successive years. Reproduced from Bshary R 
and Grutter AS (2006) Image scoring and cooperation in a cleaner 
fish mutualism. Nature 441: 975-978. 
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of inadvertent social information in marine invertebrates. 
An important question now is whether this taxonomic bias 
reflects a real situation or, more likely, reflects the diffi¬ 
culty to observe natural populations with sufficient detail 
and large enough sample size, and to perform experi¬ 
ments, in some species compared to others (Figure 5). 

Eavesdropping on Social Interactions 

So far we have considered the effects of inadvertent social 
information use outside the realm of social interactions, 
such as obtaining food and where to breed. Nevertheless, 
social information has pervasive effects on social interac¬ 
tions, such as who to interact with and how to do so. 
Indeed, although models of social decision making typically 
assume that individuals interact in pairs, animals make 
most social decisions in a wider social context surrounded 
by interested bystanders. For example, cleaner fish pain¬ 
lessly remove dead skin and ectoparasites from their clients’ 
mouth, but occasionally they bite into the client’s healthy 
layer of mucous. Cleaner wrasse benefit from the nutritious 
mucous, but the bite causes pain for the client. Ingenious 
field and lab experiments have shown that cleaner wrasses 
bite less when prospective clients are nearby, and prospec¬ 
tive clients are less likely to approach a cleaning station 
if they observe current clients ‘jolt’ (an abrupt aversive 
response). Thus, bystanders - and the inadvertent social 
information they can provide or use — can profoundly 



Figure 4 Male collared flycatcher Ficedula albicollis landing on 
a nest box. In this species, observations have shown prospecting 
behavior during the nestling rearing phase: prospectors (usually 
unsuccessful or nonbreeding males) visit the nest boxes of their 
conspecifics to record public information about their 
reproductive success, which they use for breeding habitat 
selection in the next year. Photo by Joanna Sendecka. 


change social behavior. The existence of altruism (helping 
others at a cost to oneself; ranging from momentary 
grooming in primates to lifelong sterile service in social 
insect) can be difficult to explain when individuals are 
expected to maximize their personal fitness. One explana¬ 
tion for altruism among unrelated individuals is that 
observing the altruistic act influences how bystanders 
treat the altruist in the future. Developing a reputation 
for niceness could ensure that altruists receive benefits 
in future interactions. Notwithstanding its theoretical 
appeal, direct evidence for the role of reputation in non¬ 
human cooperation has accumulated slowly. Neverthe¬ 
less, it appears that such reputational dynamics act to 
stabilize the well-documented interspecific mutualism 
(i.e., mutual altruism) between cleaner wrasses and their 
reef fish clients in tropical waters around the world 
(Figures 3 and 6). 

Eavesdropping also occurs in other types of interac¬ 
tions, such as fighting and mate choice. In territorial 
species (both birds and fishes), males tend to respond 
more aggressively to ‘winners.’ Investigators see this as 
an adaptive mechanism that focuses energy on the most 
formidable potential rivals (territory owners or the best 
quality up-and-comers). On the other hand, in more 
gregarious species, such as swordtail fish, males avoid 
winners and focus their aggression on the losers. This may 
reflect a ‘minimize the potential costs to losing’ strategy, 
employed when fights are common and the potential 
benefits of winning are less crucial to long-term fitness 
than in territorial systems. Females, in contrast, typically 
prefer winners in cases where they attend to the outcome 
of conflicts. According to theory, winning demonstrates 
a male’s resource holding potential, and mating with 
successful males therefore offers substantial benefits to 
females. This ‘winner takes all’ phenomenon also influences 
extra-pair mating decisions: in various passerines (great 



Figure 5 In the common lizard Lacerta vivipara, olfactory cues 
from the body of juvenile immigrants are a source of information 
on surrounding population densities. This inadvertent social 
information can be used by residents in deciding whether they 
should emigrate or not. Photo by Jean-Frangois Le Galliard. 
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Figure 6 A wrasse Labroides dimidiatus (bottom) is cleaning a 
longnose parrotfish Hipposcarus hand while other potential 
clients are watching. Photo by Redouan Bshary. 

tits, black-capped chickadees) and a cichlid fish, paired 
females eavesdrop on aggressive contests that involve 
their mate and use outcomes to decide whether to engage 
in extra-pair copulations, or even whether to divorce their 
current mate. Nevertheless, the winner does not always 
‘win’ in intersexual social eavesdropping of male-male 
contests: sexually experienced female Japanese quail prefer 
males that lose agonistic contests, since they avoid highly 
aggressive males that typically court aggressively and can 
injure females. 

Finally, evidence suggests that observing the behavior 
of mated or mating pairs influences both males and 
females. For instance, territorial male European robins 
will use the ‘seep’ call rate of neighboring breeding pairs 
to determine the male provisioning effort and therefore 
the likelihood of female desertion or availability for extra¬ 
pair copulations. In the peacock blenny (a marine fish), 
nonterritorial males deposit sperm on egg masses defended 
by territorial males based on how popular their territories 
are with females. In many bird and fish species, eaves¬ 
dropper females tend to copy the mate choices of other 
females. This phenomenon is so widespread that it generates 
high levels of reproductive skew (i.e., a few very successful 
males and many very unsuccessful males). This skew can be 
a major source of sexual selection. Current evidence of 
‘social eavesdropping’ comes from birds and fish, so we still 
need to explore this phenomenon in other taxa. 

Antipredation Decisions 

Observing the behavior of others can provide a critical 
source of information about predators, because direct 


experience with predators is risky. Animals can obtain social 
information about predation risk by eavesdropping on the 
alarm calls (or similar signals) of other species, observing 
inadvertent signs of fright or stress in alarmed companions, 
or copying the decisions of others to flee. For example, 
recent field studies have shown that yellow-casqued horn- 
bills give alarm calls when they hear Diana monkeys make 
crowned eagle alarm calls, but not when the monkeys make 
leopard alarm calls. This makes sense because crowned 
eagles prey on both monkeys and hornbills, but leopards 
pose no threat to hornbills. Theoretically, the collective 
departure of hundreds or even thousands of individuals 
(e.g., bird flocks, fish schools, insects swarms) might result 
from only one individual detecting a threat and fleeing, and 
all others responding in cascade to the flight response of 
their neighbors (and thereby to inadvertent social infor¬ 
mation). In practice however, the flow of information 
between individuals might depend on ecological condi¬ 
tions (e.g., transmission of visual information will be ham¬ 
pered in dense vegetation), and other variables such as the 
distance between flock members and their individual char¬ 
acteristics. Moreover, it might be difficult to rule out the 
possibility that some fleeing individuals have themselves 
detected a threat and did not rely solely on social infor¬ 
mation. Experiments controlling the type and quantity of 
information available to any one individual at a time (e.g., 
by using opaque compartments restricting the informa¬ 
tion available to individuals, or by using artificial or video 
conspecifics) can help identify the exact cue(s) eliciting 
flight responses. 

In addition to improving the probability of detecting 
and evading a threat, social information use can lead to 
the formation of novel antipredator responses in naive 
animals. Indeed, a wide variety of animals can learn to 
recognize a novel predator by pairing the presentation of 
an alarmed conspecific (or its cues) and a novel object 
(e.g., a stuffed predator). Studies of fear responses in 
monkeys demonstrate constraints on learning from social 
information: individuals will learn to fear snakes but not 
flowers by observing the fearful reaction of others. 

Mechanisms and Development of Social 
Information Use 

Research in the field of social information use has mostly 
focused on determining whether different animals can use 
inadvertent social information, and in which circum¬ 
stances they are most likely to do so. But many mechanis¬ 
tic questions remain unexplored: What are exactly those 
social cues that are used by animals in decision making? 
Do social information users learn anything by copying the 
behavior of others? Is social information gathered and 
processed in the same manner as nonsocial information 
by the nervous system? 
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The field of social learning provides some answers to 
these questions. Several different processes underlying 
social information use have been named (e.g., social facil¬ 
itation, local enhancement, stimulus enhancement, imitation, 
with several different classification schemes delimitating 
the various processes). However, the study of the neuro- 
cognitive mechanisms underlying these processes is in its 
infancy, save for certain domains such as birdsong learning. 
Outside birdsong learning, perhaps one of the best studied 
cases of the mechanisms of animal social information use 
is food preference learning in rodents. In several rodent 
species, such as Norway rats, individuals show a learned 
preference for a novel food that another has eaten. Such 
preferences may last several months. Studies implicate the 
hippocampus and subiculum in the formation of the pref¬ 
erence, with long-term storage of the memory elsewhere 
in the brain. The pairing of the food odor with an odor 
present in rat breath, carbon disulfide, is sufficient to 
instill this preference: rats will even learn from an uncon¬ 
scious but breathing conspecific. Rats deprived of maternal 
care early in life show reduced tendencies to acquire food 
preferences from others when adult, raising the possibility 
that there may be developmental influences on the pro¬ 
pensity to use social information. Rats will learn food 
preferences from both familiar and unfamiliar individuals, 
while Mongolian gerbils will not learn from unfamiliar 
individuals unless treated with anxiety-reducing drugs, 
suggesting that species differences in social relations can 
result in differences in social information use. Work on 
food preference learning thus illustrates a number of 
possible routes to investigate the mechanisms of social 
information use. 

The Evolution and Evolutionary 
Consequences of Social Information Use 

As the earlier examples illustrate, social information use, 
including social learning, is phylogenetically widespread, 
and is not restricted to ‘intelligent’ animals or animals 
closely related to humans. In fact, social information use 
is not even restricted to animals, as tobacco plants can be 
induced to produce antiherbivore compounds (trypsin 
proteinase inhibitors) after exposure to the bouquet of 
volatile organic compounds from cut (damaged) sage brush. 
Given that there are multiple processes underlying social 
information use, documenting how and why it evolved 
requires researchers to ask, ‘What evolves?’ It is still an 
open question whether adaptive specializations are involved 
in animal social information use, that is, whether abilities 
to gather, assess, and utilize social information have been 
specifically shaped by natural selection. Such adaptive 
specializations are typically thought of as specialized cog¬ 
nitive abilities, but perceptual or morphological speciali¬ 
zations are also possibilities. In some cases, it may be that 


there are no new adaptive specializations. For example, 
animals may approach others first as an antipredator 
adaptation, but could then also benefit from the inadvertent 
foraging information available from other group members. 
Given that multiple processes underlie social information 
use, many of which apparently involve no specialized cogni¬ 
tive machinery (e.g., learning as a result of grouping with 
others), it is likely that socioecology and not simply vari¬ 
ation in cognitive ability will play a major role in shaping 
the reliance on social information. 

A number of influential theoretical models have 
addressed the factors favoring the evolution of an enhanced 
reliance on social learning. These models typically focus 
on the thought-to-be critical role of environmental change. 
Where environments are unchanging or extremely pre¬ 
dictable, or resources are easily located, social information 
use provides no advantage over fixed strategies that do not 
rely on gathering information. Where environments are 
changing rapidly, cues from others carry the risk of being 
irrelevant, particularly when the rewards of a decision are 
not directly ascertained. Social information use is predicted 
to evolve in conditions where resource distributions show 
some predictability and social information provides a 
low-cost, reliable alternative to gathering personal infor¬ 
mation. However, these predictions have not been subject 
to extensive empirical attention so far. 

Social information use has a number of possible evo¬ 
lutionary consequences. Because social information use 
in decision making can affect the fitness of information 
users, the use of signals and/or cues from conspecifics 
might have been a driving force in the evolution of 
group living. Some investigators have proposed, for 
example, that social information use favors the spatial 
aggregation of individuals and might explain the evolu¬ 
tion of colonial breeding in birds, rather than grouping 
to aid predator avoidance. Indeed, comparative studies 
investigating the role of predation avoidance have failed 
to reveal a relation between predation avoidance (or 
other factors, such as food spatial aggregation) and the 
evolution of avian colonial breeding. However, direct 
theoretical and empirical tests of the hypothesis that 
animal groups form because of social information benefits 
are still required. 

Cues produced inadvertently by individuals can alter 
the behavior of con- and heterospecifics; hence, social 
information use might help or hurt the producer of infor¬ 
mation. For example, feeding activity might attract other 
foragers, and the presence of others may reduce predation 
risk but increase competition. If both the information 
producer and the information user benefit from social 
information use, selection will favor enhanced transmis¬ 
sion between the two individuals, and signal evolution 
might occur. If social information use is detrimental to 
the producer, selection will favor strategies that conceal or 
otherwise limit the cues available to others. For example, 
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in the common loon, breeding success increases the 
chance of territory intrusion and takeover by other adults. 
Established breeders intrude into neighboring territories 
and, in response to flying adults, chicks hide and adults 
swim away from them. It has been suggested that these 
behavior patterns are countermeasures to social informa¬ 
tion use, preventing or hindering the gathering of public 
information about the quality of territories by conspeci- 
fics. Social information use also opens the possibility of 
deception on the part of the information producer, that is, 
the production of misinformation. 

All these examples suggest that social information use 
can have feedback effects on genetic evolution. The 
‘behavioral drive’ hypothesis takes this view even further, 
arguing that species that frequently invent novel behavior 
patterns and socially learn these innovations will show 
higher rates of evolution. According to this view, the social 
transmission of innovative behavior exposes populations 
to novel selection pressures that can, in turn, change the 
rate of genetic evolution. Moreover, as mentioned earlier, 
inadvertent social information use can increase variance 
in reproductive success between individuals. For example, 
mate choice copying by females may amplify small differ¬ 
ences between males, or even result in arbitrary traits 
being preferred by a large subset of the population. On 
the other hand, mathematical models have shown that the 
social transmission of information may also slow evolu¬ 
tionary rates, where social information use reduces vari¬ 
ance in reproductive success. Thus, there will be complex 
feedback effects between social information use and evo¬ 
lution, and, where social information is learned, behavior 
can evolve by a process of cultural evolution without 
involving a genetic basis. 


Conclusions 

The young field of social information use has docu¬ 
mented social influences on decision making in many 
biological contexts (e.g., foraging, breeding, social inter¬ 
actions, antipredator behavior), and in a wide diversity 
of animals, including solitary ones. Inadvertent social 
cues used by animals include location decisions, social 
interactions, activities and their consequences, vocaliza¬ 
tions, success, performance, and investment by con- and 
heterospecifics. Future studies should aim at identifying 
cues involved in inadvertent social information use, 
documenting functional contexts in which inadvertent 
social information is used in the wild, examining the 
impact of inadvertent social information use on species 
coexistence and the functioning of communities, and 
testing predictions of models on the evolution and 
evolutionary consequences of inadvertent social infor¬ 
mation use. 
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Introduction 

Insect colonies do amazing things. Leaf-cutting ants 
cultivate fungus gardens in massive subterranean galleries 
that you could easily stand in. Some termite species con¬ 
struct earthen towers several meters high that air-condition 
the nest beneath. Honeybee colonies locate and exploit 
the best sources of food over an area of 100 km 2 using a 
symbolic language that coordinates the efforts of 10 000 
foragers. These remarkable feats require a degree of 
organization that rivals that of the most successful mul¬ 
tinational corporations. Yet, each individual worker has 
a brain less than the size of a pinhead, and there is no 
managerial control of a colony’s behavior. In this article, 
we explore the emerging field of ‘sociogenomics’ - 
understanding how genetically determined rules fol¬ 
lowed by workers result in colony-level behavior. 

Social insects are those that live in groups in which 
some group members rear offspring that are not their own. 
This definition excludes insect aggregations and swarms, 
which may also show group-level behavior, but lack the 
key element of cooperative brood care. Social insect spe¬ 
cies include all ants and termites; some wasps, bees, and 
ants; a few gall-forming thrips and aphids; and a bark 
beetle (Costa, 2006). Insect societies range from simple 
family groups with no significant physical differentia¬ 
tion between reproductives and nonreproductives, to 
extremely sophisticated societies in which queens and 
workers are strongly differentiated, expressing very dif¬ 
ferent genes and behavioral and physical phenotypes. The 
latter societies usually comprise large numbers of special¬ 
ist sterile workers that build and maintain well-defended 
homeostatic nests and forage over a broad area. 

Individual- and Colony-Level Phenotypes 

In discussing social insect behavioral phenotypes, it is 
important to understand that there are different levels of 
biological organization in a colony (Figure 1). For exam¬ 
ple, the amount of pollen a honeybee colony collects and 
stores in its brood nest is a colony-level behavioral phe¬ 
notype that is readily quantified. Beekeepers can recog¬ 
nize high pollen-hoarding colonies, and high and low 
pollen-hoarding strains can be produced by selection on 
the colony-level phenotype. But at the same time, a col¬ 
ony is comprised of individual workers which also have 
phenotypes. Studies on a pair of selected strains showed 


that the average worker from a high pollen-hoarding 
strain had a set of behavioral characteristics that was 
different from that found in an average worker from the 
low pollen-hoarding strain (Hunt et al., 2007). Not sur¬ 
prisingly, these included the size of typical nectar and 
pollen loads collected by individual foragers and a prefer¬ 
ence for pollen collection in the high pollen-hoarding 
strain. But the age at onset of foraging and various physi¬ 
ological characteristics, including the size of the ovaries of 
workers, was also changed by the colony-level selection. 
This example illustrates how subtle differences in behav¬ 
ior at one level of biological organization (the behavior 
of individual workers) can result in significant shifts in 
behavior at another level (the kind of food stored by a 
colony). 

Task Stimulus, Task Threshold, and Task 
Specialization 

The work of a social insect colony needs to be divided 
among the available workers in a way that maximizes 
colony productivity. This requires that all necessary 
tasks are done and that the most important and labor- 
intensive tasks are allocated to the most workers. The 
allocation of workers to tasks needs to change dynami¬ 
cally in response to the changing needs of a colony and 
the available foraging opportunities. How do colonies do 
this, for, unlike human factories, there is no top-down 
management? The answer is that in insect colonies, divi¬ 
sion of labor is self-organized. 

The most important explanatory model for the organi¬ 
zation of work in insect colonies is the Fixed Threshold 
Model (Bonabeau et al., 1998). This model holds that each 
worker has a fixed probability that it will engage in a 
particular task and that workers differ in this probability 
(i.e., they differ in their task threshold). Workers with 
different task thresholds will behave differently in 
response to the same task stimulus - some measure of 
the colony’s need for a task to be performed. This results 
in the often-reported phenomenon of task specialization, 
in which particular workers are more likely to engage in 
particular tasks than other ones, given a particular level of 
task stimulus. Variance in task thresholds among workers 
arises from both genetic and environmental causes. 

Many of the more complex insect societies do not have 
a simple family structure of a single once-mated queen 
and her worker offspring. Indeed, as societies become 
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Figure 1 Levels of biological organization in a social insect 
colony. Genotypes are represented at the level of genes in 
individual workers, collective genes of the combined workers, 
and the collective queen and workers - the colony-level 
genotype. Worker phenotypes arise from the genes carried by 
individual workers, and the environment that they experience. 
The environment workers’ experience is influenced by the 
genotypes of sister workers and their social environment. 
Colony-level phenotypes are an emergent property of the 
collective phenotypes of workers and their interactions with each 
other. Redrawn from Oldroyd BP and Thompson GJ (2007) 
Behavioral genetics of the honeybee, Apis mellifera. Advances in 
Insect Physiology 33: 1-49. 


more complex, there seems to be a strong tendency for the 
genetic architecture of the colony to become more 
baroque. Either the queens would have mated with 
many males (e.g., honeybees, harvester ants, driver ants, 
leaf cutter ants, and army ants) or there will be multiple 
queens per nest (e.g., sugar ants). (Exceptions to this 
general trend are the stingless bees and many termites, 
where a single once-mated queen seems to be the rule 
despite their often large and complex colonies.) Multiple 
fathers or multiple queens mean that these societies are 
comprised of multiple subfamilies - either the half-sister 
daughters of the different males that have mated with the 
single queen, or the matrilines that are the daughters of 
the different queens in the colony. 


In colonies with multiple subfamilies, we often see the 
emergence of genetic task specialization (GTS) - workers 
of different subfamilies have different task thresholds that 
are inherited from their different parents. Thus, if we go 
to a colony and collect the workers performing a particu¬ 
lar task like nest ventilation, we often find that a few 
subfamilies are greatly overrepresented in the sample 
relative to a random sample of workers or workers 
performing a different task. (Subfamily membership can 
be determined using the techniques of forensic genetics 
and DNA microsatellite markers. Each male and female 
parent passes its own genetic signature to offspring work¬ 
ers. Parentage is determined by examination of a worker’s 
microsatellite genotype and inference of its parent from 
this profile.) The phenomenon of GTS has been demon¬ 
strated for a large number of tasks across a broad range of 
taxa (Table 1). 


Why Have Task Specialization? 

Modeling studies show that diversity in task thresholds 
within a colony enhances colony-level well-being by pro¬ 
ducing a more homeostatic environment. Imagine a col¬ 
ony trying to regulate the interior of its nest at the optimal 
temperature for rearing brood. If all the workers have the 
same task threshold for heating and cooling the nest, the 
colony is likely to swing precipitously between all the 
workers engaging in the task and all the workers disenga¬ 
ging. (Old-fashioned air-conditioners have the same 
problem. They are either on (and you freeze) or off (and 
you swelter). The temperature fluctuates around the opti¬ 
mal while never being at the optimum.) In contrast, a 
colony where the workers have a range of thresholds 
there will have a more modulated response to changes 
in temperature. Empirical evidence now shows that genet¬ 
ically diverse honeybee colonies, with a range of geneti¬ 
cally based task thresholds, make more honey, have higher 
survival, and do a better job of regulating their internal nest 
environment than do genetically uniform colonies (Jones 
et al., 2004; Mattila and Seeley, 2007). Similarly, studies 
of harvester ants in the field have shown that genetically 
diverse colonies have larger populations and produce more 
offspring than more uniform ones, presumably because 
(among other reasons) they regulate their internal nest 
environment better. 


Physiological and Genetic Basis of Task 
Thresholds 

In many advanced ant and termite species, a worker’s role 
in the nest is determined by its subcaste: soldiers are 
involved in defence of the nest, major workers in foraging, 
and minor workers in in-nest work such as tending fungus 
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Table 1 Examples of genetically based task preferences in social insects 


Taxon 

Description 

Source of variance a 

Honeybees 

Preferred forage (pollen, nectar, water, or floral location) 

A 

Apis 

Scouting for food or nest sites 

Guarding 

Feeding and tending larvae 

Grooming other individuals 

Feeding other individuals 

Fanning in response to high temperatures 

Corpse removal 

Worker reproduction 


Ants 

Worker caste determination has a genetic component 

A 

Acromyrmex 

Tasks associated with tending fungus gardens 

A, B 


Undertaking 

B 

Camponotus consobrinus 

Worker caste determination has a genetic component 

B 

Pogonomyrmex badius 

Worker caste determination has a genetic component 

A 

Eciton burchelli 

Worker caste determination has a genetic component 

A 


a A = Multiple fathers, B = Multiple queens. 


gardens or nest cleaning. It has generally been assumed 
that the development of an ant larva into a worker or a 
soldier is environmentally determined, particularly the 
amount of food it receives as a larva: the best-nourished 
larvae develop as large soldiers, whereas poorly nourished 
larvae develop as minor workers. Yet, evidence is mount¬ 
ing that larval feeding is not the whole story. In the 
Australian sugar ant and in army ants, some matrilines 
and patrilines respectively are overrepresented in the 
soldier caste (Table 1), providing evidence for a genetic 
influence on worker caste development and ultimately 
worker behavior. 

In contrast to ants, in social bees and wasps, there is 
limited morphological variation among workers, and the 
variation that does exist is unlikely to be of functional 
significance. In these societies, the primary determinant of 
a worker’s task threshold is its age. Young workers tend to 
perform tasks within the nest, but as workers age, they begin 
foraging tasks. This age-based task ontogeny is accompa¬ 
nied by fundamental changes in the exocrine and endocrine 
systems so that workers of a particular age are equipped 
with the appropriate glandular secretions that allow them to 
undertake tasks typical for that age. The age-based ontog¬ 
eny is adaptable depending on the colony’s needs. So if all 
the foragers are lost in a storm or at the hands of predators, 
young workers will switch to foraging precociously. 

Sitting on top of this basal behavioral ontogeny is a 
secondary genetically based variance in perception of the 
environment, and this modulates a worker’s task thresh¬ 
olds and thus the work that she is likely to perform. 
A well-studied example of this comes from honeybees. 
A honeybee forager carries nectar in her crop and pollen 
on ‘baskets’ on her hind legs. She can barely fly when they 
are both full, so foragers tend to specialize in either pollen 
collection or nectar collection. Individuals that specialize 
in nectar collection have a low ‘sucrose threshold.’ This is 


the minimum concentration of sugar in nectar that is 
needed for the worker to recognize nectar as being 
sweet and worth collecting. Workers with a high sucrose 
threshold find most types of nectar unattractive and end 
up specializing in collecting only very high-quality nectar. 
Researchers can predict the foraging specialism of even 
preforaging age bees by measuring the minimum concen¬ 
tration of sucrose that the bees will respond to by sticking 
their tongue out to feed (Figure 2). 

Behavioral Genetics of HoneyBees 

In honeybees, there has been considerable progress toward 
identifying the actual genes that influence task threshold 
and the behavior of workers. Honeybees are particularly 
suited to behavioral genetic studies: first, a complete geno¬ 
mic sequence is available at http://www.ncbi.nlm.nih.gov/ 
mapview/map_search.cgi?taxid=7460 and the sequence 
helps researchers locate functional genes; second, the 
honeybees have a very high recombination rate, allowing 
researchers to map genes more finely than in species like 
fruit flies where the recombination rate is lower; and third, 
honeybees show an amazing array of behavior that is easily 
measured and genetically variable. 

To locate behavioral genes that influence task thresh¬ 
old, researchers cross two strains that differ strongly in a 
colony-level behavior. They then backcross a daughter 
queen of this Fj to both parental strains. The assumption 
here is that one strain is pure-breeding for alleles for the 
high task threshold (AA), whereas the other is pure breed¬ 
ing for alleles for low task threshold (ad). The F] queen 
will therefore be Aa at all loci that affect the task thresh¬ 
old. Thus, the backcross to the aa parent will produce a 
colony in which there will be a Mendelian segregation 
producing workers that are either Aa or aa. Under an 
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Figure 2 Four quantitative trait loci (Pin 1-4) thought to influence the foraging behavior of honeybee workers. Genes near these QTL 
are candidates for the regulation of honeybee foraging behavior. Solid bars represent linage groups. Genetic markers nearby the 
QTL are shown on the left of the linkage groups. Genes near the QTL are indicated. Most of these are orthologues of fly genes. Dashed 
lines indicate 97% confidence intervals of the QTL. Adapted from Figure 2 of Flunt GJ, Amdam GV, Schlipalius D, et al. (2007) 
Behavioral genomics of honeybee foraging and nest defense. Naturwissenschaften 94: 247-267 with permission. 


assumption of complete dominance, the Aa workers will 
have a high threshold and the aa workers a low one. 

After the creation of the backcross, about 300 workers 
are scored for the behavior of interest to identify 150 low- 
threshold and 150 high-threshold individuals. The 300 
workers are then genotyped at 350 functionless genetic 
markers that are evenly distributed along the honeybee’s 
16 chromosomes, using the online genomic sequence as a 
guide. If the markers are evenly spaced throughout the 
genome, at least one of them will be genetically linked to 
the A locus which affects the task threshold. This marker, 
call it M, will reveal itself by statistical association 
between genotype (Mm or mm) and behavioral phenotype 
(high or low task threshold). 

After the identification of M, the genome sequence is 
again consulted to locate additional markers nearby M. The 
workers are genotyped at these additional loci to locate the 
marker with the strongest statistical association to behav¬ 
ioral phenotype. The location of this marker identifies the 
region of the genome that contains the A locus. Bioinfor- 
matic searches of the genome in this region will reveal 
several genes, in theory as few as 5-10. These are then 
candidate regulators of the task threshold. This list of genes 
may be narrowed further by consideration of their likely 
function (e.g., genes coding structural proteins are unlikely 
to be relevant but a pheromone-binding protein might be). 
Final identification requires a demonstration of change in 
the task threshold of workers following experimental 
manipulation of gene expression by RNA interference. 

So far, such crosses have been made for colony defen¬ 
siveness, nest cleaning, pollen hoarding, and worker 
reproduction. Over a dozen Quantitative Trait Loci that 
affect aspects of these colony-level behaviors have now 
been identified - that is, relatively small areas of the 
genome that likely contain genes that regulate behavior. 


As yet, no gene affecting task threshold has been defini¬ 
tively identified by the final step of RNA interference. 
Nonetheless, some candidate genes that are thought to 
affect stinging behavior were shown to be differentially 
expressed between an Africanized (defensive) strain and a 
European (nondefensive) strain, strongly suggesting that 
these candidate genes identified by QTL mapping are 
indeed the genes that affect stinging behavior. 

Genes Affecting Foraging Behavior in 
HoneyBees 

Greg Hunt and colleagues performed the pioneering 
experiment designed to locate QTL affecting foraging 
behavior (Hunt et al, 1995). This first experiment located 
3 QTL that affected the amount of pollen stored by 
colonies. These QTL named Pin 1-3 have been confirmed 
in different crosses in different populations using differ¬ 
ent markers. Furthermore, an additional QTL, Pin 4, was 
located during these subsequent crosses (Figure 2). These 
QTL, located via a cross between high and low pollen¬ 
hoarding lines, have effects on characters associated with 
individual bee behavior including the age at which they 
start foraging, their sucrose responsiveness, and their 
foraging preferences (Figure 3). Pin 4 is particularly 
interesting. This QTL was not located via mapping. 
Rather, an ortholog of a gene known to affect foraging- 
behavior in the fruit fly Drosophila melanogaster was inves¬ 
tigated in honeybees. The Forager gene encodes a cyclic 
GMP-dependent protein kinase. This gene is now known 
to influence foraging behavior in such diverse organisms 
as fruit flies, nematode worms, harvester ants, and 
honeybees, apparently by stimulating the desire for 
movement. In honeybees, for example, it is involved in 
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the rate at which workers mature to foraging tasks 
from in-nest tasks. A genetic marker within Amfor (the 
honeybee equivalent of Forager) shows a statistical asso¬ 
ciation with foraging behavior, suggesting that Amfor 
affects a bee’s task threshold for pollen collection. How¬ 
ever, this inference remains to be confirmed because 
Amfor may be linked to another gene that is the actual 
cause of the differences in behavior. 

Another aspect of honeybee foraging behavior known 
to be genetically influenced is the dance language. Upon 
discovery of a desirable food source, a forager will tell 
her nestmates where it is by means of a symbolic dance. In 
the dance, the worker strides forward while vigorously 
waggling her abdomen from side to side. She then takes 


a sharp turn to the left or right and returns to her starting 
point. Here she completes another waggle phase, this time 
ending the waggle with a turn in the direction opposite 
to the previous run. Thus, the dancing bee traces out a 
pattern that looks a bit like the figure of 8 (Figure 4). 

Other workers trip along behind the dancer and learn 
the direction and distance to the food from the colony. The 
direction the recruit should fly is indicated by the angle of 
the waggle run, and the distance by the dance ‘tempo.’ The 
closer the food is the shorter the duration of the waggle run 
and the number of circuits completed per unit time. At 
some point, the dancer has to turn so quickly that the 
waggle runs do not line up on top of each other. This 
form of the dance is known as a transition dance. Still closer 
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Figure 3 How the Pin QTL interact to produce foraging phenotypes. Adapted from Figure 1 of Hunt GJ, Amdam GV, Schlipalius D, 
et al. (2007) Behavioral genomics of honeybee foraging and nest defense. Naturwissenschaften 94: 247-267 with permission. 


the dance becomes disordered - it still contains information 
but there is no clear waggle run, and the bee runs in excited 
circles waggling most of the time. This is known as a ‘round 
dance.’ Honeybees from different parts of Europe ‘speak’ 
the dance language with different ‘accents’ and there is 
strong evidence that these accents are genetically deter¬ 
mined (Figure 4). For example, backcrosses between strains 
with different dance forms show patterns of dance behavior 
that suggest that one gene controls the distance at which the 
bees change from a round dance to a transition dance and a 
second controls the distance at which bees change from a 
transition dance to a waggle dance. Further evidence for a 
strong genetic component to the dialects of the dance 
language comes from artificial mixed-species colonies. 
When the Eastern hive bee (A. cernnri) is adopted into 


colonies of the Western honeybee (A. melliferd) and bees 
of both species are trained to forage at the same food 
source, they perform very different dances. 

Regulation of Queen Number in Fire Ants 

One of the most fundamental aspects of the social structure 
of an insect colony is the number of queens. Ancestral 
populations of the invasive fire ant species Solenopsis invicta 
are native to Argentina and are all monogynous - they have 
one queen. These colonies defend a territory around their 
nest and are intolerant of foragers or queens from other 
nests. This means that densities of nests within their natural 
range are quite low. But where fire ants have been 
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Figure 4 Dance dialects of the honeybee. The form of the communication dance of the honeybee varies with the distance of the 
goal from the hive. Rinderer and Beaman (1995) showed that the distance at which the dance form changes is influenced by two 
unlinked genes. As yet these genes have not been identified at the molecular level. 


introduced, they are often highly invasive and develop very 
dense populations. One of the key behavioral changes in 
these invasive forms is a transition to polygyny — the 
presence of many queens in the nest. This transition has 
multiple effects including tolerance of queens from other 
nests joining a nest, lack of a defended territory around the 
nest, much smaller queens, and colony reproduction by 
colony budding rather than by independent colony found¬ 
ing by a single queen. In the United States, the monogy- 
nous form and a polygynous form coexist across a broad 
area of the South East. 

Amazingly, it seems likely that this fundamental differ¬ 
ence in colony reproductive behavior is controlled by a 
single gene - Gp-9 or ‘general protein band 9’ after the 
serendipitous discovery of its effects during routine gel 
electrophoresis for population genetic studies. Gp-9 codes 
a protein that is most likely a pheromone-binding protein; 
and it has some startling effects on the social organization 
of fire ant colonies. 

There are two major alleles of Gp-9, B and b. The B allele 
differs from the b allele by eight amino acid substitutions 
within the coding regions. The b allele appears to be a 
recent mutation that appeared in the United States within 
the last 50 years. The b allele is completely absent from 
monogyne populations, whereas in polygyne populations 
all reproductive queens are Bb. BB queens are heavier than 

queens, are able to found colonies on their own, and have 
greater rates of oogenesis - the key requirements of the 
monogyne life history, bb queens are so feeble that they 
never reach reproductive age. queens are of intermediate 
weight and cannot found colonies on their own. When they 
disperse, they must join existing nests of the polygyne race 
or form a new colony with a group of workers and queens 
from their own nest (Figure 5). 


An interesting sideline to the Gp-9 story is that in the 
polygynous form, all queens are Bb. This situation arises 
because bb queens never reach reproductive age and BB 
queens are killed, mainly by Bb workers. Bb workers recog¬ 
nize BB queens by their smell. If a BB queen is rubbed on a 
Bb worker, the worker is killed by other workers. Thus, b is a 
selfish genetic element that promotes its own spread by 
eliminating reproductive individuals that do not carry a 
copy of b. Gp-9 is perhaps the only good example of a so- 
called ‘green beard’ gene. A green beard gene was nicely 
described by Richard Dawkins as being an allele that causes 
a recognizable phenotype in its bearer (such as a green 
beard or in this case a smell), while at the same time causing 
bearers to enhance the welfare of other bearers of that allele. 

Why does the b allele not drive the B allele to extinc¬ 
tion in polygyne populations? There are two reasons. 
First, bb queens rarely if ever reproduce. This favors the 
B allele present in the successful heterozygous queens. 
Second, because polygyne colonies are so inbred, many 
of their males have low fertility. Therefore ^-carrying 
males from the monogynous population often mate with 
queens from the polygyne population, maintaining the 
B allele at a high frequency in the polygyne population. 

Conclusion 

The field of behavioral genetics of social insects has come 
a long way since the first realizations 20 years ago that 
particular worker subfamilies are overrepresented in task 
groups like the guards and undertakers of a honeybee 
colony. Scientists now know that this task specialization 
has a genetic component. GTS is not, as was sometimes 
thought, an artifact of beekeeping or mere noise in a 
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Figure 5 The invasive form of the red fire ant has multi-queen nests, whereas ancestral populations have one queen per nest. 
This fundamental difference in social organization is determined by a single gene Gp-9. Queens that are BB are large and found 
single-queen nests. Bb queens are of intermediate size and form multiqueen nests. Adapted from deHeer (2002) with permission 


system that is primarily environmentally mediated, but 
apparently an essential component of the task allocation 
system in some insect species with large complex colonies. 
Regions of the genome that contain genes that influence 
the likelihood that a worker will engage in a particular 
task and therefore determine her likely task specializa¬ 
tion have been mapped. The as-yet unidentified task- 
influencing genes within these genomic regions have mul¬ 
tiple pleiotropic and epistatic effects, and the effects of 
each individual gene are quite small, accounting for less 
than 10% of total phenotypic variance. Thus, dissecting 
and understanding how these genes affect individual- 
level, let alone colony-level, behavior is challenging. 

See also: Developmental Plasticity; Division of Labor; Kin 
Recognition and Genetics; Kin Selection and Related¬ 
ness; Recognition Systems in the Social Insects; Social 
Recognition. 
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Social Learning Strategies 

The plagiarizing student who unwittingly copies a poor 
or incorrect answer provides a vivid illustration of an 
extremely general problem currently attracting interest 
within social learning research. Copying others can be 
cheap. Copying avoids the cost of prolonged study ses¬ 
sions, but copying can also be risky, if the copied material 
turns out to be of poor quality. Something similar to this 
trade-off between cost and quality faces humans and other 
animals on a daily basis. In any novel situation, should one 
rely solely on one’s own experience, working out and the 
best thing do to through trial-and-error? Or is it better 
to take the advice of others, and imitate more experienced 
individuals to get quick and easy results? What about 
combining individual and social learning? Which learning 
algorithms, known as social learning strategies , are most 
efficient for gaining knowledge in a challenging and 
changing world? Which learning strategies are actually 
used in nature? Such questions motivate research into 
social learning strategies. 

Historically, many scientists have assumed that indivi¬ 
duals should rely on social learning whenever they can. 
Individual learning, it is often assumed, is costly because 
of the risk of making errors. At best, such errors represent 
a waste of time; at worst they could mean death if, for 
example, an individual happens to be learning about pre¬ 
dators or about processing potentially toxic foods. Copy¬ 
ing, in contrast, has the advantage that individuals need 
not incur such potential costs; imitating others offers 
tried-and-tested answers to life’s challenges. However, 
intuitive though the argument that there is always an 
advantage to copying may be, theory has repeatedly estab¬ 
lished that it is flawed. Copying others per se is not a 
recipe for success, because environments change and 
individuals or populations move thus exposing themselves 
to different environmental conditions. Accordingly, it is 
imperative to check whether behavior is appropriate in 
the current conditions. As the environment changes or 
there is migration between spatially variable environ¬ 
ments, behavior will become increasingly detached from 
the optimal. Consequently, if everyone always copied, no- 
one would be checking whether copied behavior is opti¬ 
mal under present conditions. 

A famous example of the failure of reliance on socially 
learned behavior under changed circumstances is the 
Norse attempt to colonize Greenland, beginning around 
AD 1000. The Greenland colony ultimately failed 


because the colonists persisted in trying to raise cattle 
for food, a socially transmitted norm in their original 
society. Although cattle farming had been adaptive in 
the Norse’s Scandinavian homeland, it failed miserably 
in the harsher environment of Greenland, and the 
colonists starved. 

Humans have spread from East Africa around the 
globe, colonizing an extraordinary range of environments 
and exhibiting incredible population growth. We often 
attribute this success to the human capacity for social 
learning and cultural transmission. However, theoretical 
models suggest that in a changing or spatially variable 
environment, blindly copying the behavior of others does 
not increase the mean fitness of a population and would 
not lead to either ecological success or population growth. 
This contradiction, between the theoretical finding that 
social learning does not increase mean fitness and the self- 
apparent utility of culture, is known as ‘Roger’s paradox,’ 
after Alan Rogers, who first framed the problem. 

The way out of Rogers’ paradox is to recognize that 
individuals must use social learning selectively. Both 
mathematical analyses and experimental findings reveal 
that some balance of social and asocial learning is neces¬ 
sary for organisms to track a changing world. Because our 
ancestors and those of other animal species would have 
faced the problem of balancing reliance on personally 
acquired and social information over millions of years, 
selection ought to have fashioned specific sets of evolved 
rules, known as social learning strategies , that specify both 
when individuals will learn from others and from whom 
they will learn. 

Obviously, the adoption of social learning strategies 
would require neither that individuals be aware that 
they are following a strategy, nor that they understand 
why such strategies may work. Nor does it matter whether 
strategies are adopted as a consequence of evolved psy¬ 
chological mechanisms, learning, culture, or some combi¬ 
nation of processes. In any case, strategies can be studied 
productively by assuming that very simple genetic sys¬ 
tems control them. The rules governing when individuals 
engage in social learning will profoundly affect both how 
socially transmitted information flows through popula¬ 
tions and the manner in which cultures and traditions 
change over time. 

Until recently, social learning strategies had received 
comparatively little attention. Instead, researchers ex¬ 
pended considerable effort exploring the psychological 
processes that underlie social learning, amassing extensive 
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data banks describing the diffusion of innovations, and 
mapping geographical variation in the socially transmit¬ 
ted behaviors of many species. In other words, students of 
social learning concentrated on how and where questions; 
that is, on identifying the psychological mechanisms (e.g., 
imitation, local enhancement, response facilitation) and in 
which species different types of social learning occur. 
Comparatively little attempt was made to investigate the 
nature of the strategies adopted by animals that engage in 
social learning. Thus, the contexts in which individuals 
copy others, the when and who questions about social 
learning, remained relatively unexplored. 

The term social learning strategies was coined deliberately, 
in an attempt to equate evolved learning rules with the kind 
of ‘strategies’ subject to analysis by evolutionary game 
theory. Indeed, some theoretical investigations of the use 
of social learning are based on such theory, and some 
strategies are reported to be evolutionarily stable strategies 
(ESSs) (see Glossary). However, only a small proportion of 
plausible strategies have been subjected to theoretical anal¬ 
ysis. The fitness consequences of alternative social learning 
strategies can be evaluated by pitting a range of strategies 
that combine asocial and social learning against one 
another in evolutionary models (e.g., see http://www.inter 
cult.su.se / cultaptation / tournament.php). 

A further attractive feature of the developing body of 
theory is that it can be tested empirically, potentially 
allowing a close interplay between formal and experimen¬ 
tal analyses. There is thus scope for a large experimental 
research program investigating what animals, including 
humans, actually do when confronted with the choice 
between using social learning and figuring things out for 
themselves. Do individuals of various species copy the 
behavior of others when they are uncertain how to solve 
a problem? Do they copy others when it is easy to do so 
and learn asocially only when social information is not 
available? Or, is social learning a last resort when asocial 
learning has failed? If individuals do copy, how do they 
decide whom to copy? Do they copy the dominant indi¬ 
vidual, the most successful individual, the majority, their 
parents, their closest social associates, or some other indi¬ 
vidual? Do these strategies change across populations and 
species, within populations over time, or during individ¬ 
ual ontogeny (most young children show strong propen¬ 
sities to imitate their parents, but this often changes when 
they become teenagers). 

While some strategies have received theoretical atten¬ 
tion (e.g., ‘copy when individual learning is costly,’ ‘copy 
high-status individuals,’ ‘copy when uncertain’) and some 
have also received experimental support, confirming evi¬ 
dence exists only for a tiny portion of the vast hypotheti¬ 
cal set of possible strategies. Consequently, researchers 
can claim to have only the crudest understanding of the 
evolved rules underlying when social learning is used and 
who serves as a model. Here we summarize the principal 


theoretical findings in this developing field. While we 
concentrate on mathematical analyses, we also indicate 
where theory has received empirical support. 

Laland distinguished two classes of social learning 
strategy, ‘when’ strategies, which dictate the circum¬ 
stances under which individuals copy others, and ‘who’ 
strategies, which specify from whom individuals learn. 
Some of the most commonly considered ‘when’ and 
‘who’ strategies are listed in Table 1. 

‘Who’ strategies have been further subdivided into 
different kinds of context biases: ‘model-based biases,’ 
where individuals copy models that possess specific 
properties, such as success or prestige; and ‘frequency- 
dependent biases,’ where individuals adopt traits accord¬ 
ing to their commonness or rarity (see Figure 1). In 
contrast, content biases reflect the likelihood that a 
naive individual will acquire a particular idea, belief, or 
behavior (i.e., content) as a result of interacting with an 
individual expressing it. Some beliefs, ideas, or behaviors 
may simply be more readily acquired than others. 


Table 1 Social learning strategies 
‘When’ strategies 

Copy when established behavior is unproductive 

Copy when asocial learning is costly 

Copy when uncertain 

‘Who’ Strategies 

Copy the majority 

Copy if rare 

Copy successful individuals 
Copy if better 
Copy if dissatisfied 
Copy good social learners 
Copy kin 
Copy ‘friends’ 

Copy older individuals 

Reproduced from Laland KN (2004) Social learning strategies. 
Learning and Behavior 32: 4-14. 


Social learning 
heuristics and biases 


Content Context 


Model-based biases Frequency-dependent biases 


Prestige Success Similarity Others Conformity Rarity 

Figure 1 Psychological biases in social learning. Reproduced 
from Henrich J and McElreath R (2003) The evolution of cultural 
evolution. Evolutionary Anthropology 12: 123-135. 




















262 Social Learning: Theory 


When to Copy 

Copy When Asocial Learning Is Costly 

The errors that are an inevitable consequence of trial-and- 
error learning often make individual learning costly. 
Potential costs include injury, sickness, predation, and 
lost opportunity costs that involve loss of time or energy 
that could be allocated to other important tasks. When 
these costs are substantial, they may outweigh the risk that 
social information might be incorrect. Both common sense 
and theoretical analyses indicate that natural selection 
should favor increasing reliance upon social information 
as the costs associated with individual learning increase. 
Boyd and Richerson’s ‘costly information hypothesis’ pro¬ 
poses an evolutionary trade-off between individually 
acquiring accurate but costly information and socially 
acquiring less accurate but cheap information. When 
information is too costly to acquire by trial-and-error, 
individuals should use relatively cheap information that 
can be extracted from others even if there is a risk that that 
information might be wrong. 

Although the costly information hypothesis emphasizes 
the costs of acquiring personal information, the same 
reasoning holds with respect to the costs of using personal 
information. While several studies have produced data 
consistent with this hypothesis, in fish, monkeys, and 
humans, attempts to test it directly have generated ambig¬ 
uous results. Nonetheless, this strategy is probably one of 
best supported empirically. 

When asocial learning is associated with significant 
costs or social learning is associated with substantial bene¬ 
fits, doing what others do may be adaptive for an individual, 
even if the population’s behavior is suboptimal. In game 
theoretical terms, arbitrary and even maladaptive traditions 
may emerge as Nash equilibria (see Glossary) if each 
individual is reinforced for doing what others are doing, 
or penalized for breaking a social convention. For instance, 
Laland and Williams found in the laboratory that guppies 
will swim an energetically costly long route to food when a 
short route is available, provided that their social group use 
the long rather than the short route. Solitary fish learn to 
take the short route very quickly compared to fish in a shoal 
that has a tradition of taking the long route. 

If the environment is considered the sole source of 
reward, it is difficult to explain why fish in shoals 
taking the long route should take longer than solitary 
fish to adopt the short route. However, with due recog¬ 
nition of the rewards of the social environment (in this 
case, the benefits of aggregation for defense against 
predators) and the costs of asocial learning (an elevated 
risk of predation for individuals leaving a shoal), it 
becomes possible to envisage animal traditions that are 
inherently self-perpetuating. Giraldeau et al. discuss a 
number of similar cases where maladaptive behavior 


may spread when individuals base decisions on the 
prior decisions of others. 

Although, a strategy of copying when asocial learning is 
costly can lead to suboptimal behavior spreading through 
a population. This does not mean that the capability for 
social learning is maladaptive. Rather, the occasional 
transmission and acquisition of maladaptive information 
is an unavoidable by-product of a largely adaptive system 
for acquiring information. 

Copy When Uncertain 

Many people have had the experience of looking around 
them when in an unfamiliar place or situation in the hope 
of finding clues concerning what to do next in the behav¬ 
ior of others. Boyd and Richerson have considered the 
adaptive advantages of such use of social learning in 
uncertain situations in varying environments, using a the¬ 
oretical model. They assume that individuals have to 
make decisions as to which of two habitats they are in 
and then choose the behavior appropriate to that habitat. 
Behavior 1 is appropriate in habitat 1, behavior 2 in habi¬ 
tat 2, and performing the appropriate behavior results 
in an increase in fitness. Through individual learning, 
individuals acquire information as to the true state of 
the environment, which is represented by a normally 
distributed variable ( x ). The mean of x is the true state 
of the environment (—M or M for habitats 1 and 2, 
respectively), while the standard deviation of x represents 
the quality, or reliability, of this individually acquired 
information. In the model, individuals have an inherited 
property, d, which represents their threshold of confi¬ 
dence in v, the information that they acquired individu¬ 
ally as to the state of the environment. If x < —d or x> d, 
individuals are certain about the state of the environment 
(habitat 1 in the first case, and habitat 2 in the second), 
and rely on their individually acquired information to 
choose their behavior. However, if -d < x < d, then 
individuals are uncertain as to which habitat they are 
in, and use social learning to choose their behavior, 
copying the behavior of a randomly selected individual. 
In the model, d is free to evolve, with increasing d repre¬ 
senting increasing reliance on social learning. Boyd and 
Richerson found that no matter how variable the envi¬ 
ronment, reducing the reliability of the cue x by increas¬ 
ing its standard deviation selected for an increase in d, and 
thus produced an increased reliance on social learning. 

Considerable empirical evidence supports the predic¬ 
tion that animals use social information when they 
lack reliable prior knowledge of a situation and ignore 
social information when they have such knowledge. For 
instance, nine-spined sticklebacks rely on personal expe¬ 
rience when it is reliable, but switch to copying when 
asocial information is either unreliable or outdated. 
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Further, guppies that were provided with only social 
information and that lacked relevant personal information 
fed at a food source indicated by conspecifics, while those 
with relevant personal information ignored the social cues. 
In a study, using rats as subjects, animals were made sick by 
injection after eating foods containing either two unfamil¬ 
iar flavors (resulting in uncertainty as to which flavor 
caused their sickness) or a single unfamiliar flavor (result¬ 
ing in certainty that a flavor caused their sickness). When 
subsequently allowed to interact with a demonstrator rat 
that had eaten a diet with one of the flavors and then given 
a choice between two foods, each containing one of the 
flavors, rats in the uncertain condition ate more of the 
demonstrated food than rats in the certain condition. 

Copy if Better 

Another intuitively attractive and potentially important 
strategy is copy-if-better. Here a focal individual will copy 
the behavior of others if those others are receiving higher 
payoffs than the focal individual is currently receiving. In 
a game-theoretic model of social learning in an environ¬ 
ment where a number of behavior patterns are possible 
and each behavior has a unique payoff associated with it, 
Schlag found that a copy-if-better strategy is highly effec¬ 
tive. However, Schlag also found that the copy-if-better 
strategy can result in poor payoffs if there are ‘risky’ 
behaviors that return a very high payoff with relatively 
low probability and otherwise return a very low payoff. In 
this case, observing a high payoff and subsequently 
switching to the behavior that produces it will, with 
very high probability result in a very low payoff. Schlag 
shows that under such conditions, always copying indivi¬ 
duals that are reaping greater returns can lead an entire 
population to choose the alternative with the lowest 
expected payoff. The conditions are not unrealistic. For 
example, engaging in a life of crime returns a very high 
payoff with a relatively low probability and a very low 
payoff otherwise. 

A rule superior to copy-if-better is one requiring focal 
individuals to copy an individual that is performing better 
than they are with a probability proportional to how much 
better the potential model is performing. This version of 
the copy-if-better strategy, which might be called copy-in- 
proportion , always leads a population to payoff-maximizing 
behaviors. Schlag found that this learning strategy has a 
hill-climbing quality that allows individuals over repeated 
bouts of copying to hone in on the optimal behavior. 

Much of recent human culture is cumulative, charac¬ 
terized by the ratchet effect , an increase over time in the 
complexity or efficiency of socially transmitted behaviors. 
Intrinsic to the ratchet effect is the ability to make a 
judgment as to whether a novel solution to a problem is 
superior to an established behavior. Humans, deciding 


whether to adopt a behavior exhibited by others, can 
ascertain whether the behavior of another individual is 
more profitable than their own, and can judge how much 
better an alternative is. Recent theory suggests that cumu¬ 
lative culture is possible only in organisms that similarly 
filter cultural variants. Consequently, a copy-if-better type 
of strategy may be crucial to human cultural evolution. 

There exists relatively little empirical evidence 
concerning whether animals other than humans are capa¬ 
ble of copy-if-better However, one recent study reported 
copying in accordance with Schlag’s proportional obser¬ 
vation rule in nine-spined sticklebacks. We would expect 
copy-if-better strategies to have evolved multiple times, 
as Schag’s analysis suggests that they would be selected for 
under a broad range of conditions. 

Copy When Dissatisfied 

x4 rule of copy-when-dissatisfied is also highly effective, 
since that this rule has the same hill-climbing property 
as copy-in-proportion. Under copy-if-dissatisfied, an indivi¬ 
dual’s satisfaction is linearly related to the size of the 
payoff for its current behavior. The individual either 
retains its current behavior or copies the action of a 
randomly chosen demonstrator with a probability deter¬ 
mined by its current level of satisfaction. Because copy-if- 
dissatisfied does not require individuals either to assess the 
rewards that a demonstrator is receiving or to make judg¬ 
ments concerning the relative value of rewards for alter¬ 
native behaviors, it is potentially simple to implement. 
However, such a rule depends heavily on the relationship 
between payoff and satisfaction, which will vary across 
environments. In circumstances where a small proportion 
of behavior patterns are highly profitable, individuals that 
are too easily satisfied will tend not to copy and will miss 
out on high rewards. Conversely, in low-quality environ¬ 
ments, where all behaviors give low returns (e.g., in a 
drought), individuals could become hard to satisfy, and 
continually engage in random copying, with its inherent 
risks of getting out-dated information. 

Galef reports experimental findings that suggest rats 
sometimes use a copy-when-dissatisfied rule. In one experi¬ 
ment, Galef manipulated rats’ satisfaction with their diet, 
placing them for 1 week on either an unpalatable, low- 
calorie diet that required increased handling time to 
maintain their health (‘dissatisfied’ condition), or a palat¬ 
able, relatively high-calorie diet (‘satisfied’ condition). 
Then he exposed subjects for 30 min to a demonstrator 
rat carrying cues on the breath indicating whether it had 
eaten either a marjoram- or anise-flavored diet. In the 
following 24 h, subjects were allowed to choose between 
the two diets. Consistent with the theoretical predictions, 
dissatisfied rats ate more of the food that their demonstra¬ 
tor had eaten than did satisfied rats. 




264 Social Learning: Theory 


Is Copying a First or Last Recourse? 

Enquist et al. proposed a critical-social-learner strategy 
that, in effect, reverses copy - when - uncerta in and copy-when- 
dissatisfied strategies. Individuals using the critical-social- 
learner strategy are assumed to copy first, and to rely on 
trial-and-error learning only if copying fails to produce 
satisfactory outcomes. Enquist et al. show that the critical- 
social-learner strategy is always superior to pure social 
learning and typically has higher fitness than pure indi¬ 
vidual learning. Critical social learning is an ESS unless 
cultural transmission has low fidelity, the environment is 
highly variable, or social learning is much more costly than 
individual learning. 

Enquist et al. also explored the relative merits of critical- 
social-learner and conditional-social-learner strategies. The 
latter refers to strategies that, like copy-when-dissatisfied ., 
try individual learning first and switch to social learning 
only if individual learning fails to provide satisfactory 
rewards. Because dissatisfied individuals abandon behav¬ 
ior with low rewards to copy other individuals that 
have retained behavior with high reward, like copy-when- 
dissatisfied , conditional social learning generates and main¬ 
tains adaptive behavior in a population. A population of 
conditional-social-learners cannot be invaded by critical- 
social-learners if the cost of individual learning is suffi¬ 
ciently small, while conditional-social-learners cannot invade 
a population of critical-social-learners if individual learning 
is sufficiently costly, because conditional social learners 
pay too great a cost upfront. Enquist et al. find that the 
critical-social-learner is a superior strategy to conditional 
social learner over a broader range of conditions. 

Enquist findings are consistent with the hypothesis 
that social learning should be tried first when a behavior 
is either too costly or too complex to be invented by a 
single individual, a condition that applies to much of 
human culture. However, copying first may not be best 
in highly variable environments, where asocial learning is 
a more effective first recourse, or in cases where asocial 
learning is very cheap. Enquist’s analysis suggests the 
interesting possibility that social learning strategies may 
be better characterized as specifying when social learning 
is not to be used than when it is. 

Who Strategies 

Copy the Majority 

One recent theoretical analysis suggests that if natural 
selection favors reliance on social learning, in most cir¬ 
cumstances natural selection will also favor conformity. 
Here, conformity refers to positive frequency-dependent 
social learning, which occurs when the probability of 
acquiring a trait increases disproportionately with the 
number of demonstrators performing it. Boyd and 


Richerson (and their collaborators) have consistently em¬ 
phasized conformist transmission as an important mecha¬ 
nism for cultural evolution in humans, stressing the 
evidence for conformity found in the literature of social 
psychology, and emphasizing the theoretical finding that 
conformity is favored by selection over a broad range of 
conditions. If conformity is broadly favored, then much 
animal social learning should also involve individuals 
adopting the behavior of the majority, that is, deploying a 
copy-the-majority strategy. 

Boyd and Richerson’s emphasis on conformity has been 
criticized by other cultural evolutionists, whose analyses 
reveal that conformity can hinder cumulative cultural evo¬ 
lution, and as a consequence, would be selected against in 
many circumstances. Because the majority would always be 
exhibiting a familiar behavior, innovations could never be 
socially learned by population members. These differences 
of opinion have yet to be resolved, but relate in part to 
different assumptions about patterns of environmental var¬ 
iation, and the cumulative or noncumulative nature of 
cultural change. In simple terms, spatial variation promotes 
conformity, while temporal variation mitigates it. The 
extent to which conformist transmission biases direct 
human cultural change is yet to be established. 

In the main, the literature on animal social learning 
provides only indirect evidence of conformity. Several 
studies, in fish and rats, report an increase in the rate of 
social learning with an increase in the proportion of 
demonstrators performing a target behavior. However, 
this correlation provides only weak evidence for confor¬ 
mity. Day and colleagues found evidence for conformity 
in a series of experiments investigating how shoal size 
affects foraging efficiency in fish. Hidden food was pre¬ 
sented to shoals of guppies, and in open water, large shoals 
were found to locate food faster than small shoals, consis¬ 
tent with similar findings in other fishes. But when fish 
had to swim through a hole in an opaque maze partition to 
get to a food source, the opposite result was found - 
smaller shoals located food faster than larger shoals. The 
seemingly conflicting findings in these two studies make 
sense in the light of the observation that guppies have a 
preference to join large over small shoals, which implies 
that individuals ought to be more willing to leave smaller 
than larger shoals. Swimming through an opaque parti¬ 
tion to locate food involved breaking visual contact with, 
and hence effectively leaving, a shoal. Under such circum¬ 
stances, conformity results in greater reluctance to 
acquire a novel behavior in large than in small shoals. 
An identical experiment, but using a transparent partition, 
found that individuals in large shoals once again locate the 
food faster than those in small shoals. Here visual contact 
between fish was maintained, so fish passing through the 
transparent partition behaved as if they were not leaving 
the shoal, and the social transmission of foraging informa¬ 
tion was not hindered by conformity. 
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There is also evidence of conformity in an experi¬ 
mental study investigating the spread of alternative tool¬ 
using techniques by foraging chimpanzees. Unobserved 
by group mates, the experimenters first trained a high- 
ranking female from each of two groups of captive chim¬ 
panzees to adopt one of two different techniques for 
obtaining food from the same apparatus, then reintro¬ 
duced each female to her respective group. All but two 
of 32 chimpanzees mastered the new technique under the 
influence of their local expert, whereas none did so in a 
third population into which no trained expert was intro¬ 
duced. Most chimpanzees adopted the method seeded in 
their group, and these traditions were maintained over 
time. A conformity bias was shown by a few chimpanzees 
that discovered the alternative method for themselves, 
but nevertheless continued to use predominantly the 
approach used by others of their group. 

Copy the Successful 

In Schlag’s game theoretical analyses a copy-if-better strat¬ 
egy outperforms a copy-the-most-successful-behavior strategy 
when information concerning the success of others is unre¬ 
liable and noisy. In spite of this, there is empirical support 
for copying the most successful individual. Following ear¬ 
lier work by Boyd and Richerson, Henrich and Gil-White 
proposed that the evolution of a copy-the-successful strategy 
could explain the formation of prestige hierarchies, since 
highly skilled and, presumably, successful individuals will 
attract a lot of attention as individuals from whom it would 
be worthwhile learning. Individuals adopting this copy- 
the-successful strategy may be selected to pay deference 
to successful individuals in exchange for preferred access 
to and assistance in learning. Such deference benefits 
may take many forms, some of which may also be seen in 
animals, including coalition support, gifts, and caring for 
offspring. 

Eventually, deference behavior itself may become a 
reliable cue as to which individuals possess adaptive 
knowledge, and so we might expect the use of a strategy 
we might call copy-the-prestigious. Such a strategy would 
tend to resemble copy-the-successful , but would base deci¬ 
sions on deference or prestige cues rather than on direct 
payoff cues. Some evidence for copy-the-successful comes 
from studies of quail. These authors found that, in a two- 
action test, where an observer bird watches a demonstra¬ 
tor either stepping on or pecking at a treadle, the observer 
will only imitate the demonstrator if it observes the dem¬ 
onstrator being rewarded for its actions. 

There is also some evidence for the use of indirect 
cues, as predicted for copy-the-prestigious, from work on 
chickens. Hens were more likely to direct pecks at operant 
keys, following demonstration by a dominant hen than by 
a subordinate hen. Hypothesizing that dominant hens 
may have better foraging success than subordinate birds, 


in a follow-up study, the foraging success of demonstrator 
hens was directly manipulated. However, this manipula¬ 
tion did not affect the learning success of observer birds. 
Thus, it appears that hens are sensitive to indirect cues of 
success, such as social dominance, but not to direct payoff 
cues, quite the opposite of the quail. 

Summary 

It is still early days in the study of social learning strate¬ 
gies, and further research is necessary to acquire a full 
understanding of how and when acquired social informa¬ 
tion should be (in theory), and is (in practice) used. 
Current theory suggests the utility of several social 
learning strategies that specify when individuals should 
copy others and whom they should copy. Empirical find¬ 
ings suggest that animals use several ‘when’ strategies, 
particularly copy - when -asocial-learn ing- is - costly, copy-when- 
uncertain, and copy - when-dissatisfied. However, in many 
cases, there is ambiguity as to the precise strategy ani¬ 
mals are employing, and use of such strategies may be 
both condition and context specific. Support for use of 
‘who’ strategies is comparatively weak, and even the well- 
established copy-the-majority strategy remains contentious. 
Of course, there is no reason why organisms should 
employ any single strategy all the time, unless there are 
cognitive constraints preventing facultative use of differ¬ 
ent strategies in different circumstances. Humans may use 
all the strategies that we have discussed and may decide, 
whether consciously or unconsciously, which strategies 
to use depending on the context. Animals may also have 
such abilities. 

See also: Apes: Social Learning; Avian Social Learning; 
Culture; Cultural Inheritance of Signals; Development, 
Evolution and Behavior; Fish Social Learning; Group 
Foraging; Imitation: Cognitive Implications; Innovation in 
Animals; Insect Social Learning; Mammalian Social 
Learning: Non-Primates; Monkeys and Prosimians: So¬ 
cial Learning; Social Cognition and Theory of Mind; 
Social Information Use; Vocal Learning. 
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Introduction and Definitions 

Social recognition is the glue that structures social groups 
because it allows animals to adjust their behavior so they 
act differently to group members than to nonmembers. 
Social recognition can be divided between individual rec¬ 
ognition and classification recognition. In individual re¬ 
cognition (often termed familiarity in the mammalian 
literature), animals in a population learn distinctive phe¬ 
notypes of each of the other animals in the group and use 
this information to shape social interactions. Classification 
recognition comes in a variety forms. Most relevant to this 
article is phenotype matching, in which learned pheno¬ 
types of members of a kin or social group are later used to 
classify the kinship or group membership of previously 
unmet animals. Other types of classificatory processes in 
social interactions involve identification of important fea¬ 
tures of interactants such as gender, age, and dominance 
status, and use of that information in social interactions. 

Kin Recognition 

How does kinship fit into this picture of social recogni¬ 
tion? Discrimination of kin from nonkin is critical in 
avoiding inbred matings and in allocating kin-directed 
aid-giving behavior in populations. In many species (and 
nearly all eusocial insects, birds, and mammals), early 
development occurs in association with close kin, and 
therefore individual recognition or phenotype matching 
abilities formed during early development often coincide 
with kin recognition. 

Have recognition mechanisms evolved to facilitate 
kinship-biased behavior? Or, are kinship biases coinciden¬ 
tal by-products of recognition of associates? In either case, 
interpretations of field observations of interactions among 
conspecifics are always better informed if the genetic 
relatedness between the animals is known, and if the 
level of the animals’ ability to identify kin is understood. 

Kin recognition can be the ability to classify close kin 
versus nonkin, or it may be the ability to make distinctions 
among kin on the basis of the degree of relatedness. 
Discriminating kin from nonkin allows differential behav¬ 
ior toward family members, avoidance of inbreeding with 
closely related animals, and possible modulation of terri¬ 
torial or aggressive interactions to avoid injury to close 
relatives. Discriminations among kin on the basis of the 
degree of relatedness facilitate both optimal outbreeding 
and behavioral choices among possible recipients of aid 


(nepotism). Classification of close kin versus nonkin is 
widespread and is known to occur in virtually all animal 
phyla. Demonstrations of the ability to make distinctions 
among animals on the basis of degree of relatedness are 
less common. 

Nestmate recognition in eusocial insects is related to 
kin recognition. This is the ability of eusocial insects 
to discriminate members of their social group from non¬ 
members. Typically, but not always, members of a euso¬ 
cial insect colony are genealogically related; if eusocial 
nestmates are related, then nestmate recognition func¬ 
tions as a form of kin recognition. As with kin recognition, 
nestmate recognition usually relies on learned recogni¬ 
tion cues through phenotype matching (Figure 1). 

Kin and nestmate recognition provide a basis for kin 
selection because of the strong correlation between asso¬ 
ciation and kinship experienced by most young animals. 
While not perfect, and certainly susceptible to deception 
and parasitism, this correlation is robust enough to sup¬ 
port inbreeding avoidance and kin-directed behavior in 
most animal populations. 

Individual Recognition 

Individual recognition (familiarity) is the key form of 
recognition in many vertebrate societies. This is the abil¬ 
ity to identify key individuals in a population as distinct 
entities on the basis of unique phenotypic characteristics. 
Surprisingly, this type of recognition is poorly investi¬ 
gated, so we have little knowledge of how many indivi¬ 
duals can be distinguished, the contexts in which the 
information is used, and the interaction between individ¬ 
ual recognition and kin selection. The limited information 
in this article on individual recognition reflects the need 
for more studies of this important mechanism. 

Individual recognition is, obviously, useful when ani¬ 
mals encounter members of their population that they 
have previously met. One common example of individual 
recognition is the dear neighbor phenomenon, in which 
territorial animals display lower levels of aggression to 
familiar neighbors. After adjacent territory-holders estab¬ 
lish a behavioral relationship, reduced displays or aggres¬ 
sion saves time, energy, and reduces the risk of injury. 
Dear enemy relationships are known in ants, fish, lizards, 
mammals, and birds. These findings support the existence 
of individual recognition as a widespread mechanism. 

Human experiences as social animals emphasize the 
importance of individual recognition. Humans do an 
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Figure 1 Discrimination of nestmates from non-nestmates in 
eusocial insects often results in fights to death. These stingless 
bees, Trigona fulviventris, from two different colonies have 
grasped one another and the encounter will end with both of their 
deaths, rather than a release of the grip. These violent outcomes 
insure that marauding workers cannot recruit overwhelming 
numbers of robbers to a target colony. 

immense amount of classification in social interactions 
with previously unmet individuals (age, gender, race, 
social status as suggested by clothing and appearance, for 
example), but ultimately rely on individual recognition to 
structure social interactions. There is little or no evidence 
for phenotype matching as a mechanism in social recog¬ 
nition in humans; kin-structured human behavior related 
to aid-giving and inbreeding avoidance is centered around 
individual recognition. Only naive investigators would 
expect that complex social vertebrate societies function 
in less sophisticated ways. 

Other Types of Classification 

Many animals make classifications of group members 
(gender, age, social status, and so on), but careful exami¬ 
nation of the literature that relates social recognition and 
classification to social behavior shows that investigators 
are often lax in clearly distinguishing among the types of 
social recognition. Investigators are also lax in distin¬ 
guishing the effects on social structure of gender, age, or 
status classification versus individual recognition or phe¬ 
notype matching. 


group. In turn, this means that the most common metric 
in behavioral observations or bioassays for social recogni¬ 
tion is a measure of tolerance or intolerance. Intolerance 
is typically expressed as aggression toward the nongroup 
member or territorial interloper. If field data suggest that 
animals in a social group are able to discriminate kin 
from nonkin, then typically the next experimental steps 
are an attempt to identify the phenotypes used to make the 
discrimination and to assess the degree to which pheno¬ 
typic differences reflect genotypic differences. These 
results give the investigator the tools to test whether kin¬ 
ship (or group membership) is assessed as a yes/no classi¬ 
fication, or whether a gradation of behavioral responses, 
correlated with the degree of relatedness between the 
animals, is present. Key here is the kin selection hypothesis 
that territorial animals should be less likely to engage in 
injurious combat with closely related neighbors than with 
unrelated neighbors. Less commonly, aggregation, avoid¬ 
ance of interactions, or spacing behavior based on recog¬ 
nition of neighboring animals is used as evidence for social 
recognition. 

The second most common metric is the direction of 
nepotism, or aid-giving behavior. Tests often focus on 
alarm signaling; the hypothesis is that signals are directed 
to benefit close relatives. Other types of aid-giving behavior 
that form the basis for kin selection hypotheses, and con¬ 
sequently require kin recognition, include herd or school 
structure, social facilitation of food discovery, and coopera¬ 
tion in nest construction. A major focus in studies of euso¬ 
cial insects has been kin-biased rearing of reproductives. 

A final important measure of social recognition is the 
ability of animals to avoid inbred matings. This may be 
the context in which fine distinctions based on the degree 
of relatedness are most important. Optimal outbreeding 
models postulate that the best matings are between ani¬ 
mals that share a third-degree (cousin) or fourth-degree 
genealogical relationship. (Degree of relationship is 
counted by links in the genealogy required to go from one 
individual to another. In diplodiploid organisms, third- 
degree relatives share 12.5% of their genes, on average, 
by descent.) This type of mating maintains advantageous 
genetic combinations while avoiding a high probability of 
deleterious effects from exposure of lethal recessives. If 
optimal outbreeding is important, then distinctions between 
sibs and cousins becomes a critical issue in social recogni¬ 
tion. Kin recognition is the key to adjusting mating prefer¬ 
ences if an animal gains from an optimally outbred mating. 


Types of Evidence for Social 
Recognition 

The most common context in which social recognition is 
expressed is exclusion of nonmembers from a social group 
or from a territory held by the animal or by a social 


History 

Intense interest in kin recognition as a mechanism was 
sparked by Hamilton’s theories of kin selection, published 
in 1964. Hamilton’s work caused behavioral biologists to 
realize that kinship could be key to social interactions and 
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that studies of social interactions were greatly enhanced 
by the knowledge about the genealogical relationships 
within a population. Behavioral field studies in the 1970s 
and 1980s were often augmented by the use of isozyme 
markers to trace genealogies or to allow calculation of 
relatedness. In the last two decades, DNA markers, par¬ 
ticularly microsatellites, have supplanted isozymes as the 
analytical tool of choice for assessing relatedness among 
individuals. 

In parallel with the use of DNA techniques in field 
studies, a bevy of laboratory studies addressed the issue of 
whether animals could make kin-based discriminations. 
Behavioral biologists were slow to credit a broad range of 
non-human animals with the ability to learn individual 
identities, and the relative importance of individual rec¬ 
ognition, as opposed to classification recognition, is still 
unclear, particularly across the evolutionary diversity of 
vertebrates. 

Nestmate recognition in eusocial insects, which is 
often treated as a form of kin recognition, had caught 
the attention of biologists in the nineteenth century and 
was the subject of formal studies early in the twentieth 
century. When the importance of Hamilton’s theories 
became apparent, nestmate recognition in eusocial insects 
became a fertile ground for exploration of discrimination 
abilities, identification of cues, and association of genetic 
data with behavioral data on discriminations. 

Some investigators have questioned the importance of 
kin recognition as a mechanism or even of kin selection, 
but these arguments have had the general effect of causing 
experimenters to be more careful about their definitions 
and their interpretations, rather than causing an abandon¬ 
ment of either concept. Kin selection is so firmly 
grounded in evolutionary theory that it remains an 
important pillar of our understanding of evolution. 

Theory 

Phenotype Matching 

Phenotype matching is important, because it allows differ¬ 
ential behavior toward previously unmet animals. Because 
phenotype matching nearly always employs information 
learned from relatives for discriminations, these behav¬ 
ioral decisions are consistent with kin selection. 

Usually, the phenotypes used in phenotype matching 
are called cues, rather than signals, because there is some 
question as to whether evolution has shaped the pheno¬ 
type for its communicatory function. An animal making a 
recognitive decision compares the cues presented by the 
other animal with an internal expectation of what a rela¬ 
tive looks/smells/sounds like. This internal expectation is 
called a template. Phenotype matching is the ability to 
learn the phenotypes of surrounding animals and to use 
that information to classify previously unmet animals. 


The typical pattern is for phenotypic learning to occur 
early in development, when the surrounding animals are 
littermates and parents. This makes phenotype matching, 
on a functional level, a kind of kin recognition. 

The concept of phenotype matching was developed in 
parallel in studies of eusocial insects and rodents, during 
the 1970s and 1980s. The basic format for phenotype 
matching is that an animal learns a template of pheno¬ 
typic cues by assessing associated animals. It then com¬ 
pares newly met animals with that template and makes 
behavioral decisions based on the degree of match to the 
template. Key questions in studies of phenotype matching 
include: how durable over time is the template? Is one 
template formed, or is it possible to have multiple tem¬ 
plates for different behavioral contexts? What animals are 
used as referents in template formation? How important 
is self-reference in the formation of the template? What is 
the threshold for matching the template when a behav¬ 
ioral decision is made, and can the threshold vary with 
either the type of behavioral decision or with ecological/ 
physiological context in which the decision is made? 

Degree of Relatedness 

An interesting theme that emerges in both the amphibian 
and rodent literatures is the ability to make discrimina¬ 
tions between full-sibs and half-sibs. Experiments with 
amphibia have tested the ability of tadpoles to associate 
with close relatives in schools. Most, but not all, amphib¬ 
ian species prefer to associate with full-sibs over half-sibs 
when given the choice and to associate with half-sibs over 
unrelated tadpoles given that choice. 

Greenberg published a landmark study of sweat bees 
(.Lasioglossum zephyrum) in 1979. It is commonly thought 
that he showed that sweat bees could discriminate among 
nestmates on the basis of the degree of genetic related¬ 
ness. This is not true. Greenberg used a bioassay with a 
dichotomous result; pairs of bees were either mutually 
tolerant or were intolerant and fought. Bees above a 
threshold of similarity were not attacked and bees below 
that threshold were attacked. The cues used in the dis¬ 
criminations are genetically correlated, so that related 
bees were more likely to be above the threshold. This 
result does not show, as many authors citing Greenberg’s 
work have claimed, a gradation of responses correlated 
with relatedness, or that the bees are able to make dis¬ 
tinctions based on degree of relatedness. 

Familiarity and Individual Recognition 

Many studies of phenotype matching, particularly those 
of rodents, treat familiarity, or individual recognition, as a 
potential experimental confound. Experiments must be 
carefully designed to control for the possible effects of 
familiarity. This approach has led to a wealth of solid 
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studies which convincingly show the importance of phe¬ 
notype matching in populations in which related animals 
may not have previously met. As pointed out earlier, 
though, the focus on phenotype matching as a mechanism 
has caused investigators to underplay the importance of 
individual recognition in structuring social interactions 
within groups. 

Recognition Alleles 

Could animals carry alleles that confer both a recognition 
phenotype and the ability to recognize that phenotype? 
This is a powerful, but generally unsupported, alternative 
hypothesis to phenotype matching. Strong genetic lin¬ 
kages between pheromone production and perception 
are known for various insect sex pheromones and for 
perception of auditory signals by crickets. Such linkages 
are quite effective for signal recognition when the signal is 
highly stereotyped and where the goal of the receiver of 
the signal is to parse a specific signal from a noisy back¬ 
ground. No convincing model for this type of mechanism 
in social recognition has been presented, nor have studies 
uncovered empirical evidence for recognition alleles. 

Threshold Models 

Phenotypic cues for recognition are typically continu¬ 
ously distributed, meaning that if the animal is to make 
a categorical decision (is a member of my social group/is 
not a member), then there must be a decision threshold 
for the level of cue match with the template. Above this 
threshold (closer match to the template), the interactant is 
perceived as a group member, and below the threshold, it 
is rejected as a nonmember. Errors can occur in classifica¬ 
tion that are analogous to Type I and Type II statistical 
errors; members may be erroneously classified as non¬ 
members, or nonmembers as members. Each type of error 
carries potential costs for the social group, and the thresh¬ 
old may be set over evolutionary time to optimize the 
balance between these costs. 

In many species, the costs of recognition errors may vary 
within the lifetimes of individuals. For example, the poten¬ 
tial cost of admitting a foreign worker into a eusocial insect 
colony may be low if food is abundant, but high if food is 
scarce. Facultative adjustments of recognition thresholds 
probably form the basis for complex seasonal changes in 
social interactions in a wide variety of organisms. 

Uniqueness and Redundancy 

How are enough unique phenotypes generated to differ¬ 
entiate social groups in a population, or individuals in a 
social group? This is a nontrivial question, as stabilizing 
and directional selection typically reduce phenotypic diversity, 
rather than acting to increase diversity. The major 


histocompatibility loci (MHC), which are deeply rooted 
in the animal phylogeny, are a compelling exception to this 
evolutionary principle, and it is no coincidence that kin 
recognition is associated with MHC variation in many 
animals (see section ‘Vertebrates’). But other sorts of phe¬ 
notypes, such as vocalizations, the stripes of the zebra, and 
human faces, also show substantial variation. 

Phenotypic variation can accumulate by neutral sub¬ 
stitution, which works when phenotypic variation in one 
dimension does not affect the functional value of other 
phenotypic dimensions. Intuitively, this is apparent if we 
consider human facial structure: variations in facial 
appearance facilitate individual recognition but, within a 
fairly broad range, do not affect functions such as chew¬ 
ing, breathing, or vision. Hydrocarbons appear to be neu¬ 
trally substituted on the surface of eusocial insects: 
variation in hydrocarbon proportions among families in 
populations allows identification but does not disrupt the 
waterproofing role of the hydrocarbons. 

Particularly in mammals, recognition information is 
presented in redundant modalities. Visual, vocal, and 
odor cues may all convey the same information about 
the identity or group membership of an animal. Redun¬ 
dancy serves two purposes. First, it allows for recognition 
in a variety of environmental contexts; absence of light 
is not a complete barrier to recognition, for example. 
Second, if each type of cue produces some level of uncer¬ 
tainty about identity, application of redundant cue types 
to the identification dramatically reduces the uncertainty. 
If visual cues yield a 90% certainty of identification, and 
olfactory cues also yield 90% certainty, then the two taken 
together will give 99% certainty. 

Notable Examples 

Clonal Recognition in Anemones 

Sea anemones compete for space on rocks or large shells, 
engaging in territorial battles using their stinging cells. 
Because asexual reproduction by fission is common in 
anemones, adjacent anemones are likely to be clonemates. 
Aggression is reduced or absent among clonemates, and 
intense between unrelated anemones. This self/nonself 
recognition system seems to function analogously to the 
vertebrate MHC system: internal identification of tissues 
is extended to an external phenotype that shapes aggres¬ 
sive interactions. 

Vertebrates 

A fascinating thread that runs through the vertebrate kin 
recognition literature is in the intimate linkage between 
MHC variation and recognition phenotypes. This associ¬ 
ation between MHC and recognition draws an obvious 
inference that the recognition of self extends from the 
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internal immune identification of tissue and organs to the 
external environment. Given this inference, it is unsur¬ 
prising that MHC differences among animals correlate 
with urinary odorants. 

Young salmonid fish swim in schools that are predomi¬ 
nantly full sibs. Later in life, territorial interactions among 
adults can occur between highly related fish that have 
settled on adjacent territories. The cues used in maintain¬ 
ing sib associations are MHC related. The prevailing 
argument in studies of these fish is that MHC-related 
phenotype matching allows territorial fish to modulate 
their aggression to close relatives, resulting in inclusive 
fitness benefits to the fish. 

One of the earliest areas of exploration of kin associa¬ 
tions was schooling tadpoles. Larvae of many species of 
amphibia, including frogs, toads, and salamanders, prefer¬ 
entially school with close kin. The underlying ecological 
and evolutionary benefit of kin schooling in amphibia has 
been elusive. As in salmonid fish, kin associations may 
lead to modulation of competitive interactions among 
related animals. Alternatively, kin selection benefits from 
shared vigilance and predation risk may be important. In 
salamanders that develop cannibalistic morphs under 
food deprivation, cannibals avoid consuming close rela¬ 
tives. This is a clear example of kin recognition facilitating 
a kin-selected evolutionary response. 

Rodent studies, using a wide variety of species, have 
provided key clues to the mechanisms and function of 
social recognition in mammals. Classic studies in mice 
link the cues used in phenotypic matching to the MHC 
complex. Mice that differ only at MHC loci can be 
discriminated using phenotypic matching mechanisms. 
Generally speaking, rodents show strong abilities to dis¬ 
criminate kin from nonkin using phenotype matching. This 
ability is important as many rodent populations may 
contain previously unmet close relatives; both nepotistic 
(aid-giving) and mating decisions can reflect information 
concerning kinship. Enough is known about rodent kin 
recognition to reveal that expression of phenotype match¬ 
ing as a source of kinship information in behavioral deci¬ 
sions is very much affected by life history. A 2003 review of 
rodent kin recognition by Mateo shows that while recogni¬ 
tion by familiarity (presumably individual recognition) is 
nearly universal in rodents, phenotypic matching is more 
restricted. Hypothetically, phenotype matching is used 
by those species the life histories of which are likely to 
bring previously unmet relatives together (Figure 2). 

Human social biology is largely structured around 
individual recognition and classification. Familial similar¬ 
ity, at least in visual cues, provides at best weak evidence 
of relatedness, with the notable exception of monozygotic 
twins. The hypothesis that kin information, including 
possible phenotypic matching, operates at subconscious 
levels and shapes human social interactions is relatively 
unexplored. 



Figure 2 Mammals, such as this coati (Nasua narica), often 
have variable color patterns that might be used in making 
individual discriminations within social groups. Their highly 
developed olfactory senses could provide a platform for social 
recognition, as well. While individual recognition is often 
assumed with mammalian social groups, rigorous tests of this 
hypothesis are only available for a few species. 


Unlike all of the other animals discussed in this article, 
birds appear not to use olfactory information in social 
recognition. Studies of cooperatively breeding and com¬ 
munally nesting birds demonstrate that social recognition 
via distinctive calls, such as the contact call of the long¬ 
tailed tit, carry individually distinctive information that 
can be learned. Thus, kin are identified by association, but 
as yet there is no evidence for kin recognition by pheno¬ 
typic matching in birds. 


Eusocial Insects 

Nestmate recognition in eusocial insects usually relies 
on phenotype matching. Colony-specific cues are learned 
by young workers and that information is used in social 
interactions, particularly in excluding nonnestmates from 
the colony. Transfers among colonies of larvae or newly 
emerged adults are usually fully tolerated, suggesting that 
the cues are acquired from the surrounding environment 
rather than distinct productions of each worker. A key 
early finding was that recognition cues in social wasps are 
usually transmitted among workers via the colony’s nest¬ 
ing material. In honeybees, fatty acids that serve as 
strengtheners in the comb wax give all workers in the 
colony the same odor because of contact of the workers 
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with the comb. Some ants use compound sequestration of 
hydrocarbons in the postpharyngeal gland as a method of 
establishing a colony-level recognition odor. These col¬ 
lective, or gestalt, labels simplify the recognition process 
in colonies that may have hundreds or thousands of 
members. 

In eusocial insects, significant progress has been made 
in identifying the chemical compounds composing the 
recognition phenotype. Numerous studies show that 
young workers learn phenotypes, typically odors, of 
other workers in the colony. Most often the odors are 
metabolic products of the insects themselves; as discussed 
earlier, the products of colony members typically com¬ 
bine to form a colony-level recognition signature. The 
most commonly used compounds are waxy materials 
secreted as waterproofing on the surface of the insect. 
These compounds are typically alkanes, methyalkanes, 
and alkenes, with chain lengths from 21 to 37 carbons. In 
some species, though, odors acquired from the environment 
contribute to nestmate recognition cues. Chemical analyses 
of surface extracts of insects often yield 20 or more com¬ 
pounds, but the presence of a compound does not automat¬ 
ically translate in the use of that compound in recognition. 
Experimental studies suggest that alkanes are used less as 
signals, perhaps because alkanes lack an easily perceived 
functional group or conformational feature. Multivariate 
analyses of gas chromatographic results can easily separate 
colonies, but offer no proof of which compounds are used in 
discriminations by the insects. Bioassays of putative recog¬ 
nition cues have implicated alkenes and methylalkanes (in 
ants and wasps), fatty acids (in honeybees), and macrocyclic 
lactones (in halictid bees) as recognition cues. 

Phenotypic variation among colonies in the relative 
proportion of these compounds (correlated with genotypic 
variation among colonies) provides the information needed 
to make discriminations. In most species, young workers 
learn the phenotype of their colony and use this to make 
nestmate/nonnestmate discriminations. Young workers are 
flexible enough to learn the phenotype of the colony in 
which they emerge, even if they are not genetic members of 
the colony. This extends to an ability to integrate into 
colonies of other species: a mechanism that facilitates 
slave-making in ants and other types of social parasitism. 

A notable exception to the use of odors in nestmate 
recognition is the discovery that some eusocial wasps use 


interindividual variation in surface markings in individual 
recognition and as the basis for social classifications. 

Explorations of differential nepotism within colonies 
have generally yielded negative results. The most intensely 
explored question is whether honeybee queen larvae, 
which may be either full- or half-sisters to the workers 
that tend them, are preferentially treated by full-sisters. 
While some experiments suggest the existence of such 
preferential treatment, others show no such effect. The 
opportunity for differential nepotism exists in many spe¬ 
cies of eusocial insect, either because the colony’s queen 
mates several times, as in the honeybee, or because the 
colony has several queens. Worker policing mechanisms, 
in which competition among worker subgroups counter¬ 
balances possible nepotism, may prevent the emergence 
of measurable nepotistic biases. 

See also: Honeybees; Kin Recognition and Genetics; Kin 
Selection and Relatedness; Marine Invertebrates: Genet¬ 
ics of Colony Recognition; Social Cognition and Theory 
of Mind; Unicolonial Ants: Loss of Colony Identity; 
William Donald Hamilton. 
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Introduction 

Despite the century-and-a-half long whirlwind of dis¬ 
cussion and innovation among evolutionary biologists, 
Darwin’s concept of natural selection is simple. For selec¬ 
tion to occur, there must be some standing variation in 
traits among individuals, and if some individuals with 
particular variants survive better and reproduce more 
than others because of differences in the social or ecolog¬ 
ical environments that they inhabit, we say that they 
are naturally selected. While heredity of successful var¬ 
iants is necessary for evolution to occur, it is not neces¬ 
sary for selection, though many authors stress that for 
trait variation to be subject to natural selection, it should 
also be heritable. As Lewontin pointed out in a classic 
study in 1970, selection can act on genes, but may also act 
on the level of cells, individuals, populations, etc. 

Here, we focus on two types of natural selection that are 
fundamentally related to social behavior: social selection 
and sexual selection. Social selection is selection in the 
context of social interactions for resources, including ter¬ 
ritories, mates, allies, parental care, etc.; it is a class of 
selection that West-Eberhard stressed in a series of impor¬ 
tant works. Sexual selection is a subset of social selection 
originally formulated by Darwin in his 1871 book The 
Descent of Man and Selection- in Relation to Sex. Since then, 
there have been many discussions of the definition of 
sexual selection, but here we take sexual selection to 
mean sex-dependent selection, in keeping with the sim¬ 
plifying and unifying insights of Juan Carranza. In other 
words, sexual selection is nonrandom, differential repro¬ 
ductive success of individuals within a sex, which is usually 
measured as variance in some measure of reproductive 
success. Although this definition emphasizes that the vari¬ 
ation upon which sexual selection acts is within a sex, the 
mechanisms of sexual selection include interactions 
between individuals of different sexes (such as mate choice 
and sexual conflict, see section ‘Mechanisms of Sexual 
Selection’) that lead to within-sex variance in reproductive 
success. 

Social Selection 

Introduction 

West-Eberhard delineated the concept of social selection, 
which extends the framework outlined below for sexual 


selection to other interactions that take place in a social 
context, such as competition for access to resources like 
food, nest sites, and allies (Figure 1). In other words, her 
theory posits that selection favoring the evolution of 
showy traits is a general consequence of sociality, beyond 
the peacock’s tail of sexual selection. These reviews came 
at a time when sexual selection was being resurrected 
from obscurity associated with newer, then more exciting 
questions associated with the neosynthesis, when many 
biologists preferred to ignore sexual selection by posing 
that showy traits evolved as a species recognition mecha¬ 
nism to avoid hybridization. West-Eberhard erected social 
selection theory as an alternative to the species recogni¬ 
tion hypothesis and noted that social selection often pre¬ 
cludes selection on species recognition per se. 

Nonsexual Social Selection 

Although the term ‘social selection’ encompasses Darwin¬ 
ian sexual selection, which we treat separately later, we 
first discuss traits that have likely evolved by social selec¬ 
tion in nonmating contexts. Such traits include monomor- 
phic showiness and bizarre and elaborate offspring, among 
other things. 

Monomorphic showiness 

West-Eberhard explains monomorphic showiness 
(Figure 2), or cases where both males and females are 
showy in the same way, as resulting from social selection. 
Specific cases that she mentions include toucans ( Rham - 
phastos spp.), hummingbirds ( Amazilia spp.), where both 
sexes defend territories, parrots ( Agapornis spp.), jays 
(e.g., Calocitta spp.), stomatopod armor and coloration, 
lemur pelage, and reef fish. She argues that monomorphic 
brightness is expected in species ‘more subject to selection 
(on both sexes) for successful social interaction within 
groups, and less strongly selected (primarily in males) 
for effective courtship.’ 

In the case of monomorphic showiness, the differ¬ 
ence between nonsexual social selection and mutual mate 
choice is that traits evolve in response to selection in 
contexts other than mating, such as territoriality. Socially 
selected traits associated with resources could later become 
selected in a mating context (and vice versa), so differen¬ 
tiating between mutual mate choice and nonsexual social 
selection could prove difficult. Nonetheless, investigators 
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Figure 1 A flow chart illustrating the position of social selection 
and sexual selection within the broader category of natural 
selection. Note that our definition of sexual selection also 
includes abiotic selective pressures and biotic selective 
pressures such as predator prey interactions if they act differently 
on one sex than another. 



Figure 2 Some examples of monomorphically showy 
species, (a) Collared aragari (Pteroglossus t. torquatus), photo by 
P.A. Gowaty. (b) Broad-billed motmot (Electron platyrhynchum 
minor), photo by J.P. Drury, (c) Keel-billed toucan 
(Ramphastos sulfuratus brevicarinatus), photo by J.P. Drury. 


should look carefully at the context in which individuals 
perform social behaviors. 

Bizarre and elaborate juvenile traits 

Parental choice leads to another important case of non- 
sexual social selection: bizarre and elaborate traits of 
juveniles. Coots ( Fulica spp.), for example, are relatively 



Figure 3 An adult coot (Fulica atra) with its brightly colored 
young. The bright coloration in young animals is due to social 
selection for access to parental care. Photo © Bohringer 
Friedrich, licensed under Creative Commons. 


unremarkable as adults, yet coot chicks have bright col¬ 
lars, which influence parents to bias parental care toward 
the more ornamented young (Figure 3). Likewise, 
the natal pelage of dusky leaf monkeys ( Tmchypithecus 
obscurus) and many other primates is bright and conspic¬ 
uous compared with adult pelage, so that natal pelage is 
likely involved in attracting care from alloparents. Other 
similar examples include begging frequencies in birds, 
the sounds some insect larvae make, and the elaborate 
patterns found in avian nestlings’ mouths. 

Other examples and future directions 

West-Eberhard mentioned several other examples of 
selection acting in social contexts such as the evolution 
of eusociality in Hymenopterans, the increased size of the 
human brain, large size in dinosaurs, and the elaborate 
competitive behaviors in insects as having evolved via 
social selection. 

In spite of the high number of citations for West- 
Eberhard’s works on social selection, few investigators 
have attempted to develop further hypotheses about social 
selection. We know of no examples of quantitative models 
of the effects of social selection. Further investigation into 
the role of selection on showy traits in social species, even 
outside of mating contexts, should be a priority for biol¬ 
ogists interested in the evolution of such traits. 


Sexual Selection 

Darwin’s Challenge 

In response to the critics of On the Origin of Species, Darwin 
elaborated his earlier ideas on sexual selection, which 
solved the challenge from his critics who argued that 
natural selection could not explain traits that lowered 
the survival probabilities of their bearers. In ‘Principals 
of Sexual Selection,’ the first chapter of Part II of The 
Descent of Man and Selection in Relation to Sex , Darwin 
defined sexual selection as that type of natural selection 
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that “... depends on the advantage which certain indivi¬ 
duals have over other individuals of the same sex and 
species, in exclusive relation to reproduction.” Darwin 
distinguished sexual selection from natural selection as 
that process which results from some individuals having 
gained a reproductive advantage over other same-sex, 
conspecific individuals, not through different habits of 
life, but from reproductive competition with rivals. The 
definition we employ here, following Juan Carranza, and 
discuss further later, however, does include differences 
arising from habits of life, because sex-dependent selec¬ 
tion encompasses all selection that acts differently on the 
different sexes. We justify our decision further by noting 
that ‘habits of life’ affect variables, such as individuals’ 
survival probabilities or their encounter rates with others 
with whom they may potentially mate, as well as their 
encounter rates with rivals - all variables intimately asso¬ 
ciated with narrow-sense sexual selection. Thus, it seems 
scarcely possible to parse habits of life to those affecting 
only natural or only sexual selection. In practice and in 
life, natural selection and sexual selection may be the 
same thing; thus, our definition of sexual selection as 
within-sex selection is conservative and inclusive. 

The evolution of bizarre and elaborate traits 

In his 1871 volume, Darwin focused mostly on the effects 
of reproductive competition on secondary sexual organs 
and ornaments, sex-limited traits that are not directly 
connected with copulation, spawning, or gamete transfer 
or even secondary sexual characters that he said ‘were not 
directly connected with the act of reproduction: for 
instance in the male possessing certain organs of sense 
or locomotion, of which the female is quite destitute, 
or having them more highly-developed, in that he may 
readily find or reach her; or again, in the male having 
special organs of prehension so as to hold her securely.’ 
Yet, Darwin clearly appreciated that within-sex reproduc¬ 
tive competition could have favored the evolution of such 
traits, including the ones he explicitly set aside from his 
1871 discussion. He clearly knew that ‘contrivances,’ as he 
called them, including especially those related to finding 
mates and, once found, holding on to them, or even the 
variation in copulatory parts (in males of intromittent 
organs and in females sperm storage or sequestration 
organs) could have evolved via sexual selection. He put 
them aside from discussion possibly because further dis¬ 
cussion would confuse his readers, most of whom were 
completely new to the idea of sexual selection. Nonethe¬ 
less, Darwin’s use of the term ‘sexual’ in ‘sexual selection’ 
referred to the within-sex nature of selection occurring 
from ‘within-sex reproductive competition’ and not sim¬ 
ply to sex or copulation. Notably, modern investigators, 
armed with new empirical methodologies and new theo¬ 
retical tools, are not so constrained, and consequently 
they consider as sexually selected many of the organs 


that Darwin would not discuss or was unwilling to label 
as sexually selected. 

Bateman’s Insight 

In 1948, AJ. Bateman published what was to become the 
most cited empirical study in sexual selection. This work 
solidified the view that variation in number of mates 
predicts variance in reproductive success. Setting aside 
for a moment the flaws in Bateman’s methods and con¬ 
clusions, the historical importance of his review cannot be 
set aside because it put the study of sexual selection on a 
more quantitative footing, so that modern scholars associ¬ 
ate sexual selection acting through variation in number of 
mates with within-sex variance in a measure of fitness 
such as fecundity or productivity. However, other reason¬ 
able scenarios for the operation of within-sex selection 
focus on variation in other measures besides number of 
mates, such as the quality of mates. 

Those who emphasize within-sex variation in number 
of mates as the only mechanism of sexual selection make 
the assumption that this very proximal component of 
fitness is strongly correlated, rather than just correlated 
(as it must be) with more distal fitness components. Number 
of mates often is correlated positively with the numbers of 
eggs laid and offspring born, and also, but more weakly 
with the number of offspring surviving to reproductive 
age. The quality of mates is sometimes a better predictor 
of variance in number of offspring surviving to reproduc¬ 
tive age than number of mates. Thus, some investigators 
describe sexual selection more broadly than just variance 
in number of mates (see section ‘Moving Past Narrow- 
Sense Sexual Selection: Modern Insights’). 

Parental Investment and Anisogamy Theory 

In 1972, Robert L. Trivers hypothesized that sexual selec¬ 
tion via numbers of mates variance worked more strongly 
on the sex that provided the least parental investment. His 
argument makes intuitive sense and was that the sex that 
provided the most parental investment (usually females) 
was limited by access to resources for reproduction and 
would experience selection to be choosy about mating as 
mistakes could be very costly. In contrast, the sex providing 
the least parental care (usually males) should experience 
selection to mate with as many potential mates as possible, 
because what limits their reproductive success is access to 
mates. This idea more than any other modern idea fueled 
studies that have provided so much information about the 
lives of non-human animals. It predicted the evolution of 
further sex differences on the basis of existing sex differences 
and led to many studies of narrow-sense sexual selection. 

Similarly, the strong argument of Geoff Parker and 
colleagues explaining the evolution of anisogamy, gametes 
of two different sizes, also published in 1972, contributed 
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importantly to narrow-sense sexual selection. His idea 
was that disruptive selection acted on the normal distri¬ 
bution of ancestral gametes, because of the benefits that 
accrued to very large, resource obtaining gametes and 
very small, but highly active gametes. Parker’s insight 
explained that the sexes are what they are because of the 
size of the gametes they carry. Like Trivers’s idea, anisog- 
amy theory predicted further sex differences on the basis 
of the evolution of pre-existing sex differences. Like Tri¬ 
vers’s idea, it sparked additional interest in narrow-sense 
sexual selection. 

As a result of discussions and investigations fueled 
largely by these two studies, modern investigators rede¬ 
fined sexual selection more narrowly than Darwin; they 
confined their attention to selection favoring sex differ¬ 
ences and almost entirely to fancy traits that are asso¬ 
ciated with within-sex variance in number of mates 
(Figure 4). 

Moving Past Narrow-Sense Sexual Selection: 
Modern Insights 

In attending largely to the bizarre and elaborate traits of 
males in some species, Darwin was responding to his 
critics, but his text points to general principles that extend 



Figure 4 A visual representation of narrow-sense sexual 
selection: the bright, elaborate plumage of the male violaceous 
trogon (Trogon violaceus concinnus) is in full focus, while the 
female remains out of focus in the background. Photo by 
P.A. Gowaty. 


to other traits than those involved in males obtaining 
mates. His discussion included many cases of female traits, 
especially in humans, that he said evolved via male choice. 
Notably, these traits are neither bizarre nor elaborate. 
Narrow-sense sexual selection changed and constrained 
Darwin’s definition (see section ‘Darwin’s Challenge’), 
which invoked within-sex variance in reproductive suc¬ 
cess and did not rely on, but did explain, the existence of 
bizarre and elaborate traits. Nor did Darwin’s ideas rely 
on strict sex differences to create reproductive success 
variance that was sexual selection. 

Two seminal studies began the effort to redefine sexual 
selection as sex-dependent selection. In the mid-1980s, 
William Sutherland published a paper showing that the 
variances in reproductive success reported by Bateman 
could be due entirely to chance. Shortly after that, Steve 
Hubbell and Leslie Johnson described a quantitative 
model of the effects of demographic stochasticity on var¬ 
iances in fitness; they concluded that the opportunity for 
sexual selection should be redefined not as the observed 
variance in fitness but as the residual variance after 
accounting for chance effects on observed fitness var¬ 
iances. Thus, when comparing male and female fitness 
variances, it is important to limit comparisons to residual 
variances after accounting for chance effects on observed 
fitness variances. 

Hubbell and Johnson also showed quantitatively that 
demographic stochasticity plus the existence of potential 
mates of only two qualities (better and worse) could favor 
the evolution of choosy and indiscriminate behavior inde¬ 
pendent of the sex of an individual. Much later, in 2005 
and 2009, Gowaty and Hubbell extended these ideas to 
show that demographic stochasticity plus quality differ¬ 
ences among all potential mates (i.e., if there are say 100 
potential mates, there could be 100 different qualities of 
mates) would favor the evolution of adaptively flexible 
individuals, not sexes. Adaptively flexible individuals are 
those able to modify their reproductive decisions to 
accept or reject potential mates moment-by-moment as 
their social and ecological circumstances change. Gowaty 
and Hubbell’s work suggests that the habits of life of 
individuals can affect the parameter’s associated effects 
on fitness variances. So, if an individual’s encounter rate 
with potentially mating individuals, for example, is 
changed by chance alone or by chance in combination 
with deterministic effects (e.g., selected traits), their quan¬ 
titative model predicts that these individuals will change 
their behavior to enhance their fitness (i.e., individuals are 
adaptively flexible). This model is an alternative hypoth¬ 
esis to narrow-sense view that coyness in females and 
eagerness in males are fixed, genetic traits. Thus, if indi¬ 
viduals of different sexes have different habits of life, 
within-sex fitness variances may differ. This could happen 
if individuals of different sexes inhabit different envir¬ 
onments, have different life histories, or face different 
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predators or pathogens. Since differences in habits of life 
of individuals of different sexes can affect within-sex var¬ 
iances in fitness, these differences matter in sexual selection. 

Mechanisms of Sexual Selection 

As we emphasized earlier, although sexual selection is 
measured as within-sex variance in reproductive success, 
the mechanisms of sexual selection include behavioral and 
physiological interactions between individuals, whether 
intrasexual or intersexual, that result in within-sex variance 
in some component of fitness. Here, we treat several major 
mechanisms of sexual selection: mate choice, within-sex 
contests, and in a separate section below, sexual conflict. 

Mate Choice 

Although Darwin discussed the efficacy of male choice of 
females, he emphasized female choice as one of the main 
mechanisms of sexual selection favoring the evolution of 
elaborate male traits. Because males can also be choosy, as 
Darwin reported and many recent investigations have also 
borne out, the term ‘mate choice’ is more appropriate. 
Mate choice occurs when a choosing individual assesses 
more than one potential mate and when variation in some 
trait of potential mates influences the chooser’s reproduc¬ 
tive decisions, such as whether or not to copulate, whether 
or not to inseminate or allow insemination, whether or 
not to allow fertilization, or whether or not to invest in 
parental care. 

Selection from the perspective of choosers 

For selection to act on mate assessment, the fitness con¬ 
sequences of choices are what matter. Many biologists 
conceptually divide the fitness consequences of prefer¬ 
ences into ones that arise via the genotype of offspring, 
known as ‘indirect benefits,’ and those that do not, known 
as ‘direct benefits.’ 

Two classical models of indirect (genetic) benefits 
that address the evolution of exaggerated secondary sex¬ 
ual traits are Fisherian runaway selection and Zahavi’s 
handicap principle. R.A. Fisher hypothesized that a ge¬ 
netic correlation between a (male) trait and the (female) 
preference for that trait leads to rapid exaggeration of 
that trait. Selection on such correlated traits is such that 
over many generations, selection should ‘runaway’ so 
that the trait would become more and more exaggerated 
until countered by selection in another context. The 
fitness benefit that choosing individuals obtain is pre¬ 
dicted to be offspring that produce the exaggerated trait 
(sexy sons) and are thus more likely themselves to obtain 
high reproductive success. The other classical model, 
known as ‘Zahavi’s handicap principle,’ posits that 


exaggerated secondary sexual traits act as indicators of 
mate quality, since only high-quality mates will be able 
to develop an exaggerated trait in the face of the survival 
costs that they entail. In other words, individuals are 
handicapped by these traits such that they become 
potentially honest signals of some aspect of mate quality. 
Thus, individuals who choose mates with an exaggerated 
trait will pass on this quality to their offspring. The exact 
genetic underpinnings of the exaggerated traits in these 
two models are rarely explicitly examined, nor does the 
quality of the assumed choosing individuals - usually 
females in these models - get mentioned. 

Indirect benefits to choice do not require that a sec¬ 
ondary sexual trait be involved. Individuals can choose 
mates based on the presence or absence of certain alleles 
in the potential mate. These alleles may be of an addi¬ 
tive effect, acting regardless of the composition of the 
chooser’s genome, or of a nonadditive effect, where their 
effects are dependent on the alleles present in the 
choosing individual. One oft-cited example of this class 
of benefit to choice is that of choice for alleles involved in 
immunity. This famous hypothesis by W.D. Hamilton and 
Marlene Zuk posits that individuals choose mates such 
that they confer specific alleles against specific diseases to 
their offspring. 

Selection from the perspective of potential mates 

Selection should favor traits in potential mates that 
increase the probability of being accepted by an opposite- 
sex individual. Signals may evolve in this context, as can 
other traits, such as qualities associated with an increased 
probability of encountering potential mates, metabolic 
efficiency, or parenting. 

One set of adaptations among potential mates includes 
traits that manipulate choosing individuals by exploitation 
of pre-existing sensory biases, or sensory traps. Examples 
of sensory traps include bees (Xylocopa spp.) with sex 
pheromones mimicking floral odors, characid (Corynopoma 
riisei) males with appendages resembling a small prey 
insect that they wave in front of females prior to copula¬ 
tion, and guppy (Poecilia reticulata) females preferring 
females of the color of a common food source. 

The handicap principle (see section ‘Selection from 
the Perspective of Choosers’) also suggests an important 
selective pressure on potential mates. Namely, there should 
be selection for individuals to recognize and adjust the 
development of a trait to the highest degree of exaggera¬ 
tion possible, such that the indicator trait becomes a 
potentially honest signal of some index of quality. Selec¬ 
tion should favor individuals able to maximize the signal 
without suffering survival costs. 

Finally, selection should favor those individuals who 
maximize contributions that confer direct fitness benefits 
choosers, such as nuptial gifts, parental care, territory, etc. 
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It takes two: thinking beyond the classical 
framework 

Perhaps as an artifact of thinking of females as coy and 
males eager, theoretical treatment of mate choice makes 
the assumption that the chooser is for the most part 
critical of potential mates; that is, will reproduce only 
with those few mates that have some agreeable trait, and 
the potential mate is indiscriminate; that is, will mate with 
any choosing individual that deems him/her acceptable. 
As recently suggested by Gowaty and Hubbell, if we move 
beyond an imagined sex difference and imagine instead 
that both individuals in a mate choice interaction are both 
assessing each other as potential mates, while simulta¬ 
neously being assessed, other opportunities for selection 
to act become clearer to investigators. 

One example of such an extension of mate choice 
theory would be a re-examination the genetic models 
that are often employed that focus on the alleles of poten¬ 
tial mates. These good gene models posit that alleles of 
additive effect present in potential mates somehow benefit 
the choosing individuals, yet they do not address how the 
presence or absence of this additive allele in the chooser 
will influence reproductive decisions. Nor do these mod¬ 
els offer solutions for alleles of nonadditive effect, where 
the alleles present in the potential mate act differently 
depending on other alleles of the gene or genes in ques¬ 
tion. Thus, future theoretical and empirical work on the 
genetic benefits of mate choice should incorporate an 
understanding of the underlying genotypes of both choo¬ 
sers and potential mates. 

According to the choosy-chooser and indiscriminate- 
other logic, classical models assume that in all pairings 
that in fact occur, both individuals accept one another. 
There are other possible dyadic interactions, however, 
including situations where the female accepts and the 
male rejects, where the male accepts and the female 
rejects, and where both individuals reject each other. 
Social and ecological constraints on mating decisions 
occur such that individuals may reproduce with indivi¬ 
duals that they do not prefer. 

The timing of choice 

As stated earlier, mate choice occurs whenever an indi¬ 
vidual assesses the relative benefits of reproducing with 
one versus another mate. These initial reproductive deci¬ 
sions likely affect subsequent decisions. For example, pre¬ 
touching mate assessments likely affect the cascade of 
reproductive decisions that follow, such as how long to 
copulate, what components besides sperm to ejaculate, 
what sperm females should save, store, use, sequester, 
or kill, and what resources parents should contribute to 
eggs, zygotes, neonates, and juveniles. With the general 
definition of mate choice, it is possible for mate choice 
to happen at many points during a mating encounter: 


prior to copulation, during or after copulation and prior 
to insemination, after insemination, and even after birth. 

Within-Sex Contests 

Same-sex interactions include dominance interactions 
that can control access to mates, access to breeding 
resources, or even access to nonbreeding resources that 
might later affect an individual’s competitiveness relative 
to reproduction. Such dominance interactions can be 
subtle and hard to observe such as those that occur 
through pheromonal signaling. Or, dominance interac¬ 
tions can be dramatic such as same-sex fights prior to, 
during, or even after the mating and reproductive seasons. 
These interactions are subject to sexual selection, because 
they create variance in reproductive success. 

Same-sex fights 

Most commonly, investigators report fights between 
males. x\ggressive and dramatic male-male fights occur 
in many animals including mammals, birds, and snakes. In 
some cases, it has been relatively easy to attribute these 
fights to competition over access to females, or competi¬ 
tion over resources that males can later broker to females 
in mating negotiations. Some experimental studies in 
birds, such as those in eastern bluebirds, Sialia sialis , 
have demonstrated that male-male aggression is tempo¬ 
rally variable occurring most reliably during the breeding 
season only when males are guarding females from the 
possibility of mating with other males. Thus, male-male 
fights are most dramatic on the territories of males whose 
social mate is fertile, nearing, or in laying. These fights 
defend a male’s genetic paternity, and may have a pro¬ 
found effect on a given male’s reproductive success, so 
that these fights no doubt contribute in the end to vari¬ 
ance in male reproductive success. 

Fights also occur between females, but female-female 
fights are reported less frequently than fights among 
males, which might be because females are less notice¬ 
able than males or because fights between females occur 
less frequently. In contrast, females commonly compete 
through dominance interactions, something that Sarah 
Blaffer Hrdy’s 1981 book The Woman That Never Evolved 
emphasized. Hrdy’s book is a broad review of non-human 
primates, and one of its central points was that these 
females compete sometimes ferociously for access to the 
resources they need for reproduction. Her book made it 
clear that female-female fights result in variation in 
reproductive success and even survival of females. Some 
experimental studies in birds, such as those in eastern 
bluebirds, have demonstrated that the ferocious fights 
one often observes in the early stages of nesting attempts 
are most exaggerated during egg laying when females’ 
nests are vulnerable to conspecific nest parasitism, that 
is, the threat that another female will lay eggs in her nest. 
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Same-sex clubs 

Not all variance in within-sex reproductive success needs 
to be the result of antagonistic within-sex interactions; 
sexual selection may result from same-sex affdiative 
behavior, though admission to such same-sex clubs may 
be the result of intense competition. 

One famous example of same-sex clubs is that of 
bonobo females, where nonkin groups maintain affdiative 
interactions. Richard Wrangham posited in 1993 that the 
forward placement of the clitoris in female bonobos and 
their exuberant female-female genital rubbing is a trait 
that mediates the interactions in these same-sex clubs. 
Bonobo females are in charge of access to food and social 
networks, and as such female bonds are an important 
source of sexual selection. 

Other examples of same-sex clubs are leks, where 
many males gather to perform elaborate mating displays, 
groups of same-sex individuals that are aggressive to 
opposite-sex individuals, such as male red-cockaded 
woodpeckers (Picoides borealis) that provoke dispersal of 
female kin, and affdiative same-sex behavior mediated by 
kin selection, such as juveniles that help their parents 
raise future offspring. 

Sperm competition 

In internally fertilizing species where females mate mul¬ 
tiply, intramale competition does not end at copulation. 
The male side of postcopulatory competition involves the 
various mechanisms by which sperm compete with other 
males’ sperm for access to eggs, otherwise known as 
‘sperm competition’. Sperm competition can be either 
passive or active. With passive sperm competition, the 
relative concentration of sperm of males predicts fertiliza¬ 
tion success, thereby selecting for mate-guarding behavior, 
increased testicle size in many mammals, and physiological 
chastity belts such as sperm plugs. With active sperm 
competition, on the other hand, there is some mechanism 
wherein sperm from one male competes with sperm from 
another male by either blocking admission of another 
males’ sperm to the female reproductive tract, killing 
another males’ sperm, or displacing it from sperm storage 
sites inside the female reproductive tract. Active sperm 
competition can be either nonspecific, with mechanisms 
acting whether or not the female being mated has mated 
previously (e.g., apyrene sperm of Lepidopterans as sperm 
that displace previous males’ sperm), or specific, wherein 
mechanisms act only when a female has mated multiply 
(e.g., the killer sperm hypothesis of Baker & Beilis). 

Most work on sperm competition has been carried out 
under the assumption that female reproductive tracts are 
passive playing fields. Since it is now clear that this is not 
true, much further research is needed to illuminate how 
pretouching assessment by females influences the out¬ 
come of sperm competition. 


Sexual Conflict 

Differences in the definitions of sexual conflict reflect the 
goals of investigators. Those interested in patterns of trait 
evolution across taxa, usually say sexual conflict occurs 
when the evolutionary interests of the sexes differ. Others, 
such as Locke Rowe and Goren Arnqvist, who are primar¬ 
ily interested in genomic conflict, say sexual conflict 
occurs when the genetic interests of the sexes conflict. 
Less gene-centric definitions focus additional attention on 
many mechanisms of heredity not just genes. A broader 
definition is more appropriate for those who wish to 
include flexible phenotypes such as behavior. Generally 
speaking, sexual conflict can occur whenever the survival 
or reproductive interests of the sexes are at odds. 

Sexual conflict can occur before copulations; during 
copulation, after insemination; after pair bonding; or over 
compensatory reproduction. A famous example of sexual 
conflict involves a mismatch between paternal and mater¬ 
nal alleles involved with the distribution of resources to 
developing fetuses in humans, leading to ailments such as 
high blood pressure and diabetes in many pregnant 
women. Another example of sexual conflict is a more 
dramatic example of differing fitness interests of males 
and females: infanticide by males. This generally happens 
when females form social groups between which males 
disperse. When a new male arrives to a group, he may 
threaten or kill the suckling infants in the group to bring 
mothers into estrous again. 

Sexually antagonistic selection pressures are the main 
source of sexual conflict. For example, when potential 
mates encounter one another and one individual accepts 
but the other rejects a copulation, sexual conflict occurs. 
There are many opportunities for sexual conflict over 
reproduction, including manipulation of the reproductive 
decisions of one partner by the other, for example, how 
much to allocate to offspring, or how much to compensate 
for offspring viability deficits. How sexual conflict is 
resolved depends on the fitness differentials - what one 
individual may gain and what the other may lose if the 
conflict comes out in one’s favor or not, and of course, also 
on the power differential (size differences, metabolic dif¬ 
ferences, resource or wealth differences) between the 
individuals. These topics all involve reproductive deci¬ 
sions and the behavior of individual females and males. 

Sexual conflict is undoubtedly common, just as sexual 
cooperation is. Quantifying the force and magnitude of 
sexual conflict is conceptually simple. All one needs to 
know is what the relative within-sex, fitness outcomes for 
individuals experiencing a conflict are. In practice, it is a 
bit more difficult. Consider a male and a female who do 
not agree over whether to mate. If the female says ‘no,’ but 
the male says ‘yes’ to a potential copulation, the outcome 
of the conflict is seemingly obvious: if they do not copu¬ 
late, the female ‘wins’; if they do copulate, the male ‘wins.’ 
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But, this is far from the end of the calculations one must 
make to evaluate the fitness outcomes of this single con¬ 
flict. Remember that fitness is relative; and in this case the 
fitness of each individual is relative to other individuals of 
the same sex. Thus, what is needed next is an evaluation of 
how the outcome of the contest affected each individual’s 
fitness relative to others: for the male to other males, and 
for the female to other females. These considerations 
make it clear that sexual conflict is a mechanism of sexual 
selection. In other words, we should not ask the question 
‘Are males who force copulation upon females “winning” 
in a coevolutionary sense?’ but rather ‘Do males who force 
copulation have higher fitness than males who do not 
force copulate?’ and ‘Do females who are able to resist 
forced copulation have higher fitness than those females 
who are unable to resist it?’ 

Sexually antagonistic selection pressures can result, 
but not necessarily, in sexually antagonistic alleles (alleles 
that confer a positive fitness effect to one sex and a 
negative fitness effect to the other); yet, sexually antago¬ 
nistic selection pressures - whether due to ecological 
forces, social forces, or genomic forces, will result in 
fitness variation among individuals. The recent book by 
Locke Rowe and Goren Arnqvist describes current schol¬ 
arship on sexually antagonistic genes. 

See also: Aggression and Territoriality; Bateman’s Prin¬ 
ciples: Original Experiment and Modern Data For and 
Against; Compensation in Reproduction; Cryptic Female 
Choice; Differential Allocation; Flexible Mate Choice; 
Forced or Aggressively Coerced Copulation; Helpers and 
Reproductive Behavior in Birds and Mammals; Infanticide; 
Invertebrates: The Inside Story of Post-Insemination, Pre- 
Fertilization Reproductive Interactions; Kin Selection and 
Relatedness; Levels of Selection; Mate Choice in Males 
and Females; Maternal Effects on Behavior; Monogamy 
and Extra-Pair Parentage; Pair-Bonding, Mating Systems 
and Hormones; Parasites and Sexual Selection; Sex 


Change in Reef Fishes: Behavior and Physiology; Sperm 
Competition. 
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Introduction 

Sociogenomics is the study of social life at the molecular 
level. This field seeks to characterize the molecular 
mechanisms that regulate both the production and evolu¬ 
tion of social behavior, including the molecular pathways 
that are influenced by social information, and thereby 
adjust the behavior of organisms to their social context. 

Animals perform many activities during the course of 
their lives to survive and reproduce: they find food and 
mates; defend themselves; and in many cases, care for 
their offspring or other relatives. These activities become 
‘social’ when they involve interactions among members of 
the same species in a way that influences immediate or 
future behavior. 

Unlike behavioral genomics and neurogenomics, 
sociogenomics focuses primarily on the genes regulating 
the behavior of animals that live in social groups. Further¬ 
more, a key feature is that many sociogenomic studies are 
performed in an ecologically relevant context, in order to 
be able to understand how the social environment influ¬ 
ences behavior and related molecular processes in the 
brain. Studies of ‘model social’ species have become 
increasingly feasible because of the development of new 
high-throughput sequencing and functional genomics 
techniques. However, the focus on animals that live in 
social groups is not exclusive, because it is thought that 
many behaviors performed by solitary animals provide 
the substrates for the evolution of social behavior. Thus, 
a great deal of information can be gained by understand¬ 
ing the molecular pathways that regulate basic behaviors 
such as courtship, mating, foraging, and aggression in 
species with mostly solitary lifestyles. 

This article begins by outlining general issues, mecha¬ 
nistic and evolutionary, associated with sociogenomics. 
This is followed by select examples of sociogenomic stud¬ 
ies to give the reader a sense of the current status of the 
field. The article ends by outlining future directions for 
research in sociogenomics. 

Mechanistic Perspectives 

Sociogenomics deals with both mechanistic and evolu¬ 
tionary questions. At the proximate level, the focus is on 
identifying genes that regulate or are associated with 
specific social behaviors. These behaviors can include 


courtship and mating, parental care, nest construction, 
foraging and provisioning of the offspring or communal 
group, dominance hierarchies, and division of labor, in 
which individuals within a group specialize on different 
tasks. The genes involved in these processes can function 
at the level of an individual cell (i.e., an olfactory receptor 
in a sensory neuron), a neural network (a neuropeptide 
that alters response thresholds), physiology (a gene 
involved in regulating metabolic processes), development 
(a particular gland or sensory structure), or in more than 
one of these contexts. 

From a mechanistic standpoint, genes associated with 
social behavior fall into two broad categories. First, social 
information can lead to changes in behavior by causing 
changes in gene expression patterns, particularly in the 
brain. These ‘socially responsive’ molecular pathways are 
exquisitely tuned to the social environment and serve to 
change neuromodulatory, neuroendocrine, or physiologi¬ 
cal systems, thereby helping to change the animal’s 
response to new conditions. 

The second category of genes relate to how genetic 
variation between individuals causes differences in social 
behavior. Genetic variation can modify social responsive 
pathways, thereby resulting in differences in how an indi¬ 
vidual will respond to a particular social situation. In 
addition to modulating these acutely responsive pathways, 
genetic variation can also result in changes in develop¬ 
ment, metabolism, and neural circuitry that influence the 
production of social behavior. 

There is also increasing evidence for genotype by 
environment interactions, and the effects of social envi¬ 
ronment can be strikingly different on individuals from 
different genetic backgrounds. Genetic variation between 
individuals also of course forms the basis for evolutionary 
differences in social behavior. 

Evolutionary Perspectives 

Many theories have been developed to explain the evolu¬ 
tion of social behavior, especially the most altruistic forms 
that involve strong differences in reproductive success 
between members of social groups. These theories include 
kin selection , mutualism , reciprocal altruism and other 
cost-benefit analyses of group living. Identification of the 
genes and molecular pathways that regulate the produc¬ 
tion of various types of altruistic behaviors should 
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eventually help ascertain the likelihood that specific the¬ 
ories pertain to the evolution of a particular social system. 

From an evolutionary standpoint, one line of inquiry is 
how much and what type of genetic variation is necessary 
for the evolution of social behavior from solitary systems, 
including the evolution of new genes or new functions for 
conserved genes. Similar questions have been addressed 
by the field of evolutionary and developmental biology 
(evo-devo). It is reasonable to assume that similar molec¬ 
ular mechanisms underlie the evolution of morphology, 
physiology, and behavior. 

New genes can evolve to coordinate social behavior. 
The evolution of new genes may be particularly critical 
for detection of species-specific sensory information. For 
example, specific pheromone receptor genes have evolved 
from olfactory receptor genes to detect sex and social 
pheromones in a variety of species. 

It seems likely that for most other central neural or 
physiological processes, existing genes are utilized in 
novel ways, by modifying when, where, and how much 
they are expressed. These ‘toolbox’ genes are functionally 
conserved, but undergo evolutionary changes so that they 
can be utilized in different contexts. On a large scale, 
expression of networks of genes may be modified to shift 
expression of behaviors or physiological states to different 
contexts. Thus, the genes in these networks may remain 
essentially functionally intact, but the signaling pathways 
that activate the networks or the transcriptional factors 
that regulate them may change. 

Two distinct types of genetic changes are involved in 
the modification of existing genes and the evolution of 
new traits. Differences in the nonprotein coding, cis- 
regulatory regions of genes can alter the ability of transcrip¬ 
tional regulators to bind to promoter regions, or change 
the types of transcriptional regulators that can bind. Thus, 
cfr-regulatory mutations can modulate the timing, loca¬ 
tion, and level of expression of the RNA transcripts. In 
addition, mutations in protein-coding regions can struc¬ 
turally alter the resulting protein, causing changes in 
stability, activity, and the ability of the protein to bind to 
ligands or other proteins. 

At this point, it is not clear which type of genetic 
change is a more common or critical driver of evolution¬ 
ary change for animal phenotypes in general, and there 
are many empirical examples of both. Proponents of cis- 
regulatory evolution argue that changes in these regions 
are less likely to cause deleterious pleiotropic effects 
because of the modular nature of transcription factor 
binding sites in the promoters of genes. According to 
this view, new regulatory modules can be added or sub¬ 
tracted without substantially altering existing functions. 
However, proteins can be modular as well, and complete 
domains can be included or removed by alternative splicing 
Even the addition or deletion of short protein sequences 
can alter a protein’s ability to interact with signaling 


pathways and binding partners in specific cellular con¬ 
texts. Indeed, there is evidence that transcription factors 
themselves are modular and can evolve without deleteri¬ 
ous pleiotropic effects. 

Selected Examples of Sociogenomic 
Studies 

In the following section, we highlight examples of socio¬ 
genomic studies that have identified ‘socially responsive’ 
genes, have shown how variation in gene expression is 
associated with differences in social behavior, or have 
discovered that genetic variation modulates responsive¬ 
ness to social environment. These accounts are by no 
means exhaustive, and the reader is encouraged to consult 
the suggested reading list for more information. 

Regulation of Genes by Social Environment 

Perception of information from the social environment 
can cause changes in brain gene expression and behavior 
on a surprisingly short time scale. Expression of the 
transcription factor early growth response factor 1 ( Egr-1 ; 
also known as Krox 24 , NGFI-A , Zif268 , Tis8, and ZENK) 
is significantly upregulated, within seconds, in the audi¬ 
tory forebrain of male zebra finch songbirds ( Taeniopygia 
guttata) upon hearing novel conspecific songs. But this 
expression is not triggered by hearing familiar songs or 
songs from other species; thus, this gene may be involved 
in priming birds for learning new songs, egr-1 also helps 
orchestrate changes in dominance hierarchies in cichlid 
fish (Astatotilapia burtoni). When the dominant male is 
removed from a group, egr-1 is induced specifically in 
the hypothalamic anterior preoptic area of some subordi¬ 
nate males. This response is tightly associated with the 
perception of new social opportunity; a subordinate male 
assumes dominance within minutes, displaying dramatic 
changes in body coloration and behavior. Many of these 
changes are also associated with upregulation of the gene 
encoding gonadotropin releasing hormone (GnRH). 

Social information also can cause long-term effects on 
brain gene expression and behavior. Differences in mater¬ 
nal care in Norway rats ( Rattus norvegicus) lead to differ¬ 
ential methylation at several locations in the genome, 
including the promoter region of the glucocorticoid receptor 
gene. Increased maternal care leads to increased activity 
of Egr-1 and enhanced binding of this transcription factor 
to the promoter region of the glucocorticoid receptor 
gene. This results in reduced promoter methylation and 
increased glucocorticoid receptor expression, especially 
in the hippocampus of rat pups. The differences in gluco¬ 
corticoid receptor expression lead to altered expression of 
downstream genes involved in mediating responses to 
stress. Individuals reared by mothers that display high 
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levels of maternal care themselves have high glucocorti¬ 
coid receptor expression, even into adulthood. They also 
display reduced anxiety, reduced stress responses, and 
high maternal care, compared to rats reared by mothers 
that show low maternal care. 

There are a growing number of examples in which 
genes involved in behavioral regulation in solitary species 
apparently have been co-opted for use in social species. In 
honeybees {Apis mellifera ), these include genes originally 
discovered in Drosophila melanogaster such as period (a gene 
involved in circadian rhythms) and foraging a gene that 
causes differences in foraging style. Both are involved in 
the regulation of age-related division of labor in honey¬ 
bees, in which bees work in the hive when they are young 
and then shift to foraging outside when they get older. 
Expression differences of period are associated with 
changes in temporal rhythms associated with division of 
labor: round-the-clock activity while taking care of the 
brood in the hive and a stricter diurnal schedule while 
foraging. Expression differences of the foraging gene help 
regulate the age at onset of foraging. Brain expression of 
foraging is higher in foragers than in nurses, just as it is in 
‘rover’ flies, which are more active in food collection than 
‘sitter’ flies. Treatment that upregulates the molecular 
pathway associated with the foraging gene causes preco¬ 
cious foraging in honeybees. 

These examples focus on single genes, but the regula¬ 
tion of social behavior involves the coordinated actions of 
many genes. It is thus no surprise that the responses to 
social stimuli can be massive, involving hundreds or 
thousands of genes and perhaps many different brain 
regions at once. Exposure of worker honeybees to queen 
pheromone changes the expression of hundreds of genes 
in the brain, in a behaviorally relevant manner. Queen 
pheromone slows the transition from hive work to forag¬ 
ing, thus ensuring adequate care of the brood. This occurs 
because queen pheromone downregulates genes that are 
typically upregulated in foragers. In the swordtail fish, Xipho- 
phorus nigrensis , suites of genes are turned on in the brains of 
females as they interact with attractive males, but are off 
when they interact with other females, and vice versa. Indi¬ 
vidual swordtail females that are more ‘choosy’ show a 
stronger genomic response, suggesting a connection between 
individual differences in behavior and gene expression pro¬ 
file. Using transcriptional profiling to study the roots of 
individual differences in social behavior will undoubtedly 
prove to be a fertile line of research in the future. 

Genetic Variation in Genes Regulating Social 
Behavior 

Genetic variation between individuals within a species is 
widespread and has been linked to differences in a broad 
array of social behaviors. Even seemingly minor sequence 
changes in individual genes can have profound impacts on 


gene networks, brain function, and social behavior. 
A mutation in the FoxP2 gene is associated with a disorder 
in speech and language skills in a human family. FoxP2 is 
a transcription factor, and the mutation results in a single 
amino acid change that disrupts the DNA binding ability 
of this protein, thus altering expression of a large number 
of downstream target genes. FoxP2 appears to be asso¬ 
ciated with orofacial movements and thus may be impor¬ 
tant for regulating subtle muscle movements necessary for 
producing language in humans and vocalization in non¬ 
primate species, including mice, zebra finch, and bats. 
Comparison of FoxP2 gene sequences from different spe¬ 
cies reveals that while this gene is generally highly con¬ 
served across mammals, there are much larger differences 
between chimpanzees and humans, and there is evidence 
in humans for a ‘ selective sweep ’ associated with the evolu¬ 
tion of human speech. 

Genetic variation between vole species is associated 
with differences in the activation of specific neural net¬ 
works. Prairie voles (. Microtus ochrogaster) are monogamous 
and engage in extended biparental care, while montane 
voles {Microtus montanus) are promiscuous and do not 
form long-lasting pair bonds, nor do they engage in 
extended biparental care. Sequence variation in the pro¬ 
moter region of the vasopressin receptor gene {VlaR) causes 
differences in where this gene is expressed in the brain 
and in mating preferences. The prairie vole promoter has 
an expanded microsatellite region of ~500 bp compared to 
the montane vole. Transgenic mice expressing a copy of 
the prairie vole VlaR gene (including the promoter region 
with the microsatellite) have similar brain expression 
patterns of VlaR as prairie voles, and infusion of vasopres¬ 
sin increased affiliative behavior in these transgenic mice. 
Similar effects occur in montane voles that are given the 
prairie vole promoter. Based on the location of the expres¬ 
sion differences between prairie and montane voles, one 
hypothesis to explain these differences is that the pattern of 
VlaR expression in monogamous voles results in a tighter 
coupling of‘social memory’ and ‘reward’ circuits, facilitating 
the formation of long-term male-female bonds. However, 
the 500 bp expansion is not perfectly associated with 
monogamous and polygamous behavior across all vole spe¬ 
cies, suggesting that other elements of genetic variation are 
also involved. It will be interesting to see whether they also 
target circuits associated with social memory. 

With genome sequence information becoming increas¬ 
ingly available for model social species, genome-wide 
scans of different populations are being used to search 
for genetic variation that might underlie variation in 
social behavior. This approach has been used to compare 
different subspecies of honeybees, which differ in numer¬ 
ous social traits, including colony defense, foraging, and the 
allocation of resources to (colony-level) somatic growth 
versus reproduction. There is evidence for positive selec¬ 
tion acting on the protein-coding regions of ~10% of 
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all honeybee genes when comparing the infamous ‘killer’ 
bees (the African A. mellifera scutellata subspecies) and more 
temperate evolved subspecies. These provide attractive 
candidates for future research. 

Effects of Genotype-Environment Interactions 
on Social Behavior 

The effects of social environment on brain function and 
social behavior differ among individuals as a result of 
individual genetic variation. Evidence of genotype- 
environment interactions influencing both social behav¬ 
ior and gene expression has been found in studies of the 
fire ant Solenopsis invicta. Fire ants, like honeybees, live in 
colonies with thousands of workers, but while honeybee 
colonies have just a single queen, fire ant colonies can 
have one or more. Variation in queen number has a 
genetic basis in fire ants, and one genetic locus has 
been identified. General Protein 9 (Gp-9) is involved in 
regulating a key aspect of fire ant social organization, 
namely, the treatment of queens by the workers. Queens 
homozygous at the Gp-9 locus ( BB ) are larger and more 
fecund than Bb queens, and BB workers will only accept a 
single BB queen, resulting in one-queen colonies. Bb 
workers will accept multiple Bb queens, resulting in 
larger multiqueen colonies that are ecologically more 
invasive. Cross-fostering showed that BB workers in a 
Bb colony become tolerant of multiple Bb queens, and 
also take on a Bb gene expression profile. It appears that 
worker gene expression profiles are more strongly 
affected by colony genotype than their own genotype. 
In other words, the genotype of the worker population 
determines colony organization, which in turn regulates 
brain expression patterns of the workers. Unfortunately, 
the function of Gp-9 is not clear. There is some sequence 
similarity to odorant binding proteins in other insects, 
but functional analyses have not been performed. 

Another example of a genotype-environment interac¬ 
tion comes from research on rhesus macaques ( Macaca 
mulatto). Levels of serotonin (5-HT) are associated with 
individual differences in behavior, particularly aggression, 
depression, and anxiety in a variety of vertebrate species. 
Both humans and rhesus macaques have two alleles of the 
gene encoding the serotonin transporter (5-HTT) gene, 
which differ in their promoter regions. The ‘short’ allele 
of the human ortholog is associated with reduced expres¬ 
sion of this gene in cell culture studies relative to the 
‘long’ allele, resulting in decreased 5-HT uptake. Rhesus 
macaques that possess the short allele display delayed 
neurobiological development, impaired serotonergic 
functioning, excessive aggression and fearfulness, and 
increased alcohol consumption. However, these traits are 
only displayed when individuals are reared in peer groups, 
without access to their mothers. Peer-group reared 


animals tend to have increased fearfulness and aggression 
into adulthood compared to animals reared with their 
mothers, suggesting that peer-group rearing is a more 
stressful environment. Rearing environment and early 
life experiences strongly interact with genotype, resulting 
in significant differences in adult behavior. Similarly, 
stressful life events were shown in one study to be able 
to predict episodes of depression in human individuals 
possessing the short allele, but not for individuals that 
were homozygous for the long allele. These studies sug¬ 
gest that genotype can ‘buffer’ individuals from envi¬ 
ronmental conditions and vice versa. It is hypothesized 
that genetic variation in the 5-HTT gene may have 
evolutionary significance, by better adapting certain 
individuals to certain types of physical and social 
environments. 


Conclusions and Future Directions 

Sociogenomics is an integrative and multidisciplinary 
field, requiring a synthesis of genetic, physiological, neu¬ 
ral, behavioral, social, and evolutionary information to 
understand social life in molecular terms. Sociogenomics 
is also a very young field, and important challenges 
remain. We highlight a few of them here. 

Systems biology and sociogenomics 

Most studies to date have focused on understanding the 
contributions of individual genes or identifying set of 
genes by microarray analysis. However, genes do not act 
alone, and instead are part of genetic networks. Under¬ 
standing what networks of genes regulate which behaviors 
will allow researchers to better determine how behavior is 
controlled, both mechanistically and evolutionarily. Are 
there specific networks that control certain behaviors? 
How do networks interact? Are correlated behaviors con¬ 
trolled by the same genetic networks? Are there master 
regulators that control multiple behaviors? How plastic 
are these networks? Answering these questions requires 
development of systems biology approaches to social 
behavior. 

How Does Social Behavior Evolve from 
Solitary Behavior? 

An emerging insight is that social behavior often seems to 
arise from modifications of similar behaviors performed 
by individuals in typically solitary species. Will this prove 
to be the dominant trend in social evolution? Are net¬ 
works associated with certain genes more likely to be 
co-opted than others? 
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How Do Genes and Environment Interact 
to Modify Behavior? 

Are the interactions between genes and the environment 
infinitely plastic, or are there evolved mechanisms to 
canalize specific environmental conditions into specific 
behavioral responses? Are there certain types of behavior 
or genetic pathways that are more sensitive to environ¬ 
mental conditions? Addressing these questions will 
require large-scale studies of different types of social 
behaviors in ecologically relevant environmental con¬ 
texts, and a detailed understanding of how the genes 
associated with these behaviors shift expression patterns 
under different conditions. 


How Does Individual Experience Modify 
Gene Expression and Behavior? 

In the context of social behavior, how common is long-term 
modification of gene expression via epigenetic mechan¬ 
isms? Can multiple types of experiences cause long-term 
changes in behavior? If species are ‘primed’ to respond to 
certain experiences in this way, how did this evolve? 

Continued advances in genomic, proteomic, and meta- 
bolomic techniques will make it feasible to study an even 
wider array of species, as well as study the differences 
between populations and individuals within a species. 
This will allow these and other questions to be addressed, 
leading to a deeper understanding of social life in molec¬ 
ular terms. 

See also: Ant, Bee and Wasp Social Evolution; Behavioral 
Ecology and Sociobiology; Caste in Social Insects: 


Genetic Influences Over Caste Determination; Develop¬ 
ment, Evolution and Behavior; Drosophila Behavior 
Genetics; Genes and Genomic Searches; Kin Selection 
and Relatedness; Nasonia Wasp Behavior Genetics; 
Nervous System: Evolution in Relation to Behavior; 
Social Insects: Behavioral Genetics. 
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Introduction 

Binaural processing enables birds to construct auditory 
objects, pull sounds out of the background, and localize 
sound sources. The constraints on these processes gener¬ 
ally reflect the nature of sound in air - ears receive 
direction-dependent signals that vary in timing and loud¬ 
ness at each ear - and are dependent on head size and the 
speed of sound. The central auditory system compares the 
small differences in the signal arrival time (onset, ampli¬ 
tude peaks in the envelope and ongoing phase) and ampli¬ 
tude spectra at the two ears to provide the basis for sound 
source localization. For the reader who wishes to follow up 
on the topics covered here, we recommend the Springer 
Handbook of Auditory Research , volumes 1—14 (edited by 
Richard Fay and Arthur Popper). 

Pressure and Pressure Difference Receivers 

Our views of auditory evolution have been changed by 
Jenny Clack’s discovery that tympanic hearing emerged 
not once, but multiple times among the tetrapods (amphi¬ 
bians, lizards and snakes, turtles, archosaurs and mammals). 
Thus, it can no longer be assumed that avian and mamma¬ 
lian central auditory nuclei are homologous. Rather, each 
group must be regarded as an independent experiment in 
hearing, with the central processing of sound localization 
cues emerging in parallel. This makes the similarities 
between tetrapod groups instructive examples of parallel 
evolution. 

The earliest tetrapods probably heard through some¬ 
thing like bone conduction, only later evolving tympanic 
hearing. Tympanic ears can be divided into two cate¬ 
gories, pressure and pressure difference receivers. Mam¬ 
malian ears are pressure receivers, since the Eustachian 
tubes are usually closed and do not facilitate transmission 
of sound from the contralateral ear. Pressure difference 
ears are found in lizards and frogs, and are linked through 
the mouth by large patent Eustachian tubes. In these ears, 
sounds from each ear interact at the tympanum, produc¬ 
ing a highly directional response at the periphery. Bird 
ears are linked through the interaural canals, a series of 
airspaces that connect the two middle ears. They are 
therefore able to act as pressure difference receivers, at 
least for low-frequency sounds. For higher frequencies, 
bird ears appear to act as pressure receivers, such as 
mammals, because higher frequencies are attenuated by 
transmission through the interaural canal. 


Phylogeny 

Living archosaurs comprise birds (dinosaurs), and their 
sister group, the crocodilians. Archosaurs appeared in the 
fossil record sometime in the Triassic, and are thought to 
have evolved ears sensitive to airborne sound sometime 
later. The evolution of tympanic ear would have increased 
both the sensitivity and the high-frequency response of the 
ears to airborne sound. Birds evolved from an archosaur 
common ancestor in the Mesozoic, and representatives of 
most modern orders of birds were present at the beginning 
of the Cenozoic, about 65 Ma. Bird phylogeny has been 
somewhat controversial, perhaps reflecting a rapid diver¬ 
gence early in their evolutionary history. There are two 
superorders, the Paleognathae or ratites, and the Neog- 
nathae. The earliest divergences within modern birds, 
between Palaeognathae and Neognathae, are estimated to 
have occurred in the mid-Cretaceous. Palaeognaths are 
generally flightless and include birds such as the ostrich. 
The auditory systems of many Neognaths have been 
extensively studied, in particular the passerines and par¬ 
rots, which have recently been shown to be sister groups, 
and the owls. Many of these avian groups are models for 
studies of sound localization and auditory communication. 

Scene Analysis and Sound Localization 
Behavior 

Sound source localization plays a central role in the lives 
of many animals, enabling them to find conspecifics and 
food, and avoid predators. Birds notably use acoustic 
signals for social communication, and localization of the 
sender is an important function of their acoustic commu¬ 
nication. Other birds, such as the barn owl, detect and 
localize prey from the acoustic signals they produce. The 
comparison of the signal arrival time (onset, amplitude 
peaks in the envelope and ongoing phase) and amplitude 
spectra at the two ears provides the basis for sound source 
localization in most vertebrates, and are termed ‘inter¬ 
aural time difference’ and ‘interaural intensity difference’ 
cues. Acoustic cues used for sound localization depend on 
the structure of the signals. In all land vertebrates, interaural 
intensity difference cues improve when the wavelength of 
the sound is smaller than the dimensions of the animal’s 
head, so that sufficient sound shadowing occurs to pro¬ 
duce amplitude differences of the signal at the two ears. 

There are many different approaches to measuring the 
accuracy with which a listener can localize a sound source. 
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They may indicate the direction of a sound source by 
pointing or aiming the head and in some more recent 
studies by measuring the habituation and recovery of the 
pupillary dilation response to relevant sounds (Figure 1(b)). 
This task excludes the accuracy of the listener’s motor 
behavior from the localization measure. Other psychophys¬ 
ical tasks require the subject to indicate whether a sound 
source location is changed over successive presentations. 
Localization resolution measured in this way is referred 
to as ‘the minimum audible angle.’ The minimum audible 
angle depends on the sound stimulus, with pure tones 
generally yielding higher thresholds than broadband signals. 



(a) Frequency (kHz) 



Figure 1 Sound localization accuracy in the barn owl. 

(a) Frequency dependence of sound localization. Head 
orientation error to tonal targets under open-loop (solid line) and 
closed-loop (dashed line) conditions, plotted as a function of 
tone frequency. The owl’s mean total errors may be compared 
with its localization accuracy to noise targets. Reproduced from 
Knudsen El, Blasdel GG, Konishi M (1979) Sound localization by 
the barnowl (Tyto alba) measured with the search coil technique. 
Journal of Comparative Physiology 133: 1-11, with permission 
from Springer, (b) The habituation and recovery of the pupillary 
dilation response to relevant sounds provides a measure of 
behavioral discrimination of azimuthal source separation. The 
horizontal line represents the arbitrary discrimination threshold (D). 
Reproduced from Bala AD, Spitzer MW, Takahashi TT (2003) 
Prediction of auditory spatial acuity from neural images on the 
owl’s auditory space map. Nature 424(6950): 771-774. 


The minimum resolvable angle measures the absolute 
localization performance of an animal, as opposed to relative 
localization tasks that only require the subject to detect a 
change in sound source location such as the minimum audi¬ 
ble angle. Minimum resolvable angles have been studied in 
a number of bird species, and thresholds range from 2° to 3° 
in the barn owl, saw-whet owl, and marsh hawk to over 
100° in the zebra finch. It is not surprising that the smallest 
minimum resolvable angles have been measured in rap¬ 
tors. The barn owl, for example, is a nocturnal predator 
that depends largely on hearing to find its prey, and which 
has developed exceptional sound localization abilities. 
Owls hear higher-frequency sounds than most birds, and 
show specializations for temporal processing in the central 
auditory system that mediate horizontal sound localization 
or detection of ITDs (Figure 1). The dominant cue used by 
the barn owl for vertical sound localization is interaural 
level difference (ILD), created by the asymmetrical posi¬ 
tions of its right and left ear canals. In addition, the barn 
owl’s facial ruff enhances elevation-dependent changes 
in signal intensity. Vertical sound localization thresholds 
are about two times poorer for changes in elevation than 
azimuth, and resolution for all sounds is lowest for broad¬ 
band signals. 

Neural Substrates of Sound Localization 

Eric Knudsen and Masakazu Konishi found space-specific 
auditory neurons in the midbrain of barn owls, providing 
the first animal model for the neuronal computation of 
sensory maps of sound location. This computation 
depends upon ITD and ILD. Sounds originating from 
one side reach the near ear first so that ITDs vary pri¬ 
marily with the horizontal (azimuthal) position of the 
stimulus. In the midbrain, ITDs are associated with 
appropriate locations in space. ILDs result primarily 
from the acoustic-collecting effects of the external ears 
or pinnae and the obstructing effect of the head on sounds 
propagating to the far ear. Because the head provides a 
significant sound shadow only if it is large compared to 
the wavelength of the sound, ILD cues are most effective 
at relatively high frequencies. For birds with symmetrical 
ears, ILDs vary mainly with the azimuth of the stimulus. 
For animals with asymmetrical external ears, such as barn 
owls, ILDs at high frequencies vary also with the elevation 
of the stimulus, because they are efficiently collected by 
the external ears. Encoded values of ILD become asso¬ 
ciated with appropriate locations in space in the midbrain. 
In the following paragraphs, I will review how ITD and 
ILD cues emerge. 

The auditory system is organized along similar lines in 
all Reptilia (Figure 2). The auditory nerve enters the 
brain and divides into two, with the ascending branch 
terminating in the nucleus angularis and the descending 
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Figure 2 Schematic showing the connections of the avian 
auditory brainstem. In barn owls, separation into time and sound 
level pathways (red lines and blue lines, respectively) begins with 
the cochlear nuclei. Eighth nerve afferents divide to innervate 
both the level-coding NA and the time-coding nucleus 
magnocellularis (NM). NM projects bilaterally to the nucleus 
laminaris (NL), which in turn projects to the superior olive (SO), 
LLDa, and to the inferior colliculus core (ICCc). The SO projects 
back to NA, NM, and NL (projections are not drawn). In birds, the 
1C is subdivided into two principal subnuclei, the lateral external 
nucleus (ICX) and the more medially located central nucleus 
(ICC). The ICC can be further subdivided into the ICCc, 
corresponding to the NL recipient zone, and the ICCIs and 
ICCms. The ICC is tonotopically organized with cells tuned to 
lower best frequencies being more superficial and higher best 
frequency cells deeper. In the 1C, time and sound level 
pathways combine in the central nucleus, then project to the ICX, 
which contains a map of auditory space. Modified from 
Kubke MF and Carr CE (2005) Development of sound 
localization. In: Popper AN and Fay R (eds.) Sound Source 
Localization. New York: Springer. 

branch in the nucleus magnocellularis. The nucleus mag¬ 
nocellularis projects to the nucleus laminaris, which in 
turn projects to the superior olive, to the lemniscal nuclei, 
and to the central nucleus of the auditory midbrain. The 
nucleus angularis projects to the superior olive, to the 
lemniscal nuclei and to the central nucleus of the auditory 
midbrain. The parallel ascending projections of angularis 
and laminaris may or may not overlap with one another, 
and probably do overlap in the primitive condition. The 
nucleus magnocellularis is the origin of a neural pathway 
that encodes timing information, while a parallel pathway 
for encoding sound level originates with nucleus angularis. 

Detecting Time Differences, the Jeffress Model, 
and Place Codes 

The auditory system uses phase-locked spikes to encode the 
timing of the auditory stimulus and appears to use a rate 
code for encoding sound level. Phase locking underlies 
accurate detection of temporal information, including 


ITDs, and is conspicuous in the barn owl. Owl auditory 
nerve fibers show phase-locked responses to acoustic stimuli 
up to 9 kHz, as opposed to about 2 kHz in the pigeon, about 
4 kHz in the starling, and 5-6 kHz in the blackbird and 
cat. The auditory nerve forms large specialized endbulb 
synapses onto nucleus magnocellularis cell bodies, pre¬ 
serving the temporal relationship between nerve and 
postsynaptic neuron. Other specializations associated 
with phase locking in birds include ‘fast’ glutamate recep¬ 
tors (glutamate is the neurotransmitter from the auditory 
nerve to the neurons in the brainstem) with rapid desen¬ 
sitization throughout the auditory hindbrain. Nucleus 
magnocellularis cells are also characterized by large K + 
conductances and short time constants allowing them to 
respond rapidly and faithfully convey auditory informa¬ 
tion to the next stop in the auditory pathway. 

The auditory system first computes ITD in the nucleus 
laminaris. Magnocellular axons project into the nucleus 
laminaris, acting as delay lines to create maps of ITD, 
and their target neurons act as coincidence detectors to 
encode interaural phase difference or IPD (Figure 3). The 
magnocellular-laminaris circuit conforms to the predictions 
of the Jeffress model, which posits that individual neurons 
fire in response to precisely synchronized excitation from 
both ears, and systematically varying axonal conduction delays 
along the length of the nucleus serve to offset ITDs, so that 
each neuron is ‘tuned’ to the best ITD value which cancels the 
signal delays from the left and the right ears (Figure 3(b)). 
This scheme turns systematic variations in ITD into a 
topographic map of sound source location, or place map. 
Laminaris neurons act as coincidence detectors that fire 
maximally when their binaural excitatory inputs arrive 
simultaneously. The anatomical arrangement of magno¬ 
cellular inputs via the delay lines creates a topographic 
map of neurons with different preferred ITDs. Hence, the 
place of maximal activity within this map corresponds to a 
particular azimuthal location. 

The place map in the nucleus laminaris is preserved at 
higher stations of the auditory system and is finally 
aligned with the visual space map in the auditory mid¬ 
brain and the optic tectum. In this first stage in the 
nucleus laminaris, ambiguities exist with respect to the 
correspondence between the response in laminaris and 
the actual ITD in auditory space. The second stage of 
ITD computation occurs in the inferior colliculus, where 
across-frequency integration filters out phase-ambiguous 
side peaks, forming neurons that respond mainly to the 
true ITD. This computation begins in the inferior colli¬ 
culus central core. In barn owls and in chickens, the core 
contains sharply frequency tuned ITD-sensitive neurons 
with primary-like response types and similar responses 
to noise and tones. Hermann Wagner showed that the 
barn owls’ inferior colliculus core is best described as a 
matrix in which preferred interaural phase difference and 
frequency covary, so that a single ITD activates all 
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Figure 3 ITD coding circuits in the barn owl. (a) The projection from the nucleus magnocellularis (NM) to the nucleus laminaris (NL). 
Two ipsilateral axons are shown in blue, while the contralateral axons are red. IV, fourth ventricle. Scale bar, 1 mm. (b) Enlarged 
view of a pair of interdigitating ipsilateral (blue) and contralateral (red) axons traverse the dorsoventral dimension of NL to create a 
map of ITD. (c) In the Jeffress model, each binaural coincidence detector (A-E) fires maximally when inputs from the two sides 
arrive simultaneously. This can only occur when the interaural phase differences are compensated for by an equal and opposite 
delay. For example, neuron A fires maximally when sound reaches the contralateral ear first and is delayed by the long path from 
the contralateral ear (red) so as to arrive simultaneously with the input from the ipsilateral ear (blue). Thus, this array forms a map 
of interaural time difference in the dorsoventral dimension of the nucleus. 


constituent neurons in a set. Thus, an ITD is conserved in 
a population of neurons, not in any single cell. Each array 
projects to ITD- and ILD-sensitive neurons in the con¬ 
tralateral lateral shell. These, in turn, project to space- 
specific neurons in the contralateral external nucleus of 
the inferior colliculus, endowing the space-specific neu¬ 
ron with ITD selectivity and, therefore, azimuth coding. 

Tuning to Level and Interaural Level Difference 
Processing 

In barn owls, the vertical asymmetry in ear directionality 
makes ILD a cue for the vertical coordinate of a target at 
high frequencies. Level is encoded by cochlear nucleus 
neurons. ILD sensitivity first emerges in the dorsal 
nucleus of the lateral lemniscus, where neurons are 
excited by stimulation of the contralateral ear and inhib¬ 
ited by stimulation of the ipsilateral ear. Dorsal nucleus of 
the lateral lemniscus neurons thus exhibit El responses, 
whose discharge rates are sigmoidal functions of ILD. The 
dorsal nucleus is therefore similar to the mammalian 
lateral superior olive, except that the excitatory and the 
inhibitory ears are reversed. The dorsal nucleus projects 
bilaterally to the inferior colliculus lateral shell, endowing 
the neurons there with sensitivity to ILD. Neurons in the 
dorsal nucleus of the lateral lemniscus do not unambigu¬ 
ously encode ILD. Although they prefer sound at the 
contralateral ear, they are also sensitive to changes in 
average binaural level. ILD tuning gradually emerges in 
the inferior colliculus lateral shell. The distributions asso¬ 
ciated with space specificity are highly correlated with 
mediolateral position in the lateral shell. Lrequency tun¬ 
ing widths broaden with increasing lateral position, while 
both ITD and ILD tuning widths sharpen. Almost all 


lateral shell neurons are sensitive to both time and inten¬ 
sity cues. Unlike the ITD coding array in the inferior 
colliculus central core, a clear topographical representa¬ 
tion of ILD is never observed in the lateral shell. Terry 
Takahashi’s recordings from the space-specific neurons 
show instead that ILD varies as a function of frequency 
in a complex manner for any given location. In the exter¬ 
nal nucleus, ILD-alone receptive fields are generally hor¬ 
izontal swaths of activity at the elevation of the cell’s 
normal spatial receptive field. An ITD-alone receptive 
field forms a vertical swath at the azimuth of the cell’s 
normal receptive field, which thus lies at the intersection 
of the ITD- and ILD-alone receptive fields. 

Putting ITD and ILD Together: Maps of Auditory 
Space in the External Nucleus 

The space-specific neurons in the external nucleus 
respond to sound only from a particular spatial locus. 
The neurons are highly selective for combinations of 
ITD and ILD. Driven by noise, they do not show phase 
ambiguity, and thus differ from the central core ITD- 
sensitive cells from which they receive their input. The 
phase-unambiguous response of space-specific neurons 
has been explained as follows: inputs via the lateral shell 
interact at the space-specific cell in the external nucleus, 
so that peaks signaling the correct ITD superimpose and 
add, while secondary, ambiguous peaks cancel by inter¬ 
acting with inhibitory sidebands from other or ambiguous 
frequencies. Jose Luis Pena’s intracellular recordings of 
synaptic responses show that space specificity emerges 
from a multiplication of separate postsynaptic potentials 
tuned to ITD and ILD, while a thresholding process governs 
spike initiation and increases the neuron’s selectivity. 
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These spatially restricted receptive fields are still much 
larger than the minimum detectable change in sound 
source location. Comparisons of neuronal activity in the 
space map with perceptual acuity show that most neurons 
can reliably signal changes in source location that are 
smaller than the behavioral threshold. Each source is 
represented in the space map by a focus of activity in a 
population of neurons, and source displacement changes 
the pattern of activity in this population. The space map 
projects topographically to the optic tectum, where maps 
of visual and auditory space are in register (Figure 4). 
Tectal activity can direct the rapid head movements made 
by barn owls to auditory and visual stimuli. 

Maps or No Maps 

Masakazu Konishi’s recent review of sound localization 
has a section entitled ‘maps or no maps’ that cogently 
addresses a recent controversy about the coding of 
sound location in birds and mammals. ITD processing 
has been explained in terms of the Jeffress model, which 
posits that arrays of coincidence-detector neurons form 
place maps of sound location. The existence of such an 
arrangement in nucleus laminaris has been confirmed in 
birds, but in the mammalian equivalent of NL, the medial 
superior olive, direct confirmation of a place map is lack¬ 
ing. Instead, recent work in guinea pigs and gerbils has 
revealed a tendency for the steepest region of the ITD 
tuning curve (its slope) to fall close to midline, irrespec¬ 
tive of best frequency. David McAlpine and his colleagues 
proposed that sound source location might instead be 
encoded by activity in two broad, hemispheric spatial 


channels, and put forward a potential solution to the 
differences in coding observed in birds and small mam¬ 
mals. Assuming that the ITDs naturally encountered 
should be coded with maximal accuracy, they suggested 
that ITD coding should depend on head size and frequency 
range. A place map, collectively covering the physiological 
ITD range of the animal, and consistent with the Jeffress 
model, would work best for high frequencies and/or large 
heads, while the two-channel model would provide opti¬ 
mum coding for small heads and lower best frequencies. 
The prediction that animals with small heads and/or low 
best frequency hearing should not use a place code was not 
supported by recent data from birds. Chickens and gerbils 
have similar head sizes and ability to encode temporal 
information, but chickens display the major features of a 
place code of ITD. Data from chickens and barn owls 
suggest instead that evolutionary history may constrain 
neural circuits. This is borne out by recordings from the 
nucleus laminaris of the alligator. Crocodilians are birds’ 
closest living relatives, and their nucleus laminaris displays 
the major features of a place code of ITD. 

There are three points of general interest that emerge 
from this recent discussion of ITD coding in birds. First, 
the evolutionary issue discussed earlier shows that paral¬ 
lel evolution may not always yield identical solutions. 
Second, it is an open question whether optimally efficient 
coding is a substantial constraint on the evolution of neural 
circuits. Natural selection often produces local maxima, 
and solutions need not be optimal as long as they are good 
enough. Birds and small mammals have not converged 
onto a unique, optimal solution, reinforcing observations 
from other systems such as the stomatogastric system 
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Figure 4 The effect of prism experience on the midbrain auditory localization pathway, (a) The pathway in a normal owl. (b) In a 
prism-reared adult with a shifted map of ITD. ITD is measured and mapped infrequency-specific channels in the brainstem. This 
information ascends to the ICC, and converges across frequency channels in the projection from the ICC to the external nucleus, where 
a map of space is created. The map is conveyed to the optic tectum (OT), where it merges with a visual map of space. Green 
arrows represent the instructive pathway from the OT to the external nucleus. This map of contralateral auditory space projects 
topographically to the OT, whose maps of visual and auditory space are in register. Reproduced from Knudsen El (2002) Instructed 
learning in the auditory localization pathway of the barn owl. Nature 417(6886): 322-328. 
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(a neural circuit in crabs that controls a number of related 
physiological functions) that multiple solutions can sur¬ 
vive side by side. Third, maps of auditory space are not 
necessary for sound localization (although in the barn owl 
the midbrain pathway may add speed to localization). 
Owls have a parallel pathway from midbrain to forebrain 
in which location is not mapped, but which can still guide 
localization because owls recover localization ability after 
lesions of the external nucleus. Localization is only irre¬ 
trievably compromised when both forebrain and midbrain 
pathways are lesioned. 

Experience-Dependent Calibration of 
Sound Localization 

Barn owl sound localization has become a model for 
understanding how experience drives plasticity, because 
modifying the barn owl’s sensory experience reorganizes 
the space map in the external nucleus (Figure 4). Eric 
Knudsen has shown that changes in sensory experience, as 
when auditory cues are altered by plugging an ear, lead to 
adaptive adjustment of sound localization. Barn owls with 
earplugs first err in localizing sounds toward the open ear, 
and then recover accurate orientation. Upon earplug 
removal, barn owls make orienting errors in the opposite 
direction, but these soon disappear with normal experi¬ 
ence. Thus, earplugs induce new associations between audi¬ 
tory cues and spatial locations. A second manipulation 
rearranges the correspondence between visual field and 
auditory cues in the tectum by fitting barn owls with pris¬ 
matic spectacles to displace the visual field. Barn owls with 
prisms learn new associations between auditory and visual 
cues to recalibrate their auditory and visual worlds. In 
young barn owls that have experienced either abnormal 
hearing or prismatic displacement of the visual field, neural 
tuning of space map neurons to sound localization cues is 
altered adaptively to coordinate the auditory receptive field 
and the visual receptive field. Gradually, these ‘learned 
responses’ strengthen, while those to the prior ITD range, 
termed ‘normal responses,’ disappear over time. 

Work from Eric Knudsen’s lab has identified three 
mechanisms that could mediate this plasticity: axonal remo¬ 
deling, NMDA receptor expression, and GABA receptor 
changes. All are generally applicable to instructed learning. 
Receptive field changes are correlated with axonal remo¬ 
deling of the topographic projection from the central 
nucleus to the space map. Prism experience appears to 
induce the formation of learned circuitry in the external 
nucleus, at least in part through axonal sprouting and 
synaptogenesis. Normal connections also persist, showing 
that both learned and normal circuits can coexist. NMDA 
receptors are a type of receptor for the neurotransmitter 
glutamate. This receptor is activated by the pharmacologi¬ 
cal reagent NMDA which distinguishes it from other classes 


of glutamate receptors. GABA is the main inhibitory neu¬ 
rotransmitter in the brain. Both NMDA and GABA recep¬ 
tor changes are also involved - NMDA receptors are crucial 
in the expression of newly learned responses, and GABA 
receptors also contribute to functional plasticity. In an 
external nucleus with a maximally shifted ITD map, focal 
application of a GABA antagonist could elicit the immedi¬ 
ate appearance of normal responses. Thus, in a shifted ITD 
map, synapses that support normal responses remain and 
coexist with synapses that support learned responses, but 
are selectively nullified by inhibition. 

The Visual Instructive Signal 

Because visual experience calibrates the auditory space 
map, there must be an instructive signal from the visual 
system. Also, a role for visual input makes sense, given 
that the pathway’s primary function is to direct gaze 
toward auditory targets. There are three lines of evidence 
to support the role of the visual system in formation of the 
space map. First, barn owls raised blind end up with 
auditory space maps that are not normal. Second, even 
erroneous visual signals shift the space map and, third, 
there is a projection from the tectum to the space map. 
Thus, the brain can generate an auditory space map 
without vision, but the normal precision and topography 
of the map depend on visual experience. The primacy of 
the visual input was revealed in a classic experiment from 
Eric Knudsen and Michael Brainard, who raised young 
barn owls with displacing prisms mounted in spectacle 
frames in front of the eyes. The prisms provided errone¬ 
ous visual signals that caused the perfectly good auditory 
map to shift. Thus, vision exerts an overriding influence 
on auditory map organization. 

See also: Acoustic Signals; Evolution and Phylogeny of 
Communication; Neuroethology: Methods; Neuroethol¬ 
ogy: What is it?; Sound Production: Vertebrates. 
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Introduction 

Vocal signals are an important means of communication 
for many animals. Sound passes through and around 
objects in ways that light cannot and allows animals to 
live in dark environments or dense vegetation where 
visual communication fails. It is not surprising that evolu¬ 
tion has exploited the potential advantages of acoustic 
communication in diverse taxa and environments. This 
article attempts to provide an overview of salient features 
of sound production in a few selected vertebrate groups in 
which acoustic communication is particularly important. 

Production of Vocal Signals in Air 

The Mammalian Larynx 

The vocal organ of terrestrial vertebrates, except in birds, 
is the larynx, which is located at the top of the trachea, 
where it opens into the pharynx. The larynx is thought 
to have evolved initially as a protective valve between the 
trachea and pharynx to prevent water or food from enter¬ 
ing the respiratory passages. In the course of evolution, 
sound production has been added to this protective func¬ 
tion. The vocal abilities of terrestrial vertebrates vary 
greatly, so it is not surprising that the laryngeal anatomy 
also varies, even among mammals. Despite this variation, 
larynges share certain basic elements. First and foremost, 
they include a pair of flexible structures, called vocal 
folds, vocal cords, or vocal ligaments, that are supported, 
one on each side of the airway, by a cartilaginous frame¬ 
work and associated muscles innervated by branches of 
the vagus nerve. The vocal folds and the opening between 
them form the glottis (Figure 1). 

Respiratory airflow provides the power for vocalization 
as some of the aerodynamic energy of air flowing through 
the larynx is converted into acoustic energy by the vibra¬ 
tion of the vocal folds. Vocalization thus requires close 
coordination between the respiratory muscles that drive 
airflow and the muscles of the vocal organ that move the 
vocal folds into or out of the respiratory air stream. Prior 
to vocalization, laryngeal muscles adduct the vocal folds 
into the respiratory air stream where they approach each 
other and may meet in the middle of the laryngeal lumen 
to form a slit. Most vocalizations are produced during 
expiratory airflow. Contraction of expiratory muscles 
increases the sublaryngeal pressure, forcing air through 
the constricted glottis. The resulting airflow through the 


glottis induces a sustained oscillation of the vocal folds 
that is maintained by a combination of Bernoulli forces 
(i.e., a reduction in pressure with an increase in flow rate), 
generated by the high rate of airflow through the restricted 
glottal opening, and cyclical changes in supraglottal pres¬ 
sure. In general, the amplitude of vocal fold vibration and 
the intensity level of the laryngeal sound increase with 
increasing sublaryngeal pressure. 

Periodic versus nonperiodic sounds 

The cyclical motion of the glottis can produce a periodic 
sound with a fundamental frequency equal to the fre¬ 
quency of vocal fold vibration. If the vocal folds vibrated 
with a pure sinusoidal motion, they would generate a pure 
tone with all its energy in the fundamental frequency. 
However, the valve-like motion of the vocal folds is not 
perfectly sinusoidal so the sound generated in the larynx 
typically has its acoustic energy distributed over a number 
of harmonics or overtones. The larynx may also produce 
nonperiodic or noisy sounds if the motion of the vocal 
folds is irregular. The sound emanating from the larynx 
has energy distributed over a wide frequency spectrum 
and often lacks a clear harmonic structure. Each of these 
sounds can be modified by the vocal tract to create differ¬ 
ent kinds of information-bearing elements. 

Vocal membranes and the production of 
ultrasound 

The frequency at which vocal folds vibrate, that is, the 
fundamental frequency, depends on a number of factors 
including their physical properties, length and tension, 
some of which can be varied by the activity of laryngeal 
muscles. Some mammals have special structures on their 
vocal cords that extend their vocal range. Echolocating 
bats (suborder Microchiroptera) produce high-intensity 
ultrasonic (>20kHz) sonar cries for detecting prey and 
navigating around objects in their environment. In some 
species, the fundamental frequency of the sonar pulse can 
exceed 100 kHz. The short wavelengths at these high 
frequencies reflect echoes from smaller objects that the 
bat would otherwise be unable to detect. The ultrasonic 
frequencies are generated by a thin membrane along the 
edge of the vocal cords (Figure 2). Membranes are also 
present on the vocal folds of various primates where they 
are thought to be responsible for their high fundamental 
frequency. Membranes may also increase the sound level. 

Some echolocating bats produce frequency-modulated 
sonar pulses, while others produce pulses that are of 
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Figure 1 Schematic representation of working parts of a typical mammalian larynx. Reproduced from Bradbury JW and 
Vehrencamp SL (1998) Principles of Animal Communication. Sunderland, MA: Sinauer Associates, Inc, with permission. 



Figure 2 Cross section of big brown bat larynx. Expiratory air 
from trachea flows up across vocal membranes (A) and into 
pharynx. Inset shows left vocal fold (B) and vocal membrane and 
part of right vocal membrane. (C), ventricular fold; (D), cricothyroid 
muscle; (E), thyroarytenoid muscle; (F), laryngeal ventricle; 

(G) thyroid cartilage. Bar = 500 microns. Reproduced from 
Suthers RA (2004) Vocal mechanisms in birds and bats: 

A comparative view. Anais da Academia Brasileira de Ciencias 
76: 247-252, with permission. 

almost constant frequency. Each of these pulse types is 
optimized to provide different kinds of information about 
the target. The frequency of the sonar pulse is controlled 
by the hypertrophied cricothyroid muscles of the larynx 


and requires millisecond precision in coordinating the 
control of frequency and the timing of opening and closing 
the glottis to produce the pulse. This is particularly true of 
FM bats, such as the big brown bat, Eptesicus fuscus , which 
can produce steeply modulated ultrasonic FM sonar cries 
at repetition rates up to about 200 s -1 when it is closing in 
on insect prey. Eptericus seems to have solved this problem 
by having contraction of the cricothyroid muscle control 
both the tension on the vocal membranes and the opening 
of the glottis to gate phonation, as it rotates the joint 
between the cricoid and thyroid cartilages. Each down¬ 
ward sweeping sonar pulse is emitted just as the circothyr- 
oid muscle starts to relax, allowing the glottis to open 
while tension on the vocal folds is decreasing. 

The Anuran Larynx 

Frogs and toads (Anura) are by far the most vocal amphibians. 
Advertisement calls are the most prominent and best-studied 
anuran vocalizations. With few exceptions, advertisement 
calls are produced by males to attract females. In the anuran 
larynx, the vocal cords are posterior to and separate from 
the glottis (Figure 3). A pair of arytenoid cartilages form the 
two halves of a hemisphere, the convex surface of which is 
directed anteriorly toward the pharynx and forms the glottis 
where the two arytenoids meet. The vocal cords are attached 
to the arytenoids near the posterior edge of the hemisphere. 

Anuran respiratory pumps 

In contrast to mammals and other amniotes, which venti¬ 
late their lungs by aspiration, most frogs and toads rely 
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Figure 3 Horizontal section through larynx of concave-eared 
torrent frog showing T-shaped vocal cords (VC), glottis (GL), and 
arytenoid cartilage (AC). Arrow indicates expiratory direction of 
airflow from lungs. Reproduced from Suthers RA, Narins PM, 

Lin W-Y, et al. (2006) Voices of the dead: Complex nonlinear 
vocal signals from the larynx of an ultrasonic frog. The Journal of 
Experimental Biology 209: 4984-4993, with permission. 


on a respiratory pump to drive airflow across the vocal 
cords and cause them the vibrate. This pump moves air 
back and forth between the buccal cavity and the lungs 
(Figure 4). In most species sound is generated as air flows 
in the expiratory direction; from the lungs, across the 
vocal cords and into the buccal cavity while the mouth 
and nostrils are closed. This pumping cycle begins with 
relaxation of muscles in the floor of the buccal cavity, 
causing the cavity to expand so air flows into it through 
the open nostrils. The nares are then closed, the larynx 
opens, and muscles of the buccal cavity floor contract, 
forcing air into the lungs. Long vocalizations are typically 
preceded by several cycles of buccal pumping to fill the 
lungs with air. Trunk muscles of the body wall then con¬ 
tract, compressing the lungs and forcing pulmonary air 
back through the larynx into the buccal cavity. Since the 
nares and mouth are closed during vocalization, air from 
the lungs increases the pressure in the vocal cavity and 
inflates the vocal sac(s). At the end of each call, the trunk 
muscles relax, and the elastic recoil of the stretched vocal 
sac and contraction of muscles in the buccal floor force air 
back into the lungs and the cycle of airflow is repeated. 
Trunk muscles of male frogs are biochemically specialized 
for the rapid contractions needed to reverse the flow of air. 

Laryngeal sound without airflow 

An interesting exception to sound production by aerody¬ 
namic excitation of the vocal cords is present in the family 
Pipidae, which includes the African clawed frog, Xenopus. 
Pipids produce vocalizations underwater without airflow 
across vocal cords. The male’s advertisement call, or trill, 
consists of a rapid series of clicks at repetition rates up to 
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Tongue 


Vocal sac 
aperture 


Larynx (open) 



(a) 



and sacs are inflated shifted back 



Figure 4 (a) Vocal system of a frog, (b) Summary of respiratory 
pump which moves air back and forth between lungs and buccal 
cavity/vocal sac. Reproduced from Gerhardt HC and Huber F 
(2002) Acoustic Communication in Insects and Anurans. 
Chicago, IL: University of Chicago Press. 


about 80 s -1 . Each click is generated by the contraction of 
a pair of laryngeal muscles, which snap apart two flat, 
tightly apposed discs in their larynx. Sound is produced 
by air rushing into the low-pressure space that is suddenly 
created between the discs as they rapidly move apart. 

Vocal cord morphology and vocal diversity 

The vocal cords vary greatly in shape from very complex 
to relatively simple in different species. A fibrous mass is 
present on the vocal cords of the tungara frog, Physalaemus 
pustulosus , where it is responsible for producing two 
behaviorally important features of the courtship calls. 
Advertisement calls of this frog consist of a high-pitched 
whine followed by several chucks at a lower fundamental 
frequency. Females prefer whine-chuck calls to chuck 
calls alone, suggesting that the two-part mating call has 
evolved through sexual selection. The low-frequency 
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chuck is produced by the vibration of a fibrous mass 
attached to the vocal cords. Surgical removal of this 
mass eliminates the ability to produce the chuck but has 
little effect on the whine. 

Ultrasonic frogs 

Some of the acoustically most complex calls recorded 
from anura are those of two unrelated Old World frogs, 
the concave-eared torrent frog, Odorrana tormota (previ¬ 
ously Amolops tormotus) in China and Huia cavitympanum in 
Borneo. Both species produce a variety of calls with complex 
frequency modulation. 0 . tormota calls have a dominant fre¬ 
quency in the human audible range but often include ultra¬ 
sonic overtones and other prominent features including 
subharmonics, frequency jumps, and chaos. H. cavitympanum s 
repertoire includes calls that are entirely ultrasonic, making 
it the first nonmammalian vertebrate to communicate with 
entirely ultrasonic calls. The vocal cords of H. cavitympanum 
have not been described, but those of 0 . tormota have a 
T-shaped cross-section with very thin edge along part of 
their length that may generate the ultrasound (Figure 3). 
This structure is reminiscent of vocal membranes in echo- 
locating bats. Both species of frog live along mountain 
streams and are thought to have evolved ultrasonic vocali¬ 
zations in order to communicate above the audible noise of 
rushing water. 

The Avian Syrinx 

Birds, like other vertebrates, have a larynx at the cranial 
end of their trachea, but their vocalizations are produced 
in a unique vocal organ, the syrinx, which is located in the 


thorax at or near the junction where the two primary 
bronchi join to form the caudal end of the trachea. 
In some birds, for example herons, ducks, doves, parrots, 
and some of the suboscine passerine families, the syrinx is 
formed entirely from tracheal cartilages. This is in con¬ 
trast to several other families including oilbirds, nightjars, 
some owls, and cuckoos, in which the syrinx is entirely 
bronchial. However, in most birds, including but not lim¬ 
ited to the oscine songbirds, the syrinx includes modified 
cartilages at the caudal end of the trachea and cranial end 
of the primary bronchi (Figure 5). 

The most accomplished avian vocalists are the oscine 
songbirds. Members of this suborder, together with par¬ 
rots, some hummingbirds, and probably some marine 
mammals, are among the few non-human vertebrates in 
which learning has an important role in vocal develop¬ 
ment. Songbirds are thus a valuable animal model in 
which to study the neurobiology of vocal learning. Their 
tracheobronchial syrinx results in a bipartite vocal organ 
in which each bronchus contains an independent sound 
source at its cranial end. There are typically six pairs of 
syringeal muscles and all are innervated by the tracheo- 
syringeal branch of the ipsilateral hypoglossal nerve. 
This nerve is the final path for song motor patterns gener¬ 
ated in a system of song control centers in the brain that 
mediate vocal learning and provide independent control 
of sound production on each side of the syrinx. 

Birds lack a muscular diaphragm and their lungs 
are relatively small and inelastic compared to mammals. 
Respiratory airflow through the syrinx is powered by the 
alternating contraction of abdominal expiratory and tho¬ 
racic inspiratory respiratory muscles, which produce a 


Trachael Bronchial Tracheobronchial 
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Figure 5 Examples of variation in syringeal anatomy. Tracheal syrinx of the parrot has two syringeal muscles and a pair of lateral 
tympaniform membranes. Bronchial syrinx of the oilbird has one pair of syringeal muscles and a pair of medial and lateral tympaniform 
membranes in each bronchus. Tracheobronchial syrinx of songbirds has several pairs of syringeal muscles. Medial and lateral labia 
form pneumatic valve and generate sound. Tr, trachea; ST, sternotrachealis muscle; SY SUP, superficial syringeal muscle; SY PROF, 
deep syringeal muscle; SY VALV, pneumatic valve; LTM, lateral tympaniform membrane; MTM, medial tympaniform membrane; BC1, 
first bronchial cartilage; SY, syringeal muscle; ML, medial labium; LL, lateral labium; SYR, muscles of syrinx. Reproduced from Suthers 
RA (2004) How birds sing and why it matters. In: Marler P and Slabbekoorn H (eds.) Natures’ Music: The Science of Birdsong, 
pp. 272-295. New York, NY: Academic Press, with permission. 
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bellows-like action in several bilaterally paired air sacs. 
These air sacs ventilate the lungs and move air through 
the syrinx. The air sacs on each side of the body are 
connected by an unpaired midline interclavicular air sac, 
which also contains the syrinx. Phonation is preceded 
by increased contraction of the expiratory muscles that 
increases the subsyringeal (air sac) pressure. Phonation is 
initiated when the dorsal syringeal muscles move a pair of 
fleshy tissue pads, the medial and lateral labia, located oppo¬ 
site each other at the cranial end of each bronchus, into the 
syringeal lumen where they touch to form a narrow slit and 
vibrate in response to aerodynamic forces. The ventral syr¬ 
ingeal muscles play an important role in determining the 
frequency of vibration by controlling the tension on the labia. 

Singing requires precise coordination between the 
muscles of the syrinx that control the labial valve which 
gates airflow for phonation and respiratory muscles that 
control the tempo of song by the pattern of inspiration 
and expiration. Experiments show that songbirds use 
somatosensory feedback to monitor respiratory pressure 
during song and make compensatory adjustments to small 
unexpected pressure perturbations that occur during a 
syllable by adjusting the force developed by respiratory 
and syringeal muscles. 

Respiratory strategies increasing song tempo 

How do birds — such as the canary ( Serinus canarid) — sing 
continuously at a fast tempo for many seconds without 
exhausting their respiratory air supply? Measurements 
of changes in thoracic volume and of syringeal airflow 
during song reveal small inspirations, or minibreaths, 
between each syllable. The volume of each minibreath is 
equal to the volume of air exhaled to produce the syllable. 
Longer syllables require more air and a longer intersyl¬ 
lable interval for the larger minibreath, resulting in an 
inverse relationship between syllable duration and sylla¬ 
ble repetition rate. 

At very high syllable repetition rates, the silent interval 
between syllables is too short to allow the mechanical 
oscillation of the thorax or abdomen necessary to drive 
the respiratory cycles. In this case, a train of high repeti¬ 
tion rate short syllables can be produced by maintaining a 
positive air sac pressure while rapidly opening and closing 
the syrinx to release brief air puffs, but since air exhaled 
for each syllable is not replaced by a minibreath, the 
number of successive syllables and the length of a song 
phrase that can be produced using this mechanism of 
pulsatile expiration are limited. 

Two voices 

A significant part of the spectral and temporal complexity 
of birdsong arises from the possession of two independent 
sound sources. Songbirds can sing with either side of their 
syrinx alone or with both sides simultaneously making 
different, nonharmonically related sounds. Unilateral 


song is normally produced by fully adducting the labial 
‘pneumatic valve’ on one side of the syrinx to silence it. 
Without air flowing across them, the labia on the closed 
side cannot vibrate and all the air flows through the 
contralateral, partially adducted, phonating side of the 
syrinx. In the species studied, the two sides of the syrinx 
are specialized to produce different sounds. Although there 
is usually considerable overlap in the frequency range pro¬ 
duced by each side, in most birds studied, high frequencies 
are generated on the right side, low frequencies are gener¬ 
ated on the left side and midrange frequencies can originate 
on either side. This frequency specialization is particularly 
pronounced in northern cardinals ( Cardinalis cardinalis ), 
which typically sing fundamental frequencies below about 
3.5—4.0 kHz on the left side and higher frequencies on the 
right side. The extended upward or downward frequency 
sweeps, which are a prominent feature of cardinal song, 
require that the bird make a precisely coordinated switch 
of phonation from one side to the other as it passes from 
high to low frequencies, or vice versa. In adult cardinals, 
this switch is executed so precisely that it is usually impos¬ 
sible for a human listener to detect. 

Other species have evolved different strategies of later- 
alized song production to produce the acoustic features 
that characterize their songs (Figure 6). It appears that 
different species have evolved through sexual selection 
the vocal motor strategies best suited to produce the 
characteristic, species-typical acoustic properties of its 
song (Table 1). Brown-headed cowbirds ( Molothrus ater), 
for example, alternate the side of the syrinx on which they 
produce successive notes in the early part of their song. 
By reconfiguring the silent side of the syrinx for the next 
note while the other side is phonating, cowbirds are able 
to produce abrupt frequency steps between notes with 
little or no silent interval between them. When a vocal 
mimic, the northern mockingbird ( Mimus polyglottos), 
attempts to mimic these cowbird notes by singing them 
both on the same side of the syrinx, the frequency step 
between the end of one note and the beginning of the next 
is replaced by a slurred frequency modulation as the 
mockingbird changes the tension on the labia to produce 
the second note. 

Some species sing with both sides of the syrinx at the 
same time. Each side has independent motor control so 
the two sounds may be quite different. One side may 
produce a downward FM sweep, while the other side 
generates an upward sweep or nearly constant frequency 
note, for example. The temporal pattern of notes sung on 
each side, though coordinated, may differ. Two-voice 
notes can thus increase both the temporal and spectral 
complexity of song. These two-voice notes are common 
in the songs of gray catbirds ( Dumetella carolinensis) and 
brown thrashers ( Toxostoma rufuni) and illustrate another 
way in which the oscine songbird’s bipartite vocal organ 
can increase the diversity of song. 
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Figure 6 Species differences in the pattern of syringeal lateralization, (a) Independently modulated two-voice syllable of brown 
thrasher, (b) Two note clusters from song of brown-headed cowbird. Abrupt frequency steps without a silent interval between notes is 
achieved by alternating note production between opposite sides of the syrinx. Final whistle is not shown, (c) Frequency-modulated 
sweeps from northern cardinal song with smooth transition of phonation from one side of syrinx to the other in the middle of the sweep, 
(d) Part of a ‘sexy’ phrase from a domestic canary, showing the high repetition rate, wide bandwidth and two-note structure of the 
syllables. In all species studied the right side of syrinx tends to produce higher frequencies than the left. See legend of Figure 4 for 
abbreviations, (a-c) Adapted from Suthers RA and Zollinger SA (2004) Producing song. The vocal apparatus. Annals of the New York 
Academy of Sciences 1016: 109-129, with permission. 


Acoustic Importance of the Vocal Tract 
The source-filter model of the vocal tract 

The sound produced by the vocal organ is further mod¬ 
ified as it passes through the vocal tract. In birds, the vocal 
tract includes the trachea. The source-filter theory assumes 
that the vocal tract filter is not strongly coupled to the 
source (the vibrating vocal folds or labia). In other words, 
the column of air oscillating in the vocal tract at the 
resonant frequency does not control or significantly affect 
the frequency at which the source vibrates. The following 
discussion assumes independence between the source 
and the filter. Although this theory is widely accepted 
in human speech and in bioacoustics, there are almost 


certainly some kinds of vocalizations or some circum¬ 
stances in which source-filter coupling plays an important 
role (see howler monkey in this article). 

Resonance filters 

The broadband sound produced in the larynx or syrinx 
must pass through the supra-laryngeal vocal tract before 
it is broadcast into the environment as an acoustic signal 
for vocal communication. In birds, the vocal tract includes 
the trachea. The air-filled passages of the vocal tract act as 
resonance chambers that pass some frequencies better 
than others, depending on the relationship between the 
dimensions of the chamber and the wavelength of the 
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Table 1 Patterns of song lateralization: Motor implications for vocal performance 


Independent bilateral phonation: Brown thrasher and gray 
catbird 

Advantages 

Two independent voices increase spectral and phonetic 
complexity. 

Unilateral dominance: Waterslager canary 1 

Advantages 

Conserves air, favoring shorter minibreaths and longer Phrases 
with pulsatile expiration. Separation of phonatory and 
inspiratory motor patterns to opposite sides of syrinx. Both of 
these may facilitate higher syllable repetition rates. 

Alternating lateralization: Brown-headed cowbird and 
domestic canary (each side of syrinx produces 
separate note) 

Advantages 

Enhances spectral contrast between notes. Efficient use of air 
supply. Extended frequency range for overall song. 

Sequential lateralization: Northern cardinal (phonating side of 
syrinx switched without interrupting note) 

Advantages 

Extended frequency range for continuous FM sweeps. 
Conserves air supply. 


Disadvantages 

Expensive in use of air supply. Best suited for a low syllable 
repetition rate. 

Disadvantages 

Use of one voice limits frequency range and certain kinds of 
spectral and temporal complexity. Minibreath may be 
smaller than tracheal deadspace. 


Disadvantages 

Two-voice complexity limited to note overlap. 


Disadvantages 

Lacks spectral complexity of two voices. 


Source: Modified from Suthers R (1999) Motor basis of vocal performance in songbirds. In: Hauser M and Konishi M (eds). The Design 
of Animal Communication, pp. 37-62. Cambridge, MA: MIT Press. 

Extreme unilateral left dominance of song production by inbred Waterslager canary has probably evolved because this strain is deaf 
above about 2 kHz and cannot hear sounds produced by right side of syrinx. 


sound. As sound from the vocal organ travels through the 
vocal tract, some of it is reflected back toward the vocal 
organ because of impedance changes at the mouth or 
changes in the dimensions of the vocal tract along 
its length. If the positive pressure peaks of the reflected 
sound waves coincide with the positive peaks of the wave 
traveling toward the mouth, they undergo constructive 
reinforcement to produce a relatively high-amplitude 
standing wave. The frequencies at which this occurs are 
the natural or resonance frequencies of the vocal tract. 
The reflected frequencies in the source spectrum that are 
not close to the resonance frequencies will be out of phase 
with the primary sound pressure waves and will be sub¬ 
jected to destructive reinforcement that damps (i.e., 
attenuates) their amplitude in the vocal output. 

The vocal tract’s resonance frequencies appear in some 
vocalizations as bands of relatively high-amplitude sound 
called formants. Formants are often visible as dark hori¬ 
zontal bands in spectrograms of broad band vocalizations 
containing nonperiodic noise or a periodic signal with 
multiple higher harmonics (Figure 7). These broad 
band nonperiodic vocalizations of some birds contrast 
with the more tonal, periodic vocalizations of other spe¬ 
cies which lack prominent overtones and usually have 
most of their energy concentrated in the fundamental 
frequency. The formant frequency may coincide with 
the fundamental frequency but in the absence of 
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Figure 7 Vocalization of an oilbird showing fundamental 
frequency at about 800 Hz (arrow) and its higher harmonics 
(lower spectrogram with narrow band filter) and same 
vocalization with wide band filter (upper spectrogram) 
showing three formants. FI is tracheal resonance, F2 is 
resonance of left bronchus between syrinx and trachea 
and F3 is from corresponding portion of right bronchus. 
Length of bronchus between each semi-syrinx and trachea 
varies between individuals so each individual has unique 
F2 and F3 formant frequencies that could potential be 
used for individual recognition. Modified from Suthers RA 
(1994) Variable asymmetry and resonances in the avian 
vocal tract: A structural basis for individually distinct 
vocalizations. Journal of Comparative Physioloqy A 175: 
457-466. 
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substantial sound energy at other frequencies, multiple 
formants are not apparent. This is the case, for example, in 
some bird song. Vocalizations of this type are better 
designed to carry biologically relevant information in 
the frequency or modulation patterns of their dominant 
frequency, for example a large repertoire of different 
syllable types. The perceived pitch of a vocalization 
depends on the fundamental frequency of the vibrating 
sound source in the vocal organ. Formants, on the other 
hand, contribute to the timbre of the vocalization. 

A tracking filter in songbirds 

Most birdsong contains frequency-modulated notes or 
‘syllables’ that change in pitch. For these songs, a vocal 
tract fdter could be maladaptive if it is tuned to a fixed, 
narrow frequency band, since frequencies outside this 
band will be attenuated. This problem can be avoided if 
the bird can adjust the tuning of his filter to match the 
changing frequency of the song. 


Evidence that songbirds can control the tuning of their 
vocal tract was obtained from birds singing in light gas 
(a mixture of helium and oxygen). Since sound travels 
faster in light gas than in air, the wavelength for any given 
frequency is longer. This shifts formant frequencies 
upward and alters the filter properties of the vocal tract. 
By observing how formants change in light gas, one can 
deduce the resonance frequencies and how they change 
during normal song in air. 

What is the physical basis of the tracking filter and how 
does the bird change the frequency to which it is tuned? 
Birdsong is usually accompanied by beak movements in 
which the beak opening, or gape, tends to be large at high 
frequencies and small at low frequencies. These observa¬ 
tions have led to the hypothesis that birds use changes in 
beak gape to vary the effective acoustic length of their 
vocal tract and tune its resonance to the changing funda¬ 
mental frequency of the song. Recently, X-ray cinematog¬ 
raphy of singing birds has revealed that songbirds actively 
adjust the dimensions of their vocal tract between the 
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Figure 8 Northern cardinal tunes the major resonance of its vocal tract to the changing fundamental frequency of its syllables. 

(a) Volume of oropharyngeal cavity (red curve) increases at low fundamental frequency of upward sweeping song syllable 
(superimposed black lines). At high fundamental frequency cavity volume decreases and beak opens. Each dot is measurement from 
successive frames of X-ray movie. Red dots indicate movement of larynx relative to anatomical reference. Upward movement of red 
line corresponds to increased volume of oropharyngeal cavity, (b) Four song syllables in which the fundamental sweeps upward from 
about 1 kHz to about 5 kHz. (c) and (d) X-ray images at beginning (1 kHz) and end (5 kHz) of syllable 1 (c). Pink polygon shows expanded 
oropharyngeal cavity and cranial end of esophagus (OEC) at beginning of syllable, (d) At end of syllable esophagus has collapsed 
and volume of oropharynx is much reduced. A computational acoustic model based on volume of upper vocal tract estimated from a 
three-dimensional model indicates the primary resonance is about 1 kHz in (c) and 5 kHz in (d). Trachea (T) forms tube slanting upward 
from syrinx (not in image) to larynx (L) which opens into the mid-ventral region of the oropharynx. Adapted from Riede T, Suthers RA, 
Fletcher NH, and Blevins WE (2006) Songbirds tune their vocal tract to the fundamental frequency of their song. Proceedings of the 
National Academy of Sciences of the United States of America 104: 5543-5548, with permission. 
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larynx and beak so that its primary resonance frequency 
matches the fundamental frequency of their song. At low 
fundamental frequencies, the hyoid apparatus moves the 
larynx downward and forward, greatly enlarging the vocal 
tract by expanding the oropharynx and opening the cer¬ 
vical end of the esophagus (Figure 8). A computational 
acoustic model of the songbird’s vocal tract suggests that 
beak gape contributes to the overall filter properties of 
the vocal tract, but the relative importance of beak gape 
versus changes in the dimensions of the oropharynx and 
esophagus remains an area of current research. In any 
case, by tuning its vocal tract to the dominant frequency 
component of the song, the bird increases the vocal effi¬ 
ciency and intensity of the emitted song. Higher harmo¬ 
nics that do not coincide with a resonance peak are 
suppressed, resulting in a more tonal vocalization. 

Vocal tract morphology and acoustic diversity 

Many animals have evolved morphological features 
of their vocal tract that could convey useful acoustic 
information. For example, the frequency spacing of for¬ 
mants in vocal signals can potentially convey important 
information regarding such things as individual identity, 
body size, dialect, etc. A number of different birds, includ¬ 
ing some cranes, swans, and members of several other taxa 
have evolved greatly elongated tracheas which form loops 
or coils inside the thorax or under the skin (Figure 9). 



(a) (b) (c) 

Figure 9 (a) Example of four types of tracheal elongation that 
may have evolved as a way of exaggerating body size by altering 
the formant frequency dispersion. Species shown are 

(a) intraclavicular coiling, crested guinea fowl Guttera edouardii ; 

(b) intrathoracic coiling, European spoonbill Platalea leucorodia ; 

(c) intrasternal coiling, trumpeter swan Cygnus buccinators ; 

(d) subdermal coiling, trumpet manucode Manucodia 
keraudrenii. Reproduced from Fitch WT (1999) Acoustic 
exaggeration of size in birds via tracheal elongation: Comparative 
and theoretical analyses. Journal of Zoology London 248: 31-48, 
with permission. 


This tracheal elongation might have evolved to make the 
sender sound larger than he really is and perhaps thereby 
increasing his attractiveness to a potential mate. 

Many tetrapods have sac-like outpouchings of the vocal 
tract at various locations along its length from the trachea 
to nasal chambers. Their function in sound production and 
communication is not completely understood. In some 
cases, these structures may function as Helmholtz cavity 
resonators that amplify their resonant frequency while sup¬ 
pressing other frequencies. In other cases, they may provide 
a low-impedance pathway to facilitate sound transmission 
across the wall of the sac from the vocal tract to the external 
environment. Inflatable vocal air sacs are present in a num¬ 
ber of other vertebrates in which an impedance-matching 
function has been experimentally verified in some cases. 

Adult male Howler monkeys ( Alouatta ), whose name 
derives from their loud, low-pitched vocalizations have a 
hypertrophied larynx with long vocal cords that produce 
a low fundamental frequency. They also have laryngeal 
sacs that are surrounded by an enlarged bony hyoid bulla 
under the chin and open into the vocal tract near the 
glottis. These sacs are thought to act as Helmholtz reso¬ 
nators with their resonant frequency coupled to the vibra¬ 
tion of the vocal cords. If this hypothesis is correct, they 
represent an exception to the source-filter model, which 
assumes no significant coupling. 

Vocal sacs in anura appear to have multiple functions. 
The calls of many anura are accompanied by the inflation 
of a balloon-like subgular vocal sac. Nearly all anura have 
at least one vocal sac and some have laterally paired sacs. 
Air enters the vocal sac through slits in the floor of the 
buccal cavity as buccal pressure increases during phona- 
tion. When fully inflated, the vocal sac in some species is 
almost as large as the frog. 

Since anura vocalize with their mouth and nares shut, 
the sound has to pass through the body wall to leave the 
animal. The thin-stretched wall of the inflated vocal sac 
probably provides a relatively low-impedance path that 
increases the amount of sound energy that passes through 
the wall of the sac from inside to outside the frog, but does 
not change the frequency composition of the sound - i.e., 
does not fdter the sound. Experiments indicate that the 
vocal sacs of frogs are not Helmholtz cavity resonators in 
which the air inside the chamber vibrates. They might, 
however, be a different kind of Helmholtz resonator 
in which the tissue composing the wall of the chamber 
amplifies sound by vibrating at a resonant frequency. 
A similar mechanism probably occurs in the wall of the 
inflated esophagus of doves, which like anura, coo with 
their mouths and nostrils closed. 

Anuran vocal sacs probably also serve nonacoustic 
functions. For example, vocal sacs store elastic energy 
and use it to quickly reinflate the lungs. This eliminates 
the need for buccal pumping before each call, thus increas¬ 
ing the energetic efficiency of call production and allowing 
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higher call repetition rates. The vocal sac also provides a 
visual, as well as auditory, cue in bimodal communication 
in some species. 


Underwater Sound Production by 
Marine Mammals 

Marine mammals include several diverse taxa. Some are 
amphibious, like seals, walruses, and polar bears, which 
spend part of their lives on land. Others are obligatory 
marine species like whales and dolphins that live entirely 
in the water. Many species produce sounds underwater that 
are presumably used for acoustic communication and some 
are known to use echolocation. Acoustic signals allow 
marine mammals to exploit deep dimly lit or dark portions 
of their environment where visual information is severely 
limited or absent. Although the songs of baleen whales, for 
example, humpbacks and bowheads, have received the most 
popular attention, the mechanism by which they are pro¬ 
duced is not well understood. Here I will focus on sound 
production by toothed whales and dolphins (suborder 
Odontoceti), since the mechanism by which they produce 
sound is better understood than it is in other obligate marine 
mammals. These toothed whales produce a wide variety 
of social whistles, broadband burst pulse sounds, and clicks. 

Phonic Lips: A Nasal Sound Source 

The speed of sound in water is nearly five times that in air 
and sound energy travels more efficiently through water 
than through air, greatly increasing the distance over 
which acoustic signals can be heard. In terrestrial mam¬ 
mals, vocalization is powered by airflow through the lar¬ 
ynx, but a marine mammal is limited to the air it carries 
from the surface in its respiratory system. In order to solve 
this and other problems of submarine acoustic communi¬ 
cation, toothed whales have evolved a completely new 
mechanism for sound production using a series of cham¬ 
bers and valves in their nasal passages. Their larynx is not 
used for sound production, but retains its important func¬ 
tion as a valve that prevents food from entering the 
trachea. Since the vocal tract is not involved in Odonto- 
cete sound production, it is technically incorrect to refer 
to these sounds as ‘vocalizations.’ 

Only the main features of Odontocete sound production 
will be described here. Instead of terminating in a pair 
of external nares at the tip of their nose as they do in 
most terrestrial mammals, Odontocete nasal passages have 
moved posteriorly where they converge in a chamber on top 
of their forehead that contains their single blowhole. The 
left and right nasal passages originate in the pharynx from 
which they travel dorsally on each side of the midline. As 
each nasal passage approaches the blow hole, it gives rise to 
several anatomically complex diverticula, the nasal air sacs, 


that can be expanded or compressed by associated muscles. 
A short distance below the blow hole transverse ridges, the 
phonic lips (previously called ‘monkey lips’), are present on 
the wall of the nasal passages. These ridges protrude into the 
lumen of the naris and are intimately associated with a fatty 
body or bursa (Figure 10). 

Prior to phonation, the larynx is inserted into the 
proximal end of the nasal passages where they open into 
the pharynx. Muscles press the phonic lips together, on 
opposite walls of the naris, in a valve-like action that 
blocks airflow through the distal naris. Studies of vocaliz¬ 
ing dolphins (Tursiops truncatus ) show that sound is pre¬ 
ceded by an increase in nasal air pressure, believed to be 
caused by the muscular compression of nasal chambers 
while the larynx is closed. Although the exact mechanism 
of sound production is not clear, it appears that sound is 
produced when air is forced across the phonic lips, push¬ 
ing them apart and causing them to vibrate. Endoscopic 
observations of the phonic lips show that they oscillate in 
synchrony with the acoustic pulses. Air used to produce 
vibration is rarely exhausted through the blowhole, but is 
instead conserved by recycling it in the nasal system. 


Acoustic Lenses 

The acoustic energy of sounds initiated by airflow across 
the phonic lips of odontocetes must be efficiently 



Posterior bursa 

□ Anterior bursa or melon 

□ Air space 

□ Skull and jaw 
■ Phonic lips 

□ Nasal passage 


Figure 10 Schematic diagram of structures for sound 
production in the forehead of dolphins. Anterior bursa = melon. 
During sound production the larynx is inserted into the opening of 
the internal nares (arrow) but glottis is closed during sound 
production, which occurs at the phonic lips. Modified from 
Cranford TW, Amundin M, and Norris KS (1996) Functional 
morphology and homology in the odontocete nasal complex: 
Implications for sound generation. Journal of Morphology 228: 
223-285 and Frankel AS (2009) Sound production. In: Perrin W, 
Wursig B, and Thewissen J (eds.) Encyclopedia of Marine 
Mammals, 2nd edn, pp. 1056-1070. Academic Press, with 
permission. 
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transmitted through their body tissue and then from this 
tissue into the surrounding water. Since the density of 
water is almost 800 times that of air, there is a severe 
impedance mismatch between air and body tissue (which 
is mostly water). Odontocetes have solved this problem by 
evolving masses of fatty tissue adjacent to the phonic lips. 
Vibration of the phonic lips is transmitted directly to 
these lipid-fdled bursae, which resonate at the frequency 
of the phonation. 

These fatty tissues also focus the radiated sound 
energy into a forward-directed beam. This is important 
because the similarity in the density of body tissue and 
water would otherwise cause sound to radiate in all direc¬ 
tions. A large anterior bursa, called the melon, located 
in the dolphin’s forehead just in front of the sonic lips 
(Figure 10), acts as an acoustic lens focusing sound 
energy in a forward direction. The speed of sound changes 



Figure 11 Sound speed from three slices of the Cuvier’s 
beaked whale melon. Acoustic fats at center of melon have low 
sound speed compared to periphery and contribute to melon’s 
function as an acoustic lens. Color bar indicates sound speed in 
m s _1 Mean sound speed in seawater is about 1500 m s -1 . 
Modified from Soldevilla MS, McKenna MS, Wiggins SM, 
Shadwick RE, Cranford TW, and Hildebrand JA (2005) Cuvier’s 
beaked whale (Ziphius cavirostris) head tissues: Physical 
properties and CT imaging. The Journal of Experimental Biology 
208: 2319-2332, with permission. 


in a systematic way from the middle of the melon to 
its outer edge, because of corresponding differences in 
the chemical composition of its lipids, which have been 
referred to as ‘acoustic fats.’ The speed of sound in the 
middle of the melon is lower than that in sea water, but 
increases as one moves toward the outer edge of the melon 
where it is greater than in sea water (Figure 11). These 
peripheral sound waves are thus bent back toward the 
middle of the melon, to form a forward-directed beam. 
Concentrating the sound energy into a relatively narrow 
beam reduces the spreading losses that would otherwise 
occur if sound radiated from the body in all directions and 
increases the distance over which the animal can echolo- 
cate prey or communicate with conspecifics. 

See also: Communication: An Overview; Dolphin Signa¬ 
ture Whistles; Mating Signals; Tungara Frog: A Model for 
Sexual Selection and Communication; Vocal-Acoustic 
Communication in Fishes: Neuroethology 
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Introduction 

What Is Spatial Memory? 

Most animals move around their environment at some 
point in their lives. Some of that movement simply 
involves moving away from their current location while 
other movement involves returning to a place, which may 
be a nest, a roost, a burrow, or a territory. Successful 
return to a specific place can be achieved in different 
ways using varying degrees of sophistication and resulting 
in more or less reliability. For example, among the sim¬ 
plest means of navigation is the use of a beacon, or a 
prominent landmark near to home, toward which the 
animal heads. Depending on the size of the landmark 
and how accurately it denotes the home location, this 
kind of homing constrains an animal to a relatively 
restricted range. An animal could move further away by 
leaving a visual or chemical trail such as the mucus trail 
left by limpets as they forage away from their ‘home scar.’ 
However, as in the case of Hansel and Gretel, who 
dropped breadcrumbs to help lead them back home, 
such trails are open to interference, damage, and loss, in 
their case by small animals eating the crumbs and remov¬ 
ing enough of their trail to make it impossible for the 
children to find their way home. Another common, super¬ 
ficially simple, method of getting home is that of ‘dead 
reckoning’ in which even when the outward path is a 
circuitous one, the animal is able to head directly home 
because it continually updates its current position by taking 
into account the movements it has made. A swathe of work 
has been done on the use of this mechanism in inverte¬ 
brates (although vertebrates use it too), especially in certain 
desert ants of North Africa. 

Many animals appear to prefer to rely on an internal 
capability for accurate return, collectively called ‘spatial 
memory.’ Broadly, this is when an animal remembers 
information about a location that enables it to know 
where the location is. The animal is not simply remem¬ 
bering how objects at a location look, sound, smell, or feel, 
although sensory information of all these kinds, and more, 
may be put together to build spatial memory. Knowing 
where a place is means the animal can return to it from 
within familiar surroundings and, sometimes, even from 
unfamiliar surroundings. 

Spatial memory has been demonstrated in a wide 
taxonomic range of species, from insects and cephalopods, 
to fish, amphibia, reptiles, birds, and mammals, including 


humans, with most of the evidence coming from labora¬ 
tory data. Spatial memory in rodents, especially, is of both 
academic and industrial interest: rodents are a model 
species for memory drug testing by pharmaceutical com¬ 
panies and memory is of special interest. Data from the 
‘real’ world are, thus far, surprisingly limited. Even for 
migration, where it seems plausible that migrants remem¬ 
ber the locations of breeding and overwintering grounds, 
there is little evidence to demonstrate that these animals 
use memory to do so, precise as their relocation often is. 
On the other hand, it has taken laboratory evidence to 
demonstrate any involvement of spatial memory in some 
behaviors. Some birds, for example, may hoard hundreds, 
even thousands of food items, and not return for this food 
for days, weeks, or months. It took laboratory experiments 
by Krebs and coworkers to demonstrate convincingly that 
food-storing birds do, indeed, use spatial memory to 
retrieve their hoarded food rather than simply searching 
for it, as unlikely a feat as it may be. Additional elegant 
work by Clayton, Dickinson, and others has shown that 
some food-hoarding birds remember not only the location 
of the food items but also when and what they hoarded. As 
a result of this latter work, investigation into spatial mem¬ 
ory has more recently become associated with interest in 
episodic (humans) and episodic-like memory (non-human 
animals), in which memories for the ‘what,’ ‘where,’ and 
‘when’ of an event are recollected as one unit. 

How to Test Spatial Memory 

The way in which spatial memory is investigated depends 
on two things: firstly, the kind of spatial memory that is of 
interest, and secondly, the species to be tested. Although 
we may consider that spatial memory in the ‘real’ world 
concerns the ability of an animal to navigate around its 
world and return to specific locations, for logistical rea¬ 
sons it is rare to test this ability in that context. One of the 
most common ways to investigate spatial memory has 
been to use some kind of maze to examine memory for 
rewarding locations. 

There are two kinds of maze that are used most often. 
One of these, the radial arm maze, traditionally consists 
of a small central area with eight arms fanning out from 
it, along which the animal walks to find food (or not). By 
observing whether the animal can remember both previ¬ 
ously rewarded and emptied arms, both reference and 
working memory aspects of spatial memory can be assessed. 
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For example, in some versions of the task, the animal 
learns across days that some of the arms are rewarded 
and some never contain food. Running down an arm that 
is never rewarded then constitutes a reference memory 
error. Running back down an arm from which the animal 
has taken the food on that particular trial constitutes a 
working memory error. Radial arm mazes can have differ¬ 
ent numbers of arms, the common component being 
that the animal must return to the central arena after 
each choice. 

An innovative version of the radial arm maze was 
developed for use with birds (which do not perform well 
in traditional mazes), whereby the ‘arms’ were shafts of 
light coming from each end of an ‘arm.’ In the middle of 
the ‘maze’ was a central perch where the bird was required 
to sit at the beginning of the trial. Once the animal was 
perched in the center, the room lights were switched off 
and the bird offered eight alternative equidistant perches, 
each lit with a small light and a feeder. Once the bird flew 
to one feeder (which may or may not have contained food) 
and fed, the lights on each of these perches were switched 
off and that on the central perch switched on. In this way, 
the bird flew to and from a central place, in a way that was 
analogous to the terrestrial version of the radial arm maze. 

Other kinds of maze require the animal to move from a 
start point to a goal, learning to avoid arms or routes that 
do not lead to the reward, in a manner similar to mazes 
used to test humans. This kind of maze has often been used 
for animals that are not terrestrial, as, while the radial arm 
maze works well when rodents and other terrestrial mam¬ 
mals are to be tested, it is less effective for other animals 
that use different modes of movement. Aquatic animals 
and invertebrates, for example, have rarely been tested 
with radial mazes but rather with unidirectional mazes. 
These unidirectional mazes still allow examination of a 
single or a series of choices that an animal makes as it 
progresses through the maze. Avery simple version of such 
a maze is the T-maze, which is also used in testing rodents. 
The T-maze is literally a maze in the shape of a T and the 
animal is placed in one arm of the T (sometimes the arms 
are all the same length). The animal, therefore, has a 
choice between two options. 

The final ‘maze’ that is extremely commonly used is, 
in fact, not a maze at all. It is the Morris water maze 
(MWM), developed by Richard Morris in 1982, and is 
now probably the most typical method for testing spatial 
memory in rodents. An MWM consists of a large con¬ 
tainer of opaque water (usually 1.5-2 m in diameter), deep 
enough that the animal must swim to move around in the 
pool, in which there is a platform hidden just below the 
surface of the water. The animal is trained to find, and 
climb out onto, the platform. Both reference and working 
memory can be tested in this apparatus: in a reference 
memory version, the platform remains in the same place 
across multiple swims (usually one or two a day for 


multiple days), while in a working memory version, the 
platform stays in place for several swims each day but is 
moved across days. In this test, the animal has no choice 
but to locate the platform and the measure of perfor¬ 
mance is the time and path length that the animal takes 
to reach the platform. 

Although human spatial memory can readily be tested 
by means that approximate navigation, such as map 
reading, or giving and following navigational instructions, 
mazes have been used only relatively recently and in a 
virtual context, that is, computer-presented. Most tests of 
spatial ability in humans can appear rather remote from 
navigation. One such test is that of delayed-matching-to- 
sample (DMTS) or delayed-nonmatching-to-sample, in 
which a sample (usually an image on a screen) is pre¬ 
sented, to which the subject may be required to respond, 
followed by a delay (often only a few seconds) and then 
the subject is offered a choice between the sample and 
one or more alternatives. The correct choice depends on 
whether the subject is expected to choose the matching or 
the nonmatching image/object. This method is used to test 
spatial memory by requiring the subject to use the location 
of the image/object to make the correct choice and can be 
very useful logistically as multiple trials can be presented 
in a short space of time, images/objects and their locations 
can be readily varied and, in many cases, the data can be 
collected automatically by computer. There are similar 
tasks that can also be used to test spatial memory such as 
spatial alternation in which the subject must simply alter¬ 
nate between two locations to receive reward. 

In nearly all these test situations, the subject must be 
trained to find the rewarded location, but there are a few 
contexts in which this is not the case. Tests of spatial 
memory in food-hoarding animals involve the animal 
hoarding food items and returning to them, just once. 
Homing in pigeons requires the homing ability to be 
initially conditioned, but once this is acquired the birds 
can be released anywhere (sometimes hundreds of miles 
away) and they will return home. 

Components of Spatial Memory 

In the kinds of task described earlier, an animal’s ability to 
remember a location can be tested. In the same tasks, it is 
also often possible to determine what information the 
animals are using to make their decision. For example, 
by manipulating the visual landmarks within and outside 
a maze, one can see whether the animal uses proximal 
(nearby cues) or distal (distant) cues, and whether the 
animal uses a single cue as a beacon that points the animal 
directly to the goal location, or whether it uses the spatial 
arrangement of cues. From these studies, it appears that 
animals learn distances and directions as well as the visual 
attributes of landmarks to find goal locations, with males 
and females relying differentially on the two types of 




306 Spatial Memory 


information; it appears that females attend to landmarks 
while males attend to distances and directions. 

There are differing views on how animals integrate all 
these separate pieces of information so that they can 
successfully reach a rewarding location. These include 
using a series of‘snapshots’ in which the current landscape 
is compared to a visual memory that also provides direc¬ 
tional information (this appears to explain at least some 
insect navigation rather well) and, possibly, the most 
argued-over concept in spatial memory, the possibility 
that animals have cognitive maps. While the exact defini¬ 
tion of a cognitive map varies, it should include the 
representation in the animal’s brain of locations that are 
encoded with distance and direction in such a way that an 
animal can make its way from one place on that map to 
another using routes that it need not have ever used 
before. This kind of map should allow the animal to 
shortcut from one place to another, when needed. It 
should also enable an animal to plan an efficient route 
among locations. One theoretical manifestation of this 
ability has been labeled the ‘Traveling Salesman Problem’ 
(an early example has been found in a handbook for 
traveling salesmen in Germany in 1832), in which it is 
thought that an animal would be able to move among a 
number of locations traveling over the shortest distance 
(although minimizing the distance itself may not be the 
most efficient or speediest route). While it is considered 
likely that humans use cognitive maps, there is less evi¬ 
dence for such processing from non-human animals, not 
least because the appropriate experiments are very diffi¬ 
cult to carry out. There have been a series of experiments 
looking for cognitive mapping abilities in honeybees, and 
the conclusion has swung in and out of favor of these 
animals having this ability several times. 

Where in the Brain Is Spatial Information 
Processed and Where Are Spatial 
Memories Held? 

For mammals, at least, we have a fairly good idea of where 
in the brain spatial information is processed and stored. 
One of the most important regions is the right medial 
temporal lobe, which includes the hippocampus. Both 
natural damage and lesion experiments show that for 
humans, monkeys, and rodents the hippocampus must be 
intact, or performance on a variety of spatial tasks can be 
severely impaired: for example, when humans have to 
remember the locations of hidden objects in an experi¬ 
mental room, when monkeys need to remember where 
food is hidden in an open field arena, or when rats have to 
remember the location of a submerged platform in a 
swimming pool. 

It is not just evidence from damage to the hippocampus 
that has implicated this brain region in spatial information 
processing. Eleanor Maguire and colleagues demonstrated 


that the right hippocampus of taxi drivers in London, who 
have to undergo extensive training to learn how to navi¬ 
gate around their city (called ‘The Knowledge’), was 
activated specifically when they were asked to picture 
their displacement between two places in London while 
lying in an fMRI machine, activation that was absent when 
they had to recall and describe individual landmarks only. 
The dorsal part of the hippocampus of these taxi drivers is 
also larger from that of age-matched controls: the dorsal 
hippocampus is larger in the taxi drivers than in people of 
similar age and gender who do not drive taxis. 

Some rodents and birds also have an enlarged hippo¬ 
campus (relative to body size and to the size of the rest of 
the brain) an enlargement that in these species is corre¬ 
lated with an increased demand for spatial abilities in 
their everyday life. For example, birds that scatter-hoard 
large numbers of food items and use memory for the 
locations of the hoards for retrieval have much larger 
hippocampal volumes than do nonhoarding birds. The 
size of the hippocampus in avian migrants is also larger 
in birds that have migrated at least once, but hippocampal 
volume is not correlated with the distance over which the 
birds migrate. It is thought that this is because spatial 
memory is not used for much of the migratory journey 
itself but is required when a bird nears the familiar breed¬ 
ing or overwintering site to which it is returning. The 
migrant presumably uses memory for landmarks to guide 
it to the exact location once it reaches the general area, and 
in many cases this recollection is very exact: having flown 
hundreds or thousands of miles, many migrants relocate 
the same small territory they held the previous year. 

The sexes may differ in hippocampal volume: polygy- 
nous male voles with home ranges encompassing the 
home ranges of multiple conspecific females have larger 
hippocampal volumes than do those females. In nest- 
parasitic bird species, such as brown-headed cowbirds and 
screaming cowbirds, in which the female searches for nests 
to which she will return later so as to lay an egg, females 
have a larger hippocampal volume than does their male 
partner. In species such as shiny cowbirds, in which both 
sexes search for nests, the hippocampus is larger in 
both sexes than it is in cowbirds that are themselves 
parasitized (e.g., bay-winged cowbirds). It also appears 
that this sex difference is seen only in the breeding season. 

Thus far, there is little known of the neural substrate 
for spatial information processing in reptiles and fish, 
although the pallial areas are considered to be anatomi¬ 
cally homologous to the hippocampus of birds and mam¬ 
mals and seem similarly to be involved in memory for 
spatial information. 

Although the hippocampus is probably the most signifi¬ 
cant brain region with regard to spatial learning and mem¬ 
ory in birds and mammals, other brain structures also play a 
role. One of these is the perirhinal cortex, with which 
the hippocampus has close anatomical links. The perirhinal 
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cortex appears critical for the recognition of the different 
elements of the environment, the relationships between 
which are then encoded by the hippocampus. Some authors 
have suggested that a representation of the environment 
(perhaps a cognitive map) would reside mainly in the 
hippocampus. This idea is supported by the occurrence of 
‘place’ cells in the hippocampus, which are active when an 
animal is in a given location in the environment, regardless 
of the orientation of its head. Alternatively, the dorsal 
striatum (caudate nucleus and putamen) of mammals 
appears to be involved in a different kind of representation 
of the environment, one that allows the animal to know 
how to reach a goal from one particular starting position. 
These two systems (hippocampus and dorsal striatum) 
process information independently, allowing several kinds 
of spatial information to be acquired in parallel simulta¬ 
neously. Animals can, then, use more than one strategy to 
get from one place to another. 

Brain regions involved in spatial memory in inverte¬ 
brates are not well understood. There is some evidence 
that the mushroom bodies, which are paired structures in 
the brain of insects, implicated particularly in olfactory 
learning, are critical for spatial memory, at least in cock¬ 
roaches and grasshoppers. As in vertebrates, the size of the 
mushroom bodies has been correlated with demand for 
spatial cognition. For example, ants with larger mushroom 
bodies appear to navigate more efficiently through mazes, 
and the volume of mushroom bodies of adult honeybees 
increases not only as a function of age but also as a 
function of foraging experience. Young bees housed in 
small colonies lacking older workers begin foraging 
much earlier than they would in colonies containing 
older workers. This earlier foraging is also associated 
with an acceleration of the development of their mush¬ 
room bodies. In cephalopod molluscs, it is the vertical 
lobe complex that appears to be implicated in the acqui¬ 
sition and retention of spatial information. As well as these 
functional analogies, the mushroom bodies in insects 
and the vertical lobe complex in cephalopods appear be 


similar in structure and cellular processes to the verte¬ 
brate hippocampus. 

See also: Bats: Orientation, Navigation and Homing; 
Caching; Memory, Learning, Hormones and Behavior; 
Mental Time Travel: Can Animals Recall the Past and 
Plan for the Future?. 
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The study of animal space use and movement is a rapidly 
growing area in animal behavior. New technologies such 
as GPS (global positioning system) tags allow researchers 
to obtain unprecedented amounts of information about 
how animals move through and interact with the land¬ 
scape, and with each other. Animal movement and spatial 
behavior is an exciting research area, and one that often 
bridges the fields of animal behavior, population ecology, 
and conservation biology. For example, animal behavior 
researchers may be interested in the influence of mecha¬ 
nistic and ecological factors on the dispersal behavior 
of individual animals. The data gathered in such a study 
of dispersal behavior may also apply to questions about 
population redistribution across the landscape, or the 
prediction of how endangered species will respond to 
habitat fragmentation and modification. The number of 
tools and techniques available for analyzing animal spatial 
data is rapidly expanding; in this article, we present a 
subset of the available methods. We assume that the data 
for each tracked animal consist of (at minimum) a series of 
X, Y coordinates and associated time stamps; an almost 
infinite number of additional measurements, such as hab¬ 
itat type, elevation, and distance to water or roads, may be 
associated with each location. 

Data Collection Considerations 

Before spatial analyses can be conducted, the data must be 
collected in a manner appropriate to answer the study 
question. For this reason, and because it is often costly (in 
terms of both equipment and researcher time) to conduct 
a tracking study, we recommend that researchers think 
carefully about several issues before beginning data col¬ 
lection. There are matters to consider both in tag deploy¬ 
ment and in tag reading. Tag deployment issues include 
which, and how many, animals to tag. Tag reading con¬ 
siderations are how frequently to collect locations, at what 
time of day to track, how many locations to obtain, and 
location error. Because studies of spatial behavior are so 
diverse in terms of both objectives and study species, 
decisions made about tag deployment and reading will 
depend greatly upon the specific study. 

Which animals to track will depend on the study 
question: a researcher interested in natal dispersal will 
track juvenile animals, and a study of sex differences in 
home range areas will require tracking both male and 


female adults. The number of animals that can be tracked 
is often restricted by financial concerns, but despite finan¬ 
cial constraints, one must ensure that a large enough 
sample size will be obtained to adequately test hypoth¬ 
eses. Ad hoc power analysis may be used to determine the 
required sample size. 

Data collection frequency will depend on both tag 
constraints and the question of interest. Small tags (for 
small animals) often have limited battery life, requiring 
that locations be collected frequently over a relatively 
short period of time. In addition, obtaining detailed move¬ 
ment paths requires a high frequency of data collection, 
and the timing of data collection will depend on the 
movement speed of the study animal. The time of day for 
data collection will depend upon the goal of the study - if 
it is to characterize the inclusive space use of an animal, 
data must be collected at all hours of the day and night. 
However, many studies require data collection only during 
the animal’s active period (i.e., during the day for diurnal 
animals or at night for nocturnal creatures). How many 
locations to collect per individual will also depend upon 
the goals of the study; for example, when analyzing home 
ranges of resident animals, a good rule of thumb is that at 
least 30-50 locations should be collected per individual. 
Finally, researchers should consider and measure location 
error. Location error may be due to a variety of factors, 
including the distortion of VHF radio signals due to ‘signal 
bounce’ off physical obstacles (such as hills) and errors 
in GPS locations when GPS tags are located in densely 
vegetated areas. If the error is large relative to the size of 
the study area or the animal movements, the data collected 
may be of limited use. 

Categories of Spatial Analyses 

We address two primary types of analyses in this article: 

(1) space use by resident animals (home ranges) and 

(2) the analysis of movement paths. The spatial behavior of 
resident and nonresident animals may be quite different 
from one another and will often require different methods 
of data collection and analysis. For example, studies of the 
spatial behavior of resident animals often focus on deli¬ 
neating and quantifying the home range area (the area 
typically used by an animal in its daily activities) or the 
territory size (the area defended by an animal). However, 
the home range concept does not apply to nonresident 
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animals - in fact, the space used by a migrating animal 
may change on a daily basis. It is important to carefully 
consider the objectives (i.e., describe home ranges of 
adults, or follow the movement paths of dispersers) of a 
study of spatial behavior before data collection begins, to 
ensure that the study design will result in data appropriate 
for the analysis method. 

Analysis of Space Use by Resident Animals 

Many methods, consisting primarily of home range esti¬ 
mators, are available to describe space use by resident 
animals. Because of the large number of home range esti¬ 
mators, which are highly variable in their data require¬ 
ments, ease of use, and suitability, we focus our discussion 
here on the two most widely used methods: the minimum 
convex polygon (MCP) and the kernel density estimator 
(KDE). MCPs and KDEs share some assumptions about 
the manner in which data are collected, the most important 
of which is the assumption of temporal independence of 
locations. For many years, achieving a lack of temporal 
autocorrelation between the locations of successive points 
was considered a primary goal of data collection for home 
range studies. The focus on temporal independence was 
due to the fact that in addition to violating the assumption 
of independence of data points, temporally autocorrelated 
points also yield less information about space use than do 
independent points. More recently, it has been realized that 
complete temporal independence is not necessary for most 
studies, but it is still true that data points should be col¬ 
lected across the animal’s active period, with a reasonable 
amount of time between locations. To illustrate why the 
temporal spacing of data points is recommended, consider 
that a researcher will obtain much more information about 
the activity of a diurnal animal if ten locations are collected 
throughout the daylight hours than if all the ten locations 
are recorded between 3 pm and 4 pm. Home range analysis 
methods can be implemented in a variety of computer 
programs, and the most commonly used programs by 
researchers in animal behavior and wildlife ecology are 
ArcView 3.x (using the Animal Movement Extension), 
RANGES, and CALHOME, although other programs, 
including ArcGIS, GRASS, and Maplnfo are also used. 

Minimum convex polygon 

The oldest, and perhaps the most widely used, home range 
estimator is the MCP. The MCP is calculated by connecting 
the outermost points at which an animal was located, 
which results in a two-dimensional polygon representing 
the home range (Figure 1(a)). In practice, researchers 
often discard 5% of point locations when calculating the 
home range, which results in a 95% MCP (Figure 1(b)). 
The rationale behind this approach is that discarding 5% 
of locations should eliminate outliers. However, the 5% 
figure is arbitrary, and researchers may calculate MCPs, 


using any percentage of the available data. For example, 
50% MCPs may be used to represent ‘core areas,’ and 
100% MCPs may be used by those who do not want to 
miss any space used by an animal (but note that 100% 
MCPs may include area that is not used by the animal at 
all; see Figure 1(a)). MCPs were developed before the 
widespread availability of computers and are thus com¬ 
putationally quite simple — a researcher may even physically 
plot locations on a map and draw the borders of the home 
range by hand, but most now use computer programs that 
quickly plot locations and calculate home range areas. 

Because of the intuitive nature of the MCP, its ease of 
calculation, and widespread historical use, this method is 
still employed by many researchers. However, there are 
quite a few drawbacks to the MCP. Technically, MCPs 
may be drawn with as few as three unique locations, but 
recent simulation studies have suggested that as many as 
100-300 locations may be required to achieve an accurate 
representation of the home range, using MCP estimators. 
Because the MCP method results in a two-dimensional 
polygon with no indication of the relative use of different 
areas within the home range, too much weight may be 
assigned to points on the edge of the range. That is, the 
presence of a few locations occurring far from the bulk of 
the points may result in a substantially larger range than 
would otherwise be obtained (compare Figure 1(a) and 1(b)). 
Finally, MCPs do not generate estimates of centers of 
activity. Some researchers now suggest that home range 
studies report the results of both the MCP and at least one 
additional home range estimator, the rationale being that 
the MCP is comparable among studies and allows com¬ 
parison with results from the older literature. However, 
other researchers disagree, and suggest that the disadvan¬ 
tages of the MCP method are so great that this method 
should not be used at all. We leave this decision up to the 
researcher. 

Kernel density estimators 

The use of KDEs has become quite widespread in the past 
decade. Unlike MCPs, KDEs allow researchers to determine 
the animal’s relative use of different areas of the home 
range, and allow for the determination of multiple centers 
of activity. KDEs estimate the intensity (or probability) 
of use at particular locations (the utilization distribution, 
or UD). KDE home ranges may be represented in three 
dimensions as map contours, with higher ‘peaks’ in areas 
with a greater probability of use (Figure 2). Software packages 
generate KDEs by evaluating a probability density function: 
a mathematical formula that incorporates a kernel function, 
the number of point locations, the smoothing parameter, 
and the coordinates at which the animal was located. The 
probability density function estimates the animal’s proba¬ 
bility of using a particular point on the landscape. Research¬ 
ers often implement KDEs with the most-intensely used 
50% of locations to estimate core areas, and 95% KDEs 
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Figure 1 (a) 100% MCP home range of a male prairie vole. Note 

the large influence of the two points at the bottom of the range. 
The area of this home range is 625.5 m 2 . (b) 95% MCP home 
range, generated from the same data shown in (a). Without the 
inclusion of the two distant points, the area of this home range is 
194.5 m 2 . 


to estimate the larger home range area. A critical issue 
when calculating KDEs is the choice of smoothing param¬ 
eter h (also called bandwidth; see Figure 2(b)-2(d)). If the 
value chosen for h is too small, a fragmented home range 
may be generated (Figure 2(b)). Alternatively, if h is too 
large, an overly smoothed single peak may be generated 
(Figure 2(d)). The choice of h is important because home 
range size estimates derived from fragmented KDEs may 
underestimate the home range area, while estimates from 
overly smoothed KDEs may overestimate the home range 
size and habitat use. The two major categorizations of 
smoothing parameter are fixed and adaptive. Fixed kernels 
utilize the same smoothing parameter across the entire area, 
while adaptive kernels use a different bandwidth for each 
location. KDEs are currently the standard methodology in 
home range estimation, and have relatively few disadvan¬ 
tages. The primary weakness of the method is the large 
influence that the choice of smoothing parameter can 
have on home range estimates. 

Mechanistic home ranges 

Both the MCP and KDE home range estimators are 
primarily descriptors of space use. Unfortunately, such 
statistical home range estimates have little or no predic¬ 
tive value. In contrast, the recently developed mechanistic 
home range analysis methods reviewed by Moorcroft and 
Lewis allow researchers to use correlated random walk 
movement models to integrate empirical field studies and 
predictive theory about animal space use. For example, 
researchers may make predictions about how space use 
will change over time, given changes in predator presence 
or food availability. However, this approach is still very 
new, and implementing mechanistic home range methods 
is considerably more involved than utilizing existing sta¬ 
tistical home range methods. 

Social behavior 

In addition to determining the size of an area that indi¬ 
viduals use, home range analyses may also be used to 
investigate social behavior. Researchers often use home 
range overlap to quantify the strength of association 
between two animals. For example, in Figure 3, a female 
prairie vole’s (animal A) home range is overlapped by the 
home ranges of two males (animals B and C). The relative 
strength of A’s association with B versus C may be quan¬ 
tified by comparing the percentage of A’s home range that 
is overlapped by the home range of animal B with the 
percentage of A’s home range that is overlapped by animal 
C’s home range. Many home range analysis programs will 
output pair-wise home range overlap for any two animals 
in a data set. It is important to consider the directionality 
of home range overlap measures - because any two home 
ranges are likely to contain different amounts of area, the 
percent overlap of home range A on home range B will 
often be different from the overlap of B on A (Figure 3). 
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Figure 2 Quantifying the home range of an African elephant using a KDE. (a) The spatial locations of the animal in two dimensions, 
(b) KDE with h = 0.008. (c) KDE with h — 0.03. (d) KDE with h = 0.08. The figure was created using Matlab. Details of the functions 
used can be found in Martinez W and Martinez A (2002) Computational Statistics Handbook with MATLAB. Boca Raton, FL: 
Chapman & Hall/CRC. 



Figure 3 An example of two male prairie vole home ranges 
(B and C) overlapping a single female’s range (A). Male B’s home 
range overlaps 93.87% of female A’s, while male C’s home 
range overlaps just 24.80% of female A’s. Note that the overlap 
value depends upon which animal is the focal: overlap of B on 
A = 93.87%, but the overlap of A on B is just 65.64% (because B’s 
home range is larger than A’s). 


It is also relatively simple to determine the number of 
conspecifics with which an animal shares space, by counting 
the number of home ranges (or core areas) that coincide. If 
the objective of a study is to calculate a mean value of home 
range overlap (e.g., mean percent overlap of male home 
ranges on female home ranges) for an entire population, 
researchers must be careful to simultaneously track all 
animals of interest, because untracked individuals will 
bias the results. 

Habitat use 

Home range analysis is also useful for describing habitat 
use. By overlaying a home range on a habitat map of the 
study area, researchers can determine whether an animal 
uses particular habitat types more or less than would be 
expected based on the availability of those habitat types. 
Such an analysis of habitat use requires some type of 
geographic information system (GIS) habitat database. 
Digitized habitat maps may already be available for a 
study area; if not, researchers may digitize existing maps, 
or carry out habitat surveys. Alternatively, many sources 
now provide satellite images that can be used as the basis 
for creating digital maps. Two examples are Landsat and 
Satellite Probatoire d’Observation de la Terre (SPOT), 
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which provide satellite images of most of the world. Very 
fine information on the height of habitat features at a scale 
of 15 cm can be obtained from light detection and ranging 
(LIDAR) surveys. LIDAR data provide information on 
topography, canopy heights, and biomass measurements. 
A researcher may also be interested in examining the 
effect of temporal changes in weather, climate, vegetation, 
or ocean productivity on animals’ spatial behavior. To 
examine these questions, measures such as normalized 
difference vegetation index (NDVI) that quantify vegeta¬ 
tion productivity may be obtained from sources such as 
NASA, SPOT, and NOAA (National Oceanic and Atmo¬ 
spheric Administration). 

The choice of the appropriate level (i.e., individual, 
population, landscape) at which to evaluate habitat use 
and availability is critical to any habitat use study. For 
example, a researcher might compare the habitat used 
by an individual animal at a certain time to the habitat 
available within its home range, or the habitat composi¬ 
tion of the entire home range to the habitat available 
across the landscape. Before analyzing a use-availability 
data set, researchers must think carefully about how 
much and what type of habitat is available to an animal. 
Researchers may compare habitat use and availability, using 
a variety of statistical approaches, including traditional 
statistical methods, such as yj tests and logistic regression, 
and more complex analysis methods such as compositional 
analysis, which applies MANOVA (multivariate analysis 
of variance) to compare use and availability. Compositional 
analysis is now very widely used and may be conducted in 
various programs, including the adehabitat Package in R, 
and the Compos Analysis add-in for RANGES. 

Analysis of Movement Paths 

Researchers are often interested in analyzing the move¬ 
ment paths of individuals, rather than stable home ranges. 
The movement path analysis methods presented here are 
particularly useful for quantifying the movements of non¬ 
resident animals (i.e., dispersers, migrants, and experi¬ 
mentally displaced individuals), but some may also be 
applied to resident animals (i.e., those with stable home 
ranges). Unlike home range analysis, wherein a few tech¬ 
niques are widely accepted by most researchers, there are 
fewer ‘rules of thumb’ for choosing from the many options 
available for the analysis of movement paths. Here we 
review some broadly useful movement path analysis 
methods, including measures of path length, movement 
speed, directionality, and path tortuosity. 

As we have already mentioned, the different objectives 
of researchers studying the movements of resident and 
nonresident animals may necessitate different tracking 
protocols. For example, most home range analyses assume 
that consecutive locations are temporally independent (see 
above). However, some degree of temporal autocorrelation 


may be desirable in a study of animal movements, where 
the objective is to obtain as complete a representation of 
the movement path as possible. Temporal independence 
between successive points may yield undersampled move¬ 
ment paths. The appropriate temporal resolution must be 
considered before data collection begins - animals must 
be located often enough that a reasonable depiction of the 
path is obtained, without oversampling. In addition, certain 
sampling methods (e.g., radio tracking and image analysis 
based tracking of lab animals) may contain sampling errors 
and noise. Smoothing techniques, such as moving windows, 
that spatially average a subset of locations for each time step 
can be used for creating more accurate movement paths. 

Movement distance and speed 

It is relatively easy to calculate simple measures such as 
path length and movement speed from spatial data. Path 
length (the total, or cumulative, linear distance traveled) is 
calculated by adding together the lengths of all segments 
generating a path. Logically, the longer the period over 
which locations are obtained, the longer the observed path 
length will be. Thus, path data must be standardized before 
making comparisons between animals. Data may be stan¬ 
dardized by truncating all paths to include only as many 
observations as are contained in the shortest path (i.e., if 
the shortest path consists of four moves, use only the first 
four moves of all paths in the data set). However, truncat¬ 
ing movement data is often not feasible because it would 
lead the researcher to discard much of the collected data - 
there are almost always some individuals for which very 
few observations are available. This problem may arise 
when individuals quickly lose their tags, or suffer preda¬ 
tion. A more reasonable way to standardize path length 
data is to divide the path length by the amount of time over 
which the individual was observed; this would result in 
the distance moved per unit time, or speed, which may be 
compared among animals. Many of the previously men¬ 
tioned software packages calculate path length and move¬ 
ment speed at the click of a button. 

Directionality of movement 

Researchers are often interested in describing the direc¬ 
tionality of animal movement; for example, one may wish 
to determine whether a dispersing animal is consistently 
heading in a particular direction. Because directional 
headings are measured in degrees, which are distributed 
around the circular compass, traditional statistical tests 
are not appropriate for these data. To illustrate this problem, 
consider the difference in direction between compass bear¬ 
ings of 2° and 350°. Simple subtraction yields a difference 
of 348° (or —348°), when in fact these two bearings 
differ by just 12°. The difference between calculations arises 
because of the circular distribution of compass bearings - 
there are 360° around the compass, which means that 
there is a difference of a single degree between bearings 
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of 359° and 0° (due north). Circular statistics are quite 
useful in the analysis of movement data, but many intro¬ 
ductory statistics books and popular general statistics 
programs do not include information about circular 
tests. Circular statistics may he implemented in the Animal 
Movements Extension for Arc View 3.x and the circular 
statistics program ORIANA 2. Batschelet gives additional 
information about circular statistics may be found. 

Path complexity 

The complexity of a movement path may be quantified as 
path tortuosity, which incorporates the length of moves 
and the turning angles between subsequent moves to gen¬ 
erate a measure of how complex, or tortuous, a path is. 
More tortuous paths are often assumed to correlate with 


more thorough search of an area, with relatively straight 
paths assumed to occur when animals move quickly 
through an area. Path tortuosity may be measured in 
different ways, but is frequently quantified as fractal 
dimension (D). Fractal D ranges from 1 to 2; a perfectly 
straight line has D= 1, while a path that is so complex that 
it turns back on itself repeatedly to completely cover a 
plane has D= 2. There has been a great deal of discussion 
on the validity of using fractals to describe animal move¬ 
ment, with much of the controversy hinging upon whether 
animal movements are scale-invariant. Some researchers 
argue that because true fractals are scale-invariant (i.e., D 
is the same, regardless of the spatial scale at which the path is 
measured), while most animal movements are not scale- 
invariant, it is inappropriate to apply fractal analysis to 
animal movement data. Others argue that D is useful for 



Figure 4 Dispersal range analysis of the dispersal paths of two juvenile brush mice, (a, b) Show an animal that explored a large 
area fairly superficially, while (c, d) show an animal that explored a smaller area rather thoroughly, (a) Individual locations are linked 
to form a path of total length = 1297 m. Incorporating an assessment radius (AR) of 2 m results in an assessment corridor (AC) area 
of 3300 m 2 . (b) The MCP (outline) of all locations is 10 700 m 2 , resulting in an AC/MCP ratio of 0.31. (c) Individual locations are linked 
to form a path of total length = 1644 m. Incorporating an AR of 2 m results in an AC area of 2129 m 2 . (d) The MCP (outline) of all 
locations is 3324 m 2 , resulting in an AC/MCP ratio of 0.64. 
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comparing movement paths measured on the same spatial 
scale. FRACTAL is a freely available computer program 
that calculates D , along with several other measures of path 
complexity. 

Dispersal range analysis 

Home range methods offer a relatively standardized way 
to quantify area use by resident animals. But how should 
researchers quantify the area used (or perhaps more 
appropriately, searched) by nonresident animals? Some 
researchers have applied home range methods to analyze 
data on the movements of dispersing animals, but several 
problems with this approach have been pointed out. For 
example, many home range analyses begin by eliminating 
outliers (i.e., 95% MCPs); however, those ‘outliers’ are 
often the most important and interesting data in dispersal 
studies. Erik and Veronica Doerr developed a suite of 
variables that can be used to quantify search behavior from 
tracking data. Here we present two of these variables: search 
area and search thoroughness. The calculation of search 
area is based upon the assumption that as animals move 
through an area, they are able to assess the surrounding 
habitat within a certain distance, dictated by their percep¬ 
tual range (the assessment radius (AR)). If both the movement 
path and the width of the AR are known, these data can 
be combined to generate an assessment corridor (AC) of 
width = 2(AR) surrounding the movement path. The search 
area can then be estimated as the area contained within 
the AC (Figure 4(a) and 4(c)). Search thoroughness may 
be quantified as fractal Z), or as the ratio of the AC area to 
the area of the MCP containing all of an animal’s locations 
(AC/MCP; Figure 4(b) and 4(d)). Low AC/MCP values 
indicate low thoroughness, and ratios approaching 1 indicate 
very thorough search. DRAP, or Dispersal Range Analysis 
Program, is a freely available program that calculates 
these and other measures of dispersal behavior. 

Theoretical Models of Individual 
Movement Behavior 

Much effort has been devoted to the theoretical modeling 
of animal movements, primarily from an ecological (rather 
than a behavioral) perspective. The modeling literature is 
vast, and much of it concentrates on questions of population 


redistribution, rather than on the mechanisms influencing 
individual movement behavior. An awareness of recent 
advances in the field of modeling animal movements is 
beneficial but somewhat beyond the scope of the current 
article. For an excellent introduction to models of move¬ 
ment behavior, we direct the reader to Turchin’s book. 

See also: Remote-Sensing of Behavior. 
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Introduction 

It is interesting to contemplate a tangled bank, clothed 
with many plants of many kinds, with birds singing on the 
bushes, with various insects flitting about, and with worms 
crawling through the damp earth, and to reflect that these 
elaborately constructed forms, so different from each 
other, and dependent upon each other in so complex a 
manner, have all been produced by laws acting around 
us ... There is grandeur in this view of life, with its several 
powers, having been originally breathed into a few forms 
or into one; and that, whilst this planet has gone cycling on 
according to the fixed law of gravity, from so simple a 
beginning endless forms most beautiful and most wonder¬ 
ful have been, and are being, evolved (Charles Darwin). 

In this famous passage, Darwin expresses his admiration 
for the evolution of biodiversity via natural selection. 
One might further note, however, that the existence and 
coexistence of this wondrous biodiversity owes, in good 
part, to the evolution of ecological specialization - the 
use of a specific subset of locally available resources. 
Ecological specialization commonly allows otherwise 
similar species to coexist by partitioning available 
resources (e.g., food and habitat), thus preventing inter¬ 
specific competition for them. Complementarily, the 
competitive exclusion principle predicts that two species 
using the same resources (or niches) cannot stably coex¬ 
ist, as competition will eventually yield the extinction 
of one or the other. 

Classic examples of ecological specialization and 
resource partitioning include Darwin’s own Galapagos 
finch species, which behaviorally specialize in their foods 
(e.g., different-sized seeds) and exhibit divergent mor¬ 
phological specialization in the form of beak structures 
allowing the efficient consumption of species-specific food 
items. A more unusual example is provided by the cichlids 
of the African rift lakes. These fishes have rapidly evolved 
species of specialist feeders on foods as diverse (and 
bizarre) as algae, plants, zooplankton, hard-shelled mol- 
lusks, insects, fish, the babies of mouthbrooding cichlids 
(which they force the mother to disgorge), fish parasites, 
fish scales, and fish eyes! As with the finches, these behav¬ 
ioral specializations are often accompanied by anatomical 
ones. Other cases are provided by groups of closely related 
herbivorous insect species that coexist on the very same 
host plant species. This is accomplished by partitioning 
the plant itself, with different species specializing on 


different plant parts (e.g., flowers vs. seeds vs. stems, etc.) 
and even on different plant sexes. 

The opposite of the ecological specialist is the ecolog¬ 
ical generalist, a species that uses a considerable variety of 
resources. Generalists are not exposed to strong and spe¬ 
cific directional selection pressures to the degree that 
specialists are. Rather, they are simultaneously subject to 
disparate sources of selection associated with the use of 
each of their resources. Thus, they less frequently exhibit 
the ‘extreme’ and diverse traits that often characterize the 
intimate ecological relationships of specialists. 

The above issues are illustrated by the effects of the 
end-Cretaceous mass extinction (of all animals >50 lbs.) 
on mammalian evolution. True mammals had existed 
for ~ 100 My preceding this extinction event. Yet their 
evolutionary diversification had been unimpressive, with 
their modest taxonomic diversity primarily restricted to 
small, morphologically generalized (more or less rat-like) 
insectivores. This paucity of early mammalian variety has 
commonly been attributed to their competitive exclusion 
from most niches by ecologically dominant reptile taxa, 
such as dinosaurs. This hypothesis receives support from 
the spectacular phylogenetic and phenotypic ‘mammalian 
radiation’ that occurred during the ~10My immediately 
following the mass extinction. Most major mammalian 
orders first appear in the fossil record at this time, as do 
many of the most specialized mammalian forms such as 
bats, whales, primates, and enormous herbivores. This 
belated mammalian profusion was seemingly promoted 
by access to suddenly unexploited resources/niches and 
their subsequent partitioning. 

A different, coevolutionary, scenario of adaptive radia¬ 
tion was offered by Ehrlich and Raven to explain the 
evolutionary proliferation of two ecologically associated 
groups of organisms: plant-feeding insects (hereafter 
referred to simply as ‘herbivores’) and flowering plants. 
The scenario begins with an herbivore lineage overcoming 
the defenses of an unexploited group of plants (e.g., by 
evolving digestive enzymes that neutralize plant toxins). 
The herbivore lineage exploits and partitions this new 
resource via the evolution of new herbivore species, each 
specialized on a different plant. Subsequently, a lineage 
of these plants evolves a newly impenetrable defense, 
allowing it to analogously diversify by filling the niches it 
had been excluded from by the presence of its herbivore 
attackers. Iteratively repeating this coevolutionary cycle 
could thus explain much about specialization and species 
richness in these two groups. This model helped establish 
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Figure 1 Herbivorous insect species that have provided insights on the evolution of ecological specialization. Most are invoked in the 
article, (a) Rhagoletis pomonella fruit flies, whose host race formation via specialization on apple versus hawthorn trees has informed our 
study of speciation through work by Jeffrey Feder and colleagues. Courtesy of J. Feder. (b) Timema cristinae stick insects, whose two 
ecotypes exhibit specialized morphologies (body shape and stripe presence/absence) that render each ecotype best camouflaged 
from predators when on its native host plant. Studied especially by Chris Sandoval and Patrik Nosil. Courtesy of P. Nosil. 

(c) Neochlamisus bebbianae leaf beetles, whose populations each specialize on one of several unrelated tree species. These 
populations prefer, and survive best on, their native host plant and appear to be speciating as a consequence of this divergent host 
adaptation. Developed and employed as a study system by Daniel Funk. Courtesy of C. Brown, (d) Grammia crotalaria caterpillars, 
generalists that are predators on various small herbaceous plants, perhaps due to the nutritional value of such a mixed diet. Studied by 
Michael S. Singer, who provided the photo, (e) Jadera haematomola soapberry bugs, whose beak length has evolved markedly within a 
matter of decades in response to the introduction of plant species whose seeds (the bug food source) deviate in their depth from the fruit 
surface as compared to seed depth in the insect’s normal host plant. Research and photo provided by Scott Carroll, (f) Uroleucon 
ambrosiae aphids, whose evolution of generalization from specialized ancestors was the focus of work by Daniel Funk and colleagues, 
and is detailed in the last section of this article, (g) Ophraella notulata leaf beetle, one of the species studied by Douglas Futuyma to 
evaluate the role of genetic constraints on the evolutionary history of host shifts and specialization across this beetle genus. 

(h) Euphydryas editha butterflies, whose populations exhibit complex patterns of geographic variation in host plant specialization, 
including host preference changes that have evolved over a matter of years. Devotedly studied by Michael C. Singer, who provided the 
photo, (i) Enchenopa binotata treehoppers. The eggs of Enchenopa populations associated with different host plant species begin 
development at different times that specifically correspond to variation in initial spring sap flow among these hosts. Thus, treehoppers 
on different hosts mature at different times, reducing interpopulation mating opportunities and illustrating environmentally based 
temporal isolation. Investigated by the late Tom Wood. 


the ecological specialization of insect herbivores as a major 
topic in evolutionary ecology, hence the focus on this 
phenomenon by the present article. 

Herbivorous Insect Exemplars 

Herbivory has independently evolved dozens of times 
across nine insect orders. Compared to other taxa, insect 
herbivores frequently exhibit strong ecological specializa¬ 
tion (Figure 1). The degree of specialization of an herbi¬ 
vore species is commonly evaluated in terms of the variety 


of taxa used as host plants. Whether the criterion for specialist 
status is having hosts restricted to a single plant family, a 
single genus, or a single species, a sizeable proportion of 
herbivores qualify as ecologically specialized. At the same 
time, more ‘generalized’ herbivores that use a consider¬ 
able diversity of host plants also exist. Thus, although 
most herbivores are specialists, considerable variation in 
the degree of specificity/generalism exists among herbi¬ 
vore taxa. For example, while Orthoptera (grasshoppers 
and kin) and certain Lepidoptera (butterflies and moths) 
families are dominated by highly polyphagous generalists 
that use many plant families as hosts, leaf beetles, and 
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aphids exemplify groups dominated by monophagous spe¬ 
cialists that use but a single host plant species. In between, 
are oliphagous species that use a modest number of host 
taxa. Other informative terms for characterizing herbivore 
specialization include ‘preference hierarchy,’ a ranking of 
the relative degree to which an herbivore prefers each 
of its multiple hosts, and ‘host range,’ which refers to the 
suite of particular plant species an herbivore uses as hosts. 

In thinking about herbivore specialization, it is impor¬ 
tant to recognize that for many herbivores, the host plant 
is effectively its entire habitat. There, all life activities 
occur, from oviposition through larval development and 
adult feeding and mating. For such insects, host speciali¬ 
zation thus imposes extremely strong selection on diverse 
aspects of biology. This may influence the evolution of 
sensory structures and behaviors governing the location 
and acceptance of the host as a site of oviposition, feeding, 
and mating; of anatomical structures allowing adherence 
to the host substrate and feeding on host tissues; of the 
physiological capacity to tolerate or avoid host toxins and 
digest host tissues; of behavioral strategies for avoiding 
desiccation and natural enemies; and so on. 

With this in mind, imagine that a population specializ¬ 
ing on host A becomes geographically isolated on novel 
plant B in an area devoid of host A. Since herbivore host- 
associations are often determined by behavioral prefer¬ 
ences that belie a physiological capacity to develop on 
nonhost plants, our hypothetical population may plausi¬ 
bly survive on novel plant B. If indeed it manages to 
establish a population on B, strong selection would there¬ 
after promote adaptation to it, resulting in its adaptive 
divergence from the ancestral population on host A in 
diverse phenotypic traits relevant to ecological specializa¬ 
tion. Recent molecular studies reveal wide-ranging geno¬ 
mic effects of this divergent host adaptation, supporting 
the enormous influence of host-associated selection on 
herbivore evolution. For example, sampling hundreds of 
genetic loci from Neochlamisus bebbianae leaf beetle popula¬ 
tion specializing on maple versus willow trees indicated 
that 10-15% of their genomes may be evolving under the 
influence of this ‘host-related selection.’ And such selec¬ 
tion can yield rapid results. For instance, within the last 
100 years, soapberry bugs have evolved considerably lon¬ 
ger beaks to penetrate the broader fruits of an introduced 
plant species, allowing them to feed on the seeds inside. 

Because of their great diversity, discrete hosts/habitats, 
and tendency to exhibit phenotypic divergence, as well as 
their small size, fast generation times, and ready propaga¬ 
tion, many herbivores provide great opportunities for 
controlled and informative studies of ecological speciali¬ 
zation. Such studies may even have practical benefits, 
given the great economic costs imposed by herbivorous 
pests of crops, most of which are not native hosts of these 
pests. A notable example is the sowing of an herbivore’s 
native host plants amidst crop plants. This provides the 


herbivore with a preferred alternative to the crop plant, 
thus ameliorating the otherwise intense selection pres¬ 
sures on such herbivores to adapt to crops grown in large 
monocultures. This strategy reduces the likelihood that a 
native herbivore will evolve into a (greater) pest. 

Evaluating Host Preference: A Principle 
Determinant of Host Use 

A herbivore’s capacity to feed and develop on a plant is 
influenced by various anatomical and physiological fac¬ 
tors, such as having appropriate mouthparts and digestive 
enzymes. However, host preference is governed by critical 
behavioral components. This section introduces some of 
these components and various means of studying them. 

Since most herbivores must locate new host individuals 
during their life cycle (e.g., for oviposition), a herbivore’s 
initial manifestation of host preference is often based 
on long-distance cues. These are generally olfactory and 
detected by receptors (e.g., on the antennae) sensitive to 
very small concentrations of air-borne plant volatiles. 
Locating the source of those volatiles eliciting interest 
brings the herbivore within range of potential visual cues. 
A plant acceptable to this point may be landed upon, such 
that touch (via mechanoreceptors) and taste (via chemor- 
eceptors) come into play as the herbivore assesses external 
plant anatomy (e.g., surface waxes, plant hairs, etc.) and 
chemistry. This may be followed by the sampling of inter¬ 
nal constituents via feeding and the assessment of post- 
ingestive feedback. Plants produce a diverse array of 
secondary metabolites that often play critical roles in 
plant acceptance versus rejection as a host. These include 
nonvolatile chemicals that contribute to the stimulation 
versus deterrence of herbivore feeding and oviposition. 

Herbivore researchers have evaluated the stages and 
factors involved in host identification, acceptance, and 
preference using a heterogeneous array of approaches: 
Wind tunnels are used to evaluate long to medium distance 
host orientation and preference. A herbivore flying upwind 
from one end of the tunnel toward odor sources blown from 
the other end allows the assessment of its orientation 
behavior in the odor plume and of odor attractiveness. 
Another common technique uses ‘Y-tube olfactometers,’ 
whereby an insect is placed in the tube at the base of the 
‘Y’ while alternative odors are wafted through the two distal 
tubes, providing the herbivore with a choice when it 
reaches the tube’s fork. Visual cues may be evaluated by 
investigating herbivore responses to variables such as alter¬ 
native leaf shapes and colors. Behavioral experiments are 
often supplemented by fine-scale, electrophysiological 
assays. The electroantennogram technique involves 
removing a herbivore antenna, inserting silver wires in 
each end and measuring the antenna’s electrical output 
when exposed to an odor, thus quantifying relative 
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neurological response. At an even finer scale, the responses 
of individual sensilla and even individual cells within sen- 
silla can be evaluated. Particular plant chemicals can be 
efficiently investigated as potential feeding stimulants or 
deterrents by adding them to artificial diets and evaluating 
feeding responses. Feeding and oviposition preferences can 
also be more ‘naturally’ evaluated by scoring feeding dam¬ 
age or eggs laid by a herbivore on actual plant foliage over a 
specified period of time. Finally, simple, continuous obser¬ 
vation of individual herbivore behavior in the lab or field 
can prove very informative. 

Evolutionary Hypotheses for Ecological 
Specialization 

Resource limitation and associated competition are com¬ 
monly invoked to explain ecological specialization. Yet that 
explanation seems insufficient for herbivores. A summer 
walk through the woods or an old field reveals an abun¬ 
dance of green, healthy foliage. ‘The world is green,’ and 
plants overcome by herbivore attack are relatively uncom¬ 
mon. So why do most herbivores specialize on a minority of 
the available resources? The very active area of research on 
this seeming paradox has produced a number of hypotheses. 

1. Perhaps the best known is the tradeoffs hypothesis. Based 
on the notion that ‘a jack of all trades is master of none,’ 
this hypothesis invokes the evolutionary difficulty of 
simultaneously adapting to multiple hosts. It suggests 
that generalists are likely to use each of their many 
hosts less effectively than specialists use their more lim¬ 
ited hosts, resulting in lower generalist fitness. Further, 
any increase in the capacity to use a new host plant is 
likely to reduce the capacity to use an ancestral host. This 
hypothesis is intuitively very appealing, yet the concept 
of tradeoffs has received limited empirical support. 

2. An alternative proposes that specialization is favored 
when a host is very abundant and easily located, thus 
representing a reliable resource. This ‘plant apparency’ 
hypothesis is supported by the tendency of specialists to 
use common hosts more frequently than do generalists. 

3. A third hypothesis links herbivore feeding behavior to 
predation pressure. Generalist predators tend to feed 
on generalist prey, thus allowing specialists to effec¬ 
tively escape into enemy-free space. 

4. One intriguing hypothesis suggests that specialized 
species are favored by sexual selection. Using a single 
host plant provides a reliable ‘mating rendezvous’ 
that increases the chances of potential mates finding 
one another. This hypothesis, which has not yet been 
rigorously tested, suggests that specificity is especially 
advantageous in low-density herbivore species for 
whom mate-finding may be especially challenging. 

5. A more recent hypothesis that has received strong 
experimental support posits that specialists live in a 


cognitively simpler world than generalists, having 
fewer host-associated cues to process when making 
decisions about host preference and thus facing simpler 
choices than generalists, which must choose among 
multiple hosts. This ‘cognitive constraints’ hypothesis 
predicts that specialists, free from the distractions of 
multitasking, should be more efficient in their host- 
use behaviors. This efficiency should result in higher 
growth rates, greater fecundity, and reduced exposure 
to predators, yielding higher fitness and selection for 
greater specificity. 

This area of research also explores why some herbivores 
are generalists. If particular host plants are rare or unpre- 
dictably available in time and space, specialists run a high 
risk of not finding a host plant at all. Indeed, multiple 
studies have shown a tendency for greater generalism in 
marginal environments. Generalism may also be advanta¬ 
geous in the minority of cases where the herbivore is 
effectively a plant predator, that is, where it completely 
consumes small plants and then must find more. Unless a 
given host is particularly common and the predation risks 
associated with moving between hosts are modest, gener¬ 
alism should be advantageous for such herbivores. 
Another potential advantage to generalism is nutritional. 
A single plant species is unlikely to provide the optimal 
balance of nutrients for insect growth, and thus there may 
be an advantage to ‘food mixing,’ that is, feeding on 
multiple host species that cumulatively provide a bal¬ 
anced diet. Grammia caterpillars offer informative investi¬ 
gations of both of the latter two hypotheses. 

Phylogenetic Insights on Historical 
Patterns of Host Association 

Understanding the evolution of ecological specialization is 
further advanced when phylogenetic approaches explore its 
historical aspects. For example, one can evaluate the evolu¬ 
tionary history of host associations among a group of 
related herbivores by treating host plant taxon as a trait to 
be reconstructed (i.e., ‘mapped’ on a phylogeny), thus 
providing the most parsimonious explanation of this his¬ 
tory. By phylogenetically tracing evolutionary changes in 
host use by herbivore lineages through time, specific infer¬ 
ences about the number, timing, nature, and directionality 
of host shifts can be made. Such inferences may farther 
provoke investigations of issues such as the conservative 
versus labile nature of herbivore host use evolution, the 
causes of host shifts, and their role in speciation. 

Historical changes in the degree of host specificity 
can be similarly evaluated. In the simplest analyses, 
herbivore species are dichotomously characterized as 
specialists or generalists, and the history of changes 
between these strategies is reconstructed. Such analyses 
have rejected a long-standing hypothesis that specialists 
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represent an evolutionary dead end, having become 
so specifically adapted to their host that they have lost 
the evolutionary capacity to use alternative plants. Such 
an irrevocably specialized herbivore would be incapable of 
spawning new species via changes in host association see 
section ‘Ecological Specialization and Speciation’ and be 
more prone to extinction, given its reliance on a single 
resource. This hypothesis thus predicts that while gener¬ 
alist lineages can spawn specialists, the reverse is unlikely. 
In contrast, phylogenetic studies provide examples of both 
situations, indicating that host specialization is not quite 
so evolutionarily constraining. 

Indeed, the phylogenetic reconstruction of host use 
has been applied to a great many issues, including the 
use of alternative plant tissues and growth forms, the role 
of plant chemicals as determinants of host association, the 
geographic context of host range variation, etc. Further, 
the method of independent contrasts can extend the 
reconstruction approach and allow the statistical testing 
of whether nonrandom associations exist between the 
phylogenetic distributions of different traits (e.g., between 
particular host associations and plant toxins). This allows 
the evaluation of adaptive hypotheses on the causes of 
ecological specialization. 

Phylogenetic investigations can also be integrated with 
experiments. One such study tested the hypothesis that 
genetic constraints had influenced host use evolution in 
Ophraella leaf beetles. This study used a quantitative 
genetic approach to evaluate genetic variation in the 
capacity of particular Ophraella species to use the host 
plants of congeners. It found evidence for genetic varia¬ 
tion significantly more frequently for those Ophraella spe¬ 
cies tested on the host of a close phylogenetic relative or 
on a plant closely related to its own host. These findings 
suggested that the maintenance of appropriate genetic 
variation facilitates host shifts to closely related plants, 
thus helping explain the frequency of taxonomically con¬ 
servative host shifts in other herbivores. These conservative 
tendencies were further supported by a reconstruction of 
host association at the taxonomic level of tribe that 
implied only one more than the minimum possible num¬ 
ber of host shifts. Intriguingly, a complementary recon¬ 
struction of hosts at the lower taxonomic level of genus 
revealed four evolutionarily independent host shifts 
between Ambrosia and Iva. Especially given the close rela¬ 
tionship of these two genera, this repeated pattern 
provided another, novel, form of evidence for conservative 
host use evolution in Ophraella. 

Characterizing Host Range: Not as Simple 
as it Seems 

This article has implicitly assumed the accuracy of docu¬ 
mented herbivore host ranges and the homogeneity of 


host range among individuals within a given herbivore 
species. However, reality is not so simple. First, reported 
host associations may be inaccurate due to the misidenti- 
fication of host plants or host records based on observa¬ 
tions of herbivores that are merely resting on a nonhost 
plant. Further, a herbivore’s host range is often incom¬ 
pletely documented, a fact promoted by a tendency to 
seek a herbivore on its previously recorded hosts. The 
existence of so many herbivores and plants makes such 
inaccuracies difficult to avoid. Doing so requires inten¬ 
sively systematic sampling of all possible plants, as is 
presently occurring via Dan Janzen’s large-scale Costa 
Rican studies on the host ranges of species of particular 
lepidopteran taxa. 

Second, many herbivore species use different host taxa 
in different parts of their geographic range. This may 
simply reflect geographic variation in the availability of 
hosts rather than in the herbivore’s actual host prefer¬ 
ences. Alternatively, it may reflect genetically based vari¬ 
ation in host preferences, perhaps reflecting divergent 
adaptation to local flora. 

Third, host range variation may exist within local 
populations. Such individual-level variation represents 
an understudied aspect of ecological specialization. 
Nonetheless, agricultural examples are provided by the 
multiple biotypes within various pest species, each genet¬ 
ically adapted to overcome the resistance alleles of a 
particular crop genotype. Fikewise, such genetic variation 
in host preference has been demonstrated in natural 
populations. Individuals may also differ due to environ¬ 
mental influences. Particularly compelling examples are 
provided by aphids of the same genotypic clone that differ 
in induced host preference depending on what plant they 
have been reared on. Maternal effects provide a case 
where induction is cross-generational. For example, a 
mother feeding on plant A prior to oviposition might 
pass along some A-specific chemicals to her eggs that 
predispose the hatchling larvae to prefer plant A more 
than if she had fed on plant B. Thus, teasing apart the 
genetic versus environmental contributions to host use is 
critical to understanding the causes of host specialization. 

Fourth, recent methodological advances have increas¬ 
ingly revealed nominal species of herbivore to include 
multiple anatomically homogeneous but reproductively 
isolated and host-specific sibling species. For example, 
recent experiments show host-use, reproductive, and molec¬ 
ular differentiation between co-occurring N. bebbianae leaf 
beetle populations associated with red maple versus river 
birch, supporting their likely status as sibling species. 

Ecological Specialization and Speciation 

Suspicions of an association between host specialization 
and species formation date to the nineteenth-century 
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writings of Benjamin Walsh and are supported by 
Ehrlich and Raven’s coevolutionary model and the exis¬ 
tence of host-specific sibling species. Further support 
was provided by a study documenting statistically ele¬ 
vated levels of species richness across many indepen¬ 
dently evolved lineages of herbivores as compared to 
their equally aged and nonherbivorous sister groups. 
This study provided the first rigorous evidence for a 
general association between herbivory and species-level 
diversity. 

The above study was published just as intriguing 
findings were being reported on a herbivore system that 
had inspired Walsh himself: populations of Rhagoletis 
fruit flies associated either with their ancestral hawthorn 
host or the recently adopted apple host (apple having 
been introduced to the United States less than 200 years 
previously). These ‘haw’ and apple fly populations are 
now known to be divergently adapted to their respective 
host plants. They also exhibit partial host-associated 
reproductive isolation. For example, their tendency to 
mate on the host plant reduces interbreeding between 
these host-associated populations. The modest gene flow 
between these populations is nonetheless sufficient to 
yield genetic homogenization across most of their 
genome. However, these populations are strongly differ¬ 
entiated at several genetic regions that contain the genes 
underlying their divergent adaptation. The haw and 
apple populations thus seem to represent an intermedi¬ 
ate state in an ongoing process of speciation promoted 
by divergent host adaptation to host plants. Eurosta 
fruit flies, Timema stick insects, Neochlamisus leaf beetles, 
Heliconius butterflies, and pea aphids are among the 
increasing number of additional herbivore taxa believed 
to illustrate speciation via divergent host specialization. 
These systems provide examples of ‘ecological specia¬ 
tion,’ whose models explain how genetic adaptation to 
alternative environments incidentally results in repro¬ 
ductive isolation and species formation. 

In this article, we have considered (1) the tendency of 
herbivores toward ecological specialization, (2) the strong 
selective pressures imposed on populations for whom host 
plant equals habitat, (3) models arguing that divergent 
adaptation promotes reproductive isolation, (4) the docu¬ 
mentation of host-specific sibling species, and (5) evidence 
that herbivorous lineages are especially species-diverse. 
In this light, consider again Darwin’s tangled bank. I 
would wager that if one inspected that bank closely, they 
would find a myriad of specialized insect herbivores! 

An Integrated Example from Uroleucon 
Aphids 

I conclude this article by describing my postdoctoral inves¬ 
tigations of ecological specialization in Uroleucon ambrosiae 


aphids, research that involved many issues addressed above. 
Aphids are phloem sapsuckers that feed by penetrating 
host plant tissues with their beak-like mouthparts. Uroleucon 
is a genus of aphids whose species tend to be monophagous 
on hosts in the Asteraceae (the sunflower family). U. ambro¬ 
siae was known as a specialist on Ambrosia trifida (the giant 
ragweed), a common plant in disturbed habitats of the 
eastern United States. Thus, it was occasional reports of 
this aphid on other plants in the southwestern United States 
that first motivated my studies. These confirmed the spe¬ 
cialist status of U. ambrosiae in the east where my fieldwork 
recovered it only on A. trifida , excepting a few collections 
on another Ambrosia species and a species of the closely 
related genus Iva. In Arizona, however, I collected U. ambro¬ 
siae from 16 host species, representing 11 genera and 4 tribes 
of Asteraceae, plus a species of Malvaceae, documenting 
its regionally generalist status. 

Individual clones of eastern and southwestern popula¬ 
tions were subsequently collected and maintained on host 
plants in a greenhouse. (Most aphids alternate between 
periods of clonal and sexual reproduction, but clonality 
can be maintained using long-day photoperiods.) Four 
southwestern hosts (including A. trifida) were used for a 
variety of behavioral assays using wind tunnels, continu¬ 
ous observation of host acceptance behaviors, electrical 
penetration graph analysis (EPG; in which electrodes 
record aphid mouthpart activity within plant tissues), 
and longer-term choice trials of settling behavior. 

These experiments showed eastern aphids to be signif¬ 
icantly more specialized and efficient than southwestern 
aphids. The use of replicate clonal genotypes established 
a genetic basis for this differentiation. These findings 
showed that southwestern aphids have evolved increased 
generalism and supported the cognitive constraints hypothesis 
on advantages of the specialization, while likewise raising 
the question of what advantages to generalism might 
outweigh the reduced efficiency of the southwestern aphids. 
A potential mechanism for this generalism was provided 
by the significantly and consistently reduced numbers of 
antennal sensilla across southwestern versus eastern 
populations. We hypothesized that the loss of sensory 
structures used in host plant selection could diminish the 
capacity to distinguish among alternative plants, resulting 
in the broader host range of the southwestern aphids. The 
capacity of these aphids to develop on this wide range of 
hosts was also demonstrated, by host performance studies 
showing that eastern and southwestern aphids each per¬ 
formed best on the ancestral A. trifida host, but exhibited 
no differences in their relative capacity to perform on the 
four test plants. Thus, eastern aphids appeared physiolog¬ 
ically preadapted to use plants they did not locally 
encounter. Intriguingly, however, no further physiological 
adaptation to these new hosts had occurred in the south¬ 
west. Fikewise, no host-associated molecular genetic dif¬ 
ferentiation was observed. 
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Further findings contributed more pieces to the puz¬ 
zle. Cross-continental DNA sequence variation proved 
astonishingly low, with no evidence of geographic struc¬ 
ture. Population genetic analyses indicated that the for¬ 
mer result could reflect the loss of variation under 
bottleneck-induced genetic drift. The latter result sug¬ 
gested that U. ambrosia may represent an approximately 
panmictic population across the entire United States. 
Indeed, the small size and limited flying ability of aphids 
make them ‘insect aeroplankton’ that may be transported 
great distances by air currents, thus potentially homoge¬ 
nizing populations via long-distance gene flow. 

A final suite of environmental observations potentially 
completes this puzzle. The riparian areas suitable for 
host plant growth proved to be rare and patchy in Arizona. 
Further, I experienced the unpredictability of desert 
environments in the form of dramatically varying levels 
of annual rainfall. Correspondingly, I observed great 
annual variation in the density of host plants, and asso¬ 
ciated aphid densities that varied by at least two orders of 
magnitude. 

Cumulatively, the above findings support the following 
scenario for the evolution of host generalism in south¬ 
western U. ambrosiae aphids: Eastern specialists blown to 
the southwest initially failed to become established due to 
the patchiness and unpredictable presence of their host 
plant. Eventually, mutations occurred that yielded the 
reduction of antennal sensilla and a correspondingly reduced 
capacity to discriminate against plants they were actually 
capable of developing on. This ‘behavioral release’ freed 
southwestern aphids to adopt multiple hosts, and from the 
precarious existence formerly imposed by the difficult 
challenge of consistently locating one specific host plant. 
Selective forces favoring this generalism are apparently 
strong enough to maintain the low-sensilla mutation(s) at 
high frequency in the face of considerable gene flow. Thus, 
in the unpredictable southwest, the advantages of U. ambrosiae 
generalism apparently far outweigh the efficiency advan¬ 
tages offered by specialization. 


See also: Avoidance of Parasites; Decision-Making: 
Foraging; Habitat Selection; Isolating Mechanisms and 
Speciation; Maternal Effects on Behavior; Optimal 
Foraging Theory: Introduction; Phylogenetic Inference 
and the Evolution of Behavior; Taste: Invertebrates; 
Vision: Invertebrates. 
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Introduction 

Sperm competition occurs when ejaculates from more 
than one male overlap and compete for the fertilization 
of a female’s eggs, and is virtually ubiquitous throughout 
the animal kingdom. With the advent of molecular tech¬ 
niques such as microsatellite analyses of parentage, many 
studies in the wild reveal multiple paternities within 
broods, indicating that the female has mated with more 
than one male during her receptive period. In fact, 
monogamy — when females only mate with one male — 
seems uncommon in the animal kingdom. It is possible 
that in some of these putative cases of monogamy, sperm 
competition may also have occurred, as offspring pater¬ 
nity only measures the outcome of sperm competition and 
not necessarily the sperm in competition. Because sperm 
competition is common, it means that a successful copu¬ 
lation does not guarantee fertilization, and hence sperm 
competition will directly affect the level of gene flow in a 
population, which means that the level of female multiple 
mating can be an important component affecting the 
effective population size. 

Sperm competition is a powerful agent shaping several 
aspects of species’ ecology from sperm form and function 
and female reproductive anatomy to male and female 
reproductive behaviors. It is also implicated in the evolu¬ 
tion of anisogamy (gametes of different size) and hence 
the two sexes. When the survival of the developing zygote 
is strongly dependent on its size, disruptive selection 
favors large gametes with high viability, whereas small 
gametes are numerically superior. Competition between 
gametes over fusion partners results in strong disruptive 
selection leading to either large viable gametes (eggs) and 
small numerous gametes (sperm). There are alternative 
hypotheses for the evolution of anisogamy. These include 
small sperm avoid transmitting selfish genetic elements, 
but this does not preclude the importance of sperm com¬ 
petition playing a role in shaping the initial size diver¬ 
gence between egg and sperm. 

The theoretical reason why producing large numbers 
of sperm is advantageous in sperm competition is related 
to their numerical superiority. According to the ‘Lottery 
Principle,’ by which all sperm have an equal chance of 
fertilizing the egg, males that ejaculate proportionally 
more sperm have a higher chance of being successful. 
The idea is analogous to a lottery where the more tickets 
(sperm) you buy, they greater your chances of winning 
the prize (fertilising the egg). The pressure on males to 


produce increasingly larger quantities of sperm has pro¬ 
moted the evolution of larger testes size, as bigger testes 
have greater sperm-producing capacity. Comparative 
studies in numerous animals from insects to fishes, frogs, 
and mammals show that across species males have rela¬ 
tively bigger testes size when they face an increased risk 
of sperm competition. In other words, in species where 
females mate multiply, males tend to have larger testes for 
their body size and thus produce more sperm. 

Males not only face differing degrees of risk of sperm 
competition, which vary between 0 (no sperm competition) 
and 1 (competition is inevitable). The intensity of sperm 
competition also varies between copulations and relates to 
the number of competitors at any given mating. Across 
species, ejaculate expenditure per mating should increase 
with the number of competing ejaculates for the eggs of a 
given female. However, the opposite is true for ejaculate 
investment within a species. Providing males can assess the 
number of competitors, males should decrease the number 
of sperm ejaculated once the number of competitors rises 
above 2. Again a fair lottery is assumed where all sperm 
have equal fertilization probability, resulting in males eja¬ 
culating few sperm when there are no competitors, most in 
the presence of one competitor, and reduce the number of 
sperm when there are two or more competitors. The reason 
being that the benefit of increasing the number of sperm 
ejaculated decreases with increasing number of competi¬ 
tors because of diminishing returns. In other words, analo¬ 
gous to the lottery principle, the more lottery tickets sold in 
total, the less the chances of winning by buying additional 
tickets. However, the distinction between sperm competi¬ 
tion risk and intensity may not be necessary, since variation 
in the distribution of sperm competition risk across females 
at the population level will simultaneously alter the inten¬ 
sity of sperm competition. 

An alternative explanation for the production of many 
tiny sperm is the need to produce many sperm to ensure 
that the eggs get fertilized; by producing many small 
sperm, this probability is maximized. However, this idea 
has little empirical support. For example, in many mam¬ 
mals, sperm numbers can be drastically diluted (as in 
artificial insemination) and still achieve high fertilization 
rates. Similar patterns also appear to be the case in insects 
in which only a few sperm are necessary for full fertility. 
Another suggestion is that many sperm are needed 
because most sperm may be defective because of errors 
during development. However, this idea also has little 
empirical support, as also eggs should be vulnerable to 
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developmental errors. To date, the most robust explana¬ 
tion for the existence of many sperm seems to be sperm 
competition. 

Sperm competition also appears to be responsible for the 
tremendous variation in sperm form and function and may 
also partly explain the staggering difference in sperm size 
between species, although the female reproductive tract, 
where sperm have to operate, is also likely to be very 
important. Apart from ejaculating many tiny sperm, males 
can instead opt to produce more elaborate sperm, either 
sperm that live longer or bigger and faster sperm that have 
a higher likelihood of succeeding in sperm competition by 
getting to the eggs first. For example, the biggest known 
sperm is found in the fly Drosophila bifurca , in which they can 
reach more than 58 mm in length, which is 20 times the size 
of the male! Needless to say, producing gargantuan sperm 
comes at a cost. In fly species with giant sperm, males pay the 
cost of delayed maturity, and cannot produce a vast number 
of these large sperm. A male D. bifurca produces almost the 
same number of sperm as the female produces eggs and only 
a few are transferred per mating. Sperm competition has also 
shaped the evolution of sperm function. In eutherian mam¬ 
mals for example, sperm must undergo a process of matura¬ 
tion in the female to become fertilization competent. In mice 
(Mus spp), differences between species in the level of sperm 
competition experienced are associated with the proportion 
of spermatozoa that become ready to interact with the ovum 
(‘capacitated’). Sperm competition favors a larger number of 
sperm competent to fertilize at the site of fertilization. 
However, this may come at a cost to the females as the 
enhanced competitiveness of spermatozoa during fertiliza¬ 
tion may increase the risk of polyspermy (more than one 
sperm entering the egg). 

There has been a recent paradigm shift in the study of 
sperm competition, which initially was focussed on the 
impact of male behaviors, without acknowledging that 
females can influence the outcome of sperm competition. 
In the last 30 years, researchers have realized that females 
can exert considerable control over sperm. Females can 
dump sperm after mating, and directly interfere with 
transfer, storage, and management of sperm while in her 
reproductive tract prior to use in fertilization. This reali¬ 
zation has revolutionized the way we study sperm com¬ 
petition. Now researchers readily acknowledge that there 
are BOTH male and female influences affecting the out¬ 
come of sperm competition and the challenge is now to 
try and separate the relative importance of male and 
female impacts. 

Social Factors That Influence Sperm 
Competition 

There are several factors that affect the risk of sperm 
competition, the main being female remating rate. This 


is related to external factors such as population density 
as females are more likely to mate multiply in high- 
density situations. One reason for this may be to reduce 
the cost of male harassment. For example in damselflies 
[Ischnura elegans), females come in different colour 
morphs, one that resemble males. These different col¬ 
our morphs occur at varying frequencies. It is suggested 
that male mimicry by females has evolved to reduce 
costly harassment as the common morphs suffer from 
excessive male mating harassment and higher mating 
frequencies. The avoidance through male mimicry 
appears to benefit females as they are less prone to 
harassment and hence remate less frequently, providing 
the frequency is lower than that of nonmimetic females. 
Overall, population size is important as in a small popu¬ 
lation, females may mate more than once with the same 
male and hence sperm competition is reduced. In very 
small populations, the relatedness between males can 
also influence the importance of sperm competition, 
as in inbred populations the cost to males of losing 
out in sperm competition may be reduced, as the lost 
paternity will be gained by a relative with whom he 
shares genes. 

In social animals, such as feral fowl (Gallusgallus), there 
is a dominance hierarchy, which means that not all males 
experience the same level of sperm competition. Domi¬ 
nant males are less likely to engage in sperm competition, 
whereas subordinate males are far more likely, as they try 
and sneak copulation with (usually) already inseminated 
females and have to compete with sperm from previous 
copulations. In other animal societies, there may be a 
virtual absence of sperm competition despite the presence 
of several males, since the dominant pair solely carries out 
reproduction and there is no female multiple mating. 
However, in most social animal societies there is fre¬ 
quently sperm competition. Even though the majority of 
copulations are carried out by a dominant male, subordi¬ 
nate males often adopt an alternative tactic and sneak 
copulations. In this situation, the risk of sperm competi¬ 
tion differs between males, as subdominant males will 
always face sperm completion, whereas this is less likely 
for dominant males. 

Female mating propensity is mainly determined by 
factors such as nutritional status, genetic predisposition, 
mate attractiveness, quality of the previous ejaculate 
(e.g., sperm number), to name but a few. It is therefore 
likely that in any one population at any given time, 
there is variation in receptivity between females. 
This population variation is important, as it will deter¬ 
mine the possibility for alternative mating partners 
by males, which will influence his mating decisions. 
The number of receptive females will also determine 
the operational sex ratio and hence the opportunity 
for sexual selection, including selection arising from 
sperm competition. 
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Male Behaviors Associated with Sperm 
Competition 

Behaviors and morphological adaptations that reduce the 
risk of future sperm competition once a male has mated 
with the female or increase his fertilization success when 
the female mates again are termed ‘defense mechanisms. 
There are three main ways in which males can reduce 
female remating. Males can transfer material during cop¬ 
ulation that forms a mating plug. For example, in some 
spiders males mutilate themselves using their copulatory 
organs as a mating plug, effectively sterilizing themselves 
in the process. Secondly, males can guard the female, most 
commonly after copulation thereby preventing her from 
mating again before fertilizing her eggs. When females 
have a short window of receptivity or mate only once in 
their lifetime, males may guard the female before mating. 
Precopulatory mate guarding is also expected where the 
first male sires the majority of offspring, as mating with 
nonvirgin females do result in fertilization. Finally, males 
of multiply mating species often transfer compounds in 
the ejaculate that suppress female receptivity or render 
her unattractive to rival males thereby reducing the risk of 
sperm competition. 

Adaptations to sperm competition when sperm are 
competing with other males’ sperm from previous matings, 
when mating with already inseminated females, are termed 
‘offence mechanisms, which can occur in a variety of ways. 

Mechanical Sperm Removal 

Males of several species such as rodents, snakes, insects, 
and spiders possess intromittent organs deigned to physi¬ 
cally remove sperm from previous matings. Alternatively, 
they may function to stimulate the female and induce 
ovulation, as copulation-induced ovulation is documen¬ 
ted in mammals and marsupials, which may be beneficial 
to both sexes. Males increase the chances of siring off¬ 
spring and females receive a reliable cue that successful 
insemination has occurred. 

Sperm Stratification 

The last male to mate with the female can also increase 
paternity by depositing its sperm in the most favourable 
place inside the female. Males can push previous ejacu¬ 
lates to the back of the females’ sperm storage and placing 
his ejaculate closer to the site of fertilization. 

Sperm Number 

One of the most important determinants of sperm 
competition is the relative number of sperm that compete 
with each other. Not all sperm that males inseminate will 
end up in the female tract and hence be available for 
fertilization. The timing between the two inseminations 


can directly affect the number of sperm in competition. 
If there is a long time interval between copulations, the 
majority of sperm from the first mating may have been 
lost, or have died because of old age, or have been used by 
the female in fertilization. 

The commonly observed last male sperm precedence 
indicates that there may be stronger selection on males to 
evolve effective sperm offence mechanisms compared to 
investing in defense mechanisms when in sperm competi¬ 
tion. On the other hand, positive genetic correlations 
between males’ sperm defense and offense abilities occur 
in some insects, suggesting that the same or linked genes 
are involved. Also, there may be stronger selection on 
males to reduce the risk of sperm competition altogether, 
which would preclude the need to invest in sperm offence 
mechanisms. 

Male Strategic Ejaculation 

Sperm production is associated with costs and males 
should therefore be careful in how they spend their lim¬ 
ited sperm supply to maximize their reproductive success. 
There are numerous examples showing that males are 
sensitive to the expected fertilization returns and tailor 
the number of sperm provided accordingly. If males are 
able to discriminate the mating status of females, they 
should provide virgin females with fewer sperm since 
the risk of sperm competition is reduced. In contrast, 
when mating with a previously inseminated female, the 
male ‘knows’ that his sperm will face competition and 
hence should increase the number of sperm ejaculated. 
There is plenty of empirical evidence that males are 
sensitive to cues revealing female mating status and vary 
the number of sperm ejaculated. For example, male stick¬ 
lebacks (Gasterosteus aculeatus) ejaculate more sperm when 
viewing videos of rival males courting females than of a 
male tending eggs. Similarly, human males viewing 
images depicting sperm competition ejaculate higher 
quality semen. Males can also vary the number of sperm 
provided in relation to female quality. For example, 
female size often covaries with fecundity, and males 
often provide larger, more fecund females with more 
sperm resulting in higher fertilization returns. However, 
bigger females often mate more frequently and hence may 
also represent an increased risk of sperm competition. 
Female age is another aspect directly affecting male fer¬ 
tilization returns. Older females are often less fecund as 
they have fewer eggs left to lay, and are more likely to 
have already mated therefore representing a higher risk or 
even higher intensity of sperm competition. 

Male ejaculate tailoring can represent a cost to females 
in terms of reduced fertility. For example, females are 
often not able to discriminate between males in terms of 
their mating status. This can result in extended copulations 




Sperm Competition 325 


as males may require a considerable recuperation time 
before being able to produce a new ejaculate, during 
which time he remains in copula before transferring his 
sperm, or in reduced fertility if mating with a recently 
mated male. Females mating with particularly popular 
males may also suffer sperm limitation, as these males 
experience dramatically higher copulation rates than less 
attractive males and can run out of sperm. In these cases, 
female must tradeoff reduced fertility against the benefit of 
mating with popular males, which may result in sons with 
higher mating success. For example, dominant male Soay 
sheep (Ovis dries) run out of sperm at the end of the rutting 
season leading to subordinate males having a chance of 
gaining some paternity in sperm competition. Similarly, 
in blue-headed wrasse fish ( Thalassoma bifasdatum), males 
with the highest mating success confer the lowest fertility 
to females. There is evidence that females can compete 
with each other for access to males’ sperm supplies in such 
circumstances. For example, in the lekking great snipe 
(Gallinago media), females compete for access to preferred 
males. Popular males can suffer sperm limitation because of 
repeated copulations and discriminate against females with 
which they have already mated, which may result in sexual 
conflict over males’ sperm supply. 

Female Behavior in Relation to Sperm 
Competition 

Females mate multiply for a number of reasons, the most 
obvious being to ensure a steady sperm supply to fertilize 
her eggs, and may remate to counter inseminations from 
potentially infertile males. However, females also remate 
for several other reasons related to both direct and genetic 
benefits. Females may also remate if they are prevented 
from freely exercising mate choice to increase the chances 
that her offspring are fathered by ‘preferred’ males. 

There are several examples from a range of species in 
which females directly interfere with sperm transfer and 
thus reduce the number of sperm stored by unfavored 
males. For example in many cricket and bush cricket 
species, males attach their sperm packet externally to 
the females’ genitalia, which means that females can 
directly interfere with sperm transfer by removing the 
sperm packet before sperm transfer is complete (Figure 1). 
Following mating, females can eject sperm which may be 
a consequence of insemination by nonpreferred males, 
as seems to be the case in fowl (G. gallus) in which females 
are more likely to eject sperm after mating with subordi¬ 
nate males compared to a dominant male. Once sperm 
have been deposited inside the female, there is limited 
scope for males to manipulate females’ sperm use. 
Females, however, have several mechanisms to increase 
the chances that sperm from preferred males are used in 
fertilization. She could preferentially store sperm from 


favored males and shunt sperm from other males to areas 
where they are less likely to be utilized. Female yellow 
dungflies ( Scatophaga stercoraria ), for example, have multi¬ 
ple sperm storage organs and appear to differentially use 
sperm from different sperm stores (Figure 2). In crickets 
(Gryllus bimaculatus), there is evidence that females bias 
sperm use against related males by favoring unrelated 
males’ sperm, as this increases egg hatching success. How¬ 
ever, the precise mechanism whereby this is achieved is 
not known. Females may also ingest or kill off sperm after 
insemination. In hermaphrodites, individuals frequently 
ingest sperm and even have specialized organs with 
the sole function of sperm digestion. For example, in 
Helix aspersa snails only ~0.1% of all transferred sperm 
escape! Similarly, in mammals females commonly kill off 
a large proportion of the sperm by phagocytosis before 
they reach the ova. It is possible that females could selec¬ 
tively kill off sperm as a way to bias paternity against 
certain males. In general, it is often very difficult to 
separate the impact of female-generated from male¬ 
generated mechanisms responsible for differential male 
fertilization success. It is likely that both male and female 
mechanisms affect sperm use. 

There are also several behaviors adopted by females 
that indirectly affect the paternity of her offspring. In 
many species, females risk being inseminated by males 
adopting a sneaker strategy. In both chickens (G. gallus) 
and elephant seals ( Mirounga angustirostris) for example, 
females omit a stress call when a subordinate males man¬ 
ages to sneak a copulation, which alerts the attention of 
the dominant male, which will chase off the sneaker male 
and re-inseminate the female, reducing the risk of sneaker 
males fathering the young. 

Ejaculate Evolution 

An alternative way to reduce the need for producing 
costly sperm is to evolve other aspects of the ejaculate 



Figure 1 A female bush cricket (Austrodectes monticolus) 
busy feeding on a large externally attached spermatophore 
during sperm transfer. Courtesy of D. Rentz. 
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Figure 2 The sperm storage organ of the female yellow dungfly (Scatophaga stercoraria) is full of sperm (seen in cross section) 
following mating. Courtesy of D.J. Hosken. 


that either reduce the risk of sperm competition, or 
increase the chances of fertilization in sperm competition. 
Reducing the risk of sperm competition can be achieved 
either by preventing the female from remating, or sup¬ 
pressing her receptivity and stimulating oviposition. 
Males have evolved various factors transferred in the 
ejaculate that function to achieve this aim; as mentioned, 
mate guarding and mating plugs are common in several 
animals. Another way in which males can reduce female 
receptivity is rendering them unattractive to rival males 
following mating. Male butterflies and moths can transfer 
chemical compounds, or antiaphrodisiacs, to females dur¬ 
ing mating that reduce their attractiveness. Males of the 
majority of polyandrous species often transfer compounds 
in the ejaculate that suppress female receptivity and stim¬ 
ulate oviposition and egg maturation rate. 

Increased ejaculate efficiency may, instead of produc¬ 
ing larger sperm, be achieved by grouping sperm together. 
In the firebrat (Thermobia domestica) for example, sperm 
are paired and motile only when coiled around each other, 
which is also found in possums, millipedes, beetles, and 
molluscs. A fascinating example of sperm cooperation is 
present in the wood mouse (.Apodemus sylvaticus) where 
hundreds or thousands of sperm link together as a train 
using hooked structures on their heads, which enables 
them to swim at almost twice the speed of a single 
sperm. These trains break up prior to fertilization as 
only one sperm can fertilize an egg, requiring the majority 
of sperm to sacrifice themselves. Such hook-like struc¬ 
tures appear to be common on rodent sperm and can vary 
dramatically in both size and shape (Figure 3). 



Figure 3 Sperm of the rodent Hydromys chrysogaster have 
hook-like structures (stained green) on their heads (stained blue) 
that can link up to form large ‘sperm trains.’ Courtesy of S. Immler. 


Instead of clumping together more than one sperm 
type into units that may be more efficient in transporting 
the sperm, males can also produce different sperm types. 
Most commonly, only one of the sperm types in sperm 
heteromorphic species are able to fertilize the egg. There 
are several hypotheses for the function of nonfertile 
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Figure 4 The ejaculate of the green-veined white butterfly 
(Pieris napi) contains both fertile (longer) and nonfertile (small and 
squiggly) sperm. Courtesy of N. Wedell. 


sperm. They are suggested to aid the transfer of the fertile 
sperm or may represent a nutrient source for the female, 
the developing zygote or the fertile sperm while in stor¬ 
age, although there is no real support for this idea at least 
in insects. Nonfertile sperm can also play a role in sperm 
competition by reducing female receptivity or by inter¬ 
fering with rival males’ sperm from previous mating. In 
butterflies, males produce a large number of nonfertile 
sperm, and in the green-veined white ( Pieris napi), these 
sperm appear to fill the female’s sperm storage and 
thereby reduce female receptivity (Figure 4). Nonfertile 
sperm are also suggested to actively incapacitate rival 
males sperm. In marine sculpin fish (Hemilepidotusgilberti), 
nonfertile sperm appear to enhance the delivery of 
sperm to the site of fertilization, but may also hamper 
subsequent rival males’ sperm from reaching the egg. Both 
sperm types are shed in water where the nonfertile sperm 
form clumps that ‘swallow up’ fertile sperm. 

Male Female Coevolution 

Whenever females mate multiply and hence sperm com¬ 
petition occurs, there is a conflict between the sexes over 
female remating, the number of eggs laid before remating, 
and sperm use, among other things. Males have evolved 
several means aimed at manipulating females into making 
a larger investment into his offspring, even if this is costly 
to females. Male insects often transfer compounds in the 
ejaculate that manipulate female reproductive physiology 
by increasing immediate egg output, suppressing receptiv¬ 
ity, or preventing female remating. This is beneficial for the 
male as it results in higher paternity. However, this often 
comes at a cost to the female. For example, in poecilid fish 
with internal fertilization, males’ intromittent organs fre¬ 
quently damage the female genitalia, which may serve to 
reduce female remating due to cost of mating to females. 
Male ejaculate tailoring can also represent a cost to females 


in terms of reduced fertility, and the production of non¬ 
fertile sperm may also potentially pose a cost compromis¬ 
ing female fertility. For example, transfer and storage of 
large number of nonfertile sperm may interfere with suc¬ 
cessful storage and utilization of fertile sperm. 

The cost to females of manipulative ejaculates favor 
female traits and behaviors that minimize such costs. 
However, this will impose further selection on males to 
come up with new ways to increase their paternity when 
in sperm competition, which may result in continuous 
cycles of adaptation and counter adaptation between 
males and females, potentially leading to elaboration of 
traits involved in this sexual conflict and coevolution of 
such traits. For example, in some butterflies, males try and 
suppress female receptivity by providing many nonfertile 
sperm, as they are cheaper to produce than fertile sperm. 
However, some females avoid this manipulation and 
regain control over their receptivity, imposing selection 
on males to further increase the number of nonfertile 
sperm delivered to suppress female receptivity. It is possi¬ 
ble that sexual conflict over female receptivity, using non¬ 
fertile sperm, is responsible for the ejaculate in many 
butterflies consisting predominantly of nonfertile sperm. 
In addition, comparative studies of moths suggest nonfertile 
sperm function as ‘cheap filler.’ There is a positive correla¬ 
tion between the number of nonfertile sperm and female 
sperm storage organ size, whereas no such relationship was 
found for fertile sperm, indicating that female sperm stor¬ 
age volume and nonfertile sperm number have coevolved. 
In some flies, nonfertile sperm appear to function to pro¬ 
tect the fertile sperm from female spermicide. The higher 
the proportion of nonfertile sperm transferred by Drosophila 
pseudoobscura males, the greater the likelihood his fertile 
sperm will survive in the females’ reproductive tract and 
hence have a higher change of fertilizing the eggs. This 
may also be the outcome of coevolution between males and 
females, whereby males are able to withstand female sper¬ 
micide by producing a less vulnerable sperm morph, which 
today make up about half the ejaculate in these flies. 

In flies, there is also evidence that coevolution between 
the sexes affect sperm length, as D. melanogaster females with 
longer sperm-storage ducts favor longer sperm. This sug¬ 
gests that females have evolved longer sperm ducts to have 
some control over which males’ sperm is used in fertiliza¬ 
tion, which favors males with longer sperm. Finally there is 
also evidence of rapid coevolution between males’ seminal 
component and female reproductive behavior in several 
species of insects and mammals, including man. 

Concluding Remarks 

Sperm competition is ubiquitous throughout the animal 
kingdom and is responsible for the tremendous diversity 
seen in sperm shape and function. The challenge now is to 
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unravel the relative importance of male-male postmating 
competition versus female-driven mechanisms affecting 
ejaculate composition, and how sexual conflict, which 
may promote rapid elaboration of male and female post- 
copulatory traits, directly influences the outcome of 
sperm competition. 

See also: Compensation in Reproduction; Cryptic 
Female Choice; Forced or Aggressively Coerced 
Copulation; Helpers and Reproductive Behavior in Birds 
and Mammals; Mate Choice in Males and Females; 
Reproductive Success; Social Selection, Sexual 
Selection, and Sexual Conflict. 
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Introduction 

More than 40 000 species of spiders are known to science, 
but fewer than 60 are group living. The most obvious 
reason for the paucity of social species is that spiders are 
predatory and often cannibalistic. Nevertheless, group 
living arose repeatedly in other predatory taxa such as 
wasps and canids, and therefore, the rarity of group living- 
in spiders is something of a puzzle. Although it occurs 
infrequently, group living has arisen multiple times and in 
different families of spiders. It occurs in two basic forms, 
which are thought to represent different evolutionary 
pathways. The colonial spiders share a living space, but 
forage individually, exhibit competitive interactions over 
prey, and do not cooperate in raising their young. Coop¬ 
erative (social) spiders, by contrast, construct a communal 
web, capture prey and feed together, and raise their young 
communally. Colonial species likely originated by a para- 
social pathway, from precursors that aggregated around a 
resource, while the social species are assumed to have 
evolved from subsocial forms with extended maternal 
care and reduced dispersal of young. 

Colonial Spiders 

Group living is quite variable in the colonial species. 
Colony sizes range from a few individuals to over 
100 000. Most are web builders, and of these, the majority 
are orb-weaving species in the families Araneidae, 
Tetragnathidae, and Uloboridae. Some jumping spiders 
(Salticidae) aggregate around rich food resources and may 
even share nest sites and feed together on large prey. 
Kleptoparasitic species often aggregate in the web of a 
host spider and feed together on prey captured by the 
larger host spider. In some ways, colonial spiders resemble 
foraging flocks of birds: each spider hunts and captures 
prey alone; spiders often squabble over prey, yet they 
derive several benefits from foraging in groups, including 
intercepting and capturing large prey and reducing the 
variance in prey capture for each individual through a 
process of redistribution of prey in the colony. Some 
potential prey insects, however, avoid the highly visible 
colonial webs; these webs also provide a large target for 
predators and parasites (Figure 1). The benefits and 
costs of group living have been studied in a few colonial 
species, mainly the orb-web genera Metabus (Tetragnathidae), 


Metepeira , Cyrtophora , and Parawixia (all in the Araneidae), 
and Philoponella (Uloboridae). These studies portray a 
dynamic balance of costs and benefits that vary both among 
and within species. Colonial jumping spiders (Salticidae) 
of several genera and aggregations of kleptoparasites 
(Argyrodes , Theridiidae) are still relatively poorly studied. 

Cui Bono ? Benefits and Costs of Group Living 

Colonial spiders share common frame threads when con¬ 
structing their webs, resulting in a three-dimensional 
maze of threads in which individual orb webs are embed¬ 
ded. Young spiders often fit their small webs in the inter¬ 
stices between those of larger individuals. The sharing of 
frame threads by different individuals should save energy, 
both in silk, which is largely composed of proteins and 
therefore costly to synthesize, and in the time needed to 
construct the web. Young of the sheetweb spider Holocne- 
ynus plucheii (Pholcidae) save energy by utilizing the web 
silk of adult spiders. For colonial orb weavers, however, it 
is not clear if there is a significant saving due to conserva¬ 
tion of silk. These spiders renew the orb web at frequent 
intervals (daily or every few days, depending on the 
species), while the frame and barrier threads remain 
largely intact and do not require frequent renewal. During 
web building, colonial spiders frequently interact aggres¬ 
sively by shaking their webs at the approach of another 
individual and chasing the intruder out of its web space. 
Ruth Buskirk showed that aggressive interactions during 
web construction in Costa Rican Metabusgravidus result in 
the spacing of individuals within the colony, such that 
larger individuals occupy favored foraging sites, while 
smaller ones either shift to less favored sites or risk losing 
their prey to larger neighbors. 

By attaching their webs, group-living spiders can span 
large gaps between trees (e.g., colonial Cyrtophora and 
Metepeira), open spaces in the forest understory ( Philopo¬ 
nella ), and they can build across small streams (. Metabus 
gravidus). Such habitats - insect fly-ways, light gaps and 
the air-water boundary layer - are rich in potential prey 
and are generally unavailable to solitary web builders. 
The foraging benefits of group living were shown convinc¬ 
ingly by George Uetz and colleagues working with Mete¬ 
peira in Mexico. Spiders in peripheral webs in a colony 
received more insect strikes than internal webs, but an 
insect that was not stopped by the first web it struck was 
often captured in the second or later web encountered. 
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Figure 1 A colony of Cyrtophora citricola (Araneidae) in the 
hyperarid Arava valley, Israel. Near sources of prey enrichment 
such as oases or farms, a colony can grow to a very large size, 
covering the entire SE (preferred) side of an acacia tree with 
thousands of interconnected, horizontal orb webs. White strings 
of eggsacs can be seen above some webs; each female protects 
her own eggsacs from parasitic wasps, but there is no maternal 
care after the young emerge. Photo by Laia Mestre Arias. 
Reproduced with permission. 


This ricochet effect was shown to greatly increase both the 
size of prey captured and the probability of capture per 
individual in the colony. The variance in per-capita prey 
capture was correlated negatively with colony size, which 
led Uetz to suggest that group living in spiders is a risk- 
averse foraging strategy. A risk-averse strategy is expected 
when resource abundance is variable, but the average per- 
capita resource availability in the habitat is above the 
minimum required for maintenance. The prediction that 
group living should occur mainly in habitats with high 
prey availability is borne out: the highly colonial Metepeim 
incrassata occurs in prey-rich lowland tropical habitats, 
and is replaced in grassland-desert habitats by Metepeira 
atascadero , a species that is more often solitary or lives in 
small temporary colonies. Most of the known species of 
group-living jumping spiders (Salticidae) are associated 
with social insect colonies (ants and bees), which provide 
a reliable food source. 

A rather different type of foraging benefit occurs in 
Parawixia bistriata , an orbweb spider (Araneidae) that con¬ 
nects its planar webs to create a sheet of interconnected 
orbwebs. Unlike other colonial species that lack group 
feeding, P bistriata individuals attack large prey together 
(up to 9 individuals) and feed together (up to more than 
20 individuals) after capture. Florencia Fernandez Campon 
compared the foraging behavior in spiders in nearby 
semiarid and mesic sites in Argentina and found that 
spiders in dry-site colonies tended to engage in group 
capture and group feeding more than those in wet-site 
colonies (Figure 2), and the numbers of individuals feeding 




Figure 2 Prey capture in relation to prey size and habitat 
quality in the colonial spider Parawixia bistriata (Araneidae) in the 
Chaco region, Argentina. The proportion of prey capture events 
(a) and feeding events (b) that involved a group of spiders, as a 
function of prey size class (size relative to body mass of a sixth 
instar spider, on average 19.6 mg: size class 1 - 0-25%; 

2 - 25.1-50%; 3 - 50.1-75%: 4 - >75%). Group capture and 
feeding were more common with large prey and in the drier site. 
Reproduced from Fernandez Campon F (2007) Group foraging in 
the colonial spider Parawixia bistriata (Araneidae): Effect of 
resource levels and prey size. Animal Behaviour 74: 1551-1562. 
Copyright Elsevier (2007). 


together were also greater. In these spiders, group forag¬ 
ing may be a ‘scrounger strategy, whereby the web owner 
is unable to defend a large resource (large prey) against 
invaders (scroungers), while the potential benefit to an 
invading individual is large in spite of having to overcome 
the owner’s aggression. 

Spider colonies are attacked by a range of predators, 
parasites and kleptoparasites. Single nests of the ant- 
mimicking jumping spider Myrmarachne assimilis (Salticidae) 
had a higher percentage of egg loss to predators than did 
nest sites shared by several females. Argyrodes spiders are 
specialized, obligate kleptoparasites and predators of web¬ 
building spiders. In Metepeira incrassata , the abundance of 
Argyrodes was correlated positively with colony size and 
with the number of individuals of other species of web¬ 
building spiders occurring in the colony (colony associates). 
Nevertheless, both M. incrassata and some of its colony 
associates had fewer Argyrodes per web when in a group. 
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Some Argyrodes species are egg predators as well and 
significantly reduce the hatching success of eggsacs in 
colonies of Cyrtophora citricola. 

Wasps and flies of several species parasitize the broods 
of colonial spiders, and females guard their eggsacs by 
shaking the web and encircling the eggsacs to prevent 
the parasitoid from landing on them. The relationship 
between group size and rate of brood parasitism may be 
complex. Uetz and colleagues investigated mechanisms 
of attack abatement in M. incrassata. Attack abatement 
mechanisms operated at both the colony and the individ¬ 
ual level. While the frequency of wasp encounters with 
colonies increased with colony size, the rate of increase 
was lower than would be predicted by the rate of encoun¬ 
ter of a single web multiplied by the number of colony 
members. This decrease in the marginal rate of encounter 
with increasing group size may be due to geometry: colony 
diameter (and thus its size as a visual target) increases at a 
lower rate than colony volume. Once a wasp encountered 
a colony, the rate of attack of eggsac clusters decreased 
with increasing colony size and, for an individual wasp, 
with the number of spiders it attacked sequentially. This 
group benefit derives from the network of interconnected 
webs: when one spider is alerted to the presence of a wasp, 
its web vibrations and movements alerted nearby indivi¬ 
duals, which then responded more quickly to the wasp. 
The early warning effect benefited individuals in the cen¬ 
ter of the colony in particular, perhaps balancing the 
relative prey-capture disadvantage of interior positions. 

What Drives Group Living in Colonial Spiders? 

Most colonial species are tropical or subtropical in distri¬ 
bution. Some have wide distributions; for example Cyrto¬ 
phora citricola ranges in the Old World from hyperarid 
deserts to tropical grassland and forest edge habitats. 
Colony size is clearly related to prey availability, and 
the largest colonies occur always where there is an abun¬ 
dance of prey. Thus, as a foraging strategy, group living 
appears to be particularly successful in conditions of 
abundant and predictable food supply. An exception to 
the rule may be the South American Parawixia bistriata , 
where group foraging and feeding may allow the spiders 
to remain colonial even in seasonally dry habitats. Successful 
foraging may also explain the presence of numerous klep- 
toparasitic species, as well as normally solitary web-building 
species, living in association with colonial spiders. Prey 
abundance alone, however, is insufficient to explain the 
evolution of group living, as solitary spiders should be equally 
able to take advantage of a rich food source. Rather it is 
likely the combination of abundant prey and the specialized 
habitats that require a measure of cooperation in order to 
take advantage of them. Both features are necessary to 
induce juveniles to remain in the colony, acting against 
natal dispersal typical of nongroup-living species. 


Defense against predators or parasites is often suggested 
as a driving force behind the association of individuals in 
groups. However, specialized group defenses against pre¬ 
dators and parasites could arise only after the appearance 
of group living. Increased predator and parasite pressure, 
along with competition for prey and websites, are costs of 
group living that may influence colony size and habitat 
distribution of colonies and ultimately the species’ geo¬ 
graphic range. Kin-selected benefits of cooperation, either 
direct or indirect, can favor grouping among related indi¬ 
viduals. We know surprisingly little, however, about levels 
of relatedness among individuals in colonial spider groups 
or about the population genetic structure and demography 
of colonial spiders. Cyrtophora moluccensis colonies in Papua 
New Guinea were founded either by groups of small juve¬ 
niles that may have been dispersing cohorts, or by one or a 
few females and their offspring; similarly, new colonies of 
Philoponella republicana in a Panama forest understory were 
established by groups of dispersing young. In both cases, 
some kin structuring is likely. Allozyme studies of C. citricola 
indicate that the spiders outbreed, but that there is also some 
differentiation among colonies. Pending further studies of 
population structure, there is little that can be said about 
the role of kin selection in the evolution of group living in 
colonial spider. 

Social Spiders 

Cooperative-breeding or social spiders share a communal 
nest and capture web and, with the exception of a few 
nonweb building social spiders they hunt, feed, and raise 
their broods communally. Social species have postmating 
dispersal and mating occurs among individuals within the 
communal nest, resulting in regular inbreeding. The col¬ 
ony sex ratio is highly female biased, with males consti¬ 
tuting less than 15% of the colony. This constellation of 
traits is typical of most of social species studied to date. 
There are approximately 23 known species of social spiders 
in 7 different families: Agelenidae, Dictynidae, Eresidae, 
Oxyopidae, Sparassidae, Theridiidae, and Thomisidae. 
Phylogenetic evidence suggests as many as 18 independent 
evolutionary origins of sociality, including multiple inde¬ 
pendent origins within a single family and even within 
a single genus. Thus, sociality appears to be a successful 
evolutionary innovation in spiders, and yet speciation is 
apparently lacking within any of the social taxa. 

Most social species are tropical in distribution, though 
some occur in semi arid subtropical regions. The best studied 
species are Anelosimus eximius in South and Central America 
and Achaearanea wan in Papua New Guinea (both in 
the Theridiidae), and three social species of Stegodyphus 
(Eresidae) from subtropical eastern and southern Africa 
and the Indian subcontinent. All these species are web 
builders. Nonweb building social crab spiders ( Diaea socialis, 
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Thomisidae) and social huntsman spiders (Delena cancerides) 
from Australia live in communal nests, but forage individ¬ 
ually and little is known about their biology 

The nests and communal webs of some species can be 
quite large, extending several meters in diameter, with 
populations of up to several hundred or even thousands of 
individuals. The nests often occur in clusters. In some 
species, the nest is occupied for 3-6 generations, while 
in others the nests are more temporary. Unlike many social 
insects, there is no division of labor within the colony; 
rather, tasks such as web construction, cleaning, and prey 
capture are accrued by the young over time as they 
venture out of the protection of the nest. Spiders cooperate 
in the construction of a single capture web and in capturing 
large prey (Figure 3). This however does not necessarily 
imply the existence of coordinated behavior. Apparent 
coordination can develop as a consequence of similar 
responses of many individuals to a single cue, for exam¬ 
ple, the web vibrations caused by a trapped insect. Compe¬ 
tition occurs during foraging in several social species, for 
example, when spiders jockey for the best feeding site on 
the prey (the thorax). Some authors have suggested that 
spiders feeding together can cheat by taking advantage 
of costly digestive enzymes that other individuals inject 
into the prey. Whether such cheating could persist without 
resulting in the breakdown of the colony remains an open 
question. 

Another form of apparent cooperation is in raising the 
young. In social spiders, all females are potential breeders. 
However, colony development tends to be synchronized 
and in large colonies not all females mature in time to 
mate and breed. In Stegodyphus dumicola , nonbreeding 
females (and even subadult females) provide regurgitated 
food to the young of other females. Matriphagy, where the 
young kill and consume their mother, occurs in all mem¬ 
bers of this genus; in S. dumicola , nonbreeding females are 



Figure 3 A group of juveniles of the social spider Stegodyphus 
mimosarum (Eresidae) in South Africa capturing a large fly (on 
right) and investigating leaf debris in the web (on left). Photo by 
Y. Lubin. 


also killed and consumed by the young. Experiments 
showed that young that were raised with nonbreeding 
females as well as their mother had higher survival and 
grew larger than young that were raised by the mother 
alone. Thus, nonbreeding females do indeed act coopera¬ 
tively as helpers at the nest. The high relatedness among 
colony members should ensure indirect benefits to helping 
raise the young of other females. 


The Subsocial Route to Sociality 

Social spiders probably evolved from subsocial progeni¬ 
tors. Subsocial species are characterized by juvenile dis¬ 
persal, extended maternal care of the young, and a period 
of cooperation among siblings within the maternal nest. 
The transition to permanent sociality involved at least 
three major shifts in behavior: (i) from obligate premating 
dispersal to postmating dispersal, (ii) from an outbreeding 
mating system to regular inbreeding, and (iii) from maternal 
care of offspring to cooperative breeding. To understand 
these transitions, one must look at the behavior of subsocial 
congeners of the social species. 

Dispersal and inbreeding 

In the subsocial species, both sexes disperse before mating, 
thus ensuring some degree of outbreeding. There is consid¬ 
erable variation in the timing of dispersal and the duration 
of maternal care. Late instar juveniles of subsocial species 
often have highly philopatric dispersal, which results in the 
formation of clusters of related individuals. This population 
genetic structure could promote a mixed breeding system, 
with some mating occurring among close relatives and some 
between unrelated individuals. Such a breeding system is 
seen in the subsocial Stegodyphus lineatus, where juveniles are 
philopatric and males mate first with close neighbors before 
moving out of the natal patch in search of more females. 
There is no behavioral avoidance of mating with sibs and sib 
mating carries only a weak inbreeding cost (smaller body 
size at maturity), which suggests that the shift from outbreed¬ 
ing to inbreeding was not a strict limiting factor in the 
evolution of sociality in spiders. 

The transition to regular inbreeding, however, resulted 
in extremely subdivided populations consisting of inbred 
lineages, with little exchange of individuals among breed¬ 
ing units. This combination of demographic traits is thought 
responsible for the pattern of population dynamics observed 
in most of the social spider species, namely boom-and-bust 
cycles of establishment, growth and extinction of colony 
clusters. A scenario for these dynamics may be as follows. 
Newly established colonies grow rapidly owing to the female- 
biased sex ratio (accompanied by male multiple mating). 
As competition for resources in the nest increases, some 
individuals bud off and create subsidiary, daughter colonies 
that are genetically identical to the mother colony (Figure 4). 
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Figure 4 A colony of the social spider Stegodyphus dumicola 
(Eresidae) in Namibia undergoing budding to form several 
subsidiary nests. These new nests are established by large 
juveniles and adults and may remain connected by capture web 
to the parent nest. Budding or colony fission yield group- 
structured populations consisting of clusters of nests containing 
closely related, inbred individuals, often separated from the 
nearest cluster by large distances. Photo by Trine Bilde. 
Reproduced with permission. 

Large colonies also produce long-distance dispersers in 
the form of single or small groups of mated females. 
The trigger for long-distance dispersal may be colony size 
per se, competition, or pathogens. Parasites and pathogens 
may play an important role in population dynamics: as 
colony clusters grow, they increasingly become targets for 
parasites and pathogens, and the high level of inbreeding- 
may lower their ability to withstand parasite and pathogen 
attacks. Thus, once a pathogen invades a colony, both 
the colony and its patch neighbors may be driven to 
extinction. 

The survival of social spider lineages depends on long¬ 
distance dispersal by mated females, and all species that 
have been studied so far have a distinct long-distance 
dispersal phase. In Achearanea wau , females construct a 
silk highway through the forest and settle out in small 
groups along the highway. Stegodyphus dumicola females 
disperse individually across the savanna by ballooning 
on broad bands of silk threads up to three meters long 
and a meter in width, while in S. mimosarum , swarms of 
individuals are blown by strong winds. Aebutina binotata 


(Dictynidae) undergoes a nomadic phase in the South 
American jungle, when it repeatedly shifts its entire nest 
over distances of several hundred meters. 

Maternal care and cooperative breeding 

In the subsocial species, each female cares for her own 
young. A possible transition stage is seen in the South 
American Anelosimus jabaquara , in which several females 
breed in the communal nest, but are intolerant of one 
another and defend their brood from other females. Once 
the young are mobile, however, they mix in the nest and 
presumably derive benefits of protection and prey captured 
by females other than their mothers. In the transition to 
cooperative breeding, as described earlier in S. dumicola , 
nonbreeding and even juvenile females have acquired 
maternal traits such as regurgitating food to the young 
and even allowing the young to kill and eat them. Jutta 
Schneider demonstrated experimentally that subadult and 
virgin, adult females of the subsocial S. lineatus , and even 
mated females that have not yet reproduced, will not care 
for young of another female. Thus, these traits are clearly 
an adaptation acquired during social living, possibly requiring 
changes in hormone physiology as well as behavior. 

Anelosimus studiosus is another possible transition spe¬ 
cies in which the advantage to multiple female nests may 
be driven by climatic factors. In this species, multiple- 
female nests occur in the more northern parts of its range 
in southeastern USA, in contrast to the general association 
between sociality and lower latitudes. Thomas Jones and 
Susan Riechert suggested an explanation for this appar¬ 
ently anomalous distribution. They proposed that in a 
species with obligatory and extended maternal care, female 
mortality will be greater at higher latitudes owing to the 
short time available for development. Under such condi¬ 
tions, the young are more likely to survive to dispersal 
if they are raised by more than one female; if one female 
dies, another one, possibly a sister, will still be able to raise 
at least some of the brood. 

Why Is Inbred Sociality so Rare in Spiders? 

As we saw earlier, aggregations of spiders are fairly com¬ 
mon. Permanent or obligate coloniality is particularly 
common in some genera, such as Cyrtophora and Metepeira , 
where one may trace the different stages of group living 
from solitary to occasionally colonial to permanently 
colonial. This is not the case in the inbred social species. 
Their closest relatives are subsocial species, they do not 
occur in social clades, and even the presumed transition 
species share only a few of the traits typical of the inbred 
social species. The scarcity of transition forms and the 
rarity of inbred sociality in spider phylogeny suggest that 
the barriers to evolving the social syndrome are not 
easily overcome, and furthermore, once attained the 
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social syndrome is resistant to further change. And yet, at 
least some of the social species are very successful: 
Anelosimus eximius has geographic distribution from Central 
to South America, and Stegodyphus mimosarum stretches from 
East Africa and Madagascar to southern Africa. Some 
lineages, such as the three social Stegodyphus species, are 
old, suggesting either a stable lifestyle or one that adapts 
readily to local conditions. 

What makes the inbred social syndrome so different 
from most other cooperative breeding and social taxa? An 
interesting hypothesis is that the social spiders are locked 
into a syndrome of correlated traits from which they 
cannot escape. Or, another way of expressing this is that 
they have reached a narrow adaptive peak, and any move 
away from this peak will result in an extreme loss of fitness 
leading to extinction. The social syndrome includes the 
loss of juvenile dispersal, inbreeding, a female-biased sex 
ratio, and a postmating long-distance dispersal stage. The 
female-biased sex ratio enables the colony to grow rapidly 
in the initial stages and reach a size that is safe from 
predators and that will be able to produce long-distance 
dispersers. The larger the colony, the more propagules 
it will produce and the higher the reproductive rate, the 
faster it will be able to put out new propagules. Inbreeding 
ensures reproduction by eliminating the waiting time 
and uncertainty of male arrival and - once inbreeding 
depression is overcome - perpetuates successful, coadapted 
gene complexes. 

The cost of this successful strategy may be an inherent 
instability of the colony over time. First, competition for 
food will increase rapidly because colony population size 
increases at a steeper rate than web size. Second, and 
perhaps more important, disease pathogens or parasites 
will build up, causing local extinctions, and the only 
escape method that will perpetuate the lineage is long¬ 
distance dispersal of mated females. The role of disease 
dynamics in selecting for dispersal in inbred social species 
was suggested in 1967 by W. D. Hamilton; the organisms 
he had in mind were social aphids, which are clonal. 
Hamilton also proposed occasional outbreeding as an 
alternative escape strategy. Outbreeding generations do 
occur in the social aphids, but seem an unlikely possibility 
in social spiders. Outbreeding would require male dis¬ 
persal, which would favor an unbiased sex ratio, and thus 
would be selected against at the colony level. Thus, social 
spiders indeed may be locked into a particular social 
syndrome dictated largely by colony-level selection for 
rapid colony growth and high productivity. 


These ideas are in need of rigorous testing at many 
levels. First, the effects and consequences of inbreeding 
versus outbreeding in the social spiders are quite unknown. 
Second, dispersal and population-genetic structure need 
to be investigated at the level of the local population to 
determine the extent of movement between colonies and 
the possibility of exchange among lineages. Third, the 
ecology of congeneric subsocial and social species should 
be studied to obtain insights into selection for sociality 
via ecological benefits or constraints. And finally, as the 
study of social spiders both in the field and in captivity 
is notoriously difficult, modeling can help to detect which 
factors are likely to play an important role in maintaining 
the social syndrome. 

See also: Ant, Bee and Wasp Social Evolution; Coopera¬ 
tion and Sociality; Group Foraging; Kin Selection and 
Relatedness; Levels of Selection; Social Evolution in 
‘Other’ Insects and Arachnids. 
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Background 

Overview 

Spotted hyenas ( Crocuta crocuta) exhibit many peculiar 
traits that set them apart from other mammals, making 
them a fascinating model organism for the study of animal 
behavior. Because they appear to violate many of the rules 
governing mammalian biology, spotted hyenas allow us to 
gain greater insight into what the rules actually are, and 
thus to better understand the broad principles governing 
mammalian behavior. These animals provide scientists 
with rich data to address questions at all four of Tinber¬ 
gen’s levels of analysis, including the development of 
social behavior, endocrine mediation of aggressive behav¬ 
ior, the functional significance of communication signals, 
and the evolution of sociality and intelligence. The 
spotted hyena has already taught us many important 
lessons in these domains, and will undoubtedly teach us 
many more in future. 

Systematic Placement of Hyaenidae Among 
Mammalian Carnivores 

The family Hyaenidae belongs to the Carnivore suborder 
Feliformia, which also contains cats, mongooses, civets, 
and allies. Thus, despite their dog-like appearance, these 
animals are more closely related to cats and other Feli- 
form taxa than to Caniform carnivores such as dogs or 
bears. Molecular data suggest that the sister group to the 
hyena family is a Feliform clade containing the mon¬ 
gooses (family Herpestidae) and the fossa (genus Crypto- 
procta), a Malagasy carnivore that is closely related to 
mongooses. Fossil data suggest that the Hyaenidae last 
shared a common ancestor with their Feliform sister 
taxon in the Oligocene, 25-29 Ma. 

The family Hyaenidae contains only four living spe¬ 
cies, and it is therefore one of the smallest carnivore 
families. The aardwolf ( Proteles cristatd) is the only surviv¬ 
ing member of the subfamily Protelinae; this is part of the 
once-large clade of ‘dog-like hyenas,’ called so because 
they occupied ecological niches now occupied by canids 
and because they lacked morphological specializations for 
bone-cracking. The brown hyena ( Parahyaena brunnea ), the 
striped hyena ( Hyaena hyaena), and the spotted hyena all 
belong to the subfamily Hyaeninae, which includes all of 
the extinct and extant bone-cracking hyenas. Recent 


molecular data indicate that Crocuta is the sister taxon to 
the monophyletic clade containing Parahyaena and Hyaena 
and also that Proteles represents a separate lineage that last 
shared a common ancestor with the bone-cracking hyenas 
some 10.6 Ma. 

All four extant hyaenid species apparently originated in 
Africa, their ancestors having arrived there earlier from 
Eurasia via the Gomphothere land bridge at what is now 
Saudi Arabia. Bone-cracking forms appeared relatively late 
in the history of the hyena family, during the Late Miocene, 
and the extant bone-cracking forms all first appear in the 
fossil record in the Late Pliocene. The aardwolf ( Proteles ) is 
also apparently recently derived, first appearing in the 
Pleistocene. Modern spotted hyenas first appear in the fossil 
record less than 1 000 000 years ago. 

Members of Hyaenidae and Their Ecological 
Niches 

The four extant hyena species occupy three different 
feeding niches. Aardwolves are strict insectivores, striped 
and brown hyenas feed mainly on carrion, and spotted 
hyenas are efficient predators that feed mainly on 
medium- and large-sized antelope they kill themselves. 
Although all four species may spend considerable time 
with conspecifics each day, all are strictly solitary foragers 
except for spotted hyenas, which may hunt alone or in 
large groups. The spotted hyena is still widely regarded as 
a scavenger that picks up leftovers at the kills of other 
sympatric carnivores (e.g., cheetah, leopard, or lion) or 
feeds on carrion. However, this is incorrect. Although 
spotted hyenas do scavenge opportunistically, they are 
efficient hunters, and directly kill 60-95% of the food 
they eat (Figure 1). Spotted hyenas are impressively ver¬ 
satile in their choice of prey and use a number of different 
hunting techniques. 

All three species of bone-cracking hyenas are capable 
of eating and digesting all parts of their prey except 
hair, hooves, and the keratin sheath on antelope horns. 
Bones are digested so completely that only the inorganic 
components are excreted in the hyena’s fecal material. 
In fact, the feces of the spotted hyena are usually bright 
white with powdered bone matrix when they dry. Bone¬ 
cracking hyenas, particularly the spotted hyena, can 
generate enormous bite forces. In fact, wild spotted 
hyenas can even break open the leg bones of giraffe. 
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Figure 1 Unlike their carrion-feeding ancestors, spotted hyenas are efficient hunters that directly kill 60-95% of the prey they 
consume. These specialized hunters are capable of successfully capturing prey nearly three times their own size, by themselves, 
including this adult wildebeest (Photo by Heather E. Watts). 


Key Facts about Spotted Hyenas 

Sex-Role Reversals 

Many normal mammalian sex roles are reversed in 
spotted hyenas. In contrast to most mammals, adult female 
spotted hyenas are roughly 10% larger than adult males 
(Figure 2), they are substantially more aggressive than 
adult males, and they are socially dominant to all adult 
immigrant males (Figure 3). Female dominance is very 
rare among mammals, but it does occur in some species of 
lemurs and mole rats. Dominance relations among spotted 
hyenas affect virtually every aspect of daily life, includ¬ 
ing priority of access to key resources such as food and 
space (Figure 4). Social rank strongly influences female 
reproductive performance. High-ranking females enjoy 
longer reproductive lifespans, experience shorter inter¬ 
vals between litters, and produce more surviving offspring 
than do lower-ranking females. 

Perhaps the most unusual role-reversed trait in this 
species is the external genital morphology of the female 
spotted hyena. The female’s clitoris is virtually indistin¬ 
guishable from the male’s penis. In fact, the external 
genitalia of female spotted hyenas are so similar to those 
of male hyenas that people believed for centuries that 
these animals were hermaphrodites. The female’s clitoris 
is greatly elongated to form a fully erectile pseudopenis 
traversed by a single urogenital canal through which the 
female urinates, copulates, and gives birth (Figure 5). 
There is no external vaginal opening, as the outer labia 
are fused to form a structure that resembles the scrotal sac 
of the male. However, the testes of the adult male give the 


scrotal sac a larger size and more distinctly rounded 
bulges, and the male’s penile glans is pointed, whereas 
that of the female is blunt, as in Figure 6. 

Many of the mysteries associated with sex-role 
reversed traits among extant spotted hyenas can only be 
unraveled in the light of the historical origins of this 
species. Spotted hyenas are recently descended from 
carrion-feeding ancestors, and their physical appearance 
is very similar to that of extant striped and brown hyenas, 
both of which make their living primarily by scavenging. 
In stark contrast to any other hyaenid, however, spotted 
hyenas experience intense competition associated with 
feeding on fresh ungulate carcasses (Figure 7). Although 
the mean hunting group size is 1.5 hyenas, the mean 
feeding group size is 8, and feeding groups can include 
as many as 56 hyenas. An adult spotted hyena can ingest 
meat and bone at a rate of 1.3 kg min -1 (2.8 lbs min -1 ), 
and a group of hungry hyenas can reduce a large antelope 
to a few scattered bones in less than half an hour. Thus, 
ungulate carcasses represent extremely rich but ephem¬ 
eral food resources. In these intensely competitive feeding 
situations, juvenile spotted hyenas are severely hand¬ 
icapped because their relatively poorly developed feeding 
apparatus keeps their feeding speed low compared to that 
of their adult competitors (Figure 8). The available evi¬ 
dence suggests that it was the special combination, appar¬ 
ently unique among living carnivores, of intensive feeding 
competition coupled with protracted development of a 
skull adapted for bone-cracking (Figure 9) that favored 
the evolution of large, aggressive ‘role-reversed’ females 
capable of allowing their handicapped cubs access to food. 
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Figure 2 Adult female spotted hyenas (left) are surprisingly masculine in their appearance and are roughly 10% larger than adult 
males (right, Photo by Anne L. Engh). 
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Figure 3 A simplified dominance hierarchy constructed from a subset of reproductive adults belonging to one large clan of spotted 
hyena in Kenya. Breeding females are shown in yellow and immigrant males are in green. The numbers in the matrix indicate the 
outcomes of agonistic interactions observed within pairs of reproductive adults. Unlike most male mammals, adult immigrant male 
hyenas appear at the very bottom of the clan’s hierarchy. If we were also to include immature natal hyenas in this matrix, then each one 
would appear immediately below its mother, and would dominate older maternal siblings and immigrant males. 


Thus, the adaptive significance of female dominance and 
aggressiveness among spotted hyenas appears to be stron¬ 
gly linked to an evolutionary history of bone-cracking. 

We suspect that the evolution of predation on live ungu¬ 
lates, group-living, and the ensuing intensive feeding com¬ 
petition led to female aggressiveness and dominance, but 
that the elongated phallus of the female spotted hyena 
evolved later as a sexually selected trait. Once females 
were socially dominant to males, then combat-based forms 
of male-male competition for mates would most likely have 


given way to alternative male reproductive strategies based 
on endurance rivalry and sperm competition. Why females 
with such heavily ‘masculinized’ genitalia evolved in 
spotted hyenas remains one of the most fascinating unan¬ 
swered questions posed by this species (Figures 5 and 6). 
We are unlikely ever to know for certain why the female’s 
pseudopenis evolved in this species. Nonetheless, the only 
adaptive hypothesis consistent with the existing data sug¬ 
gests that the elongated and anterior-opening female phal¬ 
lus evolved as part of a bizarre reproductive tract that gives 





338 Spotted Hyenas 



Figure 4 A hyena’s relative rank position in the social dominance hierarchy of the clan determines its priority of access to food at 
kill scenes. Low-ranking hyenas often must wait on the sidelines and feed only after high-ranking hyenas have had their fill (Photo by Kay 
E. Holekamp). 



Figure 5 The reproductive anatomy of an adult female spotted 
hyena, including the fully erectile pseudopenis. A female must 
urinate, copulate, and give birth through the single urogenital 
canal that transverses the enlarged clitoris (Drawing by 
Christine Drea). 


female spotted hyenas more complete control over which 
sperm fertilizes their eggs, and thus permits females to 
engage in postcopulatory cryptic mate choice. 

Females in the wild often mate with multiple males 
when they are in estrus, and the sperm from these com¬ 
peting males must therefore often occur together in the 
female’s reproductive tract. The ovaries of the female 
spotted hyena are composed mainly of stromal cells, and 
they contain very little follicular tissue, so sperm compe¬ 
tition in this species may be unusually intense. In addition 
to being rather long and convoluted, the female’s repro¬ 
ductive tract contains vaginal lumina that are full of blind 
alleys and dead ends, so perhaps only the highest-quality 
sperm manage to travel all the way up this strange obsta¬ 
cle course to reach the ova. 

Giving birth through a penis-like clitoris has high costs; 
some cubs inevitably suffocate during the birth process, 
and it seems unlikely that the female’s phallus could be 
adaptively neutral in the light of this potential cost. Indeed, 
the benefits of having an elongated clitoris should out¬ 
weigh its costs, so this odd structure must confer some 
adaptive advantage. All the existing alternative hypotheses 
can be ruled out, suggesting that the female’s pseudopenis 
might indeed be involved in enhancing female control 
over fertilization. 
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Figure 6 The female hyena’s clitoris is elongated, and distinguishable from the male’s penis based on the shape of the penile 
glans. The glans of the juvenile female shown here is blunt, whereas those of males are pointed (Photo by Kay Holekamp and 
Laura Smale). 



Figure 7 Feeding competition is extremely intense among spotted hyenas. These animals feed on rich, but ephemeral, fresh 
ungulate carcasses in subgroups containing up to 56 competitors (Photo by Laura Smale). 


Social Organization 

Spotted hyenas live in permanent complex, female- 
dominated societies, called clans, containing 6-90 indivi¬ 
duals. The mean clan size across Africa is around 21 
hyenas, but abundance of local prey animals determines 
clan size. Where ungulates are plentiful year-round, as on 
some prey-rich plains of eastern Africa, clans are typically 
large. However, in desert areas of southern Africa, clans are 


small. Suitable habitat is generally saturated with a mosaic 
of hyena territories. Border clashes with neighboring clans, 
called clan wars, are most commonly observed in habitats 
containing high densities of hyenas, where intrusion pres¬ 
sure is most intense. 

Clans are fission-fusion societies in which all members 
know one another individually, rear their cubs together 
at a communal den, and defend a common territory 
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(Figure 10), yet clan members spend much of their time 
alone or in small subgroups. Each clan is structured by a 
linear dominance hierarchy, and an individual’s position 
in this hierarchy determines its priority of access to 
food (Figures 3 and 4). Although small clans may contain 
only a single matriline and a single breeding male, large 
clans may contain several different matrilines comprising 
related females and their offspring, as well as a number of 
adult immigrant males that are generally unrelated to one 
another. Members of the same matriline occupy adjacent 
rank positions in the clan’s dominance hierarchy. Most 
clans contain individuals from three or four overlapping 
generations. Relatedness is high within matrilines, but 
on average, clan members are only very distantly related 
because of high levels of male-mediated gene flow among 
clans. In most respects, clans of spotted hyenas bear little 
resemblance to canid packs, lion prides, or groups of any 



Figure 8 Juvenile spotted hyenas are handicapped because 
they lack the well-developed feeding apparatus of adult 
competitors. Unlike juveniles, adult spotted hyenas can easily 
crack large bones such as this giraffe femur shown here (Photo 
by Anne L. Engh). 


other social carnivores. Instead, they are remarkably similar 
in their structure, size, and complexity to the female- 
bonded societies of cercopithecine primates. 

Life History 

The life histories of spotted hyenas exhibit many notable 
similarities to those of cercopithecine primates. Like 
monkeys, spotted hyenas have slow life histories. Hyenas 
live up to 19 years in the wild. At isolated natal dens 
(Figure 11), female hyenas bear litters containing one, 
two, or very rarely three cubs. After 3 or 4 weeks, the 
mother moves her newborn cubs to the clan’s communal 
den, where all cubs reside that are less than 9-12 months of 
age. A communal den may provide shelter for over 20 cubs 
at once. Here cubs are first introduced to the other mem¬ 
bers of the clan and learn their places in the clan’s domi¬ 
nance hierarchy. Cubs become independent of the 
communal den when they are 9-12 months old. At this 
point, they start traveling around the clan’s territory with 
their mother. On average, weaning occurs at around 
13 months of age, but mothers may continue to nurse 
their cubs for up to 24 months. Mothers also help their 
offspring gain access to food at ungulate kills long after 
weaning, and even after puberty. Thus, the young of 
spotted hyenas, like those of many primates, require unusu¬ 
ally long periods of maternal support and social learning. 

Spotted hyenas of both sexes reach reproductive matu¬ 
rity at around 24 months of age, and most females start 
bearing young in their third or fourth year. Male hyenas 
disperse voluntarily from their natal groups 1-76 months 
after puberty, whereas females are usually philopatric and 
spend their lives in their natal clans. As long as natal males 
remain in the natal clan, they can dominate adult females 
ranked lower than their own mothers. However, when 
males disperse, they behave submissively to all of the 
new hyenas encountered outside the natal area. This is 



Figure 9 An ontogenetic series of Crocuta skulls illustrating changes in size and shape throughout development in frontal view 
(from left to right) at 3 months, 11 months, 22 months, and 11 years of age. Note that skull development is still far from complete 
at 22 months. In fact, skull development is not complete in this species until at least a year after puberty (Photo by Jeremy Herliczek). 
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Figure 10 Dashed lines indicate the territorial boundaries of four clans of spotted hyenas in the Masai Mara National Reserve, 
Kenya (Image by Audrey Derose Wilson). 
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Figure 11 Spotted hyenas experience several discrete life history stages during their ontogeny. They are born at natal dens, and 
then are transferred to the communal den where they reside until they are 8-9 months of age. Subadults continue to nurse until 
13.5 months of age, on average, and then undergo puberty around 24 months of age. After puberty, males disperse to join a new 
clan whereas females begin to reproduce in their natal clan. 


the phase of ontogenetic development during which 
females come to dominate males. When a male joins a 
new clan, he assumes the lowest rank in that clan’s domi¬ 
nance hierarchy (Figure 3). In this respect, spotted hyenas 
differ from most primates. Rather than engaging in physi¬ 
cal combat to establish dominance relationships with one 


another, immigrant male hyenas form a queue based on 
their arrival order. The highest-ranking males are those 
that arrived first in the clan, and the lowest-ranking 
immigrants, most recently. Males rise in rank only when 
higher-ranking immigrants die or engage in secondary 
dispersal. Due to the female’s male-like genitalia, coercive 
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sex is impossible. Among spotted hyenas, females strongly 
prefer to mate with immigrant males, which sire nearly all 
the offspring in every clan. Thus, mate choice by females 
apparently drives natal dispersal by males. Roughly 40% 
of immigrants disperse again, but the benefits of second¬ 
ary dispersal are unknown. 

Communication 

Spotted hyenas have an elaborate communication reper¬ 
toire involving multiple sensory modalities. Group mem¬ 
bers recognize each other individually on the basis of 
distinctive vocalizations, visual cues, and odors. Spotted 
hyenas emit a large array of distinctive sounds: they emit 
deep groans to call their cubs out of dens, high-pitched 
squitters to beg for food or milk, and cattle-like lowing 
sounds to bring group-mates to a common state of high 
arousal. Spotted hyenas are often referred to as laughing- 
hyenas because of their submissive ‘giggle’ vocalizations 
that sound much like high-pitched, hysterical human 
laughter. The long-distance vocalizations of spotted hyenas, 
called ‘whoops,’ are the sounds heard most commonly at 
night in the African bush. Whoops function as rallying calls 
to gather scattered clan members together to defend the 
territory boundaries, food resources, the communal den, or 
clan-mates in danger. Spotted hyenas also sometimes 
whoop to recruit hunting partners, or to reunite mothers 
and offspring. Finally, whoops are also used as a form of 
individual display, particularly by adult immigrant males 
of high rank. 

Olfactory communication plays an important role in 
advertising territorial borders (Figure 10), but also func¬ 
tions to signal intrasexual social status among immigrant 
males, and to maintain social cohesion among adult 
females. Multiple clan members maintain territory bound¬ 
aries during border patrols by depositing scent, in the form 
of paste. Paste is a strong-smelling, yellowish buttery 
secretion deposited from subcaudal glands onto grass 
stalks (Figure 12). Individuals also paste deep within 
their territories. Bacterial communities inhabiting hyena 
subcaudal glands vary among clans, and bacteria may be 
largely responsible for generating clan-specific odors. In 
addition to signaling clan membership, paste also transmits 
information about an individual’s sex, reproductive state, 
and identity. Young hyenas engage in pasting behavior 
long before they produce any paste in their anal sacs, 
suggesting that cubs paste to acquire group odors from 
sites where clan-mates pasted earlier. 

Spotted hyenas regularly engage in ritualized greet¬ 
ing ceremonies during which two clan members stand 
parallel to each other and face in opposite directions to 
sniff each other’s anogenital region (Figure 13). Greet¬ 
ings are most common when clan members reunite after 
being separated. The unique aspect of greetings in the 
spotted hyena is the prominent role of the erect phallus 



Figure 12 Pasting behavior is the deposition of a strong¬ 
smelling, yellowish buttery secretion from the anal gland onto a 
grass stalk (Photo by Anne Engh). 


in animals of both sexes. Greetings occur between hyenas 
of all ages. Cubs can erect their penis or clitoris and 
engage in greeting ceremonies as early as 4 weeks after 
birth. Greetings represent affiliative gestures that reac¬ 
quaint clan mates, strengthen social bonds, and affirm 
rank relationships. Directly following fights, greetings 
serve a conciliatory function by reducing rates of sub¬ 
sequent aggression between former opponents. Hyenas 
typically initiate greetings with higher-ranking social 
partners, and they do so with their phallus erect. There¬ 
fore the display of the erect phallus during greetings is 
often called a flag of submission. 

Important Findings 

Hormones and Sex Differences 

It was long believed that, instead of having an adaptive 
function, the odd genitalia of the female spotted hyena 
were probably mere side-effects of selection for other 
male-like traits in females such as enhanced aggressive¬ 
ness, and that androgenic hormones must mediate this 
phenomenon during development. However, even when 
pregnant female spotted hyenas are treated through¬ 
out pregnancy with drugs that block the action of andro¬ 
genic hormones on the fetus, each female offspring of 
these treated females nevertheless develops a full-sized 
pseudopenis. In fact, development of this strange organ is 
androgen-independent except for some finishing touches 
to the final shape of the penile glans. Furthermore, there 
is no evidence that activational effects of androgens or 
other steroid hormones mediate aggressive behavior 
emitted by female hyenas. However, there is some support 
for the idea that organizational effects of androgens medi¬ 
ate female aggressiveness in this species. 
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Figure 13 Ritualized greetings signal submission by the subordinate hyena and occur when two spotted hyenas stand parallel to 
each other with phallic erections and face in opposite directions to sniff each other’s anogenital region (Photo by Heather Watts). 
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Figure 14 The relationships among social rank, day of gestation, and fecal androgen metabolite concentration in pregnant wild 
spotted hyenas. The highest social rank possible is 1. Reproduced from Dloniak SM, French JA, and Holekamp KE (2006) Rank-related 
maternal effects of androgens on behaviour in wild spotted hyaenas. Nature 440: 1190-1193. Figure printed with permission by 
Macmillan Publishers Ltd: Nature Publishing Group. 


Maternal effects mediated by prenatal hormone expo¬ 
sure appear to be important for the nongenetic inheri¬ 
tance of traits related to social rank among wild spotted 
hyenas. Dominant females have higher concentrations of 
androgens during late pregnancy than do subordinate 
females (Figure 14). However, independent of social 


rank, cubs of both sexes born to mothers with high con¬ 
centrations of androgens exhibit higher rates of aggression 
and mounting behavior as infants than do cubs born to 
mothers with low concentrations. Interestingly, even in 
adulthood, females exposed in utero to high androgen 
concentrations emit aggressive acts toward males at higher 
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rates than do females exposed to relatively low androgen 
concentrations in the womb. Enhanced aggressiveness 
may help females dominate males and compete for food 
at kills. Thus, prenatal androgen exposure appears to 
adaptively influence offspring phenotype. 

Social Development 

Spotted hyenas are sometimes referred to as the Cain and 
Abel of the animal world, on the basis of the belief that 
neonates routinely kill their siblings shortly after birth. 
Although littermates do engage in aggressive interactions 
within minutes of birth, and although this can result in 
obvious scarring of the subordinate littermate, these ag¬ 
gressive interactions seldom result in the death of one 
sibling (Figure 15). Specifically, ultrasonographic data 
indicate that, both in utero and after birth, wild litters do 
not differ in size from litters born in captivity where 
siblicide cannot occur (Figures 16 and 17). The outcomes 
of early fights between siblings quickly establish domi¬ 
nance relationships among littermates in twin or triplet 
litters, and the dominant cub subsequently has priority of 



Figure 15 Black hyena cubs are born with their eyes open and 
teeth fully erupted, characteristics that are rare amongst 
carnivores (top). Littermates engage in aggressive interactions 
within minutes after birth (bottom), which quickly leads to the 
establishment of a dominance hierarchy between littermates 
(Photos by S.E. Glickman and L.G. Frank). 


access to the mother’s milk. Siblicide in the spotted hyena 
is facultative in that it occurs only in some twin litters. 
Rather than functioning to routinely kill one’s sibling, the 
purpose of the early fighting observed between hyena 
littermates is to establish an unambiguous dominance 
relationship within the litter. It appears that the relative 
costs and benefits of killing one’s sibling vary with current 
socio-ecological conditions. However, cubs born to twin 
litters often enjoy better survivorship when their siblings 
also survive the early stages of life than when their sib¬ 
lings die young. Thus, the available data strongly suggest 
that habitual siblicide would be maladaptive in these 



(b) 

Figure 16 Sonographic images of (a) early pregnancy 
(gestational age here was 43 days) indicated by the presence of a 
gestational sac and thickened endometrial cavity. The gray 
donut-shaped outer circle is the endometrial wall of the uterine 
horn and the dark hypoechoic center represents the amniotic 
fluid and the developing fetus, (b) late pregnancy (gestational age 
here was 97 days) indicated by skeletal development. The white 
bands across the screen indicate the vertebrae (arrow) and ribs 
of the fetus. Reproduced from Wahaj SA, Place NJ, Weldele ML, 
Glickman SE, and Holekamp KE (2007) Siblicide in the spotted 
hyena: Analysis with ultrasonic examination of wild and captive 
I individuals. Behavioral Ecology 18: 974-984. 
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Figure 17 A comparison of litter sizes within pregnancies before and after birth in captive and wild hyena populations. Significant 
differences are indicated with asterisks. Numbers above bars represent numbers of pregnant females examined via ultrasonography. 
Reproduced from Wahaj SA, Place NJ, Weldele ML, Glickman SE, and Holekamp KE (2007) Siblicide in the spotted hyena: Analysis 
with ultrasonic examination of wild and captive individuals. Behavioral Ecology 18: 974-984. 



animals. Although a cub that manages to kill its sibling 
will benefit if its mother becomes unable to support 
multiple cubs, killing a littermate also deprives the killer 
of a valuable ally and reduces its inclusive fitness. 

After establishing dominance relationships within their 
litter, cubs must also learn their places in the clan’s domi¬ 
nance hierarchy. As in many Cercopithecine primates, the 
social status of a young hyena is not determined by its size 
or fighting ability, but rather by its mother’s social rank 
(Figure 3). Dominance relations among adult female 
spotted hyenas are extremely stable across a variety of 
contexts and over periods of many years. Early in life, 
young spotted hyenas of both sexes assume the social rank 
directly below that of their mother. The acquisition of 
social rank in hyenas occurs in a pattern identical to that 
seen in many monkeys during a process primatologists 
call ‘maternal rank inheritance.’ Social status is not genet¬ 
ically inherited, but is acquired instead via a process of 
social learning that occurs during an extended juvenile 
period. Initially, young hyenas indiscriminately direct 
aggression toward higher- and lower-ranking peers, but 
this changes rapidly during the first year of life. Mothers 
generally intervene only on behalf of their offspring in 
disputes with lower-ranking individuals, and interven¬ 
tions by high-ranking mothers are more frequent and 


more effective than those by low-ranking mothers. Over 
time, cubs learn to direct aggression only toward animals 
lower-ranking than their own mother. In addition to 
maternal interventions, other clan members also join 
hyena cubs during fights to form coalitions. Thus, the 
mechanisms by which young spotted hyenas acquire 
their social ranks are virtually identical to those operating 
in old-world monkeys. 

Social Complexity and Brain Evolution 

Spotted hyenas have proved to be a useful model for study¬ 
ing the evolution of brains and intelligence. Two competing 
hypotheses might explain why primates, including humans, 
have large brains and great intelligence despite the high 
metabolic costs associated with large brains. The first 
suggests that intelligence has been favored to enable indi¬ 
viduals to cope with challenges imposed by their physi¬ 
cal environment. The second is the social complexity, 
or social brain, hypothesis, which posits that the need 
to anticipate, respond to, and manipulate the social behav¬ 
ior of other group members was the primary force shap¬ 
ing the evolution of the brain. The frontal cortex of the 
brain mediates social decision-making in mammals, and 
the demands of complex sociality may have favored the 
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evolution of the large frontal cortex in humans and other 
primates. If selection pressures associated with life in 
complex societies favor the evolution of cognitive abilities 
and nervous systems in primates, then convergent attri¬ 
butes of brains and cognition should also occur in non¬ 
primates living in large, elaborate societies in which social 
dexterity enhances individual fitness. Because spotted 
hyenas live in large, complex societies, they offer an excel¬ 
lent nonprimate model in which to test predictions of the 
social complexity hypothesis (Figure 18). 

Many workers agree that the most challenging societies 
are those in which animals live in stable multigenerational 
units, group members recognize each other individually, 
individuals form cooperative coalitions and compete for 
access to resources, and juveniles engage in a substantial 
amount of social learning during development. Spotted 
hyenas face all these challenges. In fact, in addition to the 
size and structure of spotted hyena clans resembling those 
of primate troops, patterns of competition and coopera¬ 
tion within clans are also similar to those in primate 
troops. As in cercopithecine primates, spotted hyenas 
use multiple sensory modalities to recognize their mater¬ 
nal and paternal kin, and other conspecifics, as indivi¬ 
duals. Like monkeys, spotted hyenas discriminate among 
social partners on the basis of their relative value; they 
recognize third-party kin and rank relationships among 
members of their clan; they track changes in the com¬ 
position of their current subgroup; and they implement 
this knowledge to make adaptive social decisions. Hyenas 
also form coalitions with group members to acquire and 


reinforce their dominance status. The other species in the 
family Hyaenidae all live in far less complex societies than 
those of the spotted hyena, predicting that the frontal 
cortex in spotted hyenas should be the largest in the 
family. As predicted by the social complexity hypothesis, 
the spotted hyenas indeed have the largest frontal cortex 
of the extant species of hyenas, even after correcting for its 
relatively large body size. Thus the available data strongly 
suggest convergent evolution of brains and social intelli¬ 
gence between spotted hyenas and primates. 

Fission-Fusion Sociality 

Like chimpanzees, spider monkeys, elephants, lions, 
many canids and dolphins, spotted hyenas live in fluid, 
fission-fusion societies. Although up to 90 individuals 
may concurrently belong to a single clan of spotted 
hyenas, all clan members are rarely, if ever, found together 
in one place. Instead, individuals make active decisions to 
leave (fission) or join (fusion) group-mates belonging to 
the larger social unit. On average, subgroups contain four 
individuals. Subgroup composition changes once every 
hour and hyenas spend one-third of their time alone. How¬ 
ever, low-ranking individuals spend considerably more time 
alone than do high-ranking conspecifics. Adult females gen¬ 
erally prefer to associate with members of their own matri- 
line. Among nonkin, adult females actively join subgroups 
containing social companions higher-ranking than them¬ 
selves; this enhances the social and feeding tolerance enjoyed 
by females from the dominant animals with which they 



Figure 18 Spotted hyenas offer an excellent model in which to test the social complexity hypothesis because they live in 
large, complex societies remarkably similar in size and composition to those of many species of cercopithecine primates 
(Photo by Laura Smale). 
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associate most often. Immigrant males join subgroups con¬ 
taining potential mates, and they prefer high- to low-ranking 
females as companions. Their ability to discriminate among 
females on the basis of rank, and their preference for females 
who’s young are likeliest to survive to adulthood, permit 
males to make adaptive mate-choice decisions. 

The flexible lifestyle of spotted hyenas limits the costs 
of group living while allowing group members to aggre¬ 
gate when the benefits of sociality are high or the costs of 
grouping are low. Spotted hyenas gain direct benefits from 
forming large subgroups during cooperative defense of 
resources from lions or neighboring groups of hyenas 
(Figure 19). Nonetheless, ecological constraints limit 
gregariousness such that intraspecific competition among 
clan-mates generally promotes solitary behavior. Resource 
limitation operates at virtually all times in the lives of spot¬ 
ted hyenas, occurring in the short term at kills (Figures 4 
and 7), but also in the long term during periods of food 
scarcity that may last several months. In Tanzania and 
Namibia, hyenas commute long distances to follow migra¬ 
tory prey, redistributing themselves from less profitable 
areas to more profitable areas. In Kenya, clan members 
defend the same territory boundaries year-round, but they 
are most gregarious during months when local prey are 
superabundant (Figure 20). Although hunting pairs capture 
20% more prey than do lone hunters, noise generated when 
hunting partners squabble over the carcass attracts 
numerous competitors to kills. As a result, hyenas, espe¬ 
cially low-ranking ones, consume the most energy when 
they hunt alone (Figure 1). 


Extant spotted hyenas descended from a carrion¬ 
feeding ancestor with a solitary lifestyle much like that of 
the modern striped hyena. Although the ability to capture 
a larger array of prey animals more successfully presum¬ 
ably emerged as a by-product of group living, it appears that 
the benefits of cooperative hunting did not promote the 
evolution of group living in spotted hyenas. Instead, group 
living may have been favored to permit cooperative defense 
of shared resources, including both space and food. Never¬ 
theless, constraints imposed by limited food resources 
might explain retention of the tendency for spotted hyenas 
to spend much of their time alone. 

Behavioral Plasticity and Conservation 

Behavioral plasticity is the ability of an animal of a given 
genotype to modify its behavior in response to changes in 
environmental conditions. As in many carnivores, the 
fission-fusion lifestyle of spotted hyenas permits indivi¬ 
duals to make plastic decisions with respect to current 
subgroup size. However, spotted hyenas also exhibit 
extraordinary plasticity in a suite of other behavioral traits 
that set them apart from most other large terrestrial 
carnivores. For instance, spotted hyenas can breed at any 
time of year; they can be active day or night; and they can 
survive on foods ranging from insects to elephants. Per¬ 
haps because spotted hyenas descended recently from 
carrion-feeding ancestors, their immune systems appear 
to cope far better with bacteria and diseases than do those 
of sympatric carnivores. Spotted hyenas also occupy an 



Figure 19 Spotted hyenas routinely join forces with clan members to direct coalitionary aggression toward lions (which are 
three to five times larger than a single hyena), and hyenas belonging to neighboring clans in defense of group resources (Photo by 
Kate Shaw). 
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extremely diverse array of habitats in Africa, including 
savanna, desert, swamps, woodland and montane forest up 
to 4000 m of elevation. Although spotted hyenas need 
water for drinking, they can make do with very little 
water, and seldom require access to it. Even lactating 
females can survive without water for over 1 week. Plas¬ 
ticity in all of these domains permits spotted hyenas to be 
unusually resilient to environmental perturbations. Thus, 


because their behavioral plasticity far exceeds that of 
other large African carnivores and because spotted hyenas 
are relatively easy to monitor, their responses to environ¬ 
mental change should represent convenient and conser¬ 
vative indicators of ecosystem health. 

Global expansion of human populations has caused 
alarming declines in, or extirpation of, many carnivore 
populations. Despite their remarkable plasticity and the 
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Figure 20 Monthly mean ± SE numbers of local prey animals counted each month during biweekly ungulate censuses within one 
hyena territory in the Massai Mara Reserve (left vertical axis and histogram bars) and percentage of observation sessions in which 
spotted hyenas were found in subgroups containing more than one individual (right vertical axis and open circles). Reproduced from 
Smith JE, Kolowski JM, Graham KE, Dawes SE, and Holekamp KE (2008) Social and ecological determinants of fission-fusion dynamics 
in the spotted hyaena. Animal Behaviour 76: 619-636. 



Figure 21 Like many large carnivores, spotted hyenas are in conflict with humans over resources, and they sometimes 

kill livestock such as the cow shown here. Spotted hyenas are commonly killed in response to livestock depredation, even within 

protected areas (Photo by Joseph M. Kolowski). 
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fact that they are more abundant than any other large 
carnivore in Africa, populations of spotted hyenas living 
outside of protected areas are also declining. Disease is an 
important mortality source for hyenas in some areas, but 
humans and lions cause most adult mortality Spotted 
hyenas are commonly killed by humans in response to, 
or in fear of, livestock depredation (Figure 21). Humans 
also have nonlethal effects on spotted hyenas that occur 
before hyena population size declines. Recent work sug¬ 
gests that anthropogenic activity, particularly that occur¬ 
ring in the form of pastoralists grazing livestock within 
the boundaries of protected areas, alters the behavior 
of spotted hyenas and forces them to make energetic 
compromises not observed where pastoralists are absent. 
To avoid potentially lethal encounters with humans, 
hyenas in areas used by pastoralists alter their activity 
and movement patterns, and they also spend more time 
being vigilant than do hyenas living in undisturbed areas. 
Furthermore, presence of pastoralists affects the stress 
physiology of spotted hyenas, as indicated by higher 
concentrations of glucocorticoid hormones. Interestingly, 
these negative effects do not occur in response to visita¬ 
tion by tourists, perhaps because tourists do not represent 
a threat to spotted hyenas. 

The disappearance of this extremely resilient species 
from an African ecosystem indicates that the habitat has 
become very severely degraded, perhaps irreversibly so. In 
areas where spotted hyenas still occur, their behavior, stress 
physiology, and demography can be monitored to reveal 
warning indications of deleterious trends. If such trends can 
be identified and quantified, then they can potentially be 
halted or reversed. This is particularly important in sub- 
Saharan Africa, where loss of large carnivores would 
remove an important incentive for tourists to visit from 
abroad, and thus eliminate a key source of foreign exchange 
for many developing nations. As human population density 
continues to increase, and habitats continue to be modified 
by human activity, spotted hyenas will continue to serve as 
visible and conservative indicators of how these and more 
specialized large carnivores in the same ecosystems are 
responding to environmental change. 

See also: Aggression and Territoriality; Body Size and 
Sexual Dimorphism; Communication Networks; Conflict 
Resolution; Conservation Behavior and Endocrinology; 
Cooperation and Sociality; Cryptic Female Choice; 
Decision-Making: Foraging; Dominance Relationships, 
Dominance Hierarchies and Rankings; Ethology in 
Europe; Group Foraging; Group Living; Hormones and 
Behavior: Basic Concepts; Kin Selection and Related¬ 
ness; Maternal Effects on Behavior; Multimodal Signal¬ 
ing; Predator’s Perspective on Predator-Prey 
Interactions; Sex Change in Reef Fishes: Behavior and 


Physiology; Social Cognition and Theory of Mind; Social 
Selection, Sexual Selection, and Sexual Conflict. 
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Introduction 

The ancients, replete with their togas, understood the 
mechanisms underlying pathophysiology - they were 
the whims of the gods. A smile upon your countenance 
by one of them you’re good to go for a long, healthy life. 
Have some Olympian frown come your way and it is 
tapeworms and rickets from then on. As documented by 
the gerontologist Caleb Finch, somewhere between the 
times of Homer and Herodotus, a shift occurred, and the 
explanation for a long life was taken from the gods and 
given, in part, to people, and how they lived their lives. 
This ushered in a concept that is now one of the pillars of 
medicine, namely that behavior can influence health. 

This can be obvious and not all that interesting. If we 
eat to excess, our fat cells are more likely to become 
insulin-resistant. If we consume large amounts of alcohol, 
our liver will pay. And if we regularly bungee jump off 
bridges with cords that are tattered, we will shorten our 
life expectancy. 

But this relationship between behavior and health is 
both deeper and broader. Broader in that it includes 
not only behavior, especially social behavior, but also its 
underpinnings, such as thoughts, emotions, memories, 
personality, and temperament. Deeper, as it helps one 
understand how life’s adversities can influence something 
as reductive as the length of telomeres, the stabilizing 
ends of chromosomes. 

This is not pertinent to all domains of medicine. For 
example, our internal emotional life has little to do with the 
health outcome following drinking typhoid-riddled water 
from our medieval town well, being grievously injured, or 
starving. But it is extremely important for understanding 
the diseases of Westernized life, in which we live well 
enough and long enough to have our bodies slowly accu¬ 
mulate damage over time. This relevance has answered all 
sorts of unlikely questions pertinent to our health: What is 
our psychological makeup?, What is our social status?, How 
do people with our social status get treated in our society?, 
Or even a question such as, When we feel unloved, do we 
eat lots more carbohydrates? And, one might ask a 
non-human primate, “Are we the sort of individuals who 
behave in a way that gets us groomed frequently?” 

An encyclopedia such as this reflects not only the 
intrinsic fascination of animal behavior but also the con¬ 
tinuity between our own species and others, and the 
insight into humans that can be derived from the study 
of animals. This certainly extends to the physiology and 


pathophysiology that we share with other species, and to 
the ability of behavior to impact on health. Thus, the goal 
of this article is to consider how behavior can adversely 
affect health in a range of species, and the central role of 
stress in this relationship. (As a gross simplification but as 
an expository convenience, ‘behavior’ will also subsume 
thoughts, emotions, memories, personality, and tempera¬ 
ment throughout the article. Moreover, despite the phy¬ 
logenetic myopia, the article is heavily biased toward 
considering mammals, particularly primates.) 

Stress, Homeostasis, and Allostasis 

A concept that has dominated issues of stress and disease 
since the word ‘stress’ entered the medical literature 
(approximately a century ago) is that of ‘homeostasis.’ 
Classically, this is the notion that there are optima of 
physiological function - an ideal body temperature, 
level of glucose in the bloodstream, and so on. Framed 
this way, a ‘stressor’ is anything in the environment that 
disrupts the homeostatic balance, and the ‘stress-response’ 
is the array of physiological responses that reestablish 
homeostasis. 

The homeostasis concept has been expanded in recent 
years into the newer concept of ‘allostasis,’ which differs 
from the older term in two important ways. The first is that 
ideal homeostatic set points can differ over time. For 
example, optimal heart rate differs dramatically, whether 
one is sleeping or sprinting, and optimal circulating estro¬ 
gen levels differ dramatically, whether one is in the follic¬ 
ular or luteal phase of the ovulatory cycle. The second 
difference between the homeostasis and allostasis concepts 
is that the latter incorporates the fact that physiological 
balance can be reattained by multiple adaptations across 
wide ranges of physiological systems, including behavior. 
This can be illustrated with a nonmedical example: imag¬ 
ine that the state of California is suffering from the mal¬ 
adaptive situation of chronic water shortages. A local 
‘homeostatic’ response might be to require all new homes 
to have low-flow showerheads. In contrast, a more exten¬ 
sive ‘allostatic’ response would be to do that, but to also 
negotiate for the state to get a larger share of water out of 
the Colorado River, cut back water subsidies to farmers 
growing tropical crops such as rice in a semi-arid state, 
promote the idea that cactus gardens look better than 
lawns, and so on. Similarly, in the case of an individual 
being dehydrated, homeostatic thinking would focus on 
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the changes in renal filtration rates, while allostatic think¬ 
ing would additionally incorporate far-flung responses 
including changes in sweat-gland function, energy utiliza¬ 
tion in muscle, and the neurobiology of thirst. As is rele¬ 
vant throughout this article, framing problems of stress in 
the context of allostasis helps appreciate not only the role 
of behavior in solving problems of allostatic imbalance, but 
also the potential for behavior to generate problems of 
allostatic imbalance, often thanks to creating a problem 
in the process of behaviorally solving another (e.g., solving 
a problem with social anxiety by drinking heavily). 


Changes in hormone secretory patterns in 
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The Physiology and Pathophysiology 
of the Stress-Response 

Thus, the stress-response is the set of adaptations that are 
mobilized throughout the body to correct a state of allo¬ 
static imbalance. This involves a fairly stereotyped set of 
neural and endocrine changes. A critical one is the secre¬ 
tion of‘catecholamines’- epinephrine (aka adrenaline) and 
norepinephrine from the nerve endings of the sympathetic 
nervous system projecting throughout the body. Another is 
the secretion by the adrenal glands of a class of steroid 
hormones called glucocorticoids (GCs) (the primate ver¬ 
sion of GCs being cortisol). While there is an array of 
additional changes in levels of various hormones during 
stress (e.g., generally an increase in circulating levels of 
glucagon, prolactin, and beta-endorphin, decreases in insu¬ 
lin and reproductive hormones), the secretion of GCs and 
the activation of the sympathetic nervous system constitute 
the workhorses of the stress-response (see Figure 1 for an 
overview of the stress-response). 

This stress-response is adaptive when considering acute 
physical challenges to allostasis, such as running for our life 
or running after a meal. Energy is mobilized from storage 
sites throughout the body and delivered to the circulatory 
system in forms most readily used by exercising muscle. 
Blood pressure, heart rate, and breathing rate increase to 
deliver that energy, along with oxygen, to the exercising 
muscle as rapidly as possible. Various unessential processes 
are inhibited until more auspicious times. For example, the 
gastrointestinal tract is silenced; the energy is mobilized 
within seconds from fat cells and liver, whereas digestion is 
a slow, energetically costly process that can be deferred. As 
such, secretion of saliva is inhibited (i.e., our mouth gets 
dry), stomach contractions and small intestinal peristalsis 
cease, blood flow is diverted from the gut, and appetite is 
suppressed. Following the same logic, growth and tissue 
repair are inhibited. Reproductive physiology is damped in 
both genders for obvious reasons - the thickening of uter¬ 
ine walls or the production of sperm can wait until after you 
have successfully sprinted for your life. The possibility of 
an injury demonstrates the adaptive logic of other features 
of the stress-response - immunity is enhanced as a defense 
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Figure 1 Schematic overview of the typical endocrine stress- 
response. (a) The time course of changes in hormone-secretory 
patterns in response to a stressor, (b) The lag time until target 
tissue begin as a result of a stressor, (c) Immediate physiological 
consequences of the stress-response. Asterisks approximate 
where on the time line the particular hormone is first having its 
effect (a and b) or when on the time line the physiological 
consequence is initiated (c). There is no formal y axis - hormones 
or consequences are simply spaced vertically to facilitate 
reading. Reproduced from Sapolsky R, Romero M, and 
Munck A (2000) How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, 
and preparative actions. Endocrine Reviews 21: 55-89. 
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against infection, stress-induced analgesia blunts pain per¬ 
ception, blood platelets become more viscous as a means 
to promote clotting. Finally, changes within the brain 
include sharpened cognition, enhanced sensory thresholds, 
increased alertness, and memory consolidation. 

Thus, the stress-response is highly adaptive in the face 
of acute physical stressors. As a measure of the importance 
of this, the stress-response is highly conserved, ancient 
physiology - stress a bird, fish, lizard, or volunteer college 
student and they will secrete GCs and catecholamines. 

However, as the key point of this article, few of us have 
our sense of allostasis challenged by sprinting from pre¬ 
dators, wrestling down a meal, or trying to scare away 
elephants that are feeding on your crops. Instead, we 
chronically activate the stress-response for purely psycho¬ 
social reasons, and the stress-response simply did not 
evolve for dealing with this relatively novel realm of 
chronic disequilibrium. On a certain level, everything 
that occurs during the stress-response is inefficient, 
penny-wise and dollar-foolish, sacrificing the future for 
the present, but it must be done in the face of a true 
physical crisis. However, if the same stress-response is 
mobilized at a high frequency day after day for purely 
psychological reasons, a price is paid. 

On the metabolic level, energy mobilized and con¬ 
sumed must eventually be replaced, and with endless 
bouts of psychological stress, the replenishment begins 
to predominate - appetite is increased as is fat deposition, 
with preferential storage as abdominal fat (the type of fat 
that carries the greatest disease risk). Moreover, fat cells 
are biased toward the insulin resistance that gives rise to 
adult-onset diabetes. Constant activation of the cardiovas¬ 
cular system will produce the pathologies associated with 
chronic hypertension. This particularly increases disease 
risk when coupled with chronic increases in blood platelet 
stickiness. The chronic inhibition and then reactivation of 
the gastrointestinal system can worsen some inflamma¬ 
tory bowel diseases. Repeated inhibition of tissue repair 
impairs wound repair. As one striking example of this, it is 
now recognized that peptic ulcers are mostly due to the 
actions of the bacteria Helicobacter pylorus, and stress does 
not so much increase the risk of the formation of an ulcer 
(this being more the province of H. pylorus) as impair the 
capacity to repair an ulcer in its early stages. Sustained 
inhibition of growth in children will impair normal matu¬ 
ration; at an extreme, there is psychogenic dwarfism, a 
disease in which growth ceases solely for reasons of severe 
psychological stress. 

The list of potential pathologies continues. In females, 
chronic activation of the stress-response can disrupt ovu¬ 
latory cycles, and compromise uterine maturation and 
thus the ability of fertilized eggs to implant. Among 
males, testosterone levels will decline and, of greater 
functional significance, there can be problems of an 
inability to establish or maintain an erection, or with 


premature ejaculation. With sustained stress, the activa¬ 
tion of immune defenses proves transient and is followed 
by immune suppression; as a cornerstone of the nascent 
field of psychoneuroimmunology, this can increase the 
likelihood and severity of a number of infectious diseases 
(including, most mundanely, the common cold). 

Finally, chronic activation of the stress-response has a 
variety of adverse effects in the brain. Declarative learning 
and memory are impaired, and in the hippocampus, a brain 
region central to those processes, communication between 
neurons is blunted, there is atrophy of dendrites (the 
processes that connect neurons to each other), the birth 
of new neurons is inhibited, and neurons become less 
likely to survive neurological insults. Executive function, 
emotional regulation, and judgment are impaired and 
commensurate with these problems, there is atrophy of 
neurons in the frontal cortex, a region central to those 
functions. Fear and anxiety are potentiated, along with 
increased excitability and size of neurons in the most 
relevant brain region, the amygdala. Finally, there is deple¬ 
tion of the neurotransmitter dopamine in brain regions 
involved in reward and anticipation (and, as an orientation, 
cocaine and other euphoriants, stimulate these dopami¬ 
nergic regions), increasing the risk of depression. 

To summarize this section, in the face of an acute 
physical crisis of the type that constitutes the overwhelm¬ 
ing majority of stressors for other species, the stress- 
response is essential for survival. But when considering 
socially sophisticated primates such as humans, the capac¬ 
ity to repeatedly activate the stress-response for purely 
psychosocial reasons can be pathogenic. To use the frame¬ 
work introduced earlier, chronic stress can increase the 
allostatic load, the wear and tear, on the body, especially 
when the stressor is purely psychological, lacking a phys¬ 
ical reality that would be understood by, say, a zebra. As 
three final points to appreciate, (1) in some circumstances, 
sustained stress can directly cause disease; more fre¬ 
quently, however, it worsens preexisting disease and/or 
impairs defenses against a primary cause of disease; 
(2) stress-related disease can arise in some cases from 
the stress-response being activated too often (e.g., hyper¬ 
tension), and in other cases from the recovery phase of the 
stress-response occurring too often (e.g., increased 
abdominal fat deposition) (see Box 1 for an overview of 
the varied roles of GCs in these complexities); (3) the 
pathologies of chronic stress are among the most common 
diseases of Westernized lifestyle. 

Psychological Stress 

To reiterate, when considering behavior/stress/health 
relations in humans, we are mostly consider psychosocial 
stress - again, we are stressed by things as physiologically 
meaningless as traffic jams and mortgage rates rather than 
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Box 1 Glucocorticoid Actions During Stress 

Glucocorticoids play an immensely complex role in the stress-response, one that gives insights into the many routes by which disease 
can emerge with chronic stress. This is because this class of hormones can play permissive, stimulatory, suppressive, and preparative 
roles in the stress-response. 

Some GC actions are permissive (a classical term in endocrinology). With the onset of stress, levels of catecholamines (as a reminder, 
epinephrine and norepinephrine) rise within seconds, while GC levels do not begin to rise for minutes. In those first seconds, the still basal 
levels of GCs are needed to ‘permit’ catecholamines to have their full effects. As an example, in the absence of such basal GC levels, 
catecholamines are less capable of increasing blood pressure. Thus, as one example of the potential for pathology in this realm, elevated 
basal levels of GCs (a marker of chronic stress) will worsen hypertension. 

Other GC effects are stimulatory, which is to say that the stress-induced increase in GC levels helps mediate the stress-response 
itself. The metabolic effects of GCs are an example of this, where the hormone moves energy stored in fat and the liver to more readily 
utilized forms in the circulation, and thence on to exercising muscle. These GC actions have broad similarities to the more rapid ones of 
catecholamines; metaphorically, the latter would be the defensive act of shouldering a rifle, the former, of starting the engines on a 
battleship. And to tie this to stress-related pathology, in instances of chronic stress, this stimulatory GC action will produce hyperglyce¬ 
mia, a potential precursor of insulin-resistant diabetes. 

Other GC effects are suppressive, which is to say that they mediate the recovery from the stress-response. As described in the main 
text, the earliest phases of the stress-response involve immune enhancement (mostly mediated by catecholamines). As such, the delayed 
immunosuppressive effects of GCs represent recovery from the enhancement, and the immune impairments of chronic stress reflect 
excessive GC actions. Similarly, the appetite-stimulating effects of GCs represent a recovery from the appetite-suppressing effects of the 
early stress-response, with prolonged stress increasing the risks of obesity through this route. 

Finally, some of the most slowly emerging GC effects are preparative for the next stressor. This would only be adaptive in settings 
where GC secretion is stimulated by a signal that a stressor is impending. This occurs frequently in the animal world; examples would 
include the likelihood of aggression among males in tournament species in which a high rank is contested, a failed hunt by a predator 
(where the impending stressor is the need to hunt again), or being stuck in the perimeter of a social group in a prey species 
(e.g., wildebeest, which form tight clusters nightly). Examples of such preparative GC actions include the broad metabolic effects already 
discussed or the activation of brain regions relevant to fear and vigilance. 

Thus, this multifaceted hormone plays a role in a wide range of ways in which the stress-response can be either adaptive or 
pathogenic. 


by predators. This raises the key issue of what precisely 
makes psychological stress stressful. For the same external 
reality, what features of psychological context increase the 
likelihood of activating a stress-response? 

Consider an experiment in which a volunteer is sub¬ 
jected to a burst of piercing noise at unpredictable times; 
not surprisingly, blood pressure will rise. In another room, a 
second subject is exposed to the same pattern of intense 
noise; in other words, both subjects are having their allo- 
static balance challenged to identical extents by this noxious 
stimulus. Critically, however, the second person has been 
told that by repeatedly pressing a button, the likelihood of 
the noise recurring will diminish. In reality, the button does 
nothing, but the subject presses it frequently, and blood 
pressure does not rise; the individual believes that he has 
acted efficaciously to reduce the frequency of the stressor. 
In some cases, he does not even need to press the button to 
avoid the hypertension; the mere knowledge that that is 
an option is sufficient. Thus, for the same external stressor, a 
sense of control can be protective. 

Similar studies have identified a second variable. 
Again, two volunteers are exposed to the same pattern 
of bursts of painful noise. This time, a warning light goes 
on 10 s before each blast for one subject, and as a result, 
her blood pressure does not rise. Thus, for the same 
external stressor, predictive information can be protective. 
This occurs in two ways. First, as you know that it is about 
to occur, it allows you to prepare your coping strategy for 


the stressor itself (e.g., you cover your ears). Second, it 
provides a safety signal - if the light has not come on, you 
can relax for the moment. For the individual without a 
warning light, any instant can be a half second away from 
the next detonation of noise. 

Another key psychological factor is whether there are 
outlets available for dealing with the frustration caused by a 
stressor. Take a rat that has been trained to press a lever 25 
times to get a pellet of food. Now, stop the food delivery; 
as the rat presses the lever 25, 50, 100 times and no reward 
appears, blood pressure rises. In contrast, provide an out¬ 
let for the frustration (e.g., a bar of wood for the rat to 
gnaw on, or a running wheel) and blood pressure does not 
rise as much. And as the unfortunate cause of the utility 
of displacement aggression, a frustrated rat that can bite 
another rat does not have the rise in blood pressure either. 

There are also stress-reducing benefits to more salu¬ 
tary versions of social interactions, namely social support. 
A female baboon suffering the extreme stressor of the 
death of a child will have a milder stress response if she 
grooms with other females. The effect is even more pro¬ 
nounced if she focuses her grooming on a small cohort of 
relatives and - to use a term that is perfectly acceptable 
in primatology - friends. Some fascinating related work 
suggests that the beneficial effects come more from 
grooming another individual than from being groomed. 

Social support plays a similar role in humans. Writ 
small, if you expose a volunteer to a mild stressor like 
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speaking in public, the volunteer’s blood pressure will not 
rise as much if a friend is present. Writ large, across a wide 
range of infectious diseases, the more socially isolated an 
individual is, the higher the mortality rate will be; protec¬ 
tive social affiliation can take the form of a significant 
other, a close group of friends, extended family, or intense 
involvement in community activities. The stress response 
is not just about ‘fight or flight.’ It is also a matter of‘tend 
and befriend.’ 

In short, for the same external challenge to allostasis, 
we are more likely to subjectively feel stressed and to 
activate the stress-response, and to be more at risk for a 
stress-related disease, if we lack a sense of control, lack 
predictive information about the stressor, lack outlets for 
the frustrations of the stressor, and lack social support. 

Stress, Health, and Psychiatric Disorders 

This list of psychological modifiers of the stress-response 
helps explain why some of us are atypically vulnerable to 
the poor health consequences of the everyday exigencies 
of life - money worries, unrequited love, hassling bosses, 
piles of dirty dishes. But the relationship between stress 
and health is particularly important when considering 
the extremes of psychological distress, namely a variety 
of psychiatric and personality disorders. 

It can be fruitful to conceptualize some leading psy¬ 
chiatric disorders as maladies of stress. As a first example, 
someone suffering from a generalized anxiety disorder 
sees stressors that others do not and fails to perceive 
signals of safety obvious to others. For that person, men¬ 
ace is everywhere, control is nil, and there is never infor¬ 
mation indicating when the next stressor is going to occur, 
how bad it is going to be, and how long it will last. 

Obsessive-compulsive disorder is a subtype of anxiety 
disorder whose stress-related component is centered in 
the coping responses. Not only is there the belief that 
menace is everywhere, but also the individual responds 
with pointless, repetitive, suffocating rituals that provide 
a sense of control and safety; inevitably, that sense proves 
transient, prompting even more frantic stereotypy. 

Individuals with ‘Type A’ personality also fit into this 
framework. In its original formulation proposed in the 
1950s, this personality style involves being time pres¬ 
sured, impatient, hostile, and with low self-esteem and 
joyless striving. In its more modern incarnation that 
emerged in the 1980s, the key variable is the ‘toxic hostil¬ 
ity.’ Once again, menace is perceived to be not only 
ubiquitous, but also personal (i.e., the certainty that 
‘They’ are out to get you), and where the appropriate 
response is an agitated hostility. 

Finally, depression can be viewed as a disorder of an 
abnormal stress-response, but in a different way. Menace 
abounds, but the key variable here is the belief that coping 


responses are pointless, should not even be attempted 
because they are doomed, and if a successful response is 
inadvertently stumbled upon, its efficacy cannot be appre¬ 
ciated. In the jargon of cognitive psychology, depression is 
a disease of ‘learned helplessness,’ and of the despair and 
absence of pleasure (‘anhedonia’) that flows from it. 

All these psychiatric diseases have some commonal¬ 
ities. They all can be viewed as cases where building blocks 
of psychological stress occur to pathological extremes. 
Typically, they first emerge or are worsened by sustained 
periods of stress. They all involve an overactive stress- 
response and/or an increased risk of stress-related disease. 
Severe depression, for example, is accompanied by ele¬ 
vated resting levels of GCs, while anxiety involves 
enhanced activity of the sympathetic nervous system - in 
effect, even under resting, ostensibly nonstressed circum¬ 
stances, there is stress. Type A personality is renowned for 
its association with increased risk of cardiovascular disease, 
while an emerging literature is demonstrating the same 
risk for depression. 

Another fascinating link to stress is seen in individuals 
with what are termed ‘repressive’ personalities. Such peo¬ 
ple construct regimented and predictable lives; they are 
averse to new things, hold on to structured, familiar ways; 
they are relatively inexpressive and poor at reading emo¬ 
tions in others. As defined, they are not depressed or 
anxious. In fact, they tend to be happy, productive, and 
successful. And strikingly, research has shown such people 
to have elevated basal GC levels and elevated basal meta¬ 
bolic rates in the frontal cortex, the brain region, as noted 
earlier, centrally involved in emotional regulation and 
impulse control. Thus, sometimes, it can be stressful to 
be working endlessly at creating a world in which nothing 
stressful ever occurs. 

This article has focused on the pathogenic potential 
of chronic, psychosocial stress, the building blocks of 
psychological stress, and how psychiatric disorders often 
represent the extremes of such stress. As such, a key theme 
in these sections is that you cannot understand the biol¬ 
ogy of disease without understanding the individual in 
whom that disease occurs. The next section expands this 
focus, showing how the biology of disease also requires 
considering the society in which that individual lives. 

Social Status and Health in Other Species 

The social group, in any species, provides the opportunity 
for an array of complex behaviors built around communi¬ 
cation, sexual behavior, affdiation, food acquisition, and 
so on. Something that the social group also often makes 
possible is stratification and hierarchy - unequal distribu¬ 
tion of resources and stable roles that reflect such inequi¬ 
ties. Depending on the species and gender, social rank can 
influence an individual’s access to, among other things, 
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food, safety, and sexual partners. When considering cog¬ 
nitively complex primates, rank also can greatly influence 
the amount and types of chronic stress that an individual 
is exposed to. And as a result, rank can also influence 
patterns of stress-related disease. 

What does an animal’s social rank have to do with 
health? A priori, one could imagine two extremes. In the 
first, subordinate animals have less access to resources and 
social support than do dominant individuals, and are 
subject to unpredictable aggression whenever dominant 
individuals are in need of displacing some frustration. 
In this scenario, one could readily imagine subordination 
to be associated with chronic activation of the stress- 
response, and an increased risk of stress-related disease. 

In contrast, one could imagine a social group where 
dominant animals must perpetually be vigilant and are 
frequently challenged by newcomers, forcing them to 
reassert their rank. Under those conditions, one could 
imagine that it would be dominant individuals that are 
most prone to stress-related disease. 

Both extremes are observed in non-human primates, 
and which profile occurs is related to a number of 
variables. 

A first factor is the extent of resource inequity. Not sur¬ 
prisingly, in ‘despotic’ social systems, in which resources 
are extremely unequally distributed, it is subordinate ani¬ 
mals that are typically more at risk for stress-related 
pathologies. This is seen among male baboons in which, 
as one example of such inequities, high-ranking males have 
virtually sole access to meat. In contrast, in more ‘egalitar¬ 
ian’ social systems, subordination is not associated with 
poorer health. 

Another factor is the quality of life for dominant individuals. 
In some primate species and genders, rank is inherited. But 
in cases where ranks change over time, a key issue is how 
dominant individuals maintain their position. In some 
species, such individuals are frequently challenged and 
then must reassert their position with overt fighting; in 
such cases (e.g., ring-tailed lemurs), dominant individuals 
are most at risk for stress-related disease. In contrast, it is 
subordinate animals that are in that position in species in 
which dominance is maintained by psychological intimi¬ 
dation (e.g., male savanna baboons). 

Another key factor is the quality of life for subordinate 
individuals. In general, subordinate animals show more 
indices of stress-related disease when they: (1) lack kin 
in their social group; (2) lack stable, reciprocal affiliative 
relationships with nonrelatives (i.e., ‘friendships’); (3) are 
subject to high rates of displacement aggression at the jaws 
of dominant individuals; (4) are unable to avoid dominant 
individuals (a situation more common in captive popu¬ 
lations living in cages or enclosures, rather than in feral 
groups). 

Another factor is the breeding system of the species. In 
the case of some despotic species, dominant individuals 


monopolize mating through harassment of subordinates; 
not surprisingly, the latter show the physiological indices 
of stress. In contrast, among ‘cooperative breeder’ species, 
subordinate animals have lower reproductive success, but 
it does not arise from harassment; instead, they are typi¬ 
cally younger siblings. In such species, subordination is 
not associated with poorer health. 

A particularly important factor is the stability of ranks. 
Among species and genders in which ranks change over 
time, the hierarchy can range from being maximally stable 
(where each individual wins 100% of the dominance 
interactions with some individual lower ranking than 
them), or minimally stable (where they win only 51% of 
interactions). Across a number of species, the more stable 
the hierarchy, the more physiological indices of stress are 
observed in subordinate animals. This is not surprising, in 
that in a stable hierarchy, it is dominant animals that have 
all the psychological advantages of rank. In contrast, the 
more unstable the hierarchy, the more the dominant indi¬ 
viduals are at risk for stress-related disease. 

The social milieu of a particular group is another impor¬ 
tant factor. For example, among female macaques in dif¬ 
ferent troops, subordinate animals show fewer indices of 
stress-related disease in the troops where they are subject 
to relatively low rates of displacement aggression. 

Thus, as a very broad summary, in species, genders, and 
social groups, subordinate animals are most vulnerable to 
stress-related disease, (1) when the hierarchy is despotic 
and stable, (2) where dominant individuals get a markedly 
disproportionate share of contested resources and main¬ 
tain their dominance through intimidation rather than 
overt fighting, and (3) where subordinate animals are sub¬ 
ject to high rates of displacement aggression and lack social 
support. In contrast, in situations where it is the opposite 
profile, there are either no particular rank/health rela¬ 
tions, or it is actually dominant individuals that are most 
vulnerable. In effect, this complex literature shows that 
in primates, there is no monolithic relationship between 
rank and stress-related disease and that rank is not really 
a key variable. Instead, the relationship to health is more 
grounded in the meaning of a particular rank, in the psy¬ 
chosocial correlates that it carries. 

An important factor that can modulate the rank/health 
relationship is how sensitive an individual is to that mean¬ 
ing. This is the purview of personality, a term that is not 
remotely anthropomorphic when applied to non-human 
primates. Numerous studies have shown stable differences 
in temperament in primates, with individuals varying in 
how ‘hotly’ they react to novelty and challenge, their 
tendency toward affdiative behaviors, and so on. More¬ 
over, a nascent literature suggests that these differences are 
anchored in polymorphisms in a number of genes related 
to neurochemistry whose penetrance is sensitive to early 
environment. A small literature demonstrates the power 
of personality in this realm. For example, among male 
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baboons, high-ranking individuals that react to neutral 
interactions with a rival, or even the mere presence of a 
rival as if they were being overtly challenged show as poor 
stress-related health as is observed in subordinates; 
a dominant individual of that sort presents a primate 
equivalent of the toxic hostility of Type personality. In 
contrast, among low-ranking baboons, those that do the 
most grooming or that are most likely to displace aggres¬ 
sion to someone even lower ranking are most buffered 
from the adverse health effects of subordination. 

Thus, the social meaning of rank, filtered through 
personality, is a better predictor of which animals are 
most vulnerable to stress-related disease than is rank 
per se. At this point, it is worth returning to the detailed 
physiology seen earlier in the article to briefly review 
what actual pathophysiological markers have been asso¬ 
ciated with the ‘wrong’ rank in these studies. Such markers 
include (1) elevated resting levels of GCs, enlarged adre¬ 
nal glands, a sluggish increase in GC secretion in the face 
of a legitimate stressor, and an impaired ability to shut off 
GC secretion at the end of stress; (2) elevated resting 
blood pressure and heart rate, sluggish activation of the 
cardiovascular system in response to stress, and delayed 
recovery; (3) blood platelet aggregation and increased 
circulating levels of lipids, collectively promoting ath¬ 
erosclerotic plaque formation in injured blood vessels; 
(4) decreased levels of protective high-density lipoprotein 
(HDL) cholesterol and/or elevated levels of endangering 
low-density lipoprotein (LDL) cholesterol; (5) a tendency 
toward decreased levels of sex hormones in females, and 
greater vulnerability of males to the suppressive effects of 
stress on testosterone levels; (6) decreased lymphocyte 
counts; (7) adverse neurobiological consequences that 
include decreased rates of neurogenesis (the birth of 
new neurons). 

Westernized Humans: Poverty as Social 
Subordination 

Humans are not a hierarchical species in the strict sense 
manifested in, for example, the pecking order of chickens. 
For one thing, we can belong to multiple and uncorrelated 
ranking systems at the same time. Moreover, we have the 
psychological means to rationalize away the relevance of 
a low rank in one of those hierarchies and to inflate the 
importance of a high rank in another. In addition, in 
Westernized societies, the spoils of rank are rarely about 
adequate calories or safe places to hide from predators; 
instead, they are more often about the fanciness of a car 
that can be purchased. Finally, the spoils can be subtle, 
even imperceptible - different levels of self-esteem, for 
example. 

Nonetheless, there is one realm in which Westernized 
humans are quite hierarchical, namely when it comes to 


socioeconomic status (SES; this is usually an aggregate 
measure of income, occupation, level of education, and 
place of residence). If you are poor, of low SES, there is a 
surfeit of physical stressors - perhaps too little heat in the 
apartment in the winter, unhealthy food, walking home 
with the heavy bags of marketing for lack of a car, a toxic 
waste dump next door. But poverty also carries a dispro¬ 
portionate share of psychological stressors. There is lack of 
control - 40 h a week spent on an assembly line, rather than 
in a corner office. Lack of predictability - not knowing if 
there will be sufficient funds for the rent check on the first 
of the month or if the ancient car will start the morning of 
the job interview. There is a marked lack of outlets - this is 
not a world of health club memberships or carving out the 
time for a soothing hobby. And there is a lack of social 
support - despite the cliche of the family that is poor but 
loving, supportive, and available, this is not what you see 
when people work two or three jobs, and finish off their day 
with a long bus ride home. 

Commensurate with that, throughout Westernized 
societies, there is an ‘SES/health gradient,’ such that the 
poorer you are, the higher the incidence of a variety of 
diseases (e.g., cardiovascular and respiratory diseases, ulcers, 
rheumatoid disorders, psychiatric diseases, a number of 
types of cancers) and the shorter your life expectancy. 
A few features of this gradient are worth emphasizing. 
(1) This is indeed a gradient. By this, I mean it is not the 
case that the poor have lousy health and everyone else is 
roughly equally healthy. Instead, for every step down the 
SES ladder, starting from the highest rung, there is a 
decline in health. (2) The gradient can be dramatic; in 
the United States, for example, there are more than tenfold 
differences in the incidence of some serious diseases and 
far more than a decade’s difference in life expectancy 
when comparing the highest and lowest SES strata. (3) 
One can imagine the direction of causality being that poor 
health drives down earning power and SES but, over¬ 
whelmingly, it is the other way around; for example, SES 
at any given point in life predicts health at later points 
(including, remarkably, SES at birth predicting many 
indices of health in old age). 

What is the SES/health gradient about? For starters, it 
is not about the obvious explanation, namely that the 
poorer you are, the worse your health because it is harder 
to afford good health care. This cannot be the case, as the 
gradient is seen in societies with universal health care and 
socialized medicine, can occur in circumstances where the 
poor actually make more use of health services, and is 
seen for diseases in which no degree of checkups would 
influence the incidence of the disease (e.g., juvenile 
diabetes). 

As a second possibility, the gradient could reflect SES 
differences in lifestyle risk factors, since each step down 
the SES ladder in Westernized societies increases the odds 
of smoking, obesity, lack of exercise, and substance abuse. 
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However, controlling for those variables explains only 
about a third of the gradient. 

Instead, there is increasing evidence that the gradient 
is mostly about the psychosocial stressors of low SES. As 
concrete support, a small literature focusing on the build¬ 
ing blocks of the stress-response show, for example, that 
lower SES predicts higher resting GC levels in children. 

As more evidence for psychosocial stress underlying 
the health gradient, amid the fact that objective SES 
predicts features of health, subjective SES is at least as 
good. In other words, your absolute income may be 
important, but how you view yourself as doing in com¬ 
parison with everyone else is at least as important. In 
Westernized societies whose citizens are uniformly 
above the subsistence level, poor health is not just about 
being poor; it is about feeling poor. 

A related literature introduces another stress-related 
factor into the equation. Specifically, independent of 
absolute income, the SES/health gradient becomes more 
dramatic if there is more income inequity in a community. 
This has been shown in the USA on the level of states, 
cities, even neighborhoods. In a world in which everyone 
is poor, no one is poor, and this is very different from a 
world in which the poor labor in the homes of the wealthy 
watch the BMWs pass their bus in traffic and spend their 
evenings bombarded with commercials about things they 
cannot afford. It is not just about being poor, it is about 
feeling poor, and the surest way to feel poor is to con¬ 
stantly have your nose rubbed in it by your surroundings. 

Summary 

The neuroendocrine stress-response is ancient and highly 
conserved across a wide range of species, reflecting its 
beneficial effects in the face of acute physical stressors. 
However, as extensively reviewed, chronic activation of 


the same stress-response can have numerous disease con¬ 
sequences. The circumstances that give rise to such 
chronic activation represent a proverbial case of there 
being no such thing as a free lunch - the same neurobiol¬ 
ogy that makes possible social complexity and cognitive 
sophistication in some species also makes possible chronic 
psychosocial stress. Given the importance of psychosocial 
stress, it is impossible to understand the biology of stress- 
related disease without considering the individual in 
whom that biology occurs, or the society in which that 
individual dwells. 

See also: Fight or Flight Responses; Wintering Strategies. 
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Introduction and Definitions 

Social interactions are ubiquitous in animals. In some 
species, social interactions are confined to interactions 
between the sexes during mating. Species at the other 
extreme have complex societies in which individuals live 
in intimate association with nestmates, and social interac¬ 
tions are fundamental to all aspects of life. An array of terms 
has been used to categorize types of animal sociality. 
For example, the following categories were developed by 
Charles Michener and Edward O. Wilson to describe degrees 
of sociality in the social insects, particularly the insect order 
Hymenoptera (wasps, bees, and ants): communal, sub-, 
quasi-, semi-, para-, pre-, and eu-social (see Table 1). 

Subsocial animals live in family groups consisting of 
parents and immature offspring, and are characterized by 
brood defense or brood provisioning by parents. Such 
parental care is taxonomically widespread and found 
in some crustaceans, spiders, mites, scorpions, millipedes, 
insects, and vertebrates. Besides parental care, alloparen- 
tal care, in which adults provide protection or provision¬ 
ing to nonoffspring is found in some insects, birds, and 
mammals. Semisocial animals live together in same- 
generation groups, have cooperative brood care (i.e., allo- 
parental care occurs), and have a reproductive division of 
labor such that some individuals mainly reproduce, while 
others mainly perform other tasks such as foraging and 
brood-care. Finally, eusocial, or truly social groups contain 
multiple adult generations, have cooperative brood care, 
and have a reproductive division of labor such that nonre- 
productive helpers remain so more or less permanently. 

Determining the animal societies that qualify for the 
eusocial label has been at the center of a lot of attention. 
In the older literature, only the ants, some bees and wasps 
(all in Hymenoptera), and the termites were recognized as 
being eusocial. More recent studies show that a wide 
variety of animals such as naked mole rats, aphids, an 
ambrosia beetle, thrips, and snapping shrimp fit the strict 
definition of eusociality. Several authors have suggested 
amending the categories in Table 1, in particular, broad¬ 
ening the definition of eusociality to include taxa having 
only temporary helpers that provide alloparental care, 
and also removing the focus of the current classification 
system on characteristics found in the Hymenoptera. 

In this article, I discuss the evolution of eusociality, in 
particular, how eusociality evolves from subsociality. 
I focus mainly on the well-studied Hymenoptera. The 
question of how eusociality evolves has occupied the 


attention of many evolutionary biologists since Darwin. 
The evolution of permanently sterile individuals, as found 
in many insect societies, is paradoxical because alleles 
reducing fertility should be disfavored by natural selec¬ 
tion. The ecological and evolutionary success of the euso¬ 
cial insects makes this evolutionary enigma even more 
compelling. There have been a range of complementary 
hypotheses that attempt to explain various aspects of the 
evolution of eusociality: evolutionary mechanisms that 
have enabled the evolution of eusociality; selection pres¬ 
sures that have favored the evolution of eusociality; fac¬ 
tors that facilitate or enable the evolution of eusociality; 
the general pathways and specific scenarios by which 
eusociality can evolve; and the genetic and developmental 
mechanisms underlying traits involved in the evolution of 
eusociality (Table 2). 

Whenever possible, empirical studies of these hypoth¬ 
eses are described. In many cases, studying these hypotheses 
empirically has proven difficult because of the absence of 
an obvious study system for elucidating the evolutionary 
origin of eusociality. Eusocial lineages with sterile workers 
and large societies are highly derived and have been euso¬ 
cial for millions of years. The selection pressures and traits 
of these taxa are likely to be very different than those at the 
origin of eusociality. Other lineages such as xylocopine 
bees, halictid bees, and vespid wasps, contain species or 
populations that range from subsocial to eusocial. The 
traits and selective pressures found in these lineages may 
be more relevant to understanding the origin of eusocial¬ 
ity. However, in most cases, these lineages likely have also 
had the same degree of sociality for millions of years. 

Evolutionary Mechanisms for the 
Evolution of Eusociality 

Kin Selection and Multilevel Selection 

The question of the evolutionary mechanism by which 
eusociality can evolve has been asked more broadly as: 
How can reproductive altruism evolve? Darwin suggested 
that selection at the family-level could result in the evo¬ 
lution of sterile helpers, as found in eusocial insects. That 
is, even though sterile helpers do not reproduce, their 
close relatives, who are also likely to carry genes underly¬ 
ing conditionally expressed helper traits, do reproduce 
and pass on the conditional helper genes. William D. 
Hamilton formalized these ideas in his theory of inclusive 
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Table 1 

Levels of social organization in insects, after Michener and Wilson 



Parental care 

Alloparental care 

Reproductive division of labor 

Overlapping adult generations 

Presocial 





Subsocial 

+ 

— 

— 

— 

Parasocial 





Communal 

+ 

— 

— 

— 

Quasisocial 

+ 

+ 

— 

— 

Semisocial 

+ 

+ 

+ 

— 

Eusocial 

+ 

+ 

+ 

+ 


Table 2 Summary of hypothesis providing different levels of explanation for the evolution of eusociality 


Level of explanation 


List of relevant theories, hypotheses, scenarios, and factors 


Ultimate selective pressures 
Evolutionary mechanism 
Preconditions and facilitating factors 
Pathways 

Behavioral and physiological mechanisms 
Genetic and developmental mechanisms 


Increased productivity, nest defense, assured fitness returns 
Kin selection/multilevel selection 

Haplodiploid hypothesis, subsociality, demographic factors, strict lifetime monogamy 
Subsocial route, semisocial route 

Parental manipulation, subfertility hypothesis, nutritional hypothesis 
Reproductive groundplan hypothesis, heterochrony hypothesis 


*See text for further explanation of the placement of various hypotheses. 


fitness and showed that altruistic behaviors evolve 
when the fitness benefits (b) to recipients of altruistic 
acts times the relatedness between social partners (r) is 
greater than the fitness costs to the performer of altruis¬ 
tic acts: rb— c > 0. This relationship is called Hamilton’s 
rule and is the foundation of inclusive fitness or kin 
selection theory. 

Kin selection can also be described in the mathemati¬ 
cally equivalent levels of selection framework (sometimes 
referred to simply as group selection, although this is less 
correct because multiple levels of selection, e.g., within- 
and among-groups are always simultaneously considered). 
In this case, whether altruistic behaviors evolve depend 
on the balance between selection within social groups and 
selection among social groups. In fact, kin selection is a 
special type of multilevel selection, involving between- 
and within-kin-group selection. Selection among social 
groups (i.e., colonies) in social insects is clearly important, 
and can arise due to direct competition between colonies 
for resources, or any other factor that causes some colo¬ 
nies to survive better and produce more reproductive 
individuals relative to other colonies. As a result, some 
authors have suggested that selection among colonies 
could be important for the evolutionary origin of eusoci¬ 
ality, irrespective of kin selection. This is theoretically 
possible, but it seems likely that social groups at the origin 
of eusociality are actually always composed of relatives, 
so that, in this case, kin selection can be said to be the 
ultimate evolutionary mechanism for how eusociality 
evolves. Supporting this supposition, phylogenetic analy¬ 
sis of extant eusocial lineages indicates that the ancestral 
condition is always closely related kin groups with a 


single, singly mated reproductive (i.e., there is strict 
lifetime monogamy). 

Parental Manipulation and Mutualism as 
Alternatives to Kin Selection? 

Parental manipulation and mutualism are often presented 
as alternative hypotheses to kin selection for the evolution 
of eusociality. The mutualism hypothesis proposes that 
eusociality can evolve through mutualistic benefits to 
groups of individuals that live together and reciprocally 
assist one another. However, many authors argue that 
mutualism alone cannot lead to eusociality. The parental 
manipulation hypothesis suggests that mothers restrict 
the reproductive options of some offspring so that they 
assist in the rearing of additional fully fertile offspring. 
However, parental manipulation is not a mutually exclu¬ 
sive alternative to kin selection, and each may operate 
sequentially or in concert. Furthermore, parental manip¬ 
ulation involves parent-offspring interactions and need 
not be considered distinct from kin selection theory. 

The genetic underpinnings of parental manipulation 
by mothers and kin selected expression of altruistic 
behavior by workers differ, and as a result there are 
expected differences in the evolutionary dynamics of 
these genes for these two routes to eusociality. In most 
kin selection models, genes causing altruistic behaviors 
are located and expressed in the genomes of helpers that 
provide care to relatives. These behaviors can be consid¬ 
ered to be under ‘offspring control,’ because whether an 
offspring expresses the altruistic helping behaviors 
depends directly on its own genotype. In contrast, under 
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parental manipulation models, whether an offspring 
expresses helping behavior to its sibs depends on its 
mother’s genotype. While both alleles causing parental 
manipulation and worker altruism alleles must satisfy 
Hamilton’s rule, the differences in the genetic basis of 
these traits means that the benefit to cost ratio necessary 
for parental manipulation alleles to spread is often less 
than for worker altruism alleles. 

Michener and Brothers observed the behavior of 
mother-offspring groups of halictid bees to determine 
whether offspring became helpers as a result of parental 
manipulation or offspring control. Mother bees were 
observed to frequently nudge their most fertile offspring 
back into the nest where brood care behaviors occurs, 
suggesting that behavioral parental manipulation may 
play an important role in the evolution of eusociality. 

Selective Factors Favoring the Evolution 
of Eusociality 

Ultimately, whether alleles influencing eusocial traits, 
such as sib-care behavior, spread in a population depends 
on the specific benefits of helping and group-living rela¬ 
tive to independently reproducing; that is the underlying 
ecological factors that influence the magnitude of the W 
and V’ terms in Hamilton’s rule. These selective benefits 
explain why eusociality evolves, whereas the other hypoth¬ 
eses and factors summarized in Table 2 explain at various 
levels how eusociality evolves. Possible advantages of join¬ 
ing a group and helping versus attempting independent 
reproduction include increased per capita productivity, 
increased nest defense against predators or parasites, and 
the potential to inherit proven nest sites. Furthermore, 
helping has higher assurance of fitness returns because 
even if a helper dies before its immature nestmates reach 
adulthood, other helpers can potentially finish rearing the 
immature, whereas if an independently nesting parent 
dies before its offspring reach adulthood, there is no 
chance the parent will achieve any fitness returns for its 
investment. Similarly, if partially grown immatures are 
available to receive help, individuals that remain and 
help may have a ‘reproductive head start’ relative to indi¬ 
viduals that disperse and reproduce on their own. Empiri¬ 
cal studies with various social lineages suggest that all of 
these factors are important in the evolution of eusociality, 
and often these factors may be lineage-specific. 

Factors Promoting the Evolution of Eusociality: 
Haplodiploidy and Subsociality 

For much of the twentieth century, biologists believed 
that eusociality originated more than ten times within 
the insect order Hymenoptera and only once in a non- 
hymenopteran insect (termites). Hamilton’s haplodiploid 


hypothesis suggests that eusociality has evolved more 
frequently in the haplodiploid Hymenoptera because of 
the asymmetry in relatedness between haplodiploid 
females and their relatives. Specifically, full-sibling hap¬ 
lodiploid females are more closely related to one another 
on average (r=0.75) than they are to their brothers 
(r=0.25) or to their offspring (r=0.5), while full-sibling 
diploid males and females are equally related to one 
another and their own offspring (r= 0.5). As a result of 
this relatedness asymmetry, alleles causing haplodiploid 
females to help care for their sisters instead of their own 
offspring should spread more readily in haplodiploids 
relative to in diploids. 

The haplodiploid hypothesis is pleasingly simple and 
was initially widely embraced. However, its importance 
in explaining the taxonomic distribution of eusociality 
has now been long doubted for several reasons. Averaged 
across both male and female siblings, haplodiploid 
females are equally related to their full sibs or offspring 
(r= 0.5), just as diploids. In order to capitalize on the high 
relatedness of haplodiploid females to their brothers, 
female helpers must invest relatively more resources in 
rearing sisters, and this female-biased investment must 
be associated with helping behavior. Factors such as mul¬ 
tiple queens and multiple mating that decrease related¬ 
ness are commonly found in the eusocial Hymenoptera, so 
that the theoretical benefit of haplodiploidy disappears 
or is greatly mitigated. While low observed relatedness 
values have been taken as evidence refuting the haplodi¬ 
ploid hypothesis, conditions found in highly eusocial 
populations likely do not reflect conditions at the evolu¬ 
tionary origin of eusociality. Indeed, as described above, 
monogamy seems to be the ancestral condition in eusocial 
lineages. Finally, the phylogenetic association between 
haplodiploidy and eusociality may not be as strong as was 
once perceived. Several large taxonomic groups are hap¬ 
lodiploid but do not have eusocial members (e.g., some 
mites, scale insects, whiteflies, and beetles), and eusociality 
occurs in several diploid groups, including termites, naked 
mole rats, aphids, snapping shrimp, and an ambrosia beetle. 

Traits besides the relatedness asymmetry caused by hap¬ 
lodiploidy may help to explain the apparent prevalence of 
eusociality in the Hymenoptera. For example, maternal care 
(i.e., subsociality), nest-building, mandibulate mouthparts, 
the female sting, above average chromosome numbers, short 
lifespan of adults relative to juvenile development time, 
strict lifetime monogamy, and protogyny enabled by haplo¬ 
diploidy have all been proposed to facilitate the evolution of 
eusociality. These traits are sometimes termed ‘preadapta¬ 
tions’ for colonial life. In contradiction, some authors suggest 
that there are unlikely to be a small number of factors 
important in the evolutionary origin of eusociality across 
all eusocial lineages. 

Nevertheless, one factor, subsociality, does seem to be 
a universal and necessary precondition for the evolution 
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of eusociality. Indeed, it is widely accepted that allopar- 
ental care, one of the defining characteristics of eusociality, 
is derived from parental care, which defines subsociality. 
Interestingly, maternal care (i.e., subsociality) is found more 
commonly in the Hymenoptera than in any other arthropod 
group. Population genetic models demonstrate that mater¬ 
nal care evolves more readily in haplodiploids relative 
to diploids. Some authors have pointed out that haplodi- 
ploidy is likely more closely associated with subsociality 
than eusociality. For example, subsociality is only found 
in those mites and ticks (subclass Acari) that are haplodi- 
ploid. Haplodiploidy and subsociality also co-occur in some 
thrips (Thysanoptera), bees and wasps (aculeate Hymenop¬ 
tera), and ambrosia beetles (Coleoptera: Xyleborini). If 
haplodiploidy facilitates the evolution of subsociality, and 
subsociality is a necessary precondition for eusociality, then 
eusociality should also be more likely in haplodiploids. 
Thus, there are still strong reasons to expect an association 
between haplodiploidy and eusociality. 

Evolutionary Pathways to Eusociality: 
Subsocial Versus Semisocial 

Two primary evolutionary routes to eusociality have been 
proposed: the subsocial route and the semisocial route. In 
the subsocial route, some offspring do not disperse and 
reproduce, but instead remain at the nest and help rear 
siblings. In this route, the mother survives, so her repro¬ 
duction continues after the emergence of her first off¬ 
spring. The nondispersal of some offspring together with 
alloparental care leads to overlap of adult generations 
and cooperative brood care that occurs by definition 
in eusociality. Because the subsocial route starts with a 
single family unit, helpers provide care to close relatives 
(siblings), and kin selection can act efficiently. 

In the semisocial route, individuals from the same 
generation form aggregations. Some of these individuals 
become helpers that rear the offspring of their nestmates, 
and if some of these offspring remain to also become 
helpers, and individuals from both generations coexist, 
eusociality can evolve. In this semisocial route, helpers 
potentially provide care to offspring of unrelated adults, 
or if founding members are sisters, helpers provide care 
to nieces. Semisocial colonies sometimes form when the 
mother dies prior to the emergence of her offspring; 
the resulting group of sibs lives in a semisocial colony. 
The benefit to cost ratio must be higher for the semisocial 
route to work relative to the subsocial route, as prescribed 
by Hamilton’s rule, because the relatedness between non- 
reproductives in the colony and the next generation is 
lower than in a subsocial colony. Since phylogenetic anal¬ 
ysis identifies the ancestral condition of eusocial lineages 
to be a monogamous family unit, it seems that eusociality 
has evolved via the subsocial route. 


Proximate Hypotheses for the Evolution 
of Eusociality 

Because kin selection theory provides an ultimate evolu¬ 
tionary explanation for how eusociality can evolve, but 
does not provide insight into the more proximate devel¬ 
opmental, physiological, or genetic basis of eusociality, 
several authors have sought additional levels of expla¬ 
nation. For example, parental manipulation provides a 
specific behavioral mechanism for the evolution of euso¬ 
ciality, namely, ‘mom made me do it.’ According to the 
subfertility hypothesis, some offspring have reduced fer¬ 
tility and are incapable of nesting alone, but can still 
provide help at their natal nest. If helping behavior is 
only expressed when offspring are in poor condition, sub¬ 
fertility provides a scenario by which helping behavior can 
spread. Indeed, in all cases, helping behavior must be 
conditionally expressed for it to evolve. Hunt’s nutritional 
scenario, based on observations and experiments with 
social wasps, provides further explicit ecological and 
behavioral mechanistic details for the evolution of eusoci¬ 
ality in wasps. Specifically, in this scenario, the exchange of 
protein-rich saliva between larvae and adults underlies 
a reproductive division of labor between well-nourished 
reproductive individuals and undernourished helpers. 


The Genetic and Developmental Basis 
of Eusociality 

West-Eberhard’s ovarian groundplan scenario, and the 
related reproductive groundplan hypothesis, elaborated 
by James Hunt and Gro Amdan, have a developmental 
focus and describe how queen and worker phenotypes 
diverge based on an ancestral developmental program. 
Specifically, solitary insects all have more or less similar 
reproductive cycles with corresponding behavioral cycles, 
involving foraging and reproducing components. Under 
the groundplan hypothesis, these components of the 
ancestral reproductive groundplan can be separated dur¬ 
ing the course of social evolution and used to build 
societies composed of reproductive and nonreproductive 
individuals, that is, queens and workers. Studies with 
honeybees support the link between reproductive state 
and behavior in workers, suggesting that evolutionarily 
conserved genetic and physiological mechanisms may con¬ 
tribute to division of labor in eusocial lineages. Similarly, 
studies with Polistes wasps suggest that simple modification 
of conserved life history traits associated with diapause 
cycles may underlie the origin of queen and worker castes 
in these wasps. 

The heterochrony hypothesis proposes that prerepro- 
ductive alloparental care of offspring towards their sibs 
(i.e., sib care) is caused by the early expression of maternal 
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care genes, so that just like the groundplan hypotheses, 
complex social traits characterizing eusociality can arise 
from simple changes in preexisting genetic and develop¬ 
mental machinery. It is widely accepted that alloparental 
care behaviors are developmentally homologous with and 
evolutionarily derived from parental care behaviors. 
Ancestrally, maternal care genes are expressed only after 
mating. The heterochrony hypothesis proposes that in 
the derived condition, genes for maternal care are condi¬ 
tionally expressed prereproductively in female helpers 
towards siblings instead of offspring. In this view, sib 
care behavior is a derived trait and the evolution of the 
capacity for females to provide care prereproductively 
towards their sibs is a first step in the evolutionary origin 
of eusociality from subsociality. There may often be a 
small number of genes underlying this behavioral hetero¬ 
chrony, permitting rapid social evolution given the appro¬ 
priate genetic variation. In some cases, conditionally 
expressed sib care, a first step from subsociality to eusoci¬ 
ality, may occur without the subsequent evolution of any 
other eusocial traits. 

The heterochrony hypothesis also makes explicit pre¬ 
dictions about the genetic basis of sib care behavior. Many 
of the same genes should be expressed in adults 
performing sib care behaviors as in adults performing 
maternal care behaviors. This will especially be true in 
populations of incipiently eusocial species but less so in 
those with an advanced degree of eusociality, where more 
genes are expected to have caste-limited expression due 
to selection for the elaboration of queen-worker diver¬ 
gence. However, because the evolutionary elaboration of 
sib care behaviors and queen-worker phenotypic differ¬ 
ences is likely based upon simple modification of preex¬ 
isting physiological, behavioral, and genetic machinery, 
queen and worker traits even in highly eusocial species are 
expected to have a common molecular basis. Recent stud¬ 
ies of patterns of gene expression in Polistes wasps and 
honeybees support these predictions. 

Conclusions 

The evolution of sociality is considered to be one of 
the major transitions of evolution. A range of hypotheses 
explain why sociality evolves, the evolutionary mecha¬ 
nism for how it can evolve, as well as novel, more proxi¬ 
mate developmental, genetic, and behavioral details 


for how it can evolve. Currently, empirical study of 
the evolution of eusociality largely lags behind theory. 
Observational and experimental studies of the selective 
benefits of social living, together with emerging studies 
of the developmental, genetic, and behavioral underpin¬ 
nings of social traits will change this, and will increase 
our understanding of the evolution of sociality. 

See also: Ant, Bee and Wasp Social Evolution; Coopera¬ 
tion and Sociality; Crustacean Social Evolution; Kin 
Selection and Relatedness; Levels of Selection; Sex 
and Social Evolution; Social Evolution in ‘Other’ Insects 
and Arachnids; Social Insects: Behavioral Genetics; 
Spiders: Social Evolution; Termites: Social Evolution; 
William Donald Hamilton. 
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Introduction 

The genus Xiphophorus (swordtails and platyfishes) com¬ 
prises 26 described species of livebearing fish ranging 
from northern Mexico through to Guatemala, Belize, 
and Honduras. Most phylogenetic hypotheses place the 
platyfishes (small, deep-bodied fish found in springs and 
sloughs) as the sister group to two monophyletic groups, 
the southern swordtails of southern Mexico and northern 
Central America, and the northern swordtails around the 
Rio Panuco drainage of central Mexico. In the wild, these 
fishes feed in mixed-sex shoals on algae and small benthic 
invertebrates in shallow, slow-moving areas ranging from 
rocky highland streams to lake margins (Figure 1). On 
account of their popularity as aquarium fishes, introduced 
populations (mainly of X. helleri ) are found on every 
inhabited continent. 

Swordtails and platyfishes are exceptionally accessible 
for scientific study. Males and females exhibit a full rep¬ 
ertoire of social behaviors in the lab, and shallow freshwa¬ 
ter habitats in easily accessible spots make them good 
models for direct observation of behavior in the wild. 
Experimental work is further facilitated by the fact that 
Xiphophorus respond readily to a range of stimuli; notably, 
chemical cues produced by other fishes and presented in 
isolation, and computer-animated and video-recorded 
representations of visual cues. Behavioral responses, par¬ 
ticularly female mating preferences, can be automatically 
quantified using a simultaneous-choice paradigm, where 
two stimuli are presented to a subject on the opposite ends 
of an aquarium, and a simple assay of the time spent 
associating with each stimulus. Crosses between conspe- 
cifics and between different species can be performed 
with ease on these small fishes with relatively short gen¬ 
eration times (4-8 months), making them suitable for 
studies of genetics and development. 

The most important factor that has led to the rise of 
Xiphophorus as an important model in behavioral biology, 
however, is the variation in traits associated with social 
communication. Some of these traits may play a role in 
social aggregation alone, but most of them play a role 
in female mate choice, male-male aggressive interactions, 
or both. Males express a variety of pigment patterns on the 
body and fins. These range from bright carotenoid colors 
on most of the skin, to macromelanophore patterns at the 
base of the caudal fin, to the intriguing false brood patches 
(apparently mimicking the abdomen of gravid females) 
that appear to have evolved independently in X. birchmanni 


and X. malinche. In many species, males express flanking 
vertical bars; this expression can be rapidly minimized or 
intensified depending on the social context. Males can also 
have enlarged or elongated fins, notably the ‘sword’ exten¬ 
sion of the lower rays of the caudal fin after which the 
genus is named. X. birchmanni is unusual in that some males 
have a cephalic hump similar to the fatty protuberances 
seen in cichlids, as well as a sail-like dorsal fin as in mollies. 
These dorsal fins serve to ward off rival males, but are also 
aversive to potential mates. Females prefer males with 
larger bodies and smaller dorsal fins, even though there 
is a strong allometry between these traits in natural popu¬ 
lations. Dorsal fin expression is, however, under short¬ 
term behavioral control. Males are more likely to raise 
their dorsal fin during courtship when male rivals are 
present; keeping the dorsal fin lowered mitigates its unat¬ 
tractiveness to females. 

Both courtship and low-level aggressive interactions 
involve ritualized display behavior, ranging from a shim¬ 
mying ‘lateral display’ in the northern swordtails to a 
backward swim in X. helleri. When males display to 
females in the wild, they position themselves upstream; 
this facilitates wafting of urine-borne chemical cues. Che- 
mosignals are the primary mechanism for mate choice, at 
least in several northern swordtail species: when females 
are presented with conflicting chemical and visual cues 
(e.g., of a conspecific male vs. a heterospecific), they are 
more likely to attend to the chemical cue. The importance 
of chemical signaling in interspecific hybridization is dis¬ 
cussed in more detail below. 

Among species, among populations, and within popu¬ 
lations, males show striking differences in the signals they 
use to display to rivals and potential mates, and receivers 
show the full spectrum of responses to these signals, 
from strong attraction to indifference to outright disdain. 
Research has focused on three primary areas: intraspecific 
studies of how variation is maintained, interspecific com¬ 
parative studies of how communication evolves, and 
evolutionary-genetic studies of interspecific hybrids. 

Genetic Polymorphisms and Variation in 
Communication Systems 

Much work has focused on the genetics of male color and 
melanophore signaling traits and male courtship behavior. 
Many of these traits are associated with allelic variation at 
a single locus, and are often sex-linked. Unusually among 
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Figure 1 Male X. malinche (center, with orange fins) shoaling 
with females in the Rio Claro of Mexico’s Sierra Madre Oriental. 


fishes, Xiphophorus has chromosomal sex determination; 
some species have XX/XY systems similar to mammals, 
while others, notably X. ynaculatus , have a three-factor 
system with W, X, and Y chromosomes. 

Social behavior appears to be important in maintaining 
variation in T-linked traits. In X. pygmaeus , as in some 
other poeciliid species, males exhibit allelic variation in 
coloration, ranging from bright yellow to iridescent blue. 
Natural variation in these traits is maintained by the fact 
that females prefer to mate with the blue males, but 
yellow males are more likely to win aggressive encounters 
with blue males and to forcibly inseminate species. 
A second polymorphism, studied extensively in X nigrensis 
and X. multlilineatus , involves a suite of traits involved in 
sexual displays. In poeciliid fishes, male growth often 
decreases drastically upon reaching sexual maturity. In 
X. nigrensis , body size at maturity can vary by more than 
twofold. Larger males are deep-bodied and ornament, and 
perform elaborate courtship displays. Larger males also 
take about twice as long to reach sexual maturity than the 
smallest males. A single, T-linked locus, the pituitary (P) 
gene, is responsible for this variation in correlated traits. 
P underlies variation in the timing of activation of the 
hypothalamic-pituitary-gonadal axis, which results in an 
increase in circulating androgen titers, which initiates 
sexual maturity and drastically halts growth. In X. nigrensis , 
there are three P alleles, x, /, and L. A combination of 
laboratory studies of behavior, field studies, and theoreti¬ 
cal models have elucidated how countervailing selection 
acts to maintain natural variation at the P locus. Females 
prefer to mate with L or / males over s males. While 
females fail to show a preference between L and /, 
L males are aggressively dominant over / males and show 
greater swimming endurance, which may allow access to 
females over a broad range of microhabitats. Taking 
advantage of the fact that these are livebearing fishes, 


gravid females were collected from the wild, and their 
offspring were raised and scored for their P allele on the 
basis of their phenotype. Sexual selection does indeed 
favor L males, who are overrepresented in female matings 
relative to their frequency in the population. But this 
advantage is counterbalanced by the fact that they are 
less likely to survive to sexual maturity than their smaller 
counterparts. 

Ecological selection can also maintain variation in 
visual phenotypes. The ‘cut-crescent’ pigment polymor¬ 
phism in X. variatus is associated with differences in the 
metabolic rate, with pigmented males consuming oxygen 
at lower rates and inhabiting low-oxygen environments. 
While countervailing selection pressures may maintain 
heterogeneity in male traits, variability in female mating 
preferences plays an important role. In X. cortezi, where 
males vary in the presence or absence of conspicuous 
vertical bars on the side of the body, females vary repea- 
tably in preference for bars. In X. malinche , female preference 
covaries with body size; larger females prefer symmetrical 
males and smaller females, asymmetrical males. Since females 
continue growing after sexual maturity, this could reflect 
an ontogenetic change in preference. 

Recent studies have suggested that experience may 
play an important role in shaping female preferences. In 
X. helleri , female preference for male ornamentation 
depends on exposure to ornamented males in early life. 
Intriguingly, visual exposure to more-ornamented males 
hastens sexual maturity in females and delays it in males. 
Female nutritional condition, finally, can influence mate 
choice. Simultaneous-choice tests reveal that X. hirchmanni 
females prefer chemical cues of well-fed males. This 
preference is modulated by the female’s own nutritional 
state, with hungry females more likely to prefer a male in 
better nutritional condition. 

Evolution of Signals and Receivers: 
Comparative Studies 

Swordtails provide one of the best examples of how sexu¬ 
ally selected traits evolve. The generic name, ‘sword- 
bearer,’ derives from the prominent extension of the 
lower rays of the caudal fin in some swordtail species. 
Swords are produced by upregulation of msx genes, and 
have been cited since Darwin as a classic example of 
extreme male ornamentation. In some sword-bearing spe¬ 
cies, females prefer to mate with males with longer 
swords. Female platyfish, X. maculatus , and females in the 
sister genus, Priapella , favor conspecific males bearing 
artificial swords; these findings suggest that a female mat¬ 
ing preference for swords is the ancestral state in Xipho¬ 
phorus ^ and evolved prior to the sword ornament itself. 
Males have, therefore, exploited a preexisting bias for this 
ornament. Experiments using computer-altered stimuli 
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showed that a male with a sword was no more attractive to 
females than a swordless male of equivalent length, sug¬ 
gesting that males might be addressing a general predis¬ 
position toward males of large apparent size, while 
avoiding the costs of investing in body growth: while 
males on ad libitum diets invest in both body and sword 
growth, males on a restricted diet stop body growth and 
shift investment to the sword. 

Despite the advantages of the sword to males, sword 
expression has been secondarily lost or reduced multiple 
times across the swordtail lineage. Both natural and sexual 
selection are likely to be involved. First, the sword is a 
costly trait. In X. montezumae , the species with the longest 
swords relative to body size, males with longer swords 
consume more energy while swimming than do size- 
matched males with experimentally shortened swords. 
Increased swimming costs may make long-sworded males 
more susceptible to predators; furthermore, predators 
directly target ornamented males. A major fish predator 
of northern swordtails, the Mexican tetra Astyanax mexicanus , 
has visual preferences for prey that are broadly congruent 
with those of female swordtails. Like female X. nigrensis , 
hungry tetras are more likely to attend to large and 
intermediate P genotype males than to small males, and 
fail to behave differentially between large and intermedi¬ 
ate males. Further, tetras in allopatry from swordtails, like 
female Xiphophorus themselves, show a latent bias for 
swords, preferring more-ornamented males. As predicted, 
swords are relatively shorter in populations with high 
numbers of piscivorous fishes. As shown in X. nigrensis , 
described above, ornamentation covaries with life-history 
traits, with earlier-maturing males exhibiting reduced 
sexual dimorphism. High predation on juveniles should 
favor earlier age at maturity and therefore, more modest 
sexual ornaments. Among northern swordtails, males in 
high-predation populations are, indeed, smaller. By contrast, 
the frequency of ‘large’ P alleles increases in high-predation 
populations of the platyfish X. maculatus , perhaps because 
selection via predation favors the evolution of bigger, 
better-swimming adults. 

Predator biases appear to have led to a shift to a more 
‘private’ communication channel. While Xiphophorus are 
sensitive to ultraviolet light, tetras, and other fish, preda¬ 
tors are not. In species exposed to high fish predation, 
male skin reflects more ultraviolet light, in contrast with 
the bright orange swords of some species. 

Another factor in the loss or reduction of swords is the 
sophistication of female preferences. The preference for 
swords is highly labile; across the Xiphophorus phylogeny, 
preferences for swords have weakened over time. Female 
platyfishes, and females in the sister genus Priapella , favor 
males with artificial swords. In X. helleri , a southern sword¬ 
tail whose males have long, colorful swords, female 
preferences are weaker but still present; in one popula¬ 
tion, females prefer unsworded males unless they are 


exposed to sworded males during early life. By contrast, 
in X. nigrensis , where males are polymorphic for swords, 
and in the sworded X. malinche , females fail to prefer 
the swords of conspecifics. In A. birchmanni , where males 
lack swords, females have secondarily evolved disdain for 
the sword: males with swords are less attractive to females 
than unornamented males. Several hypotheses, mostly 
untested, have been advanced to explain the loss or reversal 
of female preferences. These include indirect costs of pro¬ 
ducing conspicuous sons, direct costs due to predation, sexual 
conflict over mating, and avoidance of heterospecific males. 

Like the process of mate choice, male-male aggressive 
communication is labile across Xiphophorus species. The 
initial stages of aggression involve many of the same 
signals - lateral displays, fin erection, and intensified 
melanophore coloration — that characterize courtship. 
Numerous studies, mostly in captivity, have elucidated 
the factors that determine the outcome of agonistic 
encounters between males. As with other animals, prior 
residency in a territory, winning a previous encounter, 
and larger size, all predispose a male to dominate another. 
Novel encounters and social isolation increase the likeli¬ 
hood of aggressive escalation, and individuals modify 
their behavior toward potential rivals after observing 
encounters with other males. Social dominance has a 
far-reaching consequence for the reproductive success of 
Xiphophorus males. In the platyfish X. maculatus , dominants 
inhibit the onset of sexual maturity in subordinates. In the 
wild, males with the socially dominant larger P genotypes 
of X. multilineatus and X. nigrensis competitively exclude 
smaller males and sire more offspring. 

As with mate choice, visual signals play an important 
role in aggressive encounters. In many species, flanking 
vertical bars are intensified at the beginning of an aggres¬ 
sive interaction, and then fade in the subordinate individual. 
Phylogenetic analysis suggests that vertical bars evolved first 
in the context of mate choice, and were then co-opted as 
an aggressive signal. There is a tight co-evolution between 
the presence of male bars and the male response to bars. 
Intriguingly, the valence of the male response — increased or 
decreased aggression - is highly variable among species. 

The intertwining of aggressive and courtship signals 
can pose a dilemma for males. In X. birchmanni , raising the 
large, pigmented dorsal fin during courtship serves to 
ward off rivals, but is also aversive to conspecific females. 
x4ccordingly, males vary dorsal fin erection according to 
social context, keeping the fin lowered when rival males 
are absent. The trade-off between aversive and attractive 
signals also presents a conflict to females. Dorsal fin size is 
positively correlated with the number and area of vertical 
bars, and with body length. Females prefer larger, barred 
males, but with smaller dorsal fins. Analysis of female 
responses to live males relative to a standard computer- 
animated reference showed that females favor males with 
the smallest residuals of dorsal fin size on body size. 
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While male responses to visual signals are coupled to 
the presence of those signals, female visual mating pre¬ 
ferences are often mismatched, with females preferring 
signals found in heterospecific males. In addition to platy- 
fish females expressing ancestral preferences for swords, 
as detailed above, there are several cases of females retain¬ 
ing preferences for traits that are absent from their own 
males: A. continens females retain the preference for verti¬ 
cal bars, and X. pygmaeus for the large P allele phenotype 
of X. nigrensis. Intriguingly, two populations of X. pygmaeus 
contain large males, but large size in these males is not 
associated with P; in fact, no heritable basis has been 
detected. Females in these populations have lost the 
ancestral preference for large size. Asymmetries in pref¬ 
erence can, thus, vary within a species. 

While preferences for visual traits are often asymmet¬ 
ric, females tend to prefer the olfactory cues of conspecific 
males. With one exception (A. continens females prefer the 
closely related X. montezumae ), females strongly prefer 
the scent of conspecifics, and the preference falls off as a 
function of phylogenetic distance. In X. pygmaeus , the 
presence of olfactory cues overrides the visual preference 
for heterospecific traits. Females, therefore, appear to give 
olfactory cues primary weight when identifying suitable 
mates. 


Interspecific Hybridization and the 
Evolutionary Genetics of Behavior 

Viable, interspecific hybrids have been a cornerstone of 
Xiphophorus research since the early twentieth century, 
and the descendants of crosses between the swordtail 
X. helleri and the platyfish X. maculatus are the ubiquitous 
‘swordtails’ of the aquarium trade. The Gordon-Kosswig 
cross (A. helleri x A. maculatus , backcrossed to A. helleri) has 
long served as a biomedical model for the genetics of 
melanoma. The oncogene Xmrk, normally held in check 
by a repressor in A. maculatus , causes unchecked expres¬ 
sion of melanotic tissue in these hybrids. Melanomas are 
found in some natural populations, as a result of either 
interspecific hybridization or mutation. Females in some 
population prefer to mate with melanized males, suggest¬ 
ing that the oncogene could be maintained by sexual 
selection. Although the Awr^/repressor system has often 
been cited as a candidate for ‘speciation genes’ promoting 
reproductive isolation due to regulatory incompatibilities, 
melanosis is rarely injurious within the normal lifespan of 
wild Xiphophorus. 

While swordtails and platyfish readily hybridize in 
aquaria, natural hybrids are rare: A. variatus and A. neza- 
hualcoytl form a natural hybrid zone, as do A. birchmanni 
and A. cortezi. A. clemenciae appears to have arisen via an 
ancient swordtail-platyfish hybridization event. A. birch¬ 
manni and A. malinche , which form at least six distinct 



Figure 2 Clockwise from top left: male X. birchmanni, male 
X. malinche, and males from a natural hybrid population of the 
two species. Note divergence in fin ornamentation, shape, and 
color between the parent species and among hybrids. 


hybrid zones along upstream-to-downstream gradients 
in the Sierra Madre Oriental (Figure 2), have received 
the most attention. Hybridization between these two 
northern swordtails appears to be the result of a recent 
breakdown of mate-choice mechanisms. Like other 
swordtails, females of both species attend to conspecific 
olfactory cues when choosing mates. The perception of 
these cues, however, is dependent on water quality. 
Females in polluted water fail to discriminate between 
the scent of males of the two species, likely due to the 
elevated levels of humic acids in highly populated areas. 
In addition to olfactory cues, males of the two species 
exhibit dramatic differences in visual traits; for example, 
male A. malinche bear prominent orange swords, while 
A. birchmanni lack swords but have enlarged dorsal fins 
and a conspicuous cephalic hump. Hybrid males express 
combinations of these traits both within and outside the 
range of parental males. 

Natural hybrids exhibit few detectable defects with 
respect to viability. The major consequences of hybridiza¬ 
tion revolve around sexual communication. Females of the 
two species exhibit strong asymmetries in mating prefer¬ 
ence. A. birchmanni females prefer males lacking swords, 
while A. malinche females are indifferent about male 
swords. Accordingly, mean sword length has decreased 
within the hybrid zones. 

Hybrid males and hybrid females exhibit signals and 
responses that are distinct from the parental species. 
As expected, correlations among male visual traits are 
reduced in hybrid populations. Furthermore, while 
hybrids perform as well as parentals at visual tasks involv¬ 
ing monochromatic contrast, hybrids show reduced dis¬ 
crimination of color stimuli. This arises from apparent 
misregulation of retinal cone opsins, and may explain the 








Swordtails and Platyfishes 367 


permissiveness of female hybrids presented with male 
visual traits. Analysis of multilocus genotypes suggests 
that in some populations, hybrids preferentially mate 
with other hybrids, rather than with parentals. 

Mate choice continues to be a major focus of Xipho- 
phorus research. Recent work has used microarray techni¬ 
ques to discover genes associated with preference 
behavior in a distinct social context. The same features 
that made these fishes an attractive model to classical 
geneticists in the early twentieth century - a tractable 
laboratory animal with abundant layers of natural varia¬ 
tion in phenotypes of prime scientific interest - have set 
the stage for Xiphophorus as an important model system in 
the evolution of behavioral mechanisms. 

See also: Agonistic Signals; Co-Evolution of Predators 
and Prey; Evolution and Phylogeny of Communication; 
Life Histories and Predation Risk; Male Sexual Behavior 


and Hormones in Non-Mammalian Vertebrates; Mating 
Signals; Multimodal Signaling; Olfactory Signals; Phylo¬ 
genetic Inference and the Evolution of Behavior; Sexual 
Selection and Speciation; Visual Signals. 
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Introduction 

What constitutes ‘animal communication’ is subject to 
many interpretations. Uniform among all definitions, 
however, is that communication, whether between humans 
or non-human animals, involves the transmission of infor¬ 
mation from a sender to a receiver. In this basic description, 
information is coded by the patterning of a physical signal. 
In principle, the patterning can occur in any physical 
dimension occupied by the communication signal. In prac¬ 
tice, because most behaviors unfold over time, on scales 
ranging from milliseconds to hours, or longer, behaviorally 
relevant information is carried in the signal’s temporal 
patterning. 

Temporally patterned communication signals can use 
any available sensory modality for transmission. For 
example, sagebrush lizards, Sceloporus graciosus, engage in 
elaborately structured push-up displays that can vary 
between behavioral contexts. Likewise, honeybees, Apis sp., 
use stereotyped sequences of movements, called a ‘waggle 
dance,’ to communicate the location and distance of a 
food source through a combination of tactile, auditory, 
and airflow cues. 

Auditory signals are by far the most common sequen¬ 
tially patterned communication signals. Sound pressure 
waves can be transmitted over long distances through a 
variety of media and can contain variations in frequency, 
intensity, and timbre - all of which enhance the signal’s 
information-carrying capacity. Auditory communication 
signals are produced by many species across a range of 
taxa, including mammals, birds, amphibians, fishes, and 
insects. This article focuses on behaviorally relevant tem¬ 
poral patterning in acoustic communication signals. 

Temporal patterns in acoustic communication signals 
may exist at many levels of complexity. In it simplest 
form, an otherwise static signal may either be off or on. 
To increase the amount of information transmitted, such a 
signal might be modulated across time. For example, 
males in several families of crickets generate courtship 
signals of a constant carrier frequency modulated at a 
species-specific rate to attract females. An unmodulated 
sine tone at the species-typical carrier frequency, or 
another carrier frequency modulated at the species- 
typical rate, will fail to attract females. 

For communication systems to function in more 
dynamic contexts and/or across a wider range of beha¬ 
viors, it may be adaptive for animals to use a repertoire 


of communication signals. In the simplest case, the 
repertoire comprises a set of independent, isolated signals, 
each used to convey information in a specific context. 
For example, some guenons and other closely related 
species (e.g., vervet monkeys) produce acoustically dis¬ 
tinct alarm calls that refer to different classes of predators. 
In this case, a different ‘unit,’ that is, alarm call, is neces¬ 
sary to convey each possible message and receiving a 
partial sequence of units does not necessarily improve 
the ability to predict the following units (but see section 
‘Syntactically Complex Vocal Signals in Nature’). 

Communication systems in which single units are 
mapped onto single behavioral contexts can be made 
more complex by allowing for specific combinations of 
units, with different combinations conveying different 
meanings. We term such systems ‘syntactically complex’ 
communication systems. These systems have two impor¬ 
tant emergent properties. First, they permit redundant 
encoding. If a receiver knows the syntactic structure of a 
communicative system, that is, how units are typically 
combined, it can generate expectations about the upcom¬ 
ing signal components, thereby reducing uncertainty. 
This renders the combined signal robust to interference 
(at least to a limit) and therefore may be adaptive in 
noisy environments. Syntactically complex communica¬ 
tion systems are also, in principle, more efficient than 
other systems because they allow for a theoretically infi¬ 
nite number of meanings to be constructed from a finite 
number of signal elements. This combinatorial efficiency 
is one hallmark of human language. As we discuss later, 
it has been observed only in a small number of instances 
among animals and even then in a somewhat remedial - 
perhaps qualitatively different - form from that seen in 
humans. 

In the context of human language, ‘syntax’ refers to the 
rules that describe the construction of sentences from clas¬ 
ses of words, for example, nouns and verbs. Indeed, syntax 
has often been characterized as the uniquely defining char¬ 
acteristic of human language. Perhaps as a result, claims that 
animals might ‘have syntax’ often elicit intense (usually 
negative) responses from human language researchers. 
Linguists have proposed several different theories of syn¬ 
tax, all of which provide a framework for analyzing how 
words are assembled to create well-formed sentences. 
Debate exists among linguists, however, as to whether 
syntactic structure emerges from statistical regularities 
in word order, or whether there are innate, rule-based, 
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structural constraints. In either case, it is important to be 
clear from the outset that a divide separates the kind of 
‘syntactic’ communication observed in humans and those 
behaviors observed in other animals which we discuss 
here. We know of no animal communication system that 
threatens the claim that human language, as practiced 
among normal adults, is unique. 

Many scholars surmise that the neural mechanisms 
that permit language processing are separate from those 
underlying our ability to communicate; that is, that there 
are language-specific brain mechanisms. Language is not 
a single behavior, however, and no single cognitive process 
accounts for its expression. Thus, the specificity and the 
unique role of any brain mechanism in language are an 
empirical question. To address such questions, it is useful to 
consider all syntactically complex communication systems 
as at least some of the mechanisms underlying the percep¬ 
tion of temporally patterned vocal signals may be shared 
among a range of species. Careful description and empirical 
study of these mechanisms and behaviors are interesting in 
their own right, and will be instructive in understanding 
shared processes, convergent evolutionary mechanisms, 
and differences across taxonomic groups. 

Historical Context and Definitions 

There is a long and rich history of scientific interest in the 
temporal organization of animal behavior. Though not the 
first to consider such ideas, Lorenz’s and Tinbergen’s 
pioneering work in the middle of the twentieth century 
set the stage for the empirical study of how animals 
communicate through patterned sequences of complex, 
natural behaviors. Karl von Frisch was among the first to 
put these concepts into action in his study of the honeybee 
waggle dance. During the same era, laboratory scientists 
such as Karl Lashley began to appreciate the difficulties of 
using associative learning to describe serial behaviors in 
animals. Instead, Lashley appealed to more ‘cognitive’ and 
‘hierarchical’ accounts that posited high-level knowledge 
about the broad sequence of behavior to be executed 
rather than a stimulus-response chain that simply linked 
successive behaviors. These conceptual advances in our 
understanding of temporally organized behaviors coin¬ 
cided with the rise in the popularity of mathematically 
well-defined theories of temporal patterns (i.e., syntax) in 
human language, most notably from Noam Chomsky. 

The question of whether or not animals use syntacti¬ 
cally complex vocalizations to communicate and whether 
they share any syntactic (or linguistic) abilities with 
humans has been a target of investigation for several dec¬ 
ades. In 1975, Wilson noted the existence of discrete animal 
signaling units that could be recombined to generate 
sequences, but added ‘no animal species communicates 


in just this way.’ Near the same time, Peter Marler pub¬ 
lished a seminal paper distinguishing between two types 
of syntactic patterning present in auditory communication 
signals - ‘lexical’ and ‘phonological’ syntax. Lexical syntax 
is the ordering of semantically meaningful functional units, 
analogous to words, such that the ordering of sound units 
carries meaning beyond that carried by the individual 
sound units. Importantly, to recover the meaning, the 
receiver must also share some knowledge of the rules 
used to compose the signal. Thus, in human language 
lexical syntax provides the mechanism for combining 
words into meaningful sentences, and constitutes the typ¬ 
ically familiar definition of ‘syntax.’ In contrast, phono¬ 
logical syntax does not imply recombination of otherwise 
meaningful sounds. Phonological syntax may include 
structured rules for ordering sound units, but these 
sound units are often at a short timescale and have no 
intrinsic meaning. Phonological syntactic structure is 
analogous to the sets of rules underlying the arrangement 
of phonemes into possible words in human language. 
Although the phonemes of American English can be 
recombined to form an infinite number of sounds, many 
of these sequences of phonemes are not well-formed words. 
A native speaker would immediately recognize them as 
incompatible with the rules governing sound unit order 
in English. Likewise, there are many well-formed words 
that are not a part of the lexicon. 

To appreciate the difference between lexical and phono¬ 
logical syntax, it is helpful to think of both the figurative 
and literal meanings of an idiomatic expression, such as 
‘MacDonald bought the farm.’ Lexical syntax leads to the 
literal meaning that someone named MacDonald purchased 
agricultural real estate, but must be ignored in favor of 
phonological syntax to recover the figurative meaning that 
he died. A communication system with only phonological 
syntax is analogous to a collection of idioms, whereby cer¬ 
tain sound sequences are mapped arbitrarily to meanings. 

Much of the evidence for syntactic patterning in ani¬ 
mal communication can be interpreted within the context 
of phonological syntax. It is only in very rare cases that 
researchers have been able to implicate the ordering of 
otherwise meaningful sound units in changing the mean¬ 
ing of a communication signal, which may provide evi¬ 
dence of lexical syntax. Although there is strong evidence 
for phonological patterning in animal vocal communica¬ 
tion, we stress the limitations in our use of the term 
‘phonology.’ In human language, phonology implies sev¬ 
eral related skills including categorical perception and the 
discrimination of minimal phoneme pairs. Although cate¬ 
gorical perception has been observed in several species, 
the perceptual limits of non-human animal phonology 
have not been adequately tested, and so drawing direct 
homologies to human phonological abilities remains an 
important challenge for future research. 
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Measuring Syntactic Complexity 

A major difficulty inherent in parsing the syntactic struc¬ 
ture of animal communication systems is that investiga¬ 
tors may not know the structure a priori, and structural 
patterns may exist at multiple timescales. Determining 
the smallest relevant unit for production and/or percep¬ 
tion remains a challenge in many communication systems, 
and findings from one species have not always generalized 
to others. Short timescale sounds units, for example, notes 
in birdsong, are often produced in longer stereotyped 
patterns. In some species, these patterns are further com¬ 
bined into longer sequences consisting of several such 
sound units. Thus, like phonemes, these short sound units 
are the constituents of larger communication structures. 

Several studies have attempted to model the generation 
of communication sequences by first choosing a model and 
then using observations to estimate the model parameters. 
Markov chains provide one intuitive class of sequence¬ 
generating models in which the probability of observing a 
certain signaling unit (known as its transition probability) is 
defined in terms of a finite number of observed preceding 
units. Markov models have been applied to the structure 
of animal communication signals since the early 1970s - 
particularly the songs of oscine birds (songbirds). 

Using Markov models to evaluate complex syntactic 
structure is intuitively appealing, but is often difficult to 
implement with limited behavioral data. As the number of 
relevant preceding units in the Markov model increases, 
the number of possible transitions increases exponentially. 
Even with relatively large samples, many of these higher- 
order transitions may occur infrequently (or not at all), 
making it difficult to accurately estimate their likelihood. 
Moreover, Markov models are restricted to incorporating 
recent context, and so cannot capture complex structures 
in which meanings are changed by units separated by a 
large number of intervening units within a sequence. 
Recent results suggest that vocal communication in some 
species fails to support this limitation in Markov models: 
non-human primates have perceptual access to long-range 
dependencies in patterned strings of sound. Thus, the 
representational capacities to process structures beyond 
the level of a Markov process appear to be conserved, at 
least within some primate lineages. 

Recently developed information theoretic methods 
provide additional frameworks for estimating the amount 
of temporal pattern structure present in animal commu¬ 
nication signals. When applied to the songs of humpback 
whales, Megaptera novaeangliae , these techniques indicate a 
long timescale temporal structure that cannot my cap¬ 
tured by Markov models. Although the precise form of 
this structure remains unclear, it requires a hierarchical 
syntax that constrains more than the local structure of the 
song. Thus, while Markov models can provide powerful 
descriptions of syntactic complexity (particularly for 


complete repertoires), they are likely insufficient to cap¬ 
ture the full complexity of such signals. 

‘Formal grammars,’ or automata, define another class 
of models capable of capturing the structure of syn¬ 
tactically complex vocal communication signals. Unlike 
Markov models, formal grammars do not operate on the 
probabilistic relationships between adjacent elements in a 
string. Instead, a formal grammar is a collection of rules 
that operate on a set of symbols, termed a ‘vocabulary,’ to 
produce a set of patterned strings, termed the ‘language.’ 
Conversely, any grammar, once known, can be used to 
decide whether a given string is acceptable (i.e., grammat¬ 
ical) within a given language. A full review of syntax 
and compositional semantics in human language is well 
beyond the scope of this article. There are, however, many 
types of formal grammars and these can be classified 
according to the complexity of the patterns they can 
produce or recognize. Finite-state grammars are the 
most limited, that is, simplest, type of formal grammar. 
Finite-state grammars are deterministic and can be mod¬ 
eled with finite-state automata. Unlike Markov processes, 
transitions to the next state can be completely described 
by rules that depend only on the input symbol and a 
limited memory (known as the ‘state’) of the machine. 
Human languages minimally require a grammar more 
complex than finite-state, called a context-free grammar 
(Figure 1). 



Time-► 
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Figure 1 Schematics of a Markov model and a finite-state 
grammar. In the Markov model (a), transitions to the next symbol 
are described probabilistically, whereas in the finite-state 
grammar (b), symbols that follow are described with a 
deterministic set of rules. In each model, the current symbol is 
marked in green. There are several possible future symbols in the 
Markov model, the probability of each of which depends on what 
has been observed in the past two states. In this depiction, arrow 
thickness denotes probability. In the finite-state model, there is 
only one possible future symbol, which is completely determined 
by an input symbol and the current state. The state persists until 
it is changed, and functions as a simple form of memory. 
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In principle, almost all of the vocal communication 
signals modeled well by low-order Markov processes are 
likely to have temporal patterning structure that can be 
captured by finite-state grammars. Empirically, finite- 
state grammars have been used to model the phonological 
syntax of calls in several species of chickadee, Poecile sp., 
and the songs in Bengalese finches, Lonchura striata domestica. 
Indeed it is likely that the structure of temporal pattern¬ 
ing in most naturally produced animal communication 
signals can be computed by using a finite-state grammar, 
though humpback whales present one notable exception 
and a more careful documentation of syntactic complex¬ 
ity is needed. 

Although finite-state grammars describe the temporal 
structure of most syntactically complex vocal signals, one 
should not interpret this as a definitive statement on the 
upper bound on the capacities for non-human animals to 
perceive syntactic structures. Multiple factors beyond 
perceptual abilities, such as production constraints, may 
limit the emergence of syntactic complexity in natural 
signals. European starlings, Sturnus vulgaris , a species of 
songbird, can learn to classify temporal patterns of song 
motifs generated by both a finite-state grammar and a 
simple context-free grammar (CFG). In contrast, cotton- 
top tamarins do not appear to be sensitive to CFG- 
generated patterns. By itself, the ability to process simple 
context-free syntactic structures may be of little functional 
significance or adaptive value - perhaps arising with vocal 
learning - and may represent a necessary but insufficient 
precondition to the use of unbounded signal sets observed 
in humans. Saguinus oedipus, a species of non-human pri¬ 
mate that does not show vocal learning, appear unable to 
recognize patterns generated by a CFG. In any case, 
pattern-rule learning capacities in non-humans are under 
active research, and the upper bounds of such abilities 
across species remains an open question. 

Syntactically Complex Vocal Signals 
in Nature 

Coincident with understanding the upper limits of syn¬ 
tactic processing capacities, it is important to asses the 
range of syntactically complex vocal signals observed 
under natural conditions. A variety of interesting syntac¬ 
tically complex vocal behaviors have been documented 
by careful observations and experiments over the last 
35 years. Here, we concentrate on the two groups of 
animals that have received the most attention: birds and 
non-human primates. 

Important differences between birdsong and non-human 
primate communication signals affect how patterning of 
sound units can be interpreted. Birdsong is important for 
mate attraction, individual recognition, and territoriality. 
Although birdsong can be potently meaningful (e.g., to 


female birds), it is not possible to identify distinct meaning 
with any individual sound units. So, it is has not been 
possible to identify lexical syntax in the patterning of song 
units. In contrast, many non-human primates use alarm calls 
where sound units have specific semantic meaning. The 
referential nature of many of these vocalizations makes 
investigations of the interface between phonological and 
lexical syntax more empirically tractable than in songbirds 
where meaning is often tied to individual characteristics. 

Birdsong Syntax 

Many songbird species produce songs with organization 
at multiple timescales. Short spectro-temporally continu¬ 
ous events (called notes) are organized into longer func¬ 
tional units that are rarely interrupted (called motifs or 
syllables). These longer units are arranged in bouts of 
singing that can last, in some cases, up to several minutes. 
Structured organization exists both in the arrangement of 
notes to form motifs or syllables, and in the ordering of 
motifs to form song bouts. 

Ordering of sound units in birdsong varies consider¬ 
ably in its flexibility. Some species sing highly stereotyped 
songs, with little flexibility in their temporal patterning. 
Each sound unit follows the other with regularity and 
there is only a very small probability that this ordering 
will be violated. Adult male zebra finches, Taeniopygia 
guttata , produce a single song that varies only slightly 
from bout to bout (hear audio example Figure 2(a)). 
Even in these cases where there is little flexibility in 
song structure from one rendition to the next, songs may 
end at different points in the ordering of sound units, 
for example in Nightingale wrens, Microcerculus philomela. 
Like zebra finches, Nightingale wrens can sing different 
numbers of songs from bout to bout. 

Substantially more variability is observed in other song¬ 
birds. Species such as the European starling, S. vulgaris , 
and winter wren, Troglodytes troglodytes , produce stereo¬ 
typed sequences of notes, called ‘motifs,’ which are unique 
to an individual (hear audio Figure 2(b)). While the 
pattern of notes within a given motif is largely (though 
not wholly) stereotyped from rendition to rendition, 
the ordering of motifs varies quite flexibly among song 
bouts. Even though there is substantial flexibility in motif 
ordering, transitions between motifs are not uniformly 
distributed (i.e., not every transition is equally likely) 
and some motifs are more likely to occur at a certain 
section of a song (beginning, middle, or end). For example, 
European starling song motifs can be classified into four 
types on the basis of their acoustic properties. One class of 
motifs, called ‘whistles,’ is typically found at the beginning 
of song bouts, while ‘high-frequency’ motifs tend to occur 
at the ends of complete bouts. There are also systematic 
differences in the number of times a given motif may be 
repeated with some motifs repeated many times, while 



372 Syntactically Complex Vocal Systems 



Duration = 1.18 s 



Figure 2 Spectrograms of (a) zebra finch (Taeniopygia guttata) 
song (duration = 1.18 s and frequency range = 0-22 kHz) and 
(b) excerpt of European starling (Sturnus vulgaris) song 
(duration = 10 s and frequency range = 0-22 kHz). See audio 
examples for sound files. Zebra finch song is characterized by 
short, highly stereotyped bouts of song. Starling song, in 
contrast, consists of flexible sequences of motifs, which are 
often repeated. In both figures, time is represented on the 
horizontal axis and frequency is represented on the vertical 
axis. A single motif, which is repeated three times, is marked 
in the starling song, and a single note is marked in the zebra 
finch song. 


others are rarely part of lengthy repetitive sequences. 
Thus, at least in starlings, there are multiple scales of 
temporal organization in song. 

Markov sequence models have been applied to song 
production in several different species of North American 
thrushes, cardinals, Cardinalis cardinalis , rose-breasted 
grosbeaks, Pheucticus ludovicianus , and American redstarts, 
Setophaga ruticella. In these species, as in European star¬ 
lings, most song sequences are best fit by Markov chain 
models that take into account transition probabilities 
between ordered pairs of events. Laboratory studies dem¬ 
onstrate that at least in the European starling, sequential 
transition probabilities between ordered pairs and ordered 
triplets of motifs aid significantly in the perception and 
recognition of familiar songs. Sensitivity to song element 
ordering has also been observed in the field, where for 
example, swamp sparrows, Melospiza georgiana , can recog¬ 
nize differences in syntactic structures of songs from 
different geographical regions. These studies of song per¬ 
ception are consistent with the idea that perceptual 
sensitivity of the receiver covaries with the syntactic 
information content of the signal. Sender-receiver match¬ 
ing is a common property of communication systems. 

The phonological syntax of song appears to be culturally 
transmitted in some species. White-crowned sparrows, 
Zonotrichia leucophrys , normally produce songs composed of 
three to six ‘phrases,’ and can learn to sing species-typical 
songs from tape recordings. When male white-crowned 


sparrows are tape tutored with single-phrase song models, 
the birds learn the phrases and assemble them into species- 
typical phrase sequences, but not into whole songs. Tutoring 
white-crown sparrows with phrase-pairs is sufficient for 
full, species-typical song syntax to emerge. Moreover, birds 
tutored with reverse-ordered phrase pairs sing songs with 
reversed phrase order. Thus, phrase sequencing information 
must be part of the song model experienced during early 
development. Thus at least in this species, the phonological 
syntax of song appears to be learned. 

Syntax has been extensively studied in the chick-a-dee 
call of chickadees, Poecile sp., which has considerable flex¬ 
ibility in the sequential ordering of its notes. Again, the 
variability in ordering is not random. Rather, each type of 
call note, denoted ‘A,’ ‘B,’ ‘C,’ and ‘D,’ may be repeated a 
variable number of times or omitted, but the overall 
sequence of note types is strictly maintained. Calls that 
violate the note type order are extremely rare, occurring 
less than 0.5% of the time. This rigid ordering structure in 
chickadee calls provides a concrete example of a formally 
computable syntactic rule for call production, and is 
observed in a number of chickadee species (black-capped 
Chickadee, P. atricapillus, Carolina chickadee, P carolinensis , 
mountain chickadee, P. gambeli , and the Mexican chickadee, 
P. sclateri ) and the taxonomically related titmice (e.g., tufted 
titmouse, Baeolophus bicolor). Moreover, violations in the 
typical call syntax appear to be perceptually salient to 
receivers, as they often elicit substantially different or no 
response compared to calls that follow the syntactic rule. 

The temporal patterning in the chickadee call system 
provides a clear example of phonological syntax, as dif¬ 
ferent, well-formed, call sequences can elicit different 
behaviors. Whether the system meets the criterion for 
lexical syntax is not clear. Reports from at least two 
chickadee species suggest that information about the sex 
and geographic origin of the singer is carried by single 
notes, but it is not clear how such information is related to 
the overall meaning conveyed by call syntax. It is possible 
that such information is coded in the acoustic character¬ 
istics of the vocalizations imparted by individually spe¬ 
cific morphological variation in the vocal apparatus, 
and thus cannot be varied by the singer. However, some 
acoustic properties are probably dynamically regulated, 
as indicated by changes in some spectral properties of 
chick-a-dee notes when chickadees form flocks. In either 
case, spectral information represents a special semantic 
case. In humans, voice characteristics do not appear to 
overlap with linguistic components of speech, and they 
are not altered by syntax under normal conditions. 


Primate Vocal Syntax 

In contrast to the primarily nonreferential function of 
songbird vocalizations (i.e., mate attraction, aggression, 
territoriality, etc.), there is ample evidence that some 
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primate vocal communication signals contain specific refer¬ 
ential information, apart from individual identity. Acousti¬ 
cally distinct vocal calls serve as alarms for different predator 
types, and nearby conspecifics use these alarms to initiate 
defensive action appropriate to the predator’s mode of 
attack. Acoustically distinct alarm calls can also refer to 
environmental dangers such as falling branches or trees. 

Several species appear to use combinations of alarm (or 
other) calls in different behavioral contexts. Black-and-white 
colobus monkeys, Colobus guereza , sometimes use a two-call 
combination made up of a ‘roar’ introduced with a brief 
‘snort’ to maintain spacing between nearby groups. By itself, 
the snort serves as an alarm call. Likewise, the ‘pant-hoot’ 
given by chimpanzees, Pan troglodytes, has components that 
acoustically resemble a mild alarm call. Male and female titi 
monkeys, Callicebus moloch, incorporate several call types into 
sequences that differ between behavioral contexts. 

Using a variety of behavioral assays, several studies 
have demonstrated that primates are sensitive to the 
temporal ordering of sound units. Playback studies indi¬ 
cate that wedge-capped capuchin monkeys, Cebus oliva- 
ceus, are sensitive to the ordering of sound units in their 
calls. When calls are arranged so that sound units are 
ordered naturally, listeners produce fewer moans than 
when they are arranged in unnatural combinations. Gib¬ 
bons, Hylobates sp., which unlike other non-human apes 
produce acoustically elaborate songs - typically as duets 
between mated pairs - appear to show similar character¬ 
istics (hear audio Figure 3). White-handed gibbons, 
H. lar, produce complex song sequences in response to 
terrestrial predators and during other normal daily rou¬ 
tines. Although composed of the same call note repertoires, 
the predator-induced songs are assembled differently than 
other songs. These differences, and potentially their refer¬ 
ential meaning, are salient to receivers. The ordering of 
song in other gibbons, H. agils, is thought to follow a 
rudimentary set of structural rules, and so further study 
of vocal syntax in this genus will be very important. 

Recent studies provide evidence consistent with lexi¬ 
cal syntax in wild primate species. The behavioral 


response of the wild Diana monkey, Ceropithecus Diana, 
to the alarm call of the Campbell’s monkey, Cercopithecus 
campbelli, can be modulated in urgency by introducing 
boom sound units before the alarm call. These alarm 
calls are initiated by Campbell’s monkeys in response to 
approaching predators and cause other monkeys to take 
evasive action appropriate to the predator. Likewise, 
Putty-nosed monkeys, C. nictitans, are sensitive to partic¬ 
ular ordered sequences of two loud alarm calls, ‘pyows’ 
and ‘hacks.’ By themselves pyows are a common response 
to leopards, and hacks (or hacks followed by pyows) are 
give to eagles. Males sometimes give a series of one to four 
pyows followed by one to four hacks, either alone or at 
the start of other call sequences, and these pyow-hack 
sequences reliably predict group movement. Lexical syn¬ 
tax requires not only that meaningful sound units com¬ 
bine into larger meaningful sequences, but also that the 
meaning of the sequence is dependent on the ordering of 
units. Thus, the fact that pyow-hack sequences appear to 
have a different meaning than hack-pyow sequences and 
that pyows and hacks are meaningful by themselves is 
consistent with a rudimentary form of lexical syntax. 

Vocal Syntax in Other Mammals 

Surprisingly, relatively little work has examined the pres¬ 
ence of syntactic complexity in the vocal communication 
systems of mammals other than primates. Playback stud¬ 
ies with Richardson’s ground squirrels suggest that the 
ordering of sound units has little effect on behavior. Some 
syllables with unique acoustic elements enhance behav¬ 
ioral responses, but do so regardless of where in the call 
they occur. Mexican free-tailed bats, Tadarida brasiliensis, 
have rich vocal repertoires. While some syllables are 
unique to specific calls, others are shared among multiple 
calls, and entire calls associated with one behavior can be 
embedded in more complex vocalizations used in differ¬ 
ent behavioral contexts. It remains to be seen whether or 
not different combinations of simpler call components 
convey different meanings. It is worth noting that many 



Figure 3 Spectrogram of a gibbon song excerpt (duration = 10 s and frequency range = 0-10 kHz). 
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other species of bats have rich vocal repertoires, and bats 
are one of the few mammals in which vocal learning has 
been documented. Thus, the characterization of syntactic 
complexity in this order is important. 

Conclusion 

There is great diversity in the kinds of temporal pattern¬ 
ing exhibited in the natural communication systems of 
non-human animals. Birdsong and the alarm calls of 
non-human primates have been particularly well studied, 
and several classes of models have been applied to extract 
structure in the combination of sound units. Temporal 
patterning commonly imparts structured combinations of 
sound units, but only rarely can we clearly identify that 
variation in this structure carries meaning within the 
communication system. At present, there is only limited 
evidence of lexical syntactic structure in animal vocaliza¬ 
tions. Interestingly, all such evidence appears to come 
from a small set of non-human primate species. In con¬ 
trast, there is abundant evidence for phonological syntac¬ 
tic structures in many species. 

Comparative study of how sound units are combined 
can provide a rich source of evidence for investigating 
the evolution and neural basis of important cognitive 
skills involved in language perception and production. 
And, having emphasized in this article the distinction 
between phonological and lexical syntax, it may be tempt¬ 
ing to view these descriptions as residing along a single 
continuum of behavioral complexity. We caution against 
such thinking. It may be that the lexical processes (and 
associated neural mechanisms) that underlie referential 
communication are wholly different from those that sup¬ 
port temporally sophisticated phonological syntax. As 
such, lexical syntax may not be the derived form of 
phonological syntax, but rather may require the rare 
integration of typically distinct temporal patterning 
and lexical capacities. Thus, we find one group of 
very successful animals, namely oscine birds, exploiting 


phonological syntax without a rich referential lexicon, 
and another group, non-human primates, using referential 
signals but in heavily restricted temporal patterns. From 
this perspective, the human syntactic system might be 
considered as the rare example of what can happen when 
complex auditory sequence production and perception co¬ 
occur with the use of referential units. The most productive 
future research is likely to come from work that highlights 
syntactic and referential characteristics shared among dif¬ 
ferent communication systems, and which is followed by 
the close study of biological mechanisms as appropriate in 
each organism. 

See also: Acoustic Communication in Insects: Neu¬ 
roethology; Acoustic Signals; Alarm Calls in Birds and 
Mammals; Apes: Social Learning; Communication and 
Hormones; Dance Language; Hearing: Vertebrates; Infor¬ 
mation Content and Signals; Mammalian Social Learning: 
Non-Primates; Referential Signaling; Social Recognition; 
Sound Production: Vertebrates; Vocal Learning. 
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Amphibian Life History Strategies 

Amphibians are geographically widespread, occupy a 
range of habitats, and show considerable diversity in mor¬ 
phology, behavior, physiology, and life history strategy. 
There are three living orders of amphibians: the frogs and 
toads (Order Anura, or Salientia), the salamanders and 
newts (Order Urodela, or Caudata), and the limbless 
caecelians (Order Apoda, or Gymnophiona). Most amphi¬ 
bian species have complex life cycles; they begin life as a 
free-swimming larva that is followed by a metamorphosis to 
the juvenile adult form. The anurans undergo a dramatic 
change during metamorphosis, transforming from a fish¬ 
like, aquatic larva (tadpole) to a tetrapodal, often terrestrial 
adult. (Figure 1). Metamorphic transitions in salamanders 
and caecelians are less dramatic than in frogs and toads. The 
two amphibian life stages are affected by different environ¬ 
mental factors and have different behavioral repertoires. The 
larvae of most amphibian species are aquatic, and are found 
in diverse habitats, ranging from water-filled crevices in 
rocks, logs, or leaves, to larger ponds or streams. Some 
amphibian species have direct development, in which devel¬ 
opment proceeds from the embryo to the juvenile adult form 
without a free-swimming larval period. Some urodeles do 
not metamorphose, but instead reproduce in the aquatic 
habitat while retaining the larval morphology (paedomor- 
phosis). No anuran species have a paedomorphic life history. 

Amphibian larvae encounter diverse ecological condi¬ 
tions during development, and variations in abiotic factors 
(e.g., water availability, temperature, photoperiod, etc.) 
and biotic factors (e.g., intra- and interspecific competi¬ 
tion, predation, etc.) can interact in complex ways to 
influence tadpole morphology, behavior, growth, and 
development. For example, the presence of predators 
can lead to increased tail size in tadpoles, and this may 
enhance the tadpole’s ability to escape predator attack. 
The type of food can have profound effects on tadpole 
morphology; for example, carnivorous morphs, charac¬ 
terized by dramatic changes in jaw and cranial morphol¬ 
ogy, may be induced in some species by feeding on 


invertebrates. Food availability, competition for resources, 
and predation risk, interact to influence tadpole growth 
and development, and tadpole growth history and body 
size determine when a tadpole initiates metamorphosis. 

Amphibian species that breed in predictable habitats 
(i.e., permanent or semipermanent lakes and ponds) tend 
to have longer larval periods. By contrast, species that 
breed in unpredictable habitats (i.e., ephemeral pools) 
generally have much shorter larval periods. Many 
amphibian species exhibit plasticity in the timing of meta¬ 
morphosis, which is influenced by growth opportunity 
and environmental stress in the larval habitat. The proxi¬ 
mate mechanisms that govern the timing of metamorpho¬ 
sis involve the production, metabolism, and actions of 
hormones. Competence to respond to environmental sig¬ 
nals depends on the development and activity of endo¬ 
crine glands that produce the hormones that control 
metamorphosis. Most research on the endocrinology of 
metamorphosis and the roles of hormones in larval behavior 
has been conducted on anuran tadpoles, and, therefore, 
the following discussion is restricted to anurans. 

Tadpole Behavior 

Tadpole behavior is directed toward maximizing growth 
to achieve a minimum body size to initiate metamorphosis. 
The principal behaviors engaged by tadpoles are feeding 
and predator avoidance. Tadpoles tend to forage actively, 
but will reduce their activity if confronted with the threat 
of predation; there is a tradeoff between the competing 
needs to grow as quickly as possible and to avoid being 
eaten by predators. Schooling behavior by some species 
may be a means to maximize food acquisition and mini¬ 
mize predation. 

Feeding Behavior 

Tadpoles are specialized herbivores, feeding on planktonic 
material in the water column (fdter feeders), detritus in 
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Figure 1 Metamorphosis of the South African clawed frog 
Xenopus laevis. Shown are tadpoles in premetamorphosis (top), 
prometamorphosis (middle), and metamorphic climax (bottom). 
Photos by David Bay. 


pond sediment, or scraping material from submerged sub¬ 
strates such as rocks and reeds. The selection of food type is 
reflected in a species’ buccal anatomy, feeding mode, and 
microhabitat use. Although tadpoles are predominantly 
herbivores, most also consume animal tissue, and many 
species exhibit opportunistic cannibalism. A tadpole’s diet 
can have an important influence on the development of 
alternate morphologies (i.e., carnivorous morphs in spade- 
foot toad tadpoles), the rate of growth and development, 
and consequently, the timing of metamorphosis. 

Prior to metamorphosis, tadpoles feed vigorously (in 
proportion to food availability and predation risk). The 
ability to sense food and the presence of predators, and to 
adjust foraging activity accordingly, is critical to survival. 
During metamorphosis, tadpoles slow, then cease feeding, 
and this corresponds to a dramatic remodeling of the gut 
that occurs at metamorphic climax. Similar to other tetra- 
pods, amphibians appear to possess a feeding control 
center located in the hypothalamus/preoptic area of the 
brain. Neurons located here form a neural circuit that 
controls orexigenic (stimulates feeding) and anorexigenic 
(inhibits feeding) behavioral output, in communication 
with a major feeding control center located in the hind¬ 
brain (the nucleus of the solitary tract). Orexigenic and 
anorexigenic neuropeptides are produced by neurons 
located in the hypothalamic feeding control center, and 
these neurons also respond to blood-borne signals. 

In premetamorphic tadpoles, orexigenic pathways that 
stimulate feeding appear to predominate, but these path¬ 
ways are poorly understood. More is known about the 


anorexigenic pathways that inhibit feeding, and that 
develop/mature during metamorphosis. For example, 
intracerebroventricular (i.c.v.) injection of the stress neu¬ 
ropeptide corticotropin-releasing factor (CRF) inhibits 
feeding in prometamorphic tadpoles, but not in premeta¬ 
morphic animals. By contrast, i.c.v. injection of the CRF 
receptor antagonist oc-helicalCRF( 9 ^i) stimulates feeding, 
suggesting that endogenous CRF exerts an inhibitory tone 
on feeding controls in metamorphosing tadpoles. The 
expression of CRF and its receptors in the tadpole brain 
increases during metamorphosis. Besides acting as a neu¬ 
rotransmitter in the brain to inhibit feeding at a time when 
the gut undergoes extensive remodeling, CRF also stimu¬ 
lates the pituitary gland to produce hormones that initiate 
metamorphosis (described later). 

Leptin is a protein hormone secreted by fat cells that 
regulates food intake. Leptin acts on the brain to signal 
when the body has sufficient energy stores, thus, inhibit¬ 
ing appetite (i.e., it is an ‘adipostat’). Leptin, like CRF, 
potently inhibits feeding when injected i.c.v. into prome¬ 
tamorphic tadpoles, but not premetamorphic tadpoles. 
The stage-dependent onset of leptin action on feeding 
corresponds to an increased expression of leptin receptors 
in the brain. Leptin may act on CRF neurons to increase 
their activity, thus, leading to CRF-mediated inhibition of 
feeding, and CRF-induced secretion of hormones that 
control metamorphosis. One hypothesis currently being 
tested is that leptin, produced in proportion to energy 
stores or body size/condition, signals to the brain to 
initiate metamorphosis. 

Corticosterone, the major stress hormone in tadpoles, 
stimulates foraging. Corticosterone increases following 
exposure to different stressors, and while stress leads to 
rapid inhibition of feeding, mediated by the activation of 
hypothalamic CRF neurons, the subsequent elevation of 
corticosterone causes an increase in foraging occurring 
several hours after exposure to the stressor. This action of 
corticosterone serves to reiniate feeding after a period of 
reduced food intake. 

Antipredator Behavior 

Predator avoidance by amphibian larvae may involve 
escape behaviors, refuge seeking, and behavioral inhibi¬ 
tion (i.e., freezing behavior). When confronted with a 
predator, tadpoles often display rapid freezing behavior, 
whereby they settle to the bottom of the pond and remain 
still. This behavioral response facilitates the avoidance of 
detection by the predator. While visual cues may play 
a role in this response, tadpoles also use chemical cues 
released by conspecifics under predator attack (alarm 
pheromones), and they may sense chemicals produced 
by the predator (i.e., kairomones). 

Tadpoles release an alarm pheromone from skin cells 
by a stimulus-secretion coupled pathway upon predator 
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attack. The pheromone comprises at least two compo¬ 
nents with distinct biophysical properties that must he 
combined to elicit behavioral inhibition in conspecifics. 
Tadpoles likely use combinations of chemicals and visual 
cues in their assessment of predation risk. The antipreda¬ 
tor response of tadpoles may be shaped and refined by 
learned predator recognition, and there is evidence for 
the cultural transmission of predator recognition among 
conspecifics. Also, the duration of behavioral inhibition may 
be influenced by a tadpole’s body condition, with tadpoles 
in good condition capable of maintaining a behaviorally 
quiescent state for a longer time than tadpoles in poor 
condition. 

Olfactory neurons activated by tadpole alarm pheromone 
(or other predator cues) lead to the activation of neural 
pathways that elicit freezing behavior, but the nature of 
these pathways is not known. Recent findings show that 
activity of the neuroendocrine stress axis is suppressed by 
tadpole alarm pheromone, and that this plays a role in the 
expression of behavioral inhibition. Exposure of tadpoles 
to alarm pheromone causes a rapid and dose-dependent 
decrease in corticosterone. The production of corticoste¬ 
rone is controlled by CRF, and the decreased corticoste¬ 
rone may result from the inhibition of CRF neurons. Also, 
CRF stimulates locomotion, and the suppression of CRF 
neuronal activity may be linked to the behavioral inhibi¬ 
tion. Reversing the decline in corticosterone by adding a 
low dose of the hormone to the aquarium water blocks the 
behavioral inhibition caused by the alarm pheromone. 
Since corticosterone normally induces activity and forag¬ 
ing, sustained suppression of corticosterone may be per¬ 
missive for the continued quiescent state. 

In tadpoles, predation risk extending over days to 
weeks causes distinct morphological changes, such as a 
relatively smaller body and larger tail. The tadpole tail is 
a critical locomotory organ for escape or refuge seeking, 
and it is maintained until late metamorphic climax owing 
to its critical role in locomotion. The larger tail may serve 
as a lure to distract predator strikes from the more vul¬ 
nerable body, or could allow for enhanced burst swim¬ 
ming for escape. 

Transformation of the Central Nervous 
System Underlies Behavioral Transitions 
During Metamorphosis 

During metamorphosis, the tadpole transitions from an 
aquatic, fish-like larva that is largely herbivorous, to a 
tetrapodal, exclusively carnivorous and often terrestrial 
adult. At this time, the central nervous system undergoes 
dramatic changes. Certain larval structures degenerate, 
such as the Mauthner neurons found on either side of the 
medulla, and the sensory and motoneurons supplying the 
tail. As larval structures disappear, adult-specific neural 


structures are formed. For example, the visual field of 
tadpoles is panoramic, which allows them to detect move¬ 
ment in the aquatic habitat while actively foraging. By 
contrast, the frog has a binocular visual field appropriate 
for a sit-and-wait predator. During metamorphosis, the 
major portion of the retina develops along with associated 
visual projections in the di- and mesencephalon to support 
this transition in behavioral mode. New spinal cord seg¬ 
ments develop during metamorphosis to support function 
of the newly formed limbs. The cerebellum and the mes¬ 
encephalic nucleus of the trigeminal nerve also develop at 
this time. The beginning of metamorphosis is marked by a 
dramatic increase in cell proliferation throughout the brain. 
Together, the changes in the nervous system prepare the 
animal for its new behavioral and dietary mode. 

Endocrinology of Tadpole Metamorphosis 

Hormones orchestrate the diverse morphological and 
physiological changes that occur during amphibian meta¬ 
morphosis, and also function as mediators of environmen¬ 
tal effects on development. At metamorphic climax, the 
hormones that promote tissue transformations also influ¬ 
ence tadpole behavior, and through their developmental 
actions on the brain, bring about shifts in behavioral mode 
between the larva and the juvenile adult. 

A striking characteristic of amphibian metamorphosis 
is that a single signaling molecule, the thyroid hormone, 
orchestrates the entire suite of molecular, biochemical, 
and morphological changes. While the thyroid hormone 
alone is capable of initiating metamorphosis, other hormones 
such as the corticosteroids function to promote thyroid 
hormone action. Depending on the tissue, the thyroid 
hormone may induce cell proliferation, cell death, differen¬ 
tiation, or migration. Thyroid hormone secretion increases 
markedly during metamorphosis, reaching a peak at meta¬ 
morphic climax and declining thereafter to reach the 
juvenile adult level. 

Thyroid activity is controlled at multiple levels. The 
neuroendocrine system, comprising the hypothalamus of 
the brain and the pituitary gland, serves as an interface 
between the central nervous system and the peripheral 
endocrine system. Different sensory inputs are transduced 
into developmental and physiological responses by neu¬ 
rosecretory neurons in the hypothalamus. The anterior 
preoptic area of the brain contains neurosecretory neu¬ 
rons that synthesize neurohormones that regulate pitui¬ 
tary hormone secretion. The pituitary gland produces the 
protein hormone thyrotropin (TSH) that travels in the 
bloodstream and activates receptors on thyroid follicle cells 
to increase the secretion of the thyroid hormone. In tadpoles, 
unlike in mammals where the tripeptide thyrotropin¬ 
releasing hormone is the major TSH-releasing factor, 
TSH secretion is controlled by hypothalamic CRF. 
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Secretion of pituitary corticotropin (ACTH) is also 
induced by CRF, and ACTH controls the production of 
corticosteroids by adrenal cortical cells. 

The major hormone secreted by the thyroid gland is 
thyroxine (T 4 ), but the hormone with greatest biological 
activity is 3,5,3Ttriiodothyronine (T 3 ) which is generated by 
monodeiodinase enzymes within target tissues. The expres¬ 
sion of tissue monodeiodinases is an important point of 
regulation of the thyroid axis. Tadpoles become competent 
to respond to exogenous thyroid hormone at the time of 
hatching, and this competence depends on the upregulation 
of thyroid hormone receptors (TRs). Thyroid hormone 
receptors are ligand-activated transcription factors that 
belong to the nuclear hormone receptor superfamily. Hor¬ 
mone binding to the TR induces gene expression in target 
tissues, and these gene expression programs underlie the 
tissue-specific changes that occur during metamorphosis. 

The thyroid hormone is the primary morphogen con¬ 
trolling amphibian metamorphosis, but corticosteroids 
produced by adrenal cortical cells also play an important 
role by enhancing thyroid hormone bioactivity in target 
tissues. They accomplish this by upregulating TRs and 
the monodeiodinase that converts T 4 to T 3 . Tadpoles 
often respond to environmental stress (e.g., pond drying, 
competition for resources, etc.) by accelerating metamor¬ 
phosis. The secretion of CRF is induced by environmental 
stress, and, therefore, can mediate the effects of a changing 
environment on the timing of metamorphosis through its 
stimulation of TSH and ACTH secretion. The common 
regulation of the thyroid and the adrenal axes by hypo¬ 
thalamic CRF, and the sensitization of target tissues to low 
concentrations of the thyroid hormone by corticosteroids, 


are means for the tadpole to modulate its rate of develop¬ 
ment in response to environmental change. 

See also: Defensive Morphology; Food Intake: Behavioral 
Endocrinology; Hormones and Behavior: Basic Con¬ 
cepts; Predator Avoidance: Mechanisms. 
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Introduction 

Taste, or more formally gustation, is a form of direct 
chemoreception and is one of the five traditional senses. 
It refers to the ability to detect the flavor of substances 
such as food, certain minerals, and poisons. The sense of 
taste is often closely linked to the sense of smell, or more 
formally olfaction. In vertebrates like humans, the senses 
of taste and smell are clearly defined by two separate 
sensory organs, namely, the tongue and the nose. In inver¬ 
tebrate animals, the distinction is less clear, as the sense 
of taste is generally not confined to one specific organ. 
Invertebrate taste receptors can be located on the same 
organ as olfactory receptors, or they can be distributed on 
different appendages all over the body, including parts of 
the mouth, feet, antennae, and ovipositor. Also, many 
invertebrates live in aqueous environments, which makes 
a distinction between the senses of taste and smell even 
more difficult. Generally, invertebrate taste is defined by 
(1) the morphology of the sensillum housing the sensory 
neurons; (2) the molecular structure of the receptor pro¬ 
teins that detect the tastants; and (3) the type of chemicals 
that are detected (e.g., minerals, sugars). This article first 
gives a brief overview of the anatomy of typical inverte¬ 
brate taste organs, and the molecular and neural mechan¬ 
isms underlying the sense of taste in invertebrates. It then 
describes the types of behavior that are linked to the sense 
of taste in the invertebrate world. 


Invertebrate Taste Organs 

The basic unit of the invertebrate taste organ is called ‘a 
sensillum,’ which is a hair-like hollow structure that 
houses gustatory neurons. It looks very similar to the 
sensilla that house olfactory neurons and are dedicated 
to the sense of smell; however, the difference lies in the 
fact that most gustatory sensilla are of the type ‘tip-pore 
sensillum trichodeuni (Figure 1). That is, they have only one 
opening to the outside world at the very tip of the sensil¬ 
lum. It is through this pore that the tastant has to enter the 
sensillum space to make contact with the neurons. For this 
to happen, the animal needs to get the organs on which the 
gustatory sensilla are located in direct contact with the 
substrate or food they are sampling. Therefore, gustatory 
sensilla are often referred to as ‘contact chemoreceptors.’ 
Gustatory sensilla can also come in the shape of stout taste 


pegs or even without any protruding hair structure at all, 
merely as an opening in the cuticula. 

Even though in invertebrates there is no such thing as 
one defined taste organ equivalent to the human tongue, 
the mouthparts of invertebrates are usually considered the 
main taste organs, as the majority of gustatory sensilla are 
located on those. For example, in flies gustatory sensilla 
are found on their labellum, in butterflies on the tip of 
their tongue, in bees at the base of the tongue, and in 
many beetles and roaches they are located on the maxil¬ 
lary and labial palps. Furthermore, insects have gustatory 
receptors inside the oral cavity and on the esophagus 
lining. Apart from the mouthparts, gustatory receptors 
are also commonly found on invertebrate feet, legs, or 
tentacles (e.g., insects, spiders, lobsters, octopus), on their 
antennae (bees, ants, wasps), wing margins (flies), or on 
the tip of their abdomen and the ovipositor (locusts, 
parasitic wasps) (Figure 2). Invertebrates thus have an 
extra sensory dimension that allows them to taste the 
world with more than just their ‘tongue.’ 

Molecular and Neural Mechanisms 

Tastants are chemical molecules including sugars, min¬ 
eral salts, and bitter or toxic chemicals like alkaloids, or 
small proteins. When the animal touches its food with its 
mouthparts, for example, floral nectar, the gustatory sen¬ 
silla come in contact with the sugar molecules in the nectar, 
and the sugar molecules enter the sensillum through the tip 
pore (Figure 1). Once inside, they come in contact with the 
dendrites of the gustatory neurons, and bind to the gusta¬ 
tory receptor proteins (GRs), which are 7-transmembrane 
proteins located on the dendrite membrane (Figure 3). 

GRs do not bind any tastant entering the sensillum, 
but each binds only a specific category of tastant, for 
example, one specific type of salt or sugar, unlike olfac¬ 
tory receptors, which are often broadly tuned with over¬ 
lapping specificities. Each gustatory neuron carries one 
type of GR, and each sensillum houses several different 
gustatory neurons (Figure 1). Each neuron is receptive 
for a different chemical signal. For example, a typical 
gustatory sensillum of a fly houses one neuron responsive 
to sugar, one to water, one to salt, and one responding to 
bitter tastants. Binding of the tastant to its GR triggers a 
signal transduction cascade (Figure 3), which results in 
the opening of ion channels on the dendrite membrane 
and creation of action potentials. These constitute an 
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Pore 



Figure 1 Schematic of typical invertebrate gustatory sensillum 
(tip-pore sensillum trichodeum), containing three gustatory 
neurons. 



Dendrite 

membrane 


Figure 3 Schematic of the molecular mechanism underlying 
detection of a taste molecule. Taste molecules enter the 
sensillum lymph through the tip pore. The gustatory receptor 
protein (red) binds a taste molecule (blue), which triggers a signal 
transduction cascade (orange molecules), resulting in opening of 
ion channels (green) and influx of ions. 




will extend its legs to grab hold of the food item. All this, 
from detection of the taste molecule to the motor behavior 
triggered, happens within a fraction of a second. 



Locust 



Lobster 



Figure 2 Location of taste receptors (shaded in red) in some 
invertebrates. Drawings are not to scale. 



Octopus 


electric message that is sent to the brain, where the 
information is integrated. The message is then forwarded 
via motor neurons to the body parts that control the 
relevant behavior. For example, when detecting sugar, a 
bee will extend its tongue to ingest the nectar, or a wasp 


Invertebrate Behavior Controlled by Taste 

Taste plays a prominent role in the feeding behavior of 
invertebrates, and to a lesser extent also in oviposition 
(egg-laying) behavior, courtship behavior, and kin recog¬ 
nition behavior. Many of these are crucial behaviors an 
animal must accomplish to survive and reproduce. While 
the sense of smell (olfaction) helps an animal detect a 
potential food source or oviposition site from a distance 
and assists in orienting toward it by following the odor 
plume emanating from the food source, the sense of taste 
comes into play at close range. This is when the animal 
makes contact with the potential food source or substrate 
and has to decide on its quality and whether it is suitable 
for ingestion or egg laying, respectively. It does so by 
touching, for example, a possible food source with its 
gustatory receptors to detect information on its quality, 
such as sugar content or potential toxins. This leads either 
to feeding behavior or in case of detected toxins, to food 
rejection and avoidance behavior. Despite its critical 
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importance in the everyday life of all animals, the sense of 
taste has received only limited attention in research, with 
the focus much more on the sense of smell. Nevertheless, 
given in the following paragraphs are a number of exam¬ 
ples of how the sense of taste can control and modulate 
behavior in invertebrates in different environments: on 
land, in the air, and in water. 


Proboscis Extension Reflex 

One of the best-studied taste-related behaviors of inver¬ 
tebrates is the proboscis extension reflex of flies and bees. 
The classic work of Vincent Dethier, described eloquently 
in his book The Hungry Fly showed that stimulation of 
taste receptors on the feet of the forelegs of flies initiates 
an extension of the proboscis (Figure 4). When the pro¬ 
boscis comes into contact with the same food source, the 
stimulation of further taste receptors on the labellum 
initiates drinking. Stimulation of single taste receptors 
on the labellum is sufficient to evoke activity in the 
proboscis muscles involved in feeding. 

Interestingly, the sugar receptors on a fly’s labellum do 
not respond to all sugars equally, but they respond stron¬ 
gest to fructose, second to sucrose, and least to glucose. 
This hierarchy of response seems to be linked to the 
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Figure 4 Proboscis extension reflex behavior in a fly showing 
the withdrawn proboscis (above), and the extended proboscis 
(below) after stimulation of the taste receptors on the fly’s feet 
with a drop of sugar water. Small hairs on the maxillary palps and 
labellum are also taste receptors. 


perception of ‘sweetness’ in the same way that the sweet 
receptor on the human tongue does. In contrast, when 
bitter receptors on the fly’s labellum are activated, that is, 
gustatory neurons that respond to bitter substances like 
quinine, the proboscis extension reflex is suppressed and 
aversive behavior is triggered resulting in the fly rejecting 
the food. The pathways from the sweet receptors and 
the bitter receptors to the muscles controlling proboscis 
extension seem to be hard wired, always eliciting appeti¬ 
tive and aversive behaviors, respectively. Hence, this 
behavior is called a ‘reflex,’ crucial for the survival of 
the animal. 

Having gustatory receptors on the feet represents 
an extremely useful sensory system for a fly, as the feet 
are likely to be the first body parts to make contact with a 
potential food source during landing. A fly can thus 
decide immediately whether the substrate it landed on is 
suitable as food or not. This is also true for other flies such 
as the tsetse fly that have chemoreceptors on their feet 
that respond strongly to amino acids that are found in 
abundance in the sweat of their primary host, humans. 
A tsetse fly samples its host for suitability as potential 
blood source merely by landing on it. If the right amino 
acids are detected via the gustatory receptor on the fly’s 
feet, the proboscis is extended and pierced through the 
human skin, and ingestion of blood is initiated. 

Bees and honeybees in particular show the same pro¬ 
boscis extension response when their mouthparts or feet 
are touched with a drop of sugar water. In bees, this 
behavior is even more pronounced than in flies, probably 
because of the fact that bees feed exclusively on sugar and 
thus have more or more sensitive sugar receptors than 
flies. Bees have sugar receptors not only on their proboscis 
and feet, but also on their antennae. A bee’s antennae are 
covered in thousands of sensilla, most of them olfactory in 
nature, that is, for the detection of floral odorants and 
pheromones. But there are also a number of gustatory 
sensilla for the detection of sugar. These are mostly con¬ 
centrated around the tip of the antenna. On close obser¬ 
vation of a bee landing on a flower, one can see that she 
lightly touches the petals with the antennae. If she hap¬ 
pens to come across a nectar gland, the bee will detect the 
sugar in the nectar via the gustatory receptors on her 
antennae, which triggers proboscis extension and feeding 
behavior. For a bee, this is a simpler and quicker way for 
initial sampling of her food, than using her proboscis, 
which has sugar receptors mostly at the base and not at 
the tip. The sugar receptors on the proboscis are used in a 
second stage, during which the bee decides whether she 
will actually drink and ingest the food. 

Honeybees also have receptors for salt and bitter 
tastants on their antennae. When these are stimulated, 
the proboscis extension reflex is suppressed and the food 
is rejected. In case of restrained bees, as commonly used 
in laboratory experiments, the aversive behavior upon 
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stimulation with salt or quinine is also evident in the bee 
turning her head away and even actively pushing the salty 
food source away using her feet. 

Leg Avoidance Behavior 

The legs are often the first part of the animal to come into 
contact with a food source, and the taste receptors on the 
legs play an important role in the assessment of food 
quality and in food rejection. Plants are a food source 
for countless invertebrates, many of them insects. They 
contain chemicals that can be detected on the plant sur¬ 
face, for example, waxes and heavy oils such as eucalyptus 
oil. Plants also produce noxious chemicals, such as alka¬ 
loids, to protect themselves from plant-eating insects. For 
many insects that feed on plants, such as locusts, what is 
important appears to be whether the chemical on the 
plant surface that comes in contact with the leg chemo- 
receptors is phagostimulatory or aversive. If it is aversive, 
then the animal takes its leg away (leg avoidance behav¬ 
ior); if it is not or is phagostimulatory, then an animal may 
go on and sample the food with its mouthparts, for exam¬ 
ple, the palps, as is the case for locusts. If at this second 
sampling stage again the chemical stimulant is considered 
to be aversive, it can be rejected, or if it is a phagostimu- 
lant the locust can bite or chew the food. At this third 
level, decisions can again be made on whether to ingest 
the food. The chemoreceptors involved in this last stage of 
sampling are located on the inner surface of the locust’s 
mouth cavity. This chain of rejection/acceptance at dif¬ 
ferent stages suggests a hierarchical organization of beha¬ 
viors all triggered by gustatory receptors, starting with the 
leg avoidance behavior, to food chewing and finally food 
ingestion behavior. 

The type of chemicals that trigger leg avoidance 
behavior when in contact with gustatory receptors on a 
locust’s leg include the secondary plant compound nico¬ 
tine hydrogen tartrate (NHT), which acts as an antifee- 
dant. Contact with this chemical evokes rapid withdrawal 
movements especially of the locust’s hind legs: the animal 
remains in the same body position, but moves the hind leg 
forward on the same plane. Other chemicals that are 
known to evoke leg withdrawal behavior in locusts are 
the salt sodium chloride (NaCl), a lysine-glutamate salt, 
and even sucrose, even though they are all part of a 
locust’s dietary requirements. However, these chemicals 
trigger leg avoidance behavior, only if they are present in a 
rather high concentration. This suggest that any chemical, 
even a nutrient, will be treated as aversive and act to 
evoke food rejection if present in a high concentration. 
Such responses are not surprising if we consider our own 
behavioral responses to a range of chemicals. If we put 
food in our mouths, some chemicals, such as salt and 
sucrose, can be considered pleasant at low concentrations 
but are actively rejected at high concentration. 


Food-handling Behavior Under Water 

Other invertebrates that have taste receptors on their legs 
are marine crustaceans, such as prawns and lobsters. They 
also have olfactory receptors on their antennae, which are 
used to detect chemicals in the water, that signal the 
presence of food items, such as fish, molluscs, other crus¬ 
taceans, worms, and some plant life. Their legs and anten¬ 
nae thus have behavioral functions analogous to the 
vertebrate senses of taste and smell, respectively, with 
the gustatory receptors on the legs playing a crucial role 
in the final stages of feeding behavior. 

Feeding behavior in prawns and lobsters starts by 
antenna flicking to detect any chemicals in the water 
streams that may signal the presence of food. This behav¬ 
ior is analogous to sniffing behavior in mammals. Once 
chemicals are detected, the animal orients toward the 
source of the chemical signals, again using its olfactory 
receptors. When it reaches the food source, vigorous 
food-search behavior is carried out with the legs, in par¬ 
ticular the chelated first pairs (chelae or claws). These are 
covered with gustatory receptors that detect L-glutamate, 
which is an amino acid that signals the presence of avail¬ 
able, digestible foodstuffs. The food-search behavior 
eventually results in the grasp and lifting of the potential 
food item to the oral region. The lobster or prawn then 
starts a characteristic cycle of lifting-lowering movements, 
during which the animal holds the food item close to the 
mouthparts in an ‘up-down’ and ‘in-out’ manner, bringing 
it in contact with yet a different set of chemoreceptors 
located in the oral area. The final decision making as 
to the ingestion or rejection of a food item is dependent 
on these chemoreceptors. They are sensitive to bitter 
tastants, such as quinine, which signals that the food 
item is not suitable for ingestion. If the food item indeed 
contains quinine, the lifting—lowering movements can be 
continued for several minutes, before the food is dropped. 
If the food is suitable, it is ingested more or less immedi¬ 
ately. Therefore, not only land-dwelling invertebrates, but 
also those living in water are equipped with multiple sets 
of chemoreceptive systems that control and modulate 
their feeding behavior. 

Oviposition Behavior 

Feeding is not the only behavior for which the sense of 
taste is important. Many insects lay their eggs in a sub¬ 
strate that provides the emerging larvae with the nutrients 
required for growth. These substrates can be fruits, soil, or 
even other animals, as is the case in parasitic wasps that 
lay their eggs in the larvae of other insects. It is crucial to 
pick the right substrate with the right nutrients to lay 
the eggs on; otherwise, the eggs will not develop and the 
offspring will not survive. A way to measure a substrate’s 
suitability for egg laying in terms of nutrient content is 
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tasting it. Therefore, behavior connected to oviposition 
(egg-laying) is also controlled by gustatory receptors. The 
receptors are located on the insect’s ovipositor, which is a 
needle- or tube-like structure protruding from the end of 
the abdomen through which the eggs are passed into the 
substrate. 

Locusts are a typical example of insects that use the 
chemoreceptors on its ovipositor to choose a suitable egg- 
laying site. They normally lay their eggs in damp soil, and 
the physical and chemical characteristics of the substrate 
influence both the selection of an appropriate site in 
which to lay eggs and the amount of time spent egg laying 
or digging. For locusts to lay eggs, they must dig down into 
the sand, using two pairs of hard sclerotized ovipositor 
valves at the end of the abdomen, to deposit eggs at depths 
where they are less likely to be exposed to desiccation. 
During this behavior, the locusts exhibit rhythmic move¬ 
ment of these valves and of the whole abdomen. While 
digging, the locusts will gradually extend their abdomens 
by up to twice their resting lengths to dig to depths of 
6-8 cm. Contact chemoreception influences the digging 
movements of the ovipositor valves in such a way that 
when they come in contact with certain chemicals while 
moving rhythmically, the valves immediately close and 
retract. The duration of valve retraction is dependent 
on the concentration of the chemical. For example, a 
medium-to-high concentration of the salt sodium chloride 
(NaCl) will inhibit the digging rhythm and also suppress 
egg laying altogether. Lower NaCl concentrations are 
tolerated, and the lower the concentration, the more 
time a locust will spend digging and laying eggs, and the 
more eggs it will lay. However, even very low NaCl con¬ 
centrations in sand are detected by the chemoreceptors on 
the ovipositor, and the number of eggs laid in sand contain¬ 
ing NaCl is always less than the number of eggs laid in 
clean sand. Salt content is an important factor influencing 
egg survival, as high salt concentrations will desiccate the 
substrate and kill the eggs. 

Chemoreceptors on the ovipositor are also crucial for 
successful egg-laying behavior in parasitic wasps. These 
tiny insects lay their eggs onto or into the larvae of other 
insects, and the emerging wasp larva feeds on the host 
larva until the latter dies. Olfactory receptors on their 
antennae as well as vibratory signals from host larval 
movement assist parasitic wasps such as the Lariophagus 
distinguendus in finding suitable host larvae from a dis¬ 
tance, for example, beetle larvae that live inside grains of 
wheat. The parasitic wasp then drills into the grain with 
its needle-like ovipositor and moves it around until it 
comes into contact with the beetle larva (Figure 5). The 
chemoreceptors on the tip of the ovipositor detect che¬ 
micals on the larval surface that inform the wasp whether 
the host larva is the right species for laying its egg, and 
whether it is in good enough condition to sustain growth 
of the parasitic larva. 



Figure 5 Parasitic wasp laying eggs into a host beetle larva 
that lives inside a grain. Taste receptors on the tip of the 
ovipositor give information about the host larva species and 
condition. 

Kin Recognition Behavior 

Bees, wasps, and ants are social insects living in large 
colonies of many thousands of individuals. They all look 
alike to us, but yet a bee always recognizes whether 
another bee belongs to her own colony or not, and the 
same is true for wasps and ants. How do they accomplish 
this? The hard outer surface of an insect’s body (cuticula) 
is covered with a complex mixture of hydrocarbons, which 
are long-chain fatty acids, alkanes, alkenes, and esters. 
The chemical composition of this is influenced by the 
food a colony collects and eats. As all the members of a 
colony eat the same food, the hydrocarbon signature on 
their cuticula is identical. The chemicals composing the 
hydrocarbon signature are not very volatile, and thus can 
best be detected via contact chemoreceptors, of which 
social insects have many on their antennae specific to these 
hydrocarbons. Every time a bee or wasp or ant meets 
another bee or wasp or ant, she palpates with her antennae 
all over the other insect’s body (antennation behavior), 
to detect its hydrocarbon signature, which will tell her 
whether the other insect belongs to her own colony or is 
an intruder (Figure 6). If the expected hydrocarbon mixture 
is detected, the other bee or wasp or ant is allowed to enter 
the colony; if the wrong hydrocarbon mixture is detected, 
the bee or wasp or ant will be rejected, prevented from 
entering or even attacked. 

Courtship Behavior 

The sense of taste even plays a role in sexual behavior in 
invertebrates as illustrated by the following examples. 
Discrimination between the sexes is not easy for the 
fruit fly Drosophila , and courtship behavior is believed to 
be mostly based on chemical signals. Males are thought to 
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Figure 6 Antennation behavior of an ant using the taste 
receptors on its antennae (arrows) to examine the cuticular 
hydrocarbon pattern of another ant, thus determining whether 
the other ant is a nestmate or an intruder. 

be excited by a range of chemical substances produced by 
females, including long-chain hydrocarbons, and to be 
inhibited by hydrocarbons on the male cuticle, especially 
by Z-7-tricosene. Detection of Z-7-tricosene prevents 
male-male courtship, which is of course a pointless exer¬ 
cise with respect to reproduction. The nonvolatile hydro¬ 
carbons involved in modulating Drosophila courtship 
behavior can only be detected by gustatory neurons, 
such as found on the male’s legs and proboscis. The 
male approaches the female (or male if he is unlucky), 
and touches her body with his forelegs and his extended 
proboscis. Contact with the female’s cuticle allows detec¬ 
tion of relevant hydrocarbons, which inform the male 
whether it is indeed a female he is trying to copulate 
with. Interestingly, the gustatory receptor on the labellum 
of the Drosophila male that responds to Z-7-tricosene also 
responds to bitter stimuli, suggesting that the inhibitory 
pheromone must taste bitter to the fly. 

Spiders are another group of invertebrates that use 
contact chemoreceptors during courtship, especially night- 
active spiders have over 1000 gustatory receptors concen¬ 
trated on their feet and palps. These are of course also 
used to test the quality and freshness of food items, but 
male ground-living spiders are known to follow and walk 
along a female dragline keeping the inside of both palps 
and front legs in close contact with her thread. In doing 
so, the males are believed to analyze the silk for specific 
female sex pheromones. 

Conclusions and Outlook 

The chemical senses, taste and smell, are ancient sensory 
modalities that allow animals to evaluate and interact 
with their environment and make adaptive decisions to 


enhance survival. Perhaps more than any other senses, 
smell and taste are perceptually intertwined. Olfaction 
allows animals to detect volatile chemicals at a distance, 
and can be used to orient toward attractive stimuli, such as 
palatable food, and orient away from repulsive stimuli, 
such as spoiled food. Since taste requires direct contact 
with the stimulus, this sense is crucial for sensory evalua¬ 
tion immediately before ingestion. Foods that smell 
attractive but contain nonvolatile substances that make 
them inedible can be vetted by the gustatory system 
before ingestion. 

Invertebrates have a range of taste receptors that are 
usually not confined to one particular organ, as is the case 
in vertebrates, but are found on many parts of their body 
even though the majority is located in the oral area. 
Invertebrate taste receptors show intriguing similarities 
to vertebrate taste receptors: (1) they are narrowly tuned 
to detect only specific types of chemicals and (2) they 
respond to similar tastants, namely, sweet, bitter, sour 
(acidic), salty, and umami (amino acids and peptides). 
However, unlike vertebrate receptors, the taste neurons 
in invertebrates also respond to a range of other chemicals, 
for example, cuticular hydrocarbons. This is not surprising, 
considering that the sense of taste plays a crucial role in 
invertebrate behavior, not only during feeding, but also 
during reproduction (courtship, egg laying) and kin recog¬ 
nition. The crucial next step in understanding the sense of 
taste in invertebrates lies in unraveling the neural circuits 
underlying behavioral patterns that are triggered by taste 
receptors. 

See also: Food Signals; Olfactory Signals; Parasitoid 
Wasps: Neuroethology; Parasitoids; Social Recognition; 
Taste: Vertebrates; Water and Salt Intake in Vertebrates: 
Endocrine and Behavioral Regulation. 
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Introduction 

Taste is one of four chemosensory systems in vertebrates, 
the others being, olfaction, the solitary chemosense, and 
common chemical sense. Each system is distinguished 
according to the type of end organ, mode of innervation, 
primary terminus within the central nervous system 
(CNS), and subsequent reaction. 

Taste buds (TBs) are the peripheral sense organs of the 
gustatory system, occurring in all classes of vertebrates. 
They are situated within the epithelium of body parts 
involved in the manipulation and ingestion of food, for 
example, the lips, oral cavity, tongue, and pharynx. TBs 
consist of modified epithelial cells that form axonless 
sensory cells, which synapse with neurons at their base. 
When taste substances stimulate these cells, electrical 
impulses are transmitted to the CNS via cranial nerves 
VII (facial), IX (glossopharyngeal), and X (vagal), all of 
which terminate centrally within the visceral sensory 
column of the rostral medulla. 

Humans possess a passageway called ‘the nasophar¬ 
ynx,’ connecting the oral and the nasal cavities, which 
allows stimulation of gustatory, as well as olfactory, recep¬ 
tors during food consumption. Our perception of taste 
therefore combines the olfactory and gustatory senses. 
Most animals, however, lack a nasopharynx, meaning 
taste and smell operate more independently. It is there¬ 
fore important that we carefully define the specificity and 
behavioral utilization of each of these sensory modalities. 

Gustation is primarily involved with feeding and 
incorporates the use of TBs to orally process and evaluate 
the edibility of food through direct contact, eventually 
leading to a decision to either swallow or reject it. The 
process is fundamental to life as consumed food provides 
important energy necessary for processes such as growth, 
locomotion, neural activity, and maintenance of a healthy 
immune system. 

Olfaction, on the other hand, is associated with func¬ 
tions such as intraspecific social interactions, communi¬ 
cation, reproduction, and detecting the presence of food. 
Unlike gustation, olfaction does not require direct contact 
between the stimulus and receptor cells. Such signals are 
carried in vapors and airborne substances for terrestrial 
animals, while for aquatic animals they are in water. 

Aquatic organisms are particularly interesting as they 
are constantly immersed in water containing chemicals, 
which may stimulate more than one sense at any one time. 


Some studies on fish have not noted any correlation 
between smell and taste preferences, and since no cavity 
exists to connect the oral and nasal cavities, it is thought 
that these systems operate independently 

More recent studies on animal gustation generally focus 
on commercially important species including those used in 
farming and aquaculture. The majority of research focuses 
on the morphology of TBs rather than behavioral studies 
of taste preferences. Behavioral analyses are important 
when determining the response by the gustatory system 
to a specific substance. Nerve responses associated with a 
specific substance can also be measured using electrophys- 
iological techniques to determine the threshold concen¬ 
trations at which certain substances can be detected by 
individual sensory systems. By combining these results 
with behavioral analyses, we can determine whether the 
substance is an attractant or a repellent. Interestingly, not 
only may the concentration of a single substance elicit a 
different response but mixtures of substances can also elicit 
stronger responses than each substance alone, leading to a 
vast combination of potential stimuli. 

Most studies consider the classical taste substances that 
elicit the familiar sensations to sucrose (sweet), acetic or 
hydrochloric acid (sour), quinine (bitter), and sodium 
chloride (salty). Some other common substances used to 
elicit gustatory responses include free amino acids, beta¬ 
ine, nucleotides, amines, sugars and other hydrocarbons, 
organic acids, alcohols, and aldehydes, but there is little 
research regarding the screening of substances to deter¬ 
mine their chemical composition and taste preferences. 

It should be noted that the gustatory system is not the 
only means to determine the palatability of food. Feeding 
preferences by animals can also be affected by environ¬ 
mental factors such as level of hunger, experience, tem¬ 
perature (possibly featuring in seasonal shifts to feeding 
routines), pollutants and, if aquatic, the pH. 

Taste Bud Morphology 

TBs are pear-shaped structures located in the epidermis, 
situated on top of an elongated papilla of underlying 
connective tissue (corium papilla) surrounded by a basal 
membrane. Primitive TBs, termed ‘terminal buds,’ are 
present in lampreys, but both forms are absent in hag- 
fishes (chordates but not considered vertebrates), which 
instead detect chemical cues using Schreiner organs. 
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A comparison of some vertebrate TBs is illustrated in 
Figure 1, where clear differences are highlighted. 

TBs are about 100 pm in height and 30-100 pm in 
width and may be tipped with specialized mucous of 
unknown function or consist of an epithelial pore of 
2-20 pm in diameter. They typically comprise a group 
of between 5 and 70 receptive cells with up to five basal 
cells. Also present are intermediate and degenerate cells 
in addition to proliferative basal cells and edge cells 
forming the lateral boundary of each bud. Intermediate 
cells comprise all those cells, other than the mature sen¬ 
sory and support cells, that are generally believed to 
represent developmental stages of sensory or support 
cells. Degenerate cells are found within all parts of the 
sensory epithelium and are the final stages of sensory and 
support cell types. Both receptor and support cells have a 
finite existence and are continuously replaced throughout 
the lifespan of the animal. Even when TBs are destroyed 
due to pollutants and sensitivity to taste stimuli is 
impaired, new cells grow and taste responses revert back 
to their original levels. TB morphology varies consider¬ 
ably between species, but it is not known how these 
structures relate to the physiology of gustation. 

Gustation in Different Vertebrate Groups 

Lampreys 

TBs of lampreys are generally referred to as ‘terminal 
buds’ (Figure 2) and are found in the oropharynx, partic¬ 
ularly on the gill arches. They may also line the purely 
respiratory branchial tube of some adult species and may 
therefore serve another purpose. Sensory cells of the 
terminal buds are ciliated rather than microvillus, which 
is likely to be a phylogenetic trait. Lamprey ammocoetes 
spend most of their time buried in the substrate of fresh 



Figure 1 Schematic drawings of representative vertebrate 
taste buds in longitudinal section, (a) Catfish, (b) newt, (c) frog, 
(d) quail, and (e) mammal. A reptile taste bud is not included but is 
similar to the mammalian taste bud. Note there are broad 
receptive areas in aquatic species and narrow taste pits or pores 
in mammals and birds. Variable shading indicates different types 
of elongate cells, and nerve fibers are depicted in black. 
Reprinted with permission from Reutter K and Witt M (1993) 
Morphology of vertebrate taste organs and their nerve supply. 
In: Roper SD and Simon SA (eds.) Mechanisms of Taste 
Transduction, pp. 29-82. Boca Raton, FL: CRC Press. 



Figure 2 (a) Papillae (PP) in which the terminal buds of the lamprey occur in rows and have an apical depression (ad) (scale bar 40 jim) 
(b) light micrograph of a section through a papillae showing the terminal bud (TB), apical depression (ad), and connective tissue (ct). 
Scale bar, 20 \im. Modified and reprinted with permission from Baatrup E (1983) Ciliated receptors in the pharyngeal terminal buds of 
larval Lampetra planeri (Bloch) (Cyclostomata). Acta Zoologica 64: 67-75. 
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water streams and feed exclusively on microorganisms, 
which become trapped in mucus of the pharynx. Little 
research has been carried out on the behavioral aspects of 
taste in these jawless fishes. Electrophysiological work has 
shown the classical taste substances, that is, sodium chlo¬ 
ride and quinine, can be detected at low concentrations 
with thresholds of ~10 -6 M, and both sucrose and acetic 
acid have threshold concentrations at around 10 - '’ M. The 
amino acids L-arginine and L-alanine are effective stimu¬ 
lants, producing responses at concentrations of 10 _7 M. 
Threshold values for L-serine and L-glutamic acid are 
10 _5 M and 10 -4 M, respectively, while L-proline and 
glycine are nonstimulatory at 10~ 2 M. 

Fishes 

Cartilaginous fishes 

There is a considerable lack of knowledge about chon- 
drichthyan (cartilaginous fishes including, sharks, rays, 
skates, and chimaeras) gustation. TBs are known to 
occur within papillae of the oral and pharyngeal epithe¬ 
lium (Figure 3) of the mouth, basihyal (‘tongue’), and gill 
arches, and their morphology appears comparable to TBs 
of teleost fish. TBs in sharks appear more numerous in 
benthic species, and are quite scarce in pelagic species, 
where they are concentrated around the jaws. This sug¬ 
gests that TB distribution varies according to the feeding 
mechanism(s) adopted, that is, pelagic species feeding 
predominately on large, more active, organisms bite 
their prey suggesting that the area around the jaws is 
more efficient for tasting. The oral and pharyngeal epi¬ 
thelium of pelagic species is also densely covered with 



Figure 3 Papillate taste buds in elasmobranchs showing 
protruding microvilli (arrow). Scale bar, 50 pm. 


denticles (Figure 4) similar to those located on the exter¬ 
nal skin, presumably preventing high numbers of TBs 
from forming. Suction feeders that mainly consume soft- 
bodied organisms have small teeth and fewer or no oral 
denticles. Although TBs are still concentrated around the 
jaws, they are also found evenly distributed throughout 
the oral and pharyngeal cavities and are clearly visible to 
the naked eye. It is proposed that these oral denticles 
provide a form of protection against abrasion during 
food consumption. 

Teleost fishes 

TBs in teleost fish consist of elongated Type I and Type II 
cells with serotonergic basal cells. Type II cells terminate 
at their apical (proximal) surface in a large conical micro¬ 
villus (up to 2.5 pm in length and 0.3 pm in width) and are 
generally accepted as the gustatory receptor cells because 
synaptic contacts with cranial nerve processes have been 
identified. Type I cells are elongate and contain up to ten 
small microvilli (about 0.5 pm length and 0.1 pm width) 
and were originally considered supporting cells as they 
wrap around the Type II cell with lobed processes in the 
distal regions of the TB. However, it is now known they 
form synapses with other taste cells or sensory nerve fibers 
and are receptive like those of some mammals. Three types 
of TB have been identified in teleosts, each differentiated 
according to the distance they protrude above the epithe¬ 
lium; Type I protrudes the furthest and Type III occurs 
within a pore (see Figure 5). The different types of TB are 
located in different areas and vary in density, and it is 
considered that their function may also vary. 

TBs are more numerous in teleost fishes than in any 
other vertebrate, but it is not known whether differences 
in the total number or distribution of TBs relate to gusta¬ 
tory sensitivity. Teleosts not only have TBs that occur 



Figure 4 Oral denticles (D) of elasmobranch fishes are similar 
to those of the external shark skin and may cover most of the oral 
and pharyngeal epithelium leaving little space for taste papillae 
(arrow). It is proposed these denticles provide some form of 
protection against abrasion during food consumption. Scale bar, 
100 pm. 
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Figure 5 Examples of the different types of taste buds found in teleost fish (a) type I, elevated above the epithelium and surrounded by 
a depression (D) (b) type II, elevated above the epithelium, and (c) type III, level with the epithelium or within a pore. Modified and 
reprinted with permission from Reutter K, Breipohl W, and Bijvank GJ (1974) Taste bud types in fishes. Cell and Tissue Research 153: 


151-165. 


within the epithelia of the oral cavity, pharynx, esophagus, 
and gills, but are also present externally over the surface 
of the skin, lips, fins, and barbels. This makes them unique 
from other gnathostomes with the exception of the 
Amphibia, which possess TBs on the skin of the head at 
some developmental stages. 

The facial nerve innervates TBs found over the exter¬ 
nal body, lips, and anterior regions of the mouth involved 
in food localization and trigger the pick-up reflex. The 
glossopharyngeal and the vagal nerves innervate TBs of 
the posterior region of the mouth and gill arches and 
control the swallowing reflex. An interesting study of 
catfish found that the ablation of one of the three cranial 
nerves resulted in the animal not being able to do both 
operations, that is, it can pick up items but cannot swallow 
them. Catfish have no scales and possess external TBs 
over the body surface. Interestingly, catfish appear to use 
taste predominantly to locate food since this ability is 
maintained after the olfactory nerve is ablated. 

Although there is little research on the external gusta¬ 
tory receptors in teleosts, it appears that they are impor¬ 
tant to benthic feeders and species living in dark or murky 
water for initiating feeding responses. It should also 
be noted that intraoral and extraoral TBs show cor¬ 
responding gustatory preferences. 

Most research on gustation to date has been carried out 
on teleosts, in particular the cyprinids and catfishes, due 
to their importance in aquaculture. Although preferences 
are largely based on ecology, relationships in taste pre¬ 
ferences are unpredictable and variable. A clear division 
between preferences of carnivores, herbivores, or omni¬ 
vores is not yet possible, but herbivores have a preference 
for sugars more often than nonherbivores, and carnivores 
show preferences for amino acids. 

Taste preferences in teleosts are highly species spe¬ 
cific. Although results may vary significantly at the indi¬ 
vidual level, similarities are seen in preferences of both 
males and females of the same species as well as geograph¬ 
ically isolated populations. Even the same species of fish 


conditioned to either a herbivorous or a carnivorous diet 
still, after several months, shows similar taste preferences 
with only a slight increased palatability for the substance 
on which they were raised. However, as may be expected, 
less variance is encountered for those substances that are 

considered important stimulants and strong deterrents. 

t _2 _^ 

Generally, stimulant thresholds are r\j 10 M-10 M, 

and rejections occur with concentrations higher than 
10 -5 M. In comparison, in the context of feeding, the 
olfactory system is more sensitive, detecting much lower 
thresholds of 10 -12 M allowing detection of chemicals 
from further away. 

Amphibians 

TB morphology in this group can change with growth/ 
age and prey type. There are two successive forms of 
amphibian taste organs: TBs, strongly resembling those 
of teleost fishes, are present in urodeles and the anuran 
tadpole stage, while taste discs (see Figure 6) occur in 
adult anuran stages. 

TBs in anuran tadpoles are located within finger-, 
palm-, and bush-like papillae in the oral cavity lining, in 
transversal folds on the palate, and in conical protrusions 
in the epithelium. All act like a filter, in the early stages of 
development, trapping particles from the surrounding 
water, but gradually disappear through metamorphosis. 
No papillae are present in the lining of the oral cavity of 
larval salamanders, where TBs appear to be more like the 
conical protuberances of anurans. Although sensory and 
basal cells are present, there are distinct supporting cells 
that do not synapse with nerve fibers or sensory cells 
within the bud. These supporting cells are characterized 
by microvilli in anurans and microfolds in salamander 
larvae. Receptor cells can possess either a single microvil¬ 
lus or a clump of shorter microvilli. 

On adult anuran tongues, rather than taste cells 
forming rounded bud-like organs, cells form taste discs, 
the largest gustatory organs found in vertebrates thus far. 
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The ciliated cell lining of the oral cavity in anurans and 
the importance of the tongue for insect capture have led 
to the suggestion that the taste disc is a functional adapta¬ 
tion to their mucous-rich oral environment. The glosso¬ 
pharyngeal nerve innervates taste discs located on the 
tongue and the facial nerve innervates taste discs of the 
smooth lining of the oral cavity. 

Having such a large distinctive organ with numerous 
receptor cells has led to numerous physiological studies 
with anurans, which reveal extensive interspecific varia¬ 
tion between species. Xenopus laevis have a high sensitiv¬ 
ity for amino acids and actively search for food when 
submerged with their mouths open. For this entirely 
aquatic species, taste is as important in locating food as 
it is for catfish. Frogs show relatively low sensitivity to 
amino acids as in mammals. 



Figure 6 Taste disks of adult anurans, the largest gustatory 
organ found in vertebrates. Scale bar, 50|iim. Reprinted with 
permission from Zuwata K and Jakubowski M(2001) Taste 
organs in lower vertebrates: Morphology of the taste organs in 
amphibia. In: Dutta HM and Munshi JSD (eds.) Vertebrate 
Functional Morphology: Horizon of Research in the 21st Century, 
pp. 221-239. Enfield, NH: Science Publishers, Inc. 


Reptiles 

Reptiles are largely overlooked when it comes to studies 
on taste, rarely featuring in the literature or in reviews 
due to a lack of knowledge or believed lack of importance. 
Reptiles often use tongue flicking to discriminate between 
different chemicals, using the vomeronasal system for 
chemoreception. However, reptiles often lick objects, for 
example, chameleons lick the substrate and tongue con¬ 
tact is usually necessary to elicit courtship trailing and 
feeding in snakes, suggesting that the gustatory response is 
at least complementary to the vomeronasal response. 
Snakes also reject unpalatable prey held in their jaws 
suggesting gustation is used to discriminate between 
prey. Taste discrimination studies of heat-stressed lizards 
to treated water show comparable behaviors to other 
animals, with positive responses to ‘sweet,’ and avoidance 
of ‘salty,’ ‘bitter,’ and ‘sour’ solutions. 

Reptilian TBs are generally located in regions of thick, 
lightly- or un-keratinized, stratified squamous epithelium 
and occur predominantly on the tip and side of the tongue 
although they may be found over any oral epithelia. TBs 
have been located in the rostral region of the nonprotru- 
sible tongue of red-eared turtles, the tongue and oral 
epithelium of the maxilla and mandible of tortoises and 
lizards, and appear exclusively along the dental arch in 
snakes. Crocodiles have a sparse distribution of TBs on 
their oral and pharyngeal surfaces including the tongue 
with higher concentrations on the region behind the teeth 
connecting the upper and lower jaws. 

Scanning electron microscopy studies reveal microvilli 
of TBs are situated in pores and not elevated on top of 
papillae (see Figure 7). However, they appear not to be 
further depressed into a pit like those of birds (see later). 
Snake TBs contain Type I, II, and III cells as well as basal 
cells, highlighting the similarities to mammalian TBs. Of 
the snakes studied, no TBs have been found in the sea 



Figure 7 (a) Papilla and (b) taste pit of a snake taste bud. Modified and reprinted with permission from Nishida YS, Yoshie S, and 
Fujita T (2000) Oral sensory papillae, chemo- and mechano-receptors, in the snake, Elaphe quadrivirgata. A light and electron 
microscopic study. Archives of Histology and Cytology 63(1): 55-70. 
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snake, Emydocephalus ijimae , a species possessing only max¬ 
illary fangs and pterygoid teeth, which feed exclusively on 
fish spawn. 

Birds 

The distribution of avian TBs strongly correlates with 
feeding strategy In many birds, the tongue is a prehensile 
organ used for the intake of food and is often keratinized 
on the anterior dorsal surface, preventing the formation of 
TBs in this region. As this region was the focus of early 
studies, for many years, it was considered that birds did 
not have TBs, until their eventual discovery on palatal 
and mandibular regions in the early 1900s, some fifty 
years after that of fish, amphibian, and reptile TBs. How¬ 
ever, at the end of the Second World War, when scientific 
language switched from German to English, TBs were 
mapped on the tongue of a pigeon. As a result, it has since 
often been considered that TBs only occur on the tongues 
of birds, conflicting with the earlier studies. It is now 
believed that feeding mechanisms are reflected by oral 
and pharyngeal anatomy, which is in turn correlated to 
TB topography, with varying numbers found on the upper 
beak (palate), lower beak (mandible), and unkeratinzed 
regions of the tongue, often in close proximity to salivary 
gland ducts. 

TB morphology in birds appears similar to other ver¬ 
tebrates, with receptor and supporting cells, edge cells, 
and sometimes basal cells present. Receptor cells may 
have a large microvillus process, as in pigeons, or numer¬ 
ous slender microvilli, as in chickens. The chorda tympani 
branch of the facial nerve innervates buds located in the 
anterior region of the mandibular glands. 

Chicken TBs are said to be unusual as they are not 
situated in papillae but lie deep in the epithelium with 
a long pore forming a taste canal. Although this feature 
is not highlighted in many texts, avian taste is mediated 
by diffusion of substances into the taste pit, which is fdled 
with mucopolysaccharides. Berkhoudt believes that taste 
stimulation is a slow process occurring only in static, not 
dynamic, phases of pecking. Electromyogram (EMG) 
recordings of ‘pecking birds,’ such as pigeons and chick¬ 
ens, show that during feeding, rostral taste areas come 
into contact with food in what they term ‘the stationing 
phase,’ where food is repositioned after it is initially 
grasped between the tips of the beak. In alert birds, 
items may be rejected at this stage. Intraoral movement 
of food is then often mediated by the tongue, where more 
caudal TBs will be stimulated. It is here that less alert 
birds may reject items. 

The limited research into taste preferences in birds 
appears to focus on sugars and salts, with interspecific 
variation dependent on concentration. For nectar-eating 
birds, sugar preference appears to be directly linked to the 
type of sugars in the nectar or fruit available and birds 


often reject synthetic sweeteners. Preferences for non- 
nectivorous birds are less clear. Chickens show a prefer¬ 
ence for sodium chloride, whereas starlings and herring 
gulls show adverse responses. More seafaring birds have 
higher tolerances for salt; however, these responses may 
be due to the presence of salt glands and their ability to 
more effectively deal with osmotic pressures, rather than 
taste preference. 

Some studies have concentrated on finding repellents 
for birds to avoid crop damage, often using quinones, which 
have common repellent qualities in nature. Although some 
are effective, visual, rather than taste, cues appear to be 
more effective. 

Mammals 

TBs of mammals consist of proliferative basal cells, edge 
cells, and at least two types of elongate cells. Elongate 
cells are either tubule-containing t-cells (or light cells), 
now termed ‘Type II cells,’ that are simple, vesicle-filled 
cells with large, round nuclei, or fibril-containing f-cells 
(or dark cells), now termed ‘Type I cells,’ which are more 
convoluted and wrap around type II cells. Type II cells 
have been termed ‘supporting cells’; however, in some 
species, for example, mice, they form synapses with 
nerve terminals within the TBs and therefore could also 
be involved in eliciting gustatory responses. A third type, 
the Type III cell, has been found in rabbits and although it 
is elongate and resembles Type II cells, it is characterized 
by prominent perinuclear dense-cored vesicles and the 
presence of synapses onto nerve fibers. Type III cells have 
been identified in rats although it is unknown as to 
whether they exist in other species. TB morphology in 
mammals can also change seasonally, for example, nuclei 
and cytoplasmic organelles in squirrel TBs alter between 
summer when the squirrels are active and winter when 
they are hibernating. 

Differences in TB distribution in mammals are consis¬ 
tent with differences in food type and feeding mechanism. 
The tongue, however, generally contains the largest con¬ 
centration. For example, dogs have the greatest concen¬ 
tration of TBs on the anterior portion of their tongue 
explaining why they lick items before biting, and cows 
have the highest densities of TBs on the posterior region 
of their tongue, which may be related to ruminating. Early 
electrophysiological studies show that rats and humans 
have similar responses with respect to the four classical 
stimuli, salt, sweet, sour, and bitter being restricted to 
various regions of the tongue. The chorda tympani 
nerve, innervating TBs of the anterior tongue, is respon¬ 
sive to sodium chloride and hydrochloric acid but is less 
sensitive to sucrose and quinine. The glossopharyngeal 
nerve, innervating TBs of the posterior region of the 
tongue, is more sensitive to quinine and sucrose. Afferent 
fibers of each nerve, however, have since been found to 
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show multiple sensitivities responding to one, two, three, 
or all four of the stimuli. TBs in all regions can therefore 
detect all stimuli indicating that the tongue taste map seen 
in text hooks is a misinterpretation of the available data 
and such well-defined regions do not exist. 

Finally, studies with thiamine-deficient rats reveal that 
rats presented with diets containing and not containing 
thiamine chose the beneficial one. Such work is associated 
with the hypothesis of taste sensations also being the 
initial stimulus to a series of digestive and assimilative 
processes on which the well-being of the organism 
depends. Level of hunger and nutritive state of the organ¬ 
ism are therefore factors that need to be considered when 
determining taste preferences. Research on pheromones 
suggests that these molecules are useful for communica¬ 
tion. Odors are known to be a means of such commu¬ 
nication, but pheromone detection by taste is rarely 
considered. However, it is possible that such information 
may be transferred during contact using taste or via other 
chemosensory organs. Although little understood pres¬ 
ently, some animals do appear to use taste in this way. 
Observations of the mating behavior of numerous animals 
indicate taste is a cue, and research of the Harderian gland 
in gerbils suggests that tastes, as well as odors, may be 
involved in grooming behaviors. New questions about the 
specificity and sensitivity of each chemosensory system 
may therefore be posed soon. 

Conclusions 

TBs vary greatly in their size, number, and distribution, 
and although a representative type does not exist, simila¬ 
rities can be found. In most vertebrates, TBs are small 
groups of cells embedded in the epithelium of the oral and 
pharyngeal cavities. Only in fishes and some tadpole 
stages of anurans are they found externally. Taste is the 
predominant sense used to determine the palatability of 
food and to avoid toxins. By analyzing TB distributions 
and observing animal feeding, we can determine feeding 
behaviors associated with their ability to taste. Animals 
begin life with distinct food experiences and successively 
develop discerning diets. Although we would not expect 
fishes, birds, and rats to have the same sense of taste, taste 
preferences are variable even within closely related indi¬ 
viduals. These variations are likely a result of evolution 
and natural selection allowing animal demands to have 
minimal affects on each other. It is also important to note 
most studies use taste stimuli common to those of man. 
Such discrepancies may therefore be because species 
other than humans have quite different and distinct taste 
experiences. It is thought that the different cells of TBs 
have optimal responses to a variety of stimuli, and 
there are likely distinct substances driving ingestion. 
Responses of the taste system will likely vary according 


to dietary type. For example, carnivores should not be 
attracted to sugars, whereas herbivores should be highly 
responsive, and most species should be responsive to 
amino acids. Changes in habitat and feeding strategy 
also affect the response of taste organs, for example, 
sodium is a crucial nutrient for terrestrial vegetarian 
animals and salt-deprived individuals seek out and ingest 
salt when hormones alter TB sensitivity. For aquatic ani¬ 
mals, sodium is not crucial and their taste systems are not 
very responsive to sodium, suggesting TB sensitivity 
changed when vertebrates transitioned from water to 
land. It has since been proven that a simple, single taste 
receptor gene mutation is capable of changing the diet of 
a species. 

Taste plays an important role in animal behavior but 
our understanding of the mechanisms and functions of 
taste is still rudimentary. There are clearly many unan¬ 
swered questions about the taste sensory system. Answers 
will not only be used by technology to repel or attract 
animals as required, but will help us to understand the 
evolution of this sense and the many different ways it 
affects animal behavior. 

See also: Decision-Making: Foraging; Digestion and 
Foraging; Food Signals; Hunger and Satiety; Neuroethol¬ 
ogy: Methods; Taste: Invertebrates. 
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Introduction 

Eusocial insects are often regarded as the pinnacle of social 
evolution. They live in societies with a reproductive divi¬ 
sion of labor in which only a few individuals reproduce 
while the large majority of individuals - the workers (and 
also soldiers in termites) - forego direct reproduction at 
least temporarily and help the others reproduce. Worker 
and soldier behavior take many forms ranging from helping 
with brood care through foraging to the famously suicidal 
defense of the honeybee worker in which a stinging worker 
bee dies or of termite soldiers that explode upon contact 
with a predator. Such examples of cooperation - in particular 
suicidal behaviors - are linked to reduced reproductive 
fitness on the part of the workers/soldiers, an example 
of what is called biological ‘altruism’ (see Glossary). The 
classical eusocial insects are comprised of the social 
Hymenoptera (ants, and some bees, and wasps) and the 
oldest social insects, the termites (Isoptera). 

How individuals can be selected to forego own repro¬ 
duction, when this results in a reduced propagation of 
their genes to the next generation, comprised a longstand¬ 
ing enigma of evolutionary theory. The key for explaining 
the evolution of altruism is kin selection theory, the idea 
that genes are not only transmitted to the next generation 
via own offspring (direct fitness) but also through off¬ 
spring of close relatives (indirect fitness). This idea is 
encapsulated in Hamilton’s inclusive fitness (=sum of 
direct and indirect fitness effects) theory and the pleas¬ 
ingly simple Hamilton’s rule. It states that a behavior is 
evolutionary favored if it results in a net increase of an 
individual’s inclusive fitness: 

hr — c > 0 

with br comprising the indirect fitness component, com¬ 
posed of the fitness benefit (b) for the recipient multiplied 
by the relatedness (r) between actor and recipient, and c 
being the actor’s direct fitness cost of the behavior. 

Inclusive fitness theory has been intensively and suc¬ 
cessfully tested in social Hymenoptera, especially in ants 
and the honeybee. These studies showed that workers gain 
indirect fitness benefits through raising siblings. Termites 
have been less well studied. In fact, the termites’ resem¬ 
blance to ants, which is so striking that they are commonly 
referred to as ‘white ants,’ lead to the assumption of conver¬ 
gent evolution between these taxonomically disparate 
groups. Indeed, more than 75% of all termite species (all 
higher termites, Termitidae; see Glossary) are characterized 


by possessing altruistic castes (workers and soldiers) that 
help in raising offspring and have a greatly reduced capa¬ 
bility to reproduce. Termite soldiers are always sterile, and 
in most higher termites, workers are sterile too so that they 
gain exclusively indirect fitness benefits. Yet, higher ter¬ 
mites are a highly derived group, and various degrees of 
worker altruism can be found when considering all termite 
families. This variability can be used to shed light on ter¬ 
mites’ social evolution when plotting social and ecological 
traits on a robust phylogenetic tree. 

In the following, I will first summarize the state of the 
art of the termites’ phylogenetic relationships. Then, 
I will discuss a dichotomy in nesting and feeding habits 
(wood dwelling vs. foraging species) that is apparent in 
termites and that goes hand-in-hand with differences 
in social organization. Third, concentrating on the pro¬ 
posed ancestral life-type of wood-dwelling, which these 
termites share with their closest cockroach relatives, I will 
show that distinctive properties can be identified that 
associate with this life-type and which allow educated 
guesses about factors that favored social evolution in 
termites. Taken together with recent studies on wood¬ 
dwelling termites, this suggests that direct fitness benefits 
through the inheritance of the breeding position in the 
natal nest played an important role for the evolution of 
termite workers. This contrasts with ants in which indirect 
fitness benefits through raising siblings are more impor¬ 
tant. In the fourth section, I will discuss how this inter¬ 
pretation changes with a transition to foraging outside 
the nest; most extant termite species forage also outside 
their nest. These foraging species have specialized work¬ 
ers that perform intensive brood care similar to ants. 
In the fifth section, I address the evolution of the second 
altruistic termite caste, the soldiers, which are always 
sterile and which gain exclusively indirect fitness benefits. 
Finally, based on these results, I end by proposing a 
hypothesis for the social evolution of termites. 

Characterizing the Ancestor and the 
Phylogenetic Relationships 

Termites are the oldest social insects with their complex 
colonies dating back at least to the Cretaceous (130 My) 
when they scuttled under the feet of dinosaurs. The oldest 
termite fossils show that termites were clearly already 
social and strikingly similar to the modern basal termites. 
They had already diversified, suggesting an origin in the 
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upper Jurassic and a rapid evolution of eusociality from 
their nonsocial ancestors. Unlike the eusocial Hymenop- 
tera, which all derived basically from wasps, termites find 
their roots alongside the cockroaches (Blattodea) and 
mantids (Mantodea), which together form an assemblage 
known as the Dictyoptera. The relative position between 
these lineages has been debated, but the weight of evidence 
from molecular markers as well as morphological traits 
now strongly suggests that the termites are nested within 
the Blattodea. Most likely they are the sister group of the 
Cryptocercidae (woodroaches). Thus, there is little doubt 
that the termites are a monophyletic clade that probably 
arose in a single ‘social cockroach’ species that rapidly 
diversified into a number of termite families. Hence, ter¬ 
mites are basically social cockroaches and they inherited 
their feeding habit of digesting dead plant material with the 
help of gut microbes from their cockroach-like ancestor. 

By contrast, the monophyly of some ‘traditional’ ter¬ 
mite families is questionable and their relative positions 
sometimes unresolved (Figure 1). Studies using different 
molecular markers and including different combinations 
of species provide contrasting results. While all recent 
analyses agree that the Mastotermitidae, which are now 
represented by a single species (Mastotermes darwiniensis), 
is the first diverging lineage within the termites, the status 
or relative position of the other basal families - the 


Termopsidae, Hodotermitidae, and Kalotermitidae - is 
unclear. The Kalotermitidae and Hodotermitidae seem to 
be monophyletic, yet the Termopsidae are either mono¬ 
phyletic or paraphyletic with respect to the Hodotermiti¬ 
dae. In some analyses, the Hodotermitidae are the second 
diverging lineage within the termites, while others revealed 
the Termopsidae, the clade (Termopsidae + Hodotermitidae) 
or the Kalotermitidae as the second diverging lineage. 
For the remainder of the phylogenetic tree, there is 
increasing evidence that the Rhinotermitidae are para¬ 
phyletic, while there is less doubt that the Termitidae 
(higher termites) are monophyletic. Despite additional 
effort, it will probably prove difficult to resolve the relative 
position of the termite families due to their rapid diversi¬ 
fication within a relatively short evolutionary time scale. 

Wood-Dwellers and Foragers - Two 
Distinct Groups of Termite Species 

Based on their ecology and particularly nesting and 
feeding habits, termites can be grouped into two life- 
types: (i) Wood-dwelling termites (Termopsidae, Kalo¬ 
termitidae, and Prorhinotermes of the Rhinotermitidae; 
one-piece nesting termites sensu Abe 1987, Figures 1 
and 2(a)): These species live in their food and spend 


Phylogenetic tree 


Termite family (life type): castes 


Classification 



Mastotermitidae (FOR): p, n, w, s 


Termopsidae (WD): P, n, s 


Kalotermitidae (WD): p, n, s 


Hodotermitidae (FOR): p, n, w, s 



Lower termites 


Serritermitidae (FOR): p, n, w, s ? 


Rhinotermitidae (WD): p, n, s 

(FOR): p, n, w, s 
+ Termitidae (FOR): p, (n), w, (s) 



Higher termites 


Figure 1 Phylogenetic tree with life types and the occurrence of different castes in termites. WD - wood-dwelling termite species, 
which nest in a piece of wood that serves both as shelter and food; FOR - foraging termite species where nest and food are separated. 
Unresolved positions are shown in gray or marked Traditionally, termites are classified into lower and higher termites according to 
the presence or the absence of protozoan gut symbionts. For the monotypic Serritermitidae, the caste system is unknown. Castes: 
p = primary reproductives, n = neotenic reproductives, w = (true) workers, s = soldiers; castes in parentheses indicate that the caste is 
not present in all species of this family. In taxa lacking workers, totipotent large immatures (often also called pseudergates, helpers, or 
false workers) occur. As they do not represent a developmental endpoint, they are not equivalent to the other termite castes and 
therefore are not listed as a caste here. Reproduced from Korb J and Hartfelder K (2008) Life history and development-A framework for 
understanding the ample developmental plasticity in lower termites. Biological Reviews 83: 295-313. 
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Figure 2 Termite life types and castes, (a) Caste in wood-dwelling termite species, here the drywood termite Cryptotermes secundus. 
Eggs develop via larvae into totipotent false workers, which have the capability to become soldiers, or two forms of reproductives: 
neotenic reproductives, which breed within the natal nest when the current reproductives die, or winged sexuals (primary 
reproductives), which disperse and found a new nest, (b) Castes in foraging termite species, here the fungus-growing termite 
Macrotermes bellicosus. Eggs develop into larvae that either become true workers, soldiers, or reproductives. Photos: V. Salewski 
and J. Korb. 


their entire colony life (except for new colony founda¬ 
tion) inside a single piece of wood that serves as both 
food source and shelter. Thus, there is no need for costly 
foraging, food is easily accessible to all colony members, 
and it is a bonanza type food source, whose availability 
declines predictably, (ii) Foraging termites (Mastotermi- 
tidae, most Rhinotermitidae, Serritermitidae, Termiti- 
dae; multiple-pieces nesting termites including the 
intermediate type sensu Abe 1987; Figures 1 and 2(b)): 
These species live in a well-defined nest that is more or 
less separated from the foraging grounds. To get access 
to food, individuals sooner or later have to forage outside 
the nest with the advantage that the colony’s longevity 
is less limited by food availability than in the wood¬ 
dwelling species. 

This ecological classification of wood-dwelling and 
foraging species is also reflected in the social organization 
of the colonies. Wood-dwelling species have a flexible 


developmental pattern in which ‘workers’ are totipotent 
and can develop into any of the caste options. They build 
the platform from which three permanent castes develop 
(Figure 3(a)): (i) sterile soldiers, (ii) winged sexuals 
(alates) that leave the nest and found new colonies, or 
(iii) neotenic reproductives that inherit the natal breeding 
position when the same-sex reproductive of the colony 
dies (replacement reproductives) or that breed in addition 
to other, generally neotenic, reproductives (supplemen¬ 
tary reproductives). These ‘workers’ have also been called 
pseudergates, helpers, or false workers (the latter in contrast 
to the true workers of the foraging termites; see Glossary). 
The flexibility in development in wood-dwelling termites is 
achieved through a unique combination of progressive, 
stationary, and regressive molts, reflecting an increase, no 
change, or a decrease in morphometric size and wing 
development, depending on ecological conditions and 
season (see Glossary). 
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Figure 3 Simplified developmental pathways in termites. Italics indicate winged reproductives; bold type indicates wingless neotenic 
reproductives; —progressive molt; : regressive molt; <->: stationary molts. Workers develop from different instars depending 
on the species; they are partly polymorphic: that is major and minor workers; in some species, they still can develop into natal 
reproductives; 2 in some species, nymphal instars can have regressive molts. Modified from Korb J and Hartfelder K (2008) 

Life history and development - A framework for understanding the ample developmental plasticity in lower termites. Biological 
Reviews 83: 295-313. 


In contrast, the true workers of foraging termite spe¬ 
cies have more restricted developmental pathways. Their 
capability for regressive molts is more and more reduced 
(e.g., within the Rhinotermitidae) or absent (e.g., Termi- 
tidae). In these species, there is an early separation into 
two development pathways (Figure 3(b)). In the apterous 
line, individuals are unable to develop wings and cannot 
disperse as winged sexuals. They become the workers and 
soldiers of a colony, although in some species they can still 
reproduce as neotenic reproductives in the natal nest. In 
the nymphal line, individuals gradually develop wings 
through several instars to become alates that found new 
colonies. The separation of individuals into these two 
pathways can already be determined in the egg stage 
and seems to be influenced by season. 

Although there have been some debates, generally the 
wood-dwelling life-type is regarded as the ancestral type 
in termite evolution. The close phylogenetic relationship of 
termites with the woodroaches that have a wood-dwelling 
lifestyle similar to the wood-dwelling termites, suggests 
that it is ancestral, probably inherited from the common 
ancestor. Consequently, to understand the factors that 
might have favored the transition from a cockroach to a 
social cockroach (in other word, the transition to termites’ 
eusociality), an obvious group to investigate are the wood¬ 
dwelling termites. 


Social Evolution of Wood-Dwelling 
Termites: Distinctive Properties of 
Living in a Single Piece of Wood 

The wood-dwelling life-type is associated with some dis¬ 
tinctive properties that must have been present when the 
termites evolved from a cockroach ancestor and which 
hence most likely shaped the termites’ social evolution. 


No Selection for Dispersal 

A distinctive property of wood-dwelling termites, which 
they most likely inherited from a woodroach-like ancestor 
and which largely distinguishes them from foraging spe¬ 
cies and social Hymenoptera, is their bonanza type food 
resource. The nest of wood-dwelling termites constitutes 
a resource that generally largely outlasts the lifetime of 
the founding reproductives. Hence, offspring can stay 
with their parents as there is no local resource competi¬ 
tion, which normally selects for offspring dispersal. Only 
when the wood block becomes fully exploited does 
resource competition occur; in line with this, under limited 
food conditions, (false) workers of wood-dwelling termites 
develop into winged sexuals that leave the nest during the 
annual nuptial flight to found new colonies. This is possible 

















398 Termites: Social Evolution 


because termites can sense food availability via vibrations 
generated during gnawing that act as reliable indicators 
of wood size. 

The Wooden Nest, A Safe Haven that Allows 
Philopatric Reproduction 

Additionally, the nest of wood-dwelling termites pre¬ 
sents a safe haven; its wooden structure protects the 
individuals against hostile environmental conditions and 
predators. This contrasts with a high mortality risk during 
dispersal when more than 99% of the winged sexuals die. 
Winged dispersing sexuals are poor flyers that are less 
protected against desiccation and are a welcomed fat- and 
protein-rich snack for many animals. These conditions 
select for staying at the nest, especially as staying indivi¬ 
duals have the possibility to inherit the natal breeding 
position as neotenic reproductive when the same sex 
reproductive of the colony dies. Thus, stayers can gain 
direct fitness benefits through philopatric reproduction. 

Less Need for Costly Help 

Staying at the nest generally also offers opportunities to 
gain indirect fitness benefits through raising siblings. 
Yet, wood-dwelling termites are unusual among social 
insects in that there is less of a need for workers to 
help in raising young. As hemimetabolous insects, the 
immatures are not like the grub-like helpless larvae of 
Hymenoptera. They can move around and rely less on 
receiving intensive brood care. As the colony lives 
inside its food, there is no necessity for costly foraging, 
and food is easily accessible to all individuals. Like 
woodroaches, individuals need to be infested with gut 
symbionts to exploit the wood resource, but these infes¬ 
tations are not costly, especially as they are reciprocally 
transferred among colony members. As a consequence, 
the older offspring of wood-dwelling termites have, in 
general, few opportunities to reduce the work load of 
reproductives and hence, although their help is essential 
(for instance with regard to infestation with gut sym¬ 
bionts), it is hardly costly in direct fitness terms, and 
thus less altruistic. 

Indeed, for the few drywood termites (Kalotermitidae) 
studied so far, there is no indication for brood care of 
dependent larvae, and for dampwood termites (Termopsi- 
dae), the limited data available suggest that the sole brood 
care consists of allogrooming. This difference between dry- 
and dampwood termites can be explained by their nesting 
environment. Drywood termites generally nest in sound 
wood, while most dampwood termites occupy nests that are 
at least partially decayed by fungus. In the former, the nest 
is a solid rather parasite- and pathogen-free environment, 
while the nests of dampwood termites are afflicted by 
high microbial loads, the latter favoring allogrooming as 


a hygienic behavior. Whether the evolution of altruistic 
termite workers started with costly hygienic behavior is 
hard to tell, especially as the phylogenetic position of the 
Termopsidae and Kalotermitidae is not resolved. 

Altogether, these distinctive properties suggest that 
workers in wood-dwelling termites are large immatures 
that delay dispersal. They stay at the natal nest because it 
presents a safe haven where individuals can inherit the natal 
breeding position, while costly altruistic helping to raise 
siblings is less essential. This together with the phylogenetic 
relationships implies that the main novelty during the tran¬ 
sition from a subsocial woodroach, like the present-day 
Cryptocercus, to social termites was the evolution of neotenic 
reproductives. The termites share, with their closest rela¬ 
tives, the woodroaches, the low quality of their wooden food 
source. This leads to slow development and requires rein¬ 
festations with gut symbionts after each molt. 

Social Evolution of Foraging Termites 

All these properties change with the transition to a life¬ 
style where individuals forage outside the nest, that is 
with the transition to the foraging termites. Although 
many of these termites still nest in dead wood, they all 
forage outside for additional food. In foraging termites, 
young depend on brood care by food provisioning. This 
task can be handed over from parents to older offspring, 
and these true workers can reduce the work load of 
reproductives further by providing them with food. This 
allows reproductives to concentrate and specialize on 
reproduction (Figure 2(b)). Annual growth rates reach 
extreme values in fungus-growing termites with queens 
laying up to 40 000 eggs daily. Accompanying specializa¬ 
tion on reproduction, true physogastry (i.e., enlargement 
of the abdomen through an increase in the number of 
functional ovarioles and fat bodies; Figure 2(b)) evolved 
in queens of foraging termites. The true termite workers 
found in these species evolved morphological adaptations 
for foraging and food provisioning. For example, scleroti- 
zation of the cuticle, which is largely absent in false work¬ 
ers, protects true workers against their hostile foraging- 
environment. However, this comes with a proximate cost 
as it hinders subsequent molts and thus prevents further 
development. Such an increase in division of labor and 
task specialization associated with morphological differ¬ 
entiations becomes more and more pronounced when 
moving from the Rhinotermitidae to the Termitidae. 
Along with this, the developmental flexibility of indivi¬ 
duals and their capability to reproduce declines. This first 
evolved through bifurcated apterous and nymphal devel¬ 
opmental pathways that preclude a majority of the colony 
members from becoming winged sexuals (Figure 3(b)). 
Next came a reduced capability of individuals from the 
apterous pathway to develop into neotenic reproductives. 
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Thus, as a broad pattern the importance of indirect fitness 
benefits through raising siblings relative to that of direct 
benefits of own reproduction gradually increases from the 
Rhinotermitidae to the Termitidae. 

Evolution of Soldiers 

In contrast to the workers, the second altruistic termite 
caste, the sterile soldiers (i) are monophyletic and basal in 
the ancestry of all termites (Figure 1), (ii) have an exclu¬ 
sive defensive function incompatible with reproduction 
and self-maintenance, and (iii) have a fixed developmen¬ 
tal pattern. They always develop via a presoldier (or white 
soldier stage) into a soldier, which presents a developmen¬ 
tal endpoint as they lose their capability to molt. Due to 
their high degree of specialization, they are unable to feed 
themselves and must be fed by their worker nestmates. 
The proportion of soldiers within a colony can vary from 
less than 1 % to more than 40%. This proportion seems to 
differ between species and some soil feeding termites, 
which are well protected against predators, have second¬ 
arily lost the soldier caste completely. The proportion of 
soldiers also varies within a species depending on factors 
like colony size, colony origin, and probably predation 
pressure. During colony ontogeny, soldiers only develop 
after the colony has reached a certain size. Thus, by 
defending a group of relatives, they increase their indirect 
fitness. There is no doubt that soldiers in all termites are 
an altruistic caste, and the main forces selecting for 
defense might generally differ between wood-dwelling 
and foraging termites. Wood-dwelling termite colonies 
seem to be largely protected against predators through 
their wooden nest structure and, although data are scanty 
so far, their main threat seems to be intra- and interspe¬ 
cific competitors that live in the same tree and consume 
the nonreplenishable wood. By contrast, in foraging spe¬ 
cies, predators are clearly the main threat to established 
colonies. 

One peculiarity are the so-called reproductive soldiers 
of the Termopsidae. They are not individuals with a 
reduced reproductive capacity as with the sterile soldiers 
of other termites. Rather they are neotenic reproductives 
with soldier-like traits and would therefore better be 
called soldier-like neotenics/reproductives. Yet, as recent 
data indicate, these soldier-like reproductives also occur 
in higher proportions in the colony after intraspecific 
encounters, suggesting that competition plays an impor¬ 
tant role in wood-dwelling termites. 

Conclusion 

Our current knowledge suggests that, although the socie¬ 
ties of social Hymenoptera and termites look strikingly 


similar, the main selective forces during social evolution 
between both groups might have been different due to 
different ancestry and life history: in the holometabolic 
social Hymenoptera, which have progressive food provi¬ 
sioning, brood care is an essential determinant of the 
reproductives success of individuals. Hence, altruistic 
helping in raising siblings can considerably increase the 
indirect fitness of an individual. In wood-dwelling hemi- 
metabolous termites, intensive brood care is less essential, 
but the wooden nest presents a safe haven where indivi¬ 
duals can inherit the natal breeding position, which thus 
selects for delayed dispersal. As family groups form, altru¬ 
istic defense by soldier is selected, and with the transition 
to outside foraging, brood care becomes more important 
and true workers evolve. Thus, the soldiers were the first 
truly altruistic caste in termites with true workers proba¬ 
bly evolving in a second step. 

See also: Cockroaches. 
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Introduction 

‘Fire-loving’ (pyrophilous) beetles depend on forest fires 
for their reproduction. Such insects approach ongoing 
fires and invade the burnt area immediately. Two genera 
of pyrophilous jewel beetles (Buprestidae) and one species 
of the genus Acanthocnemus (Acanthocnemidae) show a 
highly pyrophilous behavior. For the long-range naviga¬ 
tion toward a fire as well as for the short-range orientation 
on a freshly burnt area, these beetles have special sensors 
for smoke and infrared (IR) radiation. While the olfactory 
receptors for smoke are located on the antennae, the IR 
receptors are housed in extra-antennal sensory organs 
that can be found on the thorax or on the abdomen. In 
the best-studied beetle, Melanophila acuminata , IR recep¬ 
tors and their associated sensory neurons are derived from 
mechanoreceptors. Unlike other mechanosensory neu¬ 
rons, IR-sensitive neurons directly send their information 
to be processed centrally (e.g., by the brain) rather than 
locally in their respective ganglia of origin. It is suggested 
that smoke-derived odors and IR information converge on 
descending brain neurons, which, in turn, control and 
direct flight toward the forest fire. 

Certain species of buprestid beetles show a so-called 
pyrophilous behavior; that is, the beetles approach forest 
fires. Immediately after the blaze, beetles invade the 
freshly burnt area where they search for food (e.g., 
scorched small animals) and start reproduction. 

Two genera of jewel beetles (family Buprestidae) can 
be classified as pyrophilous: about a dozen species of the 
genus Melanophila , which are distributed nearly all over 
the world except for Australia and the ‘fire-beetle’ Mer- 
imna atrata , which is endemic to Australia. On the freshly 
burnt area, the males of both genera often stay on the 
stems of trees close to burning or glowing wood or hot 
ashes. As soon as they become aware of a conspecific 
female, they vigorously try to copulate. After mating, the 
females deposit the eggs under the bark of burnt trees. 
The main reason for the pyrophilous behavior is that the 
wood-boring larvae of Melanophila and Merimna can only 
develop in the wood of burnt trees. As a morphological 
specialty, both pyrophilous buprestid genera are equipped 
with antennal smoke receptors and thoracic or abdominal 
IR organs. 

Another pyrophilous beetle can be found in Australia: 
the ‘little ash beetle’ A. nigricans (family Acanthocnemi¬ 
dae). This inconspicuous beetle is only 4 mm long and 
highly attracted by hot ashes. However, its biology is 


nearly unknown. Obviously, Acanthocne?nus also depends 
on fires for its reproduction and is equipped with a pair of 
sophisticated prothoracic IR receptors. Up to now, noth¬ 
ing is known about possible smoke detectors in Acanthoc¬ 
nemus. Consequently, fire detection is the compelling 
precondition for the survival of all pyrophilous beetle 
species mentioned earlier. However, the outbreak of a 
forest fire is highly unpredictable. Therefore, pyrophilous 
beetles should be able to detect fires from distances as 
large as possible. It is reasonable to suppose that the 
sensory organs that are used for fire detection have been 
subjected to a strong evolutionary pressure, especially 
with regard to sensitivity. Additionally, when flying over 
a burnt area in search for a landing ground, the beetle has 
to avoid ‘hot spots’ with dangerous surface temperatures 
above about 60 °C. Additionally, the fire-relevant infor¬ 
mation provided by the peripheral sensors has to be 
processed by a highly efficient central neuronal network 
guiding the insect straightaway to a fire. 

Thoracic and Abdominal IR Receptors 

All pyrophilous beetles have special IR receptors. Because 
the pyrophilous behavior of Melanophila species and Mer¬ 
imna atrata is almost identical, one may speculate that IR 
receptors are also built in the same way. However, the IR 
receptors in the two genera are totally different! 

In M. atrata , two pairs of abdominal IR receptor can be 
found ventrolaterally on the second and third abdominal 
sternite (Figure 1(a)). 

Each receptor consists of a more or less round IR 
absorbing area of about 0.4-mm diameter, which is slightly 
sunken into the surrounding cuticle (Schmitz et al., 2001; 
Figure 2(a)). 

Insect cuticle strongly absorbs IR radiation at wave¬ 
lengths of about 3 pm, which corresponds to the maximum 
of emission of a forest fire (Vondran et al., 1995). In addi¬ 
tion, the honeycomb like microstructure of the absorbing 
area may enhance absorption. As a result, an increase in 
temperature will occur. This increase is measured by a 
large thermosensitive multipolar neuron which is attached 
to the inside of the absorbing area’s cuticle. A striking 
feature of this multipolar neuron is its dendritic region: 
several hundred small terminal dendrites which are 
densely filled with mitochondria are packed together and 
forming a compact terminal dendritic mass (Figure 2(b)). 
In principle, the stimulus-perceiving dendritic structures 
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(a) (b) (c) 

Figure 1 The IR-sensitive beetles shown from their ventral 
side. Legs removed, arrows point to IR organs, (a) Merimna 
atrata, (b) Melanophila acuminata, and (c) Acanthocnemus 
nigricans. 



Figure 2 (a) Abdominal IR receptor of M. atrata. (b) Cross- 
section through the dendritic region of the thermoreceptive 
neuron showing many small dendrites filled with mitochondria 
(gray disks). 

show the same construction design as the terminal nerve 
masses of the thermosensitive trigeminal nerve fibers, 
which innervate the IR receptors in IR-sensitive snakes 
(in boid snakes, e.g., pythons and in crotalid snakes, e.g., 
rattlesnakes). In common with the IR receptors in those 
snakes, the IR receptors of M. atrata can also be classified 
as microbolometers. Extracellular electrophysiological 
recordings from the M. atrata IR receptors have shown 
that the receptors are not very sensitive (Figure 3): the 
lowest threshold was found at an intensity of 40 mW cm -2 
where spike latencies were 47 ms. Therefore, it has to be 
postulated that Merimna may use its receptors in the near 
range to avoid landing on a hot surface. 

In Melanophila beetles, two pairs of metathoracic pit 
organs can be found directly behind the insertion site of 
the middle legs (Figure 1(b)). Each pit organ houses about 


70 cuticular sensilla (Figure 4) which most probably have 
evolved from common hair mechanoreceptors. Hence, the 
cuticular apparatus of each sensillum (i.e., the little spher¬ 
ule) is innervated by a ciliary mechanoreceptor. 

Compared to a hair mechanoreceptor, an IR sensillum 
shows the following special features. (1) The formation of 
a complex cuticular sphere instead of the bristle (Figures 
5 and 6); the sphere consists of an outer hard exocuticular 
shell as well as of an inner softer and porous mesocuticu- 
lar part. (2) The enclosure of the dendritic tip of the 
mechanosensitive neuron inside the sphere in a fluid- 
filled inner pressure chamber which is connected with a 
system of microcavities and nanocanals in the mesocuti- 
cular part (Figure 6). 

Hence, we propose that an IR sensillum most probably 
acts as a microfluidic converter of IR radiation into an 
increase in internal pressure inside the pressure chamber, 
which is measured by the mechanosensitive neuron. There¬ 
fore, not the increase of temperature but thermal expansion 
of the cuticle and water inside the sphere due to IR absorp¬ 
tion is measured. This mechanism of IR detection has been 
called the ‘photomechanic principle’ of IR measurement. 
The data that are available so far show that the IR sensilla 
of Melanophila beetles have a higher sensitivity than the IR 
receptors of M. atrata (Figure 3): 60 pW cm -2 as revealed 
by behavioral experiments and about 500 pW cm - " as 
revealed by extracellular electrophysiological recordings. 
Additionally, the photomechanic IR sensilla respond within 
only a few milliseconds to IR radiation. According to 
theoretical calculations, this should enable a beetle to 
detect a remote fire of 10 ha. from a distance of 12 km. 

The ‘little ash beetle’ A. nigricans shows a remarkable 
behavior as beetles of both sexes are attracted by forest 
fires. The beetles invade a freshly burnt area immediately 
and approach areas where glowing remnants of trees or 
hot ashes are still present. The beetles often land very 
close to spots with still high surface temperatures. After a 
short period of quickly running around, the beetles hide 
in small openings in the ash or under the bark of burnt 
trees. The reason for this so-called pyrophilous behavior 
is unknown, but it can be speculated that the described 
‘hot spots’ serve as meeting places for the sexes. Most 
probably, the females deposit their eggs into the ash or 
under the bark of burnt trees. A. nigricans has two IR 
organs on the prothorax, which are situated just anterior 
to the coxae of the prothoracic legs. The main component 
of an IR organ is a cuticular ‘sensory disk,’ which is 
situated over an air-filled cavity (Figures 1(c) and 7). 

On the outer surface of the disk, about 90 tiny sensory 
receptors (i.e., cuticular sensilla) are situated. The pore¬ 
less outer peg of a sensillum is 3-5 pm long and is sur¬ 
rounded by a cuticular wall (Figure 8(a)). 

One ciliary sensory cell innervates the peg. As a special 
feature, the outer dendritic segment is very short already 
terminating below the cuticle. A massive electron-dense 
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Figure 3 Responses of the Merimna and Melanophila IR receptors. Discharge rates are given as functions of time at five different 
laser powers. Black bars indicate onset and duration of stimulation. Note that latencies are much lower in Melanophila. Adapted 
from Schmitz H and Trenner S (2003) Electrophysiological characterization of the multipolar thermoreceptors in the ‘fire-beetle’ 
Merimna atrata and comparison with the IR sensilla of Melanophila acuminata (both Coleoptera, Buprestidae). Journal of 
Comparative Physiology A 189: 715-722. 



Figure 4 IR organ (size 0.3 x 0.2 mm) of Me. acuminata. 

At the bottom of a small pit, about 70 hemispherical IR 
receptors are situated. 

cylindrical rod, which most probably represents the 
hypertrophied dendritic sheath, extends through the 
cuticular canal connecting the tip of the outer dendritic 
segment to the peg (Figure 8(b)). 

The dendritic inner segment and the soma are fused 
indistinguishably. Thin, leaflike extensions of glial cells 
deeply extend into that conjoint and considerably 
enlarged compartment which also contains large numbers 
of mitochondria (Figure 9). 

In summary, the sensilla of the sensory disk of A. nigricans 
represent a new type of insect sensillum. However, the 
functional significance of the different components of the 
sensillum is not understood. Because this type of sensillum 
is the only sensory receptor on the disks, it can be postulated 
that it functions as a sensory unit for IR radiation. Recently, 



Figure 5 Melanophila IR sensillum partly opened by a focused 
ion beam (FIB). The inner spherule is visible which consists of 
a massive outer exocuticular mantle and a porous inner region 
of softer mesocuticle. Below, the inner pressure chamber is 
visible where the tip of the mechanosensitive dendrite is 
anchored (not shown). Diameter of the sphere is 10 ^m. 

electrophysiological recordings have determined the inten¬ 
sity threshold of the Acanthocnemus sensilla to 25 mW cm -- . 
Thus, the sensitivity ranges between Merimna and Melano¬ 
phila. The Acanthocnemus beetles could, thus, be able to locate 
attractive hot spots on a freshly burnt area from some 
distances. Responses consist of an initial firing transient 
with a subsequent increased firing plateau. This pike fre¬ 
quency increase is followed by a pronounced spike suppres¬ 
sion after the end of stimulation (Figure 10). This response 
pattern is predestined to evaluate spatial temperature gra¬ 
dients by a flying beetle to aid the location of suitable 
landing sited close to hot spots. 
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Figure 6 Schematic reconstruction of an IR sensillum. Asterisk 
indicates innermost portion of hard exocuticle. The tip of the 
mechanosensitive dendrite is enclosed in the pressure chamber 
and is embedded in a mass of fibrous material. Adapted from 
Schmitz A, Sehrbrock A, and Schmitz H (2007) The analysis of the 
mechanosensory origin of the IR sensilla in Melanophila 
acuminata (Coleoptera; Buprestidae) adduces new insight into 
the transduction mechanism. Arthropod Structure & 
Development 36: 291-303. 



Figure 7 Head and prothorax of Acanthocnemus nigricans 
shown from the ventral side. Arrows point to the prothoracic IR 
receptors consisting of little disk arranged over air-filled cavities. 
Scale = 0.2 mm. 


Neuronal Pathway of Information 
Processing 

Little is known about how the nervous system processes 
the information of odors emitted by burning wood. Also, 
not much is known about the central processing of IR 
stimuli by the beetles’ central nervous system, but the 
anatomy of the IR-sensitive receptor neurons has been 
examined in the beetle Me. acuminata. We describe this 



Figure 8 (a) Outer cuticular apparatus of one peg-like 
sensillum which can be found on the outer surface of the disk. 
Scale = 1 jam. (b) Longitudinal section through a sensillum. 

The electron-dense rod can be traced up to the inner lumen of 
the disk. Scale = 2 |.im. 



sensory disk of Acanthocnemus. tri, to, th: indicate three 
nonneural (i.e., enveloping) cells; nu: nucleus; mt: mitochondria. 
Adapted from Kreiss E-J, Schmitz A, and Schmitz H (2005) 
Morphology of the prothoracic disks and associated sensilla of 
Acanthocnemus nigricans (Coleoptera, Buprestidae). Arthropod 
Structure & Development 34: 419-428. 


system here as it suggests some general processing char¬ 
acteristics, although individual pyrophilous insect species 
will probably have evolved anatomically different neural 
pathways, just as the IR sensors are quite different and are 
also derived from different kinds of sensory structures. 

In Melanophila , each IR receptor (each little spherule in 
Figure 4) is supplied by the dendrite of one sensory 
neuron whose cell body resides below the cuticle and 
which sends an axon toward the central nervous system. 
The approximately 70 axons per IR pit organ form a fiber 
bundle that joins the hind leg nerve, as one would expect 
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Figure 10 Mean normalized instantaneous spike frequencies 
for eight irradiation intensities of pulsed red laser light (n = 8 
sensilla, inset: stimulus paradigm). Ongoing activities measured 
prior to stimulus onset were set to 100% for each recording. The 
black bar denotes the stimulus (250 ms). For clarity, error bars are 
shown only for one curve. A first spike frequency increase in 
response to irradiation is visible at an intensity of 25 mW cm -2 . 


of sensory neurons associated with the metathorax. 
Together with many other axons originating from the 
leg, the IR-sensitive axons enter the metathoracic gan¬ 
glion (Figures 11 (a), 11(d), and 12). As the IR sensilla are 
derived from mechanoreceptors, so are the neurons sup¬ 
plying them, which is reflected by their terminal arbori¬ 
zation pattern in the thoracic ganglia (Figures 11 and 12). 
After entering the ganglion through the leg nerve, the 
axons proceed toward the midline without providing any 
significant output in the leg neuromere proper (the ovoid 
regions outlined in Figure 11(a) and 11(d)). They have 
most of their terminal arborizations and presynaptic terminals 
(output ‘blebs’) in the central area of the fused meso/ 
metathoracic ganglia (Figures 12 and 13), referred to as 
‘ventral association centers’ (Pfltiger et al., 1988). 

This is a major difference between IR-sensitive neu¬ 
rons and ‘ordinary’ mechanosensory afferents: the latter 
may have some collaterals and terminals in the central 
area of the ganglion, but the majority of their terminals 
are restricted to the leg neuropil proper, which is situated 
more laterally in the ganglion (inside the ovoid outlines in 
Figure 11(a)). 

This is noteworthy because the leg neuromeres proper 
comprise the circuitry for the control of individual legs 
(mechanosensory input and motor neuron output), whereas 
the central areas of the ganglion in particular comprise 
ascending and descending pathways (Burrows, 1996) that 
relay information to and from the brain. This suggests that 
most of the information provided by the IR sensilla is not 
used or processed locally (at the level of the second or 
third pair of legs), but instead is transferred to higher-order 
neurons and ultimately to the subesophageal ganglion and 
brain (Figure 11). 

A second difference between IR afferents and most other 
‘ordinary’ mechanosensory neurons is that the former 
have axonal projections that ascend to the prothoracic 


ganglion (Figure 11(c)) and on to the subesophageal 
ganglion (Figure 11(b)). The prothoracic ganglion con¬ 
trols the front legs, but just like in the posterior ganglia, 
the IR afferent terminals are restricted to the central part 
of the prothoracic ganglion, again suggesting that IR 
information is either transferred to ascending interneur¬ 
ons projecting to the brain or that IR output modulates 
descending information sent from the brain to the pro¬ 
thoracic ganglion. We found fewer axons stained in each 
successive ganglion, and only very few axons were found 
to reach the brain proper, suggesting that an ever-decreasing 
portion of the IR information is used by the more anterior 
ganglia. This finding might in part be due to technical 
problems (it is not always possible to trace neurons in 
their entirety because the fluorescent dye used to trace 
the neurons gets more and more diluted as it travels all 
the way to the most remote branches). 

However, we have no reason to believe that the major¬ 
ity of IR-sensitive neurons ascends up to or beyond the 
prothoracic ganglion. We do not know why IR informa¬ 
tion is sent via two ascending pathways: direct axon col¬ 
laterals and input to ascending interneurons. It is also 
noteworthy that not a single afferent was found to cross 
the midline, indicating that the side specificity is main¬ 
tained up to the brain, which is important for the resulting 
steering reactions evoked by IR input during flight. Just 
like the IR-sensitive sensilla themselves, their afferent 
neurons are highly specialized, but without any doubt 
derived from ‘common’ mechanosensory neurons that 
have lost their termination areas in the local neuropil 
but have gained more access to central ascending neurons, 
providing a fast pathway to the brain. Interestingly, the 
same is true for auditory neurons in crickets and some 
moths: like IR receptors, they do not provide ‘local’ infor¬ 
mation (relevant to the respective thoracic or abdominal 
neuromere) but information crucial for the overall behav¬ 
ior of the animal, which is integrated by the brain. These 
derived mechanosensory neurons, like beetle IR afferents, 
terminate in central parts of the respective ganglia and 
send collaterals anteriorly up to the subesophageal gan¬ 
glion or even the brain. Recent unpublished results sup¬ 
port this idea: in Acanthocnemus , a massive tract of afferents 
from the IR-sensitive organ projects directly to the brain, 
again suggesting that IR information is integrated cen¬ 
trally rather than locally at the level of individual thoracic 
segments. 


Integration of Infrared and Olfactory 
Information 

Much is known about olfactory processing in insects, 
although not about the particular case of smoldering wood - 
odor processing in beetles. In short, odorant-selective 
sensory neurons originating from sensilla (e.g., the short 
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Figure 11 Arborization pattern in the central nervous system of 
afferent neurons originating from the IR sensilla of the beetle Me. 
acuminata, (a) Sketch showing afferents (red) entering the 
metathoracic ganglion meta and ascending through the 



Figure 12 Photomicrograph of IR sensilla afferents in the 
meso/metathoracic ganglion stained with dextran tracer in Me. 
acuminata. Photomontage of seven individual sections; 
abdominal ganglion (abd), leg nerve (Ig); other abbreviation as in 


Figure 11. 


pegs mentioned earlier) on the antenna terminate in the 
antennal lobe, the first-order olfactory processing neuro¬ 
pil (Figure 13). 

The antennal lobe is composed of glomeruli (Figure 
13(b)), spherical neuropil regions that each receive input 
from a particular class of receptor neurons and process a 
small subset of odorants. Smoke odors are of extreme 
importance for the behavior of pyrophilous beetles, simi¬ 
lar to the role pheromones play for the orientation of 
many other insects. In Melanophila , one might therefore 
expect to find glomeruli specialized for smoke compounds 
among other glomeruli processing more common 


mesothoracic meso and prothoracic ganglion pro to the 
subesophageal ganglion seg and toward the brain; putative 
presynaptic output in each of the ganglia indicated by short side 
branches. Insets show graphical reconstructions of actual 
neurons and their collaterals in (b) the subesophageal ganglion, 
(c) the prothoracic ganglion, and (d) the fused meso/metathoric 
ganglia. Brain components indicated in sketch are the optic 
lobes (lamina (la), medulla (me), and lobula (lo)), the antennal 
lobes (al), and the central body (cb). 
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Figure 13 Photomicrographs of (a) the brain of Me. acuminata ; 
photomontage of two sections (osmium stained material), the left 
and right half showing different anterior/posterior depths; 
antennal lobe enlarged in (b) to show some of the olfactory 
glomeruli. Abbreviation as in Figure 11. 


odorants. In analogy to pheromone-processing glomeruli, 
such ‘smoke compound glomeruli’ might well be enlarged 
compared to the other ‘ordinary’ glomeruli, reflecting the 
biological significance of those odorants. 

Output neurons connecting the antennal lobes to the 
central brain (projection neurons) show more specific and 
temporally sharpened responses than sensory neurons. 
Judging by their anatomical distribution in the central 
brain, these projection neurons probably do not directly 
interact with ascending IR information. Rather, one might 
expect convergence of IR-sensitive neurons and smoke- 
odor detecting neurons at the level of descending brain 
neurons, the ultimate integrators of any information pro¬ 
cessed by the brain. Such neurons would integrate IR and 
smoke odor information (together with flight-relevant 
visual and mechanosensory input) and would in turn 
control the ‘flight motor’ in the thorax and steer the beetle 
toward the forest fire. Similar descending neurons have 
been described to control odor-modulated flight in moths. 
Future research will have to reveal how exactly the two 
sensory modalities (IR radiation and smoke compounds) 
interact to change the arousal status, trigger flight, or 
modulate the beetles’ orientation behavior. The two mod¬ 
alities may also be spatially integrated together with 
visual information in a consistent fashion. It is known 
that the tectum of owls calculates a coherent ‘map’ from 
visual and auditory information, and the beetles’ brain 


may perform some comparable, albeit more crude, align¬ 
ment of different sensory inputs. This would help the 
beetle to approach the common source of the odor and 
IR radiation. 


Concluding Remarks 

Finding a forest fire is a crucial task for the introduced 
pyrophilous beetles. Therefore, a strong evolutionary 
pressure has acted upon the sensory systems of the beetles 
enabling them to detect a fire from distances as large as 
possible. Forest fires emit light, noise, smoke, and IR 
radiation. Up to now, there is no evidence that pyrophilous 
beetles use visible light or sound for the detection and 
localization of forest fires. A typical forest fire burns with 
a temperature of about 500-1000 °C. Fires of this temper¬ 
ature, which also emit enormous amounts of smoke, have 
their maximum emission of electromagnetic radiation in 
the IR wavelength range of 2.2-4 pm. Since IR radiation of 
this wavelength is transmitted well through an atmospheric 
window, IR reception and the smell of burning wood are 
useful tools for the detection and localization of burning 
trees. As shown for Me. acuminata , certain antennal olfac¬ 
tory receptors have developed into specialized sensors for 
the detection of characteristic compounds in smoke. 

The following hypothetical scenario could explain the 
evolutionary pathway toward IR organs: insect cuticle 
absorbs IR radiation very well and this causes heating of 
the underlying tissue. At a certain temperature, heating 
may have irritated some sensilla and internal neurones 
of the body wall. If these ‘unphysiological’ excitations 
became combined with reactions, which are meaningful 
in the behavioral context of a pyrophilous insect, a selective 
pressure for evolutionary transformation may have become 
effective. A greater sensitivity seems desirable because it is 
of advantage to detect an IR source from greater distances. 
Consequently, the sites on the integument with the best 
prerequisite of evolving into an IR organ were those in a 
ventrolateral position facing the ground as well as the lateral 
environment of the flying beetle. The result was a synorga- 
nization of the corresponding part of the cuticle, the 
epidermis, and the underlying sensory structures (in 
case of M. atrata the multipolar neuron) as well as neuro¬ 
nal connections within the central nervous system. 

See also: Thermoreception: Vertebrates. 
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Introduction 

Thermoreception, the sensing of temperature changes, is 
a sense present in all vertebrates. However, thermorecep¬ 
tion is a highly diverse sense used in many different ways 
by various vertebrate taxa. Most species do not have 
specified organs and the receptors are embedded just 
within the skin and/or inside the body like the pituitary, 
the brainstem, the spinal cord, and the hypothalamus. 

Based on their location, thermoreceptors may serve 
different purposes: 

1. Measuring body temperature both in poikilothermic 
(cold-blooded) and homeothermic (warm-blooded) 
vertebrates for subsequent thermoregulation. 

2. Measuring surface temperature of the body and/or 
contacting substrate in order to protect the integument 
of the animal, to find food, to thermoregulate, or even 
to measure nest temperature for incubating eggs (e.g., 
crocodiles and some birds). 

3. Measuring surface temperature of distant objects for 
finding suitable places for thermoregulation, for hunt¬ 
ing (some snakes) or to find food sources like veins as 
suspected for vampire bats. 

In all taxa of vertebrates, thermoreceptors may also 
be sensitive to mechanical stimuli as well, and they are 
properly addressed as combined mechano- and thermo¬ 
receptors. In some elasmobranchs like sharks, rays, and 
skates, they are also sensitive to electrical currents 
(ampullae of Lorenzini). 

At the physiological level, thermoreception seems to 
be based mainly on temperature-dependent calcium 
channels that are also sensitive to capsaicin. The proteins 
of these ion channels belong to the family of TRP (tran¬ 
sient receptor potential) ion channel proteins. 

Based on the very different purposes of thermorecep¬ 
tion and the multimodality of receptors, the thermal sense 
is not an isolated sense like vision, olfaction, or hearing. 
Furthermore, in most vertebrates, thermoreception is 
embedded within the somatosensory system and pro¬ 
cessed together with pain and touch information via the 
trigeminal and spinal nerves. The impressive exceptions 
to this rule are snakes, where the thermal sense has 
evolved into an infrared sensory system capable of detect¬ 
ing minute thermal differences of distant objects. 


Fish 

Teleosts (bony fish) are able to detect temperature differ¬ 
ences of the water they swim in. Based on ethological 
studies, it has been shown that the Atlantic cod (Gadus 
morhua) can distinguish water temperature changes of less 
than 0.07 °C. Since the physiology of fish is largely depen¬ 
dent on temperature, it is crucial for the fish to be able 
to sense the water temperature and thermoregulate by 
swimming into cooler or warmer water. The thermore¬ 
ceptors are distributed over the entire surface of the fish 
and connected via the spinal cord to the brain. Additional 
thermoreceptors are found in the preoptic hypothalamus. 

It has been calculated that a fish of 50 cm would be able 
to detect temperature gradients of 0.003 °Cm _1 . There¬ 
fore, thermoreception in fish could even serve for orien¬ 
tation, since this level of discrimination would allow the 
fish to follow isotherms in the water. 

Elasmobranchs have very sensitive cooling receptors, 
contained within the ampullae of Lorenzini, the sensory 
structures that are also sensitive to electrical fields and 
mechanical stimuli. These organs are large sensory bulbs 
filled with a jellylike substance. Their nerve fibers are 
spontaneously active. Cooling of receptors results in an 
increase of discharge frequency, while heating decreases 
the spike frequency. 

Amphibians and Reptiles 

Thermoreception in amphibians has not been studied 
intensively so far. Since amphibians are poikilothermic, 
they have to thermoregulate and are able to detect ther¬ 
mal differences in their environment. Amphibians do have 
cutaneous thermoreceptors as well as receptors within 
their hypothalamus. In the African clawed frog Xenopus 
laevis , an entirely aquatic amphibian, the receptors of the 
lateral line system which are used to detect water move¬ 
ments, also respond to temperature changes. 

Reptiles are the largest and most diverse group of 
terrestrial poikilothermic vertebrates. They need to ther¬ 
moregulate their body temperature to keep their phys¬ 
iology at an optimal level and to maintain optimal 
metabolism. Furthermore, they have to be able to find 
nesting sites within an accurate temperature threshold in 
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order to incubate their eggs. As can be expected among 
those taxa of cold-blooded hunters that hunt predomi¬ 
nantly warm-blooded prey, we find species possessing by 
far the most sensitive thermoreception not only among 
vertebrates but also within the entire animal kingdom. 
Thermoregulation of the body by means of selectively 
choosing sites for basking or retreating from the sun 
enables reptiles to keep their body temperature well 
above ambient temperature and at a level with as little 
fluctuation as 0.5 °C. 

Some pythons like green tree pythons (.Morelia viridis) 
coil around their eggs and actively maintain a constant 
brooding temperature of 31.5 °C. These snakes are able to 
heat up their nest by means of muscle contractions that 
produce metabolic heat. At the same time, they open their 
coils if the temperature is getting too high. The amazing 
part is not only the active brooding itself but also the 
precise maintenance of temperature for incubating their 
eggs. Crocodiles also seem to measure the temperature of 
the soil their eggs are incubating in and perform a number 
of actions to maintain the temperature. Some crocodiles 
actively add rotting plant material to the nest or decrease 
the amount of it. The composting breakdown of this 
material adds heat to the nest. 

To sense their thermal environment, reptiles use cuta¬ 
neous thermoreceptors. In some species of snakes, a subset 
of these thermoreceptors have become embedded in 


organs, the so-called pit organs in pit vipers (rattlesnakes, 
eyelash vipers, north American copperheads) and the labial 
pits in boid snakes (boas and pythons) (Figure 1). The 
increased sensitivity of these thermoreceptors enables the 
snakes to sense warmth (infrared radiation) from a distance. 
The warmth of any object radiates within the infrared part 
of the spectrum (wavelength lOOOnm-lOpm) of the elec¬ 
tromagnetic spectrum. Thus, this specialization of thermo¬ 
reception is called ‘the infrared sense.’ 

The most sophisticated infrared sense is found in pit 
vipers (Crotalidae). Pit vipers are a subfamily of the true 
vipers and have pits on each side of their head between 
the eye and the nostril that give these snakes their name. 
The pit organs function as a pinhole camera (outer cavity) 
and have infrared receptors embedded in a membrane at 
their fundus. This membrane is only 10-15 pm thick and 
insulated from the underlying tissue by an air-fdled cavity 
(inner cavity). A capillary bed runs through the mem¬ 
brane, supplying all areas with oxygenized blood. It has 
been found that the blood flow through the membrane is 
enhanced as soon as it is stimulated by an infrared source. 
This is not only due to supply the infrared receptors with 
nutrition and oxygen but also to cool down the receptors 
themselves. Since infrared detectors can only react to 
temperature differences, cooling down the infrared 
organ after detecting an object prevents image from fading 
due to habituation. 




Loreal pits in 
pit vipers 


Figure 1 Labial pits in pythons (Morelia viridis) and boas (Corallus caninus) can be numerous in the upper and lower labials. A paired 
bit organ is found in pit vipers (Protobothrops jerdonii). 
















Thermoreception: Vertebrates 411 


In the labial pits of the pythons and boas, the terminal 
nerve masses lie just within the fundus of the pits, there is 
no inner cavity like in pit vipers. Therefore, warmth can 
be conducted by the underlying tissue and more energy is 
needed to heat up the receptors. This is most likely one of 
the reasons why boids vipers are at least ten times less 
sensitive to infrared stimuli compared to pit vipers. The 
thermoreceptors in pit vipers react to temperature 
changes as little as 0.003 °C. In terms of detection distance 
of their prey, behavioral studies have shown that blind¬ 
folded western diamondback rattlesnakes (Crotalus atrox) 
are able to detect a mouse in a distance of at least 1 m. In 
comparison, blindfolded ball pythons (Python regius) 
detect a mouse in a distance of only 30 cm. 

The infrared receptors in boids and pit vipers are called 
‘terminal nerve masses’ (TNM). Their nerve fibers run as 
part of the trigeminal nerve through the trigeminal gan¬ 
glion and entering the brainstem. Both in boids and pit 
vipers, they terminate in a specialized nucleus, the nucleus 
of the lateral descending trigeminal tract (LTTD). This 
nucleus is absent in all other snakes or vertebrates. The 
infrared information is processed through the nucleus rec- 
ticularis caloris in pit vipers, before it enters the Tectum 
opticum and from there on infrared vision is processed 
together with the visual system. 

The function of the TNM is not clearly shown. 
Specialized molecules specifically absorbing infrared 
wavelengths have been searched for intensively, but no 
evidence of the existence of such molecules has been 
found. The membranes of the TNMs do seem to possess 
an extremely low variety of molecules which has stimu¬ 
lated hypotheses on infrared absorption in TNMs. A very 
high density of mitochondria is found in TNMs. It has 
been speculated that the mitochondria act as calcium- 
sequestering compartments that rapidly increase calcium 
levels within the intracellular matrix of the TNM and 
thus elicit a response in the nerve fiber. 

The nerve fibers of the TNMs are spontaneously 
active. Warm objects in front of the pit organ increase 
spike frequency, whereas colder objects decrease it. The 
frequency of spontaneous spiking depends on the ambient 
temperature, and thus absolute temperatures cannot be 
distinguished but only relative temperature changes. 

The infrared system of snakes is based on the extremely 
sensitive receptors (TNMs) embedded in specific organs 
that increase the sensitivity and thus create a telesensor for 
temperature changes. Based on the bilateral nature and the 
organization of the pit organs, three-dimensional infrared 
vision is possible. This explains why these snakes are able to 
perform precise strikes to capture their prey in total dark¬ 
ness (see of blindfolded pythons). 

The intermingling of the infrared sense with the 
visual system, that is, the Tectum opticum as well as all 
processing areas within the thalamus and forebrain, leads 
to the interpretation that the infrared sense may be 


regarded as an additional color channel for the snakes 
visual system. 

Thermoreception in snakes for thermoregulation is 
also an economic way for the animals to find basking 
sites. Poikilothermic vertebrates may have to wander 
around searching for a warm spot, whereas thermosensi¬ 
tive snakes may ‘see’ the basking site at a distance and 
move toward it directly. 


Birds 

In contrast to reptiles, birds are mostly homeothermic and 
have to maintain a constant body temperature by means of 
shivering and heating up their body temperature. How¬ 
ever, some small bird species, as well as newly hatched 
naked birds, are more or less poikilothermic and rely on 
external heat sources. Birds do possess thermoreceptors in 
the skin of the body and the face as well as the beak. High 
densities are also found especially around the brooding 
patch, a naked area of skin used for incubation of eggs 
takes place. It has been shown that birds regulate the 
blood flow in the brooding patch and maintain a constant 
temperature for their eggs. 

Molecular studies revealed that cold- and heat-sensing 
channels are present in the chicken (Gallus gallus). 


Mammals 

Mammals are homeothermic vertebrates maintaining 
their body temperature not only by shivering but also by 
using metabolic heat from the heat-generating brown 
adipose tissue. The thermoreceptors measuring the body 
temperature are found within their central nervous sys¬ 
tem in the hypothalamus and spinal cord. Thermorecep¬ 
tors are also found within the skin; warm receptors are less 
abundant than cold receptors and their highest density is 
found in the face around the lips and nose as well as hands 
and feet. As in other vertebrates, most thermoreceptors 
are combined mechanoreceptors. 

The most remarkable adaptation of thermoreception 
in mammals may be found in bats. Vampire bats (Desmodus 
rotundus) have a shieldlike nose with a rostral orientation. 
Within this nose shield, high densities of thermoreceptors 
have been found. The thin shield reduces the conduction 
of warmth into the tissue and enhances a high sensitivity 
for temperature changes. Although experiments on sensi¬ 
tivity are lacking, it has been speculated that vampire bats 
use the thermoreception in their nose to find blood veins 
under the skin of their victims. Vampire bats are known to 
seek mammals, land on them, and search for an optimal 
sight where they bite through the skin to lick the blood of 
their victim. 
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See also: Thermoreception: Invertebrates. 
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As is true of many model species in biology, the diminu¬ 
tive fish known as the threespine stickleback acquired its 
stature because it was familiar to those who later made it 
famous. Described by Niko Tinbergen in a wonderful 
1952 article, The Curious Behavior of the Stickleback , much 
of the natural history and behavior of this small fish was 
well known, both to scientists and to children who kept 
them in aquaria as pets, well before Tinbergen and his 
coworkers moved them into the laboratory and began 
their ethological research on the species. The research 
that took place in Tinbergen’s laboratories in Leiden and 
Oxford focused attention upon behavior patterns then 
viewed as ‘species-typical,’ or characteristic of the species 
as a whole. This view of the threespine stickleback as a 
single, largely invariant taxon has been replaced with the 
recognition that it in fact comprises a marvelous and 
diverse adaptive radiation that has arisen since the last 
glacial maximum. The kinds of questions asked of the 
stickleback have changed with time, as have the tools 
available with which to ask the questions. Nevertheless, 
the insights of Tinbergen and his coworkers provide the 
backbone of our knowledge concerning the behavior of 
this wonderful, small fish. 

Evolutionary and Natural History of the 
Threespine Stickleback 

The threespine stickleback, Gasterosteus aculeatus , is a small 
fish (3-8 cm in length at breeding) that is widespread in 
holarctic oceanic and coastal freshwater habitats. It is a 
member of the family Gasterosteidae (the sticklebacks), 
a monophyletic group most closely related to the marine 
family Aulorhynchidae, which is paraphyletic with 
respect to the sticklebacks. The Gasterosteidae includes 
five genera, only one of which, Gasterosteus , includes more 
than one extant, widespread species (G. aculeatus and 
G. wheatlandi). Ancestrally oceanic, this family includes 
one marine genus ( Spinachia ), three genera that are found 
in both marine and freshwater (. Apeltes , Gasterosteus , Pungi- 
tius ), and one that is found exclusively in freshwater 
('Culea ). Because the family includes mostly monotypic 
genera, it is not likely to provide great insight into the 
nature and pattern of evolutionary transitions in a stan¬ 
dard phylogenetic framework, but phylogenetic compar¬ 
ative studies have identified behavioral phenotypes likely 
to be evolutionarily ancient in the family. 


The best-studied species in the Gasterosteidae is the 
threespine stickleback, a species with characteristics that 
have afforded it model system status (indeed, supermodel 
status) in evolutionary developmental genetics, including 
behavior. This small fish exhibits extensive population- 
level adaptive differentiation in freshwater, much of which 
must have occured in the last 15 000 yr as glacial ice 
retreated. With the withdrawal of ice from coastal regions, 
oceanic threespine stickleback invaded newly created 
freshwater habitats (Figure 1) radiating into uncountable 
freshwater populations. 

This radiation possesses two features that make it 
especially valuable for the evolutionary study of behavior. 
The first is that living oceanic fish closely resemble those 
which gave rise to the recent freshwater radiation, making 
it possible to understand a trait’s ancestral condition rela¬ 
tive to the postglacial freshwater radiation. Second, upon 
invasion of freshwater habitats, the oceanic colonists gave 
rise repeatedly, and independently, to similar populations 
in similar habitats that differed predictably from those 
found in divergent habitats (parallelism). The consistency 
of phenotype-environment associations among freshwa¬ 
ter populations independently derived from oceanic 
ancestors suggests that some aspects of genetically based 
divergence in phenotypes, including elements of behavior, 
are adaptive. Hence the term ‘adaptive radiation,’ in which 
the first term reflects the role of natural selection, and the 
second, the diversification in fresh water. 

Parallelism is apparent in the loss of armor in freshwa¬ 
ter populations. This is likely caused by reduced availabil¬ 
ity of calcium relative to oceanic environments, decreased 
predation by vertebrates, and increased predation by 
invertebrates. Most freshwater populations have lost the 
heavy posterior flanking plates characteristic of oceanic 
fish (Figure 1, center image) after invasion of fresh water. 
In some freshwater lakes free of piscine predators, stick¬ 
leback have also lost the forward-most plates that support 
the first dorsal spine and paired pelvic spines on the 
underside of the fish. The ancestral complex provides 
a spiny, robust defense against some vertebrate pred¬ 
ators. In addition to the loss of armor in predator-free 
environments, stickleback can exhibit different behavioral 
responses to attack than do those from populations where 
predatory fish are abundant. 

A second axis of ecotypic divergence in the stickleback 
radiation in northwestern North America is the benthic- 
limnetic divergence associated with foraging habit (Figure 2). 
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Figure 1 The adaptive radiation of the threespine stickleback. 
The central image represents the ancient oceanic lineage, 
and the peripheral images, the freshwater derivatives that 
comprise the radiation. Reproduced with permission from Bell 
MA and Foster SA (eds.) (1994) The Evolutionary Biology of the 
Threespine Stickleback. Oxford: Oxford University Press. 



Deep, oligotrophic lake 


Shallow, eutrophic lake 



Figure 2 The benthic-limnetic ecotypic differentiation of 
lacustrine stickleback. Oceanic fish are used to infer the 
acquisition and loss of traits in benthic and limnetic stickleback. 
Redrawn from Foster SA (1999) The geography of behavior: 

An evolutionary perspective. Trends in Ecology and Evolution 44: 
190-195. 


Extreme and limnetic forms are best known in the small 
number of cases in which they are found as lake-dwelling 
pairs of benthic and limnetic species that have not been 
given named species status for a number of reasons. Benthic 
and limnetic ecotypes are also found alone in lakes, and 
the resident ecotype is predictably associated with lake 



Figure 3 Male, exhibiting bright nuptial coloration, courting 
the less conspicuous female. Both are from Hotel Lake British 
Columbia, where males exhibit nuptial color during courtship. 
© Dwight Kuhn. 


characteristics. The correlations between ecotype and lake 
characteristics offer insight into the ecological causes of the 
differences in morphology and behavior of the two forms. 
Stickleback in small, shallow lakes have evolved a deep¬ 
bodied (benthic) form specialized for feeding on benthic 
invertebrates, while those in deep, oligotrophic lakes evolved 
a slender form (limnetic) adapted for feeding on plankton 
(Figure 2). Stickleback of these two ecotypes exhibit pre¬ 
dictable differences in foraging and reproductive behavior 
that are linked to the habitats in which they live, but that 
can only be fully interpreted in an evolutionary context 
with reference to the ancestral condition. 

Certain aspects of the behavior of stickleback seem to 
be characteristic of oceanic populations and also appear in 
most freshwater populations. In early spring, males move 
into shallow littoral regions of marine, brackish, or fresh¬ 
water habitats where they establish territories and build 
tubular nests of organic material that is collected from the 
substratum and glued together with kidney secretions. 
During this period, males may develop the red coloration 
usually considered typical of a courting male (Figure 3), 
although in oceanic and benthic populations, drab color¬ 
ation can be retained well into the courtship phase of 
reproduction, or even until the onset of parental care. 
Once the nest is completed, males court receptive females, 
which are distinguishable by their distended abdomens, 
solitary behavior, and characteristic head-up postures 
when soliciting males. If the female responds positively 
to the male, he leads her to his nest, inserts his nose in 
the entrance, and turns on his side, ‘showing’ the nest 
entrance. If the female enters the nest, the male presses 
his snout against her tail, which protrudes from the nest, 
‘quivering’ until the female leaves the nest. If the male is 
not distracted from quivering, the female usually spawns 
in the nest, releasing all of her eggs. She then resumes 
foraging and clutch production. Females can mature 
clutches at approximately weekly intervals. 
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Courtship behavior of male threespine stickleback is 
usually considered to be the prominent, ‘species-typical’ 
zig-zag dance, in which the male swims rapidly toward an 
approaching female, with forward progress interrupted by 
a pronounced ‘jumps’ from side to side. A second court¬ 
ship behavior, originally interpreted as ‘interrupting 
courtship’ and deterring a female from approaching the 
male’s nest, is termed ‘dorsal pricking.’ When performing 
this behavior, females are positioned above the male, and 
both meander erratically, with the male occasionally 
pressing backward and up, pushing his erect dorsal spines 
into the belly of the female. In early laboratory observa¬ 
tions, males were described as initiators of the behavior. 
However, in many stickleback populations (primarily can¬ 
nibalistic populations), females initiate this behavior, and 
it is the primary form of courtship. The overall pattern of 
courtship in cannibalistic populations is less conspicuous 
than in noncannibalistic populations, presumably because 
cannibalistic foraging groups detect nests as a conse¬ 
quence of activity at the nest. 

Males spawn multiple times, usually making the tran¬ 
sition to parental behavior in 24-36 h. They provide all 
subsequent care of young for a 7-14 day period (tempera¬ 
ture dependent), modifying the nest to provide for chang¬ 
ing needs of the young, removing damaged embryos, 
fanning the nest to avoid sedimentation and to provide 
well-oxygenated water, and defending the young from 
predators. Predators on young can include leeches, scul- 
pin, and other fish. Conspecifics - most often large groups 
of females between reproductive bouts - may also attack 
nests and consume young. Cannibalistic conspecifics over¬ 
whelm the defenses of the males through sheer numbers, 
with the result that direct attack by males is unlikely to 
deter them. Instead, males in populations with abundant 
cannibals perform diversionary displays — conspicuous 
displays that, if effective, attract approaching groups to 
the male and away from their vulnerable nests. Like the 
diversionary displays of birds, these conspicuous displays 
appear to include elements of behavior co-opted from 
other contexts, and subsequently ritualized or made more 
conspicuous in the new context of the diversionary display. 

As the fry hatch, males cease fanning, and enter a 
guarding phase in which they protect the nest, and, in 
some populations, retrieve fry that stray from the nest 
area. Free swimming fry leave the territory and males may 
initiate a new nesting cycle. Fry may feed in shallow water 
for a month or so before moving into deeper water, or 
before migrating from fresh or brackish breeding areas 
back into salt water. First reproduction typically occurs at 
1 or 2 years of age, rarely lasting beyond year 3. 

The rise of threespine stickleback as a model species 
for behavioral studies lies in their small size, relative ease 
of rearing, and willingness to complete nesting cycles and 
respond to environmental challenges such as predators in 
arenas ranging in size from 7-1 aquaria to experimental 


ponds. They respond readily to appropriate dummies and 
to video images, and in most populations are sufficiently 
bold to behave normally after a short period of adjustment 
to a novel environment, and when under scrutiny by 
human observers in both laboratory and field. The fact 
that stickleback populations comprise an adaptive radia¬ 
tion with a known, extant ancestral type offers an unusual 
opportunity to address questions concerning the evolu¬ 
tion of behavioral phenotypes, and the recent develop¬ 
ment of molecular tools offers unparalleled opportunities 
to meld the four levels of ethological study, described 
later, that were identified by Niko Tinbergen. 

Ethological Insights 

Niko Tinbergen and his students moved our understand¬ 
ing of the behavior of threespine stickleback from the 
realm of natural history to the incipient stages of both 
theoretical and experimental exploration. Although their 
research was generally not quantitative in the current 
sense, experiments were used to evaluate hypotheses - 
hypotheses that were derived from Tinbergen’s develop¬ 
ing view that behavioral phenotypes should be explored 
from a suite of four complementary perspectives. These 
included (1) causation ; the immediate, or proximate cause 
of behavior, (2) the development of behavior as influenced 
by internal changes that modulate changes in responses to 
external stimuli, (3) the function , or adaptive value of behavior, 
and (4) the evolution of behavioral phenotypes. The three¬ 
spine stickleback provided Tinbergen an exemplary win¬ 
dow into causation, the area of research he explored most 
closely in stickleback, and adaptive value, the area in which 
he speculated with naturalist’s insight. Ultimately, it would 
also provide an unparalleled opportunity to integrate all 
four levels of behavioral study, though this work would 
postdate Tinbergen’s research. 

Tinbergen was particularly intrigued by the instinctive 
nature of many aspects of behavior in threespine stickle¬ 
back. This stickleback can respond appropriately to many 
natural stimuli without learning. These innate (instinctive) 
responses to particular stimuli (releasers) include, for exam¬ 
ple, the male’s zig-zag courtship response to a gravid female, 
or his aggressive response to conspecific males. Using mod¬ 
els, Tinbergen and his students were able to demonstrate 
the features necessary for eliciting particular responses from 
conspecifics. For example, male stickleback respond more 
aggressively to models that are red ventrally, than to those 
that are red dorsally and that are similar in size to a male 
stickleback. They do not even need to resemble a male 
stickleback as closely as does the model in Figure 4. 
Thus, it appeared that the ‘sign stimulus,’ or features of 
the eliciting stimulus, needed only to resemble the natural 
stimulus closely enough to distinguish it from other poten¬ 
tially confounding stimuli in the natural environment. 
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Figure 4 Male and female dummies made and used by W.J. 
Rowland and T. Dzieweczynski. Courtesy of T. Dzieweczynski. 


These sign stimuli were identified because they released 
specific, instinctive motor patterns, initially termed ‘fixed 
action patterns,’ that were readily distinguishable and are 
elicited only by the presentation of a sign stimulus with 
particular features. An excellent example is the male zig¬ 
zag dance that can be elicited from males by ovulated 
females with their rotund abdomens, by models simulating 
this condition (Figure 4), or even by glowing air bubbles 
rising from the lake bottom. Because these action patterns 
are not performed identically in response to all stimuli, or 
by the same individual at different times, George Barlow 
recommended modification of the term to ‘modal action 
pattern’ — a suggestion that recognized the influence of 
environment and learning upon the expression of instinc¬ 
tive behavior. There can be little doubt that many aspects of 
the behavior of stickleback are highly stereotyped and can 
be appropriately viewed as modal action patterns elicited 
by particular sign stimuli. However, Tinbergen’s group 
understood that hormonal changes influenced reproduc¬ 
tive readiness (also a component of ‘causation’), and that 
similarities in stereotypical behavior among the species 
were likely to be the products of common ancestry. 

An important limitation of most ethological research 
on stickleback is, however, that it was conducted under 
laboratory conditions without validation in the field. The 
uniform laboratory environment was likely to minimize 
the expression of population differences in behavior, par¬ 
ticularly when viewed by scientists intent upon identifi¬ 
cation of species-typical components of behavior. The 
main elements of stickleback behavior patterns, which 
were initially described as species-typical, form a behav¬ 
ioral repertoire that can be performed by individuals from 
all populations studied to date. However, details of the 
motor patterns differ among populations, as does the 
strength of stimuli necessary to elicit the behavior pat¬ 
terns. The differences among populations are correlated 
with ecotype; this is discussed in more detail later. 


A second effect of the exclusive reliance upon labora¬ 
tory observation is that some behavioral interactions may 
have been misinterpreted. Some behavior patterns 
described as displacement behavior (that performed in inap¬ 
propriate contexts, often when individuals were likely to 
be experiencing conflicting drives in response to immedi¬ 
ate stimuli), may well have been appropriate responses to 
stimuli provided in the laboratory setting that could not 
be correctly interpreted without field observations. For 
example, ‘displacement’ fanning, even when the nest is 
empty, may serve as a display attractive to females that 
prefer to spawn in nests that already contain eggs. Equally, 
sand digging and ‘head down’ displays to approaching 
males may be low-level diversionary behavior that is 
typically directed at cannibalistic groups in benthic popu¬ 
lations, but that can also be directed at approaching males. 
Without field observations the latter function would be 
particularly difficult to detect. 

Tinbergen described the head-down display and dig¬ 
ging as an expression of behavioral elements ‘borrowed,’ or 
co-opted, from other contexts, such as nest building, that 
then became modified, or ritualized, in their new context. 
Ritualization is most often seen in conspicuous signals in 
which repeated performance of an inappropriate behavior 
can enhance the ability of the receiver to detect the display. 
The diversionary displays of birds and stickleback offer 
elegant examples. Had Tinbergen seen the full and very 
complex diversionary displays elicited by foraging groups 
(rather than individual males) in most populations, he 
would have been astonished at the array of co-opted and 
ritualized behavior patterns that can be expressed during 
the display. They include sand digging (probably ritualized 
feeding), gluing (nest building), and the male turning on 
his side and tapping his snout against the substratum as if 
showing the nest entrance. Although Tinbergen did not see 
the full expression of this display in the laboratory, or 
its functional context, his observations contributed to our 
understanding of the process of behavioral evolution 
through the processes of co-option and ritualization. 

Given Tinbergen’s clear emphasis on field observation 
in his research on gulls, it is surprising that he did not also 
conduct the field observations on threespine stickleback 
that would have enabled him to better interpret the func¬ 
tion/adaptive value of the behavior he and coworkers 
observed in the laboratory. Nevertheless, research in his 
laboratory on the threespine stickleback contributed sub¬ 
stantially to the development of ethology, particularly to 
the study of instinctive behavior and its causes in the 
natural environment. 

The Rise of Behavioral Ecology 

As the influence of classical ethology began to wane in the 
1960s, interest in adaptive aspects of behavior increased 
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giving rise to the field of behavioral ecology. In the early 
years of behavioral ecology, the stickleback was used 
elegantly to test predictions of optimal foraging theory, 
and several laboratories evaluated the signal function of 
stickleback body coloration, shape, position, and behavior 
during mating encounters. Some of these studies were 
field-based and helped us to understand how such fea¬ 
tures influence male fitness. Among the most exciting 
recent advances from this focus on behavioral capacity 
comes with the realization that, in addition to collecting 
visual information about mates and other aspects of their 
environments, stickleback also use olfactory cues to assess 
mate quality and risk of predation. They can even evaluate 
the degree of MHC polymorphism of their potential 
mates and use MHC information during mate choice. 

Like the ethologists, most behavioral ecologists 
focused on single populations and used elegant experi¬ 
mental techniques to explore the behavioral capacities of 
stickleback in these populations. Evaluation of the func¬ 
tion of behavior patterns and coloration remained an 
important focus. Research on the hormonal underpin¬ 
nings of reproductive behavior illuminated the interface 
between Tinbergen’s causation and function. This latter 
research would help to bring the stickleback to the fore, 
not only as a subject for behavioral study but also as an 
important bioindicator species for environmental pollu¬ 
tants. Although the focus on single populations provided 
many exciting and novel insights into the behavior of 
stickleback and indeed, more generally into the percep¬ 
tual and behavioral capabilities of vertebrates, it did not 
take advantage of the remarkable adaptive radiation this 
taxon has undergone. This feature would ultimately pro¬ 
pel the taxon to supermodel status. 

The Adaptive Radiation Comes of Age 

In the 1970s, ichthyologists in North America and Europe 
came to realize that the surprising morphological diversi¬ 
fication of threespine stickleback in freshwater was the 
product of adaptive differentiation. Much of the radiation 
had occurred in areas covered by ice at the last glacial 
maximum. The apparently rapid evolutionary loss of 
armor was surprising enough, but it paled next to the 
finding that many pairs of threespine stickleback species 
are found within lakes in the Strait of Georgia (benthic- 
limnetic species pairs), and in locations where divergent 
habitats, such as lakes and streams, meet. Thus, the stick¬ 
leback adaptive radiation led to rapid phenotypic diver¬ 
gence and also to rapid speciation. 

Recognition that the radiation had also led to behav¬ 
ioral divergence among populations was slower in coming, 
perhaps because behavioral phenotypes are more difficult 
to measure than are morphological features. The first evi¬ 
dence of population differences in behavior was published 


by K.J. Wilz in 1973. Wilz reported differences in courtship 
behavior between a European population and a North 
American population in which North American males were 
more reserved in their courtship than European males. 
A more likely, but less charming interpretation is that the 
North American population was benthic in ecotype, and the 
European population limnetic in ecotype. 

A more compelling case for ecotypic differentiation of 
behavior in freshwater stickleback was published in 1982 by 
Felicity Huntingford, who documented differences in anti¬ 
predator behavior among 13 populations of threespine stick¬ 
leback related to the intensity of predation by vertebrates. 
This paper set the stage for research into parallel evolution 
of behavioral ecotypes. Since that time, a number of studies 
have demonstrated genetically based divergence in behavior 
across populations that is correlated with the habitat in 
which the populations live. Examples include (1) differences 
in risk-taking behavior between populations differing in 
predation intensity, (2) less conspicuous courtship behavior 
of males in benthic populations where cannibalistic foraging 
groups are common (these groups detect nests by activities 
at the nest) than in limnetic populations from which they are 
absent, and (3) divergence in mate choice between benthic 
and limnetic members of the lacustrine species pairs in the 
Strait of Georgia appearing to reflect different body size and 
male color preferences. 

These studies provide evidence of independent and 
parallel ecotypic differentiation of behavior along two 
major ecological axes: predation intensity and available 
foraging habitat. Less often examined is the direction of 
change from the oceanic ancestor to its freshwater deriva¬ 
tives. This endeavor requires establishing that the pheno¬ 
types of interest are uniformly expressed in the ancestral 
oceanic populations. We can explore, in combination, all of 
Tinbergen’s four levels of behavioral study only if the 
ancestral condition is established with reasonable cer¬ 
tainty. This is the only way we can understand the evolu¬ 
tionary history of traits that have diverged in the adaptive 
radiation. 

To achieve this, both in situ observations and observa¬ 
tions on laboratory-reared individuals from the same 
populations are necessary. These must involve both oce¬ 
anic populations and those that diverged in the freshwater 
radiation. In situ observations ensure that behavioral phe¬ 
notypes observed in the laboratory are correctly inter¬ 
preted (avoiding, for example, interpreting diversionary 
displays as displacement activities). They also help to 
avoid laboratory conditions that elicit behavior outside 
the range typical in nature. This latter concern is espe¬ 
cially important in studies involving the evolution of 
behavioral phenotypes because behavior is often respon¬ 
sive to social and general environmental contexts. As 
Barlow’s suggested shift from ‘fixed’ to ‘modal action pat¬ 
tern’ suggests, this is as important for studies of innate 
(instinctive) behavior as for behavior acquired through 
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learning. Observations of laboratory-reared individuals 
from replicate populations of each ecotype allow parti¬ 
tioning of genetic and environmental contributions to 
differences in behavior observed under natural conditions. 
Given the time-consuming nature of behavioral studies, it 
is not surprising that little of this work has been completed. 

The available data suggest that common, genetically 
based plastic responses to environment inherited from 
oceanic ancestors contribute to the high level of parallel¬ 
ism in behavior in similar environments. These ancestral 
patterns of plasticity (or ‘norms of reaction’ also contrib¬ 
ute to the consistency of behavioral divergence between 
habitat types. For example, ancestral patterns of plastic 
responses to variation in the abundance of cannibalistic 
foraging groups parallel the genetically based divergence 
in behavior between benthic (cannibalistic) and limnetic 
(noncannibalistic) populations. These findings are consis¬ 
tent with J.M. Baldwin’s suggestion that patterns of pheno¬ 
typic plasticity in an ancestor can determine the range of 
phenotypes available to selection in novel environments, 
and can thus guide, or constrain subsequent adaptive evo¬ 
lution. This is just one of the many kinds of insights that 
can be garnered from appropriate comparison of an extant 
‘ancestor’ to ecotypes and species in an adaptive radiation. 

The Future of a Supermodel for 
Behavioral Study 

The threespine stickleback provides an ideal animal model 
for understanding the proximate and ultimate contribu¬ 
tions to behavioral diversification. They exhibit differen¬ 
tiation of behavior in response to environmental variation; 
this differentiation reflects both the phenotypic plasticity 
that so often characterizes behavior and the genetic diver¬ 
sification. Because behavior can be examined in popula¬ 
tions likely to resemble the ancestor to the freshwater 
adaptive radiation, ultimate contributions to behavioral 
diversification can be examined not only from an adaptive 
perspective, but also from a transitional, or evolutionary 
perspective. x41though these properties put the stickleback 
adaptive radiation in a class of its own for understanding 
behavioral diversification, the recent development of 
modern developmental genetic tools moves it forward 
to supermodel status, making it possible to evaluate the 
genetic bases of trait variation, including variation in the 
patterns of plasticity that differ among populations. 

The most significant single step in the development 
of molecular tools was the stickleback genome project 
(Broad Institute, Massachusetts, USA), which developed 
a high-quality fall-genome sequence. Additional advances 
have included the development of a genome-wide QTL 
map, oligonucleotide expression microarrays, and high- 
throughput genotyping techniques. Of the suite of molec¬ 
ular techniques being developed, these are probably the 


most exciting for understanding behavioral evolution. 
Because behavioral phenotypes are often highly respon¬ 
sive to environment, changes in behavior may often result 
primarily from changes in gene regulation and expression. 
A case in point involves the expression of diversionary 
displays in limnetic (noncannibalistic populations) of 
threespine stickleback. This display is unlikely to have 
been elicited from males in noncannibalistic populations 
in the last 10 000-15 000 year as lakes housing these eco¬ 
types were colonized by oceanic populations, and it is not 
observed in true behavioral limnetics. However, diver¬ 
sionary displays can be elicited when groups attack nests 
under laboratory conditions, or when environments change 
causing cannibalism to reemerge in previously limnetic 
populations. Despite the relatively long period of relaxed 
selection, the capacity to perform the behavior has been 
retained. Presumably, changes in gene expression have 
altered threshold stimuli necessary to elicit this behavior 
from males over time. Brain transcriptional profiling, fol¬ 
lowed by in situ evaluation of the expression of candidate 
genes in the brain should enable us to understand the 
nature of expression changes, the regions of the brain in 
which expression is altered and ultimately to identify the 
relevant genetic, neurological, and hormonal pathways. 

The development of these new techniques will surely 
allow us to integrate internal components of Tinbergen’s 
causation and ontogeny perspectives with evolutionary 
and functional study providing a new and exciting win¬ 
dow into the causes and consequences of behavioral 
diversification. We should be able to address such ques¬ 
tions as: (1) What is the role of plasticity in constraining 
or facilitating behavioral evolution? (2) Is independent, 
parallel evolution of similar behavior in similar ecotypes 
always the product of the same genetic modifications, or 
are there alternative genetic solutions that underpin simi¬ 
lar phenotypes? (3) What are the genetic changes asso¬ 
ciated with ritualization, and can this feature of behavior 
be viewed as the behavioral equivalent of gene duplication 
as a source of evolutionary novelty? 

These are but a few of the many exciting questions that 
we can address with our new ability to bridge Tinbergen’s 
four levels of behavioral study using the adaptive radiation of 
the threespine stickleback. I have to think that Niko Tinber¬ 
gen would be having a fabulous time seeing the integration 
of his ideas so fully explored in an animal he loved. 

See also: Behavioral Ecology and Sociobiology; Ethology 
in Europe; Niko Tinbergen; Psychology of Animals. 
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Introduction 

Time is a fundamental dimension of life, and many ani¬ 
mals have evolved the ability to time intervals lasting 
from a fraction of a second to hours. Events unfold in 
time, and we experience events over time. The ability to 
time events is ubiquitous, as illustrated by the assortment 
of events that are affected by temporal processing - 
speech, music, motor control, foraging, decision-making, 
sleep-wake cycles, and appetite. Thus, an understanding 
of learning, cognition, and performance requires an anal¬ 
ysis of temporal information processing. A distinction is 
traditionally made between interval timing and circadian 
timing. Interval timing is the ability to time shorter inter¬ 
vals, typically in the range of seconds to minutes. Circa¬ 
dian timing is the ability to adjust to the daily cycle, which 
has a period of 24 h. A circadian clock repeats itself 
approximately every 24 h, and this period is set by exter¬ 
nal cues such as daylight or large meals. This article 
concerns interval timing and the mechanisms that sub¬ 
serve interval timing. 

Timing in Natural Settings 

Three examples of timing in animal behavior are 
described. Free-living hummingbirds time the interval 
between successive visits to flowers that they visited 
throughout the day. In experiments in which the flowers 
were replenished after different intervals of time (e.g., 
10 vs. 20 min), the revisits to flowers tracked the replen¬ 
ishment rate. Hummingbirds apparently update their 
memories of when and where food was encountered for 
each flower and how long ago they last visited each 
location. Bees also adjust the time of visiting food sources 
on the basis of the amount of time elapsed since the last 
visit. Scavenging birds appear to anticipate food avail¬ 
ability and arrive at locations before food has reached its 
peak amount. 

Representations of Time 

How are intervals timed? The basic idea is that an interval 
elapses with respect to the occurrence of some event. 
With a mechanical artifact such as a stopwatch, we can 
track the elapsing interval. When the event begins, we 
reset the stopwatch to zero and start the stopwatch. 
Reading the stopwatch provides an estimate of time to 


complete the event. basic question about temporal 
information processing concerns the mechanism by 
which time is represented. Two types of temporal repre¬ 
sentations are described. One mechanism that may be 
used to time intervals is a pacemaker-accumulator. 
A pacemaker emits pulses as a function of time; the 
accumulator counts or integrates the number of pulses 
emitted. An hourglass is a familiar example of a pacemaker- 
accumulator - the elapsed duration, since the hourglass 
was turned over (i.e., reset), is indexed by the amount of 
sand in the bottom chamber of the hourglass. 

A second mechanism that may be used to time inter¬ 
vals is an oscillator mechanism. Circadian timing is the 
best known biological oscillator. Circadian timing is based 
on the completion of a periodic process that is approxi¬ 
mately a day. Time of day is indexed by the phase of a 
circadian periodic process. Circadian timing is wide¬ 
spread. Oscillator properties of timing intervals of 
approximately a day may be extended to intervals in the 
range of seconds to minutes as discussed in the section 
‘Oscillator Properties of Interval Timing’. 

Formal Properties of Interval and Circadian 
Timing 

In 1997, Gibbon and colleagues provided a classic 
description of the operating characteristics of interval 
and circadian timing systems. Gibbon’s outline is briefly 
described in this section. According to the classic descrip¬ 
tion, the interval timing system is based on a pacemaker- 
accumulator mechanism, and the circadian system is 
based on an endogenous-oscillator mechanism. Endoge¬ 
nous means that the oscillator does not require continued 
periodic input to produce ongoing periodic output. For 
example, when an animal is exposed to daily periodic 
light cycles such as 12 h of light followed by 12 h of 
darkness, activity patterns occur at species-typical times 
of day. After termination of the periodic light cycle (e.g., 
constant dim illumination), behavior ‘free runs’ with a 
period that typically departs slightly from 24 h. Free run¬ 
ning behavior after the termination of periodic stimuli 
provides evidence that the timing system is endogenous 
because this pattern of data is important to rule out the 
possibility that observed behaviors are linked to the occur¬ 
rence of daily environmental changes (e.g., temperature or 
noise fluctuations). In contrast, Gibbon and colleagues 
outlined the interval timing system as requiring resetting. 
The timing system operates on an elapsing interval timed 
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with respect to the occurrence of some stimulus; a single 
presentation of the stimulus is necessary and sufficient to 
reset the interval timing system (i.e., one shot reset). 

The circadian system operates within a limited range 
of entrainment. In particular, presentation of a periodic 
input entrains the endogenous oscillator only if the peri¬ 
odic input is within a limited range of periods near 24 h. 
By contrast, the interval timing system has a broad train¬ 
ing range covering 3-4 orders of magnitude from seconds 
to hours. 

A hallmark feature of the circadian system is its slow 
adjustment to a phase shift. A phase shift is an abrupt 
change in the initiation of a periodic process. Jet lag is a 
familiar example; we experience a phase shift in the 
unusual wake-up times after flying to a destination across 
several time zones. It usually requires several days before 
activities are synchronized to the new time zone. By 
contrast, the interval timing system undergoes immediate 
adjustment to a phase shift; the response to a single shift in 
a cycle is complete adjustment or complete resetting of 
the timing processes (i.e., one-shot reset). 

Temporal performance based on a circadian oscillator 
is highly precise as measured by cycle-to-cycle variation. 
Precision is typically measured relative to the interval 
being timed. In particular, the coefficient of variation 
(CV) is the standard deviation of time estimates divided 
by the mean of time estimates. The CV of circadian 
performance is ~l-5%. By contrast, interval timing per¬ 
formance is characterized by a much low level of precision 
(CV of 10-35%). Thus, a characteristic of a circadian 
oscillator is relatively high timing precision. In particular, 
a consequence of having an endogenous oscillator dedi¬ 
cated to timing select values within a limited range 
appears to be relatively high sensitivity to timing these 
target durations. The variance properties of timing have 
played an important role in understanding interval 
timing. By contrast, the analysis of variance properties 
has had less impact in the study of circadian timing. 

Oscillator Properties of Interval Timing 

The sections that follow describe a series of empirical tests 
that were designed to evaluate the hypothesis that interval 
timing is based, at least in part, on oscillatory processes. 

Resetting Properties of Short-Interval Timing 

Although the phase-shift manipulation is a classic experi¬ 
mental design for the diagnosis of a circadian oscillator, 
the same manipulation may be used to assess a short- 
interval timing mechanism. Figure 1 shows an example 
of a phase-shift manipulation in short-interval timing. Rats 
were trained to time 100 s using a fixed-interval pro¬ 
cedure. In a fixed-interval procedure, the first response 
after the fixed interval elapses produces a food pellet. 


To produce a phase shift, an early, response-independent 
pellet was delivered (i.e., free food). Four food cycles were 
required before adjustment was complete, which is con¬ 
sistent with the hypothesis that short-interval timing of 
100 s is based on an oscillator mechanism. 

Endogenous Oscillations in Short-Interval 
Timing 

A critical diagnostic property of a timing mechanism may 
be assessed by discontinuing periodic input (i.e., extinc¬ 
tion) and assessing subsequent anticipatory behavior. 
The defining feature of an oscillator is that periodic 
output from the oscillator continues after the discontinu¬ 
ation of periodic input. Similarly, a defining feature of a 
pacemaker-accumulator system is that elapsed time is 
measured with respect to the presentation of a stimulus, 
according to the classic description of this system 
described earlier. Thus, output of a short-interval system 
is periodic only when driven by periodic input. Moreover, 
periodic output is expected to cease if periodic input 
is discontinued. To test pacemaker-accumulator and 
endogenous-oscillator mechanisms, rats were trained 
with a variety of short intervals (e.g., 48, 96, and 192 s). 
The critical manipulation was the suspension of food 
delivery. Figure 2 shows data from a representative 
individual rat, and Figure 3 shows group data. Periodic 
delivery of food produced periodic behavior during 
training (Figure 3, left column), as predicted by both 
mechanisms. Behavior continued to be periodic after ter¬ 
mination of periodic input (Figure 3, right column), 
consistent with an endogenous-oscillator, but not a pace¬ 
maker-accumulator, mechanism. The periodic behavior in 
extinction appears to be based on entrainment to the 
periodic feeding in training given that the period in 
extinction increased as a function of the period in training. 
Short-interval timing is, at least in part, based on a self- 
sustaining, endogenous oscillator. 

Timing Long Intervals 

A critical hypothesis about an oscillator is that it functions 
to confer improved sensitivity to time intervals near the 
period of the oscillator. To test this hypothesis, a series of 
experiments investigating meal anticipation was under¬ 
taken to identify a local peak in sensitivity to time 24 h. To 
examine anticipation of long intervals, food was restricted 
to 3-h meals, which rats earned by breaking a photo beam 
in a food trough. Critically, the rats tend to inspect the 
food trough before meals start, thereby providing a tem¬ 
poral anticipation function for each intermeal interval 
condition. Figure 4 shows anticipation functions for 
intermeal intervals in the circadian range (22-26 h) and 
well outside this range (14 and 34 h). Note that response 
rates increased later into the intermeal interval for 
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Figure 1 A phase shift produces gradual adjustment in short-interval timing. Left panel: Schematic representation of training, 
phase-shift manipulation, predictions, and data (double plotted to facilitate inspection of transitions across successive intervals; 
consecutive 100-s fixed intervals are plotted left to right and top to bottom). Rats (n = 14) timed 100-s intervals, and the last five 
intervals before the phase shift are shown (F = food pellet, S = start time of response burst). A 62-s phase advance (i.e., early pellet) 
on average was produced by the delivery of a response-independent food (F F ree)- All other food-to-food intervals were 100 s 
(F PS = food post phase shift). Dashed lines indicate predictions if rats are insensitive (0% adjustment, purple) or completely 
sensitive (100% adjustment, pink) to the most recently delivered food pellet. A pacemaker-accumulator mechanism predicts 100% 
adjustment on the initial interval after the phase shift on the assumption of complete reset. An oscillator mechanism predicts 
initial incomplete adjustment. Data (D) indicate incomplete adjustment on the first three trials. Right panel: Start times on the 
initial three trials were earlier than in preshift baseline. Resetting was achieved on the fourth trial. Each 45-mg food pellet was 
contingent on a lever press after 100 s in 12-h sessions. The start of a response burst was identified on individual trials by 
selecting the response that maximized the goodness of fit of individual responses to a model with a low rate followed by a high rate. 
The same conclusions were reached by measuring the latency to the first response after food. Baseline was the average 
start time on the five trials before the phase shift. Left panel: Zero on the y-axis (purple dashed line) corresponds to 
complete failure to adjust to the phase shift; 100% (pink dashed line) corresponds to complete resetting. Error bars 
represent 1 SEM. Reproduced from Crystal JD (2006b) Time, place, and content. Comparative Cognition & Behavior Reviews 
1: 53-76, with permission. 


^ v 

200- 



<D 


E 

150- 

CD 


CO 

100- 

O 


Q_ 


CO 

CD 

50- 

0 


J= 

0 - 



0 


2000 


4000 6000 8000 

Response time (s) 


10000 


Figure 2 Many small interresponse times in short-interval 
timing are punctuated by much longer interresponse times, and 
punctuation by relatively long interresponse times continued 
after termination of periodic food delivery. Interresponse time 
(i.e., times of responses R n+1 - R n ) is plotted as a function of 
response time for a representative rat. During training, food was 
delivered on a fixed interval 96-s schedule. During testing, food 
was not delivered (i.e., extinction). Extinction began at a 
randomly selected point in the session. The response measure 
was the time of occurrence of photo beam interruptions in the 
food trough. Reproduced from Crystal JD and Baramidze GT 
(2007) Endogenous oscillations in short-interval timing. 
Behavioural Processes 74: 152-158, with permission from 
Elsevier. 


intervals near the circadian range than for intervals out¬ 
side this range. The response distributions were used to 
estimate sensitivity to time (i.e., relatively small spreads in 
the distributions correspond to relatively high sensitivity 
to time). As shown in Figure 5, intermeal intervals in the 
circadian range produced spreads that were smaller (i.e., 
lower variability) compared to intervals outside this 
range. Note that the data in Figure 5 document a local 
maximum in sensitivity to time near 24 h, consistent with 
the hypothesis that a function of a circadian oscillator is 
improved sensitivity to time. 

Endogenous Oscillations in Long-Interval 
Timing 

The examples of timing noncircadian long intervals in 
Figures 4 and 5 indicate that rats can time intervals 
outside the circadian range, but they do not identify the 
mechanism. In particular, these data could be based on 
an endogenous oscillator mechanism or a pacemaker- 
accumulator mechanism reset by meals. By contrast, 
these examples document endogenous oscillations in 
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Figure 3 Endogenous oscillations in short-interval timing continue after the termination of periodic input. Short time Fourier 
transforms are shown for training (left panels) and testing (right panels) conditions using fixed interval 48-, 96-, and 192-s procedures. 
The three-dimensional images show frequency (period = 1/frequency) on the vertical axis as a function of time within the session along 
the horizontal axis; the color scheme represents the amount of power from the Fourier analysis. Concentrations of high power occur 
at a frequency of ~0.02, 0.01, and.0005 which correspond to periods of ~50, 100, and 200 s in top, middle, and bottom panels, 
respectively. Adapted from Crystal JD and Baramidze GT (2007) Endogenous oscillations in short-interval timing. Behavioural 
Processes 74: 152-158, with permission from Elsevier. 


timing short intervals (1-3 min) by demonstrating that 
behavior continued after the termination of periodic 
input. The same experimental approach is used in this 
section to document endogenous oscillations in long- 
interval timing (16 h). 

Rats earned food by interrupting a photo beam in the 
food trough during 3-h meals using a 16-h intermeal inter¬ 
val. After approximately a month of experience with the 
intermeal interval, the meals were discontinued. Figure 6 
(top panel) shows that the response rate increased as a 
function of time prior to the meals, documenting that the 


rats timed 16 h, consistent with either oscillator or pace¬ 
maker-accumulator mechanisms. When two successive 
meals were skipped, the rats anticipated the arrival of 
two successive 16-h intervals (Figure 6 middle and bot¬ 
tom panels), consistent with the use of an endogenous 
oscillator. In particular, the response rate was reliably 
higher during the 3-h omitted meal relative to the earlier 
13 h for both first and second nonfood cycles. If timing 
was based on a pacemaker-accumulator reset by meals, 
then the rats would be expected to time the first, but not 
the second, skipped meal. A pacemaker-accumulator does 
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Time/interval 

Figure 4 Response rate increased later into the interval for intermeal intervals near the circadian range (unfilled red symbols) 
relative to intervals outside this range (filled blue symbols); dashed lines indicate width of response rate functions. Anticipatory 
responses increase immediately prior to the meal for all intermeal intervals except 34 h. Each 45-mg food pellet was contingent 
on a photo beam break after a variable interval during 3-h meals. Intermeal intervals were tested in separate groups of rats 
(n = 3-5 per group). The end of the meal corresponds to 1 on the x-axis. Testing was conducted in constant darkness. Adapted 
from Crystal (2001a). Reproduced from Crystal JD (2006b) Time, place, and content. Comparative Cognition & Behavior Reviews 
1: 53-76, with permission. 
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Figure 5 Intervals near the circadian range (red symbols) are characterized by higher sensitivity than intervals outside this range (blue 
symbols). Variability in anticipating a meal was measured as the width of the response distribution prior to the meal at 70% of the 
maximum rate, expressed as a percentage of the interval (N = 29). The interval is the time between light offset and meal onset in a 12-12 
light-dark cycle (leftmost two circles) or the intermeal interval in constant darkness (all other data). The percentage width was smaller 
in the circadian range than outside this range. The width/interval did not differ within the circadian or noncircadian ranges. The same 
conclusions were reached when the width was measured as 25%, 50%, and 75% of the maximum rate. The data are plotted on a 
reversed-ordery-axis so that local maxima in the data correspond to high sensitivity, which facilitates comparison with other measures 
of sensitivity (e.g., Figure 7). Mean SE/W = 2.4. Adapted from Crystal (2001a). Reproduced from Crystal JD (2006b) Time, place, and 
content. Comparative Cognition & Behavior Reviews 1: 53-76, with permission. 
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Figure 6 Endogenous oscillations in long-interval timing 
continue after the termination of periodic input. Response rate 
increased as a function of time within the 16-h intermeal interval 
cycle during the first and second nonfood cycle. Response rate 
(frequency of responses expressed as a proportion of the 
maximum frequency within the cycle) is plotted as a function of 
time within the cycle. The cycle included meals (indicated by the 
solid rectangle) during training (top panel). The meals were 
omitted (indicated by the dashed rectangles) in the first (middle 
panel) and second (bottom panel) nonfood cycles. Reproduced 
from Crystal JD (2006a) Long-interval timing is based on a self 
sustaining endogenous oscillator. Behavioural Processes 
72: 149-160, with permission from Elsevier. 


not predict an increase in response rate prior to the second 
skipped meal because elapsed time since the last meal is 
larger than the intermeal interval during the second non¬ 
food cycle (i.e., time since the last meal is unusually long at 
this point). 

The reliability of a periodic trend was assessed and 
observed periods were estimated with a periodogram 
analysis; a periodogram analysis involves wrapping a 
response rate function around different proposed periods 
to identify the period that best fits the observed data. 
A reliable periodic trend was observed for each rat, and 
the mean period in extinction (20.4 =h 0.9 h, mean ± SEM) 
was reliably different from 16 and 24 h. These data suggest 
that the natural period of the oscillator that drove behav¬ 
ior was 20.4 h, which is distinct from the circadian oscilla¬ 
tor; according to this hypothesis, the two oscillatory 
systems are dissociated by their different characteristic 
periods. However, the data are also consistent with the 
hypothesis that the circadian oscillator’s free-running 
period is modified by the periodic input to which it was 
previously exposed. According to both of these hypoth¬ 
eses, long-interval timing is based on a self-sustaining, 
endogenous oscillator; the hypotheses differ in specifying 
the characteristic period of the oscillators. In either case, 
long-interval timing is based on a self-sustaining, endoge¬ 
nous oscillator. 

Variance Properties in Circadian 
and Short-Interval Timing 

As mentioned earlier, the study of variance properties has 
historically played a significant role in the development of 
theories of short-interval, but not circadian, timing. How¬ 
ever, the data summarized in Figure 5 suggest that a 
function of the well-established circadian oscillator is 
the relative improvement in sensitivity to time ~24 h. 
Thus, other putative oscillators may be identified by 
documenting other local maxima in sensitivity to time. 
In addition, the observation that short-interval timing in 
the range of 1-3 min exhibits endogenous, self-sustaining 
patterns of behavior after the termination of periodic 
input reinforces the expectation that short-interval timing 
may be based on an endogenous oscillatory mechanism. 

To search for local peaks in sensitivity to time in 
the short-interval range, a series of experiments were 
conducted using many, closely spaced target intervals. 
Figure 7 shows sensitivity to time plotted as a function 
of stimulus duration from these experiments. Sensitivity to 
time short intervals is characterized by multiple local peaks. 
Each peak in sensitivity to time may identify the period of 
a short-period oscillator. The procedure involved present¬ 
ing a short or long stimulus followed by the insertion of 
two response levers. Left or right lever presses were desig¬ 
nated as correct after short or long stimuli. Accuracy was 
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Figure 7 Sensitivity to time is characterized by local maxima at 12 and 24 s (left panel), 12 s (middle panel), and 0.3 and 1.2 
s (right panel). Green symbols: average across rats. Red symbols: a running median was performed on each rat’s data and the 
smoothed data were averaged across rats to identify the most representative local maxima in sensitivity. Left panel: Rats discriminated 
short and long noise durations with the duration adjusted to maintain accuracy at ~75% correct. Short durations were tested in 
ascending order with a step size of 1 s (n = 5) and 2 s (n = 5). Sensitivity was similar across step sizes, departed from zero, and was 
nonrandom. Mean SEM = 0.03. Middle panel: Methods are the same as described in left panel, except short durations were tested 
in random order (n = 7) or with each rat receiving a single interval condition (r? = 13); results from these conditions did not differ. 
Sensitivity departed from zero and was nonrandom. Mean SEM = 0.02. Right panel: Methods are the same as described in left panel, 
except intervals were defined by gaps between 50-ms noise pulses and short durations were tested in descending order with a step 
size of 0.1 s (n = 6). Sensitivity departed from zero and was nonrandom. Mean SEM = 0.04. Sensitivity was measured using d' from 
signal detection theory, d' =z[p(short response | short stimulus)] -z|p(short response | long stimulus)]. Relative sensitivity is d' - mean d'. 
Adapted from Crystal (1999, 2001b). Reproduced from Crystal JD (2006b) Time, place, and content. Comparative Cognition & 
Behavior Reviews 1: 53-76, with permission. 


maintained at ~75% correct by adjusting the duration of 
the long stimulus after blocks of trials. Sensitivity to time 
was approximately constant for short durations from 0.1 to 
34 s. However, local maxima in sensitivity to time were 
observed at ~0.3, 1.2, 12, and 24 s. 

Figure 8 shows multiple local maxima in sensitivity to 
time across several orders of magnitude, using data from 
the experiments described earlier. The data on the right 
and left sides of Figure 8 come from Figures 5 and 7. 
Figure 8 suggests that multiple local peaks in sensitivity 
to time are observed in timing across several orders of 
magnitude. 

Integration of Interval and Circadian Timing 

The summarized data suggest that the psychological rep¬ 
resentation of time is nonlinearly related to the interval 
being timed. The existence of a local maximum near a 
circadian oscillator (Figure 8, peak on right side) and 
local maxima in the short-interval range (Figure 8, 
peaks on left side) are consistent with timing based on 
multiple oscillators. According to multiple-oscillator pro¬ 
posals, each oscillator is a periodic process that cycles 
within a characteristic period. Each oscillator can be 
characterized by its period (i.e., cycle duration) and 
phase (i.e., current point with the cycle). Thus, each unit 
within a multiple oscillator system has its own period and 
phase. Sensitivity to time an interval near an oscillator is 
expected to be higher than timing an interval farther away 


from the oscillator because an oscillator functions to 
increase temporal sensitivity. Therefore, the multiple 
local peaks in sensitivity to time shown in Figure 8 suggest 
the existence of multiple short-period oscillators. 

The data reviewed in this section suggest that interval 
timing is based on an endogenous-oscillator, rather than a 
pacemaker-accumulator, mechanism according to the 
classic distinction discussed at the beginning of this arti¬ 
cle. The main findings are summarized as follows. The 
data in Figure 1 document that short-interval timing 
exhibits gradual phase adjustment, consistent with an 
oscillator mechanism. The data in Figures 2 and 3 suggest 
that short-interval timing is endogenous and self-sustain¬ 
ing, consistent with an oscillator mechanism. The data in 
Figures 4 and 5 document that many long, but noncirca- 
dian, intervals can be timed, and the data in Figure 6 
suggest that long-interval timing is endogenous and self 
sustaining, consistent with an oscillator mechanism. The 
data in Figures 5, 7, and 8 show that both short-interval 
and circadian timing are characterized by local peaks in 
sensitivity to time. 

Conclusion 

The data suggest continuity of mechanisms in short- 
interval, long-interval, and circadian-timing systems. The 
data reviewed in this article may prompt the development of 
a theory of timing that encompasses the discrimination 
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Interval (s) 

Figure 8 Multiple local maxima in sensitivity to time are observed in the discrimination of time across seven orders of magnitude. The 
existence of a local maximum near a circadian oscillator (peak on right side; purple squares) and other local maxima in the short- 
interval range (peaks on left side; blue, red, and green circles) are consistent with the hypothesis that timing is mediated by multiple 
oscillators. Intervals in the blank region in the center of the figure have not been tested. Left side: Rats discriminated short and long 
durations, with the long duration adjusted to maintain accuracy at 75% correct. Short durations were tested in sequential order (blue 
and red circles; N = 26) or independent order (green circles; N = 20). Circles represent relative sensitivity using d' from signal detection 
theory and are plotted using the y-axis on the left side of the figure. Right side: Rats received food in 3-h meals with fixed intermeal 
intervals by breaking a photo beam inside the food trough. The rate of photo beam interruption increased before the meal. Squares 
represent sensitivity, which was measured as the width of the anticipatory function at 70% of the maximum rate prior to the meal, 
expressed as a percentage of the interval (N — 29). The interval is the time between light offset and meal onset in a 12-12 light-dark cycle 
(leftmost two squares) or the intermeal interval in constant darkness (all other squares). Squares are plotted with respect to the 
reversed-order y-axis on the right side of the figure. Y -axes use different scales, and the x-axis uses a log scale. Adapted from Crystal 
(1999, 2001a, 2001b). Reproduced from Crystal JD (2006b) Time, place, and content. Comparative Cognition & Behavior Reviews 1: 
53-76, with permission. 


of temporal intervals across several orders of magnitude, 
from milliseconds to days. Such a system is capable of 
representing when specific events occurred in time, as peo¬ 
ple describe when events occurred using calendar-date-time 
systems. This type of a system may underlie the temporal 
representation of episodic memory (i.e., the memory system 
that contains memories of unique events from one’s past). 

See also: Mental Time Travel: Can Animals Recall the 
Past and Plan for the Future?. 
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Introduction 

A trade-off is an inescapable compromise between two 
conflicting demands. A classic example is the removal of 
the shells of hatched eggs by black-headed gulls (but not 
kittiwakes, which nest on cliffs) to make their nests harder 
for crows and other predators to locate. However, the 
parents do not remove the eggshells until the time their 
chicks dry after hatching and cannot easily be swallowed 
by other gulls. The timing of the removal involves a trade¬ 
off between danger from roving predators such as crows 
and danger from neighboring gulls. 

In the lives of organisms, there are inescapable compro¬ 
mises between different components of fitness. The best 
response maximizes overall fitness and where doing more 
results in fitness losses through one component of fitness 
that are equal to fitness gains through another component. 
Changes in costs and benefits are called ‘marginal costs and 
benefits’ and are often represented by the derivative in 
calculus. The use of the word ‘marginal’ comes to behav¬ 
ioral ecology via economics, where it was first used to refer 
to food production. 

The way for an animal to minimize predation risk would 
be for it to never expose itself in the open by never feeding 
and never reproducing. Obviously, any life history strategy 
without feeding or reproduction would not maximize fit¬ 
ness. In general, pursuing more food and reproductive 
opportunities will expose animals to greater predation 
risk. (Other behaviors including play, grooming, and sleep 
may also involve trade-offs with predation risk.) The first 
reason for such trade-offs is that doing more can simply take 
more time. If animals choose to venture out during the 
safest times first, any further increase in time spent out 
must be done during more dangerous times. Thus, preda¬ 
tion risk will increase more than proportionally with time 
spent foraging or pursuing mates. Birds may begin foraging 
in the dawn twilight and begin singing even earlier. Starting 
so early increases their risk of being captured by nocturnal 
owls. Therefore, birds might limit their danger by singing 
from behind a screen of branches or leaves, even though this 
may lower the effectiveness of their song. 

Where animals go also affects the degree of danger 
they are exposed to. In lakes, weedy portions provide 
more places for small fish to hide, while the open water 
produces more photosynthetic phytoplankton and zoo¬ 
plankton. Small fish can always find more to eat in the 
open water, but they also are more likely to be eaten 
themselves. Many fish (and other organisms) limit this 


compromise by moving into productive open waters at 
night. Although this movement can be from the shoreline 
into the open, in big bodies of water much of the move¬ 
ment is from the depths up to the surface. Many spawning 
events also involve movements to surface waters or other 
exposed locations. Exposed places make it easier for eggs 
and larvae to spread, but also expose adults and young to 
predators. 

Regardless of location, just the act of moving may bring 
more danger, as well as more opportunities to feed and 
mate. Whether searching for food or for potential mates, 
an animal can cover a greater area by moving faster, and 
thus may encounter more predators. Tadpoles move less 
when in the presence of predators and are less likely to be 
killed by dragonfly larvae, which usually sit and wait for 
them. Male prairie dogs move between burrows of poten¬ 
tial mates causing them to die at far higher rates than 
females. 

The details of how animals behave in a particular time 
and place also affect their risk of predation. Some beha¬ 
viors make it less likely that animals will detect and escape 
from predators. For example, dugongs are less likely to dig 
for rhizomes in sea grass beds when tiger sharks are 
around, as digging stirs up the substrate and prevents 
scanning for predators. In general, animals often pause 
during foraging to scan the environment. Such scanning, 
called ‘vigilance,’ functions largely to detect potential 
danger. Some animals can, however, consume food and 
maintain vigilance simultaneously. Many small birds 
husk seeds with their heads up; when in more dangerous 
situations, juncos pick up bits of seed that require husking 
rather than consume tiny bits that require them to attend 
to the substrate. Finally, watching to see where others are 
feeding is more compatible with looking for predators 
than is searching the substrate for food. 

Mating displays and predation risk may attract atten¬ 
tion and require focused attention. Guppies court at dawn 
and dusk even though their displays are somewhat less 
conspicuous to females in these times. Critically, displays 
at these times are much less conspicuous to predators and 
attacks occur at twice the rate in the middle of the day than 
at dawn and dusk. Furthermore, males in areas with more 
predators shift away from mating displays and toward 
sneaky matings. In this way, predators both raise the costs 
of displaying and lead to greater conflict between the sexes 
over mating. 

Finally, trade-offs between behavior and predation risk 
can come about because animals deplete resources while 
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diluting predation risk. When animals repeatedly use a 
relatively safe area, such as the vegetation near a burrow, 
they create a gradient of habitat with richer vegetation at 
greater risk farther away If predators have a central place, 
danger is generally higher near this place and prey may 
avoid this area. For example, deer spend more time away 
from where wolves den and toward the territory bound¬ 
aries of wolves. 

Often, grouping together reduces predation risk, though 
gathering with others can also alter individual encounter 
rates with food, rivals, and potential mates. For example, a 
colony of seabirds may be able to effectively drive off pre¬ 
dators, and seabirds may add nests to colonies rather than 
use suitable substrates elsewhere. But, such a colony may 
have to fly considerable distances to get food. Similarly, 
small fish congregate in the shallows because they are safer 
from predators and deplete the food in the shallows. This 
depletion accentuates the differences in feeding between 
the shadows and open water. In both cases, grouping reduces 
predator success - increasing the inherent safety - and local 
food depletion reduces feeding success - increasing the 
feeding difference between habitats. Thus, trade-offs can 
be both cause and consequence of animal behavior. 

Beyond foraging, animals often face trade-offs with pre¬ 
dation when competing for or displaying to potential mates. 
Male songbirds may sing from the tops of vegetation, from 
where their calls can travel without obstruction to the 
largest area. However, when predators are nearby, they 
may sing from within a shield of vegetation, or even stop 
singing for a spell. Both options are likely to make them less 
effective in attracting mates and repelling rivals. Similarly, 
male guppies show off their color patterns during courtship, 
but the same behaviors that make them obvious to females 
are likely to catch the attention of predators. Many elements 
of reproductive behavior are likely to be inherently risky. 
How much risk they carry, however, depends on where and 
when they are done. For example, cock-of-the-rock males 
are richly orange-colored birds that display in spots of 
sunshine on the floor of South American rain forests. 
Their displays include bouncing movements that make 
them seem to glow in the sunshine. These striking displays 
within the general gloom of the forest are no doubt visible to 
predators as well as potential mates. However, when out of 
the sunspots, these orange birds are not very conspicuous 
because the light penetrating the leaves largely lacks the 
wavelengths that their feathers reflect brightly. Thus, the 
costs (and benefits) of the plumage are great only when 
coupled with the behavior of dancing in sunspots. 

Behavioral Ecology and Models of Rate 
Maximization 

Behavioral ecology examines the fitness consequences of 
behavior, and different environments often change these 


fitness consequences. Much of behavioral ecology involves 
how changes in environment predict changes in behavior. 
Behavioral ecologists think about fitness, but often do not 
measure it directly, instead often making assumptions 
about the relationship between behavior and fitness. 

Within behavioral ecology, optimal foraging considers 
how foraging contributes to fitness. Early studies assumed 
that more foraging resulted in more fitness and tested 
whether animals maximize their net rate of food acquisition. 
Their tests showed that animals respond strongly to rate, 
but rarely maximize it. I take this as a success of the opti¬ 
mality approach. Only by having quantitative predictions 
could the tests have yielded this result. The results could be 
interpreted thus: foraging rate is related to fitness, but not in 
a simple one-to-one manner. Another way of saying this is 
that animals seem to trade off foraging rate against some 
other good. Avoiding predators is the other good that we 
will consider here. Resource acquisition is necessary for 
fitness, but it is not sufficient. Simply put, food is generally 
good for the forager, but not if the forager is dead. 

With the benefit of hindsight, we can examine how 
accounting for predator avoidance altered the results of 
three classic models of rate maximization - the optimal 
diet model, marginal value theorem, and ideal free 
distribution. 

Optimal Diet Model 

In its environment, an animal encounters various things 
that it could eat. What should its diet include? In the 
optimal diet model, items differ in their energetic content 
and handling time. Foragers face a trade-off between 
handling food and searching for other food. Food should 
be refused that is slower to process than the average rate 
of searching for and processing of more profitable food. 
The classic algorithm for determining the optimal diet 
involves ranking the possible diet items by the ratio of 
energy gain per unit of handling time. Obviously, the 
highest-ranked item should be included. The second 
ranked should be included if it increases the overall rate 
of gain compared to just eating the top ranked. The third- 
ranked item should be included if it increases the overall 
rate of gain compared to eating the two top-ranked items. 
One prediction of this classic model is that each item is 
either in or out of the diet: It should either always be eaten 
when encountered or it should never be eaten. 

The optimal diet model can be modified to maximize 
the energy gain per unit of mortality cost during a forag¬ 
ing bout. This criterion maximizes the total energy gained 
over the lifetime of an animal (so long as nothing changes 
with age or state). The general effect of predation risk on 
diet selection depends on what is dangerous about forag¬ 
ing. When searching is more dangerous than handling, 
predation risk broadens diets so that foragers spend less 
time searching and more time handling. Conversely, when 
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handling is more dangerous than searching, predation risk 
narrows diets as foragers focus on items with the lowest 
handling times. 

Marginal Value Theorem 

In the marginal value model, foragers should leave a patch 
when the return rate for continued foraging matches the 
return rate for traveling to and exploiting a new patch. The 
marginal value theorem also predicts that the optimal time 
spent in a food patch should increase with travel time 
between food patches. In support of this classic prediction, 
animals often stay longer in patches when travel time 
between patches is greater. Even here, however, animals 
often stay longer than the time that would maximize their 
overall rate of gain indicating that some other costs besides 
energy gain influence patch time. More surprisingly, travel 
time also affects patch time for nondepleting patches, against 
the predictions for energy gain. These findings suggest that 
some other cost is important and that this other cost accel¬ 
erates over time. For example, parent birds may leave the 
nest unattended to forage. Where parental visits prevent nest 
predation, longer times between visits may involve increas¬ 
ing risk of damage to the nest contents. Here, we would have 
a trade-off between energetic gain and nest defense. 

Jim Gilliam has worked out the basic effects of preda¬ 
tion risk on foraging in patches and provides an approxi¬ 
mation for optimal diet and patch use. If searching is more 
dangerous than harvesting, foragers should stay longer in 
the patch than predicted by the marginal value theorem. 
Conversely, if harvesting is more dangerous than search¬ 
ing, foragers should shorten their harvesting in patches 
and return to searching more quickly than predicted by 
the marginal value theorem. The observation that animals 
often stay longer in patches than would maximize their 
overall rate of energetic gain suggests that searching is 
often more dangerous than harvesting. 

A related approach proposes that predation risk imposes 
a cost on foraging in depleting patches and that foragers will 
leave when the harvest rate equals the sum of metabolic, 
predation, and missed opportunity costs. Here, the preda¬ 
tion cost involves the risk while harvesting in that patch and 
also other terms that express the long-term consequences of 
predation risk and foraging gain. This general approach has 
been very successful in predicting and interpreting how 
animals forage from trays of seeds mixed with inedible 
substrate. For example, scientists have quantified how much 
extra food it takes to entice small animals to venture into 
the open. Gerbils demand 4-8 times as much food in order 
to make a patch 1 m into the open equally attractive as a 
patch under bushes. Similarly, blue tits require a much 
higher feeding rate in order to move 1.5 m from the edge of 
the trees than to feed under the trees. Such dramatic 
differences in habitat use are not predicted by the energy 
expenditure of going the extra distance to reach food. 


Ideal Free Distribution 

Another classic model in behavioral ecology is called ‘the 
ideal free distribution.’ This concerns how animals should 
distribute themselves between habitats. Habitats differ in 
their richness of resources, and the resources in a habitat 
are divided between individuals in that habitat. When new 
resources continuously arrive into the environment and 
animals divide up these resources via scramble competi¬ 
tion, the intake for each individual is on average the input 
rate of new resources divided by the number of indivi¬ 
duals in that patch. Thus, the basic outcome of the ideal 
free distribution is that organisms distribute themselves in 
proportion to the inputs of resources. At the solution, 
individual intake rates are equal across the patches and 
individuals have no incentive to move between patches. 

When predators are present, however, the situation 
may be quite different. For example, Will Cresswell’s 
research group has found that saltmarsh habitat is rich 
in food yet inherently dangerous to redshanks because it 
allows attacks at close range by sparrowhawks and pere¬ 
grine habitat. Redshanks in the study area spend most of 
their time on the safer and less productive mudflats. When 
we add predation risk, intake rates may vary across 
patches and individuals may do well to move between 
patches, depending especially on how risk is diluted 
within patches, and how freely predators are to move 
between patches. When predation risk does not depend 
on the number of potential prey in that habitat, imposing 
the same predation risk on each patch does not affect the 
distribution of foragers. Safety can often be shared, how¬ 
ever, and the presence of others can increase safety. 
A colony of gulls for instance, can keep many predators 
at bay. Gulls increase the safety of their nests by nesting 
next to other gulls and may be safest by being in the 
center of the colony. When one patch is more dangerous, 
it is used less often. When predation risk is diluted by the 
number of foragers in a patch, however, a patch is safer 
when it has more foragers in it. Here foragers may not 
simply distribute themselves between habitats in a stable 
way. If predators are also free to move between habitats, 
potential prey may move to get away from predators, and 
predators move to find prey. This is ecologically realistic, 
but moves these models far away from the ideal free 
predictions of stable distributions in which no individual 
has incentive to move. 

Integrating Foraging and Predation Risk 

The |x Over g Approach 

The approaches described earlier started with foraging 
rate maximization and later added the effects of preda¬ 
tion. An approach that integrated foraging and predation 
risk from the outset was originally developed for animals 
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such as frogs that move between habitats and phases in 
their life history. Here, each habitat has a growth and a 
mortality rate. If animals are not rushed for time, it is 
optimal for the animal to be in the habitat with the lower 
ratio of mortality (/i) to growth (g) rate. Mortality and 
growth rates may depend on size. This ‘/i over g frame¬ 
work helped explain why animals remained in juvenile 
habitats when they could grow faster in (more dangerous) 
adult habitats. 

The [i/g rule is a special case of a more general 
minimization of -—where r is the intrinsic rate of 

g ’. 

growth for the population, b is current reproduction, and 
Vis expected future reproduction. This simplifies to y/g 
for juveniles in a stable population: b is zero as juveniles 
are not yet reproducing and r is also zero since the 
population is neither growing nor shrinking. Modifying 
other assumptions, such as time limits, can modify the 
solution somewhat. Surprisingly, many problems in forag¬ 
ing under predation risk have solutions that are not far 
different from the y/g rule, even if the initial assumptions 
seem very different. 

Condition Dependence and Asset Protection 

Another general formulation of the trade-off between 
foraging and predation risk finds that it is optimal to 
maximize the net intake rate multiplied by the marginal 
rate of substitution of predation risk for energy gain, 
minus the predation rate. We can easily accept that forag¬ 
ing rate increases fitness and predation rate decreases it. 
The unfamiliar term is ‘the marginal rate of substitution.’ 
This term converts the gain of foraging to the same scale 
as the losses due to predation risk and focuses our atten¬ 
tion on how food and predation risk affect fitness. Impor¬ 
tantly, both foraging gain and predation risk depend on 
size. The optimal behavior will often depend on some 
state or condition of the organism. Since predation brings 
future fitness to zero, foraging under predation risk has an 
element of inherent state dependence: the cost to the 
forager is its life and this cost will be higher for foragers 
with better reproductive prospects. This logic has been 
labeled ‘asset protection.’ Foragers engage in antipredator 
behavior to protect their future prospects, so those with 
better prospects are expected to engage in more antipre¬ 
dator behavior. In nature, it is likely that foragers also face 
diminishing fitness gains on foraging success. Both asset 
protection and diminishing returns predict that antipre¬ 
dator behavior will depend on state. 

Condition dependence can affect the predictions for 
foraging models. For the diet choice and patch use mod¬ 
els, the predictions depend on how prey estimate their 
long-term rate of foraging gain. If this estimate varies with 
state, diet and patch time will vary. For example, bum¬ 
blebees increase their use of flowers that vary in reward if 
their colony honey stores are depleted. One consequence 


is that foragers will include items in their diet some of the 
time, but not in others. Thus, state dependence could 
explain why partial preferences, despite the predictions 
of the optimal diet models that each item should either 
always or never be accepted when encountered. For the 
ideal free distribution, state dependence allows a new sort 
of solution: individuals may mostly gather together in 
safety in a low-yielding patch, but leave to forage else¬ 
where when their energetic state is low. Thus, the combi¬ 
nation of predation risk and condition dependence can 
lead to qualitatively new predictions for foraging. 

Formulating Hypotheses about Trade-Offs 

Survival is a full-time job, so antipredator behavior will 
permeate all activities. Therefore, we may expect that 
trade-offs with predation risk occur at all times and on 
all scales. Nonetheless, we learn most by specifying clear 
alternative hypotheses. This may include specifying dif¬ 
ferent ‘currencies’ that could be maximized by behavior. 
Choosing any one currency assumes that that measure is 
approximately equal to fitness. Fitness always involves 
surviving and reproducing, with growth also important 
at times. Therefore, we cannot expect fitness to ever be 
due only to survival or only to reproducing. At times 
during an animal’s life, however, the approximation can 
be good. For example, for small birds, surviving the winter 
can approximate fitness because the breeding season is far 
away. Nonetheless, some birds do act to protect and favor 
potential mates even during winter. Behavior can be pre¬ 
dicted from maximizing survival, subject to an energetic 
requirement. We cannot view animals as maximizing 
energy gain subject to a constraint of predation risk. 
Predation risk directly relates to survival in lifetime mea¬ 
sures of fitness, so it is often better to regard animals as 
minimizing predation risk, subject to an energy require¬ 
ment. Also, we should not assume that animals minimize 
their time spent exposed to predation. For animals that 
can rest in a very secure refuge, limiting time exposed 
may maximize overall survival. Nonetheless, overall sur¬ 
vival is a far better approximation of fitness, and overall 
survival will depend on both time and behavior across 
risky and relatively safe situations. 

Constraints in behavioral ecology are assumptions about 
what organisms can and cannot do behaviorally. They 
define the problem to be solved. For example, the optimal 
diet model treats handling time as a constraint, though 
studies later showed that foragers can control handling 
time to some extent. (Unless these changes are great, how¬ 
ever, they are not likely to obscure our understanding of 
optimal diet decisions.) 

When we investigate animal behavior, we must take 
various features of the animal’s morphology, physiology, 
and development for granted. This article and encyclopedia 
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concentrates on behavior. Whether the nonbehavioral fea¬ 
tures are constraints in a larger evolutionary sense is a 
subject for investigation on a larger scale. Testing the degree 
of trade-off between two traits is informative in any case, as 
I hope to illustrate by example. Animals may generally 
behave to limit the total costs for achieving a combination 
of good things. That is, they act where and when the trade¬ 
off is least severe. 

Behavioral trade-offs are important, yet we should 
remember that they exist within the larger functional 
biology of organisms. For example, birds must put their 
heads up or down when feeding from the substrate. Peck¬ 
ing for seeds limits detection of predators and attending to 
the substrate likely does also. Because their eyes and their 
bill are both on their head, birds face a fundamental trade¬ 
off between pecking and scanning for predators. As we 
mentioned earlier, birds can limit this trade-off by 
keeping their heads up while husking seeds and by relying 
on others to search for food patches. They also reduce this 
trade-off by having eyes that are somewhat specialized: 
one for near vision and the other for scanning in the 
distance. When birds have specialized eyes, they may 
choose to position themselves with the distant vision eye 
facing the open horizon and use the close vision eye for 
finding food. A wonky-eyed jewel squid goes one further 
by having very different eyes, a huge one of which looks up 
into open water for prey and much smaller one which look 
toward the substrate for predators. Finally, some fish have 
divided eyes so that each can effectively look in two places 
at once. A recently described species has reflectors to bring 


images from above on to its retina. These examples remind 
us that morphology also may be selected to adequately 
perform several partially incompatible functions, and that 
behavioral trade-offs are part of a larger set of trade-offs 
subject to selection. Potentially, asymmetry in eye function 
might be good for combining vigilance with feeding, for 
example, but may impair flying ability in birds. 

See also: Defensive Avoidance; Group Living; Habitat 
Selection; Life Histories and Predation Risk; Optimal 
Foraging Theory: Introduction; Patch Exploitation; Vigi¬ 
lance and Models of Behavior. 
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For centuries, animals have been trained for a wide variety 
of purposes, including agricultural work, transportation, 
and companionship. Why and how people chose to train 
animals reflected not only the animals’ roles in society but 
also the community’s understanding of animal behavior. 
Current motivations for training animals have changed to 
reflect the change in animals’ functions in society. 

To better understand choices made in modern training 
practices, one needs an understanding of the modern 
views of animal behavior. During the nineteenth century, 
the application of scientific principles to the study of 
animal behavior dramatically impacted theories of why 
animals behave the way they do. Several schools of study 
have emerged, sometimes with diverging viewpoints. The 
two most prominent are ethology and behaviorism. While 
ethology focuses on an animal’s instinctual or innate 
behavior - patterns that are not a product of learning - 
behaviorism focuses on the role learning plays in behav¬ 
ior. We will first take a more in-depth look at these two 
schools of thought and then discuss how these viewpoints 
influence modern animal training. 

Ethological Perspective 

Ethology focuses on the study of animals’ behavioral 
patterns in a natural environment. Ethologists study 
what is termed proximate and ultimate causes of behavior: 
the ‘how’ and ‘why’ of behavioral responses. These beha¬ 
viors are generally associated with feeding, reproduction, 
territorial defense, and social interaction between and 
among species. Much of the focus is on instinctual or 
innate behavior patterns (modal or fixed action patterns) 
that are not a product of learning. Ethologists argue that 
animals of different species behave differently because 
they act within a different set of rules. These rules are 
determined by the animal’s physiological makeup: the 
form determines the function. 

Modal action patterns (MAPs) are defined as innate, 
highly stereotyped motor responses that appear consistently 
across all individuals of a species. They are physiological or 
motor sequence responses elicited by well-defined, simple 
stimuli (stimulus-response relations). Once the pattern has 
been activated by the appropriate stimulus, the response or 
behavioral sequence is performed in its entirety. A classic 
example is the elicitation of begging behavior (the MAP) in 
gull chicks in response to a red dot (the releaser) on the 


parent gull’s bill. The fox’s mouse pounce is another exam¬ 
ple of a MAP; the pouncing motor pattern is highly stereo¬ 
typed across all individuals. 

From this discipline arises, in part, the trend for using 
construct labels, such as dominance and submission, to 
describe behavioral patterns or the animal’s personality 
traits. One animal in a social group may be labeled as 
dominant or alpha, while another is called submissive or 
omega. Wolves are described as territorial because they 
show aggression to unfamiliar wolves that intrude upon 
their core range. As we shall note, this tendency for labeling 
has had a dramatic impact on animal training paradigms. 

Behaviorism 

Behaviorists focus on measurable behavior within the con¬ 
text of the environment in which the animal behaves with¬ 
out inference about the animal’s underlying cognitive or 
emotional state. Behavior is classified in two ways, respon¬ 
dent and operant, which roughly corresponds to involun¬ 
tary and voluntary behavior. Respondent behaviors are 
reflex responses and species-typical behaviors - behavioral 
processes that are most studied by ethologists. 

In contrast, operant (instrumental) behaviors depend 
on consequences - Thorndike’s Law of Effect: favorable/ 
desirable consequences predict that the behavior will be 
more likely to be repeated in the future whereas unpleas¬ 
ant/undesirable consequences predict that the behavior 
will be less likely to be repeated in the future. 

Respondent Learning 

Respondent learning centers on automatic stimulus- 
response (S-R) patterns and stimulus-stimulus (S-S) 
associations. Respondent learning, also termed classical 
conditioning, is best illustrated by Ivan Pavlov’s famous 
salivation experiments with dogs. Dogs would begin to 
salivate (an unconditioned response - UR) at the sight 
of food (an unconditioned stimulus - US). Pavlov then 
began ringing a bell (a neutral stimulus - NS) prior 
to presenting food. After a number of trials of this 
S-S pairing, the dogs began to salivate (the conditioned 
response (CR)) at the sound of the bell (the condi¬ 
tioned stimulus (CS)). 

Respondent learning is also seen with physiologic 
(internal) processes such as hormonal changes. For 
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example, teat stimulation (US) by milking machines eli¬ 
cits oxytocin release (UR) in dairy cattle in milking par¬ 
lors (previously an NS). Over time, oxytocin release (CR) 
and milk letdown occur as the cattle begin to approach 
the milking parlor (CS). 

Similarly, in a lab setting, J. M. Graham and Claude 
Desjardins studied the effect on male rats of pairing the 
scent of wintergreen (NS) with sexually receptive female 
rats (US). Male rats exposed to female rats that are emit¬ 
ting pheromones (US) associated with sexual receptivity 
experience a reflexive rise in hormones in the blood¬ 
stream (UR), which indicates sexual arousal in the male 
rat. When the rats were exposed to the wintergreen scent 
(CS) alone, the rise in the measured hormones of the male 
rats equaled the rise in hormones of the male rats exposed 
to the sexually receptive female rats (Chance, 2008, p. 65). 

Respondent learning is far more complicated than just 
a simple pairing of two unrelated stimuli. Various studies 
since the 1960s have demonstrated that not all stimuli are 
equally associable and that the differences in associability 
of the CS-US pairings are key in how well respondent 
learning occurs. 

Operant Learning 

In operant learning, the behavior performed is considered 
voluntary rather than reflexive, and the behavior is con¬ 
trolled by its consequence. Consequences can be either 
reinforcing or punishing. Reinforcement increases the 
future probability of the behavior and punishment 
decreases the future probability of the behavior. The 
effectiveness of both reinforcers and punishers is depen¬ 
dent on how closely the behavior and the consequence are 
paired in time and on the salience of the reinforcer or 
punisher to the animal. 

Reinforcement and punishment are further classified 
as positive or negative. These are mathematical terms and 
indicate whether something is added (positive) or sub¬ 
tracted (negative) from the environment within which the 
behavior is performed. With positive reinforcement, a 
stimulus is added to the system, which results in the 
behavior being more likely to occur again. For example, 
if a dog sits, it is given a treat. Negative reinforcement 
describes a situation where a typically aversive stimulus is 
removed from the environment when the animal performs 
the target behavior. A rider applies spurs to a horse’s sides 
until the horse begins to move, at which point the spur¬ 
ring stimulus ceases. When a behavior is positive pun¬ 
ished, a stimulus is added to the system: if a rat is shocked 
every time it presses a lever, the rat is less likely to press 
the lever in the future. Negative punishment refers the 
removal of a stimulus (including the opportunity for 
reinforcement) making a behavior less likely to occur. 
If a sea lion exhibits an aggressive response during a 
training session, the trainer may step away and ignore 


the animal for a short period of time. This removes the 
trainer’s attention and also the animal’s opportunity to 
earn further reinforcement. 

Reinforcers and punishers are categorized as primary or 
secondary. A primary reinforcer or punisher reinforces 
or punishes innately and does not depend on an association 
with other stimuli. Examples of primary reinforcers in¬ 
clude food, water, reproduction, and relief from environ¬ 
mental stress (e.g., uncomfortable temperatures). Examples 
of primary punishers include pain and fear-inducing sti¬ 
muli. Secondary, or conditioned, reinforcers and punishers 
are dependent on their previous association with primary 
reinforcers or punishers. For example, the reinforcing 
effect of a light or sound is dependent upon how frequently 
that light has been paired with a primary reinforcer such as 
food. The word ‘No’ acquires punishing properties by 
pairing it with other unpleasant stimuli - hitting the dog 
or applying a collar correction. Secondary reinforcers are 
acquired by respondent conditioning (S-S pairings); there¬ 
fore their continued strength as reinforcers is dependent on 
consistent contiguity with a primary reinforcer. 

In his experiments with pigeons in the 1960s, Herrn- 
stein evaluated the use of secondary reinforcers by exam¬ 
ining the relative rate at which pigeons would peck a disk 
to obtain a secondary reinforcer. Four pigeons were 
trained to peck at either of two response keys. Pecking 
at either key occasionally produced a secondary rein¬ 
forcer. Then, in the presence of the secondary reinforcer, 
farther pecking occasionally produced the primary rein¬ 
forcer, food. He determined that the rate at which each 
pigeon pecked to obtain a secondary reinforcer equaled 
the relative rate that the secondary reinforcer was paired 
with a primary reinforcer. As they decreased the number 
of times the secondary reinforcer was paired with the 
primary reinforcer, the pigeon worked less to obtain the 
secondary reinforcer. Secondary reinforcers, or bridges, 
such as clickers and whistles, have become very popular in 
modern animal training, as discussed in the following 
paragraph. 

Reinforcement schedules influence the variability and 
persistence of behavior over time. There are several types 
of reinforcement schedules and each has a distinctive 
effect on the target behavior. The simplest schedule is 
termed continuous reinforcement - the target behavior is 
reinforced each time it occurs. Continuous reinforcement 
leads to the most rapid learning of new behavior, and for 
this reason, it is the most appropriate choice when teach¬ 
ing new behaviors to animals. 

Intermittent schedules include duration/interval sche¬ 
dules and ratio schedules. Each of these can be applied 
on a fixed or variable schedule. Variable schedules pro¬ 
duce the most enduring and persistent behavior and 
are most applicable to animal training outside the labo¬ 
ratory. Duration schedules are most appropriate for long- 
duration behaviors such as teaching a dog to heel or stay. 
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The dog is reinforced after a variable period of time for 
successfully staying in position. Another example is a 
predator waiting for the appearance of prey; the predator 
is reinforced at variable intervals by the appearance of 
potential prey. 

Ratio schedules can be fixed or variable and depend on 
the number of behaviors offered. Reinforcement occurs 
after a specified number of correct behaviors are emitted. 
A bear fishing for salmon in a stream might have to dunk 
his nose in the water multiple times before he is rein¬ 
forced by successfully catching a salmon. This is an exam¬ 
ple of a variable ratio - the number of times the bear has 
to dunk his head before catching a fish varies. 

Impact of the Study of Behavior on 
Training 

Perspectives on behavior and learning studied in research 
institutions have greatly influenced modern training con¬ 
cepts and techniques. The ethological influence on past 
and current training techniques may be known more for 
its misapplication than for its legitimacy. For decades, 
ethologists chose to focus only on wild animals because 
domestic animals were considered inappropriate subjects 
to study since they did not live within a natural environ¬ 
ment. Domestic animal behavior was interpreted by extra¬ 
polating from studies of wild animal ancestors and related 
species. Ethologists defined behavior terms and con¬ 
structs, and, lacking other resources, trainers usurped 
these terms and constructs and applied them to domestic 
animals. For example, because dogs were considered des- 
cendents of wolves, dog behavior was defined by wolf 
pack structure. Dogs were assumed to live in strict pack 
structures with a defined linear dominance hierarchy. 

A few problems arose with this approach. Because 
wolves are reclusive in the wild, wolf behavior was often 
studied in captive or semiwild situations, not the actual 
natural setting. This meant that some aspects of wolf 
behavior were misinterpreted and then these misinterpre¬ 
tations were further distorted when the information was 
‘passed on’ to nonethologists working with dogs. Addi¬ 
tionally, current research on dogs has shown that dogs 
actually do not live in pack formations, and while some 
overlap occurs, dogs do not behave identically to wolves. 

On the basis of this erroneous approach, dogs showing 
objectionable behavior, particularly aggression, were then 
declared ‘dominant’ because they did not submit to the 
trainer’s will as the alpha member of the relationship. This 
philosophy was applied indiscriminately across all con¬ 
texts and has led to the use of disturbingly abusive train¬ 
ing practices. Rather than evaluating the actual behavior in 
the context in which it occurred, the animal was given a 
label (i.e., dominant) and then its entire behavioral reper¬ 
toire was interpreted within that framework. 


Behaviorists, on the other hand, attempted to avoid the 
pitfalls of labels and constructs by focusing on objective, 
quantifiable measures of behavior. By objectively observ¬ 
ing behavior, behaviorists avoided the trap of trying to 
assume the animal’s underlying thoughts, feelings, and 
motivations. Freed from the distraction of worry about 
an animal’s potential nefarious intentions, a trainer was 
able to focus on the actual behavior and the consequences 
driving it, thereby effectively designing a program to 
manipulate the behavior-consequence contingencies to 
shape desired behaviors. 

Despite these advantages, behaviorism has its limits. 
Animals are not blank slates. As ethologists have demon¬ 
strated, instinctive behavior is part of the animal’s reper¬ 
toire and it can influence operantly learned behaviors. In 
Breland and Breland’s ‘The Misbehavior of Organisms’ 
(1961), the Brelands describe unrewarded, inappropriate 
behavior during training. For example, after successful 
conditioning, raccoons that had learned to pick up a 
coin and put it in a piggy bank would start to rub the 
coin between their paws for seconds to minutes at a time, 
delaying their reward. ‘Misbehavior’ of the raccoons was 
actually an expression of this food manipulation behavior. 
The Brelands attempted to use hunger as a motivator 
thinking that the hungrier the raccoons were, the faster 
they would seek food reward. In fact, the hungrier they 
were, the more they exhibited the coin rubbing behavior 
and farther postponed food (reinforcement) delivery. 

The general principle seems to be that wherever an 
animal has strong instinctive behaviors in the area of the 
conditioned response, after continued running the organ¬ 
ism will drift toward the instinctive behavior to the detri¬ 
ment of the conditioned behavior and even to the delay or 
preclusion of the reinforcement. In a very boiled-down, 
simplified form, it might he stated as “learned behavior 
drifts toward instinctive behavior” (Breland and Breland). 

While behaviorism has contributed a great deal to our 
understanding of animal behavior, and had a significant 
influence on modern training methodologies, it cannot 
stand alone in practice, as the Brelands discovered. 
Instinctual patterns matter. The perspective highlighted 
respectively by ethologists and behaviorists does not, and 
should not, argue the existence or importance of the other. 
Each paradigm has strengths and weaknesses in terms of 
devising training programs. 

Applied Animal Behavior and Training 

Animal training is, simply, the manipulation of behavior. 
Behavior is not the tool with which the animal is trained, 
but rather the measure of the training procedure: if the 
animal’s behavior changes, then training (learning) has 
occurred. 
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There exists an argument that species-specific differ¬ 
ences necessitate devising unique training approaches for 
that particular animal, as though the principles of learn¬ 
ing differ between species. Similarly, trainers are often 
informed that there is a need to assess the animal’s per¬ 
sonality (e.g., horsonality profiles in horses) in order to 
know which techniques to use on a particular animal. 
Labels such as friendly, nervous, shy, dominant, spooky, 
etc. may serve to enhance communication between pro¬ 
fessionals if these are clearly defined, but these labels 
themselves do not help us define the actual behaviors that 
the animal is exhibiting or that we wish to train. For 
example, a bird bites a person’s hand when asked to step 
up on it. Some might see the bird’s biting as a sign that the 
bird is asserting its dominance over the owner. Someone 
else might believe the bird is afraid of the hand and 
therefore biting it defensively. Still others might just say 
it is a ‘bad’ bird. None of these labels actually helps us 
devise a plan to change the bird’s behavior. In fact, they 
are likely to inhibit our efforts and perhaps lead to the use 
of inappropriate and inhumane training methods. 

A prime example is the aforementioned and ubiquitous 
use of dominance constructs during training. This philos¬ 
ophy has been a central approach in training programs for 
many species including dogs, horses, cattle, elephants, and 
others. In order to make the animal perform the desired 
behavior, the handler/trainer must establish physical 
dominance over the animal, typically by some form of 
confrontational interaction. Under the guise of training, 
handlers pin dogs to the ground, chase horses with a rope 
or whip, and subdue elephants with an ankus (hook). 

Viewed under the umbrella of operant and respondent 
learning, the prudence of these approaches fails to draw 
merit. The bird bites the hand because biting makes the 
hand go away. By manipulating the consequences of biting 
(and of stepping up willingly), the bird’s behavior can be 
altered with equal efficacy whether we think the bird is 
dominant, fearful, or just ‘bad.’ 

Most animal professionals recognize that species show 
a repertoire of MAPs. These innate behaviors serve cer¬ 
tain functions for the animal and the behaviors are influ¬ 
enced and shaped further by the animal’s experiences. As 
the Brelands noted, these MAPs can at times interfere 
with training goals. Nevertheless, these innate behaviors 
also can be used to enhance the success of training goals. 
Natural horsemen have done this with the manipulation 
of the horse’s instinct to run when threatened. Escape 
behaviors (i.e., running away) are easy to condition in an 
animal that is already predisposed to running away. The 
weakness in the approach is that too few trainers have an 
understanding of the principles of learning. They rely 
solely on ethological concepts to explain behavior (i.e., 
the horse runs because it is a prey species and/or is acting 
submissive) rather than understanding that avoidance 
behavior is conditioned via negative reinforcement. 


A common example is horses that crowd close to hand¬ 
lers during training. They are often deemed pushy or 
dominant but is there another explanation? Natural horse¬ 
manship training techniques often use round-penning and 
lunging exercises to encourage compliance and perceived 
submission from the horse. The horse is compelled to move 
away from the trainer by ‘pressuring’ or threatening the 
horse by waving a rope or whip at the animal. A significant 
number of horses will kick out at the trainer as they move 
away, especially during the early stages of the training. For 
safety, the trainer typically uses the whip or rope only in a 
threatening manner when the horse is several feet away 
(outside the range of the horse’s kick). So when the horse is 
close to the trainer, the trainer does not generally threaten 
the horse, but when the horse is several feet away, the 
trainer feels safe enough to swing the rope or whip at the 
horse. In this situation, crowding is not about dominance - 
it is a simple case of negative reinforcement. The horse 
learns that staying close to the handler prevents the occur¬ 
rence of aversive stimuli. Essentially, this training practice 
can actually teach the horse to crowd the handler. 

Conditioning New Behaviors 

New behaviors can be developed in three general ways: 
capturing, prompting/luring, and shaping. Each tech¬ 
nique has strengths and weaknesses and the best approach 
will vary with the animal and the specific target behavior. 

Capturing is the process of reinforcing the goal behav¬ 
ior when the behavior is spontaneously offered by the 
animal. The trainer simply observes the animal, and 
when the animal emits the behavior, reinforcement is 
provided. Capturing can work well for behaviors that are 
a frequent part of the animal’s normal behavioral reper¬ 
toire and when the behavior occurs in a relatively invari¬ 
ant form. For instance, during breeding season, Atlantic 
Harbor Seals frequently slap the water with their flippers. 
Skilled trainers can quickly capture this behavior and put 
the behavior on cue as this behavior does not vary fre¬ 
quently in the form it is offered. Capturing is not an 
optimal technique to use if the behavior occurs infre¬ 
quently, as the resulting reinforcement rate would be so 
low that the animal would become frustrated or the train¬ 
ing process would take too long. 

Prompting and luring are two techniques using various 
stimuli to trigger the appearance of the target behavior or an 
approximation of the target behavior. Luring, typically using 
food or a toy, is a popular method for teaching basic obedi¬ 
ence behaviors to pet dogs. A treat is used to manipulate the 
dog’s body into a position, which maximizes the likelihood 
that the dog will sit. Once the dog sits, it is immediately 
given the food treat as a reinforcement. Horse owners often 
use food to try to lure horses into trailers or stalls. Placing 
honey or molasses on the horse’s bit encourages the animal 
to open its mouth to accept the bit. 
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Prompts are stimuli used to trigger a desired behavior. 
For example, a trainer can prompt a sea lion to turn its 
head to one side by making a noise off in the desired 
direction and reinforcing the animal when the head turn 
occurs. A cat owner can prompt the cat to wipe at its face 
by placing a small piece of tape on the cat’s nose. Once the 
behavior is triggered by the lure or the prompt, the trainer 
then reinforces the behavior. Over time, the lure or 
prompt is gradually faded and the behavior is transferred 
to a different cue (discriminative stimulus) so the behav¬ 
ior can be elicited without the lure or prompt. 

A distinct advantage of luring and prompting is that 
behavior can be generated quickly, often within minutes. 
This is also a relatively humane and compulsion-free 
technique; however, one disadvantage of prompting is 
that the animal may habituate to the prompt stimulus. 
For example, after a few repetitions, the sea lion may no 
longer orient to the sound used to prompt a head turn. 
The major disadvantage of using lures and prompts is the 
process of fading the stimulus. Lures are generally easier 
to fade than prompts, but in both cases, the process can 
take time. Another criticism of luring is that the learning 
process is trainer driven, rather than animal driven. Ani¬ 
mals trained only by luring may offer little spontaneous 
behavior, or behavioral experimentation, during training 
sessions. This can become problematic if the trainer 
wishes to develop a behavior that is outside the animal’s 
natural behavioral repertoire. This problem can be 
avoided by using the last method, shaping, because behav¬ 
ioral experimentation and variability are essential to this 
technique. 

Shaping, also called differential reinforcement of suc¬ 
cessive approximations, is a process where a behavior is 
developed by initially reinforcing any behavior that 
remotely resembles the target behavior. Over subsequent 
training sessions, the final target behavior is shaped by 
progressively reinforcing behaviors that more closely 
resemble the target behavior. A bird can be trained to 
elevate its wings for examination by first reinforcing the 
bird for any tiny lift of the wing away from the body. 
When this behavior is being offered with relative reliabil¬ 
ity, reinforcement is withheld for this criteria and the bird 
is reinforced only if it lifts its wing away from the body 
and begins to slightly extend the carpal joint. Wing lifting 
is progressively shaped by only reinforcing greater exten¬ 
sions of the wing until the bird is lifting the wing com¬ 
pletely away from the body and extending the wing out to 
its full span. The smaller the approximations, the more 
seamless the learning process will be. 

When shaping criteria are carefully planned, the ani¬ 
mal often offers a new level of behavior before the trainer 
actually changes reinforcement criteria. Shaping is most 
effective when done with a bridge, or secondary rein¬ 
forcer. This is typically a unique sound such as a click or 
whistle that has been previously paired with a primary 


reinforcer such as food. The target behavior is ‘marked’ 
with the bridge signal and then a primary reinforcement is 
delivered to the animal. The bridge signal increases the 
accuracy of the reinforcement process particularly for 
rapid behaviors or situations where the animal is not 
close to the trainer (thereby making timely delivery of a 
primary reinforcer difficult). As seen with Hernstein’s 
pigeons, the effectiveness of a secondary reinforcer relies 
on its consistent association with a primary reinforcer. If a 
bridge is used in the absence of a primary reinforcer, it 
loses its effectiveness as a secondary reinforcer and ‘mark¬ 
ing’ stimulus. 

Shaping produces the most learner participation as the 
process is entirely learner driven: the trainer does not 
prompt the animal in any way but rather reinforces beha¬ 
viors that the animal offers spontaneously. Shaping does 
require the trainer to have excellent observation skills and 
knowledge of the topography of the behavior being 
shaped. As with other training methods, shaping can be 
frustrating to the animal if the reinforcement rate is too 
low or the trainer’s criteria are unclear. 

Shaping can be combined successfully with prompts in 
some circumstances. For example, hoof care is an impor¬ 
tant part of equine husbandry so it is essential that the 
horse reliably lift its feet when cued to do so. A shaping 
procedure combined with a prompt would begin with the 
trainer gently squeezing the tendons of the horse’s leg. 
When the horse shifts its weight even the slightest degree 
to the off foreleg, the trainer reinforces the horse by 
removing the prompt and offering food reinforcement 
(a combination of negative and positive reinforcement). 
Over trials, the horse is reinforced only for greater weight 
shifts, then lifting the foot slightly, etc. 

Changing Existing Behaviors 

Training is not only used to teach new behaviors but also 
as a tool used to alter or reduce existing behaviors. Prob¬ 
lematic behaviors include normal species typical beha¬ 
viors that are undesirable for the situation in which the 
animal lives, as well as behaviors that are considered 
abnormal. For example, weaving is an abnormal, stereo¬ 
typical behavior in horses that is generally caused by 
social isolation and confinement, but, unlike weaving in 
horses, rooting in pigs is a normal species-typical behav¬ 
ior. While rooting is normal behavior for the pig, it may be 
considered inappropriate for a pig kept as a house pet 
because rooting can cause damage to the owner’s home. 
Depending on the type of problem faced, trainers can 
emphasize the use of antecedent changes, operant, or 
respondent techniques to alter behavior. 

Antecedent changes 

Antecedents are learned signals for the behavior- 
consequence contingency to follow. Opening a food door 
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may become the antecedent for a chimpanzee to lunge 
because the lunging has been reinforced with the delivery 
of food. The strength of the antecedent to cue a particular 
behavior is related to the strength of the reinforcer that 
follows the behavior. There are three ways to manipulate 
antecedents to alter behavior patterns: adding/removing a 
cue, changing the setting events, and strengthening/ 
weakening the motivation for the behavior (termed estab¬ 
lishing operations). 

Antecedents can be changed or removed to alter the 
behavior/consequence pairing and prevent the elicitation 
of the problematic behavior. For example, some dogs will 
bark and run to the door when they hear the doorbell in 
anticipation of people entering the home. If the doorbell is 
turned off or guests enter the home without ringing the 
doorbell, the dog may be less likely to bark. 

The context, conditions, or situational influences that 
affect behavior are often some of the easiest antecedents to 
change. Horses that weave when placed in a stall can be 
moved to a pasture with other horses. Cats that urinate 
outside of the box only when the box is dirty can have their 
boxes cleaned more regularly. If a cat bites when it is petted 
while on someone’s lap, the owner can refrain from letting 
the cat on laps or from petting the cat once it is there. 

Motivating or establishing operations are antecedents 
that temporarily alter the effectiveness of consequences. 
For example, certain toys may be highly motivating to a 
dog if it rarely has access to them but less so if the dog has 
unlimited access to the toys all the time. A horse may 
more readily go back into its stall and rest quietly once it 
has had a long workout and time at pasture with social 
interaction with other horses. Similarly, food reinforcers 
are more effective if the animal is hungry, so training will 
be most effective if the training session is schedule just 
before the animal’s next mealtime. 

Manipulating consequences to change behavior 

While antecedent behavior-change strategies are pre¬ 
ventative solutions, consequence changes rely on learn¬ 
ing. Manipulation of consequences necessitates that the 
trainer determine what reinforces a particular behavior. 
Once the reinforcement is identified, the trainer can 
withhold or eliminate it. When the association between 
the behavior and its consequence is severed, the number 
of times the behavior is offered decreases and eventually 
disappears or returns to baseline. This process is known 
as extinction. 

Extinction can be problematic as a behavior change 
strategy. Current studies on extinction indicate that 
extinction does not destroy the original learning but 
instead generates new learning that is very dependent 
on context. A change of context after extinction can 
cause a return of the initial CR, termed the renewal effect. 
Some behaviors may be maintained by internal reinforce¬ 
ment processes (e.g., physiologic changes); therefore, the 


reinforcement cannot be withdrawn easily. Other beha¬ 
viors may have external reinforcements that are very 
difficult or even impossible to control. For example, 
many dogs receive substantial reinforcement for chasing 
small and birds. Because the dog must be let out into the 
yard for elimination each day, the dog is likely to continue 
to receive some level of reinforcement for this behavior 
even if the dog is kept on leash. 

Extinction can be a very slow process and the prob¬ 
lematic behavior may recover over time. Cessation of the 
behavior is often preceded by an extinction burst , a sharp 
increase in the frequency and intensity of the problematic 
behavior. This can be a very frustrating process for those 
working with animals and many individuals reinforce the 
animal during this burst, thereby creating an even stron¬ 
ger response. Extinction can also result in frustration- 
induced aggression. 

Another behavior change strategy is differential rein¬ 
forcement of alternative behaviors (DRA). The alterna¬ 
tive behavior selected should be one that replaces the 
function of, and generally is incompatible with, the prob¬ 
lem behavior. The new behavior should receive more 
reinforcement than the problem behavior. If a chimpanzee 
charges the feeding door to receive its food, the chimpan¬ 
zee would be trained to sit away from the door. The 
animal would be highly reinforced for this behavior such 
that he receives more reinforcement for sitting away from 
the door than he does for charging at the door when it 
opens. The Matching Law states that organisms will 
apportion their behavior in accordance with how much 
reinforcement each behavior receives. If a pig roots out 
high value reinforcements in a specific area of the yard, 
the pig is significantly less likely to root in other parts of 
the yard where it receives less reinforcement. 

The alternative behavior should ideally be something 
the animal already knows how to perform. It will be easier 
to replace a problem behavior with a behavior that the 
animal already knows well, rather than trying to teach the 
animal a brand new response. If a dog is highly proficient 
with sitting on cue, but is just learning lie down, then sit is 
the more appropriate choice as an alternative behavior for 
lunging at people on walks. 

Respondent techniques for altering problem 
behaviors 

Respondent techniques are appropriate choices for prob¬ 
lematic respondent behaviors. The most frequent situa¬ 
tion involves fear behaviors that are significant enough to 
interfere with an operant training paradigm. While fearful 
behavior is normal in all species, animals exhibiting fear 
in captive or domestic settings may pose a variety of 
problems, including difficulty maintaining health and 
husbandry, destructive escape behavior, or aggression. 
Respondent fear can interfere with operant learning. 
Trainers often choose to work through the respondent 
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behavior problem first to help clear the way for operant 
learning. There are three well-established procedures to 
reduce respondent fear: systematic desensitization, coun¬ 
terconditioning, and response blocking (flooding). 

Systematic desensitization is a process in which a 
conditioned emotional response (CER) such as fear is 
extinguished by exposing the animal in a graduated man¬ 
ner to the fear-eliciting stimuli. When creating a program 
for systematic desensitization, a stimulus hierarchy is 
created which ranges from a level that elicits a mild 
response to a level that elicits an extreme response. The 
animal is exposed to the first step of the hierarchy (mild to 
no response) until the mild response is extinguished. Once 
this occurs, the animal is exposed to the next step on the 
stimulus hierarchy. This process continues until the ani¬ 
mal no longer shows a fear response to the stimulus even 
at full intensity. 

Systematic desensitization’s effectiveness is often 
improved when it is paired with a process called counter¬ 
conditioning. The animal’s initial CER is replaced with 
an alternative, competing response by pairing it with an 
eliciting stimulus that will trigger an opposing emotional 
or physiologic response. For example, a show cat may 
need to be bathed and dried prior to a show. If the cat is 
afraid of the sound of the blow dryer, the sound of the 
dryer can be paired with a favored food (the eliciting 
stimulus), which elicits pleasure and potentially a reduc¬ 
tion in heart rate. 

Counterconditioning occurs only if the new eliciting 
stimulus triggers a response powerful enough to super¬ 
sede the original CER. If the cat is extremely afraid of the 
sound of the dryer, it is very likely that it will not eat in 
the presence of the blow dryer. Hence, it is often advanta¬ 
geous to pair this counterconditioning with systematic 
desensitization. By minimizing the intensity of the origi¬ 
nal CS, the new eliciting stimulus is likely to be salient 
enough to overcome it. 

Response blocking (flooding) is an exposure-based 
technique in which an animal is exposed to a fear-evoking 
stimulus at full intensity until the animal’s fear to that 
stimulus is extinguished. The animal is prevented from 
escaping the stimulus, typically by some form of restraint, 
hence the term response blocking. A dog that is afraid of 
the sound of fireworks would be exposed constantly to the 
sound until the fireworks no longer elicited a fearful 
response. Similarly, a draft horse that is afraid of having 
a harness on would be placed in the harness until it no 
longer showed a fearful response. 

While a favored technique in the past, the use of 
response blocking has largely fallen out of favor with 
educated behavior professionals because of the prob¬ 
lems that can arise. If the session is aborted prior to 
extinction, the process actually can exacerbate the ani¬ 
mal’s fearful response. Additionally, during the session, 
there is a very real risk of injury to the animal and any 


human participants if the animal shows severe panic 
behavior or aggression. Response blocking may also lead 
to a condition known as learned helplessness. The animal 
learns that its behavior has no effect on its environment; this 
results in decreased response to the stimulus even when the 
opportunity to escape the stimulus is returned. Learned 
helplessness can induce a global suppression on responding 
such that the animal also fails to respond to other previously 
learned cues. Learned helplessness has been associated 
with wider reaching detrimental side effects including 
physiologic problems such as gastric ulceration. 

Summary 

Regardless of the purpose behind the training program, 
animal caregivers should rely on a humane hierarchy 
when devising behavior programs. These programs 
should focus on environmental (antecedent) management 
and positive reinforcement-based interventions. It is inap¬ 
propriate to base training and behavior change programs 
on outdated ethological models to the exclusion of the 
laws of learning. Learning plays the primary role in shap¬ 
ing behavior on a daily basis. Animal educators must have 
a clear understanding of these principles in order to be 
effective at their tasks. 

See also: Animal Behavior: Antiquity to the Sixteenth 
Century; Animal Behavior: The Seventeenth to the 
Twentieth Centuries; Behavioral Ecology and Sociobiol¬ 
ogy; Comparative Animal Behavior - 1920-1973; Etholo¬ 
gy in Europe; Future of Animal Behavior: Predicting 
Trends; Game Theory; Imitation: Cognitive Implications; 
Integration of Proximate and Ultimate Causes; Neurobi¬ 
ology, Endocrinology and Behavior; Psychology of 
Animals; Punishment; Social Cognition and Theory of 
Mind; Social Learning: Theory. 
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A Familiar Beetle 

The name ‘tribolium 7 comes from the Latin verb for 
threshing, ‘tribulo. 7 This is likely a reference to the fact 
that the first Tribolium beetle to be discovered, Tribolium 
castaneum , is a pest of stored grains and was found near 
where grain was threshed. Because of their association 
with stored grain products, these beetles are likely one 
of the most familiar beetles known to man. The various 
beetles of the genus Tribolium have a long history of being 
used as a model organism in laboratory studies in the 
areas of ecology, evolution, genetics, developmental biol¬ 
ogy, and animal behavior. 

Taxonomy and Diversity 

Tribolium beetles belong to the group of‘darkling beetles’ 
or Tenebrionidae. As the name suggests, they have a 
characteristic dark body color (Figure 1). Like many 
other tenebrionids, Tribolium beetles are saprophagous, 
phytophagous, or mycophagous, and may be found in 
leaf litter, under the bark of trees or near fungi. In addi¬ 
tion, like some of their close relatives of the tribe Tribo- 
liini, Tribolium beetles too may be associated with the 
nests of other species such as insects and some vertebrates. 
For example, some beetles such as T. myrmecophilum may 
be ecologically associated with insects’ nests, whereas 
others such as T. castaneum are associated with human 
dwellings and their stored grain. Thus, there is significant 
diversity in the ecological habitats of the three dozen 
species described in this group. 

Evolutionary History 

Tribolium beetles may have diverged from other holome- 
tabolous insects as early as the beginning of the Creta¬ 
ceous period. Since then, these beetles may have evolved 
in five separate lineages, each of which is associated with a 
particular region of the world. Each has distinctive mor¬ 
phology. Thus, the brevicornis group evolved in South 
America, the confusum group in Africa, the alcine group 
in Madagascar, the castaneum group in Indo-Australia, and 
the myrmicophilum group in Malay-East Indies. Of these, 
the confusum group is the most speciose with 14 known 
members and the myrmecophilum group is the smallest with 
only two known species. 


Stored Product Pest 

Of the dozens of species in this genus, as few as ten are 
storage pests associated with human grain stores and come 
from the castaneum, confusum , and brevicornis groups. Evi¬ 
dence from ancient Egypt indicates that the associa¬ 
tion between Tribolium and humans may be as old as 
4000 years. These insects are incapable of attacking 
whole grain and are therefore secondary pests of grains 
such as wheat, maize, rice, barley, rye, oats. As their typical 
habitat is in stores of the flours of these grains, they are 
commonly called ‘flour beetles’ or ‘bran bugs.’ Interest¬ 
ingly, although Tribolium are regarded as a major pest 
of grain products, they may also be found in other types 
of foods such as beans, peas, nuts, chocolate, and even 
spices like ginger and red pepper. 

Because of their synanthropic nature, many of these pest 
beetles such as T. castaneum, T. confusum, T. destructor, and 
T. madens have a worldwide distribution. Others such as 
T. anaphe, T. audax, T. brevicornis, T. freemani, T. parallelus, 
and T. thusa have a more restricted range. The biology of 
the cosmopolitan storage pest beetles such as T. castaneum 
and T. confusum is the best understood and will be the main 
focus of this article. 

Morphology 

Adult Tribolium beetles are ~3-5 mm in size. Some such as 
T. brevicornis (~4 mm) and T. freemani (~5 mm) are visi¬ 
bly larger than other species such as T. audax, T. anaphe, 
T. castaneum, and T. confusum (~3 mm or smaller). Adults 
are sexually dimorphic. The sexes may be significantly 
different from each other in body size. In some species, 
such as T. brevicornis, males may be larger than females but 
in others including T. confusum, there may be a tendency 
for females to be larger. T. castaneum adult males are 
distinguishable from females because of the presence of 
setiferous glands (‘sex patches’) on their first pair of legs, 
which are absent in females. Similarly, in T. confusum, only 
males have these glands but they appear on each pair of 
appendages. 

Life Cycle 

Beetle life cycles include four stages: egg, larva, pupa, and 
adult. The microscopic eggs of tenebrionids are ovoid and 
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Figure 1 Adult Tribolium castaneum in flour. (Photo credit: 
Mark Lee, DOP images, Atlanta, GA). 


Figure 2 Larvae of Tribolium castaneum. (Photo credit: Mark 
Lee, DOP images, Atlanta, GA). 

bright white. In T. castaneum and T. confusum , the egg stage 
typically lasts 4—5 days in ideal laboratory conditions. The 
larvae are worm-like and yellowish (Figure 2). In optimal 
conditions, this stage is typically about 2-3 weeks for 
T. castaneum and T. confusum. The pupae are light colored, 
and either white or yellowish (Figure 3). Pupae are not 
capable of locomotion though they may wriggle (with the 
movement originating in the abdomen). The sexes are 
dimorphic and easily discernable as pupae, because the 
females have larger genital papillae compared to those 
found on the male pupae. In a favorable environment, 
the pupal stage may last 5—6 days in T. castaneum and 
T. confusum. 

The typical life cycle from egg to adult in laboratory 
strains of T. castaneum and T. confusum may be as short as 
4 weeks in optimal conditions of food, temperature, and 
humidity. However, the rate of development from egg to 
adult varies vastly among species and may be as long as 


Figure 3 Pupae of Tribolium castaneum. (Photo credit: Mark 
Lee, DOP images, Atlanta, GA). 


almost 9 weeks for some species of flour beetles. Devel¬ 
opmental time varies even among different strains of a 
species. In addition to genetics, environmental factors 
such as temperature, humidity, and food also influence 
development. Adults may live more than 3 years, though a 
life span of 1-6 months is more typical in laboratory 
settings. In general, the life span of virgin adults in labo¬ 
ratory conditions for T. castaneum and T. confusum beetles 
is 7-11 months. 

Tribolium as a Model Organism 

Several features about their biology make flour beetles a 
convenient model system. Their affinity for stored grain 
products makes it easy to find and collect them from 
pantries, feed mills, feed stores, silos, etc. At these sites, 
beetles are easily detectable because they leave tunnel 
shaped tracks in the flour dust (Figure 4). When brought 
to the laboratory, beetles do not require much space and 
basically can be stored in glassware such as vials and jars 
because of their small size. They can be reared rather 
inexpensively in flour medium (typically a mixture of 
wheat flour and brewers’ yeast). Further, they can be indef¬ 
initely kept in dark conditions; this tolerance for dark 
facilitates their lives as storage pests in grain products. 

Tribolium cultures do not require constant mainte¬ 
nance, since all the life stages of these beetles can be 
grown in the same flour medium. Easy separation of the 
life stages also facilitates experimentation. Eggs and 
young larvae are significantly smaller than pupae and 
adults, and can be easily separated from each other by 
means of sifters with different mesh sizes. Although pupae 
and adults are of similar size, they are also easily sorted 
from each other, by taking advantage of the lack of mobil¬ 
ity of the pupae. These insects are hardy and easily 
withstand being handled for experimental manipulation. 
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Figure 4 Beetles-infested flour with tunnel shaped tracks. 
(Photo credit: Mark Lee, DOP images, Atlanta, GA). 


Flour beetles, like many pest species, have a high 
reproductive capacity and remain reproductive through¬ 
out the year. Not only do males and females readily mate 
in a laboratory setting, but also, because adults have a long 
life span, a single female may produce hundreds of eggs in 
her long reproductive life, which enables high number of 
experimental trials. Because of their relatively short life 
cycle, these insects are suitable for multigenerational 
studies that ecology and evolutionary biology necessitate. 
All of these listed attributes have made Tribolium a well- 
studied insect on which there is a plethora of information. 

History as Laboratory Model Organism 

The flour beetle first came to be used as a laboratory 
model organism in population ecology studies initiated 
by Chapman in the late 1920s. In the subsequent four 
decades, from the 1930s to 1970s, Thomas Park and col¬ 
leagues at the University of Chicago used this insect 
extensively as a laboratory model system to examine 
questions in ecology, genetics, behavior, and evolution. 
Indeed, some classical works illustrating such fundamen¬ 
tal concepts in ecology and evolution, as population reg¬ 
ulation and interspecific competition have employed 
flour beetles as model organisms. 

Many notable discoveries in genetics have also been 
made in Tribolium. For example, selfish genetic elements 


were first discovered in the confused flour beetle in 
the 1990s. The Tribolium system has been used to study 
many major ideas in evolutionary biology such as mech¬ 
anisms of reproductive isolation, group selection. In the 
last three decades, red flour beetles have proved to be 
invaluable as models for sexual selection studies and 
evolutionary-developmental biology (evo-devo) studies. 

The prolific literature on this genus provides a wealth 
of background information on the biology of these 
insects and has led to the development of new tools 
and methodologies that will further promote experimen¬ 
tation in this organism. Several authors have developed 
microsatellite markers in the red flour beetle, which can 
be applied to population genetics and parentage analysis 
studies. Also, the genome of T. castaneum was recently 
sequenced, which has positioned this species as one of 
the most significant models for evo-devo, genetics, and 
genomics studies. 

Behavioral Repertoire of Tribolium 

Aside from being one of the foremost model organisms for 
population processes and developmental genetics at pres¬ 
ent, these beetles also make an appealing animal in which 
to study behavioral ecology and behavioral evolution, 
given their remarkable repertoire of behaviors. This arti¬ 
cle discusses only a small subset of some of the more 
intriguing of these behaviors. 

Cannibalism 

Tribolium beetles at various life stages may eat their own 
kind. Because of this taxon’s use as a laboratory model 
of population regulation, cannibalism is one of the best- 
studied aspects of beetle behavior and serves as an 
example of interference competition within a species. In 
general, the inactive stages, egg and pupa, are cannibalized 
by the active stages, larva and adult. However, it is also 
possible for adults to feed on very young larvae and for 
the old larvae to feed on callow adults the exoskeleton of 
which is not sclerotized. Studies in the confused flour 
beetles report that adults may devour an egg in a matter 
of minutes. This behavior is thought to be of great adap¬ 
tive significance because it may facilitate beetles’ coloniz¬ 
ing a novel food environment. 

Cannibalism is known to be under polygenic control. 
Thus, the tendency for cannibalism is variable and strongly 
depends on the species as well as the genetic background of 
beetle strains. Cannibalism in various flour beetle species 
does not correlate with phylogenetic relatedness. Appar¬ 
ently, it has been shaped by the evolutionary-ecological 
history of each individual species. 

Similarly, because of differences in selective pressures 
on different life stages that practice cannibalism, the 
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larvae and the adults too show differences in cannibalism 
behavior. The larvae in general may feed preferentially 
on eggs, whereas the adults may feed preferentially on 
pupae. One explanation for this difference may be that 
larval nutritional requirements are more completely met 
by feeding on eggs, whereas adults may possibly elimi¬ 
nate competition in the near future by consuming pupae. 
Thus, each life stage may be maximizing their chance of 
survival through preferential cannibalism. Environmen¬ 
tal variables such as amounts and quality of food, as well 
as population density, also influence cannibalism rates. 
Beetles tend to be more cannibalistic in environments 
with greater population densities and lower food quan¬ 
tity and quality. Therefore, cannibalism in flour beetles 
is a classic example of population regulation through 
density-dependent processes. Cannibalism of eggs and 
pupae has a significant impact in regulating population 
sizes. In the confused flour beetle for instance, popula¬ 
tion sizes would be tenfold larger without cannibalism. 

Competition 

Different species of flour beetles may occupy a similar 
niche in an ecosystem. Because they require similar types 
of abiotic conditions as well as feed on similar foods (stored 
grain products), they may co-occur within a space and 
consequently compete for resources in the same environ¬ 
ment. Interestingly, the outcome of competitive interac¬ 
tions between the red flour beetle and confused flour 
beetle depends on abiotic factors such as temperature 
and humidity, as well as biotic factors such as initial den¬ 
sities of beetles, and presence or absence of parasites. 
Competition experiments on flour beetles conducted by 
Park and his colleagues are a classic study in ecology. 
Their experiments revealed that the confused flour beetle 
is likely to dominate in environments that are cool and 
arid, whereas the red flour beetle is likely to prevail at 
higher temperatures and in humid environments. 

Furthermore, parasitism also influenced the outcome 
of competition between the two flour beetle species. 
When beetle cultures were infected with a microparasite, 
Adelina , it was found that T. confusum , which is better 
able to withstand Adelina , was likely to ‘win’ in the inter¬ 
specific competition even in abiotic conditions that typi¬ 
cally favored T. castaneum. When a different parasite, 
Hymenolepis diminuta was used, the results were the oppo¬ 
site; when beetles were infected with the abovemen- 
tioned rat tapeworm, the red flour beetle tended to be 
the superior competitor. 

One of the chief ways competing species of flour 
beetles interact with each other is preying on their com¬ 
petitor’s eggs and pupae. Beetles are able to distinguish 
between eggs and pupae from their own species and those 
of their competitors. Adult beetles may preferentially feed 
on the heterospecific eggs and pupae. 


Chemical Communication 

Beetles produce various chemicals used in communica¬ 
tion with conspecifics as well as with other species. Flour 
beetles produce a host of chemicals that are secreted to 
their external environment; for example, both T. castaneum 
and T. confusum produce over half a dozen such chemicals. 
However, the function of these compounds is not very 
well understood. Some compounds such as 4-8 dimethly 
decanal (4-8 DMD) are produced only by males, others 
such as Z-2-9-propionate are produced by females, and 
still others, such as various toluquinones and benzoqui- 
nones are produced by both sexes. 

Possibly, the best-known compound is 4-8 DMD, which 
is an aggregation pheromone. It is a common observation 
that beetles in laboratory cultures and in feed mills are 
found in aggregations. Typically, beetle behavioral response 
to 4-8 DMD includes walking toward the source accompa¬ 
nied by a movement of the head and antennae. So strong is 
this behavioral response that many commercial lures use 
synthetically produced 4-8 DMD to trap beetles in stores 
of grain. While this is primarily an aggregation phero¬ 
mone, it also functions to attract potential mates at closer 
ranges. Female mate choice in T. castaneum may partially 
depend on male pheromone cue at least in some popula¬ 
tions, and male sperm precedence was shown to depend 
on female’s response to this olfactory signal among those 
populations. 

Toluquinones are among the suite of compounds pro¬ 
duced by beetles and function as allomones. It is likely 
that they serve as a defense against the microbes found in 
the flour and predators in the environment. 

Defensive Behaviors 

In addition to chemical defense, beetles may resort to 
thanatosis or feigning death as means of defense against 
predators. Beetles often feign death by lying still for as few 
as a fraction of a second to up to a few minutes upon 
sensing a predator. This behavior is known to vary among 
different genetic backgrounds of flour beetles. Recent 
studies show that death feigning behavior is correlated 
with another type of predator avoidance behavior, fleeing. 
Beetles that feigned death for longer fled shorter distances 
than beetles that feigned death for shorter durations. This 
suggests that beetle strains may be genetically predis¬ 
posed to one of the two alternative strategies to avoid 
danger from a predator, either feign death or flee. Death 
feigning behavior and its evolutionary significance war¬ 
rants further investigation. 

Interactions with Parasites 

Flour beetles have been used as a model system to study 
host-parasite dynamics especially in the recent past. 
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These beetles may get infected with a variety of parasites, 
including microparasites such as Adelina and Nosema , as 
well as macroparasites such as Hymenolepis. 

Tribolium and their parasites have been used to test 
several theories in the realm of host-parasite interactions. 
Several studies have examined the fitness consequences of 
parasitism for flour beetles. As expected from a typical 
host-parasite interaction, a general pattern with respect to 
flour beetles’ interactions with parasites is that the latter 
adversely affect the fitness of these beetles. Beetle fitness 
may be affected because of one or more factors such as 
reduction in attractiveness, reduced fecundity, reduced 
sperm precedence. 

A hypothesis is whether parasites manipulate interme¬ 
diate host behavior to facilitate their transmission to the 
final hosts. This has been tested using the rat tapeworm 
H. diminuta and flour beetles. Beetles get infected with 
this parasite when they consume tapeworm egg-infested 
rat feces. The eggs develop into cysticercoids inside the 
beetles. The tapeworm completes its life cycle after 
infected beetles are consumed by the final host, the rat. 
Thus, beetles serve as the intermediate hosts of this para¬ 
site. It is likely that higher rate of surface seeking (going 
to the top of the flour) and emigration would make 
beetles more vulnerable to predation by rats, thereby 
improving the chances of parasite transmission. Studies 
show that when infected by the rat tapeworm, beetle 
behaviors are significantly altered. Interestingly, preva¬ 
lence of parasites increased T. confusum beetles’ tendency 
for surface seeking and emigration compared to unin¬ 
fected beetles, but had the opposite effect on T. castaneum 
beetles. Thus, it is clear that parasites alter beetle host 
behavior. The available data, though, do not support the 
idea that flour beetles’ behavioral changes enhance para¬ 
site transmission. 

Mating Behaviors 
Mating rates 

In recent years, the red flour beetle has been extensively 
used as a model system for sexual selection studies. How¬ 
ever, the mating behavior of the other flour beetles, 
including the confused flour beetle, is relatively less stud¬ 
ied. The red flour beetle and confused flour beetle differ 
remarkably in their mating rates. Red flour beetles mate 
readily in the lab, whereas confused flour beetles mate at 
a lower frequency in laboratory observations. In the red 
flour beetle, both sexes are promiscuous and may mate 
multiple times with the same partner (repeated mating) 
or mate with different partners (multiple mating) in a 
relatively short time of few minutes. Typically, males 
approach the female to initiate copulation. Females may 
move away from the male rapidly or remain quiescent and 
allow the males to mount. Copulation durations range 
from a few seconds to half an hour. 


Mate choice 

Both sexes of the red flour beetle exhibit precopulatory 
mate choice and preferred traits likely vary among popu¬ 
lations. Some male traits known to be attractive to females 
include large body size and certain pheromone cues. 
Males may show preference for virgin females and also 
favor novel mates in comparison with females they have 
previously mated with. In addition, males may avoid mat¬ 
ing with callow females. 

Evidence from studies examining the correlation 
between male traits, female response, and sperm prece¬ 
dence suggests that females continue to asses male quality 
even after the initial decision to mate is made and that 
females bias paternity in favor of preferred males. Beetle 
males that stroke their partners more vigorously with 
forelegs while in copula (a form of copulatory courtship) 
have a higher-than-expected share of paternity. A clever 
experiment that altered only female perception of male 
quality but not male quality itself showed that male share 
of paternity was significantly affected by female percep¬ 
tion of male quality. Female red flour beetles have the 
capacity to control sperm movement in their reproductive 
tract, which may be the mechanism for such a postcopu- 
latory female mate choice. 

Male-male interactions 

While a red flour beetle pair is in copula , rival males may 
interfere by butting into the pair or climbing over them. In 
some cases, males may not be able to complete intromis¬ 
sion because of physical interference by rivals. Success 
and duration of copulation may be influenced by these 
male-male interactions. When copulating red flour bee¬ 
tles are disturbed by rival males, the copulations typically 
last longer, possibly because physical disturbance from 
rivals cause males to require additional time for a success¬ 
ful sperm transfer. 

Because of the high mating rates of both sexes in the 
red flour beetles, sperm from different males may co¬ 
occur in a female’s reproductive tract. Hence, sperm 
competition and sperm precedence is a well-studied 
aspect of flour beetle biology. Typically, the last male to 
mate sires the majority of a female’s offspring. Just as there 
are female controlled postcopulatory processes, male con¬ 
trolled postcopulatory processes also have been docu¬ 
mented in the red flour beetle. 

Aside from mating order and female preference, other 
factors may also influence the outcome of sperm compe¬ 
tition in terms of male sperm precedence. One facet of 
intrasexual competition in this beetle is male ability to 
displace a rival male’s sperm by means of their intromit- 
tent organ (the aedeagus). This may in fact be a significant 
aspect of sperm competition in this species, but has not 
been studied in much detail. In a small percentage of cases 
with sperm displacement, males end up translocating 
their rival’s sperm, which lingers on their intromittent 
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organ, when they subsequently seek to mate with other 
partners. This phenomenon, when males gain a share of 
paternity of offspring from females they themselves have 
not mated with because of sperm translocation by rivals, 
has been described as fertilization by ‘proxy.’ 

Another relatively unexplored aspect of male-male 
interactions is the phenomenon of homosexual copula¬ 
tions. Homosexual copulations between males are quite 
common in beetle aggregations. Males may mount other 
males and even deposit a spermatophore in the course of a 
homosexual copulation. The adaptive significance of this 
behavior, if any, is unclear. 

Male-female interactions 

The high level of promiscuity in red flour beetles causes a 
conflict of interest between the sexes in this species. For 
example, males are selected to maximize their paternity, 
whereas females may be selected to choose the highest 
quality sire for their offspring. Conflicts of interest may 
lead to antagonistic co-evolution between the sexes. 

One example of a conflict of interest between the sexes 
may relate to the mating frequency. Males may benefit 
from mating frequently or for a prolonged duration, 
because this may help them to maximize their sperm 
transfer and facilitate mate guarding, thereby increasing 
their share of paternity. The same may not be true for 
females that may incur costs, such as expenditure of time, 
energy, and/or loss of other mating opportunities. Thus, 
in beetle populations that show a high female mating rate, 
it is possible that the females are coerced into copulating. 
That females may be resisting male attempts at frequent 
copulation is suggested by some of their behaviors during 
mating. For example, they may exhibit swift movement 
away from a male that is attempting to mount. Even after 
the male manages to mount a female, they may move 
backwards to cause a mounted male to dislodge, or move 
extremely fast, another tactic that may cause the mounted 
male to dislodge. Females are also usually the first to walk 
away from copula. In contrast to these resistance beha¬ 
viors, female cooperation is evident when they remain 
quiescent and allow a male to mount. 

Multiple studies have demonstrated that populations of 
red flour beetles differ with respect to their mating related 
traits such as mating frequency, oviposition rates, mating 
duration. Possibly, this stems from not just differences in 
natural selection and drift, but also because of differences 
in patterns of male-female co-evolution in different popu¬ 
lations. Thus, this insect is probably one of the best model 
systems to study male-female co-evolution. 

Conclusion 

Overall this humble group of pest species has served 
as an incomparable laboratory model, which has yielded 


valuable insights into the evolution of various behaviors. 
Many behaviors described here are only partially under¬ 
stood and merit further study. In addition, with the 
advent of new tools in molecular biology and genomics, 
this genus will continue to be a useful organism in which 
to explore questions on evo-devo and functional 
genomics. 

See also: Intermediate Host Behavior; Invertebrates: The 
Inside Story of Post-Insemination, Pre-Fertilization Re¬ 
productive Interactions; Isolating Mechanisms and 
Speciation; Mating Signals; Microevolution and Macro¬ 
evolution in Behavior; Parasite-Modified Vector Behav¬ 
ior; Parasites and Sexual Selection; Propagule Behavior 
and Parasite Transmission; Reproductive Behavior and 
Parasites: Invertebrates; Signal Parasites; Social Rec¬ 
ognition; Social Selection, Sexual Selection, and Sexual 
Conflict. 
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Introduction 

Model systems in biology usually refer to species or 
groups of species ideally suited to address certain 
biological questions. Fruit flies are excellent model sys¬ 
tems for studies of genetics and squids are unsurpassed for 
studying many aspects of the biology of neurons. Frogs 
have emerged as a model for the study of animal 
communication. 

Communication behavior is one of the most ubiquitous 
forms of social behavior, and it is on more conspicuous 
display in anurans than in most other animals. Frogs are 
common - there are about 5000 species. They have a 
relatively simple behavioral repertoire, and much of that 
repertoire is dedicated to attracting a mate. Most species 
of frogs produce calls, and most have ‘species-specific’ 
mating calls. These are high-amplitude vocalizations used 
by males to attract females and repel neighboring males. 
Although calls can vary substantially among individuals 
within a population and among populations within a 
species, such variation is dwarfed by the variation among 
species. Calls can be easily analyzed, compared quantita¬ 
tively, and synthesized for use in playback experiments. 

A key advantage to studying frog communication is 
knowledge about how the receiver responds to signal 
variation. Females rely on species-specific calls to locate 
potential mates and to identify males of the correct spe¬ 
cies and sometimes higher-quality males of their own 
species. Female frogs approach a mating call to assess 
the value of a signaler as a potential mate. Behavioral 
experiments utilize these female movements toward 
sources of sound (phonotaxis) to assess female call pre¬ 
ferences. This is a particularly powerful experimental tool 
when females are given a choice between two calls. In 
addition, there is also substantial information on how the 
female’s auditory system and her brain contribute to the 
development of call preferences. Few communication sys¬ 
tems are known in the same depth as that of the frog. 

The communication system of frogs is inextricably 
linked to sexual selection. Sexual selection drives the 
evolution of some of the most stunning traits in nature 
and its results are especially conspicuous in sexual signals, 
such as mating calls. When females find some call variants 
more attractive than others, they impose strong selection 
on male calls. Males with the preferred variants are more 
likely to mate, more likely to reproduce, and thus are 
favored by sexual selection. 


In addition to being ideal systems for communication 
studies, frogs also offer many advantages for studies of 
sexual selection. Frog mating is usually conspicuous and 
can take up to several hours. Fertilization is commonly 
external, making mating success a good predictor of 
reproductive success. As noted earlier, female mate choice 
focuses on the male mating call, which is a conspicuous 
and easily quantifiable behavior. Phonotaxis experiments 
reveal a female’s call preferences and are good predictors 
of her mate preference. By extension, the neural mechan¬ 
isms of call preferences are also the neural mechanisms of 
mate preferences. For all these reasons, frogs are an unsur¬ 
passed model system for studies of sexual selection and 
communication. 

The Tungara Frog 

The tungara frog ( Physalaemus pustulosus) has been the 
focus of intensive studies of sexual selection and com¬ 
munication for the last 40 years (Figure 1). These frogs 
are found in northern South America and throughout 
much of the lowland tropical forests of Middle America. 
Like other members of their genus, Physalaemus , tungara 
frogs originated in South America. They are, however, the 
only member of the genus found in Middle America and 
are thought to have invaded that region at least twice, 
once ca. 9 million years ago, prior to the emergence of the 
Panamanian land bridge, and at least once more when 
the land bridge was formed about 2.5 Ma (Figure 2). 
There is a gap of ~200 km in the species’ distribution in 
eastern Costa Rica. Tungara frog populations to the north 
of this distribution constitute one genetic group and the 
populations to the south of the gap, another group; the 
northern group is thought to have resulted from the initial 
invasion into Middle America and the southern group 
from the more recent invasions. Although there is sub¬ 
stantial genetic divergence between the groups, the popu¬ 
lations are not reproductively isolated by behavior, and 
at present, the groups are considered members of the 
same species. 

Tungara frogs are a member of the family Leptodac- 
tylidae and the subfamily Leptodactylinae. There are 
about 40 species in the genus Physalaemus and about ten 
in the P pustulosus species group. Some authorities have 
referred to this species group as Engystomops but in this 
article, the more commonly used taxonomy is retained. 
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P. pustulosus is a small (snout-vent length ca. 30 mm), 
brown, unassuming species of frog - until it calls. The call 
sounds as if it emanates from a video game. It contains 
two components: an ever-present whine, which can be 



Figure 1 Two calling male tungara frogs, Physalaemus 
pustulosus. Courtesy of Alex T. Baugh. 


followed by 0-7 chucks (Figure 3). Males gather in cho¬ 
ruses from a handful to a few hundred individuals during 
the rainy season, which in Panama, where most of these 
studies were conducted, is from May to December. Most 
males at the breeding site call most of the time, and there 
appears to be no long-term noncalling or satellite mating 
strategies. Females move, mostly unimpeded, among the 
chorusing males and express their mate chioce by making 
physical contact with a male. At this point, the male clasps 
the female from the top and the pair remains in this state, 
known as amplexus, for up to several hours. In a study 
spanning 152 consecutive nights, which was most of the 
breeding season, 617 males were marked and 751 matings 
documented. Each night an average of 27 males and 10 
females occupied the breeding site; thus, there was strong 
competition among males to mates. A male’s chance of 
mating increased with the number of nights he spent at 
the breeding site. On any given night, females were more 
likely to choose larger males as mates. The choice of a 
larger male resulted in a reproductive benefit. Female 
tungara frogs are larger than males, as is true for most 
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Figure 3 Waveforms (blue, top) and spectrograms (gray, 
bottom) of a whine followed by 0, 1,2, and 3 chucks (from 
top-bottom, left to right). 

anurans. As the size difference between a female and 
her mate decreased so did the number of unfertilized 
eggs. This benefit seems to derive from a mechanical 
advantage. When the male and female are similar in 
size, their cloacas are more likely to be in close juxtapo¬ 
sition during external fertilization so the sperm is re¬ 
leased closer to the eggs; similar effects have been 
reported in other species. Thus, a simple rule of thumb 
for a female to increase her reproductive success is to 
choose a large male. 

Before the night ends, the mated pair constructs a foam 
nest, which contains the female’s entire clutch of more 
than 200 eggs. Nest construction typically takes more 
than an hour and the oviposition site is not necessarily 
the male’s calling site. Nests can be constructed singly, or 
groups of frog-pairs can produce a larger communal nest. 
There is no parental care of the nest; eggs hatch out and 
fall into the water in about 3 days, and in about 3 weeks 
the tadpoles metamorphose into froglets. In nature, the 
frogs do not to live for more than 1 year. 

The Mating Call 

As with most anurans, the long-distance mating call is the 
primary sexual display. Tungara frogs do not have a short- 
distance courtship call: a feature found in some other 
frogs. The mating call of this species is unusual in its 
varying complexity and its two distinct call components. 

The fundamental component of the mating call is the 
‘whine’ (Figure 3). The typical whine’s fundamental fre¬ 
quency sweeps from 900 to 400 Hz in about 300 ms with a 
dominant frequency of about 700 Hz. The call has sub¬ 
stantial energy in each of the five harmonics of the call, 
although about half of the call energy is in the fundamen¬ 
tal. The whine can be produced alone (the simple call), or 
it can be followed by up to seven ‘chucks’ (complex calls). 
The typical chuck is a short, high-amplitude burst of 


sound, about 45 ms in duration with 15 harmonics and a 
dominant frequency of 2500 Hz (Figure 3). A diagnostic 
feature of the chuck is a fundamental frequency that is 
one-half of the whine’s fundamental, about 200 Hz in 
many chucks. The whine decreases in amplitude substan¬ 
tially before the production of the chuck, but the whine’s 
fundamental frequency grades into the second harmonic 
of the chuck. In the wild, the whine transmits over greater 
distances than the chuck. 

Besides the tungara frog, the only other species known 
to make a similarly complex mating call are found in the 
tungara frog’s sister clade in the same genus, which con¬ 
tains P. petersi and P. freibergi. Males of these species can 
add a secondary component to their whine known as a 
‘squawk.’ They never add more than one squawk. In these 
species, males in some populations are able to make com¬ 
plex calls while males in other populations are restricted to 
simple calls. 

There appears to be an unusual morphology underly¬ 
ing the production of these unusual complex calls. Most 
frogs vibrate the vocal folds in the larynx to produce 
sound. Tungara frogs possess a large larynx with a large 
fibrous mass that hangs from the vocal cords and projects 
from the larynx into the bronchi that connect the larynx 
to the lungs (Figur 4). Other frogs can have these fibrous 
masses but they are usually much smaller. In Physalaemus 
males that produce complex calls (P pustulosus and some 
populations of P. petersi and P freibergi), the larynges and 
fibrous masses are large, while they are small in the 
species and populations that do not produce complex 
calls. Thus, the large fibrous mass seems to play some 
role in the production of the chuck. This correlation 
between structure and function is supported by ablation 
experiments. When the fibrous mass is excised from a 
male, he is unable to produce a chuck. He still attempts 
to produce a chuck, as he increases the amplitude of the 
call after the whine. However, the resulting sound has 
only the frequency harmonics of the whine and not the 
‘half’ harmonics in the chuck. Females do not respond to 
the calls of the unfortunate males as if they hear complex 
calls, as discussed in the following paragraphs. 

When males call by themselves they usually produce 
only a simple call, while most males in choruses produce 
complex calls. In a series of recordings of call bouts of 85 
individual males, 53% of the calls had no chucks, 36% 
had one chuck, and 10% had two chucks. In experiments 
in which calls are broadcast to males, either in the field or 
in the lab, males increase their call complexity in response 
to calls of other males. In addition, the presence of a 
female causes the male to increase his chuck number. 
She does this by swimming in front of the male or bump¬ 
ing him and then quickly retreating. 

Female preferences for calls can be measured using 
phonotaxis experiments. In a typical experiment, a female 
is placed equidistant between two speakers, each of which 
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Figure 4 The larynx of the tungara frog, Physalaemus pustulosus. (a) An illustration showing the location of the larynx (gold) 
relative to the lungs (copper) and the bronchi which attach the lungs and larynx (green), (b) An illustration of the larynx showing the 
protrusion of the fibrous masses from the tungara frog larynx. Photographs of a larynx showing the location of the fibrous mass 
(c) from the perspectives of the bronchi, and (d) a sagittal section through the larynx. Courtesy of Marcos Gridi-Papp and 
Cristina O. Gridi-Papp. 


broadcasts a test call. The calls are broadcast in sequence, 
rather than at the same time. A large number of these 
phonotaxis experiments, more than 4000, have shown that 
in 85% of the experiments, females preferred a whine 
with one chuck to a simple whine: a more than fivefold 
preference. 

Females exhibit more subtle preferences than just 
favoring complex over simple calls. As noted earlier, 
females are more likely to choose larger males than smal¬ 
ler males. In most animals that vocalize, larger individuals 
produce sounds of lower frequencies because they have 
more massive vibrating structures, such as vocal cords, 
which vibrate at lower frequencies. The same is true in 
tungara frogs. Larger males produce lower-frequency 
chucks than do smaller males. In phonotaxis experiments 
in which females were given identical whines that were 
followed by a single chuck of lower or higher frequency, 
females preferred the call with the lower-frequency 
chuck. Females also preferred lower-frequency whines 
to higher-frequency ones. 

Sensory Biases and Female Preferences 

Frogs begin to analyze the mating call in their peripheral 
auditory system. Unlike most other vertebrates, frogs have 
two inner-ear organs that are sensitive to airborne sound, 
the amphibian papilla (AP) and the basilar papilla (BP). 
The AP is most sensitive to sounds below 1500 Hz and the 
BP to sounds above 1500 Hz. If a species’ mating call has 
energy within the range of only one of the inner ear 


organs, there is generally a good match between the 
frequencies that have the most energy in the call and 
the tuning of that inner ear organ. If the call has substan¬ 
tial energy in both low and high frequencies, then usually 
both the low and the high peaks will match the tuning of 
the AP and BP, respectively In tungara frogs, the tuning 
of the AP is about 700 Hz and matches the dominant 
frequency of the whine. The BP is tuned, on average, to 
about 2200 Hz and is a bit below the average chuck’s 
dominant frequency of 2500 Hz (Figure 5). 

Auditory processing does not stop in the inner ear, of 
course. In one large auditory nucleus in the midbrain, the 
torus semicircularis, studies using gene expression as a 
measure of neural activity show that there is enough 
information for females to differentiate between the con- 
specific call and a heterospecific call and between the 
whine and a whine-chuck (Figure 6). Such studies also 
show that hearing conspecific calls increases correlated 
neural activity between anatomically distant brain divi¬ 
sions that are involved in social decision making and in 
the behavioral-motor output directed by such decisions. 

Studies of the auditory system provide insights both 
into the types of call preferences exhibited by females 
and into the evolution of these preferences. For example, 
there is a mismatch between the tuning of the BP and 
the average dominant frequency of the chuck in the 
population; this also means that on average the BP is 
more sensitive to chucks with dominant frequencies 
lower than the population average. In nature, females 
choose larger males, which have lower-frequency chucks, 
and phonotaxis experiments confirm that females prefer 
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Figure 5 (a) A waveform of a whine and three chucks, (b) 
Power spectra showing the relative amount of energy in 
frequencies of the whine (left) and the chuck (right) and on each 
abscissa the range to which the AP and the BP of most frog 
species are sensitive, (c) The frequencies to which the AP and the 
BP are most sensitive (indicated by red arrow). The sonogram 
indicates the portions of the whine that are necessary to elicit 
phonotaxis from females (black), portions that increase the 
probability of phonotaxis if added to the necessary portions 
(gray), and portions that do not influence female phonotaxis 
(white). The sonogram also shows for the chuck the efficacy of 
the upper-half and lower-half of all the harmonics in making the 
call more attractive than a simple whine. The upper-half of the 
harmonics are necessary (black) to make the call more attractive 
than a whine only, while the lower-half harmonics have no such 
effect (white). 


these lower-frequency chucks to higher-frequency ones. 
Thus, the three-way relationship between BP tuning, the 
dominant frequency of the chuck, and male size provides a 
mechanistic explanation for why females prefer larger 
males and lower-frequency calls. 

Comparative studies can be used to ask about how calls 
and preferences evolve by examining the relationship 
between BP tuning and the presence of complex calls 
among closely related species. Specifically, we can ask 


whether in tungara frogs the frequency characteristics of 
the chuck coevolved with the BP tuning. Besides P. petersi 
and P. freibergi, the other species in the P. pustulosus species 
group do not produce complex calls. These other species 
all produce whine-like simple calls with dominant fre¬ 
quencies in the range of their AP sensitivity. Interestingly, 
the BP tunings of eight species of Physalaemus, five of 
which are in the P pustulosus species group, are statistically 
indistinguishable, with the exception of one poorly stud¬ 
ied frog, P. pustulatus. This comparison shows quite clearly 
that the tuning involved in the detection of the chuck 
evolved long before the chuck. 

Evolutionary matching of male traits with preexisting 
sensory biases is known as sensory exploitation. There are 
several reasons why the tuning of the BP is similar in 
species with and without complex calls. First, phyloge¬ 
netic inertia could cause the BP trait that was useful in a 
distant ancestor to be maintained with no current function 
in species with only simple calls. Second, the BP is used in 
detecting other sounds, such as predators. Third, parts of 
the whines of some of the other species sometimes 
encompass frequencies to which the BP is sensitive. 

Knowledge of the frog’s auditory system can also guide 
us in determining the salient aspects of mating calls. The 
concept of the ‘sign stimulus’ cautions that just because we 
can accurately measure and quantify a signal it does not 
mean that all aspects of the signal are meaningful to the 
receiver. The whine has five harmonics. The fundamental 
frequency, which has about half of the whine’s total energy 
best matches the sensitivity of the AP (Figure 5). 
A synthesized call containing only the fundamental fre¬ 
quency sweep is as attractive as a synthetic version of the 
entire call and is more attractive than a synthetic version 
of the upper four harmonics. When only the fundamental 
frequency is compared with natural calls, it is just as 
attractive. Females respond similarly to the chuck; as 
long as a synthetic version of the chuck stimulates the 
most sensitive frequencies of the BP, the females respond 
to it as a chuck. 


Cognitive Aspects of Mating Call 
Recognition 

The whine is necessary and sufficient to elicit female 
reproductive behavior. Although a chuck makes the whine 
more attractive to females, females are not attracted to a 
chuck by itself. The female also prefers the conspecific call 
to the call of other species they live with and to calls of their 
closely related species. 

If females were not able to discriminate between con- 
specific and heterospecific calls, they might then choose 
heterospecific mates and most likely, mate but not pro¬ 
duce viable offspring. Thus, both the sender and the 
receiver appear to be under strong selection to avoid the 
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Figure 6 (a) A brain of the tungara frog (Physalaemus pustulosus) showing the location of the section which in (b) illustrates the 
various nuclei of the main auditory nucleus the torus semicircularis. (c) The results of a discriminant function analysis. The analysis 
compares a proxy for neural excitation, the amount of expression of an immediate early gene, across the torus in groups of females 
that are exposed to different calls: WC, a whine plus one chuck; W, a whine; E, the mating call of a different species, Physalaemus 
enesefae ; and C, a chuck alone. The results show there is sufficient information in the torus alone to allow females to discriminate 
among these call types (P < 0.01). 


costs of heterospecific matings: the male’s whine evolves 
to transmit the conspecific status and the female’s auditory 
system to decode this information. The limited degree to 
which the whine can be manipulated without disrupting 
this very basic function is not surprising. As noted earlier, 
the whine needs to contain the fundamental frequency, 
and the fundamental is also necessary to elicit female 
phonotaxis. But even within the fundamental frequency 
sweep, not all portions are perceived as equally important 
to females. Within the fundamental, stimulation in a high- 
frequency region between 900 and 560 Hz is necessary, 
followed by stimulation in a partially overlapping low- 
frequency region between 640 and 500 Hz. No single 
frequency or constant-frequency band suffices. 

Species-specificity of the chuck, however, is not critical 
to increase call attractiveness. Although the chuck occurs 
at the end of the whine, its precise placement can vary and 
it will still make the whine more attractive. Ninety per¬ 
cent of the chuck’s energy is in the upper-half of its 
harmonics. This part of the chuck by itself makes a call 
more attractive while the lower-half harmonics by them¬ 
selves, given their natural energy content, do not influ¬ 
ence female preferences. If all the energy is shifted to the 
lower harmonics, this part of the chuck alone makes the 
whine more attractive. The chuck can also be replaced 
with the squawk, the secondary call component of its close 


relative P. petersi , while noise, or even bells and whistles, 
and the addition still enhance the attractiveness of the 
whine. It appears that the chuck might do little more than 
add sensory stimulation to the female’s auditory system 
once the female has recognized the call as being conspe¬ 
cific, rather than the chuck being a message with a partic¬ 
ular meaning to the female tungara frog. 

The chuck must be heard with the whine for the chuck 
to be perceived as part of the mating call. That might not 
seem an issue, since both call components are produced in 
a specific order from the same source. Frogs, however, 
congregate in choruses to advertise for females. The 
cacophony of mating calls is somewhat akin to a human 
cocktail party. But the tungara frogs do not have quite the 
same abilities described in human as the ‘cocktail party 
effect,’ in which we can sort out, in one auditory stream, 
the words from a particular voice. A chuck by itself is not 
recognized as a mating call by a female, so if a whine and a 
chuck are displaced spatially from one another and the 
female approaches the chuck, this is evidence of percep¬ 
tual linkage, or binding, of the whine and the chuck 
despite the fact they emanate from different sources. In 
tungara frogs, perceptual binding of these two call com¬ 
ponents takes place over considerable spatial separation, 
up to 135° (Figure 7). This is true, although to a lesser 
degree, even if the temporal position of the whine and 
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chuck are varied. By altering the spectrum of the chuck to 
stimulate primarily the AP or BP, the results from pho- 
notaxis experiments suggest that auditory grouping over 
large spatial separation results from processes in the brain 
rather than in the peripheral auditory system. 

Another issue in perception is how females perceive 
signal variation. For example, do females perceive calls as 
being more or less similar to some ideal of a conspecific 
call, or alternatively, are calls perceived as either conspe¬ 
cific or heterospecific? To explore these questions, females 
were tested with a series of synthetic calls that were inter¬ 
mediate between the conspecific call and one of several 
heterospecific calls. In most cases, the female’s response to 
the calls changed gradually; the less similar the calls are 
to the conspecific, the less likely females responded to them. 

There were instances, however, in which females 
exhibited a response pattern similar to that common in 


humans: categorical perception. This occurred when 
gradual variation among stimuli was perceived categori¬ 
cally. There were two components of categorical percep¬ 
tion. One is that continuous variation is labeled into 
categories, and the other is that discrimination between 
stimuli within a category is weaker than discrimination of 
stimuli between categories, even though in both the cases 
the stimuli are as physically different from one another. 
In a series of intermediate calls between P. pustulosus and 
P coloradorum , there is a category of calls that were all 
recognized as conspecific and another category of calls 
that are not recognized as conspecific (which, operation¬ 
ally, is akin to being recognized as heterospecific). There 
was little discrimination between calls within the same 
category but strong discrimination between stimuli in 
different categories even though the acoustic differences 
between all pairs of stimuli were the same. It is not known 
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Figure 7 (a) Spectrogram and waveform of the whine plus one chuck stimulus, (b) Diagram of the phonotaxis arena and example of 
one stimulus condition. Five speakers at 45° separation were configured along the perimeter of a 75 cm radius circle on the floor of 
a sound chamber. Stimuli consisted of a whine and/or a chuck presented together or alone. After release in the center of the arena, 
female position and exit angle were recorded using an infrared camera and video recorder. For the categorical analysis, because frogs 
exiting the arena within 13 cm of the center of a speaker could still make contact with a speaker-case, all responses 10° of the center 
of a particular speaker were scored as a positive response to that speaker, (c) Each point represents the exit angle (re: whine 
position) for one female P. pustulosus presented with a whine or a chuck alone or in combination with varying spatial separation. 
Probability values are shown for a Fisher’s exact test comparing chuck attractiveness when presented with the whine to that when 
presented alone. Chuck amplitude was 6 dB re. whine amplitude (90 dB SPL). Adapted from Farris HF, Rand AS, and Ryan MJ (2002) 
The effects of spatially separated call components on phonotaxis in tungara frogs: Evidence for auditory grouping. Brain, Behavior 
and Evolution 60: 181-188. 






























460 Tungara Frog: A Model for Sexual Selection and Communication 



Figure 8 Photographs comparing real (top) and robotic (bottom) tungara frogs. Views: (a) lateral, (b) dorsal, (c) anterior with 
deflated vocal sac, and (d) anterior with fully inflated vocal sac. Vocal sacs on all robotic frogs were part of a catheter except for the 
one inset (b), which was a latex balloon. Courtesy of B.A. Klein, J. Stein, R.C. Taylor. 


how common is categorical perception of mating signals, 
but if it is common it could have important consequences 
for the tempo and mode of sexual selection and species 
recognition. 

Visual Communication 

One of the better known features of frogs is the extend¬ 
able vocal sac that inflates when a male calls. The vocal 
sac probably evolved as a means of shuttling air back into 
the lungs during calling. Thus, the air can be reused for 
multiple calls, and a frog does not have to pump air into its 
lungs for each call. But the vocal sac also makes males 
visually more conspicuous when they call, and in some 
species, the sac serves as a visual cue for females. When 
given a choice between two calls, one call associated with 
a video of a stationary male and the same call associated 
with a video of a male with his vocal sac inflating and 
deflating with each call, females prefer the latter. Also, 
physical models of frogs, ‘robo-frogs,’ with inflating vocal 
sacs make a call more attractive compared to a call with no 
associated visual cue (Figure 8). The vocal sac inflation, 
however, must be synchronized with the call; otherwise, 
not only do females not perceive it as part of the male’s 
courtship display, but also they avoid it. 

While vocal sacs serve as visual cues in diurnal frogs, 
most frogs breed at night. Behavioral measures of the 
visual sensitivity of tungara frogs show that they are able 
to see under the low-light levels that characterize their 
breeding sites. 

Eavesdroppers 

Communication signals evolve because they influence the 
behavior of a receiver. This is the ‘intended receiver.’ But 
there might also be ‘unintended receivers’ or ‘eavesdroppers’ 



Figure 9 A frog-eating bat, Trachops cirrhosus, with a tungara 
frog, Physalaemus pustulosus, in its mouth. Courtesy of Alex 
T. Baugh. 


that can detect these signals. Eavesdroppers can have an 
important influence on the evolution of communication, 
and nowhere is this more apparent than in tungara frogs. 
Bats, flies, opossums, turtles, crabs, and other frogs all eat 
tungara frogs and can use information from eavesdrop¬ 
ping to locate their prey. 

The frog-eating bat, Trachops cirrhosus , is unusual in that 
frogs are an important part of its diet (Figure 9). At one site 
in Panama, Trachops c aptured and ate 30 calling males in less 
than 3 h. Even more unusual is this bat’s mode of hunting. 
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Figure 10 A calling male tungara frog, Physalaemus 
pustulosus, surrounded by a swarm of blood-sucking flies, 
Corethrella sp. Courtesy of Ximena Bernal. 


In addition to using their echolocation system to navigate 
through the forest, the bats rely on the frog’s call to locate its 
prey Thus, when male tungara frogs call to advertise their 
presence to females, they inadvertently advertise their pres¬ 
ence to frog-eating bats. When male tungara frogs escalate 
from simple to complex calls to increase their attractiveness 
to females, they also increase their predation risk to Trachops 
since the bats also prefer complex to simple calls. One 
reason for the bats’ call preference is that they are better 
able to localize complex calls, although there is no evidence 
that the same is true for the female frogs. 

The bats also use the calls of frogs to determine which 
frogs are edible and which are unpalatable. Trachops read¬ 
ily approach the calls of tungara frogs and other edible 
species but they do not fly toward the calls of unpalatable 
toads. The bats are able to learn this association between 
the frog’s call and its palatability. Within a single night, 
bats from the wild can be conditioned to respond to toad 
calls and avoid tungara frog calls. They can also pass this 
information about prey cue and prey quality to other bats. 
The flexibility of foraging behavior of Trachops should 
allow them to capitalize quickly on encounters with new 
species of frogs. 

Male tungara frogs are also tormented by blood¬ 
sucking flies of the genus Corethrella (Figure 10). These 
flies are close relatives of mosquitoes and buzz around 
many species of frogs in the tropics. These flies typically 


land on a calling male tungara frog, walk on his back until 
they reach his nares, and then take a blood meal. Like the 
frog-eating bats and female frogs, the blood-sucking flies 
are attracted to the male’s call, and they are preferentially 
attracted to complex calls over simple calls. It is not clear 
what costs to the frog, other than loss of a small amount of 
blood, are incurred from the flies, but the flies might 
transmit parasites to the frogs. It is also not clear how 
the flies hear the call. Mosquitoes have receptors on their 
antennae that are sensitive to low-frequency sounds but 
this type of receptor would probably not serve the Core¬ 
thrella flies well if they needed to locate tungara frogs from 
a substantial distance. 


Conclusion 

This review illustrates why tungara frogs are a useful 
system for studying sexual selection and communication. 
The main advantage derives from the integrative nature of 
studies that have merged knowledge of the frog’s brain 
and behavior and evolution toward an understanding of 
how the communication system is influenced by sexual 
selection. 

See also: Acoustic Signals; Agonistic Signals; Mate 
Choice in Males and Females; Mating Signals; Social 
Selection, Sexual Selection, and Sexual Conflict; Sound 
Production: Vertebrates. 
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Introduction 

Turtles are an ancient vertebrate lineage, dating back nearly 
220 My; throughout their evolutionary history, they have 
maintained their characteristic shell, making even extinct 
species readily identifiable. Today, turtles are among the 
most imperiled groups of vertebrates, with 62% of species 
currently listed as vulnerable, endangered, or critically 
endangered by the International Union for Conservation 
of Nature and Natural Resources. The most commonly 
cited reasons for their decline include habitat degradation 
or loss, their status as a commodity in the pet trade, and 
their widespread use as a food item by humans. 

Turtles are generally secretive animals. Freshwater 
turtles mostly inhabit murky backwaters, swamps, and 
marshes, making it challenging to study their behavior 
in the wild. Nonetheless, researchers have been investigat¬ 
ing turtle behavior for well over a century, using a combi¬ 
nation of laboratory and field observations to amass a 
diverse body of literature on these long-lived animals. 
The vast majority of research on freshwater turtles focuses 
on a limited number of common and widely distributed 
North American species including painted, common snap¬ 
ping, and red-eared slider turtles, but there is a growing 
body of research on a more diverse array of species from 
around the globe. 

In the mid-twentieth century, studies by Cagle, Ernst, 
and Gibbons provided a wealth of information on the 
natural history of several North American species includ¬ 
ing home range size, homing, overwintering, and repro¬ 
ductive behaviors. In recent years, research on turtles has 
built upon these foundations, and has expanded to explore 
the interface of behavior with physiology, evolutionary 
biology, and conservation. Researchers are currently 
addressing questions such as: How are some turtles able 
to survive in subzero temperatures while others cannot? 
How do turtles tolerate hypoxic conditions? Why is sex 
determined by temperature in many species of turtles, 
and how will climate change affect population sex ratios? 
Despite years of study, it is clear that we have much to 
learn about these fascinating animals. 

Mating Behavior 

Freshwater turtles have a variety of stereotypical mating 
behaviors that are almost exclusively carried out in 
aquatic environments. Mating is typically initiated by the 


male, with the initial approach oriented towards the hind 
end of the female. In some species, the male may give chase 
to the female for some time prior to being able to approach 
her, but once the approach is made, it is often linked to an 
investigation of the cloacal region. The cloaca contains 
glands that secrete chemical compounds that may be 
used by the male to determine the sex of the individual; 
this may be particularly useful in species that are size 
monomorphic. If a male happens to approach another 
male, they rarely attempt to court, and occasionally, the 
approached male may respond aggressively towards the 
pursuing male. If the male approaches a female, he may 
immediately attempt to mount her, but in many species, 
the male courts the female prior to mounting. 

Courting behaviors appear to be species-specific, and 
may be used as species recognition in areas where distri¬ 
bution ranges overlap for similar species, such as the map 
turtles that inhabit the upper Mississippi River. Courting 
in the common map turtle includes direct contact between 
the snouts along with head-bobbing, while in the false map 
turtle, the male vibrates his forelimbs near the ocular 
region of the female. In painted and slider turtles, males 
stroke the head of the female using the backside of their 
forelimbs and claws. In musk turtles, males nuzzle the area 
where the carapace and plastron meet (bridge), a region 
that possesses additional glands in these species. Females 
of many species are passive participants in the courting 
process, unless they are unreceptive or uninterested in 
mating and attempt to leave. If a male is successful at 
courting, he then proceeds to mount the female, grasping 
her carapace firmly with his foreclaws. He might also bite 
the female’s head or neck region, or place his chin over her 
snout to prevent her from extending her neck. Addition¬ 
ally, males may hold the female underwater during much 
of copulation. Females sometimes struggle to swim to the 
surface with the male latched onto them. 

For most North American species, mating occurs 
throughout the active season, with the majority of mating 
occurring shortly after emergence in the spring and again 
in the fall. Multiple males may congregate around and 
attempt to mate with a single female, with larger males 
typically displacing the smaller males. In the red-eared 
slider, older, larger males are darker (melanized), and 
these melanized males have greater reproductive success. 
Males and females mate multiply, and multiple paternity 
has been documented in the painted, wood, Blanding’s, 
and common snapping turtle as well as the European 
pond turtle (Figure 1). In addition to mating multiply 
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Figure 1 Common snapping turtle (Chelydra serpentina) 
spotted walking across a field (Rock Island Co., IL). Leeches, 
seen here attached to the skin and shell, are commonly found on 
North American freshwater turtles. Courtesy of MCN Holgersson. 


within a season, females of many species store sperm for 
extended periods of time. Although females can store 
sperm, why they do so is less clear. Sperm storage capability 
would be useful if males and females are widely distributed 
in space, limiting their rate of encounters. Alternatively, 
sperm storage may allow females some measure of control 
over reproduction if they are able to selectively use sperm 
from individual males while not using (or limiting the use 
of) sperm from others. Further work is needed to determine 
the extent to which sperm competition may occur in turtles, 
and if females are able to exert postcopulatory female 
choice through selective sperm utilization. 


Sex Determination and Nesting Behavior 

Sex determination, or the generation of males and 
females, is not typically thought of as a behavior, but 
an individual’s sex certainly influences many of their 
behaviors. In turtles, there are two primary methods for 
determining sex — genetic and environmental pathways. 
Although some turtles clearly possess sex chromosomes, 
most turtles with genetic sex determination lack identifi¬ 
able sex chromosomes. In these instances, it is presumed 
that there are sex specific differences in genes, but to date, 
these genes have not been identified. 

Many turtles employ temperature-dependent sex 
determination (TSD) in which the incubation tempera¬ 
ture of the embryo determines sex. In turtles, there are 
two patterns of TSD, the most prevalent being pattern I, 
with males are formed at cool incubation temperatures 
and females at warm temperatures, while pattern II (males 
formed at intermediate temperatures and females formed 
at either cool or warm temperatures) is less common. 


For species with TSD, females have the potential to have 
a large degree of control over the sex ratio of their offspring 
through the selection of a nesting location. For example, 
if a female places her nest in an exposed area with little 
or no overhanging vegetation, her nest will experience 
warmer conditions during development. Conversely, nest¬ 
ing in areas with increased cover produces cooler incuba¬ 
tion temperatures during development. This variation in 
nest temperature is sufficient to produce sex ratios that 
range from 100% male to 100% female. Although females 
may adaptively choose nesting locations to manipulate off¬ 
spring sex, a more proximal factor that likely drives nest site 
choice is offspring survival. In this model, females appear to 
select nesting locations that are most suitable for the suc¬ 
cessful development of their eggs. A wide range of condi¬ 
tions are conducive to successful embryonic development, 
and depending upon geographic location, females alter 
their nesting behavior to provide their eggs with suitable 
conditions. In North American species with a wide latitudi¬ 
nal distribution such as painted and snapping turtles, nests 
are generally located in open, sunny areas in northerly 
populations and in more shaded areas in southerly popula¬ 
tions. This is necessary to ensure that nests developing in 
the north receive adequately warm conditions to complete 
development prior to the onset of winter, while those in the 
south do not reach excessively high temperatures that 
exceed the thermal maximum for development. Such a 
pattern could result in highly skewed sex ratios by latitude 
for species with TSD, however, the range of temperatures 
that produce males versus females shifts with latitude, 
allowing for the reliable production of both sexes across 
the geographic range. 

Females should also select nest sites that minimize the 
risk of predation to both herself and her offspring. Nests 
placed closer to the water appear to be more prone to 
predation than those further inland, but trekking further 
onto land may increase the likelihood of predation on the 
female as she cannot easily return to the relative safety of 
the water. Although there are few non-human predators 
of adult turtles, there are reports of mammals, including 
fox and raccoons, preying upon nesting females. Much 
more commonly, the eggs are the target of predation, 
which frequently occurs within minutes or hours of a nest 
being laid. There is a long list of known egg predators; some 
of the more common animals include raccoons, skunks, fox, 
coyote, and various snakes, but presumably any terrestrial 
vertebrate capable of unearthing the nest could take advan¬ 
tage of this resource. Should the eggs in a nest survive to 
hatch, hatchling turtles are vulnerable to terrestrial preda¬ 
tors including birds and mammals. Despite the perils of 
dispersal, hatchling turtles and can traverse large distances 
from their nest to the nearest source of water. 

Nest construction is similar among all freshwater spe¬ 
cies. Females leave the water to search for a suitable 
nesting location. Nest searching behavior varies greatly 
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among females. Some spend a few minutes searching, 
while others may spend hours. Once the female has 
decided on a location, she begins the process of nest 
excavation. The female excavates the nest using her hin- 
dlimbs and claws to loosen and remove the nesting sub¬ 
strate until she has formed a flask-shaped nest with a 
narrow opening and a rounded cavity to hold the eggs. 
Upon completion of digging, eggs are laid into the nest 
and then the female replaces the nesting substrate, firmly 
packing the nest using her hindlimbs, and in some species, 
the plastron. Once finished, the female walks away from 
the nest, giving no subsequent maternal care. There is 
some variation in the choice of nesting substrate among 
species, but most nests are placed in areas that are well 
drained, consisting of either loamy soil or sand. 

In many north temperate freshwater turtles, nesting 
occurs over a relatively constrained period between May 
and July. In some species, females produce only a single 
clutch of eggs in a season. In females of multiclutching 
species, latitude appears to play a role in how many 
clutches are produced within a nesting season, with north¬ 
ern populations laying one or two clutches and southern 
populations producing as many as five clutches. Also, 
females do not necessarily lay eggs every year. The num¬ 
ber of clutches produced by a female within a year appears 
to depend upon several factors including her energetic 
reserves and environmental conditions. 

Overwintering Behavior 

Because freshwater turtles build their nests on land, 
hatchling turtles either leave the nest and disperse to 
water prior to the onset of winter or spend the winter 
on land inside their subterranean nest. The pattern of 
overwintering behavior seems to be consistent within a 
species across its geographic distribution. For example, 
hatchling painted and red-eared slider turtles almost 
exclusively overwinter terrestrially while hatchling snap¬ 
ping and Blanding’s turtles leave their nests in the fall in 
search of a suitable aquatic environment. 

Regardless of their overwintering habits, all hatchling 
turtles must complete embryonic development and sub¬ 
sist using nutrition gained from their yolk for some period 
of time. The duration of subsistence varies dramatically 
depending upon the overwintering strategy. Hatchlings 
that move to water in the fall rely on their yolk reserves 
for a much shorter posthatching period as they have 
foraging opportunities available to them once they leave 
the nest. On the other hand, hatchlings that remain in the 
nest are forced to subsist off of yolk reserves for many 
months. Fortunately for these hatchlings, their activity is 
severely limited (both by being confined within the nest 
cavity and by the cooler winter temperatures), which 
should allow them to maximize their survival time based 


on their limited energetic stores. Also, these hatchlings 
may be able to strategically utilize their yolk reserves so 
that they save energy-rich lipids for use during periods of 
high activity such as movement to water in the spring. 

Overwintering behavior also has physiological ramifi¬ 
cations for hatchlings, especially for those in more north¬ 
erly populations. Unfortunately, very little is known about 
the behavior or physiology of hatchlings that overwinter 
aquatically, but it would seem that a primary issue for 
them is lack of access to oxygen, and the consequent 
hypoxia that can occur in ice-covered aquatic environ¬ 
ments. It appears that young turtles faced with hypoxic 
conditions have some ability to exchange gasses across 
their softer epithelial tissues, such as that on their limbs, 
but the shell imposes a strong barrier to gas exchange 
across most of the body. 

Far more is known about hatchlings that overwinter 
terrestrially. In particular, these hatchlings risk exposure 
to subzero temperatures. Research by Ken Storey, Gary 
Packard, and Jon Costanzo and colleagues has demon¬ 
strated how these small, ectothermic animals survive 
harsh winter conditions. In the painted turtle, hatchlings 
can withstand freezing conditions within the nest provided 
that temperatures do not fall far below zero for extended 
periods of time and that the nest cavity is free of any debris 
that may serve to initiate ice crystal formation. Blanding’s 
turtle hatchlings are also reported to be freeze tolerant, but 
they do not necessarily overwinter within the nest. In the 
red-eared slider, freezing is not an option and animals 
exposed to subzero temperatures succumb to chill injury 
rapidly. Although few aquatically overwintering species 
have been studied, it appears that they are not generally 
freeze tolerant. For all terrestrially overwintering species, 
depending upon local weather conditions, nests also may 
face desiccation or inundation with water. These condi¬ 
tions provide additional challenges to hatchlings. 

Many adult freshwater turtles overwinter in aquatic 
environments. For those residing in warmer climates, 
they may experience periods of reduced activity during 
the winter months, and they may or may not continue to 
forage throughout this time depending upon climatic 
conditions. Animals in northern climates are exposed to 
the same general environmental conditions as aquatic 
hatchlings, and thus must cope with long periods of cold 
temperatures and submersion under ice. The result is that 
animals can be forced to spend extended periods of time 
below the water where they have limited access to oxygen, 
but are protected from freezing temperatures. Adult 
turtles are well known to have a high tolerance for hyp¬ 
oxic conditions, with a suite of behavioral and physiolog¬ 
ical adaptations that can be employed under low oxygen 
conditions. These include decreased movements, heart 
rate, and respiratory rate. Further, many adult turtles 
capture oxygen using nontraditional respiratory surfaces. 
Of particular note is the ability to perform gas exchange 
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across their cloacal surface. This so-called ‘cloacal breath¬ 
ing’ does not appear to he as efficient as respiration across 
the lungs, hut it does supply a modest amount of oxygen 
to the animal. Because turtles are ectothermic, during 
these overwintering periods essentially all of their activ¬ 
ities are decreased. Animals do not appear to feed, and in 
preparation for this period, they may also clear their gut 
to prevent rotting of food in their digestive tract as diges¬ 
tion all but ceases at cold temperatures. 

Thermoregulation 

Turtles have many patterns of activity that are highly 
dependent upon temperature. One of the most iconic beha¬ 
viors of turtles is basking, a behavior that can be performed 
when ambient air temperatures exceed the temperature of 
the water (aerial basking) (Figure 2), or when the upper 
layers of water are warmer than the lower layers (aquatic 
basking) (Figure 3). Turtles of all ages and both sexes take 



Figure 2 Aerial basking behavior in the painted turtle (Chrysemys 
picta, Rock Island Co., IL). Courtesy of MCN Holgersson. 





Figure 3 Aquatic basking behavior in a juvenile red-eared 
slider turtle (Trachemys scripta elegans, Tazwell Co., IL). 
Courtesy of MCN Holgersson. 


advantage of basking as a means of thermoregulation, with 
seasonal variation in this behavior being associated with 
physiological requirements. For example, female turtles 
tend to bask more extensively during the spring and fall 
when they are maturing follicles in preparation for egg 
laying, and it is thought that elevating body temperature 
may help with the mobilization of energetic reserves. Males 
also engage in frequent basking in the spring, suggesting that 
they too have high energetic demands during this time, 
possibly related to mating behavior. 

A comparison of two populations of painted turtles 
found that body temperature decreased with increasing 
latitude. Whether this variation can be attributed to ther¬ 
mal preferences of the animals, or a constraint on available 
thermal niches is not known. Evidence for a latitude- 
related preference for body temperature was found in 
the terrestrial ornate box turtle; turtles from a Wisconsin 
population selected lower body temperatures than a pop¬ 
ulation from Kansas. Interestingly, it appears that the 
lower preferred body temperatures in the Wisconsin pop¬ 
ulation actually increases the range of temperatures over 
which the turtles can remain active, and consequently 
extends their active season. 

Through selective microhabitat use, it is possible for an 
individual to maintain a fairly consistent body tempera¬ 
ture throughout the day. To regulate body temperature, 
turtles can shuttle in and out of the water to elevate or 
lower body temperature. On warm spring days, it is com¬ 
mon to find multiple turtles lined up on any available 
substrate that allows access to the sun. Softshell turtles of 
the genus Apalone appear to prefer basking along the banks 
of aquatic habitats, while most other species that actively 
bask seek out logs or other partially submerged substrates 
as basking platforms. The key to selecting a basking site 
appears to be ready access to water. If approached, basking 
turtles rapidly return to water, presumably to avoid 
potential predators. Alternatively, turtles can also bask 
within the water by maintaining a position at or just 
below the surface to take advantage of radiant heating. 
Both aerial and aquatic basking are effective in maintain¬ 
ing body temperature in the painted turtle, but there is 
variation among individuals in how they utilize the envi¬ 
ronment for thermoregulation. Some animals spent more 
time in open water, while others preferred shallower 
habitats that were less conducive to thermoregulation, 
but with increased foraging opportunities. 

Thermoregulatory behavior is well developed in juve¬ 
nile turtles of several species. Given a choice of water 
temperatures within an ecologically relevant range, juve¬ 
nile wood turtles actively selected the warmest available 
temperatures. Wood turtle hatchlings emerge in the fall, 
and thus they must begin foraging prior to the onset of 
colder winter temperatures. Similar thermal preferences 
exist in other fall emerging species, including spiny and 
smooth softshell and snapping turtles, and in the red-eared 
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slider, which overwinters terrestrially. As is true for adult 
turtles, many physiological processes should be enhanced 
at warmer temperatures, and thus by actively searching for 
warmer habitats, juvenile turtles may increase their ability 
to forage and process food in preparation for winter hiber¬ 
nation which should enhance their probability of survival. 

Turtles can also modify their thermoregulatory beha¬ 
viors to create a fever when ill. To elicit a fever, the turtle 
seeks out a warmer habitat to elevate body temperature 
and spends more time with an elevated body temperature 
than would be expected for a healthy individual. Behav¬ 
ioral fever has been documented in several freshwater 
species and appears to serve the same function as fever 
in endothermic animals. 

Chemical Communication 

Like many animals, turtles rely upon a variety of modes of 
communication, including chemical signaling. Given that 
aquatic turtles often live in murky habitats with low visi¬ 
bility, chemical communication may be one of the most 
reliable means of conveying and receiving information. 
Turtles have glands in their integument, and many possess 
structures known as Rathke’s glands at the anterior and 
posterior margins of the shell bridge (the region where the 
upper carapace and lower plastron meet). Rathke’s glands 
produce a complex secretion that contains lipids and gly¬ 
coproteins; this provides the characteristic musky smell of 
mud, musk turtles, and snapping turtles. Other sources 
of chemical secretions include the mental glands that 
release their secretions near the chin area and glands 
within the cloaca. Turtles also have well-developed sen¬ 
sory systems including the vomeronasal and olfactory 
systems, suggesting that they can detect and process a 
variety of chemical signals. While in water, turtles appear 
to acquire chemical cues primarily through the process of 
gular pumping, or throat expansion, which moves cue¬ 
laden water across chemically sensitive surfaces. 

Chemical secretions have been implicated in mediat¬ 
ing a number of behaviors. When musk turtles were 
provided with the choice between dechlorinated water 
only, or dechlorinated water spiked with tank water that 
had held either the predatory alligator snapping turtle or 
a nonpredatory species, they avoided the water with the 
predatory cues. Moreover, they did not appear to avoid 
the water with nonpredatory turtle cues, suggesting that 
the musk turtles distinguish between chemical cues of 
different turtle species. Similarly, three-toed box turtles 
show antipredator behavior when exposed to urine from a 
natural predator of box turtles, the coyote, but show no 
such behavior when exposed to deer urine or to water. 
There is some evidence that interspecies competition 
may also be mediated by chemical cues in turtles. In a 
series of studies, Polo-Cavia and colleagues tested how 


the native Spanish terrapin responds to invasive red-eared 
sliders. Their studies revealed that the native terrapins 
prefer water with conspecific chemical cues and avoid 
water that contains red-eared slider chemical cues, while 
the sliders did not avoid water with terrapin cues present. 
Further, when presented with a simulated predation event, 
Spanish terrapins engaged in escape behaviors more 
quickly than did red-eared sliders, which remained with¬ 
drawn into their shells rather than actively moving to 
deeper water. Because the red-eared slider does not appear 
to change its behavior in the presence of the native species, 
and is bolder, available habitat for the native species 
is in decline. Red-eared sliders have been introduced 
throughout Europe, Asia, and Australia as part of the pet 
trade, and may be having similarly negative impacts on a 
variety of native species. 

Mating behaviors can also be driven by chemical cues. 
In many species of turtles, mating is often preceded by 
investigation of the female’s cloacal region by the male. If 
a male approaches and investigates another male, they 
rarely exhibit any further attempt at mating, and this has 
been interpreted as evidence that turtles produce sex- 
specific chemical signals that can be used for mate recog¬ 
nition. In the European pond turtle, males appear capable 
of distinguishing between cues from female and male 
conspecifics, with males showing a strong preference for 
water with female cues present. Males also appear to 
prefer cues from larger females over those from smaller 
females and show avoidance behavior when presented 
with cues from larger males. These findings suggest that 
turtles can make mate choices based upon fecundity. 
Larger females are more fecund; therefore, they are pre¬ 
ferred mates and males compete for access to larger 
females. Data on mate choice and competition for mates 
are limited and further study is needed to firmly establish 
the role of chemical cues in mate choice and mate com¬ 
petition in freshwater turtles. 

Waterborne cues can also aid in homing behavior for 
freshwater turtles. Presently, we do not know how impor¬ 
tant chemical cues are for navigation, but mark-recapture 
studies indicate that turtles can return to their point of 
release when displaced. Certainly, chemical cues are only 
one of the potential suites of cues available for navigation 
in freshwater turtles. Other possible sources of informa¬ 
tion include visual, phototaxic, and geotaxic cues, but how 
these cues are ultimately integrated to produce homing 
behavior is not well understood. 

Territoriality and Aggression 

Home range sizes vary considerably within and among 
species of freshwater turtles. In some species, females 
occupy larger areas than males, but the reverse is also 
true. Home range size is influenced by the available 
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aquatic habitat (one large body of water or several smaller, 
nearly contiguous ponds), the density of conspecifics and 
heterospecifics, and resource availability Female turtles 
show philopatry to nest sites, and as a consequence, they 
must have the ability to navigate their aquatic environ¬ 
ment to arrive at their preferred nesting location and then 
back to their home territory once nesting is completed. As 
in females, males should benefit from the ability to suc¬ 
cessfully navigate through complex aquatic environments 
in search of foraging and mating opportunities. 

Despite abundant evidence that freshwater turtles 
occupy home ranges, there is little evidence to suggest 
that they actively defend these spaces. For most aquatic 
species, the home ranges of males may overlap the home 
ranges of multiple females, and possibly many males as 
well. When males go out in search of mating opportu¬ 
nities, they may encounter other males also searching for 
females, which can result in agonistic behavior. Alterna¬ 
tively, aggressive interactions may be avoided through 
chemical signaling in some cases. The generally murky 
habitats of freshwater turtles make it difficult to directly 
monitor many behavioral interactions in nature. 

When basking, turtles are either found solitary, spaced 
well apart from one another, or oriented in a manner that 
avoids direct eye contact. These have been interpreted as 
strategies to avoid aggressive interactions. There is evi¬ 
dence of aggressive interactions when turtles are kept in 
close proximity, including scratching and biting, as well as 
pushing other individuals off of basking platforms. Turtles 
may develop dominance hierarchies when held under 
artificial conditions, and there is some evidence for domi¬ 
nance hierarchies occurring in natural populations, par¬ 
ticularly with regards to mating behaviors. 

Foraging Behavior 

Gut content analysis of a variety of North x\merican 
species indicates that most freshwater turtles have 
extremely varied diets, and can be best described as 
omnivorous. Essentially, all freshwater turtles consume 
some combination of plants and animals, with the latter 
being dominated by invertebrate prey. Many species are 
opportunistic scavengers, and there are numerous reports 
of cannibalism - primarily of hatchlings and juveniles. 
Although most foraging takes place within the aquatic 
habitat, there are reports of terrestrial foraging in red¬ 
eared sliders and map turtles. Terrestrial foraging appears 
to be rare, however, and if an aquatic species forages on 
land, they return to water to consume their forage. 
Despite their reputation for being slow, turtles can move 
rapidly within the water. Softshell turtles can catch swim¬ 
ming fish, and snapping turtles can prey upon waterfowl 
resting at the surface of the water as well as small mam¬ 
mals. In many freshwater species, there is a tendency for 


diet to shift with age, with hatchlings and juveniles tend¬ 
ing to be more carnivorous than adults. 

The alligator snapping turtle can employ a sit-and-wait 
strategy by using a lingual lure. Alligator snappers are the 
only turtle known to possess such a structure, which is an 
effective means of attracting fish as prey. The lure extends 
from the tongue and is anchored by complex musculature 
that allows for rapid movements that are thought to mimic 
the movements of small worms or insect larvae. Most of the 
available information on this luring behavior comes from 
laboratory studies conducted by Hugh Drummond and 
Elizabeth Gordon in which juveniles were tested with 
visual, chemical, and tactile stimuli. Animals appear to 
orient toward prey items using very slow movements, 
and to strike at prey when the prey approaches the lure. 
Alligator snapping turtles do not rely solely upon ‘fishing’ 
as their only mean of obtaining food, as gut content analy¬ 
sis reveals a wide variety of prey that could not be captured 
by luring including mussels and clams, and a variety of 
plant material. Alligator snappers also prey upon numer¬ 
ous turtle species, which has apparently caused prey 
species to actively avoid these predatory turtles though 
chemosensory stimuli. 


Future Directions 

Despite the large amount of information that has already 
been collected on freshwater turtles, it is clear that there 
are still substantial gaps in our knowledge. Studies aimed 
at investigating behaviors in the wild would be particu¬ 
larly useful for understanding how turtles interact with 
one another and utilize their ever shrinking habitats, and 
advances in technology are making such studies tractable. 
Researchers are also benefitting from increasing study of a 
wider variety of species from around the world. In species 
with TSD, we can only predict how these species may 
respond to global climate change. Given that so many 
turtle species are imperiled, largely due to human 
impacts, efforts to gather as much information as possible 
on these species is necessary for successful conservation 
of these interesting animals. 

See also: Behavioral Endocrinology of Migration; Body 
Size and Sexual Dimorphism; Olfactory Signals; Sea 
Turtles: Navigation and Orientation; Smell: Vertebrates; 
Sperm Competition. 
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Introduction 

The behavior of ants is considered typical of kin selection 
theory, because a striking reproductive division of labor 
exists among genetically highly related colony members, 
which is maintained by the colony-membership discrim¬ 
ination. However, this premise collapses in some species 
described as unicolonial, in which the colony borders 
are obscure and there are many nests containing many 
fertile queens in a supercolony covering a wide area. 
Unicoloniality is a challenge to kin selection theory, 
because the estimated nestmate relatedness often falls 
to a low value that is statistically indistinguishable from 
zero. Therefore, the maintenance of eusociality - char¬ 
acterized by the presence of reproductive altruism 
among workers - seems to be difficult to explain by 
kin selection. 

Unicoloniality, Multicoloniality, 
and Supercolonies 

Unicoloniality and its opposite, multicoloniality, are pop¬ 
ulation characteristics. As mentioned in the following 
paragraph, however, in real ants there are many excep¬ 
tions and intermediate cases between unicoloniality and 
multicoloniality. Therefore, the following descriptions 
should be regarded as two extreme stereotypes. 

Let me first describe multicoloniality. Colonies of ste¬ 
reotypical multicolonial ants are characterized by monog¬ 
yny (the presence of a single queen in each colony) and 
monodomy (single nest in each colony; for definition of an 
ant nest, see the reference, Debout et al., 2007). The 
workers defend their nest and other resources against 
alien conspecifics. Therefore, a multicolonial ant popula¬ 
tion consists of many mutually hostile colonies. A new 
colony is founded by a winged queen after the nuptial 
(mating) flight and dispersal on the wing. Due to this 
nuptial flight, mating occurs usually between nonnest- 
mates (i.e., is out-bred). 


At the other extreme, unicolonial ants are character¬ 
ized by polygyny (more than one queen in a colony) and 
polydomy (more than one nest in a colony). There is no 
hostility among conspecific individuals and therefore 
exchange of members (workers, queens, brood, and 
males) among nests is frequent. New queens do not per¬ 
form a nuptial flight but mate in the natal nest, usually 
with a nestmate male. Nests are founded by budding, 
in which one or more queens move to a new nest site 
on foot accompanied by some workers, rather than 
involving flight. 

There seems to be no general consensus on the defini¬ 
tions of unicoloniality, however. One reason for this is that 
real ants do not always have the set of traits described 
earlier. For example, army ants of the genera Eciton and 
Dorylus found a colony by budding, but their typically 
monogynous colonies are hostile to conspecific ones, 
and therefore exchanges of individuals do not take place. 
Furthermore, army ant queens are outbred, copulating 
with multiple nonnestmate males. The deepest disagree¬ 
ment on the definition of unicoloniality may particularly 
involve the difference between unicoloniality and 
polygyny-polydomy, and how large supercolonies should 
be before they are ‘unicolonial.’ Here, I define unicoloni¬ 
ality as a phenomenon in which a population — an assem¬ 
blage of conspecific individuals living within a special 
range in which they can naturally interact through eco¬ 
logical processes such as competition, cooperation, and 
mating - becomes a single polygynous and polydomous 
colony. I also define multicoloniality as the situation where 
a population consists of at least two mutually hostile colonies. 
I propose to use the term polygyny-polydomy when the 
population contains multiqueened and multinested colonies 
that are mutually hostile (i.e., muliticolonial). Finally, 
I suggest to use the term ‘supercolony’ flexibly, so as to 
include the situations of both polygyny-polydomy and 
true unicoloniality. Myrmecologists tend to describe a 
polygynous-polydomous colony as a supercolony, when 
it stretches spatially over an extremely large scale, to the 
degree that direct interactions of individuals from distant 
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nests seem unlikely, and indeed just simply when the 
spatial scale of the colony is very large in comparison 
with other typical ants. One has to be careful, however, 
because the spatial scale of a colony that is large enough 
to describe it as a supercolony is often unclear, especially 
for nonmyrmecologists. 

This definition of unicoloniality is not very restrictive, 
because it depends on a definition of‘population’ that has 
in practice some flexibility. In empirical studies, separate 
populations as described by some researchers may be 
regarded as subpopulations of a much larger (meta-)pop- 
ulation by other researchers. Importantly, not only the 
degree of genetic isolation but also the difference in 
study objective can lead to such differences in opinion. 

Spatially large-scale polygyny-polydomy that is still 
regarded as multicolonial by the definition mentioned 
earlier is found in some native ants such as Formica , 
Myrmica , Lasius , Tetramorium , and Polyrhachis , whereas 
true unicoloniality is seemingly very rare and sometimes 
thought to occur only in some invasive exotic species, 
such as Linepithema humile , Wasmannia auropunctata , and 
Pheidole megaceploala. The main supercolony of the Argen¬ 
tine ant L. humile in its introduced range of Europe 
extends thousands of kilometers from Portugal to Italy, 
far beyond that of an individual population. A more recent 
study has suggested that this largest unicolonial super¬ 
colony even extends beyond the continent to California, 
Hawaii, and Australia. Of course, one should not regard 
groups of ant individuals divided by an ocean as subpo¬ 
pulations of a large population in any strict sense. Note 
that true unicolonialty may also exist in native noninva- 
sive ants. For example, in Formica yessensis, the whole local 
population of Ishikari coast has been reported to form a 
supercolony, containing 306 million workers and 1 million 
queens in an area of 2.7 km". Aggression is absent within 
this supercolony that seems to be more or less isolated 
from other populations. However, the absence of aggres¬ 
sion does not necessarily mean that the local population 
forms a genetically well-mixed single colony as a functional 
reproductive unit. For example, in noninvasive Formicapara- 
lugubris , recent studies using molecular markers revealed 
a significant population subdivision into genetically moder¬ 
ately related nest-groups within a large supercolony, 
despite the absence of aggression in the local population 
(thus seemingly unicolonial on a behavioral basis). In this 
case, kin-selection at the level of the nest-group can act to 
maintain social cohesion and worker altruism, although its 
strength and the adaptive significance of nonaggression over 
the wide area is still to be explained. In contrast, unicoloni¬ 
ality with no genetic structure within the entire population, 
as observed in the Argentine ant in its introduced ranges, is a 
real challenge to kin selection theory, because nestmate 
relatedness, by definition, falls to zero. In other words, 
workers are no more related to nestmate queens than to 
queens randomly sampled in the population. 


Mechanisms of Unicoloniality 

Genetic Bottleneck Hypothesis 

Given that unicoloniality is more often found in invasive 
exotic ants than in native noninvasive ants, there are two 
major hypotheses on the mechanism that gives rise to 
unicoloniality. The first is the genetic bottleneck hypoth¬ 
esis. A population of organisms in its introduced range is 
often started by a small number of founders. This causes a 
genetic bottleneck, which means that there is a great loss 
of the intrapopulation genetic variability that previously 
existed in the original population in its native range. The 
genetic bottleneck hypothesis contends that this loss 
is the cause of unicoloniality in invasive exotic ants. 
The proximate mechanism is as follows. Many ants and 
other social insects discriminate their colony membership 
by genetic labels, such as the one expressed in cuticular 
hydrocarbon (CHC) profiles. The variability of alleles 
encoding these colony labels is lost by occurrence of the 
bottleneck, making it impossible for the ants to discrimi¬ 
nate colony membership and thus leading to unicoloni¬ 
ality. This hypothesis can also explain the invasiveness of 
the unicolonial exotic ants: loss of territorial aggression 
reduces the cost of intraspecific competition, resulting in 
an increase in abundance to a level far exceeding that of 
the native ants in the range. Consequently, interspecific 
competition surpasses intraspecific competition and the 
exotic ant excludes native ants, as community ecology 
theory predicts. The body of empirical data on the Argen¬ 
tine ant supports this hypothesis, including the results of 
microsatellite DNA and CHC analyses and behavioral 
experiments on internest aggression. The diversity of 
microsatellite DNA loci in introduced ranges is far smal¬ 
ler than that in the native range, suggesting a bottleneck at 
introduction. Between any given paired workers, dissimi¬ 
larity in microsatellite patterns is clearly and positively 
correlated with dissimilarity in CHC profiles and with the 
aggression level. 

Positive Frequency-Dependent Selection 
or Genetic Cleansing Hypothesis 

Alternatively, the allelic variability at label loci can be lost 
not by the occurrence of a bottleneck but by positive 
frequency-dependent selection at the loci. Exotic species 
are often released from ecological constraints, such as the 
presence of natural enemies and competitors, leading to 
population explosions. Intraspecific competition is then 
aggravated by this increased abundance. In this situation, 
colonies with frequently occurring label alleles are at an 
advantage over those possessing rare ones: the former 
suffer from lower costs of intraspecific competition 
because of the higher probability that adjacent colonies 
will, by chance, share the same labels and fuse. In other 
words, positive frequency-dependent selection favors 
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label alleles that become more frequent than others for 
any reason; such alleles eventually become fixed, result¬ 
ing in unicoloniality. As in the bottleneck hypothesis, this 
hypothesis contends that the genetic variability of the 
label loci is lost, but it also assumes that the variability 
of the other loci is not necessarily diminished. Some 
researchers argue that the results of comparative studies 
of the invasive unicolonial species Lasius neglectus and its 
sibling noninvasive multicolonial species Lasius turcicus 
support this idea rather than the bottleneck hypothesis. 
Genetic dissimilarity in microsatellite loci and CHC dis¬ 
similarity are positively correlated in L. turcicus , whereas 
this correlation is obscure in introduced populations of 
L. neglectus. A logical implication of this is that genetic 
diversity has been lost only in the recognition label loci 
but not in the entire genome. Furthermore, parasite loads 
seem to be lower in L. neglectus in its introduced range 
than in native L. turcicus , suggesting that ecological release 
has occurred in the former populations. 

Unicoloniality as an Evolutionary 
Dead End 

These two hypotheses maintain that ant unicoloniality 
emerges by an accident (bottleneck) or by the release 
from ecological constraints, and that a population explo¬ 
sion of unicolonial invaders can be interpreted as a phe¬ 
nomenon in which short-term ecological benefits have 
overridden evolutionary benefits. In other words, the 
hypotheses imply that unicoloniality is maladaptive and 
therefore unstable in the long term. The reason for this is 
the vulnerability of the unicolonial society to a mutant 
selfish cheater (such as queens producing only queens 
instead of workers and workers that do not work but lay 
male eggs by themselves): the spread of cheaters is sup¬ 
pressed only by selection at the colony level within the 
population (i.e., the group-selection component of kin 
selection). This situation should be more or less shared 
with those of large-scale polygynous and polydomous 
supercolonies, such as occur in some native Formica and 
Myrmica , in which there might be too few colonies to 
make colony-level selection effective. In fact, phyloge¬ 
netic analyses suggest that polygyny-polydomy in ants is 
a derived condition that has occurred repeatedly in their 
clearly multicolonial ancestors, suggesting that popula¬ 
tions of polygyny-polydomy are short-lived. 

Problems with the Bottleneck and 
Frequency-Dependent Selection 
Hypotheses 

The two hypotheses mentioned earlier do not explain 
some aspects of ant unicoloniality. The hypotheses 


postulate that events such as genetic bottlenecking and 
release from ecological constraints occurring at, or after, 
introduction to a new geological range lead to unicoloni¬ 
ality. However, as already mentioned, some native ants 
have characteristics that resemble those of invasive uni¬ 
colonial ants. It has been proposed that the true unicolo¬ 
niality of invasive ants and the supercolonies of native ants 
differ only in the absolute size of the supercolony. 
A supercolony of native ants usually extends tens or 
hundreds of meters and is far smaller than that of uni¬ 
colonial invaders. Importantly, this is also the case with 
L. humile in its native range, in which a supercolony 
stretches a few hundred meters. As in its introduced 
range, the genetic differentiation between supercolonies 
is marked, suggesting that these ants breed within the colony. 
These facts suggest that intranest mating, acceptance of 
new queens, and budding are preadaptations for unicolo¬ 
niality that are possessed by invasive exotic ants in their 
native range. After anthropogenic introduction of the ants 
to a new geographical range, bottlenecking or positive 
frequency-dependent selection for label genes results in 
sufficient extension of the spatial scale of the supercolony 
to fulfill the strict definition of unicoloniality - only one 
colony in a population. Provided that this scenario is in 
fact the case, then the fundamental question of what 
causes these preadaptations remains to be solved. One 
possibility is that genetic bottlenecking occurs during 
the process of natural expansion of a species’ geographical 
distribution, for instance when a few immigrants found a 
new population. The other possibility is that these char¬ 
acteristics have evolved adaptively. 

Conditions for Evolution of Supercolonies 

Provided that supercolonies can evolve by natural selec¬ 
tion, in what environments does this occur? There are two 
major hypotheses. One is that there is a saturated, 
extremely stable environment in which strong intraspe¬ 
cific competition occurs and the other is that the environ¬ 
ment is subject to frequent disturbances. 

In saturated environments, the success of the founda¬ 
tion of independent colonies by winged queens should be 
extremely low, and budding is likely to be advantageous, 
because the queens can depend on the workers’ support 
from the moment the colony or nest is founded. Budding 
gives rise to another feature of adaptive significance in a 
saturated environment, because it can reduce the cost of 
intraspecific competition if mother and daughter nests 
stay connected through peaceful exchanges of members 
instead of becoming hostile. Eventually, this philopatry 
can lead to a spatially large-scale supercolony with a high 
individual density (i.e., a high carrying capacity K) after 
repeated budding. As mentioned later, however, some 
researchers assert that reduction of intercolony aggression 




472 Unicolonial Ants: Loss of Colony Identity 


can directly evolve in a saturated environment not 
through budding but also in ants with independent colony 
founding. 

On the other hand, in an environment experiencing 
frequent disturbances, polygyny and polydomy can hedge 
the risk of colony extinction, because some nests contain¬ 
ing a reproductive queen may survive when disturbed. 
Furthermore, when disturbance occasionally reduces ant 
population density, the ants can use budding to occupy 
the empty patch more quickly than it can be occupied by 
independently founded colonies. Hence ant colonies 
usually show logistic growth: budding allows the slow- 
growing incipient-colony stage to be skipped and enables 
the maintenance of an intermediate-sized colony stage of 
quick growth. In short, the ‘budding strategist’s’ r value - 
the population growth rate - is high. Thus, the budding 
strategy is advantageous when the population often experi¬ 
ences phases of increase (density-independent selection). 

There are various other hypotheses for the adaptive 
significance of polygyny, polydomy, and budding. For 
example, polygyny can be a counter strategy to parasites, 
because it enhances intracolonial genetic variability. Fur¬ 
thermore, polydomy can be adaptive in a spatially hetero¬ 
geneous environment, because nests are physiologically 
integrated and can share complementary resources, such 
as protein and sugar. Concerning food resources, regard¬ 
less of invasive or noninvasive, ants forming a supercolony 
tend to defend hemipteran insect colonies and use their 
honeydew as food. Some researchers discussed that a 
supercolony can effectively occupy such potentially- 
long-lasting food resources so that is advantageous in 
some environments. However, the Asian Pachycondyla chi- 
nenis and its sibling P. luteipes , both of which form super¬ 
colonies and the former has become invasive in the United 
States do not seem to eat honeydew. 

Many ant researchers seem to consider that environ¬ 
mental saturation is the most likely factor causing super¬ 
colonies, because the environments of the polygynous and 
polydomous Formica seem to be stable, with the nest 
mounds often persisting for many years. The disturbance 
hypothesis is also indirectly supported by the fact that 
most invasive unicolonial ants live in human-disturbed 
environments in their introduced ranges. However, the 
domination of the imported red fire ant Solenopsis invicta 
in disturbed habitats is to a large extent explained not by 
budding but by the winged queens’ preference for open 
land habitats when they independently found nests. There 
are both polygynous and monogynous colonies in S. invicta , 
variation being controlled by the Gp-9 locus ( Gp-9 8 and 
Gp-9 h ) in the nuclear genome. Colonies are independently 
founded mostly by monogynous-type queens that are Gp-9 88 
homozygous, whereas polygynous and polydomous colonies 
have heterozygous Gp-9 Bb queens. However, a quantitative 
study of nest distribution in Louisiana indicated that 
polygynous S. invicta nests are more common in open 


lands than on the forest floor, where monogynous-type 
nests are found almost exclusively. These findings imply 
that, after the initial settlement of a S. invicta population, 
natural selection favors the polygynous type in open 
lands, presumably because open lands are subject to vari¬ 
ous disturbances compared with the forest floor. 

Any discussion of the predisposition toward unicoloni- 
ality requires a focus on the biology of invasive unicolo¬ 
nial ants in their native ranges. In their native ranges, 
L. humile and W. auropunctata tend to live in marshes 
where frequent disturbances can occur through flooding. 
In its native range in Japan, the polygynous-polydomous 
colonies of Tetramorium tsushimae , which have been intro¬ 
duced to the United States and has become invasive, 
usually occur in open, disturbed lands. These examples 
tend to support the disturbance hypothesis. In the future, 
finding examples of polygynous-polydomous Formica that 
have become invasive in their introduced ranges would 
support the saturation hypothesis, because in their native 
ranges these ants are considered to be residents of stable 
habitats. 

Given that both extremely stable and also frequently 
disturbed habitats can select for supercolonies, one can 
assume that an intermediate-level disturbance may favor 
multicoloniality with monogyny—monodomy and the 
queen dispersal on wing. Floors of tropical rain forests 
might be candidates of such environments, because they 
are seemingly stable but indeed occasionally disturbed by 
gap formations. This idea remains to be tested. 

Other Behavioral Factors 

The colony discrimination mechanism is important in any 
consideration of the evolution of unicoloniality. Colony 
discrimination has three components: (1) intraspecific 
variations in labels; (2) the sensory and neural systems 
that detect the differences in labels; and (3) the rule of 
behavioral response to the sensed information. The bot¬ 
tleneck and frequency-dependent selection hypotheses 
assume that the proximate mechanism for the evolution 
of unicoloniality lies only in the loss of label variability. 
However, it has been suggested recently that an evolu¬ 
tionary change in the rule of behavioral response can be 
an important step in development of supercolonies. Ants 
may refrain from aggression even when they detect a 
difference in labels, because aggression has an important 
trade-off. If the response threshold (the minimum degree 
of label difference to which ants respond aggressively) is 
very low, then the ants will suffer high costs from errati¬ 
cally attacking real nestmates. Furthermore, with a given 
response threshold, too severe aggressive responses might 
cause an enhanced cost of territorial fights. However, if 
the response threshold is high (i.e., the aggression level is 
low), then the colony may become vulnerable to invasion 
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by nonkin that may behave as social parasites. Supporting 
evidence for this cost-benefit balance scheme exists in 
native Pachycondyla luteipes. This ant shows polygyny and 
polydomy, and workers are easily integrated into other 
nests when experimentally introduced. Workers appear to 
recognize nestmate and nonnestmate workers, because 
they antennate the latter more persistently. In contrast, 
the majority of introduced nonnestmate queens are killed 
by workers. This can be interpreted to mean that the 
acceptance of unrelated workers is less costly, because 
workers of this species are totally sterile, whereas accep¬ 
tance of unrelated queens bears the large cost of being 
selfishly exploited in terms of colonial reproductive out¬ 
put. Similar examples of failure to respond aggressively 
despite recognizing label differences are known in Formica 
paralugubris and Lasius austriacus. Because workers of these 
species retain their reproductive ability and can lay male 
eggs, enhancement of the cost of intercolony aggression 
might be the evolutionary driving force for the absence of 
aggression. Remarkably, L. austriacus lacks aggression, 
even though this ant has typical multicolonial societies 
with single-nested and single-queened colonies, suggest¬ 
ing that polygyny-polydomy and the absence of territo¬ 
rial aggression can have independent origins and that the 
disappearance of aggression can even precede polygyny 
and polydomy. 

Concluding Remarks 

The evidence so far supports the hypotheses that envi¬ 
ronmental saturation or disturbance leads to the evolution 
of supercolonies in native ants. After anthropogenic intro¬ 
duction of ants to a new geographical range, the occur¬ 
rence of a genetic bottleneck or frequency-dependent 
selection presumably causes the polygyny-polydomy to 
change to real unicoloniality in some ants that are regarded 
as invasive. One should remember, however, that even though 
the concept that loss of colony boundaries due to loss of 
variability in genetic labels appears sound is supported 
by various pieces of circumstantial evidence, on a more 
rigorous scientific level, it must still be regarded as a 


hypothesis until the genes encoding the labels are identi¬ 
fied. Such studies would be very productive. 
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Introduction 

Over the last few decades, it has become increasingly 
evident that the vast array of chemicals used in a variety 
of agriculture, industry, and residential applications have 
biological activity in vertebrate physiological systems. 
Often these compounds have activity as hormone mimics, 
both as agonists or antagonists and as such have been 
termed ‘endocrine-disrupting chemicals’ (EDCs). Addi¬ 
tionally, synthetic steroids and a number of pharmaceuti¬ 
cals with endocrine activity also make their way in 
measureable quantities into the environment. This means 
that all classes of vertebrates are exposed to EDCs. There is 
mounting evidence that in addition to lethal toxicological 
effects of these compounds at sites of large spills, there are 
both short- and long-terms deleterious consequences of 
nonlethal and even low-level exposures. Of particular 
concern are the consequences of exposure during embry¬ 
onic development and maturation as these appear to be 
more vulnerable stages in the life cycle to EDC impacts. 

EDCs were first identified from the effects of prenatal 
exposure to diethylstilbestrol (DES) given to pregnant 
women to reduce the risk of miscarriage. DES-exposed 
girls had a relatively high incidence of cervical cancer that 
accompanied sexual maturation and activation of hor¬ 
mone-related reproductive function. Since these effects 
of prenatal exposure to DES have been documented, partic¬ 
ularly with the long delay in the expression of the steroid- 
induced pathology, more attention has been directed toward 
recognizing other potential effects of EDCs in the environ¬ 
ment as they affect vertebrates. Among other documented 
effects of EDCs, there are inadvertent spills of pesticides and 
industrial chemicals that resulted in unintended exposures 
of humans as well as wildlife which have resulted in pathol¬ 
ogies and other abnormalities. In 1998, the Endocrine 
Disruptor Screening and Testing Advisory Committee 
(EDSTAC) submitted a report that recommended a tiered 
approach to testing suspected EDCs (http://www.epa.gov/ 
endo/pubs/edspoverview/fmalrpt.htm) for the detection 
and evaluation of suspected EDCs. These recommendations 


and subsequent validation of potential testing protocols have 
provided a great deal of additional insight into the actions of 
EDCs. A basic issue is the development of the appropriate 
testing paradigm, including reliable end points. 

It has been suspected that early exposure to EDCs might 
be linked to later neural diseases such as Parkinson’s disease 
or even possibly Alzheimer’s disease. All vertebrates, 
including humans, now carry a body burden of environ¬ 
mental chemicals, including EDCs. In humans and other 
mammals, these compounds are passed to the developing 
embryo during pregnancy, and there is continued mater¬ 
nal transfer of EDCs through lactation, especially of 
lipophilic compounds. Birds, reptiles, and fish primarily 
transfer EDCs by maternal deposition into the egg, and 
again there is continued posthatch exposure through the 
diet. Because of the multitude of critical events in devel¬ 
opment, the embryo is in general the most vulnerable 
stage of the life cycle for exposure. However, as more 
data on EDCs emerge, it is clear that these compounds, 
singly and in combination, exert effects on physiological 
systems that can affect the organism throughout its 
lifespan. 

What Are Endocrine-Disrupting 
Chemicals? 

Although EDCs generally act as hormone mimics, they 
also have varying levels of toxicity due to ancillary effects 
on the liver and other organs. Many were first character¬ 
ized due to their estrogenic activity in vertebrates. These 
EDCs have become ubiquitous in the environment 
because of their widespread use as pesticides, herbicides, 
and production as industrial chemicals. Additionally, 
hormone-like compounds produced by plants termed 
phytohormones have biological activity in vertebrate sys¬ 
tems and in fact may provide seasonal breeding cues for 
some rodents and other seasonally breeding species. 
Androgen-active compounds also occur in the environ¬ 
ment in the form of fungicides, industrial chemicals, and 


475 



476 Vertebrate Endocrine Disruption 


other sources, such as runoff from animals housed in 
Concentrated Animal Feeding Operations (CAFOs). In 
the latter case, native steroid hormones produced by 
these animals persist in the waste and have been found 
to migrate into waterways via runoff from rain events. 
More recently, there have been increasingly measurable 
concentrations of pharmaceuticals in the environment, 
particularly in the rivers and streams in which conjugated 
steroids, antidepressants, and other commonly used pro¬ 
ducts have been found. It is not clear if these are due to 
incomplete breakdown of these compounds in the sewage 
system, production of active metabolites, or simply escape 
into the environment. 

Classes of EDCs: General Actions and Life Cycle 
in the Environment 

There are an estimated 80 000 suspected EDCs, which 
include a wide range of categories of chemicals with 
potential endocrine activity and biological activity in 
vertebrates. Often, EDCs have been categorized into clas¬ 
ses based on their endocrine action, specifically estro¬ 
genic (xenoestrogens such as DDT (l,l,l-trichloro-2,2-for 
(/?-chlorophenyl ethane) and methoxychlor), androgen 
active (e.g., DDE and vinclozolin), and thyroid active 
(e.g., PCBs and BDEs). Some EDCs are recognizable 
from structural characteristics that are similar to native 
steroid hormones (Figure 1: Examples of EDCs and 
comparison to estradiol and androgen). These EDCs 
have the capacity for a functional interaction with a steroid 
receptor. Interestingly, structure is not always an accurate 
predictor of some of the more potent EDCs or of the 


primary target for these compounds. For example, the 
pesticide methoxychlor has been widely studied as a 
weak estrogen. However, the less pure formulation of 
this compound that is used in field applications also has 
some androgenic actions. A case in point is the story of 
the effects of DDT that came to public attention due 
to potent effects on wild bird populations, especially 
eagles. The effect of exposure was thinning of the egg 
shell, which became so severe that eaglets could not 
successfully develop to hatching. Further, even if at a 
sublethal exposure, long-term effects on the embryo are 
likely to emerge with impaired endocrine and behav¬ 
ioral responses during maturation and in the adult. 
Unfortunately, the problem of DDT in the environment 
has continued due to environmental persistence of this com¬ 
pound and moreover to widespread contamination with 
dichlorodiphenyl-dichloroethylene (DDE), which is an 
extremely persistent biologically active metabolite of DDT 
with antiandrogenic properties. The presence and the move¬ 
ment of DDT, dioxins, polychlorinated biphenyls (PCBs), 
and other environmental chemicals are tracked in what is 
termed the ‘life cycle’ of the compound. 

As shown in Figure 2, an EDC such as DDT and its 
metabolites are produced at a source. There may be some 
leakage or spill at that site or even deliberate release 
to the environment, such as the case of PCBs and the 
Hudson River (see Relevant Websites). As the compound 
moves in the environment, there is metabolism through 
the action of the Sun, microbes, and exposure to the 
elements. Both the parent compound and the metabolites 
continue to move in the environment, aided by air, water 
(especially runoff events), and soil. Eventually, there is 
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Figure 1 Chemical structures of methoxychlor, PCB-126, vinclozolin, DDE, estradiol, testosterone, and thyroxine. 
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Life cycle of DDT in the environment 


Readily evaporates, carried as far 
as the arctic and antarctic 


DDT 


Released into air, soil, and 
water by aerial spraying, 
degradation can take from 
one month to 30 years 


Photolytic 
degradation can 
occur quickly 


Microbial activity produces 
DDD and DDE 






All three are highly lipophilic 
and tend to attach to soil 
particles and detritus in water 


Bioaccumulate up the food 
chain in fat stores of 
predators and prey 


Affect neural, endocrine, 
and developmental 
pathways, most infamously 
egg shell thickness in birds 
such as eagles, osprey, and 

pelicans 

Figure 2 Life cycle of DDT in the environment showing initial release and then persistent metabolites; examples of vertebrates that 
may be exposed are also shown. 


little area left that is truly pristine; even in polar regions, 
significant concentrations of contaminants appear in ver¬ 
tebrates. As such, the actions of EDCs include direct 
hormone-like effects exerted on target organs and tissues 
that are responsive to estrogen, androgen, or thyroid 
hormones as well as indirect effects exerted at early life 
stages that have later impacts during maturation and in 
adults. The life cycle of compounds becomes a critical 
factor that must be considered in understanding the risk 
of EDCs. Often, the parent compound may not be the most 
potent toxicant; rather the metabolite(s) or degradant(s) 
present in the environment may be more biologically 
active. Therefore, a complete picture of the potential 
impacts of EDCs must consider the parent compound, 
potential metabolites, and the migration of all in the envi¬ 
ronment in order to then assess risk to humans and wildlife. 

Mechanisms of Action EDCs 

One of the greatest challenges in ecological risk assess¬ 
ment is to establish reliable biomarkers for predicting 
effects of environmental contaminants on populations. 
Clearly, fitness is the ultimate ecologically relevant end¬ 
point, but what is the best way to measure it? Current 
assessment endpoints generally used to determine EDC 
effects include growth, reproduction, and survival. In 
addition to these relatively general measures of biological 


impact, reproductive end points, such as fertility and 
hatching success, can provide indicators of fitness. How¬ 
ever, these measures may be responsive to toxicological 
actions of a compound as well as to effects on endocrine 
function and behavioral responses. Exposure of wildlife 
at field-relevant levels is often at sublethal concentrations. 
Furthermore, vertebrates live in a range of habitats. For 
example, birds live in varied habitats that have resulted 
in a range of lifetime reproductive strategies; many tem¬ 
perate zone species migrate relatively long distances. This 
means that individuals encounter many environmental 
challenges as well as potential exposure to different 
EDCs depending on feeding territory. Exposures at the 
wintering grounds might contribute to their chemical 
body burden, thereby influencing reproductive function 
during the following breeding season. 

In addition, there has been increased attention on short- 
and long-term effects of early exposure to EDCs, especially 
in terms of lifetime impacts. Specifically, if early EDC 
exposure affects developmental processes, these alterations 
are likely to subsequently influence physiological function 
in adults as well as aging individuals. These long-term 
effects during aging may be expressed in early onset neural 
disease, premature reproductive senescence, impaired 
immunocompetence, and possibly attenuated lifespan. 
Unfortunately, few data address the consequences of early 
and/or lifetime exposure to EDCs on the process of aging. 
Given the extremely complex web of effects of EDCs, and 
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the fragmentary nature of information in many areas, this 
chapter will consider the effects of embryonic EDC expo¬ 
sure to select estrogen- or androgen-active compounds 
on neuroendocrine systems, behavioral responses, and 
immune function, with a comparative approach and focus 
on some of the insights gained from studies on avian species. 

The Aryl Hydrocarbon Receptor and Steroid 
Receptors 

The aryl hydrocarbon receptor (AhR) has proven to 
be key target for many EDCs. Interaction of a compound 
with the AhR depends on coplanar structure; often, these 
EDCs are also toxic in higher concentrations (Figure 3). 
There is an extensive toxicological literature on the struc¬ 
ture and function of the AhR. Some, but not all EDCs, also 
activate the AhR, thereby exerting multiple physiological 
effects. Interestingly, the AhR has subtle differences in 
gene sequence among species, which results in varied 
sensitivity to compounds. As a result, some species, such 
as the domestic chicken, are very sensitive to dioxin and 
other coplanar EDCs, while other species fall along a 
continuum of sensitivity to these compounds. Emerging 
evidence points to differences in the AhR as a basic mecha¬ 
nism for these differences in sensitivity. This variability in 
sensitivity between species and varied individual response 


for individuals contributes to the difficulties in regulating 
the use of these chemicals in agriculture and other applica¬ 
tions because the damage caused by a particular compound 
becomes difficult to quantify. Moreover, understanding the 
mechanisms that underlie the potential impact and result¬ 
ing damage to our wildlife from exposure to environmental 
chemicals is critical to risk assessment and responsible 
regulation of these compounds. 

Effects of EDCs on Sexual Differentiation 

The embryo, and specifically the development of critical 
components of endocrine systems, is very sensitive to the 
impacts of EDCs. In the case of the reproductive axis, 
sexual differentiation or organization of gender-specific 
endocrine and behavioral patterns occurs with exposure 
to gonadal steroids at appropriate developmental stages. 
The presence of testosterone is critical for sexual differ¬ 
entiation of the male brain and male accessory sex struc¬ 
tures in mammals, and a key element in this process is 
the induction of aromatase enzyme by testosterone. 
Aromatase converts testosterone to estradiol, which in 
turn, activates brain regions responsible for sexual and 
gender-related behaviors and reproductive endocrine 
function. In female mammals, the capacity to have cyclic 
release of gonadotropins, luteinizing hormone (LH) and 
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Figure 3 The aryl hydrocarbon (Ah) receptor and interaction with coplanar molecules in comparison to steroid hormone receptors. 
Adapted from Westwell AD (2004) The therapeutic potential of the aryl hydrocarbon receptor (AhR) agonists in anti-cancer drug 
development. Drugs of the Future 29(5): 479. 
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Figure 4 Effects of PCB exposure to organ systems and potential outcomes for individuals and populations. 


follicle-stimulating hormone (FSH) is preserved with the 
lack of exposure to perinatal steroids. Fish, reptiles, and 
amphibians use a range of signals, including genetic sex 
determination and temperature-dependent sexual differ¬ 
entiation. Other sexually dimorphic characteristics and 
behaviors are also influenced by prenatal and postnatal 
steroids, such as growth patterns, play behavior, aggres¬ 
sion, exploratory behavior, activity level, and food intake. 
For all vertebrates, the induction and the transduction of 
hormonal signals at key periods are critical for function as 
adults and optimal fitness. Activation of the reproductive 
axis during sexual maturation triggers activation of gonadal 
function, rising levels of gonadal steroids, which initiate 
courtship and mating behaviors. During sexual maturation, 
endocrine function and gender-related behavioral responses 
are activated to fully function in adults. 

The presence of EDCs that have the capacity to inter¬ 
act with steroid receptors can interfere with the process 
of sexual differentiation. In the case of mammals, an anti- 
androgenic compound would demasculinize the brain and 
behavior in an embryonic male, whereas an estrogenic 
EDC may not affect male sexual differentiation, but 
could masculinize a female embryo. As shown in Figure 4, 
exposure to PCBs has the capacity to interact with many 
physiological systems that ultimately impact the fitness of 
the individual. As discussed earlier, there are key events 
that occur during sexual differentiation that would be 
deleteriously impacted by EDC exposure. Beyond spe¬ 
cific effects of EDCs on the reproductive capacity of the 
individual, impaired immune function as well as suboptimal 
responses to environmental challenges also contribute to 
the loss of individual fitness. In sum, the presence of 
additional steroid input or blockage of the steroid hor¬ 
mone signals at critical developmental stages will derail 
ongoing processes resulting in altered sexual differentia¬ 
tion and muted responses to environmental challenges. 
Because the binding characteristics of EDCs vary greatly 


compared to the endogenous steroids and with potential 
additional toxicological actions of these compounds, there 
is a continuum of effects possible that ultimately could 
result in a domino effect relative to the ecological balance 
between species and populations. 

Consequences of Exposure to EDCs on 
Neural Systems and Behavior 

Much of the attention to mechanisms of EDCs has focused on 
reproductive endocrine and behavioral effects. In examining 
the components of the systems, a general diagrammatic rep¬ 
resentation of the hypothalamic-pituitary-gonadal (HPG) 
axis is useful in conceptualizing potential EDC targets 
in vertebrates. As shown in Figure 5, neuropeptides 
and neurotransmitters modulate the production of gonad¬ 
otropin-releasing hormone (GnRH), which in turn stimu¬ 
lates gonadotropin (LH and FSH) production and release 
by the pituitary gland. This cascade can be affected by 
EDCs because the neural systems are steroid responsive. 
Additionally, the pituitary gland responds to circulating 
steroid hormones and would be altered by EDCs. EDCs 
have been shown to alter enzymes in the steroid synthetic 
pathway, which would impact gonadal steroid production 
as well as diminish gamete production. Further, gonadal 
steroids would compete with EDCs for receptors at various 
target tissues, resulting in reduced behavior and endocrine 
responses. Therefore, EDCs can alter dynamic function 
of the HPG axis as well as diminish steroid-dependent 
behavior. Other systems potentially affected by EDCs 
include the thyroid axis, stress responses, and immune 
function. These systems also communicate with the HPG 
axis, again resulting in deleterious effects to the organism 
both for fitness and resilience to environmental challenges. 
In summary, EDCs affect hormone-sensitive neural systems, 
organs, and tissues; increasing evidence points to EDC 
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What are likely targets of EDCs? 



Figure 5 The HPG axis in birds as an example of target sites for 
EDCs to interact. 


effects on immune and stress axes. Many of these com¬ 
pounds are also toxicologically active and as such have 
additional deleterious actions on physiological systems. 

Investigations of the effects of EDCs on behavior have 
included invertebrates, amphibians, reptiles, fish, birds, 
and rodents. These studies show that there are a number 
of consistent effects of EDCs across vertebrates. Our 
studies have focused on effects of EDCs in avian species, 
both in laboratory studies and in initial assessments of 
reliable endpoints for use in field birds. Again, the chal¬ 
lenge is to understand mechanisms in order to develop 
robust indices of exposure and to determine if there is 
potential damage to field birds. Although endpoints, such 
as number of eggs, hatchability, and fledging success, are 
important indicators of fitness, these measures may not be 
sensitive to low-dose exposures or predictors of reproduc¬ 
tive lifespan or immunocompetence. Moreover, EDCs are 
often less potent than native hormones and have multiple 
sites of action, which further confounds the identification 
of reliable endpoints. Our research on effects of methoxy- 
chlor, DDE, vinclozolin, PCB-126, and estradiol (E 2 ) in 
Japanese quail (Coturnix japonica) demonstrates that the 
most sensitive and reliable markers of endocrine disruption 
are reproductive behavior, time to sexual maturity, and 
alterations in neural systems that modulate endocrine and 
behavioral responses (Figure 6(a) and 6(b)). 

Lessons Learned from an Avian Model, the 
Japanese Quail 

As in mammals and other vertebrate classes, EDCs have 
significant impact on developmental processes, including 
well-documented effects on liver function, heart develop¬ 
ment, function of metabolic endocrine and immune systems, 
and sexual differentiation. Studies point to the potent sex 


steroid, estradiol, as a critical element in sexual differenti¬ 
ation in quail; females are the heterogametic sex or ‘WO’ 
whereas males are WW. This appears to be the reverse 
of the genetic basis of sex determination in mammals, and 
in fact, during embryonic development in quail, females 
have high relative concentrations of estradiol/testoster¬ 
one, whereas males have low relative estradiol/androgen 
(Figure 7(a) and 7(b)). As shown in Figure 7(a) and 7(b), 
embryonic steroids not only follow a sexually dimorphic 
pattern during incubation, but both males and females are 
adversely affected by exogenous steroids. The male Japa¬ 
nese quail has well-characterized reproductive endocrine 
function with associated courtship and mating behaviors. 
Further, male sexual behavior is modulated by the 
preoptic-lateral septal region of the brain. A number of 
neuropeptide and neurotransmitter systems are important 
in the modulation of endocrine function reproductive 
including vasotocin, catecholamines, opioid peptides, and 
inhibitory neuropeptides. As will be described later, the 
efficacy of exogenous steroids on behavior is time depen¬ 
dent; steroids or steroid receptor blocker treatments prior to 
embryonic day 12 (El2) impair male sexual behavior and 
defeminize females. These responses again point to the 
exquisite balance of endogenous steroids critical to accom¬ 
plish sexual differentiation of gender-dependent character¬ 
istics. In birds, the primary mode of exposure is from 
transfer of compounds from the hen into the egg; maternal 
deposition has been demonstrated for estradiol, methoxy- 
chlor, PCBs, soy phytoestrogens, and many other com¬ 
pounds have been measured in the eggs of free-living birds. 

Neural Mechanisms and EDCs: Links to 
Impaired Behavior in Males 

As mentioned earlier, the effects of estradiol or testoster¬ 
one treatment on male sexual behavior have been exten¬ 
sively studied in quail, with dramatic results on endocrine 
and behavioral responses in males and females from rela¬ 
tively low doses (Figure 6(a) and 6(b); Figure 8). Males 
show longer latency to mount females as well as reduced 
mating behavior. The cloacal gland, which is an androgen- 
dependent accessory sex structure, also showed less 
response in estrogen-treated males. These data provide 
evidence that embryonic estradiol treatment exerted 
long-term effects on endocrine, neuroendocrine, and hor¬ 
mone responsive accessory sex structures. Further, there 
were interesting differences in circulating androgen levels 
with estrogen treatment, resulting in relatively higher 
levels in the lower treatment dose. Although a direct 
challenge of hypothalamic response was not conducted, 
the higher androgen levels in both treatment groups suggest 
reduced steroid sensitivity in hypothalamic areas, resulting- 
in diminished sexual behavior and impaired negative feed¬ 
back regulation of gonadal steroid production. In separate 
studies, long-term effects on hypothalamic catecholamines 
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Figure 6 (a, b) Embryonic exposure to estradiol in the Japanese quail results in impaired reproductive behavior and delayed sexual 
maturation. 


and indolamines were detected in males that had received 
embryonic steroid treatment and showed diminished or 
lacking sexual behavior. In total, the male Japanese quail 
provides a responsive avian model to embryonic exposure to 
EDCs, with exquisite sensitivity to estrogenic compounds. 
Additionally, because sexual differentiation depends on 
relative exposure to testosterone/estradiol, exogenous 


androgens would impair male sexual behavior; experimen¬ 
tal evidence has shown this to also be the case. Females are 
also negatively impacted by exogenous steroids and expe¬ 
rience delayed sexual maturation. Therefore, exogenous 
steroids interfere with the process of sexual differentiation 
in males and females, resulting in diminished endocrine 
function and impaired sexual behavior. 
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Figure 7 (a, b) Circulating levels of embryonic steroid 
hormones show gender-related differences during the last half 
of embryonic and posthatch development. 



5 ph 


EDCs are generally weaker in activity than native ster¬ 
oids. A range of compounds were investigated which 
included estrogenic, androgen-, and thyroid-active com¬ 
pounds. When injected into eggs early in embryonic devel¬ 
opment, the estrogenic pesticide methoxychlor (MXC) 
affected neuroendocrine systems in hatchlings and impaired 
sexual behavior in males. Subsequent multi generational 
studies were conducted in which pairs were given field¬ 
relevant dietary exposure to MXC; their offspring were 
observed. Even at low-level exposure, birds experienced 
delayed sexual maturation and impaired reproductive 
behavior. Vinclozolin, a fungicide that blocks androgen 
receptors, also affected male sexual behavior and GnRH 
in hatchlings. Diethylstibestrol (DES), a strong synthetic 
estrogen, inhibited male sexual behavior and also altered 
the neuropeptide, vasotocin. Embryonic exposure to relatively 
high doses of genistein, a soy phytoestrogen that interacts 
with the beta subtype of the estradiol receptor, was 
required to inhibit male behavior. In contrast, DDE, an 
antiandrogen, inhibited male behavior and also impaired 
immune function. More dramatic effects were observed 
with trenbolone acetate, an androgenic compound, which 


not only impaired male behavior but also impaired vocali¬ 
zations and orienting behavior. Interestingly, in these 
experiments and in our two-generation dietary studies 
with MXC, less effect has been observed in GnRH-I in 
adults suggesting that adults are less vulnerable to EDCs. 
However, slower sexual maturation and impaired behavior 
during maturation may have implications for bird popula¬ 
tions in the field. 


The Assessment of Impact 

The range of lifetime reproductive strategies for each 
species and the adaptations to specific environmental 
(ecological) conditions make assessment of impact and 
risk from exposure to EDCs complex. If exposure to endo¬ 
crine disruptors changes phenotypic expression of traits, 
then this may lead to an altered population response. 
Hypothetically, there might be a shift in the distribution 
of aggressive animals or changes in affiliative behavior, 
thereby affecting social interactions and potentially leading 
to changes in population dynamics. These behavioral 
changes affect fitness if there are impacts on breeding and 
parental behavior. Therefore, effects due to developmental 
exposure to endocrine disruptors may ultimately be 
expressed at a population level in wildlife. This is depicted 
in the schematic shown in Figure 9. If the exposure is 
minimal, then the optimal lifespan and the reproductive 
potential are approached. However, if there is spotty or 
moderate exposure, then reproductive success is likely to 
be impaired and potentially there may be attenuated life¬ 
span due to impaired response to environmental challenges. 

Birds are subjected to an array of challenges such as 
environmental conditions, food availability, disease, as 
well as simultaneous exposure to several chemicals. 
A number of workshops and symposia addressed these 
issues, generating publications and reports that raised 
awareness to the potential effects of EDCs on wildlife 
and humans (see Further Reading and Relevant Websites 
for further information). Behavior and the modulatory 
neural systems that direct these responses appear to be 
particularly sensitive to perturbation of hormonal systems 
by EDCs because behavior represents the endpoint of 
integrated systems. Clearly, these are complex issues 
that require study of modes and mechanisms of action, 
understanding the effects of exposure to multiple EDCs 
and the contribution of body burden throughout the life 
cycle of the organism, consideration of resilience to stressors, 
and ultimately potential effects on human and animal 
populations. Consideration of lifespan of short versus 
long-lived bird species may show very different impacts 
from EDCs including lifetime fitness. Studies on the 
mechanism of EDC action in mammals have taken advan¬ 
tage of rodent models including transgenic models of 
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Figure 8 Effects of early exposure to selected EDCs on the HPG axis and behavior, with consideration of dual effects of these 
compounds on the thyroid and immune systems; boxes with no entry indicate inconclusive data available at this time. 
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Figure 9 Hypothetical population effects of varied 
exposure to an EDC that has sublethal effects resulting in 
impaired reproduction in some individual and impacts on 
immune and other systems that potentially alter return rate 
from migration. 


neural disease. Studies in non-human primates have inves¬ 
tigated the impact of soy phytoestrogens on infants given 
soy-based formula. EDCs may also alter the progression of 
age-related declines in reproductive, metabolic, or immune 
axes and on cognitive senescence. All these findings point 
to a myriad of factors that influence the consequences of 
exposure to EDCs and the complexity of determining the 
potential risk to individuals and populations associated 
with the use of chemicals in the environment. As dis¬ 
cussed in this review, neural systems and behavioral 
responses may be not only highly sensitive, but can also 
serve as exquisite indicators of low-level exposures that 
could impair the organism, resulting in damage to the 
individual and to the population over time. 
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Vertical migrations are common among zooplankton and 
fish. This section first considers diel vertical migration 
(DVM), which involves vertical movements over the 24 h 
day. The second related topic is selective tidal stream 
transport (STST), which involves vertical movements 
relative to tides. 

Zooplankton characteristically undergo DVM in which 
they move vertically in the water column at different times 
of the 24 h day. DVM has been observed in freshwater, 
estuarine, coastal, and oceanic habitats. There are three 
general patterns (Figure 1). The most common is a noc¬ 
turnal pattern consisting of a single daily ascent with mini¬ 
mum depth reached between sunset and sunrise and a 
descent to maximum depth during the day. Normally the 
ascent begins near sunset and the descent near sunrise. 
A second pattern, twilight DVM, begins with a rise to a 
minimum depth beginning at sunset. A descent occurs later 
at night and is termed the midnight sink or nocturnal 
sinking. There is a second rise to minimum depth as sunrise 
approaches and a subsequent descent to maximum depth 
during the day. Finally, reverse DVM involves an ascent to 
a minimum depth during the day and descent to maximum 
depth at night. 

The functional significance of nocturnal and twilight 
DVM is that zooplankton ascend to feed at night and 
descend to avoid visual predators and harmful ultraviolet 
light during the day. The midnight sink during the twilight 
pattern is usually attributed to inactivity after feeding to 
satiation. During the reverse pattern, zooplankton ascend 
to feed during the day and descend at sunset to avoid preda¬ 
tory zooplankters that undergo nocturnal or twilight DVM. 

DVM is not constant within a species as there can be 
changes with age and location. Much of the variation with 
location is due to the presence or absence of fish predators 
because recently it has been recognized that DVM is a 
phenotypic response that is activated by chemical cues 
from predatory fishes. Before discussing the evidence for 
DVM being a phenotypic response, it is necessary to 
consider the underlying behavior and sensory physiology. 

DVM results from behavioral responses to external 
environmental cues and internal biological rhythms in 
vertical swimming or activity. Light is generally agreed 
to be the most significant external environmental cue 
because the time of migration usually corresponds to 
light intensity changes at sunrise and sunset. Before light 
can generate behavior such as DVM, it must be detected 
by the animal’s visual system. Ambient light occurs over a 


range of wavelengths, and all these wavelengths are not 
absorbed equally by visual systems. Rather, the visual 
pigments an organism expresses in its eyes chiefly deter¬ 
mine which wavelengths are best absorbed. The wavelength 
specificity of a visual system is termed its ‘spectral sensi¬ 
tivity.’ The spectral sensitivity of zooplankton is predicted 
to agree with the Sensitivity Hypothesis, a fundamental 
principle in the field of visual ecology, which states that 
the wavelength sensitivity of an animal’s visual system is 
matched to the spectral distribution of light in the animal’s 
environment. Thus, zooplankton should be maximally 
sensitive to the most abundant light in their underwater 
environment. 

In air during the day, the quantal irradiance spectrum 
has a relatively constant level of photons from about 450 to 
700 nm (Figure 2). The quantal irradiance spectrum of 
downwelling light underwater, however, is altered by selec¬ 
tive attenuation and changes in a regular manner both with 
depth and upon moving from the open ocean through 
coastal areas into estuaries. In the open ocean, selective 
attenuation at increasing depth compresses the available 
spectrum to wavelengths in the blue region around 470 nm. 
In coastal areas, the available spectrum shifts to longer 
wavelengths in the region of 500-550 nm. Finally in estua¬ 
rine and freshwater areas, the shift continues as at greater 
depths most of the light is from 550 to 600 nm. Thus, under 
the Sensitivity Hypothesis, the spectral sensitivity of zoo¬ 
plankton is predicted to change with water mass inhabited 
(e.g., freshwater, coastal, open ocean). 

However, the anomaly is that spectral sensitivities of all 
zooplankton do not show the predicted shift with habitat but 
rather are concentrated in the blue-green region of 
460-530 nm (Figure 2). The explanation for this incon¬ 
sistency is that zooplankters are adapted to light condi¬ 
tions at the time of actual vertical migration at sunrise and 
sunset and not to the daytime conditions. At twilight in air, 
the available spectrum changes dramatically (Chappius 
effect) from that during the day to have the peaks in the 
blue-green region (450-535 nm) and red with a suppres¬ 
sion in light from about 540 to 640 nm (Figure 2). Accord¬ 
ingly, zooplankton spectral sensitivity appears adapted to 
maximizing photon capture in the blue-green spectral 
region at twilight when migration occurs, rather than at 
other longer wavelengths that may dominate during day¬ 
light, particularly in estuaries and in freshwater. 

The three main hypotheses for the use of light as an 
exogenous stimulus during DVM are (1) Preferendum or 
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Figure 1 Patterns of diel vertical migration (DVM). Theoretical 
diel patterns of migrant abundance in surface waters are shown, 
with shaded areas indicating the time of night, and open areas 
the time of day. Nocturnal DVM is characterized by animals 
migrating to the surface at night, then back to depth during the 
day. Twilight DVM has a similar pattern, with migrants 
undertaking a ‘midnight sink.’ Reverse DVM is characterized by 
animals migrating to the surface during the day and then 
descending to depth at night. 


Isolume Hypothesis, (2) Absolute Intensity Threshold 
Hypothesis, and (3) the Rate of Change Hypothesis. All 
three hypotheses were developed to explain the use of 
light during nocturnal and twilight DVM. 

The Preferendum or Isolume Hypothesis states that 
zooplankton follow a preferred or optimal light level 
(Isolume) during vertical migration A variation of the 
hypothesis is that if the isolume moves vertically faster 
than zooplankton swimming, the zooplankton visual sys¬ 
tem adapts to a lower or higher light level and they move 
with a new preferred light level. The Absolute Intensity 
Threshold Hypothesis is a variant of the Preferendum 
Hypothesis. An ascent at sunset is initiated once the 
light intensity decreases below a particular threshold 
level and a descent at sunrise occurs when the light 
intensity increases above threshold intensity. 

The Rate of Change Hypothesis states that the cues for 
initiating vertical movements are the relative rate and 
direction of change in light intensity from the ambient 
level (adaptation intensity), which can vary over the day. 
Light can act as orienting, controlling, and initiating cues 
as related to this hypothesis. Aspects of light that can serve 
as an orienting cue are the angle of polarization, light-dark 
contrast at the edge of the critical angle, and direction of 
highest light intensity. 

Control during the Rate of Change Hypothesis involves 
the way in which light affects the readiness of zooplankton 
to migrate by controlling the level of light adaptation. For 
example, zooplankton acclimated to light levels similar to 
those at twilight are more sensitive to rates of change in 
light than are zooplankton acclimated to higher or lower 
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Figure 2 Visual spectral sensitivity of migrants and their light 
environment during DVM. The upper panel shows the frequency 
distribution of behaviorally-determined spectral sensitivity 
maxima for 41 species of vertically migrating zooplankton: 
freshwater (10), estuarine (7), coastal (21), open ocean (2), and 
hypersaline (1). The lower panel shows how the spectral quality of 
the light environment changes at one location, 0.5 m depth near 
the mouth of an estuary, between mid-day and twilight. 
Zooplankton visual sensitivities are adapted to blue-green 
wavelengths occurring at twilight that transmit well through the 
water column, rather than the longer wavelengths dominant 
during the day. 


light levels. Finally migration is initiated by the rate of 
change in light intensity. Migration direction (ascent or 
descent) depends upon the direction of change (increase 
or decrease). DVM is not related to the absolute change in 
light intensity but rather to the relative rate of change 
in light intensity, which is calculated as (l//)(d//dz). Since / is 
the adaptation intensity and f is time, the units for relative 
change are r. 

There are two variations of the Rate of Change 
Hypothesis as related to the initiating cue. First is the 
Relative Stimulus Threshold Hypothesis, which states 
that DVM is initiated by a threshold rate of change in 
light intensity after which vertical movement proceeds 
at a constant rate. Alternatively, the Stimulus Velocity 
Hypothesis states that the speed of migration is propor¬ 
tional to the speed of relative change in light intensity, 
that is there is no threshold rate and the speed of vertical 
movement varies with the acceleration of relative rates of 
change in light intensity. 

Endogenous rhythms also potentially contribute to 
vertical migration. Although they can take the form of 
rhythmic responses to light or gravity, the most direct 
participation is as a rhythm in vertical movement or 
activity. A true endogenous rhythm should be entrained 
in the animal and should persist in the laboratory under 
constant conditions, such as constant light (L:L) or con¬ 
stant dark (D:D), as opposed to an exogenous rhythm in 
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which zooplankton vertically migrate in response to exter¬ 
nal, diel cues associated with the light-dark cycle. Much of 
the consideration for the involvement of endogenous 
rhythms is based upon the model for nocturnal vertical 
migration, in which the active phase of the rhythm results 
in an ascent near the time of sunset and the inactive phase 
produces a descent due to passive sinking near the time of 
sunrise. Since the zeitgeber for the rhythm would be the 
light-dark cycle, a circadian rhythm would be observed in 
constant conditions with a free-running period of about 
24 h. Many recent studies have shown that zooplankton 
undergo rhythmic vertical movements that parallel DVM 
observed in the field. Furthermore, there is some evidence 
that biological rhythms in vertical migration may underlie 
reverse DVM (Figure 1). 

As mentioned earlier, recent studies have shown that 
DVM is a phenotypic response. Field evidence for this 
behavioral plasticity comes from studies showing that 
nonmigrating zooplankton begin to migrate when preda¬ 
tory fish are present and cease migrating when fish abun¬ 
dance decreases. Laboratory studies show that DVM in 
columns and light responses involved in migration are 
activated by exposure to chemical cues from fish. Thus, 
zooplankton do not respond directly to chemicals released 
by predators; rather, their behavior in response to a light 
stimulus is modified by chemical cues. Because the chem¬ 
ical cues are produced by predators but benefit zooplank¬ 
ton receiving the chemical information, they are termed 
‘kairomones.’ 

DVM-inducing kairomones may be generalized mole¬ 
cules indicating elevated risk of predation rather than 
chemically discrete indicators of individual predator spe¬ 
cies. A definitive chemical identity of the kairomones is 
lacking and appears to be different between freshwater 
and marine systems. In marine systems, present studies 
indicate that fish kairomones are low molecular weight 
polar compounds with good temperature and pH stability 
that are degradation products of mucopolysaccharides 
from the surface mucus of fishes. 

Active vertical migration of marine animals can also 
result in horizontal transport, which is observed in tidal 
areas where animals undergo STST. Zooplankton, which 
have limited swimming ability against horizontal currents, 
can derive great benefit from this behavior. Essentially, 
horizontal transport is accomplished by vertically migrat¬ 
ing into and out the water column synchronously with 
changes in the direction of tidal currents. Although STST 
can be used to describe transport in coastal areas where 
animals migrate in particular compass directions (e.g., 
north or south), a considerable number of estuarine- 
dependent species use STST for movement within estu¬ 
aries. These are areas where there is a river flowing into 
the ocean. Because of river inflow, estuaries have a net 
flow of water to the ocean but in tidal areas, they also have 
a very regular series of tidal currents. Flood tides flow into 


and up an estuary opposing the flow of the river. They are 
followed by slack water in which there is relatively little 
horizontal water movement. As tidal currents reverse 
direction, both the tidal currents and river flow are in 
the same direction during ebb tide, after which there is 
again a period of slack water. In estuaries with semidiurnal 
and diurnal tides, the times for a complete tidal cycle are 
about 12.4 and 24.8 h, respectively. 

In estuarine and shallow water coastal areas, it is more 
appropriate to classify STST behavior as either flood-tide 
transport or ebb-tide transport. Flood-tide transport is 
defined as movement into the water column during 
flood tide and residence on or near the bottom during 
ebb tide (Figure 3). The functional significance of this 
behavior would be rapid transport up an estuary or 
onshore in coastal areas. Alternatively, ebb-tide transport 
would entail entering the water column during ebb tide 
and residing on or near the bottom during flood tide 
(Figure 3). This behavior would be useful for export 
from an estuary and transport offshore. In both cases, 
horizontal movement proceeds as a series of saltatory 
steps. Frequently there is a day/night component to 
STST. For example, during nocturnal flood tide transport, 
animals only migrate into the water column during flood 
tides at night (Figure 3). 

STST has been demonstrated among invertebrates and 
fishes through field sampling of abundance in the water 
column during different phases of the tide. Most of the 
species that have been studied have larval, juvenile, and 
adult habitats in different locations and use STST for 
movement between these areas. The underlying behavior 
is usually attributed to either (1) endogenous rhythms of 
activity or vertical migration or (2) responses to environ¬ 
mental cues that change with tidal phase. Although the 
two sets of mechanisms are usually considered separate, 
they are not mutually exclusive. 

If an endogenous rhythm is involved in STST, it would 
need to be phased to the tides and hence would have a 
period length of either 12.4 or 24.8 h. For example during 
flood tide transport, animals would be active and swim in 
the water column during flood tide. At slack water at the 
end of flood tide, they would swim downward or become 
inactive and sink to the bottom remaining there during 
ebb tide. Many studies have demonstrated animals 
showing STST have endogenous rhythms because they 
continue vertical migration at the time of appropriate 
phases of the tide when placed under constant conditions 
in the laboratory. Entrainment cues for these rhythms are 
unstudied but could be tidal cycles in hydrostatic pres¬ 
sure, salinity, and/or temperature. 

In addition to endogenous rhythms, STST can result 
from behavioral responses to environmental cues asso¬ 
ciated with tides. Environmental cues that differ between 
flood and ebb tides are salinity, temperature, hydrostatic 
pressure, olfactory cues, current direction, and electrical 
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Figure 3 Patterns of selective tidal stream transport. Animals oscillate between residence on the bottom and swimming in the water 
column at different phases of the tide, which result in flood tide transport up the estuary (landward) and ebb tide transport down the 
estuary (seaward). The light-dark cycle and direction of tidal currents are shown in the upper panels. Slack water occurs between tidal 
phases and direction of transport is shown by the arrows in each panel. The middle panel depicts the situation in which flood tide 
transport occurs only at night. 


field strength. To explain how some of these cues could be 
used during STST, let us consider possible cues and the 
behavioral sequence during flood-tide transport in an 
estuary. During the summer in a typical estuary, an animal 
positioned on the bottom near the entrance to an estuary 
will experience an increase in salinity, a temperature 
decrease, and an increase in hydrostatic pressure as colder, 
high-salinity coastal water flows over it into the estuary 
during flood tide. For an animal to sense these environ¬ 
mental changes, the factor must change at both a detect¬ 
able relative rate and by a detectable absolute amount. 
Both of these changes must occur before a behavioral 
response is initiated. Studies indicate that animals 
showing STST are extremely sensitive and capable of 
detecting changes in environmental factors associated 
with different tides. 

If environmental gradients exist in the water column, 
then the changes that occur with increasing depth are a 
decrease in temperature, and increases in salinity and 
hydrostatic pressure. Exposure of zooplankton to changes 
in these factors induces vertical movements in response to 


light (phototaxis), gravity (geotaxis), and/or an activity 
change. Exposures to environmental conditions that occur 
upon ascending (i.e., temperature increase, salinity decrease, 
pressure decrease) induce downward movement because 
of negative phototaxis, positive geotaxis, and/or an activ¬ 
ity decrease. Upon descending, zooplankton encounter 
the opposite changes in environmental factors that induce 
an ascent because of positive phototaxis, negative geotaxis, 
and/or an activity increase (Figure 4). Thus, zooplankton 
have a negative feedback system that is useful for depth 
regulation relative to environmental factors. This negative 
feedback system has been attributed to invertebrate zoo¬ 
plankton, but studies are consistent with its application to 
fish larvae. 

If an animal undergoes flood tide transport, it will be 
stationary on the bottom of an estuary at the beginning of 
flood tide and will be exposed to those environmental 
changes that occur when zooplankton descend in the 
water column (temperature decrease, salinity increase, 
and hydrostatic pressure increase). Thus, the predicted 
behavioral response is an ascent. Once in the water 
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Depth regulatory negative feedback system 


Surface 


Environmental gradients 


Behavioral responses 


Temperature 

^High^ 


Pressure 



Salinity 




Negative photoaxis 
positive geotaxis 
activity decrease 



Positive phototaxis 
negative geotaxis 
activity increase 


Bottom 


Figure 4 The depth regulatory negative feedback system for zooplankton. The environmental gradients are the normal changes in 
temperature, pressure, and salinity that occur upon ascent or descent in the water column. The behavioral responses indicate 
orientation to light (phototaxis) and gravity (geotaxis) and activity changes that are initiated by changes in the three environmental 
factors. The arrows show the general direction of movement resulting from these behavioral responses. 


column, small animals will be transported with a parcel of 
water and will experience very slow changes in tempera¬ 
ture and salinity that result from mixing instead of the 
flow of tidal currents over the animal. This presents a 
problem because the initial ascent response upon changes 
in temperature, salinity, and pressure only persists for a 
few minutes once the relative rate of change ceases. Thus, 
continuation of swimming within the water column dur¬ 
ing flood tide must be cued by other environmental fac¬ 
tors, such as water turbulence. During slack water at the 
end of flood tide, animals descend back to the bottom. 
The cue(s) for this descent is also problematic because if 
an animal is transported with a parcel of water, the 
changes in temperature, salinity, and pressure that would 
signal the end of flood tide and beginning of ebb tide do 
not occur. Thus, there must be another cue that indicates 
the end of flood tide and evokes a descent to the bottom. 
Recent studies with crab larvae indicate that the cue is the 
reduction in water turbulence during slack water at the 
end of flood tide. 

During ebb tide, an animal on the bottom would expe¬ 
rience a decrease in salinity, an increase in temperature, 
and a decrease in hydrostatic pressure. Since all these 
environmental changes ideally evoke a descent in the 
water column (Figure 4), movement off the bottom is 
inhibited during ebb tide. Presumably, the opposite behav¬ 
ioral responses could be used during ebb-tide transport. 
These behavioral responses suggest that there is no single 
cue that is used for STST; rather, there is a sequence of 
cues that function for (1) the ascent from the bottom during 


the tidal phase for transport, (2) depth maintenance during 
transport, (3) the descent back to the bottom at the end of 
the tidal phase, and (4) position maintenance on the 
bottom during the other phase of the tide. 

In conclusion, DVM is observed in marine and freshwater 
planktonic animals and results from behavioral responses 
to light changes at sunrise and sunset. Animals ascend to 
feed and descend to avoid predators and ultraviolet irra¬ 
diation. DVM is a phenotypically plastic behavior that 
often varies in magnitude with predator abundance. The 
proximate basis of this plasticity involves the alteration of 
light-mediated zooplankton swimming behavior by 
chemical cues from predators. Any horizontal displace¬ 
ment during DVM depends upon current flows at differ¬ 
ent depths. In contrast, STST is used for horizontal 
transport and is common among invertebrates and fishes 
in coastal and estuarine areas. Ebb-tide transport is used 
for movement out of an estuary or offshore, whereas 
flood-tide transport is used for movement in the opposite 
direction. For life cycle stages such as larvae, which have 
limited swimming abilities, transport by tidal currents is 
an efficient method for rapid horizontal movement. How¬ 
ever, even large fishes that can swim against tidal currents 
undergo STST, which can lead to a considerable reduc¬ 
tion in the energy necessary for horizontal movement. 
STST commonly occurs only at night, which is probably 
an adaptation to avoid visual predators. 

See also: Crabs and Their Visual World; Fish Migration; 
Vision: Invertebrates. 
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Introduction 

This article deals with a subset of the vertebrate sen¬ 
sory systems that responds to vibration: specifically, the 
mechanosensory lateral line of aquatic vertebrates and 
some analogous, but relatively little studied, sensory sys¬ 
tems in reptiles, birds, and mammals. These systems could 
all reasonably be described as ‘touch at a distance’ and are 
responsible for a wide range of interesting behaviors. For 
the lateral line, these include: detection of water currents, 
self-induced water movements, and other animals through 
the water vibrations and surface waves they generate, or 
the hydrodynamic trails left behind them when they swim. 
However, before introducing the lateral line and other 
analogous systems, it is worth commenting on the rela¬ 
tionship between these and other vibration sensitive sen¬ 
ses in vertebrates. 

Any mechanosensory system will, in some sense, respond 
to vibration. In addition to touch sensors (which are the 
subject of another article in this series), many other joint 
and muscle receptors will respond to vibration. Hearing 
is also clearly a vibration sense, but again sufficiently 
important to warrant an article of its own. The detection 
of airborne vibrations, such as we do with our sense of 
hearing, requires specializations that make it relatively 
distinct from the motion sensors of the vestibular laby¬ 
rinth (balance organs) and other forms of vibration sensi¬ 
tivity. However, elsewhere in the vertebrate phylogenetic 
tree that distinction is less clear, and there is considerable 
overlap between hearing, vestibular function, and external 
vibration detectors such as the lateral line. For example, 
most fish species are what are called ‘hearing generalists,’ 
they detect underwater sound because they physically 
move with the sound wave, and this movement is detected 
as vibrations of the ear bones (otoliths) within the ear. 
Hearing, vestibular, and lateral line systems are all part of 
what are known as ‘the octavolateralis sensory systems,’ and 
hence, share a fundamental sensory transducer known as 
‘the mechanosensory hair cell.’ What varies across these 
systems is the way in which the surrounding anatomy 
determines the effective signal which impinges on, and 
activates, the hair cells and how the brain processes and 
interprets these signals. Following this short clarification 
of the scope of this article, we can now turn to the lateral 
line system, its phylogenetic distribution across verte¬ 
brates, and how its anatomy influences the behaviorally 
effective stimulus. 


Lateral Line Structure and Function 

The mechanosensory lateral line is a primitive vertebrate 
sense, in that it is found in all the basal vertebrate groups 
and is ubiquitous in agnathans (jawless fishes) as well as 
cartilaginous and bony fishes. It is also found in amphi¬ 
bians that are predominantly aquatic, but was lost during 
the transition of vertebrates onto land, so is not found in 
reptiles, birds, or mammals. It is not a well-known sense, 
both because it is a sense that we don’t have, and also 
because it is not particularly obvious to a casual observer. 
For example, in most fish, all that is visible are the mod¬ 
ified scales of the trunk lateral line systems (Figure 1(a)). 
In some, such as the migrant eel (Figure 1(b)), one can 
see some dark pigmented spots and open pores on the 
surface of the skin. But it is not until the hair cells are 
stained with a fluorescent dye (DASPEI) that the extent of 
the lateral line becomes apparent (Figure 1(c)). 

The basic functional unit of the lateral line is the 
neuromast. Put simply, this is a cluster of hair cells with 
surrounding support cells and an overlying gelatinous 
mass called ‘a cupula.’ The neuromast is connected to 
the central nervous system by afferent nerves that synapse 
with the base of the hair cells and transmit coded infor¬ 
mation about the movements of the cupula. As with the 
wider octavolateralis system, the effective stimulus to the 
hair cells is determined by the surrounding anatomy. In 
the case of the lateral line, the important variables are the 
size and the shape of the cupula and the exposure of the 
neuromast to water movement. There are two main sub¬ 
modalities to the lateral line, free-standing neuromasts 
(Figure 2) and canal neuromasts (Figure 3). As can be 
seen on both the eel and the trout, the free-standing 
neuromasts form rows on the surface of the head and 
the body. The canal neuromasts are larger, but are located 
within subdermal canals. This simple anatomical dichot¬ 
omy does not represent the full range of lateral line 
diversity given that there are over 20 thousand species of 
fish inhabiting a wide variety of habitats - from the 
stillness of the deep sea to the turbulence of the surf 
zone. However, it is a fundamental starting point from 
which to outline form and function relationships and the 
behavioral role of the lateral line. 

The simple description is that with respect to water 
flow, superficial neuromasts are low-pass filters encoding 
the water velocity of steady direct flows and low-frequency 
oscillating flows up to 10 s of Hz. By comparison, canal 
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Figure 1 (a) The two-spot demoiselle (Chromis dispilus) sitting 

in the current over a reef. This picture serves to illustrate the fact 
that in many fish the lateral line can be scarcely seen. The 
modified scales of the trunk lateral line can be just made out as a 
curved line between the eye and the dorsal white spot. The 
picture also serves to illustrate rheotaxis and to introduce particle 
streak photography. The current flowing over the reef from left to 
right can be visualized by the movements of the bright particles in 
the water, and the fish is shown holding station against the 
current. In experimental situations, the procedure is formalized 
by illuminating the particles in a discrete plane so that the particle 
movements can be reliably measured, (b) Superficial neuromasts 
of the eel {Anguilla diefenbachii) are located as an array of 
receptors on the surface of the head. The rows of pigmented dots 
below and behind the eye are superficial neuromasts. The white 
openings of the lateral line canals are visible above and below the 
mouth, (c) Steelhead trout treated with DASPEI and viewed with a 
fluorescent microscope. The lateral line is visible, composed of 
neuromasts (green dots). Courtesy of Cech, Joseph, Jr., and 
Timothy Mussen (2006) Determining How Fish Detect Fish 
Screens and Testing Potential Fish Screen Enhancements. 
California Energy Commission, PIER Energy-Related 
Environmental Research Program, CEC-500-2006-117. 


neuromasts do not respond to direct flows but are sensitive 
to the acceleration of oscillating flows and respond best 
to vibrations in the range of 10 s to a few 100 s of Hz. 



Figure 2 Anatomy of a superficial neuromast, (a) Diagrammatic 
view of a superficial neuromast. Water flows (arrows) across a 
gelatinous structure called ‘a cupula.’ Movement of the cupula is 
sensed by the cilia of the hair cells, (b) Scanning electron 
micrograph of a superficial neuromast showing the exposed cilia 
of the hair cells. The cupula is removed in the preparation 
process for electron microscopy. 


The essential idea is that canal neuromasts are less 
influenced by low-frequency, large-scale flows (noise) 
such as those generated by currents in the water sur¬ 
rounding the animal, or movements of the animal itself. 
This enables canal neuromasts to respond more specifi¬ 
cally to the higher-frequency signals generated by other 
animals such as prey. The division of labor between 
superficial and canal neuromasts is beautifully illustrated 
by the work of Engelmann et al. showing the effects of a 
background flow rate on the responses of these two sub¬ 
modalities to a small vibrating sphere. This study can also 
serve as an illustration of the standard way in which lateral 
line function is typically recorded. 

For simple technical reasons, almost all the electro¬ 
physiology done with the lateral line is done on restrained 
animals. Following ethically suitable procedures, the fish 
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is held and a portion of the lateral line nerve exposed. 
Single unit recordings are then made with microelec¬ 
trodes, and the neural recordings related back to a ‘con¬ 
trolled’ stimulus. The most common stimulus employed 
has been a vibrating bead of known size, at a known 
location, moving backward and forward at a known dis¬ 
tance and frequency. The term ‘controlled’ is put in 
inverted commas since although we can know with some 
precision the movements of the bead, a bead moving 
in this fashion is a dipole stimulus and produces quite 
complex 3D water movements. This means that the actual 
stimulus at the neuromast depends on the precise geome¬ 
try of the relationship between the stimulus and the 
neuromast, and is also influenced by the presence of the 
fish. In the Engelmann study, the response of a single 
nerve fiber is recorded to the vibrating stimulus, while 
the background flow rate in the tank is systematically 
varied. At zero background flow, all afferent fibers 
respond with phase-locked responses to the vibrating 
source; however, with increasing background flow rate, 
the response of one class of afferent is progressively 
masked, whereas another class continues to encode the 



Figure 3 Anatomy of a canal neuromast, (a) Diagrammatic 
illustration of a canal neuromast. The hair cells and their cilia are 
shown located within a canal, which opens to the exterior 
through the pore at the top of the diagram, (b) Scanning electron 
micrograph looking down on a canal neuromast. The canal has 
been transacted longitudinally to reveal the neuromast. The 
oval area of the sensory strip can be seen with an inner oval of 
cilia. As in Figure 2, preparation for electron microscopy has 
removed the cilia. 


high-frequency stimulus from the vibrating source. It is 
reasonable to equate superficial neuromast input with the 
class of afferent masked by the flow ‘noise’ and canal 
neuromasts as the unaffected class. 

Lateral-Line-Mediated Behavior 

At the most basic level, biological behavior is all about 
mating, feeding, and moving about safely (and cheaply) in 
between times. Hydrodynamic information encoded by 
the lateral line has been shown to play a critical role in 
each of these behaviors. For example, lateral-line-based 
communication has been shown to be important in the 
mating behavior of a few species of salmonids. However, 
most of the work on lateral-line-mediated behavior has 
concentrated on feeding and movement which will be 
covered in separate sections. 

Prey Detection 

In many species, and in particular those that inhabit 
turbid or low light environments (i.e., caves, the deep 
sea, Antarctica), the lateral line is extensively used in 
prey detection and capture (Figure 4). Understanding 
the anatomical and functional dichotomy between super¬ 
ficial and canal neuromasts is the base from which to 
explore the behavioral role of the lateral line and its 



Figure 4 Lateral-line-mediated predation in the dwarf 
scorpionfish (Scorpaena papillosa). (a) Picture taken in daylight of 
the dwarf scorpionfish. Scorpionfish feed at night using their 
lateral line to detect prey, (b) Particle streak photography of the 
respiratory current of a crab. This species is one of the common 
prey items of the scorpionfish. 
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submodalities in such habitats. For example, in low light 
conditions, the lateral line canal system has been shown to 
be principally responsible for prey detection and capture, 
where the prey is a small vibrating source such as a 
Daphnia. Much of this work has been done on the mottled 
sculpin which can be readily trained to orient toward, and 
strike at, a small vibrating bead, which mimics its prey. 
Using this behavior, Coombs and her associates have been 
able to show that this orienting behavior is mediated by 
the lateral line canals on the head and trunk of the fish. 
They have also shown that the job of locating and tracking 
targets can be related to the high spatial organization of 
the lateral line system. Their studies on the activation of 
separate lateral line units by discrete sources clearly show 
the potential for the encoding of location parameters such 
as azimuth, elevation, and distance. The response patterns 
of single afferent neurons provide a coarse indication of 
target location. One way of describing this is that individ¬ 
ual afferent neurons have relatively broad receptive fields 
centered on their position on the body surface. However, 
it is likely that the CNS can utilize the pattern of activity 
across the sensory array to effectively sharpen target 
location both in terms of which part of the body surface 
is closest to the target, and the distance of the target away 
from the surface. The information to perform this task is 
clearly available in the pattern of activity generated by the 
sensory array, but detailed psychophysical measurement 
of behavioral capability in regard to spatial acuity, and the 
location and mechanisms of receptive field refinement in 
the CNS, is largely unknown. 

It is interesting to note that target location using surface 
waves is a special case which provides us with some of our 
best evidence for the ability of the lateral line to determine 
target direction and distance. A number of fish and amphi¬ 
bians have been shown to have behavioral and anatomical 
specializations to detect insects and other prey that fall 
onto the water surface. Surface waves radiate out from 
the source of the disturbance, and the resulting wave fronts 
and wave dispersal characteristics provide enough informa¬ 
tion for the fish to turn and approach the source. In an 
elegant series of behavioral experiments, Bleckmann and 
colleagues were able to show the precise basis of distance 
discrimination by producing stimuli with the appropriate 
characteristics to ‘fool’ the fish into overshooting the target. 

One of the new exciting findings in lateral line research 
is that some fish are able to follow turbulent trails and can 
use this hydrodynamic trail following to track down prey. 
Nocturnal catfish have been shown to adopt this ‘hydro- 
dynamic trail following’ tactic to hunt prey in darkness. 
The characteristic element of the behavior is that once the 
catfish encounters the trail, it then follows the trail to the 
prey. This clearly results in a circuitous route that follows 
the wake left behind by the prey, rather than a path that 
would result from detecting and orienting to the prey 
directly. 


Rheotaxis, Orientation, and 
Hydrodynamic Imaging 

Superficial neuromasts respond to water flow over the 
surface of the body, so it should not be surprising that 
they contribute to rheotaxis or orientation to water flow. 
However, it was not until relatively recently that a role for 
the lateral line in rheotaxis was demonstrated. Behavioral 
experiments conducted on a range of different species 
showed that fish with an intact lateral line will orient to 
flow at quite low flow velocities, but that following phar¬ 
macological blockade of the entire lateral line or physical 
ablation of superficial neuromasts, the threshold for rheo¬ 
taxis is elevated. For example, in the Antarctic fish Pagothe- 
nia borchgrevinki (Figure 5), the rheotaxic threshold with 
the lateral line intact was between 1 and 2 cm s _ , whereas 




(b) Flow velocity (cm s _1 ) 

Figure 5 Rheotaxis behavior of the Antarctic notothenioid fish 
Pagothenia borchgrevinki. (a) The arrangement of the superficial 
(dots) and canal organs is shown on the head of the fish. 

(b) Orientation into the current in a flume is shown as a function of 
flow velocity in the flume. With the lateral line intact (filled 
squares), or canal neuromasts pharmacologically blocked (open 
squares), the rheotactic threshold is between 1 and 2cms _1 . 
With the entire lateral line block (closed circles) or the superficial 
neuromasts ablated (open circles), the rheotactic threshold is 
raised to somewhere between 5 and 8cms _1 . 
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with the superficial neuromasts ablated this threshold rose 
to between 5 and 8cms _1 . Pharmacological blockade of 
the canal lateral line submodality had no effect on rheo- 
tactic thresholds. Thus, these findings support the idea that 
superficial neuromasts respond best to slow and uniform 
currents and play a role in orientation to these currents. 

However, it is worth noting when it comes to more 
complex orientation behaviors, information is probably 
integrated from both superficial and canal neuromasts. 
The canal system has also been shown to be important 
in orientation to objects by the blind cave fish (Astyanax 
fasciatus). In this case, the self-generated flow fields form 
the basis of an active ‘imaging’ system, where the fish 
senses distortions in the flow field created by nearby 
obstacles. Blind cave fish show a characteristic tail beat 
and glide swimming behavior. Our studies show that cave 
fish are able to avoid head-on collision with a wall and 
react to the presence of the wall at the relatively short 
distance of about 0.1 body lengths (Figure 6 + video). 
Both flow visualization techniques and computational 
fluid dynamic modeling show that the stimulus to the 
lateral line begins to climb steeply at this point. Kinematic 
studies, of the head-on approach to the wall, show that 
collisions become much more prevalent if the approach to 
the wall occurs during a tail beat rather than during the 
glide (Figure 7 + video). It is apparent that the added 
complexity of flow field during the tail beat, and/or the 
direct effects of the movement on the lateral line seriously 
impair lateral-line-mediated hydrodynamic imaging. 

With respect to more complex rheotaxis in turbulent 
flows, information from both superficial and canal systems 
has been shown to be necessary. This is the case when 
there is an obstacle in the flow; and the fish maintain 
station behind the object, either by occupying the 
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Figure 6 Series of images with a fish approaching the wall 
and avoiding collision. The fish glides toward the wall, then at 
100 ms extends the pectoral fins away from the body and turns 
to follow the wall without making any contact. 


low-pressure zone behind and to one side of the object, 
or by exhibiting a distinctive ‘von Karmen’ swimming gait 
that enables them to swim more efficiently by extracting 
energy from the regular vortices generated by the object. 

Lateral Line Diversity and S/N 

Demonstration of the anatomical and functional dichot¬ 
omy between canal and superficial neuromasts still begs 
the question as to the extent to which lateral line end- 
organs are adapted to the particular hydrodynamic envi¬ 
ronment in which the fish lives, or to particular prey of 
interest. There is certainly a huge diversity of fish species 
and a corresponding diversity of the lateral line structure. 
Some of the more extreme lateral line morphologies are 
found in fishes inhabiting low light environments such as 
the deep sea. Unfortunately, it is very difficult to conduct 
physiological studies on these animals, so we still lack a 
functional understanding of the widened membranous 
canal systems, or the stalked superficial neuromasts, 
found in deep sea fishes (Figures 8 and 9). 

In thinking about the lateral line system, one of the key 
issues is signal and noise. Hydrodynamic noise may come 
from the presence of the animal in a flow, either steady 
flow or turbulence, but it may also come from the animal’s 
own movements. Self-generated noise can be recognized 
as an issue for many sensory systems, but given the 



Figure 7 Series of images with a fish approaching the wall and 
colliding with the wall. The fish starts a tail beat as it approaches 
the wall and shows no sign of detecting the wall before the 
collision. 
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Figure 8 Photograph of the skinned head of Poromitra 
crassiceps showing the extensive array of canal neuromasts. 

In life, these have a membrane covering forming the so-call 
widened membranous canals system seen in a number of deep 
sea species. Photograph courtesy of N.J. Marshall. 



Figure 9 Photograph of a living specimen of the deep sea 
anglerfish Phrynichthys wedli with lines of papillate superficial 
neuromasts. Photograph courtesy of N.J. Marshall. 


sensitivity of lateral line receptors and the observation 
that ‘fish are seldom still,’ self-generated noise must be a 
particularly significant problem for the lateral line system. 
It is worth noting that self-generated noise is often under¬ 
recognized since almost all functional studies are made 
on immobilized animals. For the purposes of improving 
the signal-noise ratio, the one advantage that self-generated 
noise has is that, to a degree, it is under the control of 
the animal. The simplest strategy for noise reduction 
is to cease movement. Motionlessness can be seen in 
sit-and-wait predators, but can also be a key component 
of the search strategy in lateral line-based predation. 

The search strategies of visual predators have received 
extensive study. There is a recognized continuum from 
sit-and-wait predation through to animals that ‘move and 
pause’ (saltatory search) to cruise searchers, which exhibit 
continuous movement. Each strategy has particular costs 
and benefits associated with prey and environmental 


characteristics (prey density, prey size, encounter rates, 
environmental complexity, prey conspicuousness, etc.). 
Recent research on the dwarf scorpionfish is the first 
systematic study on the search strategy of a lateral line 
predator. The fish were observed searching for randomly 
located crustacean prey in darkness using infrared video. 
Under these conditions, the fish adopts a saltatory search 
behavior. The characteristics of this behavior include an 
average move distance of 18 cm, with fish pausing every 
1.25 s for ~6.7 s. Prey are located mostly during the pause 
period, and movement will be terminated early upon the 
detection of a target. Prey are also located throughout the 
search space which can be defined in terms of the reactive 
distance (48 cm) and the reactive angle (96°). After the 
pause period, the fish moves to a new location to gain new 
search space. The characteristics of saltatory search are 
similar between lateral line and visual predators, but 
occur for somewhat different reasons. In visual predators, 
remaining stationary improves the visibility of the minute 
movements of cryptic prey against a complex but still 
visual background. In the case of lateral line predators, 
the pause period minimizes self-generated noise, making 
hydrodynamic signals more detectable. Consistent with 
this interpretation, we have shown that under the same 
circumstances, another nocturnal predator, the southern 
bastard cod, using a cruise search mode (video), has a 
shorter lateral line reactive distance. The cod uses a 
mixed lateral line/chemosensory search strategy, which 
has a different set of costs and benefits when compared 
with the dwarf scorpionfish. One of the costs is that the 
constant motion of the cruise reduces the distance at 
which lateral line stimuli can be detected, and in the cod, 
the lateral line reactive distance was only a third of that 
exhibited by the dwarf scorpionfish. 

Some patterns of movement (e.g., breathing) will pro¬ 
vide a regular and predictable pattern of afferent input. 
Since the movements are generated by the animal itself, it 
has, in effect, a priori knowledge of movement and the 
potential to predict and cancel the associated afferent 
inputs. Studies in both lateral line and electrosense, par¬ 
ticularly electrosense, show that the hindbrain processing 
centers for both these senses form an adaptive filter which 
learns to cancel predictable input. The basis of this ability 
is the cerebellar-like structure of these hindbrain centers. 
The crista cerebellaris , which overlies these structures, com¬ 
prises what is called ‘a molecular layer of parallel nerve 
axons’ which carry information about ongoing movements. 
This information comes as efference copy from motor 
centers, proprioceptive information about movement, 
and a number of other sources. In effect, the molecular 
layer contains a rich matrix of information about movement. 
The principal cell type of the lateral line hindbrain center 
is called ‘a crest cell.’ Crest cells have dorsal spiny molec¬ 
ular layer dendrites that receive parallel fiber information, 
but also receive direct lateral line afferent input on their 
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ventral dendrites. A rather simple synaptic plasticity 
learning rule allows the input from the parallel fibers to 
generate a ‘negative image’ of the reafferent noise arriving 
at the ventral dendrites. In this way, the reafferent noise is 
cancelled, yet the crest cells remain sensitive to external, 
biologically important, signals. Ventilation is but one exam¬ 
ple of a movement that produces unwanted sensory reaf- 
ference. Recordings from lateral line afferents, particularly 
in the area of the gills, show strong ventilation-mediated 
responses. By comparison, the crest cells show greatly 
reduced responses to ventilation movement. 

Reptilian, Avian, and Mammalian Analogs 

The mechanosensory lateral line is found in all fishes and 
in aquatic amphibians but was lost in the transition of 
vertebrates onto land. However, there are mechanosen¬ 
sory systems in reptiles, birds, and mammals that, though 
not evolutionarily related, do mediate some remarkably 
similar behaviors to those described earlier. 

For example, alligators hunt at night and show a well- 
refined ability to detect and orient to surface waves. This 
behavior is mediated by small ‘dome-shaped’ pressure 
receptors on their snouts that are innervated by the tri¬ 
geminal nerve. Dome pressure receptors are also evident 
in fossil reptiles dating back to the Jurassic, but only in 
groups thought to have had a semiaquatic lifestyle. 

Birds have specialized mechanosensory feathers called 
‘filoplumes.’ Though not well studied or understood, they 
have been implicated in sensing contour feather deforma¬ 
tion and hence, airflow and separation over the wing. In 
this sense, they may be analogous to the use of the lateral 
line in rheotaxis and orientation in turbulent flows. 
Recent studies also show the use of head filoplumes in 
obstacle avoidance. 

Mammalian vibrissae (or whiskers) are another under- 
studied vertebrate sense. They, too, provide a sense of 
touch at a distance. The observation that in some mam¬ 
mals very significant proportions of the sensory cortex are 
devoted to vibrissae input gives some indication of their 
potential importance. Their use has been studied in prey 
capture in the dark, in some marsupial species where in 
the auditory localization of a prey rustling in grass pro¬ 
duced a pounce to locate the array of whiskers over the 
prey, allowing precise orientation for prey capture. Rats 
have been used as a model species for many years, but 
they are now being recognized as nocturnal animals that 
rely on their sense of touch, and particularly their vibris¬ 
sae, to explore the world. Active ‘wiskering’ where rats 
sweep their vibrissae back and forth in the air and against 
objects has similarities with the hydrodynamic imaging 
employed by cavefish. Both behaviors allow the extraction 
of information about surrounding objects. The analogy 
between vibrissae and lateral line function is further 


strengthened by the interesting recent discovery that 
seals, like fish, can perform hydrodynamic trail following, 
and that this ability is dependent on their vibrissae. 

Clearly, the use of vibration detectors is vitally impor¬ 
tant in many behaviors across a wide variety of vertebrate 
taxa. The study of lateral lines and other vibration detection 
systems has enjoyed a resurgence in recent years. Firstly, 
because these studies provide insights into ways of 
perceiving the world that are widespread across the animal 
kingdom, but alien to us as humans. Secondly, these systems 
also provide inspiration for a new range of technological 
devices. Biomimetic sensors, based on our understanding of 
how animals sense their world, will become an increasingly 
important component of robotics technology. 

See also: Empirical Studies of Predator and Prey 
Behavior; Hearing: Insects; Hearing: Vertebrates; Sound 
Localization: Neuroethology. 
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Introduction 

Using Substrate Vibrations to Communicate 

Of all forms of communication that make use of mechan¬ 
ical vibrations propagating through a medium, vibrational 
communication is by far the most common. However, 
it is also the least familiar to biologists, and the least 
studied. One consequence of this lack of attention is that 
many of our inferences about this communication modal¬ 
ity are based on a relatively small number of studies. 
Another is that many opportunities remain for ground¬ 
breaking study of a complex and fascinating mode of 
communication that occurs in taxa ranging from spiders 
to elephants. 

How does the use of vibrations differ from that of 
airborne sound? The two modalities are closely related. 
However, while organisms using sound are embedded 
within the medium they use for communication, those 
using vibration are at the boundary between air and a 
denser medium such as soil, water, or a solid structure like 
a plant stem. Communication takes place among organ¬ 
isms in contact with this dense medium, using vibrations 
that travel along its surface. Sound in air or water propa¬ 
gates as a longitudinal pressure wave, with motion of the 
medium occurring in the direction of travel of the wave. 
In contrast, substrate vibrations propagate as a variety of 
wave types, with receivers generally detecting the com¬ 
ponent of medium motion perpendicular to the direction 
of travel of the wave. This difference in the nature of 
signal propagation leads to differences in the structures 
used to produce and detect sound and vibration, and in 
the properties of the signals themselves. 

Taxonomic Distribution 

Terrestrial animal species generally spend much or all of 
their time in contact with a substrate. Vibrations intro¬ 
duced into that substrate by the movement of other organ¬ 
isms provide a rich source of information about the 
behavior and proximity of conspecifics, predators, or 
prey. Many species, from worms to spiders to elephants, 
have evolved means of detecting these vibrations, and the 
detection of substrate vibrations underlies many social and 
ecological interactions. A recurring theme in the study of 
vibrational communication is the discovery of taxa in 
which individuals not only passively monitor substrate 
vibrations but also introduce vibrations into the substrate 
in order to influence the behavior of other individuals. 


The use of substrate vibrations for communication is 
widespread in arthropods, including insects, crabs, and 
spiders and other arachnids. It is estimated that 265 000 
species of insects communicate with substrate vibration. 
However, the true number is probably much larger, 
because this estimate includes only the species that have 
been formally named. For many groups of insects, there 
are far more species yet to be described; for example, in 
addition to the 20 000 described species of leafhoppers, 
there are an estimated 80 000 additional undescribed spe¬ 
cies, mostly in tropical forests. Whatever the real num¬ 
bers, it is probably safe to say that 98% of the diversity of 
insect vibrational signals remains unrecorded. A similar 
situation likely exists in the other arthropod groups. 

In insects, vibrational communication represents an 
ancient communication modality, evolving before the ori¬ 
gin of airborne sound communication. The cicadas and 
their relatives provide a good illustration: vibrational com¬ 
munication is widespread, while airborne sound occurs 
only in the cicadas, where it is clearly derived with respect 
to vibrational communication (Figure 1). Even within the 
cicadas, vibrational communication occurs in basal spe¬ 
cies, and it is possible that it occurs in many others, used in 
combination with airborne sound. Recent discovery of 
vibrational signaling in a Gondwanan relict species, 
along with comparative phylogenetic analysis, suggests 
that vibrational signaling may have evolved in the ances¬ 
tors of today’s Hemiptera, some 230 million years ago. 

Vibrational communication is also widespread in ver¬ 
tebrates; again, the species known to communicate using 
this modality represent only the tip of the iceberg. There 
is increasing evidence for its importance in frogs and some 
reptiles, including the veiled chameleon (Figure 2). 
Vibrational communication is widespread in mammals, 
particularly in rodents, and more recently documented 
in large species, including elephants. 

Perception and Production of 
Vibrational Signals 

The substrates used for vibrational communication vary 
with taxonomic group and, to some extent, with size. In 
addition, the nature of the substrate influences how signals 
propagate and how they are perceived. Vibrationally signal¬ 
ing mammals typically use the ground as a communication 
channel (vibrations of the earth’s surface are referred to as 
seismic signals). In most cases, signals are produced by 
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Figure 1 Phylogeny of the Cicadomorpha, showing the distribution of signaling modality among families. Communication by airborne 
sound in cicadas is a derived state with respect to substrate vibration (phylogeny drawn from Cryan JR (2005) Molecular phylogeny of 
Cicadomorpha (Insecta: Hemiptera: Cicadoidea, Cercopoidea, and Membracoidea): Adding evidence to the controversy. Systematic 
Entomology 30: 563-574). 



Figure 2 A male veiled chameleon (Chameleo calyptratus). 
This species communicates using visual signals and plant-borne 
vibrational signals. 


drumming with the feet or, for some subterranean spe¬ 
cies, tapping the head against the soil. In elephants, 
foot stomping and low-frequency vocal rumbles generate 
ground-borne waves that travel long distances. Seismic 
communication also occurs in crabs, scorpions, and some 
insects and spiders. However, most insects, many spiders, 
most cases in frogs, and one lizard (Figure 2) use living 
plants as a communication channel. Plant tissues such as 
stems and leaves are excellent substrates through which to 
transmit signals because they have evolved to flex in 
response to mechanical disturbances such as wind, and as 
a consequence, will transmit even extremely low-amplitude 
signals for a meter or more along stems. Almost any move¬ 
ment on the surface of a plant will generate a mechanical 
disturbance, and as a result, species that communicate 
through plants have a variety of ways of producing signals. 
These include striking the substrate with feet, head, abdo¬ 
men, or other body part, using direct muscle contractions to 
vibrate some part of the body (resulting in signals contain¬ 
ing harmonic series or relatively pure tones; see video 
example 1, which shows the abdomen of a signaling male 
treehopper, Umbonia crassicornis ), and/or using a frequency 
multiplier such as a stridulatory file and scraper. For non 
percussive forms of signal production, vibrations produced 
through direct muscle contraction or specialized vibrating 
structures are transmitted through the legs into the sub¬ 
strate. Many spiders transmit signals through webs, and 
some insects produce signals on the water surface; this 
article, however, deals only with vibrations traveling through 
solid substrates. Because living plants are such a widespread 
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substrate, with much of the literature on the function and 
evolution of vibrational communication focused on this 
channel, the following discussion draws largely from research 
on plant-dwelling insects and spiders. 

A bare description of the means of signal production 
gives little impression of the tremendous diversity and 
esthetic appeal of vibrational signals, which can be lis¬ 
tened to through a loudspeaker. Strictly percussive signals 
would seem to have limited possibilities for diversity, but 
the drumming signals of stoneflies, spiders, or kangaroo 
mice can be surprisingly intricate and diverse in rhythm 
and timing. The more tonal signals produced by many 
insects, such as leafhoppers or stink bugs, usually contain 
frequency sweeps and often combine different elements in 
surprising and evocative ways. Small animals have diffi¬ 
culty producing airborne sounds because pressure gradi¬ 
ents are difficult to maintain over very short distances. In 
particular, an acoustical ‘short circuit’ prevents small ani¬ 
mals from effectively broadcasting low-frequency air¬ 
borne. However, the problem does not exist for substrate 
vibrations and, as a result, small insects can produce 
signals using frequencies typical of much larger species 
that use airborne sound (Figure 3; signal example 1). The 
result is a hidden but rich and sometimes enchanting 
vibrational ‘soundscape’ contained within the surfaces 
around us in natural environments. 

For most animals using substrate vibrations to commu¬ 
nicate, the legs are the body part in contact with the sub¬ 
strate, and the legs either contain the vibration sensors, or 
in vertebrates, serve as transmission channels to vibration- 
sensitive structures in the ear. Insects perceive substrate- 
borne vibrations using an array of sensory receptors in 
their legs. The most sensitive are the subgenual organs, 
located in the fluid-filled cavity within each tibia and 
sensitive to movements of the tibia, especially along the 
long axis of the tibia. In cockroaches, the subgenual organ 
is also sensitive to airborne sound. The femoral chordotonal 


organs are also important in vibration sensing in insects, 
and possibly other sensory organs at the joints, the main 
function of which is likely proprioception. Spiders and 
other arachnids have lyriform organs in the cuticle, composed 
of parallel rows of slit sensillae, situated near the joints of 
the legs and in other locations on the body and sensitive to 
mechanical deformations of the cuticle. In both insects and 
spiders, the presence of receptors in multiple legs in contact 
with the substrate is important for the localization of 
vibrational signals; at least for species the legs of which 
span several centimeters, arrival time differences at differ¬ 
ent legs provide directional cues. 

In frogs, the inner ear contains sensory organs that are 
highly sensitive to substrate vibration. Vibration sensitiv¬ 
ity is also widespread in other amphibians and in reptiles, 
involving vibration-sensitive structures in the ear as well 
as peripheral sense organs in the body. Placental mammals 
have vibration-sensitive Pacinian corpuscles in the skin 
and some species have vibration-sensitive inner ear struc¬ 
tures. Recent work on elephants suggests that they may be 
receiving ground-borne vibrations through their feet and 
trunk, which transmit them to vibration-sensitive struc¬ 
tures in the inner ear. 

The Ecological Context of Vibrational 
Communication 

The Vibrational Environment 

There is a pervasive misconception in the animal commu¬ 
nication literature that vibrational communication occurs 
in a ‘private channel’. This view probably stems from our 
own insensitivity to substrate-borne vibration and our 
corresponding need for technology to gain access to the 
world of vibrational interactions. However, most animal 
species are not similarly handicapped. In nature, individuals 
that produce and respond to vibrational signals do so in an 
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Figure 3 Vibrational signals of the stinkbug Edessa rufomarginata, recorded at Palo Verde, Costa Rica. The signaler was just over 
1 cm long (shown in photo inset), but its signal frequency is as low as that of much larger species that use airborne sound. 
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environment rich with predators exquisitely equipped to 
detect and localize vibrational signals. Recent work shows 
that jumping spiders and parasitoid wasps can orient to the 
signals of vibrationally communicating insects. 

The absence of a private channel can be appreciated by 
listening to vibrational soundscapes in which multiple 
individuals and/or species are signaling at the same time. 
Chorusing has been documented in leafhoppers and tree- 
hoppers living at relatively high densities on plants. During 
chorusing, stationary, signaling males produce signals for 
extended periods, usually alternating signals with each other 
(Figure 4; signal example 2). Other forms of coordinated 
signaling interactions among multiple individuals occur in 
group-living treehoppers (see section ‘Functions of Vibra¬ 
tional Communication’). The vibrational soundscapes of 
living plants may also transmit a wealth of signals from 
different insect species communicating at the same time 
(Figure 5; signal example 3). 


Substrate Properties and Signal Evolution 

The vibrational signals of arthropods and rodents are 
extremely diverse, and one major theme in the study of 
vibrational communication is how the substrate influences 
the evolution of vibrational communication systems. 
There are two general issues: first, how do the vibration- 
transmitting properties of the substrate influence the evo¬ 
lution of signalers and receivers using that substrate? And 
second, how do the sources of vibrational noise influence 
the evolution of signals and signaling behavior? These 
aspects of the vibrational modality have been best studied 
for signals transmitted through living plants. 

It has been hypothesized that animals using living 
plants to communicate should produce broad-band sig¬ 
nals, ensuring that at least some frequencies are trans¬ 
mitted to receivers. The rationale is that there is such 
great variability in the vibration-transmitting properties 
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Figure 4 A chorus of leafhoppers, with males signaling in alternation. This is an unidentified species (four males shown in photo inset) 
recorded at Tiputini Biological Station, Ecuador. 
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Figure 5 A complex vibrational soundscape with three or more species signaling on the same small (<1 m tall) plant. No signalers 
were identified in this recording, which was made near Gamboa, Panama. 
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of living plants - the frequency spectrum of a signal varies 
substantially, and often unpredictably, with distance from 
the signaler — that specialization on a single, optimal 
frequency is unlikely to function well. This hypothesis 
has been influential but has never been formally tested, 
although studies of wolf spiders show that their broad¬ 
band, percussive signals are successful in courtship on 
multiple substrates. It is clear, however, that it does not 
apply to all species, because although many vibrationally 
communicating species do produce broad-band signals, 
many others produce tightly tuned signals, with most 
of their energy concentrated in a very narrow range of 
frequencies. 

There are relatively few studies of vibration trans¬ 
mission in plants, and fewer still that have characterized 
more than one or two examples of a given host plant. 
For most studies, there is little information about which 
plant parts are used by signalers in nature, or about the 
properties of more than one host species for organisms 
that use many different host species for communication. 
Study of hosts used by the cosmopolitan green stink bug 
reveals that several of the plants it uses transmit vibra¬ 
tions in the 100-Hz range most effectively, suggesting that 
signals of pentatomid bugs are adapted to this ‘frequency 
window.’ In contrast, for the host plants used by some 
signaling treehoppers with narrowly tuned signals, the 
optimal frequency varies both between host species and 
between modules (such as stems vs. leaves) within the 
plant. For two closely related treehoppers using different 
plant species and different modules (woody stems vs. 
leaf petioles), signal frequency has diverged to match 
the contrasting vibration-transmission properties of their 
typical substrate. 

Sources of Noise in the Vibrational Channel 

Wind is the major abiotic source of noise in living plants, 
and probably in other substrates such as leaf litter. As 
anyone who has tried to record plant-borne vibrations 
outdoors can attest, the air is seldom completely still. How 
do organisms communicating with plant-borne vibrations 
deal with the pervasive noise generated by wind? Wind has 
the potential to be a major influence on the evolution of 
vibrational communication systems, influencing the evolu¬ 
tion of signal form, signaling behavior, or both. 

The most obvious way in which wind could influence 
the evolution of vibrational signals is by selecting for the 
use of frequencies that avoid masking by those present in 
the wind. In living plants, most of the energy in wind¬ 
generated noise is in low frequencies, less than 100 Hz. 
Lower wind velocities cause swaying and low-frequency 
vibrations, while higher velocities cause leaves to flutter 
and stems to strike each other, exciting a broader 
spectrum. There are at least two ways in which wind 
might exert an influence on signal evolution. First, 


wind-induced noise might be important for some species 
and unimportant for others (e.g., species signaling on 
plants in sheltered locations). Second, even if wind is 
important for most species, the properties of wind- 
induced noise might differ from plant to plant, especially 
in the amount of energy present in different frequencies. 
Wind noise has only been characterized in a few plants; in 
one case, two structurally different plants were found to 
have different frequency spectra of wind-induced vibra¬ 
tions, while in another, two structurally similar species of 
woody plants had very similar profiles. At present, it is not 
possible to say whether wind imposes similar selection on 
vibrational signals (e.g., selecting for higher frequencies 
that avoid those present in wind noise) or whether it may 
favor the use of different signals for efficient communica¬ 
tion on different plants. 

Whether or not the presence of wind influences the 
evolution of signal frequency, as a major source of noise in 
the vibrational channel, it is very likely to influence the 
signaling behavior of organisms. One way for organisms to 
deal with wind noise is spatial avoidance or communica¬ 
tion in relatively wind-free environments. Such environ¬ 
ments as the forest interior are characterized by lower 
wind speeds; however, for plant-feeders, the most nutri¬ 
tionally valuable plant tissues are usually those in high¬ 
light environments, which are, of course, less sheltered. As 
a strategy for avoiding wind noise, then, spatial avoidance 
of wind may not be available to many species. 

Temporal avoidance of wind can occur at two scales. 
First, often there are predictable daily patterns of rise and 
fall in wind velocity. Males of at least one treehopper 
species do signal more often during morning and evening 
hours when wind speeds are lower in its forest edge 
habitat, but whether this pattern has evolved specifically 
in response to wind is unclear. Second, wind speed is often 
quite variable over a scale of minutes or seconds, and 
organisms could use gap detection to signal during short 
wind-free periods. For one treehopper, laboratory experi¬ 
ments show that males signal during brief wind-free gaps. 
This avoidance of signaling during wind gusts is likely 
important for communication; females responded less to 
male signals masked by wind, especially when the signals 
were low in amplitude. 

In addition to wind, rain is a significant source of 
vibrations for living plants, leaf litter, and probably for 
any exposed substrate. In plant leaves, the impact of 
a raindrop causes an initial high-amplitude, broad¬ 
band pop, with a decreasing tail of lower frequencies. 
A hard rainfall likely precludes communication, as does 
heavy wind. But in environments subject to frequent 
low-intensity rainfall, organisms likely have adaptations 
that enhance communication. 

Airborne sounds are another source of noise in 
the vibrational channel. Leaves vibrate in response 
to airborne sound, and recordings made in natural 
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environments include not only the signals of vibrationally 
communicating species but also the signals of nearby 
species signaling with airborne sound, such as cicadas 
and birds. The significance of these induced vibrations 
for communication is unknown, but in some cases, they 
may provide useful information; for example, a wolf spi¬ 
der was shown to alter its behavior in response to induced 
vibrations from the songs of potential avian predators. 

Finally, a source of noise for one species may be an 
important cue for another. The vibrations produced by 
wind blowing through mounds of grass are potential cues 
for foraging golden moles in their sand dune habitat, 
and the ground-borne rumbling of distant thunder may 
be used by elephants to locate areas where rain has 
recently fallen. 

Functions of Vibrational Communication 

Sexual selection is the major engine of diversity in the 
evolution of animal signals. The vibrational signals of 
insects and spiders provide a remarkable panorama of 
the historical action of sexual selection, given the ancient 
nature of this communication channel, and the hundreds 
of thousands of living species that use it. 

Evidence of the importance of sexual selection in the 
diversification of vibrational signals and in speciation comes 
primarily from the study of insects, especially lacewings, 
stoneflies, and the Auchennorrhyncha (planthoppers, leaf- 
hoppers, and treehoppers). All of these groups contain 
sibling species, close relatives that are phenotypically simi¬ 
lar except in mating signals and preferences. In the lacew¬ 
ings, for example, systematic study has revealed unexpected 
acoustic diversity within what were thought to be single 
species, and experimental research has implicated sexual 
selection as the evolutionary force driving both song diver¬ 
sification and species formation. Important work on sexual 
selection is also being conducted in spiders, where vibra¬ 
tional signals are often components of multimodal mating 
displays that include motion, color, and substrate vibra¬ 
tion. These multimodal signals are especially diverse in 
jumping spiders and wolf spiders. 

Vibrational signals are used not only in mating but also 
in communication among members of social groups. In 
contrast to sexually selected signals, which are often com¬ 
plex and rapidly evolving, social signals are usually rather 
simple, with their structure evolutionarily conserved 
among closely related species. In the eusocial insects, vibra¬ 
tion is important in alarm communication in termites and 
some ants, and in recruitment to profitable food resources 
in other ants. In noneusocial insects, such within-group 
communication has been best studied in group-living 
immatures of sawflies and treehoppers. Vibrational signal¬ 
ing among group members is important for remaining in a 
group, finding food, and, in species with maternal care, 


alerting the mother to the arrival of a predator. Predator 
alarm signaling also occurs in some rodents, although here, 
it is the parents that signal to alert the offspring. 

Vibrational signaling is important for other social and 
ecological relationships as well. Some caterpillars defend 
leaf territories using a repertoire of vibrational signals. For 
lycaenid and riodinid caterpillars, and for some treehop¬ 
pers, vibrational signals facilitate the attraction of ant 
mutualists or ant detection of potential predators. 

Recording and Playback Methods for 
Studying Vibrational Communication 

What follows is a discussion of methods for vibration 
recording and playback that have been used extensively 
for vibrations transmitted through living plants, but much 
will be relevant to other substrates. 

There are many applications for vibration measure¬ 
ment in engineering, manufacturing and testing, and the 
music industry. As a result, there are many options avail¬ 
able for detecting and recording vibrational signals. These 
methods range widely in cost and suitable applications. 
The gold standard is the laser vibrometer, which uses 
Doppler shifts in reflected laser light to measure the 
velocity of a moving surface (analogous to the use of 
radar for measuring vehicle speed). The day-to-day work¬ 
horse is the accelerometer, which is attached to the vibrat¬ 
ing substrate with wax or adhesive and has an output 
proportional to the acceleration component of the signal. 
Newer technology includes piezoelectric film, which has 
high sensitivity when used with appropriate amplifiers, 
but has not been widely used. Other methods arise from 
the music industry, including phonograph cartridges and 
piezo pickups; these are often convenient, of low-cost, and 
sensitive, but have disadvantages for some research pur¬ 
poses. Table 1 provides a comparison of some common 
methods of recording vibrational signals. 

One general issue is the extent to which the measuring 
method alters the properties of the substrate, and as a 
result of the transmitted signal. This ‘mass loading’ issue 
varies in importance depending on the size of the sub¬ 
strate and the importance of making precise measure¬ 
ments of signal properties and/or of substrate effects on 
those properties. 

Vibrational playbacks are possible using a wide variety 
of methods, compared in Table 2. The most common 
playback devices include a shaker, specifically designed 
for coupling a vibration to a substrate; a magnet attached 
to the substrate and driven by sending the signal through 
an electromagnet placed in close proximity; and modifica¬ 
tions of other technology, such as removing the membrane 
from a loudspeaker and coupling the movement of the coil 
to the substrate using a pin. Any of these methods can 
work well, but their characteristics vary widely. 



Table 1 Methods of recording substrate-borne vibrational signals 


Recording 

transducer 

Physical 

property 

measured 

Frequency response 

Sensitivity 

Repeatability of measurements 

Substrate 

loading 

Field use 

Cosf 

Laser 

vibrometer 

Velocity 

Flat over large range 

Excellent 

High 

None 

Limited to portable 
versions and windless 
conditions 

$$$$$+ 

Accelerometer 
and signal 
conditioner 

Acceleration 

Flat over range 
determined by 
resonant frequency 

Good/very good 

High 

Moderate 

Well suited, easy to use 

4)4)4)— vPyys) 

Piezo film 
transducer 
and amplifier 

Strain 

Flat w/respect to strain 
if attached properly 

Excellent 

Good if proper attachment can be achieved; 
output may be substrate specific in terms of 
relating measures to velocity or 
acceleration 

Low 

Yes, though depending 
on size and shape 
attachment may be 
an issue 

$$$ 

Piezo pickup 
and amplifier 

Acceleration 

Unknown 

Fair 

Untested 

Moderate 

Well suited (e.g., if 
mounted on clip) 

\P 4 )— 4)^^ 

Ceramic phono 
cartridge 
and amplifier 

Displacement 

Far from flat, may 
depend on 
placement 

Excellent 

Low; fine for detecting signals and measuring 
gross-temporal features 

Low 

Yes, but requires 
precise positioning 

^ ^ ^ ^ ^ 

4)4)— 4)4)4) 


a Cost (USD): $$ = 10s; $$$ = 100s; $$$$ = 1000s; $$$$$ = 10 000s. 
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Table 2 Methods of playing back substrate-borne vibrational signals 


Playback device 

Output 

proportional to 

Frequency response 

Repeatability of 
playback 
characteristics a 

Field use 

Cost 5 

Modified 

loudspeaker 

Velocity 

Not flat 

Not tested 

Yes 

$$ 

Shaker 

Acceleration/ 
may depend 
on frequency 
range 

Well defined; for some 
shakers response is flat 
w/respect to 
acceleration 

High 

Yes 

(b ^ ^ ^ ^ ^ 

Cpqjq)—(4>vpq) 

Magnet/ 

electromagnet 

Not tested 

Determined by various 
factors including 
distance between 
magnet and 
electromagnet 

Low 

Yes 

$$ 

Piezo actuator 
and driver 

Acceleration 

Well defined, usually flat 
over range determined 
by resonant frequency 

High 

Yes 

$$$$ 


a Note: all playback methods can yield repeatable results if the proper compensation procedure is used to ensure the correct 
amplitude and frequency response (see text for explanation). 
b Cost (USD): $$ = 10s; $$$ = 100s; $$$$ = 1000s; $$$$$ = 10 000s. 


There is one basic requirement in conducting vibra¬ 
tional playbacks: to ensure that the vibrational playback 
signal has the proper characteristics at the location of the 
experimental subject, it is necessary to compensate for 
changes introduced into the signal by the substrate and 
by mismatches in the amplitude—frequency response of 
the recording and playback devices. Simply recording a 
vibrational signal and playing it back can result in severe 
changes in the signal by the time it reaches the experi¬ 
mental animal. In contrast, if the experimenter compen¬ 
sates for the filtering imposed by the equipment and 
substrate, high-fidelity vibrational playbacks are possi¬ 
ble with any of the methods mentioned earlier. The basic 
procedure is to calculate that filter and apply an inverted 
form of it to the playback stimuli. Although the playback 
of vibrational signals is slightly more difficult to execute 
properly than that of airborne sound, it provides a pow¬ 
erful method of hypothesis testing that works extremely 
well with a wide range of species. 


See also: Cooperation and Sociality; Group Living; 
Mating Signals; Parent-Offspring Signaling. 
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What Is Vigilance? 

First of all, what is vigilance? It is important to start with a 
behavioral description of vigilance before elaborating on 
the details because in the study of vigilance, not all pred¬ 
ator gazing is referred to as vigilance. The fact that ani¬ 
mals raise their head in response to a sudden stimulus, for 
example a noise or a peripheral movement, and look for 
the source of that disturbance, is not the focus when 
investigating the behavioral phenomenon of vigilance. 
The nature of such an immediate response is mechanisti¬ 
cally very simple to understand from a stimulus-response 
approach. To react to a sudden stimulus has obvious 
benefits: animals need to collect information about what 
has changed in the local environment. The same is true 
for when a motionless tree sparrow {Passer montanus) stares 
at a distant silhouette of a sparrowhawk {Accipiter nisus), 
waiting for that danger to fade away. In contrast, what is 
usually referred to as vigilance, or scanning for predators, 
is an animal’s occasionally raising its head to look around, 
without any guidance from external stimuli. So, in under¬ 
standing the nature of vigilance behavior in animals, the 
focus is on this seemingly unmotivated scanning behav¬ 
ior, and it is this repeated and unguided behavior that 
researchers have quantified extensively to determine how 
it varies in a multitude of contexts. 

One important point to make is that vigilance can 
serve different purposes, but all vigilance is more or 
less related to gathering information about the environ¬ 
ment. This can be related to social information for indi¬ 
viduals to keep track of the behavior of group members; 
for instance, to find mates or learn about the dominance 
status of others. Animals can also scan to collect infor¬ 
mation about the environment, for instance to find food 
or to avoid kleptoparasitism. But, most vigilance studies 
have investigated the relationship between scanning and 
predation risk, often referred to as ‘antipredator vigi¬ 
lance.’ This is also the field where the major theoretical 
and empirical findings in the study of vigilance have 
been made. 


Which Animals Are Vigilant? 

To illustrate which animals display vigilance behavior, 
I think it is suitable to cite the introduction in Bertram’s 
1980 article on ostrich {Struthio camelus) vigilance. 


Ostriches [...] do not bury their heads in the sand. 
However, they may bury the head deep in the grass and 
other low vegetation on which they are feeding. When 
they do so, the head is invisible to the observer, and 
correspondingly, the ostrich’s ability to observe anything 
in its environment must be exceedingly small. In particu¬ 
lar, its ability to detect visually an approaching predator 
must be minute. Adult ostriches are known to be subject 
occasionally to predation by lions {Panthera leo) [...]. 

This illustrates the point that vigilance behavior is dis¬ 
played in animals exhibiting behaviors that result in tem¬ 
poral constraints of the ability to detect predators. While 
the ostrich hides its head in the vegetation, it is very 
unlikely to detect a skulking lion. Vigilance behavior has 
most often been studied in various foraging contexts, but 
one can also see animals display vigilance behavior during 
preening, traveling, sleeping, and resting. But, because 
many animals are small and not capable of moving their 
head as vividly as, for example ostriches, vigilance behav¬ 
ior per se has mostly been studied in relatively large 
animals such as in birds and mammals. But, it is also 
common that researchers use the term ‘vigilance’ in stud¬ 
ies where they measure animals’ ability to detect attacking 
predators. Here, vigilance behavior per se is ignored, but 
it is possible to measure how much attention an animal 
devotes toward antipredator behaviors. When using pred¬ 
ator detection as a proxy for vigilance, many other taxo¬ 
nomic groups are suitable for study as for instance 
reptiles, fish, insects, and spiders. 

Key Questions and Answers in the Study 
of Vigilance 

The Start of Vigilance Research 

Ironically, one of the key reasons for why antipredator 
vigilance has become one of the most studied phenomena 
in animal behavior was due to interest in the causes of 
animal sociality. That animals form social groups is a 
ubiquitous phenomenon that was well appreciated in the 
nineteenth century, but when researchers in the early 
1970s began to explore theoretically the potential of pre¬ 
dation as one fundamental factor resulting in the evolu¬ 
tion of sociality, the study of antipredator vigilance took 
off. Hamilton’s 1971 review on the ‘Geometry for the 
selfish herd’ was much inspired as an antithesis to the 
view that sociality had evolved for the benefits of groups 
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and species. The implication of his model was that indi¬ 
viduals within the center of a flock could gain a survival 
advantage by being protected from predators because 
other flock members were in between themselves and a 
potentially attacking predator. But, this model did not 
explain the advantages for peripheral individuals to stay 
in the flock instead of foraging on their own. Hence, this 
selfish herd model did not have a large impact on the 
study of antipredator vigilance. But when Pulliam’s 1973 
study ‘On the advantages of flocking’ appeared, this prob¬ 
lem was solved as Pulliam put the advantage of increased 
predator detection by larger flocks into the model. A large 
flock has many more eyes with the potential of detecting 
predators and are, therefore, more likely to detect pre¬ 
dators at an early stage of an attack. Thus, Pulliam put 
increased vigilance as a key benefit of sociality in animals. 
Here, a firm theoretical basis was founded, which moti¬ 
vated empirical tests of the function of antipredator vigi¬ 
lance in terms of predator detection and how it affects 
group formation in animals. Since then, two of the key 
questions in the study of vigilance have been how vigi¬ 
lance relates to predator detection and how vigilance 
behavior is related to group size. 

Vigilance and Predator Detection 

How does vigilance relate to predator detection? Already 
in 1871, Galton noted that an ox not only is more defense¬ 
less when alone ‘but that he is easily surprised.’ That flock 
size affects predator detection and hence predation risk 
was assumed in Pulliam’s model, and this has been shown 
in several studies since then. For example, a trained gos¬ 
hawk (Accipher gentilis) was used for hunting wood pigeon 
flocks (Columba palumbis) of various sizes. The hunting 
success was greatest when the hawk attacked single 
pigeons, and with attacks on increasing flock sizes the 
hunting success declined dramatically. This differential 
survival of individuals in different flock sizes is probably 
a function of increased predator detection by the larger 
flocks. That larger flocks actually detect attacking preda¬ 
tors earlier than smaller flocks has been shown for example 
by subjecting flocks of birds to simulated predator attacks 
using stuffed hawks. This and many more experiments 
have thus confirmed the detection benefit of large flocks. 

Vigilance and Group Size 

How is vigilance related to group size? When this field 
took off, a plethora of studies investigated this relationship 
and they have shown that individuals exhibit a remarkable 
flexibility adjusting their vigilance behavior closely to an 
assessment of the perceived predation risk depending on 
the flock characteristics. In his review in 1989, Elgar noted 
that the negative relationship between flock size and indi¬ 
vidual vigilance behavior was one of the most commonly 


reported phenomena in the animal behavior literature, 
a relationship termed the ‘group-size effect.’ In general, a 
flock can provide individuals with protection from preda¬ 
tors in three ways. First of all, in larger flocks the individ¬ 
ual risk is diluted so that if a predator only manages to 
catch one prey at the time then the probability of being 
caught declines as flock size increases. Second, a large 
flock can make it more difficult for a predator to single 
out a specific prey individual, which is often called ‘confu¬ 
sion effect.’ Finally, a large flock detects an attacking 
predator more readily than a small flock because more 
individuals are likely to scan for predators at any one time. 

In conditions where flock members assess the perceived 
relatively higher predation risk, they devote more time to 
antipredator vigilance. This includes when an individual 
is foraging in the periphery of the flock, when it is in a 
smaller flock, or when it is further away from protective 
cover or the safety of a nesthole. The opposite can also be 
true for some species, that cover is perceived as dangerous 
because the cover can provide potential concealment from 
where predators can launch attacks. In conclusion, vigi¬ 
lance behavior tracks changes in how the specific flock 
characteristics affect individual perceived predation risk, 
and that individual antipredator vigilance is reduced in 
larger flocks is now well established. 

The Group-Size Effect and Potential 
Foraging Benefits 

The demonstration of the group-size effect raises another 
important question. As flocks increase in size and indivi¬ 
duals spend less time being vigilant, it is theoretically 
possible that individuals in larger flocks can devote more 
time to foraging and thus gain a double advantage in large 
flocks. Foraging in a larger flock could thus accrue both 
foraging and survival benefits. But, because competition 
increases with increasing flock size, this does not have to 
be true. This competition effect on foraging efficiency can, 
for example, be caused by individuals spending more time 
interacting and interfering with each other, thereby 
impairing individual foraging efficiency. Another reason 
for a competition effect working against a foraging benefit 
of the group-size effect is that larger flocks will deplete 
the local food sources more rapidly than a smaller flock 
because of scramble competition. 

To disentangle how individual behavior is determined 
by the interaction between the group-size effect and a com¬ 
petition effect, foraging efficiency needs to be measured. 
Redshanks (Tringa totanus) often forage in flocks, and their 
vigilance decreases as flock size increases, consistent with 
the group-size effect. But measuring competition within 
flocks shows that competition also increases in larger flocks 
because the larger flocks disturb their preferred prey so 
that prey availability declines. In this case, the extra time 
spent foraging does not appear to incur foraging benefits 
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because the redshanks do not increase their intake rate in 
the larger flocks. In this system, individuals survive better 
when foraging in larger flocks, for example, due to the 
dilution effect, and as the redshanks manage to maintain 
their intake rate in larger flocks, they are likely to gain an 
overall survival benefit by foraging in larger flocks. These 
redshank studies show that flock size, predation risk, and 
competition are likely to interact with each other and that 
the cause behind the group-size effect can be condition 
dependent. There are also studies that have found a positive 
relationship between group size and intake rate. Studies 
of intake rate and flock size were reviewed by Guy Beau¬ 
champ, and he highlights possible ecological factors under¬ 
lying the variation found in the relationship between 
foraging, competition, vigilance, and group-size effects. 
To conclude, this interaction is best understood by taking 
the different effects of predation risk and competition into 
account and examining their relative effects as group size 
increases. 

Examination of Key Assumptions of 
Vigilance Theories 

Despite the fact that antipredator vigilance became a very 
well-studied phenomenon in animal behavior, several 
authors have made important contributions to the field 
by reexamining the early models and their assumptions. 
A review by Bednekoff and Lima had important conse¬ 
quences for the understanding of individual vigilance 
behavior per se. In an attempt to reexamine what was 
known about the most important aspects of antipredator 
vigilance, they highlighted the key assumptions in Pulliam’s 
original vigilance model. 

1. Predators attack from cover at random times indepen¬ 
dent of prey behavior. 

2. Prey will detect an attacking predator if it raises its 
head and looks up before the predator is too close and, 
consequently, that nonvigilant prey are unable to 
detect attacking predators. 

3. Individuals within a flock scan independent of each 
other. 

These authors also highlight two more assumptions that 
follow implicitly from the model, first, that initiation of a 
scan is random, and second that the duration of a particu¬ 
lar scan is random in relation to a previous scan because, 
according to the model, there is no memory of previous 
scans. 

Random Predator Attacks 

Whether or not predators attack randomly with respect to 
prey behavior appears to depend on the hunting strategy 
of the predator. Predators that stalk their prey, such as 


cheetahs (Acinonyx jubatus) and some cichlid fish (Aequidens 
pulcher), are sensitive to prey behavior and have been 
shown to launch their attacks preferably on prey with 
low vigilance. In contrast, more opportunistically hunting 
predators, such as sparrowhawks (A. nisus ), do not appear 
to preferentially attack foraging prey with a low level of 
vigilance in comparison to vigilant prey. But importantly, 
even though opportunistically hunting predators do 
appear to target prey animals randomly with respect to 
prey behavior, they can still attack prey preferentially 
with respect to group size and specific environmental 
conditions, such as distance to cover and the spacing of 
a flock. The discrepancy between studies implies that the 
advantages that may accrue to an individual from vigi¬ 
lance may depend on the local suite of predators and not 
just depend on the size of the group it is in. 

Predator Detection 

The second assumption in Pulliam’s model, that vigilant 
prey always detect predators whereas nonvigilant prey do 
not, is clearly supported by many studies. This is evident 
when examining, for instance, the ostrich example where 
an ostrich’s ability to detect attacking predators while 
sticking its head deep into the grass is severely restricted. 
As with the ostrich, and according to this assumption, 
body posture should predict the ability for predator 
detection. However, the vigilance behavior of many spe¬ 
cies is not as straightforward as that of the ostrich because 
they forage in environments where their view is not 
necessarily obstructed despite them holding their head 
close to the ground. One study has shown that passerine 
birds are able to detect attacking predators even though 
they have a head-down posture and search for food, 
although they do not detect predators as quickly as vigi¬ 
lant individuals do. But there are situations where body 
posture does not have to predict the ability for predator 
detection at all. If a prey animal devotes too much atten¬ 
tion to the foraging task at hand, the effect of limited 
attention may completely obscure the effect of body pos¬ 
ture in predicting predator detection. Blue tits (Cyanistes 
caeruleus) can even be better at detecting predators in a 
head-down posture if the foraging task is easy, as com¬ 
pared to when they handle attention-demanding prey in a 
head-up posture. Even though this assumption, in general, 
is reasonable, these two examples show that if one wants 
to predict vigilance behavior of a specific species, it can be 
important to understand how different situations can 
influence the ability to detect predators. 

Independent Vigilance Behavior in Flocks and 
Randomness 

Individual vigilance behavior within a flock appears to be 
independent of the behavior of flock members, thus 
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satisfying Pulliam’s third assumption. Some exceptions 
have been found in a couple of large animals: an antelope 
(.Kobus ellipsiprymnus defassa) and the greater rhea ( Rhea 
americana). These studies have shown that vigilance 
behavior can be quite synchronized because flock mem¬ 
bers scan synchronously more often than expected by 
chance. This research highlights the need for more infor¬ 
mation about the costs and benefits of synchronization of 
group behavior because in terms of survival, too much 
synchronization in a group’s vigilance patterns can make 
it more susceptible to predation. 

As noted earlier, some predators launch their attacks 
when prey are relatively more vulnerable because they 
exhibit a low level of antipredator vigilance. With this 
in mind, it is likely that random elements in patterns of 
vigilance are functional. For example, one suggestion is 
that any observed randomness prevents predators from 
using information of prey scanning pattern to predict 
when to launch an attack with a high probability of 
success. Little previous work has explored the function 
of specific vigilance patterns, particularly in the crucial 
context of how predators hunt their prey. But, when the 
assumptions about randomness were examined, theoreti¬ 
cally interesting hypotheses developed about a potential 
function of randomness in scan initiation and interscan 
interval duration. If treating vigilance as resulting from an 
arms race between predators and prey, survival benefits 
can accrue for prey having random interscan intervals if 
the predator is trying to launch its attack based on infor¬ 
mation about how the prey scan, equivalent to a cheetah 
hunting Thompson’s gazelles ( Eudorcas thomsoni). In other 
words, a random vigilance pattern can potentially aug¬ 
ment prey survival when predators are flexible and time 
their attack depending on prey behavior. Another conclu¬ 
sion from these theoretical studies is that prey that are 
attacked by predators that launch their attacks indepen¬ 
dent of prey behavior should exhibit greater regularity in 
their vigilance patterns. 

There is great variation in vigilance behavior and to 
include predator behavior into models of vigilance can be 
helpful in understanding more of the variation observed. 
In conclusion, vigilance behavior can be seen as a 
dynamic response to both group characteristics and pred¬ 
ator behavior, where the optimal vigilance solution may 
change as the attacking predator species changes, or as a 
predator’s behavior changes in response to prey behavior. 

Empirical Evidence for How Individual 
Vigilance Behavior Accrue Fitness 
Benefits 

As pointed out earlier, there are several hundred stud¬ 
ies showing a ‘group-size effect’ (the phenomenon of 
reduced antipredator vigilance with increasing flock size). 


But Elgar pointed out in his critical review that ‘most if not 
all studies fail to adequately demonstrate an unambiguous 
relationship between vigilance, behavior and group size.’ 
The problem lies in the correlative nature of the vast 
majority of these studies because as put forward by Elgar, 
correlation does not equal causation. This is because both 
group size and vigilance behavior can be influenced by 
other confounding factors. One example of a possible con¬ 
founding factor that needs to be accounted for in studies of 
the ‘group-size effect’ is when larger groups tend to feed in 
richer patches. In that case, animals may devote more time 
to feeding and consequently spend less time looking out for 
predators. In this example, the cause for a change in vigi¬ 
lance behavior does not have to be related to changes in 
predation risk due to the increased group size but can 
instead be related competition. If competition is high in a 
large group, then an individual might increase its foraging 
effort thus reducing its vigilance level as a consequence. 
Other possible confounding factors are, for example, dis¬ 
tance to cover, distance to the observer, and age and sex of 
individuals within the groups. 

An alternative way of studying vigilance behavior and 
the group-size effect and, at the same time, control for com¬ 
petition is to study vigilance behavior in a competition-free 
context. If animals aggregate while, for instance, resting or 
preening, then it is possible to conclude that a change in 
vigilance behavior cannot be explained by competition 
for resources and is therefore likely to be caused by the 
size of the group. This can work if the frequency of social 
interactions does not increase with the increasing group 
size. Using this approach, a decline in vigilance behavior 
with increasing flock size has been shown in preening 
crested terns ( Sterna bergii) and sleeping mallards (Anas 
platyrhynchos). 

The ultimate benefit of antipredator vigilance is, of 
course, to detect predators and survive attacks. Thomp¬ 
son’s gazelles that scan for predators at a higher rate are 
less vulnerable to cheetah attacks and early detection of 
attacking predators accrues fitness benefits in general. But 
because nearly all animals need to trade off resources 
allocated to antipredator behavior against resources allo¬ 
cated to foraging, this pattern is not always that clear. 

Because an animal needs to worry about more than just 
determining its vigilance level as shown by the examples 
above, future empirical studies on vigilance are more 
likely to be successful if they involve several dimensions 
of behavior instead of just correlating vigilance behavior 
with an apparent proxy of fitness. This is because vigi¬ 
lance behavior is merely one of many behavioral dimen¬ 
sions an animal can adjust to increase its likelihood of 
survival. Hence, to determine fitness consequences of 
vigilance behavior, or any other antipredator behavior, 
one needs to take into account that individuals potentially 
can compensate for apparently risky behaviors by reduc¬ 
ing risk or increasing reproductive output through other 
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compensatory behavior. For example, single individuals 
with low rates of vigilance may survive better than flocks 
exhibiting relatively higher levels of vigilance if the single 
animals forage in a safer habitat. 
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Introduction 

Invertebrates - animals without backbones - constitute 
the vast majority of all known species of animal life on 
Earth. From a giant squid swimming in the dark cold 
depths of the sea to a tiny ant foraging in the leaf litter 
of a rainforest floor, invertebrates have conquered almost 
every imaginable habitat. This extraordinary adaptability 
is in no small part due to their sense organs, and particu¬ 
larly their eyes, which help them to find food, locate 
mates, escape predators, and migrate to new habitats. 
Even though most invertebrates do not see as sharply as 
we do, many see much better in dim light, can experience 
many more colors, can see polarized light, and can clearly 
distinguish extremely rapid movements. Moreover, they 
do all this with eyes and brains a fraction the size of our 
own. It is this small size - and comparative simplicity - that 
have allowed scientists to unravel many of vision’s most 
fundamental principles, as equally applicable to a dragonfly 
as they are to us. Due to their small size, invertebrates often 
rely on comparatively simple circuits of cells to efficiently 
decipher complex visual information. Many of these circuits - 
and the computations they perform - seem ingenious to a 
human observer. Indeed, many have already been used 
with great success to create artificial visual systems for 
robots, aircraft, and autonomous vehicles. 

This short review explores the most important func¬ 
tional modalities of visual sensation in invertebrates and 
how vision is used in daily life, from the capture of light 
and its neural processing to the ways invertebrates use 
vision to orient, to navigate, to avoid predators, and to find 
food and mates. 

Invertebrate Visual Systems 

Light is a highly physical stimulus, with an intensity, a 
direction, a color, and sometimes a plane of polarization. 
All these properties of light are detectable, to a greater 
or lesser extent, by the eyes of all animals. This detection 
relies on the conversion of light energy into an electrical 
signal, a chemical process that involves rhodopsin, a light¬ 
absorbing protein found in the photoreceptor cells of the 
retina. These electrical signals are then processed by higher 
visual centers (in the optic lobes and brain) to allow inver¬ 
tebrates a visual impression of the world that is probably 
not unlike that experienced by vertebrates. 


Invertebrate Eye Designs 

Ten distinct types of visual organs have been identified in 
the animal kingdom (Figures 1 and 2). Vertebrates pos¬ 
sess only one of them, whereas invertebrates possess all 
ten, from simple assemblies of photoreceptors that under¬ 
lie phototaxis to advanced compound and camera eyes 
that support a sophisticated range of visual behaviors. 
Some invertebrates even possess several eyes of more 
than one type. 

Eye spots and pit eyes 

The simplest type of visual organ - found in many smaller 
invertebrates and larvae (notably of worms and insects) - 
is an aggregation of one or more photoreceptors on the 
body surface, shielded on one side by a pigment cell 
containing screening pigment granules. Such ‘eye spots’ 
are unable to detect the direction from which light is 
incident (i.e., they do not possess spatial vision) and are 
therefore little more than simple detectors of light inten¬ 
sity. Since spatial vision, no matter how crude, is consid¬ 
ered to be the hallmark of a ‘true eye,’ eye spots are not 
considered true eyes. But for those invertebrates that 
possess them, eye spots are able to detect the presence 
or absence of light and compare its intensity sequentially 
in different directions, thus allowing animals to avoid or 
to move toward it. 

Pit eyes, formed by a number of photoreceptors lining 
a pigmented invagination - or ‘pit’ - in the epidermis, are 
common in turbellarian worms. Since the photoreceptors 
each occupy different positions in the pigment-lined pit, 
they are each able to receive light from a different direc¬ 
tion in space. As a result, pit eyes are capable of crude 
spatial vision and are thus considered to be true eyes. 

Pinhole eyes 

One evolutionary route from a pit-eyed ancestor resulted 
in the eyes of the abalone Haliotis and the cephalopod 
mollusc Nautilus (Figure 2(a)). In these eyes, the pit has 
developed a spherical shape, with a small ‘pinhole’ pupil 
that admits light to the underlying retina. However, unlike 
the eyes of other cephalopods (squids and octopuses), the 
Nautilus eye has no lens. Its pinhole eye works like a 
pinhole camera: the small pupil creates a dim image on 
the retina. However, compared to camera eyes of the same 
size - like those found in other cephalopods - the pinhole 
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Figure 1 Invertebrate eyes. Row 1, left to right: the camera 
(two larger eyes) and pigment cups eyes (two smaller eyes) that 
equip a single rhopalium of the box jellyfish Tripedalia cystophora 
(courtesy of D.E. Nilsson); three of the many compound eyes that 
line the mantle edge of the ark clam Barbatia cancellaria (courtesy 
of D.E. Nilsson); two of the many concave-mirror eyes that line 
the mantle edge of the scallop Pecten (courtesy of D.E. Nilsson); 
the pinhole eye of the cephalopod mollusc Nautilus. Row 2, left to 
right: the camera eyes of an unknown species of conch; the 
camera eyes of an unknown species of cuttlefish; the apposition 
compound eyes of a crab zoea (larva) (courtesy of D.E. Nilsson); 
the apposition compound eyes of an unknown species of fiddler 
crab. Row 3, left to right: the apposition compound eyes of an 
unknown species of mantis shrimp; the apposition compound 
eyes of the nocturnal bee Megalopta genalis; the refracting 
superposition compound eyes of the mayfly Baetis (courtesy of 
D.E. Nilsson); the apposition compound eyes of an unknown 
species of katydid. Row 4, left to right: the apposition compound 
eyes of an unknown species of robber fly; the apposition 
compound eyes of an unknown species of dragonfly; the camera 
eyes of an unknown species of jumping spider; the camera eyes 
of the net-casting spider Dinopis subrufus. 


eye has rather poor sensitivity and resolution, which 
probably explains its rarity in nature. Nevertheless, the 
pinhole eye is a great improvement over a regular pit eye. 

Concave-mirror eyes 

Scallops, clams, and a few ostracods have another inter¬ 
esting eye type: the ‘concave-mirror eye’ (Figures 1 and 2(b)). 
In this design, light weakly focused by the cornea passes 
through the retina, and is then reflected from a hemi¬ 
spherical concave mirror (m in Figure 2(b)) lining the 
back of the eye. This reflected light is focused into 
the retina, but since the retina has already absorbed part 
of the weakly focused light on the way in, the image contrast 
is rather poor. With its large pupil, its potential for light 
capture, on the other hand, is excellent. Indeed, one of 


the most sensitive eyes in nature is of this design and 
found in the deep-sea ostracod Gigantocypris. Many scallops 
and clams have hundreds of concave-mirror eyes lining 
the edges of both shells, and these are optimized as ‘burglar 
alarms’ for the rapid detection of shadows cast by predators 
attempting to enter the shell. 

Compound eyes 

By far, the most widespread eye design in the animal 
kingdom is the ‘compound eye’ design, possessed by insects 
(75% of the world’s animal species), most crustaceans, 
myriapods, and even some clams and polychaetes. Compound 
eyes are composed of identical units called ‘ommatidia’ 
(Figure 3(a)), each consisting of a lens element - the 
‘corneal lens’ and ‘crystalline cone’ - that focuses light 
incident from a narrow region of space onto the ‘rhabdom,’ a 
photoreceptive structure composed of membranous microvilli 
that house the rhodopsin molecules (Figure 3(b), 3(c), 3(e), 
and 3(f)). In all eyes, the rhodopsin molecules absorb 
photons of light and trigger the chain of biochemical 
events that leads to the generation of an electrical signal, 
a process known as ‘phototransduction.’ In most compound 
eyes, the rhabdom is built by fusing the photoreceptive 
segments (or ‘rhabdomeres’) of several photoreceptor 
cells (or ‘retinula cells’: rc in Figure 3(a)). A compound 
eye may contain as many as 30 000 ommatidia, as in large 
dragonflies, or as few as 1, as in some ants. Each ommatidium 
is responsible for reading the average intensity, color, and 
(in some cases) plane of polarization within the small 
region of space that they each view. Two neighboring 
ommatidia view two neighboring regions of space. Thus, 
each ommatidium supplies a ‘pixel’ of information to a 
larger image of pixels that the entire compound eye con¬ 
structs. Larger compound eyes with more ommatidia thus 
have the potential for greater spatial resolution. Compound 
eyes come in two main forms: ‘apposition eyes’ and ‘super¬ 
position eyes.’ 

Apposition eyes (Figure 2(d)) are typical of (but not 
restricted to) animals living in bright habitats. Each 
ommatidium in an apposition eye is isolated from its 
neighbors by a sleeve of light-absorbing screening pig¬ 
ment, thus preventing light reaching the photoreceptors 
from all but its own small corneal lens. This tiny lens — 
typically about 30 pm across - represents the pupil of the 
apposition eye. Such a tiny pupil only allows very little 
light to be captured. Not surprisingly, apposition eyes are 
best suited to bright habitats. Day-active insects with 
apposition eyes include butterflies, bees, wasps, ants, dra¬ 
gonflies, and grasshoppers. Many crabs also have apposi¬ 
tion eyes. 

There are two types of apposition eye known: the 
widespread ‘focal’ type (Figure 2(d)) and the less com¬ 
mon ‘afocal’ type. In focal apposition eyes, the crystalline 
cone has a homogeneous refractive index, and light is 
focused by the curved exterior surface of the corneal 
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(d) (e) 

Figure 2 The main optical designs of invertebrate eyes, (a) The pinhole eye, possessed by the cephalopod mollusc Nautilus, lacks 
a lens: the small pupil creates a dim and blurred image on the retina in much the same way that a pinhole camera does, (b) The 
concave-mirror eye, possessed by many scallops, clams, and ostracods, relies on a hemispheric reflective mirror m (or ‘tapetum’) 
that lines the back of the eye. Light first passes unfocused through the retina, and is then focused into the retina upon reflection. 

(c) The camera eye, possessed by all vertebrates, cephalopod and gastropod molluscs, and most arachnids. Light is focused by the 
cornea (air only) and lens to form an image on the retina, (d) The focal apposition compound eye. Light reaches the photoreceptors 
exclusively from the small corneal lens located directly above. This eye design is thus rather insensitive to light, and is typical of 
day-active insects and many crustaceans, (e) The refracting superposition compound eye. A large number of corneal facets and 
bullet-shaped crystalline cones collect and focus light - across the clear zone of the eye (cz) - toward single rhabdoms in the retina. 
Several hundred, or even thousands, of facets service a single rhabdom. Not surprisingly, many nocturnal and deep-sea animals - for 
example, nocturnal insects and krill - have refracting superposition eyes, and benefit from the significant improvement in sensitivity. 
Diagrams courtesy of Dan-Eric Nilsson. 


facet lens onto the distal tip of the rhabdom. In flies, the 
rhabdom is ‘open,’ meaning that its eight rhabdomeres are 
separated rather than fused. In fly eyes - called ‘neural 
superposition eyes’ - each point in space is imaged by 
seven rhabdomeres in each of seven neighboring omma- 
tidia. The axons of six of these rhabdomeres superimpose 
on a neural cartridge under the central ommatidium, in 
the lamina, the first optic neuropil of the brain. Thus, 
compared with a conventional focal apposition eye, this 
rewiring arrangement allows a sixfold increase in sensi¬ 
tivity for no loss in spatial resolution. 

Afocal apposition eyes are only known in papilionoid 
butterflies and differ from the focal type by having a 
strong gradient of refractive index in the extreme proxi¬ 
mal end (or ‘cone stalk’) of the crystalline cone. Rays are 
brought to an intermediate focus at the entrance of the 
cone stalk and are then recollimated by the refractive- 
index gradient, which acts like a powerful second lens, 


an adaptation that improves both spatial resolution and 
sensitivity. 

Superposition eyes (Figure 2(e)) - of which there are 
three different types - are typical for (but not restricted 
to) animals living in dimmer habitats. In superposition 
eyes the pigment sleeve is withdrawn, and a wide optically 
transparent area, the clear zone, is interposed between the 
lenses and the retina. This clear zone (cz in Figure 2(e)) - 
and specially modified crystalline cones - allow light from 
a narrow region of space to be collected by a large number 
of ommatidia (comprising the superposition aperture) and 
focused onto a single rhabdom. Unlike the crystalline 
cones of apposition eyes, those of superposition eyes 
have evolved refractive index gradients or reflecting sur¬ 
faces, that allow as many as 2000 lenses to collect the light 
for a single photoreceptor (as in some nocturnal moths). 
This represents a massive improvement in sensitivity 
while still producing a reasonably sharp image. 
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Figure 3 Compound eyes, (a) A schematic longitudinal section (and an inset of a transverse section) through a generalized 
Hymenopteran ommatidium, showing the corneal lens (c), the crystalline cone (cc), the primary pigment cells (pc), the secondary 
pigment cells (sc), the rhabdom (rh), the retinula cells (rc), the basal pigment cells (bp), and the basement membrane (bm). The left half of 
the ommatidium shows screening pigment granules in the dark-adapted state, while the right half shows them in the light-adapted state, 
(b) A schematic transverse section through the open rhabdom of a higher fly, showing the seven distal retinula cells with their separated 
rhabdomeres. (c) A schematic transverse section through the fused rhabdom of the Collembolan Orchesella, showing the eight retinula 
cells with their apposed rhabdomeres. (d) A schematic longitudinal section through nine neighboring ommatidia in a focal apposition 
eye. The interommatidial angle a</> is the divergence angle between two adjacent ommatidia. co: corneal lens; c.c.: crystalline cone, 
(e, f) Transverse sections of rhabdoms in the dorsal rim area (DRA, (e)), and remainder of the eye (f), in the dung beetle Scarabaeus 
zambesianus. In the dorsal rim, the rhabdomeres each have one of two possible perpendicular microvillar directions (white 
perpendicular bars), whereas in the remainder of the eye the rhabdoms are flower-shaped and the rhabdomeres have microvilli oriented 
in one of several possible directions. Scale bar for both parts: 5jim. Adapted from Warrant EJ, Kelber A, and Frederiksen R (2007) 
Ommatidial adaptations for spatial, spectral and polarisation vision in arthropods. In: North G and Greenspan R (eds.) Invertebrate 
Neurobiology, pp. 123-154. Woodbury, NY: Cold Spring Harbor Laboratory Press. 


In the ‘refracting superposition eye’ (Figure 2(e)) - 
found in many beetles, moths, and some crustaceans such 
as krill - there is a powerful gradient of refractive index 
from the axis to the edge of each crystalline cone (which is 
circular in cross-section). There is also a weak gradient 
present in the corneal lens. These gradients turn the 
corneal and crystalline cone lenses into an afocal tele¬ 
scope: light rays focused by the corneal facet to an inter¬ 
mediate focus in the cone are then recollimated into a 
parallel bundle before exiting proximally toward the tar¬ 
get rhabdom. The superposition image is formed from the 
incidence of all such bundles on the retina. In the ‘reflect¬ 
ing superposition eye’ — found in aquatic and marine 
Macruran crustaceans - the crystalline cone is square in 
cross-section, has a homogeneous refractive index, and is 
coated in reflective pigment. Parallel light rays are 
focused across the clear zone by reflection within the 
crystalline cones, each of which acts as a mirror box. 


The clear zone, however, is not optically homogeneous 
(as in the refracting design) but is instead crossed by 
tapering cone tracts that connect the crystalline cones to 
the retina. These tracts have a shallow gradient of refrac¬ 
tive index along their length. For rays well away from the 
ommatidial axis, reflection takes place in the crystalline 
cones, whereas for those nearer the axis, reflection occurs 
within the cone tract. This unique arrangement allows for 
a superposition image on the retina. A third type - the 
‘parabolic superposition eye’ — is so far only known in 
some swimming and hermit crabs, and works using a 
combination of refraction and reflection. 

Camera eyes 

In camera-type simple eyes (Figure 2(c)), light is focused 
onto the retina by a single optical system comprising a 
lens and in some cases an overlying cornea. All vertebrates 
have camera eyes, including ourselves. So do many 
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invertebrates, including many molluscs (including squids 
and octopuses), some annelid worms and various arthro¬ 
pods including spiders, and many insect larvae and cope- 
pods. Despite their functional similarity, the camera eyes 
of vertebrates and invertebrates have very different devel¬ 
opmental origins. The vertebrate retina derives from the 
frontal part of the brain, whereas the lens derives from 
the skin. In invertebrates, both the retina and the lens derive 
from the skin. In nonarthropod invertebrates — such as 
cephalopod and gastropod molluscs - the lens is inside the 
eye, beneath an external cornea. In arthropods, the lens is 
formed by a thickening of the corneal cuticle. The camera 
eyes of deep-sea animals - particularly those of squids - 
can reach enormous size. The largest eyes known in the 
animal kingdom are the camera eyes of the giant deep-sea 
squid (Architeuthis dux) that can reach a diameter of over 
30 cm! Camera eyes have better resolution and sensitivity 
than any other eye type of comparable size. 

Higher Visual Centers 

Just as in vertebrates, which have a visual cortex and several 
other brain areas for the higher processing of visual infor¬ 
mation, visual signals leaving the retina of invertebrates are 
processed sequentially, and along several parallel informa¬ 
tion pathways, in a number of higher visual centers located 
in the cephalic ganglion (the brain: Figure 4). In the well- 
studied insects, visual information is first processed by the 
retinotopically organized neuropils of the optic lobe: the 
lamina, medulla, lobula, and in some species (notably flies, 
butterflies, and beetles), a subdivision of the lobula known 
as ‘the lobula plate.’ The lamina optimizes the signals 
coming from the retina, and after receiving these signals, 
the medulla - which remains little understood — makes 
elementary analyses of the fundamental modalities of the 
visual signal (space, time, color, and polarization). The 
lobula, which receives retinotopic input from the medulla, 
plays an important role in the analysis of color, the discrim¬ 
ination of line orientation, and the detection of moving 
small-field targets. The lobula plate, which receives retino¬ 
topic input from both the medulla and the lobula, houses 
large wide-field motion-sensitive cells that are responsible 
for analyzing optic flow induced during locomotion. The 
optic lobes of other invertebrates are less well understood, 
but they contain similar neuropils. The optic lobes of 
cephalopods are particularly well developed. In Octopus 
vulgaris, it has been estimated that the optic lobes alone 
contain about 75% of the total number of neurons found in 
the central nervous system. 

An identical optic lobe connects each eye to the supra- 
and subesophageal ganglia, and permits tracts of visual 
information leaving the lobula and lobula plate to be 
processed further in the brain. The tract (or pathway) 
for polarization vision in a locust is shown in Figure 4(b). 
This visual information is integrated with information 


derived from other senses, after which it is relayed by 
giant descending fibers that carry highly specific sensory 
information to the motor circuitry of the thoracic ganglia 
that control the wings and legs (and thus locomotion). In 
some species, some visual information is also carried to 
the abdominal ganglia. Several important areas of visual 
processing have now been identified in the insect brain. 
The mushroom bodies - paired structures located in both 
halves of the central brain region - are important in 
integrating information from several sensory modalities, 
and for their role in learning and memory. The central 
complex - a highly columnar neuropil in the center of the 
brain - seems to be involved in the spatial organization of 
locomotion (and possibly spatial organization in general). 

The Modalities of Vision 

Like vertebrates, invertebrates have the ability to detect 
and analyze the main properties of light, namely its inten¬ 
sity, its direction, its color, and its polarization. These 
properties define the modalities of vision, and together 
these provide the information necessary for invertebrates 
to interpret the visual world. 

Sensitivity to Light 

The greatest challenge for an eye that views a dimly 
illuminated scene is to absorb sufficient photons of light 
to reliably discriminate it. Certainly, ever since the pio¬ 
neering studies of Yeandle in the horseshoe crab Limulus 
in the late 1950s, we have known that photoreceptors can 
respond to single photons with small but distinct electri¬ 
cal responses known as ‘bumps.’ Such responses are found 
in both vertebrates and invertebrates, and seem to indi¬ 
cate that animal eyes are exquisitely sensitive to light. 
While this is certainly true, the visual response is also 
inherently noisy, due to the unpredictable and random 
nature of photon arrivals as well as to sources of neural 
noise in the photoreceptors themselves. The effects of 
these sources of noise are minimized by capturing more 
light: the greater the number of photons captured, the 
greater the signal relative to the noise and the more reliable 
is visual discrimination. In regard to light capture, the eyes 
of invertebrates living in dim light are among the most 
sensitive found in the animal kingdom. Indeed, the huge 
eyes of giant deep-sea squids (with a diameter of up to 
30-40 cm) are likely to be the most sensitive eyes that 
have ever existed. 

Eyes of high absolute sensitivity to extended scenes 
tend to have (relative to eye size) large pupils, short focal 
lengths, and large photoreceptors. A frequently used 
parameter to describe the light-gathering capacity of an 
imaging system is its ‘F-number,’ the ratio of its focal 
length f to the diameter of its entrance pupil A (i.e., f/A). 
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Figure 4 Visual neuropils and pathways in the insect brain, (a) A frontal section of the entire bee brain. The retina r and various 
neuropils of the optic lobe (lamina, la; medulla, me; and lobula, lo) are shown with neuropils of the brain: the mushroom body 
(comprising the calyx, ca; the peduncle, pe; and the (3-lobe of the peduncle, (3), and the antennal lobe al. Section courtesy of Wulfila 
Gronenberg. Reproduced from Ehmer B and Gronenburg W (2002) Segregation of visual input to the mushroom bodies in the honeybee 
(Apis mellifera). The Journal of Comparative Neurology 451: 362-373. (b) A schematic drawing of the optic lobes and brain of the locust 
Schistocerca gregaria, with the polarization pathways shown in dark gray. Me: medulla; DRMe: dorsal rim area in the medulla; ALol-2: 
layers 1 and 2 of the anterior lobe of the lobula; OLo: outer lobe of the lobula; Ca and P: calyces and penduncles of the mushroom 
bodies; CB: central body; LAL: lateral accessory lobe; PB: protocerebral bridge; OL and IL: outer and inner lobes of the upper unit of the 
anterior optic tubercle; LU: lower unit of the anterior optic tubercle; LT and MO: lateral triangle and median olive of the lateral accessory 
lobe. Scale bar = 200 |im. Diagram courtesy of Uwe Homberg. Reproduced from Homberg U, Hofer S, Pfeiffer K, and Gebhardt S (2003) 
Organization and neural connections of the anterior optic tubercle in the brain of the locust, Schistocerca gregaria. The Journal of 
Comparative Neurology 462: 415-430. 


This is a useful and easy metric for comparing the light- 
gathering capacities of different eyes, with a lower 
F-number indicating a brighter image. The huge camera 
eyes of the nocturnal net-casting spider Dinopis subrufus 
have an F-number of < 0.6, a much lower value than in 
the anterior-median (AM) eyes of the diurnal jumping 
spider Phidippus johnsoni (F-number = 2.0). The dark- 
adapted human eye has an F-number of around 2.1. 
Thus, the eyes of Dinopis are clearly constructed for high 
sensitivity. Among compound eyes, the superposition eyes 


of the nocturnal hawkmoth Deilephila elpenor have an 
F-number of around 0.7. 

This high sensitivity to light has permitted many 
invertebrates to have remarkably good vision in dim 
light. Nocturnal hawkmoths and bees can see the colors 
of flowers and negotiate dimly illuminated obstacles dur¬ 
ing flight. Nocturnal bees can also home using learned 
terrestrial landmarks, while moths and dung beetles can 
navigate using constellations of stars or the dim pattern of 
polarized light formed around the moon. 
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Temporal Vision 

The ability of animals to see things that move at different 
speeds is a reflection of their temporal vision, that is, how 
‘fast’ they are able to see. A human observer is unable to 
discriminate a bullet fired from a rifle simply because it 
moves too rapidly to be seen. The fastest objects that can 
be seen by an animal depend on many factors, including 
the physiological properties of the photoreceptors and the 
ambient light intensity. Moreover, the speed of vision 
varies from species to species, with some species having 
very fast vision (like the fast-flying aerobatic diurnal 
insects) and others having very slow vision (like sedentary 
nocturnal toads). This indicates that the speed of vision, 
like every other aspect of vision, is matched to the ecol¬ 
ogies of animals: those that move rapidly, or need to detect 
fast-moving objects (e.g., mates or prey in full flight), tend 
to have fast vision, while those that are sedentary or 
slowly moving tend to have slow vision. 

The speed of vision varies widely between animals 
because the dynamics of phototransduction, and the iden¬ 
tities and proportions of ion channels present in the photo¬ 
receptors (and the membrane kinetics they thus establish), 
differ substantially from species to species, and these dif¬ 
ferences have evolved in response to the various ecological 
needs of animals. In fact, the cell membrane, via its electri¬ 
cal properties, acts as a ‘matched filter’ that is able to match 
the response properties of the eye to the lifestyle that the 
animal possesses, such as its locomotion speed or its pre¬ 
ferred light intensity niche. In addition to these ecological 
influences, the filtering properties of the photoreceptor 
membrane and the transduction cascade are influenced 
by the state of adaptation and the temperature. 

The fastest visual systems found in the animal king¬ 
dom are possessed by invertebrates, and the fastest are 
likely to be those of calliphorid flies, which in a light- 
adapted state are able distinguish light stimuli that flicker 
at rates of up to around 300 Hz (for humans, in compari¬ 
son, the limit is around 50 Hz). These flies engage in high¬ 
speed pursuit and interception of mates, a behavior that 
involves rapid and unpredictable changes in flight trajec¬ 
tory and which requires a rapid visual response. For all 
species, vision slows down as light levels fall (due to 
adaptive changes in the physiological properties of the 
photoreceptors), and nocturnal and deep-sea species tend 
to have intrinsically slower vision than species active in 
bright sunshine. Slower vision in dim light significantly 
improves the reliability of vision because it filters out 
faster visual details that tend to be inherently noisy and 
degrade visual performance. 

Spatial Vision 

Most visual scenes viewed by animals on land or in the 
upper depths of the ocean are extended in nature, meaning 


that light reaches the eye from many different directions 
at once. The spatial details of such a scene - defined by 
local contrast differences between areas of light and dark - 
are imaged by the eye onto the underlying retina. The 
finest spatial details that can be seen by an eye are deter¬ 
mined by two main factors: (1) the quality of the optical 
system that images the scene (i.e., the cornea and lens(es)) 
and (2) the density and visual fields of the photoreceptors 
that receive the image. Both these factors are in turn 
subservient to the amount of light that the eye can collect 
from the scene. As observed earlier, as light levels fall, 
visual reliability declines because of a decreasing signal- 
to-noise ratio. This is particularly true for the smaller 
contrast differences typical of finer spatial details, which 
tend to be lost in the noise as intensity falls, a limitation 
that is equally problematic for all eyes, irrespective of their 
optical quality or photoreceptor density. Thus, in general, 
spatial resolution declines with light intensity. 

The optical quality of an imaging system depends on 
the extent it suffers from various aberrations, particularly 
spherical and chromatic aberrations. Moreover, in very 
small lenses such as those found in compound eyes, it also 
depends on diffraction of light waves entering the aper¬ 
ture. The effect of all these optical imperfections is to blur 
the image formed on the retina, that is, to reduce its 
contrast. Even though there are many invertebrate species 
whose eyes lack an imaging system altogether (e.g., the 
cephalopod Nautilus ), those that do possess one very fre¬ 
quently have surprisingly crisp optics and good optical 
image resolution. For example, among the single lenses of 
camera eyes, those of tiny cubozoan jellyfish eyes are 
remarkably sharp, as are those of most gastropod and 
cephalopod molluscs and most arachnids. What is typical 
for most of these lenses is the presence of a powerful 
radial (and often parabolic) gradient of refractive index 
from the center to the edge of the lens, which tends to 
almost exactly cancel spherical aberration. The lenses of 
jumping spiders are an excellent example, which together 
with a densely packed retina, allow jumping spider eyes to 
have among the best spatial vision for their size in the 
animal kingdom. In compound eyes, the small ommatidial 
lenses are typically only 20-100 times wider than the 
wavelength of visible light, a fact that invariably leads to 
image degradation due to diffraction. In superposition 
eyes, optical image quality is additionally limited by the 
accuracy of superposition of light rays on the target rhab- 
dom, and in species where the rhabdoms are not shielded 
by screening pigments or a tapetal sheath, by the spread of 
more steeply incident rays through neighboring rhab¬ 
doms (which blurs the image neurally). 

Once the image is focused on the retina, the underly¬ 
ing matrix of photoreceptors must reconstruct it. Like 
the pixels of a digital camera, the density of photorecep¬ 
tors in an eye sets the finest spatial detail that can be 
reconstructed: more densely packed photoreceptors can 
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reconstruct finer details. Ideally, the density of photore¬ 
ceptors should be matched to the finest spatial detail that 
can be passed by the optics, but often this is not the case. 
For example, in many gastropod mollusc camera eyes - 
such as those in the giant queen conch - the lens supplies 
much sharper images than the retina can resolve, and in 
the tiny camera eyes of cubozoan jellyfishes, the retina is 
located distal to the focal plane of the lens, which means 
that the photoreceptors do not receive the sharply focused 
image that the lens supplies. It would seem that even 
though the eyes are capable of providing a sharp image, 
these animals do not require the spatial acuity their lenses 
afford. To exploit this acuity, a larger number of visual 
cells would undoubtedly be needed to process the addi¬ 
tional spatial information, bringing with it an energy cost 
that the animal might not be able to afford. Ultimately, the 
eye that evolves in a particular animal is the result of 
natural selection, whereby an optimal balance is found 
between the costs of maintaining the eye and the ecologi¬ 
cal benefits it bestows upon the animal. This reasoning is 
equally true for the evolution of all sensory organs. 

In other camera eyes - particularly those of spiders and 
cephalopods - the matrix of photoreceptors is usually 
well matched to the optical quality of the image focused 
by the lens. As an example, we can consider the AM eyes 
of diurnal jumping spiders. In the jumping spider Portia 
fimbriata , the AM eyes are among the sharpest known in 
invertebrates, with the potential to discriminate spatial 
details subtending as little as 2.4 min of arc, a performance 
approaching that of our own eyes. Just as amazing is that 
muscles connected to the internal structure of the eye 
allow the sharpest region of the retina to be scanned 
across the visual field. This outstanding spatial resolution 
can be explained by both optical and neural adaptations. 
In Portia , the AM eyes are almost 1 mm wide and almost 
2 mm deep, with a retina divided into four distinct layers 
of receptors (I—IV) arranged proximally to distally. Distal 
to the receptors, the retina forms a pit aligned with the 
ocular axis, the curved surface of which forms an interface 
with the lower refractive index internal vitreous of the 
eye. This interface acts as a diverging lens, increasing the 
focal length of the system and magnifying the image by 
about one-and-a-half times. This is analogous to the 
telephoto system employed in falconiform birds of prey 
and almost doubles visual acuity. Spatial resolution is 
further improved by the presence of a gradient of refrac¬ 
tive index in the lens that corrects for spherical aberration 
in the image. However, the lens also suffers from chro¬ 
matic aberration: light of shorter wavelength is focused to 
a position closer to the lens than light of longer wave¬ 
length, thus blurring the image. This has also been cor¬ 
rected in a most remarkable manner: receptors with 
maximum sensitivity to the shorter wavelengths are placed 
more distally in layer IV (found to be ultraviolet-sensitive 
cells), whereas those with maximum sensitivity to the 


longer wavelengths are placed more proximally in layers 
I and II (found to be green-sensitive cells). 

In compound eyes, spatial vision is highly dependent 
on the number of ommatidia present in each eye and 
on their packing density. The number of ommatidia in 
a single eye can vary from as few as one, as found in some 
primitive ants, to as many as 30 000, as found in some species 
of large dragonfly. Since each ommatidium essentially 
accounts for a single ‘pixel’ of the image, eyes with more 
ommatidia have the potential for higher spatial resolution. 
The density of ommatidia — specified by their interom- 
matidial angle A</> (Figure 3(d)) - is also important. The 
interommatidial angle is a measure of how tightly packed 
the ommatidia are within an eye or a specific eye region: 
the smaller this angle, the more tightly packed the omma¬ 
tidia and the more finely sampled the visual scene. The 
interommatidial angle (in radians) is also related to the 
corneal facet diameter (D) and the local radius of curvature 
of the eye (R) by A(p = D/R, showing that a larger local 
eye radius, or a smaller facet, produces a smaller inter¬ 
ommatidial angle and greater spatial resolution. A smaller 
facet, however, collects less light and invariably suffers 
from the image-degrading effects of diffraction. A larger 
eye radius means a larger eye, and this has limits too: animals 
with compound eyes are generally rather small and there 
is a limit to how big an eye they can carry. Apart from 
anything else, the metabolic cost of having a larger eye 
is quite enormous and sets a serious limit to how big a 
particular eye can be. Instead, a wonderful compromise 
has evolved that maintains eye size. Rather than enlarging 
the whole eye, some animals have ‘enlarged’ a small part of 
their eye, and thus a small part of their visual field. A local 
increase in eye radius may not only allow an increase in 
lens size (which reduces diffraction and improves light 
capture) but if eye radius is increased sufficiently, it might 
even allow a simultaneous reduction in A </> (thus sharpening 
spatial resolution). Unfortunately, any benefits gained in 
one eye region necessarily come at the cost of other regions. 
Despite this, it turns out that these specialized eye regions - 
known as ‘acute zones’ — are quite common, especially in 
apposition eyes. The presence of an acute zone implies 
that one region of the visual world is more important to an 
animal than others. Exactly which region depends on 
several factors, many reflecting transient needs, such as 
the need to find a mate or prey, or the need to detect the 
advance of a predator. Others reflect more permanent 
needs, not the least of which is the structure of the habitats 
where animals live. 

As an example of the latter, consider the apposition 
eyes of animals adapted for life in a flat habitat: a desert 
ant that runs across a salt pan or a fiddler crab that scans a 
flat intertidal beach for mates. All experience a bright 
world dominated by the horizon, and all possess eyes 
having an elongated horizontal acute zone of enhanced 
resolution known as a ‘visual streak.’ Because most objects 
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of interest for these animals occur either at or very near 
the horizon, visual streaks concentrate the majority of the 
eye’s sampling stations - and thereby visual capacity - at 
the same locations. In fiddler crabs, the apposition eyes 
are vertically elongated, almost cylindrical, and located on 
long stalks above the carapace. The shape of the eye 
means that the radius of curvature in the vertical eye 
plane is much greater than in the horizontal eye plane, 
resulting in the vertical interommatidial angles (A0 V ) 
being much smaller (by up to a factor of 4) than the 
horizontal ones. A</> v steeply narrows toward the horizon 
(from both above and below) becoming smallest (0.3°) just 
along the eye’s equator. 

Acute zones have also evolved in the context of mate 
detection. Female brachyceran flies, like blowflies and 
hoverflies, have their eyes spaced well apart, but in 
males the eyes are joined at the top of the head. This 
extra area of eye constitutes a frontal-dorsal acute zone 
used by the males to keep sight of females during high¬ 
speed pursuits. Amusingly, these acute zones are often 
referred to as ‘love spots.’ They are clearly seen in the 
male hoverfly Volucella pellucens, which has large love spots 
located frontally, 20° above the equator (Figure 5). The 
interommatidial angle here falls to just 0.7°. The size of 
the acute zone (the eye region where, say, A(p<\A°) 
occupies 2230 deg 2 of the visual field (shaded area in 
Figure 5). In females there is also an acute zone, directed 
exactly frontally and probably used for controlling flight. 
In females, A (j) only falls to 0.9°, and the area of the acute 
zone (A (j) < 1.1°) is a mere 23% as large as that of males 
(510 deg': shaded area in Figure 5). The acute zones of 
male flies are not restricted to the eye surface. Below the 
eye, there is an intricate neural pathway that is specific to 
males. First, the connections of photoreceptor axons to 
the lamina are quite different in the acute zone compared 
to both the female’s eye and the rest of the male’s eye. 
Higher up the brain, in the lobula, large male-specific 
visual cells respond maximally to small dark objects that 
move across a bright background in the frontal-dorsal 
visual field, an ideal physiology for detecting silhouetted 
females flying against the sky! 


Color Vision 

Many invertebrates experience a richly colored world, 
some much more richly than we ourselves experience it. 
The reason for this is that color is important in a variety of 
behavioral contexts including phototaxis and orientation, 
camouflage, object detection and recognition, the detec¬ 
tion of host plants for oviposition, the recognition of 
flowers and other food sources, the detection and inter¬ 
pretation of colored signals during sexual and social inter¬ 
actions, and the location of new shelters and recognizing 
learned landmarks. 
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Figure 5 Sexual dimorphism in the apposition eyes of the 
hoverfly Volucella pellucens. (a) Female and (b) male. The visual 
fields of the left eyes of the two sexes, and interommatidial 
angles shown by isolines, are projected onto spheres, where 
A: anterior; M: medial; L: lateral; V: ventral; and D: dorsal. Both 
sexes possess acute zones directed frontally, an adaptation for 
processing optic flow during forward flight. Compared to the 
female, however, the male has a much larger acute zone directed 
20°-30° dorsally (shaded regions, where A p < 1.1°). The male’s 
acute zone is used for fixating females during sexual pursuit. 
Reproduced from Warrant EJ (2001) The design of compound 
eyes and the illumination of natural habitats. In: Barth FG and 
Schmid A (eds.) Ecology of Sensing, pp. 187-213. Berlin: 
Springer Verlag. 


The sensation of color requires the presence of at least 
two ‘spectral types’ of photoreceptor that view the same 
region of space, followed by a neural comparison of the 
signals generated in these photoreceptors (usually via a 
neural opponency mechanism) at a subsequent (higher) 
level of the visual system. The spectral type of a photore¬ 
ceptor is defined by its spectral sensitivity, that is, its 
sensitivity to different wavelengths (or colors) of light. 
For example, a UV spectral type absorbs primarily in 
the ultraviolet part of the spectrum, whereas a green 
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spectral type absorbs primarily in the green part of the 
spectrum. Exactly which band of wavelengths a receptor 
absorbs, and how sensitive it is to individual wavelengths 
within that band, depends mainly on the nature of its 
Visual pigment’ rhodopsin. Rhodopsin molecules - 
which absorb photons of light and trigger the generation 
of an electrical signal - are composed of two parts: a large 
‘opsin’ molecule, a protein consisting of a chain of around 
350 amino acids embedded in the photoreceptor mem¬ 
brane, and a small ‘chromophore,’ a molecule (typically 
retinal, hydroxyretinal or dehydroretinal) that is coupled 
to the opsin. The band of wavelengths absorbed by the 
rhodopsin molecule depends on the exact sequence of 
amino acids present in the opsin molecule and the iden¬ 
tity of the chromophore. 

Even though the absorption spectrum of the resident 
rhodopsin molecule is the main determinant of the photo¬ 
receptor’s spectral sensitivity (and thus its spectral type), 
it is also affected by the concentration of rhodopsin, the 
presence or absence of sensitizing or fdtering pigments, 
the photoreceptor’s length and placement, and the absor¬ 
bance and reflectance of structures within the eye. For 
instance, if the rhabdom of a UV spectral type lies distal to 
that of a green spectral type (i.e., if the rhabdoms are 
‘tiered’), the spectrum of light received by the green- 
sensitive photoreceptor will be fdtered because of its 
partial absorption by the overlying UV-sensitive photore¬ 
ceptor. This fdtering will tend to narrow the spectral 
sensitivity of the underlying green-sensitive photorecep¬ 
tor and often shift its peak. Filtering resulting in spectral 
sensitivity changes also occurs if a colored fdter (e.g., a 
membrane-bound vesicle of colored pigment) is located at 
the distal entrance to the rhabdom, or between two tiered 
rhabdoms (a common arrangement in the apposition eyes 
of mantis shrimps), or if colored pigment granules are 
located within or around the photoreceptor cells (as 
found in a variety of insect and crustacean species). The 
effect of all fdtering mechanisms is to sharpen and tune 
the spectral sensitivities of the resident spectral types of 
photoreceptors, to maximize and optimize the range and/ 
or numbers of colors seen. Of course, the colors that 
animals need to see in order to survive and reproduce 
vary dramatically from species to species according to 
their ecology. In fact, the number of photoreceptor spec¬ 
tral types and the nature of any fdtering that evolves in an 
eye are ultimately driven by the ecological needs of its 
owner (Figure 6). 

Most invertebrate rhabdoms contain at least two pho¬ 
toreceptor spectral types that share the same receptive 
field, thus fulfilling the first precondition of color vision. 
However, in the deep sea, where the spectrum of down- 
welling daylight is almost monochromatically blue 
(around 480 nm), there is almost no need for color vision, 
and with few exceptions, deep-sea animals are mono- 
chromats, possessing only one photoreceptor spectral 


type (e.g., deep-sea crustaceans and cephalopods). More¬ 
over, in the same eye, there can be regions of the retina 
where only one photoreceptor spectral type is present, 
whereas in other retinal areas, two or more types can be 
present. This allows monochromatic vision in one part of 
the visual field and the potential for color vision in 
another part. A good example of this is the camera eye 
of the firefly squid Watasenia scintillans (Figure 6(g)). Most 
of the retina contains only one photoreceptor spectral 
type with peak absorption at 484 nm (and allowing mono¬ 
chromatic vision), whereas a small region of the ventral 
retina (which views the dorsal visual field) contains two 
further photoreceptor spectral types (peaking at 470 and 
500 nm) and the possibility of dichromatic color vision 
(which may be useful for detecting and analyzing the two 
colors of bioluminescence produced by the squid during 
courtship). 

Many invertebrates have evolved two photoreceptor 
spectral types throughout the retina (e.g., many spiders, 
crustaceans, cockroaches, and ants), with the potential 
for dichromatic color vision. Trichromacy, based on three 
photoreceptor spectral types with peak absorptions in the 
UV (~350 nm), blue (450-480 nm), and green (500-550 nm), 
is also common and found in many clams (Figure 6(h)), 
spiders (Figure 6(e)), crustaceans (e.g., isopods), and insects 
(e.g., grasshoppers, bugs, bees, wasps, moths: Figure 6(a)). 
As a comparison, our own trichromacy is based on three 
photoreceptor spectral types (blue, green, and yellow-red) 
with peak absorptions at around 420, 530, and 560 nm. 
Some invertebrates - notably some jumping spiders, 
water fleas, and butterflies - have extended their spectral 
range from the UV to the red by adding a fourth photore¬ 
ceptor spectral type. Others have five photoreceptor spec¬ 
tral types (e.g., some dragonflies (Figure 6(b)) and flies), 
while yet others have six (some butterflies of the genus 
Papilio : Figure 6(c)). Remarkably, the eyes of mantis 
shrimps (Stomatopoda) have 12 photoreceptor spectral 
types (Figure 6(f)) - the largest number known in the 
animal kingdom - each narrowly tuned as the result of 
spectral filtering. These 12 types evenly sample the spec¬ 
trum from the deep UV to the far red but are only found 
in a narrow band of ommatidia stretched across the center 
of each eye (which is scanned across objects of interest). 
Whether or not these colorful reef-dwelling crustaceans 
have 12-dimensional color vision remains unknown, but 
even if an animal possesses a certain number of photore¬ 
ceptor spectral types, this does not necessarily imply that 
all interact to create the maximal dimension of color 
vision possible. 

Polarization Vision 

In addition to its particulate (photon) nature, light can 
also be physically described as an electromagnetic wave, 
an electric field and a magnetic field that oscillate in 
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Figure 6 Photoreceptor spectral sensitivities in selected invertebrates. UV: ultraviolet; V: violet; B: blue; G: green; R: red. (a) The 
trichromatic visual system of the nocturnal hawkmoth Deilephila elpenor (based on opsin templates), (b) The spectral sensitivities of five 
spectral receptor classes of photoreceptors in the dragonfly Hemicordulia tau (based on intracellular recordings), (c) Six spectral 
classes of photoreceptors in the butterfly Papilio xuthus. Dashed line: receptor with broad sensitivity caused by expression of two 
opsins within one cell, (d) Photoreceptors in the primary and secondary retinae of the annelid worm Torrea Candida, (e) The 
three spectral classes of photoreceptors found in the nocturnal spider Cupiennius salei (based on intracellular recordings), (f) The 
multiple spectral classes of photoreceptors found in midband ommatidial rows of the stomatopod apposition eye (based on MSP 
and intracellular recordings). Dashed line: a receptor with broad sensitivity outside the midband rows, (g) The firefly squid Watasenia 
scintillans. Solid lines: photoreceptors in the ventral part of the retina (the 550-nm receptor results from a 500-nm pigment filtered by a 
distal 470-nm pigment). Dashed line: a photoreceptor in the larger dorsal retina, (h) Three spectral classes of photoreceptors in the giant 
clam Tridacna maxima. Adapted with permission from Kelber A (2006) Invertebrate color vision. In: Warrant EJ and Nilsson D-E (eds.) 
Invertebrate Vision, pp. 83-126. Cambridge: Cambridge University Press. 


unison at the same frequency, but are perpendicular to 
each other. The polarization properties of the wave can be 
described by its electric field component, and particularly 
by the electric field’s phase relationships, which deter¬ 
mine whether the light wave is linearly (or plane) polar¬ 
ized or whether it is elliptically or circularly polarized. 
Remarkably, invertebrates are able to see both plane and 
circularly polarized light, and to use it in several impor¬ 
tant behavioral contexts, notably navigation, orientation, 
prey detection, and for interactions between individuals of 
the same species. Except for a few controversial cases 
(notably among the birds and fishes), polarization vision 
is unknown in vertebrates. 


The most common polarization vision in invertebrates 
involves the detection and analysis of linearly (plane) 
polarized light, since this is the most common form of 
polarized light found in Nature. The plane of polarization 
is defined as the plane in which the electric field wave (or 
e-vector) oscillates. Most sources of light (both natural 
and artificial) emit an immense number of such electro¬ 
magnetic waves, and commonly these waves are collectively 
plane unpolarized : the planes of polarization of individual 
waves are randomly distributed in the light beam. How¬ 
ever, natural sources of light are quite often plane polar¬ 
ized, meaning that all individual light waves more or less 
share the same plane of polarization. 
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Figure 7 Polarization vision in arthropods, (a-c) Schematic cross-sections through rhabdoms in the ommatidia of arthropod 
compound eyes (not to scale), (a) Dorsal rim areas (DRAs) of various groups of insects, (b) Typical ommatidium in the retina of decapod 
crustaceans; the two mutually perpendicular microvillar arrangements alternate in regular intervals along the rhabdom. (c) Ventral POL 
area of the backswimmer. Color indicates the spectral type of receptors mediating polarization vision (pink, UV); receptors not 
contributing to polarization vision are given in white; rhabdoms in gray indicate that the spectral range of polarization vision is unknown, 
(d) Principle of polarization opponency. Left, two analyzer channels (represented by the two receptors 1 and 2) act antagonistically on a 
POL neuron. Right, e-vector response functions of photoreceptors and POL neuron, (e, f) POL1 neuron in the optic lobe of the cricket, 
Gryllus campestris. (e) Morphology reconstructed by neurobiotin staining. Input region (ipsilateral) receiving inputs from the POL area is 
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The dome of the sky is an excellent example of such a 
source. Light from the sun (or the moon) is scattered by 
air molecules in the Earth’s atmosphere to produce a 
circularly symmetric pattern of linearly polarized light 
centered on the disk of the sun (or moon). Each point in 
the sky emits light polarized in only one direction, and the 
direction of polarization shifts systematically from one 
point in the sky to the next (which produces the pattern). 
The degree of polarization is greatest along a circular 
locus that is 90° from the sun or moon (and centered on 
it). If an invertebrate has the possibility to unravel the 
180° directional ambiguity inherent in the circularly sym¬ 
metric pattern (which they do, by analyzing spectral gra¬ 
dients in the sky), then they can use the pattern as a 
gigantic compass cue for extracting directional informa¬ 
tion while navigating, either to simply keep a straight-line 
course (e.g., ball-rolling dung beetles) or to use as a 
component of an advanced path integration system used 
for homing (e.g., the well-studied desert ant Cataglyphis 
bicolor). Polarized skylight is even seen underwater, partic¬ 
ularly at shallower depths (down to about 200 m). The fact 
that water has a higher refractive index than air means 
that the entire 180° dome of the sky is compressed to a 97° 
cone of light underwater. This circular window of light - 
called ‘Snell’s window’ - allows the polarized skylight 
pattern to remain visible underwater, but turbid water 
and the presence of waves can degrade it significantly. 
Nevertheless, some species (e.g., grass shrimps and juve¬ 
nile trout) can apparently use the underwater skylight 
pattern to maintain a straight swimming course. Outside 
Snell’s window, the space light is strongly polarized in the 
horizontal direction because of scattering from suspended 
particles. Near the shore, the degree of horizontal polari¬ 
zation is greater toward the open water, and some inverte¬ 
brates (notably the branchiopod Daphnia) use this fact to 
orient away from the shore (and danger). Some inverte¬ 
brates also use the aquatic backdrop of horizontally polar¬ 
ized light to detect transparent prey. Many transparent 
planktonic organisms are highly birefringent, which 
means that they are opaque (and highly visible) when 
seen against a polarized background by a polarization- 
sensitive visual system (as found in squids). In terrestrial 
habitats, horizontally plane-polarized light is formed by 
reflection from horizontal surfaces, notably water surfaces 
and shiny waxy leaves. Many flying insects — such as the 
backswimmer Notonecta - search for new bodies of water 
by looking for bright areas of horizontally polarized light 


in the ventral visual field. In combination with appropri¬ 
ate color cues, some papilionid butterflies also detect 
suitable oviposition sites on the basis of horizontally 
polarized light reflected from the leaves of their host 
plants. Finally, some heliconid butterflies, squids, and 
mantis shrimps use polarized light signals reflected from 
their integuments in intraspecific communication. 

The reason why most invertebrates can see plane- 
polarized light is due to the structure of their rhabdoms, 
which are formed from tube-like membranous microvilli. 
These microvilli - which are all highly aligned — each 
constrain the orientation of their resident rhodopsin 
molecules, so that they are aligned along the microvillar 
axis. Since each rhodopsin molecule is a linear absorption 
dipole, and the dipole orientation is constrained by the 
microvillus (and is identical to that for every other rho¬ 
dopsin molecule), the rhabdom as a whole becomes highly 
polarization sensitive. To actively remove polarization 
sensitivity requires that the microvilli become disoriented 
(e.g., by the rhabdom being twisted along its length, as 
found in certain eye regions of many insects). In contrast, 
the photoreceptors of vertebrates have a structure unsuit¬ 
able to the detection of polarized light. The flat disk-like 
membranes of their photoreceptor outer segments allow 
rhodopsin molecules to diffuse in any random direction: 
the crystalline alignment of rhodopsin molecules neces¬ 
sary to detect polarized light is thus impossible. 

Just as with color vision, the analysis of plane-polarized 
light requires two ‘polarization classes’ of photoreceptor 
that view the same region of space, followed by a neural 
comparison of the signals generated in each (usually via a 
neural opponency mechanism) at a subsequent (higher) 
level of the visual system. Our understanding of this 
process is almost entirely due to decades of research in 
desert ants ( Catalglyphis bicolor), crickets ( Gryllus campes- 
tris), and locusts ( Schistocerca gregaria ), all of which have a 
specialized ‘dorsal rim area’ (or DRA), a narrow strip of 
ommatidia along the dorsal-most margin of the compound 
eye. The ommatidia of the DRA house the polarization- 
sensitive photoreceptors, all of which have a dorsal field of 
view. Outside the DRA, the rhabdoms are deliberately 
twisted to eliminate their polarization sensitivity. The two 
polarization classes of photoreceptor found in the DRA 
have microvilli oriented in only one of two possible per¬ 
pendicular directions (Figure 7(a)—7(c)). Within a rhabdom 
of (say) eight rhabdomeres, at least one rhabdomere has 
microvilli oriented in one direction, while all others have 


shown to the right. L, lamina; M, medulla; AM, accessory medulla; OT, optic tract; S, cell soma, (f) Intracellular recordings from the 
ipsilateral (right) and the contralateral part (left) of POL1 neurons while the e-vector orientation of a strongly polarized stimulus was 
rotated by 360°. In the ipsilateral recording, the baseline undulates as a result of EPSP summation. The contralateral recording starts in 
the dark, demonstrating spontaneous spiking activity; the white triangle marks the onset of the stimulus. In both recordings, the spike 
frequency modulates as a function of e-vector orientation. Ipsilateral and contralateral recordings are from two POL1 neurons with 
different e-vector tuning axes. Adapted with permission from Wehner R and Labhart T (2006) Polarisation vision. In: Warrant EJ and 
Nilsson D-E (eds.) Invertebrate Vision, pp. 83-126. Cambridge: Cambridge University Press. 
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microvilli oriented in the perpendicular direction (thus 
forming two orthogonal analysis components for any direc¬ 
tion of plane-polarized light). The signals generated in these 
two classes form two analyzer channels, each of which can 
act antagonistically (Figure 7(d)) on a polarization-sensitive 
interneuron (known as ‘a POL neuron’) that arises in the 
medulla (Figure 7(d)—7(f)). A well-studied POL neuron 
is POL1 (found in crickets), a cell that sends its outputs to 
both the central brain and to the contralateral medulla in 
the optic lobe of the other eye (Figure 7(e)). In crickets, 
three types of POL1 neurons have been found, each 
highly sensitive and each having a very large receptive 
field (>60° across). The three types differ only in their 
preferred orientation of polarized light relative to the long 
axis of the head - 10°, 60°, and 130° - directions that 
roughly correspond to the combined directional prefer¬ 
ence of the pool of 200 DRA ommatidia that feed each 
receptive field of each of the three POL1 neurons (there 
are approximately 600 ommatidia in the cricket DRA). 
These three classes of POL1 neurons are believed to 
indirectly feed an array of ‘compass neurons’ (probably 
located in the central brain), each of which represents a 
certain body orientation relative to the symmetry plane of 
the celestial polarization pattern. The pattern of responses 
in the array of compass neurons, due to the inputs of the 
three-axis system ofPOLl neurons (10°, 60°, and 130°), is 
then thought to code body orientation exactly. Evidence 
for the existence of compass-like neurons is beginning to 
emerge in the central complex of the locust brain (see 
Figure 4(b) for the visual pathways of the brain involved 
in polarization vision). 

While much less common than linearly polarized light, 
circularly polarized light can be produced by reflection 
from certain natural surfaces, notably the cuticle of some 
arthropods. Many scarab beetles - particularly those that 
are brilliantly iridescent - have exactly the type of cuticle 
necessary. To become circularly polarized, the two per¬ 
pendicular components of the electric field wave of light 
must become 90° out of phase (i.e., by a quarter of a 
wavelength). Certain materials - such as the cuticle of 
some beetles - induce this phase shift upon reflection. 
Even though circularly polarized cuticular reflections 
have been known for some time, their visual and behavioral 
functions (if any) were unknown. Very recently, however, 
certain species of mantis shrimps (stomatopods) have been 
shown to not only reflect circularly polarized light, but 
also to visually detect it and to react to it behaviorally. 


The physiological basis for this ability lies within the 
rhabdoms of a specialized band of ommatidia in the com¬ 
pound eye: the eighth rhabdomere, which sits on top of the 
other seven, has a thickness and microvillar orientation that 
removes the 90° phase difference between the two perpen¬ 
dicular components of the electric field of the incoming 
circularly polarized light (i.e., it acts as a ‘quarter-wave 
retarder’), thereby converting it to linearly polarized light. 
This linearly polarized light is then detected and analyzed 
in the conventional manner by the seven underlying rhab- 
domeres, but in this case, as a code for the presence of 
circularly polarized light. 


Conclusions 

The invertebrates - constituting nearly all species of 
animal life on Earth - have conquered almost all known 
habitats. Not surprisingly, their sensory organs, and par¬ 
ticularly their eyes, have adapted to a remarkable range of 
sensory environments and sensory stimuli. Among the 
invertebrates are found all known optical designs of 
eyes, endowing these animals with visual abilities that in 
many cases rival, and occasionally even exceed, those of 
humans. Compared with our own visual impression, many 
species see much better in dim light, experience a faster 
and more colorful world, and are able to distinguish the 
subtleties of polarized light, a visual modality forever 
beyond our perceptual limits. 

See also: Crabs and Their Visual World; Insect Naviga¬ 
tion; Nervous System: Evolution in Relation to Behavior; 
Vision: Vertebrates; Visual Signals. 
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Main Article 

Vision allows the detection, recognition, and localization of 
both inanimate and animate objects facilitating, among other 
things, movement through a complex three-dimensional 
world, identification of food sources, successful prey capture, 
the avoidance of danger, and mate choice. Thus, most animal 
behaviors are at least influenced by, and are often the direct 
result of, visual stimuli. Much animal behavior can therefore 
only be fully understood in the light of the capabilities of 
their visual systems, which are often very different to our 
own. 

This article examines the visual abilities of a variety 
of vertebrates and briefly examine their underlying visual 
mechanisms. Vision will be defined as the perception of 
focused images mediated via retinal rods and cones, and 
will not encompass the detection of overall light levels by 
a plethora of other photoreceptors both within the eye 
and elsewhere on the body. 

Basic Mechanisms of Vertebrate Vision 

All vertebrate eyes have the same basic structure (Figure 1) 
in which light is focused onto a light-sensitive retina com¬ 
posed of six different neural cell types and neuroglia 
arranged into ten discrete layers (Figure 2). Here, light is 
converted into neurobiological activity by photoreceptors 
within the outer retina: the rods and cones. The rod system, 
which is used in low light levels, optimizes absolute sensi¬ 
tivity but is usually unable to provide information about 
object color and has poor temporal and spatial resolution. 
The cone system, which is active at higher light levels, on 
the other hand, mediates high acuity color vision, but has 
poor sensitivity. 

Both types of photoreceptor contain a visual pigment 
composed of a chromophore, which in most vertebrates is 
retinal (an aldehyde of vitamin A^, linked to a protein, 
opsin (which is a part of a larger family of G-protein- 
linked heptahelical membrane receptors). When a photon 
activates the visual pigment, the retinal isomerizes and 
separates from the opsin, which, via a G-protein-coupled 
enzyme cascade, results in the closure of cation channels 
and the hyperpolarization of the photoreceptor. This 
neurobiological signal is processed by the other cells of 
the retina and transmitted to the brain via the optic nerve, 
resulting in visual perception. 


Image Formation 

While invertebrates possess a variety of eye designs rang¬ 
ing from pinholes, to simple and compound eyes based on 
single or multiple lens or mirror optics, most vertebrate 
eyes produce a focused image using a single cornea and/ 
or a lens (Figure 1) by refraction (Figure 3). One species 
of deep-sea fish, Dolichopteryx sp., uses a mirror rather than 
a lens to focus ventral illumination, and a few species, 
such as another deep-sea fish Ipnops sp., possess no effec¬ 
tive optics and therefore do not form a focused image. 

Vertebrate eyes potentially have two main refractive 
structures, the cornea and the lens (Figure 1), and refraction 
can occur at both their front and rear surfaces, making the 
optics more complex than illustrated in Figure 3. In terres¬ 
trial species, most refraction occurs at the front surface of the 
cornea as its refractive index is considerably higher than that 
of air. The refractive index of the lens is relatively close to 
that of the surrounding humors and is therefore only respon¬ 
sible for around one-third of the refractive power of the 
human eye. As the refractive index of the cornea is very 
close to that of water, it is optically ineffective underwater 
(Figure 4(a)), and most fish and marine mammals have a 
round lens with a high internal refractive index as their only 
effective refractive structure (Figure 4(b)). 

Resting Refractive State 

The resting refractive state of an animal expresses the 
point at which it is focused without having to expend 
any accommodative effort. 

In an emmetropic eye, parallel light rays, which 
approximate those coming from a distant object, are focused 
to a point on the retina (Figure 5(a)). As the distant object 
approaches such an eye, its image will be focused progres¬ 
sively farther behind the retina. However, the retina has a 
certain tolerance to blur and the defocus will not be 
detected until the object is quite close. Thus, in an emme¬ 
tropic eye, everything beyond a few meters is perceived as 
sharply focused. 

In a myopic eye, parallel light right rays are focused 
in front of the retina, and the eye is ‘short-sighted’ as it is 
focused on closer objects when resting (Figure 5(b)). In a 
hyperopic (long-sighted) eye, parallel light rays are focused 
behind the retina (Figure 5(c)), and the image is blurred. 

One might therefore expect most animals to be emme¬ 
tropic as everything beyond a few meters would be in 
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Figure 1 Simplified transverse section of a vertebrate eye. All but a few vertebrates have a similar eye design with an outer protective 
sclera, a vascular choroid, and a light-sensitive retina making up the posterior segment and a transparent cornea and lens anteriorly, 
which serve to form an image. With thanks to the late Gordon Ruskell. 


in 



Figure 2 Transverse section of a human retina. In this orientation, light is incident from above. 1 - Retinal pigment epithelim, 

2 - Photoreceptor outer and inner segments, 3 - External limiting membrane, 4 - Outer nuclear layer, 5 - Outer plexiform layer, 6 - Inner 
nuclear layer, 7 - Inner plexiform layer, 8 - Ganglion cell layer, 9 - Nerve fiber layer, 10 - Inner limiting membrane. 


focus without having to expend any accommodative 
effort. Although animals most concerned with close 
objects might he myopic, there would be no logical reason 
for any animal to be hyperopic at rest as to focus anything, 
it would need to expend effort accommodating. 

Surprisingly, when animals were first refracted using 
conventional retinoscopy, hyperopia was found to be almost 
universal. However, this was an artifact caused by examining 
the small eyes of immobilized animals. In fact, the majority 


of animals are, as logic would suggest, close to emmetropic. 
Although the resting refractive state of teleost fish remains 
uncertain, some are almost certainly myopic, which relates 
to the often limited range of vision underwater. 

Accommodation 

The ‘depth of field’ is the range of distances perceived to 
be in focus and is inversely related to the diameter of the 
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Figure 3 Image formation by refraction. In order to form an 
image, the light emanating from one point of an object in different 
directions must be focused back to one point on the light-sensitive 
surface by changing the direction of light rays hitting the ocular 
surface. Most vertebrates achieve this by refraction. The speed of 
light depends on the refractive index of the medium it is in. Thus, 
parallel light rays from a distant point object impinging on a 
curved surface separating media of differing refractive index 
(n-i and n 2 ) will result in refraction of the light toward a focal point. 
The focal length of the system (f) is given by f=n 2 r/(n 2 -rii), where 
r is the radius of curvature of the refractive surface. 




Figure 4 (a) In air (solid lines), most refraction occurs at the 
cornea and in an emmetropic terrestrial vertebrate parallel light 
rays are focused on the retina. Underwater, the cornea is lost as a 
refractive surface, and the light is focused behind the retina 
(dashed lines), leading to a blurred image in such an eye 
(hyperopia), (b) Aquatic animals therefore have a powerful round 
lens to focus light onto the retina (dashed line). Such eyes in air 
(solid line) would be very myopic. 

pupil, the resolution of the eye, and its length. Eyes with 
small pupils, and hence a large depth of field, will see 
objects at most distances in focus. Animals with larger 
eyes, however, will benefit from the ability to change the 
distance at which their eyes are focused. 

Most simply, the point of focus can be changed passively. 
For example, in some ground foraging birds, amphibia, and 
turtles, the lower visual field may be myopic, allowing them 
to keep their prey in focus, while an emmetropic upper 
visual field keeps a look out for distant predators. This is 
most easily achieved by a ‘ramp retina’ which is positioned at 
variable distances from the lens along different visual axes. 





Figure 5 (a) In an emmetropic eye, parallel light rays incident 
on the cornea are focused on the retina, (b) In a myopic eye, 
parallel light rays are focused in front of the retina (solid lines), but 
light coming from a closer object will be in focus (dashed lines), 
(c) In a hyperopic eye, parallel light rays are focused behind the 
retina, and nothing is optimally focused. 

However, most changes in focus involve some form of 
active alteration to a refractive surface. Mammals, for 
example, increase the curvature of their lens to focus 
closer objects. At rest, the elastic lens is pulled into a 
flattened shape by tension exerted on it via suspensory 
ligaments that attach the lens to the relaxed musculature 
of the ciliary body. During accommodation, when ciliary 
body muscles contract, the ciliary body moves forward 
and inward, relaxing the tension on the lens which takes 
up its preferred rounded shape. Most reptiles and birds 
also increase the curvature of their lens to focus close 
objects, but many also change the curvature of their cor¬ 
nea. Since the lenses of most fish and many amphibia are 
close to spherical, they are not deformed but rather 
moved backward and forward in order to shift focal point. 

Accommodative amplitude varies widely between spe¬ 
cies and is unrelated to phylogeny (Table 1), but rather 
depends on an animal’s requirements for close vision. 
A horse, for example, has only minimal accommodation 
but as it is close to emmetropic at rest, two dioptres (D) of 
accommodation will focus objects around 50 cm which, 
given the length of its nose, is sufficient. A chameleon, on 
the other hand, which catches nearby prey by shooting out 
its sticky tongue (Figure 17), can accommodate by 45D 
allowing it to focus to around 2 cm. 





























Table 1 Accommodation in selected vertebrates 


Class 

Species 

Accommodative 
amplitude (Dioptres) 

Maximal speed of 
accommodation (Ds 

References 

Osteichthyes 

Sand lance (Limnichthys fasciatus) 

180 

720 

Pettigrew et al. (1999) 

Aves 

Hooded merganser (Mergus cucullatus) 

80 

267 

Sivak et al. (1985) 

Aves 

Cormorant (Phalacrocorax carbo sinensis) 

>62 

>1000 

Katzir and Howland (2003) 

Mammalia 

Sea otter (Enhydra lutris) 

55-60 


Murphy et al. (1990) 

Reptilia 

Vietnamese leaf turtle (Geoemyda spengleri) 

55 

120 (55 average) 

Henze et al. (2004) 

Reptilia 

Chameleon ( Chamaeleo dilepis) 

45 

60 

Ott and Schaeffel (1995) 

Osteichthyes 

Oscar (Astronotus ocellatus) 

14-23 


Andison and Sivak (1996) 

Mammalia 

Racoon (Procyon lotor) 

3-19 


Rohen et al. (1989) 

Mammalia 

Rhesus monkey (Macaca mulatta) 

17-18 


Smith and Harwerth (1984) 

Aves 

Chicken ( Gallus domesticus) 

15-17 

60 

Schaeffel and Howland (1987), 
Schaeffel (1994) 

Mammalia 

Young human (Homo sapiens) 

15 

33 

Schaeffel et al. (1993) 

Amphibia 

Frog (Rana esculenta) 

10 


Douglas et al. (1986) 

Amphibia 

Toad (Bufo marinus) 

8 


Mathis et al. (1988) 

Aves 

Hawk owls (Surnia ulula) 

>6 

>100 

Murphy and Howland (1983) 

Mammalia 

California ground squirrel (Spermophilus beecheyi) 

2-6 


McCourt and Jacobs (1984) 

Osteichthyes 

Cardinalfish (Apogon annularis) 

5 

94.1 (19.6 average) 

Holzman et al. (2006) 

Mammalia 

White rhinoceros (Ceratotherium si mum) 

3-4 


Howland et al. (1993) 

Reptilia 

Fire salamander (Salamandra salamandra) 

2-4 


Werner and Himstedt (1984) 

Aves 

Eagle owl (Bubo bubo) 

0.7 


Murphy and Howland (1983) 


A dioptre is the reciprocal of focal length measured in meters. Assuming an animal is emmetropic at rest and accommodation focuses closer objects, accommodation of 1 dioptre will focus 
the eye at 1 m, while 10D of accommodation would bring the principal focal plane to 10 cm etc. 
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Since the ciliary muscles of mammals, fish, and 
amphibia are smooth, while those of birds and reptiles 
are striated; the latter can generally accommodate at a 
much faster rate (Table 1). This might, for example, help 
birds of prey maintain focus when rapidly approaching 
their prey The unexpectedly fast rate of accommodation 
in a fish, the sandlance is most likely because, like the 
chameleon, it performs rapid strikes at small prey 

In most species, the accommodation of the two eyes is 
yoked. However, in some species with laterally placed 
eyes, such as chameleons, chickens, and leaf turtles, the 
two eyes can be accommodated to different degrees. 

An Optical Challenge for Amphibious Animals 

Amphibious animals would benefit from seeing clearly 
both underwater and in air. However, if they are emme¬ 
tropic in air, underwater their eyes become very hypero¬ 
pic due to the loss of the cornea as a refractive surface 
(Figure 4(a)), and normal methods of accommodation 
could not keep objects underwater in focus. However, 
some amphibious species nonetheless have similar acuity 
in both air and water. 

Some have a powerful lens and minimize the refractive 
capability of the cornea in air by either reducing its curva¬ 
ture (sea lions and penguins) or with 2-3 flattened corneal 
facets (intertidal rockskippers and flying fish). Alterna¬ 
tively, harbor seals, which have a rounded high refractive 
lens typical of an aquatic animal, constrict their pupil to a 
pinhole in air, giving them a large depth of field. 

However, many amphibious animals have extreme 
accommodation whereby a soft lens is forced through 
the constricted pupil, forming a highly refractive curved 
‘nipple’ on its anterior surface (Figure 6). Consequently, 


otters, sea lions, aquatic snakes, turtles, and diving birds 
accommodate by as much as 50-80D. 

Some amphibious species however, seem adapted to 
only one medium. Thus, alligators and some aquatic 
snakes become very hyperopic underwater, suggesting 
they do not rely on sight very much for capturing prey 
when submerged. Surprisingly, although the cormorant 
(Figure 7) has a high level of accommodation, their acuity 
underwater, as measured by refractometry, is unexpect¬ 
edly poor. It is not known how they effectively target and 
catch fish. 

Spatial Resolving Power 

An animal’s ability to resolve spatial detail can be 
expressed as the angle subtended by the two just resolv¬ 
able points at the nodal point of the eye (Figure 8). 
Experimentally, it is often determined by the ability to 
resolve the black-and-white bars of a square wave grating 
(Figure 8). 

Requirements for an Eye with High Spatial 
Resolution 

Low spatial summation 

For two points to be resolved, they must be imaged on 
separate photoreceptors with an unstimulated photorecep¬ 
tor in between (Figure 8). Furthermore, the output of these 
photoreceptors must not be combined. Since spatial sum¬ 
mation is a characteristic of rods (see section ‘Spatial and 
temperal summation’), they have poor spatial resolution. 
High acuity is supplied by cones which display much less 
convergence of postreceptoral neurons. In primates, for 
example, foveal cones are connected to a bipolar cell that 


Relaxed Accommodated 



Figure 6 Accommodation in the sea otter. Underwater, the anterior lens is forced through the iris by a lowering of hydrostatic pressure 
in the anterior chamber, making the anterior surface of the lens very refractive and compensating for the loss of the cornea as a 
refractive surface underwater. Reproduced from Murphy CJ, Bellhorn RW, Williams T, Burns MS, Schaeffel F, and Howland HC (1990) 
Refractive state, ocular anatomy, and accommodative range of the sea otter (Enhydra lutris). Vision Research 30(1): 23-32. 
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Figure 7 A Great cormorant (Phalacrocorax carbo). Their 
poor acuity underwater suggests they are not visual pursuit 
predators when submerged. Photo courtesy of Graham Martin. 



Figure 8 Spatial resolution. Two points will be seen as 
separate if their images fall on separate photoreceptors 
(whose outputs are not combined) with an unstimulated 
photoreceptor in between. The minimum resolvable angle is the 
angle (oc) subtended by the two just resolvable points at the 
nodal point of the eye (N). The ability to resolve black/white 
gratings is expressed in c/deg (where one cycle refers to a pair 
of adjacent black-and-white bars). 


synapses with no other receptors, which in turn is 
connected to its own ganglion cell. 

Areas of high cone density 

The more cones sample an image, the higher the spatial 
resolution. In many species, therefore, rods are excluded 
from parts of the retina where cones are reduced in diame¬ 
ter and packed tightly together (Figure 9). The inner layers 
of the retina in such cone-rich areas are moved aside in 
some species, forming a ‘fovea’ (Figure 10), which lessens 
the degree of scatter, further enhancing acuity. Some birds 
and reptiles have two foveas in each retina, one of which 
is unusually deep and whose edges may effectively act as 
a negative lens, magnifying the image. In some animals, 
rather than forming a foveal pit, areas of high acuity are 



Figure 9 The retinal photoreceptor mosaic revealed by 
tangential sections of a human retina at the level of the inner 
segments: (a) from a midperipheral region showing both larger 
cones and smaller rods and (b) from the center of the fovea 
showing a high density of much smaller cones. Rods are absent. 


7 

6 



Figure 10 Transverse section of part of the fovea of a human. 
Labeling as in Figure 2. The center of the fovea (the foveola), 
which is shown on the left-hand side, contains only cones. 
Furthermore, the inner retinal layers have been ‘pushed aside’ to 
reduce the amount of scattered light. 


characterized by increased ganglion cell density, forming 
the so called ‘visual areas’ (Figure 11) or if elongated 
‘visual streaks.’ Many animals move their heads or eyes to 
image objects onto these high acuity areas. 
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Figure 11 Isodensity contour map of the distribution of 
retrogradely labeled retinal ganglion cells in the eye of an 
armored catfish, Liposarcus pardalis. All densities are x 10 2 cells 
per mm 2 . Reproduced from Douglas RH, Collin SP and 
Corrigan, J (2002) The eyes of suckermouth armoured catfish 
(Loricariidae, subfamily Hypostomus): pupil response, lenticular 
spherical aberration and retinal topography. Journal of 
Experimental Biology 205: 3425-3433. 


Large eye size 

Acuity can be increased by enlarging the image through 
increasing the focal length of the eye. Thus, larger eyes 
generally result in higher resolution. Since large eyes also 
help to maximize sensitivity (see section Targe pupils/ 
eyes’), both diurnal and nocturnal animals benefit from 
larger eyes, explaining why eye size is not a simple func¬ 
tion of body size and small animals have disproportion¬ 
ately large eyes. 

High image quality 

A perfect optical system would focus all light rays that 
impinge on it emanating from a point back into a single 
point. In reality, no optical system is this good, and rays 
originating from a point will be focused as a larger blurred 
area, caused in part by chromatic and spherical aberration 
and light scatter. However, the ultimate limit of acuity is 
set by diffraction, which is a spreading of light waves as 
they pass through small apertures. Diffraction can be 
reduced by increasing the size of the pupil, but a larger 
pupil will also increase the degree of spherical aberration, 
making the relationship between pupil size and acuity 
complex. In some animals, short-wave absorbing ocular 
fdters increase acuity by absorbing those wavelengths 
most prone to chromatic aberration and Rayleigh scatter 
(Figure 22). 



Figure 12 A mouse following rotating stripes in an optomotor 
drum. Photo courtesy of Marcela Votruba. 


Determination of Spatial Acuity 

One measure used to assess an animal’s spatial acuity is the 
highest density of its cones or ganglion cells. Given the 
potential for postreceptoral processing, it is surprising that 
in many species, this anatomical acuity is a reassuringly 
close match to that measured by other means. Electrophys- 
iological recordings from the retina and brain can also be 
used to estimate acuity. However, the best indication of an 
animal’s ability to resolve spatial detail is a behavioral test. 
For example, when placed in the centre of a rotating drum 
whose walls are covered in stripes (Figure 12) many ani¬ 
mals will either pursue a stripe or move their eyes to track it. 
The distance between the stripes can be reduced until the 
animal no longer tracks them, providing a measure of acuity. 

Perhaps a better measure of functional acuity is 
provided by training an animal to distinguish between 
two targets: one composed of a grating of black-and- 
white stripes in one direction and the other either with 
the stripes in another orientation or composed of an equi- 
luminant uniform gray (Figure 13). Following successful 
training, the frequency of the grating(s) can be decreased 
until the animal is no longer able to distinguish the targets. 

The highest acuity of vertebrates is among raptors 
(Table 2), the Eagle having a spatial acuity about twice 
as good as man under comparable conditions. Most other 
vertebrates see considerably less spatial detail (Table 2). 

Spatial Contrast Sensitivity Function 

The acuities listed in Table 2 were obtained using grat¬ 
ings with high contrast. Since the world is not made of 
black-and-white stripes and gratings and patterns of lower 
contrast will be less visible, a more complete measure of 
an animal’s ability to resolve spatial detail is given by its 
spatial Contrast Sensitivity Function (sCSF). In man, this 
peaks at 3-5cdeg~ and falls off at higher and lower 
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Apparatus used to determine the psychophysical 
acuity of rodents (a) from above, (b) front view. Animals were 
trained to swim to the monitor displaying the grating to find a 
hidden platform. Approach of the uniform screen went 
unrewarded. Reproduced from Prusky GT, West PWR, and 
Douglas RM (2000) Behavioral assessment of visual acuity in 
mice and rats. Vision Research 40: 2201-2209. 


grating frequencies (Figure 14). Other animals have 
sCSFs of the same basic shape but with maximal sensitiv¬ 
ity at different frequencies (Figure 14). Fish, for example, 
have a peak sCSF at lower frequencies than man because 
light scattering underwater blurs the image, causing a loss 
of high spatial frequencies. The low overall contrast sen¬ 
sitivity of birds is surprising. 


Absolute Sensitivity 

Being able to resolve fine spatial detail is a luxury only 
afforded by high light levels. In photon-limited environ¬ 
ments, a more fundamental requirement is to capture 
enough light to enable any vision at all. The lowest 
amount of light an animal can perceive is its absolute 
sensitivity. Animals primarily active at night will have a 
higher absolute sensitivity than diurnal animals, but the 
most sensitive vertebrates are probably deep-sea fish, 


which live in an environment where sunlight is severely 
attenuated. 

Requirements for an Eye with High Absolute 
Sensitivity 

Large pupils/eyes 

The large pupils of nocturnal animals increase photore¬ 
ceptor photon capture, necessitating big eyes. However, 
simply scaling a small eye to be larger would not in itself 
result in an increase in sensitivity, as although the pupil 
size increases, the light would be spread over more photo¬ 
receptors in the larger eye. Maximal sensitivity requires 
a large pupil coupled to a lens with a short focal length, 
causing each photoreceptor to effectively collect light over 
a greater angle. 

Spatial and temporal summation 

Although large eyes increase both sensitivity and spatial 
resolution, the retinal requirements for the two processes 
are largely incompatible. Resolution requires a high den¬ 
sity of small cones whose outputs are analyzed separately, 
while sensitivity relies on rods whose activity is summed 
both in space and time. Spatial summation is required for 
high sensitivity as photoreceptors are inherently noisy and 
can occasionally be spontaneously activated even in the 
absence of light. To ensure the visual pathway does not 
respond to such ‘dark noise, 7 retinal ganglion cells will only 
be activated if they receive several signals indicating visual 
pigment isomerization. The likelihood of this in low light 
levels is increased by high levels of spatial summation; 
hundreds of rods synapse with a single bipolar cell, and a 
several bipolar cells feed into one ganglion cell. 

Increased rod contribution 

Although rods far outnumber cones in most species, ani¬ 
mals inhabiting low light levels increase photon capture 
through the possession of a greater number of rods, often 
with larger outer segments (Figure 15(a)) and increased 
visual pigment density. Deep-sea fish, for example, have 
either extremely long rod outer segments (Figure 15(b)) or 
have smaller rods arranged in several tiers (Figure 15(c)). 
Such multiple banked retinae also occur in nocturnal oil- 
birds and parasitic fish that live in the digestive tract of 
seacucumbers! 

Tapeta 

Sensitivity to light can also be enhanced by a reflective 
layer in either the retinal pigment epithelium or choroid. 
Such tapeta, which are responsible for the ‘eye shine 7 seen 
in many nocturnal animals (Figures 16 and 24 ), give 
photons that have not been absorbed by the visual pig¬ 
ments when first incident on the retina a second chance 
of activating the rods. Inevitably, such reflections cause 
image degradation, resulting in some elasmobranchs 
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Table 2 Maximal grating acuity in selected vertebrates 


Resolution 


Class 

Species 

(cdeg ^ 

Method 

References 

Aves 

Wedge-tailed Eagle (Aquila audax) 

140 

Behavioral 

Reymond (1985) 

Mammalia 

Human (Homo sapiens) 

72 

Behavioral 

Reymond and Cook 
(1984) 

Aves 

American kestrel (Falco sparverius) 

30.1 

Electroretinogram 

Ghim and Hodos (2006) 

Mammalia 

Horse (Equus ferns cabal 1 us) 

16.5 

Ganglion cell density 

Harman et al. (1999) 

Mammalia 

Cat (Felis cat us) 

8.5-9.0 

Behavioral 

Hall and Mitchell (1991) 

Reptilia 

Turtle (Pseudemys scripta elegans) 

4.4-9.9 

Evoked potentials 

Northmore and Granda 
(1991) 

Mammalia 

Black rhinoceros (Diceros bicornis) 

6 

Ganglion cell density 

Pettigrew and Manqer 
(2008) 

Aves 

Japanese quail ( Coturnix c japonica) 

6.4 

Electroretinogram 

Ghim and Hodos (2006) 

Osteichthyes 

Bluegill sunfish (Lepomis macrochirus) 

5 

Behavioral 

Northmore et al. (2007) 

Osteichthyes 

Ocean sunfish (Mola mola) 

3.4-4.4 

Ganglion cell density 

Kino et al. (2009) 

Reptilia 

Midland banded water snake (Nerodia 
sipedon pleuralis) 

4.3 

Evoked potential 

Baker et al. (2007) 

Amphibia 

Frog (Rana pipiens) 

2.8 

Behavioral 

Aho (1997) 

Osteichthyes 

Tanganyikan cichlid (Asprotilapia leptura) 

2.7 

Optomotor 

response 

Dobberfuhl et al. (2005) 

Aves 

Red-bellied woodpecker 
(Melanerpes carolinus) 

2.3 

Electroretinogram 

Ghim and Hodos (2006) 

Aves 

Chicken (Gallus domesticus) 

1.5 

Behavioral 

Over and Moore (1981) 

Mammalia 

Mouse (Mus musculus) 

0.5-0.6 

Behavioral 

Gianfranceschi et al. 

(1999) 


Aho AC (1997) The visual acuity of the frog (Rana pipiens). Journal of Comparative Physiology A 180: 19-24. 

Baker RA, Gawne TJ, Loop MS, and Pullman S (2007) Visual acuity of the midland banded water snake estimated from evoked 
telencephalic potentials. Journal of Comparative Physiology A 193(8): 865-870. 

Dobberfuhl AP, Ullmann FP, and Shumway CA (2005) Visual acuity, environment complexity and social organisation in African cichlid 
fishes. Behavioural Neuroscience 119(6): 1648-1655. 

Gianfranceschi L, Fiorentini A, and Maffel L (1999) Behavioural visual acuity of wild type and bcl2 transgenic mouse. Vision Research 
39: 569-574. 

Ghim MM and Flodos W (2006) Spatial contrast sensitivity of birds. Journal of Comparative Physiology A 192: 523-534. 

Hall SE and Mitchell DE (1991) Grating acuity of cats measured with detection and discrimination tasks. Behavioral Brain Research 
44: 1-9. 

Harman AM, Moore S, Hoskins R, and Keller P (1999) Horse vision and an explanation for the visual behaviour originally explained by the 
‘ramp retina’. Equine Veterinary Journal 31(5): 384-390. 

Kino M, Miayzaki T, Iwami T, and Kohbara J (2009) Retinal topography of ganglion cells in immature ocean sunfish, Mola mola. 
Environmental Biology of Fishes 85(1): 33-38. 

Northmore DPM and Granda AM (1991) Refractive state, contrast sensitivity and resolution in the freshwater turtle Psedemys scripta 
elegans, determined by tectal visual-evoked potentials. Visual Neuroscience 7: 619-625. 

Northmore DPM, Oh DJ, and Celenza MA (2007) Acuity and contrast sensitivity of the bluegill sunfish and how they change during optic 
nerve regeneration. Visual Neuroscience 24(3): 319-331. 

Over R and Moore D (1981) Spatial acuity of the chicken. Brain Research 211: 424-426. 

Pettigrew JD and Manger PR (2008) Retinal ganglion cell density of the black rhinoceros (Diceros bicornis ): Calculating visual resolution. 
Visual Neuroscience 25: 215-220. 

Reymond L (1985) Spatial visual acuity of the eagle Aquila audax : A behavioural, optical and anatomical investigation. Vision Research 
25(10): 1477-1491. 

Reymond L and Cook M (1984) Relation between simultaneous spatial-discrimination thresholds and luminance in man. Behavioural 
Brain Research 14: 51-59. 


covering the reflective crystals in high light levels, 
enabling high spatial acuity, only revealing them in low 
light levels when sensitivity is at a premium. 

Depth Perception 

Animals live in a complex three-dimensional world and 
require information about absolute and relative distances 


in order to plan routes, identify objects, and capture prey 
(Figure 17). 

An object of a given size will subtend a larger visual angle 
the closer it is to the observer (Figure 18(a)). Therefore, 
when the size of an object is known (e.g., a familiar land¬ 
mark), visual angle can be used to determine its distance. 
However, in most instances, an object’s size is uncertain. 

A large distant target will subtend the same visual 
angle as a similar but smaller closer one (Figure 18(b)). 
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Figure 14 Spatial Contrast Sensitivity models for various vertebrates. Reproduced from Jarvis JR and Wathes CM (2008) 
A mechanistic inter-species comparison of spatial contrast sensitivity. Vision Research 48: 2284-2292. 



Figure 15 The retinal structure of various teleosts which 
optimize sensitivity, (a) The outer segments of rods (r) of the glass 
catfish (Kryptopterus bicirrhis) are thick compared to those of 
cones (c). (b) The deep-sea bluntsnout smooth head 
(Xenodermichthys copei) has very long rod outer segments. 
Photo courtesy of Jochen Wagner, (c) The deep-sea dragonfish 
(Aristostomias grimaldi) has its rods arranged in several banks. 
Photo courtesy of Jochen Wagner. 

Since most vertebrates are able to differentiate two dif¬ 
ferently sized targets subtending the same visual angle 
(size constancy), they are not simply relying on visual 
angle to judge object size, but are taking its distance into 
account. Various cues are available to an animal that allow 
it to judge distance and many animals use more than one 
cue to improve the accuracy of depth judgments. 

If an object falls within the binocular field of view, the 
two eyes will see the object from slightly different angles 
and the image is formed in different parts of the retina in 
the two eyes; the closer the object the greater this ‘retinal 
disparity’ (Figure 18(c)). If the animal moves its eyes to 
image the object on a high acuity retinal region, the 



Figure 16 The eye of a deep-sea myctophid fish. The blue 
coloration is the ‘eye shine’ produced by reflected light from the 
tapetum. The wavelengths reflected match those predominant in 
both residual sunlight and bioluminescence. Photo courtesy of 
Justin Marshall. 

degree of such ‘vergence eye movements’ specifies object 
distance. However, some animals (e.g., toads) do not con¬ 
verge their eyes and the difference in the horizontal 
retinal location of the images in the two eyes defines the 
distance (Figure 18(c)). Such stereoscopic cues require 
the eyes to have relatively high acuity and to be far apart 
and are therefore of limited use in small animals. 

In order to see the whole visual panorama, many 
animals have laterally placed eyes and much of the 
world is seen with only one eye. Consequently, they use 
monocular cues to judge distance. 

Most eyes change their plane of focus through accom¬ 
modation (see section ‘Accommodation’). If accommodative 
state is monitored, the distance of the focused object can be 
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Figure 17 Chameleon projecting its sticky tongue during 
prey capture. In order to eat, it needs to determine its distance 
from the prey. If it strikes too short the prey is missed, too long 
and the prey is knocked out of the way. A failure to measure 
depth means the animal goes hungry. Photo courtesy of Frank 
Schaeffel. 

determined. Chameleons, for example, use this cue 
whether viewing an object with just one eye or two, 
while amphibia use it only when binocular cues are not 
available. Barn owls, chickens, and lizards have also been 
shown to use accommodation to measure depth in addi¬ 
tion to other distance cues. To be of use as a distance cue, 
accommodation needs to be accurate and extensive and 
the object must be relatively close. 

Small eyes with poor acuity and a large depth of focus 
cannot use accommodative cues, but could use image trans¬ 
formations as the eye moves relative to the object. Thus, the 
image of a distant object moves a shorter distance over the 
retina when the eyes/head are moved, than the image of a 
close object. Such ‘motion parallax’ is often associated with 
characteristic head/body movements such as the ‘head bob¬ 
bing’ of Mongolian gerbils before leaping over a ditch. 

The closer an object is to an observer, the lower in the 
visual field it will appear and the more dorsal the location 
of the retinal image. In vertebrates, such ‘retinal elevation’ 





Figure 18 Cues to depth perception, (a) A closer object (i) will 
form a larger retinal image than a more distant one of the same 
size (ii). (b) A distant large object (iii) will form the same visual 
angle as a closer small one (i). (c) The distance of an object is 
specified by the disparity of its images in the two eyes. The larger 
the angle a, the nearer the object. 

has only been shown to be a cue to distance in humans and 
frogs, but may be more widespread once more species are 
examined. 

Temporal Resolution 

Visual stimuli are modulated in time as well as space, and 
most visual systems are relatively insensitive to unchang¬ 
ing stimuli. Temporal and spatial information are com¬ 
bined in the analysis of motion, the detection of which 
Gordon Walls considered to be of greater significance to 
animals than sensitivity, color, or spatial resolution. 

A stationary object can often not be seen and it is only 
when it moves that its location can be specified and it is 
identified. Movement is also often an integral part of 
sexual and aggressive displays and a lion, for example, 
could not catch an antelope without a complex analysis of 
its motion. 

A measure of the visual system’s temporal resolution is 
its ability to detect flicker. At low flicker frequencies, the 
stimulus will be perceived as individual flashes. At some 
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point, as the frequency of the flashes is increased, the light 
will appear to cease flickering. The higher this ‘critical 
flicker fusion frequency’ (CFF), the greater the animal’s 
temporal resolution. 

CFFs can be determined behaviorally using the innate 
optomotor response, classical or operant conditioning, but 
more usually the electroretinogram. Measured values 
depend on the method used, but among vertebrates they 
appear highest in some birds (Table 3). However, no 
vertebrate approaches the values seen in fast-moving 
diurnal invertebrates (e.g., bee 300 Hz). The high CFF of 
chickens has potential animal welfare implications, as they 
may perceive the fluorescent lighting of commercial poul¬ 
try houses as flickering. 

At low levels of illumination, the temporal summation 
which maximizes sensitivity impairs temporal resolution. 
Higher light levels, characterized by less summation, 
result in increased CFFs. 


Temporal resolution is increased at higher tempera¬ 
tures. As swordfishes are able to maintain the temperature 
of their eyes above that of the ambient water using mod¬ 
ified eye muscles as heater organs, they have greater 
temporal resolution than their cold-eyed prey in the 
deep (cold) waters they inhabit. 

The smaller the difference in intensity between the 
light and dark phases of a flickering stimulus (the ‘lumi¬ 
nance amplitude’), the harder the flicker will be to detect. 
Just as spatial vision is best characterized by the spatial 
CSF (Figure 14), temporal resolution can be described by 
the temporal CSF, in which the luminance amplitude an 
animal can just detect is related to the frequency of its 
temporal modulation. The tCSFs of all vertebrates are 
similar in shape, peaking at intermediates frequencies 
with sensitivity dropping off at low and high frequencies 
(Figure 19), although fish have peak sensitivity at lower 
frequencies than other animals. 


Table 3 Critical flicker fusion frequency in selected vertebrates 


Class 

Species 

Maximal CFF 
(Hz) 

Method of 

measurement 

References 

Aves 

Chicken (Gallus domesticus) 

105 

Behavioral 

Nuboer et al. (1992) 

Mammalia 

Dog (Canis famiHaris) 

70-90 

Behavioral 

Coile et al. (1989) 

Aves 

Pigeon (Columba livia) 

77 

Behavioral 

Hendricks (1966) 

Reptilia 

Anolis spp (3 species) 

55-70 

Electroretinogram 

Fleishman et al. (1995) 

Reptilia 

Tuatara (Sphenodon 
punctatus) 

46-65 

Behavioral 

Woo et al. (2009) 

Mammalia 

Human (Homo sapiens) 

50-60 

Behavioral 

Hecht and Verrijp (1933) 

Osteichthyes 

Spotted seatrout (Cynoscion 
nebulosus) 

60 

Electroretinogram 

Horodysky et al. (2008) 

Osteichthyes 

Rainbow trout (Oncorhynchus 
mykiss) 

51 

Electroretinogram 

Douglas (1980) 

Mammalia 

Cat (Feils cat us) 

50 

Behavioral 

Loop and Berkeley (1975) 

Osteichthyes 

Weakfish (Cynoscion regalis) 

43 

Electroretinogram 

Horodysky et al. (2008) 

Osteichthyes 

Swordfish (Xiphias gladius) 

>40 

Electroretinogram 

Fritsches et al. (2005) 

Mammalia 

Rat (Rattus norvegicus) 

35-40 

Behavioral 

Williams et al. (1985) 

Amphibia 

Cane Toad (Bufo marinus) 

18 

Electroretinogram 

Nowak and Green (1983) 


Critical flicker fusion frequency depends on the state of adaptation. The values listed are those measured at the highest light levels. 
Coile DC, Pollitz CH, and Smith JC (1989) Behavioural determination of critical flicker fusion in dogs. Physiology & Behavior 45: 
1087-1092. 

Douglas RH (1980) Ph.D. Thesis, University of Stirling. 

Fleishman LJ, Marshall CJ, and Hertz PE (1995) Comparative study of temporal response properties of the visual systems of three 
species of anoline lizards. Copeia 1995(2): 422-431. 

Fritsches KA, Brill RW, and Warrant EJ (2005) Warm eyes provide superior vision in swordfishes. Current Biology 15: 55-58. 

Hecht S and Verrijp CD (1933) Intermittent stimulation by light. Journal of General Physiology 17: 237-282. 

Hendricks J (1966) Flicker thresholds as determined by a modified conditioned suppression procedure. Journal of the Experimental 
Analysis of Behavior 9(5): 501-506. 

Horodysky AZ, Brill RW, Warrant EJ, Musick JA, and Latour RJ (2008) Comparative visual function in five sciaenid fishes inhabiting 
Chesapeake Bay. Journal of Experimental Biology 211: 3601-3612. 

Loop MS and Berkeley MS (1975) Temporal modulation sensitivity of the cat: I Behavioral methods. Vision Research 15: 555-561. 
Nowak LM and Green DG (1983) Flicker fusion characteristics of rod photoreceptors in the toad. Vision Research 23(9): 845-849. 
Nuboer JFW, Coemans MAJM, and Vos JJ (1992) Artificial lighting in poultry houses - do hens perceive the modulation of fluorescent 
lamps as flicker. British Poultry Science 33(1): 123-133. 

Williams RA, Pollitz CH, Smith JC, and Williams TP (1985) Flicker detection in the albino rat following light-induced retinal damage. 
Physiology & Behaviour 34: 259-266. 

Woo KL, Hunt M, Harper D, Nelson NJ, Daugherty CH, and Bell BD (2009) Discrimination of flicker frequency rates in the reptile tuatara 
(Sphenodon). Naturwissenschaften 96: 415-419. 
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Figure 19 Flicker sensitivity for various vertebrates at high luminance. Reproduced from Jarvis JR, Prescott NB, and Wathes CM 
(2003) A mechanistic inter-species comparison of flicker sensitivity. Vision Research 43: 1723-1734. 


Color Vision 

Color is the perceptual correlate of wavelength, and its 
detection gives an animal the ability to identify objects 
based on the wavelengths reflected from (or emitted by) 
them, independent of brightness. 

The vivid colors of many animals suggest that wave¬ 
length is an important component of animal behavior acting 
as an inter- and an intraspecific signal. Within species it 
is important in, for example, mate choice (Figure 20(a)) 
and aggressive encounters and helps to signal dominance 
(Figure 20(b)). Between species, it is more likely to be 
used to avoid predation by either indicating the distasteful 
nature of the signaler (Figure 20(c)) or being used to match 
the background during camouflage (Figure 20(d)). Color 
can also be used to locate and obtain useful informa¬ 
tion about plant life. Trichromatic color vision in some 
primates, for example, may have evolved to locate longwave 
reflecting fruit and young leaves among green vegetation 
(Figure 21(e) and 21(f)) and allow better judgment of 
edibility. 

The Retinal Basis of Color Vision 

Most vertebrate visual pigments (whether in rods or 
cones) are ‘rhodopsions’, composed of the chromophore 
retinal bound to an opsin protein. They have a bell¬ 
shaped absorption profde with a single wavelength of 
maximum absorbance, the A max (Figure 21), whose spec¬ 
tral location is dependent on the structure of that pig¬ 
ment’s opsin. Among vertebrates, five broad classes of 
visual pigment are coded for by different opsin gene 
families. All rods contain an RH1 pigment with A max 
460-530 nm, while there are four different types of cone 


pigment: LWS with A max around 490-570 nm, RH2 maxi¬ 
mally sensitive at 480-535 nm, SWSl and SWS2 absorbing 
maximally at 410-490 and 355-440 nm, respectively. In 
some freshwater fish, amphibia, and reptiles, these absorp¬ 
tion maxima can be shifted toward longer wavelengths by 
the use of a vitamin A 2 -derived chromophore, 3,4 dehy- 
droretinal, forming pigments known as ‘porphyropsins.’ 

Due to their broad absorption spectra, the most short¬ 
wave-sensitive rhodopsins (A max around 355-360 nm) will 
be sensitive to light of shorter wavelengths. However, 
vertebrates probably do not see below around 300 nm as 
the structural proteins and nucleic acids of the ocular 
media absorb all light below this (Figure 22). Porphyr¬ 
opsins with /l max around 625 nm allow the perception of 
bright lights up to around 850 nm. Some snakes do per¬ 
ceive longer (infrared) wavelengths, but as this is based on 
trigeminal nerve heat sensitivity, it cannot be classed as 
vision, although the visual and thermal information are 
combined in the same brain area and the thermosensory 
‘pit’ resembles a pin hole eye. 

As the likelihood of a visual pigment molecule under¬ 
going isomerization depends not only on the wavelength 
of the stimulating light but also on its brightness, the degree 
of hyperpolarization of a single class of photoreceptor 
cannot be used as a basis for color vision (Figure 21(a)). 
In order to see color, an animal must have at least two types 
of spectrally distinct photoreceptor whose neurobiological 
output can be compared. 

Evidence for Color Vision 

If the output of different photoreceptor classes were sim¬ 
ply summed, information about wavelength would be lost. 
Furthermore, some cone types (e.g., double cones) may 
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Figure 20 The potential significance of color to animals, (a) The distend red gular sack of a male Great Frigatebird (Fregator minor) is 
used to attract mates. The color is based on a carotenoid which also reflects UV light, and as many birds are sensitive to such short 
wavelengths, it might not appear as a simple red to other birds. Photo courtesy of Helen Waugh, (b) Dominant (left) and submissive 
(right) chameleons (Bradypodion caffrum ) show different body colors. Photo courtesy of Devi Stuart-Fox. (c) The various bright color 
morphs of the Central American strawberry poison dart-frog (Oophaga pumilio) from the Bocas del Toro Archipelago in northwest 
Panama are aposematic, signifying its unpalatability to potential predators. Photo courtesy of Martine Maan. (d) The body colors and 
patterns of a European chameleon ( Chamaeleo chamaeleon) camouflage it well against the background. Photo courtesy of Frank 
Schaeffel. (e) Red fruit are easily seen against a background of green leaves and distinguished from unripe berries, (f) Without chromatic 
information, the fruits are more difficult to locate and differentiate, as luminance cues are not reliable. 


not be involved in color vision. Therefore, just demon¬ 
strating the existence of more than one spectrally distinct 
photoreceptor is not enough to prove color vision. 

Ideally, one should show a behavioral response to 
wavelength independent of brightness, such as the ability 
to distinguish two equiluminant targets of different colors. 
However, since it is difficult to produce stimuli perceived 
as equally bright by non-human animals, the ability to 
distinguish colored targets with a variety of target bright¬ 
nesses or the capacity to choose a colored target from 
among a variety of similar gray targets is examined. How¬ 
ever, such experiments are time consuming and have been 
performed on few animals. For this reason, despite some 
caveats, the number of cone visual pigments an animal 
possesses is used as a guide to an animal’s color vision. 


Color Vision in Different Species 

A few species possess just a single spectral class of recep¬ 
tor and will not see color (Figure 21(a)). Some nocturnal 
species (e.g., bats), marine mammals (Figure 21(b)), and 
some fish (Figure 21(c)) have a single spectral class of rod 
and one type of cone, the interaction of which may pro¬ 
vide rudimentary color vision in mesopic conditions. 

The minimum requirement for true photopic color 
vision is two distinct classes of cone. Such dichromacy 
occurs in most placental mammals (Figure 21(d)), many 
coastal marine fish and snakes (Figure 21(e)). Color 
vision, based on three distinct cone pigments (trichro- 
macy) among mammals, is restricted to some Australian 
marsupials and primates (Figure 21(f)), but is common in 
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Figure 21 Visual pigment absorption spectra of various animals, (a) The deep-sea fish Avocettina infans has only a single class of 
rods (A max : 482 nm). Such animals will see no color as, in this example, a dim 480-nm light would bleach as much pigment as a brighter 
one of 600 nm. (b) The bottlenose dolphin (Tursiops truncatuse), like many marine mammals, possesses rods (7 max : 488 nm) and a 
single LWS cone type (7 max : 524 nm). Intuitively, one might expect the cones of mammals that inhabit the ‘blue’ open ocean, to 
possess short-wave-sensitive cones. The presence of LWS cones might reflect the ‘coastal evolution’ of these species, where long 
wavelengths are more prevalent, (c) Some freshwater catfish, such as glass catfish (Kryptopterus bicirrhis), also have only rods 
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Figure 22 Spectral transmission of the lenses of a parrot 
(Platycercus elegans), a goby ( Gobiusculus flavescens), and a 
gray squirrel (Sciurus carolinensis). The lens of the parrot is as 
transparent as a biological structure can be and transmits 
significant amounts of UV light, potentially allowing 
UV sensitivity. The colorless lens of the goby contains specific 
UV-absorbing pigments and prevents these wavelengths 
reaching the retina, and the lens of the squirrel cuts out 
enough blue light to have a yellow tinge. 


fish and amphibia. However, many diurnal teleost fish, 
reptiles, and birds express visual pigments based on all 
four cone opsin genes and potentially have tetrachromatic 
color vision (Figure 21(g) and 21(h)). 


Intraocular Filters 

Shortwave-absorbing filters in the cornea, lens, or retina 
serve primarily to enhance acuity and protect the retina 
from the most damaging light, but they will also decrease 
the perception of UV and blue (Figure 22). The filters of 
most significance to color vision, however, are oil droplets 
within the inner segments of photoreceptors (Figure 23). 
Although they are present in a few fish such as lungfish, 
some nonplacental mammals, and amphibia, they are par¬ 
ticularly widespread in diurnal birds and reptiles in which 
they sharpen the spectral sensitivity of the photorecep¬ 
tors, thereby improving wavelength discrimination. 


Ultraviolet Sensitivity 

Biologists have known for over 100 years that animals are 
able to perceive ultraviolet light (300-400 nm). However, 




(b) Wavelength (nm) 

Figure 23 Bird oil droplets, (a) Wholemount of a kookaburra 
(Dacelo novaeguineae) retina showing colored oil droplets in 
photoreceptor inner segments, (b) Absorbance spectra of 
transparent (T), colorless (C), yellow (Y), and red (R) oil droplets 
in the blackbird (Turdus merula) retina, showing that they act as 
cut-off filters. Photo and data courtesy of Nathan Hart. 


within the last 10-15 years, interest in such shortwave 
sensitivity has been rekindled following its rediscovery 
by behavioral scientists. 

Many birds and fish, as well as some reptiles, amphibia, 
and mammals have visual pigments maximally sensitive in 
the UV (Figure 21(e), 21(g), and 21(h)), and its percep¬ 
tion is often regarded as a ‘secret’ form of communication. 
However, in truth, so many animals see UV that it is only 
secret from a few. 

Nonetheless, this perhaps misplaced enthusiasm for 
UV sensitivity has resulted in some useful demonstrations 
of its significance, which are lacking for other parts of the 
spectrum. Thus, controlled experiments have shown UV 


Umax’ 504 nm) and a single LWS cone type U max : 607 nm) in their retina. The dissolved material in freshwater usually absorbs short 
wavelengths more readily than longer wavelength light, accounting for the brown appearance of much freshwater and explaining the 
presence of only LWS cone pigments in these species, (d) The elephant, Elephas maximus, has one spectral class of rods (7 max : 496 nm) 
and is a cone dichromat U max : 419 & 552 nm). It will therefore probably see the world in a similar way to a red/green color blind 
human, (e) The Boa constrictor is also a cone dichromat (x max : 357 & 549 nm) with high sensitivity to UV light, (f) Humans have one class 
of rod U max : 496 nm) and trichromatic cone vision U max : 420, 535, and 563 nm). (g) The blue tit, Parus caeruleus, has a single class of 
rods (x max : 503 nm) and four spectral types of cone U max : 371,448, 503, and 563 nm) (the absorption spectrum of the rod pigment is 
not visible as it is identical to that of one of the cones), (h) The goldfish, Carassius auratus, is also a cone tetrachromat (/t max : 355, 452, 
532, and 614nm). All the visual pigments shown are rhodopsins, except those depicted in (c) and (h) which are porphyropsins. 
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reflection from birds and fish to be important in mate 
choice. More speculatively, UV may also play a role in 
intraspecific communication in lizards, the localization of 
pheromones in desert iguanas, navigation by facilitating 
the detection of the plane of polarization of light, and the 
detection of planktivorous prey in fish. It has even been 
suggested that Kestrels may be able to detect otherwise 
well camouflaged voles by the UV reflection of their urine 
and feces. 

Given the amount of information UV light can convey, 
why are all species not sensitive to it? There are two 
possible drawbacks to perceiving UV. Firstly, short wave¬ 
lengths are significantly more damaging than longer ones. 
As this damage is cumulative over time, long-lived ani¬ 
mals habitually exposed to high light levels might benefit 
from the removal of UV by shortwave-absorbing filters in 
the eye (Figure 22). Secondly, short wavelengths are more 
prone to small particle scatter and chromatic aberration 
and thus degrade image quality and lower object contrast. 

Longwave Sensitivity 

Red may have special significance for both man and 
other animals. In human society, red is used to signify 
danger, has been associated with success in physical 
encounters, and is a potent natural and artificial sexual 
signal. Among animals, red also has sexual significance as 
seen, for example, in the inflated gular sack of male 
frigatebirds (Figure 20(a)), the genitalia of some pri¬ 
mates, and the red coloration of the male stickleback. 

The longwave part of the spectrum also provides the 
best example of a ‘secret’ visual channel in vertebrates. 
The vast majority of residual sunlight and biolumines¬ 
cence in the deep-sea peaks at short wavelengths and 
virtually all deep-sea animals are therefore only sensitive 
in this part of the spectrum (Figure 21(a)). Some dragon 
fish (Figure 24), however, not only produce red biolumi¬ 
nescence but are also sensitive to it. They are thus able 
to utilize a part of the spectrum other animals in their 
environment cannot see, which they can use for intraspe¬ 
cific signaling or the illumination of prey, immune from 
detection by both prey and potential predators. 

Polarization Sensitivity 

Electromagnetic radiation is made up of waves of oscillat¬ 
ing electrical and magnetic fields. The plane of polariza¬ 
tion of light, its e-vector, is determined by the direction in 
which the electrical field is oscillating. Although the light 
emanating the sun is unpolarized, with the e-vectors in all 
possible orientations, a number of interactions (e.g., scat¬ 
tering by particles in the atmosphere, reflection of light by 
shiny objects and water surfaces and refraction) can result 
in restriction of these directions. A limited oscillation 



Figure 24 Head of the red-sensitive deep-sea stomiid dragon 
fish Malacosteus niger. The eye appears red due to a longwave 
reflecting tapetum. The ‘teardrop-shaped’ structure below the 
eye is a red light-producing photophore. Photo courtesy of Justin 
Marshall. 

direction remains and the light is linearly polarized with 
its e-vector in this direction. 

Although e-vector sensitivity is widespread in inverte¬ 
brates, among vertebrates it seems less common with func¬ 
tional accounts so far restricted to some fish, amphibia, and 
birds. Since the sky contains linearly polarized light infor¬ 
mation related to the position of the sun, it is not surprising 
that polarization sensitivity is used in orientation and navi¬ 
gation by a number of animals. 

However, in a way analogous to an animal with one 
visual pigment being sensitive to a range of wavelengths 
but not being able to perceive color, being sensitive to 
a single plane of polarized light is not the same as polari¬ 
zation vision. This requires being able to distinguish 
e-vector orientations using two or more channels with 
different angles of maximal e-vector sensitivity. Animals 
that have this ability use the polarized light reflected from 
object surfaces in ways analogous to color vision for con¬ 
trast enhancement, camouflage breaking, object recognition, 
and signal detection and discrimination. 

See also: Thermoreception: Vertebrates. 
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Introduction 

Visual signal studies have a history that is in part marked 
by the role of coloration in the design of signals. Humans 
have long been interested in the richness of colors in 
animals (e.g., butterflies, snakes, birds) and in the taxo¬ 
nomic differences in sensitivity to color. In this article, 
the focus is on the mechanisms of visual signal production 
and perception by the sender and the receiver, respec¬ 
tively, rather than on their function, which is covered 
in other articles. In other words, how organisms are 
equipped to gather, process, and react to the information 
presented in a visual signal is addressed. This approach 
can provide a framework to understand interspecific dif¬ 
ferences in visual signal production and perception. 


An Informational Framework 

From a sensory perspective, the costs of gathering infor¬ 
mation from a visual signal depend on the properties of 
the visual system, which vary between species. For 
instance, some species may have low visual acuity but 
large visual coverage (e.g., low ability to detect objects of 
a given size from far, but wide visual field). Thus, all else 
being equal, visual signals would likely be perceived best 
at close distances irrespective of the position of the sender 
relative to the eyes of the receiver. In other species with 
high visual acuity but low visual coverage (e.g., high 
ability to perceive objects of a given size from far, but 
narrow visual fields), receivers would be able to perceive 
the sender from farther away, but senders would need to 
display the signal in the direction of the receiver’s eyesight 
to maximize information transfer. Therefore, differences 
in visual system properties could have important ecologi¬ 
cal implications, such as the positioning of senders and 
receivers, which could eventually affect neighbor dis¬ 
tance, territory location, etc. Additionally, the receiver’s 
responses to a visual signal may involve different sensory 
modalities: some species may respond visually, whereas 
others may use acoustic or chemical signals, or a combi¬ 
nation of all of them. 

Consequently, the configuration of the visual system 
may affect the ability to perceive and respond to signals, and 
the interspecific variability in the mechanisms of infor¬ 
mation gathering through the visual sensory modality 
may influence differences in signal shape between species. 


Furthermore, we can expect that the processing of a visual 
signal may be associated with the existence of certain 
structures in the brain specialized in handling that infor¬ 
mation. The principle of proper mass specifies that the 
mass of neural tissue devoted to controlling a specific 
function will be proportional to the amount of information 
necessary for that function. The implication is that if the 
requirements of processing information increase, so would 
the volume of the brain regions involved. 


Have You Got What It Takes to Signal 
Visually? 

What does it take to convey information with a visual 
signal? The answer to this question may be more com¬ 
plex than simply a bright color that looks attractive or 
repulsive to our eyes. There are factors that can affect 
the design of a signal and the efficacy with which infor¬ 
mation goes from the sender to the receiver: signal 
properties, the relationship between visual signals and 
ambient light (e.g., contrast of signal in relation to back¬ 
ground), the behavioral display of the signal by the 
sender, the distance to the receiver, the visual properties 
of the receiver, the attention level of the receiver in 
relation to the signal, etc. To exemplify these factors, 
we focus on birds because of the relatively good under¬ 
standing we have of the way they produce, transmit, and 
detect visual signals. Examples from other taxa are also 
used when appropriate. 

Signal Properties 

There is a huge diversity in the shape and size of visual 
signals. The basic form is a visual stimulus set against a 
contrasting background. The contrasting effect can also be 
achieved through the movement of the stimulus in relation 
to the background. A visual stimulus could then vary from 
a dark patch surrounded by white plumage to a white- 
colored tail that is moved at a certain speed in a dim-light 
habitat. 

One of the questions that scientists have asked is 
what signals are made of. In the case of bird coloration, 
signals can be made of chemical pigments and/or struc¬ 
tural colors. There is a wide diversity of chemical pig¬ 
ments in birds (melanins, carotenoids, etc.), which lie in 
integumentary structures (e.g., feathers, skin, beak, etc.). 
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Melanin is the most common pigment in birds, responsi¬ 
ble mostly for black, brown, rufous, and gray shades. 
Melanins are present for instance in the black plumage 
of red-winged blackbirds Agelaius phoeniceus , the brown 
dorsal feathers of Japanese quail Coturnix japonica , and 
the rufous breast plumage of Eastern bluebirds Sialia sialis. 
Melanins are produced by the animal through a process 
called melanogenesis. The factors affecting the costs of 
melanogenesis are not fully understood, but there is some 
evidence that the dietary availability of amino acids and 
minerals could influence the ability to synthesize mela¬ 
nins. For instance, diets supplemented with tyrosine and 
phenylalanine enhanced the blackness of the throat badge 
of house sparrows Passer domesticus, but did not affect the 
size of the badge. Steroid and nonsteroid hormones can 
also influence melanization; for example, house sparrows 
develop larger black throat badges when given testoster¬ 
one. This could have effects for male signaling, as the 
size of the badge could be a proxy of individual quality 
because it indicates an individual’s ability to endure the 
costs associated with melanization. 

Carotenoids are not as abundant as melanins, but they 
have received more empirical attention. Carotenoids are 
obtained through the diet, although birds can metabolize 
the ingested carotenoids into other forms. Carotenoids are 
responsible for red, orange, and yellow hues; such as the red 
and yellow plumage of hairy woodpeckers Picoides villosus , 
the yellow and orange rectrix tips and red wax wing of cedar 
waxwing Bombycilla cedrorum , and the orange tarsi of 
mallards Anasplatyrhynchos. Carotenoids have been involved 
not only as colorants but also as antioxidants, although 
the trade-off between these two functions is controversial. 
This is important because it raises the possibility that 
individuals may use them as indicators of individual quality. 
For example, house finches Carpodacus mexicanus that have a 
higher carotenoid intake tend to show a redder coloration, 
and this increases the degree to which females are attracted 
to them. In general, there seems to be stronger sexual 
selection on carotenoid-than on melanin-based coloration. 

The role of carotenoid-based coloration in mate choice 
requires the high degree of specificity observed not only 
in the visual signal, but also in the visual sensory abilities 
of conspecifics. Toomey and McGraw provided evidence 
that the levels of carotenoids in the house finch plasma 
were positively correlated with carotenoid concentration 
in the retina of both sexes, which opens up the possibility 
that individuals with greater levels of carotenoids in the 
retinal oil droplets would be able to better distinguish 
subtle differences in plumage coloration. 

There are other endogenously synthesized chemical 
pigments in birds; such as porphyrins found in the crests 
and wings of several Turaco species ( Tauraco sp.); pterin 
found in the eyes of blackbirds, starlings, owls, etc.; and 
psittacofulvin found in the red, orange, and yellow plum¬ 
age of parrots. 


Finally, structural colors in birds are different from 
pigments and result from the interaction between light 
and the varying refractive indices of nanoscale structures 
in the plumage, skin, and eyes of birds. More than 150 
species of birds have structural colors, the iridescent col¬ 
oration of hummingbirds being a prominent example. 
Structural colors are responsible for the iridescent colors 
in a wide range of wavelengths, noniridiscent blue, violet, 
green, UV hues, and white unpigmented feathers. How¬ 
ever, many colored visual signals in birds are actually 
formed by a combination of structural mechanisms and 
chemical pigments. For instance, the yellow skin of the 
toco tucan Ramphastos toco is produced by a combination of 
collagen nanostructures and yellow carotenoids. 

Visual Signals in Relation to Ambient Light 

We can think of the information transmitted by a visual 
signal as a stream of light being reflected by some body 
part of the sender because of ambient light (e.g., direct 
or indirect sunlight that goes through clouds, vegetation, 
etc.). On their way to the receiver’s eyes, light can be 
absorbed or scattered by various types of particles in the 
air. The light that is neither absorbed nor scattered 
reaches the cornea, lens, vitreous humor, and oil droplets 
in the photoreceptors, which fdter light before hitting the 
visual pigments present in the cones and rods. 

Two key components of visual signaling are ambient 
light and the visual background, which vary from habitat to 
habitat and in turn affect the light conditions upon which 
signals are transmitted and perceived. These habitat-specific 
differences in ambient light and background spectra can 
affect the design of male attraction signals (e.g., color or 
brightness). Ambient light and background spectra can also 
affect a female’s ability to discriminate between signals of 
different quality and therefore impact the chance of mate- 
choice errors. This process, called sensory drive, can 
enhance the divergence of mating signals, and lead to 
reproductive isolation, and eventually speciation. 

Some visual ecologists take into consideration these 
habitat-specific differences in ambient light not only to 
understand the mechanisms of signal production and per¬ 
ception, but also to develop models that quantify the 
degree of chromatic (color) and achromatic (brightness) 
contrast between a signal and the background. For 
instance, John Endler developed a model in the 1990s 
that has been the foundation for many studies that seek 
to assess the variability in signal design in relation to light 
conditions. Generally speaking, the model requires infor¬ 
mation on (I) irradiance, (Rb) reflectance of the back¬ 
ground, (Rs) reflectance of the signal, (T) transmittance, 
and (S) sensitivity of the retinal visual pigments and oil 
droplets. Simplifying substantially, the model calculates 
two products, one for the background (I x Rb x T x S) 
and one for the signal (I x Rs x T x S), which estimate 
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the ability of the receiver to perceive a signal against the 
background. The higher the difference between the two 
products, the higher the contrast between the signal and 
the background. As a rule of thumb, more contrasting 
signals are those with spectral properties similar to those 
of the prevailing ambient light but different from those of 
the background. For instance, the shade under a closed 
forest canopy is rich in green and yellow colors as a result 
of light being reflected by dense vegetation. However, the 
shade under open woodland is rich in blue due to sunlight 
being less affected by vegetation. Signals in closed forests 
are expected to increase conspicuousness by being red or 
orange against the green background, whereas signals in 
open woodland are expected to increase conspicuousness 
by being blue. 

This analytical approach to signal production and per¬ 
ception has made important contributions to our under¬ 
standing of the fitness consequences of the use of signals 
as well as the evolution of signal design. For instance, blue 
tit ( Parus caeruleus) males have a UV crown patch that they 
display during courtship. This crown patch shows high 
contrast in relation to green vegetation and brown leaf 
litter. Besides having colorful patches, animals can modify 
the visual background behaviorally to enhance plumage 
contrast. Golden-collared manakin ( Manacus vitellinus) 
males clear vegetation from the ground to set up courts 
that form the visual background for their displays as 
females observe them from perches. Male golden plumage 
patches used in courtship displays have greater chromatic 
and brightness contrast against the cleared ground than 
surrounding vegetation. Increasing visual contrast is 
important because mating success is higher in golden- 
collared manakin males with brighter plumage. 

A greater contrast between signal and background can 
also be achieved by using different heights in forested 
habitats, as light spectra change vertically. For instance, 
four species of sympatric lekking manakins living in the 
Amazonian forests place their leks for displays at different 
strata, enhancing the chromatic and achromatic contrast 
of their plumages against the background or color patches 
against their plumage. Gomez and Thery studied 40 bird 
species living in the canopy (green background with rich 
UV and blue ambient light) and understory (green/brown 
background with low UV light) in the French Guiana 
rainforest. Visual signals in these two light microhabitats 
seem associated with a trade-off between enhancing con¬ 
trast to facilitate visual signal transmission to conspecifics 
and reducing contrast to decrease conspicuousness to 
predators or prey. For instance, rainforest birds tend to 
have contrasting plumage patches in different parts of the 
body, depending on the light conditions: patches contrast¬ 
ing at long wavelengths are found in chest, head, and tail 
in the understory, and patches contrasting at short wave¬ 
lengths are found in wing and tail in the canopy. The 
position of these patches is related to the areas with the 


highest visibility toward conspecifics on a given stratum. 
At the same time, birds tend to have countershaded patterns, 
match their dorsal coloration to the background, and 
concentrate colorful areas on small patches in the plum¬ 
age to increase crypsis. 

Behavioral Display of the Signal by Sender 

How can a patch of UV coloration surrounded by red 
plumage become more easily detected by the receiver? 
The answer is, by displaying the signal through movement 
at a frequency and at an angle in relation to ambient light 
that enhances detectability. For instance, painted redstarts 
(Myioborus pictus) are flush pursuers that spread their 
conspicuous tails and wings, move their body, and have a 
high-contrasting black and white plumage to trigger 
insect flushing behavior in the direction opposite to that 
of the stimulus, facilitating prey capture. Courtship dis¬ 
plays of male peacocks ( Pavo cristatus) appear to take 
advantage of light conditions. Males position themselves 
at a 45° to the right of the sun azimuth with the female 
located in front, which may enhance the iridescent color¬ 
ation of the eyespots used in mate choice. Males also rattle 
their upper-tail feathers generating an audible sound, 
suggesting that this quintessential visual signal may be a 
multimodal signal. 

Methods used to increase the visibility of a signal are 
also found in other vertebrates. Anole lizards ( Anolis spp.) 
maintain territories by displaying head-bobs (upside- 
down head movements) and dewlaps (expansion of the 
throat fans). Males increase the rate at which they display 
head-bobs and dewlaps as the visual background noise 
from windblown vegetation increases, likely enhancing 
signal visibility. However, a high rate of visual displays 
could add costs to the sender on top of the costs of 
producing the signal itself (e.g., carotenoid intake, mela- 
nization, etc.). This raises the possibility of a potential 
trade-off between the performance (degree of movement 
of a visual signal) and the conspicuousness of a signal 
(degree of contrast between signal and background). For 
example, Galvan found a negative association between the 
degree of display complexity and the proportion of unme- 
lanized plumage in two displays used in threats and mate 
attraction in the black-and-white plumage of pelecani- 
forms (cormorants, pelicans, frigate birds, etc.). This suggests 
that the evolution of specialized visual signals has been 
affected by the costs of using different sources of signal 
information (degree of signal movement, signal coloration, 
signal shape, signal size). 

Visual Acuity and Distance to the Receiver 

Structurally, the difference in the size of the different 
components of the visual stimulus and the background 
has to be above the threshold of the receiver’s spatial 
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resolving power or visual acuity. Visual acuity is the 
ability of a visual system to perceive fine detail, such as 
black stripes against a white plumage. If the visual system 
cannot perceive the stripes as separate at a certain dis¬ 
tance (e.g., they are perceived as a single black area in the 
plumage), the efficacy of the signal drops substantially. All 
else being equal, the farther the signal from the receiver, 
the lower the chances that it will be perceived (under far 
distance conditions, the overall plumage color may matter 
more). Therefore, intra- or interspecific differences in 
visual acuity can have implications for patterns of spacing 
behavior between sender and receiver when signals are 
displayed. For instance, a male may wait to display until 
the female or a male competitor is within the threshold 
distance for their visual system. This could potentially 
affect the territory size. A butterfly with an aposematic 
signal may delay flashing its wings at a certain frequency 
until the predator is close enough to resolve the visual 
stimulus, which could also influence the patterns of 
escape behavior depending on the reaction of the preda¬ 
tor (e.g., the butterfly may decide to flush immediately if 
the predator keeps approaching instead of slowing down 
after detecting the signal). 

Visual acuity increases with eye size due to an increase 
in the size of the image projected onto the retina. Other 
factors influencing visual acuity are spacing (density) of 
photoreceptors, diffraction, aberration, illumination, con¬ 
trast, etc. More research is necessary to assess species 
differences in the way these factors influence the distance 
at which visual displays between sender and receiver take 
place, and the way habitat structure reduces visibility. For 
instance, in open habitats, the chances that predators detect 
prey have been shown to increase with the predator’s perch 
height and the spatial proximity of the perch to the prey on 
the horizontal plane: prey visibility declines to about 5% 
when a predator perches at 0.8 m high with a 20 m separa¬ 
tion from its prey, but increases up to 40% when a predator 
perches at 8 m with a 120 m separation from its prey. 

Properties of the Receiver’s Visual System 

Birds have visual systems that are quite different from that 
of humans, and this provides a unique opportunity to 
study the evolution of signal design in relation to visual 
properties. When a bird is head-up on the ground with its 
head stationary, the amount of information obtained around 
its head depends upon the extent of its visual field (com¬ 
posed of a binocular and two lateral areas), which deter¬ 
mines its visual coverage. Importantly, visual coverage 
varies substantially between species (e.g., starlings tend to 
have narrower visual fields than ducks, Figure 1). 

Many bird species also have at the rear of the head a 
blind area whose size is inversely related to visual cover¬ 
age when the head is stationary. How do species with blind 
areas solve the problem of extending visual coverage to 



(a) (b) 

Figure 1 Schematic representation of the extend of visual 
coverage in (a) starlings and (b) ducks. Drawn by Gabriela 
Sincich. 

detect a visual signal at the back of their heads? There are 
at least two possible strategies. First, they can move their 
head sideways to scan for a visual target with either lateral 
area. Second, in some species, they can move their eyes to 
enhance coverage. However, the degree of eye movement 
seems to be a species-specific trait that is related to the 
presence of contractile proteins in the extra-ocular mus¬ 
cles. Although the study of avian eye movement in an 
ecological context can be challenging because of the dif¬ 
ficulties of recording responses in natural scenarios to 
meaningful visual signals, new technologies in the form 
of eye trackers can facilitate this task. There are other 
studies of head movements, that indicate that different 
bird species increase the speed with which they move 
their heads sideways when presented with a visual stimu¬ 
lus of interest: an unfamiliar conspecific, a predator, prey 
items, etc. The variability in the mechanisms of informa¬ 
tion gathering (eye movements, head movements, etc.) is 
an open area for future research. 

In a bird that has its head steady in a head-up 
posture, there is a difference in visual acuity within the 
visual field that is influenced by optics and the density of 
photoreceptors and retinal ganglion cells. Areas of the 
retina with higher concentration of photoreceptors or 
retinal ganglion cells project into areas of the visual field 
that have higher acuity. A high-acuity area in the retina is 
called a fovea or area centralis (depending on whether 
there is a pit in the retina or not, respectively). Different 
species have different numbers and shapes of these high 
cell density areas. In some species, the lateral visual fields 
are subtended by areas in the retina with higher density of 
photoreceptors/retinal ganglion cells than the binocular 
visual field. The implication is that birds can have higher 
spatial resolution of a visual signal by placing their lateral 
fovea on the target of visual attention, in much the same 
way as humans place the center of their eyes toward a 
visual target. However, in birds, the placement of the 
fovea means that they have to move their head sideways 
(because their eyes are laterally placed) to get the highest 
visual acuity. Even raptors, which are known for their 
binocular vision, use their lateral areas to approach prey, 
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but instead of moving their heads while flying (which 
generates drag), they change the orientation of their flying 
pathways to keep either of their lateral areas focused on 
the prey item when raptors are about to grab the prey 
they switch to the binocular area. 

Let us add another level of complexity to the retinal 
level. Avian retinas have in general four types of single 
cones, one type of double cone, and one type of rod. Each 
kind of single cone has a different type of photoreceptor 
(and associated oil droplet) with sensitivity to long, 
medium, short, or violet/ultraviolet wavelengths. The 
spectral sensitivity of these photoreceptors combined 
with the fdtering properties of their associated oil dro¬ 
plets defines the overall spectral sensitivity of the retina. 
Interestingly, in birds the distribution of different types of 
photoreceptors varies considerably across the retina 
between species; species with similar cone distributions 
tend to share similar ecologies. For instance, double cones 
(generally associated with motion detection) are more 
abundant in the ventral sector of the retina in birds that 
forage on the ground, on top of water or canopies, whereas 
double cone abundance increases in the dorsal portion of 
the retina in birds that inhabit the mid-canopy. This has 
been interpreted as a result of the direction of predator 
attacks: motion detectors in the ventral portion of the 
retina project upwards in the visual field of species living 
in open habitats, whereas motion detectors in the dorsal 
portion of the retina project downwards in species living 
in closed habitats. However, further behavioral evidence 
is necessary to determine whether other factors (detection 
of conspecifics or food items) may be involved in this 
photoreceptor distributional pattern. 

Between species, visual signals seem to be tuned to the 
sensory capabilities of receivers. Begging displays in altricial 
species include offspring showing gape and body skin colors 
to the parents to increase detectability among siblings. 
Recent research shows that gape coloration enhances visual 
contrasts with skin coloration in dark nest environments. 
Signals and receptors have evolved to increase chromatic 
contrast. In general, bird orders that have been shown to 
perceive in the UV are more likely to have UV-reflecting 
plumage. This is important because it opens up the possibil¬ 
ity of sensory privacy; in other words, some species may 
signal in a wavelength range that is not perceived by com¬ 
petitors or predators. For instance, the badges of some 
songbird species are more conspicuous to songbirds with 
ultraviolet visual pigments than to raptors, which have violet 
visual pigments. Theoretically, this would allow for the 
transmission of signals involved in mate choice, while mini¬ 
mizing the costs related to conspicuousness to predators. 

Within species, there are patterns of laterality in the 
visual sensory system that can affect different behaviors. 
For example, European starlings have a higher density 
of medium- and long-wavelength single cones in the 
left retina and double cones (associated with motion 


detection) in the right retina, suggesting that color discrim¬ 
ination would be better with the left eye, whereas motion 
detection with the right eye. This was later supported by a 
behavioral test, in which starlings showed higher perfor¬ 
mance scores and quicker learning rates with the left eyes 
when exposed to a visual discrimination task. 

The overall implication is that the sender’s sensitivity 
to the spectral properties of a given visual signal will vary 
depending on which sector the retina the receiver is using 
to gather the information, the spectral acuity of that 
retinal sector, and how it projects to the visual field. 
This would probably translate into changes in head and 
body posture that could increase the sensitivity to certain 
wavelengths, but decrease the sensitivity to others, which 
may be handy depending on the reflectance spectrum 
of the signal. Further studies are necessary to integrate 
all these visual dimensions into mechanisms of visual 
communication. 

Processing of Visual Signals in the 
Receiver’s Brain 

This is probably one of the areas with the least amount 
of research attention because recording visual process¬ 
ing has been challenging. However, recent advances in 
new electrophysiological (neuronal) recordings, imaging 
(MRI), and immunohistochemical (early gene expression) 
tools have opened new windows into the brain. 

In birds, there are three main visual pathways from 
the retina to the brain: tectofugal pathway (involving the 
optic tectum, nucleus rotundus of the thalamus, and end¬ 
ing in the endopallium in the telencephalon), thalamofu- 
gal pathway (involving the optic nucleus of the thalamus, 
and ending in the visual Wulst), and the accessory optic 
system and pretectum pathway involved in optokinetic 
responses (ending in the cerebellum and other preoculo- 
motor/premotor structures). These visual pathways are 
relatively conserved in different vertebrate species. As 
outlined earlier, visual signals are expected to have an 
important motion component given by (1) the body and 
head movements of the sender, (2) the specific movement 
of the visual signal (e.g., visual display), and (3) the move¬ 
ment of the receiver in space while the sender signals, 
which requires the discrimination of the signal against 
the receiver’s optic flow (a pattern of apparent motion of 
the surrounding elements caused by the relative motion 
of the receiver). Numerous studies have shown the com¬ 
plexity of the organization of these visual pathways whose 
components are involved in the detection of different 
aspects of motion, color, shape, luminance, looming, etc. 
The different brain areas involved have complex regu¬ 
latory (e.g., hierarchical) mechanisms of activation and 
inhibition with neurons that have different degrees of 
spatial sensitivity, from covering a few degrees within the 
visual field to the entire field of view. Some of these 
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components, such as the optokinetic nuclei, are very sen¬ 
sitive to the exposure duration and novelty of visual signals 
in pigeons. Interestingly, visual information can trigger 
sensitivity in other sensory modalities: visual signals in a 
mate-choice context can affect the auditory parts of the 
brain in a song bird, which underscores that certain signals 
have multisensory nature. 

The relationship between visual displays of ecological 
relevance (e.g., mating, avoidance of brightly colored prey, 
etc.) and the visual pathways in the brain needs more 
multidisciplinary attention. The principle of proper 
mass provides a framework to assess the volume of areas 
in the brain in relation to the information processing 
needs within and between species. For instance, we can 
expect that females may have larger brain areas involved 
in visual processing to discriminate male visual displays. 
Nevertheless, the main problem with this potentially 
fruitful area of research is that we still know little about 
which specific areas involved in the three visual pathways 
are associated with the different types of ecologically 
significant visual signals. Identifying these areas seems a 
good starting point, as overall brain size may not be a good 
indicator of visual signal processing in some contexts. For 
instance, waterfowl show sexual dimorphism in various 
morphological characters as a result of sexual selection; 
however, sexes do not differ in overall brain size. 

Visual information processing in the brain has been 
proposed to have an important role in the social brain 
hypothesis, by which the large brain size of primates is 
explained as a result of the information loads that need to 
be processed while living in large and socially complex 
societies, primarily when it comes to establishing relation¬ 
ships between pairs of individuals. Some authors sug¬ 
gested that the extra-information load is the result of 
specialized mechanisms of visual information gathering 
(e.g., facial expression, gaze direction, etc.), which would 
lead to enlarged visual processing centers in the brain. 
Actually, the volume of and the number of neurons in the 
parvocellular layer of the lateral geniculate nucleus 
(involved in the analysis of fine visual detail and color) 
was found to be associated with group size in 14 primate 
species in a phylogenetically controlled analysis. 

The evidence supporting the social brain hypothesis in 
birds (e.g., relationship between group size and brain size) 
is controversial. Nevertheless, birds have been shown to 
have specialized mechanisms of social visual information 
gathering, such as gaze direction. Furthermore, differences 
in the early gene expression of some areas in the brain 
(extended medial amygdala, ventrolateral septum, anterior 
hypothalamus, and lateral subdivision of the ventromedial 
hypothalamus) associated with social stress, arousal, 
avoidance, and dominance have been used to explain 
differences between territorial and social species. Social 
bird species have also been found to have whiter plumage 
than nonsocial species, supporting the idea that visual 


signals may be important to maintain group cohesion in 
social birds. Yet, no studies have assessed in a comparative 
framework the association between specialized visual 
areas in the brain and measures of (1) sociality (group 
size, neighbor distance), (2) social cohesion (speed of 
information transfer in groups), and (3) mechanisms to 
gather visual social information (gaze direction, response 
to different types of social cues). 

Information Coded in a Signal 

The variability in signal design can influence its efficacy 
and content. Signal efficacy is related to its conspicuous¬ 
ness, whereas signal content is associated with its infor¬ 
mation content (e.g., how well a signal represents the 
physical condition of an individual). These two elements 
of a signal are expected to be balanced to optimize signal 
transmission under a given set of ambient light and visual 
background conditions. A recent study by Doucet and 
collaborators tackled this trade-off from a comparative 
perspective by assessing reflectance patterns of manakin 
plumage in relation to forest-shade illumination and the 
vegetation background in 50 tropical species. The diverse 
plumage of male manikins exhibited higher levels of 
chromatic and achromatic contrast against the back¬ 
ground in relation to the olive green plumage of females. 
This suggests that sexual selection may be the mechanism 
behind the evolution of multiple male plumage patches to 
increase signal efficacy during mate choice contexts. Male 
coloration in manakins is produced by a combination of 
chemical and structural colors whose degree of contrast 
would vary depending on the dominant wavelength they 
reflect and the ability of the male to display a particular 
colored patch. Different types of colors are then likely to 
result in different information contents for the receiver. 
Doucet and collaborators found that carotenoid coloration 
showed the highest level of chromatic contrast and moder¬ 
ate levels of achromatic contrast, which makes these signals 
excellent for transmitting content to the receiver (e.g., 
potential mates) at short distances because birds have a 
lower visual spatial resolution for chromatic (color) than 
achromatic (brightness) signals. However, black and white 
plumage patterns in manakins showed the highest values of 
achromatic contrast, resulting in greater conspicuousness at 
larger distances, particularly when coupled with behavioral 
displays. The main conclusion is that different plumage 
patches may optimize efficacy or content, depending on the 
distance between the sender and the receiver. 

Concluding Remarks 

Studying visual signals as a process in which information 
flows from the sender to the receiver allows us to assess 
signal transmission, gathering, and processing from a 
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mechanistic perspective. However, the interspecific varia¬ 
bility found in these mechanisms can then be placed in a 
comparative framework to understand some of the evolu¬ 
tionary pathways that have led to the high degree of visual 
signal diversity. Combining these two approaches in the 
study of visual signals would allow us to better understand 
the function of many of these signals by better designing 
experiments that manipulate key factors and by choosing 
key parameters that will consider the visual sensitivity of 
the receiver. 

See also: Alarm Calls in Birds and Mammals; Evolution 
and Phylogeny of Communication; Food Signals; Informa¬ 
tion Content and Signals; Mating Signals; Multimodal 
Signaling; Parent-Offspring Signaling; Vision: Vertebrates. 
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Introduction 

That sounds can be imitated seems rather obvious to 
us, for human language is clearly based on imitation of 
sounds. Yet, the ability to imitate sounds is distributed 
rather limitedly elsewhere in the animal kingdom. Per¬ 
haps most remarkably, there is little evidence that other 
primates, including our closest relatives, the great apes, 
are capable of vocal imitation. It appears that something 
rather dramatic happened during the past few million years 
that led human beings to have the ability to imitate each 
other, culminating in the development of our language. 

When we think about vocal learning, we usually think 
of the most striking cases, like parrots mimicking human 
speech or songbirds learning vast numbers of song types 
early in their lives. However, learning vocal signals can 
occur at various different levels. An animal may learn to 
understand just the meaning of a signal, a simple associa¬ 
tion-learning process that has been termed comprehen¬ 
sion learning. Alternatively, an animal may learn to use an 
existing signal in a novel context, a type of usage learning 
that has been highlighted by primatologists as an impor¬ 
tant overlap in the vocal development of non-human 
primates and humans. Finally, an animal may copy the 
form and structure of a signal independent of the context 
in which that signal is used. Such copying can be 
described as production learning, and is often also 
referred to as vocal imitation. Many authors use the 
term vocal learning to refer only to production learning. 

If we investigate the distribution of these types of vocal 
learning in the animal kingdom, it becomes clear that 
comprehension learning is relatively widespread and can 
be found even in insects and fishes. Usage learning is 
common among mammals, including carnivores, rodents, 
primates, pinnipeds, and cetaceans, and can also be found 
in many birds. Production learning is relatively rare. In 
mammals, the evidence is good for humans, whales, and 
dolphins, more limited for seals and bats, and increasing 
for elephants. As is well known, among birds, production 
learning is found in parrots and, less obviously, in hum¬ 
mingbirds. However, production learning is most striking 
among the songbirds, and, consequently, most study has 
been devoted to this group. Songbirds comprise almost 
half of the living species of birds, the oscine passerines, a 
group that includes many familiar species, for example, 
the thrushes, the finches, and the warblers. Because many 
of these species can be kept and bred in captivity, and 


their experience tightly controlled, a great deal of the 
research on vocal imitation has been carried out on them. 

Early Studies on Birds 

The study of vocal imitation has had an impact on our 
understanding of many aspects of animal behavior, particu¬ 
larly of behavioral development, illustrating clearly the 
subtle interplay between nature and nurture that shapes 
the ways animals behave. An important reason why vocal 
behavior has had such an important influence is the ease 
with which vocalizations can be analyzed and quantified. 
The sound spectrograph, developed in the middle of the last 
century, provides a plot of frequency against time so that the 
sounds produced by different animals can be compared in 
detail, either by eye or by quantitative measurements taken 
from spectrograms (see examples in Figure 1). The sound 
spectrograph has now been superseded by various software, 
but the principle remains the same; sounds can be studied 
and compared in much greater detail than most other 
aspects of behavior, and this has given a huge advantage to 
working with sounds. 

That birds can imitate sounds has been known for 
many years, but the first detailed study using the sound 
spectrograph was that of William Thorpe in the 1950s. 
Thorpe showed that young male chaffinches (Fringilla 
coelebs) reared in isolation from others of their species 
produced a very abnormal song (Figure 1). The song of 
birds reared in isolation was about the right length and in 
the right frequency range; it also consisted of a series of 
individual elements, as does normal chaffinch song. How¬ 
ever, the song of isolated chaffinches lacked the detailed 
structure of normal adult song, a series of phrases within 
which the elements are identical but between which ele¬ 
ments differ. This series of phrases is followed by a sweep¬ 
ing end phrase or flourish that is often totally absent in 
birds reared in isolation. In contrast to isolated birds, 
young chaffinches able to hear recordings of adult male 
song during the first year of their lives not only sang 
normally when they became mature, but produced songs 
that were identical to the songs that they had been played. 
Clearly, the young chaffinches had copied the sounds 
from the recordings they had heard (Figure 2). 

A more extreme treatment than depriving a young bird 
of a tutor that it may copy is to deafen it. A deafened bird 
not only cannot hear a song on which to base its own song, 
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but also cannot hear its own efforts to produce songs and 
so match them to songs it has heard. The effect of deafen¬ 
ing is drastic, particularly if a bird is deafened before it 
hears others singing. In this case, its song may consist of 
little more than a screech. 

The Auditory Template Model 

Thorpe’s early studies with chaffinches have been con¬ 
firmed by similar work with many other songbirds, and 
led to the auditory template model of song development 
(Figure 3). This model proposes that young birds hatch 
with a crude template, a rough idea of what their own 
species song sounds like. In most species, the template 
places tight constraints on what songs birds will copy. 
Only if birds hear their own species song will they mem¬ 
orize it and develop an exact template, a precise memory 
of the song or songs they have heard. Once birds start to 
sing, they match their own efforts to this template during 
a period of subsong when their song is developing so that 
finally, when their full song crystallizes, it is a more or less 
exact copy of what they had heard earlier. 


Wild chaffinch song 



Figure 1 Sonagrams of a typical wild chaffinch song and of the 
song of a chaffinch reared in isolation. 


Variations on the Auditory Template 
Theme 

While the auditory template model briefly described above 
remains a good model for song development in many bird 
species, it does not adequately describe the huge variety of 
song development strategies found even among songbirds. 
Some, like the northern mockingbird (Mimus polyglottos) in 
America, the marsh warbler ( Acrocephalus palustris) in Eur¬ 
ope, or the lyrebirds (. Menura spp.) in Australia, habitually 
mimic songs of a great variety of other species. The 
learning of such diverse sounds can be accommodated in 
the auditory template model by assuming that in such 
species the crude template has rather broad limits, perhaps 
set not by some neural constraint, but by what their vocal 
apparatus can manage. In other cases, it appears that social 
interactions have an important part to play in determining 
what songs birds learn. Birds may not learn from record¬ 
ings, or may at least be more likely to learn from live 
individuals with whom they can interact. Song learning is 
often restricted to a short period early in life before the 
young bird starts to sing himself. However, this period may 
be extended quite considerably if a young bird has a live 
tutor, presumably a much more adequate and exciting 
stimulus than a tape recording of song. 

A further question concerns the extent to which a 
young bird actually learns the song elements that it pro¬ 
duces. Analysis of songs of many individuals of a par¬ 
ticular species may show that the elements of which 
songs are composed are actually quite limited in number. 
For example, all the songs of indigo buntings [Passerin a 
cyanea) seem to consist of something over 100 distinct 
element types, and swamp sparrows ( Melospiza georgiana ) 
have only around 50. Are the elements an individual uses 
learnt from others or are they all there at the outset and 
those that are used selected from a preexisting reper¬ 
toire to match those of the birds round about them? 
Existence of a preexisting repertoire stored somewhere 
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Figure 2 Sonagrams of four chaffinch songs, the two on the left sung by a tutor and those on the right by a young bird that copied 
from him. In the upper case, the young bird made a perfect copy, the sequence of syllables in the two songs being exactly the 
same. In the lower example, the young bird had clearly copied the tutor song but in doing so, missed out a section towards 
the end. Sonagrams courtesy of Katharina Riebel. 
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Figure 3 The auditory template model of song development 


in the central nervous system may seem far-fetched, but 
there is some evidence in its favor. For example, sedge 
warblers (A. schoenobaenus) that are hand reared in isola¬ 
tion develop a larger repertoire of song elements than 
those tutored with tapes. Sedge warblers hatch after adult 
males of their species have stopped singing, and so the 
young have no opportunity to learn from adult males 
before departing on migration. The following spring, 
when the young return to set up territories, they produce 
highly varied songs at first. However, over a few days, their 
song repertoire becomes much more limited. The young 
tend to retain song elements that they share with neigh¬ 
bors and to throw away those they do not. Such neighbor 
matching may be important in male—male interactions in 
many birds, enabling them to keep those elements most 
useful to them. 

Brown-headed cowbirds {Molothrus ater) are another spe¬ 
cies in which the opportunity to learn from adults is very 
limited, because cowbirds are brood parasites and young 
cowbirds hatch in the nests of other species. When young 
cowbirds fledge, they collect in flocks, and it is in these that 
young males develop their songs. Again, young males pro¬ 
duce a wide variety of sounds, but these slowly become 
restricted to a more limited repertoire. Very remarkably, 
males of one subspecies kept with females of another 
develop songs more appropriate to the females’ subspecies 
than to their own. The female cowbirds have a display that 
they produce after hearing particular male sounds, and 
males are more likely to repeat sounds rewarded in this way. 

Thus, although male cowbirds cannot learn from other 
males of their species, they appear instead to be con¬ 
ditioned to sing songs that females prefer. Such condition¬ 
ing may well be widespread, as birds often produce a 
much wider variety of sounds in subsong than they later 
use when song is fully developed. Crystallization of song 
may not be so much a matter of learning song elements as 


of trying out various options and discovering which ones 
work. If so, some aspects of song learning would fall into 
the category of usage learning rather than that of produc¬ 
tion learning. 

Despite these provisos, there can be little doubt that 
the majority of songbirds use production learning, that is, 
they learn the form of the song elements that they pro¬ 
duce rather than selecting from a preexisting repertoire. 
For example, isolate-reared male chaffinches, rather than 
producing a greater variety of elements, sing very abnor¬ 
mal and very simple songs. Furthermore, male chaffinches 
reared with exposure to unusual songs may sing elements 
quite unlike those of their own species, for example those 
of a tree pipit (Anthus trivialis) or canary (Serinus canaria). 
Even if individual elements were not learnt, their 
sequence would have to be; of the vast number of orders 
in which elements might be placed, most young birds 
choose the precise one that matches the order used by 
an adult male with which they interact. However, ordering 
unlearnt syllables into a sequence matching that of a tutor 
could be achieved by usage learning without the need to 
learn the acoustic structure of each syllable. In practice, 
determining the kind of learning responsible for the com¬ 
plex song found in each species can be difficult. 

Song learning in birds varies in a number of other ways. 
Some species may learn throughout life so that, for exam¬ 
ple, if they change territories in adulthood, they can 
change their songs to match those of their new neighbors. 
However, in most species, learning is restricted to the first 
few months of life, and, once a bird is mature, its songs 
will not change. 

Learning does not often appear to be only of fathers’ 
songs, but is often limited to the fledging period or to the 
weeks in the following year when birds start to sing again 
and set up territories, or it may occur both at fledging and 
when setting up territories. As already noted, birds may 
learn many songs as juveniles and then select those to be 
used that match their neighbors when they first set up 
their territories. However, in many species, songs often 
remain unchanged thereafter for the rest of their lives. 

Given that most vocal learning occurs only by learning 
from conspecifics, vocal learning is by definition a form of 
social learning. The study of vocal learning has therefore 
provided a great many examples of cultural information 
transmission in animals and has also illustrated some of 
the mechanisms of cultural drift. As mentioned earlier, 
some birds are very restricted in what they will learn, 
while others have a remarkable capacity to copy all sorts 
of sounds that they hear. The latter type of learning may 
be favored by sexual selection as a means of achieving 
variety in vocal output. However, even birds that will only 
learn sounds that closely match those of their own species 
can make transcription errors. While transcription errors 
may be unusual, occurring only on a few percent of 
occasions, miscopying is clearly much more frequent in 
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song learning than in genetic transmission, and can have a 
huge impact on the distribution of songs in a population. 
Dialects, or geographical variations, probably arise simply 
because songs are not always copied accurately so that the 
longer since birds had a common cultural ancestor, the 
more likely their songs are to differ. Songs can also vary 
with time. For example, a new song may arise when an old 
one is miscopied or an old song may become extinct when 
its owner dies without its song being passed on. Thus, 
songs may come and go. Mortality among small birds is so 
high and the mutation rate in songs so great that we can 
actually follow such changes without difficulty by observ¬ 
ing a population for only a few years. 

Miscopying may also account for many cases of mim¬ 
icry, in which the occasional young bird learns the song of 
a species other than its own. However, miscopying is 
clearly not always the cause of atypical song as mimicry 
is widespread in some species, such as the starling ( Sturnus 
vulgaris) in Europe and North America, and the lyrebirds 
in Australia. In these species, copying of other species may 
be advantageous, because it adds to the variety of sounds a 
bird produces which may help to make a male more 
attractive to females through sexual selection. Just why 
mimicry is an important influence on the song develop¬ 
ment of such species remains an open question. 

Fitting Mammals into the Picture 

In mammals, most evidence for production learning lacks 
the detailed information on mechanisms or development 
available for many bird species. The first studies of vocal 
learning in mammals focused on primates. Much effort 
has been spent in trying to find production learning in 
non-human primates because production learning is so 
important for language development in humans. As a 
result, we have a very good understanding of vocal control 
in squirrel monkeys ( Saimiri sciurus) and of the learning 
abilities of macaques ( Macaca spp.). 

Researchers have tried to find vocal learning by train¬ 
ing primates directly, by comparing different populations, 
and by cross-fostering experiments. The results of all of 
these studies point to a very limited flexibility in the vocal 
development of non-human primates. Some species appear 
to match subtle vocal parameters to those of conspecifics, 
but it is unclear whether this matching represents imitation 
of a novel call or the selection of a version of a call that had 
been in the caller’s repertoire all along. 

The first hint at production learning in nonprimate 
mammals appeared in the early 1970s, when Roger Payne 
described the songs of the humpback whale ( Megaptera 
novaeangliae). During the mating season, male humpback 
whales produce long, elaborate, highly structured song 
sequences (Figure 4). Each song consists of phrases and 
themes that appear in a very strict sequential order. This 


structure enabled researchers to look at changes over time 
and also to compare the songs of different groups of 
humpback whales. Strikingly, all whales in a population 
appear to sing the same song in the same season. However, 
the song changes during each breeding season with all 
members of the population converging on a novel song 
each year. These changes can be subtle, and a study on the 
Bermuda population of humpback whales showed that it 
took 12 years for their song to change so much that it had 
no similarities with the song recorded at the start of the 
study. However, when whales from different populations 
come together, change can be much quicker. In Australia, 
a similar change in song took only 2 years after animals 
from the West coast migrated to the East coast and intro¬ 
duced their song there. While it seems clear that males 
use their songs either for mate attraction or in more direct 
male-male competition, the reasons for changes in song 
structure are still unclear. 

The most versatile vocal learner among mammals 
appears to be the bottlenose dolphin ( Tursiops truncatus). 
In 1984, Richards and colleagues showed convincingly 
that these animals can copy novel, computer-generated 
signals, often producing accurate copies at the first attempt. 
Richards’s study also showed that dolphins can associate 
such novel sounds with novel objects and, in experimental 
studies, can use these sounds to refer to the appropriate 
objects. Since then, many cetacean species have been found 
to be capable of vocal learning, using vocal learning either 
in their song displays or in calls used for individual 
recognition. 

Bats and dolphins also use vocal learning in the devel¬ 
opment of recognition calls. While in most traditional 
studies, vocal learning has been seen as a way to increase 
similarity between individuals, bats and dolphins appear 
to use vocal learning to make themselves more distinctive. 
Distinctive calls provide a clear advantage in environ¬ 
ments with high background noise if other sensory mod¬ 
alities, especially vision or olfaction, are of limited use for 
locating a group member. Bottlenose dolphins, for exam¬ 
ple, produce individually distinctive signature whistles. 
Each animal invents its own distinctive frequency modu¬ 
lation to signal its identity, and it is this modulation 
pattern that others learn to associate with the identity of 
the caller. In the development of its signature whistle, an 
individual appears to use the modulation pattern of 
another member of the population and modify it slightly 
to produce a novel signal. 

Greater spear-nosed bats ( Phyllostomus hastatus) and 
killer whales ( Orcinus orca) have group-specific calls that 
are learned and appear to help in the maintenance of 
group cohesion and identity. Infant greater horse-shoe 
bats (yRhinolophus ferrumequinum) learn to match the fun¬ 
damental frequency of their mothers to help reunion in 
their extremely noisy and dark roosts which often hold 
thousands of individuals. 
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Figure 4 Spectrogram of a section of a humpback whale song. Themes are separated by thick vertical lines. Phrases within 
themes are separated by thin vertical lines. Janik VM (2006) Communication in marine mammals. In: Brown K (ed), Encyclopedia of 
Language and Linguistics 2nd edition, Vol. 2. Elsevier, Oxford, pp. 646-654. 


In pinnipeds, vocal production learning has been found 
in true seals (phocids). The most famous example for this 
was a harbor seal ( Phoca vitulina) named Hoover that 
started to use human words after it had been raised by 
one of its keepers. Further evidence of vocal production 
learning in pinnipeds comes from male northern elephant 
seals (. Mirounga angustirostris) that often copy the call 
structure of the most dominant animals on a beach. 

Like many birds and humpback whales, phocid seals 
use acoustic calls in underwater song displays to attract 
females during the mating season. However, the elephant 
seal example shows that the ability to vocalize is also used 
in a different context from underwater song, that is, in 
single-element calls used in male-male interactions on 
breeding beaches. 


The most recent addition to list of mammalian vocal 
learners is the elephant. African and Indian elephants 
(.Loxodonta africana and Elephas maximus ) have been found 
to modify their vocalizations to match various sounds in 
their environment. However, at present, there is no infor¬ 
mation as to the functional use of such signals. 

Why Learn? 

A particularly perplexing question is why some animals 
learn the sounds that they produce while others do not. 
Given our own capacity for vocal learning, the use of 
learning in vocal development is obviously of particular 
interest to us, as it may provide a key to understanding 
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the origins of language. As the extent to which other 
primates can alter the sounds that they produce is limited, 
comparisons with other primates give us few clues as to 
the origins of human speech. Perhaps, hints may be 
obtained by casting one’s net more widely to include 
nonprimate species in which vocal learning has evolved. 

Among songbirds, a number of suggestions have been 
made as to why vocal learning may be beneficial, though 
most hypotheses do not seem applicable to more than a 
small number of species. If males learn from their fathers, 
perhaps females might use song as a cue to choose appro¬ 
priate mates, for example, by avoiding close relatives. Use 
of song to prevent inbreeding does seem to occur in some 
Darwin’s finches (Geospiza spp.), but these are among the 
few species in which father to son song transmission 
appears to be the norm. However, kin recognition need 
not rely on learning. 

Song learning may also enable birds to develop songs 
that are particularly appropriate to the habitat in which 
they live. Because song degrades on its passage through 
the habitat, a young bird hearing song at a distance will be 
able to copy only those sounds that transmit well. As a 
result, with succeeding cultural generations, song will 
become progressively better adapted to the environment 
in which it is produced. Again, there are some excellent 
examples of such learning of songs that transmit well, but 
there is little evidence of a similar process occurring in 
many other species. 

Song learning may also be a way of generating variety. 
In some species, females have been shown to prefer males 
with the largest song repertoires, and learning may enable 
males to increase the size of their song repertoires. How¬ 
ever, given that some birds, like the sedge warblers 
referred to earlier, develop larger repertoires in isolation 
than when they are tutored, learning does not appear to be 
essential to the generation of variety. Where males have 
small repertoires of songs that they use to interact with 
each other, perhaps the most likely benefit of learning is 
that it enables males to develop songs that match those of 
particular neighbors with which they can then counter¬ 
sing, but then, there are many cases where neighbors share 
songs rather little, if at all. Finally, as mentioned earlier, 
vocal learning can be used to increase the variability 
between individuals, which may help to improve individ¬ 
ual recognition in noisy environments. 

The reason why many animals learn the calls and songs 
that they produce remains something of a mystery. It may 
be that vocal imitation originally evolved in a quite differ¬ 
ent context to the one in which it now takes place and may 
persist for reasons quite different from those that currently 
sustain it. If territorial males do not learn their songs, all 
will sing similarly and be able to match each other. How¬ 
ever, when males learn their songs, they will make mistakes, 
and different song types will arise. Thus, a bird may have 
neighbors with varied songs, and a small repertoire of 


learnt songs may be essential if it is to match all of them. 
Any animal that loses the capacity to learn will be unable to 
match songs with its neighbors and will therefore be at a 
disadvantage compared with those that can. 

As we have seen, many sounds that animals learn to 
make by imitation are the complex and varied ones that 
we refer to as ‘song.’ However, vocal learning is not simply 
a result of complex vocalizations requiring learning for 
their transmission. Some very complex songs, such as 
those of gibbons (Hylobates spp.), are not influenced by 
production learning, and some simple calls, like the 
chink and rain calls of the chaffinch, are copied from 
other individuals and vary from place to place. 

Although we can recognize some general situations 
where vocal learning seems to be useful, there appears 
to be no single feature of acoustic communication that 
is impossible without vocal learning. The exception is 
human language. However, even in humans, the origins 
of vocal learning are unclear, and may have arisen in a 
different context from any that were selected for vocal 
learning in animals. Consequently, to understand the ori¬ 
gins of vocal learning, we have to consider each species 
individually. From the distribution of vocal learning, it 
seems likely that there are many different selection pres¬ 
sures that can lead to its evolution. 

See also: Acoustic Signals; Alex: A Study in Avian 
Cognition; Anthropogenic Noise: Impacts on Animals; 
Avian Social Learning; Communication Networks; Cul¬ 
tural Inheritance of Signals; Dolphin Signature Whistles; 
Evolution and Phylogeny of Communication; Mating 
Signals; Sound Production: Vertebrates; Syntactically 
Complex Vocal Systems; White-Crowned Sparrow; 
Zebra Finches. 
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Introduction 

Aside from insects, the diversity of the sounds of frogs, 
birds, whales, and dolphins typically comes to mind when 
most scientists and nonscientists think of non-human 
sounds. And yet, sound production among fishes has been 
documented in the scientific literature since descriptions 
by Aristotle. In fact, the available evidence indicates that 
sound production is as widespread among fishes, the most 
species-rich group of living vertebrates, as among all other 
major lineages of vertebrates. 

One of the reasons why most of us are unaware of the 
‘voices’ of fish is that one typically has to be within a few 
centimeters of the fish, that is, the sound source, in order 
to hear it without the aid of an underwater microphone 
known as a ‘hydrophone.’ A second major reason why most 
people are unaware of fish sounds is that it is not readily 
apparent when they are being sonic. It is relatively easy to 
tell when humans are speaking, birds are singing, and frogs 
are calling because of the visually recognizable movements 
of either the mouth and throat by birds and mammals or the 
inflation of air-filled sacs by amphibians during these beha¬ 
viors. Although fish exhibit a range of sound-producing 
mechanisms that appears unsurpassed by other major groups 
of vertebrates, their ‘vocal organs’ are typically internal, 
hidden from view within their body cavity. In a fewer 
number of cases, the movement of fins and tendons is the 
sound source, but one naturally assumes such movements 
are involved in maneuvers through the water. 

While the vocal organs of fishes have been studied 
since the middle to late nineteenth century, it is only 
during the past two decades that there have been numer¬ 
ous investigations of the role of the central nervous system 
(CNS, brain, and spinal cord) in sound production. 
Together with studies of nonmammals, these investiga¬ 
tions now show that the major CNS regions involved in 
sound production among fishes are similar to those found 
in all other vertebrates, including primates. 

In this brief review of the behavioral, biomechanical, 
and neural mechanisms of vocalization among fishes, we 
first provide an overview of the kinds of sounds that fishes 
produce. This is followed by discussions of how the 
actions of vocal organs and the CNS contribute to the 
remarkable diversity of vocal behaviors exhibited by 
fishes. Lastly, we consider hormone-dependent changes 
in all of the aforementioned mechanisms in the con¬ 
text of seasonal patterns of reproductive-related social 
vocalizations. 


Phytogeny of Vocal Fishes 

We first need to provide a taxonomic context for the 
ensuing discussion of fish vocalization (Figure 1(a)). 
Fishes include two major assemblages commonly referred 
to as ‘cartilaginous’ and ‘bony.’ Cartilaginous fishes, or 
Chondrichthyes, are represented by elasmobranchs (sharks, 
skates, rays) and chimaeras (ratfish). To date, there is 
extremely limited evidence for elasmobranchs having 
the ability to produce potentially communicative sounds: 
stingrays have been anecdotally documented to grind 
their teeth as an audible defensive warning signal. The 
much larger group of bony fishes (Osteichthyes) includes 
two classes: Sacrcopterygii and Actinopterygii. Sarcop- 
terygii are the lobe-finned fishes and, on the basis of 
their shared evolutionary ancestry (cladistics), comprise 
lungfishes, coelacanths, and the tetrapods (amphibians, 
reptiles, birds, and mammals). Accounts of vocalizing 
lungfish date back to the middle nineteenth century, but 
this work has never been pursued and remains a rich area 
for future study. While the behavior of coelacanths has 
been recorded over the past two decades, there have 
been no reports of sound production. The Actinopterygii, 
or ray-finned fishes, includes several groupings, the 
most recently evolved and largest being the Teleostei. 
The current number of species of teleost fishes, which 
continues to increase, is about 27 000 and is close to the 
total number of sarcopterygians (i.e., lungfish, coela¬ 
canths, and all tetrapods). Among Osteichthyes, vocaliza¬ 
tions are reported at many phylogenetic levels, including 
the basal taxa of the Actinopterygii such as the orders 
Polypteriformes ( Polypterus , bichir) and Acipensiformes 
( Scaphirhynchus , sturgeon). The presence ot sounds in 
these basal, ancestral lineages indicates that vocalizations 
are an ancient component of vertebrate behavior and 
communication. 

Vocalizations of Fishes 

We use the term ‘vocalization’ to describe the sounds of 
fishes because (1) they are used in the same social behav¬ 
ior contexts as the sounds of terrestrial vertebrates, 
namely, courtship and defense, and (2) the brain regions, 
and in many cases the muscles as well, underlying their 
production are evolutionarily conserved across the major 
lineages of vertebrates. These shared traits are discussed 
in more detail in this and subsequent sections. 
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Fish vocalizations, like those of other vertebrates, can be 
described by several easily measured acoustic parameters 
including amplitude (or intensity), frequency content, and 
temporal structure (Figures 2 and 3). The descriptor ‘gross 
temporal structure’ refers to the envelope that encloses 
an acoustic waveform with a limited duration, that is, lasts 
for a finite period of time (Figure 2(a) and 2(b)). ‘Fine 
temporal structure’ refers to the more rapid shifts over that 
same time period in the acoustic waveform itself that is 
within the envelope (Figure 2(c) and 2(d)). The temporal 


structure of a call can be influenced by modulations in 
its amplitude and frequency content over the course of its 
duration, as described by the terms ‘amplitude’ and ‘fre¬ 
quency modulation’ (AM and FM, respectively; Figure 3(a) 
and 3(b)). While the degree of AM can vary widely 
between calls and is easily detected in the fluctuations in 
the relative amplitude of a sound’s envelope (Figures 2(a) 
and 2(b); 3(a)), FM is best shown in a sound’s energy 
spectrum (plot of frequency versus energy or intensity, 
Figure 3(b)). 
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Figure 1 Vocal behaviors and neurons of vertebrates, (a) A cladogram illustrates the ancestral relationships of living bony vertebrates. 
Acoustic communication occurs in most of the major vertebrate lineages, including fishes. Also shown are oscillogram records of the 
vocalizations of representative vertebrates in several of the groups; from top to bottom, the grunt train of a midshipman fish (Porichthys 
notatus), the advertisement call of a bullfrog (Rana catesbeiana), the song of an estrildid finch (Taeniopygia guttata), and the cackle of a 
squirrel monkey (Saimiri sciureus). The scale bars for each call represent 500 ms, 1.0 s, 250 ms, and 200 ms from top to bottom. Vocal 
mechanisms are unknown for the lobe-finned fish (‘Other Sarcopterygii’), although well known for nonavian (‘Other’) Reptilia (such as 
gekkonid lizards), (b) Ancestral vocal pacemaker - motor neuron circuit. Among batrachoidid fish (midshipman and toadfish), the firing 
rate of the vocal circuit directly determines the repetition rate of the sound pulses and the entire duration of a natural call. Top: Shown here 
is a transverse section at the transition between the hindbrain and spinal cord showing labeling of the midline-positioned vocal motor 
nuclei (VMN), adjacent pacemaker neurons (VPN), and the VMN axons that exit the CNS via nerve roots that form the occipital vocal nerve 
(OVN). The labeling of neurons is due to the transport of a biotin compound (neurobiotin) across the synapses that link neurons within the 
vocal circuit. The bar scale represents 100 jxm. Bottom: The rhythmic, oscillatory-like firing of one vocal motor neuron (top trace: four 
action potentials) is aligned with occipital nerve activity (bottom trace: four compound action potentials that represent the synchronous 
firing of motor neurons). The records are aligned to indicate the relative timing between the activity of the VPN, the VMN and the nerve 
output that determines the contraction rate of vocal muscles and, in turn, the duration and pulse repetition rate of natural calls. The 
response was evoked from the CNS by electrical microstimulation in the midbrain (a low amplitude stimulus artifact of two pulses 
appears to the far left in each record). The horizontal bar represents 20 ms, while the vertical bar represents 20 and 1 mV, respectively, for 
the VMN and OVN records. Reproduced from Bass AH, Gilland E, and Baker R (2008) Evolutionary origins for social vocalization in a 
vertebrate hindbrain-spinal compartment. Science 321: 417-421. 
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Figure 2 Two representative calls of the toadfish Batrachomoeus tripsinosus illustrating basic principles of fish acoustics, (a) Grunt 
of B. trispinosus showing the call envelope, with little overall change in amplitude, (b) Hoot of B. trispinosus showing the call envelope, 
with a comparatively large overall change in amplitude, (c) Fine call structure of the B. trispinosus grunt in (a) showing sound pulses 
forming an irregular temporal pattern (i.e., the intervals between sound pulses), (d) Fine call structure of the B. trispinosus hoot in 
(b) showing sound pulses forming a regular temporal pattern, (e) Power spectrum of the B. trispinosus grunt in (a) showing lack of 
clear harmonic structure of the call, (f) Power spectrum of the B. trispinosus hoot in (b) showing the prominent harmonic structure of the 
call. F 0 indicates the harmonic peak corresponding to the fundamental frequency of 150.7 Hz, and the first four harmonics have 
frequencies of 301.5, 452.2, 602.9, and 753.7 Hz. Batrachomoeus trispinosus data are from Rice and Bass (2009). 


The amount of energy in each of the frequencies that 
contributes to the energy spectrum of a vocalization leads 
to their classification as either broadband or multiharmonic 
(Figure 2(e) and 2(f)). As the name implies, broadband calls 
have a broad energy spectrum (Figure 2(e) and 2(f)) that 
often lacks sharp peaks. Broadband calls also have an irregu¬ 
lar pulse repetition rate (PRR), that is the rate at which 
individual sound pulses are produced within a single call 
(Figure 2(a) and 2(c)). By contrast, multiharmonic signals 
have a nearly constant PRR or fundamental frequency (F 0 ) 
with several prominent harmonics (Figure 2(b) and 2(d)). 
Harmonics are integer multiples of the F 0 ; hence, a call with 
a F 0 of 100 Hz (cycles per second) might have harmonics at 
200, 300, 400 Hz, and so on (Figure 2(f)). 

The nature of the sound, either broadband or harmonic, 
is also predictive of the underlying peripheral vocal 


morphology used to create the sound. Harmonic sounds 
in fishes are primarily produced by contracting muscles. 
For these vocalizations, both the PRR and the F 0 vary 
inversely with ambient temperature because of the 
temperature sensitivity of both the firing frequency of 
a CNS vocal pattern generator that establishes the 
contraction rate of vocal muscles and the efficiency of 
the muscle contracting at a particular temperature (see 
later sections). 

Social Context of Fish Vocalizations 

The idea that vocalizations in fishes may play a similar 
behavioral role to those observed in tetrapods dates to the 
middle nineteenth century, but this was not conclusively 
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Figure 3 Patterns of modulation in the growl call of the plainfin midshipman fish, Porichthys notatus. (a) Waveform showing examples 
of different patterns of amplitude modulation (AM) over the course of the call. Arrows indicate temporal position of maximal AM within 
the call, (b) Spectrogram showing examples of frequency modulation (FM) over the course of the call, with arrows indicating the 
beginning and end of FM down-sweeps in the call. The growl of the midshipman is unique among fish vocalizations, as it exhibits both 
AM and FM; many fish calls exhibit AM, but few exhibit FM. 




demonstrated until the 1960s. For fishes, vocalizations are 
mainly important in mate attraction and aggression, and 
different types of calls are produced in these two behav¬ 
ioral contexts, distinguished chiefly by total call duration. 
Sounds produced in courtship are comparatively long- 
duration, repeated calls, and in many taxa part of a visual 
display. Territorial males will spend extended periods 
of time calling to attract females to their nest site to entice 
them to deposit eggs for fertilizing. In contrast, agonistic 
sounds are usually shorter duration sounds directed at 
territorial intruders, competing conspecifics, or predators. 
Underwater playbacks have been used to demonstrate 
the significance of spectral and temporal parameters of 
different call types. For example, when female midship¬ 
man fish (Porichthys notatus) are exposed to playbacks of 
the male’s courtship call (the ‘hum’) from an underwater 
speaker, they are immediately attracted toward the 
speaker. Conversely, when exposed to playbacks of ago¬ 
nistic sounds, midshipman and toadfish will either swim 
away from the speaker or, in the case of males, stop 
calling. As the courtship call of the male toadfish (the 


‘boatwhistle’) serves as an advertisement to females 
within the colony of chorusing males, there is often 
intermale competition when boatwhistling. Playbacks 
of the male’s boatwhistle to other males will either 
induce or escalate the experimental male’s rate of call¬ 
ing. Thus, by exposing either a male or a female fish to a 
conspecific sound through the use of underwater play¬ 
backs and eliciting a behavioral response (either positive 
or negative) experimentally demonstrates and confirms 
the behavioral significance of the different calls. Other 
studies have shown that male toadfish exhibit a rapid 
decrease in their call rate (an acoustic startle response) 
following playbacks of the low-frequency calls of preda¬ 
tory dolphins. 

Vocal Organs 

The most common and best-studied mechanism that 
fishes use to make sound is by vibrating a pair of 
‘vocal muscles’ attached either directly or indirectly to 
the walls of a gas-filled swimbladder positioned in the 
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body (peritoneal) cavity. Vocal swimbladders can vary 
widely in a number of traits including the extent to 
which vocal muscles wrap around the walls of the swim- 
bladder to the degree of separation in the two halves 
(Figure 4). Other than contributing to overall sound 
amplitude (swimbladder deflation leads to a large 
decrease in sound amplitude), there is little known 
about how variation in swimbladder structure contributes 
to call diversity One of the more surprising findings is 
from a recent study of the three-spined toadfish, Batracho- 
moeus trispinosus , showing that the complete separation of 
the swimbladder effectively into two bladders is accom¬ 
panied by the production of acoustic beats. Acoustic beats 
are formed by the temporal overlap of sounds from two 
separate sources. Previously, acoustic beats in fish were 
only known for midshipman fish, arising from the tempo¬ 
ral overlap of two multiharmonic hums from neighboring 
males during the breeding season. However, individual 
B. trispinosus produce beats in addition to other calls that 
are more typical of most toadfish (Figures 2 and 3). The 
results show how innovations in swimbladder structure 


may lead to parallel innovations in vocal communication, 
namely, acoustic beats as previously reported only among 
some tetrapods (e.g., songbirds). 

Limitations in the PRR and F 0 of fish sounds are 
mainly imposed by the contraction rate of the vocal 
muscles. Thus, if the vocal muscles contract at 200 Hz, 
then the PRR or F 0 will be close to 200 Hz. Swimbladder 
vocal muscles are the fastest contracting vertebrate stri¬ 
ated muscles, likely reflecting a selective pressure favor¬ 
ing maximal frequency output in shallow (10-100 m) and 
very shallow (<10 m) water environments. The transmis¬ 
sion distances of low-frequency sounds are limited to only 
several times the water depth. Water depth and substrate 
composition (e.g., gravel vs. mud) affect the frequency 
below which sound transmission is almost insignificant 
(referred to as ‘the cutoff frequency’). Recall that for 
most fish, the PRR/F 0 of vocalizations is set by the con¬ 
traction rate of the vocal muscles (although as shown later, 
the CNS can enhance this trait). Hence, generating calls 
with the highest possible PRR or F 0 will favor sound 
transmission over the greatest distances. 
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Figure 4 Evolutionary relationships of previously investigated vocal toadfish genera, showing swimbladder morphology and 
courtship vocalization waveform envelope shape. Phylogenetic tree topology is simplified from a molecular phylogenetic analysis from 
Rice and Bass (2009), and shows that the taxa with the semidivided (Halobatrachus) and divided bladders (Batrachomoeus) are basal to taxa 
with single, heart-shaped swimbladders of Porichthys and Opsanus. On each of the swimbladders, the swimbladder wall and vocal muscle 
are labeled. The waveforms represent the harmonic courtship calls in different species of toadfishes (commonly referred to as boatwhistles 
and hums); the scale bar represents 250 ms, and the amplitudes of the different calls are not drawn to scale. 
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A second class of sonic mechanisms involves move¬ 
ment of the pectoral girdle and/or fins. Swimbladders 
only occur among actinopterygian fishes. However, not 
all vocal actinopterygians have a swimbladder, including 
sculpins (family Cottidae) that make sounds by contract¬ 
ing a single pair of muscles as in swimbladder-dependent 
mechanisms. Among sculpins, however, the vocal muscles 
extend between the ventral part of the skull and the 
pectoral girdle, and their contraction leads to pectoral 
girdle vibration at PRRs like that of other fish using a 
swimbladder mechanism. Other vocal fish, like croaking 
gouramis, make sounds by yet another mechanism, the 
snapping of tendons attached to pectoral fin muscles. 

Stridulation involves the rubbing of skeletal elements 
against one another and is a common form of sound 
production in fishes, and convergent with many insects. 
Stridulatory vocalizations are broadband (having no 
harmonic component) with energy often greater than 
1000 Hz. One form of stridulation among vocal fishes 
that has been best studied in catfishes depends on the 
rubbing together of a pectoral fin spine and the pectoral 
girdle. The medial surface of the pectoral fin ball joint and 
the socket of the joint on the pectoral girdle are covered 
by ridges that grind against each other and produce audi¬ 
ble sounds as the pectoral fin moves. For these fishes, the 
pectoral fins do not play a primary role in locomotion, but 
rather function in defensive and agonistic contexts (the 
pectoral fin spines in many species are also venomous). 

A second form of stridulation involves the rubbing of 
teeth against one another. Puffer fishes grind their oral jaw 
teeth together to produce sounds. Many fishes also have a 
well-developed second set of jaws in their throat (the 
pharyngeal jaws) that are covered with teeth, and in 
cases where the jaws can be occluded, these too can be 
used to produce sounds. 

For many fishes, the identity of the peripheral vocal 
mechanism is unclear. While in many cases the acoustic 
properties of sounds are predictive of the sound-producing 
mechanism, there are a large number of fishes where voca¬ 
lizations exhibit a combination of harmonic and broadband 
features. The diversity of fish peripheral vocal mechanisms 
is both a prominent and a striking feature in fish evolution, 
and there are many cases where either the muscles or the 
bones have been uniquely evolved to play a role in acoustic 
communication. 

Vocal Brain Regions 

The CNS regions in the forebrain, midbrain, hindbrain, 
and spinal cord that control sound production have been 
extensively studied over the past 40 years among terres¬ 
trial vertebrates. Investigations of several distantly related 
groups of fishes during the past two decades have now 
delineated a vocal pattern generator (VPG) that directly 
determines the principal temporal features (e.g., duration 


and PRR) that distinguish one fish call from another fish 
call. The VPG includes a vocal/sonic motor nucleus 
(VMN) that spans the caudal hindbrain and rostral spinal 
cord (see Figure 1(b)). The VMN located on each side of 
the CNS comprises motor neurons (nerve cells) that 
directly excite the vocal muscle on the same side of the 
body. The excitation of the VMN, that is the rate at which 
it produces electrical impulses (action potentials), is influ¬ 
enced by a vocal control system made up of interconnected 
populations of neurons (referred to as ‘nuclei,’ not to be 
confused with the nucleus of a single cell) located in all the 
major divisions of the brain - hindbrain, midbrain, and 
forebrain. The vocal hindbrain includes a vocal pacemaker 
nucleus or VPN that is directly adjacent to the VMN and 
determines the firing rate of the VMN (Figure 1(b)). The 
output of the VPN-VMN circuit directly determines the 
contraction rate of vocal muscles that, in turn, directly 
determines both the duration and either the PRR or F 0 of 
natural sounds. Other vocal hindbrain neurons mainly 
influence call duration, while call initiation, that is the 
decision to make a vocalization, is determined by midbrain 
and forebrain nuclei that serve as sensory-motor integra¬ 
tion centers. 

The VPG of fish develops in the same CNS region in 
all the major lineages that use sound for acoustic commu¬ 
nication. Thus, as summarized in Figure 1(a), the available 
data now suggest that a VPG compartment was present in 
a common ancestor of the Actinopterygii and the Sarcop- 
terygii. The vocal muscles of fish and tetrapods also share 
origins from segments of mesoderm known as ‘occipital 
somites,’ although the nerves that excite the vocal muscle 
associated with a vocal organ evolved several times: occip¬ 
ital nerve/swimbladder of fish (Actinopterygii), the hypo¬ 
glossal nerve and syrinx of birds, and the vagal nerve and 
larynx of nonavian tetrapods. Hence, the vocal basis for 
acoustic communication among vertebrates is ancient and 
was likely present in a common ancestor ot actinoptery¬ 
gian and sarcopterygian fishes over 400 Ma. 

Admittedly, the vocal circuitry of fishes is probably the 
simplest example of a vocal pattern generator because it 
typically involves the contraction of a single pair of vocal 
muscles, whereas sound production in other vertebrate 
groups involves patterning the activation of multiple sets 
of muscles, both sonic and nonsonic. For terrestrial verte¬ 
brates, sound production involves both vocal muscles 
(part of the larynx of nonavian species and the syrinx of 
birds) and respiratory muscles because of the dependence 
of sound production on the movement of respiratory gases 
across a set of vibratory membranes such as the vocal 
cords of the larynx. 

How might the CNS contribute to variation in vocal 
parameters among fish? Call duration and call rate are 
determined by the duration and rate of activation of the 
VPG, respectively Perhaps less obvious is how the pattern 
of activation of the VPG might contribute to variation in 
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either the PRR or F 0 . As described earlier, the CNS of fish 
has direct control over the contraction rate of the vocal 
muscles and hence, PRR and F 0 . This is readily shown by 
monitoring the activation pattern of the paired VPGs on 
either side of the CNS by placing electrodes on the 
surface of the two vocal nerves that excite the paired 
vocal muscles. Such neurophysiological recordings show 
that the two VPGs are activated at the same time (syn¬ 
chronously) in some species, but in alternation (asynchro¬ 
nously) in others. Thus, a PRR/F 0 of, for example, 100 Hz 
could be achieved by activating the two VPGs on 
each side of the midline of the CNS (all vocal nuclei 
are bilaterally symmetrical) simultaneously at a rate of 
100 Hz. However, the VPGs could be activated out of 
phase with each other at 50 Hz, with their combined firing 
pattern producing a combined vocal muscle contraction 
rate of 100 Hz and hence a PRR/T 0 of 100 Hz. One pre¬ 
dicted tradeoff in mechanisms would be in call amplitude. 
Synchronous activation of the paired vocal muscles 
should summate into a louder sound. However, by having 
an asynchronous system, an individual should be able to 
produce a more variable PRR/Fq that might increase the 
degrees of freedom for this one parameter in terms of 
individual identification regarding, for example, age, sex, 
and body size. 

The Hearing/Auditory Brain 

As with vocal pathways in the CNS, comparative studies 
of all the major groups of vertebrates have delineated 
auditory nuclei in the brain that encode the temporal 
and the spectral properties of sounds in the firing pattern 
of action potentials. Many of these brain nuclei are com¬ 
mon across all vertebrates, providing strong support for 
the hypothesis that both vocal and auditory systems of 
vertebrates are highly conserved. 

The peripheral hearing organs used by fishes to detect 
sounds are homologous with those of tetrapods, and are 
appropriately referred to as ‘ears.’ Fish and tetrapod ears 
share a similar structure, both containing three semicir¬ 
cular canals lined with an epithelium of hair cells and 
three otolithic regions (see later) with dense beds of hair 
cells arranged along an epithelium in the saccule, the 
utricle and the lagena (in tetrapods, the lagena forms the 
cochlea). A fish’s body is roughly the same density of 
water so that propagating pressure waves from a sound 
source will travel through the aquatic medium and then 
pass through the fish undetected. However, all actinopter- 
ygian fishes have three calcified bones (otoliths) asso¬ 
ciated with the saccule, utricle, and lagena that are of 
higher density than water and stimulate hair cells by a 
shearing motion in response to propagating sound waves. 
While fishes have a diverse array of otolith shapes and 
sizes, it is unclear what effect this variety may have on 
their hearing abilities. 


Paralleling their diversity of vocal organs, fishes have 
evolved a variety of structures that have different densities 
than water to provide mechanical transduction mechan¬ 
isms to translate the pressure wave into a detectable signal, 
thus broadening the perceivable range of acoustic pressure 
waves. In many cases, fish swimbladders serve as a pressure 
transducer; this low-density, air-filled structure vibrates in 
response to sound waves and increases the fish’s frequency 
sensitivity. Some fishes have independently specialized 
their swimbladders with rostral projections (often referred 
to as ‘bullae’) that position the anterior portion of the 
swimbladder up against the skull and ears, and farther 
increase the fish’s hearing ability. Other fishes, the Ostar- 
iophysi (includes catfish and goldfish), employ specializa¬ 
tions of the vertebral column (the Weberian apparatus) to 
mechanically couple the ear to the swimbladder. Fishes 
exhibiting these peripheral auditory adaptations are often 
referred to as ‘hearing specialists,’ and have dramatically 
higher hearing sensitivity at a wider range of frequencies, 
especially above 1 kHz, than fishes lacking such structures. 

Hormones, Vocal Behavior, and Audio-Vocal 
Coupling 

Many species of fish reproduce on a seasonal basis. The 
plainfin midshipman (Porichthys notatus) is one extensively 
studied species that migrates each spring from deep off¬ 
shore sites along the northwest coast of the United States 
and Canada into the rocky, intertidal zone of bays and 
estuaries. Males excavate nests under rocky shelters that 
they defend from other males and from which they pro¬ 
duce multiharmonic advertisement hums that often last 
for several minutes to more than one hour to attract 
females (Figure 5(a)). Males also produce briefer agonis¬ 
tic ‘grunts’ (Figure 5(b)) and ‘growls’ (Figure 3) in asso¬ 
ciation with nest defense that differ dramatically from 
advertisement calls in their spectral and temporal proper¬ 
ties. All the evidence to date indicates that females enter a 
nest for one night, deposit their eggs in a monolayer on 
the hard, interior surfaces of the cave-like nest, and then 
depart to return to offshore sites. The nesting male 
remains to guard newly fertilized eggs and sings on suc¬ 
cessive nights to attract more females. 

As males and females begin to migrate into shallow 
waters for the breeding season, they exhibit increases in 
the blood levels of steroid hormones. Fish have the same 
major classes of steroid hormones as all other vertebrates, 
including androgens and estrogens. Neuroanatomical and 
neurophysiological studies show both long-term and 
short-term influences of steroids on the vocal and audi¬ 
tory systems. Long-term effects occur over a period of 
days and weeks and typically include structural-related 
changes such as increases in the size of neurons and the 
muscle fibers they excite (such as vocal motor neurons 
and vocal muscles). Short-term effects occur on the order 
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Figure 5 Different vocalizations produced by the plainfin midshipman, Porichthys notatus. Grunts are primarily used in agonistic 
encounters, while hums are used in courtship. Waveform of (a) hum and (b) grunt showing the different patterns of sound pulses. 
Spectrogram of (c) hum and (d) grunt. Power spectrum of hum (e; F 0 indicates the harmonic peak corresponding to the fundamental 
frequency) and grunt (f). 


of minutes, are functionally referred to as neuromodulation, 
and include androgen- and estrogen-induced increases in 
the output of the VPG that directly translates into an 
increased duration in natural calls (see earlier section). 
The behavioral evidence in support of this hypothesis 
is as follows. Studies of toadfish, a close relative of the 
midshipman fish (same family), in their natural habitat 


show that when nesting males are played a call from an 
underwater speaker that mimics the call of his neighbors, 
the male quickly (within 5 min) increases his call rate and 
call duration. The changes in vocal behavior are accom¬ 
panied by similarly rapid increases in blood levels of the 
same androgenic steroid that increases the output of 
the VPG. Other behavioral studies show that the same 
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Figure 6 Vocal-auditory coupling in midshipman fish. Female 
midshipman fish show seasonal and steroid hormone-dependent 
changes in the encoding of pure tones by individual auditory 
nerve fibers (afferents) that innervate the saccule, the main 
auditory division of the inner ear of midshipman and many other 
teleost fish. Phase locking, one measure for characterizing the 
pattern of action potential firing by a neuron, best illustrates the 
frequency-encoding properties of saccular afferents. For the 
plots shown here, the Y -axis to the left indicates the vector 
strength of synchronization (VS), a measure of phase locking 
showing the responses of individual saccular afferents to tone 
stimuli (a VS value of 1.0 would indicate perfect synchronization). 
The Y -axis to the right shows a relative amplitude scale (decibels 
(dB)/Hz) for the power spectrum of the advertisement hum of 
a humming male midshipman (insert, upper right; also 
see Figure 5(a)). The X-axis indicates frequency (Hz) for both the 
afferent recordings and the hum’s power spectrum (also see 
Figure 5(e)). Median VS values are plotted here for a population of 
saccular afferents recorded from nonreproductive females that 
are untreated (black circles), or treated with either an androgen 
(testosterone, blue triangles) or an estrogen (17(3-estradiol, 
red squares). The highest VS values for nonreproductive females 
are close to the hum’s fundamental frequency (F 0 ), while steroid- 
treated females also show robust encoding of the higher 
harmonics of the hum (F-,, F 2 indicate the second and the third 
harmonics, respectively). Steroids induce a VS profile like that 
found for wild-caught females in reproductive condition (yellow 
circles). Reproduced from Sisneros J, Forlano P, Deitcher D, and 
Bass AH (2004) Steroid-dependent auditory plasticity leads to 
adaptive coupling of sender and receiver. Science 305: 404-407. 


androgens can also induce rapid changes in vocal behavior 
when nesting males are fed food containing the androgen. 
Together, these studies establish a causal relationship 
between hormonal modulation of the vocal CNS and 
vocal behavior. 

Long-term steroid effects are well illustrated by the 
auditory system. Recall that the inner ear of fish has all 
the same divisions as that of humans and other mammals 
except that they lack a cochlea. Fish have adapted the 
saccule as the main auditory division of the inner ear 
(terrestrial vertebrates also have a saccule that is sensitive 


to sound, but is most important for the sense of balance as 
is also likely the case for some species of fish). Neurophys¬ 
iological recordings from the eighth nerve that carries 
information from the inner ear to the CNS in all verte¬ 
brates show that female midshipman fish exhibit seasonal 
changes in hearing (Figure 6). Compared to females in 
nonreproductive condition collected during the non¬ 
breeding winter season, females in reproductive condition 
show an enhanced capacity to detect the upper harmonics 
of the male’s advertisement hum (see Figure 5(a)) that 
would aid in finding a calling male in the shallow, intertidal 
zone where males nest (see earlier discussion about cutoff 
frequencies). Subsequent studies then showed that treating 
nonreproductive females for 3-4 weeks with implants that 
contain either testosterone or estrogen can reinduce the 
sensitivity to the upper harmonics that characterize a 
male’s advertisement call (Figure 6). Together, the effects 
of steroids on the vocal and auditory systems show their 
important role in maximizing the coupling between sender 
(calling male) and receiver (female) during the breeding 
season. 

Concluding Comments 

The remarkable diversity of vocal behaviors and mechan¬ 
isms among fishes briefly reviewed here provides but an 
initial glimpse of the many avenues for new opportunities 
for research at the interface of behavior and its underlying 
anatomical and physiological mechanisms. Given the con¬ 
served pattern of the organization of the vocal and audi¬ 
tory systems between fishes and all other groups of 
vertebrates, the discoveries from studies of fishes will 
reveal mechanisms relevant to all vertebrates, including 
humans. At the same time, revealing how diverse adapta¬ 
tions in vocal organ and CNS mechanisms have allowed 
different species to inhabit new audio-vocal niches will 
provide new insights into the dynamic process of evolu¬ 
tion at multiple levels of biological organization. 

See also: Acoustic Signals; Communication and Hor¬ 
mones; Hearing: Vertebrates; Mating Signals. 
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Introduction 

The single largest body component of vertebrates is water. 
For humans, the average adult male contains 42 1 of water, 
representing approximately two-thirds of body mass. This 
varies slightly between individuals and more so among 
vertebrate species. Amphibians, for example, have rela¬ 
tively high levels of water (some measures indicating 
levels as high as 83%), but for the majority of vertebrates 
(e.g., birds, reptiles, and mammals), the level of body water 
approximates two-thirds of total mass. The water in the 
body is kept in separate intracellular and extracellular 
components, but this separation is not absolute and allows 
movement of water between the two compartments. In 
fact, the distribution of water between the intracellular 
and extracellular space is largely a function of osmosis, 
driven particularly by the concentration of solutes in 
either compartment. Irrespective of its distribution, at a 
very basic level, the amount of water in the body is driven 
by two factors: the amount excreted and the amount 
consumed. Regulation of these functions, conservation 
or excretion of water and water intake, is under the con¬ 
trol of a diverse array of systems that coordinate to notify 
the body of the concentration and volume of the extracel¬ 
lular space. These systems include the heart, liver, kidney, 
and brain, each of which plays an important role in the 
coordination and maintenance of body fluid homeostasis. 
Coordinating these systems relies on both neural and 
endocrine responses. 

Given the importance of solutes for maintaining 
proper distribution of water within the body, it is not 
surprising that numerous physiological processes coordi¬ 
nate to maintain proper solute levels, especially sodium. 
The cell membranes that keep the intracellular and extra¬ 
cellular fluid compartments separate allow for the move¬ 
ment of water from one compartment to the other, but 
these membranes are mostly impermeable to sodium and 


other solutes. The resultant chemical gradient generates 
osmotic pressure that determines the balance of water 
between the two compartments. Accordingly, maintaining 
body fluid homeostasis relies on proper levels of sodium. 
This regulation is achieved by the release of hormones 
that promote the excretion of sodium, hormones that 
promote the conservation of sodium, and, perhaps most 
importantly, by behavior. Indeed, when water and sodium 
levels are low, physiological conservation can help limit 
the loss, but restoration of proper levels of sodium and 
water can only occur through behavioral measures that 
include drinking and salt intake. The physiological pro¬ 
cesses that regulate water conservation and blood volume 
in the face of dehydration have been reviewed extensively 
elsewhere (see Daniels and Fluharty, 2009). This article 
focuses on the regulation of the critical behavioral aspects 
that underlie body fluid and sodium homeostasis. 

Thirst and Sodium Appetite Are the 
Behavioral Regulators of Extracellular 
Fluid Volume 

The response to perturbations of either the intracellular 
or extracellular compartment involves increased water 
intake. Perturbations of the intracellular compartment 
are generally the function of the concentration of the 
extracellular space. When the concentration of sodium 
in the extracellular space rises, as it might after eating a 
salty meal, the resultant change in osmotic pressure draws 
water from the intracellular to the extracellular space. 
This movement of water causes a reduction in the intra¬ 
cellular volume that is detected by specific cells called 
osmoreceptors. Although all cells will be affected by the 
movement of water in the same way, these osmoreceptors 
are specialized in their ability to respond to the changes, 
likely through specific membrane proteins that alter ion 
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permeability as the volume of the cell (and tension on the 
cell membrane) changes. Furthermore, the detection abil¬ 
ity of these cells is coupled with the appropriate neural 
connections that initiate physiological and behavioral 
changes that conserve current water and increase drinking 
to add critical new water to the system. By consuming 
water, the animal dilutes its extracellular space, restoring 
proper osmotic balance and allowing movement of water 
back into the cells. 

Perturbations of the extracellular space also require 
restoration of water, but the way that extracellular fluid 
is depleted (e.g., hemorrhage, vomiting, or diarrhea - 
actual loss of fluid, not simply movement of water from 
one compartment to the other) creates a situation in 
which both water and solutes need to be replaced. In 
fact, the osmolality of the fluid compartments does not 
change under these circumstances, so the mechanisms 
in place to respond to intracellular dehydration are not 
activated. In the case of extracellular dehydration, also 
referred to as ‘hypovolemia,’ the detection is largely based 
on specialized stretch receptors that monitor vascular 
pressure. These changes in blood pressure trigger a set 
of neural and endocrine responses that are discussed in 
more detail later. From a behavioral perspective, however, 
drinking water is not sufficient in these circumstances, but 
must be accompanied by repletion of the lost solutes as 
well. Accordingly, most mammals have developed a drive 
to consume salt as well as water under hypovolemic con¬ 
ditions. But the phenomenon is not exclusive to mammals; 
birds (e.g., pigeons) and reptiles (e.g., iguanas) respond to 
dipsogenic and natriorexigenic signals, and angiotensin 
(see later) elicits water and sodium ingestion, the behav¬ 
ioral complement of the physiological requirements, in a 
wide variety of species. Importantly, the underlying 
mechanisms that are engaged at these times overlap to 
stimulate both water and salt intake. 

Even under normal conditions, consumption of salt is 
critical for vertebrates. The importance of salt in human 
culture is undeniable. Salt has served as the backbone of 
many facets of human existence. Our language has been 
influenced by a historical focus on salt. ‘Take it with a grain 
of salt’ is rooted in the idea that salt can act as an antidote 
because of its well-recognized importance as a preserva¬ 
tive. A man may or may not be ‘worth his salt’ and we work 
for ‘salary,’ a term derived from the Roman ‘solarium] or 
salt money. Humans have fought wars over salt (symboli¬ 
cally or veritably) and formed cities near salt mines. Our 
drive for salt is clear and shared with other vertebrates, 
especially omnivores and herbivores. In the last century, 
numerous studies of wild animals including, but not lim¬ 
ited to, moose, deer, goats, sheep, and elephants, have 
documented great lengths taken to consume salt, espe¬ 
cially when lacking in the diet. Kangaroos and rabbits 
emerge to ingest salt licks when sodium in their grazing 
resources becomes diluted by heavy rains. This type of 


behavior is less common in carnivores, likely because the 
selective pressure is reduced in these animals. This is not 
because salt is any less important for the survival of carni¬ 
vores, but simply because the drive to consume salt is 
present in the animals upon which carnivores prey. Thus, 
the adaptation of the prey has made the adaptation of the 
predator unnecessary (Figure 1). 

Although there is much to be learned about salt appe¬ 
tite in wild animals, laboratory studies have yielded a vast 
amount of information about the behavior of water and 
salt intake and the underlying mechanisms. Behavioral 
studies in the laboratory have confirmed what is well 
noted in the field, that motivation to approach and avoid 
objects is tied to biological needs. Physiological regulation 
is linked to sensory pleasure and displeasure, each serving 
as a fundamental motivator of behavior. The physiological 
state is sensed by the brain, which, in turn, orchestrates 
the behavioral responses that adapt individuals to envi¬ 
ronmental events, adjusting for conflicting motivations. 
Indeed, a major factor in the evolution of the nervous 
system is the ability to integrate physiology and behavior 
to provide a coordinated anticipatory response to events 
that precede a necessary reaction. In the laboratory, salt- 
deprived rats or sheep will press a bar for salt in relation 
to the amount of sodium they need. Salt-hungry rats 
will run down an alley for very small quantities of salt 
and the intensity of their running is related to the strength 
of the sodium hunger. Hormone regimens that are asso¬ 
ciated with large increases in salt intake, for example, 
produce greater intensity in the pursuit of salt by the 
rats (Figure 2). 

Regulating the internal milieu by changing behavior 
is impressive, especially when done with the striking 
precision demonstrated by Richter in a number of 
diverse laboratory contexts. A classic example is the 
precise ingestion of saline solutions by adrenalectomized 



Figure 1 Elephants at a salt mine in South Africa. From Ian 
Redmond. 
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Figure 2 Running speed to reach 3% NaCI in 
mineralocorticoid-treated rats. The figure was created from 
data reported in Schulkin J, Arnell P, and Stellar E (1985) 
Running to the taste of salt in mineralocorticoid-treated rats. 
Hormones and Behavior 19: 413-425. 


rats. The chronic loss of sodium in these animals results 
in a life-threatening situation and the change in behav¬ 
ior, sodium ingestion, maintains viable sodium to remain 
alive and function effectively. The response of consum¬ 
ing sodium when needed is remarkable in itself, but the 
accuracy of the behavior is, perhaps, even more striking. 
Adrenalectomized rats do not simply consume sodium, 
but instead mix their consumption of water and sodium 
to provide a well-regulated amount of sodium in their 
diet. This can be demonstrated by providing different 
concentrations of saline and noting that intake of higher 
concentrations is lower, whereas lower concentrated 
solutions are more readily consumed. The end result is 
the consumption of nearly identical amounts of sodium, 
regardless of the concentration of the sodium provided 
(Figure 3). 

Studies of the type described earlier have been essen¬ 
tial in establishing sodium appetite as an excellent model 
of a motivational system. The appetite is innate and 
sodium is recognized immediately through a portion of 
the gustatory system that is devoted to its detection. 
Moreover, in the wild, once a source of salt is discovered, 
animals will return to that site repeatedly when they need 
sodium. The mechanism of taste sensation is an impor¬ 
tant conserved evolutionary step. In fact, the receptors 
involved in salt taste evolved early, with expression found 
in invertebrates and a wide array of land-dwelling verte¬ 
brates. In mammalian systems, the information about salt 
taste is carried mostly by the chorda tympani branch of the 
facial nerve (VII), but some information is also transmitted 
through the glossopharyngeal (IX) and vagus (X) nerves. 
The role of the facial nerve in taste perception seems to 
be conserved throughout vertebrates, although there are 
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Figure 3 Saline and water intake before and after 
adrenalectomy are shown above an illustration of the removal of 
the adrenal gland. Reproduced from Schulkin J (2005) Curt 
Richter: A Life in the Laboratory, p. 56. Baltimore, MD: Johns 
Hopkins University Press. 


some differences in the pattern of innervation, especially 
in many bird species where the innervation does not reach 
the tongue, yet still appears to carry sensory information 
from taste buds. 

In addition to changes in motivation, the need for salt 
is demonstrated in investigations of the consummatory 
phase of the appetite as well. Infusing a substance into 
the oral cavity reveals a pattern of facial responses that are 
linked to either ingestion or aversion (rejection). Sweet 
tastes usually elicit facial responses associated with inges¬ 
tion (e.g., paw licking, lateral tongue protrusions, and 
mouth movements), whereas bitter tastes stimulate rejec¬ 
tion sequences (e.g., gapes, chin rubs, and head shakes). 
When sodium balance is normal, rats given intraoral infu¬ 
sions of relatively concentrated saline show a far greater 
number of responses associated with rejection than with 
aversion. After sodium depletion, however, there is a 
dramatic reversal in the response to the same solution, 
which now elicits far more ingestive than aversive 
responses. This effect of sodium deprivation, at least in 
rats, is specific to oral infusions of saline solutions. Other 
tastants (e.g., hydrogen chloride) elicit similar responses 
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in the replete and deplete animal, arguing quite strongly 
that the need for sodium specifically alters the taste 
response to sodium. Moreover, the difference in the 
oral-facial response to infusion of hypertonic saline is 
not dependent on previous experience, but is, instead, 
observable the very first time the rat experiences sodium 
depletion (Figures 4 and 5). 



Figure 4 Facial expressions to infusions of sweet (top) or 
bitter (bottom) tasting substances. Reproduced from Berridge KC 
(2000) Measuring hedonic impact in animals and infants: 
Microstructure of affective taste reactivity patterns. 
Neuroscience and Biobehavioral Reviews 24(2): 173-198; 

Steiner JE, Glaser D, Hawilo ME, and Berridge KC (2001) 
Comparative expression of hedonic impact: Affective reactions 
to taste by human infants and other primates. Neuroscience and 
Biobehavioral Reviews 25(1): 53-74. 



Figure 5 Taste reactivity testing of rats in normal sodium 
balance or sodium depleted. Ingestive responses are paw licking 
(PL), lateral tongue protrusions (LTP), tongue protrusions (TP), 
and mouth movements (MM). Passive dripping (PD) from the 
mouth is considered a neutral response and aversive responses 
are gapes (G), chin rubs (CR), face washing (FW), forelimb flailing 
(FF), head shakes (HS), and locomotion (LO). The histogram is 
created from data presented in Berridge KC, Flynn FW, Schulkin 
J, and Grill HJ (1984) Sodium depletion enhances salt palatability 
in rats. Behavioral Neuroscience 98(4): 632-660. 


Neural and Endocrine Mechanisms 
Underlie the Water and Salt Intakes That 
Occur in Response to Hypovolemia 

Detection of hypovolemia and relaying that detection to the 
brain is an obvious necessity for a behavioral response that 
addresses the deficit. There are two main limbs involved in 
the detection of hypovolemia, one neural and the other 
endocrine. The neural limb primarily comprises specialized 
nerve receptors called baroreceptors. These baroreceptors, 
primarily in the walls of the carotid artery in the neck and 
the arch of the aorta, are specialized to monitor and respond 
to changes in blood volume as a function of the stretch of 
the blood vessels. These neural signals are transmitted to the 
brain through the glossopharyngeal (IX) and vagus (X) cra¬ 
nial nerves, although through different branches than the 
taste information discussed earlier. The information through 
both nerves is transmitted to the brain through projections to 
the nucleus of the solitary tract in the medulla and then 
relayed to a number of anatomically disparate brain areas. 

In addition to the neural limb, there is a prominent role 
for an endocrine limb in the detection and response to 
hypovolemia. The reduction in volume and pressure in 
the arterioles supplying the kidney stimulates changes 
within the kidney, specifically within juxtaglomerular 
cells that lie within the walls of the arterioles. The result 
of these changes is the release of the enzyme renin into the 
general circulation. The major role of renin is its actions on 
a large protein called ‘angiotensinogen,’ which is primarily 
produced by the liver and present in excess in the circula¬ 
tion. The cleavage of angiotensinogen by renin produces a 
biologically inert peptide called ‘angiotensin I’ that is fur¬ 
ther cleaved by an angiotensin-converting enzyme (ACE) 
to produce the bioactive angiotensin II (Angll). In addition 
to potent behavioral effects, Angll causes rapid increases in 
blood pressure that counteract the decreased volume and 
pressure that stimulated its synthesis (Figure 6). 

The behavioral responses to Angll are arguably the 
most remarkable demonstration of a pharmacological 
effect on behavior. Rats given a central injection of Angll 
show rapid and robust increases in water intake, even when 
not previously dehydrated. In fact, a single injection of 
Angll can stimulate a rat to drink ~50% of its normal 
daily water intake within a 30-min period. In addition to its 
effects on water intake, Angll stimulates relatively large 
increases in salt intake. Although the effect of Angll on water 
intake is acute, its effect on salt intake appears to occur in at 
least two phases: (1) an early phase, developing over a 
course of several hours, and (2) a late phase that occurs 
24-48 h after the initial treatment. Most evidence suggests 
that the early phase of NaCl intake results from direct 
actions of Angll within brain circuits specific to ingestive 
behavior and that this phase of intake is generally inhibited 
by the peptide oxytocin. Accordingly, during this early 
phase, elevated saline intake tends to occur only when 
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oxytocin receptors are disrupted or when lower concen¬ 
trations of saline are offered. In contrast, the late phase of 
NaCl intake is more likely caused by the natriuresis that 
results from an Angll-induced pressor effect. Moreover, 
the delayed phase of the Angll-induced salt appetite is 
more similar to sodium deprivation in that it appears to 
involve a shift in the hedonic value of NaCl during which 
animals consume concentrations of NaCl that are nor¬ 
mally aversive. Thus, some have suggested that the terms 
‘salt intake’ and ‘salt appetite’ be used in reference to the 
early and late phases of intake, respectively. 



Figure 6 The renin angiotensin system. 


Angiotensin II Acts at Specialized Brain 
Areas Outside the Blood-Brain Barrier 

It is now well established that peripherally derived pep¬ 
tides can act within the brain, in spite of properties of 
most cerebral vasculature that restricts movement of rela¬ 
tively large molecules, including peptides. For the most 
part, the actions of larger molecules like these occur 
through an active transport system. A transport system 
for AngTI has not been identified and, when the thirst- 
provoking (dipsogenic) potency of AngTI first was discov¬ 
ered, the thought that it would be acting through this type 
of system was unheard of. In fact, the initial discovery of a 
central action for Angll, which was known to be produced 
in the periphery, presented a challenging paradox: how 
could a circulating peptide penetrate the blood-brain bar¬ 
rier to affect the brain? The problem was solved shortly 
thereafter by the identification of circumventricular organ 
(CVO) structures that lack a blood-brain barrier, thereby 
allowing local perfusion of blood-borne substances that 
would otherwise be excluded. 

The importance of the CVOs in the action of AngTI has 
been established by a number of studies using a variety of 
approaches. Two key structures residing on the anterior 
wall of the third ventricle are the subfornical organ (SFO) 
and the organum vasculosum of the lamina terminalis 
(OVLT). Lesion techniques have shown that ablation of 
the SFO or the periventricular area containing the OVLT 
dramatically reduces the water or NaCl intake stimulated 
by AngTI. Small amounts of AngTI injected directly into 
the SFO or OVLT, on the other hand, increase water 
and NaCl intake. Experiments using receptor auto¬ 
radiography demonstrated high levels of Angll receptor 
expression in CVO structures and studies of brain activa¬ 
tion using a variety of markers highlight these areas as 
central Angll targets (Figures 7 and 8). 

The CVOs serve as important windows through which 
Angll can act on the brain, but the output of these brain 



PVN 

Figure 7 Brain regions associated with the responses to Angll. Circumventricular structures are shown in red and some of their 
projection targets are shown in blue. Reproduced from Daniels D and Fluharty SJ (2009) Neuroendocrinology of body fluid homeostasis. 
In: Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE, and Rubin RT (eds.) Hormones Brain and Behavior, 2nd edn, vol. 1, pp. 259-288. 
San Diego, CA: Academic Press. 
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Figure 8 Water intake after injection of Angll into the SFO, 
lateral ventricle (LV) or third ventricle (3V). The average water 
consumed by responsive rats during a 15-min test is shown (the 
percentages provided indicate the proportion of rats that 
responded at all and were, therefore, included in the analysis). 
The figure is created based on data published previously in 
Simpson JB, Epstein AN, and Camardo JS (1978) Localization of 
receptors for the dipsogenic action of angiotensin II in the 
subfornical organ of the rat. Journal of Comparative and 
Physiological Psychology 92(4): 581-608. 


areas to related circuits is equally important. Many 
experiments have been conducted on the projection path¬ 
ways of the CVO structures including regions within and 
outside the hypothalamus and including caudal brainstem 
sites such as the nucleus of the solitary tract and forebrain 
structures such as the amygdala and bed nucleus of the stria 
terminalis. Some of these connections are directly from 
the CVOs, whereas others emerge from prominent first- 
order projections from the CVOs such as the median 
preoptic nucleus (MnPO) and the paraventricular 
nucleus of the hypothalamus (PVN). Importantly, many 
of the circuits related to thirst and salt appetite overlap 
with neuropeptides and neurotransmitters that underlie 
the diverse organization of more generalized behavioral 
responses. These include corticotrophin-releasing hor¬ 
mone (CRH), oxytocin, and vasopressin, which have 
been implicated in orienting responses to novelty and to 
regulatory needs such as thirst and sodium appetite. In 
addition to these peptides, it appears that AngTI itself is 
produced within the brain, and within the very same 
circuits upon which peripherally derived Angll acts. 
Indeed, some of the regions in the caudal brainstem that 
are comprised by this circuit are now understood to be 
part of an extended limbic system. There are, for example, 
direct projections from the nucleus of the solitary tract to 


the amygdala, through which specific alimentary infor¬ 
mation can be relayed from gut to hindbrain to forebrain. 
Information from the stomach, pancreas, duodenum, and 
liver is conveyed in site-specific form through this circuit 
that projects through diverse brain areas including corti¬ 
cal and subcortical regions, each coordinating through 
important links with peripheral AngTI acting at the CVOs. 


Angiotensin II Has Provided Insight into 
the Divergence That Can Occur Through 
Intracellular Signaling 

The strength of a well-characterized model system is the 
ability to use that system to address new questions as 
technology advances and knowledge increases. In this 
sense, the water and salt intake stimulated by Angll have 
provided an excellent system for studying gene deletion 
and overexpression, and, more recently, for studying the 
role of intracellular signaling pathways in regulating 
behavior. Recall that Angll injections stimulate both 
water and saline intake. A number of behavioral studies 
suggest that these behaviors, although both stimulated 
by Angll, are regulated separately in some way. One possi¬ 
bility is that the regulation occurs through separate sets of 
Angll receptors. There are, in fact, different subtypes 
of AngTI receptors belonging to two main classes: the 
type I (ATj) and type II (AT 2 ) receptors. The vast majority 
of studies, however, indicate that the AT l receptor is pri¬ 
marily involved in the ingestive responses to Angll. 
Another possibility is that divergent intracellular signaling 
pathways underlie the different ingestive behaviors stimu¬ 
lated by Angll. Indeed, recent studies support this idea. 
The AT] receptor is a prototypical seven-transmembrane 
domain (7TM) receptor (also known as a ‘G-protein- 
coupled receptor,’ but this term has fallen out of favor 
with many because it is becoming increasingly clear that 
these receptor proteins have a number of actions that do 
not involve their coupling to G proteins). The AT j recep¬ 
tor couples to a number of intracellular signaling pathways, 
two of which are the ‘traditional’ G protein pathway and 
the activation of members of the mitogen-activated protein 
(MAP) kinase family. The G-protein-coupled pathway 
activated by the ATj receptor involves G q and its interac¬ 
tions with phospholipase C (PLC) and the resultant forma¬ 
tion of IP 3 and activation of PKC. The link between 
stimulation of MAP kinases and the AT j receptor is less 
understood, but likely involves (3-arrestin. Nevertheless, it 
is clear from studies in cell cultures and in brain that AT { 
receptor stimulation leads to activation of both these path¬ 
ways and, more important here, that these pathways can be 
stimulated independent from one another. 

The first suggestion that the ingestive behaviors, water 
and saline intakes, could be regulated separately came from 
studies using a modified version of AngTI that, in cell culture 
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studies, activates MAP kinases without formation of IP 3 or 
activation of PKC. When injected into the brains of rats, this 
modified Angll failed to stimulate water intake and, more¬ 
over, blocked the water intake that should have resulted 
from simultaneous Angll administration. In a separate 
study, however, when the rats were given access to both 
water and saline, administration of this peptide was followed 
by Angll-like saline intake, but not water intake. Considered 
in light of the cell culture studies and additional studies 
showing that this peptide stimulated MAP kinases in brain, 
it was hypothesized that the PKC pathway was required for 
Angll-induced water intake and that activation of particular 
MAP kinases was more relevant to the saline intake after 
Angll treatment. To farther test this hypothesis, selective 
inhibitors of PKC or the relevant MAP kinases were admi¬ 
nistered to Angll-treated rats. The results of these experi¬ 
ments strongly supported the hypothesis. As shown in 
Figure 9, rats treated with the PKC inhibitor drank less 
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Figure 9 The effect of PKC or MAP kinase inhibition on 60-min 
water and saline intakes in response to Angll. Data are shown as 
the mean ± SEM intake relative to the average response to Angll 
alone. PKC inhibition attenuated water, but not saline intake (top), 
whereas MAP kinase inhibition reduced saline, but not water 
intake (bottom). Asterisks are used to indicate differences from 
vehicle-treated or inhibitor-only groups and crosses intake 
differences from all other treatment groups (p < 0.05). The 
analysis was performed on data published previously Daniels D, 
Mietlicki EG, Nowak EL, and Fluharty SJ (2009) Angiotensin II 
stimulates water and NaCI intake through separate cell signaling 
pathways in rats. Experimental Physiology 94(1): 130-137. 


water, but not less saline, than animals receiving Angll 
without the inhibitor. On the other hand, water intake was 
not affected by a MAP kinase inhibitor, but rats that were 
pretreated with the inhibitor drank markedly less saline 
than the positive control animals given Angll alone. Never¬ 
theless, farther work is needed to determine the portion or 
portions of the circuit in which these effects occur. 


Salt Appetite Is Modulated by Adrenal 
Steroids 

The ability to synthesize corticosteroids (e.g., aldosterone, 
corticosterone) likely arose prior to the origin of the jawed 
vertebrates such as the hagfish and lamprey. The ancestral 
glucocorticoid receptors and their descendants were struc¬ 
turally preadapted to bind aldosterone, and thus ‘exploited’ 
the ligand, which appeared ~200 My after the receptor. 
Some have suggested that as few as two amino acid substitu¬ 
tions were necessary in the glucocorticoid receptor lineage 
to generate a protein with high affinity for glucocorticoids, 
but low affinity for the mineralocorticoid aldosterone. 
Indeed, the existence of two distinct hormone-receptor 
pairs allowed for the evolution of specific endocrine control 
of osmoregulation and adaption to changing contexts. One 
of the pairs, aldosterone and the mineralocorticoid receptor, 
allowed for adaptation needed to move from the seas, while 
still maintaining the requisite levels of sodium. Nevertheless, 
in many contexts, the two steroids potentiate the same 
behavioral and physiological events while they compete 
for the same receptor in diverse sites in the body, including 
sites within the brain. 

The synthesis and secretion of adrenal steroids, a pro¬ 
cess called ‘corticosteroidogenesis,’ is found in extant chon- 
drichthyean fishes such as the holocephaleans (ratfish) and 
elasmobranchs (sharks, skates, and rays). In modern bony 
fishes, the teleosts, cortisol is the major steroid produced. 
Amphibians, reptiles, and birds tend to produce more 
corticosterone than cortisol and there is wide variability 
in mammalian species. For instance, humans, sheep, cattle, 
dogs, hamsters, shrews, and guinea pigs all produce more 
cortisol than corticosterone, but rats, rabbits, and mice use 
corticosterone as the primary glucocorticoid (Figure 10). 

The adrenal steroids play a profound role in the 
regulation of body fluid homeostasis. At the systems 
level, both glucocorticoids and mineralocorticoids facilitate 
sodium reabsorption, thus influencing the distribution of 
water in the intracellular and extracellular compartments. 
Although glucocorticoids participate in this role, the min¬ 
eralocorticoid aldosterone plays the primary role in 
sodium conservation at the renal level. The overlapping 
role of glucocorticoids and mineralocorticoids is not 
surprising, especially given their shared receptor system. 
Indeed, the mineralocorticoid receptor (MR; Type I cor¬ 
ticosteroid receptor) has a high affinity for both 
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Figure 10 Evolutionary history of adrenal steroids. Adapted from Bentley PJ (1982) Comparative Vertebrate Endocrinology. 
Cambridge: Cambridge University Press. 


glucocorticoids (e.g., corticosterone) and mineralocorticoids 
(e.g., aldosterone). In spite of the high affinity for both, cells 
expressing MR often respond selectively to mineralocorti¬ 
coids. This selectivity is accomplished by the expression 
of 11 (3-hydroxysteroid dehydrogenase (llp-HSD), an 
enzyme that inactivates glucocorticoids and leaves MR 
free to bind mineralocorticoids without competition from 
glucocorticoids. 

Mineralocorticoids have important behavioral effects 
in the development of salt appetite. Repeated injection of 
aldosterone or deoxycorticosterone acetate (a synthetic 
mineralocorticoid) produces marked increases in saline, 


even when the concentration is relatively high. Moreover, 
direct injection of mineralocorticoids into the medial 
amygdala produces a rapid increase in salt intake and 
destruction of this brain area disrupts salt appetite stimu¬ 
lated by systemic injection of mineralocorticoids. The 
level of mineralocorticoid at the specific brain areas 
involved after repeated peripheral injections or direct 
brain injections is likely far greater than anything occurring 
under physiological conditions. Accordingly, it is critical 
to consider that aldosterone release almost never occurs 
in the absence of Angll. Thus, laboratory conditions in 
which aldosterone is provided in the absence of Angll 
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produce a scenario that is likely never found naturally. 
Interestingly, when steps are taken to better recreate the 
hormonal milieu that occurs during hypovolemia, specifi¬ 
cally administration of both Angll and aldosterone, a robust 
salt appetite arises. Indeed, administration of aldosterone 
and Angll, each at a dose which, when given alone, pro¬ 
duces no appreciable salt appetite, leads to marked increases 
in salt intake. Consistent with this, blockade of either Angll 
or aldosterone produces a partial reduction in salt appetite 
(stimulated by dietary sodium deprivation). Blockade of 
both Angll and aldosterone, however, completely eliminates 
the salt appetite under the same conditions. 

The interactions between aldosterone and Angll have 
provided an interesting model system for investigating 
more general steroid-peptide interactions. Initial studies 
focused on demonstrations of increased Angll receptor 
expression after mineralocorticoid treatment. Indeed, being 
a steroid hormone, the primary mechanism of action of 
aldosterone is through changes in gene expression. Thus, it 
was not surprising to find that regulation of receptors for 
Angll was under the control of aldosterone. In addition, 
it has become clear over the past decade that nongenomic 
effects of aldosterone may participate in steroid-induced salt 
appetite. This participation requires conversion of aldoste¬ 
rone into tetrahydrometabolites, which interact directly 
with ligand-gated ion channels to change the excitability 
of the affected neurons (Figure 11). 
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Figure 11 The adrenal steroid hormone aldosterone acts 
through at least two mechanisms. Like the mechanism 
traditionally ascribed to steroid hormones, aldosterone enters 
the cell where it binds an intracellular receptor that acts as a 
transcription factor to regulate gene expression. Additionally, the 
metabolic products of aldosterone can interact with ligand-gated 
ion channels to affect ion conductance and cell excitability. 
Modified by addition of color from Daniels D and Fluharty SJ 
(2004) Salt appetite: A neurohormonal viewpoint. Physiology & 
Behavior 81(2): 319-337. 


It is possible that an overexaggerated activation of this 
neuroendocrine system underlies some forms of hyper¬ 
tension in humans. In fact, we know that in various animal 
models in which Angll or mineralocorticoids are over¬ 
expressed, there is an increased vulnerability to hyperten¬ 
sion. The normal regulatory system that maintains water 
and sodium balance, coupled with vulnerable genetic 
susceptibility and sodium ingestion, can lead to maladap¬ 
tive changes, including hypertension. Although the dis¬ 
cussion here has focused primarily on aldosterone, stimuli 
that lead to release of mineralocorticoids also cause 
the release of glucocorticoids. Glucocorticoids, either 
through permissive, stimulatory, or preparative functions, 
play a fundamental role in blood pressure regulation. 
Elevated glucocorticoids potentiate Angll-induced drink¬ 
ing and mineralocorticoid-induced salt appetite. More¬ 
over, like aldosterone, glucocorticoids increase expression 
of angiotensinogen and Angll receptors in the brain, and, 
furthermore, enhance the cell signaling of Angll recep¬ 
tors. Additionally, glucocorticoids increase the expression 
of mineralocorticoid receptors, providing another mech¬ 
anism through which glucocorticoids can influence salt 
appetite and body fluid homeostasis. 


Salt Appetite Is Sexually Dimorphic 

Sodium appetite is particularly pronounced in diverse 
mammalian females; in the laboratory, females typically 
ingest more sodium than males. There are a number of 
observations both in the field and in the laboratory that 
females are more responsive to the avidity for salt and to 
changes in extracellular fluid balance. Female rats, except 
during times of high estrogen, for instance, ingest greater 
amounts of water and sodium to depletion of extracellular 
fluids and to exogenous Angll (see later). 

In terms of the endocrine regulation of behavior, water 
and salt intake appear to be under the same hormonal 
controls as reproduction. Gonadal hormones such as 
estradiol and testosterone have both organizing and acti¬ 
vating effects, the former occurring early in development 
and the latter occurring in adulthood. Treatment with 
exogenous testosterone near the time of birth produces a 
female that shows male-like reproductive behavior as an 
adult. Similarly, female rats treated with testosterone as 
neonates develop into adults that ingest salt more compa¬ 
rable to that of control males than noninjected females. 
Likewise, removal of the gonadal steroid hormones by 
neonatal gonadectomy has profound effects on the inges¬ 
tion of water, sodium, and sweet solutions in adulthood. 
These data provide clear evidence of an organizing role of 
gonadal hormones in fluid intake. 

The same hormones that govern the organizational 
effects of hormones play a role in the activational effects 
on fluid ingestion. The role of estrogens in fluid intake by 
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adult rats is clearly demonstrated by laboratory studies. 
Mimicking the normal hormonal fluctuations with timed 
injections of estradiol in ovariectomized rats decreased 
Angll-induced water intake. In addition to demonstrating 
that hormone treatments that increase copulatory behav¬ 
ior also decrease ingestive behavior, these same studies 
failed to find an effect of progestins on fluid intake. 
The lack of effect of progestins on ingestive behavior, 
although they have strong effects on copulatory beha¬ 
viors, provides a stark contrast between the roles of the 
hormones in the behaviors. 

Self-selection experiments in the laboratory have com¬ 
plemented what has been observed in the field, namely 
that during pregnancy and lactation, ingestive behavior is 
altered and shows adaptive responses. Specifically, sodium 
and calcium intakes are particularly elevated as are the 
hormones that regulate sodium homeostasis (e.g., Angll 


and aldosterone). In a nonlactating female, prolactin 
itself can elicit water and sodium ingestion. Moreover, 
increased litter sizes are associated with increased sodium 
ingestion. Taken together, these data show that the more 
exaggerated response to salt, whether the animal needs 
salt or not, has its roots in the demands of pregnancy and 
lactation (Figure 12). 

The connection between ingestive behavior and lacta¬ 
tion is not surprising. Indeed, the coupling of nutrition and 
social attachment is perhaps best demonstrated in lactation 
than any other time in mammals. The mammary glands 
themselves are a cardinal feature of mammals that date back 
to Triassic and Jurassic insectivores; spraying eggs with 
water may be an evolutionary precursor toward mammary 
gland development. Hormones such as Angll, vasopressin, 
oxytocin, prolactin, which are all tied to fluid balance, are 
used in diverse functions in their evolutionary history. 
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Figure 12 Top: Ingestion of salts in pregnant and lactating rats. Note the increase in ingestion of sodium and calcium salts during 
pregnancy and lactation. Bottom: Self-selection cages. Reproduced from Schulkin J (2005) Curt Richter: A Life in the Laboratory, p. 68. 
Baltimore, MD: Johns Hopkins University Press. 
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Conclusion 

The study of water and salt intake has been and continues 
to be an important contribution to our understanding of a 
variety of aspects of animal behavior. It has served as an 
important model system to study the effect of steroid and 
peptide hormones on behavior and remains an excellent 
example of coordination of physiological responses and 
behaviors underlying a common goal, in this case mainte¬ 
nance of body fluid homeostasis. The drives to consume 
salt and water are excellent examples of motivated beha¬ 
viors and the clear impact of circulating hormones on 
these behaviors offers a perfect opportunity to study 
neurohormonal interactions and their roles in behavior. 

See also: Food Intake: Behavioral Endocrinology; Hor¬ 
mones and Behavior: Basic Concepts; Hunger and 
Satiety; Neurobiology, Endocrinology and Behavior; 
Taste: Vertebrates. 
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Introduction 

Welfare is regarded by many people as a key factor when 
determining whether or not a system or procedure 
involving animals is sustainable. However, the term wel¬ 
fare requires strict definition if it is to be used effectively 
and consistently in precise scientific measurements, in 
legal documents, and in public statements or discussion. 
If animal welfare is to be compared in different situations 
or evaluated in a specific situation, it must be assessed in 
an objective way. 

The welfare of an individual is its state as regards its 
attempts to cope with its environment. The definition 
encompasses the extent to which the individual fails to 
cope, or has difficulties in coping, or easily copes. The 
original meaning of the concept is how well the individual 
fares or travels through life and the definition refers to 
state at a particular time, ranging from very good to very 
poor and includes its feelings and its health as well as the 
functioning of various physiological, behavioral, and other 
adaptive mechanisms. 


Welfare in Relation to Needs, Feelings, 
Stress, Health, and Pain 

The environment is appropriate if it allows the animal to 
satisfy its needs. Animals have a range of functional sys¬ 
tems controlling body temperature, nutritional state, so¬ 
cial interactions, etc. Together, these functional systems 
help the individual to control its interactions with its 
environment and hence to keep each aspect of its state 
within a tolerable range. The allocation of time and 
resources to different physiological or behavioral activ¬ 
ities, either within a functional system or between sys¬ 
tems, is controlled by motivational mechanisms. When an 
animal is actually or potentially homeostatically malad¬ 
justed or when it must carry out an action because of some 
environmental situation, we say that it has a need. A need 
can be defined as a requirement, which is part of the basic 
biology of an animal, to obtain a particular resource or 
respond to a particular environmental or bodily stimulus. 
There are needs for particular resources and needs to 
carry out actions the function of which is to obtain an 
objective. Needs can be identified by studies of motivation 
and by assessing the welfare of individuals the needs of 
which are not satisfied. 


The feelings of an animal, including pain, fear, and 
various forms of pleasure, are an extremely important part 
of its welfare. Information can be obtained about feelings 
using studies of positive or negative preference. Other 
information giving indirect information about feelings 
can be obtained from studies of physiological and behav¬ 
ioral responses of animals. Feelings are aspects of an 
individual’s biology that must have evolved to help in 
survival, just as aspects of anatomy, physiology, and 
behavior have evolved. They are used in order to maxi¬ 
mize its fitness, often by helping it to cope with its envi¬ 
ronment. It is also possible, as with any other aspect of the 
biology of an individual, that some feelings do not confer 
any advantage on the animal but are epiphenomena of 
neural activity. When we refer to the welfare of an indi¬ 
vidual, this does not just pertain to the feelings of that 
individual, as some have suggested, but also to the state of 
other aspects of its coping system. If welfare did not have 
this wider meaning, the term could not be applied to an 
individual that had no feelings because it was asleep, or 
anaesthetised, or drugged, or suffering from a disease that 
affects awareness. A further problem, if only feelings were 
considered, is that a great deal of evidence about welfare 
like the presence of neuromas, extreme physiological 
responses or various abnormalities of behavior, immuno¬ 
suppression, disease, inability to grow and reproduce, or 
reduced life expectancy would not be taken as evidence of 
poor welfare unless bad feelings could be demonstrated to 
be associated with them. Although scientific investigation, 
including studies of behavior, can provide some indirect 
information about feelings, we can never know with any 
precision the feelings of any individual other than ourselves. 
Other humans may tell us about their feelings but we do not 
know whether they are telling the truth or the extent to 
which their description of a feeling corresponds to ours. 
Hence, the measurements of behavior described here can 
do no more than provide useful indications about feelings 
and therefore about aspects of welfare. 

The word stress should be used for that part of poor 
welfare that involves failure to cope. A definition of stress 
as just a stimulation or an event that elicits adrenal cortex 
activity is of no scientific or practical value. A precise 
criterion for what is adverse for an animal is a reduction in 
biological fitness. Stress can be defined as an environmen¬ 
tal effect on an individual that overtaxes its control sys¬ 
tems and reduces its fitness or seems likely to do so. 

The word ‘health,’ like ‘welfare,’ can be qualified by 
‘good’ or ‘poor’ and varies over a range. However, health 
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refers to the state of body systems, including those in the 
brain, which combat pathogens, tissue damage, or physio¬ 
logical disorder. Health may be defined as ‘an animal’s 
state as regards its attempts to cope with pathology.’ In 
this statement, animals include humans. Welfare is a 
broader term than health, covering all aspects of coping 
with the environment and taking account of a wider range 
of feelings and other coping mechanisms than those that 
affect health, especially at the positive end of the scale. 
Health is a part of welfare and hence disease always has 
some adverse effect on welfare. 

The pain system and responses to pain are part of the 
repertoire used by animals, including humans, to help 
them to cope with adversity during life. Pain is clearly 
an important part of welfare. Pain is defined here as an 
aversive sensation and a feeling associated with actual or 
potential tissue damage. 

Welfare Assessment: The Range of 
Measures 

Welfare assessment involves direct indicators of the extent 
of any failure to cope, any difficulty in coping, and signs of 
good welfare. One method of attempting to cope is to 
show behavioral or physiological responses that are part 
of the appropriate functional system such as regulation of 
the body fluid concentration. A second method is to 
utilize a more complex behavioral strategy than those 
that are normally part of the functional system in order 
to minimize risks such as those of predator attack, disease, 
or other injury. A third method of coping is to use emer¬ 
gency behavioral and physiological responses, which 
include fleeing, freezing, activation of the hypothalamic- 
pituitary-adrenal (HPA) axis, and activation of the sym¬ 
pathetic nervous system-adrenal medulla pathways. A 
fourth coping method is to use the immune system, prin¬ 
cipally but not entirely in combating invasion by patho¬ 
gens. A fifth coping method involves cellular responses to 
tissue damage or tissue invasion, such as the action of the 
wound-healing system and apoptosis as a defence against 
tumor cell proliferation. A list of measures of poor welfare 
is presented in Table 1. Some measures are most relevant 
to short-term problems, such as those associated with 
human handling or a brief period of adverse physical con¬ 
ditions, whereas others are more appropriate to long-term 
problems. The needs of animals can also be investigated 
by studies of avoidance and positive preferences. For a 
detailed discussion of measures of welfare, see references 
quoted at the end of this article. 

The measures of welfare in Table 1 may not be inde¬ 
pendent of one another. As mentioned in the following 
section, measures that do not directly involve recording 
behavior often require observations of behavior for their 
interpretation. When an individual decides to show an 


Table 1 Measures of welfare 

Physiological indicators of pleasure 
Behavioral indicators of pleasure 

Extent to which strongly preferred behaviors can be shown 
Variety of normal behaviors shown or suppressed 
Extent to which normal physiological processes and anatomical 
development are possible 
Extent of behavioral aversion shown 

Physiological attempts to cope, including pain, fear, pleasure, 
etc. responses 
Immunosuppression 
Disease prevalence 

Behavioral attempts to cope, including pain, fear, pleasure, etc. 

responses 
Behavior pathology 

Brain changes associated with coping attempts and pleasure 
Body damage prevalence 
Reduced ability to grow or breed 
Reduced life expectancy 


adaptive response, for example to change physiological 
or immunological function, there may be a parallel behav¬ 
ioral change or a behavioral consequence. For long-term 
welfare problems, behavioral measures are usually the 
most important means of attempting to cope, and hence 
the best welfare indicators, but the behaviors will change 
various other aspects of the biology. When the environ¬ 
mental challenge is short-lived, initial responses com¬ 
monly include physiological components and these may 
facilitate appropriate behavioral responses. Changes in 
behavior can result in modified physiological or immune 
system responses, for example where there is feedback on 
cytokine production mechanisms or stimulation of opioid 
production and effects of opioids via receptors on lym¬ 
phocytes. Brain mechanisms for coping with environmen¬ 
tal change normally lead to a range of adaptive responses. 
For example, the behavioral components of active escape 
or fighting responses are associated with sympathetic 
adrenal medullary responses while passive responses 
such as freezing may be associated with adrenal cortex 
activity. Hence, the division into physiological, behavioral, 
and immunological responses may have been convenient 
for some scientists but it does not reflect biological reality. 
An integrated range of measures is needed in order to 
evaluate coping and assess welfare. 

Welfare Assessment: Direct Physiological 
and Behavioral Measures 

Some signs of poor welfare are usefully indicated by physi¬ 
ological measurements. For instance, increased heart-rate, 
adrenal activity, adrenal activity following ACTH chal¬ 
lenge, increases in some acute-phase proteins, or reduced 
immunological response following a challenge can all indi¬ 
cate that welfare is poorer than in individuals that do not 
show such changes. Care must be taken when interpreting 
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such results, as with many other measures described here. 
Observation of behavior often provides a means to deter¬ 
mine how to interpret physiological measures. Adrenal 
activity can occur during courtship, mating, and active 
hunting for food so in this case, an increase in plasma 
cortisol concentration does not indicate poor welfare. 
Lack of normal adrenal cortex activity can be a consequence 
of depression or inanition and reduce the efficacy of 
learning. As a result of the range of function of cortisol, 
increases in plasma cortisol have to be interpreted in the 
context of previous behavior. Impaired immune system 
function and some physiological and behavioral changes 
can indicate what has been termed a prepathological state. 

Behavioral measures are of particular value in welfare 
assessment. If any animal with a potential for awareness 
avoids an object or event strongly, this gives information 
about its feelings and hence about its welfare. The stron¬ 
ger the avoidance, the worse the welfare while the object 
continues to be present or the event continues to occur. 
For example, an individual that is completely unable to 
adopt a preferred lying posture despite repeated attempts 
will have poorer welfare than one that can adopt the 
preferred posture. Such an individual may show abnorm¬ 
alities of behavior. Other abnormal behavior such as 
stereotypies, self-mutilation, tail-biting in pigs, feather- 
pecking in hens or excessively aggressive behavior indi¬ 
cates that the perpetrator’s welfare is poor. 

Stereotypies, which are repeated relatively invariate 
sequences of movements without obvious function, were 
first described in humans with neurological disorders and 
those imprisoned in isolation for long periods. More 
recently, stereotypies have been described in animals 
confined in zoos and on farms, for example crate-housed 
calves, sows in stalls, and mink in fur-farm cages. In all of 
these cases and in stabled horses, it seems that the stereo¬ 
typy arises because the animal lacks control over impor¬ 
tant aspects of its environment. Some stereotypies persist 
after the animal moves from its adverse environment. 
However, fully functional individuals do not show pro¬ 
longed stereotypies and these abnormal behaviors always 
indicate poor welfare. 

Some of the most dramatic stereotypies are shown in 
confined sows. It seems that sows’ needs are not met at all 
well in stalls and tethers so they show either substantial 
amounts of stereotypy or apathetic, unreactive behavior. 
In a study of sows that show high levels of stereotyping, 
they were found, after slaughter, to have low mu and 
kappa receptor densities and low dopamine concentra¬ 
tions in the frontal cortex. Inactive, unresponsive sows, on 
the other hand, had more mu receptors in the frontal 
cortex. Other brain studies of animals showing stereoty¬ 
pies include those of housed horses. Those that performed 
more stereotypies such as crib-biting and pacing had 
more dopamine (DI) receptors in the nucleus accumbens 
than those housed horses that performed few stereotypies. 


The welfare of any animal that shows self-mutilation, 
such as some zoo, laboratory, fur farm, and pet animals, is 
poor because of the behavior abnormality itself, as well as 
because of any direct pain or lost usage effects. Similarly, 
injurious behavior indicates that the welfare of the perpe¬ 
trator is poor as well as having an affect on the welfare of 
others. Much of the injurious behavior that occurs in 
farm animals, for example, tail-biting in pigs and feather- 
pecking in hens, is not aggressive behavior. True aggressive 
behavior can sometimes also indicate that the welfare of 
the aggressor is poor because of some environmental in¬ 
adequacy and coping difficulty. Again, the welfare of the 
subject of the aggression will usually be poor also. The 
assessment of pain often involves measures of behavior, 
perhaps combined with the use of analgesics. 

Confined animals may be inactive and unresponsive to 
stimuli, rather like depressed humans. When people are 
depressed, there are various negative effects on hippo¬ 
campal and other brain function, as well as impairment in 
immune system function. Those who study animal welfare 
have much to learn from the literature on human depres¬ 
sion and those who investigate, or try to treat, human 
depression have much to learn from work on the welfare 
of confined, defeated, or seriously frustrated pigs, cows, 
dogs, rats, and hens. 

A wide range of environmental impacts have specific 
consequences for brain function. Stressful events have 
been shown to lead to impaired learning ability, impaired 
memory, damage to hippocampal neurons, remodeling 
of hippocampal dendrites, suppression of neurogenesis, 
changes in neurotransmitter distribution, and disorgani¬ 
zation of brain function. All of these brain measures can be 
associated with changes in behavior. Disease in animals 
can have effects on behavior and these may be of great 
value in diagnosis, for example of particular pathogens 
and parasites, and hence in the improvement of welfare. 

In some of these physiological and behavioral mea¬ 
sures, it is clear that the individual tries to cope with 
adversity and the extent of the attempts to cope can be 
measured. In other cases, however, some responses are 
solely pathological and the individual fails to cope. In 
either case, the measure indicates poor welfare. 

Welfare Assessment: Direct Indicators 
of Good Welfare 

Good welfare is sometimes detectable from the occur¬ 
rence of certain behaviors although there may be more 
than one explanation for the occurrence of a particular 
behavior, such as tail-wagging in dogs. Physiological 
changes may also indicate pleasure. Oxytocin concentra¬ 
tions in blood are elevated during several pleasant experi¬ 
ences, such as during milk ejection and suckling in 
mammalian mothers, other maternal care, and social 




Welfare of Animals: Behavior as a Basis for Decisions 583 


bonding. Oxytocin binds to receptors that regulate HPA 
axis activity and increases in plasma oxytocin are associated 
with decreases in glucocorticoids and adrenocorticotrophic 
hormone (ACTH), proliferation of lymphocytes, increased 
gamma-amino-butyric acid (GABA), and increased vagal 
tone. Investigations including measurement of such 
changes will involve behavior observation in preliminary 
studies and evaluation of the meaning of the measures will 
be aided by measuring behavior at the same time. 


Welfare Assessment: Strength of 
Preference Measures 

The majority of indicators of good welfare which we can 
use are obtained by studies demonstrating positive pre¬ 
ferences by animals. Early studies of this kind included 
that showing that hens given a choice of different kinds of 
floor to stand on did not choose what biologists had 
expected them to choose. As techniques of preference 
tests developed, it became apparent that good measures 
of strength of preference were needed. Taking advantage 
of the fact that gilts preferred to lie in a pen adjacent to 
other gilts, they were offered the choice of different kinds 
of floors that were either in pens next to another gilt or in 
pens further away. With the floor preference titrated against 
the social preference, better information was obtained about 
strength of preference. In a further example of strength of 
preference tests, operant conditioning with different fixed 
ratios of reinforcement was used. Preparturient sows would 
press a panel for access to a room containing straw or one 
containing food. Up to 2 days before parturition, they 
pressed, at ratios of 50-300 per reinforcement, much 
more often for access to food than for access to straw. At 
this time, food was more important to the sow than straw 
for manipulation or nest-building. However on the day 
before parturition, at which time a nest would normally be 
built, sows pressed just as often, at fixed ratio 50-300, for 
straw as for food. Another indicator of the effort which an 
individual is willing to use to obtain a resource is the 
weight of door that is lifted. In a study of the floor pre¬ 
ferences of laboratory rats, it was found that rats would lift 
a heavier door to reach a solid floor on which they could 
rest than to reach a grid floor. 

Preference tests require an animal to make a sacrifice 
of some kind whenever it gains access to some quantity of 
a resource or spends a given amount of time consuming it. 
In operant tests, a cost is imposed upon access to the 
resources by requiring the subject to perform a task. 
Performance of the task requires time and effort, which 
could otherwise have been spent doing other things. The 
task may also be unpleasant to the subject. Choice tests 
involve choosing between resources that satisfy the same 
motivation to different extents. The resource that an 


Table 2 Terminology in strength of preference studies 

Resource - a commodity or an opportunity to perform an activity 
Demand - the demonstrated amount of action that enables 
resources to be obtained 

Price - the amount of that action required for unit of resource 
Income - the amount of time or other variable limiting that action 
Price elasticity of demand - the proportional rate at which 
consumption or demand changes with price 
Consumer surplus - a measure of the largest amount that a 
subject is prepared to spend on a given quantity of the 
resource. It corresponds to an area beneath an inverse 
demand curve 


animal consumes more, or spends more time interacting 
with, is the one that satisfies that motivation more fully 
but identification of this resource does not mean that 
strength of motivation is measured. Simple choice tests 
are not suitable for comparing resources that satisfy dif¬ 
ferent motivations. These may vary not only in their 
strength, but also in other properties, such as the rate at 
which subjects can be satisfied and the quantities of the 
resources required to satiate them. Terminology used in 
motivational strength estimation is described in Table 2. 

In operant tests, the sacrifice required from an animal 
in order to get a resource is manipulated by varying the 
duration, difficulty, or unpleasantness of the task. The 
consumption level or time is recorded and the price 
paid for a fixed quantity of the resource measured. Moti¬ 
vational strength is calculated from the observed relation¬ 
ship between price and consumption, or between income 
and consumption. 

It has sometimes been assumed that animals strive to 
maintain their consumption of important resources in the 
face of increasing access or consumption costs. One pro¬ 
posal was that the more strongly motivated an animal was 
to consume a given resource, the less its demand should 
be observed to decline when the price of the resource was 
increased or when its income was reduced, that is, the less 
elastic its demand should be with respect to price or 
income. 

Some shortcomings of elasticity of demand indices are 
as follows: 

1. The fitness cost of being prevented from performing an 
activity is not correlated with price elasticity. 

2. The sacrifice that a subject makes when attempting to 
maintain an initial level of consumption is not 
accounted for. 

3. Readiness to defend a preferred consumption level is 
confused with the tendency to become satiated with a 
resource. 

4. Single elasticity values are seldom generally valid for a 
resource. 

These shortcomings do not apply to the consumer surplus 
index, for example, the area under the curve when the 
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price such as the number of lever presses needed to open a this final ethical decision will depend greatly on behav- 
door and get to a resource is plotted against the demand ioral evidence, 
which is the frequency of opening the door, so this should 
be used instead of price elasticity. 

Further Reading 


Decisions About Welfare 

Concerns about animals may be affected by whether or 
not the animal is considered to be sentient. Decisions 
about this will depend upon a range of observations of 
the animal, largely observations of its behavior in con¬ 
trolled circumstances. Nonetheless, the term welfare 
applies to both sentient and nonsentient animals, so wel¬ 
fare assessment does not require determination of sen¬ 
tience. One kind of decision that has to be taken in 
relation to welfare assessment concerns the quality of 
the evidence. This is part of the normal scientific process 
of deciding whether or not the data are methodologically 
and statistically robust enough to use. After this, the way 
in which different kinds of measurement can be consid¬ 
ered together has to be decided in order to form an overall 
evaluation of welfare. Some of the relationships among 
direct measures of welfare were mentioned earlier. Mea¬ 
sures of what is important to animals as estimated by their 
strengths of preference are of particular value when 
designing systems for keeping and managing animals. All 
of such information has to be evaluated in relation to the 
impact of something preferred on the animal species 
concerned. An individual might choose to eat inappropri¬ 
ate foods, or eat too little, or self-administer a harmful 
drug, so the consequences of showing the preference must 
be considered in properly controlled studies. The assess¬ 
ment of welfare should be quite separate from any ethical 
judgement but once an assessment is completed, it should 
provide information that can be used to take decisions 
about the ethics of a situation. There is no doubt that 
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Animal welfare, by definition, is the state of physical and 
emotional well being. Over the years, this has been inter¬ 
preted in a number of different ways, but in general, it 
implies a humane life and humane death. Defining the 
term humane becomes more difficult. The dictionary 
definition includes compassion and minimal pain, but 
public perception has equated the meanings of humane 
and welfare. Measuring welfare is more difficult. Animal 
behavior has been closely linked to the measurement of 
animal welfare for a long time because it provided observ¬ 
able information, rather than something that needed 
instrumentation to measure. Various behaviors have 
been used to signify the quality of welfare, with normal 
behavior indicating good welfare as perceived by the 
animal and abnormal behaviors indicating problems. As 
with all things, this interrelationship is not a black and 
white one. There are many shades of gray. There are also 
many interesting behaviors associated with the mainte¬ 
nance of health and ultimately with welfare in domestic 
and wild animals. 

Over the past 50 years, animal production practices 
have changed and so has the public’s view of animal 
welfare. There are several cofactors in this change that 
are worth mentioning. Agriculture has become intensi¬ 
fied, bringing hundreds or thousands of animals closely 
together on farms. Decision making has shifted from what 
is best for the individual animal to what will make the 
most money. For wildlife, human pressures have impacted 
the environments that animals need for survival. Rain 
forests make way for pasture land, migration routes are 
settled, and diseases introduced to new areas with suscep¬ 
tible populations. The behavioral and welfare needs of 
many animal species may be problematic for the develop¬ 
ment interests of the human population. 

The intensification and efficiency of agriculture has 
been associated with several societal changes, the first of 
which is the movement of the population to cities and 
suburban areas. This shift has been so dramatic that cur¬ 
rently over 95% of the population in the United States is 
at least three generations off the farm. The information 
about what is normal behavior, good welfare, and accept¬ 
able animal management, especially as it relates to farm 
animals, is not learned from actual experience. It comes 
from new sources like television programs, movies, books, 
zoos, visits to the state fair, and the internet. One col¬ 
league noted that he saw his first cow at the age of 19, and 
the cow was in the Bronx Zoo. These new venues are not 
normal environments for farm animals, and when they 


become the sole source of information about animal 
behavior for the general public, people do not learn 
about normal farm animal behavior. As an example, dur¬ 
ing a committee discussion about the feeding of processed 
animal manure to other species, one committee member 
voiced concern that meat raised that way would need to 
be identified when packaged in the grocery stores. This 
committee member was missing the background knowl¬ 
edge of normal farm animal behavior; on small farms, one 
species, like chickens or pigs, might routinely eat the feces 
of another, like cattle, to gather grain and other nutrients 
that passed through. The real issues under consideration 
should have been food safety relative to antibiotic resi¬ 
dues in the meat, but instead, it became an educational 
one about normal animal behavior. 

Urbanization has also resulted in people being farther 
from their food sources, so they really do not know how it 
was produced. This has led to a disconnect between 
source and food item. The resulting lack of knowledge 
means it is ‘all right’ to stop using cows for milk produc¬ 
tion because everyone knows that milk comes from the 
grocery store. Babe, the piglet in a movie of that name, has 
no connection with the ham sandwich eaten for lunch. 
Since there is plenty of food for the masses in the devel¬ 
oped world, our time and talents can focus on things other 
than food gathering. This is a luxury not realized in the 
underdeveloped parts of the world. 

Dr. Wes Jamison adds other cofactors to the changing 
perceptions about animals. He discusses how the philo¬ 
sophical change from creationism, where humans are 
superior to everything else, to evolutionism has impacted 
public perceptions. In an evolutionary context, similar 
traits across species are recognized, giving humans and 
animals relatedness. The parallels of development in the 
embryos of many species, the similarities of various organs 
across species, and the sharing of DNx4 sequences empha¬ 
size this relatedness. In addition, the move for equality has 
shifted our focus as well. Years ago, white males were 
viewed as superior to all other people, but this changed 
so that both white males and white females were consid¬ 
ered equal, albeit superior to other humans. That changed 
so that all races have equal status. Currently, the dominant 
philosophy is that all people are superior to animals, but 
the next logical step in this progression is that all humans 
and animals are equal. 

Ultimately, no one factor has driven the changing 
views, but the sum of changing factors has. The developed 
world, at least, is a different place from what it has been in 
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the not too distant past. Even though science has added 
much information to our knowledge about animal behav¬ 
ior, the general public knows less and less about it. They 
no longer live the life that teaches it, and they are not 
focused on learning about the subject in any depth. The 
expanded knowledge of animal behavior is the focus of 
this book and how that knowledge impacts animal welfare 
is the focus of the following articles. 

Using Behavior to Assess Welfare 

Animal behavior has often been used to point to the 
degree of welfare an animal experiences. While there 
are scientific measures of welfare that include behavioral 
and physiological parameters, these are not always 
included in the assessment. The behavioral measures are 
also commonly misinterpreted or interpreted from a sin¬ 
gle standpoint, rather than taken in total. As an example, 
when veal calves are kept in crates and can only stand up 
and lie down, the welfare of calves is generally considered 
by the public to be compromised. The calf cannot play, or 
walk, or interact socially with other calves, so the public 
bases its perception on ‘if I were a calf, what would I want 
to be able to do’ judgments. The determination of welfare 
in this example and in other situations is faulty when this 
is the only parameter considered. 

Problems also arise because the public as a whole does 
not know much about animal behavior. Approximately 
60% of households have a pet, but that is typically one 
pet. This means individuals do not learn normal behaviors 
of dogs and cats interacting without human intervention. 
They certainly do not understand the total range of a 
dog’s or a cat’s behavioral repertoire, and understand 
much less about cattle, pigs, sheep, or other animals. 
With the proliferation of wildlife animal programs on 
television, the general public may actually know more 
about lions than domestic cats, or about African elephants 
than horses. 

The public’s perception of what an animal thinks or 
how it acts is typically anthropomorphic. Children are 
raised with a talking Mickey Mouse, a baby elephant 
that can fly, a romanticizing of the Old West where mus¬ 
tangs run free, and teddy bears. When and how are they 
expected to learn that mice do not talk and can actually 
destroy things due to their normal chewing behaviors; 
that baby elephants do not fly or talk; that mustangs are 
starving and overgrazing parts of the western United 
States; and that fuzzy, little animals are not always 
friendly? Yet, it is these early lessons that shape future 
thoughts about animals, at least, until experience changes 
them. A classic example of this happened with the 
unwanted horse in the United States. For many years, 
about 60 000 horses a year that no longer had a purpose 
or that were dangerous ended up being put to death in 


meat packing plants and the meat sold to other countries 
where it was eaten. Because citizens could not picture 
such a fate for the beautiful horse, legislative efforts 
were made to end horse slaughter. Horse sanctuaries 
were already full. It was very expensive to euthanize 
horses. Carcass disposal was expensive and burying the 
body could contaminate the soil. Some horses would make 
it to slaughter plants in other countries, but those horses 
had to be hauled very long distances and entered facilities 
where animal handling was poorly done. The result has 
been an increase in horses being turned loose to fend for 
themselves on roadways and forests. The outcome of 
stopping the practice of horse slaughter meant bad wel¬ 
fare for those unwanted horses. Over time, the 60 000 
horses become 120 000 in year 2, and 180 000 in year 3. 
Even the mustang that roams the West is not guaranteed 
good welfare. To prevent overgrazing, many of them are 
rounded up. A few are sold, but some that are just not 
adoptable remain crowed in pens for several years. 

Evaluation of animal welfare is actually much more 
complex than just determining whether an animal can 
show all of its normal behaviors, as was pointed out during 
recent discussions relative to how laying hens should be 
managed. There has been a lot of debate about whether 
laying hens should be kept in small cages. Producers often 
used the argument that the birds laid a lot of eggs and so 
their physiology indicated that their welfare was ade¬ 
quate. Those who opposed the practice of confining 
these hens use the arguments that the hens were not 
able to express normal behaviors like perching, dust bath¬ 
ing, and stretching. Opponents to the current caging sys¬ 
tem would cite outdoor free-ranging chickens as having 
the ideal in welfare because it allowed expression of all 
the normal behaviors. The role of health and survival, as 
they are involved in welfare, was not included in the 
discussion. But when the health factors are included, the 
free-ranging chickens may not have a better quality of life 
than their caged counterparts. They have a higher inci¬ 
dence of disease, internal and external parasites, preda¬ 
tion, bumblefoot, feather picking, hysteria and crowing, 
and overall mortality. As is shown by the comparison of 
various systems, which factor in health and behavior 
(Table 1), a middle ground, like barn housing, may actu¬ 
ally present the best overall welfare alternatives. 

Behaviors for Good Welfare 

Over the centuries, animal behavior has evolved in vari¬ 
ous species so that the newer behaviors are increasingly 
likely to promote good health. The resulting improve¬ 
ments in welfare minimize exposure to disease and para¬ 
sitism, provide protection against predators or promote 
predatory success, and maximize mate selection and off¬ 
spring survival. 
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Table 1 Positive (+), neutral (+/-), and negative (-) welfare 
features of three different housing types for laying hens indicating 
health and behavioral features 


Indicators of 
welfare 

Conventional 

cages 

Noncage 

barn 

Outdoor 

free-range 

Health features 

Mortality 

+ 

— 

— 

Exposure to 

+ 

+/- 

— 

disease vectors 

Internal parasites 

+ 

— 

— 

External parasites 

+/- 

+/- 

+/- 

Air quality 

+ 

— 

+ 

Bumblefoot 

+ 

— 

— 

Behavioral features 

Hysteria, piling/ 

+ 

— 

+/- 

smothering 

Risk of predation 

+ 

+ 

— 

Level of egg 

+ 

+/- 

— 

production 

Use of perches 

— 

+/- 

+/- 

Dustbathing 

— 

+ 

+ 

behavior 

Foraging behavior 

+/- 

+ 

+ 


Modified from www.avma.org/issues/animal_welfare/ 
cage_noncage_systems.asp. 


Behaviors to Avoid Pathogens and Parasites 

While behavior can be related to illness, as is discussed in 
the article that follows, it is also associated with helping- 
animals avoid disease and parasites. One behavior that 
helps with reducing exposure is when herbivores graze 
in open spaces. Those areas are less likely to be fre¬ 
quented by ticks. This is significant because tick infesta¬ 
tions can significantly reduce growth of young animals, 
result in blood loss with resulting anemia, and introduce 
several diseases to their victims. 

Another behavior to avoid infestations is associated with 
eating in areas where infection by intestinal parasites is not 
likely. Several species of animals use dung heaps or special 
areas for elimination. Cats cover excreta in the home areas. 
All of these behaviors concentrate on feces, and sometimes 
urine, in specific locations, so that grazing areas are free 
from parasite egg and larvae deposition, and animals are 
less likely to be exposed during daily activities. 

The movement patterns of animals can also be avoidance 
behaviors. Herd animals, in particular, tend to constantly 
move throughout their territories. In some cases, they even 
show seasonal migrations. This actually has several advan¬ 
tages to health and welfare. When hosts live in a group, 
the risk of exposure can be spread across the group, so 
the chances of infection/infestation for any single individual 
in the group is reduced. Ticks are known to release a 
pheromone on animals they have used for a blood meal, 
and that pheromone attracts other ticks to the same animal. 
Movement during grazing reduces the likelihood that 
additional ticks can successfully find the marked animal. 


Seasonal migrations are the longest, and most dramatic of 
animal movement behaviors. Not only do they take the 
group away from infected areas, the long duration of absence 
helps break the life cycle of the parasite so that returning 
animals will come back to an area with a low burden present. 

Anxiety and fear help animals avoid potentially dan¬ 
gerous situations. The heightened awareness of its sur¬ 
roundings alerts an animal to a potential sneak attack by a 
predator and gives it enough advanced warning to make 
escape possible. 

Behaviors of Survival 

Grooming behaviors have many functions associated with 
welfare. Mutual or social grooming strengthens the bonds 
between animals and helps keep mates and group mem¬ 
bers together. Grooming is also important for healthy 
skin, and healthy skin prevents the introduction of disease. 
The behavior of grooming is important for the reduction 
of external parasites, particularly flies, lice, and ticks. 
Studies have shown that when cattle are prevented from 
grooming, tick retention is over three times greater than 
when grooming is allowed. Mice suffer a 60% increase in 
the numbers of lice if they are not allowed to groom. The 
numbers of bacteria are reduced by grooming, and the 
types of surviving bacteria are more consistent with nor¬ 
mal flora instead of pathogenic species. 

The behavior of remaining motionless is used by many 
animals to avoid detection by approaching predators. 
Other animals change colors or bury themselves in sand 
to hide from attackers. 

Hibernation, caching food, burrowing into mud, and 
migrating to far away locations, are yet other behaviors 
used to survive difficult weather conditions. 

Behaviors for Mates and Offspring Survival 

The behaviors of mate selection relate to welfare. The 
strongest and healthiest are more likely to have offspring 
that survive and continue the trend toward increased 
fitness. The males with the most elaborate courtship 
behaviors, the most victories in battles, the largest terri¬ 
tory, the biggest rack of horns, or the brightest and show¬ 
iest colors, are the ones most sought after by females. 
Those which are the fittest and healthiest excel in the 
courtship rituals, whether it is finding the right types of 
nesting materials, strutting the best courtship dance, or 
singing the loudest. Those species in which males ward off 
other males use strength and intimidation of rivals to 
retain harem groups or territory. The winner controls 
the mating of the nearby females or is able to mate with 
the highest ranking ones so that their offspring are supe¬ 
rior in terms of health and fitness. Even the brightness of 
colors, especially in birds and reptiles, indicates health. 
Duller coloration usually parallels declining health. 
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Behavior as an Indicator of Welfare 

It is generally argued that an animal’s behavior is an 
indicator of welfare. It has also been suggested that if an 
animal cannot show all of its natural behaviors, it does not 
have good welfare. Not all animals show all their potential 
behaviors, and what about normal behaviors shown out of 
context or to an excess? Bar biting in sows is an example of a 
behavior that is argued to be abnormal and also a variation 
of normal. Pigs that are confined to small areas have little to 
do and some of them will start chewing on the metal bars of 
their crates or pens. Because pigs in pastures do not chew on 
metal objects, it has been argued that this is a stress induced 
behavior and, therefore, an indicator of poor welfare. The 
other side of the argument suggests that it is a variation of 
normal chewing behaviors. If a pig in pasture made 2000 
chewing motions a day while eating, and a confined pig 
made 2000 chewing motions, some of which were directed 
toward metal because there was less volume, but higher 
quality food, the welfare of the pig is not suffering. 

In other situations, the expression of a behavior has an 
obvious correlation with general welfare. Buller steers in 
feed lots not only injure other steers that they mount, but 
the behavior has been associated with the inability to 
adapt to the crowded, intense social aggregation of cattle. 
When given a little more space and put in pens with fewer 
cattle, the behavior is generally self-limiting. Elephants in 
circuses or working in the forests of Indonesia that sud¬ 
denly go on a rampage are showing an extreme behavior 
not seen in the wild. Not only is this behavior dangerous 
for nearby humans, it is usually deadly for the animal. 
Stereotypic behaviors are described as expressions of emo¬ 
tional distress. There are many things that can lead to these 
behaviors, as will be discussed in a later article, but studies 
have shown that their expression is associated with the 
production of brain endorphins. These, in turn, are asso¬ 
ciated with pleasurable feelings. This implies that the 
development of a stereotypy helps reduce mental stress 
levels. It also suggests that the simple physical blocking of 
the behavior, without addressing the causes of the stress, 
would not be good for the animal’s well being. 

Behavior Is a Poor Indicator of Welfare 

Studies have been designed to teach an animal how to 
turn on lights, or to change the volume of music, or to 
make food choices to find what the animal considers to be 
ideal. These are preference tests and preferences may or 
may not be related to welfare. Does a horse that has access 
to crimped oats but not to sweet feed have poor welfare, 
when testing indicates a strong preference for the latter? 
Most would agree that welfare needs are being met with a 
quality diet, even though the top preferences are not 
included. Some would also argue that sweet feed might 


lead to medical problems in some horses that would be bad 
for overall welfare. Even in the wild, preferences do not 
always equate with welfare. A bear may be willing to risk 
multiple bee stings just so that it can raid a honey stash. 

While fear of situations is a normal response that 
results in a situational reaction, that reaction can be 
excessive and become life threatening in itself. Natural 
selection has favored horses that shy and run from objects 
not immediately deemed as safe; such caution is beneficial 
in the wild. For the suburban horse, shying away from a 
waving piece of plastic could result in the horse and rider 
being hit by a car or the horse running into a barbed wire 
fence resulting in severe cuts. 

What about chronic, low stress levels, such as isolation 
from social peers or poor quality forage? While behaviors 
may not change significantly, the long-term effects of raised 
cortisol levels could negatively impact health in several 
ways. For asocial and antisocial species, the expression of 
certain behaviors can make individuals more vulnerable to 
predators. Some animals do not show changes in behavior 
until they are very ill, or they hide so that behavior changes 
are not apparent. Again, in nature, exhibiting weakness is 
not usually favored by natural selection. 

Euthanasia 

Death is a terminal point for the animal, but how death 
occurs does impact the animal’s welfare if we equate 
humane life and humane death with good welfare. In the 
wild, death is often violent, as when a predator catches 
and eats its prey, but it can be slow and painful, as when an 
animal is trapped in quicksand. For species that interact 
with humans, another type of death is by euthanasia. By 
definition, euthanasia comes from Greek words that mean 
‘good death.’ The concepts here involve techniques that 
result in the rapid loss of consciousness, which is followed 
by cessation of brain, heart, and lung function. Anxiety 
and distress are kept to an absolute minimum. Species 
variability requires consideration of what agents/techni¬ 
ques are appropriate. Situational and environmental differ¬ 
ences also need to be considered. As an example, the use of 
an overdose of a barbiturate anesthesia would be the ideal 
way to euthanize a deer that had broken its legs after being 
hit by a car, but doing so would endanger the person 
administering the drug, add additional panic to the animal, 
and render the carcass dangerous to animals that eat car¬ 
rion. A gunshot to the head would be faster, generally safer, 
and not damage the meat; however, from the public’s per¬ 
spective, it might be esthetically less acceptable. 

Other articles in this section discuss the interconnec¬ 
tions of behavior and welfare in animals of various species 
in various settings. The authors are experts in their 
respective areas who point out the positives and negatives 
of relying on behavior to assess the welfare of animals. 
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Because welfare can be measured scientifically, there are 
ongoing studies around the world to better understand 
the complex interactions of behavior and welfare. Knowl¬ 
edge is continuously being generated. This field remains 
fluid and those who are interested in animal welfare are 
encouraged to continue to evaluate new findings for a 
comprehensive understanding. 

See also: Avoidance of Parasites. 
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Introduction 

The white-crowned sparrow is a small, 25-30 g songbird 
that is common in appropriate habitats throughout its 
wide range in western and northern North America 
(Figure 1). 

There are five recognized subspecies that differ in 
annual cycle and migratory behavior. Nuttall’s white- 
crowned sparrow ( Zonotrichia leucophrys nuttalli) is seden¬ 
tary and spends the entire year within a few hundred 
meters of the ocean along the central California coast. 
The mountain, Z. /. oriantha , and Puget Sound, Z. /. pug- 
etensis , subspecies are intermediate-distance migrants. 
The former breeds in high-elevation meadows in the 
Sierra Nevada, Rockies, and other western mountain 
ranges; while the latter was historically restricted to 
coastal habitats in the Pacific Northwest north of nuttalli's 
range. Gambel’s, Z. /. gambelii , and the eastern white- 
crowned sparrow, Z. /. leucophrys , are long-distance 
migrants that breed at high latitudes across subarctic 
Canada and Alaska. Scientists have taken advantage of 
this diversity in life history traits by using the comparative 
method to explore how song learning and the physiologi¬ 
cal control of reproduction vary in different environ¬ 
ments. The species’ abundance, coupled with a tendency 
to breed in urban areas on the west coast (including 
college campuses), along with its ability to thrive in cap¬ 
tivity, have made it a model organism for the study of the 
hormonal control of reproductive behavior. This topic is 
treated thoroughly elsewhere in this Encyclopedia. The 
focus of this article is instead on the many studies that 
have focused on song in this species. 

Song Dialects 

Naturalists have long known that song in this species 
varies geographically. Blanchard in her dissertation 
research on the reproductive behavior of sedentary and 
migratory populations along the Pacific coast drew graphs 
of some of the geographic distinctions in song. Scien¬ 
tific study of song in this and other species awaited 
the widespread adoption after World War II of portable 
tape recorders and the sound spectrograph. These tools 
allowed scientists to acquire permanent records of acous¬ 
tic behavior in the field or laboratory, and then to display 
the sounds as printed frequency versus time plots (‘sono¬ 
grams’), using the audiospectrograph. Marler’s pioneering 


work on this species near the University of California at 
Berkeley campus took advantage of these new technolo¬ 
gies, and made the species a textbook example of song 
learning in birds. These findings later sparked several 
controversies, discussed in this article, on the nature of 
the learning process and on the possible functional con¬ 
sequences of song learning. 

As is common in the study of behavior, Marler’s studies 
began with observation and then proceeded to experi¬ 
mentation. The white-crowned sparrow is remarkable in 
that the song differs not only geographically, but even 
within a local population of Nuttall’s white-crowned spar¬ 
row, the songs of individual males are extremely similar 
(Figure 2). 

In contrast to most songbirds, in which males have 
repertoires of several song types, white-crowned spar¬ 
row males sing a single song type as adults, which sim¬ 
plifies the task of analysis. The different dialects are 
fairly discrete in space, and in the coastal populations 
differ most obviously in the terminal trill. An experi¬ 
enced naturalist can identify where a male sparrow 
comes from, solely on the basis of its song. These obser¬ 
vations led to the question of whether these geographic 
differences in song were learned and thus were inherited 
culturally. Previous work, performed primarily on Euro¬ 
pean species had established that songbirds learn their 
songs. A male chaffinch ( Fringilla coelebs) for example, 
exposed to adult song in the first few months of life, 
proceeds through a series of intermediate developmental 
stages, subsong and plastic song, before finally producing 
an accurate, crystallized version of the tutor song some 
9 months or more later. 

Song Learning 

Researchers have taken advantage of the fact that white- 
crowned sparrows do well in captivity and can be hand- 
reared from the nestling stage with a high degree of 
success (and a large degree of work!). Nestlings are col¬ 
lected at 5-8 days of age, brought into the laboratory, and 
reared in acoustic isolation chambers where their audi¬ 
tory experience can be controlled. This species learns 
readily from tape-recorded songs broadcast into the iso¬ 
lation chamber, which gives the experimenter control over 
the acoustic stimulus. A microphone in each chamber can 
then be used to monitor and record the young bird’s vocal 
development over the course of the first year. 
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Figure 1 Male white-crowned sparrow in full song. 


The studies of white-crowned sparrow song learning 
were noteworthy, because they led to five major 
conclusions: 

1. Exposure to adult song is essential for normal vocal 
development. Birds deprived of tutor experience, so- 
called ‘isolates,’ develop highly simplified songs that 
retain a few species-typical features, such as a long- 
steady whistled note (Figure 3). 

2. Learning of song occurs most readily during an early 
sensitive phase, centered on 10-50 days of age, with 
lesser evidence of learning apparent out to 100 days. 

3. Learning is selective. Young white-crowned sparrows, 
when given a choice between song sparrow (Melospiza 
melodia ) song and white-crowned sparrow song, chose 
their own species’ song as a learning model. Three 
males tutored only with song sparrow song developed 
isolate songs. 

4. In contrast to the learning selectivity at the species- 
level described earlier, young male white-crowned 
sparrows readily learned any conspecific dialect they 
were exposed to during the sensitive phase. The exam¬ 
ple shown in Figure 3 is a Nuttall’s white-crowned 


sparrow collected at Bodega Bay, California imitating a 
tape-recorded dialect sung in nature by mountain 
white-crowned sparrows at Tioga Pass, California. 

5. Work by Konishi, using white-crowned sparrows deaf¬ 
ened at various ages, established that a young male 
needs to be able to hear himself sing in order to develop 
an accurate tutor imitation. During the plastic song 
phase, a male goes through a trial-and-error process 
of comparing his own utterances to a memory of the 
song acquired earlier. A tutored male deafened before 
he began singing develops an impoversished song, with 
little similarity to species-typical song (Figure 3). 
However, a male deafened after the development of 
his final adult song continues to sing normally, as if 
auditory feedback is no longer required to maintain 
stable, crystallized song. Subsequent work on other 
species suggests that auditory feedback is needed to 
maintain stable song in adult birds. 

These findings, coupled with similar data addressing 
points (1)—(3) on the chaffinch, led to the formulation of 
the auditory template hypothesis. Borrowing Lorenz’s 
idea of an innate releasing mechanism, Marler suggested 
that a naive songbird inherits a predisposition, a crude 
template, to identify and learn its own species song. In the 
absence of exposure to song of its own species, the tem¬ 
plate is sufficient to guide production of isolate song, 
provided the bird can hear itself sing. As a result of 
hearing the own species song, the template is updated to 
incorporate the details of the tutor song(s). The refined 
template is then used as a reference during the trial-and- 
error learning process in intact birds as they gradually 
perfect an imitation of the tutor. Point (2), the notion of an 
early sensitive phase for learning, and point (3), learning is 
selective, later attracted criticism from scientists using a 
different research strategy. 

The technique of hand-rearing birds from the nestling 
stage, or better yet, foster-rearing them under females of 
another species, usually the domestic canary (Serinus 
canarius ), coupled with tape-tutoring, has the great exper¬ 
imental advantage of providing control over a major inde¬ 
pendent variable, acoustic input. It is possible to control 
the acoustic structure of the stimuli, and their manner of 
presentation, that is, how many songs per minute, at what 
time of day, and for how many days. For answering ques¬ 
tions such as is a bird able to learn equally at all ages or 
from all stimuli, tape-tutoring offers the greatest experi¬ 
mental control. In the 1980s, many researchers working 
on bird song development, including in particular Luis 
Baptista and Lewis Petrinovich working on the white- 
crowned sparrow, began to question whether support for 
the hypotheses of sensitive phases and stimulus selectivity 
was dependent upon the research methods used. It is 
obviously the case that experimental methods influence 
the results obtained, but these authors and others argued 
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Figure 2 Song dialects of Nuttall’s white-crowned sparrows near Berkeley, California, as studied by Marler and colleagues. 
Reprinted from Marler P (1970) A comparative approach to vocal learning: Song development in white-crowned sparrows. Journal 
of Comparative and Physiological Psychology 71: 1-25, with permission from APA. 


that the results of tape-tutoring were artifactual or abnor¬ 
mal, and had little bearing on how song learning occurs in 
nature. In nature, birds learn from other birds, and not 
from tape recorders. Their solution was to use live, 
socially interactive tutors instead of tape-recorded songs 
to ask whether song learning was age-limited and stimu¬ 
lus specific. 


In a series of three experiments using live tutors, 
Baptista and Petrinovich showed that young white- 
crowned sparrows were capable of learning past 50 days 
of age and were capable of learning heterospecific songs. 
They concluded that song learning in this species was not 
age-limited nor stimulus specific. While these experiments 
demonstrated these capabilities, Nelson argued that the 
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Figure 3 Examples of white-crowned sparrow song after 
different experimental treatments. At top is the crystallized song 
of a bird tutored with the tape-recorded song of the tutor shown 
below it. Isolate song is from a bird raised in isolation from normal 
white-crowned sparrow song. At bottom is the song of a bird 
deafened at 1 or 2 months of age. Note the absence of any 
apparent species-typical structure in the song, in contrast to 
isolate song which retains the long, steady whistle. Song dialects 
of Nuttall’s white-crowned sparrows near Berkeley, California as 
studied by Marler and Colleagues. Reprinted with permission 
from Marler P, 1970. A comparative approach to vocal learning: 
Song development in white-crowned sparrows. J. Comp. 
Physiol. Psychol. (Monogr.) 71: 1-25. APA. 


results are not strong evidence against the hypothesis of a 
sensitive phase for song learning. In brief, learning after 
50 days of age is not incompatible with an early sensitive 
phase, as the initial experiments suggested that learning 
was possible, though less likely, then. The interested reader 
is referred to the chapters by Nelson and Baptista and 
Gaunt in the book by Snowdon and Hausberger for a 
discussion of both sides of the controversy. 

With regard to the species-selectivity of learning, 
Konishi has pointed out that the strawberry finch (Amandava 
amandava) song used as a heterospecific tutor in Baptista 
and Petrinovich’s experiments resembles isolate white- 
crowned sparrow song in that both songs consist of a series 
of pure whistles with a slow frequency modulation. The 
subjects clearly imitated the sequence of notes in the tutor, 
but probably were capable of producing the notes them¬ 
selves without tuition. A more convincing test of stimulus 
constraints on song learning would require tutor songs 
that differ clearly from the white-crowned sparrow song. 
Such a test was provided by Soha and Marler, who synthe¬ 
sized tutor songs by adding the introductory whistle note 
characteristic of all white-crowned sparrow song to a 


variety of heterospecific sounds, or by removing the whis¬ 
tle from white-crowned sparrow songs. Their results 
demonstrated that young white-crowned sparrows learn 
elements of heterospecific bird song, and even, remark¬ 
ably, Belding’s ground squirrel (Spermophilus beldingi ) 
alarm calls, provided that an introductory whistle pre¬ 
cedes the foreign material. They suggest that the introduc¬ 
tory whistle is a species-specific component of the 
auditory template that enables selective song learning 
and cues the bird to learn other sounds in close temporal 
proximity to the whistle. There may well be other song 
features that cue species recognition, but these have not 
yet been tested experimentally. These interesting results, 
coupled with other lines of evidence, indicate that the 
selectivity of learning is mediated by perceptual, rather 
than motor constraints. 


Neuroethology 

The auditory template hypothesis has been a guiding 
force in the burgeoning field of neuroethology. Song 
learning in birds is an important model system for the 
study of the neural bases of learned vocal communication 
in part because of the parallels Doupe and Kuhl have 
summarized between vocal learning in birds and humans: 
an early sensitive phase, the need for vocal feedback, and 
the involvement of predispositions to learn certain stimuli. 
The white-crowned sparrow, because it is an age-limited 
song learner, has been used in some work in neuroethol¬ 
ogy, however, most work has concentrated on domesti¬ 
cated species that are easier to obtain and keep. The 
classic work by Konishi demonstrating the involvement 
of auditory feedback in song learning has already been 
mentioned. Important early electrophysiological studies 
by Margoliash and Konishi on how song selectivity is 
represented in the brain used white-crowned sparrows 
as subjects. These authors used hand-reared birds tutored 
with tape-recorded songs. Multiunit recordings in one 
area of the forebrain, HVC, revealed neurons that 
responded selectively to the bird’s own song relative to 
the tutor song, implicating these neurons in the processes 
of song learning and song recognition. Systematic mod¬ 
ifications of computer-generated song stimuli revealed 
that auditory units were sensitive to manipulations of 
frequency and temporal parameters of song. 

Another approach to understanding the neural bases of 
song learning has focused on the anatomy of the song 
control regions in the brain. What factors control the 
size and neural connectivity of brain nuclei? An influential 
early hypothesis was that the seasonal increase in HVC 
and robust nucleus of the archistriatum (RA) (another nucleus 
necessary for the production of learned song) in the spring 
reflected the learning of new song elements, although the 
direction of causation was not clear. This hypothesis derived 
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from work on canaries, which can change their song from 
year to year (in contrast to white-crowned sparrows). series 
of studies by groups led by Brenowitz and Wingfield, 
using white-crowned sparrows, have shown that seasonal 
increases in daylength, circulating levels of testosterone, 
and social cues all lead to increases in the volume of 
one or more song nuclei in the brain. Song structure is 
also more stereotyped in spring when testosterone levels 
are high than in the autumn. Using a comparative 
approach, they have shown that such seasonal changes 
occur in both the sedentary nuttalli subspecies, and the 
long-distance migrant gambelii. Testosterone implanted 
directly adjacent to HVC led to increases in the volume 
of ipsilateral HVC, RA, and area X; the two latter nuclei 
receive connections from HVC. These studies on the 
white-crowned sparrow, a species with a single song 
type learned early in life, coupled with similar findings 
on other species, suggest that seasonal changes in song 
nuclei are more closely correlated with seasonal changes 
in the stereotypy of song production than with the 
learning of new songs. 

Song Dialects and Speciation 

A second controversial aspect of the early studies on 
white-crowned sparrows derived from the observation of 
song dialects. In Marler and Tamura’s original description 
of song dialects in Z. /. nuttalli , they made two points. First, 
the homogeneity and stability of the dialects implies that 
little dispersal occurs after song is learned early in life. 
Second, this restricted dispersal could lead to reduced 
gene flow between populations if birds use the song 
learned early in life as a ‘beacon’ to identify a preferred 
breeding place. In particular, Marler recognized the need 
to explore whether female mate choice was influenced 
by the song she (may have) learned early in life. Other 
authors have developed this idea further by suggesting 
that assortative mating by song could be adaptive by 
preserving locally adaptive genotypes in a heterogeneous 
environment. 

A variety of different forms of evidence have been col¬ 
lected in subsequent decades to test various aspects of this 
hypothesis. Much of the early work was done by Myron 
Baker and colleagues on Z. /. nuttalli. Later on, Z. /. pugetensis 
was studied by Nelson and colleagues and Z. /. oriantha by 
MacDougall-Shackleton. First, the hypothesis assumes that 
both males and females can perceive differences in song 
dialects. This has been tested many times using field play¬ 
back tests to males and laboratory tests (usually) to females. 
Laboratory tests to females involve housing the subjects 
individually in sound isolation chambers, implanting them 
subcutaneously with estradiol, and counting the number of 
copulation solicitation displays performed in response to 
song playback. The result in almost all instances is that 


both males and females give stronger responses to the 
local dialect they are familiar with than they do to a nonlocal 
dialect. Several experiments have explored which compo¬ 
nents of song cue dialect recognition. 

Second, the hypothesis assumes that females also learn 
their song early in life. Several approaches have been 
taken to test this, because females normally do not sing 
in this species. In one approach, nestling and fledgling 
females were collected and brought into the laboratory 
and then tape-tutored with song for about 6 weeks. 
Results from a copulation solicitation assay performed 
several months later showed that females gave stronger 
responses to the natal/tutor dialect than they did to an 
unfamiliar dialect. Whether song learning is possible later 
in life was not tested. Another approach used call produc¬ 
tion in response either to playback of songs that birds had 
just been tutored with for the previous 10 days, or to 
unfamiliar songs. This had the advantage that both males 
and females were tested using the same response assay. 
The results from this experiment suggested that females 
learned song only up to about 35 days of age, but that males 
learned up to 50 days age, and patterns of calling early in 
life in males predicted which tutor songs they reproduced 
the next spring. The sensitive phase for learning song may 
be shorter in female than in male white-crowned sparrows. 
The results of these studies clearly demonstrate that females 
do learn song, even if they do not normally produce it. 

The critical test of the dialect-gene flow hypothesis is 
whether males and females use learned song to mate 
assortatively and as a consequence, do not disperse into 
a foreign dialect. Much less evidence is available on this 
point. Assortative mating has been studied by implanting 
mated females with testosterone and comparing their 
dialect to that of their mates. Such studies have been 
conducted at contact zones between dialects within two 
subspecies, and in a contact zone between two different 
subspecies, each of which sings a different dialect. One 
study of Z. /. nuttalli found a significant tendency for mated 
pairs to sing the same dialect, but all other studies of this 
and the other three subspecies have found no significant 
tendency for assortative mating. 

Only one study, at a border between two dialects of 
Z. /. nuttalli , has attempted to directly track dispersal move¬ 
ments of banded juveniles across a dialect border. This is the 
most direct test of whether learned song dialects affect gene 
flow. The authors of the original study concluded that 
dispersal across the dialect boundary was reduced relative 
to a null model, but Kroodsma and colleagues caution that 
uncertainty exists over how much juveniles may have moved 
prior to their first capture. The difficulties involved in getting 
an adequate sample of banded juveniles and then recaptur¬ 
ing them at a later date suggests the need for alternative 
markers of a bird’s natal site that are independent of song. 
Genetic markers are one possibility, but presume the exis¬ 
tence of geographic structure in genetic variation. A recent 
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report on Z. /. pugetensis indicates that the chemical ele¬ 
ments incorporated into feathers during molt vary geo¬ 
graphically and across dialects. This technique may hold 
some promise to follow dispersal movements. 

A less direct test of the dialect-gene flow hypothesis 
involves correlating patterns of genetic differentiation 
with patterns of song dialect differences. If song dialects 
do affect dispersal movements of birds, we would expect 
that genetic differences between dialects to be greater 
than the differences between sites within dialects. The 
less interesting possibility, raised originally by Marler in 
1962, is that both song differences and genetic differences 
could arise independently if both result from restricted 
dispersal. If dialects originate in small founder popula¬ 
tions, then we might expect that both song and genetic 
differences originate by founder effects. If dispersal move¬ 
ments are subsequently limited, independently of the 
song differences, then genetic differences between dia¬ 
lects would be expected, without any direct causal linkage 
between song and genetic differentiation. 

Baker’s group performed the initial test of the pre¬ 
dicted association between dialects and genetic structure 
in a linear series of dialects of Z. /. nuttalli along the central 
California coast. Their conclusion, that genetic differ¬ 
ences were greater between dialects than expected from 
the differences within dialects, was greeted with much 
discussion, summarized by Kroodsma and Baker and 
Cunningham. A second study of Z. /. oriantha found 
genetic structuring in the absence of dialects, while a 
third report on the same subspecies claimed a weak effect 
on genetic structure due to dialects. A fourth study of 
Z. /. pugetensis found no effect of dialect differences on 
genetic structure, and the authors’ reanalysis of the original 
dataset on Z. /. nuttalli suggested the same for that subspe¬ 
cies. The results of these four studies, when combined with 
similar negative evidence in several other species of birds, 
suggest that dialect differences may not act as barriers to 
gene flow. However, negative indirect evidence is far from 
conclusive. For one thing, we have no idea of how old the 
dialects are, or whether they do reflect a history of isolated 
founder populations, or gradual spread of one population 
through largely continuous habitat. If the dialects are of 
very recent origin and they may well be given that birds 
innovate their songs during learning, there might not have 
been sufficient time for genetic differences to accumulate, 
even if dialect differences were acting in the hypothesized 
manner to restrict movements. Again, direct estimates of 
dispersal movements relative to dialect borders are needed 
to test Marler’s original hypothesis. 

Reproductive Physiology 

The same attributes (abundance, geographic diversity, abil¬ 
ity to thrive in captivity) that have made this species the 


focus of research on song development have also made it a 
common subject for many studies in reproductive physiol¬ 
ogy. Work in this area on the white-crowned sparrow began 
with Blanchard, who compared Z. /. nuttalli and Z. 1. pugetensis 
with a view to studying the control of reproduction in 
closely related sedentary and migratory populations. The 
key technical advance was the development in the 1970s of 
quantitative assays for steroid hormones and luteinizing 
hormone, using small samples of blood that could be 
obtained without harming the bird. Scientists could now 
repeatedly capture marked individuals in natural popula¬ 
tions at different times of the reproductive cycle and moni¬ 
tor changes in plasma hormone concentrations. The 
technique is also used commonly to measure hormonal 
responses to various experimental manipulations (changes 
in temperature, light cycle, simulated territorial challenge 
using song playback, etc.). These field endocrinology meth¬ 
ods were first developed in wild populations of white- 
crowned sparrows by Wingfield and Farner, and have now 
been applied in four of the subspecies of white-crowned 
sparrow, and many other species as well. The results of this 
large research program are beyond the scope of this article 
and are covered elsewhere in this Encyclopedia. 

See also: Field Techniques in Hormones and Behavior; 
Neuroethology: What is it?; Vocal Learning. 
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William D. ‘Bill’ Hamilton (1936-2000) was a friend and 
a hero to many twentieth-century students of animal 
behavior. The pages of this encyclopedia refer often to his 
work, especially his 1964 papers on the genetics of the 
evolution of social behavior, commonly called ‘kin selection 
theory.’ This essay is based on one written for a memorial 
symposium at a meeting of the Human Behavior and Evo¬ 
lution Society (Amherst College, June 11, 2000). The edi¬ 
tors of this encyclopedia encouraged me to submit the essay 
essentially as it was, so I have not tried to make it a balanced 
treatment of Hamilton’s contributions to the field of animal 
behavior, or to completely remove the personal tone. 

A coarse-grained view of history - especially one written 
by a human evolutionist - might suggest that Hamilton’s 
famous 1964 papers were buried in oblivion until the rise of 
sociobiology in the middle and late 1970s. And geneticists 
sometimes suggest that Hamilton’s theory was nothing new, 
having been outlined years before by Haldane, Fisher, and 
even Darwin. So it is important for readers to appreciate the 
importance of Hamilton and his theory for animal behavior 
as a field and to see how the early interest of Hamilton (and 
readers of his papers) in the behavior of social insects was 
decisive for the establishment of his ideas within biology. 

Ethologists, especially entomologists interested in the 
evolution of insect sociality, were the first to pay serious 
attention to Hamilton’s ideas. This was due in part to the 
effectiveness of Hamilton’s writing, which kept theory tied 
to examples from living nature. In this essay, I refer espe¬ 
cially to correspondence with Hamilton in the early days 
of his career, because they show how kin selection theory 
got established and reveal the charismatic personality of 
a man who had a profound influence on the science of 
animal behavior. His writings on behavior included not 
only social collaboration and its limits, but, later, sexual 
behavior, aggregations as selfish herds, and the poly¬ 
morphisms and tactics of competing males, exemplified 
in fig wasps he studied in Brazil. Here, I focus on a period 
earlier than that covered by most Hamilton biographers. 
As Jeremy Leighton John, head of the Hamilton Archives 
has written (2005), eminent scientists, Hamilton included, 
often do their most important work when they are young, 
yet “many people (especially those who did not know the 
person in his or her younger days) find it difficult to 
imagine the distinguished professor as a younger scientist.” 
He then features a photograph of Hamilton taken in 1967, 
the year my correspondence with Hamilton began. 

William D. ‘Bill’ Hamilton was born in 1936 in Cairo, 
Egypt, the second oldest of six children. His father was 


Archibald Milne Hamilton, a noted New Zealand-born 
engineer known for building the ‘Hamilton Road’ through 
Kurdistan, and for designing the Callender-Hamilton 
bridge, a precursor of the Bailey metal bridge. His mother, 
Bettina Matraves Collier, was a physician who encouraged 
her son’s interest in natural history. He was educated at 
Tonbridge School and St. John’s College, Cambridge, 
before becoming a lecturer in genetics at Imperial Col¬ 
lege, London, in 1964. He moved to the University of 
Michigan in 1978, and since 1984, he was Royal Society 
Research Professor in the zoology department at Oxford. 

Bill described the history of his thoughts on Darwinian 
evolution and social behavior in a long letter [22/ii/79] 
that began with his childhood and student days. He felt 
lonely and unappreciated as a student, both as an under¬ 
graduate at Cambridge and as a graduate student at the 
Galton Laboratories in London. As a teenager, he had read 
Darwin and a number of semi-popular books on evolution. 
He was encouraged in this by his remarkable mother, who 
roughly explained natural selection to him at about age 
11 or 12, so that at age 14, he asked for the Origin of Species 
as the book for a school prize. Then, he was disillusioned 
when textbooks gave a different picture of evolution, one 
fall of “social idealism, soft-heartedness” and benefit to the 
species, a view that contrasted with the “strongly individu¬ 
alistic” version he had read on his own. This led to a very 
early mistrust of what he termed “the intellectual dishon¬ 
esty of mainstream biology” for “not having its fundamental 
tenets sorted out.” Bill was determined even as an under¬ 
graduate to set Darwinism back on track. He wanted to be 
Darwin’s new Bulldog, a twentieth-century Huxley who 
would defend and clarify Darwin’s ideas in the face of 
criticisms and misinterpretations. As he said in another 
letter [29/xi/70]: “I have immense admiration for Darwin 
and almost equal admiration for T.H. Huxley ... if you ask 
me what sort of a scientist I am I have to reply that I am 
trying to be a latter-day Huxley and show that Darwin was 
even more right than biologists think!” 

Hamilton was characterized by a modest manner, evi¬ 
dent in his response [5/x/67] to my appreciation of his 
1964 papers, where he refers to earlier theoretical 
research on kin selection: “It is indeed nice to know that 
someone thinks so highly of my work, although I am sure 
that you rate it too highly. The idea of the involvement of 
genetical relationship in social evolution did not originate 
with me, as you know. ... I certainly feel myself subject to 
Fisher’s guidance in all my evolutionary thought, so much 
have I been impressed with his standards of thought and 
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his biological insight ever since I first read - or tried to 
read - ‘the Genetical Theory of Natural Selection’.” The 
title of his 1964 papers - ‘The genetical theory of social 
behavior’ - was clearly inspired by that of Fisher’s book, a 
landmark of the genetic theory of evolution that impor¬ 
tantly influenced twentieth-century Darwinian thought. 

In retrospect, Bill did not have much success as Darwin’s 
new bulldog until he began to use Darwin’s tactic of pre¬ 
senting his theories alongside convincing facts, especially 
facts on social insects. Bill said that the emphasis on social 
insects in his 1964 papers was an ‘afterthought,’ but it was 
an extremely important one. The first people who paid 
attention to those papers were entomologists interested 
in social insects, and there is no better audience for a 
theoretician. The social insects have always appealed to 
philosophically inclined, intellectually adventurous, and 
broadly synthetic biologists - William Morton Wheeler, 
Alfred Emerson, Caryl Haskins, and Edward O. Wilson to 
mention a few - scientists who sought to understand com¬ 
plexity in nature, and who liked to generalize about the 
evolution of sociality in animals, including humans. Among 
the first to cite Hamilton’s papers were Ed Wilson and 
Caryl Haskins (both students of ants) and George Williams, 
an ichthyologist with some of the positive traits of an 
entomologist, having written, along with his wife Doris, a 
paper on social insects that anticipated some of Bill’s ideas. 
Bill told me that the first people who corresponded with 
him about kin selection were Richard Alexander, then an 
entomologist primarily interested in speciation and animal 
behavior who later became a pioneer in applying modern 
evolutionary theory to humans; Ed Wilson, who was to 
expand and name the field of sociobiology with his famous 
book on that subject; and the ecologist Gordon Orians. But 
the most important entomologist for Bill in his early career 
was O.W. Richards, an eminent student of social wasps and a 
fine evolutionary biologist. Richards appointed Bill to his 
first job, and encouraged his excursions into both theory 
and the tropics. Richards was soon to retire as head of the 
Department at Imperial College, but his influence and 
support were crucial early in Hamilton’s career. 

Many factors contributed to the success of Bill’s classic 
1964 papers, including his provision of a detailed genetic 
model that specified how self-costing the costs and bene¬ 
fits of social aid were. But he did not depend on theoretical 
genetics to propagate his ideas about how self-costing aid, 
or ‘altruism,’ could evolve, as Haldane and Fisher had in 
their brief and relatively superficial discussions. Hamilton 
was raised from obscurity and frustration on the wings of 
wasps and bees (and to a lesser degree, the feeble and 
disposable wings of ants and termites), insects with 
extremely self-sacrificing individuals in the form of sterile 
workers devoted to helping reproductive relatives rear 
their young. The second of the 1964 papers is entirely 
devoted to applying the theory to organisms, and 24 of 
its 35 pages are on social insects. Hamilton cited work by 


Wilson, Michener, Richards, and Haskins, all influential 
students of social insects who would become his early 
champions. Hamilton also featured the three-fourth relat¬ 
edness idea, an insight that effectively dramatized the 
possible importance of relatedness for social evolution. 
He pointed out that in the Hymenoptera (wasps, ants, 
and bees), a female helper can potentially get a larger 
genetic payoff than she would by rearing her own off¬ 
spring: due to the haplodiploid sex determination of 
these insects, hymenopteran females are related to their 
sisters by three-fourth, whereas they are related to their 
own daughters by only one half. Even though this particu¬ 
lar aspect of kin selection theory has been questioned due 
to its failure to hold for various wasp species at the thresh¬ 
old of sociality (the critical species for testing this idea), 
the three-fourth relatedness idea dramatized the main 
point of the general theory, and placed the social insects 
at the center of discussions about the genetics of the 
evolution of social life. 

As soon as the manuscript for his 1964 papers was 
submitted for publication in 1963, Bill made the first of 
many trips to Brazil to study the social Hymenoptera. The 
final revisions of those papers were done in Brazil, and 
Bill inserted his own observations on the genus Polistes. By 
lucky coincidence, I went to Cali, Colombia, in 1964, to 
study tropical Polistes wasps as part of my doctoral 
research, having already observed a temperate-zone spe¬ 
cies in detail. As soon as Bill’s papers appeared, Richard 
Alexander (who was my advisor) sent copies to me in 
Colombia, along with a letter saying that he thought the 
papers might be extremely important for my research. 
This wonderfully understated and timely advice enabled 
me to be the first person, after Bill himself, to apply kin- 
selection theory in the field. 

Bill did not use the term ‘kin selection’ in the 1964 
papers. He said [3/i/73], in some comments on a manu¬ 
script of mine, that “When writing my 1964 paper 
I actually considered inventing a name for the kind of 
selection I was considering with ‘kin selection’ reviewed 
as one possibility but eventually decided that invention of 
the term ‘inclusive fitness’ would be better as not having a 
subtle implication of a process competing with individual 
selection. However, I think I may later have forgotten 
about the trap that I then clearly saw” (he ended up freely 
using the term kin selection). This is an interesting com¬ 
ment, for it reveals that Hamilton regarded his idea as an 
extension of the ‘strongly individualistic’ ideas of Darwin, 
which he had admired as a boy, and not, as some have 
interpreted the idea, as a kind of selection on groups of kin. 

My correspondence with Bill began in 1967, when 
I was a postdoctoral fellow at Harvard. He invited my 
husband Bill and me to join him and his wife Christine on 
a field trip to Brazil, organized by the Royal Geographical 
Society, but conceded [9/iv/68] that Belem is “probably 
not the best place” for the baby we were expecting at 
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that time. The Hamiltons traveled to Brazil in nineteenth- 
century style, on a cargo ship. 

We did not actually meet Bill Hamilton until he visited 
the US in 1969. Bob Trivers was a graduate student at 
Harvard then, working on his now famous ideas about 
reciprocal altruism, and he was very anxious to meet Bill, 
so we invited them both to dinner in our apartment on 
Cambridge Street, in a picturesque tenement district, one 
floor above Aram’s pizza. The humble setting probably 
had some of the same appeal for Bill as his trips to other 
poverty-stricken areas of the world. 

Some of Bill’s best writing was in the tiny script of his 
letters. He would cram the whole account of a trip to the 
Amazon onto one or two postcards - the aquatic plants 
and density of mosquitoes on a white-water river; his fight 
with a would-be robber who slashed him on the elbow 
with a broken bottle; his efforts to keep a sinking boat 
afloat by diving beneath it to afix a bedsheet over the 
leaks; and his dreamy (and also endearing) thought that 
the headwaters of the river where the boat was about to 
sink originated on the slopes of a snow-capped volcano in 
Colombia, where he had stood with us 15 years before. All 
this was typical of Bill - his love of tropical nature, of 
drama, of risk, and of odd connections between events. 
The unpublished novel he wrote in the late 1980s was 
dominated by these same themes. 

‘Love of risk’ may be better termed a love of physical 
contest combined with a kind of bumbling intensity. 
There is a frustrated warrier-athlete just beneath the 
skin of many a scientist, sublimated into the deft raquet- 
twirl of an insect net or the virtuoso changing of a flat tire. 
I saw the Olympic side of Bill Hamilton one time on a trip 
to the London airport. We started late, and then got stuck 
in a traffic jam, so by the time we reached Heathrow, my 
plane was about to leave. Bill grabbed all of my bags, 
including one very heavy suitcase full of papers and 
books, and started a gangling sprint to the gate with me 
running as fast as I could behind. Something about the 
way Bill would slide into turns gave me an attack of the 
giggles that compromised my ability to run. The whole 
performance must have amazed the many onlookers, 
though I was too worried about keeping up with Bill to 
observe their faces. During the intense cold of a Michigan 
winter, he would chop wood outdoors for hours, to see 
what it was like to experience physical exertion in very 
cold conditions. 

Bill’s longing for the tropics was not satisfied by two 
early trips to Brazil. When he and his wife Christine 
bought their first house, Bill added a small glassed-in 
conservatory in order to recreate a piece of tropical forest 
at home. Once when I was in England, the Hamiltons 
decided to invite the chairman of Bill’s department to 
dinner. Bill was very nervous about this because at the 
time he was worried about losing his job. While Christine 
frantically worked on the dinner, I tried to help with other 


last-minute preparations. And where was Bill in this hour 
of need? He was in the glass conservatory, warming up 
some butterflies, which he had reared on their tropical 
foodplants, then carefully chilled so as to release them just 
as the guests were about to arrive. 

The butterflies at the dinner party were symptoms of 
a romantic idealism that spilled over into some more 
ambitious projects. One was to take two promising rural 
Brazilian teenagers, whose father was a gifted naturalist, 
with him to England, in order to give them the opportu¬ 
nity for an education that they would never be able to 
afford in their own land. Bill [1/1/68] described the 
man’s daughter as “a walking handbook on the fauna 
and flora of her area” and hoped that she and her brother 
would be welcome company for his parents, for “my 
youngest brother died in a rock-climbing accident a little 
over a year ago and my parents had been expecting 
to have him around ... for a few years more.” Like the 
Fuegians who traveled to England on the Voyage of the 
Beagle, they had trouble adjusting to their new sur¬ 
roundings, first staying with Bill’s parents and then in 
his own home. They eventually returned to Brazil with¬ 
out changing their prospects as Bill, perhaps somewhat 
naively, had hoped. 

You might wonder why an eminent scientist would 
ever have worried about keeping his job. That tense 
period was in the early seventies. Bill was a junior faculty 
member at Imperial College, and the main problem 
seemed to be that he was unsuccessful as an undergrad¬ 
uate lecturer. Even after Bill died, an obituary in the 
London Times mentioned that he was “not a charismatic 
lecturer,” and illustrated this by describing how Bill 
“once stopped in the middle of a talk, staring into 
space for some 2 min while he tried to think out the 
answer to a question he had just raised.” I witnessed 
that same incident but interpreted it in quite a different 
way. I thought it showed perfectly why Bill was such a 
charismatic character - why he was such an admirable 
and likeable man. He was worried that he had made a 
mistake in a lecture, and was willing to admit it publi- 
cally, try to set it right, and go on. He could make his 
mouth stop while his brain was still working. His brand of 
charisma was not based on smooth talking one-upman¬ 
ship, or slashing verbal duels. It grew out of humility, out 
of taking a moment to think, out of a soft voice, out of 
making others feel at home. It was worth more than any 
public praise to have Bill listen quietly to an intense 
expression of your heartfelt ideas, and then raise his 
bushy-browed rather simian face and say, with an ear¬ 
nestness that seemed to match your own: “Yes, quite.” 

I was often grateful for Bill’s kindness in the face of 
naive enthusiasm, sentimentality, or outright mistakes. 
Just to provide a concrete example: in the first letter that 
I wrote to Bill [6/ix/67], I said that his 1964 papers were 
“Next to Huckleberry Finn ... the most important things 
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I have ever read” - a risky literary comparison to write 
to an Englishman you don’t even know. I also carried on 
effusively about wasps in a way that some high-flown 
intellectuals would consider daft. I began to worry about 
this when the letter was already in the mail. But Bill’s kind 
reply [5/x/67] put me at ease. He said that he was “sur¬ 
prised but also ... very pleased that those papers should 
ever have been considered in any context along with 
‘Huckleberry Finn’,” a book that he often thought of 
while studying Polistes in Brazil. “Whether this was 
because of the human associations connected with the 
ramshackle buildings where I used to watch the wasps or 
whether it was because of an indescribable quality of the 
wasp life itself - wayward, mysterious, almost human - 
I can’t clearly remember. I know I often had the feeling 
that the wasps themselves must be in a great dilemma how 
to act, just as mankind seems to be, both as to what was 
expedient, as in the sense of the theory I was trying to test, 
and also perhaps as to what was ‘right’!” 

Bill showed no signs of ever being embittered over the 
sociobiology wars that followed the 1975 publication of 
Wilson’s Sociobiology — attacks on evolutionary-genetic 
applications of theories like kin selection to humans. 
This may have been due in part to having his own bulldog 
in the form of Richard Dawkins. Or it may have been due 
to his mellow view of enemies, expressed one time when 
we were discussing how to deal with an irrational attack 
on kin selection theory. He said [6/viii/78]: 

I suppose we must need enemies: I always feel sad or 
irritated when supposed enemies seem to want to be friends 
or turn out to be much weaker than one had imagined... 

I like to see and take part in fights that are fairly and evenly 
matched. I always liked [my] mother’s story of the Moors 
who when they had a British garrison penned up in a fort 
sent up to ask if they needed food or water so that they 
could have a good fight the following day. 

Bill Hamilton did original research on wasps and many 
other insects that was never published. He was an accom¬ 
plished naturalist, especially knowledgeable about plants 
and insects in the field, and always anxious to meet 
biologists expert in particular groups of organisms, espe¬ 
cially those of rare or poorly studied taxa, and he knew 
about their biology in surprising detail. Throughout his 
life, he continued to encourage and participate in the field 
studies of others. He maintained an interest in social 
insects, especially through his ‘Italian connection,’ with 
Stefano Turillazzi and his students, including Laura 
Beani, Rita Cervo, and their collaborators (e.g., Joan 
Strassmann and David Queller) who have continued a 
distinguished tradition of work on Polistes that began 
with Leo Pardi in the 1940s; this connection was strength¬ 
ened through his relationship with Luisa Bozzi, the Italian 
science writer who was his devoted companion at the end 
of his life and whom he met while attending meetings in 


Italy on social behavior (in 1988) and Polistes (in 1993). He 
wrote: “sometimes [I think] that having somehow become 
a theorist I should remain one - that the cobbler should 
stick to his last and avoid trying to be cattle farmer as well. 

... At the same time, I would much like to show that 
technique is not beyond me, that I do love and study the 
living world.” 

Hamilton died in 2000, following a bout with the 
complications of malaria, having been rushed to a London 
hospital from Africa. That final episode echoed other 
events in his life. In a series of letters written in the 
early 1970s, Bill told us of a family tragedy, when the 
brilliant young son of his physician sister fell from a tree 
and remained paralyzed and unconscious for a prolonged 
period. Bill spent hours talking and reading to him, sure 
that he could see signs of awareness and recovery. He felt 
triumphant when his nephew, who eventually recovered, 
began to laugh and show signs of being able to move. In his 
own last illness, Bill, the risk-taking uncle, ended his days 
in a coma, in the care of his sister, Mary Bliss - that boy’s 
mother - herself known as the inventor of devices to 
alleviate the suffering of bed-ridden patients. The relent¬ 
less intellectual curiosity, humane creativity, and thirst 
for adventure that seemed to characterize the Hamilton 
family, had taken him into one of the most disease- and 
violence-ridden corners of Africa, in search of the origin 
of the AIDS virus among polio-stricken non-human 
primates. 

Of Hamilton’s many new insights, perhaps his contri¬ 
bution to the understanding of costly social aid was the 
most important, for it is one of the towering landmarks in 
the progressive disillusionment of humankind that bring 
us closer to a realistic idea of our place in nature. We have 
had to learn that we live on a planet that is not the center 
of the universe, that we are organisms not much different 
from other animals, and that our conscious will can be 
subverted by our subconscious mind. Hamilton’s insights 
about altruism, summarized in the simple expression now 
called ‘Hamilton’s Rule,’ forced us to realize, in addition, 
that our beneficent feelings may have originated in an 
underlying self-interest. This insight has illuminated 
studies of animal behavior, including that of humans, 
showing how evolutionary biology can be a tool of 
human self-knowledge. In his life, he showed some other 
things that are just as important: that a deep knowledge of 
natural history can be crucially useful to a theoretician; 
and that a Darwinian understanding of human nature 
need not condemn us to complete selfishness and lack of 
concern for others, something I like to think of as Hamil¬ 
ton’s Second Rule. 

See also: Ant, Bee and Wasp Social Evolution; Kin 
Selection and Relatedness; Parasites and Sexual Selec¬ 
tion; Social Selection, Sexual Selection, and Sexual 
Conflict. 
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Introduction 

All winter strategies of temperate zone vertebrates can be 
summarized in one word: survival. How animals deal with 
this task differs quite dramatically between species, and a 
number of strategies have evolved. Some, such as many 
birds, fish, a few reptiles (e.g., turtles), and mammals (e.g., 
whales), can move large distances (migrate) to avoid hard 
winter conditions and increase their probability to survive 
the winter. A successful migration must fulfill certain 
criteria: it must be as energetically cheap as possible; 
it should be connected with a high chance for survival; 
and the timing of this event is crucial. Since present 
higher-latitude breeding areas have been covered with 
kilometer-thick ice for hundreds of thousands of years, 
migrating strategies must have evolved independently 
from each other several times. Because the ice did not 
disappear from northern Europe or northern North 
America until about 6000-8000 years ago, migration, and 
winter strategies of those vertebrates that do not migrate, 
must have developed very recently and several times 
independently of each other. It is therefore not surprising 
that the physiological mechanisms regulating behavioral 
strategies in the nonbreeding season are not very well 
known. 

The flexibility and adaptability of these systems have 
been observed during the last decades as many species 
have been observed to change migratory routes, winter¬ 
ing areas, and breeding ranges - most likely as a result 
of global warming and human impact on food availabil¬ 
ity on the wintering grounds. For example, a northern 
shift in winter ranges among birds has been observed. 
During the first half of the twentieth century, the non- 
migratory great tit (Parus major) did not live north of 
mid-Scandinavia. Today, 50-60 years later, great tits 
breed and live year round up to the northern limits of 
Scandinavia. 

Vertebrates undergo several forms of movements dur¬ 
ing the postbreeding period. Some of these are very 
predictable, for example, postbreeding dispersal of off¬ 
spring and adults including migration to wintering areas. 
Some species are also partial migrants, where within a 
population the same individual is either consistently 
migratory or consistently sedentary across years, regardless 
of the prevailing environmental situation (obligate partial 
migration). This type of partial migration, mostly studied 
in birds, appears to be regulated by strict endogenous 


control. In other species, individuals may or may not 
migrate depending on the prevailing environmental 
conditions during that particular year (facultative 
partial migration). Factors determining whether or not 
to migrate can be competition for a resource, establish¬ 
ment in a winter group, age and dominance relationships, 
or date of birth. The distance traveled in partial migra¬ 
tion is usually short (rarely more than a few hundred 
kilometers). 

Another type of postbreeding movement is irruptive 
migration that occurs on an unpredictable schedule. 
These are typically movements in relation to food avail¬ 
ability in their original breeding, or wintering areas. Dur¬ 
ing these irruptive movements, animals can move in 
enormous numbers. Many of these species are predators, 
for example, the snowy owl (Nyctea scandiaca ), but also 
include seed-eating birds such as crossbills (Loxia spp.) or 
omnivores such as squirrels (Scirius sp.). These postbreed¬ 
ing movements are extremely complex and it is not 
surprising that experiments designed to explore hormone 
mechanisms are few and conflicting. 

This article is focused primarily on wintering strate¬ 
gies of vertebrates after postbreeding movements (if they 
occur) and in those that remain active throughout this 
time. On the basis of natural history observations, verte¬ 
brates have several strategies they can adopt to get to the 
winter or nonbreeding area: 

1. Juvenile dispersal. This is an ontogenetic life history 
stage (FHS) occurring once in the life cycle. Hormone 
mechanisms involved will likely be distinct from those 
regulating other types of movements. 

2. Seasonal autumnal (postbreeding) migration FHS of 
the entire population (and the return vernal, prebreed¬ 
ing, migration FHS). 

3. Programmed partial migration in which some indivi¬ 
duals of a population always migrate in autumn and 
return (vernal migration), whereas others in the same 
population never migrate. Comparisons of individuals 
within the same population that do or do not migrate 
represent a potentially valuable experiment. 

4. Facultative migration (irruptions) that occur in response 
to unpredictable perturbations of the environment. This 
type of movement is included in the emergency life 
history stage with a completely different endocrine 
basis (see below). 

5. Not move at all and remain resident year round. 
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The choice to migrate or not is complex. For a short- 
distance migrant like the dark-eyed junco (Junco hyemalis ), 
it has been shown that annual mortality in those migrating 
further south than those stopping at more northern lati¬ 
tudes is about the same. The more northern wintering 
population has a higher winter mortality, whereas the 
population wintering at a more southern latitude suffers 
from a heavier mortality during the longer migration 
route. If environmental stability is low, site fidelity is of 
little, or no, competitive importance. If part of a popula¬ 
tion living in such an environment begins to express 
migratory behavior and if this is connected with increased 
reproductive success (i.e., migration occurs to an area with 
high stability and good food resources during breeding), 
selection will favor migration. However, not all animals 
migrate. The question must be raised: Why do some 
species stay in the breeding area over winter, sometimes 
with a very high mortality rate? What are the benefits of 
remaining? Residency might have evolved because those 
individuals staying in the breeding area year round gain 
greater reproductive success compared to costs related to 
migration to winter areas with good food availability. 

Although there is a growing literature on wintering 
strategies, most of the underlying hormonal mechanisms 
remain entirely unknown. It is perhaps important here to 
summarize that once on their wintering, or nonbreeding 
grounds, animals can adopt six major strategies: 

1. Defend territories either alone, as a pair, or as a group. 

2. Form small groups (herds, schools, flocks etc. up to 30 
individuals, see Figure 1) on a home range with a rigid 
dominance hierarchy. 


3. Form enormous groups that have extended home ranges, 
or may be nomadic over many hundreds to thousands of 
kilometers (see Figure 2). Although these groups are too 
large for rigid dominance hierarchies, there are frequent 
dominance/subordinance interactions. Note that some 
of these large associations may contain different species. 

4. Wander over a wintering area as individuals. Conspe- 
cifics may associate in groups from time to time, but 
they do not form discrete groups or necessarily remain 
associated with the same individuals over the winter. 
Many seabirds, especially large gulls {Lams sp.) adopt 
this strategy, as do some fish and mammals (e.g., ungu¬ 
lates, pinnipeds). 

5. Some species may not migrate but collect food when 
it is abundant and use these caches during the winter 
(Figures 3 and 4). These species also have well-developed 
capacity for spatial memory. 

6. Many species of tetrapods, particularly mid- to high- 
latitude amphibians, reptiles, and mammals hibernate 
or show varying degrees of torpor during the winter. 


Winter at Mid- to High-Latitudes 

Staying over winter at northern latitudes implies experi¬ 
encing low temperatures, long nights, snow cover and 
food shortage. Resident animals meet this challenge in 
different ways. To avoid starvation, some species put 
on fat (Figure 5): a situation that on the other hand 
may increase the risk of being taken by a predator. Food¬ 
hoarding species, such as willow tits, Poecile montanus , can 



Figure 1 Herd of female elk, Cervus canadensis, cross the Yellowstone River. Small groups are a common winter, or nonbreeding, 
strategy. Photo by J.C. Wingfield. 
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Figure 2 Enormous flocks of snow geese, Anser caerulescens, up to 10 000 plus, form in winter. These are wintering on the Skagit 
Flats of western Washington State. They can move facultatively depending on weather and food resources. Individuals interact with 
many different individuals daily. Photo by J.C. Wingfield. 



Figure 3 Acorn woodpecker (Melanerpes formicivorus left 
panel) larder of acorns from oak species (Quercus sp.). In the 
right-hand panel each small hole in the tree trunk is excavated by 
the woodpecker and an acorn stored inside. This food is used 
over winter and for at least part of the next breeding season. 
Photos by J.C. Wingfield. 

store energy outside the body (by caching food), instead of 
putting on fat. However, long-term studies of resident 
great tits demonstrated that factors other than fat deposits 
are also important for winter survival and independent of 
sex and age. Low temperatures per se do not correlate 
with winter survival, but rather reflect occasional food 
limitations. Of special importance is to survive the long, 
cold winter nights. This can be done in several different 
ways. Many animals seek a night shelter, or spend the 
night in large groups putting on daily reserves of fat to 


survive the winter night. The fat is used to produce heat 
and maintain body temperatures. Some species, like the 
great tit, show shivering behavior during the night to 
produce heat, other species, such as the willow tit and 
many mammals, lower their body temperatures by several 
degrees to save energy. Yet others may huddle, especially 
in the morning just prior to daytime activities (Figure 6). 
In mammals, brown adipose tissue plays an important role in 
thermogenesis. 

Thyroid hormones regulate thermogenesis by stimu¬ 
lation of several metabolic pathways including develop¬ 
ment of energy stores, mobilization or conversion to 
different forms of energy stores prior to delivery to ther¬ 
mogenic tissues. Specific mechanisms include regulation 
of Na/K-ATPase, uncoupling protein-3 (a mitochondrial 
protein essential for generation of heat), and interaction 
with the sympathetic nervous system for the production 
of heat. Furthermore, mice lacking the thyroid hormone 
receptor have significantly reduced metabolism. These 
thermogenic actions of thyroid hormones are found in 
homeothermic vertebrates as well as ectotherms. In field 
situations, thyroid hormone levels are correlated with 
extended metabolic rates. Studies specifically addressing 
wintering strategies in free-living organisms in different 
habitats are needed. 

Many species also use microhabitats while going about 
daily routines. These habitats provide access to food 
resources while at the same time reducing exposure to 
weather such as precipitation, wind, and low temperature. 
An example is Qamaniq (Figure 7): an Inupiat Eskimo 
term for a bowl-like depression with greatly reduced snow 
depth, or even devoid of snow, beneath coniferous trees, 
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Figure 4 Red squirrel, Tamiasciurus hudsonicus, with midden of cones cached as a food supply for the winter.www.washington.edu/ 
burkemuseum/collections/mammalogy/mamwash/rodentia.php#. www.nps.gov/features/yell/slidefile/mammals/redsquirrel/page.htm. 



Figure 5 Yellow subcutaneous fat stored in the furculum of a 
willow warbler, Phylloscopus trochilus. Photo by B. Sllverin. 


shrubs, and dense herbaceous vegetation. These micro¬ 
habitats are havens for several ground-feeding species. 

Winter at Subtropical and Tropical 
Latitudes 

Subtropical and tropical animals do not experience cold 
periods or snow cover but food shortages may occur 
especially during drought periods (Figure 8). This may 
be exacerbated by concentrations of animals in smaller 
and smaller areas (e.g., with shrinking lakes and rivers) 
and increased exposure to predators, greater transmission 
of diseases, and competition for dwindling food resources. 
Whether animals experience a cold winter or a drought, 
the critical factor is food shortage, and thus competition. 



Figure 6 Five striped palm squirrels, Funambulus pennantii, 
huddle for warmth at times of day when ambient temperature is 
low. Ranthambore National Park, India, January 2000. Photo by 
J.C. Wingfield. 

Hormonal Regulation of Wintering 
(Nonbreeding) Strategies 

Almost all of the endocrine studies of hormone-behavior 
interactions in the winter or nonbreeding life history 
stages have focused on strategies 1 and 2. Field investiga¬ 
tions of strategies 3 and 4 are intractable owing to the 
large distances covered by individuals but as tracking 
devices become miniaturized, it may be possible to con¬ 
duct experimental studies in the future. Hormonal 
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Figure 7 Qamaniq; a microhabitat important for small ground feeding mammals and birds in snow covered regions (Pruit, 1970). 
Snowfall tends to accumulate in open fields and open deciduous forest (a and b) but along the edges of shrubs (a), under dead 
vegetation (c) and under coniferous trees (d) snow depth is greatly reduced or even absent allowing access to food. In (e), shallow snow 
in qamaniq allowed a sparrow to dig up some seeds (indicated by an arrow). All photos by J.C. Wingfield. 


regulation of strategies 5 and 6 are covered in the articles 
on spatial memory and hibernation. 

In winter, animals of many species gather in groups 
where they compete for resources such as food and future 
mating partners. These groups may hold winter territories 
or home ranges within which there is often a strict social 
hierarchy, and social challenges will affect the activity of 
different endocrine systems that affect the individual’s 
chances of surviving the winter to breed the coming 
spring. Many other factors such as predator density may 
also affect these groupings that in turn influence hor¬ 
monal control of physiological and behavioral responses. 

Predators 

Groups of elk, Cervus elaphus , alter their grouping pat¬ 
terns, vigilance, foraging behavior, habitat selection, and 
diet when predators such as wolves, Canis lupus , are pres¬ 
ent. This effect occurs throughout the year, breeding and 
nonbreeding. In the long term, the presence of predators 
results in reduced progesterone levels, breeding, and ulti¬ 
mately population size. However, glucocorticoid levels 


(cortisol or corticosterone - adrenal cortical hormones, 
also called stress hormones, involved in mobilization of 
energy stores and many survival behaviors) were not 
related to predator density, suggesting that effects of 
wolves on population size, breeding, and nonbreeding, 
were mediated through changed foraging patterns and 
resulting nutritional costs. 

In showshoe hares, Lepus americanus , of the boreal forest 
of Canada, predator density (e.g., of lynx, Felis pardus) 
results in changed foraging patterns and chronic stress, 
as indicated by elevated cortisol levels and decreased 
corticosteroid-binding globulin, which in the long-term 
results in reduced reproductive function the following 
spring. Population decline then occurs as a result of pred¬ 
ator stress and not decreased food availability per se. 

Social Hierarchies 

To increase winter survival and to gain priority to breed¬ 
ing resources in spring, it is important to maintain, 
or improve, position in a social hierarchy in a winter 
group. This is, however, associated with costs because of 
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Figure 8 Dry and wet seasons in Mopane forest, Luangwa Valley, Zambia. In the dry season food can be greatly reduced and much 
vegetation is lost exposing bare earth. Compare with the wet season (lower panel) with lush ground plant cover. Photos by 
J.C. Wingfield. 


competitive interactions with others in the group result¬ 
ing in aggressive interactions and possible effects of star¬ 
vation and increased predation pressure. Such increases of 
energetic demand (allostatic load) result in elevated 
plasma levels of corticosterone. Different social ranks 
are normally associated with differences in allostatic 
load, leading to the assumption that subdominant indivi¬ 
duals have higher basal plasma levels of corticosterone 
than dominant individuals. However, recent studies indi¬ 
cate that, at least in some species, allostatic load in fact 
may be higher in the dominant individuals. For example, 
in wintering mallards, Anas platyrhynchos , and pintails, 
A. acuta , dominant males in the flocks show a stronger 
corticosterone stress response than subordinated males. 
No difference in baseline levels of corticosterone between 
dominant and subdominant males of these two species 


indicates that low-ranked males are normally not more 
stressed than the high-ranked males. 

Within a species, there may be different basal cortico¬ 
sterone levels depending upon the size of the winter 
group. Willow tits form winter flocks that defend a winter 
territory and normally consist of four to six individuals, 
the two adults that earlier bred within the borders of the 
territory and incoming juveniles. Becoming a member of a 
winter flock is essential for the juvenile to survive the 
winter. Juveniles have to group with an adult pair, and 
only a fraction of the juveniles in the area succeed. Once a 
member of a winter group, the juvenile has to defend its 
place in the flock and repel other juveniles trying to join 
the flock. The borders of the territory must be defended, 
and this is almost exclusively done by the juvenile birds. 
Probably as a result of prior residency in the territory, 
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adults rarely participate in these encounters, nor do they 
have to fight to be a flock member. Furthermore, the 
juveniles are forced by the adults to forage in the more 
open upper parts of the canopies, making them a much 
more easy prey for predators. Thus, juveniles are more 
exposed to both physical and psychological threats than 
the adult willow tits, resulting in a higher allostatic load 
for juveniles than for adults. Thus, the cost to maintain the 
winter territory and to be a member of the flock is there¬ 
fore low for the dominant adults but high for the juveniles. 
It is therefore not surprising that juveniles, in these normal¬ 
sized flocks, have higher basal levels of corticosterone 
than adults. However, in flocks with only three members 
(normally two adults and one juvenile), allostatic load for 
the adults seems to increase as all willow tits in these 
flocks have high basal corticosterone levels. 

Territoriality in the Nonbreeding Season 

Many sedentary species maintain a territory throughout 
the year. The autumn/winter territory might just be a 
large expansion of the breeding territory, or individuals 
may move to a different, not too distant, area during 
autumn with better conditions to survive winter. These 
autumn/winter territories are defended just as vigorously 
and with apparently identical aggressive behavior as dur¬ 
ing breeding. This is often the case despite the fact that 
plasma levels of testosterone are high during breeding, but 
basal during autumn and winter. Several brain peptides 
and an indolamine have been shown to regulate aggres¬ 
sion and social interrelationships in vertebrates. Vasopres¬ 
sin (VP) and its nonmammalian homolog in tetrapods, 
vasotocin (VT), vasoactive intestinal peptide (VIP), and 
serotonin. VT and VIP appear to regulate aggressive 
behaviors differentially and in context-dependent ways. 
Interactions with T and its metabolites and serotonin are 
complex. Overall, most studies have focused on aggression 
in reproductive contexts. The roles of these paracrine 
secretions in winter or nonbreeding territoriality deserve 
further study. Furthermore, recent investigations of flock¬ 
ing behavior in zebra finchs, Taenopygia guttata , suggest 
that mesotocin (the nonmammalian homolog of oxytocin) 
potentiates preferences of individual females for associa¬ 
tions with groups. These results may have particular 
relevance to regulation of social groupings in nonbreeding 
vertebrates. 

It is generally accepted that T is a major hormone 
for the regulation of male-male aggression during breed¬ 
ing. However, that T plays a crucial role for territorial 
behavior during spring is clearly illustrated by the fact 
that the castration of a territorial male pied flycatcher, 
Ficedula hypoleuca , holding a breeding territory results in 
him abandoning the territory. During autumn, T levels 
are normally basal, including in species holding autumn 
territories, and despite basal T levels, male song sparrows, 


Melospiza melodia , show the same aggressiveness toward a 
simulated territorial intruder during autumn as during 
spring but, contrary to the breeding period, without a 
following increase in T secretion. On the other hand, 
castrating a male song sparrow holding an autumn terri¬ 
tory does not result in him ceasing to be aggressive, or 
cause him to abandon his territory. Nor does castration 
decrease aggression in nonbreeding starlings, Sturnus vul¬ 
garis or in several mammals. Results indicate that aggres¬ 
sion and territoriality during the nonreproductive period 
do not require T (at least of testicular origin), but are 
regulated by other mechanisms. However, other experi¬ 
ments indicate that T still might have a role during 
autumn. 

An experimental elevation of T levels in song sparrows 
holding an autumn territory results in males maintaining 
aggressive behavior for a longer period of time after the 
removal of the intruder. This is similar to birds holding 
breeding territories. Giving male song sparrows holding 
autumn/winter territories an aromatase inhibitor (inhi¬ 
biting the conversion of T to estradiol) significantly 
decreases territorial aggressiveness. Replacement therapy 
with estradiol reversed this effect, despite the fact that 
estradiol levels were very low in males. However, these 
data have not been reconfirmed in a laboratory experi¬ 
ment on wintering male song sparrows emphasizing the 
dangers of drawing general conclusions from laboratory 
experiments and the importance of doing field-related 
investigations. 

Avoiding the Costs of Testosterone 

Maintaining high plasma levels of T after breeding is 
connected with costs, as T levels affect parasite burden, 
immune function, winter survival, and future reproduc¬ 
tion both for migratory and sedentary species. For exam¬ 
ple, male pied flycatchers given long-acting T implants 
during the early parts of the breeding period do not 
regress their testes. They do not molt and they remain 
in the breeding areas singing until at least late autumn/ 
early winter. This situation is, of course, fatal for these 
insectivorous long-distance migrating birds that should be 
in central Africa by that time of year. 

An experimental elevation of T levels during autumn 
also reduces winter survival in the sedentary red grouse, 
Lagopus lagopus scoticus , mainly because T-treated birds 
were killed more frequently by birds of prey. However, 
grouse surviving the winter also gained from high T levels 
during autumn and winter by obtaining access to more 
females and producing more offspring. For most birds, 
circulating levels of T have normally returned to basal 
before prebasic molt begins, and levels do not increase 
during autumn/winter. However, elevated T levels during 
autumn do occur in some species. In, for example, willow 
tits, juvenile but not adult males, and females have a 
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T peak during early autumn - most likely as a result of 
aggressive encounters in connection with flock establish¬ 
ment. However, having high T levels during the period of 
flock establishment does not appear to facilitate a juve¬ 
nile’s membership in a territorial winter flock. Elevated 
T levels during periods of competition for winter terri¬ 
tories have also been found in the red grouse. 

An experimental elevation of the T levels during 
autumn increases aggressiveness in the red grouse, and 
furthermore, as in song sparrows, the endocrine manipu¬ 
lation increases persistence of aggression for a longer than 
in controls. For both willow tits and red grouse, having a 
winter territory is essential for winter survival and for 
being able to breed the coming spring. A short-lasting, low 
testosterone peak, with unknown function, during winter 
has also been observed in downy woodpeckers, Picoides 
pubescens. However, it is important to note, there is also 
evidence that elevated plasma levels of T in autumn are 
correlated with future breeding events, and thus may be 
distinct from autumn territoriality in nonbreeding contexts. 
Taken together, these findings raise the question whether 
the more or less identical territorial aggressive behavior during 
spring and autumn is regulated by different mechanisms 
and whether autumn aggression is independent of T. 

Several field experiments on song sparrows and pied 
flycatchers have clearly shown that it is estrogens, prob¬ 
ably aromatized from androgens in the brain, acting 
through estrogen receptors that are critical to the expres¬ 
sion of autumn, as well as spring, territorial aggressiveness. 
There are seasonal changes in the aromatase activity 
(aromatase is an enzyme that catalyzes the conversion of 
T to estradiol) in certain brain regions of free-living song 
sparrows that parallel seasonal changes in aggressive 
behavior, that is, high during spring and autumn and low 
during molt. Administration of an aromatase inhibitor also 
decreases aggressiveness outside the breeding season. 
A seasonal change in aromatase activity has also been 
found especially in juvenile great tits - a sedentary species 
forming winter flocks that may or may not be territorial - 
with a low conversion of T to estradiol during the molting 
period and a higher conversion later during autumn, 
winter, and spring. 

Other factors, including seasonal changes in androgen 
and estrogen receptors, might also be involved in the 
control of aggression in autumn. There are very interest¬ 
ing results indicating that the biologically inert androgen 
dehydroepiandrosterone (DHEA), probably originating 
from the adrenals or the regressed testes, can be an 
important factor in the regulation of territorial behavior 
outside the breeding season, perhaps via an intracellular 
aromatase-mediated mechanism. DHEA can act as a pre¬ 
cursor for androgens and estrogens, as it can be metabo¬ 
lized by enzymes to active sex steroids in the avian brain, 
first to an androgen and then aromatized to estrogens 
which bind to estrogen receptors and thereby regulate 


different suites of gene expression. In song sparrows, 
plasma levels of DHEA are reduced during molt and 
higher in autumn, many times higher than those of 
T and estradiol during autumn periods when birds show 
territorial aggression. Furthermore, the enzyme 3 beta- 
hydroxysteroid dehydrogenase (3b-HSD), known to convert 
DHEA into active androgens in the brain, is upregulated 
in male song sparrows after the molting period when 
males again become aggressive during autumn and winter. 
An experimental elevation of plasma levels of DHEx4 in 
free-living song sparrows increases territorial singing, but 
not territorial aggressiveness, and increases the size of a 
song nucleus (HVC) in the brain. Interestingly, in contrast 
to T, DHEA treatment does not affect androgen-sensitive 
peripheral secondary sex characters or immune function. 

In a laboratory study employing administration of 
DHEA to male song sparrows in winter, the birds not 
only showed increased singing behavior, but also elevated 
expressions of aggressive postures when exposed to a lab- 
STI protocol. Similar results have been obtained from the 
nonreproductive period in spotted antbirds, Hylophylax 
naevoides , a year-round territorial tropical species with 
low plasma levels of T, even when breeding. Both sexes 
of the spotted antbird are very aggressive outside the 
breeding season, and they also have higher levels of cir¬ 
culating DHEA than T and estradiol at this time. In the 
males, plasma levels of DHEA correlate with aggressive 
song vocalizations and with the duration of aggressiveness 
shown toward a simulated territorial intruder. By using 
the inert androgen DHEA, the bird has found a way to 
avoid the costs (i.e., expression of reproductive traits in 
the nonreproductive season) of high plasma levels of T, 
but to still maintain the ability to hold a territory during 
the nonreproductive period and gain in winter survival 
and reproductive success. During autumn/winter, a 
period with cold weather and low-food availability, costs 
for high T levels would most likely be related to energy 
costs and for example T’s depressive effects on the 
immune system levels. However, to understand how neu¬ 
roendocrine mechanisms orchestrate aggressive behavior 
in wild birds, and vertebrates in general, outside the 
breeding season, much research is still needed, and differ¬ 
ent hypotheses, including the capacity of the brains to 
synthesize steroids de novo, the role of peptides such as 
VP/VT, OT/MT, and VIP should be tested in more detail 
both in the field as well as in controlled-laboratory 
experiments. 
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Introduction 

Among the large-bodied social carnivores, the foraging 
behavior of gray wolves is similar to that of lions, African 
wild dogs, dholes, hyenas, and killer whales, in that indi¬ 
viduals hunt in groups as well as in singles and pairs. 
However, communicative and reproductive behaviors of 
gray wolves differ in distinctive ways from cat-like 
(Feliformia) and other dog-like (Caniformia) species in 
the taxonomic order Carnivora. Teasing apart which fixed 
aspects of wolf behavior are relatively more instinctive 
(associated with heritable genotypes), and which flexible 
aspects are relatively more variable due to individual 
experiential learning and behavioral plasticity has fasci¬ 
nated behavioral researchers for over half a century. 
Recent advances in technology have led to some unex¬ 
pected answers and generated new questions about wolf 
behavior, at both the genomic and ecological levels of 
behavioral systems. 

Both the foraging and communication behaviors of 
wolves illustrate how some actions may be categorized as 
more ‘instinctive,’ and others more ‘learned’ on the contin¬ 
uum that ethologists define as ranging from fixed reflex to 
flexible intelligence. For example, when a pup does a ‘leap- 
pounce’ the first time she hears a vole rustling in grass or 
sees a grasshopper moving, the action appears instinctive. 
Pups do not have to learn the reflex-like action, it just 
occurs; however, they do refine their capture skills with 
trial and error learning. The leap-pounce is common in 
coyotes and foxes, as well as in all subspecies of wolves. 
Applying the comparative method, an ethologist would 
infer that the genetic basis of‘leap-pounce’ is highly herita¬ 
ble in canids. 

Also on the fixed end of the continuum of instinct/ 
learning, caching behavior appears in untutored wolf pups 
before they are weaned. A predictable sequence of caching- 
motions (placing a food object on the ground, scraping 
debris over the object with the bridge of the nose, and 
tamping down with the muzzle) appear in several species 
of the dog-like (Canini) and fox-like (Vulpini) tribes in the 
subfamily Caninae. Likewise, the whines that newborn 
wolf pups emit when separated from the warmth of their 
mother and siblings appear to be a more instinctive reflex 
than a learned one. Therefore, the fixed actions (e.g., 
whine, cache and leap-pounce) that are similar across 
closely related canine species are hypothesized to have 
been retained in the ancestral part of the genome (phylo¬ 
genetic inference). 


In contrast, the hunting behavior of adult wolves is 
highly flexible, varying with the food web in the neigh¬ 
borhood where each individual grows up (Figure 1). 
Individuals fine-tune their innate hunting abilities directly 
by trial and error, as well as indirectly by joining group 
hunts. In the arctic, some wolf families follow migratory 
caribou that feed on sparse lichens, traveling across vast 
expanses of tundra. In wooded regions where more vari¬ 
ety of food is available, caribou do not migrate and 
neither do wolves. Further south, in the boreal forest of 
Isle Royale National Park, some lone wolves and pairs 
supplement their moose diet with beaver and snowshoe 
hares; they learn to take the prey species that is most 
readily available. When food resources change, switching 
tactics appear to be an intelligent adaptive behavioral 
trait on the flexible end of the instinct-learning contin¬ 
uum (see below). 

In regions where there are no longer large native prey 
species, and the food web offers less variety, wolves even 
scavenge from garbage dumps. Indeed, one hypothesis 
about the divergence of the ancestors of domestic dogs, 
which most taxonomists now recognize as a subspecies of 
the gray wolf, is related to appearance of a novel resource 
in the food web: refuse discarded by human hunters and 
early agriculturalists. An associated hypothesis states that 
the social cognition abilities of wolves were a preadapta¬ 
tion for domestication by humans worldwide. 

This behavioral flexibility in hunting, which varies with 
the complexity of the food web, is not unique to wolves but 
rather, is one of many examples of social carnivores fine- 
tuning their actions through mechanisms of learning from 
individual experience, alone as well as in social contexts. 
Exactly how much learning in wolves occurs because of 
social transmission remains a question for future inquiry. 
In the sections that follow, I elaborate more on the research 
that has answered many questions about behavioral flexi¬ 
bility and intelligence in individual wolves: subtle com¬ 
munication, problem-solving, and learning in the social 
context of family groups. From the perspective of wolf 
populations, we will explore how behavioral flexibility is 
also linked with adaptive responses to environmental fluc¬ 
tuations: territoriality, deferred reproduction and dispersal 
mechanisms. 

Before synthesizing recent studies and intriguing ques¬ 
tions for future research about wolf behavior, we first need 
a historical perspective on how certain hypotheses have 
not stood the test of time. Unfortunately, many of these 
discarded hypotheses about wolves and myths in the 


611 



612 Wolves 



Figure 1 Arctic wolf on Ellesmere Island. 


popular literature persist, as remnants of earlier times. 
The subsequent review subsection is aimed at encourag¬ 
ing critical thinking about what evidence is needed to test 
hypotheses about wolf behavior and how difficult it has 
been to obtain. 

Review: History of Canid Behavioral 
Research 

Visual signals used by dogs in communication had been 
noted in the behavioral literature long before wolves were 
studied either in captivity or the field. Charles Darwin 
illustrated his hypothesis about the principle of antithesis 
by contrasting images of the upright posture of an alarmed 
dog in response to a person approaching in the distance, 
compared to the crouching posture that the dog switched 
to as soon as it recognized the person as its ‘master.’ In 
terms used in the nineteenth century, this expression of 
emotion signaled an unambiguous change in motivation, 
from dominance to submission. In modern terms, the 
change in visual signal conveyed the information that 
the dog was unlikely to escalate attack in response to a 
familiar care-giving companion. Unfortunately, the mis¬ 
perception that some individuals are always dominant and 
others are always subordinate has persisted despite the 
original context of the drawings that Darwin used; his 
drawings illustrate how one individual can rapidly change 
signals as it gathers more information about a stimulus 
(e.g., cues about familiarity). 

In the popular literature, the anthropomorphic myth 
persists that a dominant male is needed to enforce order 


so that all wolves in a pack know their roles in a domi¬ 
nance hierarchy. For example, Douglas Pimlott quoted 
Niko Tinbergen’s interpretation of a strict hierarchy in 
the sled dogs he observed in Greenland. At the time, it 
seemed reasonable to infer that those dogs that look more 
like wolves would behave like wolves. No published 
evidence about wolf behavior was available prior to 
the 1940s, so the hypothesis remained untested for dec¬ 
ades. The popular notion of born losers and winners was 
reinforced by the insightful anecdotes about personal 
experiences with dogs and wolves published by Konrad 
Lorenz. However, Lorenz also noted both the persistent 
personality traits that varied across breeds of dogs, and the 
extreme changes in one individual deprived of his pri¬ 
mary social companion. 

Two seminal publications introduced a different inter¬ 
pretation of social interactions in wolf packs, both empha¬ 
sizing the family structure. In Alaska, Adolph Murie 
observed a wolf family caring for pups near a den, 
now in Denali National Park. In a Swiss zoo, Rudolph 
Schenkel described in more detail how the food begging 
behaviors of pups developed into solicitous appeasement 
signals in juveniles interacting with both parents. He 
interpreted these interactions as the social glue that 
holds the wolf family together. Both studies emphasized 
the influence of age on the dynamics of dominance inter¬ 
actions, as both parents and older siblings cared for pups. 

Is wolf pack structure more like a pecking order or like 
a caring family? Understanding the ancestral roots of dog 
behavior was a compelling justification for the multiple 
postwar studies that emerged in the 1950s and continued 
into the 1980s. An American team led by John P Scott 
investigated the development and heritability of behavior 
in dogs, in the context of comparative studies of wolves. In 
Europe, Erik Zimen examined ontogeny of behavior in 
wolf/dog hybrids, inquiring in what ways arrested devel¬ 
opment in dogs might illustrate the principle of neoteny, 
the persistence of juvenile characteristics into adulthood. 
Benson Ginsburg’s research group examined questions 
associated with the hypothesis that evolution of social 
cognition in wolves would have been accelerated if they 
had been isolated in groups that benefited from helpers 
caring for young. Among others, Mike Fox and Mark 
Bekoff studied behavioral development in litters raised 
without parents, comparing species considered to repre¬ 
sent a continuum of solitary foxes, semisocial coyotes, and 
social wolves. 

As evidence from more packs emerged, the variation in 
group structure became clear (Figure 2). Behavior in some 
groups fit the model of a pecking order and others were more 
like a caring family, as we will examine in more detail in a 
later section. Separate research teams examined ontogeny of 
behavior in long-term studies of hand-reared wolves assem¬ 
bled to form reproductive groups. These lines of inquiry 
were led by John Fentress, John Rabb, Erik Klinghammer, 
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hemisphere. In addition, the genetic diversity of wolves is 
illustrated by multiple subspecies isolated in fragmented 
habitats; one subspecies even lives in ambivalent symbio¬ 
sis with humans, that is, domestic dogs. 


Figure 2 The direct stare of the father is enough to interrupt 
courtship by his adult son in a captive family group. 

Erik Zimen, R. Derix, Dave Mech, and Ulysses Seal. Evi¬ 
dence was clear that not all adult-sized wolves reproduce in 
packs. However, integrated studies of behavior and physiol¬ 
ogy led to rejection of the hypothesis that nonbreeders were 
always physiologically stressed because of the behavior of 
dominants. This left open the question why packs contain 
adult-sized wolves that do not breed. 

Do wolves need to cooperate to kill large prey? On a 
parallel track, the landmark study of wolves on Isle Royale 
by Dave Mech opened several lines of research about 
wolves as predators, including interaction with the 
dynamics of foodwebs. In the early 1960s, the ecosystem 
on Isle Royale was relatively stable, and the evidence 
supported the hypothesis that individual wolves needed 
to put aside their own interests in reproduction for the 
sake of group hunting and to avoid wiping out their food 
supply. The notion that wolves had to cooperate to be 
successful at hunting large dangerous prey like moose 
fit nicely with this model, but only for a few years. Over 
the subsequent decades, Rolf Peterson has monitored 
dynamic peaks and lows in wolf, moose, beaver, and 
other carnivore populations on Isle Royale. There have 
been years when the moose population crashed because of 
overbrowsing and years when wolves supplemented their 
diet with beaver and snowshoe hares, then crashed when 
availability of all prey species was very low. Winter sever¬ 
ity and fire ecology have added to the complexity of these 
ecosystem dynamics. 

As we will examine, evidence from additional field stud¬ 
ies led to rejection of the hypothesis that wolves are obli¬ 
gated to cooperate in hunting. Under some foodweb 
conditions, wolves coordinate hunting and pup-rearing 
activities, but in other conditions they do not. Hunting- 
large prey permits large group size, but does not require it. 

Such diverse and dynamic conditions fit evolutionary 
models that predict that behavioral plasticity would be at 
a genetic premium for this large-bodied social carnivore 
that is widely distributed across all biomes of the northern 


Modern Synthesis: Nested Hierarchical 
Systems 

The social structure of wolves has been analyzed in terms 
of three levels of selection, each nested within the other: 
family groups, subpopulations, and ecosystems. Viewed 
from a systems perspective, at the first level, individual 
decisions affect survival and reproduction of other wolves 
within the same family group (wolf pack). At the second 
level of analysis, the social environment, each family 
group is influenced by the actions of other family groups 
within the neighborhood. The groups of individuals that 
interact most frequently within a neighborhood are tech¬ 
nically called a deme, or subpopulation, within a fragment 
of habitat relatively separated from other fragments. 
At the third level of analysis, the physical ecosystem, 
wolf populations are influenced by biotic (e.g., prey, com¬ 
peting species, diseases) and abiotic factors (e.g., winter 
severity, fire cycles, drought cycles). From a theoretical 
perspective, each of these systems is viewed as nested, 
because individuals fit within groups, subpopulations, and 
ecosystems. 

This theoretical framework of nested biological systems 
becomes important when scientists apply sociobiological 
models to test hypotheses about wolf social behavior. For 
example, several general hypotheses about evolution of 
cooperative breeding have been proposed: (1) eusociak obli¬ 
gate reproductive suppression under extremely harsh con¬ 
ditions in ecosystems where individuals do not survive 
outside a breeding colony; (2) conditional suppression : repro¬ 
ductive behavior is reversibly turned on and off in adults, 
depending on the social environment (groups and neigh¬ 
borhoods); and (3) deferred reproduction: the average onset ol 
first reproduction is delayed by the interaction of social and 
ecosystem factors (e.g., body size, nutritional condition, 
olfactory signals, competition for mates). In the following 
sections, specific evidence from wolf behavior will be 
synthesized in a manner needed to test each of these 
three general models. 

Individuals Within Family Groups 

Food provisioning within a family group is key to under¬ 
standing the social environment of canids. Although indi¬ 
vidual wolves may leave their natal group and spend 
varying amounts of time alone during the transition to 
another group, all wolves are born into and develop within 
a family group. Wolf litter size may vary from 1 to 10, 
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usually 5-6 pups. Group size rarely exceeds 15 wolves, 
depending on whether a breeding pair is disrupted, how 
many females breed, and how long offspring of varying 
ages remain in the family group. Although the highest 
reported count was 42, the usual group size is 6-8 wolves, 
consisting of a breeding pair with 4-6 offspring (Figure 3). 
However, this varies with the history of each family group 
as well as environmental changes in the wolf population 
and ecosystem, for example, prey type. 

Unlike most polygynous mammals, pup care by more 
than the mother matters in monogamous wolves. Pups are 
unlikely to survive to puberty without the care of parents 
and/or older siblings. In a study of 148 pooled cases of 
territorial breeding wolves, at least one pup survived the 
loss of a parent in 84% of the cases, presumably because 
pups were cared for by other members of the family 
group. Pups were more likely to survive the loss of a 
parent in large groups with auxiliary nonbreeders than 
in small groups. Older pups were more likely to survive 
the loss of a parent than younger pups. 

Born in an earthen den or shallow scrape on the 
surface, altricial wolf pups are cared for exclusively by 
the mother for 2-3 weeks. Their eyes are closed until 
12-14 days, and their first reflexive topo-taxic responses 
are to touch, warmth, smell, and taste. Hearing matures 
more slowly. Urination by pups in response to the mother 
licking the urogenital region is an example of a parent¬ 
offspring signal. As pups develop coordination to stand 
and walk, early learning begins to expand from the social 
context of littermates and soliciting care from the mother 
to include interactions with physical objects. 

Between 3 and 5 weeks, pups explore the entrance of 
the den, retreating from unconditioned stimuli that elicit 
an alarm bark and approaching the soft squeaking vocaliza¬ 
tions and multimodal stimuli they have learned to associate 
with the nursing female. In rare circumstances, more than 
one nursing female may share a den. However, currently 
there is no evidence that pseudopregnant female wolves 



Figure 3 Sibling wolf pups in a family group on Ellesmere 
Island. 


initiate nursing without having previously given birth to a 
litter, despite speculation in the popular literature. 

The social context of learning expands during weeks 
5-8, as pups encounter family members that deliver food 
by regurgitation and carrying pieces of carcass. For exam¬ 
ple, in a pack on Ellesmere Island, regurgitations were 
directed to the pups (81%), the nursing female (14%), 
and other auxiliaries (6%). All adult wolves regurgitated 
food, including the breeding pair, yearlings, and a post- 
reproductive female. The breeding female and pups 
received most regurgitations from the breeding male. 
Regurgitations by the breeding female were directed 
exclusively to pups. Wolves respond by regurgitation to 
muzzle licking by another familiar wolf, a multimodal 
signal that changes meaning with age, social context, and 
the presence/absence of food. 

During the transition stage from dependency on milk 
to solid food (6-10 weeks), not only do pups learn to 
recognize familiar kin, but they are also rewarded by 
food when they approach or follow adults. Detailed 
sequence analysis of interactions, in both pups and adults, 
have illustrated that individuals learn the physical and 
social consequences of their actions. At this transition 
stage, bouts of chase and wrestling play are typically 
1-3 h between naps and feedings. 

At 7-8 weeks, bite strength is sufficient for pups to feed 
from opened small carcasses, such as arctic hares in the 
Ellesmere Pack. In the weaning process for one litter, 
frequency of suckling bouts that occurred outside the 
den decreased gradually, as the nurser initiated bouts at 
longer intervals interrupted more bouts and pups per¬ 
sisted less when interrupted. Parent-offspring conflict 
was not obligate, although it may be conditional on food 
delivery and food storage by caching. On the average, by 
11 weeks, pups no longer suckled and began to follow 
adults on foraging trips. Activity centers focused on dens 
and rendezvous sites may change several times, as a litter 
is carried to a new location by the breeding female or 
moves in response to disturbance. 

Sound analysis indicates the vocal repertoire increases 
from four to nine call types as pups mature. Barks and 
howls are examples of vocal signals that have been studied 
in wolves. Pups bark in response to alarming stimuli and 
howl when separated from the group or in response to 
other howls. One hypothesis of the adaptive function of 
these signals is safety in numbers. Pups are vulnerable to 
predation by bears and unfamiliar wolves from neigh¬ 
boring packs. 

The first agonistic signals used by wolf pups occur in 
the context of food. When conflict escalates over a large 
food item, such as a rabbit carcass, pups learn the con¬ 
sequences of uninhibited bites from a sibling. They learn 
the subtlety of signs (e.g., hard stare, snarl, ear posture, 
partial lunge) that predict likely escalation to uninhibited 
biting. Subtle signs of de-escalation include: look-away, 
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lie-down, ears-back, lip-licking, crouch, roll-over, pawing, 
tuck-tail, and tail-wagging. To the extent that individuals 
vary in temperament at birth, each learns coping styles 
influenced by the contingencies of their interactions with 
siblings and the context of resources, although this com¬ 
plex process is not completely understood because it is 
so variable. 

Current behavioral evidence does not support the 
hypothesis that the dominance hierarchy within a litter 
determines which individuals breed later in life. Behav¬ 
ioral profiles of individuals vary on several dimensions in 
addition to a shyness/boldness continuum. Multivariate 
quantitative studies determined that affiliate and play 
behaviors explain more variation in wolf behavior than 
agonistic actions within intact family groups. Disrupted 
families that have lost one or more parents are more 
variable and conflict is more likely to escalate as described 
in the next section. 

Born in late spring, juvenile wolves are not quite adult¬ 
sized by their first winter. The synchronized birth season 
fits the functional hypothesis that the young are born at a 
time when food is readily available. Those that were born 
later would have been unlikely to survive the rigors of 
their first winter. Neonates born in winter would have 
risked exposure and malnutrition in times of scarce food. 
This genetic basis for seasonal reproduction has been 
modified in domestic dogs, which breed year-round. On 
average, birth dates occur weeks earlier in wolf popula¬ 
tions at lower compared to higher latitudes, although the 
mechanism is still not entirely understood. 

Group size expands seasonally, as pups are born, and 
declines as family members disperse or die. For example, 
on average in Denali, only half the pups of the year 
remained with the family through the first winter. Of 
those that remained, only half were still with the family 
through the second winter. Only a few wolves remained 
with their natal group past the third winter. 

Despite the popular notion that young wolves are 
driven out of the pack by conflict with parents and sib¬ 
lings, the data suggest that dispersal mechanisms are a 
complex interaction of individual maturation, relation¬ 
ships within the group, food availability, and scent marks 
in the neighborhood. During their lifetimes, individuals 
may switch among the following categories of tactics: (1) 
‘biding’ auxiliaries are nonreproductive members of a 
territorial group; (2) ‘dispersing’ floaters leave the group 
and wander alone or in transient groups that pass through 
or between group territories; and (3) ‘breeding’ parents 
defend the territory where they forage and reproduce, 
attacking outsiders of the same sex. Both sexes switch 
among these tactics. 

This evidence of developmental plasticity has led to 
rejection of the hypothesis that the wolf social system fits 
the model of eusociality. Dispersing wolves do not coop¬ 
erate in parental care and do successfully catch prey 


without the help of others. Transitions among behavioral 
tactics will be discussed in more detail in the next sec¬ 
tions, because they are influenced by factors at both the 
population and foodweb levels of ecosystems. 

Comparing canid species, large body size is correlated 
with later age of first reproduction. For example, on 
average, large-bodied wolves reach puberty in their sec¬ 
ond winter, 1 year later than smaller bodied coyotes. 
Puberty in wolves may be accelerated or delayed by a 
couple of years because of interactions of nutritional and 
social factors. 

There is no evidence to support the hypothesis that 
social stress in wolves turns off the physiological readiness 
to breed after puberty. For example, fecal cortisol was 
higher for breeders than nonbreeders in samples from 
free-ranging wolves in Iberia. In one captive study, non¬ 
breeding adults cycled normally; females ovulated and 
males produced sperm. In another captive pack, the posi¬ 
tive correlation between stress hormones and aggression 
was skewed by one individual with abnormal adrenal 
hypertrophy. An early-winter peak in testosterone has 
been correlated with rates of scent marking and escalated 
conflict among males. 

Deferred reproduction best explains the variation in 
reproductive tactics of wolves in family groups. In nuclear 
families, food provisioning shapes asymmetric relations 
between parents and offspring. During breeding season, 
parents are more attracted to mating signals from each other 
than from offspring (Figure 4). Adolescent wolves are less 
attracted to mating signals from siblings than parents, an 
attraction likely not reciprocated. Older wolves, both parents 
and siblings, are likely to interrupt sexual activity by 
younger wolves of the same sex. However, the subtle signs 
of asymmetric mate choice and same-sex rivalry are only a 
matter of probability and may shift within weeks when 
one or both breeders are removed. 


Pair-bonded parents 



Figure 4 Relations among parents and their offspring during 
the breeding season in a captive pack. 
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Wolf mating signals are multimodal, including phero¬ 
mones and tactile, auditory, and visual cues. Sexual 
dimorphism is minor, on average males are 20% heavier; 
however, no visual signals distinguish the sexes. Howling 
is an auditory signal with the function of advertising 
presence of wolves; loners are more likely to howl when 
traveling in sparsely than densely populated regions. 
Pheromones deposited in urine and feces are the primary 
mode for advertising sexual identity in dispersers. Dis¬ 
persers join up at all times of the year; males are more 
likely to find single females during proestrus vaginal 
bleeding, usually 2-8 weeks before ovulation. Plasma 
estrogen is elevated in females during proestrus and 
estrus, which occurs during January and February. Syn¬ 
chronized estrus usually peaks mid-February, although 
the exact timing varies with body condition, the social 
environment, and latitude. 

Proximate mechanisms of reproduction have been well 
studied in both wolves and dogs. During 1-7 days of 
estrous, each breeding pair of wolves remains in close 
proximity (Figure 5), exchanging mutually stimulating 
olfactory, visual, and tactile signs of copulatory readiness, 
for example, sniffing, sequential-urinating, chinning, darting, 
ears-together, head-flick, and paws-to-shoulders. Within 
days of spontaneous ovulation, females signal readiness 
to stand by averting the tail to the side of the vulva, a 
reflex that is a fixed action. Ovulation is associated with a 
peak in plasma luteinizing hormone (LH), which coin¬ 
cides with a drop in elevated estrogen (Figure 5). 

With experience, male wolves quickly learn to orient 
mounting to the rear. The ejaculatory reflex follows pen¬ 
etration and penile thrusting. Subsequently, tissues swell 
in the penile bulb, a reflex keeping the pair locked in a 
postcopulatory tie that usually lasts 20 min; the range 
in duration (3-30 min) is conditional on interruptions 
by familiar rivals. Hypotheses about the function of 
the postcopulatory tie include (1) oxytocin release that 



Figure 5 A male stands near his resting mate, guarding her 
from rivals while she is in estrous. 


stimulates smooth muscle contraction increasing internal 
fertilization rate due to sperm and egg movement into 
the uterine horns and (2) reduced probability of extra-pair 
copulation during the male postejaculation refractory 
period. 

The seasonal canid reproductive cycle is unusual 
among mammals because (1) there is only one estrus 
whether or not a female becomes pregnant, (2) the post¬ 
ovulatory growth of the corpus luteum is roughly the 
same duration for both pregnant and nonpregnant 
females, and (3) because of elevated prolactin in both 
males and females during the spring pup-rearing season. 
The cascade of hormonal changes following ovulation 
may stimulate growth of nipples, hair loss from the 
belly, abdominal swelling, denning behavior, and milk 
production, although these symptoms are highly variable 
among individuals and change with age. Seasonal peaks 
in prolactin are associated with den-digging and food¬ 
provisioning by both sexes (breeders and nonbreeders). 
Thus, it is difficult to diagnose pregnancy on the basis 
of external indicators; more accurate internal indicators 
may be obtained by sonography and measuring the hor¬ 
mone relaxin. 

Although social monogamy is typical of smaller nuclear 
families of wolves, extended and disrupted families may 
include polygynous and polyandrous relationships. Since 
postpubertal wolves retain the physiological readiness 
to breed, loss of one or more breeding parents may de¬ 
stabilize dominance relationships. For example following 
deaths of the fathers in two Yellowstone packs, immigration 
of an unrelated breeding male was followed by multiple 
litters. A low frequency of plural breeding has been re¬ 
corded in several field studies. Congenial relations among 
multiple breeding females are usually unstable and persist 
no more than a few years. 

Agonistic interactions vary with both the immediate 
presence of resources and the social environment within 
each group of wolves. Resources include food, mates, and 
pups. Factors likely associated with escalated conflict are 
complex, including the quality of the resource, proximity 
to the resource, motivation (e.g., satiation, reproductive 
cycle, adrenal activity), personality (e.g., inherited tem¬ 
perament and learned coping styles), and relationships 
(e.g., learned contingencies of interactions among specific 
individuals). All these factors influence the complexity of 
dominance hierarchies (e.g., linear, triadic, age-graded, 
branched sex-specific, multinodal), which may change 
within a group over time as well as varying among groups 
depending on age/sex composition. 

The variation in age/sex composition of wolf groups 
depends not only on internal factors, but also on the 
interactions among groups within populations and dy¬ 
namic patterns of food availability within ecosystems. 
Interactions of internal and external factors are elaborated 
in the following section. 
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Family Groups Within Fragmented 
Subpopulations 

The social structure of wolf populations includes territo¬ 
rial reproductive groups and floaters that move between 
and through resident territories. In colonizing populations 
with low territory density, floaters are more likely to join 
up and start new breeding units in the gaps between 
territories. In established populations, the number of 
breeding groups is relatively constant despite turnover as 
groups break up and new groups are formed. Wolves that 
are slow to disperse from their natal family are ‘biders’ 
(nonbreeding auxiliaries) waiting for a chance to breed 
when the opportunity arises. 

Within wolf populations ranging from those that are 
recolonizing an area (Yellowstone) to well-established 
(Denali, northern Minnesota), genetic relatedness is lower 
between breeders within a group than it is on the average 
between breeding groups. Wolf groups are semiclosed, usu¬ 
ally accepting immigrants only upon loss of a breeder. Mate 
turnover ranges from 1 to 6 years, varying among popula¬ 
tions. As elaborated in the following section, hypothesized 
mechanisms to explain this pattern of nonrandom genetic 
dispersal include the following ones: (1) individuals choose 
mates that are distantly related over those that are close 
relatives, (2) breeders defend their mates from same-sex 
rivals in neighboring groups, and (3) dispersal between 
groups is influenced by mate choice and same-sex rivalry. 
Given a choice of mates, wolves of both sexes are predicted 
to be more attracted to unrelated than to related individuals. 
Although it is unlikely that wolves have a mechanism for 
directly detecting genetic relatedness, familiarity is highly 
correlated. Given a choice, unfamiliar individuals are more 
attractive mates than family members. Contrary to predic¬ 
tion, inbreeding has occurred when a parent had no other 
choice than offspring and when siblings copulated in the 
absence of parents. 

Same-sex combat may explain the intense, uninhibited 
conflict between wolf groups, resulting in documented 
death of breeders, biders, and floaters. Fights between 
groups have escalated during extra-territorial intrusions. 
Although breeders may be more likely to escalate conflict 
with same-sex rivals, in the excitement of a fight, all group 
members may mob a victim that displays defensive sig¬ 
nals, for example, tucked-tail, ears-flat-back, and arched- 
back. While the sample size is not definitive, small groups 
are less likely to escalate than large groups. Social monog¬ 
amy is reinforced and extra-pair copulations are reduced 
by same-sex combat between groups. 

Several categories of dispersal between groups have 
been documented: (1) biders immigrate from an unrelated 
neighboring group to one that has lost a same-sex breeder, 
(2) one group divides into neighboring groups, (3) disper¬ 
sers may travel distances as long as 1000 km, (4) dispersers 
meet up and establish a new breeding group within 100 km 


of their natal group, (5) dispersers return to a familiar 
group (siblings or offspring) after turnover in the breeding 
pair, and (6) dispersers immigrate into groups that have lost 
a same-sex breeder. Overall, genetic variation is likely to 
be lower between groups than between breeders within 
each group. 

Auditory and olfactory communication influence dis¬ 
tance between groups; in contrast to the momentary and 
ambiguous information conveyed in howls, scent marks 
may last for days. In response to playbacks of strange- 
group howls, groups that reply are more likely to remain 
in place compared to groups that do not reply and retreat. 
Response rate is positively correlated with group size, 
breeding condition, and presence of a resource. Single 
wolves are more likely to approach silently when the 
playback is a solo howl. The prevalence of scent marks, 
both urine and feces, on trails near junctions and at the 
edge of territories has been described as an ‘olfactory bowl.’ 
Breeders urine-mark on conspicuous objects at a higher 
rate than nonbreeders, and the urination rate is highest in 
newly formed pairs. Pairs deposit urine marks sequentially 
in the same location, a double-marking behavior that may 
function in intimidating rivals and stimulating mates. 

Group howls occur when resting wolves arise and 
gather together prior to traveling, as well as when they 
come together after separation. During a group howl, 
individuals rub bodies, touch noses, and circle with wag¬ 
ging tails. Individuals that hold the tail high are more 
likely to respond with an over-the-muzzle bite to nose¬ 
licking by wolves with a lower tail posture. Similar to pups 
soliciting food provisioning, adults that receive an over- 
the-muzzle bite do not retreat from the group. Whichever 
individual departs with a confident gait is likely to be 
followed by those that are more solicitous. However, if a 
key food provider does not join the departing group, 
group cohesion may deteriorate. 

Group decisions on movements vary between wolf 
packs, as well as seasonally within each group. Alone, 
adult wolves can easily travel 40 km in half a day. In 
general, movements revolve around pups in the spring/ 
summer and the breeding female in the winter. In other 
seasons, the individual leading a traveling line of wolves is 
likely to be a breeder. Evidence supporting the hypothesis 
that the male is more likely to be a leader is ambiguous 
and depends on the definition of leading behavior. An 
alternative hypothesis is that variation in leading behavior 
may relate to which individual is most consistently asso¬ 
ciated with food acquisition, which likely changes with the 
age, experience, and personality of group members. 

Within a given latitude, group home range size is posi¬ 
tively correlated with group size in colonizing wolf popula¬ 
tions but only marginally so under saturated conditions. 
For example, in northwestern Minnesota and Yellowstone, 
recolonizing groups initially were spaced far enough apart 
that there were no shared boundaries. As the open areas 
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filled in, groups defended adjacent boundaries and poten¬ 
tial for elastic expansion of home range was limited, pre¬ 
sumably by encounters with sign left by neighboring packs. 

Genetic variability between wolf populations is likely 
related to the connectedness of habitat patches. In some 
homogeneous stands of forest, wolves may travel hun¬ 
dreds of kilometers without encountering areas of low 
wolf density. In other landscapes, they travel hundreds 
of kilometers through areas without wolves before en¬ 
countering the sign of wolf presence. From the same litter, 
some individuals have dispersed short distances and 
others long distances. Overall, both sexes are equally 
likely to disperse, although dispersal in some populations 
has been biased toward males and others were biased 
toward females. 

In summary, an overall model includes neighborhoods 
of relatively low genetic variation which are nested within 
habitat fragments that vary in degree of connectivity. 
Sexual competition limits the openness of family groups 
to immigration of unrelated individuals; however, disrup¬ 
tion of monogamous relationships facilitates movement of 
individuals between groups. Mate choice tends to favor 
outbreeding, although inbreeding occurs when choices 
are limited. Gene flow occurs via dispersal between frag¬ 
mented habitats. 

Populations Within Fluctuating 
Ecosystems 

Sociobiological theory predicts that species adapted to 
fluctuations of their social and ecological environments 
will evolve behavioral traits with a high degree of plastic¬ 
ity. Variation in the distribution of resources is most likely 
to influence the distribution of reproductive females, 
including group size. In turn, the distribution of females 
likely influences male tactics for defending females and 
offspring from the risks of encounters with rival males. 
Secondarily, predation separately influences evolution of 
behavioral traits in males and females. 

Ecosystems inhabited by wolves range from Arctic 
tundra (80 °N latitude) to desert mountains (less than 
40 °N latitude). Foodwebs within these diverse ecosystems 
vary from simple to complex. Examples of simple food¬ 
webs include (1) blackbuck (India), (2) arctic hares and 
musk oxen (Ellesmere Island), (3) migratory caribou sup¬ 
plemented by small mammals during denning (Alaskan 
Brooks Range), (4) white-tailed deer and snowshoe hare 
(Minnesota), (5) moose and white-tailed deer (eastern 
Canada), and (6) red deer and wild boar (Spain and Poland). 
More complex food webs include (1) moose, caribou, and 
Dali sheep (Denali National Park); (2) moose, snowshoe 
hare, and beaver (Isle Royale); (3) elk, mule deer, bison, 
mountain sheep, caribou, mountain goat, and small mam¬ 
mals (western Canada); and (4) red deer, wild boar, roe 


deer, fallow deer, and mouflon (Appenine mountains 
of Italy). 

Where wild ungulate populations have died out in 
parts of Israel and Italy, wolves scavenge at garbage 
dumps in addition to hunting whatever small animals 
and livestock are vulnerable. Domestic animals (e.g., 
goats, sheep, pigs, cattle, and dogs) are primary prey in 
northwestern Spain, and the eastern Caucasus of Russia, 
wherever wild ungulates are scarce and livestock graze in 
or near forests. In northern Finland, wolves hunt semido¬ 
mestic reindeer. 

In seasonal environments, wolves may opportunisti¬ 
cally feed lower on the food chain when fruits become 
available in the summer. Seeds of raspberries and blue¬ 
berries have been found in scats (defecations), as have 
cultivated fruits (e.g., grapes, cherries, apples, pears, figs, 
plums, and melon). The frequency of grass in wolf scats 
ranges from 14% to 43%, based on studies from both 
continents. 

The influences of foraging on wolf populations are 
evident in the variation of wolf territory size. The corre¬ 
lation between latitude and mean territory size is highly 
significant. The mean estimated territory size ranges from 
137 km 2 in Wisconsin to over 2600 km 2 on Ellesmere 
Island. This variation is also correlated with (1) lower 
prey biomass at higher latitudes, (2) smaller ungulate 
body size at higher latitudes, and (3) lower productivity 
of the plants upon which herbivores feed at higher 
latitudes. 

In a meta-analysis of 38 studies, about one-third of 
the variation in wolf territory size is positively correlated 
with prey biomass. Other factors contributing to the vari¬ 
ation included (1) wolf density, (2) interaction between 
wolf density and rate of wolf population increase, and 
(3) interaction between the mean territory size and the 
rate of wolf population increase. For example, mean terri¬ 
tory size in regions where wolves hunt deer (199 km 2 ) is 
one-quarter the size in moose regions (817 km"), possibly 
because moose are harder to catch and wolves travel 
further between kills. 

Do individual wolves benefit from cooperative hunting 
tactics? In contrast to lions, food acquisition per wolf 
decreases with hunting group size. Single adult wolves 
can kill a moose, bison, or musk-ox; however, calves and 
sick adults are more vulnerable to single wolves. Most 
hunting sequences described for wolves have been simple 
and straightforward. Field biologists differ in opinions 
about whether hunting tactics of wolves show evidence 
of cooperation, defined in terms of ambushing prey and 
relay running. 

When group size increases, it is most likely due to 
recruitment of young inexperienced wolves, adding little 
advantage to capture success by the group. One hypothe¬ 
sis is that young wolves may benefit from group hunt¬ 
ing in that they learn the consequences of their own 
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interactions with prey as well as observing the conse¬ 
quences of actions by more experienced group members. 
However, in the Mexican wolf reintroduction, even inex¬ 
perienced captive-reared wolves learned to kill elk within 
3 weeks after release. Evidence to test this ‘trade school’ 
hypothesis about the function of group size would be very 
difficult to obtain because of welfare issues and limited 
visibility of wolf hunts in forested ecosystems and rugged 
terrain. 

Alternatively, large groups wolves may have a compet¬ 
itive advantage in interactions with other predators (e.g., 
black bears) and scavengers at carcasses (e.g., ravens, 
eagles, foxes, coyotes, wolverines, and bobcats). In one 
study, the percentage of carcasses consumed by other 
scavengers was inversely correlated with wolf group size. 
Groups of wolves were more likely than singles to attack 
denning black bear or chase them off a carcass. However, 
grizzly bears usually displace wolves at carcasses indepen¬ 
dent of the number of wolves present. Single coyotes and 
foxes are vulnerable to being killed by wolves. Wolves 
rarely consume carcasses of competitors. Few interactions 
have been recorded between wolves and felids (e.g., bob¬ 
cat, lynx, mountain lion, and Siberian tiger). 

Do breeding wolves benefit from helpers at the den? 
One hypothesis is that auxiliaries may contribute more to 
provisioning under conditions of food abundance than 
when food is scarce. However, in good times, breeders 
are likely to be more successful at prey delivery, and 
auxiliaries are more likely to disperse. More auxiliaries 
in a group do not always increase the probability that pups 
will be attended around the clock. Some evidence points 
to auxiliaries returning to intercept provisioning at times 
when breeders are likely to return to pups. Older off¬ 
spring may compete with younger siblings, under scarce 
food conditions. Further studies are needed to fully 
answer this question. 

Do nonbreeding auxiliaries benefit by inheriting a ter¬ 
ritory when breeders are displaced? The current working 
hypothesis suggests that the answer depends again on the 
interaction of wolf density and prey availability. Under 
conditions of low wolf density and high food availability, 
dispersing floaters are more likely to start a new breeding 
unit than biders are likely to inherit a territory. However, 
when wolf density is high and prey density is low, mortality 
is higher in dispersers than biders. Extra-territorial forays 
and encounters with neighboring groups result in deaths of 
breeders under these conditions. Under conditions where 
breeders die, biders are more likely to inherit a territory. 

This conditional model of switching tactics and variable 
pay-offs for wolves foraging in groups has emerged from 
studies of ecosystem fluctuations. On Isle Royale, the body 
condition of moose is correlated with browse forage quality. 
The forage for moose has changed over decades because 
of plant succession in patches disturbed by forest fire, as 
well the direct impacts of moose and other herbivores on 


the plants. When moose are unhealthy, they are more 
vulnerable to wolves, and wolf predation has more of an 
impact than when moose are relatively invulnerable. Vul¬ 
nerability of prey to wolves is also increased by snow 
conditions and harsh winters. 

Since Isle Royale is a closed system on an island, the 
fluctuations in plants, herbivores, and carnivores are more 
accentuated. However, similar dynamics exist in other 
fragments of forested habitat that are more open systems. 
The linkages among components of each system are 
harder to measure in regions where wolves and their 
prey disperse over larger distances. Earge expanses of 
forest are not homogeneous; local conditions function as 
sources and sinks in terms of the dynamics of wolf popu¬ 
lations on a broader scale of analysis. 

Theoretical questions about the stability of predator 
and prey populations due to wolf foraging ecology are still 
actively debated. However, researchers agree on three 
generalizations: (1) wolf impact is highest on the juvenile 
age class of prey; (2) where wolf populations are increas¬ 
ing, the impact of predation is higher; and (3) the com¬ 
bined impact of predation by wolves and bears is more 
likely to tip prey populations into a declining trend. 

Disease outbreaks also contribute to the instability of 
wolf populations. Over a 30-year study of canine parvovi¬ 
rus in northeastern Minnesota, pup mortality increased 
70% in one region and varied from 40 to 60% over a 
larger scale. The rate of growth for the infected wolf 
population was 4% as against 16-58% in other wolf 
populations. Changes in dispersal potentially related to 
spread of disease included (1) fewer dispersing juveniles, 
(2) mortality of entire groups, and (3) a higher probability 
of adults dispersing following disruptions due to death 
of breeders. 

In summary, variation in the canid genome has been 
shaped over geologic time scales by glacial cycles that 
repeatedly displaced northern populations and blocked 
or opened dispersal routes between continents. The 
behavioral plasticity that permitted wolves to invade eco¬ 
systems as diverse as deserts, forests, mountains, and tun¬ 
dra also permits individuals to adapt within lifetimes to 
ecological changes in prey availability resulting from 
shorter cycles (e.g., fire, precipitation, plant succession). 
Interactions of factors within dynamic ecosystems make it 
very difficult to test behavioral models on the basis of 
costs and benefits in terms of ultimate fitness. Given the 
behavioral plasticity in social carnivores, it is all too 
tempting to infer the adaptive significance of cooperative 
foraging despite the paucity of definitive evidence. 

Some Current Questions 

Recent expansion of research in social cognition and the 
canid genome have opened promising perspectives for 
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reframing questions about behavioral mechanisms in 
wolves. For example, the behavioral traits currently inter¬ 
preted as cooperative may also be viewed as by-products 
of directional selection favoring large body size. In the 
following section, alternative models that are emerging in 
diverse lines of research that view dogs as a subspecies of 
wolf are briefly outlined. 

The genetics of domestic and wild canids are under 
investigation by the research team coordinated by Elaine 
Ostrander and Robert Wayne. Questions arise about how 
contrasts in body size as dramatic as a great Dane and 
Chihuahua illustrate the big variation that can result from 
small changes in the timing of action of‘controller genes.’ 
Not only does the dog subspecies of wolves contain the 
genes of their ancestors, but substantial numbers of muta¬ 
tions have also accumulated during artificial selection 
over thousands of years of dog breeding. 

New lines of research are opening in the study of 
which dog breeds conserve more of the genotypes typical 
of wild wolves from separate continents. This raises addi¬ 
tional questions about how breed differences, associated 
with diversity of human culture, reflect variation in per¬ 
ceptual systems (e.g., sight hounds, scent hounds), cogni¬ 
tive abilities (e.g., shepherd breeds, guard/rescue breeds), 
emotional systems (e.g., retriever breeds, fighting breeds), 
and energetic systems (e.g., sled dogs, lap dogs). 

Dogs are not just neotenous wolves. Breed differences 
may be productively viewed as experiments in differential 
reproduction, which has changed the timing by which 
behavioral and morphological systems develop. Behavioral 
studies of directional selection for tameness in silver foxes 
raised similar questions about how changes in the develop¬ 
ment of neurotransmitter systems, for example, serotonin, 
dopamine, epinephrine, may be linked in unexpected ways 
to timing of reproductive cycles and morphological traits 
such as a curled tail and white star on the chest. 

Wolves are not just the ancestors of dogs. The genotype 
associated with black coat color in wolves appears to have 
originated in domestic canids and to have spread through 
wild populations of wolves. Questions arise about where 
mutations appeared and how they have persisted in canid 
lineages with histories of genetic bottlenecks, likely shaped 
by alternating phases of inbreeding and outbreeding. What 
are the implications for evolutionary models of behavioral 
processes in wolves and other wild canid species? 

On parallel lines of investigation, more detailed ques¬ 
tions about social cognition are progressing for canids. For 
example, questions about empathy and reconciliation after 
conflict have recently been examined for wolves. Intriguing 
differences between dogs and wolves have been documen¬ 
ted in observational learning and the recruitment of social 
companions in problem-solving tasks. Questions arise about 
what are appropriate problem-solving tasks: contraptions 
humans devise to control extraneous variables or tasks that 
arise in foraging? 


The challenges of teasing apart epigenetic influences 
during social learning raise questions about research 
design and sample size. Given the genetic and behavioral 
variation within and between breeds of dogs, which indi¬ 
viduals should be chosen to compare with wolves? Given 
equivalent variation in wolves, which should be chosen to 
compare with dogs? To compare social cognition in dogs 
and wolves, should they both be raised in human families 
or in canine families? What are the implications of separ¬ 
ating both dogs and wolves from social companions dur¬ 
ing development? 

Answers to questions about how behavioral variation is 
related to the interaction of genetic variation and envi¬ 
ronmental variation are still elusive. However, the prog¬ 
ress in understanding some of these linkages within the 
canid genome has accelerated in the past decade and 
holds promise for reframing future questions about the 
evolution of behaviors on both ends of the continuum 
between fixed actions and behavioral plasticity. 

See also: Conservation and Behavior: Introduction; 
Domestic Dogs; Social Cognition and Theory of Mind; 
Spotted Hyenas. 
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Introduction 

Insect societies are families. This means that workers that 
do not reproduce, pass on copies of their genes indirectly 
by rearing their mother queen’s offspring. In many spe¬ 
cies, very few workers even try to reproduce. For example, 
in the honeybee Apis mellifera , all the workers have ovaries 
and are potentially able to lay eggs that develop into 
males, but in a colony with a queen, less than 0.1% have 
active ovaries, and only 0.1 % of the males reared are work¬ 
ers’ sons even though there are tens of thousands of workers 
and only one queen. With little worker reproduction, the 
colony functions more efficiently, and the workers benefit 
indirectly from the queen’s reproduction. However, the fact 
that there is so little worker reproduction is a puzzle 
because an egg-laying worker could increase its inclusive 
fitness if the colony reared its sons. The reason why so few 
workers reproduce is ‘worker policing.’ Workers kill most of 
the worker-laid eggs by eating them (Figure 1) but spare 
most of the queen-laid eggs. Worker policing in honeybees 
has two effects on worker reproduction. First, it kills most 
of the eggs laid by the relatively few egg-laying workers. 
Second, it deters workers from laying eggs in the first place. 

Policing is a form of social coercion and is fundamental 
in causing the high levels of altruism seen in many mod¬ 
ern day species such as honeybees. Policing by egg eating 
reduces the potential benefits of attempted reproduction. 
Policing by aggression may also cause costs to selfish 
individuals through punishment. Policing coerces group 
members to act more altruistically, by limiting their 
opportunities to increase their direct fitness through 
attempted reproduction so that increasing their indirect 
fitness through helping relatives is a better option. This 
article reviews how coercion by policing can reduce the 
direct benefits of attempted reproduction in social Hyme- 
noptera in three contexts: conflict over male production 
by workers, conflict over the development of larvae into 
queens, and conflict over breeder replacement in queen¬ 
less ant colonies. In the three contexts, altruism has 
evolved to remarkable levels given the substantial incen¬ 
tives for selfishness that exist in family-based societies. 

Policing of Male Production by Workers 

In social Hymenoptera (ants, many bees, and wasps), work¬ 
ers of most species possess ovaries and are able to lay 


unfertilized male eggs. Due to haplodiploidy, workers are 
twice as related to their sons as they are to their brothers 
(relatedness coefficient (see Glossary) 0.5 vs. 0.25). Thus, 
on the basis of kinship alone, each worker would have 
maximum inclusive fitness if the colony reared her sons 
instead of the mother queen’s sons. In the absence of 
coercion, a substantial proportion of the workers should 
lay eggs instead of working for the colony (Figure 2), this 
proportion should be minimized at a relatedness of 1 
(a figure not usually possible in family-based societies but 
possible in clonal societies), and should increase with 
diminishing relatedness. Coercion is needed to explain 
the observed levels of altruism in societies where related¬ 
ness is < 1. 

Two mechanisms for the policing of male production 
by workers are known. First, the eating of eggs laid by 
workers has been documented in many species with 
examples in bees (Figure 1), wasps (Figure 3), and ants 
including Acromyrmex leafcutter ants and Camponotus car¬ 
penter ants, several species of Apis honeybees, and Vespula 
yellowjacket wasps and Vespa hornets. Second, aggression 
against fertile workers has been observed in many species, 
again in all the major groups of social Hymenoptera, bees, 
wasps, and ants. 

Workers of several species of bees, ants, and wasps are 
able to discriminate between worker-laid and queen-laid 
eggs. This strongly suggests differences between eggs laid 
by queens and workers in the chemistry (odors, especially 
hydrocarbons) of the egg surface. The chemistry remains 
unknown, but correlational evidence suggests that in the 
ant Camponotus floridanus, queen-specific compounds pro¬ 
vide information to allow workers to discriminate eggs 
as well as to monitor the queen’s presence and fertility. 
In C. floridanus , queen-laid eggs have larger amounts of 
certain linear and methylbranched alkanes on their sur¬ 
face. Experimental application of chemical extracts from 
queen-laid eggs onto worker-laid eggs makes these more 
egg acceptable to workers. Furthermore, the chemicals on 
the surfaces of queen-laid eggs deter workers from repro¬ 
ducing, even in the absence of the queen herself, which 
suggests that the egg surface chemicals signal queen fer¬ 
tility and presence. 

Similarly, aggression toward egg-laying workers is 
possible because their fertile status is reflected in the chem¬ 
ical profile on their cuticle. In one of the best documented 
examples, egg-laying workers of the ant Aphaneocaster cock- 
erelli are similar to queens in their cuticular hydrocarbons, 
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Figure 1 Worker policing in the honeybee. Cells have been 
constructed against a piece of glass to allow observation of the 
interaction of a worker with a worker-laid egg that has been 
experimentally transferred into the cell with forceps. Top. 

A worker enters the cell and is about to contact the egg; Below. 
The egg is eaten by the worker that has recognized it as 
worker-laid. Photos by Francis Ratnieks. 


characterized by straight alkanes lacking in nonreproductive 
workers. Experimental application of synthesized alkanes 
caused aggression toward treated workers. It is possible 
that these compounds are unavoidably linked to reproduc¬ 
tive physiology, so that egg-laying workers are unable to 
suppress making them, even if they would benefit from 
disguising their fertile status. Such compounds are a useful 
source of information for policing workers. 

Policing of Caste Fate 

Female larvae in most eusocial Hymenoptera are totipo¬ 
tent with the ability to develop into either a queen or a 
worker. In a colony rearing both young queens and work¬ 
ers, there is an incentive to develop into a queen rather 
than a worker because each female is more related to her 
own offspring than to a sister (Figure 2). This incentive, 
which increases with lower relatedness, can result in the 
rearing of excess queens. However, in most species, larvae 
have little power over their caste fate as their feeding is 
controlled by the adult workers, preventing excess queens 


Caste fate: 

prevention of selfishness 


Worker ovary development 
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punishment of selfishness 


Worker egg laying: 
reducing the benefits 
from selfishness 


No coercion 
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Many selfish 
workers develop 
ovaries or try to 
replace the breeder 


Most of the workers 
work for the colony 


Worker 



Many selfish 
workers lay eggs 


Most of the workers 
work for the colony 


Coercion is selected for because it 
improves colony efficiency. Coercion 
prevents selfish behavior and colony 
resources are not wasted in selfish 
behavior. Colony functioning improves 
directly. 


Effective coercion 


Totipotent 

larva 



Very few 
selfish larvae 


Almost all 
larvae develop 
into workers 


Coercion through punishment is selected for 
because it improves colony efficiency or 
provides kinship benefits to the coercing 
individuals, or both. Punishment harms the 
selfish individuals, and if coercion makes them 
behave altruistically, colony functioning is 
improved over evolutionary time since 
punishment acts as a deterrent, but also 
directly. 


Worker 



Very few fertile 
workers 



Many altruistic 
workers 


Coercion is selected for due to kinship 
benefits. Coercion reduces the benefits 
of selfish behavior. If benefits are very 
small, selfish behavior does not pay off 
and is selected against. Coercion leads 
to more efficient colony function over 
evolutionary time. 
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Figure 2 Effects of policing on selfish behavior and colony functioning in three different contexts. The upper row shows the situation in 
a colony with no coercion. Levels of selfishness (red arrow) are predicted to be high. Level of altruism (green arrow) is predicted to be 
low. In the absence of coercion only relatedness limits selfishness and selfishness is more common when relatedness is low. On the 
bottom row, with coercion, selfishness is predicted to be rare, altruism common, and colony functioning efficient. This is when the 
conflict is resolved so that colony level costs are low. Both coercion and relatedness limit selfishness, and selfishness is predicted to be 
less common when coercion is effective. 
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Figure 3 Observations of worker egg laying and policing in natural colony of Dolichovespula saxonica. Left, a worker lays an egg into 
an empty cell. Right, another worker eats the egg soon after it has been laid. Photos by Kevin Foster. 



Figure 4 Coercion of caste fate in the honeybee Apis mellifera. 
Uncapped worker cells, each with an egg, a larva, nectar or empty, 
and capped worker cells each with a fully fed larva or pupa. 
Queens are reared in special larger queen cells and fed a diet of 
royal jelly. A larva in a worker cells is unable to develop into a 
queen because there is not enough space and because it is not 
fed royal jelly. Each larva is fed progressively in an open cell which 
gives the adult workers control over caste fate. The developing 
larva lacks control over its caste fate and acquiesces to its 
situation, developing into a worker. Photo by Francis Ratnieks. 

being reared by withholding the additional food needed to 
allow a larva to develop into a queen (Figure 4). Thus, 
the caste fate of females is also subject to coercion 
and policing. 

Coercion of female larvae into developing as workers is 
possible because in most species of social insects, the 
queens are larger than workers and require more food 
for their development and sometimes special food or 
rearing conditions. For example, honeybee queens are 
reared in special cells on a special diet of royal jelly and 
queens of the Florida harvester ant Pogonomyrmex badius 



Figure 5 An opened colony of the stingless bee Melipona 
beechei. On the right, brood cells. On the left, egg-shaped food 
storage cells. In Melipona bees males, queens, and workers are 
all reared in the same cells. These cells are mass provisioned and 
sealed after egg laying so the workers do not influence the caste 
fate of developing larvae. The larvae have a lot of control over 
their own development, since each cells is large enough, and has 
enough provisions for a larva to develop into a queen. Photo by 
Francis Ratnieks. 

are reared on a more nitrogen-rich diet than workers. 
Because larvae are largely immobile, they depend on the 
adult workers for the additional food needed to develop 
into a queen. The importance of food control by workers 
is demonstrated through an exceptional case in which the 
adult workers cannot coerce the larvae. In Melipona sting¬ 
less bees, workers and queens are similar in size and are 
reared in identical cells on a provision mass that is placed 
in the cell before the queen lays an egg and the cell is 
sealed (Figure 5). Each larva has control over her own 
development as she is sealed away from any interference 
by the adult workers and has a food mass that is sufficient 
to allow her to develop into either a queen or a worker. 
A large excess develop into excess queens, as predicted 
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Figure 6 Uncapped cells of Melipona beechei. Because larvae 
have control over their own development, several individuals 
(circled in green) have developed into excess queens. This 
means that fewer workers develop. Photo by Francis Ratnieks. 



Figure 8 Policing of breeder replacement in the dinosaur ant 
Dinoponera quadriceps. The selfish, high-ranking individual in the 
middle (14) has developed ovaries and has attempted breeder 
replacement. Low-ranking workers recognize her status and 
punish her by attacking and immobilizing her. Immobilization may 
result in the death of the selfish individual, or a lowering of her 
rank in the hierarchy of workers. Photo by Thibaud Monnin. 



Figure 7 Queen execution in Melipona quadrifasciata. A newly 
emerged excess queen is killed by workers, and does not benefit 
from the selfish behaviour. Photo by Francis Ratnieks. 


(Figure 6). Because Melipona colonies are founded by 
fission (swarming), very few queens are actually needed, 
either to head a new colony or supersede a failing mother 
queen. The excess queens are executed soon after leaving 
their cells (Figure 7). 

Policing of Breeder Replacement 

The inclusive fitness interests of workers are in conflict in 
species where the workers and queens are not morpho¬ 
logically distinct so that a worker can take over the queen’s 
role. In some ponerine ants (see Glossary), the queen caste 
has been lost and the colony is headed by a mated worker, 
who is the queen (called a ‘gamergate’) and heads a colony 
of unmated daughter workers. Even though all workers 


are capable of mating, a single gamergate monopolizes 
reproduction in species like Dinoponera quadriceps 
(Figure 8). The high-ranking workers lay some unferti¬ 
lized eggs but most of these are killed by the gamergate. 
In addition, it can be in the selfish interest of a daughter 
worker to overthrow the gamergate, rather than allow one 
of her sisters to do so. However, most of the workers never 
challenge the current breeder, and the few workers that 
challenge only do so once the fertility of the current 
breeder decreases. Again, the discrepancy between the 
potential incentive to selfishness and observed occurrence 
of selfishness can be explained by policing (Figure 2). 

In the conflict over breeder replacement, workers 
police by aggression to prevent selfish workers from 
replacing the queen. In D. quadriceps, high-ranking work¬ 
ers are attacked and immobilized by low-ranking females 
in order to prevent them from challenging the breeder 
(Figure 8). Again, cuticular hydrocarbons, especially 
compounds that correlate with fertility, likely play a role 
in recognition of selfish individuals, since the status of the 
potentially fertile challenger individuals is reflected in 
their cuticular profile. The queen sometimes helps the 
workers in recognition. In D. quadriceps, the queen uses her 
sting to mark with glandular secretions the individuals 
challenging her. These cause nonreproductive workers to 
punish the challenger. Both the queen, which maintains its 
status, and the nonreproductive workers benefit by not 
allowing premature replacement of the gamergate. 

What Factors Select for Policing in 
Social Insects? 

Policing suppresses individual selfishness. This benefits the 
colony as a whole by increasing the number of workers 
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versus excess queens, or working workers versus egg-laying 
workers (Figure 2). But policing is not necessarily 
selected for to increase group efficiency reasons although 
this can be a factor. In evolutionary terms, policing needs 
to be understood in terms of the benefits that policing- 
individuals gain in terms of their inclusive fitness, whether 
this is indirect, as in worker policing, or direct, as in 
queen policing and selfish worker policing. In other 
words, the policing individual must benefit either indi¬ 
rectly through reproduction of relatives, or directly 
through its own reproduction. Policing is affected by 
several selection pressures that may be difficult to disen¬ 
tangle, because they can operate simultaneously. 

Selection for Policing in Male Production 

The theory of worker policing was originally developed 
to investigate the effects of queen mating frequency on 
worker-male relatedness in eusocial Hymenoptera. Due 
to haplodiploid sex determination in the Hymenoptera, 
the number of males that the queen has mated with affects 
the optimal source of males for the workers as a whole in a 
colony. If the mother queen is mated to a single male, the 
workers are more closely related to the sons of other 
workers (0.375) than to the sons of the queen (0.25). 
Thus, on the basis of relatedness alone, workers are pre¬ 
dicted to favor male production by other workers. There 
is also worker-worker conflict over male production, 
since each worker is more related to its sons (0.5) than 
to other workers’ sons (0.375). If the queen has mated with 
two or more males the situation turns around. Now work¬ 
ers are more closely related to the sons of the queen than 
to the sons of other workers’ sons. Workers are conse¬ 
quently predicted to favor male production by the queen. 
But each worker is still most closely related to its own sons 
(0.5) and so, she still benefits from egg laying. In other 
words, there is selection on workers both to lay eggs and to 
police the reproduction of other workers. Following this 
logic, worker policing was first looked for, and found, in 
honeybees. Honeybee queens mate with approximately 
ten males so that workers are more closely related to the 
sons of the queen (0.25) than to the sons of the other 
workers (0.15). As predicted, worker policing occurs in 
honeybees and is in fact very effective as almost all 
worker-laid eggs are killed. Workers are also more closely 
related to the sons of the queens than to the sons of 
workers and thus selected to police worker-laid eggs in 
species where colonies have multiple related queens. 

However, policing also occurs in species where work¬ 
ers are more closely related to the sons of other workers 
than to the sons of the queen. For example, workers 
destroy eggs laid by other workers in C. floridanus , in 
which the queen is singly mated, and in the hornet 
Vespa crabro , in which queen mating frequency is only 
slightly >1 (a small proportion of queens are multiple 


mated but most are single mated). There are several 
inclusive fitness factors that select for policing in addition 
to kinship differences to males. First, policing is selected 
for if it enhances the productivity of the colony, as long as 
the relatedness between colony members is positive. This 
explanation is quite often invoked when policing has been 
found in species with single-mated queens. However, 
direct evidence is lacking and it is not necessarily clear 
how colony efficiency might improve from policing in this 
situation. For example, if policing occurs through reduc¬ 
ing the benefits from selfishness, such as egg eating, polic¬ 
ing does not necessarily increase colony productivity 
unless worker-laid eggs have low viability. Although this 
has been suggested for honeybees, the evidence on which 
this idea was based has been refuted. Unless policing 
increases colony productivity in the current generation, 
it is not selected for. If an egg has already been laid, 
destroying this egg will not cause the worker that laid it 
to stop laying more eggs and more generally, to work 
instead of laying. In contrast, if policing occurs through 
punishment (Figure 2), such as aggression toward egg- 
laying workers, it may cause their ovaries to become less 
active for them to resume working. In this case, it is more 
likely that policing improves group efficiency and can be 
selected for due to immediate benefits in a colony with 
policing workers. 

Other reproductive conflicts within colonies may 
interact with the conflict over male production and favor 
worker policing. For example, in a colony with a single- 
mated queen, the workers benefit from a female-biased 
sex allocation ratio. If workers kill worker-laid eggs, which 
are male, then this may benefit them by causing more 
female-biased sex allocation in their colony. Workers 
would not benefit by killing queen-laid eggs because 
most of these are female. Overall, the killing of worker- 
laid eggs can benefit policing workers, more in terms of 
biasing female allocation than what they lose by causing 
the colony to rear additional brother males instead of full 
nephews. Killing worker-laid eggs could be a low-cost way 
of biasing sex allocation because it would be an accurate 
way of recognizing males (assuming that the workers can 
easily discriminate queen-laid eggs from worker-laid 
eggs) before much time or energy is invested on rearing 
them. 

Policing can also be carried out for selfish reasons. 
That is, the policing individuals are themselves laying 
eggs and increase their direct reproduction through polic¬ 
ing. Such ‘corrupt policing’ by reproductive workers has 
been found in Dolichovespula sylvestris wasps, in which 
workers that remove eggs laid by other workers them¬ 
selves lay eggs in the vacated cells after removal. In 
contrast, workers that specialize in aggressing fertile 
workers and eating their eggs in the ant Pachycondyla 
inversa are not themselves fertile. The queen may also 
police workers in order to increase her own reproductive 
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share. The queen is predicted to do this regardless of the 
kin structure of the colony because she is always more 
closely related to her own sons than to her grandsons, 
r=0.25. The queen is more likely to be able police 
reproduction by all workers only in species with small 
colonies. Queen policing is widespread in all major groups 
of social Hymenoptera, and similar to worker policing, 
occurs both as egg eating and aggression. Comparative 
evidence also shows that queen policing occurs mainly in 
species in which worker policing is lacking. In other 
words, when worker policing occurs, the queen does not 
need to police herself. 

Selection for Policing in Caste Fate Conflict 

The coercion of female larvae into workers rather than 
excess queens is selected for because of increased colony 
efficiency. The rearing of more queens would lead to the 
rearing of fewer workers and consequently would reduce 
colony productivity or growth. For example, in Melipona 
bees, each cell containing a female larva produces either 
one queen or one worker (Figures 5 and 6). Each addi¬ 
tional queen means one less worker. Selection for caste 
fate coercion does not depend on the kin structure of the 
colony, as long as relatedness is positive. Adult workers 
increase their inclusive fitness by preventing the rearing 
of excess queens in their colony. 

Conflict over Breeder Replacement 

In species where a mated worker assumes the role of the 
queen, there is a possibility that she may be replaced by 
another worker. But the current queen may be assisted in 
maintaining her role by nonreproducing workers, who 
will benefit from not allowing their mother to be replaced 
by a sister for both relatedness and colony efficiency 
reasons. Workers that do not compete for reproductive 
status themselves should favor their mother (who is usu¬ 
ally singly mated in queenless ponerine ants) remaining as 
the breeder, since they are on average more closely 
related to her offspring (0.25 to males, 0.75 to females, 
0.5 on average), than to offspring of their sister workers 
(0.375 to both males and females). Thus, the workers are 
predicted to police selfish workers that try to replace the 
current breeder. Preventing premature breeder replace¬ 
ment is additionally favored by kin selection if breeder 
replacement reduces colony productivity. 

Policing in Queenless Colonies 

When a colony loses its queen and is unable to replace 
her, the situation regarding policing changes. Worker 
policing of eggs is relaxed for several reasons. First, there 
are no more queen-laid eggs to favor. Worker-laid eggs are 
all there is. For example, in honeybees, worker policing 



Figure 9 Worker egg laying in the absence of coercion in a 
queenless colony of the honeybee, Apis mellifera. In a queenless 
colony, worker policing stops, approximately half of the workers 
start laying eggs, and many more eggs are laid than the colony is 
able to rear. Workers preferentially lay eggs in drone cells, as 
shown. Photo by Francis Ratnieks. 

stops ~3 weeks after queen loss, and at the same time 
worker egg laying increases dramatically (Figure 9). 
Because policing does not prevent worker egg laying, 
excess reproduction is limited only by altruism. Queen- 
lessness may also lead to increased competition among 
workers over reproduction, and the competition probably 
accelerates the collapse of the colony. For example 
in honeybees, many eggs per cell are laid (Figure 9), but 
only one larva per cell can be reared. Second, the colony 
cannot survive for long without a source of new diploid 
eggs to rear into workers. Thus, the workers benefit less 
from working for the colony, and policing due to increased 
colony efficiency is no longer beneficial. Accordingly, 
aggression toward fertile workers is less common in queen¬ 
less colonies. Also the conflict over caste fate, which 
applies to the diploid brood the queen has produced before 
her death, is relaxed. Because there is no benefit in trying 
to secure long-term survival of the colony through worker 
production, the rearing of more sexuals benefits both the 
developing larvae and the rearing workers. 


Consequences of Policing 

The evolutionary causes of policing are diverse, as out¬ 
lined earlier, but if policing is efficient, the consequences 
of policing are the same regardless. Worker policing elim¬ 
inates the benefits from selfishness, and this has conse¬ 
quences for both the selfish individuals and the group as a 
whole. If no benefits are to be expected from selfish acts, 
and if selfishness has a cost, selfishness is no longer 
selected for. In terms of Hamilton’s rule (see Glossary), 
if the chance that a worker-laid egg will be reared is small, 
then the cost of giving up this attempted reproduction and 



Worker-Worker Conflict and Worker Policing 627 


behaving altruistically is low. When policing is effective, 
individuals should acquiesce rather than attempt to repro¬ 
duce. On the collective level, this means a more efficiently 
functioning colony due to the acquiescence of most indi¬ 
viduals to altruistic working versus reproduction. Put 
another way, the conflict over working versus reproducing 
is resolved (see Glossary). Thus, even if policing is origi¬ 
nally not selected for efficiency reasons, greater colony 
efficiency can occur over evolutionary time. The almost 
complete acquiescence of the workers under efficient 
policing occurs in many species. For example, in honey¬ 
bees, the hornet V crabro , and common wasp Vespula vulgaris, 
very few workers develop their ovaries in colonies with a 
queen. Some ant and stingless bee species, such as the 
invasive Argentine ant Linepithema humile , lack functional 
ovaries altogether, and the conflict over male production 
is completely resolved, although the historical role of 
policing in this extreme form of resolution is unclear. 
Not all advanced insect societies have fully acquiescing 
workers, however. For example, in several species of For¬ 
mica wood ants, worker egg laying is common even in the 
presence of the queen, and as many as 20% of the eggs 
may be sons of the workers. Also in many wasps of the 
genus Dolichovespula , a large proportion of the workers are 
fertile (Figure 10). In these wasps, policing is not very 
effective, so that fertile workers have a good chance of 
reproducing successfully. 

Even if policing of selfish behavior is effective, there is 
still a benefit to evading control. One example of evasion 
is given by ‘anarchistic’ honeybee colonies. This is a 
complex trait affected both by worker genotype and the 
colony environment. Anarchist workers do not respond 


to the signals that normally inhibit ovary activation in 
workers in colonies with a queen, and can lay eggs that 
evade police workers. Bumblebee Bombus terrestris workers 
sometimes lay eggs in alien colonies, and in the Asian 
honeybees A. cerana and A. florea , workers enter alien 
queenless colonies to lay eggs. Evasion also occurs in 
caste fate. Some female larvae of the stingless bees 
Schwarziana quadripunctata evade nutritional control by 
developing into fully functional dwarf queens when 
reared in a worker cell on a provision mass insufficient 
to rear a normal-sized queen. 

The Big Picture 

The most convincing support for predictions of worker 
policing theory comes from comparative studies that 
combine case studies from different species. Comparative 
evidence supports kin selection predictions on worker 
policing in several ways. First, in a large comparative 
dataset from all major groups of social Hymenoptera, 
worker policing of male production was observed more 
often in species (seven out of seven species) in which the 
workers were more related to the queen/queens’ sons 
than worker’s sons, than when more closely related to the 
worker’s sons (7 out of 34 species). Thus, actual conflict 
(see Glossary) is explained to a large extent by relatedness 
asymmetries. Second, on the level of conflict outcome 
(see Glossary), successful male production by workers in 
a dataset of 109 species was less common when workers 
were more closely related to the sons of queen than to the 
sons of the workers, as expected if worker policing occurs 
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Figure 10 Effects of relatedness and coercion on selfishness in nine species of wasps and the honeybee. On the left, in queenless 
colonies (blue symbols), where coercion does not occur, only relatedness limits selfishness, and more workers behave selfishly in 
colonies with low relatedness. In queenright colonies (red symbols), selfishness is more common in higher relatedness species. This is 
because policing is selected for in species with low relatedness, and both coercion and relatedness limits selfishness. On the right, it is 
shown that selfishness is rarer when policing is efficient (green symbols), that is, workers acquiesce to coercion by behaving more 
altruistically. 
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more often in such species. Thus, worker policing has a 
big effect on conflict outcome. Third, in a comparison of 
ten species, workers were less likely to have active ovaries 
in species with more effective policing of worker-laid eggs, 
as predicted, given that efficient policing can select for 
acquiescence (Figure 10). In other words, conflict resolu¬ 
tion (see Glossary) is more complete when policing is 
effective. To further demonstrate the effect of coercion, 
data from queenless colonies of the same ten species showed 
the reverse trend. As expected, in the absence of policing, 
more workers had active ovaries when relatedness is low. 

The trends based on relatedness and coercion explain a 
considerable part of the variation in conflict behavior 
between species, but there is still much remaining varia¬ 
tion. In particular, there are several species with singly 
mated queens in which worker policing occurs. This is not 
surprising, given the large number of additional factors 
that select for worker policing of worker-laid eggs, as 
described earlier. The variation around the trend does 
not mean that the inclusive fitness theory fails. Rather, 
the theory shows that selection can act in multiple ways. 
Future work should aim at identifying which of the addi¬ 
tional factors are important. 

Conclusion 

Worker policing represents a good case in which inclusive 
fitness logic has made a priori predictions about the 
reproductive biology of insect societies and led to new 
insights and the discovery of new phenomena. In return, 
the results provide support for the inclusive fitness theory 
itself. The effects of relatedness and other factors on the 
evolution of policing have been convincingly demon¬ 
strated in a wide range of ecologically different species. 
Furthermore, the prediction that effective policing should 
lead to conflict resolution has been supported. Policing is 
thus a major factor underlying altruism in insect societies 
and leads to the more efficient functioning of insect 
societies, and may even contribute to the ecological suc¬ 
cess of social Hymenoptera. 

Policing is not exclusive to social insects. For example, 
sanctioning partners that do not cooperate occurs in 


mutualistic relations between plants and their nitrogen¬ 
fixing microbial mutualists. In humans, individuals are 
prepared to police or punish individuals that do not coop¬ 
erate in experimental games. Obviously, in humans, policing 
also occurs on an institutional scale. In the former contexts, 
individuals respond to coercion by cooperating, but in the 
latter context this has been difficult to demonstrate. 

See also: Kin Selection and Relatedness. 
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Taxonomy, Distribution, and Morphology 

The zebra finch, Taeniopygia guttata , is an estrildid finch 
common in Central Australia, which occurs in most of the 
Australian continent and up through parts of Indonesia. 
Populations of introduced birds, that presumably escaped 
from the pet trade, have also been reported in the United 
States (e.g., California and Oregon) and Europe (e.g., 
Portugal). Zebra finches commonly occupy low bushes 
and sparse, but dense, vegetation in relatively open areas 
and have quickly adapted to human-disturbed habitats in 
many areas. They are abundant in most parts of their 
range and are not of conservation concern. 

Although the sexes are similar in overall size, males have 
distinctive red bills, orange cheek patches, chestnut flank¬ 
ing, and distinctive namesake black chest and throat barr¬ 
ing. Females do not possess any of these traits (Figure 1). 
The sexes also differ in vocal traits in that males sing 
extensive songs, but females do not. Both sexes also make 
a number of calls that appear related to predatory threats, 
alarms, territorial defense, and pair-bond maintenance. 
Their vocal repertoire is fairly well understood from neu¬ 
ral functioning and behavioral points of view. 

There are two commonly recognized subspecies. 
T. guttata is found through Indonesia and coastal areas of 
Australia and is somewhat smaller and lacks some of the 
male throat banding patterns of T. g castanotis. T. g casta- 
notis is much more common throughout the Australian 
continent. 

Domestication and Genetic Variants 

The zebra finch is a common pet trade and show bird. They 
are easily kept in captivity, breed readily (see below), and 
can be hand-trained to make excellent companion birds. 
Because of the extensive interest in this species from avi- 
culturists, there are numerous well-documented genetic 
variants and phenotypic morphs that have been selectively 
bred over the years, resulting in a wide variety of phenotypes 
and genotypes that are available for study and comparison. 


Life History, Mating, and Breeding 

Zebra finches can live for up to 5 years in the wild, but life 
expectancy is commonly 5—10 years in captive conditions. 
Records of birds reaching their ‘teens’ are not uncommon 
among captive breeders. 

They are primarily seed eaters, but will commonly eat 
fruits and vegetables in the wild (where available) and in 
captivity. Most aviculturists raise zebra finches on millet 
and fruit seed blends, supplemented with fresh fruits, 
vegetables, and protein and additional calcium mixes to 
promote egg laying. As anyone who has raised zebra 
finches can testify, they are messy eaters and seemingly 
quite inefficient seed dehuskers. 

In nature, breeding is commonly cued by unpredict¬ 
able heavy rains; hence zebra finches are commonly in a 
physiological condition to breed at any time of the year. 
This means that birds can easily be maintained on long- 
day photoperiods with adequate food and water so that 
they breed throughout the year in captivity. This physio¬ 
logical feature has contributed to the appeal of zebra 
finches in behavioral studies, as it is not necessary to 
phase birds through ‘seasons’ to induce mating and breed¬ 
ing behaviors - the birds are pretty much ready to breed 
at any time. 

Courtship behaviors are fairly ritualized and are well- 
documented, including a sequence of neck stretching, 
body twists, hopping, and tail flicking as well as exten¬ 
sive vocalizations (see section ‘Vocal Signaling and Song 
Learning’). Males and females seem to show the same 
sequence and range of courtship behaviors in captive 
and wild conditions, often meaning that behaviorists can 
assay courtship in the laboratory and infer future mating 
decisions based on the intensity of these behaviors. 

Zebra finches nest in a wide variety of substrates, from 
natural cavities to shrubs, bushes, and even termite mounds. 
Hence, in captivity, nest boxes and artificial cups can vary in 
design yet stimulate successful breeding. Nests are most 
often comprised of dried grasses, woven into tight and 
domed cups. Zebra finches commonly breed in small 
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Figure 1 Typical wild-type female (left), her partner male 
(middle), and an extra-pair male (right). 


colonies at reasonably high densities, hence breeding birds 
in captive aviaries and cages can often represent reasonably 
similar nesting densities to natural conditions. 

They are unusual in that zebra finches mate for life; 
once paired, males and females are rarely out of contact 
with each other, except when incubating eggs. This may 
be one reason why extra-pair paternity rates are generally 
low, in comparison to many bird species, in wild popula¬ 
tions (often around 5% extra-pair young). 

Both sexes incubate their brood, and they lay 3-12 eggs 
per brood, most commonly 5 or 6. These eggs hatch after 
14-16 days and chicks are fed by both parents for the 3-4 
week nestling phase. Postfledging, the young are depen¬ 
dent on their parents for a farther couple of weeks but 
mature quickly so that young males are capable of breed¬ 
ing just 70 days after hatching and females after around 
100 days. Distinctive male plumage traits start to develop 
at around 8-10 weeks posthatching. Their rapid matura¬ 
tion, coupled with year-round breeding, means that zebra 
finches can attain tremendous individual and population 
productivity. 

Zebra Finches as Model Organisms in 
Animal Behavior 

The zebra finch has been extensively studied in numerous 
behavioral contexts, in the wild and in captivity. The 
following are a few of the areas that have received sub¬ 
stantial attention, but this brief review in no way repre¬ 
sents the true breadth to which the zebra finch has been 
studied. 

Sexual Selection 

One of the most appealing aspects of using zebra finches 
as a model system in sexual selection studies is that many 
of the mate preferences and mating behaviors shown in 


the wild can be solicited in controlled, captive situations. 
Hence, this species opens up opportunities to understand 
genetic, developmental, neural, physiological, and behav¬ 
ioral mechanisms that determine sexual selection pro¬ 
cesses in a complex vertebrate. 

Both male and female zebra finches exhibit some 
degree of primary mate choice, with females preferring 
males with redder bills and those with longer more com¬ 
plex directed songs (see below). Males and females also 
prefer heterospecifics wearing specific colors and sym¬ 
metric arrangements of plastic leg bands. Nancy Burley 
has also indicated that females possess several latent pre¬ 
ferences for aesthetic traits that have not evolved in males, 
such as for certain colors of artificial plumage crests. With 
the documented preferences for bill color and artificial 
traits, it is possible to perform reversible manipulations of 
individual attractiveness, which allows numerous experi¬ 
mental behavioral studies of mate choice. 

Postcopulatory mechanisms of sexual selection occur 
in zebra finches, including sperm competition even 
though extra-pair paternity appears relatively uncommon 
(often less than 5% young are extra-pair in natural colo¬ 
nies). Males appear able to vary the size of their ejaculates 
and engage in ‘retaliatory’ forced copulations with their 
partner after they observe her engaging in an extra-pair 
copulation. This is probably because there is a general 
pattern of last male sperm precedence, increasing pater¬ 
nity assurance of males who copulate with females closest 
to the time of egg laying. 

Females are fertile for ~11 days before laying their first 
egg and can store sperm for almost 2 weeks, although a 
very small percentage of each ejaculate appears to reach 
the female sperm storage structures. However, because 
there is some form of sperm storage, there is some possi¬ 
bility for elements of cryptic female choice in zebra 
finches. 

Even after eggs have hatched, zebra finches appear to 
selectively feed and possibly commit selective infanticide, 
to bias their brood toward the sex of attractive partners. 
Hence, there also appear to be postzygotic mechanisms of 
sexual selection in zebra finches. 

Vocal Signaling and Song Learning 

The vocal repertoire of zebra finches is extensive and 
functionally well understood. Among the most common 
calls, loud distance calls appear related to revealing indi¬ 
vidual identity (even perhaps age and geographic origin) 
and soliciting the other member of the pair to follow, 
whereas softer ‘tef calls may function to reinforce pair 
bonds and elicit close contact between a pair. Zebra 
finches also show an array of distress, alarm, and move¬ 
ment intention calls. Most of these calls can be recognized 
by ear (with a little experience) or by analysis of recorded 
sonograms. 
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Nestlings beg loudly for food from their parents and 
their calls can sometimes be heard as much as 100 m 
away from the nest. Accompanied with striking mouth 
coloration patterns, zebra finch adults are not short of 
sensory stimulation to induce chick feeding. As nestlings 
grow, begging calls increase in amplitude, length, and 
rate and decrease in pitch while gaining harmonic ele¬ 
ments. Hungrier nestlings seem to call more rapidly. 
As we know a considerable amount about how nestlings 
beg from parents, zebra finches have also become a popu¬ 
lar subject for studies of parent-offspring conflict and 
communication. 

Male zebra finches produce directed and undirected 
song. Undirected songs are simpler, softer, not associated 
with any pronounced body movements and are often 
produced when the female is not in visual range. This 
type of song is most often produced during early nest 
building and egg laying stages and has been hypothesized 
to be important in mate guarding and paternity assurance. 

Directed songs are classic courtship and precopulatory 
vocalizations that are reasonably complex in structure and 
associated with upright bodily posturing. These directed 
songs vary in structure among males in three sequential 
elements: (1) the number of introductory elements; (2) the 
structure and number of repeated song phrase elements 
(where some of these elements appear almost identical to 
their calls, whereas others appear novel and unique to a 
male), and (3) a terminal distance call. In preference tests, 
females tend to prefer males who sing with longer song 
phrases. Both rate and structure of song appear to influ¬ 
ence mate preferences. 

Along with the canary (Serinus canarid) and song spar¬ 
row (Melospiza melodia), the zebra finch has become a 
model species for song learning studies. As occurs in 
many songbirds, male zebra finches learn their songs 
from a tutor, most commonly their social father, and 
song is learned and crystallized during a critical period 
thought to be between days 35 and 80 posthatching. When 
kept in acoustic isolation, males develop only rudimen¬ 
tary song phrase elements, indicating that elements of 
song structure are hard-wired in some manner. Interest¬ 
ingly, song learning and final crystallization of the song is 
both age and experience related. In the presence of a tutor, 
the song is set by days 70-80; but without a tutor, the song 
can be modified for a period after this. The zebra finch is 
arguably the dominant laboratory model species for 
studying this form of song learning, and many research¬ 
ers have drawn analogies between the communication 
learning processes in zebra finches to early communica¬ 
tion learning in many other animals, including humans. 

Song learning is more precise when auditory cues are 
accompanied by visual cues of the tutor male. Addition¬ 
ally, young males prefer to learn songs from mated tutors 
compared to unmated tutors and there is some evidence 
that females in the local population influence song 


learning, biasing males to learn attractive songs that may 
differ somewhat from their social father. 

Males appear to learn their songs in a sequential unit 
structure, with introductory elements, song phrases, and 
the terminal distance call apparently learned in ‘chunks’ 
from the tutor. Hence, there may be a functional link 
between how songs are learned and how they are 
expressed as adults. 

There are interesting sex differences in learning of 
vocalizations. Females do not sing, but they do show some 
of the calls of males. However, cross-fostering and deafen¬ 
ing studies indicate that males fine tune their calls (partic¬ 
ularly their distance calls) using environmental input. In 
contrast, females’ calls are almost exclusively innate and are 
not influenced by their auditory environment early in life. 

The neural pathways for song production, song per¬ 
ception, and song/call learning are fairly well described in 
both males and females. In general, the simpler vocaliza¬ 
tions of females are associated with neural pathways pre¬ 
dominately in the brain stem, whereas male vocalization 
pathways are more strongly associated with the telen¬ 
cephalon. Some of the calls produced by males are asso¬ 
ciated with song production centers. 

There are two forebrain neural circuits associated with 
male singing, one related to song learning and the other to 
song production. Central to both circuits are the connect¬ 
edness of the HVC (higher vocal center) and RA (robust 
nucleus of the archistriatum). Notably, similar to some 
other songbirds, new cells are continually added to the 
HVC during song learning and later sexual activity. 
Unlike other songbirds, the song production and learning 
in the zebra finch is dominated by the right hemisphere 
rather than the left, although the significance of this is not 
yet understood. 

The zebra finch brain is anatomically and functionally 
different between the sexes, and this extreme sexual dimor¬ 
phism is dependent on sex hormones. As estrogens that 
determine this sexual differentiation are potentially pro¬ 
duced before hatching, anatomical studies have revealed 
marked brain sexual dimorphism in very early stages of 
development. 

In summary, because of the availability of detailed 
neural atlases of the zebra finch brain, there is a large 
and growing body of literature that describes the neuronal 
basis of song learning in this species. With recent advances 
in functional neuroanatomy and high resolution magnetic 
resonance imaging (MRI; Figure 2) of the zebra finch 
brain, the links between neural anatomy and functioning 
with complex behavioral processes related to song 
learning promise to increase at a rapid pace. When you 
consider that there is also extensive functional genomic 
information being developed for zebra finches, I doubt 
that we are too far from being able to interpret song 
learning and production from gene expression all the 
way through to ecologically relevant behaviors. 
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Figure 2 Digital three-dimensional MRI atlas of the zebra finch 
brain. The full interactive atlas is available free to the scientific 
community at: http://webh01.ua.ac.be/biomag/ 
zebrafinch_mri_atlas.htm. Courtesy of Colline Poirier and 
colleagues. 

Genomics and Genetics 

The zebra finch genome was published in 2008 and 
became the second avian genome available, following 
the domestic chicken. Extensive cDNA libraries have 
also been compiled from neural materials of zebra finches. 
Hence, the possibility of linking complex behaviors and 
the neural mechanisms underlying these behaviors with a 
detailed understanding of gene functioning is now possi¬ 
ble and is underway for several questions related to song 
learning and development. The availability of these geno¬ 
mic tools promises great advances in our mechanistic and 
evolutionary understanding of zebra finch behavior. 

At a simpler genetic level, an array of microsatellite 
markers have been described in the literature that allow 
relative straightforward paternity/maternity analyses as 
well as measures of gene flow and phylogeography. Hence, 
the breadth of genetic tools now available for the zebra finch 
is starting to rival some of the invertebrate taxa that have long 
been the focus of behavioral genetic and genomic studies. 

Summary 

Overall, the level of mechanistic understanding from 
functional genomics to detailed neuronal and cognitive 
studies blended with the repeated observations that eco¬ 
logically and evolutionarily relevant behaviors can be 
replicated and manipulated in various captive experimen¬ 
tal designs; give the zebra finch extraordinary potential as 
a model system in evolution, ecology, and behavior. For a 
complex vertebrate, they have a relatively short genera¬ 
tion time, with rapid sexual maturity, and are straightfor¬ 
ward to maintain in breeding condition. Hence, zebra 
finches will continue to grow in popularity as model 
species for many forms of behavioral study, especially 


those that aim to elucidate genetic and neural mechan¬ 
isms of breeding and mating behaviors. 

See also: Acoustic Signals; Genes and Genomic 
Searches; Mate Choice in Males and Females; Mating 

Signals; Sperm Competition. 

Further Reading 

Adkins-Regan E (2002) Development of sexual partner preference in the 
zebra finch: A socially monogamous, pair-bonding animal. Archives 
of Sexual Behavior 31: 27-33. 

Birkhead TR, Hunter FM, and Pellat JE (1989) Sperm competition in the 
zebra finch, Taeniopygia guttata. Animal Behaviour 38: 935-950. 

Boumans T, Gobes SMH, Poirier C, et al. (2008) Functional MRI of 
auditory responses in the zebra finch forebrain reveals a hierarchical 
organisation based on signal strength but not selectivity. PLoS ONE 
3: e3184. 

Burley NT (2006) An eye for detail: Selective sexual imprinting in zebra 
finches. Evolution 60: 1076-1085. 

Burley N, Krantzberg G, and Radman P (1982) Influence of colour¬ 
banding on the conspecific preferences of zebra finches. Animal 
Behaviour 30: 444-455. 

Dawson DA, Chittock JC, Jehle R, et al. (2005) Identification of 13 
polymorphic microsatellite loci in the zebra finch, Taeniopygia guttata 
(Passeridae, Aves). Molecular Ecology Notes 5: 298-301. 

Holveck MJ and Riebel K (2007) Preferred songs predict preferred 
males: Consistency and repeatability of zebra finch females across 
three test contexts. Animal Behaviour 74: 297-309. 

Immelmann K (1965) Australian Finches in Bush and Aviary. Sydney: 
Angus and Robertson. 

London SE and Clayton DF (2008) Functional identification of sensory 
mechanisms required for developmental song learning. Nature 
Neuroscience 11: 579-586. 

Naurin S, Bensch S, Hansson B, et al. (2008) A microarray for large- 
scale genomic and transcriptional analyses of the zebra finch 
('Taeniopygia guttata) and other passerines. Molecular Ecology 
Resources 8: 275-281. 

Nottebohm F (1993) The search for neural mechanisms that define the 
sensitive period for song learning in birds. Netherlands Journal of 
Zoology 43: 193-324. 

Replogle K, Arnold AP, Ball GF, et al. (2008) The Songbird 

Neurogenomics (SoNG) Initiative: Community-based tools and 
strategies for study of brain gene function and evolution. BMC 
Genomics 9: 131. 

Swaddle JP, Cathey MG, Correll M, and Hodkinson BP (2005) Socially 
transmitted mate preferences in a monogamous bird: A non-genetic 
mechanism of sexual selection. Proceedings of the Royal Society of 
London B 272:1053-1058. 

Zann RA (1996) The Zebra Finch: A Synthesis of Field and Laboratory 
Studies. Oxford: Oxford University Press. 


Relevant Websites 

http://www.ncbi.nlm.nih.gov/genome/guide/finch/ - National Institutes 
of Health’s zebra finch genome resource site. 
http://titan.biotec.uiuc.edu/songbird/ - Songbird Neurogenomics 
(SoNG) Initiative. 

http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=atlas - 
Stereotaxic atlas of the zebra finch brain. 
http://zebrafinch.info/science/ - Zebra finch info scientific links site. 
http://webh01 .ua.ac.be/biomag/zebrafinch_mri_atlas.htm - Zebra 
finch online MRI atlas. 

http://www.zebrafinch-society.org/ - Zebra finch society, USA. 
http://www.zebrafinch.org/-Zebra finch song learning consortium. 




Zebrafish 

J. R. Fetcho, Cornell University, Ithaca, NY, USA 
© 2010 Elsevier Ltd. All rights reserved. 


Introduction 

The zebrafish has only recently emerged as a key model for 
studies of the neuronal and genetic basis of behavior. 
George Streisinger’s pioneering studies at the University 
of Oregon established the zebrafish as a genetic model. 
Although he envisioned the animal as a model for using 
genetic tools to dissect behavior, for a long time the focus 
was on using zebrafish for studies of neuronal development. 
The initial advantages of this animal were its availability (it is 
a common pet store fish), its transparency, and the abun¬ 
dance of its eggs and larvae (which allowed easy imaging 
of neuronal development in the live animal), a somewhat 
short - 3 month - generation time, and some important 
mutant lines obtained by exposing the fish to mutagenic 
chemicals. These advantages led to some remarkable 
developmental/genetic studies by the Oregon group that 
put the zebrafish on the map as a model organism. 

Although there were scattered early behavioral studies 
of zebrafish, two developments growing out of the work 
in Oregon catalyzed the expansion of zebrafish as a model 
for behavioral studies. The first was a large-scale screen 
for mutants done in Tubingen by the Nusslein-Vollhard 
group. While the focus of this screen was largely devel¬ 
opmental and structural, one portion, led by Michael 
Granato, focused on animals with movement deficits. 
The isolation of these mutants catalyzed studies directed 
toward finding the disrupted genes and revealing how they 
affected patterns of movement. In parallel, the advantages 
of the transparency of the larval fish for functional studies 
became clear with work showing that one could load 
fluorescent calcium indicators into neurons to literally 
watch active nerve cells light up during behavior in the 
intact animal. This was the first imaging of neuronal activ¬ 
ity with single-cell resolution in an intact vertebrate and 
raised the possibility of exploring activity patterns in vivo 
in both normal and mutant lines of fish. The combination 
of powerful tools at both the genetic and neuronal circuit 
level made zebrafish unique among the vertebrate models 
and set the stage for further behavioral studies. 

While much of the focus on zebrafish behavior has 
been in laboratory studies, recent work has begun to 
reveal more about their natural history and ecology. 
They are members of the Cyprinidae and are found in 
the flood plains of the Indian subcontinent, where they 
typically occur in shallow, slow-moving water with visi¬ 
bility ~30cm deep in areas with vegetation, little shade, 
and a silty bottom. The temperatures over the natural 


range of the fish can vary from 6 to 38 °C, although they 
are typically maintained at 28.5 °C in the laboratory. The 
adults are omnivorous, with their food usually consisting 
of insects and zooplankton. Likely predators include other 
fish and birds. The fish typically spawn at first light in the 
wild, as in the lab, with groups of males chasing a female 
and the eggs becoming scattered upon release. There is 
some evidence that males protect sites containing gravel 
substrates that are preferred by females. Such sites may 
protect eggs from predation and provide them with higher 
oxygenation. While the studies upon which these observa¬ 
tions of the natural biology of the animal are based are 
increasing, there is still much about features of their 
biology, such as intra and interspecific interactions, feed¬ 
ing, and habitat choice, that remain to be explored. 

Behaviors of Zebrafish 

Zebrafish show the broad range of behaviors typical of 
other vertebrates. These extend from more simple sensory- 
motor reflex responses such as escape behaviors to com¬ 
plex social behaviors such as shoaling, aggression, and 
mate choice. A major focus of study has been to identify 
genes that build the primary sensory systems used to 
assess and respond to the external world including the 
visual system, the auditory system, the lateral line, and 
the somatosensory systems. On these fronts, the model has 
revealed unknown components of the hair cell apparatus 
for detecting movement in the lateral line and in the ear, 
as well as genes that are involved in setting up the neuronal 
and biochemical networks for appropriate visual responses. 
On the motor output side, contributions of genes to the 
production of swimming and escape behaviors have been 
revealed, along with the neuronal organization of these 
responses. 

Most of this behavioral work on the zebrafish model 
has involved laboratory studies of the genetic and neuro¬ 
nal substrates of relatively simple behaviors or parts of 
behaviors. There is less work dealing with natural varia¬ 
tion and behavior in the wild, although this is beginning as 
well. Similarly, more complex mating and social behaviors 
have received some attention on the behavioral side, but 
are only beginning to move to the genetic and neuronal 
levels. Nonetheless, understanding the genetic and neu¬ 
ronal substrates of natural variation and complex beha¬ 
viors is impossible without an understanding of the way in 
which core elements of particular behaviors are built at 
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the genetic and neuronal levels, and there are now very 
powerful tools that allow attacks on behavior in zebrafish 
from the genetic through to the neuron and network 
levels. These are best considered in the light of what is 
required to achieve an adequate understanding of the 
proximate mechanisms by which genes and neurons influ¬ 
ence the generation of a particular behavior because this 
is the arena where zebrafish may have the most to con¬ 
tribute as a model. 

The Path from Genes to Behavior 

Genetic Perturbations 

The influence of genes on behavior is typically revealed 
by exploring the behavioral effects of perturbation of 
the activity of those genes. In zebrafish, there are several 
avenues for such perturbations. The most common is 
mutagenesis, done via chemical application to adult fish 
or via viral insertion into the genome to disrupt random 
genes and screen for behavioral changes. This is especially 
useful for revealing unknown genes that affect behaviors, 
but is not trivial as it typically involves large-scale raising 
of animals to isolate many mutants, sometimes involving 
many thousands of tanks of fish. A more directed approach 
uses morpholinos, modified oligonuceotides designed to 
bind to specific endogenous RNA sequences and disrupt 
their expression. These are targeted based upon sequence 
information, so the approach can test possible contribu¬ 
tions to behavior of known genes, but cannot reveal novel 
ones. In addition to these tools, it is now easy to introduce 
exogenous genes into zebrafish to produce transgenic 
animals. This can be useful to express particular genes at 
higher levels by adding an additional copy under a known, 
possibly stronger than normal, promoter. This approach 
reveals the consequences of overexpression of a gene. 
What is currently missing in zebrafish, however, is the 
ability to remove or replace the endogenous genes by 
knockouts - a very powerful approach in other standard 
models for behavioral studies such as mice. 

Bridging the Gap Between Genes and Behavior 

The challenge in exploring the influence of genes on 
behavior is not so much in finding genes that affect 
behavior, as there are plenty of those in many species, 
but rather in bridging the gap between the genes and the 
behavior to reveal how the genes affect neurons and net¬ 
works and in turn alter behavior. Some of the features of 
the zebrafish model make it particularly powerful and 
perhaps the best vertebrate model for bridging the gene 
to behavior gap. 

Moving from genes to behavior involves some critical 
considerations that include finding in which tissues or 
organs the gene is expressed and what alterations in 


neuronal wiring or activity patterns occur following dis¬ 
ruption of the gene as, in the end, these changes in the 
nervous system will alter behavior. Disrupting gene 
expression or creating overexpression may also cause 
changes in effector organs such as muscles or in neural 
connections with muscles, but some of the hardest chal¬ 
lenges have been revealing the impact of genetic disrup¬ 
tions on the neuron or network level. 

The ability to make transgenic zebrafish and the trans¬ 
parency of the larval animal simplifies forging links 
between genes and neuronal structure and function. By 
inserting a fluorescent protein under control of the pro¬ 
moter for the gene of interest, the neurons expressing 
both the fluorescent protein and the protein of interest 
can be viewed in the intact, living larval fish. This allows 
direct visualization of which neurons express the gene. 
Observations of neurons treated in this way in mutant 
animals or those treated with morpholinos allow detection 
of changes in neuronal structure related to disruption of 
the gene of interest. 

Because disruptions might also occur in cells not 
expressing the gene, it is important to explore other 
aspects of neuronal organization as well. There are an 
increasing number of transgenic lines of zebrafish with 
different subsets of neurons labeled with different colored 
fluorescent proteins. These include lines with inhibitory 
and excitatory nerve cells labeled in different colors to, in 
effect, provide a color-coded nervous system. By looking 
at the effects of mutations or morpholinos in these lines, 
one can better reveal disruptions of neurons and neuronal 
patterning that might underlie behavioral changes. 

An additional advantage of zebra fish is the ability to 
easily examine the activity of labeled neurons, because 
genetic disruptions of behavior are usually linked to 
changes in neuronal activity patterns that can result 
from a mis-wired circuit, changes in the electrical proper¬ 
ties of the neurons, or changes in the synaptic connections 
between the nerve cells. Every modern physiological tool 
for studying neuronal activity is accessible in the zebrafish 
model. Conventional approaches to directly recording the 
electrical activity of individual neurons with glass micro¬ 
electrodes (such as patch clamp recording) are possible. 

More unique to zebrafish, the transparency of the 
larvae allows the imaging of neuronal activity anywhere 
in the animal. This has been accomplished with fluores¬ 
cent indicators that sense calcium levels and change their 
fluorescence upon binding calcium. By loading neurons 
with such indicators in live fish, the active neurons literally 
light up during behavior. The availability of genetically 
encoded calcium indicators has allowed the generation of 
transgenic lines with built-in optical indicators of neuro¬ 
nal activity, first done among vertebrates in zebrafish. The 
methods for monitoring activity can be used in transgenic 
lines with particular cell types labeled, so the function of 
different subsets of neurons can be examined. These tools 
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allow exploration of neuronal activity during behavior at 
the single cell and neuronal population levels. They are 
critical to defining both the normal networks underlying 
behavior as well as the consequences of genetic perturba¬ 
tions that alter behavior. 

Linking Neurons to Behavior 

One of the major challenges in studies of the neuronal 
basis of behavior is causally linking neurons or neuronal 
classes to particular behaviors. The approach to revealing 
these links is much the same as that for linking genes to 
behavior. The activity of the neurons must be perturbed 
in some way and the consequences for behavior studied. 
Zebrafish offer spectacular opportunities in this regard 
because of recently developed optical tools that play to 
the combination of genetics and transparency that are the 
strengths of the zebrafish model. Early perturbation stud¬ 
ies used lasers focused on nerve cells in the intact animal 
to kill particular neurons and explore the behavioral 
consequences. Such removal is useful, but irreversible. 
Recently, genetically encoded proteins controlled by 
light were isolated that allow the electrical activity in 
nerve cells to be turned off or on by shining light on 
them. These tools take advantage of light activated ion 
pumps or channels that can affect the electrical activity of 
neurons. The methods work in zebrafish, and the ability to 
introduce genes into the fish and focus light anywhere in 
the nervous system will allow reversible inactivation or 
activation of different neuron classes to test their contri¬ 
bution to behavior. One can even imagine flashing neu¬ 
rons to turn them on in different patterns to essentially 
play activity patterns into the nervous system to examine 
the behavioral consequences of different patterns. The 
power of these approaches, which are best applied in a 
transparent animal, is likely to make the zebrafish model 
even more important in studies of the neuronal basis of 
behavior. 

Examples of the Application of Optical and 
Genetic Approaches 

Neuronal Activity During Behavior 

The utility of zebrafish for behavioral work is best illu¬ 
strated by examples from many contributions that take 
advantage of the special strengths of model. Some of the 
initial work taking advantage of the transparency for 
functional studies set out to reveal the patterns of neuro¬ 
nal activity in the hindbrain that underlie the escape 
response - a fast turning movement that fish use to 
avoid predators. There was good evidence that a set of 
nerve cells with axons projecting into the spinal cord, 
including the well-studied Mauthner neuron and other 
similar, serially repeated neurons in different parts of the 


hindbrain, were key to generating the escape response, 
but their activity patterns during behavior were largely 
unknown. By labeling the neurons with fluorescent cal¬ 
cium indicators, it was possible to reveal differences in 
which neurons were active, depending on the location of 
a touch stimulus used to elicit an escape, because different 
neurons lit up during different escape stimuli. This 
approach linked patterns of activity in the hindbrain to 
different forms of a behavior and provided insight into 
the functional organization of a part of the brain critical 
to movement. 

Test of Neuronal Contributions to Behavior by 
Optical Perturbation 

The initial tests of neuronal contributions to behavior in 
zebrafish came from studies in which the contribution of 
hindbrain neurons active in different forms of escape was 
tested by laser ablation. This work confirmed in studies 
ablating individual cells that the different cells in the set 
of hindbrain neurons including the Mauthner neuron and 
others like it indeed made different contributions to the 
escape behavior. Killing particular cells could affect some 
forms of the escape response and not others, confirming 
the view that even a seemingly simple behavior can have 
subtle variations that can only be revealed with studies of 
an accessible model system. 

More recent work combined genetic approaches with 
laser ablations to test the contribution of neurons in spinal 
cord to movement. This work took advantage of a so- 
called enhancer trap line in which an insertion of a fluo¬ 
rescent protein into the genome led to the labeling of a 
very discrete set of spinal interneurons. These inhibitory 
cells had axons that crossed from one side of the body to 
the other and were thought to allow a forceful escape bend 
by blocking activation of muscle on the opposite side of 
the bend. Removing the neurons, which were easily tar¬ 
geted with a laser in the live animals because they were 
fluorescently labeled, led to a bilateral muscle contraction 
and a seriously disrupted escape bend. This directly con¬ 
firmed the critical role of a class of neuron in a motor 
behavior. While these two examples focus on laser 
removal of neurons, the expectation is that future work 
will use reversible approaches to inactivating neurons 
with light to allow even more compelling studies of links 
of neurons to behavior. 

Genes Affecting Behavior 

genetic change can produce a behavioral change by 
altering function at many different levels in the nervous 
system from the subcellular to the network level. The 
output of a network depends on a complex interaction 
of structure and function at these different levels, includ¬ 
ing, for example, the types and number of different ion 
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channels in the membranes of the various neurons in the 
circuit, the synaptic properties of the different connec¬ 
tions in the network, and the exact pattern of wiring of the 
network. Not surprisingly, therefore, mutagenesis studies 
of zebrafish have revealed genes that disrupt organization 
at each of these different levels with profound behavioral 
consequences. 

A few examples, all isolated in the large Tubingen 
screen, serve to illustrate some of the genetic effects that 
can alter more simple behaviors. This screen looked for 
larval fish in which the response to a touch was altered. 
These fell into many categories including those that did 
not respond at all and a whole series of animals that had 
aberrant movements subsequent to the touch. Unrespon¬ 
sive animals included those with major deficits in sensory 
neurons relaying information about the touch as well as in 
the motoneurons and muscle that are critical for produc¬ 
ing the movement. In mutants such as macho , the excit¬ 
ability in sensory neurons was altered in a way that blocked 
their ability to produce action potentials and hence the 
touch could not trigger a movement. On the motor output 
side, a whole series of mutants with problems in the muscle 
or in the connection between nerve and muscle led to an 
inability to move in response to the touch. These included 
mutants such as relaxed which was a deficit in the dihydro¬ 
pyridine receptor that disrupted the calcium release in the 
muscle necessary for contraction. Others, such as sofa 
potato , were mutants of the acetylcholine receptors on the 
muscle, which rendered the muscle unresponsive to neu¬ 
rotransmitter released by the motoneurons. 

Many of the more interesting mutants led to altered 
movement patterns rather than to no movement at all. 
Disruption of the protein rapsyn that anchors acetylchoine 
receptors at the neuromuscular junction led to fish that 
could response to the stimulus, but could not sustain the 
resulting swimming movements. This mimics human dis¬ 
orders of muscle weakness, one of which involves a muta¬ 
tion similar to that identified in zebrafish. A whole class of 
mutants, called the accordion class, disrupts the ability of 
the fish to swim with the normal alternating bends from 
one side to the other; instead, muscle contractions overlap 
on the two sides in the mutants leading to an accordion like 
shortening of the body of the fish. Some of these involve 
slowed muscle contractions that lead to overlap in activity 
on the two sides of the body; they also include mutants with 
alterations in the central nervous system that reveal con¬ 
tributions of molecules to proper circuit function. One of 
these is the mutant bandoneon , which is a mutation in a beta 
subunit of a glycine receptor. This disrupts inhibitory 
synapses in the nervous system, including those that usu¬ 
ally block activity in motoneurons on one side when the 
other side is active. The result is bilateral muscle activity. 

Mutants can also lead to a rewiring of the neural circuits 
by altered axonal projections of the neurons or alternatively, 
by changes in the numbers of particular cell types. 


A mutation called space cadet produces a whole series of 
repeated escape-like bends to one side after a single touch. 
The evidence suggests that this is a consequence of missing 
pathways in the brain that cross from one side to the other 
and regulate the activity of neurons responsible for produc¬ 
ing normal escapes. A striking mutant called deadly seven 
may offer some insight into the evolution of networks 
because it is a mutant of a gene notch that is important for 
controlling cell number in the nervous system. The mutant 
animals have extra Mauthner neurons, the cells that are a 
critical component of escape or startle behaviors. Interest¬ 
ingly, these extra neurons are wired into the escape network 
and the fish can produce robust escape movements. This 
suggests that extra neurons added by genetic alterations can 
be incorporated into circuits via normal developmental 
mechanisms without a dramatic effect on the behavior. 
This makes it easier to understand how an escape or startle 
behavior produced by few neurons in early aquatic verte¬ 
brates might have evolved into a startle response produced 
by much larger numbers of neurons in tetrapods. 

These are just a few examples of the studied mutants, 
but many other mutant lines of zebrafish have been isolated, 
but not yet studied at the genetic or functional levels. The 
evidence so far documents how even the simplest motor 
behaviors can be disrupted in many ways by mutants that 
affect all levels of neuronal and network function. The work 
serves to highlight the critical interplay between levels of 
functional organization in the nervous system that is essen¬ 
tial to generate a proper behavioral response. 

More Complex Behaviors 

Complex behaviors are much harder to tackle at the 
genetic and neuronal level, but are of considerable 
biological interest. Studies of learning, sleep, aggression, 
more complex visual-motor behaviors, reward systems in 
the brain, and even zebrafish models of neurological dis¬ 
orders such as schizophrenia are opening the lines of 
attack on more complex behaviors. Most of these investi¬ 
gations are still in early stages, although some mutants 
with deficits in these behaviors have been isolated. The 
challenge here is to examine how the mutations affect 
the nervous system to alter the behavior. Analyzing this at 
the neuronal level depends to a great extent on under¬ 
standing how the complex behavior is produced normally 
and this is something that is very difficult when the 
behaviors involve interactions of networks in many parts 
of the brain and spinal cord. 

The Future 

The power of the zebrafish model will assure that it 
remains at the forefront of genetic and neuronal studies 
of behavior into the future. There is no other vertebrate 
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model with comparable genetic, optical, electrophysiologi- 
cal, and behavioral accessibility. The most modern optical 
tools for using light to activate and inactivate neurons play 
to the zebrafish strength and are only in their infancy. 
When they are combined with transgenic approaches to 
target neuronal classes in normal and mutant lines of fish, 
they promise to forge very compelling ties between the 
genetic, neuronal, and behavioral level. 

Although much of the focus has been on simple sen¬ 
sory or motor behaviors, there is increasing attention to 
more complex behaviors and this is likely to grow, given 
the tools in zebrafish may offer the best attack on these 
behaviors. The links between behavior studied in the 
laboratory and behavior in the wild are still weak, but 
foundational work in the natural biology of the animal 
will hopefully seed other studies of issues such as social 
hierarchies, territory defense, and mate selection in this 
model, in which they may eventually be attacked at the 
genetic and neuronal levels. 

See also: Development, Evolution and Behavior; Fish 
Migration; Fish Social Learning; Genes and Genomic 
Searches; Nervous System: Evolution in Relation to 
Behavior; Neurobiology, Endocrinology and Behavior; 
Threespine Stickleback; Vocal-Acoustic Communication 
in Fishes: Neuroethology. 
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